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Use of coating particle films to modulate leaf temperature and heat stress on citrus trees
ABSTRACT

Extreme weather conditions, such as high irradiance and high air temperature, cause
disturbances in plants and impact the production and quality of fruits. Citrus is a world fruit
crop, which requires maintenance of production efficiency with sustainability. Flowering
and fruit set of trees are impaired by excess UV radiation, which increases leaf temperature
and affects plant photosynthesis by damaging cell structure and producing reactive oxygen
species (ROS). Commercial products, such as coating particle films, have been developed
to minimize these effects and optimize fruit yield, given the current climate change
scenario. However, comprehensive information to support their broad use is not available.
Thus, we evaluated the distribution of kaolin and calcium carbonate protective films
sprayed to leaf surface affecting cuticle and tissue anatomy, compared with a control
treatment irradiance. The study was carried out on open field, with trees exposed to full
sun light, sprayed or not with kaolin or calcium carbonate, as well exposed to reduced
irradiance, under aluminum cloth 50% or anti-UV transparent plastic. Treatments were
imposed to trees 15 days before a period of greatest irradiance and high air temperature,
with plant evaluations carried out for up to 30 days. Leaves were observed under light
microscopy, and concentration and distribution of mineral elements were determined by
chemical analyses of total nutrients, EDX and XRF. The balance of antioxidant compounds
and oxidative stress products in leaf tissue and efficiency of the photosynthetic apparatus
were also determined. Beneficial effects of kaolin and carbonate sprays on leaves were
demonstrated, which exhibited improved net photosynthetic rate, efficiency of
photosystem Il and lower leaf temperature compared to the non-sprayed treatment at full
sun light. Non-enzymatic mechanisms of UV protection, such carotenoid production, were
high in non-protected trees. Furthermore, treatments limiting incident radiation on leaf
surface promoted dissipation of excess energy in the photosynthetic apparatus (NPQt). In
addition, plant cell structure was preserved and differences among treatments were
demonstrated by microscopy analyses, indicating the effectiveness of the light reflective
property exerted by the particle films. We conclude that the use of coating particles films
mitigates the effects of excess irradiance and then, leaf temperature in sweet orange trees.

Keywords: kaolin, calcium, abiotic stress, metabolism, gas exchange, microscopy.



1. CITRUS PRODUCTION UNDER A CHALLENGING ENVIRONMENT

The Brazilian citriculture contributes with approximately three-quarters of the world citrus
production (USDA, 2021). Local fruit and juice direct exports reached US$ 1.8 billion in the last
year what denote the economic importance of this agro-industrial sector (Alam et al., 2021).
Moreover, the 2021/2022 fruit crop, that supports the production chain, has dropped off
approximately 10% compared to the average obtained in the last 10 years because of extreme
weather conditions (Fundecitrus, 2021). Therefore, studying management practices to improve
production under extreme climate events becomes an important topic in the citrus industry.

Losses in crop productivity are related to high light intensity, increased air temperature,
and severe drought, which can occur concomitantly during critical plant phenological periods
impairing flowering and fruit set (Nawaz et al., 2020). Those effects also cause biochemical and
physiological changes in plants, with increased respiration and reduced photosynthetic efficiency
(Ryan, 1991; Zandalinas et al., 2017), which are related to membrane and organelle changes
leading to disturbances in leaf anatomy, such as increased leaf thickness (Gregoriou et al., 2007,
Djanaguiraman et al., 2011).

These leaf modifications are in part caused by reactive oxygen species (ROS) accumulated
in plants, which triggers plant responses mediated by hormones as ethylene, abscisic acid,
jasmonic acid and salicylic acid, important components in plant tolerance to abiotic stresses.
However, excess ROS are also associated with photo-oxidative stress when plants are exposed, for
instance, to high light intensity on leaf surface, not adapt to the environment to dissipate excess
energy (Gururani et al., 2015; Balfagon et al., 2019b).

Crop management strategies have been studied to alleviate deleterious climate change
effects. The use of kaolin and calcium carbonate particles sprayed to plants are reported to efficient
in modulating the leaf temperature of several species (Jifon & Syvertsen, 2003; Glenn, 2016;
Frioni et al., 2019). Kaolin (Al.03.mSiO2.nH20) and (hydroxide)-carbonate [CaO(H)CaCOs],
usually characterized by white particles, play the role as a physical barrier, which reflects/scatters
excess incident radiation on plants (Brito et al., 2019). These products are offered to citrus growers
to provide such physical barrier on leaf surface that directly or indirectly reduces the radiation
reaching the leaf, then reducing leaf blade temperature in the hottest periods of the day and

preventing photo-oxidative stress (Brito et al., 2019).



Taking into account the relevance of citrus production under a challenging environment,
our aim was to study the protective effects of those covering particle films sprayed to trees on plant
physiology and biochemistry, varying incident radiation, in addition to verify changes in cell
structure and leaf anatomy.

1. CLIMATE CHANGES AFFECT FRUIT YIELD

Climate change is a global concern (Intergovernmental Panel on Climate Change - IPCC,
2019), characterized by changes in the planet's environmental patterns. In hot seasons, when the
amount of solar energy reaching plants, is greater than that amount required for optimum growth,
the irradiance cause damages in the photosynthetic process (Santini et al., 2012). This later
correlates with oxidative stress, which affect crop growth and production (Mufioz & Munné-
Bosch, 2018).

In addition to the excess irradiance, increases in the frequency and intensity of heat waves
also affect global food security (Tripathi et al., 2016). Variations in air temperature, associated
with reduced rainfall have become common in Brazilian agriculture, especially in ten-day periods
between spring and summer (Blain & Bardin, 2014; Pereira et al., 2017). Furthermore, predictions
of otential future climate change on citrus irrigation requirements demonstrate impacts on water
budget in orchards (Fares et al., 2017).

Citriculture is a relevant activity due to the significant volume of fresh fruit and processed
juice produced. Brazil is the world's largest producer of oranges (USDA, 2019), whose exports of
concentrated, frozen, and pasteurized (FCOJ), and pasteurized (NFC) orange juice increased 27%
in the first half of 2019/2020 compared to the same period of the previous year (CitrusBR, 2020).
However, citrus production can be directly affected by unfavorable weather conditions (Blain &
Bardin, 2014; Nawaz et al., 2020).

Citrus production average in the last 10 years in the main producing regions of the state of
Sdo Paulo and Triangulo Mineiro was 6% lower compared to the 1997-2009 period. Recent
estimates point out to further drop in production for the 2021/22 harvest season of 2.1% compared
to the previous season, mainly due to limited soil water availability (FUNDECITRUS, 2021a).
This decrease in fruit yield is also associated to the vulnerability of stressed plants to heat, drought
or cold, as well to pests and diseases, in addition to the greater susceptibility of the plant to floral
abortion (FUNDECITRUS, 2021b).
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The increase in air temperature impairs flowering and young fruit set (Montalt et al., 2019;
Nawaz et al., 2020), likely promoting disturbances in the leaf blade anatomy, such as an increase
in thickness of the palisade and spongy parenchyma, in addition to the epidermis. These anatomical
and structural changes in cell and organelles, characterized by leakage of cellular content, and
direct damage to chloroplasts and mitochondria, decreases net CO; assimilation (Chabot &
Chabot, 1977; Djanaguiraman et al., 2011). They also cause biochemical and physiological
changes in plants, with increased respiration and reduction of photosynthetic efficiency (Ryan,
1991; Zandalinas et al., 2017). Although high air temperatures and water deficit may be combined
in the critical periods for citrus, production losses have still been observed even in irrigated
orchards (FUNDECITRUS, 2021b).

In addition, associated with losses of the main crop, citrus plants have shown multiple
flowering, which makes pest control of orchards difficult, affects quality and causes irregular
distribution of fruit maturation (Pozzan & Triboni, 2005). This multiple flowering effect is
associated with harvest delay, as recorded in recent years, when the 2020/21 season was delayed
in relation to the long-term harvest record (FUNDECITRUS, 2021a).

The occurrence of combined stress during flowering and fruit set affects fruit yield due to
impaired production of carbohydrates, required for fruit development and growth (Sawicki et al.,
2015). The carbohydrate imbalance, generated by the ROS excess in the plant, triggers signaling
mediated by plant hormones such as ethylene, abscisic acid, jasmonic acid and salicylic acid,
which play an important role in plant tolerance to abiotic stresses (Gomez-Cadenas et al., 2015;
Torres et al., 2017; Balfagén et al., 2019b).

