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ABSTRACT

The 15-carbon terpenoid abscisic acid (ABA) acts in vascular plants as a versatile hormone playing essential roles
in reproductive development, vegetative development and growth, stress-development interactions, and physio-
logical responses to abiotic and biotic stresses. Over the past 60 years, ABA dynamics, regulation, and responses
have been progressively characterized: synthesis, transport and translocation, conjugation and deconjugation,
metabolism, sensing, signal transduction, and downstream responses. In this context, the discovery of ABA expor-
ters and importers has added novel dimensions to the understanding of ABA regulation. Moreover, since the initi-
al discovery of the adenosine triphosphate-binding cassette (ABC) AtABCG25 exporter and AtABCG40 importer,
several transporters of ABA have been characterized. As ABA is synthesized within cells, efflux transport of ABA
to extracellular spaces is an important controlling step before ABA movements from cell to cell and from source
to target. Until now, structural and functional mechanistic interactions between ABA and its transporters have
remained poorly understood. Recent structure-function studies have unveiled key features of the mechanisms
and functional dynamics of ABA-transporter interactions in the case of the ABCG25 exporter. ABCG25 has been
established as a bona fide ABA efflux transporter involved in signal transmission leading to stomatal closure. It
has also been shown to transport ABA-glucosyl ester (ABA-GE) conjugated form, thus implying involvement in
conjugation and deconjugation dynamics. All of these mechanisms are essential for distribution throughout
source tissues, source-to-target transmission, distribution throughout target tissues, and signal shape kinetics
in target cells. This opinion piece emphasizes the pivotal role of transport discoveries in the history of ABA
research, and how recent studies on ABA and ABA-GE transporters yield a more integrative vision of ABA reg-
ulation and adaptive responses, open new avenues of research on signaling crosstalks, and constitute opportu-
nities as well as challenges for crop improvement strategies.
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1 Introduction

The 15-carbon terpenoid abscisic acid (ABA) acts in vascular plants as a versatile hormone involved in
developmental, physiological, and stress-adaptive processes [1–5]. It plays essential roles in reproductive
development [1,5], vegetative development and growth [1,5], stress-development interactions [1–3],
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physiological responses to abiotic and biotic stresses [1–4], and climate change resilience [4,6,7]. Over the
past 60 years, the processes that sustain ABA dynamics and responses have been elucidated: synthesis and
catabolism [8], transport and translocation [9], conjugation and deconjugation [1,10], sensing [11–14], signal
transduction [1,8,11,13], downstream responses [5,8,15]. In parallel, the components of the underlying
genomic, proteomic, and metabolomic machinery have been progressively identified and characterized [1,8].

In this context, identification of exporters and importers of ABA has highlighted the multiple dimensions
of ABA regulation [16–18]. Since the initial discovery of the adenosine triphosphate-binding cassette (ABC)
AtABCG25 exporter [17] and AtABCG40 importer [16], several other transporters of ABA have been
characterized [18]. Transport and translocation of ABA have thus been shown to be related to an array of
efflux and influx transporters [16–20] that are involved in cell-to-cell and tissue-to-tissue processes
[19,21,22]. Such transmembrane transporters of ABA have been characterized not only in Arabidopsis
thaliana [9,16,17] but also in Brachypodium distachyon [23], Medicago truncatula [24], and Oryza
sativa [25].

Until now, the structural and functional mechanistic interactions between ABA and its transporters have
remained poorly understood. Several studies have very recently unveiled the mechanisms and functional
dynamics of ABA-transporter interactions in the case of ABCG25 [18,20–22], which is the first ABA
exporter that had been genetically identified in plants 15 years ago [17]. These structure-function studies
have established the mechanistic features and the bona fide role of ABCG25 as an ABA efflux
transporter [18,20,26] involved in signal transmission leading to stomatal closure [17,21]. It has also been
shown that ABCG25 can transport the ABA-glucosyl ester (ABA-GE) conjugated form, thus implying
involvement in conjugation and deconjugation dynamics [21,22].

All of these mechanisms must play essential roles in the spatial and temporal regulation of ABA
signaling and homeostasis [27]. Recent reviews [5,7,10,27,28] have addressed this issue of ABA
signaling and homeostasis with novel integrative and holistic outlooks taking into account transport
processes. These novel outlooks on ABA signaling and homeostasis should lead to a better understanding
of ABA-mediated adaptive responses to stresses [5,10] and to further strategies of crop adaptation in the
context of climate change and agricultural security [12,29].

