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SUMMARY. — Mediterranean plants are challenged against extreme, often unpredictable
stress events which may pose severe constrains for the plant survival, as uncontrolled
reactive oxygen species (ROS) generation ultimately lead to cell death. Secondary
metabolites, which are highly responsive to environmental drivers, constitute a flex-
ible system aimed at countering drastic perturbations in the cellular ROS homeostasis.
Recent evidence supports the notion of isoprenoids (products of methylerythriol phos-
phate (MEP) pathway) as aimed at quenching ROS, not only devoted at avoiding ROS
formation. Here we focus our attention on “essential isoprenoids” (i.e., carotenoids) and
“non-essential isoprenoids” (e.g., isoprene), and how they constitute a well-coordinated
system aimed at countering an excess of radiant energy to the chloroplast during stress
progression. We also offer recent evidences of the functional roles of the end-product
of MEP pathway, abscisic acid, as an essential regulator of the whole-plant metabolic
machinery, and not merely of stomatal opening.

INTRODUCTION. — Isoprenoids constitute the oldest known class of
plant metabolites with essential functions in the performance and regula-
tion of basic physiological and biochemical processes in plants. Plants
isoprenoids have essential roles in photosynthesis, respiration, mem-
brane fluidity and regulation of growth and development (VRANOVA
et al., 2013). Isoprenoids are synthesized by plants through succes-
sive condensations of two activated forms of isoprene: the isopentenyl
pyrophosphate (IPP) and the dimethylallyl diphosphate (DMAPP)
(Fig. 1). These two isoprenoids precursors can be synthesized by two
independent and non-homologous metabolic pathways: the cytosolic
mevalonate (MVA) pathway and the plastidial MEP pathway (LOMBARD
and MOREIRA, 2011). The MEP pathway, capable of generating IPP and
DMAPP from D-glyceraldehyde-3-phosphate (G3P) and pyruvate, was
discovered in the 1990s in bacteria and plants using *C-labelling experi-
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Fig. 1. — The carotenoid and ABA biosynthetic pathway in plants. In the plastid carotenoids are synthesized
from the C5 precursor, IPP (isopentenyl pyrophosphate). Plastidic IPP is synthesized from glyceraldehyde-
3-phosphate (GAP) and pyruvate via DXP (1-deoxy-D-xylulose-5-phosphate). Subsequently, the addition
of three IPP molecules to DMAPP generates geranyl geranyl diphosphate (GGPP), a precursor for several
groups of plastidial isoprenoids including carotenoids. The first step is the condensation of two GGPP
molecules to produce phytoene. Subsequently, hydroxylation of the carotene rings generates xanthophylls
such as lutein (from o-carotene) and zeaxanthin (from B-carotene). Zeaxanthin is epoxidated twice to make
violaxanthin, which can be converted to 9-cis-violaxanthin and frans-neoxanthin. Trans-neoxanthin further
gets converted to 9-cis-neoxanthin. 9-Cis-violaxanthin and 9-cis-neoxanthin are further oxidatively cleaved
by NCED to generate xanthoxin. Xanthoxin, once formed, is then exported to the cytosol, where it is con-
verted to ABA through a two-step reaction via ABA-aldehyde. ABA is inactivated through either oxidation
(to phaseic (PA) and dihydrophaseic acid(DPA)) and conjugation (to ABA glucose ester (GE)). ABA-GE is
involved in long distance transport of ABA and can be hydrolyzed in response to stress by B-glucosidases
(AtBG1 and AtBG2), thus leading to an increase in the active ABA concentration. ABA can be transported
from the cytoplasm to the apoplast through ATP-binding cassette (ABC) transporter.

