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In this special issue entitled, “Advances in the Molecular Mechanisms of Abscisic Acid
and Gibberellins Functions in Plants”, eight articles are collected, with five reviews and three
original research papers, which broadly cover different topics on the abscisic acid (ABA)
field and, to a lesser extent, on gibberellins (GAs) research. These works explore ABA
involvement in processes like flowering, plant defense, abiotic stress response or maturation
of non-climacteric fruits, with reports in the last case of interplay between ABA and GAs.
New findings on the regulation of ABA or GAs activity are also reported in this issue.
The experimental studies and reviews published in this special issue focus on the results
obtained using principally the plant model system Arabidopsis thaliana. Notwithstanding,
other works based on agronomically important plants, such as grapevine or citrus species,
are also included, and reveal the crucial role of ABA and GAs across different plant species.
I summarize here the main findings of these works, which represent outstanding advances
in our knowledge on the molecular mechanisms through which ABA and GAs control
fundamental processes in plants.

Phytohormones GAs and ABA antagonistically regulate both plant growth and several
developmental processes, such as seed maturation, seed dormancy, germination, hypocotyl
elongation, primary root growth and flowering time. ABA and GAs generally inhibit and
promote respectively cell elongation and growth, and the mutual antagonism between
these two phytohormones governs many developmental decisions in plants [1].

In addition to the growing body of evidence for ABA as a modulator of plant growth
and development [2], ABA is primarily known for being a fundamental player in the
response, tolerance and adaptation of plants to diverse abiotic stress conditions, among
which low temperatures, heat, drought, salinity or flooding are highlighted [3]. Interest-
ingly, different recent works suggest a function for GAs in controlling some biological
processes in response to stress [4–6].

This special issue “Advances in the Molecular Mechanisms of Abscisic Acid and
Gibberellins Functions in Plants” contains eight articles; most of these focus on ABA,
five are review articles and three are original research papers published by field experts.
These manuscripts will help to understand the fundamental roles of GAs and ABA in the
regulation of plant growth, development, and in responses to abiotic or biotic stresses.
These articles will also shed light on the molecular mechanisms of ABA and GAs action in
plants. The reviews published in this issue focus on the interaction between ABA and GAs
in regulating non climacteric fruit development and maturation [7], current knowledge on
the role of ABA in mediating mechanisms whereby grapevine deals with abiotic stresses [8],
the analysis of the role of ABA in flowering transition [9], the mechanism by which the
type 2C Protein Phosphatases (PP2C) gene transcription modulates ABA signaling [10],
and the role of the Mediator complex on the ABA signaling pathway and abiotic stress
response [11]. The original research articles investigate the causes and consequences of the
kaolin-induced modulation of ABA biosynthesis in grapevines when faced with a water
deficit [12], the involvement of ABA in plant immune responses [13], and the relation
between GAs and Arabidopsis receptor-like cytoplasmic kinase (RLCK) VI_A2 [14]. In this
editorial, I summarize the main findings of these eight insightful works.

Int. J. Mol. Sci. 2021, 22, 6080. https://doi.org/10.3390/ijms22116080 https://www.mdpi.com/journal/ijms
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Fruit development and maturation results from an intricate interplay of molecular
and physiological processes, regulated by endogenous (hormones) and external (environ-
ment) factors. The paper by Alferez et al. [7] exhaustively reviews the interplay between
ABA and GAs in regulating the development and maturation of non-climacteric fruits
at the molecular level, in economically important fruits like grape berries, strawberries
and citruses. Alferez et al. [7] also relate the interaction of ABA and GAs with ethylene
and sugar signaling in modulating non-climacteric fruit development and maturation.
They depict a time-course model in which GA levels lower, ABA levels rise and ethylene
production remains steady, whereas ethylene perception increases as non-climacteric fruit
maturation progresses. Notwithstanding, Alferez et al. [7] also highlight that although
current knowledge clearly points out the crosstalk between ABA and GAs as a major factor
that controls fruit maturation, fine details of this regulation are still not well-understood
and warrant further research. Finally, the authors examine the increasing body of evi-
dence about ABA, GAs and the genus Citrus, which reveal that this woody genus can be
considered an emerging plant model system for non-climacteric maturation studies.

Climate change poses a threat to important agricultural regions in the world, such as
Mediterranean-climate areas, where socio-economically relevant crops (e.g., grapevine)
can be seriously threatened. Consequently, improvements in viticulture techniques are
needed, and better knowledge of grapevine physiology under stress conditions is required
to achieve this. Besides its socio-economic importance, Vitis vinifera is also a model species
in drought-response research. Marusig and Tombesi [8] provide an exhaustive overview of
current knowledge on the role of ABA in mediating mechanisms whereby grapevines cope
with abiotic stresses. In line with this, these authors especially focus on the mechanisms of
ABA biosynthesis and translocation, the role of this phytohormone in regulating stomata
closure and carbohydrates mobilization in response to drought stress, as well as ABA
involvement in salt stress. The results of all these works clearly demonstrate that in Vitis
vinifera, ABA is a key hormone involved in regulating the mechanisms for coping with
major threats caused by climate change. Marusig and Tombesi [8] also highlight some main
issues that deserve further research in this field, which are fundamentally the understand-
ing of the role that ABA plays in drought stress in relation to water stress severity, duration
and frequency, the interaction of ABA regulation and carbohydrates under water stress,
and a profounder knowledge of the ABA function in the salt stress response.

Drought escape (DE), which is accelerated flowering that plants undergo in the vege-
tative phase in response to a water deficit, is considered an adaptive strategy for survival
in dry climates. Studying DE in Arabidopsis has revealed that ABA plays a prominent role
in controlling floral transition. The review by Martignago et al. [9] thoroughly explores
current knowledge on how and in what spatial context ABA signals can affect the intricate
floral network. These authors review ABA signaling and its multiple connections with the
photoperiodic pathway, as the DE process is highly intertwined with photoperiodic genes,
and integrating drought stimuli into the floral network is mediated largely by ABA. Martig-
nago et al. [9] emphasize the important role of the GIGANTEA (GI) gene in integrating ABA
signaling into flowering. GI is a key flowering gene required for photoperiod perception
and clock function, and it also emerges as the key driver of DE. The current model suggests
that the transcription factors (TFs) activated by ABA would recruit GI in different genomic
positions to regulate gene networks involved in the drought stress response. These authors
also analyze the putative role of FD and FD-like TFs in the modulation of ABA responses
through interactions with FLOWERING LOCUS T (FT) and FT-like proteins at the shoot
apex. Finally, Martignago et al. [9] discuss how the progress made in Arabidopsis about
ABA-flowering molecular interactions can be transferred to crops. Along these lines, they
highlight the utility of studying DE traits in natural populations, and the importance of
rice as the DE pathway is essentially conserved in this species.

ABA plays a pivotal role in controlling plant stomata closure in response to osmotic
stress, which prevents water loss. However even under stressful conditions, stomatal
apertures occur to uptake CO2 for photosynthesis. Consequently, ABA levels must be
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very fine-tuned regulated to maintain plant homeostasis, which is achieved by controlling
this hormone’s biosynthesis, catabolism and signaling pathway. Jung et al. [10] compre-
hensively review how plants modulate the ABA signaling pathway by focusing on the
transcriptional regulation of PP2C gene expression by ABA. They report that plant PP2Cs
are a fundamental switch at the core of the ABA signaling network. Jung et al. [10] summa-
rize the results hitherto published and demonstrate that ABA induces both repressors and
activators of PP2C gene transcription to modulate ABA responses. These regulators can
also affect the chromatin state by thereby regulating the transcription of ABA-responsive
genes. Remarkably, this stress-induced chromatin remodeling state can be memorized, and
even inherited, by the next generation of plants.

The Mediator is a conserved eukaryotic multiprotein complex that modulates the
association between transcription factors and RNA-polymerase II to accurately regulate
gene transcription. The functions of the Mediator complex in plant development processes
and the biotic stress response have been extensively studied. However, its roles on the ABA
signaling pathway and abiotic stress responses are still poorly known. Chong et al. [11]
exhaustively summarize current knowledge on the regulatory roles of the Mediator com-
plex on the ABA signaling pathway and in plant responses to three abiotic stresses: cold,
high salinity and drought. These authors show that the Mediator complex is critical for
plants to respond to abiotic stresses, and particularly focus on the participation of Mediator
subunits MED16, MED18, MED25 and CDK8 in response to ABA and environmental cues.
Chong et al. [11] report that Mediator subunits display multifunctional roles in salt and
drought stress, and they discuss further potential research approaches needed to ascertain
the role of the Mediator complex in regulating ABA and abiotic stress responses.

Kaolin is a natural clay used in some crops to alleviate the negative impact of extreme
temperatures and/or drought on leaves and fruits, due to its light reflective properties.
In line with this, a reduction in leaf ABA content associated with better leaf stomatal
conductance induced by kaolin has been reported in grapevines. The research manuscript
by Frioni et al. [12] explores the causes and consequences of not only the kaolin-induced
modulation of ABA biosynthesis under progressive water shortage, but also the dynamic
interactions between kaolin and ABA precursors violaxanthin (Vx), antheraxanthin (Ax),
zeaxanthin (Zx) (representing the molecules involved in the xanthophyll (VAZ) cycle) and
neoxanthin (Nx). Frioni et al. [12] report that kaolin, under water deficit, preserves leaf
transpiration and reduces the accumulation of ABA in grapevine leaves by avoiding the
deviation of the VAZ epoxidation/de-epoxidation cycle in the biosynthesis of Nx. Their
findings contribute to explaining the mechanisms involved in the kaolin-induced protection
of canopy functionality.

In addition to the aforementioned role of ABA in both controlling plant responses to
abiotic stress and regulating plant developmental processes and growth, this hormone is
also involved in responses to biotic stresses caused by a wide range of plant pathogens.
ABA’s role in plant pathogen response is complex, given its interplay with key players in
defense (e.g., salicylic acid (SA), jasmonic acid (JA) and ethylene (ET)), and also because
ABA outcomes depend on the biology of the infective pathogen. Furthermore, the specific
receptor of ABA, which activates the positive or negative ABA responses during immune
responses, has to date remained unknown. The comprehensive study by García-Andrade
et al. [13] unveils a non-redundant role in plant immunity for one of the 14 multigene
ABA receptor family members, namely ABA receptor PYRABACTIN RESISTANCE 1
(PYR1). This research manuscript reveals that this receptor is crucial for modulating
the cross-talk between the SA and ET signaling pathways in plant defense. The results
of García-Andrade et al. [13] also demonstrate that ABA-activated SNF1-related protein
kinases (SnRKs) subfamily 2 (SnRK2s) are fundamental components for plant resistance
to pathogens.

Valkai et al. [14] investigate the biological function of the Arabidopsis RLCK VI_A2
gene in the regulation of plant growth and skotomorphogenesis. RLCK VI_A2 is a member
of the plant-specific receptor-like cytoplasmic kinases (RLCKs) that form a large and barely
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characterized family. The activity of the RLCK VI_A class of dicots is regulated by Rho-of-
plants (ROP) GTPases. Valkai et al. [14] show that loss of the RLCK VI_A2 function leads
to reduced cell expansion and seedling growth. These mutant phenotypes can be rescued
by the exogenous application of GAs. However, differences in neither GA content nor GA
sensitivity of the RLCK VI_A2 defective mutant have been found compared to the wild type.
An RNA-seq analysis indicated that the RLCK VI_A2 kinase and GAs can act in parallel to
regulate cell expansion and plant growth. Interestingly, the transcriptomic analysis also
revealed a role for RLCK VI_A2 kinase in cellular transport and cell wall organization.

Altogether, the contributions published in this special issue are excellent examples of
the recent advances made in the molecular mechanisms of ABA and GA functions in plants.
I wish to thank all the authors for their contributions and the reviewers for their critical
assessments of these articles. I also thank the assistant editor Ms. Reyna Li for providing
me with the opportunity to serve as the Guest Editor of this special issue.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: In this review, we address the interaction between abscisic acid (ABA) and gibberellins
(GAs) in regulating non-climacteric fruit development and maturation at the molecular level. We
review the interplay of both plant growth regulators in regulating these processes in several fruit of
economic importance such as grape berries, strawberry, and citrus, and show how understanding this
interaction has resulted in useful agronomic management techniques. We then relate the interplay of
both hormones with ethylene and other endogenous factors, such as sugar signaling. We finally review
the growing knowledge related to abscisic acid, gibberellins, and the genus Citrus. We illustrate why
this woody genus can be considered as an emerging model plant for understanding hormonal circuits
in regulating different processes, as most of the finest work on this matter in recent years has been
performed by using different Citrus species.

Keywords: abscisic acid; citrus; ethylene; fruit maturation; gibberellins; hormonal interplay; sugars

1. Introduction

The development and maturation of fruit is the result of a complex interplay of
molecular, biochemical, and physiological processes, modulated by internal factors such as
hormones and external factors such as the environment. In general, the transition from fruit
growth to maturation involves changes in the sugar metabolism, and the softening and
coloration of different fruit tissues. The development of fleshy fruit is divided into three
distinct stages: the first stage (1) is recognized by slow growth as cell division takes place;
the second stage (2) is marked by a rapid fruit growth due to cell expansion, and major
increases in size and weight are observed; fruit ripening is initiated at the third stage (3),
when fruit growth ceases and there is an increase in the biochemical reactions that result
in fruit maturation involving fruit color-change, acid degradation, sugar accumulation,
and other processes that combined result in final organoleptic attributes. Classically, fleshy
fruits are classified into two physiological categories based on the respiration pattern and
ethylene biosynthesis occurring at stage 3: climacteric and non-climacteric [1]. Climacteric
fruits, such as tomato, apple, apricot, atemoya, banana, blueberry, guava, mango, papaya,
and peach have an increase in the respiration rate and ethylene production at stage 3
when fruit ripening process enable fruit harvest prior to complete fruit maturation. On
the other hand, non-climacteric fruits including strawberry, citrus, grape, cherry, plum,
litchi, and others display a progressive reduction in the respiration rate during maturation
while the ethylene production remains at basal level. The hormonal regulation of fruit
ripening in climacteric fruit has been widely addressed, and in-depth studies, taking into
account molecular aspects of hormone crosstalk and interaction with environment are
abundant, greatly thanks to research on tomato, a very well characterized model plant

Int. J. Mol. Sci. 2021, 22, 669. https://doi.org/10.3390/ijms22020669 https://www.mdpi.com/journal/ijms
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due to a wide collection of mutants available and a faster growth cycle [2–4]. Hormonal
interaction in regulating maturation of non-climacteric fruit has been also studied in several
fruits including strawberry, grape berries and citrus among others. Whereas observational
studies are relatively abundant, in-depth molecular and mechanistic studies have been
performed only in a handful of fruit including strawberry, grape berries and citrus, mostly
because of their economic importance. However, the focus of these kind of studies have
been primarily on ethylene and its interaction with other hormones. In this review, we want
to focus on interaction between abscisic acid (ABA) and gibberellins (GAs) in regulating
non-climacteric fruit development and maturation at the molecular level. We then relate
the interplay of both hormones with ethylene and other endogenous factors, such as sugar
signaling. We finally review the growing knowledge related to abscisic acid, gibberellins,
and the genus Citrus. We highlight how Citrus can be considered as an emerging model
plant for understanding hormonal circuits in regulating different physiological processes,
including fruit maturation and responses to stress, as most of the finest work on this matter
in the last years has been performed by using different Citrus species.

2. Introduction to Abscisic Acid in Fruit
2.1. Abscisic Acid Biosynthesis and Accumulation

Accumulation of ABA in both climacteric and non-climacteric fruit during matura-
tion is known for decades [5–9]. ABA is a product of the carotenoid pathway [5,6]. This
plant hormone is derived from C40-cis-epoxycarotenoids, which are cleaved by the 9-cis-
epoxycarotenoid dioxygenase (NCED) to produce xanthoxin, the direct C15 precursor of
ABA [7–9]. Several studies in non-climacteric fruit have shown the role of this hormone in
regulating the process of maturation. In cherries, endogenous ABA levels are the result
of a balance between biosynthesis mediated by PacNCEDs, and catabolism mediated by
PacCYP707As (encoding a 8’-hydroxylase, a key enzyme in the oxidative catabolism of
ABA), and transcriptional regulation of these genes influence maturation [10,11]. In man-
gosteens, ABA accumulation in fruit peel and aril precedes fruit coloration and decrease in
peel firmness, suggesting the involvement of this hormone in triggering maturation [12].
In Citrus, increase in ABA concentration in the fruit occurs during maturation in different
species [13–15] and irrespective of the fruit tissue [16]. Lowering levels of ABA are accom-
panied by a delay in color change in lemons, and retarding senescence has been related also
to lower levels of this hormone [17,18]. In addition, it has been noted a relation between
ABA increase and transition from chloroplast to chromoplast in mandarin [19] and sweet
cherry [10]. In Citrus, ABA increases in response to ethylene [19,20], and accumulates
during fruit development, maturation and senescence [13,17].

2.2. Abscisic Acid Function During Fruit Maturation

Exogenous treatments with ABA may also have an effect in different maturation
parameters, although there are some disparities in the response depending on the fruit.
For instance, in field-grown grape berries, exogenous ABA increases maturation-related
pigments such as anthocyanin and flavonol [21–23], advances the process of color change
(veraison), and downregulates expression of genes associated with photosynthesis [24].
Interestingly, ABA may exert different actions on maturation and on ethylene biosynthesis
depending on the stage of fruit development in grape [25].

The involvement of ethylene in non-climacteric maturation is not the focus of this
review as there are many in-depth studies of these interactions [26] and will be addressed
in Section 4, Integrating Signals to Regulate Maturation: GA, ABA, Sugars, and Ethylene
Interaction. However, in the context of this article, it is worth to mention that combined ap-
plication of ABA and the ethylene releasing compound ethrel to Litchi chinensis three weeks
before harvest was more effective in enhancing both chlorophyll degradation and antho-
cyanin biosynthesis than the application of ABA alone, showing a possible synergistic effect
of ABA and ethylene in promoting anthocyanin synthesis, chlorophyll degradation and
ultimately peel coloration. Interestingly, in this study, exogenous ABA also induced sugar
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accumulation [27]. Exogenous application of ABA before color break also improved color
in mandarin fruit (Citrus reticulata Blanco cv. Ponkan) [28] and in M7 sweet orange [29];
however, in other citrus fruit exogenous ABA did not promote color development [30],
whereas in juice sacs cultured in vitro, ABA induced its own biosynthesis at the transcrip-
tional level, and this feedback regulation of ABA led to a decrease in carotenoid content [31].
The nature of ABA synthesis, being a final product of the carotenoid biosynthetic pathway,
makes particularly difficult to unravel and ultimately understand its role in coloration
when carotenoids are the main pigments involved. This elusiveness can be largely avoided
in fruit such as grapes, accumulating other classes of pigments, such as anthocyanins, as
we discussed above.

3. GAs, ABA and Their Interplay during Fruit Development and Maturation
3.1. Integration of ABA and GAs Biosynthesis

ABA and GAs share their biosynthetic pathway with other plant growth regulators,
including cytokinin (CK) and diverse sterols (Figure 1). In model plants, several GAs
and ABA mutants have been identified and characterized, allowing the elucidation of
their biosynthetic pathway and function. For example, flacca and sitiens mutants of tomato
are defective in the last steps of carotenoids biosynthesis, thus impairing ABA synthesis
with downstream effects [9]. In corn, studies on several viviparous mutants helped to
elucidate the biochemistry of carotenoid biosynthesis; these mutants show blockages at
different steps of the pathway, resulting in accumulation of precursors and reduction of
ABA content [32,33]. Certainly, in woody plants such as Citrus the use of mutants altered
in hormonal biosynthesis is much less feasible as artificially induced mutants are difficult
to generate due to cost and lack of facile methods.
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Figure 1. General scheme of pathways leading to production of different hormones. ABA and GAs
share their biosynthetic pathway with other hormones, such as CKs. During fruit maturation, balance
among hormone biosynthesis changes, and this involves carotenogenesis. IDP, isopentenyl diphos-
phate; GDP, geranyl diphosphate; FDP, farnesyl diphosphate; GGDP, geranyilgeranyl diphosphate .
Number of arrows illustrate number of biosynthetic steps.

The antagonistic effects of both ABA and GAs in regulating different developmental
processes and responses to stress are well known; from a biosynthetic point of view, there
exists a competition for the metabolic precursor geranylgeranyl pyrophosphate (GGPP)
between GA, phytol and carotenoids biosynthetic pathways [34,35]. In the case of GAs,
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GGPP undergoes cyclization to ent-kaurene and then oxidation to GA12-aldehyde, the
precursor of all GAs [36]. ABA is synthesized through C15 intermediates after oxidative
cleavage of some xanthophylls [37]. Gibberellins (GAs) are tetracyclic diterpenoid carboxylic
acids and are also involved in fruit growth and maturation [38]. More than a hundred GAs
have been identified in vascular plants [39], but only a few are biologically active [26,40,41].
The main bioactive forms of GAs are GA1, GA3, GA4 and GA7. These molecules commonly
have a hydroxyl group on C-3β, a carboxyl group on C-6, and a lactone between C-4 and
C-10 [40].

3.2. GA Biosynthesis During Fruit Development and Maturation

Previous studies have reported the occurrence of these bioactive forms of GAs in
different species including non-climacteric fruits, and differential biosynthesis during the
processes of fruit development and maturation. In grape berries, expansion of the berry
fruit induced by GA3 may be linked to the upregulation of cellulose synthase A catalytic
subunit genes [42]. Exposure to ABA and GA can induce expression of Vitis vinifera Hexose
Transporters VvHT2, VvHT3 and VvHT6 in grape berries during the ripening period when
sugar unloading from the phloem is favored [43]. Other genes are also expressed at the late
stage of grape berry fruit development and ripening, such as the Vitis vinifera SBP-box-like18
(VvSPL18), that is significantly upregulated by GA at veraison through an ABA-independent
pathway and at the late stage of the berry pericarp ripening process, showing its regulation
on maturation [44,45].

In strawberry, recent studies have reported the GA association with fruit development
and ripening [41,46–48]. The enlargement of receptacle cells during fruit development
is regulated by endogenous GAs [41]. The overexpression of the Gibberellin Stimulated
Transcript 2 (FaGAST2) gene in different strawberry transgenic lines promoted a reduction
in fruit size [46]. Silencing of FaGAST2 resulted in increase of FaGAST1 expression, but no
changes in fruit cell size were noted; this suggests an orchestrated role of both genes at the
transcriptional level in controlling fruit size [26,46].

Accumulation of GAs and their metabolism are also important factors controlling
maturation in non-climacteric fruits. The presence of bioactive GA1, GA3 and GA4 has
been reported during strawberry fruit development. GA1 and GA4 are most abundant at
the early stages of fruit development, and decrease as the strawberry fruit ripens [49,50].
The GA4 content in strawberry receptacles is higher than that of GA1 and GA3, which
suggests a major role of GA4 in the developmental processes underlying the receptacle
transition from green to white, and subsequently to red [41]. Expression of genes encoding
GA pathway components involved in GA biosynthesis (FaGA3ox) and catabolism (FaGA2ox)
is higher in the receptacle during strawberry fruit development [41]. Expression of FaGA3ox,
which is involved in biosynthesis of bioactive GA4, is maximum at the green stage while
the expression level of FaGA2ox, which is involved in the inactivation of this active GA,
increases during ripening, and peaking at the red stage [40,41]. Moreover, the expression
of FaGA3ox in green receptacle is 40 times higher than the expression in the green achene,
suggesting that this gene has a prominent role in GA signaling in this tissue [41]. Then,
considerable decline in the bioactive forms of GAs is observed at the later stage of fruit
development following by the expression of the FaGA2ox gene that encodes key enzymes of
GA inactivation. These observations, taken together, indicate the degradation of active GA
and their content reduction during fruit development, and before maturation processes start.

3.3. Exogenous GA Affect Fruit Maturation and ABA Levels in Fruit

The effect of exogenous GA delaying fruit maturation is well known, and leverage of
this knowledge has resulted in common horticultural management practices. For instance,
the exogenous application of GA3 has an inhibitory effect on strawberry ripening, which is
evidenced by the delay in anthocyanin synthesis and the decrease in respiration, as well
as the reduction in phenylalanine ammonia-lyase (PAL), chlorophyllase and peroxidase
activities, enzymes involved in chlorophyll metabolism. This results in delay of degreen-
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ing [51,52]. Similarly, in citrus GA3 treatment is commonly adopted as a degreening-delay
strategy, aimed at managing harvesting dates, when applied before the onset of color
break [53]. It has been shown that GA maintains higher content of lutein and prevents
accumulation of downstream phytoene, phytofluene and xanthophylls leading to ABA
synthesis [54,55].

As mentioned above, ABA and GAs have antagonistic effects in regulating several
processes in plants, and their relative balance differs during fruit maturation. In the peel of
Navel oranges, concentration of GA4 and GA1 declines before color break and this decline
precedes the increase in ABA content. Concentration of both GA and ABA follow then an
opposite evolution [16,56]. It has been suggested that the decrease in GA concentration
and increase of ABA levels in the peel is part of the ripening program that may stimulate
other metabolic pathways associated with coloration, including chlorophyll breakdown
and pigment accumulation [57].

4. Integrating Signals to Regulate Maturation: GA, ABA, Sugars, and
Ethylene Interaction

Sugar and ABA signaling are closely related in regulating numerous processes in
plants and have been studied in detail in the model plant Arabidopsis thaliana. Many of
these studies are translatable to crop plants of agronomic interest, Genetic studies have
identified several loci involved in both sugar and ABA responses, regulating several
developmental processes [58]. Interestingly, many sugar-insensitive Arabidopsis mutants
are either ABA insensitive (abi mutants) or ABA deficient (aba mutants). There exist many
examples of gene co-regulation between sugars and ABA, and in Arabidopsis, 14% of genes
upregulated by ABA are induced also in response to glucose [59], whereas several other
genes involved in stress responses and carbohydrate metabolism are repressed by both
regulators [60]. Additionally, there is an increasing body of evidence connecting ABA and
sugar signaling during non-climacteric fruit maturation. For instance, in grape berries, a
wealth of data correlates increases in sugar and ABA with the onset of ripening [61–64],
the ripening-related ASR gene is induced by sugar and strongly enhanced by ABA [65],
and induction of senescence is ABA-independent, whereas deficiency in the hormone
seems to accelerate senescence [66]. Interestingly, in this fruit, synthesis of anthocyanins
fails if sugar import into the berry is disrupted via phloem girdling prior to the onset of
ripening [64]. In addition, applications of both sugars and ABA, as well as management
practices that increase ABA content, also increase anthocyanin accumulation [67–70], and
this occurs at the transcriptional level, by induction of gene expression [64]. The genes
VvHT2 and VvHT6, that increased expression at veraison after ABA and GA treatment, are
the most important sugar transporters across all stages of berry development, with higher
expression at the onset of ripening [43]. These authors suggest that both transporters are
more related to phloem unloading in sink organs (fruits) than to phloem loading in source
organs (leaves). They also emphasize that these transporters may contribute to mobilize
a higher content of carbohydrates from leaves to berries, reinforcing the sink strength of
fruits at the onset of ripening.

It has been proposed that in fruit from sweet orange, color change during maturation
is the consequence of reduction in levels of the active gibberellins GA1 and GA4, involved
in the regulation of sugars and ABA accumulation in the rind [56]. In this sense, girdling, a
well stablished crop management practice, results in reduction of carbohydrate content
and delayed peel coloration, whereas GA levels do not decline in the fruit, indicating
the physiological connection among these signals. This also suggests that decrease in GA
concentration in the fruit is part of the maturation program, as the presence of gibberellins
prevents fruit color change, and that active GA concentration must diminish in fruit to
allow color break, whereas increase in ABA content precedes fruit color development [56].

Development and maturation of non-climacteric fruit does not require ethylene biosyn-
thesis. However, many of these fruits respond to ethylene during maturation advancing
color or increasing size [26], and sensitivity to ethylene could be the key, playing a pivotal
role in the process. It has been proposed that changes in the sensitivity to ethylene may be
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necessary to maintain coloration in the peel of Citrus fruits and that ABA would enhance
sensitivity of the fruit to ethylene, as it has been demonstrated in climacteric fruits [71].
Ethylene would then be the stimulator of transcriptional and biochemical changes ulti-
mately associated with maturation [57]. In this scheme, GA levels would concomitantly be
reduced as ABA increased (Figure 2).
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climacteric fruit development and maturation. This is a reductionistic model, as other players involved are not depicted.
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ABA) remains to be demonstrated.

Citrus as a Model Plant for Non-Climacteric Maturation Studies

Studies on the role of hormones, their interplay, as well as crosstalk with other factors
(i.e., nutritional) in controlling developmental processes and responses to environment
have been classically addressed using easy-to-genetically-manipulate model plants. This is
the case of Arabidopsis thaliana, Zea mays, or Solanum lycopersicum, in which the availability
of mutants impaired in synthesis or perception of a hormone is not a bottleneck for these
kind of studies. Although many of the processes studied by using these plant systems can
be translated to other agronomically interesting plants, there are specificities, especially in
woody plants yielding fleshy fruit that are unique and require more tailored approaches.
In many woody plants, usually of agronomic interest, this model plant approach has been
traditionally less affordable, due to technical challenges, including in some cases lack of
information at the genomic level, unavailability of varieties and/or mutants impaired in
hormonal biosynthesis or response, long juvenile period, and difficulties to achieve efficient
genetic transformation. Increasingly, this is not the case with Citrus, as in recent years,
many species from the genus Citrus have been sequenced, their genealogy revealed, and
the sequences made publicly available [72]; Citrus species are prone to spontaneous muta-
tions, with many of these affecting hormonal regulation of maturation, such as ‘Pinalate’, a
spontaneous mutant of Navel orange (Citrus sinensis L. Osbeck) that presents lower levels
of ABA in all fruit tissues as compared to its parental, and ‘Navel negra’, a mutant that is
impaired in chlorophyll degradation [5,73]; and finally, genetic transformation has been
achieved through diverse engineering techniques, and greatly improved with practical,
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applicable results [74–76]. Together, these advances have helped to elucidate the role of
ABA and GAs in the regulation of non-climacteric fruit maturation. The genus Citrus is
very diverse, as is comprised by various species and varieties including oranges, man-
darins, lemons, grapefruits, pummelos, citrons, limes, kumquats; in addition, different
hybrids and spontaneous mutants that have been selected for commercial reasons and
are predominantly grown in the tropical and subtropical regions. Citrus develop sponta-
neous mutations with remarkable frequency in the field. As a result, many of the cultivars
currently grown around the world have been obtained by selection of these naturally
occurring mutants [5]. Some of these available mutants provide useful aids to dissect
some of the processes affected by the mutation [73,77,78]. For instance, the peel of Citrus
constitutes an excellent system to investigate the regulation of ABA biosynthesis, signaling
and interplay with other hormones and stress regulators during peel maturation [16,79–81].
Recently, it has been completed the identification of ABA signaling core components in
Citrus, and their function during maturation has started to be unveiled. This complex
is comprised of six PYR/PYL/RCAR ABA receptors, five PP2CAs, and two subclass III
SnRK2s. During sweet orange fruit development and ripening, the expression pattern of
some ABA receptors mirrors the ABA content, whereas that of CsPP2CA genes parallels
the hormone accumulation, together modulating ABA perception, downstream signaling,
and, consequently, physiological ABA responses [77]. Not only have citrus been useful
in understanding fruit maturation though the use of mutants, the response of citrus fruit
to different stresses has also started to be elucidated using available mutants defective in
ABA, as hormonal signaling in response to stress is also modulated, and varies during
maturation [78,81]. This has implications in understanding hormonal regulation of the
response to postharvest stress and paves the path to better management practices. In any
case, to consider Citrus as a model, the knowledge accrued on these studies should be
translatable to other genus.

5. Conclusions

In a nutshell, many studies have been done in the last two decades focusing on the
integration of hormonal and nutritional signals during non-climacteric fruit maturation,
that has pointed at the interplay between ABA and GAs as a major factor controlling the
process. However, the fine details of this regulation are still not well understood and some
reports show conflicting results as we have mentioned previously. For instance, how ABA
levels may determine tissue sensitivity to ethylene and trigger downstream effects, and how
GA and other factors including nutritional and environmental cues, interact in the process,
is not completely understood. This warrants future research on how sensitivity to ethylene
is triggered and regulated, the involvement of sugars and climate in the whole process, if
and how downstream processes depend also on this hormonal setup, if these responses
are conserved or species-specific, and—from a practical and commercial standpoint—the
implications of this phenomenon during postharvest, as they relate and may determine
fruit quality.
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Abstract: The foreseen increase in evaporative demand and reduction in rainfall occurrence are
expected to stress the abiotic constrains of drought and salt concentration in soil. The intensification
of abiotic stresses coupled with the progressive depletion in water pools is a major concern especially
in viticulture, as most vineyards rely on water provided by rainfall. Because its economical relevance
and its use as a model species for the study of abiotic stress effect on perennial plants, a significant
amount of literature has focused on Vitis vinifera, assessing the physiological mechanisms occurring
under stress. Despite the complexity of the stress-resistance strategy of grapevine, the ensemble of
phenomena involved seems to be regulated by the key hormone abscisic acid (ABA). This review aims
at summarizing our knowledge on the role of ABA in mediating mechanisms whereby grapevine
copes with abiotic stresses and to highlight aspects that deserve more attention in future research.
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1. Introduction

Climate change is expected to have negative impacts on the socioeconomic system [1]. Despite the
discrepancy between the projected scenarios, even the most optimistic models foresee an increase
in the occurrence and duration of anomalous droughts, especially in the Mediterranean-climate
regions, where water sources will be increasingly scarce [2]. These threats are of major concern to
agriculture and in particular to viticulture, being the one of the most profitable crops in these regions [3].
In 2016, less than 10% of vineyards in the European Union were irrigated, even if they accounted for
approximatively 60% of world’s grape production [3]. Thanks to the lately moderation of restrictions
imposed by law, in many states the use of irrigation has increased (e.g., in 2018, the irrigated vineyards’
area in Spain exceeded 30%) [4,5]. The deleterious effects of climate change will negatively affect
water sources extent and quality, and the solely irrigation is not a sustainable and sufficient strategy
to counteract the expected impacts on grape production [3]. In order to cope with these constraints,
a general improvement in viticulture techniques is needed and the achievement of this goal requires a
better knowledge of grapevine physiology under stress conditions.

Vitis vinifera is a Mediterranean vine [6] mostly cultivated in Mediterranean-like areas, and in
particularly arid environments like Karst [7]. Grapevine is adapted to cope with drought conditions
and some common cultivation techniques are based on imposing moderate soil water deficits, in order
to improve the quality of berries, minimize the yield reduction and favor the production of flavonoids,
sugars, polyphenols, and carotenoids [5].

Further to its economical relevance, V. vinifera is a model species in drought-response investigation [8].
The drought-tolerance strategy of grapevine consists in an ensemble of interactions between
morphological/structural traits and a pronounced control of water loss by stomatal regulation [5].
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The latter one is mostly mediated by hormonal regulation, and a pivotal role in this process is played by
the abscisic acid (ABA) [9].

ABA is a ubiquitous hormone, which has been discovered to modulate physiological responses
among all the kingdoms of life [10]. In vascular plants, it regulates a multitude of physiological
processes like seed and bud dormancy [11], cambium activity [12], organs development [13], and fruit
ripening [14]. Yet, it is involved in mediating physiological responses to stressful conditions, especially
excessive temperature, salinity, and drought [15–18]. ABA has been mainly investigated as it promotes
the loss of turgor pressure in guard cells triggering stomatal closure [9], however, an increasing amount
of evidences, also based on V. vinifera, address to ABA a central role in other fundamental processes as
the hydraulic response to prolonged drought conditions [19], the regulation of carbohydrate metabolism
during recovery [20], and the exclusion of excessive salts dissolved in the soil solution [21].

