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Abstract
Under field conditions high temperatures are usually associated to high light intensity for periods of time that are getting 
longer because of global warming caused by climate change. These adverse conditions lead to significant reductions in yield 
and fruit quality in crops of great economic relevance such as citrus. In this work, the effect of high temperatures and high 
light intensity occurring alone or simultaneously has been studied in Carrizo citrange plants, a citrus genotype widely used 
as a rootstock, and the mitigating effect of kaolin (KL) evaluated. The combined stress conditions affected the plants in a 
unique manner at both, physiological and hormonal regulation levels, different to the effects of each individual stress. KL 
alleviated the deleterious effect of combined stress in different ways: (i) reducing leaf damage and abscission, (ii) improving 
physiological and gas exchange parameters, (iii) decreasing foliar proline content, (iv) increasing chlorophyll content, (v) 
preventing carotenoid degradation, and (vi) modulating levels of hormones and their precursors involved in plant responses 
to stress [abscisic acid (ABA), salicylic acid (SA), cinnamic acid (CA), indole-3-acetic acid (IAA), jasmonic acid (JA) and 
12-oxophytodienoic acid (OPDA)].
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Introduction

Citrus is one of the most widely grown fruit crop worldwide. 
Citrus production and exports have grown steadily over the 
past three decades, being world citrus production around 
150,000 million of tones in 2019 (FAO 2020). Climate 
change has a significant impact on citrus growth, yield and 
fruit quality, playing drought, salinity, temperature, and high 
light intensity an essential role in determining the quantity 
and quality of the fruit. Although the effects of individually 
applied abiotic stress conditions on citrus plants have been 
widely studied (reviewed in Pérez-Clemente et al. 2013; 

Vives-Peris et al. 2017), it has been only recently that efforts 
to study responses of this crop to different stress situations 
occurring simultaneously have appeared (Zandalinas et al. 
2016b, 2017a, 2017b, 2018a; Balfagón et al. 2019a, 2021, 
2022a).

Citrus are considered subtropical plants. Although cit-
rus grow between 10 and 35 °C, vegetative growth starts 
at 12.8 °C, while, the optimum growth is between 25 and 
30 °C. This temperature range is considered the optimum for 
photosynthesis and dry matter production, which increase 
trees vigor and productivity (Abobatta 2021). It has been 
reported that, if leaf temperature hits 36 °C, trees start feel-
ing mild heat stress (Guha 2022). On the other hand, recent 
studies conducted to study the physiological and hormonal 
responses of citrus to a combination of drought and high 
temperatures determined that 40 °C cause a mild stress in 
this crop (Zandalinas et al. 2017b).

Photosynthetic activity is highly susceptible to stresses 
caused by high temperatures. It has been reported that the 
activity of photosystem II (PSII) declines rapidly when 
the leaf is exposed to high light intensity (Ahammed et al. 
2018). This phenomenon is called photoinhibition and it is 
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responsible for a slow and reversible reduction of photo-
synthetic efficiency that leads to a partial loss of capacity 
to convert radiant energy into chemical energy (in the form 
of sugars). If leaf exposure to excessive radiation is main-
tained, it leads to photooxidation, a secondary phenomenon 
occurring after photoinhibition has progressed as a func-
tion of light intensity and exposure time, and causes the 
destruction of photosynthesizing pigments, manifesting as 
a discoloration of these pigments, and it may also cause cell 
death (Murata el al. 2007; Goh et al. 2012). However, pig-
ment bleaching only takes place once a certain degree of 
photoinhibition has already occurred (reviewed in Blanke 
2000; Takahashi et al. 2002). Under field conditions, adverse 
environmental situations do not occur independently but 
very often take place simultaneously. High temperatures 
are usually associated with periods of drought and, in many 
cases, combined with other stress factors such as high light 
intensity, nutrient deficiencies, or increased concentrations 
of heavy metals (Mittler 2006; Zandalinas et al. 2018b). In 
the case of high irradiation and high temperatures occurring 
simultaneously, studies described up to date are contradic-
tory. While early studies, carried out decades ago, showed 
a protective effect of high irradiation on the photosynthetic 
performance of plants subjected to heat stress (HS; Schreiber 
and Berry 1977), more recent studies showed the opposite 
effect: strong irradiation in plants exposed to heat stress 
caused a decrease in the rate of  CO2 assimilation (reviewed 
in Takahashi et al. 2002). According to this, an increase in 
the activity of the xanthophyll cycle in plants exposed to 
heat has been described as a protective mechanism from 
heat damage (Dongsansuk et al. 2013; Buchner et al. 2015). 
However, this possible protective effect should be confirmed, 
and new mechanisms involved in the plant response found.

