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Introduction

The challenges of research on combined abiotic

stresses

In Mediterranean climate areas, the available scenarios for climate change
suggest an increase in the frequency of heat waves and severe drought in
summer. Grapevine (Vitis vinifera L.) is a traditional Mediterranean species
and is the most valuable fruit crop in the world. Currently, viticulture must
adjust to impending climate changes that are already pushing vine-growers
toward the use of irrigation, with the concomitant losses in wine quality, and
researchers to study tolerance to stress in existing genotypes. The viticulture
and winemaking worlds are in demand to understand the physiological
potential of the available genotypes to respond to climate changes. In this
review, we will focus on the cross-talk between common abiotic stresses
that currently affect grapevine productivity and that are prone to affect it
deeper in the future. We will discuss results obtained under three experimental
stress conditions and that call for specific responses: (1) acclimatization of in
vitro plantlets, (2) stress combinations in controlled conditions for research
purposes, (3) extreme events in the field that, driven by climate changes, are
pushing Mediterranean species to the limit. The different levels of tolerance to
stress put in evidence by the plasticity of phenotypic and genotypic response
mechanisms, will be addressed. This information is relevant to understand
varietal adaptation to impending climate changes and to assist vine growers
in choosing genotypes and viticulture practices.

Bacic 2005, Vinocur and Altman 2005) and can impair
plant growth and productivity worldwide by more than
50% (Bray etal. 2000). Drought, salinity and chemi-
cal pollution can lead to equivalent cellular responses,

Abiotic stress is defined as an environmental factor
potentially unfavorable to an organism, and ‘resistance’
is the capacity of an organism to overcome that envi-
ronmental constraint (Levitt 1980). In the case of crop
plants, the effect of the stress over the economically rel-
evant part of the plant (the effect on the ‘harvest’) is also
important to consider. The most common abiotic stresses
that affect plants include drought, salinity, extreme tem-
peratures, acid soils and chemical pollution (Tester and

such as the production of stress proteins, upregulation
of anti-oxidants and accumulation of compatible solutes
(reviewed in Wang et al. 2003). Temperatures above the
optimum are sensed as heat stress (HS) by living organ-
isms. HS disturbs cellular homeostasis and can lead to
severe retardation in growth and development and even
death (Kotak et al. 2007). All these primary stresses lead
to secondary stresses, such as osmotic and oxidative
stress. Oxidative stress, e.g. frequently accompanies high

Abbreviations — ABA, abscisic acid; EL, electrolyte leakage; HS, heat stress; HSP, heat shock protein; ROS, reactive oxygen
species; ZFP-TF, zinc finger protein transcription factors; sHSPs, small heat shock proteins; ERF, ETHYLENE RESPONSE FACTOR.
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temperature and drought and may cause denaturation of
functional and structural proteins (Mittler 2006).

In open field conditions, at any given moment, sev-
eral abiotic stresses affect plants simultaneously (Mittler
2006). The combination of different stresses can induce
synergistic or antagonistic responses. For example, in
areas of the world with a Mediterranean climate, it is
common that in the summer plants are exposed to high
temperatures and/or drought and also to high levels of
light causing photoinhibition. In the situation of simulta-
neous heat and drought, stomatal movements are oppo-
site to those occurring upon heat alone (Rizhsky et al.
2002). Also, drought combined with high light can result
in an enhanced production of reactive oxygen species
(ROS) by the photosynthetic apparatus (Mullineaux et al.
2006). When photosynthesis is reduced, plants will likely
experience the effects of the secondary type of stress
termed oxidative stress. One example of the antagonistic
effect of combined stresses is salinity and heat because
the higher transpiration rates caused by heat could result
in increases in the uptake of salt (Wang et al. 2003).

How will climate changes affect grapevine in the
near future?

In the Mediterranean region where grapevine has been
grown for a long-time, the available scenarios for climate
change over the pending decades suggest an increase
in aridity and shifts in the amount, seasonality and distri-
bution of precipitation (Pinto et al. 2011). The predicted
higher frequency of summer heat waves together with
a longer dry season will lead to extended and severe
drought events. The ensuing overexploitation of water
resources for agriculture purposes will limit plant growth
and fruit development and therefore the fulfillment of
their potential yields (Chaves 2002, Chaves et al. 2010).
Drought and heat represent an excellent example of
two different abiotic stresses occurring simultaneously
(Knightand Knight 2001) in the Mediterranean surround-
ing areas, with severe consequences for viticulture and
the range of wine characteristics that can be produced
from the same variety, such as decrease in acidity (Escud-
ier et al. 2017). Projection models indicate that, as early
as 2040, viticulture will have moved its distribution
northward and uphill, leading to changes in plant phe-
nology, anticipating flowering and ripening (Ramos et al.
2015, Fraga etal. 2017), in order to avoid significant
changes to the characteristics of the wines produced.