Since the socioeconomic importance of V. vinifera and the increasing number of studies asserting
ABA to be a major factor in regulating a so far underestimated amount of physiological responses,
the aims of this review are: (i) to provide an exhaustive overview on the role of ABA in V. vinifera as
a key hormone involved in regulating the mechanisms for coping with the major threats caused by
climate change and (ii) highlight the main issues that deserve further investigation.

2. ABA Biosynthesis and Translocation

ABA is a 15-carbons isoprenoid, derived from the metabolism ofβ-carotene (40 carbons), originated
from the methylerythritol 4-phosphate (MEP) pathway [22]. The β-carotene to ABA-biosynthetic
pathway is composed by many steps, and it is schematized in Figure 1. In the first part of the pathway
(40-carbons), the β-carotene is converted into the isomer zeaxanthin (Zx), which is metabolized through
an ensemble of conversions called the “xanthophyll cycle,” having final product violaxanthin (Vx)
and neoxanthin (Nx). Both Vx and Nx can be converted into the respective 9-cis-isomers, from which
cleavage, the sequisterpenoid xanthoxin (Xx) is produced. At this step, the 15-carbons pathway starts
leading to the synthesis of ABA [9].

Being ABA produced by cleavage of carotenoids, research has initially focused on investigating
the leaf as main site of its biosynthesis [23–25]. In 1974, Loveys and Kriedemann [23] investigated the
role of leaf-produced-ABA causing stomatal closure in V. vinifera cv. Cabernet Sauvignon, by measuring
ABA concentration ([ABA]) in detached leaves. Their results assessed significant increases in [ABA] and
stomatal resistance, supporting the hypothesis of endogenous ABA triggering stomatal closure. A few
years later, the same authors [24] measured [ABA] in extracts of Spinacea oleracea leaves, speculating
that most of the ABA is contained in the chloroplasts, and it is present also in nonstressed leaves.
In contrast to these results, evidences on Vitis vinifera cv. Riesling and Silvaner pointed out that [ABA]
in xylem sap ([ABA]xy) was related to stomatal conductance (gs) regulation, suggesting that ABA may
be translocated to the roots through the phloem and back to the shoot through the xylem, guaranteeing
a continuous supply to leaves [25].

Since ABA biosynthesis in the leaf would require stress-induced stimuli (e.g., loss of turgor and
shrinkage) [26], root system was proposed as a primary site for ABA biosynthesis [27,28]. In 1987,
Zhang and Davies [27] observed the production of ABA in detached root tips of Pisum sativum and
Commelina communis, providing one of the first strong evidences supporting the hypothesis that ABA is
synthesized in root tips and transported from roots to shoot via the transpiration stream. Soar et al. [29]
reported that in Shiraz vines, [ABA]xy increased as drought was more intense. The increase in [ABA]xy

changed according to the different rootstock, suggesting that the different root system may affect the
ABA production and delivery [29]. These conclusions have been supported also by gene-expression
analyses. In 2013, Speirs et al. [30] measured [ABA] and expression of the ABA biosynthesis genes
VviNCED1 and VviNCED2, in Cabernet Sauvignon grapevine roots and leaves. As drought stress
increased, [ABA] strongly increased in roots, xylem, and leaves, especially in the latter. Nevertheless,
gene expression remained stable in leaves, but remarkably increased in roots.

16



Int. J. Mol. Sci. 2020, 21, 8648

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 16 

 

 
Figure 1. Abscisic acid biosynthesis and metabolism. In the first step, β-carotene is di-hydroxylated 
by β-carotene hydroxilase (BCH) proteins to produce the transisomer zeaxanthin. Hence, zeaxanthin 
is epoxidated by zeaxanthin oxidase (ZEP) to antheraxanthin and, then, to violaxanthin. ZEP-
mediated reactions can be reversed by violaxanthin de-epoxidase (VDE). Violaxanthin can be 
transformed into neoxanthin by neoxanthin synthase (NSY) and both violaxanthin and neoxanthin 
are converted in the respective 9-cis-isomer by isomerase catalysts. The 15-carbons apocarotenoid 
sesquiterpenoid xanthoxin is then produced by cis-xanthophylls cleavage, whose reaction is catalyzed 
by 9-cis-epoxycarotenoid dioxygenase (NCED). Subsequently, xanthoxin is oxidized to abscisic 
aldehyde by short-chain alcohol dehydrogenase (SCAD), and finally abscisic acid (ABA) is produced 
by oxidation of abscisic aldehyde through the combined action of ABA-aldehyde oxidase (AAO) and 
a molybdenum cofactor sulfurase (MOCOSU). ABA can be inactivated by oxidation or by conjugation 
with monosaccharides. In the first way, ABA is oxidized (Ox) at first to phaseic acid and then to 4′-
dihydrophaseic acid. In the second one, ABA is conjugated with glucose to produce ABA-β-D-glucose 
ester. Based on [9]. 

Figure 1. Abscisic acid biosynthesis and metabolism. In the first step, β-carotene is di-hydroxylated by
β-carotene hydroxilase (BCH) proteins to produce the transisomer zeaxanthin. Hence, zeaxanthin is
epoxidated by zeaxanthin oxidase (ZEP) to antheraxanthin and, then, to violaxanthin. ZEP-mediated
reactions can be reversed by violaxanthin de-epoxidase (VDE). Violaxanthin can be transformed into
neoxanthin by neoxanthin synthase (NSY) and both violaxanthin and neoxanthin are converted in the
respective 9-cis-isomer by isomerase catalysts. The 15-carbons apocarotenoid sesquiterpenoid xanthoxin
is then produced by cis-xanthophylls cleavage, whose reaction is catalyzed by 9-cis-epoxycarotenoid
dioxygenase (NCED). Subsequently, xanthoxin is oxidized to abscisic aldehyde by short-chain alcohol
dehydrogenase (SCAD), and finally abscisic acid (ABA) is produced by oxidation of abscisic aldehyde
through the combined action of ABA-aldehyde oxidase (AAO) and a molybdenum cofactor sulfurase
(MOCOSU). ABA can be inactivated by oxidation or by conjugation with monosaccharides. In the first
way, ABA is oxidized (Ox) at first to phaseic acid and then to 4′-dihydrophaseic acid. In the second
one, ABA is conjugated with glucose to produce ABA-β-D-glucose ester. Based on [9].
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These findings led to the development of an irrigation technique, named “Partial Root Drying
(PRD),” aimed at optimizing grapevine water use, in order to reduce irrigation and improve berry
quality [31–34]. This objective is pursued inducing ABA production in the root system, hence limiting
water loss by triggering stomatal closure [31]. From a technical point of view, while water supply is
provided by watering part of the root system, in the remaining part, irrigation is withdrawn, in order
to stimulate ABA production [35]. Hence, ABA is transported through the xylem to the leaves by the
driving force generated from transpiration (see Section 3) [17]. In order to guarantee a stable production
and translocation of ABA, the wet and dry parts of the roots are weekly switched [17,36]. In 2007,
Poni et al. [32] evaluated the physiological response and the yield-quality performance of Sangiovese
grapevines under PRD irrigation regime. Their results highlighted that under PRD, the water use
efficiency was improved as gs was strongly reduced, while the decrease in photosynthetic assimilation
(A) was more limited. If compared to the well-watered (WW) treatment, the PRD had also positive
effects on the control of vigor, it improved the berry quality and it did not cause variations in yield [32].
Romero et al. [34] investigated physiological responses of Monastrell grapevines under different
irrigation regimes, for 4 years. Under PRD, [ABA]xy significantly increased, following the trend of
depletion in soil water availability. Moreover, under PRD, vines developed a deeper root system and
maintained a better water status than those irrigated with the same water volumes but with regulated
deficit irrigation (RDI), where water was totally withdrawn for a limited period [34]. Even an RDI
strategy would set a portion of the root system that insists into a dry soil volume and stimulate ABA
production. However, [ABA]xy seems to depend on the volumetric soil water content of both wet and
dry sides [16].

The hypothesis of ABA being mainly synthetized in the root system has been commonly
accepted [37], and it is still supported by more recent research [38]. Despite that, an overwhelming
body of literature has been supporting the hypothesis that drought-induced stomatal closure is also
mediated by in-site produced ABA into the leaf [39–44]. A first issue is represented by precursors
abundancy: the ABA biosynthetic pathway is based on carotenoid, whose accumulation depends on
the ability of the plastid to sequester them in specific sinks [45]. Due to the presence of chloroplasts and
chromoplasts, this is ordinary in leaves. On the contrary, in roots plastids are mainly proplastids and
leucoplasts, which cannot accumulate carotenoids [46], and a root-to-shoot ABA supply pathway seems
unlikely [41]. In 2009, Ikegami et al. [40] observed rising [ABA] in roots and leaves of Arabidopsis thaliana
under drought. However, when the same measurements were replicated on the same tissues detached
from the plant, [ABA] increased only in leaves. These observations have been strongly supported also
by gene expression analyses [39,47] and solid evidences claim the mesophyll being the main site of
ABA biosynthesis in leaf [42,43]. In 2006, Soar et al. [39] measured the diurnal variation of [ABA]xy and
expression of ABA-biosynthetic genes in Grenache and Shiraz grapevines. They observed that at midday,
under high evaporative demand, [ABA] and the expression of VviNCED1 and VviZEP increased in
leaf and remained stable in roots [39]. McAdam and Brodribb [42] measured [ABA] in bench-dried
leaves of five different species (one angiosperm and four gymnosperms), which leaf anatomy allowed
to isolate mesophyll, vascular tissue, and stomata. They observed that drought-induced production of
ABA mainly occurs in the mesophyll [42], hence supporting the hypothesis that mesophyll shrinkage,
due to cell volume decline, may trigger the whole process [43].

This topic is still debated, but a few researches aimed at investigating leaf as the biosynthetic
source of ABA in grapevine. Indeed, in grapevine, the investigation of stress response was more
focused on cultivar [48,49], scion–rootstock interaction [50], observational scale [51], geographical
area [49], acclimation, and experienced drought stress [20]. However, the localization of the response
to stress mediated by ABA represent an important information for the application of specific viticulture
techniques such as irrigation.
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3. ABA Role in Regulating Stomatal Closure

Water uptake and transport through the xylem conduits are regulated by a tension-cohesion
mechanism [52]. Water loss at the leaf level leads to a decrease in leaf water potential (Ψleaf). Hence a
dynamic water potential gradient is established, which triggers water flow from roots to leaves [52].
As drought persists and water availability accordingly decreases, tension in the xylem conduits
increases and the water transport is weighted down by the occurrence of embolism events [53]. Without
restoration, the presence of emboli in the xylem conduits breaks the continuity of the water column
and prevents water transport through the xylem, leading in the worst cases to hydraulic failure and
plant death [54].

Plants are able to modulate water loss through stomatal closure, a process influenced by an
ensemble of environmental (e.g., light intensity), hydraulic (e.g., hydraulic conductance), and endogenous
(e.g., hormones) factors [55]. The most important factor between the endogenous ones is ABA,
which triggers stomatal closure by inducing loss of turgor in guard cells and prevents stomata premature
reopening (Figure 2) [56]. When ABA binds to receptors on the guard cells membrane, it triggers the
accumulation in cytosol of Ca2+ and the efflux of Cl− and K+ ions [57]. Osmolytes displacement causes
plasma membrane depolarization and the overall reduction in ion content triggers water efflux by osmosis,
causing loss of turgor and stomatal closure [9]. This status persists as long as ABA gets inactivated by
oxidation or conjugation with monosaccharides (Figure 1). Then, Ca2+ concentration ([Ca2+]) decreases,
and the osmotic balance gets restored by K+ uptake [56,57].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 6 of 16 
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Figure 2. Abscisic acid (ABA) signaling in guard cells. (a) ABA inducing stomatal closure. ABA binds
to PYR/PYL/RCAR receptors on the guard cells membrane and triggers the accumulation in cytosol of
Ca2+ by activation of Ca2+ channels (ICa). Under elevated Ca2+ concentration ([Ca2+]), the cell-efflux
of Cl− is enhanced. This efflux is mediated by rapid transient (R-type) and slow-activating sustained
(S-type) Cl− channels, and it causes plasma membrane depolarization. Thence, the K+ uptake is
downregulated by inward-rectifying K+ channels (Ik-in) activity, while the K+ efflux is promoted
through outward-rectifying K+ channels (Ik-out). The overall reduction in ions content triggers water
efflux through aquaporins by osmosis, causing loss of turgor in guard cells and stomatal closure.
(b) Stomatal reopening by ABA inactivation. As ABA does not bind further to PYR/PYL/RCAR
receptors, Ca2+ accumulation ceases. The osmotic balance is restored by K+ uptake through Ik-in,
promoting water uptake and reacquiring turgidity. Based on [56].
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ABA role in stomatal regulation has been particularly studied in grapevine, in order to optimize
irrigation techniques and genotype-specific response to drought. Irrigation techniques aim at
maintaining plant water status and at maximizing plant water use efficiency (WUE), expressed as the
ratio between photosynthetic CO2 assimilation (A) and water loss by transpiration (E) [48]. In grapevine,
cultivars differently regulate water loss as they differ in terms of stomatal response under high
evaporative demand [5]. This behavior has been addressed using the concept of iso-/anisohydry [58]
that generally refers to the daily variation of the difference between Ψleaf and soil water potential (Ψsoil).
Specifically, isohydric cultivars maintain a more constant water status through preventive stomata
closure, while anisohydric cultivars keep stomata open until more negative Ψleaf values [59]. Isohydry
has been associated to differences in the ABA signaling process [58]. Since V. vinifera displayed a
high intraspecific plasticity in anisohydric behavior, it became one of the most investigated species
(Figure 3) [60]. In 2001, Bota et al. [48] investigated gas exchange and hydraulic responses to drought in
22 grapevine cultivars. Despite most of the cultivars belonged to the same region, as drought persisted,
they displayed a remarkably divergent iso-/anisohydric behavior. Differences in anisohydricity have
also been observed by Coupel-Ledru et al. [61], which assessed a divergent stomatal response to
drought, even in pseudo-F1 progeny of a reciprocal cross between the Syrah and Grenache cultivars.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 16 
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The intraspecific divergence in stomatal behavior, may be related to a genetic difference in
ABA production [58]. Nevertheless, an increasing amount of evidences has highlighted that many
other factors are involved in stomatal regulation [5]. Indeed, studies speculating of ABA being the
pivotal driver of drought-response have mostly investigated grapevine physiology under severe water
stress. However, differences in isohydric behavior can be acknowledged at moderate water stress [49].
Recently, Levin et al. [49] characterized the response of gs along a wide range of Ψleaf in 17 grapevine
cultivars; they showed that cultivars differed in gs response only under moderate stress, while under
well-watered conditions and severe stress, the intraspecific difference is not appreciable.

As abovementioned, under water shortage, tension in xylem increases inducing the occurrence of
embolism events, occluding the conduits and reducing the hydraulic conductivity (Kxy) [54]. It has
been suggested that cavitation occurrence may act as a hydraulic signal, triggering the stomatal
response [62]. This mechanism has been observed on crops [19], herbs [63], and trees [64], also being
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common between species with contrasting origin and anatomy [62]. Based on this hypothesis, stomatal
control strategy of plants should depend on its vulnerability, generally expressed as the water potential
at 50% loss of conductivity. This speculation has been strongly supported on a wide range of species [65]
and in grapevine [66], however, the debate is still open as some evidences support a more complex
interaction [67], also claiming that stomatal closure may precede emboli formation [68].

McAdam and Brodribb [69], in a study on Metasequoia glyptostroboides, suggested that stomatal
closure may be triggered by passive hydraulic signals, while active ABA-mediated regulation occurs
under long-term drought. In grapevine, Tombesi et al. [19] observed that foliar [ABA] significantly
increased after gs was already low, suggesting that stomata closure is regulated differently according
to the intensity of drought (Figure 4). As water shortage begins, stomatal closure is likely triggered by
hydraulic signals, while long-term ABA maintains turgor loss in guard cells, preventing premature
reopening [19]. Similar results have been recently obtained on Merlot grapevines by Degu et al. [70] and
may support the evidences of isohydric and anisohydric cultivars displaying different ABA/hydraulic
signals stomatal regulation [71].
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Interestingly, some studies assessed a relation between ABA and hydraulic properties, suggesting
that ABA may have an indirect effect on water loss management [72,73]. Soar et al. [39] observed that
differences in stomatal responses between Grenache (near-isohydric) and Shiraz (near-anisohydric)
were related to [ABA]xy. They suggest that the degree of isohydricity may be related to differences in
hydraulic properties, which depend on the interaction between ABA and other factors, in particular,
aquaporins. In this way, high [ABA] inhibits aquaporins expression, downregulating Kxy and inducing
stomatal closure [74]. Recently, Dayer et al. [73] investigated the coordination between ABA, aquaporins
expression, and hydraulics of root and shoot in Grenache (near-isohydric) and Syrah (near-anisohydric)
grapevines under mild water stress. Their results highlighted that even under mild water stress,
ABA production causes downregulation of aquaporins expression in the leaf, in order to prevent
water loss. The entity of this phenomenon was different according to the cultivar, suggesting that
less anisohydric cultivars are more sensible to ABA [73]. Despite these evidences, our knowledge on
this topic is still scarce, especially on grapevine [75]. Future research is still needed, in order to better

21



Int. J. Mol. Sci. 2020, 21, 8648

understand the complex relations occurring between ABA and hydraulic regulation, which occurs
with a high intraspecific variability.

4. ABA Role in Carbohydrates Mobilization

Threats related to the foreseen increase in occurrence and duration of anomalous dry conditions
due to climate change are expected to affect the vegetation in multiple ways. As far as drought
persists, plants are forced to keep stomata closed for prolonged periods, limiting the carbon uptake [76].
Over prolonged drought, stomatal limitation may affect the balance between carbon supply from
photosynthesis and consumption, leading to carbon starvation and consequent lack of energy to drive
metabolism and repair damaged photosystems [76]. Thus, after prolonged drought, plants depleted in
carbohydrates are more likely to incur into hydraulic failure, due to the inability in recovering damage,
even after stress relief [77].

Recent evidences on poplar, highlighted that recovery of embolized conduits is a spatially
coordinated and energy-demanding process, which requires the active translocation of sugars and
other resources from the symplast to the apoplast of parenchyma cells [78]. These results confirm
previous observations on grapevine [79] and support the studies speculating that different grapevines
cultivars recover differently according to a divergent ability in translocating and utilizing nonstructural
carbohydrates (NSCs) [20].

Since ABA is a key factor in modulating the starch-to-sugars pathway, by upregulating
carbohydrate metabolism’s enzymes (e.g., β-amylase and vacuolar invertase) [80,81], some studies have
suggested that it may play a pivotal role in carbohydrate mobilization response during recovery [81–84].
Secchi et al. [82] applied exogenous ABA to ABA-deficient mutants of Lycopersicon esculentum, showing
that increasing [ABA] favors embolized-vessels refilling. Differences in refilling were also correlated
with petioles starch content, supporting the hypothesis of ABA being able to trigger sugars translocation
for damage repairing. A detailed investigation on ABA role in sugars metabolism and mobilization
has been recently conducted on Populus nigra by Brunetti et al. [83]. They observed that at recovery,
bark-stocked starch is rapidly converted to soluble sugars, which are then translocated in the wood.
Both starch depletion and soluble sugars increases have been correlated to [ABA], suggesting ABA
being the trigger [83]. In grapevine, Perrone et al. [6] evaluated concurrently physiological response,
ABA variation, and gene expression, in leaf petioles during water stress and subsequent recovery. Since
the coordinated increment in [ABA] and expression of genes related to secondary metabolism during
recovery, it is likely that ABA may play a pivotal role in coordinating the carbohydrates mobilization.

These studies increased our knowledge about the starch-to-NSCs conversion and subsequent
mobilization during post-drought hydraulic recovery [85]. Furthermore, these observations may
suggest a possible role of ABA in mediating processes related to carbohydrates metabolism where
its role has not been considered so far. A recent study [20] pointed out that under drought, different
grapevine cultivars display a contrasting pattern of NSCs utilization. The anisohydric Shiraz delayed
NSCs consumption, and it implemented remarkable anatomical adjustments (decreased the size of
xylem conduits). Conversely, in the near-isohydric Cabernet Sauvignon, stress response was based on
an earlier starch depletion and NSCs mobilization [20].

The iso-/anisohydric classification has been redefined multiple times, the species/cultivar behaviors
are distributed along a continuum rather than being dichotomous, and its variation depends on the
plant interaction with the environment [60,65]. Nevertheless, the concept itself is useful to define
the plant-specific stress management under long term [59]. Different grapevine cultivars have been
sorted according to their iso-/anisohydric behavior; however, it has been observed that under different
treatment/conditions, the same cultivar can display different iso/anisohydric behavior [51,60,86].
Since the increasing amount of evidences have linked ABA to a long-term regulation mechanism,
and since it has been proved that differences in grapevine intraspecific anisohydricity have been linked
to a variation in ABA biosynthesis [87], it seems likely that ABA may coordinate the ensemble of
phenomena involved in stress response. Further investigation on the actual role of ABA is still needed,
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especially on poorly understood adaptation mechanisms as “stress memory” [88,89], which has also
been related to modulations in carbohydrate metabolism [89–91] and have also been observed in
grapevine [20,92].

5. ABA in Salt-Stress Response

Foreseen effects of climate change are expected both to increase the water consumption demand
in agriculture and to decrease the abundance of water sources [2]. Therefore, the use of wastewaters
for crops irrigation has been purposed [3]. Besides the reduction in freshwater use, the application of
this strategy has led to many benefits as the improvement of nutrients recycling, the minimization
of pollutants’ discharge into waterways, and the increase in plant growth, photosynthesis activity,
and carbohydrates production [3,9]. However, over long term, this strategy may be deleterious,
because of the elevated salts content in wastewaters [93]. Excessive salts concentration in the circulating
solution in soil alters the osmotic balance between roots and soil solution, imposing drought-like
conditions for plants [94]. Furthermore, salts accumulation in plants tissues may reach toxic levels,
hence having negative impacts on plant growth, leaf expansion, and photosynthetic efficiency [93].

Plants cope with saline conditions through an ensemble on biochemical strategies such as ions
exclusion, compartmentalization (both at cellular and whole-plant level), synthesis of compatible
solutes, change in photosynthetic pathway, and production of plant hormones as cytokinins and
ABA [93]. In particular, ABA seems to play a pivotal role in response coordination under salt stress [95].

On the base of studies investigating salinity effects on plant varieties differing in ABA
synthesis and sensitivity, it has been highlighted that plants have a set of genes regulating osmotic
stress. The expression of these genes is triggered by ABA, which binds an ABA-response element
(ABRE). Then, the accumulation of Ca2+ ions is induced in cytosol, which (coupled with reactive
oxygen species under severe stress) act as secondary messengers triggering salt-response genes
expression [9,95]. Effects related to ABA are many and include production of compatible osmolytes
and antioxidants [9], Ca2+ uptake to maintain membranes’ stability [96], reduced induction of leaf
abscission by downregulating ethylene release and toxic Cl− ions in leaves [97], change of membranes
composition [9], and stomatal closure [95]. Moreover, high [ABA] during drought stress has been
demonstrated to counteract the salt-induced photosynthesis downregulation [98], promote starch
degradation, and coordinate carbohydrates mobilization [10].

In grapevine, salinity effects have been mainly investigated in arid or semiarid regions
(e.g., Australia), where soils are naturally more saline, hence affecting vineyard cropping [99–101].
Despite, in the recent years, the interest in this topic has increased worldwide [102–104], studies
investigating salt-stress responses in grapevine rather focus on plant performance in terms of fruit
quality [105,106]. In fact, it has been demonstrated that the excess of salts causes accumulation
of Cl− and Na+ ions in berry juice, negatively affecting fruit yield, berry quality, and wine
production [99,100,107,108].

A recent study investigated the synergic effect of the partial root drying (PRD) irrigation techniques
and moderate salinity conditions on Shiraz and Grenache grapevines, in order to evaluate whether
PRD-induced stomatal closure may limit xylem loading of toxic ions [109]. Their results assessed
that under PRD irrigation regime, vines were generally enriched in Na+, K+, Cl−, and Ca2+ ions,
if compared to well-watered (WW) plants with same salt conditions. However, in PRD vines Cl−
concentration was minor in leaves and higher in roots. These results combined with the lower roots
biomass production under WW conditions, confirm previous observations claiming the root system
being the pivotal site for ion-exclusion mechanisms [107–110]. Indeed, it has been demonstrated that
salt uptake and translocation is regulated differently in different rootstocks, and the whole process
depends on many mechanisms [111]. In 2010, Upreti and Murti [110] reported that under salt stress,
more tolerant rootstocks accumulate more ABA. Despite these aspects have been poorly investigated,
there are some evidences claiming that grapevine cultivars differing in anisohydric behavior differ in
uptake and translocation of toxic ions [107,109,111,112].
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Nowadays, literature focusing on ABA-mediated responses under salt stress is still scarce.
However, the reported studies confirm the evidences on other species suggesting ABA being a pivotal
hormone in salt-stress response mediation [113]. Hence, further investigations on this topic will be
useful to better understand the underrated ABA role in this process.

6. Conclusions

ABA was widely investigated in the last decades due its role in regulating several physiological
processes, including abiotic stress responses. While the understanding of biosynthetic pathway is
consolidated, the triggering system of ABA signaling is still debated. In grapevine, thought hypothesis
of ABA being mainly synthetized in the root system has been commonly accepted, a growing body of
literature has been supporting the hypothesis that drought-induced stomatal closure is mediated by
ABA produced into the leaf.

Another debated point is the ABA role at different intensities of stress: while there is consensus
in the role of ABA in keeping stomata closed in order to inhibit premature stomata reopening after
the end of water stress, its role in regulating the stomatal conductance at the onset of the stress is
quite debated. Recent progress in the determination of ABA biosynthesis triggering mechanisms
support the hypothesis of primary stomatal closure being induced by an ensemble of passive and
active mechanisms unrelated to ABA, which seems to be mainly involved in more severe water
stress response.

The dispute on the role of ABA in stomata regulation also involves the debate on the classification
of grapevine genotypes in anisohydric and near-anisohydric categories. Investigations carried out
in V. vinifera and other species have led to the conclusion that genotypes are not divided in two
different categories but are distributed along a continuum, according to their degree of anisohydry.
The physiological explanation of the different levels of anisohydry lies on the unraveling of the relative
importance of the mechanisms inducing stomata regulation in response to the various environmental
stimuli. Nevertheless, the attempt of phenotyping the genotypic response to drought is increasing in
the last years, and it will provide useful information for viticulture as well as for the comprehension
of grapevine physiology. An interesting topic in future research may involve the investigation of
differences in the basal level of ABA and modulations of ABA content, in varieties differing for abiotic
stress tolerance.

Although, in the last decades, the understanding of the physiological processes in which ABA is
involved has notably increased, many aspects are still debated. In V. vinifera, future research efforts
should be aimed at the comprehension of the role of ABA in drought stress in relation to water stress
severity, duration, and frequency in order to make the experimental results more representative to what
occurs in the field. Emerging topics deserving more attention are the interaction of ABA regulation
and carbohydrates under water stress and the role of ABA in salt stress response, which is still poorly
investigated, especially in this species.
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Abstract: Plants can react to drought stress by anticipating flowering, an adaptive strategy for plant
survival in dry climates known as drought escape (DE). In Arabidopsis, the study of DE brought to
surface the involvement of abscisic acid (ABA) in controlling the floral transition. A central question
concerns how and in what spatial context can ABA signals affect the floral network. In the leaf, ABA
signaling affects flowering genes responsible for the production of the main florigen FLOWERING
LOCUS T (FT). At the shoot apex, FD and FD-like transcription factors interact with FT and FT-like
proteins to regulate ABA responses. This knowledge will help separate general and specific roles of
ABA signaling with potential benefits to both biology and agriculture.

Keywords: abscisic acid (ABA); flowering time; Arabidopsis; drought escape; drought; bZIP;
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1. Introduction

Plant hormone signaling pathways are highly interconnected to allow plants to finely adjust
growth and development according to varying environmental stimuli derived from growth conditions,
nutrient availability, biotic and abiotic stress [1]. Abscisic acid (ABA) is long known to play central
roles in drought, osmotic, and high salinity responses, hence generally considered as a stress-related
hormone [2]. One of the best-characterized mechanism of action of ABA in response to drought stress
is the control of transpiration via stomatal opening and closure [3]. However, there is a growing body
of evidence that points to ABA involvement in plant growth and developmental processes well beyond
stress responses. In well-watered, nonstressed conditions, ABA signaling is required in root tissues
for growth, hydrotropism, xylem formation, and suberin deposition, in the leaves for leaf initiation
and development (as reviewed in [4]). In this review, we will explore known and potential modes of
interaction between ABA signaling and the genes that control the transition to flowering. To support
the reader, we will introduce some specific notions related to the regulation of the floral transition, ABA
biosynthesis and signaling while referring to more specialized readings whenever it will be required.

Day Length Is a Key Floral Trigger in Arabidopsis

The transition to flowering marks the switch from the vegetative to the reproductive stage.
Most plant species need to commit to flowering in a short window of time during the year to
ensure optimal reproductive success. Hence, the timing of this transition is highly sensitive to
environmental factors, enabling plants to align pollination, fruit and seed development with the
most favorable conditions. Seasonal variations in mean temperature, day length (also known as
photoperiod), and availability of nutrients and water are among the known environmental cues that
regulate flowering.
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Four floral pathways have been primarily described in the model plant Arabidopsis thaliana
(Arabidopsis) through different genetic screens coupled with physiological analyses [5]. These pathways
convey signals from photoperiod, vernalization, different endogenous cues as well as gibberellic acid
(GA) accumulation, which is also linked to the age pathway [6]. Because of the established connections
with ABA signaling, we will first focus on the photoperiodic pathway.

Most plants are sensitive to variations in photoperiod, which act as a critical seasonal cue at
temperate latitudes [7]. In Arabidopsis, long day conditions promote flowering via activation of a
signaling cascade that converges to the transcription of FLOWERING LOCUS T (FT) and TWIN SISTER
OF FT (TSF) in the phloem companion cells [8]. Upon export from the phloem companion cells to
sieve elements [9], FT and TSF gene products act as a florigenic signal, moving via the phloematic
stream towards the shoot apex [10–12]. The photoperiodic cascade is activated upon exposure of
plants to long-day conditions when GIGANTEA (GI) and the blue light receptor FLAVIN-BINDING,
KELCH REPEAT, F-BOX1 (FKF1) display similar diel-regulated accumulations in the light phase [13,14].
The light-stabilized GI-FKF1 complex triggers the proteasomal degradation of CYCLING DOF FACTORs
(CDFs), a family of transcriptional regulators that repress CONSTANS (CO) [15]. The diel degradation
of CDFs alongside several mechanisms that regulate CO transcript accumulation contribute to a
robust daytime expression of CO message, peaking at dusk [16]. Light is necessary to stabilize the
CO protein, and numerous light-dependent molecular mechanisms involved in this process have
been described [13]. CO protein plays a key role in the transcriptional activation of the florigens,
forming a trimeric complex with NUCLEAR FACTOR-Y (NF-Y) B and C subunits at CONSTANS
RESPONSIVE elements (CORE) located at the promoter of FT [17,18]. NF-Ys are highly conserved
trimeric transcription factors (TFs) formed by NF-YA, NF-YB, and NF-YC subunits involved in
many developmental processes including flowering [19]. Furthermore, FT transcript levels are further
regulated by many transcriptional events that respond to a vast array of environmental and endogenous
signals [20–22]. Thus, while typically CO is required for FT transcriptional activation, different TFs
enable the fine-tuning of FT levels appropriate to the environmental conditions, thereby conferring
substantial plasticity to the flowering process.

The mobilization of FT at the shoot apex triggers a change in the shoot identity that switches
from producing leaves to floral primordia. As described in the current model for FT signaling, upon
its relocation at the apex, FT protein forms a complex with the basic leucine zipper (bZIP) domain
TF FD, probably with the participation of 14-3-3 proteins [23,24]. Although FD can bind DNA on
its own, heterodimerization with FT (or TSF) and its phosphorylation enhance its DNA binding
activity [24]. The function of FT is antagonized by a structurally related protein, TERMINAL FLOWER
1 (TFL1), which is also mobile, albeit its range of movement appears to be limited to the shoot meristem
cells [25,26]. TFL1 can interact with FD and is recruited via FD at thousands of genomic positions
where it exerts transcriptional repression [27,28]. FT outcompetes TFL1 for FD binding and thus
activates transcription of FD targets which include floral meristem identity genes, conferring a floral
fate to newly arising lateral primordia, and hormone-related gene functions [27,29].

In addition to the photoperiodic pathway, winter-annual accessions of Arabidopsis require the
experience of cold to flower in the following spring, a process referred to as vernalization. This annual
habit is conferred by two loci, the floral repressor FLOWERING LOCUS C (FLC), a MADS-box
type TF and its upstream activator FRIGIDA (FRI) encoding a coiled-coil domain protein acting as
transcriptional regulator and chromatin modifier [30]. Exposure of vernalization-sensitive FRI FLC
seedlings to cold temperature triggers the epigenetic silencing of FLC, which is mediated by several
chromatin remodeling proteins [31]. The repressed state of FLC chromatin causes its transcriptional
inactivation and is maintained through mitotic cell divisions upon a return to warm temperature.
Misexpression studies allowed to define the spatial interactions between the photoperiod pathway
and vernalization response. FLC represses FT in the leaf and several floral genes expressed at the
shoot meristem including FD [32]. Thus, vernalization enables the transcriptional activation and
mobilization of the main systemic flowering signal FT and its response in shoot meristem cells.
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Flowering in Arabidopsis is also positively regulated by gibberellins which play an essential role
under noninductive short-day conditions [33–35]. GA signaling is mediated by a class of proteins
named DELLA that act as negative regulators of GA responses. DELLAs interact with a vast array of
proteins (mainly TFs) which preside different hormonal and developmental processes [36]. According
to a consolidated model, DELLA binding usually impairs TFs function or their DNA accessibility
which blocks GA-regulated transcriptional events [37]. An increase in GAs cellular concentration
triggers a signaling cascade that leads to DELLA ubiquitination and its proteasomal degradation,
thus promoting TFs function. For these reasons, the GA pathway, via control of DELLA levels, plays a
key integrative role by modulating multiple floral inputs in different spatial contexts [38].

2. ABA Signaling and Its Multiple Connections with the Photoperiodic Pathway

Water deficit conditions experienced by Arabidopsis during the vegetative phase result in
accelerated flowering compared to normal watering conditions [39]. This plastic shift in flowering
activation is considered adaptive and referred to as drought escape (DE), a bet-hedging strategy that
enables plants to attain reproductive development and achieve an early seed set under water-scarce
environments [40]. While succeeding in reproduction under potentially lethal drought conditions,
the cost associated with this strategy is a considerable reduction in seed number production as a result
of shortened vegetative growth [41].

Genetic screens identified several mutants impaired in DE, the vast majority of which are defective
in the photoperiodic response [42,43]. Consistent with the requirement of long-day-stimulated
photoperiodic signaling in DE activation, water deficit conditions applied under short days do not
cause DE (conversely, they delay flowering). Accordingly, increased levels of florigen FT and TSF
accumulate in response to water deficit only under long-day photoperiods. Thus, drought signals can
be interpreted as positive cues for flowering depending on the activation status of the photoperiodic
cascade. GI is required in this process, as no florigen expression occurs in gi mutants under any
photoperiodic regime [39]. This initial model has been further refined to indicate that GI is not just
indirectly required to activate the photoperiodic cascade (e.g., through the transcriptional activation of
CO) [43]. Indeed, GI conveys drought-derived cues upstream of FT in parallel to CO (this aspect will
be discussed in more detail below).

