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Abstract Accumulation of the stress hormone abscisic
acid (ABA) induces many cellular mechanisms associated
with drought resistance. Recent years have seen a rapid
advance in our knowledge of how increased ABA levels
are perceived by ABA receptors, particularly the PYL/
RCAR receptors, but there has been relatively less new
information about how ABA accumulation is controlled
and matched to stress severity. ABA synthesis and cata-
bolism, conjugation and deconjugation to glucose, and
ABA transport all are involved in controlling ABA levels.
This highly buffered system of ABA metabolism represents
both a challenge and opportunity in developing a mecha-
nistic understanding of how plants detect and respond to
drought. Recent data have also shown that direct manipu-
lation of cytokinin levels in transgenic plants has dramatic
effect on drought phenotypes and prompted new interest in
the role of cytokinins and cytokinin signaling in drought.
Both ABA and cytokinins will continue to be major foci of
drought research but likely with different trajectories both
in terms of basic research and in translational research
aimed at increasing plant performance during drought.
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Plants must modulate their growth and metabolism to
match many environmental inputs. One of the most per-
nicious environmental stresses facing plants is drought
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which leads to reduced soil water content and reduced
water potential. Plants respond to water limitation through
a series of mechanisms which contribute to avoidance and
tolerance of low water potential. Mechanisms such as
stomatal closure and increase in root-to-shoot ratio aim to
conserve soil moisture or find additional water and thus
avoid further decreases in water potential and dehydration
of the plant tissue. Other mechanisms, such as accumula-
tion of protective solutes and proteins and changes in
redox-related metabolism serve mainly to allow continued
plant function at reduced water potential and, to the extent
possible, tolerate loss of water from the plant tissue. Fur-
ther review of drought and the water potential concept as
well as avoidance versus tolerance of drought and low
water potential can be found in Kramer and Boyer (1995)
and Verslues et al. (2006). Plant hormones are key mes-
sengers that integrate external signals with internal meta-
bolic status and developmental state to determine the
course of further growth and metabolism. Abscisic acid is a
central regulator of responses to reduced water potential
and dehydration of plant tissue that occur during periods of
drought. The importance of ABA has been established by
numerous observations of ABA accumulation in water
stressed plants as well as impaired stress responses in
ABA-deficient mutants (Cutler et al. 2010; Sharp 2002).
While ABA interacts with several other hormones in
mediating drought and low water potential response, there
has been an upsurge of interest in cytokinins in recent plant
stress research.

Different types of environmental stimuli elicit specific
responses in the plant; however, some key questions are
common and essential to understanding hormone-mediated
responses to many environmental signals. First, how is the
environmental factor initially detected by the plant? Then,
how does the initial detection of the environmental signal
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change hormone metabolism and endogenous hormone
concentrations at the relevant site(s) of action? How is the
hormone signal perceived by the plant and what controls
the sensitivity? What further signaling downstream of
hormone perception is most critical for acclimation to the
changing environment? How completely we can answer
these questions differs dramatically between different types
of environmental inputs. For example, the initial perception
of light by phytochrome is understood in exquisite
molecular detail. In contrast, we know little of how plants
perceive a lack of water. There are several theories of how
water loss or reduced turgor may be perceived via mem-
brane-based mechanosensing mechanisms such as
mechanosenstive channels or receptor kinases or by the
cytoskeleton (Marshall et al. 2012; Yuan et al. 2014;
Haswell and Verslues 2015; Verslues et al. 2013) but rel-
atively little evidence to link specific sensing proteins to
downstream responses such as ABA accumulation. Farther
downstream, ABA-responsive transcriptional regulation
and marker phenotypes amenable to genetic screening (for
example seed germination and ABA-responsive promoter
reporter constructs) have been analyzed in detail. But these
may not capture all aspects of drought and low water
potential response important for survival or productivity.
For this author, it is interesting see how some aspects of
ABA and cytokinin function in plant stress have advanced
rapidly (for example study of ABA receptors) since last
writing on this topic (Verslues and Zhu 2005, 2007).
Meanwhile, other areas (for example sensing and signaling
upstream of ABA; control of ABA metabolism) have seen
less activity. A focus of this review is on processes that
control low water potential-responsive ABA accumulation.
ABA accumulation controls numerous downstream pro-
cesses yet how it is itself controlled by stress is not as
clearly understood. I also discuss some aspects of ABA
perception and interesting new developments in the roles of
cytokinins and cytokinin signaling in stress resistance.