Experimental systems used to study the effects
of climate changes

Taking the above scenario into account, it comes as no
surprise that research on grapevine in the past years
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has focused on the effects of climate changes on plant
productivity and grape quality, with work performed
in controlled conditions and in the field.

In vitro artificial systems are helpful to elucidate spe-
cific questions at the metabolic level and also to extrapo-
late plant responses to specific stresses (e.g. light, salinity)
using very simple layouts. However, to study individual
and combined stresses and their effects in artificially con-
trolled conditions, growth rooms/chambers that attempt
to mimic ‘natural’ conditions must be used, or directly
in field environments. Environmental control in green-
houses helps to focus on features of the plant’s response
and thus can elucidate important mechanisms of toler-
ance, but often results cannot be easily extrapolated to
plants in field conditions when the whole environment is
changing and affecting the plant. In the case of perennial
species in which the fruit is the economically impor-
tant product this is even more pressing, as in standard
controlled conditions the reproductive cycles are hard
to mimic. Grapevine is one of such species, mainly cul-
tivated in areas of Mediterranean climate primarily for
winemaking and table grapes.

Abiotic stress in the field: learning
to adjust to climate changes

Genotype vs environment

Grapevine varieties are characterized by a distinct sensi-
tivity to the environment. The metabolic characteristics
of the berries show high phenotypic plasticity, summed
up in the concept of terroir, which combines varietal
attributes with the climate, soil and winemaking prac-
tices (Spielmann and Gélinas-Chebat 2012). Further-
more, all the possible interactions among them offer
advantages as evidenced by the adaptation of cultivated
varieties to different growing regions (Keller 2010, Dai
etal. 2011). Thus, there is a pressing need to under-
stand the existing genetic diversity between and within
varieties, and its influence on the physiological poten-
tial of the available genotypes to respond to climate
changes and foster new terroirs. In light of this, an
assembly of 65 differentially expressed genes (DEGs),
known to respond to abiotic stresses in two well-studied
genotypes, ‘Touriga Nacional’ and ‘Trincadeira’ (Rocheta
etal. 2016), was designed to scan gene expression in
leaves of 10 traditional Portuguese varieties growing in
two Portuguese regions with distinct environmental con-
ditions: one with a typical Mediterranean climate and the
other with a marked Atlantic influence (Carvalho et al.
2017). Due to the experimental set-up behind the array
design, the genotypes were characterized as ‘sensitive’
or ‘tolerant’ to abiotic stress and, furthermore, the DEGs
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were able to distinguish the main abiotic stress that each
genotype/environment was subjected and responding to
(drought, heat or excess light; Carvalho et al. 2017).

The relevance of the interactions between genotype
and environment was also reported by Dal Santo et al.
(2018) in berries of ‘Sangiovese’ and ‘Cabernet Sauvi-
gnon’ grown in Central Italy (in Tuscany and on the
Adriatic coast). This study confirms that there is a huge
berry transcriptomic plasticity, reflecting locations and
vintages and that gene expression is differentially modu-
lated in response to environmental cues (Dal Santo et al.
2013). In both studies, the location of the vineyard had
a minor impact on the extent of transcriptome changes
in grapes, while qualitative traits, such as the accumu-
lation of secondary metabolites related to wine aroma
and color, were significantly affected by the location (Dal
Santo et al. 2013, 2018).

The regulation of the specialized metabolism of
organic acids and sugars and of precursors of aro-
matic and phenolic compounds in berries of ‘Shiraz’
and ‘Cabernet Sauvignon’ also indicates a strong
variety-dependent response (Degu et al. 2014). Plants
were grown in adverse environmental conditions and
‘Shiraz’ had greater upregulation of the entire polyphe-
nol pathway and higher accumulation of piceid and
coumaroy! anthocyanin forms than ‘Cabernet Sauvi-
gnon’ beginning at veraison, in concordance with
transcript profiling of the genes encoding enzymes of
key steps in the phenylpropanoid pathway. Overall, the
enhanced response of stress-related metabolites, such
as trehalose, stilbene and abscisic acid (ABA) in ‘Shi-
raz’ berry-skin are consistent with its relatively higher
susceptibility to environmental cues than ‘Cabernet
Sauvignon’ (Degu et al. 2014). The knowledge of these
physiological modulations by the environment led to
the recent research suggesting the use of cross-breeding
to exploit the diversity among varieties for berry size,
sugar accumulation and malic to tartaric acid ratio and
develop new varieties able to withstand adverse effects
of climate warming on berry volume and quality (Bigard
etal. 2018). In experiments performed in Montpellier,
France, irrigated and nonirrigated plants of different vari-
eties were analyzed for berry size and composition and
a huge variability in the contents of malic and tartaric
acids were found, together with some correlation with
berry growth (Bigard et al. 2018).

