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A B S T R A C T

In a changing world, the search for new agronomic practices that help crops to maintain and/or increase yields
and quality is a continuous challenge. We aim to evaluate kaolin (KL) and salicylic acid (SA) effectiveness as
summer stress alleviating agents through physiological, biochemical and immunohistochemical analysis. Olive
trees (Olea europaea L. cv. Cobrançosa) grown under rainfed conditions were sprayed with 5% KL and 100 μM
SA, at the beginning of summer, during two consecutive years. KL enhanced relative water content (RWC),
stomatal conductance (gs) net photosynthesis (A) and leaf indole-3-acetic acid (IAA) signal, and decreased leaf
sclerophylly, secondary metabolites and non-structural carbohydrates accumulation and abscisic acid (ABA).The
trees treated with SA showed changes on IAA and ABA dynamics, and an enhancement in RWC, gs, A, soluble
proteins, and leaf P and Mg concentrations during the summer. Notably, KL and SA also allowed a faster res-
tauration of the physiological functions during stress relief. In sum, KL and SA foliar sprays alleviated the ne-
gative effects induced by summer stress in olive trees performance, by modulation of distinct physiological and
biochemical responses.

1. Introduction

In the current settings, olive trees (Olea europaea L.) growing under
the typical Mediterranean semi-arid conditions are affected by multiple
environmental constraint factors, and since the region is particularly
vulnerable to climate change (IPCC, 2013), we may expect more severe
summer stress. Although olive tree is well-adapted to harsh conditions,
a considerable expense of energy resources is used in defense me-
chanisms, compromising plant growth and productivity (Fernández,
2014). Water deficit, commonly associated to heat and high irradiance
stresses, impairs plant water status, drives stomatal closure, mesophyll
compactness and photoinhibition, compromising photosynthetic capa-
city (Bacelar et al., 2004, 2006, 2007; Petridis et al., 2012). The con-
tinuous stress imposition induces oxidative damages and improves the
investment in secondary metabolism, leading to reserves depletion
(Bacelar et al., 2006, 2007; Mattos and Moretti, 2015; Petridis et al.,
2012). Furthermore, the cross-talk between different phytohormones
mediate a wide range of adaptative responses, as growth, development,

nutrient allocation, and source/sink transitions (Peleg and Blumwald,
2011). Although abscisic acid (ABA) is the most studied stress-re-
sponsive hormone, the role of indole-3-acetic acid (IAA) during en-
vironmental stress is emerging (Peleg and Blumwald, 2011).

Global climate change might compromise the economic viability of
the olive rainfed sector, leading to the abandonment of traditional
groves, with devastating environmental consequences. In this sense, it
is required the implementation of agronomic strategies in order to al-
leviate the adverse effects of summer stress. Accordingly, the foliar
application of kaolin (KL) and salicylic acid (SA) has been considered
short-term adaptations for that purpose. KL, once sprayed on leaf sur-
face, leaves a white protective particle film after water evaporation,
increasing the reflection of excess radiation (ultraviolet, visible and
infrared radiations), reducing the risk of leaf and fruit damage from
heat load accumulation and solar injury (Glenn et al., 2005). The KL use
to mitigate the negative influence of summer stress in olive trees was
already appraised by some studies that report positive effects in plant
water status, photosynthetic responses and yield (Denaxa et al., 2012;
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Nanos, 2015; Roussos et al., 2010), although this effectiveness was
dependent from stress level and genotype (Nanos, 2015; Roussos et al.,
2010). Thus, it is important to fill the lack in the understanding of KL
action mode by studying other induced plant responses. Meanwhile, SA
is a signaling phytohormone with diverse regulatory roles in plant
metabolism, such as the antioxidant defense system activation, sec-
ondary metabolites production, osmolytes synthesis modulation and
optimization of mineral nutrients status (Khan et al., 2015). Moreover,
SA appears to be a key molecule to maintain a proper balance between
photosynthesis and growth (Rivas-San Vicente and Plasencia, 2011).
However, the precise mechanisms by which SA induces plant tolerance
against abiotic stresses remain unknown (Khan et al., 2015; Rivas-San
Vicente and Plasencia, 2011). As far as we know, SA application to
improve stress tolerance in olive trees was only described under
freezing (Hashempour et al., 2014) and salinity (Aliniaeifard et al.,
2016) conditions, where suitable concentrations of SA revealed to be
effective. In sum, the influence of KL (Brillante et al., 2016; Nanos,
2015; Shellie and Glenn, 2008) and SA (Fayez and Bazaid, 2014; Kang
et al., 2012; Nazar et al., 2015; Wang et al., 2014) on stress mitigation is
not consensual, since it depends on several factors that act in isolation
or in combination, including genotypes, growth stage, concentration,
administration mode and environmental conditions. Therefore, we aim
to test the effectiveness of KL and SA as summer stress alleviating
products in rainfed olive orchards. For this, a deep analysis was ac-
complished, evaluating specifically KL and SA influence on leaf struc-
ture, plant water status, photosynthetic performance, primary and
secondary metabolites fluctuations, foliar phytohormones distribution
and plant nutritional status.