ABA synthesis, catabolism, conjugation
and transport match ABA accumulation to stress
severity

ABA levels in unstressed plants are in the low nanogram
per gram tissue fresh weight or dry weight range and
reduced water potentials can lead to ABA accumulations
more than 100-fold above the basal level (example data in
Fig. la; Sharp and LeNoble 2002; Kumar and Verslues
2015; Verslues lab unpublished data). When plants are
exposed to a controlled and constant low water potential
stress, it can be seen that the level of ABA accumulation is
closely linked to the severity of the stress (Fig. 1b). This
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fine control of ABA level is both a challenge and an
opportunity in the broader context of plant stress research.

Classic studies indicated that reduced turgor pressure
was the key factor needed for ABA accumulation (Creel-
man and Zeevaart 1985; Pierce and Raschke 1980, 1981;
also discussed in Kumar et al. 2013). Interestingly, genetic
alterations that upset the osmotic balance between cellular
compartments can also activate ABA accumulation even in
the absence of an externally imposed stress (Wilson et al.
2014). However, we still have not identified the stress
sensing mechanisms responsible for the initial detection of
water limitation that elicits ABA accumulation (Haswell
and Verslues 2015; Verslues et al. 2013; Verslues and Zhu
2005). These unknown upstream signaling events can act
on several pathways of ABA metabolism and transport that
together determine the amount of ABA present at its sites
of activity (Fig. 2).

ABA is synthesized via the cleavage of the carotenoids
violaxanthin or neoxanthin into xanthoxin in the chloro-
plast followed by several subsequent steps in the cytoplasm
(Cutler and Krochko 1999; Hauser et al. 2011; Nambara
and Marion-Poll 2005; Schwartz et al. 2003). It is thought
that the carotenoid cleavage reaction catalyzed by chloro-
plast localized 9-cis-epoxycarotenoid dioxygenases
(NCEDs) is the rate limiting step in ABA synthesis (Endo
et al. 2008; Qin and Zeevaart 1999; Schwartz et al. 1997).
Arabidopsis NCED3, as well as orthologous NCEDs in
other species, is induced by low water potential at both
transcript and protein levels (Iuchi et al. 2001; Qin and
Zeevaart 1999; Tan et al. 2003). Other enzymes of ABA
synthesis may also exert some control on ABA accumu-
lation (see for example Lin et al. 2007) but their effect on
stress-induced ABA accumulation is more limited. Con-
versely, ABA is catabolized by a small group of cyto-
chrome P450 type enzymes, the CYP707As, which convert
ABA to phaseic acid or neophaseic acid (Krochko et al.
1998; Kushiro et al. 2004; Okamoto et al. 2011, 2006;
Umezawa et al. 2006; Zhou et al. 2004).

ABA levels can also be modulated by the production of
ABA conjugates. ABA conjugates, principally ABA-glu-
cose ester (ABA-GE), had been thought to be a metabolic
dead end that permanently inactivated ABA and targeted it
for storage in the vacuole (Cutler and Krochko 1999).
However, it is now clear that conjugation and deconjuga-
tion of ABA is a dynamic process used to adjust ABA
levels. A number of glucosyltransferase genes able to
produce ABA-GE have been identified (Dong et al. 2014;
Liu et al. 2015; Priest et al. 2006; Xu et al. 2002) and are
listed in Fig. 2. Increasing or decreasing the expression of
these glucosyltransferases altered ABA levels, ABA-re-
sponsive phenotypes, and CYP707A expression, all
indicative of disturbed ABA homeostasis (Dong et al.
2014; Liu et al. 2015). Conversely, two related PB-



Plant Mol Biol (2016) 91:629-640

631

A B
(A) 100 (B) 40 40
> 80 L 30 30}
£ £
o 60 [o2]
gs g, 20 20
~ 40 -
< <
3 20 2 10 10
0 0 0— . -
0.2 06 -1.0 1.4 -138 60 70 80
Hours Agar y,, (MPa) RWC

