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A B S T R A C T

We tested the hypothesis that effective antioxidant and photoprotective mechanisms are able to avoid photo-
damage induced by prolonged water deficit (WD) followed by high light (HL). We employed cashew plants
(Anacardium occidentale L.), a semiarid adapted species, as a model plant. WD-plants exposed to HL did not show
alterations in maximum quantum efficiency of photosystem II (Fv/Fm), cellular integrity, H2O2 and thiobarbi-
turic acid reactive species (TBARS) contents, evidencing that they did not suffered photoinhibition and oxidative
stress. These responses were associated with increases in ascorbate peroxidase (APX) and superoxide dismutase
(SOD) activities, glutathione (GSH) oxidation and ascorbate (ASC) synthesis. This effective oxidative protection
occurred in parallel to strong decrease in photosystem II and I (PSII and PSI) activities, increase in heat dis-
sipation (qE), which was related to enhancement in cyclic electron flux. These favorable photoprotective
changes were associated with efficient water use in response to HL, all contributing to avoid excess energy in
chloroplasts of drought-exposed leaves. These protective features were associated with a tight regulation in D1
protein accumulation during HL, contributing to avoid reactive oxygen species over-accumulation and a sub-
sequent effective PSII recovery during darkness. Our results indicate that cashew plants are able to avoid
photoinhibition, tolerating extreme conditions of drought combined with HL. The displayed mechanisms involve
essentially integrated responses to balance energy input and output, avoiding oxidative stress.

1. Introduction

Abiotic stress in tropical semiarid regions involves diverse limiting
factors for plant growth and development, such as drought, salinity,
heat and excessive light. In such regions these constraints generally
persist for a long time during the year, affecting severely plant growth
and survival. Plants highly adapted to these conditions have developed
specific mechanisms of acclimation that are associated with main-
taining photosynthetic capacity (Adams et al., 2013; Demmig-Adams
et al., 2017, 2015). Some of these evergreen species can trigger

acclimation mechanisms when exposed simultaneously to water deficit
(WD) and high light (HL) (Suzuki et al., 2014). These strategies involve
a more efficient water use (Flexas et al., 2013), maintaining high CO2

assimilation under low stomatal aperture (Galmés et al., 2013, 2006)
and triggering several other photoprotective mechanisms (Suzuki et al.,
2014).

These conspicuous mechanisms might allow semiarid adapted
plants to grow under extreme environmental conditions, where other
species would not survive (Adams et al., 2013; Demmig-Adams et al.,
2017, 2015). Numerous mechanisms related to plant defense against
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high light and water deficit are widely known, especially in model
plants such as Arabidopsis thaliana (Suzuki et al., 2014). However, the
mechanisms that confer tolerance to extreme environmental conditions
remain poorly understood, particularly in species adapted to semiarid
regions (Silveira and Carvalho, 2016). The knowledge of such physio-
logical mechanisms is important because it might contribute to im-
provement of cultivated non-adapted species through genetic transfer-
ence of new tolerance genes (Silveira and Carvalho, 2016).

Drought-tolerant plants respond to water stress primarily through
the fine control of stomatal and mesophyll conductance (Pinheiro and
Chaves, 2011). Nevertheless, under these conditions, impairments of
CO2 assimilation as well as restrictions in growth and metabolism are
common (Flexas et al., 2002; Pinheiro and Chaves, 2011; Zou et al.,
2015). Under these photosynthetically restrictive conditions, im-
balances between light capture, photochemical activity and energy
utilization by biochemical processes, especially Calvin-Benson cycle
reactions, generally emerge (Silveira and Carvalho, 2016). These un-
balanced circumstances might lead to excessive generation of reactive
oxygen species (ROS), which can cause oxidative damage to photo-
synthetic components (Foyer et al., 2012; Silveira and Carvalho, 2016).

It has been amply reported that excessive ROS delay the turnover of
D1 protein in the PSII core, thereby contributing to its inactivation, a
process referred to as photoinhibition (Nishiyama et al., 2011). Under
stressful conditions, this process can be rendered transient by main-
taining D1 re-synthesis and avoiding photoinhibition and permanent
damage to PSII (Tikkanen and Aro, 2014). In chloroplasts, the local
isoforms of superoxide dismutase (SOD) and ascorbate peroxidase
(APX) are crucial to controlling excessive levels of superoxide and
H2O2. In addition, these antioxidant enzymes contribute to energy
dissipation via the water-water cycle (Asada, 1992; Shigeoka and
Maruta, 2014).

Other important photochemical processes related to photoprotec-
tion include a) reduction in light capture through the decrease in
amount of antenna components and b) excess energy dissipation via
thermal component of non-photochemical quenching (qE), which is
dependent on the thylakoid ΔpH, the amount of PsbS protein and the
zeaxanthin-violaxanthin balance via violaxanthin de-epoxidase activity
(Ruban, 2017). In addition, the equilibrium between the photochemical
activities of PSII and PSI and the regulation of cyclic electron flow are
also very important as photoprotective mechanisms (Finazzi and
Johnson, 2016; Labs et al., 2016).

Cashew (Anacardium occidentale) is a tropical evergreen tree widely
cultivated in Brazilian semiarid coastal regions and is currently an
economically important crop in Brazil, India and East Africa (de Souza
et al., 2005; Ferreira-Silva et al., 2012, 2011, 2010, 2008). This species
has developed genetic, molecular and physiological mechanisms to
overcome adverse conditions such as salinity, drought and high tem-
perature (Baker and Rosenqvist, 2004; Blaikie and Chacko, 1998;
Ferreira-Silva et al., 2011, 2010). Recently, we demonstrated that high
temperature is required to up-regulate oxidative defense in cashew
leaves subjected to salt stress (Ferreira-Silva et al., 2011), which sug-
gests that this species is adapted to cope with combined stresses, which
are common in semiarid regions.