DXS, DXP synthase; IspS, isoprene synthase; GGDS, GGPP synthase; PSY, phytoene synthase; BCH,
B-carotene hydroxylase; VDE, violaxanthin de-epoxidase; ZEP, zeaxanthin epoxidase; NSY, neoxanthin
synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; SDR, short-chain dehydrogenase/reductase.
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ments (ROHMER et al., 1996; LICHTENTHALER et al., 1997). Despite
their prokaryotic origin during endosymbiosis, all the genes coding for
the enzymes for IPP synthesis through the MEP pathway are encoded
in the nucleus, and this pathway constitute a robust trait maintained
during evolution from algae to higher plants (LANGE et al., 2000). By
compartmentalizing the two pathways, plants may have gained a selec-
tive advantage optimizing isoprenoids biosynthesis according to fixed
carbon and ATP availability and thus overcoming their sessile lifestyle
constraints (VRANOVA et al., 2013). Indeed, despite an exchange of
isoprenoids precursors takes place among different subcellular locations
(LICHTENTHALER, 2007), the loss of one of the two pathways cannot
be compensated by the remaining pathway (PuLIDO et al., 2012). In a
broader sense, the MEP and MV A pathways are not evolutionary rem-
nants, but could enable to channel rapid production of specific isopre-
noids for different functions (e.g. for growth or defence), ensuring that
plants survive under different stress conditions (KLIEBENSTEIN, 2004).

As sessile organisms in a dynamic environment, plants are inevi-
tably subjected to a diverse array of abiotic stresses. For example,
plants suffer from excess light on both daily and seasonal basis (L1
et al., 2009), and hence exposed to massive generation of ROS in the
photosynthetic apparatus (FOYER and SHIGEOKA, 2011). Environment-
induced alterations in ROS homeostasis may be severe in plants inhabit-
ing Mediterranean regions. Mediterranean plants are challenged against
extreme, often unpredictable stress events (broadly referred as to global
climate change effects) which may strongly depress the usage of visible
light in photosynthetic processes (CHAVES et al., 2009). Under these
circumstances, the impact of high sunlight irradiance when coupled
with hot air temperature and water scarcity, poses severe constrains
for the plant survival, as uncontrolled ROS generation ultimately lead
to cell death. Actually, plants have evolved mechanisms to use ROS
for efficient signalling (to activate a network of responses leading to
acclimation to a changing environment), and hence mechanisms have to
operate in plants to keep ROS under tight control, not to merely remove
them (MITTLER, 2004). Secondary metabolites, which are essential in
plant-environment interactions, and highly responsive to environmental
drivers, constitute a flexible system aimed at countering drastic pertur-
bations in the cellular ROS homeostasis. Recent evidence supports the
notion of isoprenoids as aimed at quenching ROS, not only devoted at
avoiding ROS formation.
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The MEP pathway is tightly involved in the control of accumulating
ROS levels during abiotic stress, and constitutes a highly flexible mech-
anism, which integrates information from the environment and cellular
metabolism. Here we focus our attention on some “products” of MEP
pathway: volatile isoprenoids, particularly isoprene, and non-volatile
isoprenoids such as carotenoids, xanthophylls and the phytohormone
abscisic acid (ABA). In this brief review article, the functional roles of
isoprene and carotenoids in plant responses to severe abiotic stress con-
ditions will be examined. It appears evident that “essential isoprenoids”
(i.e., carotenoids) and “non-essential isoprenoids” (e.g., isoprene) co-
operate not only during leaf development (RAsuLOV et al., 2013) but
also during stress progression. We also offer recent evidences of the
functional roles of another essential isoprenoid, ABA, as regulator of the
whole-plant metabolic machinery, and not merely of stomatal opening.

ISOPRENE. — Isoprene (2-methyl-1,3-butadiene) emitting species
occur in almost all major groups of land plants including dicots, mono-
cots, gymnosperms, pteridophytes, and mosses. Isoprene is biosyn-
thesized in the chloroplast by isoprene synthase (IspS) (Fig. 1) and its
emission is probably a genetic ancestral character which evolved during
the colonization of land by plants. Since isoprene helps plants withstand
rapid temperature fluctuations, the thermal stress experienced by early
land plants could have conferred a selective pressure favouring the
evolution of isoprene emission. SHARKEY and SINGAAS (1995) indeed
reported that isoprene emission is much more common in mosses and
ferns than in later divergent land plants. In contrast, isoprene biosynthe-
sis is absent in liverworts and hornworts, which are restricted to moist
and shady environments, and unlikely benefit from isoprene emission.
Therefore, isoprene synthase may have evolved multiple times, pos-
sibly from a reservoir of monoterpene synthase genes, and this may
explain the distribution of isoprene emission among plants (SHARKEY,
2005). Isoprene is neither stored nor metabolized in leaves, so emission
reflects biosynthesis (DELWICHE and SHARKEY, 1993; SCHNITZLER et
al., 2004). Isoprene emission represents a considerable investment for
the plant in terms of carbon and energy consumption (SHARKEY and
YEH, 2001). Since constitutive emission in strong isoprene emitters is in
the range 1-100 nmol m™ sec’!, emitting plants lose as much as 1-2% of
fresh assimilated carbon to isoprene biosynthesis (VICKERS ef al., 2009).
Even when the fresh carbon budget becomes limited, e.g., during severe
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drought stress, isoprene emission is slightly reduced (SHARKEY and
LoreTo, 1993; BRUGEMANN and SCHNITZLER, 2002). Alternative car-
bon sources are used for isoprene biosynthesis when assimilation rates
are severely constrained (WOLFERTZ et al., 2004; BRILLI et al., 2007).