Fig. 1 ABA accumulation of Arabidopsis seedlings in response to
low water potential treatment. a Time course of ABA content after
transfer of seedlings to low water potential (—1.2 MPa PEG-agar
plates) at time 0. Data are for the Bensheim accession of Arabidopsis
thaliana. ABA accumulates rapidly after transfer but then stabilizes
by 96 h as the plants acclimate to the stress. ABA levels of mock
treated plants (transferred to new plates of normal media) remain low
through the time course (data not shown). Data are from Verslues and

glucosidases, BG1 and BG2, release free ABA from ABA-
GE (Lee et al. 2006; Xu et al. 2012). BG1 is localized in
the endoplasmic reticulum while BG2 is vacuolar, sug-
gesting that both of these cellular compartments contain
ABA-GE. The BGI study is of special interest because
they also demonstrated the polymerization of BG1 occur-
red rapidly in response to water limitation and increased
the BGI specific activity.

There have been recent advances on ABA transport as
well (Boursiac et al. 2013). It had sometimes been thought
that pH gradients were the driving force for distribution of
ABA between apoplast and symplast and between cellular
compartments. Such a mechanism was perhaps never
completely satisfactory (Verslues and Zhu 2007) and
indeed several ABC-type transporters which can move
ABA have been identified. AtBCG25 and AtBCG40 are
likely to be ABA importers which move ABA into guard
cells (Kang et al. 2010; Kuromori et al. 2010). AtBCG22 is
also an ABA transporter, possibly involved in ABA efflux,
although this function is less clearly established (Kuromori
et al. 2011). Several members of the NRT nitrate trans-
porter family were identified as also having ABA import
activity (Kanno et al. 2012). Interestingly, transporters for
ABA-GE have not been identified even though movement
of ABA-GE in the xylem and uptake into cells has been
proposed (Hartung et al. 2002; Sauter et al. 2002) and such
transporters may be necessary, for example, to move ABA-
GE intracellularly into the ER where BG1 is located (Lee
et al. 2006).

The extent of long distance ABA transport in the
plant vascular system is an unclear area and is con-
founded with broader questions of what kind of signals
(hydraulic, chemical or electrical) roots in drying soil

Bray (2004) and similar data for the Col-0 Arabidopsis accession is
presented in Verslues and Bray (2006). b ABA measurements of
seedlings collected at 96 h after transfer of seedlings to PEG-agar
plates of a range of water potentials. ABA levels show a close
correspondence to the stress severity (water potential) and also the
seedling relative water content (RWC). Data are replotted from
Verslues and Bray (2004)

may send to shoot and how necessary such signals are in
controlling shoot responses to water limitation (Christ-
mann et al. 2005, 2007; Davies et al. 2005; Hartung
et al. 2002; Wilkinson and Davies 2002). Given their
direct contact with drying soil, roots may be a logical
site for drought perception. Split root experiments (where
part of the root system is allowed to dry while another
part is kept wet) and root pressurization (which allows
the roots to dry but maintains turgor of the shoot) pro-
vided evidence that a non-hydraulic, chemical signal
moved from root to shoot (see for example Davies et al.
2005; Holbrook et al. 2002; Saab and Sharp 1989).
While such a chemical signal may exist, several studies
suggest it may not be ABA as there is a relative lack of
ABA synthesis in roots (Holbrook et al. 2002; Christ-
mann et al. 2005, 2007). In the shoot, it has been
observed that NCED3 expression and protein accumula-
tion is mainly associated with the leaf vascular par-
enchyma cells between xylem and phloem bundles (Endo
et al. 2008). Whether ABA (or ABA-GE) synthesized in
these cells is loaded into xylem or phloem (and which
transporters may be involved) for distribution has not
been resolved. A presumed function of ABA transport,
whether long distance through the vascular tissue or
locally across the plasma membrane, is to regulate the
concentration of ABA in stomatal guard cells and thus
control stomatal aperture. However, it has been reported
that ABA synthesis in the guard cell itself is sufficient
for stomatal closure in response to low humidity (Bauer
et al. 2013). Hopefully new tools (see below) can help
resolve questions about the sites of ABA synthesis and
how ABA may move from site of synthesis to site of
action.
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The highly buffered system controlling of ABA
accumulation represents both a challenge