Citrus responses to combined stress situations have been 
characterized at different levels. In response to combined 
water stress and heat, changes in plant physiology (Zandali-
nas et al. 2016b), hormonal levels (Balfagón et al. 2019b) 
and plant secondary metabolism (Zandalinas et al. 2017b) 
have been shown. However, up to date, there is no available 
information on how stress caused by high temperatures and 
high light intensity occurring simultaneously affects to this 
crop. Nonetheless, periods of drought in citrus growing areas 
are very frequent and usually coincident with the absence 
of clouds that causes that the noon radiation oversaturates 
the photosynthetic system. Forecasts indicate that both total 
and ultraviolet radiations to which the crops are exposed will 
continue increasing in the near future. Therefore, it seems 
crucial understanding how plants respond to this combina-
tion of stresses in order to establish strategies that mitigate 
the damage caused in citrus trees.

Plants have developed interconnected regulatory path-
ways that allow them to respond and adapt to a changing 
environment (Zhang et al. 2022). To counteract the effects 

of stress, plants accumulate different compounds, which 
also acts as a scavenger of free radicals (Kavi Kishor and 
Sreenivasulu 2014). However, plant responses to stress are 
mainly mediated by phytohormones. Abscisic acid (ABA) 
is a key signal when plants are exposed to drought or high 
salinity, regulating transpiration and stomatal closure, syn-
thesis of compatible osmolytes and the expression of genes 
involved in stress-signaling response (Zandalinas et al. 
2016a). Indole-3-acetic acid (IAA) is involved in plant 
acclimation to salt stress conditions (Wani et al. 2016). 
Recent studies point out the important role of salicylic 
acid (SA), traditionally associated to plant responses to 
biotic stresses, in abiotic stress signaling and tolerance 
(Miura and Tada 2014; Balfagón et al. 2019b). The role 
of jasmonic acid (JA) in plant acclimation to combined 
stress conditions involving high light and heat stress has 
also been described (Balfagón et al. 2019a). Similarly, it 
has been demonstrated the involvement of cinnamic acid 
(CA), a precursor of SA, in plant photoprotection against 
high light irradiance (Weremczuk-Jeżyna et al. 2021).

In recent years, numerous strategies have been imple-
mented to mitigate the deleterious impact of abiotic stress 
on yields in many crops. Examples of success in citrus 
are the use of tolerant rootstocks and cultivars (Balfagón 
et al. 2022b); inoculation of beneficial bacteria such as 
Pseudomonas putida and Novosphingobium sp. (Vives-
Peris et al. 2018) or the application of reflective material, 
as kaolin (KL), initially used to function in pest control 
(Braham et al. 2007).

Foliar sprays with inert reflective materials (such as KL) 
have been used in greenhouse and orchard systems to miti-
gate the negative effects of high irradiance and extreme 
temperature. They achieve this by reducing canopy tem-
perature, minimizing water stress, and reflecting solar radi-
ation from the leaf surface (reviewed in Brito et al. 2019). 
KL is a mineral clay that easily dissolves in water and 
their foliar application produced a protective particle film 
(Glenn 2012). In the literature, the use of KL at 5% has 
been described in citrus orchards (Lo Verde et al. 2011). 
Additionally, KL concentrations between 2 and 4% have 
been recommended for protecting fruits against sunburn 
(Ennab et al. 2017). Its beneficial effect has been reported 
on several crops such as olive trees (Brito et al. 2019), nut 
and kernel (Gharaghani et al. 2018), apple (Glenn 2010) 
and grapevines (Dinis et al. 2016), resulting in improve-
ments in physiological responses such as photosynthetic 
and transpiration rates. However, information regarding 
KL applications in citrus is scarce.

Therefore, the aim of the present work is to elucidate 
physiological and hormonal responses of Carrizo citrange 
plants subjected to heat stress (HS) or high light stress (HL), 
and the combined occurrence of these stressors. Addition-
ally, we aim to evaluate the effectiveness of KL application 
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as a possible strategy to mitigate the harmful effect of these 
adverse conditions.

Materials and Methods

Plant Material

One-year-old Carrizo citrange (Poncirus trifoliata L. 
Raf. × Citrus sinensis L. Osb.) plants were purchased from 
a commercial nursery (Beniplant S.L., Peñíscola, Spain), 
and transplanted to 0.80 L plastic pots filled up with perlite 
as substrate. Plants were watered three times a week with a 
half-strength Hoagland solution (Arbona et al. 2009). Cul-
ture conditions in the greenhouse were natural photoperiod 
and temperatures of 25 ± 3.0 °C and 18 ± 2.0 °C (day/night, 
respectively). Plants were allowed to acclimate for 2 weeks 
in growth chambers at 25 °C, a photoperiod of 16 h light/8 h 
dark (from 8:00 to 24:00 h), 100 µmol  m−2  s−1 of light inten-
sity and 80% of relative moisture, as described in Balfagon 
et al. (2022c).

