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ABSTRACT

Santos, Anne Reis; M.Sc.; Universidade Estadual do Norte Fluminense Darcy
Ribeiro; March, 2024; UV Reduction Unveils Sunburn Vulnerability in Juvenile Plants
of C. canephora Under Supra-optimal Solar Radiation; Advisor: Prof. D.Sc. Eliemar
Campostrini.

This study aimed to answer if the reduction of UV intensity implicates sunburn
physiological symptoms in Coffea canephora plants at increasing solar radiation and
air temperature. Plants were grown in two environments with different UV radiation
incidences (1) near ambient UV environment (UVam), consisting of a corrugated
glass compartment that maintains UV intensities similar to the external environment,
excluding only 16% UV-A and 0% UV-B; (2) reduced UV environment (UVre),
consisting of a transparent polycarbonate compartment, which excludes 70% UV-A
and 90% UV-B, maintaining reduced UV intensities compared to the external
environment. Solar radiation and temperature values had a decline period in which
tagged leaves for physiological analyses were grown and had their elongation and
SPAD index registered every four days. The decreased period of solar radiation and
air temperature was followed by an increasing period of both parameters, reaching a
peak that caused sunburn only on UVre plants. The sunburn percentage area was
calculated. Physiological traits were taken on the tagged leaves to evaluate spectral
reflectance, chlorophyll a fluorescence, single-leaf gas exchanges, specific leaf mass
(SLM), and total leaf area. UVam leaves had lower elongation but attained a higher
SPAD index. Photochemical Reflectance Index (PRI) and Plant Senescence
Reflectance Index (PSRI) suggested an acclimation of UVam plants to high PAR,
allowing plants to not suffer sunburn damage, which occurred to UVre. This
acclimation was also indicated by fluorescence data, which demonstrated higher
photosynthesis efficiency. Fluorescence parameters reflected on greater net CO:
assimilation rate, stomatal conductance and transpiration on UVam, which confirms
its acclimation to high PAR. Our results infer that a great reduction of UV radiation
could display a sensitive status of photochemical capacity. This sensitivity allowed
sunburn occurrence on UVre leaves on plants that grew up on a gradual low PAR
and air temperature (decrease period of these parameters). UVam leaves had lower
leaf area and higher SLM, this must be caused by UV incidence priming effect that

Vil



led leaves to invest leaf growth on thickness, in detriment to expansion, to protect the
mesophyll from UV radiation. This increase in SLM can be associated with anatomic,
physiological, and molecular protection roles of acclimation to high PAR incidence,

which protected UVam leaves from sunburn occurrence.

Key-words: ultraviolet radiation, abiotic stress, priming, coffee, leaf damage.
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RESUMO

Santos, Anne Reis; M.Sc.; Universidade Estadual do Norte Fluminense Darcy
Ribeiro; Margo, 2024; UV Reduction Unveils Sunburn Vulnerability in Juvenile Plants
of C. canephora Under Supra-optimal Solar Radiation; Orientador: Prof. D.Sc.
Eliemar Campostrini.

Este estudo teve como objetivo responder se a redugao da intensidade da radiagéo
UV implica em sintomas fisiolégicos de queimadura solar em plantas de Coffea
canephora sob o aumento da radiagao solar e da temperatura do ar. As plantas
foram cultivadas em dois ambientes com diferentes incidéncias de radiacédo UV: (1)
ambiente com UV préximo ao ambiente natural (UVam), consistindo em um
compartimento de vidro corrugado que mantém intensidades de UV semelhantes ao
ambiente externo, excluindo apenas 16% de UV-A e 0% de UV-B; (2) ambiente com
UV reduzido (UVre), consistindo em um compartimento de policarbonato
transparente, que exclui 70% de UV-A e 90% de UV-B, mantendo intensidades de
UV reduzidas em comparagao ao ambiente externo. Os valores de radiagao solar e
temperatura passaram por um periodo de declinio, durante o qual as folhas
marcadas para analises fisioldgicas cresceram e tiveram seu alongamento e indice
SPAD registrados a cada quatro dias. O periodo de declinio da radiagcéo solar e da
temperatura do ar foi seguido por um periodo de aumento desses parametros,
atingindo um pico que causou queimadura solar apenas nas plantas UVre. A
porcentagem de area queimada foi calculada. Caracteristicas fisiologicas foram
avaliadas nas folhas marcadas, incluindo reflectancia espectral, fluorescéncia da
clorofila a, trocas gasosas foliares, massa foliar especifica (SLM) e area foliar total.
As folhas UVam apresentaram menor alongamento, mas atingiram um indice SPAD
mais elevado. O Indice de Reflectancia Fotossintética (PRI) e o Indice de
Reflectancia de Senescéncia Vegetal (PSRI) sugeriram uma aclimatacao das plantas
UVam a alta radiacao fotossinteticamente ativa (PAR), permitindo que as plantas néo
sofressem danos por queimadura solar, o que ocorreu com UVre. Essa aclimatacao
também foi indicada pelos dados de fluorescéncia, que demonstraram maior
eficiéncia fotossintética. Os parametros de fluorescéncia refletiram em maiores taxas
de assimilagao liquida de CO2, condutancia estomatica e transpiragdo nas plantas
UVam, o que confirma sua aclimatagao a alta PAR. Nossos resultados sugerem que
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uma grande redugdo da radiagdo UV pode resultar em um estado sensivel da
capacidade fotoquimica. Essa sensibilidade permitiu a ocorréncia de queimadura
solar nas folhas UVre de plantas que cresceram sob PAR e temperatura do ar
gradualmente baixas (periodo de declinio desses parametros). As folhas UVam
apresentaram menor area foliar e maior SLM, o que pode ser causado pelo efeito de
“‘priming” da incidéncia de UV, que levou as folhas a investirem no crescimento em
espessura, em detrimento da expanséo, para proteger o mesofilo da radiagdo UV.
Esse aumento no SLM pode estar associado a papéis de protecdo anatdmicos,
fisiolégicos e moleculares da aclimatacéo a alta incidéncia de PAR, o que protegeu

as folhas UVam da ocorréncia de queimadura solar.

Palavras-chave: radiagao ultravioleta, estresse abidtico, priming, café, dano foliar.



INTRODUCTION

The ozone layer plays a crucial role in moderating the intensity of solar
radiation incidence on the Earth's surface, thereby safeguarding ecosystems and
supporting the dynamics of living organisms (Bais et al., 2019; Barnes et al., 2023).
As the ozone layer regulates the intensity of solar radiation, its depletion leads to
exacerbated light stress, leading to detrimental impacts on ecosystems and
agricultural production (Barnes et al., 2023; lyer et al., 2022). The increase in light
incidence on plants' surface, triggers high light stress responses (Roeber et al.,
2021). This depletion of the ozone layer is attributed to interactions involving ozone
and chlorofluorocarbons (CFCs). Thus, the alarming increase in greenhouse gas
emissions and carbon compounds in the atmosphere results in elevated solar

radiation incidence on Earth's surface (di Filippo et al., 2022; Rowland, 1989).

Plants are subject to constant environmental changes; thus, their survival
and development require adaptation throughout their life cycle (Lean & Rind, 2009).
Among the environmental factors to which plants are exposed, solar radiation is
primordial, playing a crucial role in fundamental processes such as the modulation of
photomorphogenesis and the production of photoassimilates for plant growth and
development (Fankhauser & Chory, 1997; Smith, 1936).

Ultraviolet Radiation (UV), which comprises approximately 8-9% of the total
solar radiation, has the most potential risks to biological systems (Bornman, 1989;
Frederick, 1993; Frederick et al., 1989; Hurwitz et al., 2015). In the electromagnetic
spectrum of solar radiation, the shortest wavelengths (200 to 400 nm) are attributed
to ultraviolet radiation (UV). This spectrum is subdivided into three regions, known as
UV-A (315-400 nm), UV-B (280-315 nm), and UV-C (200-280 nm). UV-Aregion is the
least energetic (Katariaet al., 2014), and its role is mainly in plant morphology and
biomass accumulation (Krizek et al., 1997; Robson et al., 2015). UV-B region has a
shorter wavelength than UV-A, which means it's more energetic, causing changes to
biological systems at the molecular level at lower doses than UV-A (Boccalandro et
al., 2001). These changes triggered by UV-B radiation include an increased thickness
of leaf epidermis (Kakani et al., 2003a; Ruhland et al., 2005). At higher intensity, UV-
B displays very harmful effects on plants, like photooxidative stress, chlorosis, and
necrotic spots, leading to sunburn symptoms (Benda, 1955; Correia et al., 1999;
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Frohnmeyer & Staiger, 2003; Kakani et al., 2003a). The third region is the UV-C,
which does not reach the Earth's surface as it is completely absorbed through
interaction with atmospheric gases in the ozone layer (Ballaré et al., 2011; Kataria, et
al., 2014; Lidon & Ramalho, 2011).

The effects displayed by UV radiation, when plants are exposed to
exacerbated intensities or prolonged time, can cause severe damage, but at low
intensity, UV radiation is crucial to trigger a priming effect, which means that it can
induce a pre-conditioning response in plants, enhancing their tolerance to

subsequent stressors (Thomas & Puthur, 2017).

A fundamental aspect of plant survival, growth, and development is based on
their ability to acclimate to changing environmental conditions (Gjindali & Johnson,
2023). Environmental factors such as light and temperature, can fluctuate
unpredictably, subjecting plants to various abiotic stresses (Szymanska et al., 2017).
Adequate acclimation enables plants to develop adaptive mechanisms, including the
accumulation of flavonoids and phenolic compounds, which have an antioxidant role,
to cope with stresses, ensuring the plant’s continued growth and development
(Reichel et al., 2022; Szymanska et al., 2017). However, failure to acclimate properly
can cause plants to be vulnerable to adverse environmental conditions in the future.
In this context, without developing robust protective mechanisms, plants may exhibit
sensitivity to environmental stressors, leading to detrimental effects on their

physiological processes (Walters, 2004).

Thus, the consequence of inadequate acclimation is the phenomenon of
sunburn, in which overexposure to unfavorable environmental conditions results in
severe damage to the photosynthetic apparatus and, consequently, the complete loss
of photosynthetic tissue, displaying visible damage (Caldwell et al., 1983; Daniell et
al., 1969; Krause et al., 2015; Robberecht & Caldwell, 1983). Therefore,
understanding the mechanisms underlying plant acclimation and its implications for
plant resilience is crucial for coping with changing environmental challenging
conditions and ensuring sustainable crop production in the face of climate change
and higher solar radiation incidence (Anderson et al., 1995; Athanasiou et al., 2009;

Hasanuzzaman et al., 2013; Herrmann et al., 2019).

Coffee plants evolved in shaded habitats and are widely cultivated in full sun
(DaMatta et al., 2018). Direct exposure to solar radiation demands adaptive
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mechanisms to these conditions (Glenn et al., 2010; Meyer, 1965). Regarding light
environmental factors, C. canephora exhibits greater sensitivity to ultraviolet radiation
(Bernado et al.,, 2021). This fact may be associated with its evolutionary origin.
Indeed, the species C. canephora is native to the African region, corresponding to the
countries Congo and Uganda, and evolved in equatorial forests, from sea level up to
1200 m, in conditions with an average annual temperature between 24 and 26°C,
and average annual precipitation exceeding 2000 mm (Coste, 1992; DaMatta &
Ramalho, 2006).