and opportunity in understanding plant stress
responses

A signaling intermediate such as ABA would be expected
to be dynamic so that the ABA signal can be both rapidly
generated and rapidly extinguished. Which of the processes
described above are critical in the dynamic control of ABA
accumulation? ABA synthesis is an obvious control point;
however, NCED3 over expression leads to greater increa-
ses in the ABA catabolites phaseic acid and dehydropha-
seic than increase in ABA itself (Priest et al. 2006; Qin and
Zeevaart 2002) indicating that ABA catabolism was stim-
ulated to match the increased ABA synthesis. The half-life
of ABA in maize plants was found to be only 1-2 h under
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either unstressed or stressed conditions (Ren et al. 2007)
implying that ABA synthesis and catabolism are in
dynamic equilibrium. Consistent with such dynamic turn-
over, expression of both NCED3 and CYP707As can be
elevated under low water potential stress (Fig. 3). Like-
wise, overexpression of an ABA glucosyltransferase
resulted in dramatically increased levels of ABA-GE but
little effect on ABA content (Priest et al. 2006). These data
indicate the existence of ABA homeostasis mechanisms
which are little disturbed by merely altering one branch of
ABA metabolism. How the set-point level of ABA is
determined and synthesis, catabolism and conjugation/de-
conjugation coordinated is not known.

Which aspect of ABA metabolism responds directly to
stress sensing to initiate ABA accumulation? NCED3
expression is rapidly induced by stress, yet it has been
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Fig. 3 Upregulated expression of both ABA synthesis and catabo-
lism genes under stress shows the potential for rapid ABA turnover.
Gene expression data are from microarray analysis of Col-0 seedlings
transferred to either control or low water potential media (—1.2 MPa)
for 96 h (the same treatment shown in Fig. la). Data are from
Bhaskara et al. (2012)

shown that stress induction of NCED3 is reduced in ABA-
deficient mutants such as aba3 or aba2-1 (Sharma and
Verslues 2010; Xiong et al. 2002). Thus, there is a chicken
and egg conundrum that if increased NCED3 expression is
required for ABA accumulation yet ABA accumulation is
required to fully induce NCED3 expression, what gets the
whole process started? One likely explanation is that the
conjugation and deconjugation of ABA-GE plays a larger
role than previously suspected. Polymerization and acti-
vation of BG1 (and perhaps BG2) can be a more rapid way
to release active ABA than de novo ABA synthesis (Lee
et al. 2006). What kind of stress signal and post-transla-
tional modification prompts BG1 to polymerize is not
known and would seem to be a particularly promising area
for further research. NCEDs also undergo poorly under-
stood post-translational processing which is thought to
affect NCED association with thylakoid membrane and
access to its lipid-soluble substrate (Endo et al. 2008; Tan
et al. 2001).

The above discussion illustrates the complexity of ABA
metabolism and its regulation. But ABA accumulation can
also be used to understand stress sensing and signalling. A
limitation in genetic studies of plant stress is the lack of
outputs (phenotypes) that provide a clear readout of stress
signalling activation yet can be measured in a rapid and
precise enough manner for genetic studies. While still
challenging, ABA is becoming more accessible as an
output factor that can hopefully lead us back to upstream
steps of stress sensing/signalling which control ABA
accumulation and the processes that distribute ABA to its
sites of action in the plant.

One significant new front in ABA research is the
development of ABA-biosensors. Two groups indepen-
dently constructed genetically encoded Forster resonance
energy transfer (FRET) sensors that respond to changes in