Stress Treatment

Leaves were sprayed with KL 1% (w/v) in distilled water 
2 days before the experiment. Although it has been reported 
the application of KL at higher concentrations in mature 
citrus trees growing in the field (Ennab et al. 2017; Lo Verde 
et al. 2011), in our study, 1-year-old seedlings were used as 
plant material. A KL concentration of 1% was selected as 
mitigating stress treatment based on previous assays con-
ducted to determine the minimum KL content that guaran-
tees the formation of a uniform film covering the leaf sur-
face (data not shown). Pulverization was made twice on the 
same day for ensuring the complete KL adhesion uniformity. 
For carrying out the experiment, eight experimental groups 
were established: on one hand, four groups consisted of 

KL-sprayed plants; on the other hand, four groups included 
non-KL treated plants (Fig. 1). Each one of the two main 
groups (KL treated and non-KL treated plants) included the 
control group (CT) and plants subjected to different stress 
treatments: heat stress (HS), high light stress (HL) and their 
combination (HS + HL). Heat stress was imposed maintain-
ing plants at 40 °C/24 h. High light stress was applied by 
increasing light intensity to 1000 µmol  m−2  s−1 during 8 h/
day (from 12:00 to 20:00 h) and HS + HL was performed by 
simultaneously exposing plants to high temperature and high 
light stress treatments. Control plants (CT) were maintained 
at 100 µmol  m−2  s−1 light intensity at 25 °C. The stress con-
ditions were maintained during 5 days. The experiment was 
replicated three times with ten plants per group and repli-
cate. The analytical determinations described below were 
performed with three replicates from each biological sample.

Visual Leaf Damage

For analyzing the effect of different stresses on plant pheno-
type and the effectivity of KL treatment as a stress damage 
palliative, leaf conditions were observed, and percentages of 
damaged and abscised leaves were calculated in each experi-
mental group. Any leaf with chlorotic or necrotic spots was 
considered damaged.

Physiological Parameters

Quantum yield (ɸPSII) was analyzed with a portable fluo-
rometer (Fluor Pen FP-MAX 100, Photon System Instru-
ments, Czech Republic). These measurements were obtained 
on three leaves in five plant replicates per treatment (n = 15).

Leaf photosynthesis rate (A), transpiration rate (E) and 
stomatal conductance (gs) were measured with a LI-6800 
Portable Photosynthesis System (Lincoln, USA). Sup-
plemental light was provided by a PAR lamp at 100 or 
1000 µmol  m−2  s−1 photon flux density,  CO2 reference was 

Fig. 1  Experimental design to 
elucidate the effect of kaolin 
treatment on Carrizo citrange 
plants subjected to abiotic stress 
conditions. CT control plants, 
HS heat stress, HL high light 
stress, HS + HL heat and high 
light combined stress, N-KL 
non-kaolin-treated plants, KL 
kaolin- treated plants
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set in 400 ppm, and air flow was set at 150 µmol  mol−1 as 
fully described in Zandalinas et al. (2016b) and Balfagón 
et al. (2021). After instrument stabilization, five measure-
ments were taken per leaf in three plants from each stress 
treatment, being n = 15.

Chlorophyll and Carotenoids Content Analysis

The measurements of the chlorophyll and carotenoids con-
tent were performed following the procedure described by 
Wellburn (1994). Briefly, 20 mg frozen leaf tissue was incu-
bated at 37 °C for 15 h in 2 mL DMSO. After the incubation, 
the absorbance at different wavelength (665 nm, 649 nm and 
480 nm) was measured. The chlorophyll and carotenoid con-
tent were calculated as follows:

The results were expressed as µg chlorophyll per gram of 
fresh weight. Data are the average of three biological repli-
cates in each experimental group.

Proline Analysis

The procedure used for proline analysis was described by 
(Bates and Waldren 1973). 100 mg frozen leaf tissue was 
extracted in 5 mL of 3% sulfosalicylic acid by sonication 
for 30 min. After centrifugation at 4000 × g during 20 min 
at 4 °C, 1 mL of the supernatant was mixed with 1 mL of 
glacial acetic acid and 1 mL of ninhydrin reagent in a 1:1:1 
(v:v:v) ratio, and incubated in a water bath at 100 °C for 1 h 
to start the reaction. Then, the samples were centrifuged at 
2000 × g for 5 min at 4 °C. Absorbance was measured at 
520 nm and proline content was quantified by interpolation 
in a proline standard curve made with a commercial standard 
of this amino acid. Data are the average of three biological 
replicates in each experimental group.

Phytohormone Analysis

Analysis of leaf content of the phytohormones ABA; SA 
and its precursor CA; IAA; JA and its precursor OPDA was 
performed as described in Durgbanshi et al. (2005). 100 mg 
of fresh leaf tissue was extracted in 2 mL of ultrapure water 
with a mill ball equipment (MillMix 20, Domel Železniki, 
Slovenija), adding 25 ng of  [2H6]-ABA,  [13C6]-SA, dehy-
drojasmonic acid (DHJA),  [2H6]-CA and 2.5 ng  [2H5]-IAA 

Chl A
(

�g mL−1
)

= (12.19 × Abs 665)−(3.45 × Abs 649),

Chl B
(

�g mL−1
)

= (21.99 × Abs 649)−(5.32 × Abs 665),

Carotenoids
(

�g mL−1)

= [(1000 × Abs 480) − (2.14 Chl A) − (70.16 Chl B)]∕220.