Due to the sensitivity of C. canephora to solar radiation, specifically to UV
radiation, an increase in UV can weaken the growth of this species (Bernado et al.,
2021). Therefore, mitigation strategies, which reduce UV incidence are
recommended, like protected cultivation under UV-blocking materials (Katsoulas et
al., 2020). Despite that, UV radiation also has an important role in plant protection
mechanisms to harsh environmental conditions (Shi & Liu, 2021; Thomas & Puthur,
2017; Thomas & Puthur, 2020). Therefore, this study hypothesizes that UV reduction

could affect these protection mechanisms.
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OBJECTIVE

The present study aimed to answer if the reduction of UV intensity can
reduce the protection mechanisms, implicating C. canephora cv. Conilon LB1
physiological sensibilization of leaves and allowing sunburn under increase of supra-

optimal solar irradiance.
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BIBLIOGRAPHIC REVIEW

Solar radiation effects on plants

Solar radiation consists of electromagnetic waves propagating at different
wavelengths. Shorter wavelengths have higher frequency and energy, while longer
wavelengths have lower frequency and lower energy state (Hecht et al., 1942;
Langley, 1889). Solar radiation regulates photosynthesis and photomorphogenesis
processes, and is crucial for plant growth and development (Goh et al., 2012).
However, the optimal intensities and quality of solar radiation vary depending on the
adaptations of each genotype and species. Solar radiation intensities exceeding the
plant's tolerance limit affect plant growth and development (Bassett & Glenn, 2014;
Danila & Lucache, 2016; Goh et al., 2012).

Within the electromagnetic spectrum of solar radiation, ultraviolet (UV)
radiation has higher energy capacity and significant regulatory potential over plant
photomorphogenesis (Kataria et al., 2014). The UV spectra is subdivided in UV-A
(315-400 nm), UV-B (280-315 nm), and UV-C rays (200-280 nm), which do not reach
the Earth's surface, as UV-C are entirely absorbed by interaction with ozone layer
gases (Kataria et al., 2014; Lidon & Ramalho, 2011).

The incidence of UV rays at high intensity and over a prolonged period acts
as a stress factor and can negatively affect the sensitive metabolic complexes of the
photosynthetic machinery, thereby reducing crop productivity (Boccalandro et al.,
2001; Goh et al., 2012; Jenkins, 2009; Sullivan et al., 2003). High UV radiation
results in increased synthesis of reactive oxygen species, which degrade lipids and
proteins, causing damage to Photosystem Il (PSIl). Additionally, UV rays inhibit the
resynthesis of PSIlI proteins, hindering the repair mechanism of PSIl (Takahashi &
Badger, 2011).

UV-A radiation is the least energetic within the ultraviolet range and plays a
crucial role in mediating the damage caused by UV-B (Kataria et al., 2014). UV-A
rays are perceived by phototropins and cryptochromes, which are photoreceptors
also sensitive to the blue range of electromagnetic radiation (Casal, 2013). Increased
UV-A exposure causes limitations in leaf expansion and floral diameter in Arabidopsis
thaliana (Robson et al., 2015). Additionally, UV-A interferes in plant growth by
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reducing biomass production and can alter leaf structure in terms of size and
anatomy (Krizek et al., 1997; Robson et al., 2015). In C3 plants, UV-A radiation
negatively affects photosynthesis indirectly by reducing the activity and content of the
enzyme Rubisco (ribulose 1,5-bisphosphate carboxylase-oxygenase) (Prado et al.,
2012). Additionally, this radiation reduces electron transport rates and the maximum
quantum yield of PSII, ultimately leading to a decrease in carbon assimilation in

photosynthesis (Vass et al., 2002).
Compared to UV-A radiation, UV-B has the shortest wavelength and

therefore has the greatest potential to cause alterations to biological systems (Ballaré
et al.,, 2011). The UV-B spectrum affects cellular processes through molecular
changes, and its action is mediated by the specific UV-B photoreceptor called "UV
Resistance Locus8" (UVRS8) (Jenkins, 2009). High intensities of UV radiation
degrade photosynthetic pigments, and UV-B specifically inhibits the resynthesis of
these pigments (Ranjbarfordoei et al., 2011; Surabhi et al., 2009; Wu et al., 2011).

The effects of increased UV-B radiation on plants include reduced height,
increased branching, chlorosis, and necrotic spots, decreased biomass
accumulation, and increased thickness of leaf epidermis (Bernado et al., 2021;
Kakani et al., 2003a; Meijkamp et al., 2001; Reddy et al., 2013; Ruhland et al., 2005).
UV-B radiation as a stress factor causes oxidative damage to proteins and lipids, as
well as a reduction in membrane permeability, which can result in up to a 68%

reduction in the photochemical activity of PSII (Hollésy, 2002; Swarna et al., 2012).

Studies assess the reduction of these damages through UV radiation
exclusion. Reducing approximately 82% UV-A and 95% UV-B, lead to an increase in
electron transport between photosystems, enhanced maximum efficiency of PSII, and
efficiency in quinone reduction, augmented Rubisco enzyme activity, and higher
chlorophyll content (Kataria et al., 2013). The reduction of these rays also results in
increased biomass, leaf expansion, and height (Guruprasad et al., 2007; Kataria &
Guruprasad, 2012a; 2012b). Despite the patterns noted in the literature, significant
variation in results for different species in response to ultraviolet radiation is still
observed (Krizek, 2004).

Under UV radiation exclusion, photosynthetic organisms are spared from
expending energy to produce protective metabolites (which represent a high
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metabolic cost), which leads to a greater investment of this energy in growth and

increasing productivity (Bernado et al., 2024; Kataria et al., 2013).

The Photosynthetic Active Radiation (PAR) spectrum comprises wavelengths
from 400 nm to 750 nm, which, in a new approach, include the visible spectrum and
part of the far-red spectrum (Zhen & Bugbee, 2020). PAR triggers the photosynthetic
process and has an important role in regulating photomorphogenesis (Arnon, 1971;
Engelsma, 1967; Wit & Pierik, 2016). However, excessive exposure to PAR beyond
the plants' tolerance limit can cause photoinhibition, especially when the excess PAR

occurs in combination with UV radiation (Aro et al., 1993; Rustioni et al., 2014).

The blue region of the spectrum, which comprises wavelengths from 400 to
500 nm, is absorbed by cryptochromes, phototropins, and chlorophylls (Bjorn et al.,
2009; Larkum, 2006; Yang et al., 2017). Cryptochromes modulate transcription
activities that regulate photomorphogenesis and physiological responses triggered by
blue radiation, such as branch elongation, leaf expansion, flowering, and stomatal
regulation (Yang et al., 2017). Chlorophylls, excited by blue radiation, trigger the
photosynthetic process (Briggs & Huala, 1999; Cashmore et al., 1999). However,
excessive blue radiation can weaken mesophyll conductance, limiting photochemical

efficiency (Loreto et al., 2009).

Regarding radiation in the green region (500-600 nm), most of it is reflected
as chlorophylls absorb little radiation in this wavelength range (Nishio, 2000). This
radiation is only used in chloroplasts located in basal regions of the leaf lamina and in
the abaxial epidermis of thick leaves, where other wavelength ranges do not
penetrate. Additionally, photons from the green region reach leaves inside the
canopy, allowing the usefulness of these photons in the photosynthetic process
(Smith et al., 2017). When green radiation is used, responses include increased
carbon assimilation, greater biomass accumulation, adaptation mechanisms to
shade, and increased water use efficiency (Frechilla et al., 2000; Hogewoning et al.,
2012; Murchie & Horton, 1998; Sellaro et al., 2010; Talbott et al., 2002; Vogelmann &
Han, 2000).

Radiation in the red region (600—700 nm), perceived by phytochromes, is
essential in photosynthesis and photomorphogenesis, particularly for growth,
elongation, and germination. Like blue radiation, which is part of the chlorophyll
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absorption spectrum, red radiation is more efficient in energy transfer in

photosynthesis (Holm-Hansen et al., 1965; Mathews, 2006; Siegelman et al., 1958).

Far-red radiation (750-850 nm) only partially comprises the PAR spectrum
(400 to 750 nm) (Zhen & Bugbee, 2020). Far-red is crucial in regulating plant
photomorphogenesis, especially in growth regulation under shading. This light
spectrum is also perceived by phytochromes, which, upon receiving red radiation,
convert to a far-red-sensitive conformation. This interconversion of phytochrome
regulates the balance between these two ranges of the electromagnetic spectrum it
receives, mediating physiological processes such as germination, phototropism,
senescence, stem elongation, and stomatal regulation (Franklin & Quail, 2010;
Takano et al., 2009). When receiving far-red, phytochrome inhibits stem elongation
and promotes chloroplast and anthocyanin formation (Jiao et al., 2007). When the
plant receives a sufficient amount of photons from 400 to 700 nm for saturation,
photons from the far-red region are also used in photosynthesis, representing an
additional use that can contribute to greater energy capture, higher photosynthetic
rate, and consequently, increased carbon gain and biomass increment (Zhen &
Bugbee, 2020).

Acclimation and priming effects

The increased incidence of solar radiation is a problematic issue that affects
crops grown in full sunlight (Caldwell et al., 1995). This increase can cause damages
that negatively impacts mainly commercially important plants on various scales, from
growth and development, causing reductions in height and biomass accumulation, to
molecular damage, which reduces photosynthetic capacity, increases oxidative
damage, and degrades enzymes (Bader et al., 2007; Murchie & Niyogi, 2011). Such
effects can lead to reduced productivity of these agronomically important plants
(Bader et al., 2007; Murchie & Niyogi, 2011).

To mitigate the negative effects of increased solar incidence, techniques such
as protected cultivation in greenhouses are recommended, where blocking materials
used in the structure's coverings reduce the incidence of UVA and UVB radiation
(anti-UV plastic coverings), as well as decrease the intensity of PAR (Alemu et al.,
2017; Sabir & Singh, 2013; Silva et al., 2013; Vaast et al., 2016). These techniques
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are especially important to produce seedlings of agronomically important species

such as coffee plants (Alemu et al., 2017; Silva et al., 2013).

However, it is important to note that these techniques (especially anti-UV
covers) may alter the proportion of incident solar irradiance on plants, increasing
sensitivity to high light intensity and temperature (Wittwer & Castilla, 1995). The
reduction in UV incidence on plants established under UV-filtering covers may lead to
increased sensitivity to high levels of PAR and alter the PAR/UV ratio, which can
affect the production of photoprotective compounds, thus potentially causing damage
to the photosynthetic machinery, reducing CO. assimilation rate, and decreasing

growth and productivity (Klem et al., 2012).

In opposition to techniques that may display vulnerability to plants in adverse
environmental conditions, exposure to low doses of environmental stress factors can
lead plants to develop a robust protective mechanism (Walters, 2004). Regarding the
potential damage of increased solar incidence on plants, acclimation and triggering of
defense mechanisms is an essential tool for plant survival, growth, and productivity in
challenging environments with excess excitation energy on photosystems (Ahanger
et al., 2020; Gjindali & Johnson, 2023; Karpinski et al., 1999).

Priming effect means a pre-conditioning response, induced by exposure to
stress factors to develop a protection mechanism, leading plants to enhance their
tolerance to subsequent stressors or to respond faster to future stressors (Thomas &
Puthur, 2017). However, plants exhibit defense responses not only at priming
processes but also at scenarios with excessive radiation, to mitigate the damage
(Jansen et al., 1998).

