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Abstract

Drought is the main abiotic stress that negatively affects the crop yield. Due to the rapid climate change, actual plant defence
mechanisms may be less effective against increased drought stress and other related or co-occurring abiotic stresses such as
salt and high temperature. Thus, genetic engineering approaches may be an important tool for improving drought tolerance
in crops. This mini-review focuses on the responses to drought stress of the woody crop species Olea europaea and Citrus
sp., selecting in particular five main strategies adopted by plants in response to drought stress: aquaporin (AQPs) expression,
antioxidant activity, ABA signalling, and trehalose and proline accumulation. Transgenic studies on both the herbaceous
Arabidopsis and woody Populus plant models showed an improvement in drought resistance with increasing expression of
these drought-inducible genes. Outcomes from the present study suggest the overexpression of the gene families associated
with AQPs and ABA biosynthesis, mainly involved in regulating water transport and in preventing water loss, respectively,
as candidate targets for improving drought resistance; antioxidants-, trehalose- and proline-related genes remain valid can-
didates for resistance to a wider spectrum of abiotic stressors, including drought. However, the contribution of an increased
stiffness of the modulus elasticity of leaf parenchyma cell walls to the rapid recovery of leaf water potential, delaying by this
way the stress onset, is not a secondary aspect of the transgenic optimization, in particular for Olea cultivars.
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Introduction

Due to climate change, polluting activities and the continu-
ously growing world population, water availability and water
quality have been lowering. On the other hand, the agricul-
tural water demand, which accounts for 70% of water use
worldwide (OECD), is incessantly increasing. Lack of water
can have detrimental effects on plants, narrowing crop yield
and productivity and causing huge economic losses. There-
fore, water scarcity has been and still will be considered as
an urgent global and environmental problem. Drought is the
main abiotic stress that promotes an imbalance between root
water uptake and water loss via transpiration which results
in plant dehydration. Furthermore, some other stresses like
high temperature are usually co-incidental to drought stress.
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During their evolution, plants have developed four
drought resistance mechanisms that allow them to over-
come water deficit: drought avoidance (DA), drought toler-
ance (DT), drought escape (DE) and drought recovery (DR)
(Lawlor 2013; Fang and Xiong 2015). DA is the ability of
plants under mild or moderate drought stress conditions to
store as much water as possible and to sustain basal meta-
bolic processes that allow them to survive. For this purpose,
plants adopt the following strategies that permit them to
reduce water loss and enhance water uptake: rapid stomatal
closure, leaf rolling (reduces the leaf area exposed to inci-
dent radiation), wax accumulation on cell surface (reflects
the sunlight and prevents excessive transpiration), increased
root/shoot ratio, rooting depth and enhanced water storage
capabilities. DT is the ability of plants under severe drought
stress conditions to endure low tissue water content and to
maintain a certain level of physiological activities by repair-
ing stress damages, mainly oxidative and osmotic damages.
DE is the ability of plants to complete their life cycle before
the onset of drought stress, thereby plants do not experience
drought stress. DR is the ability of plants to recover from a
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dehydrated status after being exposed to a prolonged drought
stress.

Each species can perform more than one of the mecha-
nisms described above depending on the developmental
stage, making it rather difficult to comprehensively and
accurately evaluate the overall drought resistance strat-
egy adopted. Nevertheless, for more than two decades, the
body of literature on both morphological traits and struc-
tural, physiological, biochemical, and molecular regulation
of above- and belowground organs in response to drought
stress is consistently increased. In recent years, many efforts
had been addressed at elucidating the biochemical, genetic,
and signalling networks involved in plant drought responses;
however, the underlying sophisticated mechanisms that dif-
ferentiate resistance from susceptibility within a species,
especially for crops, remain largely unclear.

Citrus and Olea are genera of crop trees growing in tropi-
cal and Mediterranean environments where drought peri-
ods are common. Although during the evolution they have
adapted to several abiotic stresses, water scarcity is still a
threatening factor that negatively affects their growth, pro-
ductivity, and fruit quality. Citrus and olive global produc-
tion, as well as the majority of crops of agronomic interest,
have grown in the last decades (ec.europa.eu; FAO); thus, in
the context of climate change predictions of water scarcity,
it is important to develop water-saving and drought-resistant
crops. The outcome of the genomes of olive in 2016 (Cruz
et al. 2016), with about 1.38 Gb (G bases) total length, and
of citrus in 2019 (CGD, https://www.citrusgenomedb.org)
and 2020 (the CitGVD database, Li et al. 2020) opened new
opportunities in the study of the different molecular traits
and phenotypic variations within these species.

The response of plants to drought stress is a complex
process involving many genes and signalling pathways, but
it has been proven that multiple mechanisms are involved
(Lawlor 2013). Moreover, multi-gene transformation strat-
egy that combines several major functional or regulatory
genes or a series of genes in a signalling cascade may be
undoubtedly more reasonable or promising than single-
gene transformation for improving drought resistance in
plants (Fang et al. 2015). The most interesting and promis-
ing genetic strategies addressed by this review are (a) the
regulation of aquaporin (AQP) expression, (b) antioxidant
activities, (c) ABA signalling, and (d) trehalose and (e) pro-
line accumulations. Furthermore, the selection of drought-
resistant plants requires experimental settings that control
the water status of plants and assess the effects of water
deficits on physiological processes such as growth, photo-
synthesis, dry matter production, and water loss (Lawlor
2013). Therefore, the measurement of at least the water sta-
tus in terms of the energetics of water (¥ and =), the water
content (RWC), and the duration of the drought period (or
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soil drying) are very important in evaluating which strategy
to optimize.

This review addresses the progress on the selected genetic
actors for improvement of drought resistance in the woody
crops Citrus and Olea, and analyses which of them better
depicts the species-specific response, if any, in wild relatives
and elite cultivars. To this aim, a small database was com-
piled from the literature which also considers the leaf water
potential and the duration of drought treatment.