as internal standards. After a centrifugation at 4000 × g 
and 4 °C for 10 min, supernatants were recovered and pH-
adjusted to 2.8–3.2 with 80% acetic acid. The water extract 
was partitioned twice against 2 mL of diethyl ether (Fisher 
Scientific, Hampton, NH, USA) and the organic layer 
recovered and dried under vacuum in a centrifuge concen-
trator (Speed Vac, Jouan, Saint Herblain Cedex, France). 
Once dried, the pellet was resuspended in 0.5 mL of 10:90 
methanol:H2O solution by a gentle sonication. The result-
ing solution was filtered through 0.22 µm polytetrafluoro-
ethylene membrane syringe filtres (Albert S.A., Barcelona, 
Spain) and directly injected into an ultraperformance LC 
system (Acquity SDS; Waters Corp., Milford, MA, USA). 
Chromatographic separations were carried out on a reversed-
phase  C18 column (Gravity, 50 × 2.1 mm, 1.8-µm particle 
size; Macherey–Nagel GmbH, Durem, Germany) using 
methanol:H2O (both supplemented with 0.1% acetic acid) 
gradient at a flow rate of 300 µL  min−1. The phytohormones 
were quantified with a TQS triple quadrupole mass spec-
trometer (Xevo TQ-S, Waters Corp., Milford, MA, USA) 
through an orthogonal Z-spray electrospray ion source. 
Standard curves were prepared injecting the commercial 
standards in the UPLC-MS system and used for quantify-
ing sample hormone concentrations. Results were processed 
using MassLynx v4.1 software. Data are the average of three 
biological replicates in each experimental group.

Statistical Analysis

Statistical analysis was performed by one-way ANOVA fol-
lowed by Duncan post hoc test with Statistical Package for 
the Social Sciences Statistics v.21 software (IBM SPSS, 
USA). Different letters indicate statistical significance at 
P < 0.05 among experimental groups.

Results

Leaf Damage and Abscission

The effect of KL application on plant performance was 
estimated in terms of leaf damage (Fig. 2). In Fig. 3 the 
percentage of damaged and abscised leaves in plants under 
different culture conditions is shown. There were no statis-
tical differences in the percentage of leaf damage among 
control plants (treated or not with KL), plants subjected to 
HS and those subjected to an individual stress and treated 
with KL (HS + KL and HL + KL). A significant percentage 
of leaves exhibited damage symptoms in plants subjected to 
HL, HS + HL and HS + HL + KL, in comparison to control 
plants. As also indicated in Fig. 3, during the experimen-
tal period, leaf abscission was only recorded in plants sub-
jected to HS + HL conditions. KL prevented this abscission 



490 Journal of Plant Growth Regulation (2024) 43:486–499

1 3

(HS + HL + KL) and reduced significantly leaf damage in 
these plants.

Physiological and Gas Exchange Parameters

The quantum efficiency of PSII (ɸ PSII, Fig. 4A) signifi-
cantly decreased under HL and HS + HL conditions, with 
values 17.60% and 20.90% lower than control plants, respec-
tively. Under these stress conditions, KL application had 
a positive effect, and ɸPSII values in plants subjected to 
HL + KL and HS + HL + KL were similar to those in CT 
plants. KL application did not affect this parameter in CT 
plants and in those under HS (ɸ PSII values in these groups 
of plants ranged between 0.76 and 0.74). Leaf photosynthe-
sis rate (A, Fig. 4B), E (Fig. 4C) and gs (Fig. 4D) were meas-
ured, finding that each stress condition affected these param-
eters in a different way. Under HS, there were significant 
increases in E (2.14-fold change) and gs (2.32-fold change) 
while similar A values with respect to CT were recorded. 
Under HL, A and gs values were similar to CT. Values of 
A, E and gs were also similar to CT when plants were sub-
jected to HS + HL. KL application significantly affected 

Fig. 2  Representative images of Carrizo citrange plants. Non-treated 
leaf (A) Kaolin (KL)-treated leaf (B), control plants (C) plants sub-
jected to heat and high light combined stress (D), and KL-treated 

plants subjected to heat and high light combined stress (E). The scale 
bar included in each figure represents a length of 1 cm

Fig. 3  Percentage of damaged and abscised leaves, in Carrizo cit-
range plants subjected to different stress treatments. Data are mean 
values (n = 3) ± standard errors. Different letters denote statistical 
significance at P < 0.05, among treatments. KL KL-treated plants, HS 
heat stress, HS + KL KL-treated plants subjected to heat stress, HL 
high light stress, HL + KL KL-treated plants subjected to high light, 
HS + HL heat and high light combined stress, HS + HL + KL KL-
treated plants subjected to heat and high light combined stress
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A in plants cultured under all stress conditions (HS + KL, 
HL + KL and HS + HL + KL, Fig. 4B). Transpiration signifi-
cantly increased after KL application under all environmen-
tal conditions (Fig. 4C). When KL was applied to CT plants, 
a 1.57-fold increase was recorded. Similarly, E values were 
1.30-, 1.70- and 1.66-fold higher in plants under HS + KL; 
HL + KL and HS + HL + KL, respectively when compared 
to plants under the same conditions but not treated with KL. 
Results obtained when measuring gs were similar to those 
of transpiration (Fig. 4D). Thus, in plants under HS + KL, gs 
values were 1.38-fold higher than in plants under HS and, in 
plants under HS + HL + KL, gs values were 1.74-times fold 
higher than in plants under HS + HL.