2 ABA Signaling Relies on Complex Protein Networks Functioning in the Whole-Plant Context of
ABA Dynamics

Discovery of the core sensing and signaling pathway has been a decisive step in the understanding of
ABA action [1,11,12,14]. ABA acts by eliciting the activation of a downstream kinase, which triggers the
activity of regulatory proteins. Sensing of ABA is carried out by intracellular soluble pyrabactin
resistance 1/PYR1-like/regulatory component of ABA receptor (PYR/PYL/RCAR) receptor proteins. The
binding of ABA within the PYR/PYL/RCAR protein pocket leads to the inhibition of type 2C
phosphatases (PP2Cs) that otherwise repress downstream ABA signaling transduction. Formation of the
PYL–ABA–PP2C complex relieves sucrose non-fermenting 1-related protein kinase 2 (SnRK2) from the
inhibitory complex with PP2C. In interaction with Raf-like protein kinases, ABA-activated SnRK2s
activate transcription factors, ion channels, and additional proteins, thus initiating ABA responses
[1,11,12,14].

However, this core mechanism does not function as a unilinear input-output system. All of the protein
components of the pathway exist as a diversity of isoforms [11,12,14]. PYLs, PP2Cs, and SnRK2s consist of
families of proteins, whose diversity may be related to the sub-functionalization of parallel ABA signaling
pathways and/or to the robustness and plasticity of ABA signaling [1,12,14].

Moreover, activation of the whole sensing and signaling pathway depends on the availability of
bioactive ABA that can reach its receptors [1]. This pool of bioactive ABA in interaction with the
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sensing machinery is the dynamic result of multiple processes, as illustrated in Fig. 1: (i) ABA synthesis, (ii)
ABA catabolism, (iii) formation of ABA conjugates, of which ABA-GE is the major form, (iv) release of free
ABA from conjugates. All of the enzymatic steps involved can be subjected to biochemical and molecular
regulations [1]. At a higher level, the availability of bioactive ABA fluctuates, as the global pool of ABA
depends on the developmental, nutritional, environmental, and stress-exposure status of the plant [1,3].

Finally, by its hormonal functions, ABA action depends on communication between source and target
tissues [27]. However, it is not yet clear which cells synthesize ABA under normal conditions and stress
conditions [27]. Furthermore, ABA movement within the plant is not straightforward and involves
different relationships between tissues, with xylem and phloem saps playing essential roles in whole-plant
transmission [27].

ABA is partially in the protonated uncharged form ABAH in the acidic apoplast environment [26]. ABA
can thus diffuse freely across the plasma membrane, but these passive transfers are rate-limited and show
poor efficiency [26]. This is why the contemporaneous discovery of the first ABA transmembrane
transporters in Arabidopsis, the AtABCG25 exporter [17] and the AtABCG40 importer [16], revealed the
essential link that was missing between ABA dynamics and ABA sensing. This breakthrough was
reported by teams respectively led by Kazuo Shinozaki and by Enrico Martinoia and Youngsook Lee in
2010 in the same issue of Proceedings of the National Academy of Sciences [16,17], i.e., only one year
after the discovery of the core sensing and signaling pathway [13].

AtABCG25 was described as an exporter of ABA from vascular tissue leading to stomatal regulation
[17], whereas AtABCG40 was described as an importer of ABA leading to ABA delivery into target cells
[16]. Since these landmark discoveries, several other ABA transporters have been identified in
Arabidopsis thaliana, such as AtABCG31 and AtDTX50 as exporters, and AtABCG30, AtABCG17/18,
and NRT1.2/NPF4.6 as importers [18,19].

Figure 1: Integration of import and export processes of ABA and conjugated ABA in the global dynamics
and sensing of ABA at cell level. ABA and conjugated ABA (small orange diamonds), importers (double
grey ellipses), exporters (double purple ellipses) and cell domain (double green square) are shown.
Processes and abbreviations are as described in the text
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The core pathway of ABA sensing and signaling should not therefore be considered in isolation. As
illustrated in Fig. 1, it is integrated not only within the networks of ABA metabolism and conjugation-
deconjugation but also within networks of ABA transport and diffusion. As ABA is synthesized within
cells, the efflux transport of ABA to extracellular spaces must be an important controlling step before
ABA moves from cell to cell and from source tissues to target tissues [20]. In parallel, as ABA cannot
readily and easily cross cell membranes, the influx transport of ABA into the cytosol must be an
important controlling step prior to interactions with the intracellular sensing machinery [27]. Furthermore,
this integration of ABA signaling with ABA transport processes involves a complex array of different
transporters [16–20].