ABA content (Jones et al. 2014; Waadt et al. 2014). For
both groups, the basic strategy was to construct a hybrid
protein consisting of the ABA binding pocket of the PYL/
RCAR type ABA receptors along with the portion of a
protein phosphatase 2C (PP2C) that contacts the ABA
binding pocket and acts as a co-receptor (see below for
description of the PYL/RCAR/PP2C ABA sensing system).
While the basic strategy used by both groups was similar,
the sensors they produced have different characteristics.
The sensor produced by Waadt et al. (2014) has high ABA
affinity, a decreased FRET signal in response to ABA
binding and its expression in planta makes the plant less
sensitive to ABA, perhaps by sequestering ABA. The
sensors produced by Jones et al. (2014) had somewhat
lower ABA affinity, an increased FRET signal in response
to ABA binding, and their expression in planta led to ABA
hypersensitivity. Waadt et al. (2014) showed evidence that
their sensors could detect stress-induced changes in
endogenous ABA while this was less clear for Jones et al.
(2014). Waadt et al. (2014) used their sensor to investigate
long distance ABA movement and found that shoot to root
ABA movement could be detected while root to shoot
ABA movement could not be detected (perhaps because of
limited transpiration in their experimental conditions). In
both studies, the change in ABA sensitivity caused by
sensor expression is not ideal and for Jones et al. (2014)
their ABA sensors needed to be expressed in a mutant
defective in RNA-silencing to prevent silencing of sensor
expression. Thus, the use of ABA sensors is promising,
although further experimentation is needed to optimize
ABA sensors for in planta use. As envisioned by both
groups, optimized ABA sensors could be used in stress
experiments and combined with various genetic back-
grounds (mutants) to investigate factors controlling local
ABA concentrations (Jones 2015).

Forward genetic screening based on promoter:reporter
constructs has been effective in identifying stress and
ABA-related loci (Ishitani et al. 1997). A newer genetic
screen has used the NCED3 promoter driving a Luciferase
reporter as the basis for isolating mutants with altered
stress response. Use of the NCED3 promoter was based at
least in part on the idea that if NCED3 expression has a role
in controlling ABA content, its expression may respond to
signalling mechanisms upstream of ABA. Two mutants
from this screen have been reported in detail. In one report,
mutation of the cutin biosynthesis gene BODYGAURD, as
well as other cutin synthesis mutants, led to reduced
NCED3 expression and reduced ABA content as well as
increased damage of seedlings exposed to low water
potential stress (Wang et al. 2011b). How decreased cutin
formation is mechanistically related to NCED3 expression
and ABA accumulation is unclear. Another mutant with
reduced NCED3 expression and reduced ABA content was
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found to be affected in Vacuolar Sorting Receptorl (VSRI)
(Wang et al. 2015). Further analysis indicated that this
mutant was impaired in expression of several ABA syn-
thesis genes including NCED3 and that the reduced ABA
of vsrl may be related to changes in intracellular pH reg-
ulation. It would also seem possible that vsr phenotypes
may be related to the uptake or release of ABA or ABA-GE
from the vacuole or ER. Identification of additional
mutants from this screen is of substantial interest; although,
interpretation is complicated by the fact mentioned above
that NCED3 expression is affected not only by upstream
signals but also by ABA as part of feedback regulation.
Since the NCED3 promoter screen was initiated, new loci
have been identified that may be even more promising for
mutant screening. For example, PYL4, PYL5 and PYL6
expression was downregulated dramatically by low water
potential and this down regulation did not require ABA
accumulation (Bhaskara et al. 2012). Thus, the PYL5 and
PYL8 promoters may respond to unknown signalling
involved in controlling ABA sensitivity (see below for
further discussion of PYL expression and ABA sensitivity).

In our laboratory, we have observed substantial natural
variation in low water potential-induced ABA accumula-
tion among Arabidopsis accessions (R. Kalladan, J.R.
Lasky, S. Sharma, T.E. Juenger, P.E. Verslues; unpub-
lished observations). Currently we are investigating whe-
ther genome wide association mapping and QTL mapping
based on these ABA differences can identify new loci
involved in controlling ABA accumulation.