The potential to adapt to climate changes

Summer drought together with heat waves is the most
common abiotic stress combination in Mediterranean
grapevine-producing regions and the one that has given
rise to a larger number of studies (Hannah et al. 2013).

332

In addition to the increase in average temperature, the
higher frequency of extreme events must be consid-
ered for a reliable climate change impact assessment
on viticulture (Challinor et al. 2005). These conditions
are reflected into two different trends, the first one is an
increase of late spring frost at bud-burst as the result of
anticipated phenological states, reported for the first time
in the region of Tuscany (Moriondo and Bindi 2007).
On the other hand, phenological phases of fruit set and
berry ripening will be more prone to heat waves in the
summer (Moriondo and Bindi 2007). In a model devel-
oped for summer crops such as sunflower and wheat,
the grain filling period was highly reduced (Moriondo
et al. 2011). These data were used on a projection model
for grapevine, supported by previous observations that
higher temperatures shifted post-bud break development
to earlier, cooler conditions that countered the effects of
increasing temperature (Moriondo and Bindi 2007). As a
consequence, higher temperatures did not decrease the
length of bud break to anthesis period whereas the length
of anthesis to maturation time lapse was largely short-
ened (Moriondo and Bindi 2007). This model points to
a major decrease in yield due to the combined effect of
a shorter berry ripening period associated with summer
drought (Moriondo et al. 2011). The phenological obser-
vations of Duchéne and Schneider (2005) over a long
period in Alsace also fit well within the proposed model,
the authors highlighted the pressure of high temperatures
at ripening and the negative influences of anticipated
flowering.

Heat waves occurring during key berry development
stages can have devastating impacts on production even
in case of overall favorable weather conditions for the
rest of the season. It is well documented that heat stress
(HS; Tmax >35°C) during berry ripening is associated
with inhibition of photosynthesis and thus lower sugar
accumulation and yield (Greer and Weston 2010, Greer
et al. 2011). This is due to the decrease of berry size while
the overall lower quality is a result of inhibition of color
and flavor development (Greer and Weedon 2013). On
the other hand, frost events at bud break are related to
shoot death and lower vyield (Friend etal. 2011). Pre-
cocity may be crucial for grapevine to escape intense
drought and heat events during fruit ripening and the
choice of the plant material is the first variable to con-
sider for warmer climate adaptation. In both rootstocks
and scions, genetic variability allows the choice of pre-
cocious genotypes tolerant to drought (Duchéne and
Schneider 2005). However, for premium musts, adapta-
tion may include the shift of varieties from their origi-
nal areas of growth to new areas that match their tra-
ditional environmental requirements. Thus, an increase
of temperature of 5°C (predicted for 2100; Fraga et al.
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2017) would shift premium-wine varieties toward alti-
tudes above 400 m, whereas low elevation areas would
likely be suitable for lower quality varieties, producing
high alcoholic wines (Moriondo and Bindi 2007).

Climate changes are predicted to decrease the acidity
of berries mostly through the decrease of malic acid, with
significant costs on quality (Escudier et al. 2017). Grape
malic and tartaric acid concentrations have poor stability
and heritability and are dependent on genotype, envi-
ronment and the respective interaction effects, that up to
now have impaired the identification of markers (Houel
et al. 2015). Therefore, the correlation found between
berry size and malic/tartaric acids ratio (Bigard et al.
2018) is interesting to use as an indicator of berry quality.
It was also found that phenological events throughout the
growing season are responsible for the difference in size
between table and wine grapes (Migicovsky et al. 2017;
data collected for 17 years in 580 table and wine grape
accessions).

The intensity and quality of light (e.g. the amount
of UV-B available) significantly affect grape quality as
they modulate the production of phenolic compounds
(mostly flavonoids) and cuticular waxes (Tilbrook et al.
2013). In a commercial vineyard of ‘Sauvignon Blanc’
in South Africa, plants were shaded with UV-excluding
acrylic panels applied to the bunch zone in order to
monitor the differences on core metabolic processes
in grapes due to the amount of UV-B (Joubert et al.
2016). Metabolite profiles during berry developmental
revealed specific adjustments to typical UV-acclimation
processes, such as the content of carotenoids and asso-
ciated xanthophyll cycle metabolites in photosyntheti-
cally active green berries (Joubert et al. 2016). In ripe
berries, on the other hand, UV-B favored the produc-
tion of volatile and polyphenolic compounds with direct
antioxidant and/or ‘sunscreening’ abilities (Joubert et al.
2016), directly influencing grape composition. In ‘Mal-
bec’ berries, UV-B screening was shown to delay berry
development and maturation, whereas UV-B combined
with ABA hastened berry sugar and phenol accumu-
lation, anticipating ripening up to 20days (Berli etal.
2011). Therefore, it is possible to notice that the increase
of UV-B radiation inherent to the forthcoming climate
changes may in fact work in favor of viticulture by antic-
ipating ripening and thus helping to decrease exposure to
summer heat waves and also by countering the predicted
decreases in grape quality.