As the basic structure of the DE process is highly intertwined with the photoperiodic genes,
the integration of drought stimuli with the floral network is in large part mediated by ABA. In flowering
plants, ABA is synthesized via the carotenoid pathway by cleavage of β-carotene metabolites called
xanthophylls and shares the same intermediate molecular pool of other plant hormones like cytokinins,
brassinosteroids, and GA. The first steps of ABA biosynthesis take place in the plastid, with the
oxidative cleavage of zeaxanthin into all-trans-violaxanthin by the enzyme zeaxanthin epoxidase,
encoded in Arabidopsis by ABA DEFICIENT 1 (ABA1). The NINE-CIS-EPOXYCAROTENOID
DIOXYGENASES (NCEDs) produce the C15 xanthoxin which is translocated from the plastid to the
cytosol [44]. Xanthoxin biosynthesis is a rate-limiting step in ABA biosynthesis, hence NCEDs are
major players in the regulation of ABA levels with specific developmental roles. NCED3 is strongly
upregulated by drought stress [45], and in concert with NCED5 contributes to ABA-mediated drought
stress responses [46]. From xanthoxin, bioactive ABA is synthesized in two steps. Firstly, ABA2
converts xanthoxin to abscisic aldehyde [47,48]. Secondly, Arabidopsis aldehyde oxidase 3 (AAO3)
finally produces ABA from its aldehyde [49,50] in cooperation with a molybdenum cofactor encoded
by the Arabidopsis ABA3 gene [51,52].

Mutants of aba1 and aba2 are late-flowering under normal watering conditions [39,43].
Florigen transcript levels are also reduced in these ABA deficient mutants, which is associated
with impaired DE compared to the wild type. Notably, the flowering time defect of ABA deficient
mutants is restricted to long-day conditions, implying an interaction between ABA production and the
photoperiodic response. ABA2 expression occurs in the phloem companion cells, suggesting that these
cells are a major source of ABA production [53]. Phloem-derived ABA may be translocated to other
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cell types including the shoot via specialized transporters or through the phloematic stream. Thus,
while still unknown, the levels and distribution of ABA in the shoot might also affect florigen signaling
beyond its site of production.

Insights into the ABA-Flowering Crosstalk from the Analysis of ABA Signaling Mutants

The core ABA signaling cascade is composed of four main proteins and has been excellently
reviewed elsewhere [54]. Briefly, ABA is bound by a family of soluble receptors known as
PYR/PYL/RCARs [55,56]. Upon binding to ABA, PYR/PYL/RCARs interact with protein phosphatases
(PP2C). This interaction inhibits the phosphatase activity of PP2Cs, allowing their substrate,
protein kinases of the SNF1-RELATED PROTEIN KINASE 2 (SnRK2) group, to be phosphorylated.
Active SnRK2s can, in turn, phosphorylate downstream components including bZIPs encoding
ABA-responsive TFs/ABA-responsive element binding factors (ABFs/AREB) [57–59]. Phosphorylated
ABFs enact the transcription of ABA/stress-response genes by direct binding on ABA-responsive
elements (ABRE) on their promoter sequence [60,61]. In absence of ABA, PP2Cs bind SnRK2s, and keep
them in a dephosphorylated, inactive form.

Several ABA signaling genes show expression in the vasculature [43,62]. Other than sharing
similar spatial regulation with FT, ABA signaling mutants also display flowering defects that are
consistent with a role in FT activation. Dominant alleles of the PP2C ABI1 (abi1-1) encode proteins
that are unable to dissociate from the SnRK2s even in the presence of ABA and thus impair ABA
signaling [55,56]. Mutant abi1-1 plants also fail to activate DE, which is associated with reduced levels
of FT/TSF transcripts [43]. ABA exogenous applications activate flowering through the ABFs bZIPs
which are classified in the same group A of FD-like bZIPs [63]. Interestingly, ABF3 phosphorylation on
a LXRXX(S/T) motif, conserved among all ABFs, creates a 14-3-3 binding site [58]. In FD, disruptions
in this C-terminal motif prevents FD function [28], and it has been observed in rice that the correct
formation of this 14-3-3 binding site is required for the interaction of FD and FT homologs [23].

The abf2/3/4 triple mutants show large alterations in the ABA-related transcriptome, including
deregulation of PP2C genes, hinting to the possibility of a transcriptional feedback loop [64].
Additionally, triple abf2/3/4 and quadruple abf1/2/3/4 mutants display late flowering phenotypes,
with reduced expression of CO and its transcriptional activator FLOWERING BHLH 3 (FBH3) [57,65].
Notably, abf3/4 mutants are late flowering under long-day conditions but not in short-day,
and are impaired in DE compared with the wild type. The floral integrator SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOC1) is a key target of ABF3 and ABF4 in the leaf. In turn,
SOC1 indirectly promotes FT—but not TSF—expression by negatively regulating a set of FT repressors
including TEMPRANILLO1 (TEM1), TEM2, and TARGET OF EARLY ACTIVATION TAGGED 1 (TOE1)
encoding APETALA2 (AP2)-class transcriptional regulators. Interestingly, ABFs bind the SOC1
promoter through the NF-Y complex by forming a direct interaction with NF-YC subunits. In triple
nf-yc3/4/9 mutants, the DE response is reduced, and SOC1 transcription is unresponsive to ABA [63].
Beyond their role in the positive regulation of FT [17,66], NF-Y TFs are known to be important
regulators of ABA-driven transcriptional responses [66]. The wide combinatory range offered by
dimerization and trimerization of different NF-Y subunits, each one of these bearing unique functional
domains [67], as well as their interaction with other ABA-regulated TFs like the ABFs [63], affects the
specificity for DNA targets [68] and provides yet another layer of regulation in the crosstalk between
ABA and flowering.

In apparent contrast, it has been reported that water deficit conditions can also repress
flowering [39]. This response is observed under short-day conditions when the photoperiodic
pathway is inactive. It is hypothesized that the drought-dependent repression of flowering occurs at
the shoot meristem, acting independently or downstream of the florigen system. FLC plays a major
contribution in this process, as mutants of FLC do not display delayed flowering in response to water
deficit under short-day conditions. Another floral repressor, SHORT VEGETATIVE PHASE (SVP),
a MADS-box type transcriptional regulator structurally related to FLC plays a central role in delaying
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flowering in response to water deficit under short-day conditions. Because FLC and SVP proteins
physically interact, it is possible that these similar phenotypes reflect their mode of interaction and
targets regulation. SVP transcript levels are upregulated in response to water deficit conditions, but not
ABA applications [69]. On the other hand, FLC transcript levels increase in response to both water
deficit and ABA applications [39,70]. Consistent with this ABA-FLC regulation, ABA-hypersensitive
mutants (derived from loss-of-function alleles of multiple PP2Cs) display increased accumulation of
FLC and are late-flowering compared to the wild type under short-day conditions. abi1-1 mutants
(which are ABA-insensitive) are early-flowering under short days and display reduced levels of
FLC [43]. The TFs ABA INSENSITIVE 4 (ABI4) encoding an AP2-class protein and the bZIP ABA
INSENSITIVE 5 (ABI5) were found to independently target FLC to promote its transcriptional activation
in response to ABA [70,71].

An important question concerns how ABA levels or signaling may affect the GA-DELLA cascade.
Recent data point to a general role for SVP in the control of ABA accumulation in leaves via negative
regulation of ABA catabolism pathway genes CYP707A1, CYP707A3, and AtBG1. svp mutants display
lower cellular ABA contents compared to the wild type and reduced drought stress tolerance [69].
There is also a known contribution of SVP at the shoot apex in the control of gibberellic acid biosynthesis,
which plays a major role in the activation of flowering under noninductive conditions. SVP acts as a
strong repressor of GIBBERELLIN 20 OXIDASE 2, encoding an enzyme required for GA biosynthesis.
FT triggers the transcriptional repression of SVP at the shoot apical meristem (SAM), thus promoting
GA accumulation [72]. Thus, variations in SVP levels caused by FT or water deficit can affect the
ABA–GA balance globally or locally (i.e., in the shoot) to regulate flowering. ABI4 is another node of
regulation of the ABA-GA homeostasis by activating the ABA biosynthetic gene NCED6 and the GA
catabolic gene GIBBERELLIN 2 OXIDASE 7 [73]. ABA and GAs have opposite effects on ABI4 protein
accumulation, positive and negative, respectively, indicating that water deficit conditions can alter the
ABA–GA balance through modulation of ABI4 cellular abundance. Other than hormone production,
the ABA–GA cross talk might occur at the signaling level. Recent studies in tomato indicate that
DELLA acts in guard cells to promote stomatal closure, but this effect is ABA-dependent. Moreover,
while DELLA in guard cells does not affect ABA levels, it increases guard cell ABA responsiveness [74].
While it is unknown whether this model can apply to Arabidopsis, it points to alternative modes of
ABA–GA cross regulations possibly occurring at different tissue scales.

3. ABA Signaling Integration through GIGANTEA

GIGANTEA (GI) was identified as a key flowering gene, required for photoperiod perception
and clock function. GI is also emerging as the key driver of DE, independent of its known role in the
photoperiodic cascade. Given the multiple regulatory mechanisms coordinated by GI in the flowering
regulatory process, it would be relevant to understand which step(s) could be sensitive to ABA levels.
Here, we shall focus on the emerging role of GI in mediating hormonal signals (emphasizing the link to
ABA signaling) and refer the reader to recent reviews detailing the mechanism of GI in photoperiodic
and clock regulation [75].

Genetic evidence indicates that GI function is sensitive to ABA signaling status [43]. Impairing
ABA signaling (as in abi1-1—mutants) causes marked reductions in FT and TSF accumulation even in a
genetic background where GI is expressed constitutively via the 35S promoter. Interestingly, CO levels
are only moderately reduced in 35S::GI abi1-1 plants compared to 35S::GI. This result supports a model
where some aspects of GI protein function important for FT—but not CO—transcriptional regulation
are sensitive to ABA signaling.

The idea that GI relay ABA signals onto FT with minor contributions from CO also derives from
the study of cdf1/2/3/5/gi quintuple mutants characterized by high levels of CO transcript and an
early flowering phenotype. These mutants failed to upregulate FT under water deficit conditions
(as compared to cdf1/2/3/5 quadruple mutants) and to activate DE, supporting the pivotal role of
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florigens in this process [43]. The interpretation of these results is that GI protein function is required
to confer ABA-dependent responsiveness at the FT promoter.

The precise mode of GI-dependent florigen regulation promoted by ABA is still unclear. Drought
or ABA alone cannot activate FT expression in co mutants and indicates that an interplay between
GI and CO is ultimately necessary for FT activation and DE to occur. Interestingly, the florigen TSF
can be transcriptionally activated in co mutants under water deficit conditions in a GI-dependent
manner, indicating that in some cases, the interplay between GI and ABA is sufficient in promoting
florigen expression [43]. This observation echoes the results of misexpression studies showing that
GI can directly activate FT in the vasculature and partially rescue the late-flowering phenotype of co
mutants [76]. GI is enriched at the FT promoter region, at positions usually occupied by strong FT
repressors including SVP and the aforementioned TEM1/2, which are negatively regulated via the
ABF/SOC1 axis. The CDFs are also repressors of FT, and GI is required to relieve their repression at the
promoter of FT [77] (Figure 1). Because GI does not present an obvious DNA binding domain, it may
be recruited at the FT promoter through independent protein–protein interaction events to facilitate
chromatin accessibility of positive regulators.

Figure 1. Abscisic acid (ABA) signaling and flowering regulation. In the leaves (left), ABA
controls FLOWERING LOCUS T (FT) transcription acting on GIGANTEA (GI) and CONSTANS (CO);
ABA-responsive transcription factors (ABFs) can modulate SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOC1) expression, in turn affecting FT transcription through an indirect mechanism.
FT moves to the SAM where it interacts with FD and FD-like basic leucine zippers (bZIPs) to activate
floral genes and ABA signaling transcriptome. ABA is transported in the phloem, but its roles at the
SAM are not yet known. TERMINAL FLOWER 1 (TFL1) antagonizes FT, repressing transcription.
Dashed lines represent indirect or not yet confirmed pathways, while full lines represent known ones.

Chromatin immunoprecipitation (ChIP), followed by sequencing experiments, revealed that
GI is recruited to the chromatin of thousands of loci to regulate gene expression. Interestingly,
GI ChIP-seq peaks occur on regulatory regions of ABA/water deficit-related genes which are also
differentially expressed genes in gi mutants [78]. GI was shown to interact with the ABA-related
bZIP DC3 PROMOTER-BINDING FACTOR 4/ENHANCED EM LEVEL (DPBF4/EEL) to activate
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drought responses through the activation of the ABA biosynthetic gene NCED3. eel, gi-1 and the
corresponding double mutant have significantly lower expression of NCED3 and present impaired
stomatal closure in response to dehydration, thereby displaying a low survival rate in water deficit
conditions [79]. These results could lead to a model where ABA-activated TFs recruit GI at different
genomic positions to regulate gene networks related to drought stress. GI is found in complex
with various enzymatic functions including kinases [80], O-fucosyltransferases [81], HEAT SHOCK
PROTEIN 70/90 co-chaperones that promote the maturation of client protein interactors [82]. The most
recent updates about potential and confirmed GI interactions can be found in [83]. The ever-growing
list of interactors may suggest that GI acts as a scaffold protein, providing different enzymatic activities,
possibly in conjunction with its recruitment at different genomic positions. Because GI protein levels
oscillate during the day in a circadian manner, its recruitment to chromatin may gate DNA accessibility
to TFs, and thus coordinate plant sensitivity to external signals in a diel manner [78]. Knowledge of
these transcriptional mechanisms may help understand how GI can influence such a vast array of
cellular responses.

4. Role of FD and FD-Like bZIPs Protein Complexes in Modulating ABA Signaling

An important theme arising from recent studies concerns the putative role of FD and FD-like
proteins in the modulation of ABA signaling in complex with FT-like proteins. The Arabidopsis
genome encodes 78 bZIP TFs, classified into 13 groups. These bZIPs have a basic domain required
for the DNA binding activity and a characteristic leucine zipper domain that allows for homo- and
heterodimerization [84]. The key floral genes FD and FD PARALOGUE (FDP) belong to group A of
Arabidopsis bZIPs, totaling 13 members. Consistent with its established role in flowering, FD controls
the expression of floral regulators like SOC1, LEAFY, FRUITFULL, and APETALA1 [24,85–87] by direct
binding at their respective promoters [87]. FD and FDP also share several downstream targets that
are ABA- and water stress-related, including other members of group A bZIPs such as ABF3 and
DPBF1/ABI5, the PP2Cs ABI1 and HAB1, the ABA catabolic gene CYP707A2, and proteostasis-related
genes ABI FIVE BINDING PROTEIN 2 (AFP2) and AFP4 (Figure 1). fd and fdp mutant seedlings display
reduced ABA sensitivity in germination assays [87]. Hence, one emerging aspect related to FD and
FDP function is their role in the control of ABA response and metabolism. While the organization of
these regulatory networks at the shoot apex is currently unclear, further confirmation for this interplay
between FD and ABA-related genes derives from ChIP and expression analyses of the shoot-specific
TFL1 gene. The TFL1-FD complex directly represses, among others, the ABA biosynthetic gene ABA1,
the bZIPs ABF4/AREB2 and ABI5 together with the ABI5 regulator AFP2 [27]. Thus, similar to floral
targets, a competition between FT and TFL1 might modulate ABA levels or sensitivity in the shoot
meristem cells (Figure 1).

During seed development, TFL1 was shown to stabilize ABI5 protein in the developing endosperm,
possibly in response to ABA [88]. ABA involvement in seed development is known [89]. However, the
newly discovered TFL1–ABI5 interaction further indicates multiple regulatory FD-like bZIP complexes
that might have different roles and functions according to the tissue and developmental specific context
in which these complexes form. ABI5 was described as a floral repressor, with transgenic plants
overexpressing ABI5 showing delayed flowering under long-day conditions, owing to increased levels
of FLC [70]. With the notable exclusion of FD and FDP, most of the molecular events involving the
Arabidopsis group A bZIPs were studied in seedlings, and little is known about their targets at the SAM
during floral transition. However, many of the characteristics of these ABA related bZIPs—notably,
their ability to heterodimerize, to bind to 14-3-3 proteins, and their structural similarity with FD
and FDP—could hint to a more prominent role for this protein family at the apex. It is possible to
hypothesize a highly fluid and dynamic model acting at the SAM. Different bZIPs can be activated
by the relocation of FT and TSF to the SAM, and act in cooperation or antagonistically with FD and
FDP, to integrate photoperiodic and hormonal signals (Figure 1). Different combinations of group A
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bZIP heterodimers could further allow or deny protein–protein interactions [90], and ultimately target
different subsets of downstream components of flowering or ABA-related signal cascades (Figure 1).

5. Molecular Insights into the ABA–Flowering Relationship in Crops

While crop production is facing the threat of climate change, with extreme meteorological drought
predicted to be more common [91], DE response could either be either beneficial or maladaptive,
depending on the drought scenario [92]. Maintaining a prolonged vegetative growth could give
a competitive advantage in terms of seed number, while DE and a short life cycle can increase
reproductive success in drought-prone environments at the expense of productivity and yield under
sufficient watering conditions [93,94]. Taking into account our continuous progresses in deciphering
the ABA–flowering molecular interactions in Arabidopsis, a key question is how this knowledge can
be translated to other species, including crops. Valuable information may derive from the study of
DE traits in natural populations as shifts in flowering time phenology is a major trait enabling their
survival [95,96]. This wealth of knowledge will lead into molecularly exposed allelic variations that
confer plasticity in DE and can help uncoupling flowering responses from generic drought and abiotic
stress responses, providing novel breeding and biotechnological targets for crop improvement.

In the model monocot crop rice (Oryza sativa L.), domesticated at tropical latitudes, flowering
is induced by the transition from long to short day conditions [97], while in temperate rice varieties,
flowering is photoperiod-insensitive [98]. Interestingly, the DE pathway is conserved in its essential
components in rice. ABA is required to activate the DE pathway in rice, with ABA-deficient rice
mutants being impaired in the DE response. OsGIGANTEA (OsGI) is involved in the DE response, and
OsGI-RNAi lines present reduced DE response, albeit its role appears to be ABA-independent [99]. In
apparent contrast, severe drought stress delays flowering in rice, with the repression of the rice florigens
HEADING DATE 3A (Hd3a) and RICE FLOWERING LOCUS T 1 (RFT1) [100]. Delaying flowering
under drought stress could also be mediated by the rice floral repressor RICE CENTRORADIALIS 1,
a TFL-like gene induced by ABA under severe stress conditions [101]. Following a biotechnological
approach, Miao et al. [102] used gene editing techniques to obtain rice mutants that are less sensitive to
ABA by mutating multiple genes of the ABA receptor PYR/PYL/RCAR family. These lines had higher
growth rates and improved yields compared to those of the wild type (∼+25%), but also displayed
increased sensitivity to water stress conditions. Higher productivity was in part determined by an
extended duration of the vegetative phase. Unlike OsPYL loss-of-function mutants, overexpression of
OsPYL/RCAR5 improved salt and drought tolerance in rice during the vegetative growth stage. In
contrast, in normal watering conditions, seed yield was greatly reduced (∼−75%) [103], pointing to a
tradeoff between growth duration and drought tolerance traits. Studies with introgression lines led to
the discovery that most drought tolerance-associated quantitative trait loci (QTLs) are independent of
DE-QTLs, pointing at the evolution of at least two distinct adaptive strategies in rice under drought
stress [104]. DE seems an effective strategy that might contribute to improving yield under stress.
However, this contribution varies depending on specific drought scenarios, and on the developmental
stage in which drought stress is imposed [105]. Collectively, these results imply a significant and
yet uncharacterized contribution of ABA in the control of the floral transition of rice, whereby DE
activation depends on the genotype and the intensity and timing of the drought stress.

Little information is available about ABA molecular control of flowering in other monocots,
however, in a pioneeristic attempt to produce drought-resistant crops, transgenic maize plants
constitutively expressing ZmNF-YB2 showed a range of ABA-related developmental responses,
including higher stomatal conductance and chlorophyll content and delayed onset of senescence,
leading to improved yield under severe drought conditions. These advantages under drought
conditions were highly situational [106]. Fast cycling, early flowering crops could avoid terminal
drought and reduce the length of the crop season, but often this strategy pays a cost in terms of reduced
yield [107,108]. It is still unclear what genetic adjustment may be needed to manipulate ABA sensitivity
and flowering time. Resolving the flowering-specific effects of ABA from its general role in drought
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stress response may lead to improvements to crop yield whilst maintaining stress responsiveness in
specific environments.
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Abstract: The plant hormone abscisic acid (ABA) triggers cellular tolerance responses to osmotic stress
caused by drought and salinity. ABA controls the turgor pressure of guard cells in the plant epidermis,
leading to stomatal closure to minimize water loss. However, stomatal apertures open to uptake CO2

for photosynthesis even under stress conditions. ABA modulates its signaling pathway via negative
feedback regulation to maintain plant homeostasis. In the nuclei of guard cells, the clade A type 2C
protein phosphatases (PP2Cs) counteract SnRK2 kinases by physical interaction, and thereby inhibit
activation of the transcription factors that mediate ABA-responsive gene expression. Under osmotic
stress conditions, PP2Cs bind to soluble ABA receptors to capture ABA and release active SnRK2s.
Thus, PP2Cs function as a switch at the center of the ABA signaling network. ABA induces the
expression of genes encoding repressors or activators of PP2C gene transcription. These regulators
mediate the conversion of PP2C chromatins from a repressive to an active state for gene transcription.
The stress-induced chromatin remodeling states of ABA-responsive genes could be memorized and
transmitted to plant progeny; i.e., transgenerational epigenetic inheritance. This review focuses on
the mechanism by which PP2C gene transcription modulates ABA signaling.

Keywords: abscisic acid; chromatin remodeling; drought; guard cell; osmotic stress; protein
phosphatase 2C; salinity; stomata; stress memory; transgenerational inheritance

1. Introduction

The current global climate crisis has resulted in long spells of dry weather and a shortage of rainfall,
and becomes a serious threat to crop productivity and food supply. Under drought conditions, the salt
concentration increases as the moisture content decreases in the soil. Water deficit and salinity inflict
osmotic stress on plant cells. Plants are not able to escape from adverse environments, and so respond
to such stressful conditions by triggering physiological and cellular responses [1–3]. Most prominently,
plants close stomatal apertures on the epidermis to limit transpiration and thereby prevent loss of
water under osmotic stress conditions. A stomatal aperture is formed by two flanking guard cells that
swell or deflate by regulating turgor pressure through ionic fluxes via ion channels anchored in the
plasma membrane [4].

Under osmotic stress conditions, plants biosynthesize and accumulate abscisic acid (ABA),
a sesquiterpenoid hormone [5]. Most importantly, ABA functions as a chemical messenger that
induces numerous genes whose products are crucial for stomatal closure and the accumulation of
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osmoprotectants [6–8]. A previous transcriptomic study showed that more than half of the genes
regulated by ABA treatment are also induced under drought or salinity conditions [9]. Likewise, ABA
deficiency impairs osmotic stress regulation of gene expression [10]. Thus, it appears that osmotic
stress-induced expression of the responsive genes is entirely dependent on ABA. Because plants
encounter not only osmotic stress but also abnormal temperatures (heat and cold) and biotic stresses
(pathogens and insects) in nature, ABA signaling is integrated with other ABA-independent signaling
pathways [11,12].

ABA is mainly biosynthesized in vascular tissues and transported to sites of action, such as
guard cells [13,14]. In guard cells, ABA molecules are perceived by receptors in the nucleus and
cytosol, activating the sucrose non-fermenting 1-related protein kinase 2 (SnRK2) family of protein
kinases [15,16]. In the nucleus, SnRK2s phosphorylate a number of transcription factors that activate
transcription of the ABA-responsive genes whose products are implicated in stress responses and
tolerance. Inversely, the clade A type 2C protein phosphatases (PP2Cs) counteract SnRK2s by physical
interaction, exerting negative regulation of ABA signaling [17]. Under osmotic stress conditions, PP2Cs
bind to ABA receptors to capture ABA, releasing and activating the SnRK2s. Thus, PP2Cs function as a
switch at the center of the ABA signaling network.

In Arabidopsis, nine protein phosphatases are classified as clade A PP2Cs [18–20]. Six of them—ABA
insensitive 1 (ABI1), ABI2, ABA hypersensitive germination 1 (AHG1), AHG3/PP2CA, hypersensitive to
ABA1 (HAB1), and HAB2—are involved in ABA signaling in the osmotic stress response. The remaining
three members, highly ABA-induced 1 (HAI1), PP2C1/HAI2, and HAI3, affected ABA-independent low
water potential phenotypes, such as enhanced accumulation of osmoprotectants and suppression of the
expression of abiotic stress-associated genes encoding dehydrins and late embryogenesis abundant
proteins (LEAs) [21]. ABI1 and ABI2 are main components of ABA signaling under abiotic stresses and
in developmental processes [22,23]. The dominant ABA response mutants of Arabidopsis, abi1 and abi2,
were originally isolated on the basis of their ABA insensitivity reflected in reduced seed dormancy and
in symptoms of withering [24]. However, it was subsequently found that all of the knockout mutants of
PP2C genes exhibited significant ABA hypersensitivity, indicating that they are negative regulators
of ABA signaling. Recessive hab1-1 mutants also showed enhanced ABA-responsive gene expression,
increased ABA-mediated stomatal closure, and ABA-hypersensitivity in seed germination, indicating
that HAB1 also negatively regulates ABA signaling [25,26].

ABA also plays pivotal roles in various physiological processes during the plant life cycle,
including seed dormancy, germination, lateral root formation, light signaling convergence, and control
of flowering time [5,7,12]. These functions of ABA are related to Ca2+ influx, the production of
reactive oxygen species such as H2O2, ion transport, and electrical signaling [11,12,27]. During these
processes, ABA signaling interacts antagonistically or synergistically with other hormonal signaling
pathways mediated by auxin, cytokinin, ethylene, and jasmonates [7]. Thus, excess ABA impairs
developmental processes such as senescence, as well as pollen fertility, and also leads to seed dormancy
and susceptibility to diseases [28].

Stomata control transpiration and CO2 uptake by optimizing the aperture size in response to various
environmental and endogenous signals, including ABA, light, and CO2 [29–32]. ABA causes stomatal
closure, but light induces the opening of stomata to enhance CO2 assimilation for photosynthesis.
Plants often integrate osmotic stress and light signals simultaneously, and so the stomatal pores are
opened and closed to maintain homeostasis.

Plants finely control the ABA concentration and ABA signaling during and after exposure to
stressful conditions. The ABA levels in tissues are controlled by biosynthesis and catabolism [5].
In addition, the ABA signaling network can be desensitized by degradation of core proteins by the
ubiquitin proteasome system [33]. In addition, plant cells modulate the ABA signaling pathway via
PP2C-madiated negative feedback regulation.

ABA regulates the PP2C concentration by inducing the expression of genes encoding transcriptional
repressors or activators. These transcriptional regulators compete with the PP2C gene promoters,
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inducing chromatin remodeling and thus the switch from a repressive to an active state. In this manner,
ABA simultaneously activates positive and negative regulatory systems affecting its own signaling
pathway. The chromatin state acquired for osmotic stress tolerance can be memorized and transmitted
to newly developed cells during vegetative growth [34,35] and even inherited by the next generation
of plants; i.e., transgenerational epigenetic inheritance [36,37].

In this article, we reviewed how plants modulate the ABA signaling pathway, focusing on the
transcriptional regulation of PP2C gene expression by ABA. The biosynthesis, signaling mechanisms,
and biological functions of ABA were recently reviewed comprehensively [38,39]. The epigenetic
regulation of plant responses to abiotic stresses, including ABA treatment, drought, and salinity,
were also reviewed in detail [40–42]. Kumar et al. [12] reviewed the integration of ABA signaling with
other signaling pathways in development and plant stress responses.

2. Roles of PP2Cs in ABA Signaling

2.1. Negative Regulation of ABA Signaling

High levels of PP2Cs are part of the negative feedback mechanism that desensitizes plants to high
ABA levels [43,44]. In the absence of ABA, PP2Cs physically interact with SnRK2s to form complexes
(Figure 1A). In Arabidopsis, subgroup III SnRK2s are key regulators of ABA signaling [45,46]. There are
10 SnRK2 members in Arabidopsis; i.e., SnRK2.1–SnRK2.10. Among them, SnRK2.2, SnRK2.3, and
SnRK2.6/OST1 are the strongest activators of ABA responses, and so are regarded as primary regulators
of ABA signaling. The triple mutation (snrk2.2/2.3/2.6) largely blocked the major ABA responses [47].
ABI1 interacts with SnRK2.6/OST1, SnRK2.2, and SnRK2.3 in plants, resulting in the inactivation of
downstream components; e.g., AREB/ABFs transcription factors and ion channels [46].

Figure 1. Abscisic acid (ABA) signaling pathway in the nuclei of guard cells. (A) Repression of
ABA-responsive gene expression. In the absence, the clade A protein phosphatases (PP2Cs) physically
interact with the sucrose non-fermenting 1-related protein kinases (SnRK2s) to reduce kinase activity
via dephosphorylation. This inhibits the activity of ABRE-binding (AREB)/ABRE-binding factor
(ABF) transcription factors and suppression of ABA-responsive gene transcription. (B) Activation of
ABA-responsive gene expression. Under osmotic stress conditions, the interaction with ABA leads to
conformational changes in the ABA receptors [PYR (pyrabactin resistance)/PYL (PYR-related)/RCAR
(regulatory component of the ABA receptor)], allowing them to interact with PP2Cs. PP2Cs act as
a coreceptor to capture ABA, thereby suppressing its phosphatase activity. This sequestrates PP2Cs
from SnRK2s, and free SnRK2s phosphorylate the downstream transcription factors AREB/ABFs.
The phosphorylated AREB/ABFs trigger the transcription of numerous ABA-responsive genes.
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The SnRK2.6/OST1 was characterized as a critical limiting component in ABA regulation of
stomatal apertures, ion channels, and NADPH oxidases in Arabidopsis guard cells [48]. PP2Cs
dephosphorylate Ser175 in the activation loop of SnRK2.6, resulting in deactivation of the kinase [17].
Several PP2C-interacting factors, such as enhancer of ABA coreceptor 1 (EAR1) and PR5-like receptor
kinase 2 (AtPR5K2), enhance the phosphatase activity of PP2Cs by phosphorylating them, and so
modulate plant responses to drought stress [49,50].

2.2. Perception of ABA Signal

ABA molecules biosynthesized in vascular tissues are distantly transmitted to sites such as
guard cells to activate the closure of stomata [13,14]. Multiple ABA transporters have been identified
in Arabidopsis, including exporters (AtABCG25 and AtDTX50) and importers (AtABCG40 and
AtAIT1) [51–55]. Guard cells themselves also biosynthesize ABA, which is sufficient for stomatal
closure in response to low air humidity [56].

ABA molecules are perceived intracellularly by soluble receptors predominantly located in the
nucleus and cytosol of guard cells [16,57]. A number of synonymous ABA receptors, e.g., pyrabactin
resistance (PYR), PYR-related (PYL), and regulatory component of the ABA receptor (RCAR), have been
identified as PP2C-interacting proteins in Arabidopsis [58–60]. PP2Cs have direct physical interactions
with ABA and ABA receptors; these interactions are required for high-affinity binding of ABA [61,62].
Each PP2C functions as an ABA co-receptor within a holoreceptor complex that is constructed in
combination with a particular PYR/PYL/RCAR.

The Arabidopsis genome contains 14 PYR/PYL/RCAR genes, which encode small proteins
containing highly conserved amino acid residues [63]. All of them (except PYL13) are able to activate
ABA-responsive gene expression. Transgenic lines expressing nuclear PYR1 in an ABA-insensitive
mutant background exhibited ABA responses, but cytosolic PYR1 was also required for full recovery
of ABA responses [64]. PYL8/RCAR3 showed subcellular localization mainly in the cytosol and
nucleus, and its overexpression led to enhanced drought resistance of Arabidopsis [65]. Guard cells
express the six ABA receptor genes PYR1, PYL1, PYL2, PYL4, PYL5, and PYL8 to mediate stomatal
closure [66,67]. Arabidopsis mutants lacking three, four, five, and six of these PYR/PYL/RCAR genes
(pyr1/pyl1/pyl2/pyl4/pyl5/pyl8) exhibited gradually increased stomatal conductance, indicating that this
family of receptors quantitatively regulates the stomatal aperture [66]. Dittrich et al. [67] proposed that
response specificity is achieved when the signals stimulate different members of the PYR/PYL/RCAR
receptor family; PYL2 is sufficient for ABA-induced guard cell responses, whereas PYL4 and PYL5 are
essential for the responses to CO2. Different combinations of PYRs and PP2Cs influence ABA binding
affinity, and therefore affect the ABA sensitivity of the whole plant [68,69].

ABA directly binds to the PYR/PYL/RCAR proteins [61,62,70,71]. ABA binding leads to
conformational changes of the ABA receptors, which allows physical interaction with PP2Cs and inhibits
phosphatase activity [72–74] (Figure 1B). Nishimura et al. [74] performed co-immunoprecipitation
experiments in a transgenic Arabidopsis line stably transformed with yellow fluorescent protein
(YFP)–ABI1 fusion genes using a PYR1 antibody, and observed that the ABI1–PYR1 interaction was
induced within 5 min after exogenous ABA application. Remarkable similarity was found in PP2C
recognition between SnRK2 and ABA receptors [75,76]. In the absence of ABA, PP2C binds to the
SnRK2 kinase domain and dephosphorylates Ser 175 in the activation loop. Upon perception of ABA,
ABA receptor binds to PP2C by inserting the gate loop into the PP2C active cleft.

2.3. Regulation of ABA-Responsive Gene Expression

Upon the formation of PYL-ABA-PP2C complexes, SnRK2s dissociate from inactivated PP2Cs and
recover their kinase activity. ABA treatment and osmotic stress stimulate phosphorylation of Ser 175 in
the activation loop of SnRK2.6 [77]. When released from PP2C inhibition, SnRK2.6 autophosphorylates
at Ser175 and Thr176 to recover full activity [76]. Free and active SnRK2s subsequently phosphorylate
and activate downstream transcription factors in the nucleus and ion channels in the cytosol [57].
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In the nucleus, the SnRK2-mediated phosphorylation of transcription factors results in the
expression of numerous ABA-responsive genes. By analyzing the promoters of ABA-responsive genes,
a conserved ABA-responsive element (ABRE; PyACGTGG/TC) was identified [78,79]. Subsequently,
a number of ABRE-binding (AREB) proteins and ABRE-binding factors (ABFs) were identified by
yeast one-hybrid screenings [80,81]. AREB/ABFs belong to the basic-domain leucine zipper (bZIP)
transcription factor family and are colocalized with SnRK2s in plant cell nuclei [46]. Multiple conserved
RxxS/T sites in AREB/ABFs are phosphorylated in an ABA-dependent manner [81–83].

Among the nine AREB/ABFs in Arabidopsis, ABF1, AREB1/ABF2, ABF3, and AREB2/ABF4 act as
master transcription factors in ABA signaling for osmotic stress tolerance [84]. Overexpression of these
genes in Arabidopsis resulted in ABA hypersensitivity and enhanced drought stress tolerance [85–87].
By contrast, the triple knockout mutant (areb1/areb2/abf3) displayed impaired expression of ABA- and
osmotic stress-responsive genes, resulting in increased sensitivity to drought [88]. Fujii et al. [89]
reconstituted ABA-triggered phosphorylation of ABF2/AREB1 in vitro by combining PYR1, ABI1, and
SnRK2.6/OST1, demonstrating that PYR/PYL/RCAR receptors, PP2Cs, and SnRK2s constitute the core
of the ABA signaling pathway.