Regulation of AQP expression

AQPs are transmembrane proteins belonging to the major
intrinsic proteins (MIPs) superfamily; they are involved in
the symplastic transport of water and other small neutral
solutes, mainly CO,. According to their subcellular locali-
zation and function, plant AQPs are classified into five
subfamilies: plasma membrane intrinsic proteins (PIPs),
tonoplast intrinsic proteins (TIPs), NOD 26-like intrinsic
proteins (NIPs), small basic intrinsic proteins (SIPs) and
unclassified X intrinsic proteins (XIPs) (Rodriguez-Gamir
et al. 2011). Each subfamily can be further divided into dif-
ferent subgroups. For instance, PIP subfamily encompasses
PIP1 and PIP2 subgroups. Eventually, each subgroup is fur-
ther divided into different isoforms such as PIP1;1, PIP1;2,
PIP2;1 and so on (Afzal et al. 2016). However, some struc-
tural domains are highly conserved among the different sub-
families such as the NPA motif (Asn-Pro-Ala) which confers
selectivity for water molecules (Wei et al. 2019). As intrinsic
structural membrane proteins, activation and deactivation of
AQPs are mediated by post-transcriptional regulation which
involves phosphorylation and variation of cytosolic pH and
Ca’* content (Zargar et al. 2017).

The number of AQPs varies between plants; for example,
in Citrus, the number of AQPs identified (34) is lower than
in Poplar (55) (Wei et al. 2019). PIPs and TIPs are mainly
involved in water transport, while NIPs, SIPs and XIPs are
found to have higher solute transport activity (Zargar et al.
2017). Regarding drought tolerance, PIPs are probably more
significant than TIPs in regulating root water uptake because
the plasma membrane is much less permeable to water than
the tonoplast (Secchi and Zwieniecki 2014). Hence, because
of their involvement in water transport, PIPs are consid-
ered as prime targets for the improvement in drought stress
tolerance.

It is difficult to provide a general expression pattern of
the AQP genes in response to drought stress. Studies of
PIP genes expression to drought stress showed variable
responses of up, down or no regulation at all, even among
the same plant species (Afzal et al. 2016). In general, plants
respond to drought stress by downregulating PIP gene
expression, especially in Citrus and Olea oleaster trees.
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For example, in three different citrus rootstocks exposed to
drought (Rodriguez-Gamir et al. 2011), Poncirus trifoliata
(PT), Cleopatra mandarin (CM) and the hybrid 030115
(CMxPT), all grafted on the Valencia Late (citrus) tree, the
PIP gene expression levels were lower in CM and the hybrid,
whereas no significant changes occurred on PT. Consist-
ently, a more recent study proved that in roots of two Citrus
trees exposed to drought, Sanhuhongju (HJ) and Sanhuhua-
hong (HH), the majority of CsPIPs (Citrus PIPs) and CsTIPs
genes were downregulated (Wei et al. 2019). Similarly, in
the shoots of Olea europaea, OePIP2.1 (O. europaea PIPs)
aquaporin gene exhibited a lower expression under drought
stress condition (Secchi et al. 2007). The downregulation
of PIP genes during drought stress would reduce cell water
permeability by both promoting cellular water conservation
(Secchi et al. 2007) and avoiding the reverse water flow into
soil (Wei et al. 2019). Moreover, PIPs downregulation could
indirectly promote the lowering of stomatal conductance by
reducing the water flow to the leaves (Zargar et al. 2017).
In particular, PIP1 aquaporin appeared to play a key role in
facilitating PIP2 water transport, but not vice versa. Indeed,
if expressed in Xenopus oocytes, the membrane permeability
to water was much higher under the co-expression of both
PIPs rather than PIP2 alone (Secchi and Zwieniecki 2014,
Rodriguez-Gamir et al. 2011).

PIP1 could have an important role also in xylem recov-
ery from embolism as demonstrated in a transgenic poplar
tree (Populus alba X Populus tremula) characterized by
the strong downregulation of multiple PIP1 isoforms (Sec-
chi et al. 2014). In this study, transgenic plants exposed to
drought stress were more subjected to embolism and had a
reduced capacity to restore xylem conductance during recov-
ery. Therefore, AQPs upregulation at the end of the drought
stress period may promote a fast recovery of leaf water sta-
tus. According to this hypothesis, in O. europaea leaves
subjected to drought stress, OePIP1.1 and OePIP2.1 genes
exhibited an increased expression at the beginning of recov-
ery period (Perez-Martin et al. 2014; Aratjo et al. 2019).
On the other hand, these olive plants showed an OePIP].1
upregulation also during the first days of stress, suggesting a
strategy to initially maintain leaf turgor in a moment of low
water availability in soil. Overexpressing AQP genes can
generally confer a better resistance to drought and osmotic
damages, which often come together (Afzal et al. 2016).
The advent of Agrobacterium tumefaciens-mediated genetic
transformation made possible the insertion of AQPs gene
sequences of typical drought-tolerant plants in drought-
sensitive species. In a transgenic Arabidopsis, the ScPIP1
drought-induced gene of the desert plant Jojoba (Simmond-
sia chinensis) was inserted under the control of the 35S pro-
moter (Wang et al. 2019). After exposure to different peri-
ods of drought, transgenic lines overexpressing the Jojoba
ScPIP1 exhibited longer root lengths, better growth status,

higher survival rates, higher proline contents and reduced
malondialdehyde than the wild type, resulting in a plant
with enhanced resistance to drought, osmotic and oxidative
stresses.

The differences between the various expression patterns
of PIPs depend on the aquaporin isoform, tissue, stress level,
plant species and many other factors. However, in many
studies, a general downregulation is observed when the plant
is exposed to prolonged drought stress, primarily in Citrus
and Olea trees. This suggests that the upregulation of AQPs
during the first stage of drought stress, particularly in roots,
may help to absorb as much water as possible from the soil
to maintain initial leaf turgor. Later on, during recovery,
higher PIP expression at the shoot level would enhance the
xylem refilling capacity of parenchyma cells to avoid embo-
lism damage.

Antioxidant defence mechanism

One of the major consequences of drought and environ-
mental stresses, in general, is the overaccumulation of reac-
tive oxygen species (ROS) that cause oxidative damages in
plants. ROS are unstable molecules, ions and free radicals
containing oxygen; they easily react with other molecules
in a cell, resulting in being deleterious when present in high
concentration. Typical ROS are the superoxide anion (O,e7),
hydrogen peroxide (H,0,), hydroxyl radical (HOe) and sin-
glet oxygen (10,). Under normal growth conditions, ROS are
formed as a by-product of the aerobic metabolism in chlo-
roplasts, mitochondria and peroxisomes, where there is an
important flux of electrons due to the high metabolic activity
of these organelles. A minimum amount is essential for the
correct functioning of the cell, as they are rapidly detoxi-
fied by enzymatic and non-enzymatic antioxidants naturally
occurring in plants (Zandalinas et al. 2017). Under drought
stress conditions, the accumulation of ROS overcomes the
detoxifying capacity of the antioxidant machinery, and the
cell undergoes a state of oxidative stress that damages orga-
nelles and causes metabolic imbalances (Caverzan et al.
2016). Furthermore, ROS are produced also during biotic
stresses acting as toxic molecules against pathogens (Huang
etal. 2019).