ROS excess, associated with photo-oxidative stress, is characterized by the production of
superoxide anion (O2’), hydrogen peroxide (H202) and hydroxyl radicals (OH") in plants (Guo et
al., 2006; Gururani et al., 2015; Molassiotis et al., 2016), as a result of excess light energy, in
which the photosynthetic machinery is not able to dissipate it through photochemical (gP) and non-
photochemical (qNP) quenching (Gururani et al., 2015). Thus, ROS scavenging and the
accumulation of key proteins are critical responses of plants to maintain DNA integrity and lipidic
membranes, through an antioxidant system that can be classified into: (i) enzymatic, involving
antioxidant enzymes such as superoxide dismutase (SOD, EC 1.15.1.1) and catalase (CAT, EC
1.11.1.6), (ii) in recycling enzymes of the ascorbate-glutathione cycle, such as glutathione

reductase (GR ECL1.6.4.2), as well, (iii) low molecular weight non-enzymatic antioxidants (Gill &
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Tuteja, 2010; Del Rio, 2015; Gratéo et al., 2019).

In this context, plants partially shaded or that received application of products that act as a
film of covering particles against high irradiance (e.g. hydrated aluminum or kaolin silicates,
calcium oxides or carbonates) can contribute to the reduction of leaf temperature and allow
maintenance of stomatal opening and, consequently, COz assimilation (Medina et al., 2002; Jifon
et al., 2003; Syvertsen et al., 2003).

Kaolin is a clay mineral composed of hydrated aluminum silicates such as kaolinite and
halloysite (Al203.mSiO2.nH20), while calcium oxide (hydroxide)-carbonate is derived from
limestone [CaO(H)CaCOg]. It is noteworthy, the difference in the composition of these products
for the presence of calcium in this second group, which if confirmed the absorption of the nutrient
by the foliar epidermis, could contribute to the improve the structure of cell wall and membranes.
When applied as suspensions (average particle size <10 um), they basically act as a physical barrier
of normally white particles, hence the name “protective film”, whose main effect is to
reflect/scatter excess incident radiation. These products, which are widely offered to citrus
growers, must provide a physical barrier on the plant surface that directly or indirectly reduces the
radiation that reaches the leaf, reducing the temperature during the hottest hours of the day, and
preventing photo-oxidative stress (Sharma et al. al., 2015; Brito et al., 2019).

Studies on potential products that aim to minimize the abiotic stresses of high irradiance
and high air temperature, similarly to a sunscreen, were carried out on citrus plants and found that
they can influence leaf temperature and gas exchange in plants (Jifon & Syvertsen, 2003;
Rodriguez et al., 2019). From these results, we can highlight those aspects of leaf physiology were
not elucidated, as the authors pointed out heat stress likely limited net CO2 assimilation by
damaging photosynthetic membranes, deactivating enzymes in the carbon fixation cycle and/or or
by inhibiting the metabolism and partitioning of photoassimilates (due to lower plant drain force).
Then, such damage would be related to lipid peroxidation contributing with a non-stomatal
limitation effect on plants what should be investigated.

In this context, few progresses have been made in the area, even considering studies carried
out with other crops such as apples (Glenn, 2016), grapevine (Brillante et al., 2016; Bernardo et
al., 2017; Frioni et al., 2019) and tomato (Silva et al., 2019), requiring that more characteristics
about the anatomical and physiological arrangement of plants, should be also clarified.

Thus, this research tested the hypothesis that the use of suspensions such as kaolin or
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calcium carbonate-type covering particle films on the leaves reduces damage caused by high
irradiance, associated with non-stomatal limitations, as well as changes in the anatomical
arrangement of leaf tissue and the balance of metabolites that determine disturbances in the citrus
photosynthetic process.

2. GENERAL RESEARCH OBJECTIVES

The work aims to evaluate the application of covering particles presenting the data in two
chapters that describe: (Chapter 1) determination of the balance of antioxidant compounds and
products of oxidative stress in leaf tissue and the efficiency of the photosynthetic apparatus of
plants under high irradiance stress, and (Chapter 2) evaluation of the distribution of particles of
two types of coating films, kaolin or calcium carbonate, on the leaf surface under light microscopy,
as well as the effects of their application on the cuticle and on the anatomical arrangement of the
leaf blade compared with three control treatments without the film (varying irradiance), and to

characterize the distribution of mineral elements by EDX and XRF microscopy analysis.
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CHAPTER 1

Particle films improve photosynthesis by reducing leaf temperature of Citrus under excess

irradiance

Abstract:

High irradiance and excess air temperature during extreme weather conditions affect tree crops and
impact yield and quality of fruits. Moreover, flowering and fruit set of Citrus are likely impaired by
UV radiation and then reduced carbon assimilation that increase production of reactive oxygen
species (ROS) and damage the leaf photosynthetic apparatus. Coating particle films sprayed to tree
canopy have been offered to minimize crop losses given the climate change scenario, even though
the extent of leaf protection is not characterized. We evaluated the use of two protective films on the
oxidative stress and leaf photosynthesis of trees compared to others exposed to varying day light.
The experiment maintained trees under full sun light sprayed or not (control) with kaolin [wettable
powder, 1 um (30 g L™)] or calcium carbonate[wettable powder, <1 um (30 g L™)], as well under
reduced irradiance under aluminum shade cloth 50% or anti-UV transparent plastic. Treatments
were imposed to trees for 15 days before the period of greatest environmental irradiance and high
air temperature, which conditions trees were evaluated for up to 30 days. Use of kaolin or calcium
carbonate reflected 20-30% of the incident light on leaf surface compared to leaves not sprayed
and under full sunlight. Leaves with coating then exhibited improved CO: assimilation and
efficiency of photosystem I, and lower leaf temperature over the time. Furthermore, treatments
protected against excess irradiance promoted dissipation of excess energy in the photosynthetic
apparatus (NPQt). Non-enzymatic mechanisms of UV protection, such carotenoids, were higher in
full sun control plants. Finally, we conclude that the use of suspension particles mitigates the
harmful effects of excess UV irradiance and temperature in sweet orange trees.

Keywords: calcium carbonate, leaf temperature, kaolin, photoinhibition.

Introduction
Crop production has been challenged by extreme weather events, like high irradiance and
air temperature, as well drought, associated to global climate changes (Mittler et al., 2012),

frequently characterized by environmental phenomena as “El Nifio” and “La Nifia” (Grimm et al.,
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2020). These atmospheric disturbances cause changes on atmospheric patterns in tropical and mid-
latitudinal regions (Geirinhas et al., 2021; Janior et al., 2017) causing great economic impact in the
agriculture.

Growth and fruit yield of citrus trees are impaired under abiotic stress, mainly during the
flowering and fruit set, when heat waves and drought limit tree development during early Spring
and Summer (Blain and Bardin-Camparotto, 2014; Pereira et al., 2017). For instance, one of the
most world important citrus production regions in the world, the Brazilian citrus belt, was severely
affected by such adverse weather conditions, causing losses of 30 million boxes (40.8 kg) during
the last seasons (Fundecitrus 2021).

Associated to heat waves, sunlight and irradiance can affect plant photosynthesis, a
fundamental process for productivity, sustainability and crop quality (Ferrante & Mariani, 2018).
The energy that reaches the leaves are composed by a large spectrum of radiation that contains
ultraviolet light (UV, 280-400 nm), harmful for plant cells (Rai & Agrawal, 2017; Tevini, 2007).
Excess of irradiance and UV light causes photoinhibition/photooxidative stress (Santini et al.,
2012). which produce reactive oxygen species (ROS) in plant tissue due to the excess of electron,
such as hydrogen peroxide (H20) (Guo et al., 2006; Gururani et al., 2015).

Despite H>O> can play an important signaling role in plant stress response (Mittler, 2017)
like ABA signalization to stomatic closure (Xia et al., 2015), under high concentrations, ROS cause
cellular damages what requires specific scavenging by enzymatical and non-enzymatical system to
ultimately reduce crop losses (Koussevitzky et al., 2008; Nishiyama et al., 2014; Saxena et al.,
2016).