2. Material and methods

2.1. Site description, cultural practices and plant material

The experimental trial took place in Bragança, Northest Portugal, at
Pinheiro Manso farm (41° 48´ N, 6° 44´ W), during two consecutive
growing seasons (2015 and 2016), on a 5-years-old rainfed olive
orchard (cv. ‘Cobrançosa’) planted at 7×6m. The orchard was planted
late in 2010 and produced the first fruits in 2013. Year 2014 was the
first year that olive yield was recorded. The climate is typically
Mediterranean with some Atlantic influence. Under the Koppen-Geiger
climate classification, Bragança is classified as Csb, a temperate climate
with hot and dry summers and rainy winters (IPMA, 2017). Annual
precipitation in 2015 was 419.4mm and 707.1 mm in 2016, 34% and
83% of it between January and May, respectively. The average air
temperature and monthly precipitation recorded during the experi-
mental period are shown in supplementary Fig. 1. At the beginning of
the experiment, soil total organic carbon (C) was 25.6 g kg−1 (In-
cineration method), pH (soil:water, 1:2.5) was 5.8, extractable phos-
phorus (P) (Egner-Rhiem method) was 87.9 mg kg−1, extractable po-
tassium (K) (Egner-Rhiem method) was 102mg kg−1, extractable boron
(B) (Azomethine method) was 0.5 mg kg−1, exchangeable calcium (Ca)
(ammonium acetate method, pH 7) was 7.2 cmolc kg−1 and ex-
changeable magnesium (Mg) (ammonium acetate method, pH 7) was
2.2 cmolc kg−1. Soil fertilization consisted in the annual application (in
the last week of March) of a compound NPK (10% N, 10% P2O5, 10%
K2O) fertilizer and borax (11% B). The fertilizers were localized in
squares of 16 (4× 4) m2 (2m distance from the trunk) per tree. In these
areas, the compound fertilizer was applied at a rate corresponding to
50 kg ha-1 of N, P2O5 and K2O and borax at a rate of 2 kg B ha-1. The
ground was managed with a non-selective herbicide (glyphosate, iso-
propylammonium salt, 360 g L-1 active ingredient) applied beneath the
trees in the areas corresponding to the application of fertilizers and at a
dose of 3 L ha-1. The fertilizers were left on the ground without in-
corporation. The inter-rows were tilled once a year late in April. The
trees were yearly subjected to light interventions of pruning and
training in February.

2.2. Treatments applied and monitoring

The experiment comprises three treatments: control (C) trees,
sprayed with distilled water; kaolin (KL), sprayed with an aqueous so-
lution of KL (Surround® WP, Engelhard Corporation, Iselin, NJ), at the
manufacturer recommended dosage of 5% (w/v); and salicylic acid
(SA), sprayed with an aqueous solution of 100 μM SA (Sigma-Aldrich,
St. Louis, USA), selected based on results of preliminary research. Each
plant was treated with a mean volume of 500mL of spraying solution.
All spray applications were supplemented with 0.1% (v/v) Tween 20
and conducted according to good efficacy practice standard operating
procedures adjusted for agricultural experiments. The treatments were
applied in the absence of wind in the morning of 30th June 2015 and
23th June 2016. A second application in the same days was done for KL
trees to ensure the adhesion uniformity of kaolin clay particles to form
the required film. The KL treatment was repeated in 27th August 2016
after a heavy rain event. Each treatment included three replicates,
completely randomized, with three trees of similar canopy size per plot,
separated by a buffer line of trees.

All the physiological, structural, biochemical and im-
munohistochemical measurements done at leaf level were taken in
healthy, full expanded and mature leaves. The leaf gas exchange,
chlorophyll a fluorescence and leaf relative water content measure-
ments were taken periodically during the two years of the study
(n= 9), while the samples for leaf histological analysis (n= 9), leaf
and stem biochemical analyses (n= 9) and leaf IAA and ABA im-
munolocalization (n= 3) were collected only in 2016, at the peak of
stress, 22th August. To determine the nutritional status of olive trees, a
pool of leaf samples per plot was taken in July 2016, during summer, at
endocarp sclerification, and in January 2017, during the winter resting
period (n=3). A schematic representation of the experiment procedure
is presented in Fig. 1.

2.3. Leaf water status and structural analysis

Leaf samples, detached in a similar position, were immediately
placed into air-tight containers and the following parameters were ex-
amined: fresh weigh (FW; g); fresh weigh at full turgor (TW; g), mea-
sured after immersion of leaf petioles in demineralized water for 48 h in
the dark at 4 °C; and dry weigh (DW; g), measured after drying in a
force-draft oven at 60 °C to a constant weight. Further, was calculated
the relative water content (RWC = (FW – DW)/(TW – DW) x 100; %).

For histological analysis, leaf sections were taken from the middle of
the leaves, to avoid differential thickness along the leaf. Cut sections
were dehydrated, cleared and embedded in paraffin. Four μm cross-
sections were obtained using a rotary microtome (Leica RM 2135,
Germany) placed on slides and stained with toluidine blue. Leaf tissues
thickness were measured in the leaf cross-sections using an inverted
optical microscope (Olympus IX51 with the image analysis software
Cell^A).

To make stomatal impressions, one or two coats of polish (colo-
dium) were applied to the abaxial surface of each leaf, after peltate
hairs were removed. The polish was then carefully peeled off and
placed on a microscope slide (Bacelar et al., 2004).