3. Transcriptional Regulation of PP2C Gene Expression

3.1. ABA-Induced PP2C Gene Expression

ABA induces the expression of AREB/ABF genes, resulting in the accumulation of endogenous
AREB/ABF proteins [6]. Concurrently, expression of the group-A PP2C genes is highly inducible in
response to ABA and abiotic stresses [6,20]. The induction of PP2C gene expression may be an ABA
desensitization mechanism modulating ABA signaling and maintaining plant homeostasis. Therefore,
ABA upregulates genes encoding both positive and negative effectors of its signaling network.

The ABA-induced expression of PP2C genes is also mediated by AREB/ABFs. In response to salt
stress, the transcript levels of PP2C genes (ABI1, ABI2, and HAI1) in an abf3 mutant were markedly
lower than those in wild-type plants [90], supporting a positive role for ABF3 in the activation of
PP2C genes. A number of ABF3-binding sites, TCACGttt and ACACGgtt [91], are present in the
promoter regions of these PP2C genes. In fact, a transcription factor hierarchy showed that ABF3
directly associates with the promoters of these genes [92]. Furthermore, Wang et al. [93] demonstrated
that ABF transcription factors (i.e., ABF1 to ABF4) directly bind to the promoters of PP2C genes (ABI1
and ABI2), and mediate rapid induction of their expression upon exogenous ABA treatment.

These data indicate that ABFs mediate ABA-induced expression of PP2C genes, thus playing a
role in the negative feedback regulation of ABA signaling, in addition to the ABA-induced expression
of ABA-responsive genes. Therefore, ABFs play dual in both the forward and backward regulation
of ABA signaling. The ABF-mediated transcriptional upregulation of PP2Cs and PP2C-mediated
inactivation of ABFs constitute a tight regulatory loop in ABA signaling modulation.

3.2. Repression of PP2C Gene Transcription

Under normal conditions, the expression of PP2C genes is maintained at basal levels, while under
osmotically stressful conditions, the expression of PP2C genes is suppressed to enhance ABA signaling.
A couple of MYB transcription factors were reported to act as repressors of PP2C gene transcription.
For instance, AtMYB44 transcripts accumulated under ABA treatment and abiotic stresses such as
dehydration, low temperature, and salinity [94–96]. Microarray and northern blot analyses revealed that
salt-induced expression of a group of PP2C genes, including ABI1, ABI2, AtPP2CA, HAB1, and HAB2,
was significantly repressed in transgenic Arabidopsis overexpressing AtMYB44 [94,95]. The transgenic
plants showed increased sensitivity to ABA and more rapid ABA-induced stomatal closure. Under
drought conditions, the transgenic Arabidopsis exhibited reduced rates of water loss and enhanced
tolerance [94]. Furthermore, transgenic soybean [97] and rice seedlings [98] overexpressing AtMYB44
exhibited significantly enhanced drought and salt stress tolerance. It appears that the enhanced osmotic
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stress tolerance of the transgenic plants was conferred by reduced expression of genes encoding PP2Cs
that function as negative regulators of ABA-mediated stomatal closure. Cui et al. [99] also showed
that the expression of a group of PP2C genes, such as ABI1, ABI2, and PP2CA, was suppressed in
AtMYB20-overexpressing transgenic lines, but induced in AtMYB20-repression lines in response to
salt treatment.

A number of the AtMYB44-binding sequences of AACnG [100] exist in transcription start site
(TSS) regions of ABI1, ABI2, and HAI1. A chromatin immunoprecipitation (ChIP) assay demonstrated
that AtMYB44 binds to the promoters of these genes under normal conditions to repress gene
transcription [101]. In response to salt stress, AtMYB44 binding to PP2C promoters was significantly
reduced, and the transcript levels of the genes were increased [90]. These results confirmed that
AtMYB44 acts as a repressor of PP2C gene transcription. Such promoter-binding and repressive
functions of AtMYB44 were also observed for AtMYB44 [102] and AtLEA4-5 [103].

A number of independent studies suggested that AtMYB44 physically interacts with ABA
receptors. Jaradat et al. [96] observed that AtMYB44 (synonym MYBR1) physically interacts with PYL8
and represses ABA signaling in response to drought and senescence. Binding to PYL8 may block the
interaction of AtMYB44 with PP2Cs or promoter of ABA-responsive genes. Li et al. [104] showed that
AtMYB44 and ABI1 competed for binding to PYL9 and thereby reduced the inhibitory effect of the
receptor on ABI1 phosphatase activity in the presence of ABA. These results suggest that AtMYB44
may act as a negative regulator of ABA signaling, which is inconsistent with its reported indirect
positive role of suppressing PP2C gene transcription. Further studies are needed to explore the role of
AtMYB44 as a positive or negative (or dual) regulator of ABA signaling.

4. Epigenetic Regulation of ABA Signaling

4.1. Epigenetic Regulation of ABA-Responsive Gene Transcription

In the chromatin of eukaryotic cells, genomic DNA is wrapped around a histone octamer
consisting of H2A, H2B, H3, and H4 to form a nucleosome [105]. The access of RNA polymerase to
the chromatin is regulated by competition between transcription factors and nucleosomes [106–108].
Thus, the chromatin around the gene transitions from a repressive state into an active state to enable
access by RNA polymerase [109]. Chromatin remodeling is accompanied by histone modification
(acetylation and methylation), DNA methylation, and microRNA generation, which take place mainly
in the promoter region close to TSS [110,111]. Activators loaded on the promoter recruit co-activators
and histone acetyltransferases (HATs) that acetylate the histones and relax DNA–histone binding in
chromatin [112]. Inversely, repressors recruit corepressors associated with histone deacetylases (HDAs)
so that nucleosomes bind tightly to DNA.

Epigenetic chromatin modification plays an important role in plant responses to osmotic
stress [113–115]. Histone acetylation is involved in the transcriptional regulation of genes encoding
PP2C family proteins, such as ABI1 and ABI2 [116]. Conversely, a histone deacetylation complex targets
the promoters of the genes encoding PYL4, PYL5, and PYL6, thereby repressing gene expression [117].
Ryu et al. [118] reported that a histone deacetylation complex containing HDA19 binds to the
promoter region of ABI3, and subsequently represses its expression. In addition, ABA enhances the
methylation of promoter DNA, repressing the expression of ABA-repressive genes in Arabidopsis [119].
Moreover, ABA upregulates the expression of microRNAs in Arabidopsis, such as miR159, miR393,
and miR402 [120–122].

The switch/sucrose non-fermenting (SWI/SNF) chromatin remodeling complex regulates gene
transcription in plants [123,124]. A subunit of the complex, BRAHMA (BRM), hydrolyzes ATP to supply
the energy necessary to alter the interaction of nucleosomes with DNA, and thereby change the position
and occupancy [125–127]. A whole-genome mapping and transcriptome analysis revealed that BRM
complex occupies thousands of sites in the Arabidopsis genome, where it contributes to the activation
or repression of gene transcription [128]. Han et al. [129] showed that the BRM complex in Arabidopsis
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represses ABA responses by affecting the stability of the associated nucleosome at a transcription factor
(ABI5) locus, thus inactivating the gene. However, it is unclear how the BRM-containing SWI/SNF
complexes access and occupy their target loci. Arabidopsis BRM contains several DNA-binding
and nucleosome-binding regions, in addition to the AT-hook region [130]. In a study of vegetative
development and flowering, BRM complex was recruited to specific loci by physical interaction with a
plant-unique H3K27me3 demethylase that targets specific genomic loci [131].

Peirats-Llobet et al. [132] reported that SnRK2.2/2.3/2.6 kinases directly interacted with BRM,
which led to phosphorylation and inhibition of its activity, while PP2CA-mediated dephosphorylation
restored the ability of BRM to repress the ABA response. In this case, a phosphorylation-based switch
mediated by SnRK2 and PP2C controls the BRM-associated chromatin remodeling state, thereby
regulating the transcription of ABA-responsive genes.

4.2. Chromatin Remodeling for PP2C Gene Expression

AtMYB44 contains the amino acid sequence LxLxL, a putative ethylene-responsive element binding
factor-associated amphiphilic repression (EAR) motif. Many studies have demonstrated physical
interactions among EAR-containing repressors and TOPLESS (TPL) corepressor [133]. Ryu et al. [118]
observed that the transcription factor BES1 forms a repressor complex with TPL and HDA19, directly
facilitating the histone deacetylation of ABI3 chromatin in Arabidopsis, although it remains unclear
whether TPL–HDA19 interaction is direct or facilitated by adapter proteins. TPL-related (TPR)
corepressors also recruit histone deacetylases such as HDA6 or HDA19, which are involved in various
signaling pathways [134–136].

ChIP assay with transgenic Arabidopsis overexpressing the AtMYB44-GFP (green fluorescence
protein) fusion gene revealed that AtMYB44 bound to PP2C gene (ABI1, ABI2, and HAI1) promoters
to suppress gene transcription in a signal-independent manner [101]. Yeast two-hybrid and
bimolecular fluorescence complementation (BiFC) assays demonstrated that AtMYB44 physically
interacts with TPR1 and TPR3 corepressors through the EAR motif. Levels of histone H3 acetylation
around the promoter and TSS proximal regions of ABI1, ABI2, and HAI1 were markedly lower in
AtMYB44-overexpressing transgenic plants than in wild-type plants. These results suggest that
AtMYB44 forms a complex with TPR corepressors and recruits HDAs to suppress PP2C gene
transcription (Figure 2A). Another repressor of PP2C gene transcription, AtMYB20 [99], also contains
an EAR motif in the C-terminal side of the catalytic domain.

In response to salt stress, the AtMYB44 repressor was released and DNA–histone binding in
nucleosomes were relaxed from the promoter regions [90], forcing chromatins to adopt an open
structure (Figure 2B). Under these conditions, histone H3 acetylation (H3ac) around the TSS regions
significantly increased. Wang et al. [93] demonstrated that ABFs bind to the promoters of PP2C genes
and induce their transcription. Indeed, the salt-induced increases in PP2C gene (ABI1, ABI2, and
HAI1) transcription were reduced in abf3 plants [90]. In addition, whole Arabidopsis genome mapping
revealed that BRM occupies, although does not directly bind to ABI1 and ABI2 gene promoters [128].
The Arabidopsis mutant brm-3, which shows moderately impaired BRM activity, produced more PP2C
gene transcripts under salt stress conditions [90]. Thus, BRM contributes to the closed structure of
PP2C chromatins, suppressing gene transcription.
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Figure 2. A working model of chromatin remodeling for regulation of PP2C gene transcription.
(A) Repression of PP2C gene transcription. Under normal conditions, enhancer of ABA coreceptor
(EAR) motif-containing MYB repressors (AtMYB44 and AtMYB20) interact with a TOPLESS-related
corepressor (TPR), which recruits histone deacetylase (HDA) to suppress PP2C gene transcription.
The chromatin remodeler, BRM-containing SWI/SNF complex, occupies the promoter and contributes
to the repression of PP2C gene transcription. (B) Activation of PP2C gene transcription. Under osmotic
stress conditions, the repressor is released from the promoter, and histone acetyltransferases (HATs)
that acetylate the histones and relax DNA–histone binding in chromatin. Activator (AREB/ABFs) binds
to the open promoter region, and RNA polymerase II (RNAPII) accesses and starts gene transcription.

4.3. Osmotic Stress Memory

A stressful condition enables plants to respond more promptly and strongly to repeated stress
events [35,137]. For instance, Ding et al. [138] observed that Arabidopsis plants trained with previous
dehydration events wilted much slower than non-trained plants under subsequent dehydration
conditions. Virlouvet and Fromm [139] observed that the stomatal apertures in previously stressed
Arabidopsis remain partially closed during a watered recovery period, facilitating reduced transpiration
during subsequent dehydration stress. In addition, the rate-limiting ABA biosynthetic genes were
expressed at much higher levels during watered recovery in the guard cells. Moreover, they performed
a genetic analysis using mutants in the ABA signaling pathway, and found that SnRK2.2 and SnRK2.3
are important for stress memory of guard cells in the subsequent dehydration response.

In the memory responses, a subset of genes termed ‘memory genes’ are expressed at highly
elevated or reduced levels during subsequent stress conditions. Numerous drought stress memory
genes have been identified in Arabidopsis [140], maize [141,142], rice [143], potato [144], and
soybean [145]. In Arabidopsis and soybean, drought-induced memory genes exhibiting elevated levels
of transcripts include those involved in ABA-mediated tolerance responses to abiotic stresses, while
the drought-repressed memory genes can be classified as light-harvesting- or photosynthesis-related
genes [140,145]. When repeated dehydration stresses were imparted by air-drying, the Arabidopsis
PP2C genes—including ABI1, ABI2, HAB2, HAI2, and AtPP2CA—did not exhibit expression patterns
indicative of memory function [140]. By contrast, approximately 10 PP2C genes were identified as
drought-induced memory genes in soybean grown in water-deprived soil [145]. The potential of stress
memory to enhance crop productivity under drought conditions has been explored for a number of
crops, including potato [146], wheat [147,148], and olive [149].
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The most plausible mechanism underlying stress memory is changes in the chromatin architecture
of memory gene loci [114,150,151]. For instance, histone methylation may act as a persistent epigenetic
mark associated with transcriptional memory. H3K4me3 deposition in memory gene loci was higher
than in non-memory genes after multiple exposures to drought stress [138,152]. Sani et al. [153]
reported that hyperosmotic priming of Arabidopsis seedlings with transient mild salt treatment
resulted in enhanced drought tolerance during a second stress exposure, leading to shortening and
fractionation of H3K27me3 islands. Whatever the mechanism, such an epigenetically modified state
may be transmitted mitotically to newly developed cells during the cell division process.

Furthermore, traits acquired under stressful conditions can be transmitted to progeny of the
next generation [36,37,154]. Transgenerational epigenetic inheritance has been explored in crop
breeding [155–157]. For instance, Raju et al. [158] developed an epigenetic breeding system in soybean
for increased yield and stability, with RNAi suppression of a gene used to modulate developmental,
defense, plant hormone, and abiotic stress response pathways. Verkest et al. [159] improved drought
tolerance in canola by repeatedly selecting for increased drought tolerance in three generations.
Tabassum et al. [160] observed that seed priming and transgenerational transmission improved
tolerance to drought and salt stress in bread wheat. Zeng et al. [161] reported that multi-generation
drought imposition mediated adaptation to drought condition in rice plants. Walter et al. [137] reported
drought memory in grasses over an entire vegetation period, even after harvest and subsequent
sprouting. However, net photosynthesis was reduced by 25% by recurrent drought treatment, which
could have adverse effects on crop yield under more severe or longer droughts.

In general, the duration of a stress memory is relatively short, i.e., is limited to one
generation [35,150,151]. Levels of the memory marker H3K4me3 in dehydration stress memory
genes were elevated for 5 days [138]. This hampers application of stress memory to improve the
stress tolerance of crops. In particular, although a number of studies have shown the involvement
of epigenetic mechanisms, the principles underlying transgenerational inheritance are largely
unknown [40,41]. Induced changes in the DNA methylation state were suggested as a possible
mechanism by Zheng et al. [161], who observed that multi-generational drought stimulation induced
the non-random appearance of epimutations and inheritance of high methylation state in advanced
rice plant generations. As in animal cells, the acquired memory state could be reset (or forgot) during
meiosis [162]. The mechanism by which plant cells overcome such resetting processes during meiosis
and transmit the stress memory to progeny remains to be elucidated.

5. Conclusions and Perspectives

Drought and salinity are the most serious threats to crop productivity and food supply under
global climate change. Therefore, understanding the mechanisms underlying osmotic stress tolerance
and its application to crop breeding is an important topic in plant molecular science and biotechnology.
ABA is a vital plant hormone that plays a key role in osmotic stress tolerance. ABA induces the closure
of stomata in the epidermis, to limit transpiration and thereby prevent loss of water under osmotic stress
conditions. The stomatal pores are open to uptake CO2 for photosynthesis, and thereby maintain plant
homeostasis. Therefore, it is not always favorable to artificially enhance ABA biosynthesis and signaling
by gene modification or editing. It is essential to gain insight into the strategies that plants use in nature
to deal with adverse environments without any negative effects on development or growth. In plant
guard cells, PP2Cs counteract SnRKs for negative feedback regulation of ABA-induced stomatal closure.
ABA induces both positive and negative mechanisms that modulate ABA responses by regulating
PP2C gene transcription. Finally, plants encounter not only osmotic stress, but also temperature and
biotic stresses. Therefore, communication between signaling pathways under different combinations of
stresses should be more intensely investigated. Understanding the molecular mechanisms underlying
stress memory and transgenerational inheritance might provide new methods to breed higher-quality
crops that can withstand adverse climatic conditions.
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Abstract: As an evolutionarily conserved multi-protein complex, the Mediator complex modulates
the association between transcription factors and RNA polymerase II to precisely regulate gene
transcription. Although numerous studies have shown the diverse functions of Mediator complex
in plant development, flowering, hormone signaling, and biotic stress response, its roles in the
Abscisic acid (ABA) signaling pathway and abiotic stress response remain largely unclear. It has been
recognized that the phytohormone, ABA, plays a predominant role in regulating plant adaption to
various abiotic stresses as ABA can trigger extensive changes in the transcriptome to help the plants
respond to environmental stimuli. Over the past decade, the Mediator complex has been revealed to
play key roles in not only regulating the ABA signaling transduction but also in the abiotic stress
responses. In this review, we will summarize current knowledge of the Mediator complex in regulating
the plants’ response to ABA as well as to the abiotic stresses of cold, drought and high salinity.
We will particularly emphasize the involvement of multi-functional subunits of MED25, MED18,
MED16, and CDK8 in response to ABA and environmental perturbation. Additionally, we will
discuss potential research directions available for further deciphering the role of Mediator complex in
regulating ABA and other abiotic stress responses.

Keywords: Mediator complex; transcription; ABA signaling; abiotic stress response

1. Introduction

The Mediator is an evolutionarily conserved eukaryotic multi-protein complex that has been
recognized as a key regulator of plant growth and development, plant defense, and hormone signaling
transduction [1–3]. It regulates transcription through recruiting RNA polymerase II (Pol II) to
specific gene promoters by linking transcription factors (TFs) bound at activators and repressors
with the pre-initiation complex (PIC). Upon receiving and transferring regulatory signals to the basal
transcriptional machinery, the Mediator complex undergoes conformational changes, which creates
a flexible surface that aids the assembly of PIC. Functioning as a molecular bridge, the Mediator
complex physically interacts with PIC as well as TFs to perform transcriptional activation [4–6].
Based on the classification from structural studies, the core Mediator is divided into the head, middle,
and tail modules [7–9]. Each of these modules is made up of different subunits that characterize the
distinct function of each module on transcription [10]. Depending on the species, the number of
Mediator subunits may vary, and there are approximately 34 subunits reported in plant Mediator [11].
A number of Mediator subunits has already been revealed to have critical functions in various plant
developmental processes, hormone signaling, plant defense, and abiotic stress tolerance [1,3,12,13].
The head module primarily associates with Pol II to affect transcription whereas the tail module is

Int. J. Mol. Sci. 2020, 21, 7755; doi:10.3390/ijms21207755 www.mdpi.com/journal/ijms63



Int. J. Mol. Sci. 2020, 21, 7755

believed to play a highly significant role as it interacts with gene-specific TFs. The middle module is
reported to be responsible for the transfer of transcription signal from the tail to the head, which may
also interact with Pol II [14]. The fourth and separable kinase module, termed as the CDK8 module,
which consists of CDK8, C-type cyclin (CycC), MED12, and MED13 subunits, has been indicated to exist
in plants. Arabidopsis CDK8 was first reported to regulate floral organ identity [15]. It was later found
to interact with MED14 and Arabidopsis LEUNIG, a transcription co-repressor [16]. Further studies
on the Arabidopsis regulator of alternative oxidase 1 (rao1) mutant that carries a mutation in CDK8
documented that CDK8 regulates mitochondrial retrograde signaling under H2O2 and cold stress [17].

Due to the important role of Mediator complex in transcription, it is comprehensible to find
a rise of studies revealing the engagement of Mediator complex in various responses to ABA and
environmental disturbances such as biotic and abiotic stresses. The role of Mediator complex in
response to biotic stresses has been well documented [1,3,18–20]. However, the function of Mediator in
the context of ABA and abiotic stress response still require further investigation as only a few studies
have examined the role of Mediator in responding to ABA as well as to environmental perturbation.
Thus far, the Mediator complex has only been discovered to serve roles in cold, salt, and drought
stresses. Despite these findings, more studies are still required to facilitate the research in this area.
Therefore, this review will emphasize the regulatory roles of Mediator complex in the ABA signaling
pathway, as it is a major phytohormone that contributes significantly to the plant’s ability in adapting
abiotic stress. Furthermore, we will also discuss the most recently reported role of Mediator complex
in three abiotic stresses of cold, high salinity, and drought.

2. The Importance of Mediator Complex in Transcriptional Regulation

The Mediator complex functions together with cofactors of Pol II to regulate gene expression at
the transcriptional level. Mediator plays a significant role in assisting plants to adapt to environmental
changes because TFs recruit the Mediator complex through protein–protein interaction to trigger the
activation or repression of target genes in plants with the Pol II transcription complex [1]. A diverse
range of biological processes in Arabidopsis is regulated by more than 1600 TFs [21]. TFs are linked
with the Mediator complex since they are crucial components in the Pol II-based transcriptional
machinery and the Mediator complex interacts with different TFs upon conformational changes or
when environmental and cellular signals are perceived. More specifically, the subunits of the Mediator
complex are the vital components that interact with the TFs to regulate transcription. In fact, 34 subunits
of the Mediator complex that have been purified from Arabidopsis were reported thus far to have
the possibility of interacting with different TFs [2]. In terms of ABA signaling and abiotic stresses,
the Mediator’s role and regulation of gene(s) induced by each abiotic stress situation and ABA require
further work in order to be fully understood. Hence, it is important to identify any potential interaction
that may occur between Mediator subunits and TFs that are involved in the signaling pathway of each
situation of the abiotic stress as well as in ABA signaling.

3. Mediator Complex as a Pivotal Regulator of ABA Signaling Pathway

ABA is a phytohormone that has profound functions in various developmental processes
throughout the plant life cycle, such as seed germination and dormancy, organ size control,
vegetative development, stomatal closure regulation, as well as senescence [22–25]. It has been
reported that the concentrations of ABA can increase up to 50-fold under drought stress [26] and this is
one of the most drastic changes observed thus far in the concentration of a plant hormone responding
to an environmental stimulus. Due to ABA’s significant involvement in plants’ responses to various
environmental stresses, the ABA signaling pathway has been studied extensively. Thus far, many of
the key components of the pathway have been successfully identified [27]. Despite this, components in
the downstream of ABA signaling pathway remain to be uncovered.

Since 2009, a group of PYRABACTIN RESISTANCE (PYR)/PYR1-LIKE (PYL)/Regulatory
Components of ABA Receptor (RCAR) proteins, members of a family of 14 START-domain-containing
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proteins in Arabidopsis, have been shown to function as the ABA receptors [28,29]. The core ABA
signaling pathway also consists of the protein kinases in the SNF1-related protein kinase 2 (SnRK2)
family, particularly SnRK2.2, SnRK2.3, and SnRK2.6/Open Stomata 1 (OST1) [27]. They have been
shown to function as key positive regulators of ABA signaling [30–33]. Therefore, the earliest events
occurred in ABA signaling require the presence of PYR/PYL/RCAR proteins, PP2Cs, and SnRK2
kinases (as shown in Figure 1). Without ABA, PP2Cs represses the kinase activity of SnRK2s as
well as the downstream ABA signaling events. In the presence of ABA, it induces the formation of
PYRs/PYLs/RCARs-ABA-PP2Cs complexes and PP2Cs will become inactivated, thereby permitting
SnRK2s activation and the downstream events of ABA signaling [23,25,27,34]. The core ABA
signaling pathway has been reconstituted successfully with those key components in vitro [35].
Interestingly, several recent studies simultaneously showed that Raf-like kinases (RAFs) could quickly
activate SnRK2s to respond to ABA, osmotic and drought stress by direct phosphorylation [36–39].

Figure 1. The pivotal role of Mediator complex in the ABA signaling pathway. ABA is perceived
by its receptors PYL/RCARs, which promotes the interaction between PP2Cs (negative regulators of
the ABA signaling pathway) and PYLs, hence releasing the positive regulators SnRK2s to activate
ABA downstream signaling events. Additionally, RAFs can directly phosphorylate SnRK2s for the
activation of SnRK2s, which subsequently interact with and phosphorylate several downstream TFs
including ABFs, ABI5 and RAP2.6 to transduce the ABA signals. Mediator subunits of CDK8, MED25,
and MED18 relay the signals from TFs RAP2.6, ABI5, and ABI4, respectively, and help recruit the RNA
Pol II to the TFs-targeted promoters of ABA-responsive genes, thereby promoting the transcription of
ABA-responsive genes.

The Mediator complex as described is a critical co-regulator of the transcriptional machinery and,
unsurprisingly, it has also been found to serve important roles in the ABA signaling transduction. In fact,
MED25 is the first Mediator subunit that has been reported to act in response to ABA [40]. It was found
that MED25 negatively regulates the ABA signaling pathway as med25 mutants display an increased
sensitivity to ABA during seed germination and early seedling growth [40]. Consistent with its negative
role in ABA signaling, med25 mutant was noted to have an increased expression of ABA-responsive
genes in response to ABA treatment compared to the wild type (WT) plants. ABA induced the
transcription of ABI5 (ABA-INSENSITIVE5), a key TF regulating the ABA signaling during seed
germination [41–43], and, intriguingly, the ABA-induced transcription of ABI5 was suppressed in
med25 mutants compared to WT. Nevertheless, ABI5 protein accumulated at higher abundance in med25
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mutants than that in WT, implying that MED25 may negatively regulate ABI5 at post-transcriptional
level. Chromatin immunoprecipitation (ChIP) experiments further indicated that MED25 was highly
enriched at the promoters of ABI5 downstream genes, and this enrichment was reduced upon ABA
treatment. MED25 was shown to directly interact with ABI5 and this interaction was attenuated by
ABA, which was in accordance with the negative impacts of MED25 on the ABI5-regulated ABA
responses. It is worth noting that MED25 may be a critical regulator in hormones crosstalk between
Jasmonic acid (JA), ethylene, and ABA signaling due to its interaction with MYC2 and several TFs
in plants [44–46]. The head module subunit MED18 has also been implicated in the ABA signaling.
Opposite to med25, med18 mutants are more insensitive to ABA at seed germination and early growth
stages, similar to abi4 and abi5 mutants [47]. Remarkably, the induced expression of ABI4 and ABI5 by
ABA are much lower in med18 mutants than those in WT, indicating that the transcription of ABI4 and
ABI5 are positively regulated by MED18. ChIP-qPCR revealed that MED18 is recruited to the ABI4
binding site on the ABI5 promoter under both mock and ABA treatments. The physical interaction
between MED18 and TF ABI4 further supports that MED18 regulates the ABA response and expression
of ABI5 through interacting with ABI4.

Recently, another subunit belonging to the Mediator kinase module termed as CDK8,
has been identified as a critical regulator in the ABA signaling pathway [48]. As described
previously, SnRK2s need to be phosphorylated by certain protein kinases in order to further
perform the ABA signaling process [36]. CDK8 is known to possess kinase activity and this
presents an opportunity for exploring its potential in regulating SnRK2s. Through utilizing genetic,
transcriptomic, and biochemical approaches, CDK8 was solidified to associate with RAP2.6 and
SnRK2.6 to positively regulate the transcription of ABA-responsive genes. CDK8 mutation led to
ABA insensitivity. Conversely, CDK8 over-expression lines displayed hypersensitivity to ABA.
Interestingly, the kinase-inactive version of CDK8 did not rescue the ABA phenotype of cdk8
mutants, indicating the requirement of CDK8 kinase activity in the ABA response. The CDK8
and its kinase module components are generally known as negative regulators of gene expression
in yeast, metazoan cells, and plants [13,49,50]. However, increasing evidence is showing that CDK8
could also play a positive role in plant transcriptional regulation as expression of defense-responsive
genes (PDF1.2, AACT1 and NPR1), salicylic acid (SA)-biosynthetic genes (ICS1 and EDS5) and
ABA-responsive genes such as RAP2.6, RD29A, RD29B, and COR15A [44,48,51,52] are positively
regulated by CDK8 in plants. Transcriptomic analysis has revealed that CDK8 affects approximately
30% of the ABA-responsive genes, most of these genes are downregulated in cdk8 mutants compared to
WT. The expression of several important TFs (DREB2A and RAP2.6) and ABA-responsive genes (RD29A,
RD29B, and COR15A) was found to be significantly lower in cdk8 mutant plants. Therefore, this indicates
a positive role of CDK8 in modulating ABA-induced transcription. Moreover, ChIP analysis was
utilized to verify that CDK8 is essential for the ABA-induced Pol II recruitment to the promoters of
ABA-responsive genes. In fact, RAP2.6, an ERF/AP2 type TF that involves in biotic and abiotic stress
responses, was identified as a new interactor of CDK8 through a yeast two-hybrid screen. CDK8 was
further shown to be enriched at the promoter region of RAP2.6 in response to ABA, demonstrating that
CDK8 is an important component for regulating RAP2.6 transcription. Moreover, RAP2.6 was found
to directly associate with the DRE or GCC motif and RD29A or COR15A promoters. In response to
ABA, RAP2.6 could be enriched at the RD29A and COR15A promoters. These findings indicated the
possibility that CDK8 may regulate the expression of ABA-responsive genes through RAP2.6 [48]. It may
also be possible that other TFs interact with CDK8 to regulate the expression of ABA-responsive genes.

In addition, RAP2.6-mediated activation of RD29A has been observed to be attenuated in cdk8
mutants, thereby showing that CDK8 is required for the recruitment of Pol II to the promoters of
RAP2.6 target genes. Consistent with biochemical results, the over-expression of RAP2.6 resulted in
hypersensitivity to ABA and mannitol as well as higher expressions of several ABA-responsive genes.
These findings indicated that RAP2.6 and CDK8 could finetune the transcription of ABA-responsive
genes, especially those genes containing DRE/GCC-motifs. Another important finding is that Mediator
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CDK8 could link the core ABA signaling component of SnRK2.6 to Pol II transcriptional machinery,
which facilitates the immediate transcriptional response to ABA and abiotic stress. Although no direct
interaction and phosphorylation between CDK8 and SnRK2.6 have been observed, it is possible that
CDK8 associates with SnRK2.6 through RAP2.6 to form a ternary complex since both kinases directly
interact with RAP2.6. In vitro kinase assays further indicated that RAP2.6 was phosphorylated by
SnRK2.6, but not by CDK8. It therefore raises the possibility that RAP2.6 may act as a SnRK2.6 substrate
or a downstream TF to transduce the ABA signaling, but it requires further genetic studies and in vivo
phosphorylation evidence to support the existence of this ternary complex in plants. Future study
should also elucidate whether the phosphorylation of RAP2.6 by SnRK2.6 could affect its transcriptional
activity, protein stability or translocation. Although CDK8 did not directly phosphorylate RAP2.6
in vitro, the possibility of CDK8 kinase activity requiring either cyclin or other partners to promote
its phosphorylation in vivo should not be excluded. Thus far, very few CDK8 substrates have been
reported and this is likely due to its weak kinase activity in vitro. The pivotal roles of Mediator complex
in the ABA signaling pathway are summarized in Figure 1.

4. Mediator Complex Is Vital for Plants to Respond to Abiotic Stresses

In order to withstand disturbances in the natural environment, plants must be able to rapidly
respond and adapt to environmental stimuli by dynamically changing the expression of genes that help
them maintain cellular homeostasis. Abiotic stresses such as cold, high salinity, and drought are some
of the environmental stimuli that plants get exposed to and they must be able to integrate these signals
using different regulatory pathways if they are to survive [25,53]. Various subunits of the Mediator
complex including CDK8, MED16, MED14, and MED25 have been identified to help plants to respond
to these stresses [1,48]. We will summarize some of the findings that have been reported about the
functions of these subunits in dealing with three abiotic stresses of cold, high salinity, and drought
(Figure 2).

Figure 2. The simplified network of TFs and Mediator complex in regulating the abiotic stress responses.
In response to cold stress, CBF1 activates the expression of COR genes through MED2, MED14,
and MED16, which are required for the recruitment of RNA Pol II to the promoters of COR genes;
In response to drought stress, CDK8 physically interact with WIN1 and RAP2.6 to positively regulate
the cuticle wax biosynthesis and expression of stress-responsive genes; in contrast, MED25 negatively
regulates the transcriptional activity of DREB2A and the expression of stress-responsive genes,
thereby negatively contributing to the drought tolerance; in response to salt stress, ZFHD1 and
MYB-like interact with MED25 to positively regulate the salt response.

5. Mediator Subunits Modulate Freezing Tolerance in Plants

MED16 is one of the first Mediator subunits that was reported to involve in abiotic stress response.
MED16 has been indicated to help plants overcome cold stress (freezing) through eliciting responses
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that maintain physiological metabolic homeostasis. Before MED16 was recognized as part of the
Mediator complex, it was named as SENSITIVE TO FREEZING6 (SFR6) and was identified for its role
in cold acclimation-induced freezing tolerance [54,55]. The process of cold acclimatization involves
the expression of many cold inducible/cold responsive or cold on-regulated (COR) genes such as
KIN1, COR15a, and RD29A (specifically those consisting of C-repeat/dehydration-responsive element
(CRT/DRE) elements in their promoter). The expression of COR genes is mainly induced by the TF of
C-Repeat/DRE Binding Factor 1 (CBF1) [56]. In the study for its ability of freezing tolerance and cold
acclimation, the sfr6 mutants were observed to express significantly decreased levels of COR gene and
protein accumulation and were thereby unable to tolerate freezing after cold acclimation. The CRT/DRE
elements containing COR genes become uninducible at low temperature in sfr6 mutants. It is very
likely that SFR6/MED16 acts downstream of CBF1 and triggers the recruitment of Mediator complex to
CBF1 responsive genes. To better understand the role of MED16 in cold signaling, TFs CBF1 and CBF2
were also overexpressed in the sfr6 mutant since CBFs are responsible for the activation of COR genes.
It was found that the overexpression of CBF1 and CBF2 failed to increase the expression of COR target
genes, further confirming that MED16 acts downstream of CBF TFs [57]. In fact, MED16 has been
validated as an indispensable Mediator subunit in plants for activating CBF-regulated COR genes as,
without MED16, Pol II is unable to be recruited to these genes [58]. The plant’s ability to survive cold
stress relies on the effective induction of COR genes and interestingly, without MED16, COR genes are
unable to be induced, and this further causes osmotic stress sensitivity in sfr6 mutants [55]. The med16
mutant was also reported for its hypersensitivity to iron deficiency and sensitivity to excessive zinc,
which could be rescued by increasing iron concentration. Additionally, MED16 was proven to interact
with MED25 to regulate iron homeostasis [59]. Despite its association with MED16 to regulate biological
processes, MED25 was not involved in cold acclimation-induced freezing tolerance.

In addition to MED16, MED14 and MED2 are two additional Mediator subunits that have been
shown to have an effect on COR gene expression, further signifying the importance of Mediator in
plant’s adaptation to cold stress [58]. More importantly, all three tail module subunits of MED16,
MED14, and MED2 play a significant role in recruiting the Pol II to the CBF1 target genes to regulate
cold stress response [58], suggesting the essential role of Mediator complex in the cold response.