Here, we tested the hypothesis that species naturally adapted to
cope with chronic water deficit combined with high light display ef-
fective photoprotective mechanisms to avoid photo-oxidative stress.
The results demonstrate that cashew plants under these conditions were
able to trigger several protective mechanisms, highlighting a powerful
antioxidant system. The low ROS levels illustrate that drought-exposed
plants have a more effective PSII recovery during dark, possibly sug-
gesting a more efficient D1 turnover. In addition, these plants were able
to improve their CO2 assimilation rates, contributing, in turn, for at-
tenuation of ROS accumulation in photosystems. The importance of
such mechanisms for acclimation to combined effects of drought fol-
lowed by high light is discussed.

2. Materials and methods

2.1. Plant material, growth and drought experiment

Cashew seeds (Anacardium occidentale L.) of the CCP 06 genotype
were provided by EMBRAPA, Brazil. Seeds were surface-disinfected
with 5% (w/v) sodium hypochlorite, washed in distilled water and
sown in vermiculite (medium texture, 0.12 g/cm3 density and 100%
(m/m) of water holding capacity for saturation) in 3 L plastic pots. The
substrate water content was maintained at 100% of the vermiculite
holding capacity by irrigation with quarter-strength Hoagland and
Arnon’s nutrient solution. Plants were initially grown in a greenhouse
under natural conditions with average temperature of 29 °C (day)/25 °C
(night), average relative humidity of 62% (day)/82% (night), and
natural sunlight with an average maximum photosynthetic photon flux
density (PPFD) of 850 μmol m−2 s−1 and a photoperiod of 12 h. At
35 days old, plants were separated into two groups: (1) well-watered –
WW and (2) water deficit (WD), which were exposed to 21 days of
water withdrawal. In order to characterize the water deficit intensity,
the following indicators were measured every five days: transpiration,
leaf relative water content and substrate water content. Subsequently,
55-day-old plants (at the stage of eight fully expanded leaves) were
utilized for the biochemical and physiological measurements.

2.2. Experiments in controlled growth chamber

In order to perform controlled light experiments, the plants were
transferred from greenhouse to a controlled growth chamber. The
plants were acclimated to the chamber conditions for 3 days before
performing the experiments. The growth chamber was set to the fol-
lowing conditions: day/night temperature of 29 °C ± 3 °C/
24 °C ± 1 °C and relative humidity 58% ± 9% and continuous light
intensity of 400 μmol photons m−2 s−1 for 12 h photoperiods, supplied
by a combination of fluorescent (30W) and high-pressure sodium vapor
(400W) lamps.

2.3. Gas exchange determinations

Photosynthetic CO2 assimilation (PN), stomatal conductance (gs)
and transpiration (E) were measured in fully expanded leaves from
cashew plants with a portable infrared gas analyzer system equipped
with an LED source and a leaf chamber (IRGA LI-6400XT, LI-COR,
Lincoln, USA). The internal parameters inside IRGA chamber during gas
exchange measurements were 1000 μmol m−2 s−1 PPFD,
1.0 ± 0.2 kPa VPD and 38 Pa CO2 and 28 °C. Blue light amount was set
to 10% of the PPFD to maximize stomatal aperture (Flexas et al., 2008).
Water use efficiency (WUE) was calculated as PN/E.

2.4. Short- and long-term PSII kinetics and PSI activity determinations

The PSII parameters of maximum [Fv/Fm= (Fm-Fo)/Fm] and ac-
tual quantum efficiency [ΦPSII= Fm’-Fs/Fm’], non-photochemical
quenching [NPQ= (Fm/Fm’)-1] and redox state of quinones [1-qP=1-
(Fm’-Fs)/(Fm’-Fo’)] were quantified in fully expanded cashew leaves
using a Dual-PAM 100 (Walz, Germany) and a LI-6400-40 fluorimeter
(LI-COR, Lincoln, NE, USA) coupled to an IRGA equipment. For the
short-term PSII kinetics, leaves form WW and WD cashew plants were
dark adapted for 30min and a saturation pulse
(SP= 8000 μmolm−2 s−1; by 0.6 s) was supplied to obtain Fm values
(Schreiber et al., 1995). Subsequently, leaves were illuminated by an
actinic light (2000 μmolm−2 s−1) for 30min and similar SP were per-
formed every 30 s, to access Fm’ values. For recovery, similar SPs were
employed within different time intervals, during 1 h in the dark. For the
long-term PSII kinetics, the Fm values were obtained by a similar SP
(8000 μmolm−2 s−1; by 0.6 s) performed in pre-dawn dark-adapted
leaves. Leaves were subsequently exposed to an actinic light
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(2000 μmol m−2 s−1) for 12 h. A similar SP was performed at 3, 4, 5, 6,
9 and 12 h after light exposure for estimation of Fm’.

PSI photochemical measurements were performed in a DUAL-PAM
100 (Walz, Effeltrich, Germany). The following parameters of PSI were
measured: redox state of PSI primary donor [P700+], photochemical
quantum yield of PSI [ΦPSI= 1 – Y(ND) – Y(NA)] as described pre-
viously by Klughammer and Schreiber (1994). Y(ND) and Y(NA) are,
respectively, non-photochemical quantum yield at donor side of PSI [Y
(ND)= 1 – P700 reduced] and non-photochemical quantum yield at
acceptor side of PSI [Y(NA)= (Pm-Pm')/Pm]. Cyclic electron flux was
estimated as ETRI/ETRII, as described previously by Yamori et al.
(2011).