2.4. Leaf gas exchange and chlorophyll a fluorescence

Leaf gas exchange measurements were performed using a portable
IRGA (LCpro+, ADC, Hoddesdon, UK), operating in the open mode.
Measurements were performed on cloudless days under natural irra-
diance and environmental conditions on sun exposed leaves. Net pho-
tosynthetic rate (A, μmol CO2m−2 s-1), stomatal conductance (gs, mmol
H2O m−2 s-1) and the ratio of intercellular to atmospheric CO2 con-
centration (Ci/Ca) were estimated using the equations developed by von
Caemmerer and Farquhar, (1981). Intrinsic water use efficiency was
calculated as the ratio of A/gs (μmol mol-1).
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Chlorophyll a fluorescence parameters were measured in vivo with
a pulse-amplitude-modulated fluorometer (FMS 2, Hansatech
Instruments, Norfolk, UK) on the same leaves and environmental con-
ditions used for gas exchange measurements. Prior to the measure-
ments, a small part of the leaves was dark-adapted for 30min using
dark-adapting leaf-clips. After this period, the minimal fluorescence
(Fo) was measured when all photosystem II (PSII) reaction centers are
open using a low intensity pulsed measuring light source. The maximal
fluorescence (Fm) was measured when all PSII reactions centers are
closed during a pulse saturating light (0.7 s pulse of 15,000 μmol pho-
tons m–2 s–1 of white light). The difference between these two levels
(Fm-Fo) is called variable fluorescence (Fv). Maximum quantum effi-
ciency of PSII was calculated as Fv/Fm = (Fm-Fo)/Fm (Krause and Weis,
1991). Following Fv/Fm estimation, after a 20 s exposure to actinic light
(1500 μmol m–2s–1), light-adapted steady-state fluorescence yield (Fs)
was averaged over 2.5 s, followed by exposure to saturating light
(15,000 μmolm–2s–1) for 0.7 s to establish F’m. The sample was then
shaded for 5 s with a far-red light source to determine F’0. From these
measurements, several fluorescence attributes were calculated (Bilger
and Schreiber, 1986; Genty et al., 1989): photochemical quenching
(qP= (F’m-Fs)/(F’m-F’0)), non-photochemical quenching (NPQ= (Fm-
F’m)/F’m) and efficiency of electron transport as a measure of the
quantum effective efficiency of PSII (ΦPSII =ΔF/F’m = (F’m-Fs)/F’m).
The apparent electron transport rate was estimated as ETR (μmol e−m-

2 s-1) = (ΔF/F’m) x PPFD x 0.5×0.84, where PPFD is the photo-
synthetic photon flux density incident on the leaf, 0.5 is the factor that
assumes equal distribution of energy between the two photosystems,
and the leaf absorbance used was 0.84, the most common value for C3

plants (Bilger and Schreiber, 1986).

2.5. Biochemical assays

Chlorophylls and carotenoids were extracted with 80% (v/v)
acetone. Chlorophyll a (Chla), chlorophyll b (Chlb) and total chlorophyll
(Chl(a+b)) were determined according to Arnon (1949) and Sesták et al.,
(1971) and total carotenoids (Car) according to Lichtenthaler (1987).
Lycopene and β-carotene were extracted with acetone–hexane mixture
(4:6) and determined according to Barros et al. (2011). Total soluble

proteins (TSP) were quantified using the method of Bradford (1976),
using bovine serum albumin (Sigma-Aldrich, St. Louis, USA) as a
standard. Total phenolic compounds (TPC) were quantified following
the Folin–Ciocalteu procedure (Singleton and Rossi, 1965), using gallic
acid (Sigma-Aldrich, St. Louis, USA) as a standard. Flavonoids were
determined according to Zhishen et al. (1999), using (+)-catechin
(Sigma-Aldrich, St. Louis, USA) as a standard. Ascorbate was quantified
using a method adapted from Klein and Perry (1982), using L-ascorbic
acid (Fisher Chemical, UK) as a standard. Total antioxidant capacity
(TAC) based on DPPH (2,2-Diphenyl-1-picrylhydrazyl)-free radical
scavenging capacity was evaluated according to a method adapted from
Xu and Chang (2007). Leaf methanolic extracts, and methanol for ne-
gative control, were mixed with DPPH methanolic solution (0.1 mM)
and left to stand for 30min in dark at room temperature. The absor-
bance for the sample (Asample) and negative control (Acontrol) was
measured at 517 nm against methanol blank. The percent of DPPH ra-
dical reduction was calculated as follows= 100 x (Acontrol – Asample) /
Acontrol. The free radical scavenging activity was expressed as μM of
Trolox equivalents (Sigma-Aldrich, St. Louis, USA), TE = (% DPPH
radical reduction / a), where a is the slope of the standard curve
(y= ax). Total soluble sugars (SS) were extracted according to Irigoyen
et al. (1992), by heating the samples in 80% ethanol during 1 h, at
80 °C. Then, the soluble fractions were separated from the solid frac-
tion. Starch (St) was extracted by heating the same solid fraction in 30%
perchloric acid during 1 h, at 60 °C according, to Osaki et al. (1991).
Both SS and St concentrations were determined by the anthrone
method, using glucose (Merck, Germany) as a standard.

2.6. Immunodetection of ABA and IAA

For the immunodetection of indole-3-acetic acid (IAA) and abscisic
acid (ABA), mature leaves of each treatment were fixed and processed
according with Escandón et al. (2016). Propidium iodide was used as
counterstain. Fluorescence, in both immunochemical essays, was vi-
sualized using a confocal microscope (Leica TCS-SP2-AOBS) connected
to a workstation and the images were processed with Fiji Software
(Schindelin et al., 2012). Negative controls in both immunochemical
essays were obtained replacing the primary antibody by PBS (See

Fig. 1. Schematization of field trial and monitoring analysis performed during 2015, 2016 and 2017. Abbreviations: KL – kaolin; SA – salicylic acid; C – control; LGE –
leaf gas exchange; Chla F – chlorophyll a fluorescence; RWC – relative water content; CV – canopy volume; HIS – histology; BCHM – biochemistry; IHC – im-
munohistochemistry; NSC – non-structural carbohydrates; mor – morning; mid -midday.
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supplementary Fig. 2).

2.7. Leaf mineral analyses

Leaves were collected from the middle of current season shoots of
the four quadrants around the tree canopy. The samples were then
oven-dried at 70 °C and ground. Tissue analyses were performed by
Kjeldahl (N), colorimetry (B and P), flame emission spectrometry (K)
and atomic absorption spectrophotometry (Ca, Mg, Cu, Fe, Zn, and Mn)
methods (Walinga et al., 1989).