ABA perception and downstream signaling

In contrast, to ABA metabolism, the perception of ABA
and immediate downstream signaling has seen rapid pro-
gress (for review see Cutler et al. 2010; Hubbard et al.
2010; Raghavendra et al. 2010). For many years, genetic
screens of ABA sensitivity mutants and other analyses had
failed to uncover ABA receptors. This situation then
changed dramatically with reports of multiple ABA
receptors including GCR2 (Liu et al. 2007), Mg-chelatase
H subunit ABAR (Shen et al. 2006), GTG1 and GTG2
(Pandey et al. 2009) and the PYR-PYL/RCAR proteins
(Ma et al. 2009; Nishimura et al. 2010; Park et al. 2009).
Whether GCR?2 is truly an ABA receptor was subsequently
questioned based on concerns about ABA binding (Risk
et al. 2009), description of the protein function and
homology (Johnston et al. 2007), and reproducibility of
phenotypic assays which could link the putative receptor to
ABA sensitivity (Gao et al. 2007; Guo et al. 2008). For
ABAR, there is some follow-up experimentation which
support its role in ABA perception and signaling (Du et al.
2012; Shang et al. 2010; Wu et al. 2009), but its role
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remains unclear in part because of conflicting data about its
ABA binding (Tsuzuki et al. 2011). For GTG1 and GTG2,
there has been relatively little in the way of follow up
experiments which could verify its ABA binding and
provide a stronger mechanistic link to other ABA signaling
components (but see Alvarez et al. 2013). Thus the role of
GTG proteins in ABA perception and signaling also
remains uncertain.

Progress has been much more rapid for the PYR-PYL/
RCAR proteins (hereafter referred to as PYLs for conve-
nience). The PYLs are a 14-member gene family in Ara-
bidopsis which interact directly with the nine members of
the Clade A protein PP2Cs. The formation of a ternary
complex of PYL-ABA-PP2C was an immediately com-
pelling mechanism because it linked the newly identified
ABA receptor to the Clade A PP2Cs which were some of
the earliest identified ABA signaling proteins. This inter-
action was structurally analyzed and the existence of a
complete pathway from ABA perception to phosphoryla-
tion and activation of ABA regulated transcripton factors
and ion channels demonstrated (Brandt et al. 2012; Dupeux
et al. 2011; Fujii et al. 2009; Melcher et al. 2009; Nishi-
mura et al. 2009; Peterson et al. 2010; Soon et al. 2012).
With 14 PYLs and 9 Clade A PP2Cs, the number of
combinations is large and it has been shown that different
PYL-ABA-PP2C complexes have different ABA-binding
affinities (Szostkiewicz et al. 2010) and thus may respond
differently to ABA accumulation. Interestingly, a number
of PYL-PP2C interactions are not dependent on ABA
(Bhaskara et al. 2012; Hao et al. 2011) and the signaling
function of these interactions is not well understood. A
major effect of PYL-PP2C binding is to release repression
of downstream SNF-related2 (SnRK2) kinases. Identifica-
tion of additional SnRK2 phosphorylation targets is also an
area of active research in ABA signaling (Umezawa et al.
2013; Wang et al. 2013).

Some authors have suggested that the PYL-PP2C system
is the dominant pathway of perception and signaling with
other ABA receptors playing minor roles (Gonzalez-Guz-
man et al. 2012). This is a broad assertion and fully
addressing it requires molecular genetic experiments to
directly compare the different ABA signaling systems. For
example construction of mutant lines where both PYLs and
GTGs or ABAR are knocked out to see if there is an
additive effect on ABA response (which, to the knowledge
of this author has not been done). Another factor to con-
sider is changes in ABA sensitivity under different condi-
tions. The concentrations of exogenous ABA applied in
many experiments (10-100 puM) produce tissue ABA
concentrations orders of magnitude greater than the amount
of ABA that accumulates during stress (Verslues and Bray
2006). Thus, quantitatively, unstressed plants are less
sensitive to ABA than stressed plants for many phenotypes
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(for example, proline accumulation; Sharma and Verslues
2010; Verslues and Bray 2006) or have different responses
than stressed plants (Sharp and LeNoble 2002). What we
know of the core PYL-PP2C pathway so far does not
explain such an increased competence/sensitivity of stres-
sed plants to respond to ABA. Expression of several PYLs
is repressed by low water potential while Clade A PP2C
expression is increased (see for example Bhaskara et al.
2012). This suggests that during stress there are fewer
PYLs available to inhibit relatively more PP2Cs. This
would make the plant less sensitive to ABA rather than
more sensitive as observed in physiology experiments.
Downregulation of PYLs during stress has been proposed
to be a feedback regulatory mechanism. However, how
stress changes actual protein levels of the PYLs is not
known and understanding how the PYL regulatory system
functions in planta is still a work in progress. Clearly, there
are other inputs that control ABA sensitivity. Whether
these are from other ABA receptors or other environmental
stress sensing pathways is of interest for placing ABA
signaling in the broader context of stress biology.