Exposure to light leads leaves to synthesize flavonoids and phenolic
compounds as a protection mechanism. Reducing light exposure reduces these
protection compounds, thus, leading to high sensitivity to solar light, mainly UV-B
radiation (Li et al., 1993). Flavonols are phenolic compounds that enhance light
absorption from the UV and blue regions of the spectrum and act as scavengers of
Reactive Oxygen Species (ROS) molecules (Solovchenko & Merzlyak, 2008).
Phenolic compounds absorb UV in the epidermal tissues, reducing the penetration of
radiation into the leaf mesophyll (Chalker-Scott & Fuchigami, 2018; Duval et al.,
1999; Wand, 1995).
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Another leaf mechanism that mitigates the effects of high levels of UV
radiation is leaf thickening, achieved through an increase in specific leaf mass, which
non-photosynthetic tissues can hinder the penetration of this radiation into the lower
layers of the mesophyll, attenuating the effects of excessive light (Bernado et al.,
2022; Niinemets, 2001).

UV-B can activate genes that trigger photomorphogenic signaling pathways,
initiating protective mechanisms against excessive UV exposure (Jenkins, 2009). In
coffee plants and under current intensities of ultraviolet A and B in tropical regions, at
an altitude of 10 m, protection associated with acclimation of photosynthetic rates,
water use efficiency (WUE), and fluorescence variables such as the F./Fm ratio and

photosynthetic index (Pl) have been observed (Bernado et al., 2022).

Therefore, energy consumption occurs in the production pathways of
protective metabolites such as phenols and flavonoids, to the detriment of energy
consumption for plant productivity (Kataria & Guruprasad, 2015). For instance,
exposure to UV irradiance induces the production of phenolic compounds for
protection and causes decreased flowering and pollen production (Del Valle et al.,
2020).

Excessive PAR, defense mechanisms include the reduction of stomatal
conductance and the accumulation of photoprotective compounds, including
carotenoid and anthocyanin pigments. These pigments display dissipating excess
energy. Additionally, exposure to stress doses of PAR activates the antioxidant
system, as oxidative damage caused by high solar radiation is observed (Demmig-
Adams & Adams, 1996; Demmig-Adams & Adams, 2006; Kalaji et al., 2016a).

Sunburn

As a physiological condition, sunburn results from the combined effects of
excessive heat and light radiation, including both visible and ultraviolet light, and is
also associated with air humidity (Munné-Bosch & Vincent, 2019; Zhao et al., 2022;
Zhao et al., 2022). The sunburn effect, characterized by intense chlorosis of leaf
lamina regions, occurs when these activated defense mechanisms are insufficient to

repair the damage, allowing the radiation incident on the leaves to directly affect the
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cells, leading to DNA damage and degradation of photosynthetic pigments and other

cellular compounds (D’Alessandro et al., 2020; Gambetta et al., 2021).

Excessive light stress leads to saturation of the reaction center, possibly
causing an irreversible destruction of Photosystem Il (PSll) as excess excitation
energy accumulates (Murata et al., 2007; Ruban, 2015). This imbalance between
PSII destruction and repair rates results in photoinhibition, ultimately reducing
photosynthetic efficiency (Murata et al., 2007; Nishiyama et al., 2006). Furthermore,
heat stress exacerbates this impairment by hindering PSIl electron transport,
attributable to increased thylakoid membrane fluidity, leading to detachment of the
PSII light-harvesting complex (LHC) and compromising PSII integrity (Balfagon et al.,
2019; Mathur et al., 2014).

Sunburn can occur a consequence from inadequate acclimation, in which
over exposure to unfavorable environmental conditions without pre-conditioning
results in severe damage to the photosynthetic apparatus and, consequently, the
complete loss of photosynthetic tissue (Caldwell et al., 1983; Daniell et al., 1969;
Krause et al., 2015; Robberecht & Caldwell, 1983). Reduction of solar light (shading)
is found to be a sensitivity factor to plants, increasing severity of necrosis, due to

reduced leaf transpiration (Chang & Miller, 2005).

Various types of sunburn can occur at leaves, as yellowing sunburn,
photooxidative sunburn, but sunburn can manifest mainly as necrosis or browning
(also called bronzing), it varies as the intensity of solar radiation and the temperature
of leaf tissue (Gambetta et al., 2021; Racsko et al., 2010).

PAR intensity influences the extent of UV-B radiation damage in plants, with
higher levels of PAR potentially increasing the severity of leaf symptoms like
necrosis (Cen & Bornman, 1990). Light-induced photosynthetic stress may
contribute to necrosis. Photoinhibition of photosynthesis, which can be induced by
high photon flux density or by the interaction between light and other environmental
stress factors (such as heat and air humidity), may damage the photosynthetic

process and contribute to cell death (Powles, 1984).

Coffea canephora general aspects
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The Coffea genus originated in the African continent 150 to 350 thousand
years ago, is part of the Rubiaceae family and Oxoroidea subfamily, and comprises
130 cataloged species (Davis & Rakotonasolo, 2021). C. canephora represents 40%
of the coffee economy (DaMatta et al., 2018; DaMatta & Ramalho, 2006; Davis et al.,
2019). Coffee cultivation is concentrated in regions of South America, Asia, Oceania,
Central America, and Africa. Production takes place in more than 80 countries, with
the Brazil being the main productor country, representing almost all Soth America
production (ICO, 2023).

C. canephora is a diploid species (2n = 2x = 22), native to the understory of
equatorial forests in the African region corresponding to the countries Congo and
Uganda. The growth and development of this species occurred in lowland regions,
ranging from sea level to 1200 m altitude, with average annual temperatures
between 24 and 26°C and average annual precipitation exceeding 2000 mm (Coste,
1992; DaMatta & Ramalho, 2006; Ferreira et al., 2019). Due to its evolutionary origin,
C. canephora is sensitive to environmental changes, being susceptible to damage
associated with the intensity of ultraviolet radiation, infra and supra-optimal
temperatures, and high air vapor pressure deficit (VPD) (Bernado et al., 2021; Kath
et al., 2020; 2022; Ramalho et al., 2014).

The coffee supply chain involves over 500 million people from its
management in the fields to the final product (DaMatta & Ramalho, 2006). Coffee
cultivation worldwide is concentrated in regions across South America, Asia,
Oceania, Central America, and Africa (ICO, 202). Except for Colombia, where shaded
coffee cultivation is common, coffee-producing countries typically plant in full sun
(Atallah et al., 2018). This highlights the importance of research related to light stress
in C. canephora, particularly ultraviolet stress, considering the scenario of increasing

solar radiation and the sensitivity of this specie.
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MATERIAL AND METHODS

Experimental site and plant description

The experiment was conducted at the Universidade Estadual do Norte
Fluminense Darcy Ribeiro, Campos dos Goytacazes, Rio de Janeiro (21°44'47" S
and 41°18'24" W, at an altitude of 10 m), Southeastern Brazil, using a relevant
cropped genotype, from the main commercial coffee species: Coffea canephora cv.
Conilon LB1.

On September 11t 2022, in tropical spring conditions, 120-day-old cuttings,
with an average of five pairs of leaves and a height of 29.66 cm were transplanted.
Cuttings were cultivated in 32 L pots, which were filled with a substrate and sand
mixture (3:1). The transplanting day was considered the first day of the experiment.
All plants were regularly watered (pot capacity). Agricultural practices of coffee plant
cultivation, including fertilization and disease control were used, according to

demands.

Thirty-two plants were grown in two ultraviolet (UV) conditions [Ambient UV
environment (UVam) and reduced UV environment UVre]. The ambient UV
environment (UVam) (1): the plants were grown under corrugated glass that
maintains UV intensities similar to the local external environment, excluding only 16%
UV-A and 0% UV-B. The reduced UV environment (UVre) (2): the plants were grown
under a transparent polycarbonate compartment, which excludes 70% UV-A and
90% UV-B. Photosynthetic active radiation (PAR, pmol m?2 s) intensities were

similar between both treatments (UVam and UVre).

Micrometeorological parameters for each environment were characterized
daily using temperature (°C) and relative humidity (RH, %) sensors (AK172 mini,
Akso Produtos Eletrénicos Ltda, RS, BR), and dataloggers with attached sensors for
monitoring PAR (PAR Photon Flux Sensor, METER Inc., Pullman, WA, USA) and UV
light (UV, uymol m? s') (Spectrum Light Scout UV Light Sensor, Spectrum
Technologies, Glenside, Pennsylvania, USA). Sensors were positioned at the top of
the coffee canopies and data were collected each 15 minutes for 24 hours, daily. The

average, maximum, and minimum values were calculated daily.
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From temperature and RH data, the air vapor pressure deficit (VPDair, kPa)
was calculated according to Jones (1992) using the formula VPDar = 0.61137-exp
((17.502 - T-C)/(240.97 + T-C)) : (1-(RH%/100)).

Physiological traits analysis after sunburn: contextualization

On 50 days after transplanting (50 DAT) (October 30™), light and temperature
values started to decline for 33 days inside of the UVam and UVre [decline period
(DP)].

From 50 DAT to 83 DAT (December 2"Y) maximum PAR values declined from
1874 and 1738 pymol m? s to 882 and 818 umol m? s for UVam and UVre,
respectively. On this period (33 days, DP), PAR declined 53% in both environments,
and increased after 83 DAT (December 2"%) to 1637 and 1518 pmol m? s for UVam
and UVre at 93 DAT (December 12%) (Figures 1A and 1B). After 83 DAT, PAR
increased 46% during 10 days [increasing period (IP)] in both UV conditions.

Maximum temperature values declined on DP from 47 and 45 °C for UVam
and UVre (50 DAT), to 34 and 34 °C for UVam and UVre (83 DAT), respectively.
Thus, temperature declined 25% in both UV conditions. After 83 DAT, temperature
increased 24% (IP), which maximum values were 46 and 45 °C for UVam and UVre,
at 93 DAT (Figures 1C and 1D).
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Figure 1: Diurnal maximum, average and minimum fluctuations of Photosynthetic active
radiation (PAR, umol m?2 s™) (A, B) and temperature (°C) (C, D), calculated daily, registered
from September 11™, 2022, to January 31", 2023, in near ambient UV environment (UVam)
(A, C) and in a reduced UV environment (UVre) (B, D). Black arrows indicate the interval of
monitoring individual leaf elongation on tagged leaves; red arrow indicate the day of sunburn
occurrence. DP, IP and SD indicate decrease period, increasing period and sunburn day,
respectively.

Sunburn analysis

Plants on UVre had sunburn on the leaves exposed to solar incidence, after

the highest solar radiation intensity at 93 DAT [sunburn occurrence day (SD)].

To characterize sunburn areas, plant images on a 90° perspective from the
plant apex (Figure 4A) were submitted to the photographic image processing
software Imaged. Images of plants which had sunburn were used to measure
sunburned area and total leaf area. The percentage of sunburned area was
calculated to demonstrate the proportion of sunburn to the 90° top-down approach

area.



The same was applied to the tagged leaves which had their growth and
development monitored daily (Figure 4B). Images of leaves with sunburned areas

were used to demonstrate the proportion of sunburn on tagged leaves.

At 94 DAT (one day after SD), physiological assessments were conducted
between 8:00 and 10:00 to understand the unexpectedly occurring physiological
damage associated with sunburn. The assessments were performed on tagged
leaves, which were used for calculating sunburned leaf area on ImagedJ. These
leaves had their growth and development monitored by central vein leaf elongation
and SPAD index measurements from 53 DAT to 77 DAT, coinciding with the decrease

in light and temperature values.

Leaf growth traits: Individual leaf elongation and soil plant analysis
development (SPAD index)

The central vein elongation of tagged young leaves (initial length = 4.2 £ 0.5
cm), emitted at the second plagiotropic branch counting from the top of the
orthotropic plant axis of each plant (n=16) was assessed to express the dynamic of
individual leaf elongation (Rakocevic & Matsunaga, 2018). These length
measurements were taken at the interval of 4 days, from 53 DAT until the leaf

attained its final length at 77 DAT, when leaves attained the maximum elongation.