6. Multi-Functional Roles of Mediator in Salt and Drought Stresses

Salt and drought are two major abiotic stresses that limit crop yield worldwide. The SOS
(Salt Overly Sensitive) signaling pathway is extensively reported to contribute to salt tolerance in
plants [53,60]. The transcription of TFs is also essential for the salt and drought response in plants [61].
Thus far, only med25 and med18 mutants have been reported to exhibit a reduced tolerance to salt
stress [45,62]. MED25 was found to interact with several TFs of DREB2A (drought response element
protein B), ZFHD1 (zinc finger homeodomain 1) and MYB-like from yeast two-hybrid screen using the
conserved activator-interacting domain (ACID) of MED25 as a bait. Consistently, mutation in MED25,
DREB2A, ZFHD1, and MYB-like all caused an increased sensitivity to salt stress [45]. Nevertheless,
the salt-responsive genes that are affected by MED25 and those TFs are not reported. MED18 was found
to interact with NUP85 and positively contribute to the ABA signaling and salt tolerance [62]. A recent
work also reported that four Mediator subunits (MED9, MED16, MED18, and CDK8), representing four
different modules, are required for salt stress and thermal stress mediated transcriptional responses
by RNA-seq analysis in Arabidopsis [63]. However, limited studies have been reported on the roles of
Mediator complex in salt stress responses. The detailed mechanism of how Mediator subunits regulate
the salt response remains unclear. It is unknown if Mediator complex could affect the SOS pathways
and any other critical transporters.

Besides salt stress, MED25 is also involved in drought stress. The med25 mutant has been indicated
to display an increased resistance to drought, as opposed to its salt sensitivity [45]. MED25 is involved
in modulating drought stress response through interacting with DREB2A. DREB2A consists of both
repressing domain (RD) and activating domain (AD) in its protein sequence [64,65]. The mutation
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of dreb2a and med25 has been demonstrated to have an opposite effect in drought stress as dreb2a
was found to exhibit drought sensitivity while med25 displayed an increased resistance to drought.
The explanation provided for the observed opposite effect of MED25 and DREB2A in drought stress was
that MED25 acts as the corepressor of DREB2A in drought stress by interacting with the AD in DREB2A
and depositing some other Mediator subunit in close vicinity of DREB2A RD. Therefore, when MED25
is disrupted, the repressor function is lost and DREB2A activates genes involved in drought [45].
Based on the evidence presented about MED25, it appears that MED25 mainly plays negative roles in
abiotic stress response.

In addition, CDK8 has also been indicated to participate in drought stress recently. CDK8 mutation
results in higher stomatal density and impaired stomatal aperture, as well as reduced tolerance to
drought [48]. Consistently, over-expression of CDK8 enhances the drought tolerance. Considering the
enhanced cuticle permeability and thinner cutin observed in cdk8 mutants [44], it is likely that
CDK8 regulates the drought response through multiple mechanisms. Remarkably, CDK8 was found
to directly interact with ERF/AP2 type TFs WIN1 (WAX INDUCER1) and RAP2.6, which are key
regulators of cuticle wax biosynthesis and an abiotic stress responsive gene, respectively [44,66].
CDK8 positively regulates cutin biosynthesis and wax accumulation through interacting with WIN1.
Interestingly, in addition to playing a role in the wax biosynthesis, WIN1 also participates in abiotic stress
response as its expression is significantly induced by various abiotic stresses and WIN1 can also bind the
GCC-box and DRE element sequences to activate several stress-responsive genes [67,68], implying the
potential function of CDK8–WIN1 interaction in the drought response. Furthermore, CDK8 also
contributes to drought tolerance by cooperating with RAP2.6-SnRK2.6 complex, which could facilitate
the immediate transcription of stress-responsive genes. Therefore, Mediator subunits are capable of
different functions and can perform different roles depending on the type of environmental stress.

7. Conclusion and Perspectives

In response to abiotic stress, plants must appropriately regulate gene expression in a synchronized
manner. It is unsurprising to find that the Mediator complex is linked with the ABA signaling
pathway and abiotic stress as it has important roles in transcriptional regulation. Despite the confirmed
relationship of Mediator complex with ABA and abiotic stress response, the molecular mechanism of
Mediator complex in regulating the ABA and abiotic stress response remains elusive. Thus far, only a few
Mediator subunits have been reported to be involved in the ABA signaling pathway, cold (freezing),
salt, and drought response. Since more than 30 Mediator subunits have been documented in plants,
this presents an opportunity for discovering if there are more subunits involving in the ABA signaling
and abiotic stress response in future. Furthermore, the plausible roles of Mediator complex in heat
stress and submergence are worthy of an investigation as knowledge about the mechanism of heat
and submergence stress response is still limited. Therefore, it is desirable to screen all the Mediator
subunits and identify the ones that exhibit functions in the ABA signaling pathway as well as in abiotic
stress that has not yet been fully studied.

As revealed from structural studies, the Mediator complex is divided into four distinct modules
and it is still unclear whether each module could exert specific effects on the ABA signaling transduction
or abiotic stress response in plants. Future studies should address whether the subunits within the
same module present overlapping or opposite roles in regulating the ABA and abiotic stress responses.
It is known that med25 mutants are sensitive to ABA, while the cdk8 and med18 mutants are even less
sensitive to ABA. It is necessary to study the detailed mechanism of how those Mediator subunits
coordinately or completely regulate the ABA or abiotic stress. Given the nature that Mediator complex
functions between Pol II and TFs, it is also necessary to identify additional TFs that interact with
different Mediator subunits in response to ABA and abiotic stress. Currently, only a few TFs (DREB2A,
ABI5 and RAP2.6, etc.) have been reported to interact with Mediator subunits to regulate ABA and
abiotic stress responses. Undoubtedly, this area is drawing the attention of plant scientists as the
Mediator complex profoundly participates in transcriptional regulation. High-throughput proteomics
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and protein–protein interaction approaches are essential for improving the knowledge of this field and
they should be further improvised to uncover more TFs that directly interact with specific Mediator
subunits, which will then provide deep insights into the molecular mechanism of Mediator complex
in the regulation of ABA signaling and abiotic stress. Furthermore, it would be interesting to find if
there are potential ABA or stress-induced dynamic interactions between MED and TFs in response to
a specific environmental stimulus.
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Abstract: In many viticulture regions, multiple summer stresses are occurring with increased frequency
and severity because of warming trends. Kaolin-based particle film technology is a technique that can
mitigate the negative effects of intense and/or prolonged drought on grapevine physiology. Although
a primary mechanism of action of kaolin is the increase of radiation reflection, some indirect effects
are the protection of canopy functionality and faster stress recovery by abscisic acid (ABA) regulation.
The physiological mechanism underlying the kaolin regulation of canopy functionality under water
deficit is still poorly understood. In a dry-down experiment carried out on grapevines, at the peak of
stress and when control vines zeroed whole-canopy net CO2 exchange rates/leaf area (NCER/LA),
kaolin-treated vines maintained positive NCER/LA (~2 µmol m−2 s−1) and canopy transpiration (E)
(0.57 µmol m−2 s−1). Kaolin-coated leaves had a higher violaxanthin (Vx) + antheraxanthin (Ax) +

zeaxanthin (Zx) pool and a significantly lower neoxanthin (Nx) content (VAZ) when water deficit
became severe. At the peak of water shortage, leaf ABA suddenly increased by 4-fold in control
vines, whereas in kaolin-coated leaves the variation of ABA content was limited. Overall, kaolin
prevented the biosynthesis of ABA by avoiding the deviation of the VAZ epoxidation/de-epoxidation
cycle into the ABA precursor (i.e., Nx) biosynthetic direction. The preservation of the active VAZ
cycle and transpiration led to an improved dissipation of exceeding electrons, explaining the higher
resilience of canopy functionality expressed by canopies sprayed by kaolin. These results point out
the interaction of kaolin with the regulation of the VAZ cycle and the active mechanism of stomatal
conductance regulation.

Keywords: particle film technology; xanthophylls; VAZ cycle; drought; Vitis vinifera L.; abscisic acid

1. Introduction

Global warming is rapidly changing worldwide agriculture. Growers are facing general warming
trends that intensify extreme events and compromise yield and fruit quality [1–3]. Viticulture is one of
the most relevant crops in warm and temperate regions and, in Mediterranean wine districts, multiple
summer stresses (i.e., the concurrence of prolonged drought, high air temperature and excessive light
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radiation) are the main causes of vineyard impairments related to climate change [3,4]. The first
consequence of multiple summer stresses is the reduction of carbon assimilation and transpiration
(E), resulting in the loss of yield and fruit quality, according to the severity and duration of limiting
conditions [4–6].

Kaolin (aluminium silicate) is a natural clay used for mitigating the negative impact of extreme
temperatures on leaves and fruits [7–9]. Under non-limiting conditions, mild or no effects on
assimilation and transpiration have been reported [10–15]. Under water shortage, kaolin is able to
maintain better assimilation and transpiration rates, to avoid photosystem II efficiency loss and to
prevent leaf photoinhibition and abscission [9,12–15]. Its mechanism of action is primarily related to
the increase of light reflection that reduces the radiation absorbed by the leaf [7,8,16].

Leaf transpiration is controlled by stomata, which under water deficit are subjected to active
and passive regulation. Passive regulation relies on hydraulic mechanisms mediated by environmental
conditions and xylem water potential [17–19], whereas active mechanisms consist of biochemical
signalling of abscisic acid (ABA), the accumulation of which affects stomatal closure in leaves [20–22].

ABA is biosynthesised in roots and leaves [23], although leaf biosynthesis seems the predominant
one and the one responsible for the accumulation of ABA in leaves [24]. ABA biosynthesis proceeds
from the degradation of carotenoids involved in the xanthophylls cycle (VAZ cycle) [23]. During
a warm day, violaxanthin (Vx) is de-epoxidated to zeaxanthin (Zx) via the formation of antheraxanthin
(Ax) [25]. The activity of Vx de-epoxide is regulated by chloroplast stroma acidification caused
by the accumulation of electrons not used for the biochemical reactions of photosynthesis. Thus,
the reduction of photosynthetic activity triggers the de-epoxidation of Vx, contributing to the active
energy dissipation even when thermoregulation through transpiration is missing or reduced [25]. Zx
is then epoxidated by the Zx epoxidase enzyme (ZEP) during a dark period, being ZEP inhibited by
light [26]. On the other hand, Zx is the precursor of neoxanthin (Nx), which is formed by the activity of
Nx synthase [27]. Nx is cleaved to xanthoxin and ABA-aldehyde, the reaction of which is catalysed by
the 9-cis-epoxycarotenoid dioxygenase enzyme (NCED) [23]. ABA biosynthesis is induced by leaf
dehydration and by the decline of cell volume [22,24]. In the ABA biosynthetic pathway, NCED is
the gene involved in the promotion of leaf dehydration due to the increase of air-to-leaf vapor pressure
deficit (VPD) [28].

Recently, in mature grapevines grown in the field, Dinis et al. [29] showed a kaolin-induced
reduction of leaf ABA associated with better leaf stomatal conductance than untreated vines at leaf
water potential lower than -1 MPa. Brito et al. [16] reported similar responses in olive trees.

However, the causes and the consequences of the kaolin-induced modulation of ABA biosynthesis
were never investigated and the dynamic interactions between kaolin and leaf Vx, Ax, Zx and Nx under
progressive water deficit are currently unknown. Since ABA biosynthesis is connected to the VAZ
cycle, our hypothesis was that a lower leaf ABA in kaolin-coated leaves could be associated with
a different tuning of the de-epoxidation/epoxidation state under water deficit. Therefore, the aim of
the present work was to determine:

1. if Kaolin had an effect on ABA biosynthetic pathway,
2. if the eventual difference in ABA accumulation was related to possible bottlenecks on the carotenoid

biosynthetic pathway that leads to ABA biosynthesis in leaves.

2. Results

2.1. Leaf Physical Properties and Vine Physiology

Kaolin coating increased leaf light reflection, increasing from 10% of the total incident radiation
recorded in control vines to the 15% recorded in sprayed leaves (Table 1). Conversely, leaf-transmitted
light was reduced to 6.9% of total photosynthetically active radiation (PAR) in kaolin-treated leaves vs.
8.0% found in control vines.
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Table 1. Photosynthetically active radiation (PAR) reflected and transmitted at 1:00 p.m. by kaolin.

Reflected PAR Transmitted PAR

(% of Total PAR) (% of Total PAR)

Control 10.10% ± 0.88 b 8.30% ± 0.02 a
Kaolin 15.14% ± 0.45 a 6.86% ± 0.41 b

Different letters mean significant difference per p < 0.05 (t-test).

Leaf temperature (Tleaf)was similar in the two treatments except at Day Of the Year (DOY) 215
to 216 and 217 (the 3 last days of water deficit) when kaolin-coated leaves were 2.4 ◦C cooler than
control leaves (Figure 1A). There were no differences upon re-watering (after DOY 217). Kaolin did
not affect stem water potential at midday (Ψmd), which decreased in both treatments from initial −0.6
MPa to −1.7 MPa on DOY 217 following the same pattern (Figure 1B). After re-watering, Ψmd was
restored to pre-stress value ranges. In both treatments, transpiration rate/leaf area (E/LA) decreased
significantly from DOY 208 (Figure 1C). No differences between treatments were found until DOY
215, when control vines had significantly lower E/LA than kaolin vines, reaching on DOY 217 a value
of 0.37 and 0.57 mmol m−2 s−1, respectively. After re-watering, no differences were found again
between treatments. Net CO2 exchange rates/leaf area (NCER/LA) (Figure 1D) followed a similar
pattern—kaolin vines maintained higher assimilation rates from DOY 215 to DOY 217 (~2 µmol m−2

s−1), whereas control vines zeroed their NCER/LA. Upon re-watering (DOY 219), kaolin exhibited
higher NCER/LA than control (+46%), but this effect vanished at DOY 228, 10 days after the restoration
of full water supply.

No difference between treatments was found in the response of E/LA to varying Ψmd after kaolin
coating (Figure 2). Independently of the treatment, E/LA was positively correlated to Ψmd (y = 1.17x +

2.03, R2 = 0.52, p < 0.05).

2.2. Xanthophylls and ABA Concentration

In kaolin leaves, total xanthophylls (Vx + Ax + Zx) concentration was significantly higher than
control leaves from DOY 208 to DOY 219, the first day after re-watering. In this time span, the difference
between treatments ranged between 107 and 367 µg g dw−1 (Figure 3A). Ten days after re-watering,
these differences between kaolin and control disappeared. The de-epoxidation state set at about 0.4 in
both treatments between DOY 205 and 207 (Figure 3B). The proportion of de-epoxidated xanthophylls
was consistently higher in kaolin vs. control at DOY 211, 212 and 214, while at DOY 216 de-epoxidated
xanthophylls were consistently higher in control than in the kaolin treatment.

Leaf Nx concentration was similar between treatments during the first part of the experiment
(Figure 3C). However, starting from DOY 212, there was a clear course indicating higher Nx in control
leaves. The difference between kaolin and control peaked on DOY 216, when Nx in control leaves was
more than 3-fold that in kaolin leaves. Leaf ABA ranged between 0.5 and 2 ng g dw−1 in both treatments
until DOY 215 (Figure 3D). On DOY 216 and 217, leaf ABA in control vines suddenly peaked up to 8.1 ng
g dw−1, whereas in kaolin vines leaf ABA mildly increased up to 3.2 ng g dw−1. Right after re-watering,
no difference between treatments was found; however, 10 days after the restoration of full water supply,
control leaves showed again a significantly higher leaf ABA concentration (1.3 µg g dw−1).
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Figure 1. (A)Trends for air (Tamb) and leaf (Tleaf) temperature; (B)midday stem water potential (ΨMD); 
(C) whole-canopy transpiration (E/LA) and (D) specific whole-canopy net CO2 exchange rate/leaf area 
(NCER/LA), according to a progressive water shortage (DOY 209–217) and subsequent re-watering 

Figure 1. (A)Trends for air (Tamb) and leaf (Tleaf) temperature; (B)midday stem water potential (ΨMD);
(C) whole-canopy transpiration (E/LA) and (D) specific whole-canopy net CO2 exchange rate/leaf area
(NCER/LA), according to a progressive water shortage (DOY 209–217) and subsequent re-watering
(at DOY 218), in vines subjected to the kaolin treatment and in controls. Bars represents standard
error (SE), n = 3. Asterisks indicate dates within which differences among treatment were significant
(p < 0.05). DOY: day of the year.
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Figure 2. Correlation between whole-canopy transpiration rate/leaf area (E/LA) and midday stem
water potential (ΨMD).

Vx leaf concentration at 4:00 a.m. decreased in both treatments until DOY 213 (Figure 4A). From
DOY 214 to DOY 216, kaolin vines had a higher leaf Vx concentration than control vines (53 µg g dw−1,
if averaged over the three days). Although no difference was found at the peak of water deficit, higher
leaf Vx concentration in kaolin vines was found again upon re-watering (90 µg g dw−1). The night
recovery of Vx was variable during the experiment, yet no differences were found between treatments
throughout the experiment (Figure 4B). From DOY 205 to DOY 209, kaolin did not affect leaf Zx
concentration (Figure 4C). On DOY 210, Zx concentration was higher in kaolin leaves (184 ± 41 µg g
dw−1 vs. 72 ± 36 µg g dw−1 found in control). Difference between treatments peaked on DOY 212
(369 µg g dw−1 in kaolin) and vanished once vines were re-watered.

The correlation between E/LA and ABA was described by an exponential decay function (y = 0.28
+ 2.02e−0.75x; R2 = 0.73, p < 0.0001), with no difference due to the treatments, although the range of ABA
covered by kaolin vines was lower than those covered by control ones (Figure 5). In kaolin-treated
vines, a significant positive linear correlation (y = −7.16 + 0.25x; R2 = 0.61, p < 0.005) was found for leaf
ABA vs. Tleaf (Figure 6). On the contrary, in control vines leaf ABA was not correlated to varying Tleaf.
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Figure 3. (A) Trends for leaf violaxanthin (Vx) + antheraxanthin (Ax) + zeaxanthin (Zx) content, (B) 
de-epoxidation state, (C) neoxanthin (Nx) content and (D) abscisic acid (ABA) concentration, 
according to a progressive water shortage (DOY 209–217) and subsequent re-watering (at DOY 218), 
in vines subjected to the kaolin treatment and in controls. Bars represents standard error, n  =  3. 

Figure 3. (A) Trends for leaf violaxanthin (Vx) + antheraxanthin (Ax) + zeaxanthin (Zx) content,
(B) de-epoxidation state, (C) neoxanthin (Nx) content and (D) abscisic acid (ABA) concentration,
according to a progressive water shortage (DOY 209–217) and subsequent re-watering (at DOY 218), in
vines subjected to the kaolin treatment and in controls. Bars represents standard error, n = 3. Asterisks
indicate dates within which differences among treatment were significant (p < 0.05). DOY: day of
the year.
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Figure 4. (A) Course of leaf violaxanthin (Vx) content at dawn; (B) midday to dawn Vx differences 
and (C) zeaxanthin (Zx) content at midday over the experiment, according to a progressive water 
shortage (DOY 209–217) and subsequent re-watering (at DOY 218), in vines subjected to the kaolin 
treatment and in controls. Bars represents standard error, n  =  3. Asterisks indicate dates within which 
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Figure 4. (A) Course of leaf violaxanthin (Vx) content at dawn; (B) midday to dawn Vx differences
and (C) zeaxanthin (Zx) content at midday over the experiment, according to a progressive water
shortage (DOY 209–217) and subsequent re-watering (at DOY 218), in vines subjected to the kaolin
treatment and in controls. Bars represents standard error, n = 3. Asterisks indicate dates within which
differences among treatment were significant (p < 0.05). DOY: day of the year.
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3. Discussion

The regulation of transpiration occurs through the response of the whole vine physiology to
multiple environmental signals and biochemical regulation. In this experiment, we limited the light
absorbed by leaves by spraying kaolin, a natural clay inducing light reflection in the visible, infra-red

82



Int. J. Mol. Sci. 2020, 21, 4950

and ultra-violet wavebands [8,30]. Kaolin-based formulates are widely used in many crops to reduce
leaf and fruit sunburn damages [7,8,11,13,31–33]. In our experiment, kaolin was effective at increasing
single leaf reflected light and at decreasing transmitted light (Table 1), in agreement with Rosati et al. [10]
and Steiman et al. [30].

In our experiment, when vines were exposed to reduced water supply, Ψmd decreased and leaf
transpiration slowed down along with photosynthesis (Figure 1). Overall, the kaolin treatment
had a moderate effect on transpiration rate, mainly exerted under severe water deficit, resulting in
a reduction of Tleaf. The difference of Tleaf between treatments appeared to be related to the larger
transpiration, rather to the reduction of absorbed light; prior to water stress (WS) imposition, Tleaf was
similar in the two treatments. On the other hand, during water shortage, Tleaf was significantly lower
in kaolin in comparison with control.

Transpiration is regulated by stomata—stomatal conductance is influenced by environmental
stimuli, such as light and leaf-to-air vapour pressure deficit, and by physiological regulation mechanisms
that are usually divided into active, mainly ABA-mediated, and passive, mainly related to water
potential [18–20]. In our experiment, we did not observe, between treatments, significant variation of
stomata response to the decrease of leaf water potential and to the increase of leaf ABA (Figures 2 and 5).
The correlation between transpiration rate and leaf water potential was linear; instead, in the plot of
E/LA vs. ABA, data were divided in three clusters as follows: data recorded before water deficit onset,
when E/LA was above 1.5 mmol m−2 s−1; data recorded during reduced water supply; and the two
points of the control vines recorded at the end of the water deficit period. During water recovery,
E values were similar to those recorded during water stress. These data are consistent with previous
studies that reported a decrease of transpiration as related to leaf water potential during the early stages
of water shortage, followed by a significant increase of ABA after stomata closure [34,35]. However,
this was not the case in kaolin vines, where ABA content did not significantly increase during the final
stages of water deficit, as was instead the case in control vines. Overall, these data are in agreement
with Dinis et al. [29], who reported a linear correlation between stomatal conductance (gs) and leaf
ABA of field-grown grapevines, even though in their work kaolin-coated leaves had a looser response
of gs to leaf ABA concentrations, in comparison with control. Despite the evidence of a lower ABA
content in kaolin-treated leaves, its cause is still unclear.

The ABA precursor is neoxanthin (Nx), which is formed from zeaxanthin (Zx), after
the de-epoxidation of violaxanthin (Vx), via the intermediate antheraxanthin (Ax) formation. In our
experiment, the amount of Vx + Ax + Zx, representing the molecules involved in the xanthophyll (VAZ)
cycle, increased in the kaolin treatment, in comparison with control. Light plays an important role in
the activation of the VAZ cycle—the regulation of violaxanthin de-epoxidase enzyme (VDE) is pH
dependent and it is activated by the acidification of the thylakoid lumen when photosynthetic electron
transport exceeds the capacity of assimilatory reactions [25]. In our experiment, the reduction of water
supply promoted the de-epoxidation state of xanthophylls, while in control there was an increase
of Nx and, in the kaolin treatment, the Nx content was almost constant during all the experiment
(Figure 3C). This suggests that, theoretically, the kaolin treatment reduced the conversion of Zx into
Nx by stimulating the activity of ZEP or by reducing the activity of neoxanthin synthase (NxS). ZEP
is inhibited by light, and the epoxidation of Zx to Vx mainly occurs at night [26]. In our experiment,
the increase of Vx after the night recovery (∆Vxmidday-dawn) was similar (Figure 4B), although, in kaolin,
the larger pool of Vx + Ax + Zx during the water stress period (Figure 3A) led to a significantly higher
content, in comparison with control, at DOY 215 and 216 (Figure 4A). These data suggest a similar
activity of ZEP in the two treatments. On the other hand, from DOY 210 to 213 and from DOY 216 to
217, there was a significantly larger content of Zx in kaolin, in comparison with control, whereas Nx was
lower. Therefore, the conversion of Zx into Nx was likely limited in kaolin vines. Nx is the precursor
of ABA, which followed the same dynamic of Nx in both treatments during the experiment, while in
kaolin ABA had a modest increase during the experiment and, in control, ABA increased almost 4-fold.
This could explain the further decrease of transpiration observed in control vines vs. kaolin ones from
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DOY 215 to 217. In kaolin, the lack of Nx increase limited the ABA leaf content when water deficit
was more severe and leaf physiology more affected by leaf dehydration. Interestingly, the contrasting
behaviour in the two treatments regarding Nx and ABA biosynthesis was not related to Ψmd, which
was similar across the two treatments (Figure 1B), neither to Tleaf, since ABA content was correlated
to leaf temperature only in the kaolin treatment (Figure 6). Our results suggest that the higher ABA
biosynthetic rates were primarily driven by the prolonged reduction of E, resulting in an increase of
Tleaf concurrent to the increase of leaf ABA.

These results contribute to explaining the mechanisms involved in the kaolin-induced protection of
canopy functionality, that is, in reflecting radiation and preserving thermoregulation, kaolin maintains
a viable leaf VAZ cycle running. This, in turn, avoids the energy excess, potentially leading to
damage to photosystems. An active VAZ cycle prevents the onset of ABA biosynthesis by reducing
the accumulation of its precursors.

4. Materials and Methods

4.1. Plant Material and Treatment Layout

The experiment was carried out in 2018 in an outdoor area in Piacenza (44◦55′ N, 9◦44′ E), Italy,
close to the Agriculture faculty, on 6 five-year-old cultivar Sangiovese (Vitis vinifera L.) vines (clone
R10, grafted on SO4 rootstock) grown in 55l pots. The set of plants was similar to that used in
Frioni et al. [15]. In this experiment, six vines were arranged along a single row having a 35◦ NE-SW
orientation. Vines were cane pruned, trained to vertically shoot-positioned (VSP) trellis. Horizontal
cane was 1 m long accommodating 9 nodes and it was raised 90 cm from the ground. The pots were
filled with a mixture of loamy soil and peat (80:20 by volume, respectively) and kept well watered
until the beginning of the water deficit. Pots were painted white before the trial started, to limit
radiation-induced overheating. Each vine was fertilized twice (i.e., one week before and two weeks
after bud-break) with 4 g of Greenplant 15 (N) + 5 (P2O5) + 25 (K2O) +2 (MgO) + micro (Green Has
Italia, Cuneo, Italy). The six vines were then randomly divided into two treatments as follows: three
vines were sprayed on 23 July (DOY 204) at 9:00 a.m. with a formulation of 100% aluminium silicate
(Baïkal, Agrisynergie, Périgueux, France) diluted in water at 3% concentration (kaolin); the remaining
three vines were assigned to the untreated control (control). The kaolin solution was carefully sprayed
on both canopy sides with a shoulder pump.

For the dry-down setup, the same protocol described in Frioni et al. [15] was used. All the vines
were kept well watered until DOY 208 (27 July, phenological stage BBCH77 according to Lorenz et al. [36])
by supplying a daily amount of 3600 ± 424 ml per vine, representing 110% actual canopy transpiration
(E) concurrently measured by the whole-canopy system described hereafter over DOY 200–207.
Irrigation was performed through an automated water supply system described by Poni et al. [37].
Starting on DOY 209 (28 July), a constant water deficit was imposed on all the vines by programming
the water supply system to deliver daily to each vine only 70% of whole-canopy potential transpiration,
calculated on the basis of the data collected prior to the water deficit imposition (DOY 200–207), until
the achievement of severe water deficit conditions. Re-watering was performed on DOY 218 (6 August),
restoring full water supply to all vines until dismantling of the chambers. During water shortage, each
pot surface was covered with a plastic sheet to prevent infiltration of rain water and to minimize losses
due to soil evaporation.

4.2. Whole-Canopy Gas Exchange

Whole-canopy net CO2 exchange rate/leaf area (NCER/LA) measurements were taken using
the multi-chamber system reported in Poni et al. [37] with the configuration described in Frioni et al. [15].
To warrant unbiased comparison vs. canopy development, leaf area (LA) per vine was estimated
as described in Gatti et al. [38] and NCER/LA (µmol CO2/m2s) computed accordingly. Since vines
assigned to the two treatments had the same shoot number inside (~8) and outside (1) the chambers and,
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additionally, shoot growth along the cane was very uniform, measured E and NCER were estimated to
be ~91% of total vine actual transpiration and assimilation.

The chambers were set up on each vine and continuously operated 24 h from DOY 200 (19 July,
four days prior to kaolin sprays and eight days prior to the beginning of reduced water supply)
until DOY 229 (17 August, 10 days after re-watering of WS plants). Daily data were screened to
consider only data recorded between 11:00 a.m. and 3:00 p.m. (mean PAR > 1000 µmol photons
m−2s−1) and in the absence of rain or unfavourable weather conditions. Ambient (inlet) air temperature
was measured by shielded 1/0.2 mm diameter PFA-Teflon insulated type-T thermocouples (Omega
Eng. INC, Stamford, CT, USA) and direct and diffuse radiation were measured with a BF2 sunshine
sensor (Delta-T Devices, Ltd, Cambridge, UK) placed horizontally on top of a support stake next to
the chambers enclosing the canopies. Ambient (inlet) relative humidity (RH) at each chamber’s outlet
was measured by an HIH-4000 humidity sensor (Honeywell, Freeport, IL, USA) mounted upstream of
the EGM-4 (PP system, Amesbury, MA, USA). Chambers were dismantled on 18 August (DOY 230).

4.3. Leaf Water Status, Temperature and Light Reflectance

Progression of water deficit was monitored by measuring midday stem water potential (ΨMD).
ΨMD was measured daily at 1:00 p.m. on days with clear sky on one leaf per vine. Measures were taken
using a Scholander pressure chamber (3500 Model, Soilmosture Equip. Corp., Santa Barbara, CA, USA).
Leaves were sampled from the shoots contained in the chamber using a custom-built zip-lock lateral
access to the chamber.

On the same days, mean temperature (Tleaf) was measured on a mature well-exposed leaf per
vine inserted on the shoot kept outside of the chambers. On each date, one frontal thermal image per
leaf was taken under full sunlight conditions at ~50 cm distance from the leaf itself, using the FLIR i60
infra-red thermal imaging camera (FLIR Systems Inc., Wilsonville, OR, USA). Thermal image analysis
was carried out with the FLIR Tools software (FLIR Systems Inc).

On DOY 212 (31 July), the PAR transmitted through and reflected from the leaves was measured
using a Sun System PAR-meter with external sensor (Sun System, Vancouver, WA, USA) as described
by Taylor [39]. For the reflected PAR, the light sensor was downward oriented about 50 cm above
a fully exposed leaf; for the transmitted PAR, the light sensor was upward oriented, holding it 50 cm
below the leaf, on its projected shade. Measures were taken on DOY 212 (31 July) at 1:00 p.m. on two
leaves per vine.

4.4. Xanthophylls and Abscisic Acid Determination

The leaf concentration of abscisic acid (ABA), violaxanthin (Vx), antheraxanthin (Ax), zeaxanthin
(Zx) and neoxanthin (Nx) was determined on fully mature leaves sampled at 2:00 p.m. from
the beginning to the last day of the experiment. Additionally, Vx was also analysed in leaves sampled
at dawn (4:00 a.m.). Three leaves per treatment were cut, immediately wrapped in aluminium foil
and dipped into liquid N2. In a preliminary experiment, we sampled 10 leaves and, after cutting them
in two halves, we washed one half and we proceeded to Vx, Ax, Zx, Nx and ABA determination
using the same procedure described below. No significant differences between washed and unwashed
samples were found (p = 0.05).The samples were stored at −80 ◦C and then lyophilised. Lyophilised
material was weighed (dry weight) and ground.

Vx, Ax, Zx and Nx extraction was carried out following the method by Yuan and Qian [40] with
some modifications. First, 100 mg of lyophilised leaf were spiked with 100 µl of internal standard
(100 mg/L β-apo-8’-carotenal). Extraction was carried out with 1 mL of ethyl acetate containing 0.1%
BHT, kept in agitation for half an hour. After centrifugation at 1500 rpm for 5 min, the resulting upper
layer was collected, whereas the lower layer was extracted again with 1 mL of ethyl acetate containing
0.1% BHT. The combined upper layer extracts were dried by evaporation at 30 ◦C under vacuum.
The residue was resuspended in 1 mL of acetone containing 0.1% BHT and centrifuged at 11,000 rpm
for 5 min. The clear extract was injected onto the HPLC. Each sample was extracted in triplicate.
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Sample handling, homogenization and extraction were carried out under reduced light and kept cold to
minimize light-induced isomerization and oxidation of carotenoids. The concentration of carotenoids
was determined on an Agilent 1260 Infinity HPLC (Santa Clara, CA, USA). A Luna 3 µm C8 (2) 100A,
100 × 4.6 mm column (Phenomenex, Castel Maggiore, Italy) was used with the setting temperature
at 60 ◦C. The eluents were methanol and 1 M ammonium acetate (70:30) (solvent A) and 100% methanol
(solvent B). Total flow rate was 1 mL/min. A binary gradient system was employed passing from 0 min
(95% A 5% B) to 60 min (5% A; 95% B). Sample injection volume was 5 µL, and absorbance at 450 nm was
used for quantification. β-Carotene was identified by comparison with retention time and UV spectra
of commercial β-carotene standard (95% purity) (Sigma-Aldrich, St. Louis, MO, USA). Identification of
the other carotenoids was performed by comparing retention time and UV–visible photodiode array
spectra with authentic standards. Vx, Ax, Zx and Nx standards were purchased from CaroteNature
(Münsingen, Switzerland). All the compounds were run in triplicate and calculated as β-carotene
equivalent. De-epoxidation state was calculated as (Zx + 0.5Ax)/(Vx + Ax + Zx). Vx variation between
midday and the next dawn (∆Vxmidday-dawn) was calculated as the difference between the mean Vx
content at midday and the mean Vx content at dawn per each treatment.

ABA was extracted following the procedure described by Vilarò et al. with some modifications [41].
Leaf material (0.1 g) was extracted with 10 mL of methanol/water (1:1 v/v, pH = 3 with formic acid)
and homogenised for 3 min with an Ultra-Turrax homogenizer (IKA-Werke GmbH & Co., Staufen,
Germany). After centrifugation (5000 rpm for 6 min), the supernatant was filtered through a paper filter
and the same procedure was repeated for the remaining pellet. The collected filtrates were extracted
twice with dichloromethane (15 mL) and the organic phase evaporated under vacuum. The residue was
dissolved to a 100 µL acetone and 250 µL water/acetonitrile (70:30 v/v, 0.1% formic acid) for the HPLC
analysis. Analytical standards of (±) abscisic acid (purity ≥ 98.5%) was purchased from Sigma-Aldrich;
PA-grade methanol, acetone, dichloromethane and formic acid and HPLC-grade acetonitrile and water
were purchased from VWR Chemicals (Milan, Italy). Analyses were performed with an Agilent 1260
Infinity HPLC (Santa Clara, CA, USA) equipped with a Sinergy 4 µm Hydro-RP (250 mm × 4.6 mm)
column (Phenomenex, Castel Maggiore, Italy) with Security Guard at 35 ◦C, at a flow rate of 0.8 mL
min−1; the injection volume was 20µL and the detection was made at 265 nm. The mobile phase of
acetonitrile/water (30:70 v/v, 0.1% formic acid) was previously filtered and degassed. The compound
was identified by comparing the retention times with those of the authentic reference compound.
The peaks were quantified by an external standard method, using the measurements of the peak
areas and a calibration curve. Stock solutions of ABA standards were prepared by diluting a solution
(10 mg mL−1 in acetonitrile) to obtain a range of concentrations from 0.01 to 10 mg mL−1. The limit of
detection (LOD) was 0.005 mg L−1.

4.5. Statistical Analysis

Light reflection and transmission were analysed by a one-way analysis of variance (ANOVA),
using Sigma Stat 3.5 (Systat Software, San Jose, CA, USA). Treatment comparison was performed by
Student’s t-test at p ≤ 0.05. Data taken over time were analysed with the repeated measure analysis of
variance routine embedded in the XLSTAT 2019.1 software package (Addinsoft, Paris, France). Least
squares mean method at p < 0.05 was used for multiple comparisons within dates. Correlation between
parameters was tested by regression analyses and all models were calculated using Sigma Plot 11.0
(Systat Software, San Jose, CA, USA). R2 significance was tested by ANOVA per p = 0.05.