It is now clear that terrestrial plants have developed a very sophis-
ticated secondary metabolism and invest carbon and energy to produce
compounds that play more than one functional role. Actually, the
biosynthesis of most secondary metabolites is a safety way to dissi-
pate an excess of photoassimilates and energy (HERNANDEZ and VAN
BREUSEGEM, 2010). This role as “safety valve” also applies to isoprene,
but it is not the main function. Indeed, ‘several’ functions for isoprene
biosynthesis and emission in maintaining plant fitness during stress
events (by increasing broad-spectrum tolerance to the production of
oxidative compounds) have been recently suggested. A large number of
experiments support the hypothesis of isoprene both conferring thermo-
tolerance to thylakoid membranes and serving antioxidant functions in
response to abiotic stresses (LORETO and SCHNITZLER, 2010).

Isoprene emission is likely the most rapidly induced thermo-toler-
ance mechanism (SINGAAS et al., 1997; SHARKEY et al., 2008). BEHNKE
et al. (2007) showed that transgenic non-isoprene-emitting poplars
exposed to short stress treatments, at 38-40°C, displayed reduced pho-
tosynthesis rates and photosynthetic electron transport, and increased
nonphotochemical quenching as compared with wild-type poplars. This
is because isoprene biosynthesis takes place rapidly in response to high
T, whereas thermo-tolerance mechanisms sustained through de-epoxi-
dation of violaxanthin-cycle pigments take much longer time (HAVAUX,
1993). Isoprene is highly lipophilic so that it may accumulate inside
chloroplast membranes (CoporLovici and NIINEMETS, 2005) changing
the features of secondary electron acceptor of PSII (plastoquinone,
QB), thus enabling plants to perform efficient primary photochemistry
of PSII at higher temperatures (VELIKOVA et al., 2011). Membrane
stabilisation at high T is to be considered an antioxidant function sensu
lato (HALLIWELL, 2009), as prevents peroxidation of membrane lipids.
Furthermore, isoprene is a quencher of singlet oxygen ('O,) (AFFEK and
Y AKIR, 2002), nitric oxide (NO) and other ROS that are formed under
abiotic stress conditions (VELIKOVA et al., 2005; LoRETO et al., 2001). It
was shown that in elevated ozone isoprene both reduced/delayed ozone-
induced lipid peroxidation (LORETO and VELIKOVA, 2001) through
thylakoid membrane stabilization, and, in addition directly reacted with
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ozone, particularly if the reaction occurs in a humid environment such
as in the mesophyll layer (LORETO et al., 2001).

It has been suggested that isoprene emission evolved when plants
conquered the land and started experiencing thermal extremes of ter-
restrial environments. Indeed, isoprene is still a trait more widespread in
hygrophytes than in xerophytes. For example, in Mediterranean regions,
characterized by aridity coupled with high temperatures and high sun
light irradiance, isoprene emission is more common in the hygrophytes
rather than in xeric species (LORETO et al., 2013). Isoprene emission by
plants living in Mediterranean water-buffered environments, could be
an initial mechanism which protects the chloroplast against sharp tem-
perature increases (heat flecks) (SHARKEY et al., 2008) due to sudden
heat waves.