These transport processes and the diversity of associated transporters, expressed and acting in different
sets of cell populations, are bound to determine ABA distribution throughout source tissues, the source-to-
target transmission of ABA, ABA distribution throughout target tissues, and signal shape kinetics of ABA in
target cells as a result of influx/efflux equilibria [10,15,27]. Such transporters are therefore essential for the
spatialization and temporal regulation of ABA homeostasis and signaling [10].

3 Recent Breakthroughs in the Characterization of ABA Transporters

Identification of ABA transporters [16–18] has highlighted the important role of the transmembrane
domain (TMD)-ABC transporters [30], which typically present TMDs and nucleotide-binding domains
(NBD). In particular, ABC transporters belonging to the G subfamily (ABCG) may constitute the largest
group of ABA transporters [18,22].

However, despite ongoing interest in these ABCG transporters of ABA, structural insights have lagged
since the discovery of AtABCG25 and AtABCG40 [16,17]. It is only very recently, nearly 15 years after
initial identification, that mechanistic description of ABA transport was completed in the case of
ABCG25 exporter [18,20,26]. Three recent studies using protein purification in micelle environments,
cryogenic electron microscopy, and ectopic expression in different host cells (Xenopus oocytes, Sf9 insect
cells, tobacco protoplasts) have characterized the molecular architecture of AtABCG25 for ABA binding,
adenosine 5′-triphosphate (ATP) binding and ATP hydrolysis [18,20,26]. It must be kept in mind that, in
such analyses, reconstitution of the transporter in experimental amphipathic environments or expression
in heterologous vectors may result in artefactual discrepancies with in planta behavior. Notwithstanding
these caveats, these independent studies give a coherent description of ABCG25 functioning. The inward-
outward translocation of ABA is carried out between a cytoplasmic gate and an apoplastic gate, whose
functioning requires conformational changes of protein domains [18,20,26]. After the closure of the NBD
domain is induced by ATP, the resulting conformational change is transmitted to TMD domains, thus
triggering a series of transitions that facilitate ABA translocation [18,20,26].

In parallel, additional functional studies, including measurements of transporter activity in tobacco cells,
Arabidopsis cells, and yeast cells, have established that ABCG25 directly exports not only ABA but also
ABA-GE [21]. Complementary analysis of abcg25 mutants further established that ABCG25 is involved
in the accumulation of both ABA and ABA-GE in root tissues and xylem sap upon drought stress [21],
thus emphasizing the role of ABCG25 in root-to-shoot communication and control of stomatal movements.

Finally, using a range of protein-protein interaction methods, Zhou et al. [22] have shown that
ABCG25 can heterodimerize at the endoplasmic reticulum membrane with ABCG16, which they proved
to be a plasma membrane ABA exporter besides its previously-known activity as a jasmonate exporter.
Moreover, they also established that ABCG16-ABCG25 heterodimers could mediate specific entry of
ABA-GE, rather than free ABA, into the endoplasmic reticulum compartment [22]. In other words,
ABCG16 and ABCG25 could synergistically function at the plasma membrane for ABA efflux, whereas
ABCG16-ABCG25 heterodimers would carry out ABA-GE transport in the endoplasmic reticulum [22].
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At the same time, further progress was made to understand the regulatory context of
ABCG25 expression, with the demonstration that strigolactones promote localization of ABCG25 at the
plasma membrane in root cells [31], thus establishing links between osmotic stress, strigolactone
regulations and ABA action on root cells.

In sum, knowledge of ABCG25 now covers binding and catalytic sites of ABA transmembrane efflux
translocation [18,20,26], subcellular compartmentalization in the plasma membrane and endoplasmic
reticulum [22], involvement in ABA-GE translocations [21,22], capacity to co-function with other
ABCGs such as ABCG16 [22], and patterns of expression [17,22,31]. These newly-discovered features
link ABCG25 functioning with novel regulatory aspects, such as ABA/ABA-GE balance [22], whole-
plant transmission of ABA-GE [21], protein-protein interactions [22], ATP and energy metabolism
[18,20,26], potential sterol binding [26] and potential disulfide dynamics [26].

4 Novel Insights and Potential Lines of Investigation for Future Research: Novel Regulatory Features
and Mechanisms of Signaling Crosstalks

All of these breakthroughs are bringing about novel insights into different aspects of ABA functioning in
plants: (i) ABA and ABA-GE translocation from source cells to apoplast and saps [21], (ii) dynamic control
(kinetics, amplification, attenuation) of bioactive ABA levels through concomitant activities of influx,
conjugation, deconjugation, metabolism, and efflux [9,22], (iii) spatiotemporal distribution of ABA and
ABA-GE in source tissues and target tissues [9,21], (iv) mechanisms of spatialization of ABA responses
at tissue level [10,21,27]. It will therefore be a major challenge to understand fully how these metabolic,
transport, sensing, and signaling dimensions of ABA functioning are regulated and integrated [1,8] and
how this integration is modulated under non-stress vs. stress conditions [21].