The frontline enzyme of the antioxidant system is superoxide dismutase (SOD, E.C
1.15.1.1). SOD is responsible for catalyzing O dismuting it into H2O- (Giannopolitis and Ries,
1977), and this reaction product is eliminated by other enzymes such as peroxidases and catalase
(CAT, E.C 1.11.1.6), which dismutes H20: into H20 and O (Zandalinas et al., 2017). Despite these
highlighted mechanisms, several other enzymes are involved in the elimination of H,O> and other
systems have been working in the plant at the same time. Carotenoids are natural, low-molecular-
weight pigments, being one of many non-enzymatic protection mechanisms (Edge and Truscott,
2018; Krinsky, 2001). The role of carotenoids against ROS is important due to the capacity of this
metabolite to inhibit singlet oxygen production by quenching both triplet sensitizer and excited
chlorophyll, protecting the photosynthetic machinery (Soares et al., 2019).
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Kaolin [Al>Si2O5(OH)4] and calcium carbonate (CaCOs) are white clay type minerals,
which sprayed to plant leaf act as reflective particle film that can reduce leaf temperature conducted
by described unfavorable environmental conditions and increase photosynthetic efficiency,
protecting plants from crop losses. These particle films have been tested in grapevine (Conde et
al., 2018), apple (Alvarez et al., 2015) and citrus (Ennab et al., 2017; Gullo et al., 2020) plantations.
Nonetheless, plant physiological traits affected by these claimed, "solar protectors”, focusing on
the efficacy of the coating to alter light and/or UV radiation incidence on leaf surface are not clearly
characterized to support their ample use in the agriculture. Therefore, this study aims to investigate
how the enzymatic and non-enzymatic mechanisms, gas exchange and non-stomatal parameters
are affected by plant protection with particle films sprayed to leaf surface and environmental

conditions varying total radiation, but not the air temperature conditions.

Material and methods
Plant material and growing conditions

The experiment was carried out at the Centro de Citricultura Sylvio Moreira (22°27'40"S,
47°24'4"0; 639 m hight), with young sweet orange [Citrus sinensis (L.) Osb., cv. Valéncia] trees,
grafted onto citrumelo Swingle [C. paradisi Macf. x Poncirus trifoliata (L.) Raf.]. 6 plants per
treatment were grown in 12 L pots containing organic substrate, receiving fertilizers to supply
essential mineral elements as well water via controlled drip irrigation to avoid drought stress along
the experiment conduction. Trees were also pruned to induce uniform shoot growth.

Treatments were defined by trees under full sun light sprayed with water (control) (1) or
kaolin [wettable powder, 1 pm (30 g L™)] (2) or calcium carbonate[wettable powder, <1 um (30 g
L] (), as well trees under reducedirradiance under aluminum shade cloth (Aluminet® 50% ) (4)
or low-density polyethylene type (LDPE) transparent plastic (anti-UV additive, >80%
transmissivity), 150 um thick (5). Spraying was performed with a manual pressure sprayer, with
15 seconds of application per plant, at a flow rate of 220 mL min. Control, aluminum shade cloth
and anti-UV plants were sprayed with water.

Trees were placed on benches 50 cm above the ground, then located either under full
sunlight or under the aluminum cloth or plastic covers conditions. Special structures, 5.0 m x 6.0
m, were built for the covered treatments to avoid shadow overlapping and allow open air

circulation (Figure 1). Air temperature (Tair, 29 °C £ 0.05), relative humidity (RH, 59.4% + 0.09)
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and photosynthetically active radiation (PAR, 1053.9 umol m?2 s + 9.3 ) were monitored at 1.0
m above the ground, corresponding to the mid tree dossel, using automatic sensors (S-LIA-M003,
HOBO Data login Solution, Australia) (Junior et al., 2021). Recorded Tair and RH did not differ

among open and covered treatments along the day and during the experimental period.
= <3 7 s

Figure 1: [Illustration of the experimental set up with trees under full sunlight or covered
conditions. Legend: A = aluminum shade cloth area, B = transparent plastic area and C = full sun
light area. Cordeirdpolis, SP, Brazil. 02 March, 2021.

Gas exchange measurements
The CO. assimilation rate (Anet), Stomatal conductance to water vapor (gs) and transpiration
(E) were determined in fully expanded leaves in the middle third of the recent mature vegetative
flush of growth of trees. The apparent carboxylation efficiency (Anet/Ci) was calculated. The
evaluations were performed 17 and 36 days after beginning treatments imposition, on a clear day
between 9 am and 10 am, as well between 1 pm and 2 pm, with an open path infrared gas analyzer
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system (L1-6800, LI-COR, Lincoln, NE, USA) equipped with an integrated fluorescence chamber

head. Ambient measurement conditions were controlled to maintain 40 Pa CO> partial pressure and
2

an artificial photosynthetic photon flux density (PPFD) of 1000 umol photons m™2s™ 2,

Steady-state (Fo’) and maximum (Fm') fluorescence yields were assessed in light adapted
leaves between 1 pm and 2 pm. Fm' were measured after a light saturation pulse (A < 710 nm,
PPFD ~10.000 pmol photon m2s?, 0.8 s). Chlorophyll fluorescence measurements were also taken
with the infrared gas analyzer system (LI-6800, LI-COR, Lincoln, NE, USA) under the same
ambient condition as described for gas exchange measurements. The variable fluorescence yield in
light-adapted (AF=Fm'—Fo’) leaves and the effective quantum yield (Phi2) of PSII
[AF/Fm'=(Fm'—Fs)/Fm'] were calculated (Baker, 2008). The apparent electron transport rate (ETR)
was calculated according to Schreiber et al. (1998).

Changes in chlorophyll fluorescence yield and changes in light-induced absorbance were
also measured using the MultispeQ® V2.0 instrument (PhotosynQ) on undamaged mature leaves
(Kuhlgert et al., 2016). The instrument also allows the evaluation of the linear rate of electrons
from the antenna complex to the PSII reaction center (LEF); non-photochemical quenching (NPQ);
the fraction of light energy captured by PSII which is directed to non-photochemical quenching,
dissipated as heat within the sheet (PhiNPQ); the energy that is lost by unregulated processes
(PhiNO) and the fraction of photosystem II centers that are in the state considered “open” (qL)

(Roth et al., 2016). The evaluation times were at 9 am and 1 pm.

Leaf Temperature

Temperature of the leaf surface (Tiear) Of trees was measured in a sunny and hot day (March
23), from 8 am to 4 pm, every 1 h interval, using an infrared thermometer (Fluke 59 Max, Fluke
Co., Everett, EUA), perpendicularly positioned 25 to 30 cm distant from a leaf blade completely
exposed to full sun light. It was measured the temperature of one leaf per tree in each treatment.
The average temperatures were calculated for each time and the sum was performed in order to

verify the temperature accumulated throughout the day in each treatment.

Chlorophyll content
At the end of the experiment, one sample per plant was collected to determine the

concentration of total chlorophyll and carotenoids through extraction in dimethyl sulfoxide
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(DMSO), then using a spectrophotometer and calculating concentrations according to Lichtenthaler
(1987).

Leaf hydrogen peroxide and MDA levels

Quantification of H.O, and MDA were performed with the same extraction in which 500
mg of fresh leaf mass, homogenized in 0.1% (w/v) trichloroacetic acid (TCA) and 4% (w/v)
polyvinylpolypirrolidone (PVPP), and centrifuged at 5590 x g for 15 min at 4 °C (Alexieva et al.,
2001). For H20- concentration, the supernatant was mixed with 100 mM potassium phosphate
buffer (pH 7.0) and 1.0 M potassium iodide (1:1:4), and incubated at 4 °C for 1 h in darkness and
then for 20 min at 25 °C. Sample absorbance was measured at 390 nm and H2O; content was
calculated using a standard curve with known concentrations of H20..

The presence of MDA was measured to verify lipid peroxidation according to Heath and
Packer (1968). To the extracted supernatant, 1 mL of a solution containing 20% (w/v) TCA and
0.5% (wi/v) thiobarbituric acid (TBA) was added and then incubated at 95 °C for 30 min. The
mixture was then quickly cooled at 4 °C to stop the reaction. The samples were re-centrifuged for
5 min at 12,100 x g and the supernatant were measured at 535 and 600 nm. The absorbance of the
formed TBA reactive substances was determined at 535 nm. Measurements were corrected for
unspecific turbidity by subtracting the absorbance at 600 nm. Using an extinction coefficient of

155 mM~ ! cm™ 1, the amount of MDA was calculated.

Enzymatic antioxidant analysis

For protein quantification and posteriorly the enzyme activities, one gram of fine leaf
powder was homogenized in 5.0 mL of 100 mmol L™ potassium phosphate buffer (pH 7.5) with 3
mM dithiothreitol, 1 mM EDTA, and 4% (w/v) PVPP. The suspension was centrifuged at 12,100
x g at 4 °C for 35 min, and the supernatant was stored at -80 °C until further analysis. Total protein
content was determined using bovine serum albumin as a standard (Bradford, 1976).