Extreme events have become the norm all over wine-
making regions. Despite the projections indicating that
the Southern Hemisphere will suffer less than the north-
ern with climate changes (Mozell and Thachn 2014),
a survey of 92 vineyards from 10 winegrowing regions
of Australia was undertaken after an intense heat wave

Physiol. Plant. 165, 2019

(Webb et al. 2010). The authors report an absence of
direct correlation between losses and the amount of heat
above a certain threshold, whereas a strong correlation
to viticultural practices was found, that led the authors to
put forward several recommendations concerning water
application, canopy cover, row orientation and an ade-
quate choice of genotypes in order to successfully with-
stand severe heat events (Webb et al. 2010).

Controlled conditions: uncovering stress
synergies and antagonisms

The trials under natural conditions, discussed above,
are important to fully comprehend the whole picture
of ‘stress tolerance’” mechanisms in the field. However,
by addressing the same stresses in controlled environ-
ments, important mechanisms of resistance can be elu-
cidated by allowing the separation of the effects of indi-
vidual stresses. It is, however, important to bear in mind
that when plants are studied under controlled conditions
there are changes in phenotypic characteristics that are
not derived from the stress applied but by growth under
artificial conditions (Mishra et al. 2012).

Dissecting the Mediterranean summer

As the most common abiotic stresses affecting grapevine
in the Mediterranean summer are drought, heat
and excess light, the effects of those stresses individually
and in all the combinations between them were analyzed
in leaves of ‘Touriga Nacional’ and ‘Trincadeira’, two
widely used Portuguese wine-growing varieties, with dis-
tinct physiological behaviors in the field (Carvalho et al.
2016). The plants were evaluated for photosynthetic
performance through several physiological parameters
(Table 1). The main aim was to understand the response
mechanisms and the antagonistic or synergistic effects
that the combination of abiotic stresses can induce, and
thus change the prior perceptions of ‘tolerance’ or ‘sen-
sitivity’ of each variety (Carvalho et al. 2016). Common
and distinct stress-response features, namely regarding
drought, were identified. Each genotype showed a
specific response to water deficit, heat and light, point-
ing out that they can adapt to different environmental
conditions. ‘Touriga Nacional” showed higher capacity
for heat dissipation via evaporative cooling than ‘Trin-
cadeira’, thus being able to withstand HS as long as
water was plentiful, indicating an adaptation to warmer
climate conditions, as previously proposed by Costa
etal. (2012). In “Touriga Nacional’, photosynthesis was
unaffected under light stress, and this variety managed
to keep the stomata open, a benefit for photosynthesis
and for heat dissipation via evaporative cooling (Costa

333



etal. 2012). ‘Trincadeira’, on the other hand, had its
photosynthetic capacity hindered by individual stresses,
water stress increasing respiration and HS reducing
significantly the channeling of captured energy toward
photosynthesis. This indicates that ‘Trincadeira’ is sensi-
tive to abiotic stress in general, and that its use in warm
regions should be carefully considered, while ‘Touriga
Nacional” will easily tolerate growth in such regions, as
long as irrigation is provided.

A comprehensive heat study, involving 68 varieties
from several Vitis species was undertaken to assess the
heat tolerance of those genotypes, that included root-
stocks and hybrids (Zha et al. 2018). In this study, sev-
eral heat-related parameters were analyzed in leaves
(Table 1) and genotypes were clustered into five toler-
ance categories. It was possible to assess that V. vinifera
x V. labrusca hybrids were more heat tolerant than
V. vinifera accessions (Fig. 1). Vitis vinifera accessions
achieved tolerance by lowering electrolyte leakage (EL)
values and increasing maximum photochemical effi-
ciency of photosystem Il (Fv/Fm) while V. vinifera x V.
labrusca hybrids relayed mostly upon a tight control of
EL and had lower Fv/Fm (Zha et al. 2018). In fact, quan-
tum efficiency of photosynthesis drops upon HS (Wang
et al. 2010) and decreases in Fv/Fm were also observed
in leaves of ‘Touriga Nacional’ and ‘Trincadeira’ upon HS
without previous acclimation (Carvalho et al. 2014). The
capacity of some genotypes to keep high values of Fv/Fm
is an indication of low energy dissipation in the photo-
synthetic electron transport chain (Demmig-Adams et al.
2012), which allows photosynthesis to maintain its nor-
mal levels, and those genotypes can be considered more
tolerant.