2.8. Statistical analysis

The statistical analysis was performed using the statistical software
program SPSS for Windows (v. 22). All data sets satisfied the assump-
tions of ANOVA based on homogeneity of variances and normality. In
all parameters, data were analyzed one-way factorial ANOVA and the
post hoc Tukey’s test. Significant differences were considered for P <
0.05. For statistical analysis of RWC and CVI arcsine transformation
was performed in percentage data.

3. Results

3.1. Leaf water status and leaf structure

The influence of KL and SA on RWC was dependent on the seasonal
period of the experiment and the analyzed year (Fig. 2a, b). In the first
year (Fig. 2a), KL contributed to increase RWC in the first two analyzed
dates, losing this capacity at the end of summer, while SA stands out in
the middle of the summer season. On the second year (Fig. 2b), in
August, both products contributed to increase RWC.

Leaf histological analysis revealed that KL induced thinner leaves,
due to the reduced thickness of upper palisade parenquyma (UPP),
lower epidermis (LE) and trichome layer (TL) (Table 1). As a result, a
reduced palisade/spongy parenchyma (PP/SP) ratio was observed in KL
leaves. Regarding SA plants, the leaves presented lower TL thickness
than C plants. Both KL and SA contributed to increase the stomatal
density (Table 1).

3.2. Leaf gas exchange and chlorophyll a fluorescence

In general, both KL and SA foliar sprays contributed to keep higher
A and gs in relation to C plants (Fig. 3). In 2015, an exception was
observed in the first sampling date, as KL plants exhibited the lower A,

while SA plants already exhibited higher A than C plants. Stomatal
conductance followed a similar pattern than A, although no statistical
differences were found among treatments on July 30th and November
30th (Fig. 3b). The A/gs was not statistically affected by treatments
(Fig. 3c), while regarding Ci/Ca, it was only observed a reduction with
KL application on July 30th (Fig. 3d). In 2016, it was evident the typical
midday depression of A and gs in all treatments, particularly in August
(Fig. 3e, f). Concerning the treatment effect, on July 7th and September
26th, both KL and SA plants presented higher A than C plants, whereas
on August 22th only SA trees had superior A at midday (Fig. 3e). Sto-
matal conductance follows generally a pattern like A (Fig. 3f). A/gs was
significantly affected by treatments only on July 7th. At morning, KL
plants exhibited the lower A/gs, while at midday period SA plants
presented higher values than the other treatments (Fig. 3g). In the same
way, Ci/Ca ratio was only affected by the treatments on July 7th. At
morning, KL plants exhibited the highest ratios, while at midday the
lower ratio was observed in SA plants (Fig. 3h).

Regarding chlorophyll a fluorescence analysis, in 2015, only on 30th

July was observed a significant influence of the applied products. At
that date, SA leaves exhibited higher ΦPSII and ETR and lower NPQ
than C plants (Fig. 4), whereas both KL and SA-sprayed leaves showed
higher qP (Fig. 4g). Furthermore, in general, all determined variables
decreased progressively until October and, drastically in November
(Fig. 4). In 2016, at midday period of July 7th, KL plants had higher Fv/

Fig. 2. Evolution of leaf relative water content (RWC) in control (C), salicylic acid (SA) and kaolin (KL) plants throughout the experiment in 2015 (a) and 2016 (b).
Values are means ± SE. Different letters demonstrate significant differences between treatments in each analyzed date (*P < 0.05, **P < 0.01).

Table 1
Leaf tissues thickness (μm) and stomatal density (stomatal number mm−2) of
control (C), salicylic acid (SA) and kaolin (KL) plants. Total section (LT), upper
cuticle (UC), upper epidermis (UE), upper palisade parenchyma (UPP), spongy
parenchyma (SP), lower palisade parenchyma (LPP), lower epidermis (LE),
palisade/ spongy parenchyma ratio (PP/SP) and trichome layer (TL).

C SA KL P-value

LT 548.8 ± 3.9a 543.8 ± 4.9a 501.8 ± 8.7b ***
UC 5.73 ± 0.17 6.41 ± 0.33 5.90 ± 0.18 n.s.
UE 18.00 ± 0.61ab 17.11 ± 0.52b 19.29 ± 0.53a *
UPP 224.5 ± 5.0a 231.4 ± 3.4a 193.8 ± 5.3b ***
SP 220.1 ± 4.8 218.2 ± 4.8 214.5 ± 4.2 n.s.
LPP 29.51 ± 0.85 27.67 ± 0.68 27.20 ± 0.65 n.s.
LE 15.53 ± 0.36a 15.01 ± 0.45ab 13.96 ± 0.36b *
PP/SP 1.17 ± 0.04a 1.20 ± 0.03a 1.03 ± 0.02b **
TL 36.65 ± 1.43a 28.40 ± 1.92b 26.51 ± 1.11b ***
Stomatal density 565.5 ± 13.9b 744.6 ± 27.4a 683.7 ± 16.6a ***

Values are means ± SE. Different letters within a line demonstrate significant
differences between treatments (n.s., not significant, *P < 0.05, **P < 0.01,
***P < 0.001).
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Fig. 3. Evolution of leaf gas exchange parameters in control (C), salicylic acid (SA) and kaolin (KL) plants throughout the experiment during the morning (mor)
period of 2015 (A–D) and both morning (mor) and midday (mid) periods of 2016 (E–H). Net photosynthetic rate (A, a, e), stomatal conductance (gs, b, f), intrinsic
water use efficiency (A/gs, c, g) and ratio of intercellular to atmospheric CO2 concentration (Ci/Ca, d, h). Values are means ± SE. Different letters demonstrate
significant differences between treatments in each analyzed date (*P < 0.05, **P < 0.01, ***P < 0.001).
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Fm, ΦPSII, F’v/F’m and ETR and lower NPQ than the other treatments
(Fig. 4), whereas on August 22th, SA presented higher ΦPSII and ETR
(Fig. 4e, k). Finally, on September 26th, KL leaves showed higher Fv/Fm
(Fig. 4g).