The activity of CAT was determined according to Kraus et al. (1995) with modifications
(Azevedo et al., 1998). The reaction was initiated with the addition of 20 pL of plant extract to a
reaction mixture containing 100 mmol L potassium phosphate buffer (pH 7.5) and H20: (30%

solution) at 25 °C. The enzyme activity was determined by following the decrease in absorbance
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at 240 nm, which represents the decomposition of H2O2, for 1 min against a plant extract-free blank.
Catalase activity was calculated using an extinction coefficient of 39.4 M~ cm™L.

SOD activity was determined according to Giannopolitis and Ries (1977) in a
spectrophotometer. The extracted sample of 50 pL was added in a glass test tube, containing a
solution with 13 mmol L of methionine, 75 umol Lt of NBT, 100 mmol L of EDTA and 2 pumol
L de riboflavin in 3.0 mL de potassium phosphate buffer 5 mmol L%, pH 7.8. The preparation of
controls followed the same methodology replacing the plant extract with sodium phosphate buffer.
The tubes were placed inside a reaction chamber under artificial lighting of 15 W fluorescent lamp
at 25 °C for 15 min to form blue formazan compound. The reading was recorded on a UV-Vis
spectrophotometer at a wavelength of 560 nm in absorbance. The results were expressed in Unit

SOD mg ! protein.

Statistical analysis
The experiment was carried out with 5 treatments and 6 replications per treatment. Analysis
of variance (ANOVA) were performed for each variable evaluated, and in case of significance, the

Tukey test was used. Hypothesis tests will be calculated at 5% significance.

Results

Environmental characteristics

Average daily Tar recorded at each microenvironmental condition established in the
experiment, where trees were grown (open full sunlight and either under aluminum cloth or plastic
covered benches) did not vary (28.9 £ 0.05 °C), as well mean air RH (61.8 £ 0.09 %) (data not
shown). The large and tall covered structures allowed ample movement of mass of air throughout
the experimental period, which met our assumption that Tar and RH were uniform for different
treatments.

PAR recorded on full sun light environment peaked maximum between 12 pm and 1 pm
during the first evaluation period (March 12 and 13) with 1969.0+39.7 pmol m2 s and UV
radiation peaked with 186.5 + 2.9 umol m2 s (Figure 2). We recorded minimum PAR (602.1+50.3
umol m2 s1) as well minimum UV (65.9 + 4.5 pmol m2 s?) values under the Aluminet 50%.
Similarly, PAR on full sun during the second evaluation period (March 31 and April 1) peaked

maximum with 1557.4+48.1 umol m2 s and UV with 157.5 + 15.1 umol m2 s (Figure 3).
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Figura 2: Photosynthetic active radiation (PAR) and ultraviolet radiation (UV); (A) and (B) during the first
evaluation day of the first period on March 12; (C) and (D) for the second evaluation day (March 13) for
full sun light, aluminum cloth (A.C.) and anti-UV plastic (anti-UV).
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Figura 3: Photosynthetic active radiation (PAR) and ultraviolet radiation (UV); (A) and (B) during the first
evaluation day of the second period on March 31 and (C) and (D) for the second evaluation day (April 01)
for full sun light, aluminum cloth (A.C.) and anti-UV plastic (anti-UV)..

Gas exchange parameters and chlorophyll fluorescence

Net CO assimilation (Anet) averaged about 8 pmol m? st at early morning for all
treatments, whereas the same was lower, 3.5 pmol m s at beginning the afternoon during the first
period of evaluation (Figure 5 A). Such trend was uniform, exception made to the aluminum cloth
treatment, in which gas exchange parameters were lowest for plants compared to those under other
treatments. Furthermore, E and gs varied similarly to Anet. Same parameters were less limited at the
afternoon during the first period of evaluation compared to the early morning measurements
(Figure 5). However, imposed treatments affected Anet, E and gs both at morning and afternoon
(Figure 5 B, D, E) observed during the second experimental evaluation. Trees under full sunlight

sprayed with kaolin or calcium carbonate, as well trees under the UV-plastic cover exhibited
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greater Anet, about 32.8%, compared to either the control or the aluminum cloth treatments in the

morning and 51.4% at 1 pm. Such differences were again mostly correspondent to variations in E

and gs (Figure 5).
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Figure 5: CO; assimilation rate (Ane), transpiration (E) e stomatal conductance (gs); (A), (C) e (D) for the first
evaluation (March 12); (B), (E), (F) for the second evaluation (March 31) of gas exchange on sweet orange leaves
[Citrus sinensis (L.) Osb., cv. Valencia], for the respective treatments: control, kaolin, calcium carbonate, aluminum
cloth (A.C.), and Anti UV. Tukey test at 5% significance, with comparison of means performed for measurements.
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Calcium carbonate treatment provided better An/C; either at morning or at the afternoon,
30-75%, compared to the control or the aluminum cloth treatments considering both periods of

evaluation (Figure 6).
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Figure 6: apparent carboxylation efficiency at 9 am (Ane/Ci) and 1 pm (Sgrt (Ane/Ci)) (evaluated on March 31 in sweet
orange leaves [Citrus sinensis (L.) Osb., cv. Valéncia], for the respective treatments: control, kaolin, calcium carbonate,
aluminum cloth (A.C.), and Anti UV. Tukey test at 5% significance, with comparison of means performed for
measurements.

Treatment impositions affected ETR only for measurements taken at 9 am, when calcium
carbonate sprayed trees exhibited 34% increase rate compared to control or aluminum cloth shaded
ones (Figure 7A). Moreover, the effective efficiency of photosystem Il was higher at morning
compared with the afternoon evaluations, with improved performance of trees sprayed with particle

films (kaolin or calcium carbonate).
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Figure 7: Electrons transport rate (ETR) (A) and effective efficiency of photosystem 11 (Phi2) (B) evaluated on March
31 in sweet orange leaves [Citrus sinensis (L.) Osb., cv. Valéncia], for the respective treatments: control, kaolin,
calcium carbonate, aluminum cloth (A.C.), and Anti UV. Tukey test at 5% significance, with comparison of means
performed for measurements.

Differences were identified between treatments at 9 am of the first evaluation time (12/03)
with the MultispeQ®, when the linear electron flow (LEF), photosynthetic protection rate (PhiNPQ)

and non-photochemical quenching (NPQt) were measured (Figure 8).
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Figure 8: linear electron flux (LEF) (A), photosynthetic protection rate (PhiNPQ) (B) and non-
photochemical quenching (NPQt) (C) evaluated on March 12 at 9 am in sweet orange leaves [Citrus sinensis
(L.) Osb., cv. Valéncia], for the respective treatments: control, kaolin, calcium carbonate, aluminum cloth (A.C.), and
Anti UV. Tukey test at 5% significance, with comparison of means performed for measurements.
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Non-photochemical quenchings (NPQt) were influenced by tested treatments supporting
evidence that plants treated kaolin exhibited the highest NPQt rate at 9 am, on the second day of
evaluation, but didn’t differ of the other treatments, except the anti-UV one. On the other hand, the
lowest NPQt value at 1 pm was registered on control plants. Calcium carbonate kept almost the
same NPQt rate between evaluations on the same day, about 1.5 and 1.7, respectively, in the

morning and 1 pm, which was 42.3% higher than full sunlight control at noon (Figure 9).
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Figure 9: non-photochemical quenchings evaluated on March 31 in sweet orange leaves [Citrus sinensis (L.) Osb., cv.
Valéncia], for the respective treatments: control, kaolin, calcium carbonate, aluminum cloth (A.C.), and Anti UV.
Tukey test at 5% significance, with comparison of means performed for measurements.

Leaf temperature

Leaf temperature varied for plants under different microenvironmental conditions. (Figure
10). The sum of the values measured from 8 am to 4 pm are represented in Figure 10 for each
treatment. Control plants had the highest accumulated temperature, indicating that, for this
treatment, the highest temperatures were observed throughout the day. Calcium carbonate and anti-
UV treatments maintained intermediate values, while kaolin modulated leaf temperature similarly

to that observed on plants under reduced radiation provided by the aluminum cloth.
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Figure 10. Leaf temperature accumulated and daily temperature [Leaf temperature (°C)] from 8 am to 4 pm on March
23 for sweet orange [Citrus sinensis (L.) Osb., cv. Valencia] trees grown under the respective treatments: control,
kaolin, calcium carbonate, aluminum cloth (A.C.), and Anti UV. Tukey test at 5% significance for each hour and for
the sum of temperature means, with comparison of means performed for measurements. Legend: dashed ovals indicate
similar group of media test.