Another experiment focusing on leaf metabolite com-
position was assessed in water-stressed potted plants
of ‘Shiraz’ and ‘Cabernet Sauvignon’ (Hochberg et al.
2013). The authors found that lower leaf water potentials
gave rise to a more intense response to stress in ‘Shi-
raz’ (Table 1), thatshowed a larger and more coordinated
stress-related response (Hochberg et al. 2013). However,
the tighter regulation of stomata in ‘Cabernet Sauvignon’
upon stress induction was significant (Hochberg et al.
2013), and can be exploited in the same way as discussed
for ‘Touriga Nacional’. The same varieties subjected to
high temperatures but still within the optimal range (from
25 to 35°C) showed significant changes in leaf physiol-
ogy, metabolite abundance and the metabolic network
topology, revealing once more that ‘Shiraz’ is more sen-
sitive to stress (Hochberg et al. 2015; Table 1). This study
comes in line with several others, highlighting the impor-
tance of the genotype in establishing optimal growth
conditions.
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Table 1. Physiological and metabolic response to major abiotic stresses and their combinations in several grapevine varieties, applied in greenhouse conditions. LS, light stress; WS, drought, HS, heat

stress, C/N ratio, carbon/nitrogen ratio.

Variation of the parameters quantified in relation to the respective controls

Secondary
metabolism

Primary
metabolism

Reference

Variety

C/N ratio Antioxidants

Pn gs ABA

¥

Fv/Fm

Stress

Hochberg et al. (2013)

Shiraz

"

W

I

W

WS

Cabernet Sauvignon
Summer Black

Shiraz

"

Haider et al. (2017)

"

WS

Hochberg et al. (2015)

Cabernet Sauvignon

Vitis vinifera

HS

Zha et al. (2018)

V. vinifera x V. labrusca

Pinot Noir

H

HS

Griesser et al. (2015)

I I
I
H

W

HS + WS
WS +LS

Carvalho et al. (2016)

Touriga Nacional

Trincadeira
Touriga Nacional

Trincadeira
Touriga Nacional

Trincadeira
Touriga Nacional

Trincadeira

R e

I
W

W
1
1

W
1
1

I

W

W
1
l
1
1

I

HS + WS
LS+ HS
WS 4 LS +HS
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V. vinifera

V. vinifera x V. labrusca

Fig. 1. Distribution of 20 Vitis vinifera and 48 V. vinifera x V. labrusca
accessions according to heat stress tolerance (Zha et al. 2018). Class I:
high EL, low Fv/Fm; Class II: high EL, highest Fv/Fm; Class lll: high EL,
high Fv/Fm; Class V: low EL, high Fv/Fm; Class VI: highest EL, high Fv/Fm.
Tolerant categories (I and V) are represented in blue tones and sensitive
ones (Il Il and VI) in green.

Climate change scenarios foresee increases of CO,
levels that will reach 550 pmolmol=" in 2050 (Leakey
et al. 2004). The combined effect of CO, in the upreg-
ulation of antioxidant defense metabolism and in the
decrease of photorespiration results in lower stress levels
in Arabidopsis thaliana (Zinta etal. 2014). Photosyn-
thesis rates, however, remained negatively affected in
Pinus taeda and Quercus rubra (Ameye etal. 2012).
In grapevine the negative impacts of drought and heat
waves can be mitigated by high CO, concentrations.
Berry quality of red and white ‘Tempranillo’ (syn.
‘Aragonez’) subjected to 700 pmol mol=' CO, for three
growing seasons in Spain was assessed (Kizildeniz et al.
2018). Elevated CO, decreased pH due to high tartaric
acid content in the red variety while lower contentra-
tions of malic and tartaric acids reduced acidity in the
white variety. As high temperature and drought decrease
malic acid content and CO, increases tartaric acid, must
pH probably will not be significantly afected, as long
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as the increases in temperature are accompained by
high CO, in the atmosphere. Also, plant performance is
impaired by drought and that effect can be mitigated, to
some extent, by hight CO, (Kizildeniz et al. 2015).

In more marginal grapevine growing regions such as
central Europe, the main abiotic stress affecting plants
in the summer is drought. In Austria, potted ‘Pinot Noir’
plants were subjected to moderate drought with mild
temperatures and to severe drought with moderate heat
(temperatures above 35°C; Griesser etal. 2015). The
content of the majority of primary metabolites increased
upon both treatments, whereas secondary metabolites
were only induced upon prolonged drought with heat
(Table 1).

Transcriptomic studies in stress response:
the relevance of transcription factors and HSPs

Several transcriptomic experiments using cDNA microar-
rays and RNA-Seq techniques to study abiotic stress
effects on grapevine have been reported, and most
revealed the involvement of heat shock proteins (HSPs)
and transcription factors (TFs) in the stress response and
also in the mitigation effects. (e.g. Tattersall et al. 2007,
Xiao et al. 2008, Liu etal. 2012, Rocheta et al. 2016,
Carvalho etal. 2017). The HSP20 family is known for
a strong upregulation in response to abiotic stresses
(Swindell et al. 2007), so the high expression levels of
HSP20 found by Liu etal. (2012) in leaves of ‘Caber-
net Sauvignon” and of HSP17.9 found by Carvalho et al.
(2014) in leaves of ‘Touriga Nacional’ upon HS were
in line with findings from other species. Also, drought
stress causes HSP upregulation, as found by Haider et al.
(2017; Table 1) in leaves of ‘Summer Black’. The authors
also reported that upregulated DEGs were about twofold
as compared to those that were downregulated, mod-
ulating defense-related pathways such as ROS defense
system but also basic metabolism such as chlorophyll
synthesis.