During stress response, ROS accumulation leads to the
upregulation of multiple genes encoding for antioxidant
enzymes, to provide a better tolerance against oxidative
stress (Sofo et al. 2005). Membrane lipid peroxidation is
one of the consequences of ROS accumulation and leads
to malondialdehyde (MDA) production, whose content is
directly proportional to the severity of oxidative stress (Hus-
sain et al. 2018). In this context, during the evolution, plants
have developed enzymatic and non-enzymatic antioxidant
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defence mechanisms to mitigate the deleterious effects of
oxidative stress (Denaxa et al. 2020).

Among the enzymatic systems, the most important are:
superoxide dismutase (SOD), which catalyses the reac-
tion from O,e~ to H,0,; catalase (CAT), mainly local-
ized into peroxisomes, reduces H,O, to 2 H,O; peroxidase
(POD), both involved in scavenging H,0, in chloroplast
and enhances growth and development of the plant; ascor-
bate peroxidase (APX), which catalyses H,0, detoxifica-
tion through the ascorbate—glutathione (AsA—-GSH) cycle
(Fig. 1); glutathione reductase (GR), which helps in main-
taining high levels of reduced glutathione (GSH) in the
AsA-GSH cycle by reducing oxidized glutathione (GSSG)
to GSH in a NADPH-dependent reaction (Caverzan et al.
2016). The preservation of a favourable GSH/GSSG ratio
has been frequently found in highly drought-tolerant plants
(Zandalinas et al. 2017).

The non-enzymatic systems (Fig. 1) encompass: ascor-
bate (AsA), which donates one electron to APX to detox-
ify H,0,; reduced glutathione (GSH), which donates one
electron to facilitate AsA regeneration by the reduction of
ROS as well as tocopherol, carotenoids, and phenolic com-
pounds (Caverzan et al. 2016). Thus, along with SOD and
CAT activity, the AsSA—GSH cycle is an important pathway
involved in chloroplast, mitochondria, peroxisomes and
cytosol ROS scavenging.

Contrarily to AQPs, enzymatic and non-enzymatic anti-
oxidants have a uniform and well-known expression pattern
that, under drought stress conditions, faces a general upregu-
lation to counteract the oxidative status within the cell.

Experiments with Citrus sp. and O. europaea revealed
that enhanced drought tolerance is correlated to a better
functioning of the antioxidant machinery. In a work per-
formed on six one-year-old Citrus rootstocks (Volkameriana

lemon (V,), Brazilian sour orange (V,), Carrizo citrange
(V3), Eureka lemon (V,), Gada dahi (Vs), and Rangpur
lime (V) exposed to 24 days of progressively soil drying
(Hussain et al. 2018), the activity of the three major ROS-
scavenging enzymes (SOD, CAT and POD) along with other
attributes like H,0,, MDA and total soluble protein (TSP)
concentrations have been analysed in leaves and roots to
better understand the relationship between the antioxidant
defence mechanism and the plant physiological status. The
expression patterns of antioxidant enzymes were more fre-
quent in leaves (Fig. 2) than in roots (data not shown). SOD
and CAT reached the peak after 18 days of drought, in a
moment of moderate stress, for slightly decreasing on day
24, although remaining always higher than control (Fig. 2a,
b). Differently, POD activity increased till the 24th day of
stress (in a moment of severe drought stress for the plants).
SOD and CAT were the antioxidant enzymes with the high-
est activity, highlighting a leading role as ROS scavenger
triggered by oxidative stress. TSP content followed the same
pattern of SOD and CAT and its increase may be due to
the expression of new stress proteins that activate the anti-
oxidant defence mechanism. After 24 days, stressed plants
had likewise maximum H,0, and MDA content compared
to control plants and, for both parameters, the values were
higher in leaves than in roots (Fig. 3). These results make the
chloroplasts the main ROS producers, due to their sustained
electron flow (Sofo et al. 2005). Among the different species
studied, Carrizo citrange showed enhanced drought toler-
ance along with higher antioxidant activity and lower MDA
and H,0, content. Thus, this study confirmed the positive
correlation between drought tolerance and the correct func-
tioning of the antioxidant machinery.

Similar results have been observed when two Citrus
cultivars (Carrizo citrange and Cleopatra mandarin) were

Fig. 1 The scheme of AsA- 0,
GSH cycle. Asc ascorbate, -
APX ascorbate peroxidase, SOD
DHA dehydroascorbate, DHAR
dehydroascorbate reductase,
MDHA monodehydroascorbate, H,0,
GR glutathione reductase, GSH - GSSG
reduced glutathione, GSSG \ /
oxidized glutathione (from
Latowski et al. 2010) NAD(P \
‘ NAD(P)H
APX DHAR |/ \ /
\ MDHAR
1’ GR
/) \ N }F
y \__ | NaD@H \ o
M DHA
H,0 / \
DHA’ GSH */
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Fig.2 A SOD; B CAT; C POD; D TSP in leaves of six citrus root-
stocks during 24 days of drought stress. For each date, the control
represents the mean value of six rootstocks. Values are mean+SE
at p<0.05 (n=3). Symbols presented in graphs correspond to: filled

exposed to the combination of heat and drought stress (Zan-
dalinas et al. 2017). After imposing 7 days of high tempera-
tures (40 °C), a group of plants was exposed to a 24 h water
stress period by transplanting to dry perlite. Again, Carrizo
citrange showed a more drought-tolerant phenotype along
with a higher activity of SOD, CAT, APX and GR compared
to Cleopatra mandarin. In addition, AsA and GSH content
increased in both plants when stressed, especially when sub-
jected to both heat stress + drought stress; this suggests that
the non-enzymatic antioxidants may be more important in
combined stress conditions or when the stress pressure is
stronger. Cleopatra mandarin, the less drought-tolerant cul-
tivar, showed higher MDA content and a lower GSH/GSSG
ratio caused by GSSG accumulation. Thus, a more favour-
able GSH/GSSG ratio (such as in Carrizo citrange) allows
a better tolerance to oxidative stress and, consequently, to
drought stress.