2.5. Western blotting

Proteins (20 μg) were first separated by SDS-PAGE and subsequently
they were electrophoretically transferred to a nitrocellulose membrane
as described by Towbin et al. (1979). Subsequently, the membrane was
blocked overnight with 5% (m/v) non-fat milk in 100mM Tris-HCl
buffer, pH 7.6, containing 150mM NaCl, and 0.05% Tween-20 and
incubated with primary polyclonal antibodies against D1, plastocyanin
and catalase (Agrisera©, Sweden). Specific polypeptides were revealed
after incubation with the secondary antibodies conjugated with per-
oxidase (Agrisera©, Sweden). ECL plus Western Blotting Detection
System® was used for detection (GE Healthcare Life Sciences©, UK),
according to manufacturer’s instructions.

2.6. Hydrogen peroxide, membrane damage and lipid peroxidation
determinations

Hydrogen peroxide was measured according to the methods de-
scribed by Cheeseman (2006). Samples of fresh leaves (0.1 g) were
powdered in liquid N2 and extracted in 100mM potassium phosphate
buffer (pH 6.4) containing 5mM KCN. Reaction was performed at 25 °C
for 30min, and absorbance was read at 560 ηm. Hydrogen peroxide
concentration was expressed as μmol g−1 FW. In situ H2O2 accumula-
tion was performed by staining with 3,3′- diaminobenzidine (DAB) as
described by Lin et al. (2013). Whole leaves were vacuum infiltrated
under dark conditions with a 0.1% (w/v) DAB solution for 15min.
Leaves were incubated for approximately 16 h in dark conditions and
then depigmented with 0.15% (w/v) trichloroacetic acid in an ethanol/
chloroform solution (4:1 v/v) for 48 h before being photographed. Leaf
membrane damage was estimated based on leaf K+ leakage and leaf
relative water content (RWC) were determined as previously described
by Cavalcanti et al. (2004). Lipid peroxidation was measured based on
formation of thiobarbituric acid-reactive substances (TBARS) in ac-
cordance with Cakmak and Horst (1991) and results were expressed as
ηmol MDA-TBA g−1 FW.

2.7. Determination of ascorbate and glutathione redox states

The ascorbate content was assayed according to Kampfenkel et al.
(1995). The assay is based on the reduction of Fe3+ to Fe2+ by reduced
ascorbate (ASC) and the spectrophotometric detection of Fe2+ com-
plexed with 2,2′-bipyridyl, giving a pink color. The leaf samples (0.1 g
FW) were homogenized in cold 6% trichloroacetic acid (TCA) (w/v),
the homogenate was centrifuged at 12,000g (4 °C) for 20min. The total
ascorbate (ASC+DHA) was measured after a complete reduction of the
oxidized fraction by the reaction of the samples with dithiothreitol
(DTT) in excess (10mM). Subsequently, the remaining DTT was re-
moved by 0.5% (m/v) N-ethylmaleimide, and the DHA was calculated
as the difference between total ascorbate and reduced ASC. Ascorbate
was expressed as μmol ASC g−1 fresh weight (F.W.). The glutathione
(GSH) was measured by the glutathione reductase (GR)-dependent re-
duction of 5,5′-dithiobis (2-nitro-benzoic acid), DTNB, according to
Griffith (1980). Total glutathione content [oxidized glutathione

(GSSG)] was assayed with reaction medium containing 1.0 unit of
glutathione reductase, 0.15mm NADPH, 100mm sodium phosphate
buffer (pH 7.0) and 30mm DTNB. Subsequently, the absorbance was
read at 412 nm. To estimate total glutathione 2% 2-vinylpyridine was
added to the extracts in order to derivatize total GSH into GSSG form.
The GSSG was therefore determined as the difference between total
glutathione (derivatized) and initial GSH (non-derivatized). Glu-
tathione was expressed as μmol GSH g−1 fresh weight (FW).

2.8. Enzymatic assays

Protein extraction for enzymatic assays was performed as previously
described by Zimmermann et al. (2006). In extraction medium, 2mM
ascorbate was added to avoid APX denaturation. Superoxide dismutase
(SOD; EC: 1.15.1.1) activity was determined by adding leaf extract to a
mixture containing 50mM potassium phosphate buffer (pH 7.8),
0.1 mM EDTA, 13mM L-methionine, 2 μM riboflavin, and 75 μM p-nitro
blue tetrazolium chloride (NBT) in under darkness. The reaction was
performed under illumination (30W fluorescent lamp) at 25 °C for
6min. Absorbance was measured at 540 ηm (Giannopolitis and Ries,
1977). One SOD activity unit (AU) was defined as the amount of en-
zyme required to inhibit NBT photoreduction by 50% (Beauchamp and
Fridovich, 1971), and activity was expressed as AU g−1 FWmin−1.
Ascorbate peroxidases (APX; EC: 1.11.1.11) activity was assayed after
reaction in presence of 50mM potassium phosphate buffer (pH 6.0) and
0.5 mM ascorbic acid and enzymatic extract. Reaction started when
0.1 mL of 30mM H2O2 was added, and the decreasing absorbance at
290 ηm was monitored over 300 s (Nakano and Asada, 1981). APX
activity was estimated by utilizing the molar extinction coefficient of
ascorbate (2.8 mM−1 cm−1) and expressed as μmol AsA g−1 FWmin−1.
Catalase (EC: 1.11.1.6) activity was determined after reaction of en-
zymatic extract in presence of 50mM potassium phosphate buffer (pH
7.0) containing 20mM H2O2. The reaction took place at 30 °C, mon-
itoring the absorbance at 240 ηm over 300 s (Havir et al., 1987). CAT
activity was calculated according to the molar extinction coefficient of
H2O2 (36M−1 cm−1) and was expressed as μmol H2O2 g−1 FWmin−1.