CAROTENOIDS. — Carotenoids comprise a large family of polyiso-
prenoid pigments synthesized by all photosynthetic organisms
(CazzoNELLI, 2011; RoDRIGUEZ-CONCEPTION, 2010). The conju-
gated double bonds of their C,, backbone act as a chromophore and are
responsible for the yellow colour found in many fruits and vegetables.
Carotenoid biosynthesis (details given in Fig. 1) requires an available
source of isoprenoids substrates derived from the MEP pathway: the first
committed step in the carotenoids pathway is indeed the conversion of
geranylgeranyl diphosphate to phytoene (the first carotenoid) driven by
phytoene synthase (PSY). PSY is the most important regulatory enzyme
of the MEP pathway, and PSY genes are mostly responsive to abiotic
stresses (CazzoNELLI, 2011). Then several enzymes and two photo-
isomerisation processes lead to the production of all-trans-lycopene,
which undergoes modifications to produce two different branches, o-
and B-carotene respectively. These carotenoids serve as substrates for
the synthesis of xanthophylls including lutein, violaxanthin cycle pig-
ments and neoxanthin (CAzzoNELLI and PoGson, 2010). Carotenoids
play diverse biological functions in plants: (1) accessory pigments
in photosynthesis, namely energy transfer to chlorophyll (DEMMING-
ApAMS and Apawms, 1996); (2) phyto-hormone precursors (SCHWARTZ
et al., 2003); (3) modulators of membrane protein function (RUBAN
and JOHNSON, 2010) and (4) first line of defence against 'O, generation
through well-known physical-quenching (HAVAUX and Ni1yocl, 1999;
TRIANTAPHYLIDES and HAavAuUx, 2009) and recently discovered chemi-
cal-quenching mechanisms (RAMEL et al., 2012).
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Here we focus our discussion on the role of carotenoids, particularly
B-carotene and zeaxanthin, as quenchers of 'O, and membrane stabiliz-
ers in the chloroplast, two essential functions during stressful abiotic
conditions. The localization of each carotenoids species within the dif-
ferent components of the photosynthetic machinery is highly conserved
and it is the basis for their specific functions. [-carotene is bound to
reaction centre subunits of both photosystems (PSI and PSII), while the
major trimeric light harvesting complex of photosystem II (LHCII) of
higher plants binds two luteins (L1 and L.2), one violaxanthin/zeaxanthin
(V1) and one neoxanthin (N1) (KUHLBRANDT et al., 1994; AMUNTS et
al., 2010; UMENA et al., 2011).

B-carotene in the core complex quenches *Chl” and 'O, primarily
by a physical reaction, in which excess excited state energy from 'O,
is absorbed by [B-carotene and then dissipated as heat by the polyene
chain (TRIANTAPHYLIDES and Havaux, 2009). Notably, a concomitant
chemical-quenching mechanism involving [p-carotene oxidation has
been proven not only in vitro (STRATTON et al., 1993), but also in plant
leaves (RAMEL et al., 2012a, b) (Fig. 2B). Indeed, RAMEL et al. (2012a,
b) reported the accumulation of a large number of aldehydic oxidation
products and of different volatile derivatives originated from -carotene
in Arabidopsis plants under photooxidative conditions. The volatile
products derived from [B-carotene oxidation (mainly B-cyclocitral) are
bioactive molecules. They have been proposed as acting as messengers
in the '0,-signalling pathway (retrograde signalling, from chloroplast to
nucleus), and hence involved in the reprogramming of gene expression,
which leads to stress acclimation (RAMEL et al., 2012b). Furthermore,
[B-carotene plays a key role in freezing tolerance (HUNER ef al., 1984).
Indeed, B-carotene, due to the absence of hydroxyl groups on the carbon
chain, is homogenously distributed in membranes but without well-
defined orientation. Therefore, B-carotene maintains thylakoid mem-
branes in a fluid state during low-temperature stress (HAVAUX, 1996)
(Fig. 2A). In addition to participate in the maintenance of thylakoid
membrane fluidity during cold hardening of plants, B-carotene has a
crucial role in photoprotection of PSI in low temperature conditions
(CAZZANIGA et al., 2012).

In addition to [-carotene, thylakoid membrane contains other
carotenoids, involved in specialized tasks depending on their structure
and their localization (HAvAUx, 1996). Lutein has specific property of
quenching harmful *Chl’, thus preventing ROS formation (DALL’0STO
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Fig. 2. — (A) Structural model of B-carotene and zeaxanthin in chloroplast membranes: the two carotenoids
are oriented differently in thylakoid membranes and thereby zeaxanthin increases membrane rigidity while
B-carotene increases membrane fluidity. (B) B-carotene plays different roles in active PSII complexes: an
accessory pigment of the photosystem reaction centers and core antenna, an effective quencher of 'O,, act-
ing as a physical quencher as well as a chemical quencher leading to the production of volatile compounds
(i.e. B-cyclocitral).

et al., 2006), neoxanthin has protective function of PSII against super-
oxide anion (O, diffusion from stroma membranes to grana partitions
(DALL’0STO et al., 2007), while the VAZ cycle (violaxanthin-anther-
axanthin-zeaxanthin cycle) can be seen as an elegant mechanism that
rapidly converts within the LHCs, an efficient accessory pigment in
weak light (violaxanthin) to an efficient photoprotector in strong light
(Z) (Havaux and Nivoai, 1999).