Number of days

circles: control; open circles: volkameriana lemon; inverted filled
triangles: Brazilian sour orange; upright open triangles: Carrizo cit-
range; filled squares: Eureka lemon; open squares: Gada dahi; filled
diamonds: Rangpur lime (from Hussain et al. 2018)

Olive trees subjected to drought exhibited a similar regu-
lation of the antioxidant machinery, as reported in the study
of Sofo et al. (2005). In this experiment, 2-year-old Coratina
(O. europaea) plants underwent 20 days of drought stress.
A general upregulation of SOD, CAT, POD and APX was
observed in response to drought-induced oxidative damages,
and similarly to citrus, these enzymes had the highest activ-
ity in leaves.

The antioxidant defence mechanism is ubiquitous in all
plants. A transgenic approach with the Arabidopsis-defec-
tive mutant for the ascorbate peroxidase 1 (APX1) enzyme
resulted in higher sensitivity to combined drought and heat
stress (Zandalinas et al. 2017). In contrast, Arabidopsis
plants overexpressing one or more antioxidant genes showed
an enhanced antioxidant capacity and were more resistant
to a broad range of abiotic stresses (Caverzan et al. 2016).

Based on these results, pursuing the upregulation of anti-
oxidants in leaves, especially SOD, CAT and GR which are
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involved in the first response against ROS, and the mainte-
nance of a favourable GSH/GSSG ratio could reasonably
improve drought tolerance in crops.

Trehalose accumulation

Trehalose is a non-reducing disaccharide formed by two
a-glucose units linked in a 1,1-glycosidic bond. It is widely
spread in lower organisms such as bacteria, yeasts, fungi, as
well as in plants, insects, and many other invertebrates. Tre-
halose has been found not only to act as a source of carbon
molecules, but mainly as a protective compound in response
to abiotic stresses. Indeed, in lower organisms, it accumu-
lates under heat, drought or salt stress to preserve the mem-
branes from desiccation damages and to promote osmotic
adjustment (Jordachescu and Imai 2008). Particularly, under
limited water supply, trehalose accumulation is necessary
to prevent the transformation of the phospholipid bilayer
membrane from the liquid crystal state to the solid state, and
stabilize the structure of proteins, nucleic acids, and other
biomolecules (Fang et al. 2015). This is possible thanks to
the trehalose unique feature of reversible water absorption
capacity that protects biological molecules from desiccation-
induced damage (Penna 2003). During severe dehydration,
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water molecules dissociate from the polar residues of cell
macromolecules, but are replaced by sugars, mainly tre-
halose, which form hydrogen bonds with the residues and
help them at stabilizing their structure and maintaining their
activity. Even if trehalose seems to be extremely useful in
stress resistance, plants (except resurrection plants) exhibit
low increase in its content when exposed to drought stress
compared to microorganisms (Penna 2003). This behaviour
might indicate that trehalose does not have a direct role in
plant’s protection from abiotic stresses, but may act as a
modulator that triggers other stress-responsive mechanisms
(Santana-Vieira et al. 2016; Iordachescu and Imai 2008). In
fact, in transgenic plants constitutively expressing microbial
trehalose biosynthetic genes, trehalose levels were higher
compared to WT, but still lower than expected; however,
transgenic lines exhibited a better tolerance to drought than
the WT (Iordachescu and Imai 2008; Lin et al. 2019). This
proves that there is a positive correlation between treha-
lose accumulation and a better resistance to drought stress.
In addition, low trehalose content may be caused by the
enzyme trehalase which is ubiquitously present in plants and
promotes trehalose degradation in its two glucose monomers
(Penna 2003). Thus, it may be possible to increase trehalose
production in plants by reducing trehalase activity.

In plants, trehalose biosynthesis consists of two consecu-
tive reactions:
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Fig.4 tppfl mutant is more sensitive to drought stress than the WT
Arabidopsis thaliana. Pictures show the phenotypes of WT and
defective plants exposed to watering and drought conditions. Top

(1) Trehalose-6-phosphate synthase (TPS) catalyses the
reaction between UDP-glucose and glucose-6-phos-
phate to obtain trehalose-6-phosphate.

(2) Trehalose-6-phosphate phosphatase (TPP) catalyses the
dephosphorylation of the product of the first reaction to
obtain trehalose.

In the last decades, important works of genome sequenc-
ing allowed to identify 11 TPSs (from A¢tTPSI to AtTPSI1)
and 10 TPPs (from AfTPPA to AtTPPJ) genes in Arabidopsis
thaliana. Later studies with gain-of-function and loss-of-
function mutants have been crucial for a better understand-
ing of the role of trehalose in plants. For example, the Arabi-
dopsis tps1 knockout mutant was found to be embryo lethal
(Iordachescu and Imai 2008); this finding proved that the
trehalose pathway is vital in plants and could have a role in
the early stages of development. On the other hand, Arabi-
dopsis mutants overexpressing the ArTPSI gene resulted in
more drought-tolerant lines but with a very low detectable
increase in trehalose content.

Trehalose biosynthesis has been found to be involved in
multiple abiotic stresses, but it also plays an important role
in vegetative growth. Depending on environmental condi-
tions, TPSs and TPPs are differentially expressed in roots
and shoots (Lin et al. 2019). An in silico analysis was car-
ried out on Arabidopsis TPSs and TPPs genes to study their
expression pattern in response to different abiotic stresses
such as cold, osmotic, salt, drought, oxidative, genotoxic,
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right chart compares drought-stressed plants’ survival rates 4 days
after rewatering. Bottom right chart compares water loss from
detached leaves in both WT and mutant lines (from Lin et al. 2019)

UV-B, wounding and heat (Iordachescu and Imai 2008).
This study showed that trehalose biosynthesis genes are dif-
ferentially upregulated or downregulated depending on the
type of stress affecting the plant.