2.9. Statistical analysis

All experiments were performed employing a completely rando-
mized design. In each experiment four biological replicates were uti-
lized and each replicate consisted of a 3L pot containing an individual
plant. Data were analyzed by ANOVA and means were compared by
Tukey’s test at a 0.05 significance probability level (p≤ 0.05).

3. Results

3.1. Extended water deficit did not induce oxidative stress in cashew plants

Cashew plants were exposed to gradual WD for 21 consecutive days,
in a greenhouse presenting high vapor pressure deficit in order to in-
duce water deficit. After that, WD-plants showed significant decrease in
shoot size and leaf area, compared to well-watered control (Fig. S1).
However, leaves did not exhibit any injury symptoms, as revealed by
unchanged values of relative water content and membrane damage
(Table S1). These responses were corroborated by leaf visual aspect,
which did not exhibit any visual symptoms of dehydration, senescence
or necrosis (Fig. S1). WD-plants presented a marked reduction in
transpiration, which dropped to 5% of that observed in WW. The soil
water content decreased abruptly after five days of water withdrawal,
but afterwards it declined gradually (Table S1). At the end of the ex-
perimental period, the gravimetric water content dropped to 17%
compared to control. This humidity value corresponded to approxi-
mately 50mL of water per pot, which indicates very low water avail-
ability for roots, especially considering a substrate with high water
holding capacity like vermiculite.
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3.2. WD cashew plants exhibited an efficient decrease in PSII activity in
response to high light

To investigate contrasting photoprotection mechanisms in WD and
WW cashew plants were exposed to HL. Both plants show similar Fv/
Fm values at darkness (Fig. 1A). After light induction (30min), the
actual photochemical yield of PSII (ΦPSII) in WD-treated plants de-
creased more markedly (by 50%) as compared to WW leaves. However,
despite lower ΦPSII in the light, WD plants displayed a faster recovery
in this photochemical parameter, reaching values similar to that
showed by WW plants after the first minutes of dark relaxation, possibly
indicating a more efficient recovery in PSII activity (Fig. 1A). The de-
crease in PSII activity in WD plants, in comparison to WW, was cor-
roborated by long-term HL experiments, where WD plants exhibited
ΦPSII values 50% lower than WW plants during 12 h of HL exposure
(Fig. 1B).

Corroborating the previous described results for ΦPSII, WD plants
displayed a significant decrease (by 20%) in the initial slope for ETRII
formation (α value) as compared to WW plants. Those plants also ex-
hibited a strong decrease in maximum ETRII, which varied from
88 μmolm−2 s−1 in WW plants to 42 μmol m−2 s−1 in WD plants
(Fig. 2A). The ETRII response to long-term HL exposure also evidenced
the decreased capacity of electron transport rate from PSII in leaves

from WD plants (Fig. 2B). Interestingly, the D1 protein amounts in
cashew plants revealed that the decreased activity of PSII exhibited by
WD plants was related to the decrease in this protein amount (Fig. 3). In
WW plants, the D1 amounts decreased progressively from 3 to 12 h of
HL exposure (Fig. 3). Otherwise, WD plants already exhibited very low
amounts of D1 protein after 3 h of HL exposure (Fig. 3). Interestingly, at
3 h of HL exposure, WD plants did not exhibited differences in plasto-
cyanin amount in comparison to WW (Fig. 3). Subsequently, at 6 and
12 h HL exposure, WD plants exhibited a decrease in plastocyanin
content but no changes in this protein amount was detected in WW
plants (Fig. 3).

3.3. WD cashew plants are capable to trigger a higher and faster NPQ
induction as compared to WW plants

The non-photochemical quenching (NPQ) in WD plants was more
intensely induced (approximately 40%) in response to HL (30min) as
compared to WW plants (Fig. 4A). This increase in maximum NPQ was
accompanied by a prominent increase in the initial slope for NPQ for-
mation (α value) that significantly varied from 0.2 in WW plants to 0.4
in WD exposed leaves (Fig. 4A). During dark relaxation, NPQ rapidly
decreased in plants from both watering conditions. However, in WD
plants a residual NPQ is still present until approximately 40min after