Zeaxanthin has long been recognized as serving functions of primary
significance in plants exposed to a wide range of abiotic stresses, includ-
ing, but not limiting to high solar irradiance. Zeaxanthin plays an antioxi-
dant function on thylakoids lipids through two different both mechanisms
and pools of convertible violaxanthin. The fraction of zeaxanthin bound to
the antenna components enhances NPQ (non-photochemical quenching)
by promoting both a rapidly “flexible” dissipation (qE, rapidly reversible
NPQ) and a “sustained” dissipation in long-term (under severe stress)
quenching of excited chlorophylls (‘Chl*) (DEMMING-ADAMS and ADAMS
III, 1996). On the other side, the non-protein-bound pool of zeaxanthin is
free in the lipid phase of thylakoids, where it increases membrane rigid-
ity through stabilization of phospholipids layers (HAvaux, 1996) (Fig.
2A). Indeed, plant thylakoids have a highly conserved lipid composition
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characterized by a conspicuous amount of galactolipids: the outer leaflet
of thylakoid is enriched in monogalactosyldiacylglicerol (MGDG, about
60%) while the inner leaflet is enriched in digalactosyldiacylglycerol
(DGDG, about 80%) (RAWYLER et al., 1987). This great proportion of
highly unsaturated fatty acids confer an extreme fluidity to the thylakoid
membrane system, which is essential for the photosynthetic process but,
at the same time, constitutes a weak point when active forms of oxygen
are inevitably produced during the photosynthetic process. Zeaxanthin,
an amphiphilic molecule with two hydroxyl groups on the rings, can
increase membranes viscosity. The regular unsaturation of C-C bonds
enables zeaxanthin to act as “pillar” in the lipid bilayer, with the long
axis of the carotenoid almost perpendicular to the membrane surface, and
the two polar heads “fastened” to the head-group regions on both sides of
the membrane (RUBAN and JoHNsoON, 2010; Havaux, 1996) (Fig. 2A).
Besides its membrane-stabilizing properties, zeaxanthin also functions
as a chemical trap for hydroxyl radicals and 'O,, a distinct mechanism
from NPQ that can occur at the protein/lipid interface. Indeed, the in vivo
antioxidant capacity of zeaxanthin has been shown to be higher than that
of all other xanthophylls (HAvAuUX et al., 2007). HAvaux (2007) showed
that zeaxanthin-deficient mutants of Arabidopsis were much less tolerant
to oxidative stress than zeaxanthin-overexpressing mutant. Under severe
stress conditions, e.g., when plants are concomitantly challenged against
water deficit and high solar irradiance, the ratio of VAZ to chlorophyll
largely exceeds 100 mmol mol!. Zeaxanthin is therefore unlikely bound
to light-harvesting chlorophyll-protein complexes, and hence its con-
tribution to NPQ is negligible (BECKETT et al., 2012). Zeaxanthin may
be indeed synthesized from [B-carotene (DU et al., 2010) and resides in
other parts of thylakoid, increasing rigidity of thylakoid membranes and
enhancing their resistance to peroxidative damage under severe drought
stress (HAVAUX, 1996; BECKETT et al., 2012). Therefore, the functional
roles of carotenoids in plants challenged against multiple stress agents,
as typically occurs in the Mediterranean region, have to be re-considered.
Each carotenoid may serve more than one function depending on the
stress severity. For example, under natural conditions, the predawn to
midday enhancement in zeaxanthin concentration is unlikely correlates
with predawn to midday enhancement in NPQ, i.e. zeaxanthin-dependent
NPQ. Instead, zeaxanthin behaves as a chloroplast antioxidant at midday,
when high solar irradiance becomes severe excess light stress for plants
and severe excess energy for the chloroplast.
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Carotenoids share the same biochemical precursors as volatile “non-
essential” isoprenoids, e.g., isoprene. During leaf development, the
chloroplastic DMADP pools are preferentially consumed to synthesize
“essential” isoprenoids, i.e. carotenoids, while isoprene biosynthesis
occurs when leaves have built up a mature photosynthetic system.
Indeed, isoprene can play a role in maintaining the MEP pathway active
in adult leaves, thereby allowing for rapid synthesis of “essential” iso-
prenoids when they are needed during a stress event (RASULOV et al.,
2013), and lastly in preventing the overflow of chloroplastic DMADP
(ROSENTIEL et al., 2002).