In this context, a study was performed on the overexpres-
sion of AfTPPF, a member of the Arabidopsis TPP gene
family highly induced under drought stress (Lin et al. 2019).
The study consisted in the creation of a loss-of-function and
an overexpressing Arabidopsis mutant for the AfTPPF gene
obtained by T-DNA insertion. Both lines were exposed to
4 weeks of drought, followed by 2 days of recovery. The
defective mutant resulted in a more drought-sensitive plant,
although phenotypically similar to the WT under control
conditions (Fig. 4). In contrast, the overexpressing mutants,
driven by the CaMV 358§ constitutive promoter, exhibited
an enhanced drought tolerance compared to the WT. In par-
ticular, three homozygous overexpressing lines (OES, OE6
and OE9) with different A¢tTPPF expression levels were
selected, and their degree of drought tolerance was directly
proportional to the transcript levels of AtTPPF (Fig. 5). No
significant changes were observed between WT and the
loss-of-function mutants. Under drought stress, OE9 line
exhibited lower H,0, content in the shoot apical meristem
(SAM), where AfTPPF is primarily expressed, compared
to WT and loss-of-function plants; this suggests that treha-
lose may have a role in the antioxidant defence mechanism.
Moreover, soluble sugar content, especially sucrose, was
found to be higher in the OE9 mutant. Sugar accumulation
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Fig.5 AfTPPF overexpression mutants are more drought toler-
ant than WT Arabidopsis thaliana. Pictures show the phenotypes
of WT and three different overexpressing lines exposed to watering

in the cytoplasm is a typical drought-tolerant mechanism,
as it reduces cell osmotic potential to facilitate cell water
retention, a procedure named “osmotic adjustment” (OA)
(Fang et al. 2015). Hence, the upregulation of trehalose
biosynthetic genes positively affects drought tolerance in
plants, probably by triggering other genes and/or acting
on ROS scavenging and osmotic regulation. According to
this hypothesis, a transcriptome analysis of the WT and
the AtTPPF-overexpressing mutants revealed that 318 of
the 440 upregulated genes in OE9 were repressed in WT
plants, while 207 of the 475 downregulated genes in OE9
were induced in WT under drought stress (Lin et al. 2019).
These results clearly highlight the putative role for trehalose
in regulating the drought-responsive gene expression.
Consistently, similar results on trehalose accumulation
in response to drought stress were observed in an experi-
ment (Santana-Vieira et al. 2016) with two 2-year-old Citrus
rootstocks, Rangpur lime (“RL”, drought avoidance strat-
egy adopter) and Sunki maravilha (“SM”, drought-tolerance
strategy adopter), ungrafted, grafted with their reciprocal
graft combination or with shoot scions of two commercial
citrus varieties: Valencia orange (“VO”) and Tahiti acid lime
(“TAL”). The eight different combinations obtained were
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and drought conditions. The bottom chart compares drought-stressed
plants’ survival rates 2 days after rewatering (adapted from Lin et al.
2019)

subjected to drought stress by irrigation interruption until
leaf water potential dropped to — 2 MPa (severe drought
stress condition). After harvesting, plants were rehydrated
for 48 h before the final harvesting. The experiment lasted
17 days during which multiple attributes were analysed.
Among them, ABA, trehalose, and soluble sugar content
had interesting expression profiles. In general, plants exhib-
ited higher carbohydrate levels under severe drought stress
in both leaves and roots as observed in the above-mentioned
Arabidopsis studies. Interestingly, trehalose and sucrose con-
tents increased under severe dehydration in roots of grafted
or ungrafted SM rootstocks (drought tolerance adopter) and
then decreased after 48 h of rehydration, while no signifi-
cant changes were observed in plants with RL rootstocks.
Soluble sugars act as osmoprotectant, but they also play a
role against oxidative damage. Moreover, recent studies sug-
gested that trehalose may have an antioxidant function as a
direct ROS scavenger (Santana-Vieira et al. 2016). Higher
carbohydrate content in fine roots could be explained by the
fact that roots are the first organs to sense water deficit and
consequently activate the necessary defence mechanisms to
prevent drought-induced damages. Moreover, lowering in
stomatal conductance was observed to be preceded by both
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ABA and trehalose accumulation, suggesting for trehalose a
role in facilitating ABA signalling to guard cells.

The discovery of trehalose pathway in plants is rather
recent and much work is still to be done. However, even if
to date there are not sufficient data on trehalose metabolism
in woody plants, it can be hypothesized that the upregulation
of specific trehalose biosynthetic genes could enhance plant
tolerance to drought and other abiotic stresses.

ABA signalling

Abscisic acid (ABA) is a phytohormone involved in plant
growth and in its response to different types of biotic and
abiotic stresses. In the first stages of a plant life, ABA is
essential for seed formation, dormancy and subsequent ger-
mination (Neves et al. 2013). Once the plant is well devel-
oped, ABA is still important in promoting growth as well
as in triggering multiple defence mechanisms in response
to various stresses, especially drought (Neves et al. 2013).

ABA is synthesized from carotenoids in a complex pro-
cess that occurs largely in chloroplasts and ends in cyto-
plasm (Seo and Koshiba 2002):

(1) Zeaxanthin, which is formed from carotenoid in previ-
ous reactions, is converted into all-frans-violaxanthin
by a two-step epoxidation catalysed by the enzyme
zeaxanthin epoxidase (ZEP).

(2) All-trans-violaxanthin is converted in the xanthophylls
9-cis-neoxanthin and/or 9-cis-violaxanthin. The con-
version from violaxanthin to neoxanthin is probably
mediated by a neoxanthin synthase (Ikegami et al.
2009).

(3) 9-cis-neoxanthin and 9-cis-violaxanthin undergo an
oxidative cleavage catalysed by the enzyme 9-cis-epox-
ycarotenoid dioxygenase (NCED), to obtain xanthoxin.

(4) Finally, xanthoxin is translocated from the plastids to
the cytoplasm where it is converted in ABA. In Arabi-
dopsis, xanthoxin is first converted to abscisic aldehyde
by a dehydrogenase reductase and subsequently oxi-
dized to ABA by an aldehyde oxidase (Ikegami et al.
2009).