Fig. 1. Short- and long-term kinetics of PSII actual quantum efficiency (ΦPSII) measured
in leaves from cashew plants exposed to different watering conditions, well-watered
(WW, blue circles) and water-deficit (WD, red circles) for 21 days. (A) Short-term kinetics
were measured on leaves by exposition to actinic light (2000 μmolm-2 s-1) for 30min,
followed by dark relaxation for 1 h. (B) Long-term kinetics were measured on leaves by
whole plant exposition to constant HL (2000 μmol m-2 s-1) and determinations were
performed at 3, 4, 5, 6, 7, 8, 9 and 12 h after pre-dawn. Circles are average of three
independent measurements performed in independent plants (n= 3) and bars represent
the standard error. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Short- and long-term kinetics of PSII electron transport ratio (ETRII) measured in
leaves from cashew plants exposed to different watering conditions, well-watered (WW,
blue circles) and water-deficit (WD, red circles) for 21 days. (A) Short-term kinetics were
measured on leaves by exposition to actinic light (2000 μmol m−2 s−1) for 30min, fol-
lowed by dark relaxation for 1 h. (B) Long-term kinetics were measured on leaves by
whole plant exposition to constant HL (2000 μmol m−2 s−1) and determinations were
performed at 3, 4, 5, 6, 7, 8, 9 and 12 h after pre-dawn. Circles are average of three
independent measurements performed in independent plants (n= 3) and bars represent
the standard error. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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dark, which is approximately 50% higher than WW plants (Fig. 4A).
After 1 h of dark recovery WD and WW plants displayed no differences
in NPQ values (Fig. 4A). On other hand, the long-term HL experiment
revealed that WD plants are capable of inducing NPQ more rapidly
compared to WW plants (Fig. 4B). After 3 h of HL exposure WD plants
reached maximum NPQ capacities, whereas WW plants exhibited a
gradual induction, reaching maximum values after 8 h of HL exposure
(Fig. 4B). Interestingly, after 12 h of high light exposure, WD plants
exhibited a trend for decrease in NPQ, which was not displayed by WW
plants (Fig. 4B).

3.4. WD plants exhibit a more reduced state of the plastoquinone pool as
compared to WW plants

Besides WD plants having triggered an effective decrease in PSII
activity in combination with strong NPQ induction, they exhibited a
more reduced state of plastoquinones (as indicated by the parameter 1-
qP) when exposed to HL, compared to WW plants (Fig. 5). After 30min
of exposure to HL, WW plants exhibited a reduced state of plastoqui-
nones equal to 80%, whereas WD plants reached a percentage equals to
90% (Fig. 5A), indicating that RCII was possibly more photoinactived in
WD plants than it was in WW leaves. After the dark recovery (1 h), both

Fig. 3. Changes in photochemical protein abundances in response
to the duration of high light (HL) exposure in well-watered (WW)
control and water-deficit (WD)-acclimated cashew plants. (A) D1
and (B) plastocyanin. The plants were exposed to 2000 μmol m-2
s-1 PPFD for different lengths of time (3, 6 and 12 h). The blots are
representative of four independent replicates.

Fig. 4. Short- and long-term kinetics of non-photochemical quenching (NPQ) measured in
leaves from cashew plants exposed to different watering conditions, well-watered (WW,
blue circles) and water-deficit (WD, red circles) for 21 days. (A) Short-term kinetics were
measured on leaves by exposition to actinic light (2000 μmolm−2 s−1) for 30min, fol-
lowed by dark relaxation for 1 h. (B) Long-term kinetics were measured on leaves by
whole plant exposition to constant HL (2000 μmolm−2 s−1) and determinations were
performed at 3, 4, 5, 6, 7, 8, 9 and 12 h after pre-dawn. Circles are average of three
independent measurements performed in independent plants (n= 3) and bars represent
the standard error. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Short- and long-term kinetics of plastohidroquinone reduced state (1-qP) mea-
sured in leaves from cashew plants exposed to different watering conditions, well-watered
(WW, blue circles) and water-deficit (WD, red circles) for 21 days. (A) Short-term kinetics
were measured on leaves by exposition to actinic light (2000 μmolm−2 s−1) for 30min,
followed by dark relaxation for 1 h. (B) Long-term kinetics were measured on leaves by
whole plant exposition to constant HL (2000 μmol m−2 s−1) and determinations were
performed at 3, 4, 5, 6, 7, 8, 9 and 12 after pre-dawn. Circles are average of three in-
dependent measurements performed in independent plants (n=3) and bars represent the
standard error. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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WW and WD plants displayed similar reduced state of plastoquinones
(Fig. 5A). The long-term exposure of whole plants to HL corroborated
these results, evidencing that WD plants are susceptible to suffer greater
over-reduction of plastoquinone pool in response to HL, as compared to
WW plants and in WD plants this over reduction occurred faster than in
WW plants (Fig. 5B).

3.5. WD cashew plants are capable of triggering a greater decrease in PSI
efficiency and inducing cyclic electron flux around PSI

In order to investigate the contribution of PSI to the photoprotective
mechanism triggered by cashew plants exposed to combined drought
and HL, the absorbance of P700+ was determined (Fig. 6). WD-accli-
mated plants displayed negative regulation in the actual quantum ef-
ficiency at PSI level (ΦPSI) and electron transport rate from PSI (ETRI)
after 3 h, 6 h and 12 h of HL exposure compared to WW cashew

(Fig. 6A–B). During HL, the cyclic electron flux (CEF), estimated from
the ETRII/ETRI ratios, was more intensely triggered by WD cashew
plants, as compared to WW plants (Fig. 6C). WD plants exhibited 60%
higher CEF at 3 h of HL, as compared to WW plants (Fig. 6C). The
differences in CEF displayed by WW- and WD-plants decreased pro-
gressively from 3 h to 12 h of HL exposure. No significantly differences
were detected in CEF from WW and WD plants at 12 h of HL exposure
(Fig. 6C).

3.6. WD-acclimated plants sustained enzymatic and non-enzymatic
antioxidant activities and displayed low ROS accumulation

In this experiment, plants were exposed to low light intensity – LL
(200 μmolm−2 s−l) and high light intensity – HL (2000 μmol m−2 s−l)
for 12 h in order to compare the performance of WD and WW cashew in
terms of antioxidant defense and ROS accumulation. CAT activity was
significantly decreased by WD regardless of the light regime and it was
not affected by HL in WW plants (Fig. 7A). In contrast, APX activity was
strongly increased by WD as in LL as well as in HL (Fig. 7B), whereas
the SOD activity displayed a trend similar to APX, being enhanced in
WD plants (Fig. 7C). All three enzymes were not affected by HL, re-
gardless of the water regimes.