5. Conclusions

Kaolin reduces the accumulation of ABA in the leaf by reducing the synthesis of Nx from Zx,
resulting in faster recovery of vine gas exchange. These results further support the hypothesis
that ABA mainly relates to its biosynthesis in leaves and that its accumulation can be limited by
the downregulation of Nx synthesis. Moreover, this experiment provides the evidence that kaolin
promotes the activity of the VAZ epoxidation/de-epoxidation cycle even under stressful conditions,
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thus preserving a full Vx pool after night recovery and a fluid energy dissipation of electron excess.
Further experiments are needed to determine the biochemical pathway (gene expression and enzyme
activity) leading to the downregulation of the Nx synthesis caused by kaolin.
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Abstract: ABA is involved in plant responses to a broad range of pathogens and exhibits complex
antagonistic and synergistic relationships with salicylic acid (SA) and ethylene (ET) signaling
pathways, respectively. However, the specific receptor of ABA that triggers the positive and negative
responses of ABA during immune responses remains unknown. Through a reverse genetic analysis,
we identified that PYR1, a member of the family of PYR/PYL/RCAR ABA receptors, is transcriptionally
upregulated and specifically perceives ABA during biotic stress, initiating downstream signaling
mediated by ABA-activated SnRK2 protein kinases. This exerts a damping effect on SA-mediated
signaling, required for resistance to biotrophic pathogens, and simultaneously a positive control over
the resistance to necrotrophic pathogens controlled by ET. We demonstrated that PYR1-mediated
signaling exerted control on a priori established hormonal cross-talk between SA and ET, thereby
redirecting defense outputs. Defects in ABA/PYR1 signaling activated SA biosynthesis and sensitized
plants for immune priming by poising SA-responsive genes for enhanced expression. As a trade-off

effect, pyr1-mediated activation of the SA pathway blunted ET perception, which is pivotal for
the activation of resistance towards fungal necrotrophs. The specific perception of ABA by PYR1
represented a regulatory node, modulating different outcomes in disease resistance.

Keywords: ABA; ethylene; pathogens; plant immunity; PYR1; salicylic acid

1. Introduction

Pathogen recognition triggers the altered accumulation of three major defense hormones: salicylic
acid (SA), jasmonic acid (JA), and ethylene (ET). SA is essential for establishing resistance to many
virulent biotrophic pathogens, especially as a component of systemic acquired resistance (SAR) [1,2],
while JA and ET tend to be associated with resistance to fungal necrotrophic pathogens [3,4]. While
JA and ET interact synergistically to activate certain disease responses, the JA and ET pathways
act at least independently or even antagonistically with respect to the SA-dependent pathway [4,5].
Antagonistic interactions between SA and JA hormone signaling networks have been characterized [6–8].
JA levels decline soon after SA begins to accumulate [9]; this, therefore, suggests that, in response to
a pathogen that can induce synthesis of both SA and JA, cross-talk is used by the plant to adjust the
response in favor of the more effective pathway (i.e., the SA-mediated pathway). Similarly, SA acts
antagonistically with ET [10–13], and their biosynthesis pathways can be mutually repressed [14,15].
More recently, Huang et al. [16] revealed a mechanism by which SA antagonizes ET signaling: the direct
interaction of NPR1 (the core component of SA signaling) with EIN3 (the transcription factor mediating
ET-responses) blocks transcription of EIN3-induced genes, and this interaction is further enhanced by
SA. Therefore, tradeoffs between plant defenses against pathogens with different lifestyles must be
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strictly regulated [4,17], implying the fine-tuned deployment of conserved defense signals in different
plant-pathogen interactions.

ABA is another major phytohormone involved in the regulation of a great variety of abiotic
stress responses in plants. In addition, ABA assists in controlling many developmental and growth
characteristics of plants, including seed germination and dormancy, leaf abscission, closure of stomata,
or inhibition of fruit ripening [18]. ABA also controls the responses of plants to biotic stresses caused
by a broad range of plant pathogens [19–22]. However, the ABA effect varies in different pathosystems,
being the outcome influenced by the infection biology. ABA biosynthesis is required for effective
disease resistance against necrotrophic fungal pathogens [23–25], whereas ABA has been shown
to be involved in conferring susceptibility against bacterial diseases, with ABA-deficient mutants
showing resistance enhancement [21,26,27]. In fact, some bacteria have acquired new virulence
strategies for exploiting their host through the secretion of type III virulence effectors that promote
enhancement of ABA levels in the infected plant [28–30]. Therefore, endogenous ABA synergizes
with JA and exhibits a complex antagonistic relationship with SA during disease development [6,7,29].
Likewise, antagonistic interactions between components of the ABA and ET signaling pathways seem
to modulate gene expression in response to biotic and abiotic stress (Fujimoto et al., 2000; Chen et al.,
2002; Anderson et al., 2004; Yang et al., 2005; Broekaert et al., 2006) [5,31–34], but it remains unknown
whether a convergent point exists between these two signaling pathways or whether they operate
in parallel. Despite all these evidences, the specific components of the ABA signaling apparatus,
which exploit the positive and negative responses of ABA during immune responses, remain unknown.
Therefore, understanding the regulatory system of ABA-mediated responses to pathogens is critical
for improving agricultural issues related to disease resistance. In contrast, specific components of ABA
perception have been recently identified for stomatal closure signal integration [35]. Thus, PYL2 is
sufficient for guard-cell ABA-induced response, and PYL4/5 are essential receptors for a guard-cell
response to CO2 [35].

Three major protein families form the core ABA signaling pathway; (i) the soluble ABA receptors,
which are 14 members of pyrabactin resistance 1 (PYR1) and PYR1-like (PYL) proteins, also known as
regulatory component of ABA receptors (RCAR) family and collectively referred to as PYR/PYL/RCAR,
(ii) group A of type 2C protein phosphatases (PP2Cs), and (iii) SNF1-related protein kinases (SnRKs)
subfamily 2 (SnRK2s), namely SnRK2.2, 2.3 and 2.6 (Cutler et al., 2010; Hubbard et al., 2010; Klingler et al.,
2010; Raghavendra et al., 2010) [18,36–38]. In the absence of ABA, PP2Cs dephosphorylate and inactivate
SnRK2s, repressing ABA-dependent responses [39,40]. When ABA concentration increases in response
to stress conditions or developmental cues, ABA binds to receptors of the PYR/PYL/RCAR family,
which leads to the formation of ternary complexes with PP2Cs, thereby inactivating them [41–43].
This results in the activation of SnRK2s, which subsequently phosphorylate a myriad of substrate
proteins [44].

The PYR/PYL/RCAR ABA receptor family is unusually large, comprising 14 members
in Arabidopsis and even more in crops, such as tomato, maize, or soybean (Gonzalez-Guzman et al.,
2012; Gonzalez-Guzman et al., 2014; Helander et al., 2016) [45–47]. However, the biological roles
of the individual PYR/PYL/RCAR members are still being established, which is complicated by
functional redundancy. At least 13 PYR/PYL/RCAR members are able to perceive ABA, and the
generation of quadruple, pentuple, and sextuple mutants is required to obtain robust ABA-insensitive
phenotypes [41,43,45]. Moreover, the analysis of combined pyr/pyl mutants shows quantitative
regulation of both stomatal aperture and transcriptional response to ABA [45]. Inactivation of six
highly transcribed members, PYR1, PYL1, PYL2, PYL4, PYL5, and PYL8, generates a mutant that is
practically blind to ABA in the classical assays that measure ABA sensitivity [45]. However, in spite
of the receptor gene expression patterns and biochemical analyses of different receptor-phosphatase
complexes suggesting that the function of ABA receptors is not completely redundant [45,48,49],
only the single pyl8 mutant has been reported to show a non-redundant role in root sensitivity
to ABA [50]. In contrast, pyr1 shows wild-type sensitivity to ABA and only shows a conditional
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phenotype -pyrabactin resistance in germination assays in medium supplemented with the ABA
agonist pyrabactin [43]. In eukaryotes, functional diversification follows the evolutionary expansion of
a gene family. Identification of specific roles for members of a multigene family is usually limited by
laboratory conditions, whereas the plethora of conditions found in complex biological contexts offers
chances to identify specific roles. Here, we were able to unveil a non-redundant role in plant immunity
for PYR1, one of the 13 members of the multigene ABA receptor family, and revealed that the PYR1
receptor is pivotal in modulating the cross-talk between the SA and ET signaling pathways during
the defense.

2. Results

2.1. The SnRK2s Protein Kinases are Engaged in Disease Resistance to Fungal Infection

Liquid chromatography-mass spectrometry (LC-MS) showed marked accumulation of ABA
in full expanded leaves of Arabidopsis plants at 72 h after drop inoculation with a spore suspension
of the fungal necrotroph Plectosphaerella cucumerina (Figure 1A). ABA enhancement supported the
upregulation of ABI4 gene expression, an ABA-responsive gene encoding a transcription factor [23]
(Figure 1B). Therefore, ABA biosynthesis and signaling were triggered by P. cucumerina infection.
The ABA-mediated activation of three monomeric SnRK2s (i.e., SnRK2.2, −2.3, and −2.6) is central to
ABA signaling [51], so we investigated whether SnRK2s were engaged in the defense responses to
this pathogen. Transgenic lines overexpressing HA-tagged SnRK2.6 (SnRK2.6-HA/OE) and SnRK2.2
(SnRK2.2-HA/OE) were inoculated with P. cucumerina or mock-treated, and leaf samples were collected
at 0, 24, and 48 h post-inoculation (h.p.i.). Immunoprecipitation of SnRK2.2-HA and SnRK2.6-HA
and the subsequent kinase assay of the immunoprecipitate were performed by determining the
incorporation of 32P to purified ABF2 protein fragment substrate (amino acids Gly-73 to Gln-119) [52]
in gel-kinase assays. Results revealed two- and three-fold enhancement for SnRK2.6 and SnRK2.2
kinase activity, respectively, following fungal inoculation (Figure 1C,D). For both kinases, enhanced
activity occurred at 24 h.p.i., and the activation was sustained at 48 h.p.i. Therefore, ABA-activated
SnRK2s were actively engaged in response to this fungal pathogen.

We then investigated whether gain-of-function or loss-of-function in SnRK2s altered disease
resistance to P. cucumerina. Symptoms of the fungal disease appear in the form of necrotic lesions,
which are measured to quantify the degree of plant susceptibility [25,53,54]. Inoculation of transgenic
plants individually overexpressing (OE) SnRK2.2, −2.3, and −2.6 revealed no significant variation
in disease susceptibility towards P. cucumerina when compared to Col-0 plants (Figure 1E); thus,
either endogenous SnRK2s levels are sufficient to achieve pathogen-triggered ABA signaling or
overexpression of SnRK2s additionally requires increased ABA levels to enhance their activity.
Although functional redundancy between SnRK2.2 and SnRK2.3 exists, functional segregation between
SnRK2.6 and SnRK2.2/2.3 has been described [52]. Therefore, we inoculated an snrk2.2/2.3 double
mutant and the single snrk2.6 mutant with P. cucumerina and recorded disease resistance. The triple
snrk2.2/2.3/2.6 mutant, which is drastically affected in plant growth [51], was not compatible with the
pathogenic assay and was, therefore, not used in the present study. Figure 1F–G show that snrk2.2/2.3
and snrk2.6 plant resistance to P. cucumerina was severely compromised. Moreover, an ABA deficient
mutant (i.e., aba2) was similarly affected in disease resistance to this pathogen (Figure 2A). In summary,
our results indicated that pathogen-induced ABA accumulation and concurrent activation of SnRK2s
positively regulated disease resistance to P. cucumerina.
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Col-0 plants. (B) RT-qPCR of ABI4 in mock and in P. cucumerina-infected Col-0. (C,D) P. cucumerina-
mediated activation of SnRK2.6 (C) and SnRK2.2 (D). Transgenic Arabidopsis plants expressing HA-
tagged versions of the kinases were inoculated with P. cucumerina, or were mocked, and leaf samples 
were taken at 0, 24, and 48 h.p.i., and the protein extracts were immunoprecipitated with anti-HA 
antibodies. The immunoprecipitates were incubated with a His-ABF2 fragment (Gly73 to Gln 119; 
ΔABF2) in the presence of [γ-32P]ATP, and the proteins were resolved by SDS-PAGE. Bands 
corresponding to ΔABF2 fragments and to SnRK2.6 and SnRK2.2 kinases are indicated. 
Radioactivities of ΔABF2 fragment bands were measured with a phosphoimager, and the values were 
plotted on the graphs shown at the right of the figures. Error bars indicate S.E.M.; n = 3. (E) Disease 
resistance towards P. cucumerina of transgenic plants overexpressing SnRK2.6, SnRK2.2, and SnRK2.3 
in comparison to Col-0. (F) Disease resistance towards P. cucumerina in the double snrk2.2 snrk2.3 
mutant and in snrk2.6 mutant plants. (G) Representative leaves from each genotype at 12 days 
following inoculation with P. cucumerina. (H) Disease resistance towards P. cucumerina in the triple 
PP2C mutants pp2ca1 1hab1 1abi1-2 and abi2-2 hab1 abi1-2. For the bioassays with P. cucumerina, lesion 
diameter of 25 plants per genotype and four leaves per plant were determined 12 d following 
inoculation with P. cucumerina. Data points represent the average lesion size ± SE of measurements. 
An ANOVA was conducted to assess significant differences in the activation of SnRKs, ABA 

Figure 1. Participation of SnRK2s kinases in the response of Arabidopsis plants to infection by the fungal
pathogen P. cucumerina. (A) ABA accumulation determined in mock and P. cucumerina-infected Col-0
plants. (B) RT-qPCR of ABI4 in mock and in P. cucumerina-infected Col-0. (C,D) P. cucumerina-mediated
activation of SnRK2.6 (C) and SnRK2.2 (D). Transgenic Arabidopsis plants expressing HA-tagged
versions of the kinases were inoculated with P. cucumerina, or were mocked, and leaf samples were
taken at 0, 24, and 48 h.p.i., and the protein extracts were immunoprecipitated with anti-HA antibodies.
The immunoprecipitates were incubated with a His-ABF2 fragment (Gly73 to Gln 119; ∆ABF2) in the
presence of [γ-32P]ATP, and the proteins were resolved by SDS-PAGE. Bands corresponding to ∆ABF2
fragments and to SnRK2.6 and SnRK2.2 kinases are indicated. Radioactivities of ∆ABF2 fragment
bands were measured with a phosphoimager, and the values were plotted on the graphs shown at the
right of the figures. Error bars indicate S.E.M.; n = 3. (E) Disease resistance towards P. cucumerina of
transgenic plants overexpressing SnRK2.6, SnRK2.2, and SnRK2.3 in comparison to Col-0. (F) Disease
resistance towards P. cucumerina in the double snrk2.2 snrk2.3 mutant and in snrk2.6 mutant plants.
(G) Representative leaves from each genotype at 12 days following inoculation with P. cucumerina.
(H) Disease resistance towards P. cucumerina in the triple PP2C mutants pp2ca1 1hab1 1abi1-2 and abi2-2
hab1 abi1-2. For the bioassays with P. cucumerina, lesion diameter of 25 plants per genotype and four
leaves per plant were determined 12 d following inoculation with P. cucumerina. Data points represent
the average lesion size ± SE of measurements. An ANOVA was conducted to assess significant
differences in the activation of SnRKs, ABA accumulation, ABI4 transcript accumulation, and disease
symptoms, with a priori p < 0.05 level of significance; the asterisks * above the bars indicate statistically
significant differences regarding mock treatments or Col-0 plants. Asterisks above the bars indicate
different homogeneous groups with statistically significant differences.
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Figure 2. PYR1 is required for disease resistance towards P. cucumerina. (A). Disease resistance
towards P. cucumerina in Col-0, the resistant ocp3-1 mutant, the susceptible aba2-1, and the triple and
quadruple multi-locus mutants pyl4 pyl5 pyl8, pyr1 pyl4 pyl8, pyr1 pyl4 pyl5, and pyr1 pyl1 pyl2 pyl4.
(B) Disease resistance in single pyl1, pyr1, and pyl4 mutants, in a transgenic line overexpressing PYR1
(PYR1-OE), and in Col-0. Below the graph, the representative leaves from each genotype are shown
at 12 days following inoculation with P. cucumerina. (C) Comparative disease resistance towards
P. cucumerina among the allelic pyr1-1, pyr1-2, and pyr1-8 mutants. Data points represent the average
lesion size ± SE of measurements. An ANOVA was conducted to assess significant differences in disease
symptoms (p < 0.05); the letters above the bars indicate different homogeneous groups with statistically
significant differences.

ABA signaling through SnRK2s is negatively regulated by clade A protein phosphatase type
2C (PP2C), particularly by ABI1, ABI2, PP2CA/AHG3, AHG1, HAB1, and HAB2 (see [55] and
references therein). Therefore, clade A PP2Cs might negatively regulate ABA-mediated disease
resistance to P. cucumerina. Because of the demonstrated redundancy existing for these PP2Cs,
combined inactivation of selected groups of these phosphatases is required to determine functionality.
We combined loss-of-function mutations in ABI1, ABI2, HAB1, and PP2CA genes to determine their
contribution to ABA-mediated disease resistance. Different combinations of mutations were used with
two triple mutants, pp2ca1-1;hab1-1;abi1-2 and abi2-2;hab1-1;abi1-2, which represent four of the nine
closely related group A PP2Cs. Both multi-locus mutants showed an extreme response to exogenous
ABA, partial constitutive response to endogenous ABA, and partial constitutive activation of SnRK2s
in pp2ca1-1;hab1-1;abi1-2 [51,55]. Inoculation of both triple mutants with P. cucumerina showed no
defective disease resistance (Figure 1H). This result suggests that the demonstrated redundancy
of PP2Cs masks the manifestation of a clear phenotype upon pathogen inoculation. Additionally,
ABA response in triple pp2c mutants was partially equivalent to that of lines OE SnRK2s, which did not
show altered disease resistance to the pathogen (Figure 1E). It is also possible that other members of
the large PP2C family, represented by 76 homologous genes [56], are key for resistance to P. cucumerina.
This interpretation is supported by previous studies showing that a distinct PP2C member (i.e., AtDBP1)
is required for other aspects of plant immunity [57,58].

2.2. The Requirement of the PYR1 Receptor for Antifungal Resistance

We next investigated which one of 14 soluble PYR/PYL/RCAR receptors perceived the ABA
produced during P. cucumerina infection. Partial functional redundancy of ABA receptors has been
demonstrated by genetic analysis; however, PYL8 plays a non-redundant role to regulate root
sensitivity to ABA [45,46]. Additionally, both transcriptional and physiological ABA responses and
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signaling of environmental cues in guard cells mediated by individual receptors are starting to
be elucidated [35]. We characterized disease resistance to P. cucumerina in a series of multi-locus
mutants from different PYR/PYL receptors. The triple pyl4;pyl5;pyl8, pyr1;pyl4;pyl8, and pyr1;pyl4;pyl5
mutants, and the quadruple pyr1;pyl1;pyl2;pyl4 mutant, representing the highest genetic impairment
in PYR/PYL function without affecting plant growth [45], were inoculated with P. cucumerina, and their
impact on disease resistance was compared to aba2-1 (which enhances susceptibility [25]), to ocp3-1
(which enhances resistance [53]), and Col-0 plants. The two triple mutants incorporating the pyr1
mutation (i.e., pyr1;pyl4;pyl8 and pyr1;pyl4;pyl5) exhibited noticeably enhanced disease susceptibility
(Figure 2A), which was of a magnitude similar to that observed in aba2-1 plants. Conversely, the disease
resistance of the triple pyl4;pyl5;pyl8 mutant was unaltered compared to Col-0 plants. The quadruple
mutant (also containing the pyr1 mutation) enhanced disease susceptibility to P. cucumerina. The results
showed that the PYR1 receptor was pivotal for eliciting ABA-mediated defense responses towards
P. cucumerina.

The specificity of PYR1 at eliciting plant immune responses was further tested by assaying
the single pyr1-1 mutant. The individual pyr1-1 mutant had a compromised disease resistance
phenotype (Figure 2B), contrasting to other single pyl mutants (e.g., pyl1, pyl4) for which resistance
to the fungus remained intact. Moreover, the overexpression of the PYR1 receptor (PYR1-OE line)
conferred significant enhancement of resistance to the fungus (Figure 2B). Other mutant alleles of
the PYR1 receptor, predicted to produce a variety of defects in PYR1 (i.e., pyr1-2 and pyr1-8 [43]),
consistently compromised disease resistance to P. cucumerina, showing pyr1-2 mutant allele as the
strongest phenotype (Figure 2C). These results supported that the PYR1 receptor positively promoted
ABA-dependent plant immunity against P. cucumerina. Interestingly, these results also indicated
that other major receptors for ABA response, i.e., PYL1, PYL4, PYL5, PYL8, were not recruited
in plant response against P. cucumerina. Furthermore, PYR1 appeared similarly to be required for
the immune activation to Alternaria brassicicola, another fungal necrotroph and the causal agent of
black spot disease in Brassica species. Results shown in Supplemental Figure S1 indicate that upon
inoculation with A. brassicicola, both aba2 and pyr1 plants, compared to Col-0, pyl1, and pyl4 plants,
showed remarkable enhancement in disease susceptibility to this pathogen. The enhancement of
necrosis in A. brassicicola-inoculated leaves of pyr1 plants gave further support to the importance of
PYR1-mediated perception of ABA for mounting effective defense responses towards necrotrophs.

2.3. Local Induction of PYR1 Gene Expression by P. cucumerina

A reasonable explanation for the specific role of PYR1 in plant immunity might be the specific
upregulation of PYR1 expression in response to the pathogen. Therefore, we next investigated whether
transcriptional reprogramming occurred to enhance PYR1 expression upon pathogen inoculation.
Transgenic plants expressing the promoter of the PYR1 gene fused to the β-glucuronidase GUS
reporter gene (pPYR1::GUS) [45] were used to detect potential P. cucumerina-mediated activation of
PYR1. Transgenic lines carrying the pPYL1::GUS and pPYL4::GUS gene constructs were also assayed
to determine specificity. Local infection, i.e., by drop inoculation on the upper leaf surface with
a P. cucumerina spore suspension, of transgenic pPYR1::GUS plants revealed early transcriptional
activation of PYR1 triggered by the pathogen (Figure 3A). PYR1 induction mostly occurred within
the vascular bundles of the primary and secondary veins of the P. cucumerina-inoculated leaf sectors.
This highly localized induced expression pattern was specific to PYR1 because neither PYL1 nor
PYL4 genes were transcriptionally activated under similar circumstances (Figure 3A). The local
induction of pPYR1::GUS concurred with local synthesis and deposition of callose (Figure 3B) and
later on with cell death (Figure 3C). These microscopy markers demarcated inoculated tissue sectors
in advance to the appearance of visible necrosis and served to delimit local transcriptional responses.
Moreover, callose deposition was compromised in pyr1-1 and aba2-1 mutants following fungal infection
(Figure 3D), thus supporting the participation of ABA and PYR1 in this local process.
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Figure 3. Local activation of PYR1 gene expression at pathogen inoculation sites, and the requirement
of PYR1 for pathogen-induced callose deposition. (A) Comparative histochemical analysis of GUS
activity in rosette leaves from transgenic plants carrying pPYR1::GUS, pPYL1::GUS, and pPYL4::GUS
gene constructs and those were either mocked or inoculated P. cucumerina. Leaves were stained
for GUS activity at 36 h.p.i. The left panel corresponds to mocked plants. The central and right
panels correspond to enlargements of the inoculated leaf sectors. Black arrow points towards leaf
tissues proximal to the inoculation point, and white arrows denote tissues that directly received
the spore inoculum. Note that pPYR1::GUS is heavily induced in leaf veins within the inoculated
sector. (B) Characteristic spore-inoculated leaf sector, similar to those shown in A, stained with aniline
blue to detect pathogen-induced callose deposition (top panel), or with trypan blue (lower panel) to
identify incipient cell deterioration due to fungal infection at 36 h.p.i. (C) Aniline blue staining and
epifluorescence microscopy were applied to visualize callose accumulation. Micrographs indicate
P. cucumerina inoculation and infection site in the different Arabidopsis genotypes at 0 h.p.i (right
panel), at 24 h.p.i. (central panel), and at 48 h.p.i. (right panel). (D) The number of yellows pixels
(corresponding to pathogen-induced callose) per million on digital photographs of infected leaves
were used as a means to express arbitrary units (i.e., to quantify the image) at the indicated times.
Bars represent mean ± SD, n = 15 independent replicates. An ANOVA was conducted to assess
significant differences in callose deposition (p < 0.05); the asterisks * above the bars indicate statistically
significant differences regarding Col-0 plants.

2.4. Resistance Enhancement of pyr1 Plants to Pseudomonas syringae DC3000

In marked contrast to the results shown above, the role of ABA in repressing plant immunity
against the (hemi) biotrophic pathogens P. syringae DC3000 has been previously documented [6,19–21].
Therefore, we asked whether the negative role of ABA in plant immunity against P. syringae DC3000
could similarly be funneled through PYR1. If so, we would expect resistance enhancement in pyr1
plants. pyr1 plants were inoculated by leaf infiltration with P. syringae DC3000, and the rate of bacterial
growth in the inoculated leaves was determined at 3 days post-inoculation in comparison to aba2, pyl1,
pyl4, and Col-0 plants. Figure 4A shows that bacterial growth was reduced 10-fold in both aba2 and pyr1
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mutants compared to Col-0, pyl1, and pyl4. This result confirmed the negative role of ABA in resistance
towards P. syringae DC3000 and demonstrated the specific requirement of PYR1 for the negative role
of ABA during this plant-pathogen interaction. Moreover, pre-treatment of Col-0 with 150 µM ABA,
applied by drenching, predictably provoked disease susceptibility enhancement to P. syringae DC3000
(Figure 4B), denoting a damping effect of ABA on SA signaling. This ABA-mediated enhancement
in susceptibility to P. syringae DC3000 did not occur in pyr1-2 plants whose enhanced resistance was
not altered by the hormone (Figure 4B).
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Figure 4. Response of pyr1 plants to infection by P. syringae DC3000. (A) Col-0, aba2-1, pyr1-2, pyl1, 
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Figure 4. Response of pyr1 plants to infection by P. syringae DC3000. (A) Col-0, aba2-1, pyr1-2, pyl1,
and pyl4 mutants were inoculated with P. syringae DC3000, and their disease responses were recorded.
(B) Col-0 and pyr1 plants were pre-treated with 150 µM ABA, applied by drenching, before inoculation
with P. syringae DC3000, and the growth of the bacteria was recorded in comparison to mocked plants.
Growth of P. syringae DC3000 was measured at 3 d.p.i. Error bars represent standard deviation (n = 12).
An ANOVA was conducted to assess significant differences in disease symptoms, with a priori p < 0.05
level of significance; the asterisks *, ** above the bars indicate different homogeneous groups with
statistically significant differences.

Therefore, our results indicated that the dual antagonistic role of ABA in plant immunity was
mediated through the PYR1 receptor, which reciprocally activates and represses immune responses
towards necrotrophic and biotrophic pathogens, respectively.

2.5. SA–Responsive Defense Genes are Activated in PYR1 Defective Mutants

We investigated whether pyr1 and aba2 plants carried constitutive elevated expression of
SA-responsive genes, which might explain the observed enhanced resistance to P. syringae
DC3000 (Figure 4). The accumulation of PR-1 and PR-2 transcript, which are SA- and
pathogen-responsive genes, was examined by RT-qPCR. In addition, we examined PR-4 and PR-5,
which are also pathogen-responsive genes but are simultaneously influenced by SA and ET [59].
Transcript accumulation was also evaluated in pyl1 and pyl4 mutants, which served as additional
controls. Figure 5A shows that pyr1 and aba2 plants carried constitutive elevated levels of SA-dependent
PR-1 and PR-2 transcripts compared to Col-0, pyl1, or pyl4 plants. Conversely, the constitutive levels of
transcript accumulation for PR-4 and PR-5 occurring in Col-0 were repressed in pyr1 and aba2 plants,
and only partially enhanced in pyl1 plants (Figure 5A). The enhanced expression of PR-1 and PR-2 and
the concerted repression of PR-4 and PR-5 were corroborated by the pyr1 allelic series, with the pyr1-2
allele showing the strongest differences (Figure 5B). Thus, the ABA/PYR1 module might function as an
integration node regulating distinct branches of defenses. The constitutive activation of PR1- and -2
in pyr1 plants supported the enhanced accumulation of both free and conjugated SA observed in the
mutant, which concurred also with elevated expression of ICS1, encoding isochorismate synthase,
a pivotal enzyme controlling SA biosynthesis [60,61] (Figure 5C,D). On the other hand, pyr1 plants only
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showed a moderate reduction, less than two-fold, of JA content in comparison to Col-0 (Figure 5E).
The conspicuous enhancement in SA content in healthy pyr1 plants, therefore, explained the resistance
phenotypes of the mutant when confronted with P. syringae DC3000. However, the notorious enhanced
susceptibility of pyr1 plants to the fungal necrotrophs P. cucumerina and A. brassicicola remained
unsolved, as it could not simply be explained by the moderate reduction of JA levels as attained
in the mutant. Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 10 of 22 
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derived from healthy Col-0 and pyr1 plants showed positive immunoreactive signals in two 
polypeptides corresponding to MPK6 and MPK3 (Beckers et al., 2009) (Figure 6), and the 
densitometric scanning of blots indicated that the MPK3 immunoreactive band was more intense in 
pyr1 plants. Inoculation with P. syringae DC3000 promoted further activation-associated dual TEY 
phosphorylation of MPKs, which was noticeably higher for MPK3 in pyr1 compared to Col-0 plants 
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Figure 5. Expression of SA-responsive and ET-responsive genes in pyr1 and aba2 mutants.
(A,B) RT-qPCR analysis showing constitutive expression levels of PR-1, PR-2, PR-4, and PR-5 genes
in (A) Col-0, aba2-1, pyr1-1, pyl1, and pyl4 plants, and (B) their comparative expression levels in the
allelic pyr1-1, pyr1-2, and pyr1-8 mutants. Data represent mean ± SD; n = 3 replicates. The expression
was normalized to the constitutive ACT2 and ACT8 genes and then to the expression in Col-0 plants.
(C–E) Accumulation of free SA, total SA, and total JA in Col-0 and pyr1-2 plants. Data represent the
average of three biological replicates. An ANOVA was conducted to assess significant differences
in RT-qPCR and hormone analysis, with a priori p < 0.05 level of significance; the asterisks * above the
bars indicate statistically significant differences regarding Col-0 plants.

2.6. Enhanced Activation of MAPK Kinases in pyr1 Plants

We next investigated whether enhanced resistance to P. syringae DC3000 in pyr1 plants was
associated with elevated MAPKs activation, which is linked to the activation of immune responses
following pathogen perception. We employed an antibody recognizing the phosphorylated residues
within the MAPK activation loop (i.e., the pTEpY motif). Western blot analysis of protein extracts derived
from healthy Col-0 and pyr1 plants showed positive immunoreactive signals in two polypeptides
corresponding to MPK6 and MPK3 (Beckers et al., 2009) (Figure 6), and the densitometric scanning
of blots indicated that the MPK3 immunoreactive band was more intense in pyr1 plants. Inoculation
with P. syringae DC3000 promoted further activation-associated dual TEY phosphorylation of MPKs,
which was noticeably higher for MPK3 in pyr1 compared to Col-0 plants at 24 h.p.i. (Figure 6). At the
latter stages of infection (i.e., 48 h.p.i.), the MPK activation was similar in Col-0 and pyr1 plants.
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Therefore, MPK activation may be prone to activation in plants defective of ABA perception through
the PYR1 receptor. Indeed, partial pre-activation of MPK was reflected in detectable PR-1 protein
accumulating in pyr1 plants at time zero (Figure 6). This result was in agreement with the higher
expression level of the PR-1 gene determined by RT-qPCR (Figure 5A,B). Interestingly, inoculation
with P. syringae DC3000 promoted the further accumulation of the PR-1 protein, which progressively
increased over time to a much higher level in the pyr1 mutant compared to Col-0 plants (Figure 6).
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reprogramming, even in the absence of pathogen infection. Sensitized cells may be ready for the 
enhanced induction of this defense pathway following pathogen infection, which, in turn, may 
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Figure 6. Loss of PYR1 function confers enhanced mitogen-activated kinase activation and PR-1 protein
accumulation following P. syringae DC3000 infection. Western blot with anti-pTEpY and anti-PR-1
antibodies of crude protein extracts derived from Col-0, pyr1-2 plants at 0, 24, and 48 h.p.i with P. syringae
DC3000. Equal protein loading was check by Ponceau-S staining of the nitrocellulose filter. MPK6 and
MPK3 migrating bands are indicated on the right. The experiments were repeated three times with
similar results. Scan quantification of protein bands corresponding to MPK3 and PR-1 is shown below
the Western blot. Data represent the mean ± SD; n = 3 replicates. An ANOVA was conducted to assess
significant differences in RT-qPCR analysis, with a priori p < 0.05 level of significance; the asterisks
* above the bars indicate statistically significant differences regarding Col-0 plants.

Thus, we hypothesize that the lack of ABA perception through the PYR1 receptor de-represses
a pathway that allows cell sensitization through MPKs activation and downstream defense gene
reprogramming, even in the absence of pathogen infection. Sensitized cells may be ready for the
enhanced induction of this defense pathway following pathogen infection, which, in turn, may explain
why aba and pyr1 plants exhibit enhanced disease resistance to P. syringae DC3000. These observations
support that ABA and PYR1 function as a repressor module of SA-mediated onset of resistance.

2.7. SA-Mediated Defense Genes are Poised for Enhanced Activation through Chromatin Remodeling
in pyr1 Plants

We then asked whether other markers diagnostic of an immune status were also activated in pyr1
plants. The expression of the extracellular subtilase SBT3.3 gene has been recently described to be
a switch for poising SA-related gene expression and immune priming [62]. Moreover, constitutive
SBT3.3 expression, MPK activation, and readied SA-related genes convey in plants defective in the
RNA-directed DNA methylation (RdDM) pathway, which negatively regulates immune priming [54].
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Consequently, the expression level of genes encoding SBT3.3 and either of the two subunits of RNA
Pol V (i.e., NRPD2 and NRPE1) controlling RdDM were determined by RT-qPCR. Figure 7A shows the
constitutive upregulation of SBT3.3 and concurrent downregulation of NRPD2 in pyr1 plants compared
to Col-0, congruent with the activation of immune priming in the mutant. The downregulation was
specific for NRPD2, encoding the second large subunit of Pol V, because the expression of the gene
encoding the large NRPE1 subunit exhibited a minimal variation in pyr1 plants (Figure 7A).
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Figure 7. Loss of PYR1 function provokes the setting of hallmarks characteristic of primed immunity.
(A) Comparative RT-qPCR of SBT3.3, NRPD2, and NRPE1 transcript levels between healthy Col-0
and pyr1-2 plants. The expression was normalized to the constitutive ACT2/8 gene and then to the
expression in Col-0 plants. (B) Chromatin immunoprecipitation (ChIP) and comparison between
Col-0 and pyr1-2 plants of the level of histone H3 Lys4 trimethylation (H3K4me3) and histone H3
Lys9 acetylation (H3K9ac) on the SBT3.3, PR-1, WRKY6, and WRKY53 gene promoters as present
in leaf samples. The setting of histone marks in ACTIN2 was used as an internal control. Data are
standardized for Col-0 histone modification levels. Data represent the mean ± SD; n = 3 biological
replicates. An ANOVA was conducted to assess significant differences between MPKs activation and
PR1 accumulation (p < 0.05); the asterisks * above the bars indicate statistically significant differences
regarding Col-0 plants.
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In plants defective in RdDM-mediated epigenetic control, immune priming is activated
concurrently with chromatin histone activation marks being enriched in SA-related genes, including
the SBT3.3 gene itself [54,62]. Thus, we hypothesized that SA-related defense genes and SBT3.3
in pyr1-2 plants are poised for enhanced expression by differential histone modification. We used
chromatin immunoprecipitation (ChIP) to analyze H3K4me3 and H3K9ac activation marks on the
SBT3.3 and PR-1 gene promoter regions in pyr1 and Col-0 plants. We also examined the genes
encoding WRKY6 and WRKY53, transcriptional regulators of SA-defense genes. Figure 7B shows
that H3K4me3 marks in the SBT3.3 promoter region notably increased in pyr1 plants compared to
Col-0 plants, while H3K9ac marks remained invariant (Figure 7B), supporting previous descriptions of
plants constitutively expressing primed immunity [54,62,63]. On the PR1 promoter, both H3K4me3
and H3K9ac activation marks increased three- and two-fold, respectively, in pyr1 plants compared
to Col-0 (Figure 7B). Likewise, histone activation marks also moderately increased in the WRKY6
and WRKY53 promoters of pyr1 plants compared to Col-0 plants (Figure 7B). The setting of histone
marks in pyr1 plants remained unchanged in the ACTIN2 gene promoter, which was used as the
control (Figure 7B). Therefore, chromatin activation marks proliferated in the promoter regions of the
priming regulatory gene SBT3.3 and the SA-responsive genes in pyr1 plants and would explain why
the PR-1 protein showed accelerated and enhanced accumulation in pyr1 plants following pathogen
inoculation (Figure 6). Our results indicated that ABA and its PYR1-mediated perception represented
novel integral components of a signaling process, repressing SA-mediated immunity.