Cytokinins in abiotic stress resistance

Cytokinins are N°-substituted adenine derivatives which
have numerous roles in plant development and interaction
with other hormones (Hwang et al. 2012; Kieber and
Schaller 2010). Cytokinin metabolism is more complex
than that of ABA, but overall cytokinin levels are con-
trolled by a similar range of processes as ABA (synthesis,
catabolism, conjugation and transport; Frébort et al.
2011) (Fig. 2). Cytokinin metabolism genes are stress
regulated in a manner consistent with reduced cytokinin
levels under many types of abiotic stress (Brenner et al.
2012). Direct measurements have confirmed that cytokinin
levels decrease during low water potential and salinity
stress (Havlova et al. 2008).

While stress decreases cytokinins, transgenic plants with
elevated cytokinin levels exhibited delayed leaf senescence
(Gan and Amasino 1995). Blumwald and co-workers
(Rivero et al. 2007) made the connection between these
sets of observations. They reported that transgenic plants
with a regulated increase in cytokinin production at the
onset of stress [by the Senescence inducible Receptor
Kinase (SARK) promoter driving expression of isopen-
tenyltransferase (IPT)] had increased drought tolerance.
This was because of delayed leaf senescence and cytoki-
nin-regulated changes in metabolism (Rivero et al. 2010,
2009). A crucial aspect of their study was that correctly
regulating the increased cytokinin synthesis to occur only
in response to water limitation circumvented the inhibition
of shoot growth and delay in defense activation seen when

cytokinins are constitutively elevated. This strategy, or
modifications of it, has subsequently been tested in a range
of other species (see for example Kant et al. 2015; Kuppu
et al. 2013; Mackova et al. 2013; Merewitz et al. 2012;
Peleg et al. 2011).

Recently, cytokinin transporters likely involved in root
to shoot cytokinin movement were discovered (Ko et al.
2014; Zhang et al. 2014). Also, several glucosyltrans-
ferases mediating either O-glycosylation of the cytokinin
side chain or N-glycosylation of the purine ring have been
described (Martin et al. 1999; Hou et al. 2004; Jin et al.
2013; Wang et al. 2011a). Also, new side chain modifica-
tions which affect cytokinin activity in controlling shoot
growth have been reported (Kiba et al. 2013). Whether or
not these new aspects of cytokinin biology affect low water
potential response, or can be altered to promote drought
resistance, is of interest. Tissue specific alterations in
cytokinin content are also of interest but less clear as
Werner et al. (2010) found that a root specific reduction in
cytokinin content led to increased root system size and
better survival of severe water limitation while Ghanem
et al. (2011) found that increase in root-synthesized cyto-
kinin increased shoot growth and yield of tomato under salt
stress.