The responses to sudden short-term and long-term
drought are different and correspond to pronounced
and unexpected summer droughts and to average water
scarcity, respectively. These differences were studied
in shoots of greenhouse-grown ‘Cabernet Sauvignon’
subjected to sudden and long-term water and salin-
ity stresses (Cramer et al. 2007, Tattersall et al. 2007).
Although transcript changes after the sudden stresses
were also found in the long-term stresses, many changes
in the latter were not reflected in the short-term stress,
as an indication that, when time is given to acclimate
to stress, plants are able to withstand it better (Tattersall
et al. 2007).
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At least 5 of the 13 zinc finger protein transcription
factors (ZFP-TFs) present in grapevine are differentially
regulated by water and salinity stresses and regulate the
expression of other stress-associated genes in several
tissues and developmental stages (Wang et al. 2014a, Yu
et al. 2016). It is therefore not surprising to find several
ZFPs significantly upregulated by drought and salt in
several varieties (Fig. 3), while none was significantly
regulated upon UV-B.

WRKY TFs are an important class of transcriptional
regulators in higher plants (Rushton etal. 2010). Evi-
dence has revealed the role of WRKYs in the regu-
lation of signaling processes associated with abiotic
stresses such as salinity, heat, osmotic stress, high CO,,
ozone, cold and drought (Jiang and Deyholos 2009, Li
etal. 2009, Wu etal. 2009). A comprehensive study
to identify, classify and assess the response to abiotic
stress of the members of this TF family in grapevine
has associated members of subgroup lIl-a as related
with stress response (Wang et al. 2014b). In accordance,
VWWRKY07, VwWWRKY08 and VWWRKY28 were upregu-
lated in response to drought and VWWRKY08 was also
induced by cold, salinity, salicylic acid and ethylene
treatments in several tissues of genotype PN40024 of
‘Pinot Noir’ (Wang etal. 2014b). Conversely, WRKY
TF-b, Myb-related TF MybB1-2, SPF1 protein (transcrip-
tion activation) and NAC domain protein NAC1 were
found to be downregulated by HS in leaves of ‘Caber-
net Sauvignon’ (Liu etal. 2012; Fig. 2). Also Rocheta
et al. (2016) reported downregulation of several WRKY
TFs in leaves of ‘Trincadeira’ and ‘Touriga Nacional’
upon HS, while under UV-B stress some WRKY TFs
were upregulated in leaves of ‘Malbec’ (Pontin et al.
2010). In a greenhouse salt stress experiment involving
the tolerant variety ‘Razegui’ and the susceptible vari-
ety ‘Syrah’, microarray analysis of leaves revealed several
upregulated DEGs that included zinc finger TFs, ETHY-
LENE RESPONSE FACTOR (ERFs) and a NAM-LIKE PRO-
TEIN (NAC TF), with higher levels of upregulation in
the tolerant ‘Razegui’ (Daldoul et al. 2010). Two ERFs
found in this salt experiment (ERF3, ERF4) were also
induced by salt and water stress in shoots of ‘Caber-
net Sauvignon’ (Cramer etal. 2007; Fig.2). ERF3 is
known to modulate the abiotic stress response through
the regulation of the antioxidative machinery (Daldoul
etal. 2010).

Stress and recovery

Cycles of stress and recovery, such as rehydration or
interchange between heat waves and mild temperatures,
are the prevalent processes occurring under natural
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conditions during different seasons, and under agri-
cultural practices such as irrigation. Thus, the degree
of recovery from stress, as the basic mechanism enabling
plant survival and grape production, is as relevant as the
immediate response to stress. Liu etal. (2012) high-
lighted the relevance of transcriptional control in the
response to HS in leaves of ‘Cabernet Sauvignon’ by
showing that 8% of the Affymetrix GeneChip Array
probe sets responded to HS and subsequent recovery,
with specific gene expression changes, and that the
number of HS-regulated genes was almost twice that of
recovery-regulated genes. The genotype is also a key
factor modulating HS response and recovery, as shown
in ‘Touriga Nacional’” and ‘Trincadeira’ (Carvalho et al.
2014). Both varieties showed significant differences to
stress applied in a stepwise increase of temperature,
mimicking natural conditions as compared to sudden
increase of temperature, once again drawing atten-
tion to the need to replicate natural field conditions
when the objective is to dissect a natural response.
Again, the response to stress was significantly differ-
ent between varieties, ‘Touriga Nacional’ increased
ascorbate and glutathione reduction levels, boosting
the cell’s redox buffering capacity while ‘Trincadeira’
needed to synthesize both metabolites, its response
being insufficient to keep the redox state at working lev-
els and affecting the plants for a longer period (Carvalho
etal. 2014). Also, the upregulation pattern of antiox-
idative stress genes was more obvious in ‘Trincadeira’,
while in ‘Touriga Nacional’, the canonical HS gene
signature was not evident, nor the typical stress-related
shut-down of the housekeeping metabolism (Carvalho
etal. 2014). In ‘Cabernet Sauvignon’ the respon-
sive genes also included those coding antioxidant
enzymes and HSPs, especially small heat shock pro-
teins (sHSPs), with HSF30 found to be activated upon
HS, HSF7 and HSF1 triggered only after recovery (Liu
etal. 2012).