Leaf chlorophyll and carotenoids content

Treatments did not affect photosynthetic pigments (chlorophyll a, b, and total chlorophyll)
of trees evaluated at the end of the experiment conduction. Although, concentration of carotenoids
varied, as well the total chlorophyll/carotenoids ratio with lower levels associated with trees

exposed to full sunlight (control treatment) (Figure 11).
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Figure 11: total chlorophyll/carotenoids in sweet orange leaves [Citrus sinensis (L.) Osb., cv. Valéncia], for the
respective treatments: control, kaolin, calcium carbonate, aluminum cloth (A.C.), and Anti UV. Tukey test at 5%
significance, with comparison of means performed for measurements.

Biochemical analyses

Concentrations of H>O> and MDA determined in plant leaves varied depending on
treatment imposition, with up to 26% higher MDA levels found in trees sprayed with calcium
carbonate compared with the control treatment or those under aluminum cloth and anti UV plastic
covers (Figure 12 B). Interestingly, the activity of enzymes of enzymatic antioxidant system, as
SOD and CAT were prone to be higher in kaolin treatment. Moreover, lowest levels of SOD were

determined for the control treatment (Figure 12 D).
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Figure 12. H,0,, MDA, SOD and CAT analysis; (A), (B), (C) e (D) in sweet Orange leaves [Citrus sinensis (L.) Osb.,
cv. Valéncia], grafted onto citrumelo Swingle [C. paradisi Macf. x Poncirus trifoliata (L.) Raf.], for the respective
treatments: control, kaolin, calcium carbonate, aluminum cloth (A.C.), and Anti UV. Tukey test at 5% significance,
with comparison of means performed for measurements.

Discussion
Heat waves have been recorded in agricultural regions in the southeast Brazil, where

maximum air temperature increased up to 4.5 °C above historical series, then affecting crop
production in Spring and Summer (Dusenge et al., 2019; Geirinhas et al., 2021). Use of agricultural
inputs that promotes leaf protection during extreme weather conditions have shown potential to
mitigate photosynthesis impairment, which process is temperature sensitive (Brito et al., 2019).
Our study demonstrated that leaf temperature was lower on plants sprayed with kaolin
particle film compared with plants maintained under full sun light (control) when measured at the
period of expected highest irradiance during the day. For instance, the accumulated degree Celsius

on March 23 demonstrated that with kaolin application achieved 270 °C, much lower than that
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observed for the control treatment, 310 °C. This highlights the protective effect of the film to
maintain leaves in conditions like shaded plants.

We used aluminum cloth cover to reduce irradiance as well the anti-UV plastic cover to
filter a significant portion of the light spectrum that transfers energy to leaf surface causing
temperature to rise. In fact, estimating the heat accumulation in leaves from early morning to late
afternoon (Figure 10), particle films favored maintenance of better physiological conditions of
trees, as discussed in sequence, without significantly reducing incident PAR, as observed in the
case of aluminum cloth that reduced this latter, by 50%. It is also likely that particle films coverage
reduced harmful effects of UV radiation on the photosynthetic apparatus since heat accumulation
estimated was 282 °C for kaolin and 293 °C for calcium carbonate treatment, like that for the anti-
UV treatment (287 °C). Therefore, considering valid our assumption that T did not vary among
microenvironmental conditions determined by treatments, we add novel information to the use of
particle films as a practice that support plant protection under excess irradiation. Such information
will be detailed with data collect for gas exchange and other physiological related traits of plants.

Gas exchange parameters measured during the first experimental period were higher to
treatment imposition by early morning compared to beginning afternoon, and which shaded trees,
under the aluminum cloth, exhibited lowest values for Anet E and gs associated with PAR reduction
of 51% compared to the full sunlight condition. Anet of citrus trees saturate with 800 pmol m 2s
and light above this rate can reduce Anet (Alvarez et al., 2015; Tsai et al., 2013). On the other hand,
light exceeding the saturation point can be harmful to the photosynthetic machinery leading to the
reduction of Anet in a chain of physiological reactions (Alvarez et al., 2015; Brito et al., 2018).

Despite Anet value observed for the control trees were similar to those sprayed with particle
films as well maintained under the anti-UV cover, particularly during the morning, it is likely
increased stress caused by excess irradiance and consequently high Tiear Will increase need for the
production of compounds and enzymes associated with plant protection. The stress maintenance
energy ends up being high, impairing normal plant metabolism as seen in the second evaluation
period in this study.

Indeed, on the second evaluation, gas exchange parameters of sprayed trees as well those
under the anti-UV cover were greater than the control and the shaded ones either early morning or
beginning afternoon. Gullo et al. (2020) suggested that solar protector products, like calcium
1

carbonate, improve carbon assimilation of sweet oranges in environments with 1488 pmol m2s°

34



of photosynthetic photon flux density. The increment of Anet Of plants treated with covering
particles was supported by high Anet/Ci exhibited by trees with kaolin or calcium carbonate (49%
more than control) (Figure 6). This response shows that calcium carbonate improve the light
utilization, and it can be explained by non-stomatal parameters like ETR, Phi2 and NPQt.

High ETR values of plants treated with calcium carbonate reflected greater photosynthetic
efficiency in our study (Figure 7A), as reported by Chen et al. (2021) due to the increment in the
use of incident light energy by leaves, greater in sprayed plants, given the excess of irradiance for
those under full sunlight affected the photosynthetic apparatus, mainly the PSII. This mechanism
of plant adaptation to high irradiance is associated to the repairment of PSII, that is dependent of
light intensity and leaf temperature for optimal function (Takahashi & Murata, 2008). Then, despite
similar excess irradiance environment, kaolin and calcium carbonate treated trees presented Phi2
~0.4 at midday (Figure 7B), while shaded and anti-UV exhibited values ~0.3 and full sun control
~0.2.

Plant photoprotection mechanisms in response to high irradiance might be characterized by
PhiNPQ and NPQt estimates, which represent the amount of energy likely dissipated as heat to
modulate adverse effects of excess photon absorption in leaves (Murchie & Niyogi, 2011; Esteban
et al., 2013). In the early evaluations (March 12), PhiNPQ demonstrated high efficiency to protect
the plant against the irradiance excess, but after 15 days, only NPQ mechanism differed among
treatments indicating that this mechanism is more efficient in plants that counted on some type of
protection, maintaining high levels of photosynthetic efficiency (Phi2) and rubisco carboxylation
efficiency (An/Ci).

Indeed, the excess photon absorption without corresponding energy dissipation decreases
the efficiency of PSII and Anet by photoinhibition and changes in the structure of the PSII antenna
system (La Porta et al., 2005; Molina-Bravo et al., 2011). Trees under the control treatment
exhibited the lowest NPQt values, mostly by the afternoon, indicating limited ability to dissipate
energy what in counterpart will need to be compensated by other defense mechanisms to the stress
condition.

Other mechanisms of protection to stress in plants stimulated by high irradiance are known
in literature, for example the non-enzymatic role of carotenoids. They comprise one of such stress
protection mechanisms, in which plant absorbs energy from the photosensitizer, which prevents

excess transferred to ground-state oxygen to form singlet oxygen (*Oz), one of the forms of ROS
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that damage plant cells (Edge & Truscott, 2018). Furthermore, carotenoids act like an energy drain
and dissipate this as heat (Sandmann, 2019) as observed in the control trees, highlighting increased
photoinhibition experienced by plants without excess irradiance protection tested in our study
(Figure 7).

Different environmental stress factors combined exert great influence on physiological
changes in citrus plants (Balfagén et al., 2019), which can produce toxic compounds to the plants
such as Oz and H20> required to be eliminated by enzymatic or non-enzymatic systems (Ramel et
al., 2012; Zandalinas et al., 2017). Our results demonstrated that plants treated calcium carbonate
exhibited higher H20O2 concentration in leaves compared to the control and A.C. (Figure 12 A).

Plants protected with particles also exhibited greater photosynthetic efficiency in
comparison to control and shaded ones, it is reasonable to assume that increased H.O> did not
characterized increased stress. H.O: is produced naturally along the photosynthetic chain (Gururani
et al., 2015; Saxena et al., 2016) playing also an important role signaling ABA regulation for
stomatal closure (Xia et al., 2015) and activation of proteins involved with resistance to high
temperatures (Volkov et al., 2006).

Citrus plants can present variable H.O. and MDA responses under sun light imposition and
acclimatation, depending on time to exposure as reported by Santini et al., (2012). Mostly, total
SOD activity was increased in leaves of trees protected with kaolin, as well shaded and under the
anti-UV treatment compared to the control. In a minor extension, CAT activity was also associated
to protected trees with kaolin. High SOD values were observed in the same treatments that was
detected high H.O> values (kaolin, calcium carbonate or anti-UV), except shaded plants, that
exhibited low values to LEF and ETR, which parameters are an indicative of the production of
ROS, such as Oz (Nishiyama, 2014). These results suggested the enzymatic role to avoid ROS

accumulation (Koussevitzky et al., 2008).