Soil plant analysis development (SPAD index) was assessed at an interval of
4 days, on the tagged leaves used for individual leaf elongation measurements from
53 DAT to the 93 DAT. The SPAD value was estimated with a portable chlorophyll
meter, SPAD-502 "Soil Plant Analyzer Development" (Minolta Co. Ltd., Osaka,
Japan). Assessments were conducted at three different points on the leaf lamina,
avoiding the veins. At 93 DAT (SD), on leaves with sunburned areas, the SPAD index

measurements were taken on green areas.

Spectral reflectance measurements
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Leaf reflectance was determined using the CI-710/720 mini leaf spectrometer
(CID-Bioscience, Camas, Washington, USA). Measurements were taken at tagged
leaves on 94 DAT, between 8:00 and 10:00. Spectral reflectance (p) measurements
were carried out at wavelengths from 400 nm to 1000 nm, on the same tagged
leaves of individual leaf elongation and SPAD analysis. On leaves with sunburned
areas, the reflectance measurements were taken on green areas. Using the software
(SpectraSnap! Version 1.1.3.150) coupled to the equipment system, photochemical
reflectance index (PRI) was calculated, using the equation (Rs31 —Rs70) / (Rs31+Rs570)
(Gamon et al.,, 1992) and Plant Senescence Reflectance Index (PSRI) was
calculated by (R680 - RS500) / R750 (Merzlyak et al.,, 1999a). R means the

reflectance (p).

Non-modulated chlorophyll a fluorescence

Non-modulated fluorescence emission of chlorophyll a was evaluated at the
tagged leaves with a non-modulated fluorimeter, Pocket PEA (Plant Efficiency
Analyzer, Hansatech, King’s Lynn, Norfolk, UK) on 94 DAT, between 8:00 and 10:00.
Before assessments, the sample area of the leaf was dark-adapted for 30 minutes
using leaf clips (Hansatech, King’s Lynn, Norfolk, UK). On leaves with sunburned
areas, measurements were taken on green areas. This dark adaptation allowed the
PSII reaction centers to reach the "open" condition and minimized heat loss (Strasser
et al., 2000).

After this adaptation, the sample was subjected to saturating irradiance (3500
umol m=2 s7') to obtain rapid chlorophyll a fluorescence transients from PSII, used to

detect stress effects on photosynthetic processes (Oukarroum et al., 2009).

Among the parameters, Fo represents the emission of chlorophyll a in the
PSIl antenna structure, at 50 ms intensity (minimum fluorescence level of dark-
adapted leaves); Fm represents the maximum fluorescence obtained for continuous
light intensity (maximum fluorescence level of dark-adapted leaves); F corresponds
to the difference between Fo and Fnm, indicating the maximum photochemical

extinction capacity, occurring within 200-300 ms after dark exposure.

Maximum quantum vyield of PSIl (F./Fm) and photosynthetic performance
index (Pl) were calculated. Pl represents the cascade processes of energy from the
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first absorption event to plastoquinone reduction (Strasser et al., 2004). Its
calculation was carried out as Pl = (1 — (Fo/Fm))/Mo (Fm - Fo)/Fo (1 — Vj)/Vj, where V;
corresponds to the relative variable fluorescence at 2 ms, calculated as V; = (F; —
Fo)/(Fm— Fo); where F; is the fluorescence intensity at step j (at 2 ms). Mo is the initial
slope of the fluorescence kinetics, derived from the equation Mo = 4 (Fzo0 ms —
Fo)/(Fm — Fo).

Modulated chlorophyll a fluorescence

Modulated fluorescence emission was assessed on 94 DAT, between 8:00
and 10:00, on tagged leaves, which were covered with laminated paper to dark-
adaptation throw 30 minutes and analyzed using a chlorophyll fluorescence imaging
system (CFIS) model FluorCam 800MF (Photon System Instruments — Drasoy,
Czech Republic).

The CFIS was pre-configured and calibrated for a predefined quenching
protocol (Figure 2) to evaluate the 'Kautsky effect' of a Pulse Amplitude Modulated
(PAM) system, through a fluorescence induction curve in the light-adapted state and
the relaxation dynamics after dark adaptation of the previously illuminated sample
(Baker, 2008).

The protocol begins with the measurement of Fo, followed by a saturation
pulse to determine Fm. Subsequently, the actinic light was turned on to induce the
photochemical phase of photosynthesis. During the actinic light period, successive
saturation pulses were applied, reaching the maximum pulse of 1647.6 ypmol m=2 s
to determine Fr', until a steady state of photosynthesis is achieved (Yao et al., 2018).
This steady state reveals the dynamics of non-photochemical quenching during light
adaptation. Following this, the actinic light was turned off, and sequential saturation
pulses were applied, reaching the maximum pulse of 2950 umol m=2 s~ to determine
the relaxation of non-photochemical quenching, the reopening of the PSII reaction
centers, and the relaxation of the quantum yield of PSII (Yao et al., 2018). After each
saturation light pulse and dark conditions, a pulse of far-red photons was applied to

determine Fo'.
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Figure 2: Quenching analysis based on modulated fluorescence in leaves of C. canephora
grown in a near ambient UV environment (UVam) and in a reduced UV environment (UVre).
Variables with the subscript 'L,' correspond to the analysis of the sample exposed to actinic
light, and variables with the subscript 'D»' correspond to the analysis of the sample during the
quenching relaxation period in the dark, where 'L' is related to light, 'D' to dark, and 'n' refers
to the sequence of applied saturation pulses in the period. Unsubscripted variables refer to
the sample adapted to the dark. Black arrows represent the moment of applying a saturation
pulse capable of transiently oxidizing all open PSIl reaction centers and saturating the
electron transport chain. Dark red arrows indicate the moment of applying the far-red pulse
(determination of Fy'), responsible for exciting PSI and reoxidizing the plastoquinone pool,
and Qa (quinone A) associated with PSII.

From the basic modulated parameters, calculated after the induction curve
and quenching relaxation, other chlorophyll fluorescence parameters were also

calculated (Table 1), assisted by FluorCam 7 software.
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Table 1: Modulated chlorophyll a fluorescence parameters.

Parameter Description

Fo Minimum  fluorescence in  dark-
adapted state

Fm Maximum fluorescence in dark-

adapted state

QYLss = (FmLss - FO Lss) / FmLss

Steady-state PSII quantum yield

QYp3=(Fmp3s — Fop3) / Fmps

Instantaneous PSII quantum yield

during dark relaxation

qLLss = (Fm, - Fs,)/(Fm, - Fo’) - FOIFS’

Coefficient of photochemical
quenching in steady state based on

the lake model of PSII

qPLss = (Fm Lss — Ft Lss)/(Fm Lss — FO Lss)

Coefficient of photochemical
quenching in steady state based on

the puddle model of PSII

dPp3 == (Fmp3s — Ftp3)/(Fmp3 — Fo p3)

Coefficient of photochemical

quenching during dark relaxation

NPQLss= (Fm - FmLss) / FmLss

Steady-state non-photochemical

quenching

NPQp3= (Fm — Fmp3) / Fm D3

Instantaneous non-photochemical

quenching during dark relaxation

Rfd Lss = (FP - Ft Lss) / Ft Lss

Fluorescence decline ratio in steady

state

Leaf gas-exchange measurements
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Leaf gas exchanges were assessed using the infrared gas analyzer (IRGA)
(LI-6400, LI-COR, Lincoln, NB, USA) on the tagged leaves. Measurements were
performed using an external CO2 supply fixed at 415 pyL L='. The photosynthetic



photon flux density (PPFD) was adjusted to 1500 umol m=2 s~' (from a red-blue light
source 6400-02B). The following measurements were conducted: net COq
assimilation rate (Anet, ymol CO2 m= s™), transpiration (E, mmol H,O m=2 s™),
stomatal conductance (gs, mol m=2 s=), and leaf-to-air vapor pressure deficit (VPDiea-
air, KPa).

Specific leaf mass

Leaf discs measuring 5 cm?, obtained from the tagged leaves on 94 DAT,
were collected and dried at 70°C in a forced-air oven for 72 hours to obtain the

specific leaf mass (SLM, g m~2) (n=16).

Total leaf area

The experiment was maintained after the sunburn physiological
characterization, to analyze the total leaf growth after the environmental conditions
that lead to sunburn. At 143 DAT, the total leaf area of each plant was determined by
removing all leaves, and each one was assessed using a leaf area meter (Li-3100,
Li-Cor, Lincoln, NE, USA) (n=16).

Statistical analysis

Thirty-two plants were used (sixteen plants for each environment), in a

completely randomized design.

The analyses were conducted to characterize the effects of ultraviolet
radiation between the UVam and UVre environments. Central Vein Elongation and
SPAD index over time was represented by linear regression models. The effect of UV
was compared in both environments through analysis of variance (ANOVA), and

averages were compared using the Tukey test at a 5% probability.

The remaining variables were subjected to the t-test, with a 5% probability,

for comparison between the environments. The analyses were performed using
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computational resources from the R software (R Core Team, 2020). When conducting

ANOVA and Tukey test, the "stargazer" and "ExpDes.pt" packages were used.



RESULTS

Micrometeorological variables

PAR fluctuations

During the 143 days of experiment, maximum PAR values were 1370.92 and
1271.49 pmol m? s™'; average PAR values were 588.38 and 557.94 pmol m2 s';
minimum values were 31.29 and 38.73 pmol m? s (for UVam (Figure 1A) and UVre

(Figure 1B), respectively).

Air temperature fluctuations

During the experiment period, maximum air temperature was 41.93 and
39.26 °C, average air temperature was 28.44 and 27.76 °C, minimum air temperature
was 21.59 and 21.64 °C (for UVam (Figure 1C) and UVre (Figure 1D), respectively).

UV incidence fluctuations

Regarding all experiment period (143 days), maximum UV incidence was
107.96 and 2.40 ymol m? s, average UV was 51.43 and 1.14 ymol m?2 s™', minimum

UV incidence was 6.27 and 0.13 ymol m?2 s™' (for UVam and UVre, respectively).

On DP, maximum UV incidence declined 43.55% in both environments (from
145.13 and 3.25 ymol m? s to 81.93 and 1.84 ymol m? s'in UVam and UVre,
respectively). Afterwards on IP, UV incidence increased 33.24% on both
environments, attaining 122.73 and 2.75 ymol m2 s™' in UVam and UVre (Figures 3A
and 3B).
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Figure 3: Diurnal maximum, average and minimum fluctuations of Ultraviolet Radiation (UV,
umol m2s™) (A, B), Relative Humidity (RH, %) (C, D), and Air Vapor Pressure Deficit (VPDair,
kPa) (E, F), calculated daily, registered from September 11", 2022, to January 31", 2023, in
near ambient UV environment (UVam) (A, C, E) and in a reduced UV environment (UVre) (B,
D, F). Black arrows indicate the interval of monitoring individual leaf elongation on tagged
leaves; red arrow indicate the day of sunburn occurrence. DP, IP and SD indicates decrease
period, increasing period and sunburn day, respectively.

Relative humidity (RH) and air vapor pressure deficit (VPD,;)

Regarding the experiment period, RH maximum values were 91.39 and
92.10%, average values were 71.66 and 75.36%, minimum RH values were 41.33

and 50.45% (for UVam and UVre, respectively). RH maximum values maintained

34



high and stable during the experiment, but minimum values fluctuations were inverse

to light and temperature DP and IP.