2.8. NahG Plants Abrogate the Altered Disease Resistance Response of pyr1 Plants

To evaluate the role of SA for pyr1-altered resistance, we generated a pyr1;NahG double mutant.
In plants carrying the NahG transgene, salicylate hydroxylase depletes the plant of this defense
hormone [64]. Compared to Col-0, NahG plants showed an anticipated increase in susceptibility to
P. syringae DC3000 due to SA depletion (Figure 8A). Interestingly, in pyr1;NahG plants, the pyr1-mediated
enhanced resistance was abrogated, and instead enhanced susceptibility to P. syringae DC3000
emerged (Figure 8A). Moreover, when assayed against the fungal pathogen P. cucumerina, NahG plants
behaved like Col-0, both showing the same degree of susceptibility (Figure 8B), suggesting normal
metabolic levels of SA played no major role in the resistance towards this pathogen. Surprisingly,
in pyr1;NahG plants, the pyr1-mediated-enhanced susceptibility to P. cucumerina was abrogated
(Figure 8B), with pyr1;NahG plants to be behaving as Col-0 or NahG plants. This suggested that
the PYR1-mediated perception of ABA negatively regulated the SA pathway. When this negative
regulation failed, such as in pyr1 plants, the SA levels increased, and the resistance to P. syringae
DC3000 was activated. As a trade-off effect, the elevated SA levels presumably interfered with JA or
ET signaling pathways required for mounting a resistance response to fungal pathogens.

2.9. pyr1-Mediated Enhanced SA Content Blocks ET Perception

The SA and JA signal pathways are under an antagonistic equilibrium. Therefore, we wondered
if the enhanced SA levels of pyr1 plants could be affecting JA signaling in this mutant. We studied pyr1
plants for altered responses to JA using the widely applied root growth inhibition assay. In the absence
of JA, primary root length of pyr1 seedlings was comparable to that of Col-0 plants (Supplemental
Figure S2), and in the presence of JA, root growth reduction in the mutant was also similar to that
observed in Col-0 plants (Supplemental Figure S2), providing evidence that JA perception was not
impaired in the mutant. In addition, comparison of the expression level of different JA-responsive
genes at different times following P. cucumerina inoculation in Col-0 and pyr1 plants revealed that JA
signaling appeared to be not affected in the mutant (Supplemental Figure S3). Instead, for some of
the genes analyzed, a higher induction was recorded in pyr1 plants. Therefore, JA signaling was not
compromised in pyr1 plants.
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represent standard deviation (n = 12). For P. cucumerina, data points represent the average lesion size 
± SE of measurements. An ANOVA was conducted to assess significant differences in disease 
symptoms (p < 0.05); the letters above the bars indicate different homogeneous groups with 
statistically significant differences. (C) Apical hook region of the indicated seedlings germinated and 
grown on MS/2 in the dark for 4 d in the presence of the indicated concentration of ACC. (D) 
Hypocotyl length of seedlings germinated and grown in the dark for 4 d on MS/2 medium 
supplemented with the denoted concentrations of ACC. Error bars represent standard deviation (n = 
50). An ANOVA was conducted, and no significant differences were observed in hypocotyl length (p 
< 0.05). (E) Apical hook region of Col-0 seedlings germinated and grown on MS/2 in the dark for 4 d 
in the presence of the indicated concentration of ACC and SA. 

  

Figure 8. Effect of NahG on disease resistance and insensitivity to ACC of pyr1 plants and seedlings.
(A,B) Comparative disease resistance towards P.s. DC3000 and P. cucumerina among Col-0, pyr1-2,
NahG, and pyr1-2NahG plants. Growth of P. syringae DC3000 was measured at 3 d.p.i. Error bars
represent standard deviation (n = 12). For P. cucumerina, data points represent the average lesion
size ± SE of measurements. An ANOVA was conducted to assess significant differences in disease
symptoms (p < 0.05); the letters above the bars indicate different homogeneous groups with statistically
significant differences. (C) Apical hook region of the indicated seedlings germinated and grown on
MS/2 in the dark for 4 d in the presence of the indicated concentration of ACC. (D) Hypocotyl length of
seedlings germinated and grown in the dark for 4 d on MS/2 medium supplemented with the denoted
concentrations of ACC. Error bars represent standard deviation (n = 50). An ANOVA was conducted,
and no significant differences were observed in hypocotyl length (p < 0.05). (E) Apical hook region of
Col-0 seedlings germinated and grown on MS/2 in the dark for 4 d in the presence of the indicated
concentration of ACC and SA.

We next asked whether ET signaling, which is also pivotal for resistance to fungal pathogens [10,12,13],
could be the one impaired in pyr1 plants due to the elevated levels of SA. This hypothesis gained even
more relevance in view of the recently described mechanism explaining the antagonism between SA and
ET in the suppression of apical hook formation and early seedling establishment via NPR1-mediated
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repression of EIN3 and EIL1 [16]. We, therefore, assayed Col-0 and pyr1 seedlings, grown in the
dark in the presence or absence of a low concentration of the ethylene precursor ACC (5 µM), for the
induction of the ET-mediated triple response. The triple response in Arabidopsis consists of shortening
and thickening of hypocotyls and roots and exaggeration of the curvature of apical hooks. Compared to
Col-0, the assay revealed that pyr1 seedlings showed no curvature of the apical hook (Figure 8C) and
also showed less shortened hypocotyls (Figure 8D) when grown in the presence of ACC. Thus, the
pyr1 mutant was impaired in ET perception. The enhanced SA content in pyr1 seedlings was the causal
link mediating insensitivity to ET since in pyr1;NahG double mutant, normal sensitivity to ET was
re-established (Figure 8C,D). Moreover, when Col-0 seedlings were assayed in the presence of high
amounts of SA (100µM), the ACC-induced triple response was abrogated (Figure 8E), further sustaining
that the elevated levels of SA in pyr1 plants blunted ET perception. Thus, our results suggested that
perception of ABA through PYR1 acted primarily as a module negatively controlling the SA pathway.
When ABA/PYR1 failed, the SA pathway was released, and the resistance to P. syringae DC3000 was
activated. As a trade-off effect, the enhanced accumulation of the SA pathway blocked the ET pathway,
the later required for resistance to fungal necrotrophic pathogens.

3. Discussion

Despite the demonstrated role of ABA on the final outcome of immune responses, the specific
components of the ABA signaling apparatus and the specific mechanisms that exploit ABA to
positively and negatively influence immune responses to specific plant-pathogen interactions have
remained largely unknown. Here, we showed that SnRK2s kinases were actively engaged in activating
resistance towards P. cucumerina, whereas the loss-of-function of any of the three individual SnRK2s
compromised this resistance. Furthermore, we demonstrated that PYR1 was pivotal and played
a positive role in disease resistance to P. cucumerina since overexpression of PYR1 (i.e., PYR1-OE
transgenic line) conferred significantly enhanced resistance. Conversely, in PYR1 loss-of-function
mutants, the resistance was compromised. Therefore, the PYR1 receptor had functional specificity
in perceiving ABA produced in response to fungal infection to activate plant immunity. This study
provided novel information about a specific ABA receptor-mediating specific plant immune responses
and pinpointed ABA-activated SnRK2s as cardinal components for plant resistance. This information
helps construct a functional classification scheme of the different members of the PYR/PYL receptor
family with respect to their downstream signaling pathways in a true biological context. Thus, specific
non-redundant roles for PYR1 and PYL8 have been reported in plant immunity (this work) and root ABA
sensitivity [50], respectively. An explanation for the specific role of PYR1 in pathogen response could be
the selective and highly localized pathogen-induced expression of PYR1 in vascular bundles (Figure 3A).
This expression pattern mirrors the expression of genes encoding ABA-biosynthetic enzymes [65–68].
Therefore, the synthesis of ABA and the pathogen-induced expression of PYR1 spatially concur in the
vasculature, supporting the hypothesis that vascular tissues function as an integrating node, triggering
stress signaling that sets in motion the local and systemic immune responses in the plant [67,69,70].

This study showed that resistance to A. brassicicola was also dependent on ABA and PYR1,
reinforcing the importance of this signal pathway for activating immunity against necrotrophs.
This further reconciled with results shown above and also with previous studies showing that ABA
promotes enhanced resistance to the necrotroph P. cucumerina [23,25,71]. Moreover, when a fungal
necrotroph is a shift to a biotrophic lifestyle by changing the inoculation method and also the
developmental stage of the plant [72], as reported for P. cucumerina [22], then ABA exerts an opposite
effect, and the resistance to this same pathogen is suppressed. This contradictory role of ABA at
controlling the disease resistance has also been observed for biotrophic pathogens (e.g., P. syringae
DC3000), with resistance appearing negatively regulated by ABA, whereas resistance is enhanced
in ABA-deficient mutants (Mohr & Cahill, 2007; Jensen et al., 2008; Fan et al., 2009; Verhage et al.,
2010) [4,21,26,27]. In fact, we showed that the growth of P. syringae DC3000 was severely restricted
in pyr1 plants, as documented for aba2 aao3 plants or the ABA-insensitive abi1-1 and abi2-1 mutants [8,28].
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These results demonstrated the Janus functions of PYR1 in disease resistance, mediating repression of
immunity against biotrophic pathogens, whereas activation against necrotrophs. Consequently, PYR1
may regulate which of these two plant immune programs prevails. This hypothesis supports previous
observations of ABA as a hormone that interacts antagonistically or synergistically with the SA-JA-ET
backbone of the plant immune signaling network, redirecting defense outputs [4,28,73–75]. Yet, how
does the ABA/PYR1 module interfere with immunity to drive simultaneously the repression and
activation of the SA and JA/ET defense pathways, respectively? Hormone cross-talk allows different
hormone signaling pathways to act antagonistically or synergistically, providing the powerful regulatory
potential to flexibly tailor the plant’s adaptive response to a range of environmental cues [4]. Our results
showed basal activation of the SA-dependent pathway in pyr1 mutants, and that pyr1 was insensitive
to the damping effect of ABA on SA signaling. This finding supported previous work demonstrating
the negative role of ABA on disease resistance to biotrophs, and that P. syringae-induced ABA levels
in Col-0 suppress SA biosynthesis and action, enhancing susceptibility to this pathogen [21,28,73,75,76].
Interestingly, our finding that JA perception remained intact in pyr1 plant but ET perception became
compromised added a degree of specificity for the understanding of the disease resistance phenotype of
the mutant. The observation that in pyr1;NahG plants, the pyr1-mediated ET-insensitivity was reversed,
and that SA per se could block ET perception in Col-0 plants (Figure 8 and Huang et al., 2020), pointed
towards SA-mediated repression of ET signaling modulated by ABA and PYR1 during pathogenesis.
The positive effect of ABA at promoting ET-dependent resistance to fungal pathogens may be indirect:
perception of pathogenic ABA by PYR1 dampens SA signaling, which, in turn, stops ET pathway
repression by SA. This ABA and PYR1-modulated cross-talk regulation of SA and ET pathways may
provide the plant with a powerful regulatory potential to boost its defenses according to the lifestyle
of the attacker. This phenomenon may also explain why disease-promoting biotrophic pathogens
(e.g., P. syringae DC3000) have developed strategies to alter the host ABA physiology as part of the
infection strategy [28,76].

How does then ABA/PYR1-mediated signaling control SA-mediated defenses? pyr1 plants bear
constitutive activation of ICS expression and moderate enhanced level of SA. Besides, pyr1 plants carry
the hallmarks of immune priming, including (1) basal activation of MPKs; (2) repression of NRPD2
and, therefore, the RdDM mechanisms that negatively control the onset of defense; (3) activation
of the SBT3.3 subtilase; and (4) readying of SA-related genes for enhanced expression by pertinent
chromatin modifications. Therefore, pyr1 plants mirror the phenotypes of RdDM defective mutants,
which exhibit simultaneous enhanced susceptibility and resistance to necrotrophs and biotrophs,
respectively [54], supporting SA signaling activation in pyr1 plants. The fact that immune priming
and SA-mediated resistance are negatively regulated by the RdDM, and that in pyr1 plants, the ABA
repression of SA pathway is relieved, both observations unveil the importance of ABA/PYR1 as new
element participating in an epigenetic mechanism of control of gene expression in plant immunity.

4. Materials and Methods

4.1. Plants Growth Conditions

Arabidopsis thaliana plants were grown in a growth chamber (19–23 ◦C, 85% relative humidity,
100 mEm−2 s−1 fluorescent illumination) on a 10-h-light and 14-hr-dark cycle. All mutants and
transgenic plants are in Col-0 background; SnRK2.6-HA/OE and SnRK2.2-HA/OE were previously
described [77,78]; snrk2.2 snrk2.3 and snrk2.6 were described in [44,45,51]; the triple mutants pp2ca1-1
hab1-1 abi2-2 and abi2-2 hab1-1 abi1-2 were described in [22]; ocp3-1 and aba2-1 mutants described
in [25,53], and the triple pyl4 pyl5 pyl8, pyr1 pyl4 pyl8, and pyr1 pyl4 pyl5 mutants, along with
the quadruple pyr1 pyl1 pyl2 pyl4 and single pyl1, pyl4, pyr1-1, pyr1-2 and pyr1-8 mutants were
described in [41,45]. Transgenic lines carrying pPYR1::GUS, pPYL1::GUS, pPYL4::GUS were described
previously [45]. NahG plants were described previously [64].
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4.2. Gene Expression Analysis

Total RNA was extracted from plant tissues using TRIzol (Invitrogen, Waltham, MA, USA) and
purified by lithium chloride precipitation. Reverse transcription was done using the RevertAid H
Minus First Strand cDNA Synthesis Kit (Fermentas Life Sciences, Waltham, MA, USA). Quantitative
PCR (qPCR) was performed using an ABI PRISM 7000 sequence detection system and SYBR-Green
(Perkin-Elmer Applied Biosystems, Foster, CA, USA). ACTIN2 and ACTIN8 were the reference genes.
The primers used for RT-qPCR experiments are provided in Table S1. RT-qPCR analyses were performed
at least three times using sets of cDNA samples from independent experiments.

4.3. Immunoprecipitation of HA–SnRKs and In Vitro Phosphorylation

HA-tagged SnRK2.2 and SnRK2.6 were immunoprecipitated and used for in vitro kinase assay,
as described previously [78].

4.4. Chromatin Immunoprecipitation

Chromatin isolation and immunoprecipitation were performed, as described [54,62]. Chip samples,
derived from three biological replicates, were amplified in triplicate and measured by quantitative
PCR using primers for SBT3.3, PR-1, WRKY6, WRKY53, and Actin2, as reported [54,62]. All ChIP
experiments were performed in three independent biological replicates. The antibodies used for the
immunoprecipitation of modified histones from 2 g of leaf material were antiH3K4m3 (#07-473 Millipore)
and antiH3K9ac (#07-352 Millipore).

4.5. Western Blot

Protein crude extracts were prepared by homogenizing ground frozen leaf material with
Tris-buffered saline (TBS) supplemented with 5 mM DTT, protease inhibitor cocktail (Sigma-Aldrich),
and protein phosphatase inhibitors (PhosStop, Roche). Protein concentration was measured using
Bradford reagent; 25 µg of total protein was separated by SDS-PAGE (12% acrylamide w/v) and
transferred to nitrocellulose filters. The filter was stained with Ponceau-S after transfer and used as
a loading control.

4.6. Pathogen Assays

Pseudomonas syringae DC3000 was grown for two days, and a culture with O.D. 2 × 10−4 was
used to infect 5-week-old Arabidopsis leaves by infiltration, and the bacterial growth was determined
following [54,62]. Twelve samples were used for each data point and represented as the mean ± SD
of log c.f.u./cm2. For Plectosphaerella cucumerina and Alternaria brassicicola bioassays, 5-week-old
plants were inoculated, as described [23,24], with a suspension of fungal spores of 2.5 × 104, 5 × 106,
and 5 × 106 spores/mL, respectively. The challenged plants were maintained at 100% relative humidity.
Disease symptoms were evaluated by determining the lesion diameter of at least 100 lesions (25 plants
per genotype and four leaves per plant) at 3, 12, and 8 days after inoculation with P. cucumerina and
A. brassicicola, respectively. For pathogen-induced callose deposition analyses, infected leaves were
stained at 24, 48, and 72 h.p.i. with aniline blue, and callose deposition quantifications were performed,
as described by [53].

4.7. Determination of Plant Hormones and Metabolites

ABA, JA, SA levels were determined, as described previously [25,71].

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/16/5852/s1,
Figure S1: Disease resistance towards Alternaria brassicicola in Col-0, aba2-1, pyr1, pyl2 and pyl4 plants and
comparison of Col-0 and pyr1-2 plants upon inoculation with Altenaria brassicicola. Figure S2: Response of
Col-0 and pyr1-2 seedlings to JA. Figure S3: Comparative RT-qPCR analysis for the expression of different
JA-responsive and biosynthesis genes in either mocked or P. cucumerina-inoculated Col-0 and pyr1 plants. Table S1:
primer sequences.
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Abstract: The plant-specific receptor-like cytoplasmic kinases (RLCKs) form a large, poorly
characterized family. Members of the RLCK VI_A class of dicots have a unique characteristic:
their activity is regulated by Rho-of-plants (ROP) GTPases. The biological function of one of these
kinases was investigated using a T-DNA insertion mutant and RNA interference. Loss of RLCK VI_A2
function resulted in restricted cell expansion and seedling growth. Although these phenotypes could
be rescued by exogenous gibberellin, the mutant did not exhibit lower levels of active gibberellins nor
decreased gibberellin sensitivity. Transcriptome analysis confirmed that gibberellin is not the direct
target of the kinase; its absence rather affected the metabolism and signalling of other hormones
such as auxin. It is hypothesized that gibberellins and the RLCK VI_A2 kinase act in parallel to
regulate cell expansion and plant growth. Gene expression studies also indicated that the kinase
might have an overlapping role with the transcription factor circuit (PIF4-BZR1-ARF6) controlling
skotomorphogenesis-related hypocotyl/cotyledon elongation. Furthermore, the transcriptomic
changes revealed that the loss of RLCK VI_A2 function alters cellular processes that are associated
with cell membranes, take place at the cell periphery or in the apoplast, and are related to cellular
transport and/or cell wall reorganisation.

Keywords: Arabidopsis thaliana; cell expansion; gibberellins; hypocotyl growth; transcriptomic
analysis; plant hormones; plant size; receptor-like cytoplasmic kinase; skotomorphogenesis

1. Introduction

Eukaryotic protein kinases form a large superfamily, and are associated essentially with all
cellular functions. During evolution, protein kinase families have evolved independently in the
lineages of eukaryotes. In consequence, the various kinase families are unevenly represented in
the different eukaryotic organisms, which also have specific kinase classes. The number of protein
kinase coding genes is especially high in plant genomes. In Arabidopsis thaliana, ~4% of the protein
coding genes code for protein kinases while this percentage is ca. 2% in Homo sapiens [1]. This high
number of protein kinases is likely due to the importance of cell-to-cell communication during the
post-embryonic development of plants that is strongly influenced by the environment. In addition,
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plant defence and immunity depend on the specific recognition of pathogen-associated molecular
patterns. In plants, cell-to-cell communication as well as innate immunity rely on plant receptor-like
kinases (RLKs), which account for more than half of protein kinases in Arabidopsis (>600 RLK genes
out of >1000 kinase-coding genes). RLKs resemble the receptor kinases of animals. The sequence
of their kinase domain indicates that they are rather related to the animal cytoplasmic Pelle and
interleukin receptor-associated kinases [2]. Moreover, RLKs exhibit serine/threonine kinase specificity
in contrast to animal receptor kinases that are almost exclusively tyrosine kinases. This indicates that
ancient RLK/Pelle kinases were co-opted for transmembrane signalling in plants after their divergence
from animals.

RLKs can be classified into several families based on their various extracellular ligand-binding
and slightly divergent cytoplasmic kinase domains [2]. There are also a number of RLK-like kinases
that have only cytoplasmic kinase domain but no extracellular ligand-binding domain (only a few
of them have a transmembrane domain) [3]. These cytoplasmic protein kinases are referred to as
receptor-like cytoplasmic kinases, or receptor-like cytoplasmic kinases (RLCKs). The 149 RLCKs
of Arabidopsis were divided into 17 subfamilies (RLCK-II and RLCK-IV to RLCK-XIX), based on
sequence homology [3]. RLCKs often associate with RLKs to mediate cellular signalling in response to
various RLK-sensed environmental and/or developmental signals [4]. Most of the RLCKs, however,
have unknown functions.

The Arabidopsis RLCK-VI family is divided into two groups, with seven members each:
RLCK VI_A and RLCK VI_B [5]. RLCK VI_A but not RLCK VI_B kinases were shown to bind plant
Rho-type small GTPases (ROPs) in their GTP-bound state [6–9]. This binding results in augmented
in vitro kinase activity [6,8,9]. Regulation of kinase activity by Rho-type GTPases is well known in animal
and yeast cells as well. In these organisms, the kinase classes regulated by Rho-type Rho/Rac/Cdc42
GTPases are the p21-activated kinases (PAKs), the Rho-kinases (ROKs), the mixed-lineage kinases
(MLKs), the myotonin-related Cdc42-binding kinases (MRCKs), the citron kinases (CRIKs), and the
novel protein kinase (PKN) [10]. However, plant genomes code for none of these kinases [11]. It seems
that, during the evolution of land plants, a sub-group of plant-specific RLCKs were co-opted to
mediate ROP GTPase signalling [12]. While the GTPase-binding ability of yeast and animal Rho-type
GTPase-regulated kinases is due to the presence of defined structural elements outside of their kinase
domains (such as the Cdc42/Rac-interactive binding -CRIB- motif of PAKs), RLCK VI_A kinases use
conserved amino acids widely distributed in the kinase domain to form a binding surface for ROPs [12].

At present, the members of the RLCK VI_A group are the only known plant kinases for which the
activity is directly regulated by ROP GTPases, at least in vitro [6,8,9]. This fact is rather surprising,
considering the wide role of animal Rho-type GTPases in kinase signalling [10], as well as the
central role of ROP GTPases in a variety of cellular functions [13]. Despite their unique regulation,
the biological function of RLCK VI_A kinases has hardly been investigated so far [11]. The barley
HvRBK1 kinase (homologue of the Arabidopsis RLCK VI_A3 kinase) was shown to have a role
in basal disease resistance [6]. Transient silencing of the gene decreased the stability of cortical
microtubules and promoted fungal penetration into barley epidermal cells. Mutation in the gene
coding for the Arabidopsis homologue of HvRBK1, AtRLCK VI_A3 was reported to support fungal
reproduction [9]. Arabidopsis AtRBK1 (RLCK VI_A4) and AtRBK2 (RLCK VI_A6) genes were shown
to have augmented expression following pathogen infection, supporting the general role of RLCK
VI_A kinases in pathogen responses. The atrlck vi_a3 mutant also exhibited reduced plant size and an
increase in the ratio of trichomes with high branch numbers, while the AtRBK1 (RLCK VI_A4) kinase
was found to be a member of a kinase cascade regulating auxin-mediated cell elongation, consistent
with a developmental/morphogenic role [14].

Here, we report the involvement of the AtRLCK VI_A2 gene in the regulation of plant growth
and (skoto)morphogenesis. T-DNA insertion into the gene resulted in reduced hypocotyl elongation
and smaller rosette size, which could be ascribed to limited cell expansion. These mutant phenotypes
were complemented by the exogenous application of gibberellic acid. Measurements could not reveal

114



Int. J. Mol. Sci. 2020, 21, 7266

differences neither in the gibberellin content nor in the gibberellin sensitivity of the mutant. Transcript
analysis indicated that the kinase might indirectly affect gibberellin-dependent responses during
skotomorphogensis, by overlapping with the action of the central transcription factor network regulating
hypocotyl growth, and interfering with hormone signalling, cell wall organisation, and cellular
transport processes.

2. Results

2.1. Molecular Characterization of the RLCK VI_A2 T-DNA Insertion Mutant and the Transgenic Plants Used
in the Study

In order to reveal possible biological functions of the ROP GTP-ase binding AtRLCK VI_A2
(At2G18890) kinase [8], we carried out a search in the GABI-Kat Arabidopsis T-DNA insertional
mutant collection [15]. Two lines with predicted T-DNA insertion in the 5’ untranslated region
(GABI_676D12) or in the second intron of the At2G18890 gene (GABI_435H03), respectively, could be
identified. Seeds of the T-DNA mutants were obtained from the Nottingham Arabidopsis Stock Centre
(NASC) [16]. Expression of the At2G18890 gene was tested in the homozygous lines using a specific PCR
primer pair, amplifying the whole transcript by RT-PCR. It could be established that the GABI_435H03
line does not produce RLCK VI_A2 transcripts in contrast to the line GABI_676D12 (Figure 1a). In order
to determine the exact T-DNA insertion site, the junction region of the At2G18890 gene and the T-DNA
was amplified from the genomic DNA of the GABI_435H03 line using a T-DNA-specific reverse primer
and an At2G18890 second exon specific forward PCR primer. Sequencing of the PCR product verified
that the T-DNA insertion was located not in the second intron but in the third exon (at the ninth codon
after the intron/exon junction) (Figure 1b). Mapping transcript reads of the rlck vi_a2 mutant by next
generation sequencing (NGS) to the reference Arabidopsis thaliana genome confirmed that, although the
first two exons are transcribed in the mutant, full length functional transcripts are not produced and
therefore the mutant can be considered as a knock out (Supplementary Figure S1).
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Figure 1. Expression of the receptor-like cytoplasmic kinase (RLCK) VI_A2 gene in various 
Arabidopsis lines used in the study. (a) RT-PCR results using RLCK VI_A2 (upper row) and GAPC-2 
specific (lower row) primers in wild type (1), T-DNA insertion line GABI_435H03 (2), T-DNA 
insertion line GABI_676D12 (3), and the GABI_435H03 line expressing the RLCK VI_A2 cDNA 
transgene under the control of the 35S promoter (complemented mutant) (4). (b) Site of the T-DNA 

Figure 1. Expression of the receptor-like cytoplasmic kinase (RLCK) VI_A2 gene in various Arabidopsis
lines used in the study. (a) RT-PCR results using RLCK VI_A2 (upper row) and GAPC-2 specific
(lower row) primers in wild type (1), T-DNA insertion line GABI_435H03 (2), T-DNA insertion line
GABI_676D12 (3), and the GABI_435H03 line expressing the RLCK VI_A2 cDNA transgene under the
control of the 35S promoter (complemented mutant) (4). (b) Site of the T-DNA insertion in the third
exon of the At2G18890 gene coding for the AtRLCK VI_A2 kinase in the GABI_435H03 line.

To validate the mutant phenotypes, various transgenic Arabidopsis lines were produced.
The rlck vi_a2 mutant was complemented with 35S-promoter-driven expression of the At2G18890
cDNA N-terminally fused, with a TAP-tag that allows co-immunoprecipitation of kinase interacting
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proteins [17]. Based on gene expression verification, a representative line was selected for further
studies (Figure 1a). Furthermore, estradiol-induced RNA-interference [18] was used to knock down
RLCK VI_A2 expression (Supplementary Figure S2a) to further verify some of the experimental findings
obtained with the mutant line.

2.2. The RLCK VI_A2 Kinase Controls Seedling and Plant Growth

The rlck vi_a2 mutant seedlings that were grown under 8 h/16 h light/dark periods for 5 days
exhibited significantly shorter hypocotyls as compared to the wild type (Figure 2a,c). Ectopic
expression of the kinase in the mutant background restored hypocotyl growth to normal (Figure 2a,c).
The cotyledons were also smaller in the mutant, although this difference was not statistically significant
(Figure 2b). Since hypocotyl growth is accelerated in the dark, seeds were also germinated and cultured
under continuous darkness for 16 days, and the size of the hypocotyls and cotyledons was compared
(Figure 2d–f).

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 20 

 

insertion in the third exon of the At2G18890 gene coding for the AtRLCK VI_A2 kinase in the 
GABI_435H03 line. 

To validate the mutant phenotypes, various transgenic Arabidopsis lines were produced. The 
rlck vi_a2 mutant was complemented with 35S-promoter-driven expression of the At2G18890 cDNA 
N-terminally fused, with a TAP-tag that allows co-immunoprecipitation of kinase interacting 
proteins [17]. Based on gene expression verification, a representative line was selected for further 
studies (Figure 1a). Furthermore, estradiol-induced RNA-interference [18] was used to knock down 
RLCK VI_A2 expression (Supplementary Figure S2a) to further verify some of the experimental 
findings obtained with the mutant line. 

2.2. The RLCK VI_A2 Kinase Controls Seedling and Plant Growth 

The rlck vi_a2 mutant seedlings that were grown under 8 h/16 h light/dark periods for 5 days 
exhibited significantly shorter hypocotyls as compared to the wild type (Figure 2a,c). Ectopic 
expression of the kinase in the mutant background restored hypocotyl growth to normal (Figure 2a,c). 
The cotyledons were also smaller in the mutant, although this difference was not statistically 
significant (Figure 2b). Since hypocotyl growth is accelerated in the dark, seeds were also germinated 
and cultured under continuous darkness for 16 days, and the size of the hypocotyls and cotyledons 
was compared (Figure 2d–f). 

 
Figure 2. The rlck vi_a2 mutation affects hypocotyl and cotyledon elongation. Hypocotyl (a,d) and 
cotyledon (b,e) length were measured for 5-days-old short-day (SD; 8/16h light/dark cycle) and 16-
days-old dark-grown (cDark; continuous dark) seedlings. WT—wild type; MUT—T-DNA insertion 
mutant line; CO—complemented mutant line. Three biological replicates were made with 15–25 

Figure 2. The rlck vi_a2 mutation affects hypocotyl and cotyledon elongation. Hypocotyl (a,d) and
cotyledon (b,e) length were measured for 5-days-old short-day (SD; 8/16h light/dark cycle) and
16-days-old dark-grown (cDark; continuous dark) seedlings. WT—wild type; MUT—T-DNA insertion
mutant line; CO—complemented mutant line. Three biological replicates were made with 15–25 plants
per line. Averages and standard errors are shown. Corresponding representative images are displayed
on (c,f). ** p < 0.005 (Student’s t-test; comparison to WT).
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The hypocotyl of the mutant was found to be significantly shorter under this condition as well,
while the wild type and complemented lines exhibited similar hypocotyl sizes (Figure 2d,f). The length
of cotyledons, especially that of their petioles, were significantly reduced in the mutant but was restored
to the wild type level in the complemented line (Figure 2e,f). The phenotypes of mutant seedlings
could be recreated via estradiol-induced silencing of the RLCK VI_A2 gene in transgenic seedlings
(Supplementary Figure S2b).

Seedlings were also grown into plants in pots in the greenhouse under short-day condition (8 h
light, 16 h dark). A significant difference in the size of the rosettes was observed: it was decreased in
the mutant, but restored to the normal level in the complemented transgenic line as compared to the
wild type control (Figure 3).
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Microscopic investigations revealed that epidermal cell size was significantly smaller in both 
investigated organs of the mutant seedlings (Figure 4). In the mutant, hypocotyl epidermal cells were 
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but their shape was also different; their circularity index was much higher (Figure 4c,d), indicating 
limited planar polarity [19]. 

Figure 3. Greenhouse-grown mutant (MUT) plants exhibited smaller plant size, as evidenced by
measuring the rosette diameter. Normal size of the wild type (WT) plants was restored by expressing
the kinase cDNA in the mutant background (complemented, CO line). Rosette diameters in mm are
shown in (a), and representative images of the measured 4-weeks-old plants in (b). The plants were
grown in short day conditions (SD). Averages and standard errors were calculated and are shown on
(a). n = 15–25, ** p < 0.005 (Student’s t-test; comparison to WT).

Altogether, these data indicate that the RLCK VI_A2 kinase is required for normal plant growth
under light as well as in dark; in seedlings as well as in greenhouse plants.

2.3. The RLCK VI_A2 Kinase Controls Cell Size

Microscopic investigations revealed that epidermal cell size was significantly smaller in both
investigated organs of the mutant seedlings (Figure 4). In the mutant, hypocotyl epidermal cells were
less elongated (Figure 4a,b), while the epidermal cells of the cotyledon were not only smaller in area,
but their shape was also different; their circularity index was much higher (Figure 4c,d), indicating
limited planar polarity [19].
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Figure 4. The sizes of hypocotyl (a,b) and cotyledon (c,d) cells are significantly smaller in the mutant
(MUT) than in the wild type (WT) plants. Fluorescent (a) and scanning electron microscopic (c) images
are shown for the epidermal cells of the hypocotyl (a) and the cotyledon (c), respectively, of 5-day-old
seedlings. The white bars indicate 100 µm (a), and 10 µm (b), respectively. For the quantitative
comparison of cell size (b,d), 150–200 cells were measured for each of three randomly selected seedlings
per line. Averages and standard errors are shown on the histograms. * p < 0.05; ** p < 0.005 (Student’s
t-test; comparison to WT).

2.4. Gibberellic Acid Treatment Rectifies the rlck vi_a2 Mutant Phenotypes

In order to test whether the mutant phenotype can be linked to the disturbed action of plant
hormones, seedlings were grown in the presence of various plant growth regulators (5 nM indoleacetic
acid, 1 µM brassinolide, 100 µM ethephon (Ethrel) or 20 µM gibberellic acid (GA3)) and hypocotyl,
cotyledon and rosette sizes were measured (Supplementary Figures S3 and S4). Of the investigated
hormones, exogenous gibberellin (GA3) was found to rectify the growth defects of the rlck vi_a2 mutant
(Figure 5) and the RNAi-silenced lines (Supplementary Figure S4).
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or in continuous dark (cDark) for 17 days (b,c) and plants grown at short days in greenhouse (d) were
or were not treated with 20 µM gibberellic acid (GA3). Hypocotyl length (a,b), cotyledon length (c)
or rosette diameter (d) were measured in 15–25 seedlings or plants, respectively, in three repetitions.
Averages and standard errors are shown. ** p < 0.05 (Student’s t-test; comparison to WT).