3.3. Biochemical components

Leaf biochemical analyses are summarized in Table 2. None of the
applied products induced changes on Chl(a+b) and Car concentrations,
neither on Chla/Chlb and Chl(a+b)/Car ratios, on flavonoids and TPC,
although a tendency for higher concentration of TPC in C plants. KL and
SA lead to higher levels of lycopene and β-carotene, whereas TSP were
enhanced only by SA. The ascorbate concentration was higher in C and
SA than in KL plants. Regarding carbohydrates concentration, SS and St
values followed the order KL < C and SA, and SA < KL < C, re-
spectively. The TAC based on DPPH radical scavenging was reduced in
both KL and SA treatments. The accumulation of SS and St in stems
followed the order C≤ SA≤ KL and C < SA < KL, respectively.

3.4. Immunodetection of ABA and IAA

The immunodetection of ABA andIAA revealed that both KL and SA
induced differences in the signal intensity and distribution through the
leaf tissues (Figures 5and 6). In general, ABA signal showed a uniform
distribution throughout the leaf in all treatments. However, the in-
tensity was higher in C and SA than in KL leaves (Fig. 5a, b, c). SA
leaves showed an increased signal intensity in the main vascular tissues
(Fig. 5b), compared to C (Fig. 5a). The IAA signal was substantially less
evident than the ABA signal in all the analyzed leaves (Fig. 5d, e, f). In C

Fig. 4. Evolution of chlorophyll fluorescence variables in control (C), salicylic acid (SA) and kaolin (KL) plants throughout the experiment during the morning (mor)
period of 2015 (A–C and G–I) and both morning (mor) and midday (mid) periods of 2016 (D–F and J–L). Maximum (Fv/Fm, a, d) and effective (ΦPSII, b, e) quantum
efficiency of PSII, capture efficiency of excitation energy by open PSII reaction centers (F´v/F´m, c, f), photochemical quenching (qP, g, j), electron transport rate
(ETR, μmol e−m-2 s-1, h, k) and non-photochemical quenching (NPQ, i, l). Values are means ± SE. Different letters demonstrate significant differences between
treatments in each analyzed date (*P < 0.05, **P < 0.01, ***P < 0.001).

Table 2
Leaf and stem biochemical analyses of control (C), salicylic acid (SA) and kaolin
(KL) plants. In leaves: total chlorophylls (Chl(a+b), mg g−1 DW), chlorophyll a/
b ratio (Chla/Chlb), total carotenoids (Car, mg g−1 DW), Chl(a+b)/Car ratio,
lycopene (mg g−1 DW), β-carotene (mg g−1 DW), total soluble proteins (TSP,
mg g−1 DW), total phenolic compounds (TPC, mg g−1 DW), flavonoids (mg
g−1 DW), ascorbate (mg g−1 DW), total antioxidant activity (TAC, μmol g−1

DW), soluble sugars (SSleaf, mg g−1 DW) and starch (Stleaf, mg g−1 DW) con-
centrations. In stems: soluble sugars (SSStems, mg g−1 DW) and starch (StStems,
mg g−1 DW) concentrations.

C SA KL P-value

Chl(a+b) 2.80 ± 0.05 2.79 ± 0.10 2.65 ± 0.05 n.s.
Chla/Chlb 3.05 ± 0.03 3.13 ± 0.02 3.13 ± 0.04 n.s.
Car 0.605 ± 0.008 0.609 ± 0.015 0.579 ± 0.008 n.s.
Chl(a+b)/Car 4.63 ± 0.036 4.57 ± 0.057 4.58 ± 0.045 n.s.
Licopene 0.294 ± 0.011b 0.352 ± 0.008a 0.337 ± 0.005a **
β-Carotene 0.151 ± 0.007b 0.179 ± 0.006a 0.173 ± 0.003a *
TSP 5.39 ± 0.40b 8.18 ± 0.21a 5.94 ± 0.10b ***
TPC 46.05 ± 1.24 43.24 ± 0.59 42.21 ± 1.36 n.s.
Flavonoids 24.22 ± 0.46 24.04 ± 1.09 24.20 ± 0.23 n.s.
Ascorbate 0.885 ± 0.022a 0.920 ± 0.027a 0.537 ± 0.043b ***
TAC 133.9 ± 1.2a 126.5 ± 0.7b 128.6 ± 0.9b ***
SSleaf 134.0 ± 4.6a 121.3 ± 2.9a 94.3 ± 4.9b ***
Stleaf 67.20 ± 3.20a 49.14 ± 1.96c 58.05 ± 3.10b **
SSStems 63.37 ± 2.00b 66.80 ± 1.31ab 71.02 ± 2.62a *
StStems 40.80 ± 2.00c 59.32 ± 1.31b 71.26 ± 2.81a ***

Values are means ± SE. Different letters within a line demonstrate significant
differences between treatments (n.s., not significant, *P < 0.05, **P < 0.01,
***P < 0.001).
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leaves, it was possible to observe a uniform distribution of IAA signal
across the leaf limb and an almost absence of signal in the main vas-
cular tissues, especially in xylem (Fig. 5d). Both KL and SA leaves
showed an increase in signal intensity in the main vascular tissues,
especially in phloem (Fig. 5e, f), and KL plants also exhibited an in-
crease in signal intensity in the UPP (Fig. 5f).