Conclusion

Suspension sprays with particles that form a thin reflective coating film on leaf surface, as
kaolin or calcium carbonate, reflect incident light and reduce adverse effects of excess UV
irradiance on physiological traits of citrus trees, since plants exhibited improved CO; assimilation
and efficiency of photosystem Il, and lower leaf temperature over time even when T did not vary
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among tested treatments. Such effects were related to improved antioxidant enzyme activity likely
associated to excess energy dissipation incident in the PSII.
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CHAPTER 2

Protective particle films are able to prevent anatomical and ultraestructural changes caused
by excess sunlight in Citrus

Abstract:

Agricultural crops have been impacted by global warming what challenge the world food chain
sustainability. Production losses are caused due to the excess of energy that reach leaves associated
to high air temperatures. The stressful environment causes anatomical and morphological changes
in plant leaves to adapt to adverse growing conditions, even though damages to organelles and
photosynthetic apparatus result under climate extremes. Management strategies have been
proposed to protect plants from heat waves, like the use of reflective particle films based on kaolin
or calcium carbonate. The study was carried out on open field, with trees exposed to full sun light,
sprayed with kaolin or calcium carbonate and control plants, as well exposed to reduced irradiance,
under aluminum cloth 50% or anti-UV transparent plastic. Treatments were imposed to trees 15
days before a period of greatest irradiance and high air temperature, with plant evaluations carried
out for up to 30 days. Leaves were observed under light and electron microscopy, and concentration
and distribution of mineral elements were determined by chemical analyses of total nutrients, EDX
and XRF. Thin and scattered kaolin particles were found on leaf surface conmpared to thicker
particles detected on leaves sprayed with calcium carbonate. Higher mineral element
concentrations were detected on leaves of control plants and aluminum cloth compared to those of
reflective particle treatments. Palisade and spongy parenchyma organization of kaolin and calcium
carbonate use were like aluminum cloth and anti-UV treatments, due to the reduction of PAR and
UV by the reflective material, but leaf thickness was higher than aluminum cloth. Plastoglobules
were detected in all treatments, with thylakoid membrane as well mitochondria degraded in control
plants. The results demonstrated leaf surface protection of citrus trees was attained with the use of
covering particle films, which prevent tissue disorganization imposed by the excess irradiance.

Key words: abiotic stress, heat waves, irradiation, plastoglobules, parenchyma

Introduction

Fruit yield in citrus orchards has dropped off because of extreme climate events during
recent years. For instance, impacts in the Brazilian citrus belt were estimated by losses of more
than 30 million boxes (40.8 kg) of oranges (11%) compared with the 10-year data local harvest
records (Fundecitrus, 2021a). Such crop yield impairment was directly related to increases of
unfavorable environmental conditions during critical periods of flowering and fruit set of tree
orchards.

Most agriculture regions in Brazil presented trends on solar irradiation increase from 2005
to 2015 (de Jong et al., 2019), which average annual value of 5000 Wh m day in the Southeast

region, has summed up to 10-20 Wh m per year (Pereira et al., 2017). Similarly, average air
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temperature increased up to 4.5 °C in the same region, where water deficit was 244 mm in the last
harvest season. Interestingly, despite high air temperature and water deficit occuring combined in
that period, fruit losses were still observed in irrigated orchards (Fundecitrus, 2021b).

Increases in air temperature result from high irradiance and low availability of water in the
soil, favoring sensible heat, responsible for increasing the temperature of air and surfaces (Pereira
etal., 2002). The close correlation between air temperature and leaf temperature, demonstrates that
leaves of citrus trees exhibit up to 5 °C above air temperature during the hottest periods of the day
(Syvertsen et al., 2003; Otero et al., 2011; Neves et al., 2019). Moreover, net carbon assimilation
in citrus trees is maximum when leaf temperature is about 30 °C, significantly decreasing above
this threshold (Syvertsen & Smith, 1984). Non-stomatal plant responses to excess temperature are
likely related to modifications in leaf anatomy, causing increases in thickness of the palisade and
spongy parenchyma, in addition to the epidermis (Le Gall et al., 2015; Salem-Fnayou et al., 2011).

Notwithstanding, light intensity can impair the organization of thylakoid membranes and
organelle, like mitochondria structure and plastoglobules accumulation, which are important for
the often-studied photosynthetic processes (Gao et al., 2008; Zechmann, 2019). Under abiotic stress
conditions, repairment of thylakoids membrane is mediated by plastoglobules, which act on
metabolites synthesis and developmental stages of photosynthetic structures, an important
characteristic of plant environmental adaptations (Rottet et al., 2015).

Selected studies addressed the effects of light intensity and temperature on citrus trees
pointing out the importance of leaf temperature, CO> assimilation, transpiration and photosystem
Il efficiency, which also proposed management strategies to reduce the effects of adverse
environmental conditions that limit fruit yield (Abd EI-Naby et al., 2020; Glenn, 2009; Gullo et al.,
2020). Then, use of coating particle films on leaf surface was proposed to protect plant cells from
high sunlight and excess temperature damages.

The coating particle films are represented mostly by kaolin [Al>Si2Os(OH)4] and calcium
carbonate (CaCO:s), usually white clay type minerals, which sprayed to plant canopy act as a
reflective film (Brito et al., 2019; Glenn, 2009). Despite reported promising results with their use,
the efficiency of a management practice, based on the described protection principle, will be
dependent on surface coverage created with suspension sprays applied to leaves. Furthermore, little
was explored about the benefits achieved by treated trees revealed by the maintenance of cell
structure and integrity tissue anatomy in citrus.
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Therefore, this study evaluated the particle reflectance and distribution of kaolin or calcium
carbonate sprayed to leaf surface and correspondent changes on cellular structure and organelles

in trees under varying sunlight exposure.

Material and methods

Plant material and growing conditions

The experiment was carried out at the Centro de Citricultura Sylvio Moreira (22°27'40"S,
47°24'4"0; 639 m hight), with young sweet orange [Citrus sinensis (L.) Osb., cv. Valéncia] trees,
grafted onto citrumelo Swingle [C. paradisi Macf. x Poncirus trifoliata (L.) Raf.]. Six trees per
treatment were grown in 12 L pots containing organic substrate, receiving fertilizers to supply
essential mineral elements as well water, via controlled drip irrigation to avoid drought stress along
the experiment conduction. Trees were also pruned to induce uniform shoot growth.

Treatments were defined by trees under full sun light sprayed with water (control) (1) or
kaolin [wettable powder, 1 um (30 g L] (2), or calcium carbonate[wettable powder, <1 um (30
g L] (3), as well trees under reducedirradiance under aluminum shade cloth (Aluminet® 50% )
(4) or low-density polyethylene type (LDPE) transparent plastic (anti-UV additive, >80%
transmissivity), 150 um thick (5).

Trees were placed according to descripted on Chapter 1 (Material and Methods) following

the same pattern of nutrient supply and monitoring of weather conditions.

Evaluation of covering particles reflectivity

Leaf reflection promoted by particle film distribution spray to trees was measured by a
spectrophotometer (CR300; Minolta Cor., Ramsey, New Jersey, USA). Measures of “whiteness”
(L values ranging from 0 to 100, where black = 0 and white = 100) of the adaxial surface of the
leaf were recorded before treatment impositions, when leaf was clean, and after treatments, when

the individual leaf was coated with kaolin or calcium carbonate.

Mineral element distributions and leaf anatomy
Samples of leaves collected following the end of the experimental period (56 days after

treatment imposition) were collected for chemical analysis of total macro and micronutrients in the
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plant tissue. The leaves were washed, according to the standard method, with detergent diluted at
5% and distilled water (Alva & Tucker, 1997), dried in a forced air circulation at 65°C until
constant mass. After drying and preparing the ground material in a Willey mill, the concentrations
of the elements were determined by chemical analysis according to Bataglia et al. (1983).

The distribution of the kaolin or calcium carbonate coating particle films on leaf surface
was evaluated under microscopy at the beginning of the study. Shortly after ending the
experimental period, the anatomical arrangement of the leaf blade was conducted under
microscopy analyses, as well concentration and distribution of mineral elements were evaluated by
chemical analysis of total nutrients, EDX and XRF.