Chlorophyll and Carotenoid Contents

Levels of chlorophylls and carotenoids did not change under 
HL (Fig. 5A, B, D) either when this stress condition was 
applied individually or combined with HS, compared to CT 
situations. However, the ratio Chl /Carotenoids (Fig. 5F) sig-
nificantly decreased in plants subjected to these treatments 
(HL and HS + HL). Nevertheless, in plants under HS, chlo-
rophyll B (Chl B) content (Fig. 5B) increased about 1.54-
fold in comparison to CT plants. On the contrary, chloro-
phyll A (Chl A) content (Fig. 5A) decreased a 21.92% in 
plants under HS. The ratio Chl A/B (Fig. 5C) also decreased 
a 40.65% in plants under HS in comparation to CT plants. 
Furthermore, under HS, carotenoid content (Fig. 5D) was 
26.66% lower than under CT conditions. KL application 
induced an increase in Chl B content (1.47-fold change) 
in CT + KL regarding to CT. On the contrary, the ratio of 

Fig. 4  Physiological parameters in Carrizo citrange plants sub-
jected to different treatments. Quantum efficiency (ɸPSII) (A). Gas 
exchange parameters: leaf photosynthesis rate, A (B), transpira-
tion, E (C), and stomatal conductance, gs (D). Data are mean values 
(n = 3) ± standard errors. Different letters denote statistical signifi-

cance at P < 0.05 among treatments. CT control plants, HS heat stress, 
HS + KL KL-treated plants subjected to heat stress, HL high light 
stress, HL + KL KL-treated plants subjected to high light, HS + HL 
heat and high light stress combination, HS + HL + KL KL-treated 
plants subjected to heat and high light combined stress
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Chl A/B in CT plants treated with KL decreased by 28.53% 
compared to CT untreated plants. Nonetheless, KL applica-
tion did not affect on chlorophyll and carotenoid contents in 
plants under HL or in plants under the two stress situations 
applied simultaneously (Fig. 5).

Proline Concentration

Leaf proline levels did not vary when plants were subjected 
to HS with regard to CT. On the contrary, proline concentra-
tion slightly increased in plants under HL and much notably 
in plants under combined stress (Fig. 6). In CT plants and 
in those under HL or HS, KL application did not modify 
proline levels. However, KL treatment reduced proline con-
centration by 18.16% in plants under HS + HL.

Leaf Phytohormone Contents

Different stress conditions (HS, HL, HS + HL with or with-
out KL application) affected leaf phytohormone content in 
different ways depending on the analyzed phytohormone. 

Leaf SA concentration (Fig. 7A) did not significantly vary 
among treatments, regardless of the stress conditions or 
KL application. Leaf CA content increased in plants under 
HL and HS + HL, with values 1.63- and 1.43-fold higher 
than CT, respectively (Fig. 7B). KL application induced a 
decrease in CA content under HS + HL, reaching levels simi-
lar to CT plants. ABA content decreased in plants under HS 
and HS + HL (27.96% and 24.76%, respectively) compared 
to CT (Fig. 7C). HL induced an increase in ABA content 
(1.95-fold higher than in CT plants). KL application did not 
affect ABA levels under control conditions or when a sin-
gle stress condition was applied. However, in plants under 
HS + HL + KL, there was an increase in ABA content with 
respect to plants under HS + HL, showing values similar to 
CT. Plants under HS recorded similar IAA levels than CT 
(Fig. 7D), auxin concentration strongly increased in plants 
under HL and HS + HL (2.75- and 2.09-fold higher than 
CT plants, respectively). KL induced a decrease in IAA 
leaf content under HL; however, there were no changes in 
IAA content after KL treatment in HS + HL + KL. Focus-
ing on JA (Fig. 7E), plants under HL showed increased JA 

Fig. 5  Chlorophyll and carotenoid contents in leaves of Carrizo cit-
range plants subjected to different treatments. Chlorophyll A content 
(A), chlorophyll B content (B), Chlorophyll A/B ratio (C), carot-
enoids content (D), chlorophyll total content (E) and Chlorophyll/
carotenoids ratio (F). Data are mean values (n = 3) ± standard errors. 
Different letters denote statistical significance among treatments at 

P < 0.05. CT control plants, HS heat stress, HS + KL KL-treated plants 
subjected to heat stress, HL high light stress, HL + KL KL-treated 
plants subjected to high light, HS + HL heat and high light combined 
stress, HS + HL + KL KL-treated plants subjected to heat and high 
light combined stress
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values (6.19-fold higher than CT). However, in plants under 
HL + KL, JA concentration was similar to CT. No differ-
ences in JA content, regarding to CT, were recorded in plants 
neither under HS nor HS + HL with or without KL treatment. 
The content of OPDA (a JA precursor), increased under HL, 
exhibiting values 1.47-fold higher than CT (Fig. 7F). KL 
application did not significatively modify OPDA concentra-
tion under any stress assayed.