The most recent knowledge on ABCG25 [18,20–22,26] agrees with the regulatory features of plant
ABC transporters [30] and points out potential regulations through protein phosphorylation, protein-
protein interactions, membrane microdomain interactions, and redox status. Furthermore, all of the protein
components involved in ABA dynamics exist as multiple isoforms [11,14,30,32], thus implying
functional redundancy, sub-functionalization, combinatorial interactions, robustness, and/or plasticity. The
complete picture of integration between metabolism, transport, sensing, and signaling will therefore
require a better understanding of the functional specificities of existing isoforms. This ought to include an
analysis of the full range of ABA transporters in terms of substrate specificities and regulatory mechanisms.

Furthermore, these recent discoveries on ABA transporters point out novel potential links with signaling
crosstalks [18,20,22,26,31]. ABA functioning is known to be involved in numerous crosstalks, with other
hormones [5], peptide signals [21], light [1,5], carbon and energy signals [33,34], sucrose [5], reactive
oxygen species (ROS) [1], nitric oxide (NO) [1], and mineral nutrition signals [28]. These crosstalks are
related to the capacity to perceive and adapt to combinations of stresses [5–7,34,35], and therefore to
adapt to climate change [4,7]. However, they rely on a diversity of interfering mechanisms at different
levels of transmission processes and signaling cascades. Strikingly, the low-affinity nitrate transporter
NRT1.2/NPF4.6 functions as a dual importer that also carries out the transport of ABA, thus participating
in the integration of ABA and nitrate signaling [28]. It would be of great interest to investigate further
how transport-mediated steps of ABA action are involved in such crosstalk mechanisms and how they
may contribute to resilience to stress combinations and climate change [6,28].

5 Opportunities and Challenges for Crop Improvement

The discovery of novel genetically encoded entities and mechanisms systematically raises the possibility
of designing novel markers, treatments, or genetic tools for crop breeding and crop agricultural management
[3,12,36]. The involvement of transport mechanisms in ABA-mediated resilience to abiotic stresses (drought,
cold, heat, salinity) and climate change could lead to potential applications in plant breeding, agriculture, and
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food security in the context of climate change [18,26]. The dimension of transport-mediated control of ABA
distribution and action may be considered to provide relevant genetic or functional steps for targeting genetic
improvement strategies for stress tolerance and climate change resilience [18,26]. Depending on climate
conditions, improvement of crop performance entails enhancing or reducing ABA responses [12]. Such
modulation of ABA responses could be achieved through the modulation of ABA allocation and
spatialization between sources and targets and therefore through genetic variation of transporter genes. It
has been shown in the case of cytokinins that modulation of hormone spatialization led to improved grain
development and salt tolerance in rice [37].

On the other hand, the characterization of multiple transport processes, as occurs with ABA and ABA-
GE, highlights the complexity of phytohormone action, including highly precise responses at cell-specific
levels [32] and highly dynamic and multi-dimensional responses, rather than off-on and unilinear
switches [27]. In such complex systems, as pointed out by Pri-Tal et al. [14] in the case of ABA multiple
receptors, overmanipulating single elements can result in tipping over endogenous balances, thus
triggering non-adaptive or deleterious responses. Furthermore, as diverse ABA signaling proteins may be
involved in various crosstalks with other signaling pathways, perturbations of these crosstalks could lead
to negative trade-offs [5].

It may therefore be argued that the characterization of transport-related controls highlights novel layers
of robust homeostasis and feedback [10,27,32] that may counter-regulate single-target genetic improvement,
induce negative trade-offs in varieties under selection, or amplify disruptive effects of single-target genetic
improvement. At any rate, the discovery of complex, multi-dimensional, and redundant networks of
regulation [27,32] is a clear incentive to integrate genetic, structural, and functional studies with
ecological and evolutionary approaches. This should lead to holistic approaches to genetic breeding that
take into account the multi-dimensional homeostasis of plants and do not disrupt endogenous coordinated
responses of the plant organism [5]. At this stage of progress in the field of ABA studies, integrative and
holistic approaches are required, at the levels of genetic improvement, genotyping, and phenotyping, in
order to link crop breeding with the maintenance of multi-dimensional ABA functioning and homeostasis
[5,32,36].
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