This trade-off between ‘essential’ and ‘non-essential’ isoprenoid
synthesis has been observed not only during leaf development but also
during severe drought stress. Since isoprene biosynthesis is steeply
depressed under severe stress conditions, and very recent evidence
show that some carotenoids, especially zeaxanthin, may complement
the action of isoprene (BECKETT et al., 2012) through a well-coordinated
mechanism aimed at preserving thylakoid membranes from more severe
oxidative damage/disruption (HAVAUX et al., 2007).

ABscisiC ACID (ABA). — ABA 1is a ubiquitous phytormone, which
regulates plant growth and development under recurring environmental
stress conditions such as drought, salinity, and cold (MELCHER et al.,
2010). ABA is required to fine-tune growth and development under non-
stress conditions, including stomatal aperture and hydraulic conductiv-
ity, as well as seed dormancy and fruit abscission (RAGHAVENDRA ef al.,
2010). Nonetheless, ABA has been termed as “stress hormone” because
ABA is an endogenous messenger in plant abiotic stress responses. The
onset of ABA signalling begins with ABA biosynthesis which occurs
in the cytosol from xanthoxin, a 15 skeleton carbon molecule, which is
oxidized to xanthoic acid and undergoes further oxidation and rearrange-
ment to ABA (Fig. 1) (MiLBorrOW, 2001). ABA can be considered
as the end-product of MEP-carotenoids pathway, because xanthoxin
is produced in the plastid through the oxidative cleavage of a 9-cis-
epoxycarotenoid precursor (9-cis-violaxanthin or 9’-cis-neoxanthin)
(TAYLOR et al., 2000). This is the first committed step in the ABA
biosynthesis pathway and the rate-limiting step in the de-novo ABA
synthesis. However, LEE et al. (2006) showed that bioactive ABA can
be produced also from its conjugated form with glucose (ABA-GE) (Fig.
1), which has long been reported as an inactive pool of ABA (DIETZ et
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al., 2000). Glucosyltransferases can glucosylate ABA, and ABA-GE
accumulates in vacuoles. In response to dehydration stress as well as to
day/night conditions, ABA-specific -glucosidase (AtBG1), localized
in the endoplasmic reticulum, could produce free ABA from ABA-GE
(LEE et al., 2006).

It is well-known that enhanced biosynthesis of ABA occurs in
response to hyperosmotic stresses caused by high salinity and drought,
which cause the intracellular redistribution and accumulation of ABA
in guard cells. Increased ABA concentration leads to regulation of ion
channels, resulting in the efflux of ions, loss of turgor of the guard cells
and closure of stomata (WANG and SONG, 2008). Although most stud-
ies on ABA functions have been conducted using angiosperms, ABA-
induced increase in stress tolerance has been reported both in vascular
plants and in non-vascular bryophytes. Detection of ABA in mosses,
liverworts, and hornworts suggests that acquisition of this mechanism
for stress tolerance in vegetative tissues was one of the critical evolu-
tionary events for adaptation of plants to the land (TAKEZAWA et al.,
2011). Recent evidence suggests that active stomatal responsiveness to
environmental and endogenous cues originated after the evolution of the
ferns ~ 360 mya (McApam and BroDRIBB, 2012). Indeed, as reported
in McApaMm and BrobprieB (2013), in ferns and lycophytes the aug-
mentation of ABA levels occurs during drought but it is not associated
with the closing of stomata. In these plants, the passive stomatal control
still provides an efficient way of regulating leaf hydration in response
to changes in water availability. These findings are now supported by
findings of PANTIN et al. (2013), who proposed that ABA promotes sto-
matal closure in a dual way, through the well-known effect on guard cell
metabolism as well as through an ‘indirect’ hydraulic effect, inactivating
bundle sheath aquaporins and decreasing water permeability within the
leaf vascular tissues. While in angiosperms ABA acts as key modulator
of stomatal sensitivity to ambient CO, in angiosperm, drought-induced
accumulation of foliar ABA does not affect stomata sensitivity to CO, in
conifers (MCADAM et al., 2011). Authors conclude that there is phyloge-
netic variation in ABA-dependent stomatal sensitivity related to drought
and ambient CO,. Overall, this supports the hypothesis that regulation
of stomatal opening unlikely was the primary function served by ABA
during the establishment of early plants on the land.