Discussion

The simultaneous incidence of different abiotic stresses on 
plants in the last decades has been exacerbated as a result 
of climate change, and it is responsible for large economic 
losses, negatively affecting plant yield and productivity 
(reviewed in Zandalinas et al. 2018b, 2022; Pascual et al. 
2022). Although many efforts have been recently made to 
decipher plant responses to combined abiotic factors (Mit-
tler 2006; Zandalinas et al. 2016b, 2017a, 2017b; Balfagón 
et al. 2019a, 2022a), there is a lack of information on how 
HL incidence and HS occurring simultaneously affect 
citrus plants at physiological and biochemical levels. To 
enhance plant performance under adverse environmental 
conditions, various strategies, including the application of 
KL have been recently used in citrus (Jifon and Syvertsen 
2003; Gullo et al. 2020), grapevine (Bernardo et al. 2021), 
hazelnut tree (Cabo et al. 2020) and olive (Cirillo et al. 
2021). Our results indicate that Carrizo citrange plants 

exposed to simultaneous conditions of HL and HS experi-
enced damages, at physiological and biochemical levels, 
that do not correspond with the addition of the effects of 
both stress conditions applied individually. Furthermore, 
the application of KL sprayed onto the leaves improved 
plant performance under stress combination conditions.

No significant leaf damage was observed when plants 
were exposed for 5 days to HS, contrary HL and the com-
bined stresses affected negatively leaf status. The most dele-
terious effects (important foliar damage and abscission) were 
observed in plants subjected to HS + HL (Fig. 3). This find-
ing is consistent with the study by Balfagón et al. (2019a) 
which reported that these two adverse conditions applied 
simultaneously had a higher negative impact on Arabidopsis 
plants than each of the different stress components applied 
individually. KL application had a beneficial effect on plants 
under HL and HS + HL when considering this parameter 
(Fig. 3). It is important to point out that, as described in 
this work, early physiological and biochemical changes take 
place in stressed plants before visual symptoms are evident. 
This is relevant from a practical perspective as early detec-
tion of stress could allow applying preventive treatments.

Although it is widely accepted that the PSII reaction 
center is a sensitive component within the plant photosyn-
thetic apparatus to most of abiotic stresses (reviewed in 
Blanke 2000), in citrus, HS did not affect ɸPSII whereas 
HL induced a significant reduction of values recorded for 
this parameter (Fig. 4A), in concordance with data in tomato 
plants (Gerganova et al. 2016). This decrease on ɸPSII could 
be explained considering that plants reduce the number of 
open PSII centers to restrict the utilization of excitation 
energy (highly increased under HL conditions) and the rate 
of electron transport which has been proposed as one of the 
mechanisms to cope with unfavorable conditions (Scheibe 
et al. 2005). Therefore, ɸPSII was negatively affected in 
plants exposed to HL, regardless the temperature conditions.

Stress factors have varying impacts on gas exchange 
parameters (Fig. 4); whereas E and gs values increased 
in plants under HS, no changes in these parameters were 
recorded in plants subjected to HL. As indicated above, the 
effect of the combined stresses on plants is unique and can-
not be inferred from the sum of the two individual stresses. 
Thus, for the different parameters evaluated, the effect of 
individual stress condition prevails in a random way. For 
ɸPSII and A, the effect of HL clearly prevailed when both 
stresses were applied simultaneously but for E and gs an 
intermediate situation was observed in plants under com-
bined stress. This indicates that HS was determinant in 
inducing a stomatal aperture to increase transpiration and 
cool the leaf surface (Zandalinas et al. 2016a), restricting the 
effect of HL (that induced a stomatal closure as described in 
Devireddy et al. (2018).

Fig. 6  Proline concentration in leaves of Carrizo citrange plants sub-
jected to different treatments. Data are mean values (n = 3) ± stand-
ard errors. Different letters denote statistical significance at P < 0.05 
among treatments. CT control plants, HS heat stress, HS + KL KL-
treated plants subjected to heat stress, HL high light stress, HL + KL 
KL-treated plants subjected to high light, HS + HL heat and high light 
combined stress, HS + HL + KL KL-treated plants subjected to heat 
and high light combined stress
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KL is a white mineral, chemically inert, non-abrasive, 
non-toxic and easily dispersible in water, used in agriculture 
as a stress mitigating treatment. When sprayed on the leaf 
surface, water evaporates leaving behind a protective particle 
film that alters the microclimate around leaves. This treat-
ment increases water saving and improves crop performance, 
alleviating the severity of adverse environmental conditions 
(reviewed in Brito et al. 2019). Our results (Fig. 4) indicate 
that KL application led to an improvement in ɸPSII under 
HL and HS + HL, restoring this parameter to CT values in 
plants under HL + KL and HS + HL + KL. Moreover, under 
combined stress conditions KL application induced an 
increase in gs and E, probably provided by the reduced leaf-
to-air vapor pressure deficit, which can decrease the driving 
force for transpiration (Zhang et al. 2017). This is in con-
cordance with (Gharaghani et al. 2018), who observed that 
in nut and kernel trees subjected to heat and high light com-
bination A, E and gs values increased after KL application.