. Electron microscopy: for scanning electron microscopy, the samples were
collected and immediately fixed in Karnovsky's solution (Karnovsky, 1965), and then dehydrated
in an increasing acetone series (10, 30, 50, 70, 90 and 100%), dried at CO2 critical point method
(Horridge, Tamm, 1969), mounted on aluminum supports on double-sided carbon tapes and
covered with a layer of carbon at 30 to 40 nm. Scanning microscopy was used to perform chemical
maps of spatial distribution of coating particles applied to citrus leaves. For this purpose, citrus
leaves tissues were haverted, carbon-coated and analyzed in a scanning electron microscope model
JEOL IT 300 that contains an EDS X-ray detector working at 20 kV

. Light microscopy: Citrus leaves with the different treatments were fixed in
Karnovsky's solution (Karnovsky, 1965). Then they underwent dehydration in an increasing ethyl
series and then infiltrated in the Technovit resin as described by the manufacturer (www.ems.com).
Blocks sectioned at 2-7 pm thickness utilizing a Leica microtome to mount glass slides and later
stained with toluidine blue (Sakai, 1973) for the usual histological analyses; Histochemical tests
were also conducted (Marques & Soares, 2021). Analyzes were conducted with the ZEISS Axion
Microscope. Analysis of cuticle autofluorescence under UV light were performed as well apparent
phenol concentration from the addition of ferric chloride.

. Transmission microscopy: Two leaf samples from each treatment were collected
and fixed immediately in 3% glutaraldehyde and 0.2 mol L cacodylate buffer, pH 7.25. Air was
removed from the samples in a vacuum basket for 5 min, post-fixed in 1% osmium tetroxide for 2
h, dehydrated through a graduated series of acetone (30, 50, 70, 90 and 100%) and Embedded in
Spurr Resin. The blocks were sliced with a Leica UC6 ultramicrotome. Sections were treated using
5% uranyl acetate and 2% plumb citrate for 30 min each for contrast (Reynolds, 1963) and analyzed
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using a Tecnai Spiri (FEI Company, Hillsboro, OR, USA) transmission electron microscope at an
accelerating voltage of 60 kV.
Statistical analysis

The experiment was carried out with 5 treatments and 6 replications per treatment. Analysis
of variance (ANOVA) were performed for each variable evaluated, and in case of significance, the

Tukey test was used. Hypothesis tests will be calculated at 5% significance.

Results
Reflectivity analysis

Leaf reflectivity was about 22% higher in plants sprayed with kaolin or calcium carbonate
compared to the non-sprayed control leaf (Figure 1).
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Figure 1: Reflectivity (L) estimated on leaves of sweet orange [Citrus sinensis (L.) Osb., cv. Valéncia] trees non-
sprayed (control) or sprayed with kaolin, or calcium carbonate coating particle films. Tukey test at 5% significance.

Mineral element concentrations

Leaf concentrations of K, Mg, B and Fe varied with treatments, with lower values observed
for the coating particle film treatments (Table 1). Control trees under the full sunlight exhibited K
level 22,5% higher than kaolin and calcium carbonate treatments. Similarly, Mg level in the
aluminum cloth treatment trees was 16% higher than reflective particle films treatments. Moreover,

highest values for B and Fe were founded with control and aluminum cloth treatments (Table 1).

Table 1: Leaf mineral nutrient concentration of young sweet orange [Citrus sinensis (L.) Osb., cv.
Valencia] trees exposed to full sun light and sprayed or not (control) with kaolin or calcium, as
well exposed to reduced irradiance under aluminum shade cloth or anti-UV transparent plastic.
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(Y Control = full sun light, Kaolin = full sun light sprayed with kaolin [wettable powder, 1 um (30 g L], Carbonate

= full sun light sprayed with calcium carbonate [wettable powder, <1 um (30 g L1)], Cloth = reduced irradiance under

Treatment () N P K Ca Mg B S Fe Mn Cu Zn
g kg™ mg kg™
Control 35.2 15 202a 281 3l1lab 93a 2.3 86 a 79 80 22
Kaolin 36.2 14 157b 258 27b 79ab 2.0 62 b 69 69 20
Carbonate 37.1 1.4 16.1b 261 28b 83ab 2.4 69 b 76 76 17
A.C. 35.2 15 18.1ab 281 33a 90a 24 90a 69 67 17
Anti-UV 33.9 15 189ab 232 31ab 75b 2.4 77 ab 74 74 18
F Test NS NS el NS el el NS el NS NS NS

aluminum shade cloth 50%, and Anti-UV = low-density polyethylene type (LDPE) transparent plastic (anti-UV
additive, >80% transmissivity), 150 um thick. Legend: NS, non-significant, and **, significant at 5% level. Means

followed by the same letter within a column are not significantly different (Tukey, 5%).

Distribution of coating particles

The EDX image characterized the leaf surface of the control treatment without deposition
of coating particles (control treatment) (Figure 2 A). On the other hand, coating particles were
clearly observed with kaolin or calcium carbonate leaf sprays, which the former presented thinner
and more scattered particles on the leaf surface, compared to the calcium carbonate treatment, with

thicker and more agglutinated particles (Figure 2 B, C).
__Control — _ Kaolin » Carbonate

Figura 2: EDX image and distribution map of predominant calcium (pink), aluminum (purple) and silicon (red)
mineral elements on leaves of sweet orange [Citrus sinensis (L.) Osb., cv. Valéncia], for the respective treatments:
control, kaolin and calcium. Scale: 500 pm

48



Additionally, we did not observe the occurrence of mineral elements in large quantities on
leaf surface of the control treatment (Figure 2 D). The EDX-SEM revealed that silicon (Si) and
aluminum (Al) were prevalent elements on leaves, in accordance with the chemical composition
of the kaolin coating particles (Figure 2 E). Likewise, the contour of the calcium carbonate-based
particles highlighted the presence of calcium (Ca), in addition to low intensity of silicon (Si)
(Figure 2 F).

Light microscopy

Leaves exposed to full sun (control, kaolin and calcium carbonate) exhibited clear
differences between the anatomical structures (Figure 3). Observing entire cells of control sunlight
treatment, an irregular formation of the cuticle appeared (Figure 3 A). Leaf cuticle was 154%
thicker for the control trees, exposed to full sunlight with no protection to excess irradiance,
compared to those sprayed with kaolin or calcium carbonate (Figure 3 F, G, H). Lower cuticle
thickness was also observed for trees under the aluminum cloth or the anti-UV treatment.

Changes have been observed in the mesophyll of fully exposed leaves (control), which at
first, exhibited an irregular leaf surface. The palisade parenchyma cells presented hyperplasic
response with several cells with anticlinal divisions (Figura 3 K). Calcium carbonate and kaolin
palisade meristem were like aluminum cloth and anti-UV, where there was no hyperplasia of
palisade parenchyma cells as in the control treatment under full sunlight (Figure 3 L, M, N, O).

Oil cavities with the control treatment under full sunlight were irregular shaped, with the
epithelia cells of cavities more wrinkled, as cell walls compared to other treatments with some
excess irradiance protection (Figure 3 P, Q, R, S, T). Exception was noticed with the carbonate
treatment, which leaves exhibited epithelial cells of oil cavities similar to those with the control
full sunlight (Figure 3R).

Finally, the intensity of brown color on cell (Figure 3 U, V, X, W, Y) appeared darker in
the control treatment microscopy images indicating greater accumulation of phenol in cells

compared to the kaolin or calcium carbonate, as well to the aluminum cloth or anti-UV treatments.
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Control ) Kaolin Carbonate Anti-Uv

Figure 3: Light microscopy highlighting the leaf structure of whole cell, cuticle (CT), palisade meristem (Pm), oil
cavidity (OC) and phenol in leaves of sweet orange [Citrus sinensis (L.) Osb., cv. Valéncia], for the respective
treatments: control, kaolin, calcium carbonate (Carbonate), aluminum cloth (A.C.) and anti-UV.
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Plastoglobules were detected in leaf cells of all studied treatments, which number and
distribution varied. More plastoglobules were detected on calcium carbonate than kaolin (Figure 4
B, C). Aluminum cloth and anti-UV treatment exhibited less agglomerated plastoglobules than
calcium carbonate (Figure 4 D, E).

Changes in the organization of thylakoid membranes of chloroplasts were also observed
under microscopy, especially for trees of the control treatment under full sunlight, in which
thylakoid membranes were ruptured and non-linear organized (Figure 4 F). Trees sprayed with
kaolin or carbonate, which were also laid out in full sun, preserved the thylakoid structure
organization, like that observed for aluminum cloth and anti-UV (Figure 4 G, H, I, J).