The plethora of ABA responses is initiated by sensing ABA by solu-
ble cytosolic ABA receptor proteins (PYR/PYL proteins) (KLINE et al.,
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2010). The ABA binding to PYR/PYL protein, through the inhibition of
the PP2C (Protein Phosphtase 2C), enables the activation of the SnRK2
protein kinases, which are free to phosphorylate downstream components,
including NADPH oxidases and transcription factors (HAUSER et al.,
2011). The activation of NADPH oxidase (NOX) activity leads to H,O,
and NO production and ROS mediated signalling. Indeed, changes in
ROS homeostasis are pivotal signalling events, which can allow flexible
responses to environmental stress events (TossI et al., 2012), in addition
to their role in stomatal closure (BRIGHT et al., 2006). Moreover, ABA
signalling cascade in response to environmental stresses includes the
expression of ABA-responsive genes, by phosphorylating transcription
factors (TFs), particularly bZIP TFs belonging to the AREB/ABFs family
and MYB TFs (Fuiita et al., 2011). In particular, one of the four AREB/
ABEF proteins, ABF2, is a positive component of glucose signal transduc-
tion. Indeed, one of the early effects of drought-induced ABA accumu-
lation includes an increased starch degradation and increased hexoses
levels. Furthermore, by increasing the transcripts of several myb genes
(DENEKAMP and SMEEKENS, 2003), ABA may up-regulate the activity
of chalcone synthase (CHS) and chalcone isomerase (CHI) (TossI et al.,
2009; PERRONE et al., 2012) increasing the biosynthesis of phenylpro-
panoids, particularly flavonols and anthocyanins. Flavonoids represent
a more long term adaptive antioxidant response (AGATI et al., 2013) to
abiotic stresses, and together with vacuolar sugars could play a crucial role
in oxidative stress defence in the vacuole (KEUNEN et al., 2013).

ConcLusions. — The emerging picture for the functional roles of
isoprenoids in plants suffering from severe stress conditions reveals
not only the multiplicity of their functions but also that these secondary
metabolites constitute a well-coordinated system aimed at countering
an excess of radiant energy to the chloroplast. Under conditions that
severely depress photosynthesis, e.g., at severe leaf dehydration, the
decline in isoprene biosynthesis is paralleled by an increased biosynthe-
sis of zeaxanthin. Zeaxanthin biosynthesis originates not only through
de-epoxidation of violaxanthin but additionally from hydroxylation of
B-carotene. Chemical features allow zeaxanthin to increase membrane
rigidity, thus protecting thylakoid membranes from oxidative damage.
Severe drought usually occurs in concomitance with high both solar
irradiance and air temperature in the field, thus greatly enhancing the
ratio of violaxanthin-cycle pigments to chlorophyll. Therefore, zea-



ISOPRENOIDS IN PLANTS UNDER STRESS 73

xanthin likely serve a minor role in nonphotochemical quenching and
a major role as a chloroplast antioxidant, replacing the function served
by isoprene.

Abscisic acid, the biosynthesis of which steeply increases in response
to drought stress as well as from predawn to midday does not serve a
direct antioxidant function. Rather, ABA generates H,0, and nitric
oxide, which are also essential components in ABA-mediate stomatal
opening. However, ABA greatly affects primary and secondary metabo-
lism, enhancing the biosynthesis of hexoses and phenylpropanoids.
Phenylpropanoids, which are located in various cells and cellular com-
partments, are efficient scavenger of ROS. The significance of their
ROS-scavenger activities is relevant in plants challenged against severe
stress conditions, when the activity of primary antioxidant defenses, i.e.
antioxidant enzymes, declines steeply. It may be not a mere coincidence
that very same conditions enhance the expression of genes of flavonoid
biosynthesis, while down-regulate photosynthetic gene expression and
decrease the activities of antioxidant enzymes.
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