Most abiotic stresses share common indicators

The global analysis of data obtained in several stress
studies under controlled conditions reveals some sim-
ilarities, such as low carbon assimilation rates (lower
Pn), low levels of efficiency of use of available energy
in severe stress combinations (lower Fv/Fm) but more sig-
nificantly, and in all stresses by stomata closure (lower
gs; Table 1), that negatively affect photosynthesis. The
accumulation of antioxidative metabolites such as ascor-
bate and glutathione is common to drought and heat
and their combinations, as well as the shift from pri-
mary to secondary metabolism, more forceful in sensitive
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Up-regulated

Trincadeira
HS, LS, WS
(Rocheta et al. 2016)

Malbec
uvB
(Pontin et al. 2010)

Cabernet Sauvignon
HS
(Liu et al. 2012)

Cabernet Sauvignon
SalS
(Cramer et al 2007)

Cabernet Sauvignon
WS
(Cramer et al 2007)

= ERF

m HSP mZinc Finger

genotypes (Table 1). Regulatory genes activated in vari-
ous stresses belong to the families of ZFP-TFs and HSPs
while the activation or repression of other TF families
is more dependent on the type and duration of stress
(Fig. 2).

The use of in vitro systems to develop markers
for abiotic stress

In addition to summer drought, grapevine routinely suf-
fers from dry winters, especially in more marginal grow-
ing areas such as China or Germany (Su et al. 2015). In
those regions of continental climate, winters are severe
with low temperature and air humidity (Li et al. 2013)
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Down-regulated

= WRKY

Fig. 2. TFs and HSPs up- and
downregulated in several abi-
otic stress conditions obtained
through microarray analyses. The
respective references are indi-
cated in the figures. Stress con-
ditions: WS, drought; LS, light
stress; UVB, UV-B light stress;
SalS, salt stress.

mNAC wmother

and very low water availability. Consequently, transpira-
tion by woody tissues is high, even in a season of lim-
ited vegetative growth (Li etal. 2013). In the study by
Su etal. (2015), the tolerance of tissue-cultured plants
of six grapevine varieties to drought and cold stresses
was evaluated and validated. The evaluation was done by
measuring EL and chlorophyll fluorescence parameters,
particularly Fv/Fm, where a high correlation with EL was
registered, making Fv/Fm measurement a good estima-
tion of EL and thus of tolerance to drought and cold stress
(Su et al. 2015). In ‘Chardonnay’, increases in EL were
observed in frost-treated organs and these measurements
were put forward as indicators of plant sensitivity to cold
(Ait-Barka et al. 2006). However, in cold stress, as shown
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Fig. 3. Plantlets of ‘Touriga
Nacional’ at the moment of
transfer to acclimatization (A),
after 7 days, already showing an
ex vitro expanded root system
(B) and at 28days, the end of
acclimatization, with new fully
expanded leaves (C). Progression
of stomatal functioning during
the first 7 days of ex vitro growth
(magnification 630x), showing
dysfunctional stomata with no
H,0, accumulation (as stained
with DAB, 3,3 diaminobenzi-
dine; Vilela et al. 2007) and no
control over the opening/closure
of stomata, at the moment
of transfer to acclimatization
(D), partially functional stomata
with  H,0, accumulation on
surrounding cells on day two of
acclimatization (E) and functional
stomata with H,0, accumulation
on guard cells after 7 days
of acclimatization (F). Scale
bars: A-C, bars=1cm; D-F,
bars=10 pm. (A-C, Carvalho
and  Amancio,  unpublished
data; E, Vilela etal. 2007; D, F,
Carvalho, Vilela and Amancio,
unpublished data).

here for other abiotic stresses, there is also a marked
varietal variability. It is well known that American (Vitis
riparia) and eastern Asian (V. amurensis) species are
more tolerant to cold than V. vinifera. However, some
observations are contradictory within V. vinifera varieties,
like the increase in EL observed in ‘Lagrein’ plants after
low night temperature stress, while in ‘Miiller-Thurgau’
genotypes the permeability of the membrane did not
changed (Bertamini et al. 2007). In leaf disks, EL and lipid
peroxidation increased sharply when grapevine plants
had been exposed to low night temperature with higher
values in the varieties ‘Hatun Parmagi’ and ‘Ata Sarisi’
than in ‘Dimrit’ and ‘Razaki’ (Turfan et al. 2010).