The mechanisms of cytokinin perception and immediate
downstream signaling have been the subject of numerous
studies (Hwang et al. 2012; Kieber and Schaller 2010) and
consist (in Arabidopsis) of a bacterial type histidine
phosphorelay system with Histidine Kinase (AHK) cyto-
kinin receptors signaling through downstream Histidine
Phosphotransfer proteins (AHPs) and Response Regulators
(ARRs) (Fig. 2). Note however that AHKI1, which has
attracted much interest in plant stress research (Tran et al.
2007; Urao et al. 1999; Kumar et al. 2013), is not a cyto-
kinin receptor. Tran et al. (2007) proposed that AHK2,
AHK3 and AHK4 function as negative regulators of
dehydration and salt tolerance. Kang et al. (2012) also
found that ahk2 and ahk3 mutants had a higher survival
rate after rapid severe dehydration stress (plants were
removed from growth media and allowed to dehydrate then
returned to growth media and survival scored). Conversely,
Kumar and Verslues (2015) found AHK-specific pheno-
types with ahk3 having increased root growth at low water
potential while ahk2 mutants were specifically sensitive to
salt stress but similar to wild type in low water potential
sensitivity. Kumar and Verslues (2015) also found that ahk
double mutants had reduced proline accumulation, sug-
gesting a more general function of cytokinin signaling in
regulating proline and consistent with reports that
increased cytokinin levels stimulated proline accumulation
(Merewitz et al. 2012). The differing conclusions about the
stress roles of AHKSs likely lie in whether stress tolerance is
defined as being able to survive severe stress [as in Tran
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et al. (2007) and Kang et al. (2012)] or as being able to
maintain higher growth rates under less severe, non-lethal,
stress treatments (as in Kumar and Verslues 2015). Other
studies have found that AHKs affect stomatal regulation
(Marchadier and Hetherington 2014) and cold stress (Jeon
et al. 2010). Another study (Nishiyama et al. 2013)
reported that mutant of Arabidopsis Histidine Phospho-
transfer proteins (ahp2, ahp3 and ahp5) had increased
tolerance to water limitation. The same group (Nishiyama
et al. 2011) also reported that cytokinin deficient plants had
increased dehydration tolerance (in contrast to the above
studies where increased cytokinin promoted drought tol-
erance). Here again, they defined “drought tolerance” as
the ability to survive severe dehydration and the results
were likely influenced by different sizes of the plants
leading to different rates of soil water depletion. Interest-
ingly though, they also reported that the cytokinin deficient
plants were ABA hypersensitive and had altered ABA
content. Thus, there may be crossregulation between ABA
and cytokinin via yet unknown mechanisms. ABA-cy-
tokinin ratio may affect various processes such as growth
and stomatal regulation.

Perspective

ABA and cytokinin are two hormones that feature promi-
nently in current plant stress research. However, research
on the two is moving in different directions. ABA research
has largely put aside efforts to directly manipulate ABA
levels as a way to engineer drought tolerance. One reason
for this is that ABA metabolism is so highly buffered that it
is difficult to change ABA accumulation unless the (still
unknown) overriding regulatory factors matching ABA
content to environmental inputs are identified. Another
reason is that aside from promoting stomatal closure to
conserve water it is not clear that accumulating more ABA
is actually beneficial to increasing plant growth and pro-
ductivity under drought. Many of the most widely reported
ABA responses occur under severe stress Oor a more
prevalent in mature tissue (Claeys and Inze 2013). While
the low basal level of ABA present in unstressed plants has
important physiological functions, the accumulation of
high ABA levels is in many ways an emergency signal.
Having the plant declare a bigger emergency (by accu-
mulating more ABA) and halting growth and development
is likely not to be beneficial in terms of plant productivity
under moderate levels of drought stress. A new focus of
ABA research is to use knowledge of the PYL-PP2C sig-
nalling system as a basis for the design of small molecules
that can selectively activate (or repress) ABA signalling
(Cao et al. 2013; Park et al. 2015; Takeuchi et al. 2014).
How this line of research develops both in terms of new
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tools for basic science as well as field application will be of
interest. In terms of basic science, our understanding of
stress signalling will be without firm foundation until we
understand the cellular mechanisms plants use to detect
water limitation and control the amount and activity of
second messengers such as ABA.

For cytokinins, in contrast, compelling evidence shows
that the direct manipulation of cytokinin levels is an
effective way to alter drought tolerance. The challenges are
to understand why and to sort through conflicting results
that make it hard to generalize what the effect of cytokinin
manipulation is and what could be the best strategies for
altering cytokinins to improve drought tolerance (Zwack
and Rashotte 2015). The strongest evidence is that pre-
venting stress-induced decrease in cytokinin levels in the
shoot has a positive effect on abiotic stress tolerance. This
seems to be largely due to delaying or blocking the acti-
vation of senescence pathways, although other metabolic
changes are also involved. Further understanding of the
types of environments where cytokinin engineered plants
may be of practical value as well as to what extent altering
cytokinin levels changes ABA levels or response are all
topics of future interest. Our understanding of how cyto-
kinin signalling components affect plant response to water
limitation is also somewhat confused (Zwack and Rashotte
2015). Experiments such as determining if the stress
resistance phenotypes associated with increased cytokinin
levels are dependent on specific combinations of AHKSs and
downstream AHPs and ARRs would seem promising.
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