During light and temperature DP, minimum RH increased from 34.80 and
42.57% to 62.20 and 67.50% (in UVam and UVre, respectively), afterwards,
decreasing from these values to 41.87 and 47.67% in UVam and UVre on 93 DAT
(Figures 3C and 3D). The amount of RH increase was 40.35%, followed by a 30.97%

decrease.

Regarding all experiment period, maximum VPDa.r was 5.01 and 3.67 kPa,
average was 1.54 and 1.23 kPa, and minimum VPDa.r was 0.22 and 0.21 kPa (for

UVam and UVre, respectively).

On light and temperature DP, VPDar maximum values also declined 68.44%
in both environments (from 6.86 and 5.34 kPa to 2.08 and 1.77 kPa in UVam and
UVre, respectively). Afterwards, increasing 63.80% on IP, attaining 5.67 and 4.97 kPa
in UVam and UVre, respectively, on SB (Figures 3E and 3F).

Sunburned areas

UVam plants didn’t show sunburn areas. Sunburn occurred to 56.25% of
UVre plants. These plants had 10.74% of its leaf area damaged by sunburn (Figure
4A).

Regarding the UVre tagged leaves used on physiological analyses, 31.25%
had sunburned areas. These tagged leaves had 24.47% of their area damaged by

sunburn (Figure 4B).
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Figure 4: C. canephora grown under reduced UV environment (UVre). Images were taken at
94 DAT, showing visible leaf damage characterized by sunburn on a 90-degree perspective
from the plant apex (A) and on a tagged leaf, taken for physiological analysis (B).

Dynamics of individual leaf elongation and SPAD index

UVam had lower elongation, attaining 10.03 cm length at the end of the linear
elongation period, UVre attained 12.74 cm length. The central leaf vein elongation
rate was ~1.19 cm and ~1.36 cm for the four-day intervals (for UVam and UVre,

respectively).

SPAD values attained 61.53 and 55.58 for UVam and UVre. On sunburn day
(SD), these values reduced to 59.63 (3.10%) and 46.83 (15.73%) respectively,
meaning a significant lower SPAD only on UVre in SD.
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Figure 5: Central Leaf Vein Elongation (A) measured at an interval of 4 days from 53 DAT to
77 DAT and SPAD index (B) measured at an interval of 4 days from 53 DAT to 93 DAT on
tagged leaves for C. canephora plants grown under near ambient UV environment (UVam)
and reduced UV environment (UVre). Letters upwards indicate significant differences
between environments, based on Tukey's test, and letters downwards indicate significant
differences between days. Estimated mean values (n = 16) are shown. Leaf elongation
Penvironment < 0.05; Pdays < 0.05 and Penvironment*days = 0.05; SPAD index Penvironment < 0.05; Pdays <
0.05 and penvironmentdays < 0.05. Red arrow and “SD” indicate the sunburn day.

Spectral reflectance

UVam plants had increased PRI in 68.77% (0.06 vs. 0.02 for UVam and
UVre, respectively) (Figure 6A) and decreased PSRI in 49.98% (-0.05 vs. -0.02 for
UVam and UVre) (Figure 6B).
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Figure 6: Photochemical Reflectance Index (PRI) (A) and Plant Senescence Reflectance
Index (PSRI) (B) for C. canephora plants grown under near ambient UV environment (UVam)
and reduced UV environment (UVre). Estimated mean values (n = 16) are shown and
different letters indicate significant differences (t-test; p < 0.05).



Chlorophyll a fluorescence

UVam plants had increased Fv/Fm in 15.92% (0.73 vs. 0.61 for UVam and
UVre, respectively) (Figure 7A) and increased Pl in 48.37% (4.22 vs. 2.18 for UVam
and UVre) (Figure 7B).
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Figure 7: Maximum quantum yield of PSIl (F./Fm) (A) and photosynthetic performance index
(P1) (B) for C. canephora plants grown under near ambient UV environment (UVam) and
reduced UV environment (UVre). Estimated mean values (n = 16) are shown and different
letters indicate significant differences (t-test; p < 0.05).

UVam plants consistently showed higher values of on steady-state
fluorescence parameters. The amount of highness was 37.61% for QYss (0.16 vs.
0.10 for UVam and UVre) (Figure 8A), 25.05% for NPQuss (1.42 vs. 1.07 for UVam
and UVre) (Figure 8C), 35.76% for qPLss (0.57 vs. 0.37 for UVam and UVre) (Figure
8E), 35.76% for qLiss (0.57 vs. 0.37 for UVam and UVre) (Figure 9A) and 31.06% for
Rfdiss (1.54 vs. 1.06 for UVam and UVre) (Figure 9B).

Regarding the parameters during dark relaxation, UVam was 14.57% higher
at QYps (0.69 vs. 0.59 for UVam and UVre) (Figure 8B), 2.99% higher at qPp3 (0.94
vs. 0.91 for UVam and UVre) (Figure 8F). UVam and UVre environments had no

differencing impact on NPQps values (Figure 8D).
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Figure 8: Steady-state PSIl Quantum Yield (QYLiss) (A), Instantaneous PSII Quantum Yield
(QYp3) (B), Steady-state Non-photochemical Quenching (NPQuss) (C), Instantaneous Non-
Photochemical Quenching (NPQp3) (D), Photochemical Quenching in Steady State based on
the puddle model of PSIlI (gPws) (E), Photochemical Quenching During Dark Relaxation
(qPp3) (F), for C. canephora plants grown under near ambient UV environment (UVam) and
reduced UV environment (UVre). Estimated mean values (n = 16) are shown and different
letters indicate significant differences (t-test; p < 0.05). The color scale next to each image
represents the emission intensity of each parameter throughout the leaf tissue. The lack of
leaf tissue on UVre leaf indicates a tissue portion of possible necrosis (from sunburn effect),
with no response to fluorescence analysis.
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Figure 9: Photochemical Quenching in Steady State based on the lake model of PSII (qLss)
(A) and Fluorescence Decline Ratio in Steady State (Rfdiss) (A) for C. canephora plants
grown under near ambient UV environment (UVam) and reduced UV environment (UVre).
Estimated mean values (n = 16) are shown and different letters indicate significant
differences (t-test; p < 0.05). The color scale next to each image represents the emission
intensity of each parameter throughout the leaf tissue. The lack of leaf tissue on UVre leaf
indicates a tissue portion of possible necrosis (from sunburn effect), with no response to
fluorescence analysis.
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Leaf gas exchanges

UVam plants showed higher Anet values on 41.43% (7.11 vs. 4.16 pymol CO2
m2 s™1 for UVam and UVre). UVam showed higher gs on 54.95% (0.11 vs. 0.05 mol mr
25" for UVam and UVre) (Figures 10A and 10B).

UVam showed 42.17% higher E (2.15 vs. 1.24 for UVam and UVre). UVam
showed 17.66% lower VPDieat.air (2.09 vs. 2.54 for UVam and UVre) (Figures 10C and
10D).
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Figure 10: Net CO; assimilation rate (Anet) (A), stomatal conductance (gs) (B), transpiration
rate (C) and leaf-to-air vapor pressure deficit (VPDieat.air) (D) for C. canephora plants grown
under near ambient UV environment (UVam) and reduced UV environment (UVre).
Estimated mean values (n = 16) are shown and different letters indicate significant
differences (t-test; p < 0.05).

Association between leaf area expansion and specific leaf mass (SLM)

Leaf area was 25.81% lower on UVam plants (2007.22 vs. 2705.60 cm? for
UVam and UVre, respectively) (Figure 11A), while SLM, which is associated with leaf
thickness, was 13.37% higher on UVam (82.59 vs. 71.55 g m? for UVam and UVre)
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(Figure 11B), meaning that the relation in growth in expansion vs. growth in thickness

was inversely proportional on both environments.
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Figure 11: Leaf area (A) and Specific Leaf Mass (SLM) (B) for C. canephora plants grown
under near ambient UV environment (UVam) and reduced UV environment (UVre).
Estimated mean values (n = 16) are shown and different letters indicate significant

differences (t-test; p < 0.05).



DISCUSSION

The findings of this research emphasize the crucial importance of UV
radiation on rustification and acclimation of Coffea canephora leaves to supra-optimal

solar irradiance.

Dynamics of individual leaf elongation and development

Morphological changes were observed in Coffea canephora when submitted
to differently UV environment, supporting our hypothesis of UV acclimation. The UV
solar radiation caused negative impacts on leaf elongation of Coffea canephora on
UVam (Figure 5A). Morphology is one of the most sensitive parameters impacted of
UV on coffea plants (Bernardo et al., 2021). Furthermore, UV radiation is crucial for
plant growth regulation. However, reduced intensity is important for positive
photomorphogenic induction, such as increment of cuticle tissue, based on the
activation of phytochrome B and the UVR8 gene (Boccalandro et al., 2001; Jenkins,
2017; Krauss et al., 1997).

UVre environment effect on plant growth can be associated with a like-
shading effect since changes in epidermal transmittance due to shading are
correlated to UV reduction. UVre like-shading effects include increased leaf
elongation (Figure 5A) and consequently, higher leaf area (Figure 11A) (Gregoriou et
al., 2007; Liu et al., 2016; Ryel et al., 2010).

Despite lower leaf vein elongation rate, UVam increased the SPAD index
when leaves attained maturity (Figure 5B). This fact suggests that at gradually low
UV level (DP), UVam leaves displayed efficient acclimatation, since higher SPAD,
which indicates higher chlorophyll content (Castro et al., 2014), can be associated
with higher production of UV screen compounds, like flavonoids (Ferreyra et al.,
2021; Kubasek et al., 1992; Pinzén-Sandoval et al., 2022). In addition, SPAD is a
good tool for diagnosing the integrity of the photosynthetic system and N content in
coffee leaves (Giunta et al., 2002; Netto et al., 2005; Rustioni, 2017). In this research,
SPAD values in UVam condition were associated with foliar protection against
photosynthetic damage on Coffea canephora since plants with high SPAD index
showed less damage.
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Impact of UV on photosynthetic capacity

The most interesting of this study centered on the photosynthetic acclimation
of C. canephora when submitted to UV radiation. The UVam environment impacted
positively in PRI values (Figure 6A). PRI is one of the most relevant reflectance
indexes, which expresses the plants’ responses to incident light and how it is
efficiently used on photosynthesis (Alam et al., 1996; Garbulsky et al., 2011). PRI
reflects the xanthophyll cycle activity, which regulates stress responses to excess
light energy against oxidative stress (Demmig-Adams & Adams, 1996; Gamon et al.,
1992; Kuczynska et al., 2017). In addition, PRI is correlated to carotenoid content,
contributing to photoprotection from the role of carotenoids on energy dissipation
(Adams lll et al., 2002; Filella & Pefiuelas, 1999; Gamon et al., 2023; Kohzuma et al.,
2021). In this study, PRI value of UVam indicates higher acclimation for
photosynthetic light-use efficiency in C. canephora plants, which could be a
protection for plants submitted to UVam against the sunburn occurrence on sunburn
day (SD) (Figure 6A). Additionally, higher PRI may not only acclimate plants to
tolerate high light but also high temperatures (Sukhova et al., 2022), which had

increased values on SD.

After increasing period (IP), plants submitted to UVre showed higher PSRI
values (Figure 6B). PSRI is a reflectance index used to characterize changes in the
physiological status of vegetation, as a sensitive parameter to changes in the ratio of
carotenoids to chlorophyll (Garbulsky et al., 2011; Merzlyak et al., 1999b; Sims &
Gamon, 2002). Higher UVre values of PSRI indicate senescence symptoms
(Merzlyak et al., 1999b; Shaar-Moshe et al., 2017). In our study, senescence was
found to be correlated with a 15.73% decline in the SPAD index in UVre green areas
in SD. The lower PSRI values in plants submitted to UVam reveals the efficiency on

UV acclimatation on the environmental conditions tolerance (SD).