Guard cells are specialized cells present in pairs and
mainly located in leaf epidermis where they regulate gas
exchanges. They are positioned to form a pore when they are
turgid, named stomata, through which CO,, O, and H,O can
pass in a process named transpiration (E). During drought
stress, ABA accumulates in the leaves to induce stomatal
closure by promoting the efflux of anions and K* ions from
the guard cells which lose water and become flaccid, clos-
ing by this way the stomata. This pattern has been largely
reported in many experiments with both herbaceous and

woody plants. For instance, in Santana-Vieira’s (2016) study,
all citrus plant combinations showed increased ABA con-
tent in both leaves and roots in response to drought stress,
while stomatal conductance (g,), net photosynthetic rate (A)
and transpiration (E) decreased in an inversely proportional
way. Sunki maravilha, which adopts a drought-tolerance
mechanism, accumulated significantly more ABA than
Rangpur lime in their leaves and recovered more efficiently
from severe drought. Similar results were obtained in an
experiment with two olive trees, Chemlali (drought tolerant)
and Chetoui (more sensitive to drought), subjected to water
deficiency for 30 days (Guerfel et al. 2009). Both plants
increased their ABA content and gradually reduced their
g, as the water became less available. Higher ABA levels in
response to water deficiency were also observed in Arabi-
dopsis thaliana (Ikegami et al. 2009). Therefore, it is pos-
sible to confirm that ABA production is triggered by drought
stress and that this is a ubiquitous mechanism adopted by a
wide range of plant species. Gomes et al. (2004) demon-
strated the link between leaf water potential (‘¥).,), stomatal
conductance (g,), transpiration rate (E), CO, assimilation
(A), CO, intercellular concentration (C;) and ABA content in
30-month-old Péra orange tree grafted on Rangpur lime and
exposed to 10 days of drought stress, followed by 10 days of
recovery. On the 7th day, when ¥, drastically lowered and
drought stress became severe, g, E and A decreased, while
ABA and C; increased. ABA, which is de novo synthesized
(Ikegami et al. 2009), gradually started to be produced soon
after the onset of drought when W, at 2:00 p.m. (hereafter
named ¥,) reached — 1.0 MPa, but its highest accumulation
was drastically induced during severe drought stress at ¥,
values around — 3.5 MPa. Concurrently, total stomatal clo-
sure only occurred at — 3.0 MPa< ¥, < — 3.5 MPa. Figure 6
(from Gomes et al. 2004) clearly shows that ABA and g
are closely related in an inversely proportional relationship.
Thus, as the leaf water potential decreases due to prolonged
drought, ABA de novo biosynthesis begins to promote sto-
matal closure.

Decreases in g, are accompanied with a decline in pho-
tosynthetic rate, but facilitate water retention and allow the
plant to survive longer. However, it is still unknown whether
under drought condition ABA is first synthesized in the roots
or in the shoots, as many studies had contrasting results.
While some evidences suggest that ABA is produced in the
roots, the first organs to sense the lack of water, and then
translocated to the leaves through xylem sap flow (Neves
et al. 2013; Gomes et al. 2004; Guerfel et al. 2009), others
state the opposite with the leaves being the first to synthesize
ABA and subsequently promote its transport to the roots.
Ikegami et al. (2009) showed that in Arabidopsis, when
the leaves were exposed to drought, but the roots were kept
in well-watered conditions, ABA accumulation occurred
only in leaves; in contrast, when drought stress was applied

@ Springer



274 Plant Biotechnology Reports (2022) 16:265-282
0 0
. . | ® Water-stressed |
v e’ o, =
) B 4.—._
N o —o e Ve, . -
/ vy =-3,1691 + 2,6079
:/,/ y= -3,6898 + 3,025 1+e- -x+1.3325}
© . ¢ - 0.0253 — 0,4906
€ 2 / 1+ 0588 | T 2= 0,86
£ J ) =
SOy a/0% re=095 ~ °®
Q* b > .
3+ j .3
¢ ) )
L]
®
4 . |_® Water-stressed | N .
000 0.05 ' 0.10 ' 0.15 ' 0,20 T
- ' - - 0 2 4 10 12

g, (mol.m2.s)

6 8
ABA (ug.g™' dry weight)

Aga??
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orange trees submitted to drought stress. Data obtained from 50 observations (from Gomes et al. 2004)

to the roots, only a slight increase in ABA content was
detected. Hence, this study suggests that ABA biosynthesis
in response to drought stress first occurs in leaves.

NCED is the enzyme that catalyses the formation of xan-
thoxin, an ABA precursor. It belongs to the wider NCEDs
family, which comprises multiple members that promote
ABA biosynthesis during different stages of plant life cycle.
In many studies, NCED was reported to be highly expressed
during water deficiency conditions (Neves et al. 2013); in
particular, NCED3 was found to be the enzyme responsible
for ABA production in Arabidopsis thaliana during drought
stress (Pedrosa et al. 2017). This led to the characterization
of NCEDs from other species and, more recently, to the crea-
tion of transgenic plants overexpressing the genes coding
for these enzymes to improve drought tolerance. Transgenic
approaches that increased ABA production often resulted
in plants with a better resistance to water scarce environ-
ments. When CsNCED?3, the homolog from Rangpur lime,
was introduced in Nicotiana tabacum under the control of
the constitutive promoter CaMV35S (Pedrosa et al. 2017),
transgenic plants subjected to 10 days of drought stress
exhibited enhanced drought tolerance by closing the stomata
much earlier than WT tobacco. Interestingly, even though
transgenic tobacco had lower values of g, throughout the
experiment, its photosynthetic rate (A) remained similar to
that of the WT. However, not all transgenic lines exhibited
higher ABA levels compared to WT; this may indicate that
increased ABA production might trigger its catabolism.
Therefore, CsNCED3 overexpression led to an improved
drought tolerance by promoting stomatal closure to withhold
as much water as possible, without negatively affecting the
photosynthetic rate. In addition, transgenic tobacco showed
reduced H,0, content compared to the WT suggesting that
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NCED and ABA accumulation may promote the expression
of ROS-scavenging enzymes.

In this context, overexpressing genes involved in ABA
biosynthesis cannot be ruled out to realize more resistant
plants to drought stress.