Fig. 6. Changes in PSI parameters in response to time of high light (HL) exposure in well-
watered (WW; blue bars) and water-deficit (WD; red bars)-acclimated cashew plants. (A)
actual quantum efficiency from PSI (ΦPSI); (B) electron transport rate from PSI (ETRI);
(C) cyclic electron flux estimative (CEF; ETRI/ETRII). The plants were exposed to
2000 μmol m−2 s−1 PPFD for different lengths of time (3, 6 and 12 h). The values are the
means of four replicates, and the letters indicate comparisons using Tukey’s test. Capital
letters represent differences between treatments within each light duration, and lower-
case letters indicate differences between light exposure times within each treatment. Bars
represent standard deviation (SD). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Changes in activity of antioxidant enzymes in response to different treatments:
WW+LL (control), WD+LL, WW+HL and WD+HL. (A) CAT activity; (B) APX ac-
tivity and (C) SOD activity. The plants were exposed for 12 h to LL (200 μmolm−2 s−1

PPFD) or HL (2000 μmolm−2 s−1 PPFD). The values are the means of four replicates, and
the letters indicate comparisons using Tukey’s test. Bars represent standard deviation
(SD). Capital letters represent differences between treatments.
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In order to investigate the importance of non-enzymatic antioxidant
defense in both WD and WW plants exposed to LL and HL, the contents
of ASC, DHA, GSH, GSSG and their respective redox states were mea-
sured in leaves after 12 h of light exposition. Single WD under LL in-
duced a significant decrease in total ASC content (29%) and the decline
was accentuated in HL by a further 25%, all compared to WW+LL
(Fig. 8A). Water deficit induced a proportional decrease in the DHA
content and as consequence the ASC redox state remained practically
unchanged by the effect of drought in both light regimes. The WW
plants did not alter their total ASC and DHA contents by the effect of
light intensity (Fig. 8A). Differently from ASC, total GSH content
strongly increased in both WD and WW plants under HL by 63%
compared to LL (Fig. 8B). Water deficit decreased GSH redox state and
this effect was strongly stimulated by HL (from 57% to 33%) compared
to WW+LL (79%). HL also induced drastic reduction in GSH redox
state of WW plants compared to LL (from 79% to 35%) – (Fig. 8B).

The WD-plants showed lower H2O2 accumulation indicated by the
chemical method as well as by in situ dyeing with DAB, in both light
regimes, compared to WW plants (Fig. 9A, B). In presence of HL water
deficit-plants displayed lower lipid peroxidation (TBARS content),
compared to WW plants (Fig. 9C), indicating that combined
drought+HL was favorable to avoid oxidative stress in cashew plants.
The absence of oxidative stress in these plants was corroborated by
absence of leaf membrane damage (electrolyte leakage), which was low
and similar to WW plants (Fig. S2A). The lack of oxidative stress in WD
plants was related to a good hydration status in leaves, indicated by
high and unchanged relative water content value, which was similar to
WW plants (Fig. S2B).

3.7. WD-acclimated cashew subjected to HL presented better water use
efficiency

WD plants exposed to both light regimes displayed strong decreases
in net photosynthesis (PN), stomatal conductance (gs) and increases in
water use efficiency (WUE). Surprisingly, WD-treated plants under HL
showed increased PN compared to WD+LL plants (Fig. 10A). In par-
allel, stomatal conductance was strongly decreased by WD under LL
compared with all other treatments (Fig. 10B). HL induced a decrease in
gs in WW plants compared to WW+LL (control) and WD plants
showed higher WUE compared with all other treatments (Fig. 10C).

4. Discussion

The obtained results evidence that cashew is a species tolerant to
extreme conditions of combined stress of drought and high light, which
is expected since it is extensively cultivated in tropical semiarid regions
(Bezerra et al., 2007). Noticeably, in this study the cashew young plants
exhibited an effective strategy to cope with water deficit for 21 days,
triggering a fast and effective stomatal closure and maintaining of leaf
turgor. These results are in accordance with Matos et al. (2003), which
reported that drought stressed cashew plants were able to maintaining a
good water status in leaves associated with decreased growth. Indeed,

Fig. 8. Changes non-enzymatic antioxidants in response to different treatments:
WW+LL (control), WD+LL, WW+HL and WD+HL. (A) Reduced ascorbate (ASC;
white bars) and oxidized ascorbate (DHA; black bars). (B) Reduced glutathione (GSH;
white bars) and oxidized glutathione (GSSG; black bars). The plants were exposed for 12 h
to LL (200 μmolm−2 s−1 PPFD) or HL (2000 μmolm−2 s−1 PPFD). The values are the
means of four replicates, and the letters indicate comparisons using Tukey’s test. Bars
represent standard deviation (SD). Capital letters represent differences between treat-
ments. Values inside brackets represent redox state of ascorbate and glutathione, re-
spectively.

Fig. 9. Changes in oxidative indicators in response to different treatments: WW+LL
(control), WD+LL, WW+HL and WD+HL. (A) In situ H2O2 accumulation; (B) H2O2

content and (C) lipid peroxidation (TBARS). The plants were exposed for 12 h to LL
(200 μmolm−2 s−1 PPFD) or HL (2000 μmolm−2 s−1 PPFD). The values are the means of
four replicates, and the letters indicate comparisons using Tukey’s test. Bars represent
standard deviation (SD).
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despite the great severity of water restriction followed by HL imposed
in this current study, cashew plants did not display stress symptoms as
indicated by the unchanged levels of RWC, membrane integrity and
lipid peroxidation in leaves.