It has been reported that in plants exposed to high temper-
ature there is a reduction of chlorophyll A, which is related 
either to an impaired chlorophyll synthesis, due to an inhibi-
tion of various biosynthesis enzymes and/or to an acceler-
ated chlorophyll degradation (Gerganova et al. 2016). Our 
results corroborate an important reduction in this pigment 
content when plants were cultured under HS (Fig. 5A). How-
ever, KL treatment enhanced chlorophyll A content under 
HS, revealing its protective role on chlorophyll degradation. 
Similar results have been described in grapevine exposed to 
high temperature when KL was sprayed on the leaf surface 
(Bernardo et al. 2021). On the contrary, chlorophyll B con-
tent increased in plants subjected to this adverse condition. 
In Zafar et al. (2017), a significant variation in chlorophyll 
B content among rice lines exposed to high temperatures, 
with important increases in the heat tolerant genotypes was 
reported. This may explain of the observed increase in chlo-
rophyll B content in Carrizo citrange plants, which has been 
recently described as a heat-tolerant genotype (Zandalinas 
et al. 2018a). In contrast, it has been observed that under 
HL, plants tend to reduce Chl B levels whereas plants grown 
under low light intensity accumulate this molecule (Biswal 
et al. 2012). In this work, it was observed that control plants 
treated with KL exhibited increased content of chlorophyll 
B. This can be consequence of the limitation of light inten-
sity arriving to the leaf surface after the application of the 
reflective compound. HS induced a significant decrease in 
carotenoid content which was not observed under HL or 
combined stress conditions (Fig. 5D) where similar values 
to those of control plants were recorded. Carotenoids play 
a crucial role in scavenging reactive oxygen species, pro-
tecting photosynthetic pigments and unsaturated fatty acids 
from being damaged (Haque et al. 2021). Considering the 
accumulation pattern of these metabolites, we observed that 
plants under HS + HL performed better than those subjected 

only to HS. Some other studies have reported beneficial 
effects as a result of the interaction of two stresses applied 
simultaneously (reviewed in Suzuki et al. 2014). On the 
contrary, HL did not negatively affect chlorophyll leaf con-
centration (Fig. 5). This observation evidences that 5 days 
of HL causes photoinhibition but not photooxidation as no 
destruction of photosynthesizing pigments was recorded.

It has been widely observed that proline content increases 
when plants are exposed to different abiotic stress condi-
tions (reviewed in Carraro and Di Iorio 2022). Increased 
proline contents have been reported in different citrus geno-
types under drought stress (Hussain et al. 2018) or under 
combined drought and heat stress (Zandalinas et al. 2017a). 
Results described in this work indicate that KL reduced the 
proline content under HS + HL (Fig. 6), highlighting once 
again the beneficial role of KL treatment in situations of 
combined abiotic stress. This finding is in line with the role 
of proline as a reliable stress-intensity marker (Zandalinas 
et al. 2018b).

The involvement of phytohormones is crucial in plants’ 
ability to acclimate to abiotic stress conditions (Zandalinas 
et al. 2016a; Balfagón et al. 2019a; Hasan et al. 2023 and 
reviewed in Ahammed et al. 2021). The analyzed phyto-
hormones exhibited different accumulation patterns when 
stress conditions (HS or HL) were applied individually 
or simultaneously. No significant changes in SA content 
were recorded when plants were cultured under HS, HL 
or HS + HL (Fig. 7A). However, we hypothesized that this 
lack of changes may be due to the short duration (5 days) 
and longer period of stress exposition would turn on SA 
accumulation, as levels of the SA precursor CA increased 
under HL and followed an increasing pattern under com-
bined stress conditions (Fig. 7B). It has been described the 
important role of CA and its derivatives (esters, amides and 
depsides) as photoprotectors in plants, acting as a radiation 
screen (Edreva 2005; Weremczuk-Jeżyna et al. 2021). CA 
concentration significantly increased in plants under HL 
alone or combined with HS (HS + HL) (Fig. 7B), probably, 
to improve plant performance under these adverse condi-
tions. KL treatment induced a decrease in the content of 
this molecule under HS + HL + KL, which seems related to 
its mechanism of action. KL creates a particle film on the 
leaf epidermis which act as a photoprotective screen (Glenn 
2012), allowing to the plant to divert all available resources 
to the synthesis of other metabolites involved in protection 
against stress. The role of SA and its precursor in plant accli-
mation mechanisms to changed abiotic conditions should be 
further studied.