Mitochondria with the control treatment appeared irregularly shaped, different from the
standard oval pattern of the organelle, moreover smaller than those observed with other treatments
(Figure 4 K, L, M, N, O). Furthermore, more crests in mitochondria were observed in plants
exposed to full sunlight that received the kaolin or calcium carbonate sprays, as well plants under
the aluminum cloth or anti-UV, all those mostly oval-shaped and well formed.

Starch grains were detected in greater amount in aluminum cloth or anti-UV plants, with
medium size compared to other treatments (Figure 4 S, T). Kaolin trees exhibited large starch size
in leaves (Figure 4Q), differently compared to calcium carbonate and control full sunlight plants
that accumulated the least starch grains (Figure 4 P, R).
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Figure 5: Transmission microscopy showing the leaf structure of plastoglobules (P9), thylak0|d (Th) mitochondria
(Mt) and starch (St) in leaves of sweet orange [Citrus sinensis (L.) Osb., cv. Valéncia], for the respective treatments:
control, kaolin, calcium carbonate (Carbonate), aluminum cloth (A.C.) and anti-UV.

Discussion

Leaves of trees sprayed with kaolin or carbonate exhibited about 22% more reflectivity than
non-sprayed ones (Figure 1). Kaolin and calcium carbonate are reported as materials that reflect
wide light wavelengths, like UV-A (320 to 400 nm) and PAR (400 to 700 nm), what contributes to
reduce temperature at plant dossel (Glenn et al., 2002; Alvarez et al., 2015). In our study, we
estimated that about 30% of the incident light on leaf surface was reflected to the atmosphere.
Obviously, differences between reflective capacity of such coating particles are associated with
aspects such as concentration of sprayed suspensions, particle size and particle dispersion. Kaolin
particles observed with EDX were arranged in a dispersed manner, without the formation of a

concentrated droplets, as observed with the calcium carbonate treatment. This demonstrated that
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the thinner particles are spread out, the greater the reflectivity of the leaf with the sprayed coating
material.

Our data also showed that leaves sprayed with calcium carbonate did not exhibited an
increase in Ca leaf concentration, contrasting with Abd El-Naby et al. (2020), who demonstrated
that sweet orange trees treated with similar compound exhibited 19% higher Ca concentration,
whereas trees treated with kaolin treatment exhibited 10% higher Ca concentration compared to
non-sprayed leaves.

In our study, N and P did not differ too in response to treatment imposition, whereas K and
Mg concentrations were 21.2% and 11.2%, respectively, lower in treated trees compared to the
non-sprayed control. Light quality and intensity can increase K uptake and accumulation in plants
(Ahammed et al., 2022). This results in response to the light signal that controls stomatal aperture
depending on light quality such blue/UV-A light that are perceived by specific photoprotectors,
inducing stomatal opening and water losses (Chen et al., 2012; Devireddy et al., 2020). Moreover,
in our study, K correlated with Mg and B in leaves, indicating a maximum of B absorption as K
concentration increased to 20.2 g kg (R2 = 0.94), which the correlation was also detected for Mg
absorption (R2? = 0.90). On the other hand, the full sunlight control and aluminum cloth treatments
caused leaf to reduce thickness about 23% compared to trees under reflective particles or anti-UV
treatments, which indicates a direct proportionality in the concentration of mineral elements and
leaf thickness (data not shown), causing a dilution of mineral elements, especially those associated
with transport driven by transpiration and improved resistance by high temperatures enhancing
aquaporin expression and likely B uptake, for example (Lopez-Zaplana et al., 2020).

Anatomical adaptations in leaf tissue occurs under stress conditions, like excess heat and
high irradiance (Wahid et al., 2007; Zhang et al., 2022). The reduction of leaf thickness in citrus
was reported by Syvertsen & Smith (1984), and olive (Gregoriou et al., 2007). A thin leaf alters
the CO> conductance from the substomatal cavities to the sites of carboxylation in chloroplasts,
reducing some physiological parameters like photosynthesis (Syvertsen et al., 1995). Control plants
under full sunlight exhibited such alteration to deal with high temperature and high irradiance, and
the combination of a stressful condition influenced the cell number and death of palisade layer
(Wentworth et al., 2006).

Control plants also exhibited more hyperplasia of the palisade parenchyma cells and
reduced air space between cells in the spongy parenchyma, but the thickness was alike observed
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aluminum cloth plants, indicating the strong influence of temperature on anatomical organization
of citrus leaves, verified by reduced cell thickness (Wahid et al., 2007) (Figure 4). Kaolin,
carbonate and anti-UV plants had thick cells, with less palisade parenchyma layers, which were
well organized, as well more visible air space within the spongy parenchyma, likely increasing
photosynthesis and RuBisCO capacity in leaves, in addition to facilitating dissolution and
decreasing resistance to CO- diffusion in the plant cell (Evans et al., 2009; Terashima et al., 2011).

Linear cuticle, palisade and spongy parenchyma organization were similar to reflective
particles treatments, aluminum cloth and anti-UV. Although calcium carbonate preserved the
cuticle and parenchyma’s organization, formation of oil cavity was equal to control plants, being
wrinkled. Differences in the structure and composition of oil cavities in plants subjected to abiotic
stress is poorly explored in the literature, but we may argue that the degradation of excretory
cavities is linked to vacuolar cell death (Zheng et al., 2014).

As a defense tool, plants show several mechanisms to overcome excess of reactive oxygen
species (ROS). These compounds are produced by abiotic stress, such those experienced by trees
in our study and which accelerate cell senescence (Memon et al., 2015; Pospisil, 2016). Phenolic
compounds, observed by the brown color visible in the leaf cuts in the control treatment (Figure
4), play an important antioxidant role neutralizing redox-active ions that are able to catalyze lipid
peroxidation (Naikoo et al., 2019; Schroeter et al., 2002). Thus, control plants under full sunlight
were more susceptible to the stressing environment, and phenol detected by microscopy was likely
not enough to minimize cell morphology changes (Figure 5).

Plastoglobules were detected in all treatments, especially the full sunlight control and
calcium carbonate, which were more numerous and/or bigger in size. These structures are
important for synthesis, repair and elimination of essential metabolites during plastid development,
and are also related to plant stress adaptation playing a strong relationship with thylakoids, which
may be connected to them or in the stroma (Rottet et al., 2015; van Wijk & Kessler, 2017).

Degradation of thylakoids was observed in the control plants (Figure 5), as well as
plastoglobules that also appeared in greater quantity in the carbonate treatment, highlighting the
reflective capacity of kaolin based on the similarity observed in the thylakoid membrane in
aluminum cloth plants. The same with carbonate was more similar to the anti-UV treatment. A
correlation was found between the size of plastoglobules in cross-sections of chloroplasts, due to

the linkage of this structure with thylakoids (Zechmann, 2019), proving to be an important structure
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for the control of leaf senescence under conditions of high irradiation, chlorophyll degradation and
deposition of carotenoids, fatty acids and prenylquinones in plastoglobules (Tevini & Steinmdller,
1985).

Despite of difference of plastoglobules distribution and quantity between kaolin and
carbonate, the mitochondria structure was shown oval and different sizes were observed. Grigorova
et al. (2012) concluded that increase of mitochondria number contribute to the survival of plants
subjected to abiotic stress due to the high demand for ATP and that the increase in mitochondria
size may be a compensatory mechanism involved in ATP synthesis. It is also possible to observe
the variety of starch grain sizes, what is linked to the effect of temperature (Figure 5). In blueberry
plants, the number of starch grains and size enhanced under high temperature (Hao et al., 2019).
The leaf temperature control provided by kaolin resulted in few starch grains but with large size

grains, unlike control and calcium carbonate that exhibited many and small ones.

Conclusion

Reflective coatings, kaolin or calcium carbonate, were characterized by particles
distribution on leaf when sprayed at the same concentration, which differences associated to small
and more scattered particles improved plant protection under excess irradiance. The capacity of
such coatings to hinder deleterious effects on trees under the stress condition was also verified by
detection of well-preserved and organized parenchyma, mitochondria, thylakoids, and
plastoglobules in sprayed trees. Such were possible to describe because of anatomical and
ultraestructural changes caused by excess sunlight in control trees. These observations were also
supported by tree responses as well observed in aluminum cloth and anti-UV trees, which condition
reduced plant stress. Control full sunlight trees also exhibited visible phenol accumulation in cells,
indicating the stress condition trees were subjected. Despite increased K, Mg, B and Fe
concentrations in leaves of control trees compared to those sprayed with reflective particles, we
did not correlate these with avoidance of cell degradation. Furthermore, experiments detailing the
structural changes, like in oil cavity, need to be carried out in order to clarify the stress effects in

plants on field.
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