We have previously reported that cashew plants are tolerant to high
salinity under normal temperature (Ferreira-Silva et al., 2011, 2010,
2008; Silveira et al., 2003) Interestingly, cashew plants exposed to high
temperature triggers an antioxidant protective mechanism that miti-
gates the negative effects induced by salt stress (Ferreira-Silva et al.,
2012). Despite salt stressed-cashew plants have accumulated significant
amount of proline in leaves, this response was a consequence of me-
tabolic disturbance, not contributing for osmotic adjustment (da Rocha
et al., 2012). Indeed, cashew leaves are not able to display osmotic
adjustment in response to salt stress (Ferreira-Silva et al., 2008). Cur-
rent studies carried out in our lab have revealed that young cashew
plants are not capable to exhibit osmotic adjustment in both leaves and
roots in response to prolonged water deficit in substrate (unpublished
data).

An important challenge for plants to cope effectively with an abiotic
stress such as water deficit and high light is the maintenance of a sui-
table balance involving light capture and photosynthetic electron con-
sumption by metabolic processes, especially CO2 assimilation and

photorespiration (Foyer et al., 2012; Silveira and Carvalho, 2016). This
equilibrium is crucial to avoid excess energy and overproduction of
ROS in chloroplasts (Duarte et al., 2013; Foyer et al., 2012). However,
when ROS are accumulated at low levels in plant cells, they might act as
cellular signaling commonly related to the regulation of genes asso-
ciated with abiotic stress defense responses (Exposito-Rodriguez et al.,
2017; Foyer et al., 2017). Otherwise, if the plant fails to maintain the
ROS at adequate concentrations, the oxidative stress might be estab-
lished, inducing severe metabolic disturbances (Maruta et al., 2012;
Møller et al., 2007; Naranjo et al., 2016).

A very important aspect of ROS accumulation in thylakoids is its
contribution to the photoinhibition process (Nishiyama et al., 2011).
Under oxidative stress conditions, excessive ROS is believed to act as a
direct inhibitor of elongation factor G protein, which is essential for
protein translation in chloroplasts (Kojima et al., 2007). Thus, excess
ROS could cause direct photodamage of RCII proteins (Kato et al.,
2015), or alternatively it could lead to the impairment of PSII protein
turnover, resulting in photoinhibition (Nishiyama et al., 2011). In the
current study cashew plants did not suffer any symptom of oxidative
stress and photoinhibition when exposed to a prolonged drought
(21 days), followed or not by exposure to HL. Consequently, an im-
portant question that could be raised here is: how are cashews able to
perform so remarkably?

The data concerning the PSII and PSI activities clearly evidences
that cashew plants are able to decrease the linear photosynthetic
electron flux in thylakoid membranes when plants were exposed to
drought combined with HL. This mechanism is corroborated by the fact
that D1 protein in WD plants exposed to HL is significantly less abun-
dant in comparison to WW plants, therefore indicating an active bio-
chemical regulation of the RCII components (Aro et al., 1993). This
notable feature could allow a lower input of electron flux under a very
high excess energy condition, performing a dynamic and protective
photoinhibition (Foyer et al., 2017). This mechanism was probably
essential for the mitigation of ROS accumulation in cashew leaves.

That cashew performance is commonly reported for evergreen
plants adapted to arid regions, which are able to survive and grow
under extreme environmental conditions (Adams et al., 2013, 2006;
Baker and Rosenqvist, 2004; Blaikie and Chacko, 1998; Demmig-Adams
et al., 2017, 2015). However, despite the strong decrease in photo-
chemical activity during illumination, WD cashew leaves displayed a
prominent capability of PSII recovery in the dark, reaching PSII
quantum efficiency very similar to WW plants after only a few minutes.
To the best of our knowledge, this observation is unprecedented in
literature and creates prospects for the existence of a PSII repair me-
chanism that could have been triggered more effectively in drought
treated cashew leaves than in well-watered plants.

These responses displayed by drought-exposed cashew leaves might
suggest that this plant species is evolutionarily well adapted to cope
with the combination of drought and HL and able to employ unusual
photosynthetic mechanisms. How could WD cashew plants be more
effective in PSII dark recovery than WW plants and what are the in-
volved physiological implications? In order to answer this question,
kinetics of induction and relaxation of NPQ were performed. Several
previous reports have evidenced that evergreen plants, such as cashew,
when exposed to severe abiotic stress conditions like drought and HL,
are able to induce very high NPQ levels. The possibility of PSII antennas
of evergreen plants to persist in the quenched state even after long
periods of dark recovery, is commonly reported as an important pho-
toprotective mechanism (Demmig-Adams et al., 2017, 2015; Foyer
et al., 2017).