3.5. Leaf mineral analyses

The indicators of tree nutrient status are presented in Table 3. A
great part of the evaluated minerals, namely N, P, K, B, Cu, Fe and Zn,
were found in higher concentration in July than in January. At the same
time, the applied products induced changes in the amounts of some
minerals. In summer, N concentration followed the order KL < SA=
C, P the order KL=C < SA, K the order KL≤ C≤ SA, Mg the order

C=KL≤ SA and Cu the order KL≤ SA≤ C. Meanwhile, in the winter,
K concentration followed the order SA < KL=C and Cu the order
C < SA < KL.

4. Discussion

4.1. KL and SA modulate leaf water status and structure

The general improvement of leaf water status during the most
stressful periods was corroborated by other studies with KL (Denaxa
et al., 2012; Nanos, 2015) and SA (Kang et al., 2012; Nazar et al.,
2015). The lower thickness of KL leaves, associated with the lower PP/
SP ratio, indicate a less compact arrangement of mesophyll cells
(Bacelar et al., 2004), reflecting a reduced necessity to restrict water
loss. Similar KL-induced leaf structural shade adaptations were de-
scribed previously (Nanos, 2015; Segura-Monroy et al., 2015).The re-
duced TL in both KL and SA leaves also revealed a reduced necessity of
protection, since trichomes are more abundant in leaves subjected to
severe drought and high irradiance conditions (Bacelar et al., 2009;
Savé et al., 2000).

The higher stomatal density in KL and SA leaves verified in the
present study was also reported in response to KL in drought-stressed
plants (Segura-Monroy et al., 2015) and in response to SA in salt-
stressed plants (Ma et al., 2017). This response is of great ecophysio-
logical relevance because higher stomatal densities improve stomatal
regulation capacity, increasing the ability to balance water loss with
photosynthetic performance (Casson and Gray, 2008).

4.2. KL and SA application boosts photosynthetic activity

The general positive influence of KL and SA on A and gs comes in
agreement with previous studies in stressed plants treated with KL
(Denaxa et al., 2012; Nanos, 2015) and SA (Nazar et al., 2015; Wang
et al., 2014). Regarding KL, in 2015, the lowest A and gs recorded in
recently sprayed plants, followed by a larger recovery, demonstrated
that leaves need a period of acclimation to benefit from KL application.
Moreover, it is possible to infer that the period depends on the en-
vironmental conditions, being shorter when they are severe, as in 2016.
This happens because KL leaves reflect a significant part of the incident
radiation, as demonstrated by Nanos (2015). In 2015, the influence of
KL on A was mainly due to gs stimulation, but also to lower non-sto-
matal limitations, not related with photochemistry processes, judging

Fig. 5. Immunolocalization of ABA (a–c) and IAA (d–f) in sections
of olive leaves using confocal microscope (20×). Differential in-
terference contrast (a1, b1, c1, d1, e1, f1) and ABA (a2, b2, c2)
and IAA (d2, e2, f2) signal. Control (C) plants (a, d), salicylic acid
(SA) plants (b, e) and kaolin (KL) plants (c, f). Abbreviations:
c= cuticle; ue= upper epidermis upp= upper palisade par-
enchyma; sp= spongy parenchyma; lpp= lower palisade par-
enchyma; xy= xylem; ph= phloem; vt= vascular tissue; ts=
trichosclereids; le= lower epidermis; ps= peltate scales. A ne-
gative control was performed (bars= 100 μm).

Table 3
Leaf macronutrients (N, P, K, Ca, Mg, g kg−1 DW) and micronutrients (B, Cu,
Fe, Zn, Mn, mg kg-1 DW) of control (C), salicylic acid (SA) and kaolin (KL)
plants in summer 2016 and winter 2017.

C SA KL P-value

Summer N 22.53 ± 0.43a 21.93 ± 0.03a 20.80 ± 0.06b **
P 1.27 ± 0.14b 1.85 ± 0.09a 1.23 ± 0.03b **
K 13.30 ± 2.2ab 16.33 ± 1.34a 8.60 ± 0.40b *
Ca 5.93 ± 0.45 7.12 ± 0.48 7.01 ± 0.22 n.s.
Mg 0.99 ± 0.06b 1.59 ± 0.01a 1.08 ± 0.01b ***
B 27.38 ± 0.61 25.92 ± 0.32 25.34 ± 1.46 n.s.
Cu 10.56 ± 0.41a 8.60 ± 0.42ab 7.67 ± 0.65b *
Fe 111.62 ± 18.7 93.29 ± 1.16 86.24 ± 7.52 n.s.
Zn 36.25 ± 1.59 35.97 ± 1.46 38.44 ± 8.41 n.s.
Mn 65.08 ± 1.19 56.81 ± 5.04 67.56 ± 3.32 n.s.

Winter N 18.50 ± 0.35 19.90 ± 0.91 19.83 ± 0.59 n.s.
P 0.95 ± 0.06 0.86 ± 0.04 0.98 ± 0.02 n.s.
K 5.650.15a 4.44 ± 0.15b 5.49 ± 0.27a **
Ca 7.61 ± 0.08 9.99 ± 1.47 9.09 ± 0.61 n.s.
Mg 1.03 ± 0.04 1.26 ± 0.18 1.12 ± 0.05 n.s.
B 13.01 ± 0.53 13.11 ± 0.55 12.40 ± 0.42 n.s.
Cu 4.08 ± 0.01c 4.12 ± 0.01b 4.17 ± 0.01a **
Fe 85.22 ± 7.03 83.49 ± 7.98 62.13 ± 2.50 n.s.
Zn 23.04 ± 1.88 21.90 ± 1.32 18.92 ± 0.28 n.s.
Mn 54.53 ± 4.72 59.23 ± 5.32 54.47 ± 3.59 n.s.