C. canephora plants submitted to UVam environment showed a higher F./Fm
and PI (Figure 7). The findings of this study showed vitality and acclimation to UVam
leaves tolerate the SD environmental conditions since, both parameters are
photosynthetic stress indicators, of which Pl is most sensitive to indicate changes in
PSII activity and photosynthetic performance after a stress period (Bjorkman &
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Demmig, 1987; Genty et al., 1989; Kalaji et al., 2016b; Tsimilli-Michael & Strasser,
2008).

In contrast, the decreased Pl on UVre plants indicates a low photosynthetic
performance due to a decrease in chlorophyll a fluorescence under high light stress
that occurred on SD (due to PAR and UV increase) (Brestic & Zivcak, 2013; Piccini et
al., 2020). These responses are a result of either decreased absorption of a cross-
section of the PSll-associated light-harvesting antenna or retarded electron flow from
the PSII donor side to the PQ pool (Davey et al., 2012; Kataria et al., 2013; Piccini et
al., 2020; Ranjbarfordoei et al., 2011; Xiaoqin et al., 2008).

Regarding the photosynthetic implications, SPAD index is associated to the N
content, which is a component of chlorophylls molecules, thus, an essential
component on photosystems | and Il. Higher N concentration in leaves can lead to a
greater amount of chlorophyll and higher efficiency in absorbing light for
photosynthesis (Wu et al., 2019). Additionally, nitrogen is a component of electron
transport proteins in the electron transport chain, contributing to the efficient transfer
of electrons during photosynthesis (Danyal et al., 2011). Thus, a higher nitrogen
content, indicated by the SPAD index, may be associated with a higher
photochemical efficiency and this is reflected on Pl values. In this context, lower PI
values on UVre are associated to lower SPAD index, which displayed weaken

photochemical efficiency.

In this study, all steady-state parameters on chlorophyll a fluorescence show
acclimation of C. canephora on UVam while indicating the sensitivity of UVre leaves

to sunburn symptoms (Figures 8A, 8C, 8E and 9).
High values of QY.ss show the better integrity of the photosynthetic

performance of UVam (Figure 8A). Reduction values of QYss reveals severe damage
to Qa reduction capacity through impairment of excitation energy transfer in PSII
(Marutani et al., 2012).

NPQ is a mechanism related to non-photochemical energy dissipation and is
mainly controlled by changes in the xanthophyll cycle, preventing damage by
oxidative effects, thus, this parameter can be correlated to PRI (Czarnocka &
Karpinski, 2018; Muller et al., 2001; Yin et al., 2010; Yudina et al., 2020). In this
study, higher NPQss on UVam (Figure 8C) indicates the role of a strong
photoprotective mechanism associated with energy dissipation.
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When the stress is severe, the regulated capacity of the photosynthetic
electron transport system decreases, and excessive molecules of reactive oxygen
species are produced, causing photooxidative stress, which can negatively affect the
energy dissipation process and, consequently, damage the photosynthetic apparatus
(Czarnocka & Karpinski, 2018; Foyer et al., 1994; Minkov et al., 1999).

Decrease in QY generally is accompanied by an increase in NPQ (Schreiber
et al., 2019). However, in our study, high light and temperature on SD displayed
severe stress, resulting in low NPQ.ss in C. canephora sumbmited to UVre (figure
8C), indicating dysfunctional photosynthetic apparatus in the xanthophyll cycle
(Muller et al., 2001; van QOort et al.,, 2018; Welc et al.,, 2021). This shows the
sensitivity of UVre leaves. The NPQ.ss reduction in UVre also can be associated with
the use of ATP synthesized in photochemical reactions by the Calvin-Benson cycle
and the decrease in the transthylakoid proton gradient to protect the PSIlI antenna
system (Brestic et al., 2016; Joshi et al., 1995; Sharkey & Zhang, 2010).

UVam plants had less impact on the efficiency of the photochemical capacity
of PSII on SD (Figure 8E), and the plants showed higher qP.ss, endorsing UVam
acclimation to SD environmental conditions. The reduced values of qPLss indicate a
greater reduction of quinone a (Qa) and lower photochemical activity, due to the
increase in fluorescence, which highlights the reduction of oxidized reaction centers,
which refers to the process of converting open reaction centers that are ready to

receive electrons (Goltsev et al., 2016; Miyake et al., 2009).

The greater electron flow through photosystems | and Il on UVam diverted to
protective mechanisms and N metabolism, which can be correlated with a greater
SPAD index (Hunt, 2003). Consequently, higher glL.ss (Figure 9A) indicates a greater
efficiency of UVam plants in converting light energy into chemical energy during
photosynthesis; reflecting a more efficient photochemical energy use (Daloso et al.,
2014). gL.ss provides an estimate of the fraction of photosystem Il reaction centers

that are open and involved in active photosynthesis (Kramer et al., 2004).

Rfdiss is correlated to the activity of the Calvin-Benson cycle and evaluates
the vitality of plants (Lichtenthaler, 2021; Lichtenthaler et al., 2005). Greater values
on UVam (Figure 9B) show adequate interactions between the photochemical and
biochemical steps of photosynthesis (Goltsev et al., 2016; Lichtenthaler, 2021;
Lichtenthaler et al., 2005), showing high efficiency of UV acclimatization.
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We infer that the IP, especially on SD, had a direct impact on the enzymatic
activity of the Calvin-Benson cycle on UVre plants, because of the high levels of light
and temperature on leaves, which were not acclimated to these environmental
conditions. This impact occurs mainly on the carboxylation capacity of RuBisCO
(Sharkey, 2005). Reductions on Rfdiss occurred to UVre indicate an imbalance
between the photochemical reactions in the thylakoids and the enzymatic reactions in
the stroma reflecting both damage to the photochemical apparatus and the
biochemical apparatus (Goltsev et al., 2016; Lichtenthaler et al., 2005; Rysiak et al.,
2021).

Regarding the instantaneous fluorescence parameters, UVam plants had a
higher efficiency of photosynthetic electron transport at the recovery phase (dark-
adapted), indicating a greater efficiency of photosystem Il in converting absorbed
photons into usable photochemical energy during photosynthesis. This is shown in
higher QYps (Figure 8B) and qPp3 (Figure 8F), both positively correlated to NPQuss
values of UVam plants (Dong et al., 2020; Schreiber et al., 1995; Schreiber et al.,
2019).

NPQps indicates the recovery capacity of the photosynthetic apparatus,
promoted by the dynamics of the xanthophyll cycle (Dias et al., 2011). Interestingly,

UV environments did not differ in values of NPQps.

The effects of the full solar spectrum on plants involve the expression of
genes involved in UV protection and hence promote plant survival due to UV-B and
so, high solar incidence does not always reflect decreases in photosynthesis

(Jenkins, 2009; Rozema et al., 1997), which was proved on the results of this study.

As chlorophyll fluorescence parameters elucidate the photosynthetic integrity
of UVam plants, it reflects on the gas exchange parameters which shows the success
in carbon uptake. Specially QYps is positively correlated with CO2 uptake, which is
shown in Anet values (Figure 10A) (Earl & Ennahli, 2004; Loriaux et al., 2013; Seaton
& Walker, 1990).

Over the last hundred years, coffee genotypes have been selected in Brazil
for monoculture (DaMatta et al., 2018) and consequently, to successfully grow under
high solar irradiance, thus, including tolerance to high levels of UV. In fact, UVam
plants show stimulated protective and photomorphogenetic acclimation responses on
greater Anet (Figure 10A). This response can indicate greater electron flow through
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photosystems, in which the resulting energy may be invested to protective
mechanisms and N metabolism, which is related to the higher SPAD index values in
UVam. This reflects higher photochemical performance, since the SPAD index has
been a good tool for diagnosing the integrity of the photosynthetic system and N
content in coffee leaves (Bernado et al., 2022; Hunt, 2003; Netto et al., 2005).

The sunburn damage to UVre can implicate stomatal closure (Lawson &
Morison, 2004; Qu et al., 2016). This is reflected in lower gs (Figure 10B) and
consequently E (Figure 10C) in UVre on SD, since UV-B strongly affects gs (Lawson
& Morison, 2004; Nogués et al., 1999; Xiaoqin et al., 2008) and its increase on IP,

even on UVre environment could affect stomatal dynamics.

When stomatal effects on photosynthesis are considered, the linear
association between Rdfiss and Anet is observed (Lichtenthaler, 2021; Rinderle and
Lichtenthaler, 1988). Stomata play a crucial role in the control of leaf photosynthesis,
regulating the precise balance between CO: assimilation and water loss to the
atmosphere (Jones, 1998). C. canephora could have reduced stomatal density under
UVre, which implicates alterations in stomatal conductance and can affect the leaf
gas exchange dynamics (Bernado et al., 2021; Dow et al., 2014; Ren et al., 2019).
This can be additional implications to the damage of UVre leaves that lead to lower

gs and E on SD in this study.

Reduction in gs and E in response to damage on UVre is associated with
higher VPDiear-air (Figure 10D), the driving force for plant transpiration (Buckley, 2019),

exhibiting a linear association.

Higher VPDiearair is affected specifically due lower E, displaying a higher
temperature on leaves in UVre contributing to the lower Anet (Broughton et al., 2021;
Shirke, 2004; Zhu et al., 2022). The substantial increase of PAR on IP can be
responsible for displaying the higher VPDiear.air ON sensitive leaves of UVre (Shirke,
2004; Zhu et al., 2022).

UVam acclimation to UV radiation

C. canephora tagged leaves, in this study, developed during DP, with
gradually lower UV incidence. UV stress at low levels is important to coffee plants
resilience to future light stress events since UV radiation triggers genetic expression
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to protect and repair mechanisms, which is necessary to survive in sunlight
fluctuations (Jenkins, 2009; Thomas et al., 2022).

The reflectance indices and chlorophyll a fluorescence parameters, among
gas exchange parameters, indicate acclimation and tolerance of C. canephora to SD
environmental conditions of high light and temperature, reflecting a priming effect of
exposure to UV incidence in UVam environment. The reduction of UV incidence
(UVre), especially in DP may not be sufficient to trigger the priming effect on C.

canephora.

UV priming activates metabolic processes related to light stress, inducing
acclimatation and allowing plants to respond rapidly or with greater efficiency to
future light stress conditions (Guedes et al., 2019; Thomas & Puthur, 2017), which
characterizes UVam plant stress tolerance on SD after the IP, while UVre plants were
subjected to sunburn, indicating sensitivity. In this study, UV priming effects displayed
greater SPAD index, energy dissipation and thus, greater integrity of photosynthetic

apparatus.

Sunburn sensitivity

Coffea canephora is a coffee species characterized by its sensitivity to great
climatic alterations because of its evolutionary origin in lowland at regions up to 1200
m (DaMatta & Ramalho, 2006), therefore this species may not have acquired
adaptation to solar radiation over time, specifically ultraviolet, as well as other coffee
species like C. arabica, which justifies the greater sensitivity of this specie (Bernado
et al., 2021; DaMatta & Ramalho, 2006). This sensitivity in addition to the non-
acclimatation aspects of C. canephora plants in UVre environment indicated in this
study, would enhance the possibility of plants under UVre being damaged due

alterations in abiotic factors, i.e. temperature and light, on SD.