2.5. The Effect of the rlck vi_a2 Mutation on Gibberellic Acid Level, Synthesis, and Signalling in Seedlings

Endogenous level of gibberellins (GAs) having biological activity was determined in the case of
wild type, and mutant and complemented mutant seedlings (Figure 6a). The major bioactive GAs
include GA1, GA3, GA4, and GA7, but GA5 and GA6 have also been indicated to have biological
activities [20]. In 9-day-old seedlings, among these GAs, GA5 exhibited the highest concentration,
GA1, GA4 and GA7 was found to have lower levels, while GA3 and GA6 could not be detected.
No significant differences were found in the concentration of active GAs in the seedlings of the various
Arabidopsis lines tested. The GA sensitivity of the mutant was also compared to that of the wild type
control. It was found that hypocotyl growth was not less responsive to exogenous GA3 in the mutant
than in the wild type (Figure 6b).
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Figure 6. Gibberellin content and gibberellin sensitivity of the mutant and the wild type. (a) Endogenous
content of active gibberellins was measured in 9-days-old seedlings of wild type (WT), rlck vi_a2
mutant (MUT), and complemented mutant (CO) lines. Seedlings were grown in vitro under short
day (SD; 8 h/16 h light/dark) conditions in a growth chamber. Samples were collected from three
independent experiments. Averaged data are shown with the standard deviations. No statistically
significant differences could be observed among the tested Arabidopsis lines (p < 0.05 Student’s t-test;
comparison to WT). (b) Relative hypocotyl length was determined in response to a range of GA3

concentrations (0–100 µM), in the case of wild type and mutant seedlings (9-days-old; grown under
low intensity continuous white light).

119



Int. J. Mol. Sci. 2020, 21, 7266

2.6. Transcriptome Analysis Indicated a Gibberellin-Independent Role for the RLCK VI_A2 Kinase
in Skotomorphogenesis

To clarify the role of the RLCK VI_A2 kinase in seedling growth and cell elongation,
the transcriptome of 18-days-old dark-grown wild-type and rlck vi_a2 mutant seedlings were
compared in three biological replicates. 1203 statistically highly significant (q < 0.05; fold change > 1.5)
DEGs (differentially expressed genes) were identified, among which 406 were upregulated and 707
downregulated (Supplementary Table S1). Gene ontology (GO) enrichment analysis (Plant GOSlim
ontologies) indicated the involvement of the kinase in the responses to various exogenous and
endogenous stimuli including biotic and abiotic stresses and plant hormones as well as in lipid,
carbohydrate, and secondary metabolism (Table 1). A more detailed GO analysis (complete GO
ontologies) showed that the kinase might modulate the signalling, metabolism and transport of several
hormones, including auxin, abscisic acid, jasmonic acid, and salicylic acid, but gibberellic acid-related
DEGs were not significantly enriched in the mutant (Supplementary Tables S2 and S3).

Table 1. Gene ontology classification (Plant GOSlim) of the DEGs for 17-days-old dark-grown rlck vi_a2
mutant seedlings without roots in comparison to wild type.

GO Term Ontology Description p-Value FDR

GO:0050896 P response to stimulus 8.6 × 10−66 2.7 × 10−63

GO:0006950 P response to stress 1.4 × 10−47 2.2 × 10−45

GO:0009605 P response to external stimulus 1.8 × 10−36 2.00 × 10−34

GO:0009607 P response to biotic stimulus 1.9 × 10−29 1.6 × 10−27

GO:0009628 P response to abiotic stimulus 1.2 × 10−27 7.4 × 10−26

GO:0051704 P multi-organism process 2.2 × 10−24 1.2 × 10−22

GO:0009719 P response to endogenous stimulus 8.1 × 10−24 3.7 × 10−22

GO:0019748 P secondary metabolic process 2.6 × 10−20 1.00 × 10−18

GO:0007154 P cell communication 3.7 × 10−15 1.3 × 10−13

GO:0009056 P catabolic process 6.3 × 10−12 2.00 × 10−10

GO:0007165 P signal transduction 2.8 × 10−11 8.3 × 10−10

GO:0009987 P cellular process 2.7 × 10−10 7.2 × 10−9

GO:0008152 P metabolic process 2.2 × 10−9 5.4 × 10−8

GO:0051179 P localization 3.3 × 10−9 7.6 × 10−8

GO:0009991 P response to extracellular stimulus 1.5 × 10−8 3.1 × 10−7

GO:0006629 P lipid metabolic process 2.1 × 10−8 4.1 × 10−7

GO:0006810 P transport 3.2 × 10−8 6.1 × 10−7

GO:0051234 P establishment of localization 4.7 × 10−8 8.4 × 10−7

GO:0005975 P carbohydrate metabolic process 2.2 × 10−7 3.7 × 10−6

GO:0008219 P cell death 7.9 × 10−6 0.00013
GO:0065008 P regulation of biological quality 2.00 × 10−5 0.00031
GO:0065007 P biological regulation 2.7 × 10−5 0.00039
GO:0042592 P homeostatic process 5.6 × 10−5 0.00078
GO:0040007 P growth 0.0009 0.012
GO:0009606 P tropism 0.0011 0.014
GO:0032502 P developmental process 0.0017 0.021
GO:0050789 P regulation of biological process 0.002 0.024
GO:0050794 P regulation of cellular process 0.0025 0.029
GO:0048856 P anatomical structure development 0.0038 0.042
GO:0003824 F catalytic activity 1.3 × 10−25 1.3 × 10−23

GO:0005215 F transporter activity 4.2 × 10−9 2.1 × 10−7

GO:0016740 F transferase activity 1.9 × 10−8 6.4 × 10−7

GO:0008289 F lipid binding 1.2 × 10−7 3.00 × 10−6

GO:0030246 F carbohydrate binding 5.7 × 10−6 0.00012
GO:0016787 F hydrolase activity 1.2 × 10−5 0.0002
GO:0019825 F oxygen binding 1.9 × 10−5 0.00027
GO:0016301 F kinase activity 2.5 × 10−5 0.00032
GO:0000166 F nucleotide binding 0.00014 0.0016
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Table 1. Cont.

GO Term Ontology Description p-Value FDR

GO:0005488 F binding 0.00021 0.0021
GO:0060089 F molecular transducer activity 0.00041 0.0034
GO:0004872 F receptor activity 0.00041 0.0034

GO:0016772 F transferase activity, transferring
phosphorus-containing groups 0.0012 0.009

GO:0005576 C extracellular region 8.6 × 10−37 1.6 × 10−34

GO:0030312 C external encapsulating structure 6.7 × 10−34 4.2 × 10−32

GO:0005618 C cell wall 6.7 × 10−34 4.2 × 10−32

GO:0005886 C plasma membrane 7.5 × 10−32 3.5 × 10−30

GO:0016020 C membrane 1.3 × 10−25 4.9 × 10−24

GO:0005773 C vacuole 4.1 × 10−5 0.0013
GO:0005783 C endoplasmic reticulum 8.8 × 10−5 0.0023
GO:0012505 C endomembrane system 0.0018 0.043

FDR—false discovery rate; P—biological process; F—molecular function; C—cellular compartment.

Browsing the annotation of those DEGs that have the GO “hormone response” for the key word
“gibberellin” revealed a small number of GA-regulated proteins (Table 2 and Supplementary Table S3),
including the GAI DELLA-type transcriptional regulator, which exhibited an app. 1,5-fold increased
expression in the mutant. The expression of other DELLA protein genes showed a slightly but not
statistically significant increase in this line. GA-related DEGs also included the AtHB23 homeobox
protein that is involved in light-regulated hypocotyl growth and cotyledon expansion [21] and the GA
catabolic enzyme GA2ox6 [22] (Table 2 and Supplementary Table S3). GA transport is considered to
be mediated by NPF (NRT1/PTR FAMILY) transporters [23–25]. The NPF family has 53 members in
Arabidopsis [26], but the expression of only 6 of them was altered in the rlck vi_a2 mutant. Interestingly,
four out of these 6 NPFs have already been implicated in GA transport (Table 2 and Supplementary
Table S3) [24,25,27]. Expressions of selected GA-related transcripts in the mutant and wild type
background were also tested by qRT-PCR (Supplementary Figure S5a). The results supported the
validity of the transcriptomic data.

Table 2. Manually identified DEGs implicated in gibberellin metabolism/response/transport in
dark-grown 17-days-old rlck vi_a2 mutant seedlings (see Supplementary Table S3 for more details).

Gene_ID Annotation Fold Change q_Value Significant

DEGs Implicated in GA Metabolism/Response *

AT1G26960 AtHB23 homeobox protein 23 2.25 0.026242 yes
AT1G74670 GASA6 Gibberellin-regulated family protein 2.07 0.001941 yes
AT2G37640 EXP3 Barwin-like endoglucanases superfamily protein 1.95 0.001941 yes
AT5G15230 GASA4 GAST1 protein homolog 4 1.88 0.001941 yes
AT2G14900 AT2G14900 Gibberellin-regulated family protein 1.70 0.001941 yes
AT1G14920 GAI GRAS family transcription factor family protein 1.46 0.00859 yes
AT3G11280 AT3G11280 Duplicated homeodomain-like superfamily protein 0.69 0.00859 yes
AT4G19700 RING SBP (S-ribonuclease binding protein) family protein 0.68 0.038936 yes
AT1G75750 GASA1 GAST1 protein homolog 1 0.56 0.003506 yes
AT5G44610 MAP18 microtubule-associated protein 18 0.55 0.001941 yes
AT1G02400 GA2OX6 gibberellin 2-oxidase 6 0.58 0.044627 yes

DEGs of NPF (NRT1/PTR FAMILY) Gibberellin Transporters **

AT1G52190 AT1G52190 Major facilitator superfamily protein, NPF1.2 a,b 1.60 0.001941 yes
AT3G16180 AT3G16180 Major facilitator superfamily protein, NPF 1.1 a 1.79 0.001941 yes
AT5G46050 PTR3 peptide transporter 3, NPF 5.2 a 0.55 0.001941 yes
AT5G62680 GTR2 Major facilitator superfamily protein, NPF 2.11 c 0.65 0.031474 yes

DEGs of DELLA Transcription Regulators ***

AT1G14920 GAI GRAS family transcription factor family protein 1.46 0.00859 yes
AT2G01570 RGL1 RGA-like 1 1.25 0.483175 no
AT1G66350 RGA1 GRAS family transcription factor family protein 1.11 0.773976 no
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Table 2. Cont.

Gene_ID Annotation Fold Change q_Value Significant

AT3G03450 RGL2 RGA-like 2 1.58 0.496428 no
AT5G17490 RGL3 RGA-like protein 3 1.21 0.819669 no

* Manually selected based on the presence of the word “gibberellin” in the annotations of DEGs implicated in
“hormone response” by the AgriGO v2.0 tool. ** NPF transporters that were reported to transport gibberellins by
a [24]; b [27]; c [25]. *** Note that only the differential expression of GAI was statistically significant.

Although only a few of them were directly GA-related, the RLCK VI_A2-dependent DEGs showed
an overlap (15%), with the DEGs identified in the GA synthesis defective mutant ga1-3 [28,29] (Figure 7
and Supplementary Table S4) suggesting an indirect and limited effect of the kinase on GA signalling.

Hypocotyl elongation is coordinated by the light and GA-regulated PIF transcription factors [30],
as well as by the brassinosteroid- and auxin-controlled transcription factors BZR1 and ARF6,
respectively [31]. The transcription factors were shown to interact with each other, forming a central
growth regulatory circuit [31]. Promoters of thousands of genes were identified to be direct and partly
common targets of the PIF4, BZR1 and ARF6 factors in relation to hypocotyl cell elongation [31].
Among the 1019 DEGs affected by the rlck vi_a2 mutation, 317 (31%) belong to direct PIF4 targets,
359 (35%) is the direct target of BZR1 and 176 (17%) of ARF6, respectively, and 100 (9.8%) of them bind
all three TFs (Figure 7 and Supplementary Table S5). PIF4 itself was found to be slightly upregulated
(1.5-fold) in the mutant. Expressions of selected transcripts involved in the regulation of hypocotyl
elongation during skotomorphogenesis were also tested in the mutant and the wild type by qRT-PCR
(Supplementary Figure S5b). The obtained results supported the validity of the transcriptomic data.
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Altogether, these data imply that GA level/signalling is not the primary target of the RLCK VI_A2
kinase, at least not at the gene transcription level.

2.7. Transcriptome Analysis Revealed the Role of the RLCK VI_A2 Kinase in Cellular Transport and Cell
Wall Organisation

High number of the RLCK VI_A2-related DEGs code for proteins with catalytic, transport,
transducer or binding activities, respectively (Table 1). Considering cellular localisation, proteins
with extracellular (279, 23%) or cell periphery (395, 33%) localisation, and with association to
cellular membranes (530, 44%), including the endomembrane system (118, 10%), were significantly
overrepresented by the DEGs (Table 1 and Supplementary Tables S2 and S6). Moreover, 6% (72) of the
DEGs are implicated in cell wall organisation and biogenesis (Supplementary Tables S2 and S6). Of note
is the upregulation of several expansin and xyloglucan endotransglucosylase/hydrolase coding genes
and the downregulation of those coding for extensin-like family proteins in the mutant background
(Supplementary Table S6; for qRT-PCR validation Supplementary Figure S5c). Eight percent of DEGs
(101) code for proteins that have transmembrane transport activities, including ion, nutrient or hormone
transporters (Supplementary Table S6). Worth mentioning of the upregulation of several tonoplast
intrinsic proteins and a number of auxin transporters, such as PIN4, PIN7, EIR1, ABCB19, LAX2, and the
downregulation of many ion transporters (phosphate, sulphate, potassium etc.). These data indicate
that RLCK VI_A2-mediated protein phosphorylation is required for the proper cellular transport of a
wide variety of ions, nutrients, structural and regulatory molecules.

3. Discussion

Plant growth and development have to be continuously harmonized with external conditions.
Protein kinases have central roles in sensing environmental signals, as well as in coordinating
cellular and developmental responses. Plants possess a large superfamily of diverse protein kinase
types, including the signal-sensing transmembrane receptor kinases, RLKs, and various types of
downstream intracellular signal-transducing kinases. Among the latter, receptor-like cytoplasmic
kinases (RLCKs) have recently gained increasing interest as potential mediators and modulators of
RLK signalling [4,32,33]. Nevertheless, only a few of the 149 Arabidopsis and 187 rice RLCKs have
been characterized and have known functions. Here, we describe the characterization of a T-DNA
insertion mutant of AtRLCK VI_A2 that implies roles for the kinase in the regulation of cell/plant
growth and morphogenesis.

3.1. The RLCK VI_A Kinases Are Required for Cell Elongation and Organ Growth in Addition to Their Role in
Stress Responses

The RLCK VI_A3 kinase of Arabidopsis and its barley homologue, HvRBK1, have been implicated
in ROP-GTPase-dependent pathogen resistance/susceptibility reactions [6,7,9], while the AtRLCK
VI_A4/AtRBK1 and AtRLCK VI_A6/AtRBK2 kinases were shown to be expressed in response to
pathogen infection [7], suggesting their primary role in plant defence. A considerable number of DEGs
of the rlck vi_a2 mutant are also related to plant defence (Table 1), strengthening this view. In addition,
the transcript analysis indicated that the kinase might function during abiotic stress responses as well
(Table 1). However, the involvement of several RLCK VI_A kinases in the regulation of plant growth
and development has also been reported: the T-DNA mutant of the related AtRLCK VI_A3 kinase is
stunted and has over-branched trichomes [9]; the Arabidopsis RBK1 protein kinase (RLCK VI_A4) has
been implicated in auxin-responsive cell expansion, due to the reduced auxin responsiveness of its
T-DNA insertion mutant [14].

Our results show that the mutant seedlings producing no full length RLCK VI_A2 kinase (Figure 1)
have limited cell expansion as compared to the wild type (Figure 3) resulting in shorter hypocotyls
and cotyledons (Figure 2). Independent experiments using RNA interference to reduce RLCK VI_A2
expression (Supplementary Figure S2), as well as the complementation of the T-DNA-caused mutation

123



Int. J. Mol. Sci. 2020, 21, 7266

in transgenic lines (Figure 2) confirmed that the observed phenotypes are indeed associated with the
absence of the kinase. Greenhouse-grown mutant plants also exhibited smaller rosette/leaf size than
the wild type similarly to the reduced plant size of the related AtRLCK VI_A3 kinase [9].

Altogether, these observations strengthen the view that RLCK VI_A members have a general role
in cell expansion and plant growth. Interestingly, while mutation in AtRBK1/AtRLCK VI_A4 resulted
in increased auxin sensitivity, in our experiments, the atrlck vi_a2 mutant showed no altered auxin
response (Supplementary Figure S3), but the mutant phenotypes could be rescued by exogenous GA3

(Figure 5 and Supplementary Figure S4). This indicates that the various RLCK VI_A kinases might
influence cell expansion via various pathways.

3.2. How the RLCK VI_A2 Kinase May Affect Cell Expansion?

How RLCK VI_A2 kinase regulate cell expansion is not known at present. It has to be
mentioned that the barley HvRBK1/HvRLCK VI_A3 kinase has been shown to be required for
proper cortical microtubule organisation; the silencing of HvRBK1 was shown to result in a fragmented
cortical microtubule network [6]. Since cortical microtubules are known to control directional cell
elongation [34,35] in a ROP GTPase-dependent manner [36], the ROP-binding kinases might be involved
in this process. Transcriptome analysis during the skotomorphogenesis of rlck vi_a2 mutant seedlings
indicates that high portion of the DEGs modulated in the mutant code for proteins located at membranes,
at the cell periphery or in the apoplast, and may have a role in transport or cell wall organisation (Table 1
and Supplementary Tables S2 and S6). Therefore, it is conceivable that the RLCK VI_A2 kinase has a
regulatory role in these processes in relation to cell elongation. The transcriptomic data, however, do not
provide a clear view about the role of the kinase in cell elongation. The upregulation of several expansins
and xyloglucan endotransglucosylase/hydrolase coding genes implicated in cell wall loosening [37,38]
and the downregulation of those coding for extensin-like family proteins rather contributing to cell
wall stiffening [39,40] are not consistent with the observed phenotype of the mutant having restricted
cell elongation. Moreover, PIF4, a positive regulator of skotomorphogenesis including hypocotyl
cell elongation is upregulated in the rlck vi_a2 mutant, despite its short-hypocotyl phenotype [30].
These contradictions might be resolved by keeping in mind that the kinase primarily modulates
posttranslational and not transcriptional regulation. The observed transcriptional changes might be
indirect responses to the missing kinase function: blocking cell elongation at the posttranslational
level (e.g., phosphorylation-dependent degradation of PIF4 or other regulators) might give a feedback
to increase the transcription of genes promoting cell expansion. For example, PIF4 has been shown
to be phosphorylated by the brassinosteroid signalling kinase BRASSINOSTEROIDINSENSITIVE
2 (BIN2), marking it for proteasomal degradation [41]. Considering the number of genes affected
by the rlck vi_a2 mutation, and being at the same time the direct targets of the PIF4/BZR1/ARF6
transcriptional factor circuit that centrally controls cell expansion and hypocotyl growth (Figure 7 and
Supplementary Table S5), one can suppose that the kinase directly and/or indirectly modulates the
downstream processes controlled by these factors.

3.3. Gibberellin might Indirectly Complement for the Missing Kinase Function

Although exogenous GA3 treatment could rectify the absence of RLCK VI_A2 function (Figure 5
and Supplementary Figure S4), the kinase mutant exhibited similar bioactive GA levels than the wild
type (Figure 6a). Moreover, there was no decrease in the GA sensitivity of the mutant (Figure 6b) despite
a ca. 1.5-fold increase in the expression of the GRAS-domain GAI protein gene (Table 2, Supplementary
Figures S3 and S5a), a negative regulator of GA signalling. Transcriptomic analysis confirmed that
genes implicated in gibberellin metabolism are hardly affected by RLCK VI_A2 expression. However,
the same analysis indicated the misregulation of 15% of RLCK VI_A2-dependent DEGs also in the
GA synthesis defective mutant ga1-3 [28,29] (Figure 7a and Supplementary Table S4). Furthermore,
the RLCK VI_A2 kinase might be involved in the modulation of GA transport, since the expression of
four potential GA transporters [25,26,28] was found to be regulated in the mutant background (Table 2).
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The above observations indicate that, although RLCK VI_A2 functions interfere with GA action,
this is likely not through the direct modulation of the synthesis of bioactive GAs. Transcriptomic
analysis revealed that the absence of the RLCK VI_A2 kinase affected the signalling of auxin and BR,
the two other hormones also centrally involved in the light and developmental regulation of hypocotyl
elongation [31]. Both the auxin and BR hormones are well known to crosstalk with GA modulating
each other’s metabolism and signalling [37–39]. Although all three hormones (GA, BR and auxin) act
on distinct TFs governing hypocotyl elongation (PIF4, ARF6, and BZR1, respectively), the target genes
of these transcription factors largely overlap [31] (Figure 7b). A considerable fraction of the DEGs of
the rlck vi_a2 mutant (31.6%) are direct targets of at least one of the above TFs, while 10% of the DEGs
is direct target of all three. The observed gene expression changes might be indirect consequences
of blocked cell expansion/seedling growth. The data support the view that the RLCK VI_A2 kinase
might control basic cell elongation processes downstream of the PIF4/BZR1/ARF6 TFs, rather than the
regulatory proteins themselves.

Why exogenous GA3, but not auxin or brassinosteroid, rescue the rlckvi_a2 mutant phenotypes is
not known. Exogenous GA3 might induce parallel pathways that can overcome the cell elongation
defects caused by missing protein phosphorylations in the absence of the RLCK VI_A2 kinase
(e.g., via other kinases and/or microtubule/protein stability and/or cell wall organisation, etc.). One of
such shared pathways is the regulation of auxin transport, since several auxin transport protein genes
are regulated in the mutant background (Supplementary Table S3), and GA is known to affect auxin
transport stabilizing these proteins [42].

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Seeds of Arabidopsis thaliana (L.) Columbia-0 and mutant lines of the GABI-Kat Arabidopsis
T-DNA insertional mutant collection [15], GABI_435H03 and GABI_676D12, were obtained from the
Nottingham Arabidopsis Stock Centre (NASC).

The full-length cDNA of At2G18890 was obtained from the Arabidopsis Biological Resource
Centre (ABRC, Columbus, OH, USA; stock number U67191). The cDNA was amplified (denaturation
94 ◦C 10 s, annealing temperature 62 ◦C for 30 s, elongation 1 min at 72 ◦C) by the proof-reading
PHUSION™ II polymerase (Thermo Fisher Scientific, Waltham, MA, USA), using specific primers,
having added EcoRI and XhoI sites (Supplementary Table S7). The gel-purified PCR fragment was
digested by FastDigest™ EcoRI and XhoI enzymes (Thermo Fisher Scientific) and inserted into similarly
cut and purified pENTR2B vector (Thermo Fisher Scientific). The cDNA was cloned into the plant
expression vectors pN-TAPa (Gene bank accession: AY788908 [17]) and pMDC7 [18,43] via Gateway
recombination, using standard LR Clonase™ II (Thermo Fisher Scientific, catalogue number: 11791019)
reaction, as recommended by the supplier. The binary vectors were transformed into GV3101/pMP90
Agrobacterium strain with tri-parental mating [44], which were used for transgenic Arabidopsis thaliana
(GABI_435H03 and/or Col-0) production via floral dip agroinfiltration [45]. Seeds were selected using
appropriate antibiotics (gentamycin and hygromycin, respectively). Plants (including the T-DNA
insertion mutants) were characterized for RLCK VI_A2 (AT2G18890) expression, using the same primers
as for cloning in reverse transcription polymerase chain rection (RT-PCR) (see later). Transgenic lines
with appropriate expression were selfed and propagated. Stable, homozygous T3/T4 transgenic plants
were used in the experiments.

Seeds of the wild type, mutant and transgenic lines were sterilized in 2% bleach, resuspended in
sterile water and stratified (4 ◦C for 48 h). Germination was performed in vertically oriented square
Petri dishes with half strength Murashige and Skoog (MS) medium containing 0.5% sucrose 0.8% agar,
pH 5.7 (Duchefa Biochemie, Haarlem, The Netherlands). When estradiol inducible lines were used,
the growth medium contained 5 µM β estradiol (E2758, Sigma, St. Louis, Mo, USA) for gene expression
induction. The experiments were done in growth chambers (Aralab, Rio de Mouro, Portugal) under
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short days (8 h 22 ◦C, 120 µE light intensity and 16 h 21 ◦C darkness); in complete darkness at 22 ◦C
to investigate skotomorphogenesis; or in continuous low white light at 60 µE for the gibberellin
sensitivity assay.

4.2. Analysis of Hypocotyl Length and Rosette Size Measurement

The hypocotyl and cotyledon lengths were measured from digital photographs by the ImageJ
software (NIH, Bethesda, MD, USA). At least 60 wild-type and mutant seedlings were analysed in
three biological replicates. For the determination of plant rosette size, 28 or 33-days-old Arabidopsis
plants grown in pots were photographed, and rosette diameters were measured with the “straight line”
function of the ImageJ software [46]. The distance between the tips of the two longest rosette leaves
were measured and exported to MS Excel file for further analysis. Images were taken with a digital
camera (Fuji FinePix S1000fd) using the same parameters (focus distance, resolution, ISO).

4.3. Cell Size and Shape Analysis

The analysis of hypocotyl cell length was done after Acridine orange (100 µg/mL) staining. Images
on the three different part of the hypocotyls (basal, middle, top) were taken by confocal laser scanning
microscopy (TCS SP5, Leica Microsystems, Heidelberg, Germany), and the cell length was determined
using the ImageJ software [46].

Cotyledon epidermal cell size and shape were visualized uncoated in a JSM-7100F/LV scanning
electron microscope (JEOL Ltd., Akishima, Tokyo, Japan) at low-vacuum, by detecting backscattered
electrons according to [47]. The images were taken from the same zone of the cotyledons (at the
centre, next to the main vein) and perimeter, area, and circularity of cells were analysed using the
ImageJ software [46].

Altogether, 150–200 cells were measured per line, in three repetitions.

4.4. Gibberellin Content Measurement by Ultra-High Performance Liquid Chromatography-Tandem
Mass Spectrometry

The sample preparation and analysis of GAs were performed according to the method described
in [48] with some modifications. Briefly, tissue samples of 26–60 mg DW (three independent technical
replicates of each of the tree biological samples) were ground to fine consistency using 3-mm
zirconium oxide beads (Retsch GmbH & Co. KG, Haan, Germany) and an MM 301 vibration mill at
a frequency of 30 Hz for 3 min (Retsch GmbH & Co. KG, Haan, Germany), with 1 mL of ice-cold
80% acetonitrile, containing 5% formic acid as extraction solution. The samples were then extracted
overnight at 4 ◦C using a benchtop laboratory rotator Stuart SB3 (Bibby Scientific Ltd., Staffordshire,
UK), after adding 17 internal GA standards ([2H2]GA1, [2H2] GA3, [2H2]GA4, [2H2]GA5, [2H2]GA6,
[2H2]GA7) purchased from OlChemIm, Olomouc, Czech Republic. The homogenates were centrifuged
at 36,670× g and 4 ◦C for 10 min; corresponding supernatants further purified using reversed-phase
and mixed mode SPE cartridges (Waters, Milford, MA, USA) and analysed by ultra-high performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS; Micromass, Manchester, UK).
GAs were detected using multiple-reaction monitoring mode of the transition of the ion [M–H]- to the
appropriate product ion. Masslynx 4.1 software (Waters, Milford, MA, USA) was used to analyse the
data and the standard isotope dilution method [49] was used to quantify the GAs levels.

4.5. Hormone Treatments

For hypocotyl and cotyledon measurements, the plants were germinated in vertically oriented
square Petri dishes in 22 ◦C, under SD conditions or in continuous darkness as indicated. 6-day-old
seedlings were moved to 5 nM IAA (I2886 Sigma, St. Louis, MO, USA)-containing medium for additional
6 days before measured. Epibrassinolid (1 µM; E1641 Sigma) or Ethrel (100 µM; Bayer CropSience,
Gent, Belgium) or GA3 (20 µM; G7645 Sigma) were included into the medium from the beginning of
culture. Hormone concentrations not inhibiting hypocotyl elongation were selected based on previous
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studies [50–53]. Transgenic RNAi seedlings and corresponding controls were grown in the presence of
5 µM β estradiol in addition to the hormones.

For the gibberellic acid sensitivity assay, constant 60 µE white light was used to limit dark-induced
elongation at 22 ◦C. GA3 was included into the growth medium in concentrations indicated on
the figure.

For the complementation of the rosette size, 14-day-old, soil-grown plants were sprayed with
20 µM GA3 solution supplemented with 0.01% Silwet L-77 (Kwizda, Vienna, Austria). The treatment
was repeated at 4-day intervals. The control plants were sprayed with 0.01% Silwet L-77 solution.
The GA3 was dissolved in DMSO:methanol solution (1:1) and stock solutions were prepared at 1 µM
(GA3) concentrations for further dilution in water. Rosette size was determined as described earlier,
19 days following the start of the treatment (33-day-old plants).

4.6. Characterization of Mutant/Transgenic Plants by RT-PCR

The Quick-RNA Plant Miniprep Kit (Zymo Research, Irvine, CA, USA) was used to isolate
total RNA from whole seedlings. Total RNA was treated by RNase-free DNase I (Thermo Fisher
Scientific) and cDNA templates were generated from 0.5 mg RNA samples by RevertAid M-MuLV
reverse transcriptase (Thermo Fisher Scientific). The full length transcript of the RLCK VI_A2 gene
was amplified with primers that were planned for cloning the cDNA in standard PCR reaction
(denaturation 94 ◦C for 30 s, annealing temperature 55 ◦C for 30 s, elongation 1 min at 72 ◦C) with
DreamTaq polymerase (Thermo Fisher Scientific). AtGAPC-2 (AT1G13440) transcripts were used as
internal reference. See primers in Supplementary Table S7.

Genomic DNA of the GABI_435H03 T-DNA insertion mutant was isolated with the Phire Plant
Direct PCR Kit (Thermo Fisher Scientific) and the T-DNA insertion site was amplified with an
At2G18890-specific forward primer (VIA2mid_F) and a T-DNA-specific reverse primer (T-DNA LB
out), according to the supplier’s instructions. The purified PCR products were sequenced using the
same primers. For the primer sequences, see Supplementary Table S7.

4.7. RNA-Seq and Data Analysis

The Quick-RNA Plant Miniprep Kit (Zymo Research, Irvine, CA, USA) was used to isolate
total RNA from 18-day-old dark-grown seedlings after removing their roots. The RNA preparations
were quality checked and quantified using the Agilent RNA 6000 Nano Kit in an Agilent 2100
Bioanalyzer capillary gel electrophoresis instrument (Agilent, Santa Clara, CA, USA). For sequencing
library preparation, polyA RNAs were selected from 800 ng total RNA using NEBNext Poly(A)
mRNA Magnetic Isolation Module, then strand specific indexed libraries were prepared with
NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich,
MA, USA). Libraries were validated and quantified with an Agilent DNA 1000 kit in a 2100 Bioanalyzer
instrument, then after pooling and denaturing, library pools were sequenced in an Illumina MiSeq
instrument with MiSeq Reagent Kit V3-150 (Illumina Inc., San Diego, CA, USA), generating 2 × 75 bp
paired-end reads. Fasq files were trimmed and adapter sequences removed with Trimmomatic
0.33 in paired-end mode [54]. Paired sequences were aligned to the TAIR10 Arabidopsis reference
genome using TopHat2 [55]. Binary alignment (*.bam) files were sorted and deduplicated with
SAMtools (http://samtools.sourceforge.net/), then differential expression analysis was done with
Cufflinks (http://cufflinks.cbcb.umd.edu/), using Araport 11 transcript annotation [56]. Differential
expression was considered as significant with a q value lower than 0.05.

The RNA-seq data used for the analysis have been deposited in the NCBI Sequence Read Archive
(SRA) (https://www.ncbi.nlm.nih.gov/sra) under the accession PRJNA644816.

4.8. Real-Time Quantitative PCR (qRT PCR)

For qRT PCR, total RNA was purified and converted to cDNA as described under 4.6.
The oligonucleotide primers are listed in Supplemental Table S7. A few of them have been previously
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published in [53]. qRT-PCR reactions were performed using an ABI PRISM 7700 sequence detection
system (Thermo Fisher Scientific) and the qPCRBIO SyGreen Mix Hi-ROX master mix (PCR Biosystems
Ltd., London, UK) using standard protocol (denaturation 95 ◦C for 10 min, 40 cycles of 95 ◦C for 10 s,
and 62 ◦C for 60 s). Ct values were analysed using the RQ manager software (Thermo Fisher Scientific),
and then exported to Microsoft Excel for further analysis. The ratio of each mRNA relative to the
mRNA of the Arabidopsis thaliana UBIQUITIN EXTENSION PROTEIN 1 gene (UBQ1, AT3G52590) was
calculated using the 2−∆∆CT method. UBQ1 gene expression was uniform in the wild type and mutant
background, as shown by the RNA-seq analysis (see in Supplementary Table S1). The average of the
three technical repeats of the WT control was used as reference (unit 1) to calculate relative expression
for each gene in the mutant background.

4.9. Statistical Analysis

Plant culture experiments were carried out in three independent replicates. The number of
investigated individuals per replicate is given in each figure legend. Averages with standard errors
are shown in the histograms for growth parameters having high and variable sample numbers
(e.g., cell, hypocotyl and cotyledon length measurements). In qRT-PCR experiments, two independent
biological samples each, with three technical replicates, were amalgamated and analysed together.
Student’s t-test was used for pairwise statistical comparison of the mutant/treated samples to the
corresponding wild type/control ones (* indicates p-value < 0.05, ** indicates p-value < 0.005).

5. Conclusions

Decreased level or absence of the RLCK VI_A2 kinase in transgenic Arabidopsis lines resulted in
restricted cell expansion and organ/plant size under short day conditions, as well as in continuous
dark (skotomorphogenesis), in seedlings as well as in greenhouse plants, indicating the general role of
the kinase in plant growth. Transcriptomic analysis confirmed that the kinase might be involved in the
modulation of processes that are associated with cell membranes, and take place at the cell periphery
or in the apoplast, such as cellular transport and cell wall organisation. Although exogenous GA3

could rescue the mutant phenotypes, hardly any changes in gibberellin metabolism and/or signalling
could be observed in the mutant, indicating that the RLCK VI_A2 kinase and gibberellin might act
parallel on the same/similar processes. To clarify the exact role of the kinase in cell expansion and its
hormonal regulation, the identification of its in vivo substrates is required.
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Abbreviations

ABCB ATP-binding cassette B protein
ARF auxin response factor
AtHB Arabidopsis thaliana homeobox-leucine zipper protein
AtRBK Arabidopsis thaliana ROP-binding kinase
BZR brassinazole-resistant
DEG differentially expressed gene
DELLA protein domain of the key negative regulators of GA action (DELLA proteins)
EIR ethylene insensitivity of the root
FDR false discovery rate
GA gibberellin
ga1 gibberellic acid 1-gibberellin synthesis mutant
GAI gibberellic acid-insensitive protein
GAPC-2 glyceraldehyde 3-phosphate dehydrogenase C-2
GO gene ontology
GRAS GA INSENSITIVE (GAI), REPRESSOR of ga1-3 (RGA), and SCARECROW (SCR) protein domain
GTP guanosine-5’-triphosphate
HvRBK Hordeum vulgare ROP-binding kinase
LAX Like auxin1
MtRRK1 Medicago truncatula ROP-activated Receptor-like Kinase 1
NPF NRT1/PTR family
NRT nitrate transporter
PCR polymerase chain reaction
PIF phytochrome interacting factor
PIN PINNOID protein
PTR peptide transporter
RLCK receptor-like cytoplasmic kinase
RLK receptor-like kinase
ROP Rho-of-plants
SD short day
T-DNA transfer-DNA
TF transcription factor
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