Proline accumulation

Proline is an amino acid involved in plant stress responsive-
ness. Although it is suggested that it has an important role
in embryo development and in floral transition (Kaur and
Asthir 2015), its accumulation mainly occurs under abiotic
stress condition. In this context, it is thought that proline is
an osmoprotectant involved in osmotic adjustment, in the
stabilization of proteins and other subcellular structures, in
ROS scavenging, in heavy metal chelation, in the activation
of genes expressing stress-protective proteins/molecules and
in the regulation of intercellular osmolarity to reduce the
efflux of water. Moreover, it stabilizes the redox balance
and its accumulation in chloroplasts helps maintain a cor-
rect NADP* pool (Kaur and Asthir 2015; Fang et al. 2015).
Proline is synthesized by two different pathways that take
place in different organelles (Fig. 7):

(a) Glutamate pathway takes place in chloroplast and con-
sists in two successive reduction reactions: the first
one is catalysed by pyrroline-5-carboxylate synthetase
(P5CS), which is the rate limiting enzyme (and thus
the most important in proline biosynthesis during
stresses), while the second reaction is catalysed by the
P5C reductase (PSCR).
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Fig.7 Schematic representa-
tion of proline metabolism
in different cell organelles. CytOSOI
P5CS pyrroline-5-carboxylate Mitochondrion Chloroplast
synthetase, PSCR d-pyrroline-
5-carboxylate reductase, Glutamate
PDH proline dehydrogenase,
P5CDH pyrroline-5-carboxylate P5CS1 NADPH
dehydrogenase, BAC basic NADH ATP NADPH
amino acid transporter, GSA P5CS1
glutamate-y-semialdehyde, P5CS2 NADP
OAT ornithine aminotransferase NAD ADP NADP
(from Kaur and Asthir 2015) GSA GSA
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(b) Ornithine pathway occurs in mitochondria and consists
in the transamination of ornithine into P5C, catalysed
by ornithine-8-aminotransferase (OAT), which is then
converted into proline.

Interestingly, proline content decreased in Arabidopsis
knockout mutant for the P5CS gene, while no variations
were observed in the OAT-defective mutant (Kaur and Asthir
2015). This result suggests that the glutamate pathway is the
main route for proline biosynthesis, focusing the transgenic
approaches on the genes involved. When the stress ends,
proline content is restored to its initial level through the cata-
bolic pathway which takes place in mitochondria with the
help of the enzymes proline dehydrogenase (PDH) and P5C
dehydrogenase (PSCDH) (Fig. 7). The reduction of NAD* to
NADH during proline catabolism gives a consistent amount
of reducing power to the cell that can be used to synthesize
ATP. In fact, the oxidation of just one proline molecule can
produce up to 30 ATP units (Kaur and Asthir 2015). Thus,
proline catabolism provides energy that may facilitate plant
recovery from stress (Fig. 8).

It has been frequently observed that proline content
increases during drought stress. Higher proline levels were
detected in the roots and the leaves of two citrus cultivars
(Carrizo citrange and Cleopatra mandarin) when exposed
both to single drought stress and to the combination of
drought stress + heat stress (Zandalinas et al. 2017). Simi-
lar results were observed by Hussain et al. (2018) in six

A

rginine

different citrus rootstocks subjected to drought. Interest-
ingly, in both studies proline content was found to be higher
in more sensitive plants compared to tolerant ones. During
oxidative stress, proline acts as an ROS scavenger by bind-
ing to hydrogen peroxide and to the hydroxyl radical, creat-
ing stable adducts with them (Kaur and Asthir 2015); this
reduces the lipid peroxidation and contributes to alleviating
the oxidative damage. Therefore, the higher accumulation of
proline in more sensitive genotypes compared to more toler-
ant ones may be explained by the lower antioxidant defence
mechanism, suggesting for proline the role of counterbalanc-
ing the lack of antioxidant activity (Hussain et al. 2018).

Proline role in plants is still being investigated, and
transgenic approaches designate proline as an interesting
target for genetic engineering to enhance drought resistance
in woody crops. In fact, de Carvalho et al. (2013) showed
that a citrus cultivar (Citrus paradisi X Poncirus trifoliata)
overexpressing the Vigna aconitifolia P5CS gene exhib-
ited increased proline content, higher antioxidant enzyme
activity and lower MDA level when exposed to 20 days of
drought stress. Compared to WT plants, transgenic lines did
not show leaf rolling after the drought treatment and exhib-
ited a lower expression of some antioxidants even before
the onset of stress. This study demonstrates that there is a
positive correlation between proline accumulation and the
regulation of antioxidant gene expression.

Transgenic approaches confirmed the link between
increased proline content and a general upregulation of the
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Fig. 8 Effect sizes of the drought stress (mean+95% CI, CI is confi-
dence interval) on several molecular traits involved in the response.
The sample size for each group is given on the left y-axis. The treat-
ment effect (drought) is statistically significant if the 95% CI of

antioxidant defence mechanism, which resulted in a better
resistance to water deficiency conditions. Hence, genetic
engineering aimed at increasing the enzyme production
involved in proline biosynthesis deserves to be pursued.

Compilation of data and database analysis

A small database was compiled of available published papers
providing quantitative data on the five selected drought
resistance strategies in the two selected woody crops Citrus
sp. and Olea europea. For this constraint, the database total-
ized only 32 entries, 22 for Citrus and 10 for Olea (Table 1).
Both species were reported as cultivars and in terms of dif-
ferent rootstocks and shoot scions combinations. Very few
papers reported quantitative data for transgenic cultivars,
so they were excluded from data analysis. In particular for
AQPs, some papers were excluded as no relative expression
patterns were reported, but only pictures of blottings. All the
selected compounds were measured on leaf except the AQPs
on olive roots. For each molecular variable, all available data
were scaled to the same unit: activity for enzymes, concen-
tration for ABA, trehalose, proline and MDA, relative gene
expression for AQPs. For each species record, information
was added regarding the leaf water potential and the duration
of drought stress treatment.

The approach adopted for data analysis was that of the
response ratio, i.e. the ratio of the measured variable in
treatment to control groups, which is commonly used as a
measure of the proportionate change that results from an
experimental manipulation. A true meta-analysis method
examining both within-experiment and between-experiment
variations was not applicable because of the very small data-
base; therefore, only between-experiment variations are
considered.
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the effect size does not overlap with the line. The insert illustrates
the mean leaf ¥ versus the mean duration of the drought experi-
ment=+95% CI for the selected studies

Data show that under drought stress condition, all the
antioxidant activities, as well as proline, trehalose and ABA
concentrations, increased, and the opposite was shown for
the aquaporins. ABA concentration and AQPs gene expres-
sion showed a similar pattern for both species, although
AQPs values were close to the null effect. Antioxidants
and proline responses were different. Proline concentration
resulted being higher in olive than citrus; the antioxidant
profiles differed particularly for APX, POD and CAT activi-
ties, which was lower for APX and higher for POD and CAT
in citrus than in olive, respectively. Despite that the range
of drought duration was similar for the selected experiments
and lasted on average 26 days, leaf water potential was two-
fold lower in olive than in citrus cultivars. Unfortunately,
the cultivar feature was not analysed because of the small
number of records, but the respective variance falls within
the confidence interval shown in the graphs.