Values are means ± SE. Different letters within a line demonstrate significant
differences between treatments (n.s., not significant, *P < 0.05, **P < 0.01,
***P < 0.001).
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by the relative variation of gs, A/gs, Ci/Ca and chlorophyll fluorescence
variables. By reducing the heat load, this may reduce the leaf-to-air
vapor pressure deficit (VPDleaf-air) (Jifon and Syvertsen, 2003; Rosati
et al., 2006), and consequently the driving force for transpiration,
promoting an increase of gs (Zhang et al., 2017). In 2016, the lower A of
C plants on July 7th was due to stomatal, but mainly to non-stomatal
limitations considering the higher Ci/Ca ratio recorded at midday
period, in spite of the reduced gs. In terms of photochemical processes,
the higher Fv/Fm and ETR of KL leaves indicate lower photoinhibitory
damage (Maxwell and Johnson, 2000) and greater electron transport
rate through PSII. Besides, although KL did not interfere with the pro-
portion of open PSII reaction centers (e.g. similar qP), the higher ΦPSII
values indicate that the open PSII reaction centers captured the light
absorbed by PSII antenna more efficiently (Baker, 2008). This response
was certainly due to a reduced loss of excitation energy by thermal
dissipation, which could compete with its transfer to PSII reaction
centers, as evidenced by the higher and lower values of F’v/F’m and
NPQ, respectively (Baker, 2008). The positive effects of kaolin on the
preservation of the photochemical processes was already described in
other species (Dinis et al., 2016; Jifon and Syvertsen, 2003). None-
theless, in the severest drought period of 2016, KL plants lose the ef-
fectiveness to maintain higher gs and A values, being this change re-
lated with the worsening of summer environmental conditions from
2015 to 2016. In agreement, the higher efficiency of photochemical
processes recorded on July 7th was also lost. Likewise, the loss of KL
effectiveness in keeping gs and A with higher stress severity was
documented previously (Nanos, 2015; Shellie and Glenn, 2008).

Regarding SA, the positive influence on A in 2015 was due to gs
stimulation, but also to lower non-stomatal limitations, as previously
pointed out to KL responses. In 2016, SA was the most effective product
to decrease the midday depression of A, a typical response of
Mediterranean species (Bacelar et al., 2007). At midday period of Au-
gust 22th, the absence of significant differences in gs and the higher A
recorded in SA plants indicate reduced non-stomatal limitations in re-
lation to KL and C plants, which include a better performance of pho-
tochemical endpoints (ETR, ΦPSII and F’v/F’m). The SA-induced pro-
tection of photosynthetic machinery under stress was also reported in
other studies (Nazar et al., 2015; Wang et al., 2014).

Interestingly, the protection conferred by KL and SA during the
summer period might allowed a faster recovery of gs and A at the end of
the summer and a better response in the autumn cold days of 2015.

4.3. KL and SA influence positively the foliar metabolites fluctuations

In contradiction to our results, it is recurrent to find that both KL
(Nanos, 2015; Segura-Monroy et al., 2015) and SA (Fayez and Bazaid,
2014; Wang et al., 2014) prevent chlorophylls degradation under
stressful conditions. By other side, although the total carotenoids con-
centrations were not affected by the applied products, the relative
composition was changed. The higher amounts of lycopene and β-car-
otene in sprayed trees may be an added value to those plants, as ly-
copene is the starting compound of various end group modifications
that produces a large variety of carotenoids, such as β-carotene which
display the ability to quench triplet chlorophyll and singlet oxygen
(Domonkos et al., 2013). Meanwhile, apart from preventing TSP de-
gradation, SA might increase its synthesis. In agreement, Kang et al.
(2012) reported that SA application in droughted plants induces the
expression of several proteins and Jalal et al. (2012) reported that SA
alleviates the negative effect of drought on proteins concentrations,
increasing its values and changing its patterns. Thus, the higher con-
centration of TSP might support the improvement of photosynthetic
performance in SA plants in the severest drought period of 2016.

The tendency to higher accumulation of TPC in C leaves is somehow
reflected in the higher DPPH radical scavenging activity, since phenolic
compounds are known to overcome other antioxidants in the scaven-
ging of this radical (Mattos and Moretti, 2015; Xu and Chang, 2007).

Such TPC response is common in stressed olive leaves (Bacelar et al.,
2006; Petridis et al., 2012), and a similar reaction was found in drought
stressed barley plants sprayed with SA (Fayez and Bazaid, 2014). On
the other hand, the reduced accumulation of ascorbate in KL leaves
suggests a reduced necessity of those plants to invest in secondary
metabolism, while the high value in SA plants may be associated with
its proposed action mode (Khan et al., 2015). Besides to directly sca-
venge ROS, it is also a substrate to ascorbate peroxidase that use it as
specific electron donor to reduce H2O2 to H2O (Mattos and Moretti,
2015).

The higher accumulation of SS in C and SA leaves might be con-
sidered a protective mechanism to maintain cell homeostasis, a me-
chanism typically observed in droughted olive trees (Bacelar et al.,
2006; Boussadia et al., 2013) and induced by SA application (El-Tayeb,
2005; Kang et al., 2012). On the other hand, the lower SS accumulation
in KL leaves indicates that newly assimilated carbon was exported. In
addition, the St depletion in both KL and SA plants also indicates the
use of carbohydrates reserves, since St is an important storage carbo-
hydrate that are usually mobilized in the form of SS (Rosa et al., 2009).
As treated plants presented, in general, a better water status, we assume
the preferential use of these carbon sources to growth and fruit devel-
opment, instead of secondary metabolism investment. In fact, summer
is a season of maximum carbohydrate demand for fruit growth and oil
production (Bustan et al., 2011), and KL and SA plants exhibited the
higher yields, averaging 97% and 72%, respectively (Brito et al., 2018).
Moreover, KL plants exhibited the higher canopy volume increase be-
tween November 2015 and December 2016 (83.0% in KL plants against
59.5% in C plants). Meanwhile, as SA might induce the development of
antioxidant responses (Khan et al., 2015), the higher St depletion in SA
than in KL plants may be related to the activation of antioxidant defense
mechanisms, as the increase in TSP and ascorbate.