The vitality-related parameters (PSRI, PI, Rfdss) indicated that green areas
of UVre leaves on SD, were highly damaged, as well photosynthetic machinery was

affected, as 10.74% of the plant's leaf area was sunburned.

UVre leaves that were sunburned were developed on DP, receiving gradually
low PAR incidence and reduced UV incidence, which could display its sensitivity.
Overall, plants grown under low PAR are indeed more sensitive to sunburn-like
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damage, even at low UV intensity, but this sensitivity effect can vary species
dependently, which suggests sunburn sensitivity involves various physiological and
anatomical mechanisms (Flint et al., 2005). In this study, C. canephora grown on
gradually low levels of PAR on UV reduced levels (UVre), which were also gradually
reduced, showed sunburn damage when PAR, temperature, and the reduced UV
levels had an increased period in a short-time (IP) after a three-time longer period of
decline of these parameters (DP). PAR decline seems to be the key factor in
displaying the sensitivity to sunburn and likely damage (Flint et al., 2005). Despite
that, even the less increment of UV radiation in UVre environment can be responsible
for the photosynthetic damage. The short-period increase (IP) of UV radiation on
UVre, even in low intensity could display sunburn symptoms in combination with high
PAR and temperature increase on SD, since UV-B has a high potential to affect
molecular systems due to its high frequency, mainly when leaves are not acclimated
to this radiation (Ballaré et al., 2011; Krause et al., 1999; Rustioni et al., 2014).

The sensibilization implications to UVre were showed using chlorophyll
fluorescence and gas exchange parameters, and UVre leaves were not acclimated to

high light intensity, showing damage in energy dissipation.

Leaf growth dynamics: expansion vs. thickness

Leaf area expansion is one of the most sensitive growth parameters under
ultraviolet radiation stress (Kakani et al., 2003b). UVam leaves had less leaf area and
higher thickness (SLM) (Figure 11) This association of area expansion vs. thickness
on UVam indicates that C. canephora leaves had to invest leaf growth on thickness,
not expansion under UVam incidence. This is a protective mechanism that can be
related to the UV priming effect, to prevent UV radiation reach basal layers of
mesophyll (Rozema et al., 1997a; Wang et al., 2021). Higher thickness is also a
strategy under high light intensity for efficient resource capture to maintain efficiency

and survival in harsh environments (Thakur et al., 2019).

The increase in thickness is directly linked to the investment and
differentiation of mesophyll cells, by changing the number of cells, dimension, and
density (John et al., 2017). Also, this protection mechanism is related to increasing
the investment in thickness of the epidermis and cuticle (abaxial and adaxial) as a
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response to exposure to UV, to which the cuticle is the primary protective barrier,
while mesophyll-increased cells mainly attenuate excessive PAR light, mainly blue
and red (which are available for photosynthesis use) (Krauss et al., 1997; Qi et al.,
2003). Additionally, as superficial tissues, the cuticle layers in adaxial and abaxial leaf
surfaces act as biophysical screening, reflecting light, scattering, and reducing light

absorption by epidermal layers (Rozema et al., 1997).

Phenolic synthesis in the leaves occurs in the mesophyll tissue in response
to UV and PAR (especially to high blue, green, and red wavelengths) and can have a
substantial role in UV and PAR attenuation by scattering the short electromagnetic
wavelengths by those molecules (Caldwell et al., 1983; McClure, 1975; Wellmann,
1974; Wellmann, 1983). In the context of protection compounds produced on

mesophyll, predominantly starch is accumulated (Britz & Adamse, 1994).

Higher SPAD index can be correlated with higher thickness in UVam, since
SPAD values are often positively associated with SLM and chlorophyll density is
found to be almost constant to mesophyll thickness (Fijii et al., 2023; Marenco et al.,
2009).

UVam acclimation could be triggered mainly due to an increase in thickness.
In opposition, UVre environment effect on plants can be related to shading effects,
which can reduce leaf thickness, palisade cell length, and spongy parenchyma,

decreasing SLM (Gregoriou et al., 2007).

The higher leaf area and lower thickness of UVre leaves indicate that these
leaves, due reduced incidence of UV, did not have the trigger factor to produce more
antioxidants compounds or even invest growth on thickness, consequently not
acquiring a priming effect, so the leaves invest more growth in expansion, not in
thickness, leading to more photosynthetic area to the plant (Kolb & Pflindel, 2005;
Rozema et al., 1997b).

Leaf area is an essential factor in capturing light, which determines crop
growth and yield (Koester et al.,, 2014). This can be positive in a completely
controlled environment, but it displayed a sensitivity role in UVre environment where
plants receive natural fluctuations of light incidence. UVre C. canephora leaves, with
the higher photosynthetic area, were affected by sunburn and had the remaining area
of the young and recent mature leaves severely damaged on photosynthetic
apparatus. Our results show that the investment on leaf area, to the detriment of
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thickness increase, is not always positive. Protecting C. canephora plants against UV
incidence can display a sensitive role, which can implicate photosynthetic damages,

considering possible future stress scenarios.



CONCLUDING REMARKS

Although UV radiation can cause damage in leaves, it also has an important
role in priming effect on leaves of C. canephora, providing a robust protection
mechanism to high light and temperature. We show that C. canephora grown under
UVam had tolerance after a short increase period of light, temperature, and VPDai
that followed a three-times longer period of decrease of these environmental factors.
C. canephora tolerance was triggered by exposure to UV, protecting leaves against
damage to photosynthetic capacity and sunburn. Thus, C. canephora grown under
UVre showed sensitiveness on the physiological traits, resulting in photosynthetic
damage and sunburn after the increase of environmental parameters (light,
temperature, and VPDair). Our findings show that acclimation effect of UV involved
investing metabolic energy in defense mechanisms like increase thickness, which
implicate synthesis of UV screening compounds and synthetization of metabolic
compounds to excess energy dissipation while UVre invested metabolic energy in
growth (photosynthetic leaf area expansion), which was not a great investment since
the leaf area was damaged (either due disfunction of photosynthetic machinery or
sunburn occurrence) under stress by increase of environmental factors. Thus, using
a physiological approach, this study provides valuable insights into plant defense
mechanisms against environmental stresses and highlights the importance of
adequate UV radiation exposure in promoting plant resilience under adverse

conditions.

52



REFERENCES

Adams IlI, W.W., Demmig-Adams, B., Rosenstiel, T.N., Brightwell, A.K., Ebbert, V.
(2002) Photosynthesis and photoprotection in overwintering plants. Plant Biology,
4:545-557.

Ahanger, M.A., Bhat, J.A., Siddiqui, M.H., Rinklebe, J., Ahmad, P. (2020) Integration
of silicon and secondary metabolites in plants: a significant association in stress

tolerance. Journal of Experimental Botany, 7:6758-6774.

Alam, B.A.B., Chaturvedi, M.C.M., Singh, A.K., Newaj, R.N.R. (1996) Leaf spectral
indices for assessing physiological traits in Dalbergia sissoo seedlings. Indian
Forester, 142(11):1104—-1108.

Alemu, A.A., Alemu, A., Dufera, E. (2017) Climate smart coffee (Coffea arabica)

production. American Journal of Data Mining and Knowledge, 2:62-68.

Anderson, J.M., Chow, W.S., Park, Y-I. (1995) The grand design of photosynthesis:
Acclimation of the photosynthetic apparatus to environmental cues.
Photosynthesis Research, 46:129-2309.

Arnon, D.I. (1971) The light reactions of photosynthesis. Proceedings of the National
Academy of Sciences, 68:2883-2892.

Aro, E.M., McCaffery, S., Anderson, J.M. (1993) Photoinhibition and D1 protein
degradation in peas acclimated to different growth irradiances. Plant Physiology,
103:835-843.

Atallah, S.S., Gémez, M.l., Jaramillo, J. (2018) A bioeconomic model of ecosystem
services provision: coffee berry borer and shade-grown coffee in Colombia.

Ecological Economics, 144:129-138.

53



54

Athanasiou, K., Dyson, B.C., Webster, R.E., Johnson, G.N. (2009) Dynamic
acclimation of photosynthesis increases plant fitness in changing environments.
Plant Physiology, 152:366-373.

Bader, M.Y., van Geloof, |., Rietkerk, M. (2007) High solar radiation hinders tree
regeneration above the alpine treeline in northern Ecuador. Plant Ecology,
191:33-45.

Bais, A.F., Bernhard, G., McKenzie, R.L., Aucamp, P.J., Young, P.J., llyas, M., Jockel,
P., Deushi, M. (2019) Ozone-climate interactions and effects on solar ultraviolet

radiation. Photochemical & Photobiological Sciences, 18:602-640.

Baker, N.R. (2008) Chlorophyll fluorescence: a probe of photosynthesis in vivo.
Annual Review of Plant Biology, 59:89-113.

Balfagon, D., Sengupta, S., Gémez-Cadenas, A., Fritschi, F.B., Azad, R.K., Mittler, R.,
Zandalinas, S.I. (2019) Jasmonic acid is required for plant acclimation to a
combination of high light and heat stress. Plant Physiology, 181:1668-1682.

Ballaré, C.L., Caldwell, M.M., Flint, S.D., Robinson, S.A., Bornman, J.F. (2011)
Effects of solar ultraviolet radiation on terrestrial ecosystems. Patterns,

mechanisms, and interactions with climate change. Photochemical &
Photobiological Sciences, 10:226-241.

Barnes, PW., Robson, T.M., Zepp, R.G., Bornman, J.F., Jansen, M.A K., Ossola, R.,
Wang, Q-W., Robinson, S.A., Foereid, B., Klekociuk, A.R., Martinez-Abaigar, J.,
Hou, W-C., Mackenzie, R., Paul, N.D. (2023) Interactive effects of changes in UV
radiation and climate on terrestrial ecosystems, biogeochemical cycles, and
feedbacks to the climate system. Photochemical & Photobiological Sciences,
22:1049-1091.

Bassett, C.L., Glenn, D.M. (2014) Reflective films and expression of light-regulated
genes in field-grown apple. Journal of the American Society for Horticultural,
139:487-494.



Benda, G.T.A. (1955) Some effects of ultra-violet radiation on leaves of french bean

(Phaseolus vulgaris L.). Annals of Applied Biology, 43:71-85.

Bernado, W.P., Santos, A.R., Vale, E.M., Pireda, S., Correia, L.Z., Souza, G.A.R,,
Abreu, D.P., Carvalho, L.K.O., Almeida, F.A., Baroni, D.F., Partelli, F.L., Bressan-
Smith, R., Rakocevic, M., Ramalho, J.C., Campostrini, E., Rodrigues, W.P.
(2024) UV-B reduction and excess: management strategies regarding Coffea sp.
crop. Scientia Horticulturae, 323:112499.

Bernado, W.P., Baroni, D.F., Ruas, K.F., Santos, A.R., Souza, S.B., Passos, L.C.,
Facanha, A.R., Ramalho, J.C., Campostrini, E., Rakocevic, M., Rodrigues, W.P.
(2022) Ultraviolet radiation underlies metabolic energy reprograming in Coffea

arabica and Coffea canephora genotypes. Scientia Horticulturae, 295:110881.

Bernado, W.P., Rakocevic, M., Santos, A.R., Ruas, K.F., Baroni, D.F., Abraham, A.C.,
Pireda, S., Oliveira, D.S., Cunha, M., Ramalho, J.C., Campostrini, E., Rodrigues,
W.P. (2021) Biomass and leaf acclimations to ultraviolet solar radiation in juvenile

plants of Coffea arabica and C. canephora. Plants, 10:640.