Heat stress repressed ABA accumulation (Fig.  7C), 
which is in concordance with previous findings in citrus 
(Zandalinas et al. 2018a). This decrease in ABA content 
would prevent stomatal closure, enabling the plant to main-
tain high transpiration rates for leaf surface cooling, which is 
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confirmed by significant increases in E and gs (Fig. 4) under 
HS conditions. Under HS + HL, E and gs values were simi-
lar to those recorded in control plants although ABA leaf 
content was significantly lower than in control plants, prob-
ably as a consequence of the convergence of HS and HL. 
Furthermore, data indicate that the ABA control of stomatal 
aperture is not absolute and other signals must be involved 
in the modulation of gas exchange in plants under combined 
stress conditions (Balfagón et al. 2022b). KL application did 
not have a strong effect on this hormone levels.

Auxin content significantly increased in plants under HL 
and HS + HL (Fig. 7D). Although increases in IAA endog-
enous content have been reported in other subtropical trees, 
such as Eriobotrya japonica, subjected to HS (Chen et al. 
2022), up to date, there is no available information on how 
HL stress affects the accumulation of this phytohormone in 
plant tissues. Further studies are required needed to decipher 
the role of IAA and its crosstalk with other phytohormones 
under these adverse conditions. Contrary to that observed in 
the case of ABA (Fig. 7C), the effect of HL prevails on IAA 
accumulation when both stress conditions concur. KL treat-
ment did not affect IAA leaf content, neither under control 
conditions nor under the combined stress conditions.

JA plays an important role during high irradiation con-
ditions, since PhyB- and JA-based responsive pathways 
work together to protect the photosynthetic machinery, 
maintaining a high metabolic rate under this stressful con-
dition (reviewed in Nguyen et al. 2022). Similarly, it has 
been observed that OPDA, the primary precursor of JA, 
accumulates in the chloroplast and has a crucial role in the 
detoxification of photosynthetic byproducts, increasing the 
thiol-based redox potential and regulating the expression 
of defense genes in the nucleus (Cheong et al. 2017). This 
increase in leaf content of JA and OPDA has been observed 

in citrus plants exposed to HL (Fig. 7). However, this situa-
tion is reverted when plants are exposed to HS + HL, point-
ing that the effect of HS overrides that of HL. It could be 
argued that the KL treatment is delaying the conversion of 
OPDA to JA, and longer periods of stress imposition could 
cause an increase in JA concentration in HL + KL plants.

Taking all results into consideration it can be concluded 
that Carrizo citrange plants under the combination of HL 
and HS stresses had a particular response at morphologi-
cal, physiological and biochemical levels, different to 
that observed for each stress condition applied individu-
ally. Furthermore, this response cannot be considered as 
the addition of the responses to both single stresses as 
highlighted by the higher leaf abscission caused by the 
combined stress conditions. The determination of dif-
ferent non-destructive parameters allowed us to confirm 
the stress situation before symptoms of stress are evident 
in the plant: this is of a great practical interest since it 
allows using mitigating treatments sooner, what is relevant 
in an economically important crop worldwide as citrus. 
KL applied as a foliar spray is a suitable stress mitigat-
ing treatment against the damaging effects of the stress 
conditions studied here at different levels: (i) reduced the 
foliar damage, and leaf abscission in the case of HS + HL 
treatment, (ii) improved quantum efficiency as well as gas 
exchange parameters and (iii) enhanced chlorophyll a con-
tent under HS.

In conclusion, the simultaneous occurrence of high 
light (HL) and high temperature (HS) stresses on citrus 
plants results in significant physiological and biochemical 
damage that is not merely the sum of the effects of each 
stress applied individually. This study demonstrates that 
the application of KL as a foliar spray can effectively miti-
gate the negative impacts of combined stress conditions. 
KL treatment improved plant performance by reducing 
leaf damage and abscission, enhancing photosynthetic effi-
ciency, increasing stomatal conductance and transpiration, 
and preserving chlorophyll content, as it is summarized in 
Fig. 8. Importantly, this study highlights the early physi-
ological and biochemical alterations that occur in stressed 
plants before visible symptoms manifest. This early detec-
tion is crucial for implementing preventive measures and 
applying stress mitigating treatments in a timely manner, 
enhancing the plant resilience to adverse environmental 
conditions.

Fig. 7  Phytohormone contents in leaves of Carrizo citrange plants 
subjected to different treatments. salicylic acid (SA) content (A), cin-
namic acid (CA) content (B), abscisic acid (ABA) content (C), IAA 
content (D), acid (JA) content (E), and 12-oxophytodienoic acid 
(OPDA) content (F); data are mean values (n = 3) ± standard errors. 
Different letters denote statistical significance at P < 0.05 among 
treatments. CT control plants, HS heat stress, HS + KL KL-treated 
plants subjected to heat stress, HL high light stress, HL + KL KL-
treated plants subjected to high light, HS + HL heat and high light 
combined stress, HS + HL + KL KL-treated plants subjected to heat 
and high light combined stress
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