Our data showed that drought-exposed cashew leaves displayed a
fast increase in NPQ after exposure to HL clearly evidencing that the qE
component is very important for heat dissipation in this plant species.
The main NPQ photoprotective component, qE, is induced in the order
of few minutes and is dependent on the ΔpH formation between the
thylakoid lumen and stroma (Ruban et al., 2007); the PsbS protein

Fig. 10. Changes in gas-exchange parameters in response to different treatments:
WW+LL (control), WD+LL, WW+HL and WD+HL. (A) Net photosynthesis, PN; (B)
stomatal conductance, gs; and (C) water use efficiency, WUE. The plants were exposed for
12 h to LL (200 μmol m−2 s−1 PPFD) or HL (2000 μmol m−2 s−1 PPFD). The values are
the means of four replicates, and the letters indicate comparisons using Tukey’s test. Bars
represent standard deviation (SD).
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amount (Funk et al., 1995; Niyogi et al., 2005) and the enzymatic ac-
tivity of violaxanthin deepoxidase (Demmig-Adams, 1990). Our data
provide evidences that WD leaves exposed to HL for 3 h exhibited a
strong increase in cyclic electron flux (CEF), which has coincided with
the high initial induction of NPQ. After 12 h of HL exposure, when NPQ
in WD and WW plants did not differ, CEF was also similar in leaves from
both treatments. Therefore, our data suggest that the CEF was related to
NPQ induction in WD leaves exposed to combined HL.

NPQ is a biophysical process that competes directly with PSII
quantum efficiency. Thus, since WD cashew plants are able to induce a
more effective recovery in PSII quantum efficiency than WW plants, it
could be plausible to argue that NPQ relaxation mechanisms in
drought-leaves would be more efficient than in WW ones. Indeed, a
faster NPQ relaxation could imply a more effective utilization of energy
for photochemical processes (Kromdijk et al., 2016). However, our data
clearly show that WD cashew leaves displayed a slight delay in NPQ
dark relaxation after HL exposure, in comparison to WW plants. This
response evidences that drought-treated leaves exhibited a quenched
state as expected for an evergreen species, probably associated to qZ
component of the NPQ (Jahns and Holzwarth, 2012; Nilkens et al.,
2010).

Another explanation for a possible increased capability of PSII
quantum recovery in the dark, displayed by WD cashew leaves could be
linked to the D1 protein turnover process. As excess ROS is believed to
generate a strong delay in this process (Nishiyama et al., 2011), the fact
that cashew leaves have displayed a very effective ROS scavenging,
associated with decreased ROS production by photochemical mechan-
isms, these features could, together, have contributed to a more effi-
cient PSII reaction center repair in the dark. Indeed, WD cashew leaves
exhibited a remarked increase in SOD and APX activities in parallel to
reduced H2O2 and TBARS accumulation. In addition, these plants dis-
played a great GSH consumption (oxidation) associated to increase in
ASC synthesis. Together, these antioxidant responses should have been
crucial for ROS scavenging (Foyer et al., 2012; Noctor et al., 2014).

Under HL stress, the redox state of the plastoquinone pool is be-
lieved to act as an important retrograde signal from chloroplasts to
nucleus (Allen, 1993; Allen et al., 2011; Puthiyaveetil et al., 2012). As
reported previously, the regulation of the expression of several im-
portant proteins for abiotic stress defense is related to signaling trans-
duction pathway originated from plastoquinone pool redox state (Allen
et al., 2011; Karpinski et al., 1997; Pfannschmidt et al., 2001). Indeed,
the expression of cytosolic APX isoforms, which are important enzymes
involved in H2O2 scavenging, are strongly induced by HL and the sig-
naling process related to such induction is dependent on plastoquinone
pool reduced state (Karpinski et al., 1997). Therefore, the remarkable
increase in APX activity, exhibited by WD cashew leaves, could have
been related to a retrograde signaling process. In this case, the signaling
transduction pathway could have been originated from a higher re-
duced state related to plastoquinone pool in response to HL (as in-
dicated by 1-qP changes). Nonetheless, further research is still need to
the effective elucidation of the molecular mechanism related to chlor-
oplast retrograde signaling for antioxidant protection in WD cashew
leaves.

Another important feature that could be closely related to enhanced
antioxidant machinery displayed by WD cashew leaves is the control of
stomatal aperture. The stomatal closure is an important regulatory
mechanism for photosynthetic efficiency under drought conditions and
it is directly affected by the levels of accumulated intracellular ROS
(Chen and Gallie, 2004). Our data clearly shows that WD plants are able
to maintain a more favorable stomatal conductance in presence of HL
than in presence of LL. Therefore, under such conditions a higher CO2

assimilation by the Calvin-Benson cycle should have contributed to
lower reducing power accumulation in thylakoids, which inevitably
leads to a lower ROS accumulation in chloroplasts (Foyer et al., 2012),
generating a virtuous cycle to the whole photosynthetic capacity.

Fig. 11 presents an integrative and schematic view of the main

features displayed by cashew plants exposed to water deficit followed
by high light. The model highlights the antioxidant protection, ROS
accumulation and photochemical regulation. A central point that
emerges from our study is what is the physiological and evolutionary
significance for a faster dark recovery of the PSII in WD cashew? Ad-
ditionally, it is important also to elucidate the underlying mechanisms
involved in the decrease of PSII and PSI activities in drought-exposed
cashew leaves exposed to high light. In addition, further studies are
required to determine the molecular mechanism behind the interactions
involving plastoquinone reduced state, antioxidative signaling and PSII
recovery in WD cashew plants.

5. Conclusion

We presented clear evidence that cashew plants exposed to drought
display an intense decrease in PSII and PSI activities, associated with a
great induction in thermal energy dissipation (qE). Despite the decrease
in PSII quantum efficiency, WD cashew leaves can rapidly recover PSII
activity during the dark, indicating that RCII repair mechanisms could
be very effective in such plants. The induction of active antioxidant
machinery, involving SOD, APX and GSH, might have contributed to
enhance the PSII recovery efficiency during darkness. These findings
are unprecedented in literature and provide an important piece in the
puzzle of comprehension on how plants can survive under extreme
abiotic stress conditions.
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