During autumn and winter, when carbon sink demands are small, St
and SS tends to accumulate (Bustan et al., 2011). Thus, the lower SS and
mainly St accumulation in C stems, at the end of the summer, demon-
strates that these plants had a reduced capacity to allocate reserves
and/or transport carbohydrates, in a strictly association with the lower
photosynthetic activity. In addition, the lower St concentration in C
stems could also be explained by the conversion of St to sugars and the
transportation of sugars for regrowth, fruit development and extra re-
pair damages. Consequently, the higher carbohydrates accumulation in
KL and SA stems can have a profoundly positive effect on trees per-
formance in the following year.

4.4. KL and SA induce changes in ABA and IAA dynamics

Plant hormones signaling, particularly IAA and ABAis crucial for
regulating plants adaptation capacity to different environment condi-
tions (Peleg and Blumwald, 2011). The reduction of ABA signal in KL
leaves reflects the better water status and higher gs of those plants. The
higher ABA signal intensity in the main vascular tissues of SA leaves
suggests its transport, highlighting SA signaling in ABA accumulation
(Jesus et al., 2015; Shakirova et al., 2003). Furthermore, the intense
signal in phloem may be related to the ABA involvement in assimilates
flow and distribution regulation (Peng et al., 2003). On the other hand,
the reduced IAA signal detection, when compared with ABA signal,
reflects the main function of this phytohormone as growth promoter
(Wani et al., 2016). The higher signal detection in the main vascular
tissues of KL and SA leaves suggests IAA transport. Indeed, some studies
have shown that drought stress influence local auxin concentration and
distribution (Shen et al., 2010; Shojaie et al., 2015), allowing to
maintain a balance between vegetative growth and survival (Shojaie
et al., 2015). The higher signal detected in KL leaves, especially in UPP,
might be a response to the reduced irradiation incidence due to kaolin
particle film. In fact, shaded cotyledons and leaves had higher IAA
synthesis (Zheng et al., 2016), and in response to unilateral light IAA
moves to the shaded site of shoots (Fankhauser and Christie, 2015). On
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the other hand, it has been reported that SA application prevents
drought and salinity induced IAA degradation (Fahad and Bano, 2012;
Sakhabutdinova et al., 2003; Shakirova et al., 2003), justifying the
higher IAA signal detection in SA than in C leaves. Moreover, this
higher detection can also be associated with IAA function as stress
signaling hormone in an early stage of stress (Jain and Khurana, 2009;
Sharma et al., 2015). In fact, it was reported a markedly decrease of IAA
with a transient increase during the initial stage of drought (Wang
et al., 2008) and heat stress (Escandón et al., 2016).

4.5. KL and SA modulate leaf minerals

Despite the higher gs exhibited during summer, no positive effect of
KL was recorded in leaf mineral status. In this case, a possible dilution
effect may take place, since those plants exhibited the higher increase in
canopy volume. Moreover, higher gs does not necessarily means an
increase in water loss, since the expected reduction in VPDleaf-air with
KL application (Jifon and Syvertsen, 2003; Rosati et al., 2006) may
decrease the driving force for water movement (Zhang et al., 2017). As
leaf K concentration in July was lower in KL than in SA plants, as K is
involved in important biochemical and physiological processes, such as
osmoregulation (Hu and Schmidhalter, 2005), and as KL plants had
lower SS accumulation, it is possible to infer that KL plants had a re-
duced necessity to invest in osmotic adjustment. The tendency of SA
plants to have higher mineral concentrations in summer was corrobo-
rated by other studies with stressed plants (El-Tayeb, 2005; Nazar et al.,
2015; Yildirim et al., 2008), what could be, in part, promoted by the
water movement associated with higher gs. However, the observed
significant differences among some elements indicate that plant mi-
nerals responses are complex, and might be related to changes in spe-
cific nutrient metabolic processes. Due to the higher yields of both KL
and SA plants (Brito et al., 2018), it was expected higher translocation
of N from leaves to fruits, as fruits are an important sink of N in the
initial phase of growth (Rodrigues et al., 2012). However, this was not
verified in SA leaves, probably due to the higher TSP concentration,
since N is an important constituent of all amino acids and proteins. In
winter, after the harvest period, the influence of the applied products
was reduced, exhibiting SA leaves the lower concentration of K. Since
olive fruits are important sinks of K, may reaching 40% of total K
(Rodrigues et al., 2012), higher amounts of K may have been exported
to fruits.

5. Conclusions

The results of the present study revealed that KL and SA were ef-
fective in preventing the adverse effects of summer stress, contributing
to better olive tree physiological performance. After the summer period,
the attenuated negative effects induced by summer stress on KL and SA
plants allowed a faster restauration of the physiological functions
during the stress relief. Nevertheless, the effectiveness of each product
was associated with distinct protective actions. KL contributed to keep a
better water status possibly due to a specific microclimate created
around the leaves, reducing water losses by transpiration, while it keeps
high stomatal conductance. These effects contributed to increase the
photosynthetic activity and the IAA immunodetected signal, to decrease
ABA and to reduce the necessity to invest in leaf sclerophylly and
secondary metabolism traits. Meanwhile, the protective action of SA
was associated with the induction of some stress tolerance responses
and the improvement in specific mineral status. Specifically, the
maintenance of a better water status, stomatal conductance and pho-
tosynthetic machinery integrity, the increase in soluble proteins con-
centrations, in phytohormones immunodetected signal and in some
non-enzymatic antioxidants contributed to alleviate summer stress.
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