Can acclimatization stress help understand
acclimation to climate changes?

When the commercialization of in vitro plants, namely
grafted scions, became widespread, stress studies
of tissue-cultured grapevine began focusing on the
transition of the in vitro phase into ex vitro growth (i.e.
acclimatization). Tissue-cultured plantlets are devel-
oped in heterotrophic conditions subjected to low light
intensities and low CO, concentrations, that favor down-
regulation of photosynthesis (Carvalho and Amancio
2002). During acclimatization, however, plantlets are
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transferred to autotrophic conditions and subjected to
higher light intensities that induce photoinhibition and
thus oxidative stress symptoms (Fig. 3). In fact, a tran-
scriptomic study of in vitro plants in acclimatization
(Carvalho etal. 2011) revealed striking similarities to
those reported in excess-light treatments in Arabidop-
sis (Mullineaux and Karpinski 2002, Ball etal. 2004)
and to mechanisms controlling the expression of genes
for antioxidative enzymes in grapevine (Carvalho et al.
2011). At the transfer to acclimatization, with its timing
depending on the species (Carvalho et al. 2008), there
is a moment of strong induction of the antioxidative
defense, that occurs 48 h after transfer in grapevine (Car-
valho et al. 2006), and that is parallel to the response of
field plants to light in excess. Moreover, in vitro plants,
due to their specific fragility, require smaller changes in
light intensity and CO, concentration to trigger specific
response mechanisms. So, experimental approaches to
find out the effects of high levels of atmospheric CO,
on plant growth and resilience can be made easier by
manipulating acclimatization protocols (Carvalho et al.
2002). Therefore, such a simple, time and space sav-
ing experimental system can be a useful tool to under-
stand the mechanisms of response to excess light that
affect vineyards in the Mediterranean summer and also
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to anticipate the effects of the rising levels of atmospheric
CO,.

Concluding remarks

Different forms of abiotic stresses are the foremost rea-
son for losses in grapevine productivity and alterations
in wine characteristics and quality (Hannah et al. 2013).
In Mediterranean climate regions, climate changes are
increasing the pressure on viticulture, through the higher
frequency of heat waves and the aggravation of drought
events (Mozell and Thachn 2014). Therefore, implemen-
tation of novel viticultural practices and identification of
well-adapted (tolerant) genotypes producing high qual-
ity wines are at the forefront of viticulture research. As a
whole, a better adaptation can result from a genetic back-
ground giving rise to a more tolerant phenotype or can be
achieved through a shift from the original areas of cultiva-
tion, thus escaping extreme events. Here, by assembling
different recent results, it was possible to identify physio-
logical, biochemical and molecular features that explain
the capacity of adaptation of particular grapevine geno-
types. Two widely studied genotypes that confirmed the
mechanisms of tolerance to stress enabling to withstand
heat waves are “Touriga Nacional’, ‘Cabernet Sauvi-
gnon’, and also, to a lower extent, ‘Summer Black’.

From the experiments reported here, it was possible
to identify several similar responses to abiotic stress: (1)
the negative effects on photosynthesis reflected by low
carbon assimilation rates, due to low levels of energy use
efficiency and to a significant impairment on stomata
regulation, especially on the sensitive ‘Trincadeira’, ‘Shi-
raz’ and ‘Pinot Noir’; (2) the accumulation of antioxidant
metabolites, mostly in the tolerant ‘Cabernet Sauvignon’;
(3) the shift form primary to secondary metabolism, a
feature common to all varieties; (4) a canonical gene
expression stress signature including sHSPs and various
families of transcription factors specific to the type of
stress applied.

Climate changes, as a whole, do not just affect water
availability and temperature, the more studied stress con-
ditions, whether in the field or in controlled condi-
tions (Cramer et al. 2011). Deriving from the fact that
light intensity as well as quality and atmospheric CO,
concentrations will also change, there is the possibil-
ity that some of the negative impacts on quality might
be countered by an increase in UV-B, that can main-
tain the balance of phenolic compounds in grapes, and
by the increase of CO, that can overcome the negative
impacts on vegetative growth. Also, economically rele-
vant genotypes used in some of the works here presented,
namely ‘Touriga Nacional’ and ‘Cabernet Sauvignon’,
show capacity to withstand heat waves and average rises

Physiol. Plant. 165, 2019

in temperature, as long as some viticulture practices are
implemented, such as the use of tightly controlled deficit
irrigation.
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