Discussion

Plants respond in a complex way to drought stress by induc-
ing and/or reducing the expression of hundreds of genes that,
to date, are still being studied. In the present work, five main
strategies adopted by plants in response to drought stress
(PIPs expression, antioxidant activity, ABA signalling, tre-
halose and proline accumulation) have been identified and
investigated, and their genetic engineering has been desig-
nated as a potential solution to improve drought resistance
in plants.

Data investigation highlighted a leaf water potential
significantly lower in olive than citrus cultivars within a
comparable range of drought duration. To this lower mean
value, similar increases corresponded for most of the inves-
tigated traits except for APX, POD and CAT activities,
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which resulted in the former being lower and the other two
higher in citrus than in olive, respectively, and a slightly
higher proline concentration for olive. Consequently, it may
be assumed that Citrus cultivars prefer to adopt higher leaf
water potential maintenance and antioxidant activities via
CAT and POD pathways strategies against severe drought
stress, whereas Olea cultivars seem to adopt stronger
osmoprotectant strategy (higher [proline]) and antioxidant
activities via the ascorbate—glutathione pathway. AQPs and
ABA mechanisms seem to be involved to the same extent,
although citrus maintains a higher leaf water potential. The
lack of significant AQPs gene expression was not particu-
larly surprising, as they are referred to the leaves. Investiga-
tions at root level might highlight a different response.

The significant difference between the leaf water poten-
tial may be ascribed to different strategies of drought resist-
ance at leaf cell structure scale. Lo Gullo and Salleo (1988)
clearly showed such a different strategy between Olea
oleaster and other two sclerophyll species, Ceratonia siliqua
and Laurus nobilis. Despite an equal degree of sclerophylly
(in terms of the ratio of leaf dry weight to surface area),
Olea is more drought tolerant than Ceratonia and Laurus,
as it shows a drastic and prolonged diurnal drop in leaf ¥
coupled with a higher rate of water loss, whereas Ceratonia
and Laurus show an avoidance strategy achieved by water
spending or water saving and rapid recovering from mini-
mal water losses through a drastic lowering of leaf water
potential. The drastic lowering is achieved by the higher
modulus elasticity (rigidity) of the parenchyma cell wall in
Laurus leaf (Lo Gullo and Salleo 1988). The leaf ¥ values
observed in this study for Citrus sp. leaves are similar to
those reported for Ceratonia or Laurus, suggesting the adop-
tion of a drought avoidance mechanism at leaf anatomical
scale. Furthermore, the higher proline concentration in olive
leaves may further explain their ability to further lower the
water potential, reinforcing the involvement of proline accu-
mulation in drought tolerance mechanisms. Unfortunately, it
is necessary for Olea to fill the gap of information on treha-
lose concentration which shares the osmoprotective activity
with proline. Therefore, since the contribution of structural
leaf trait like the modulus elasticity of parenchyma cell walls
play a key role in the resulting leaf water potential (Lo Gullo
and Salleo 1988), transgenic optimization for Olea cultivars
should address mainly stiffening of leaf parenchyma cell
walls, helping by this way the recovery from minimal water
loss. For Citrus cultivars, enhancement of the constitutive
metabolic dehydration tolerance by molecular traits such as
osmoprotectant and/or antioxidants activities seems to be
more functional.

Investigated data are leaf scaled, but relationships with
the hydraulic system cannot be ruled out, as genetically
induced growth limitation is reported to enhance the expres-
sion of root and shoot water channels belonging to the PIP1

@ Springer

and PIP2 subfamilies in two-year-old olive saplings, sug-
gesting a possible compensation of reduced plant hydraulic
conductance because of lower root mass, and a contribution
to alleviate limitation to whole-plant growth (Lovisolo et al.
2007).

The other interesting outcome from this study has been
the higher APX activity in olive compared to citrus. This
non-enzymatic antioxidant pathway has been proved to
be more important than other antioxidant pathways under
stronger single stress pressure or in combined stress condi-
tions (heat plus drought) (Koussevitzky et al. 2008). Indeed,
olive leaves experience a higher water deficit, and the signifi-
cant increase of APX activity could be considered among the
main mechanisms developed by olive trees for the protection
of chloroplasts, which under stress conditions present sus-
tained electron flows and are the main producers and targets
of ROS action (Ben Ahmed et al. 2009).

It is worth highlighting that the age for 27 out of 32
entries ranged from 1 to 2 years, with three cases of
7 months and one case each of 5- and 40-year-old olive trees.
Thus, caution should be exercised when extrapolating from
the responses of seedlings to environmental conditions to
the responses of older trees. Nevertheless, outcomes from
seedlings’ or saplings’ responses are important for the man-
agement of the early establishment performance of these
crops under field conditions.

Conclusions

From a strict genetic improvement point of view, overex-
pressing all the above-mentioned genes simultaneously
does not seem feasible and, moreover, it could have negative
effects on plant growth. However, some of the investigated
mechanisms have improved plant resistance against more
than just one abiotic stress. In fact, as oxidative damages
occur with almost every abiotic stress, enhancing antioxidant
activity could result in a better tolerance to drought as well
as to other adverse conditions such as cold or high salinity.
Similarly, trehalose and proline are involved in protecting
plant from drought, salt, osmotic and oxidative stresses,
thanks to their osmoprotectant and switch in roles for the
expression of hundreds of stress-responsive genes. These
multiple alterations to metabolism may result in a higher
crop yield as, during their life cycle, agronomic plants face
a combination of different abiotic stresses under field condi-
tions such as drought, cold, heat stresses and other unfavour-
able environmental conditions. In contrast, leaf AQPs and
ABA are mainly involved in regulating transpiration and in
preventing water losses; thus, their transgenic approaches
would help create drought-tolerant crops, but would not
improve their resistance against other abiotic stresses.
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In conclusion, integration of the molecular approaches
with morpho-physiological analyses that closely examine
the structure—function relationship for the organs mainly
involved in the drought response are necessary if progress
is to be made in developing effective approaches for manipu-
lating and improving drought resistance.
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