Bjorkman, O., Demmig, B. (1987) Photon yield of O, evolution and chlorophyll
fluorescence characteristics at 77 K among vascular plants of diverse origins.
Planta, 170:489-504.

Bjorn, L.O., Papageorgiou, G.C., Blankenship, R.E., Govindjee (2009) A viewpoint:
why chlorophyll a? Photosynthesis Research, 99:85-98.

Boccalandro, H.E., Mazza, C.A., Mazzella, M.A., Casal, J.J., Ballaré, C.L. (2001)
Ultraviolet B radiation enhances a phytochrome-B-mediated photomorphogenic

response in Arabidopsis. Plant Physiology, 126:780-788.

Bornman, J.F. (1989) New trends in photobiology. Journal of Photochemistry and
Photobiology B: Biology, 4:145-158.



Brestic, M., Zivcak, M., Kunderlikova, K., Allakhverdiev, S.I. (2016) High temperature
specifically affects the photoprotective responses of chlorophyll b-deficient wheat

mutant lines. Photosynthesis Research, 130:251-266.

Briggs, W.R., Huala, E. (1999) Blue-light photoreceptors in higher plants. Annual
Review of Cell and Developmental Biology, 15:33-62.

Britz, S.J., Adamse, P. (1994) UV-B-induced increase in specific leaf weight of
cucumber as a consequence of increased starch content. Photochemistry and
Photobiology, 60:116-119.

Caldwell, M.M., Robberecht R, Flint SD (1983) Internal filters: prospects for UV-
acclimation in higher plants. Physiologia Plantarum, 58:445-450.

Caldwell, M., Teramura, A.H., Tevini, M., Bornman, J., Bjorn, L.O., Kulandaivelu, G.
(1995) Effects of increased solar ultraviolet-radiation on terrestrial plants. Ambio:
A Journal of Human Environment, 24(3):166—-173.

Casal, J.J. (2013) Photoreceptor signaling networks in plant responses to shade.
Annual Review of Plant Biology, 64:403-427.

Cashmore, A.R., Jarillo, J.A., Wu, Y-J., Liu, D. (1999) Cryptochromes: blue light

receptors for plants and animals. Science, 284:760-765.

Castro, F.A., Campostrini, E., Netto, A.T., Gomes, M.M.A., Ferraz, T.M., Glenn, D.M.
(2014) Portable chlorophyll meter (PCM-502) values are related to total
chlorophyll concentration and photosynthetic capacity in papaya (Carica papaya

L.). Theoretical and Experimental Plant Physiology, 26:201-210

Cen, Y.P,, Bornman, J.F. (1990) The response of bean plants to UV-B radiation under
different irradiances of background visible light. Journal of Experimental Botany,
41:1489-1495.

56



Chalker-Scott, L., Fuchigami, L.H. (2018) The role of phenolic compounds in plant
stress responses. In: Li, P.H. (ed.) Low Temperature Stress Physiology in Crops.
Boca Raton: CRC Press, p. 67-80.

Chang, Y.C., Miller, W.B. (2005) The development of upper leaf necrosis in lilium
‘Star Gazer’. Journal of the American Society for Horticultural Science, 130:759-
766.

Correia, C.M., Areal, E.L.V., Torres-Pereira, M.S., Torres-Pereira, J.M.G. (1999)
Intraspecific variation in sensitivity to ultraviolet-B radiation in maize grown under
field conditions. Field Crops Research, 62:97-105.

Coste, R. (ed.) (1992) Coffee: the plant and the product. Londos: Macmillan Press
Ltd., 328p.

Czarnocka, W., Karpinski, S. (2018) Friend or foe? Reactive oxygen species
production, scavenging and signaling in plant response to environmental

stresses. Free Radical Biology and Medicine, 122:4-20.

D’Alessandro, S., Beaugelin, |., Havaux, M. (2020) Tanned or sunburned: How

excessive light triggers plant cell death. Molecular Plant, 13:1545-1555.

Daloso, D.M., Antunes, W.C., Santana, T.A., Pinheiro, D.P., Ribas, R.F., Sachetto-
Martins, G., Loureiro, M.E. (2014) Arabidopsis gun4 mutant have greater light
energy transfer efficiency in photosystem |l despite low chlorophyll content.

Theoretical and Experimental Plant Physiology, 26:177-187.

Datta, F.M., Avila, R.T., Cardoso, A.A., Martins, S.C.V., Ramalho, J.C. (2018)
Physiological and agronomic performance of the coffee crop in the context of
climate change and global warming: A review. Journal of Agricultural and Food
Chemistry, 66:5264-5274.

57



DaMatta, F.M., Ramalho, J.D.C. (2006) Impacts of drought and temperature stress on
coffee physiology and production: a review. Brazilian Journal of Plant Physiology,
18: 55-81.

Daniell, J.W., Chappell, W.E., Couch, H.B. (1969) Effect of sublethal and lethal
temperature on plant cells. Plant Physiology, 44:1684-1689.

Danila, E., Lucache, D.D. (2016) Efficient lighting system for greenhouses.
Proceedings of the 2016 International Conference and Exposition on Electrical
and Power Engineering (EPE). Romania: IEEE, p.439-444.

Danyal, K., Dean, D.R., Hoffman, B.M., Seefeldt, L.C. (2011) Electron transfer within
nitrogenase: Evidence for a deficit-spending mechanism. Biochemistry, 50:9255-
9263.

Davis, A.P., Chadburn, H., Moat, J., O’Sullivan, R., Hargreaves, S., Nic Lughadha, E.
(2019) High extinction risk for wild coffee species and implications for coffee

sector sustainability. Science Advances, 5:eaav3473.

Davis, A.P., Rakotonasolo, F. (2021) Six new species of coffee (Coffea) from northern
Madagascar, 76, Madagascar: Kew Bulletin, 76:497-511.

del Valle, J.C., Buide, M.L., Whittall, J.B., Valladares, F., Narbona, E. (2020) UV
radiation increases phenolic compound protection but decreases reproduction in
Silene littorea. Plos One, 15:€0231611.

Demmig-Adams, B., Adams, W.W. (1996) The role of xanthophyll cycle carotenoids in

the protection of photosynthesis. Trends in Plant Science,1:21-26.

Demmig-Adams, B., Adams, W.W. (2006) Photoprotection in an ecological context:
the remarkable complexity of thermal energy dissipation. New Phytologist,
172:11-21.

58



di Filippo, R., Bursi, O.S., di Maggio, R. (2022) Global warming and ozone depletion
potentials caused by emissions from HFC and CFC banks due structural
damage. Energy and Buildings, 273:112385.

Dias, A.S., Semedo, J., Ramalho, J.C., Lidon, F.C. (2011) Bread and durum wheat
under heat stress: a comparative study on the photosynthetic performance.

Journal of Agronomy and Crop Science, 197:50-56.

Dong, Z., Men, Y., Liu, Z., Li, J., Ji, J. (2020) Application of chlorophyll fluorescence
imaging technique in analysis and detection of chilling injury of tomato seedlings.

Computers and Electronics in Agriculture, 168:105109.

Duval, B., Shetty, K., Thomas, W.H. (1999) Phenolic compounds and antioxidant
properties in the snow alga Chlamydomonas nivalis after exposure to UV light.
Journal of Applied Phycology, 11:559-566.

Engelsma, G. (1967) Phenol synthesis and photomorphogenesis. Philips Technical
Review, 28:101-110.

Fankhauser, C., Chory, J. (1997) Light control of plant development. Annual Review
of Cell and Developmental Biology, 13:203-229.

Ferreira, T., Shuler, J., Guimaraes, R., Farah, A. (2019) Chapter 1. Introduction to
coffee plant and genetics. In: Farah, A. (ed.) Coffee: Production, quality and

chemistry. England: Royal Society of Chemistry, p.1-25.

Ferreyra, M.L.F., Serra, P., Casati, P. (2021) Recent advances on the roles of
flavonoids as plant protective molecules after UV and high light exposure.
Physiologia Plantarum, 173:736-749.

Fijii, S., Nishida, K., Akitsu, T.K., Kume, A., Hanba, Y.T. (2023) Variation in leaf
mesophyll anatomy of fern species imposes significant effects on leaf gas
exchange, light capture, and leaf hydraulic conductance. Photosynthetica,
61:225.

59



60

Filella, 1., Pefiuelas, J. (1999) Altitudinal differences in UV absorbance, UV
reflectance and related morphological traits of Quercus ilex and Rhododendron

ferrugineum in the Mediterranean region. Plant Ecology, 145:157-165.

Foyer, C.H., Lelandais, M., Kunert, K.J. (1994) Photooxidative stress in plants.
Physiologia Plantarum, 92:696-717.

Franklin, K.A., Quail, P.H. (2010) Phytochrome functions in Arabidopsis development.
Journal of Experimental Botany, 61:11-24.

Frechilla, S., Talbott, L.D., Bogomolni, R.A., Zeiger, E. (2000) Reversal of blue light-
stimulated stomatal opening by green light. Plant and Cell Physiology, 41:171-
176.

Frederick, J.E. (1993) Ultraviolet sunlight reaching the Earth’s surface: a review of

recent research. Photochemistry and Photobiology, 57:175-178.

Frederick, J.E., Snell, H.E., Haywood, E.K. (1989) Solar ultraviolet radiation at the
Earth’s surface. Photochemistry and Photobiology, 50:443-450.

Frohnmeyer, H., Staiger, D. (2003) Ultraviolet-B radiation-mediated responses in

plants. Balancing damage and protection. Plant Physiology, 133:1420-1428.

Gambetta, J.M., Holzapfel, B.P., Stoll, M., Friedel, M. (2021) Sunburn in grapes: a

review. Frontiers in Plant Science, 11:604691.

Gamon, J.A., Pefuelas, J., Field, C.B. (1992) A narrow-waveband spectral index that
tracks diurnal changes in photosynthetic efficiency. Remote Sensing of
Environment, 41:35-44.

Gamon, J.A., Wang, R., Russo, S.E. (2023) Contrasting photoprotective responses of
forest trees revealed using PRI light responses sampled with airborne imaging
spectrometry. New Phytologist, 238:1318-1332.



Garbulsky, M.F., Pefiuelas, J., Gamon, J., Inoue, Y., Filella, |. (2011) The
photochemical reflectance index (PRI) and the remote sensing of leaf, canopy
and ecosystem radiation use efficiencies: A review and meta-analysis. Remote
Sensing of Environment, 115:181-297.

Genty, B., Briantais, J.M., Baker, N.R. (1989) The relationship between the quantum
yield of photosynthetic electron transport and quenching of chlorophyll

fluorescence. Biochimica et Biophysica Acta - General Subjects, 990:87-92.

Giunta, F., Motzo, R., Deidda, M. (2002) SPAD readings and associated leaf traits in
durum wheat, barley and triticale cultivars. Euphytica, 125: 197-205.

Gjindali, A., Johnson, G.N. (2023) Photosynthetic acclimation to changing

environments. Biochemical Society Transactions, 51:473-486.

Glenn, D.M., Cooley, N., Walker, R., Clingeleffer, P., Shellie, K. (2010) Impact of
kaolin particle film and water deficit on wine grape water use efficiency and plant

water relations. HortScience, 45:1178-1187.

Goh, C., Ko, S., Koh, S., Kim, Y., Bae, H. (2012) Photosynthesis and environments:
photoinhibition and repair mechanisms in plants. Journal of Plant Biology, 55:93-
101.

Goltsev, V.N., Kalaji, H.M., Paunov, M., Bgba, W., Horaczek, T., Mojski, J., Kociel, H.,
Allakhverdiev, S.l. (2016) Variable chlorophyll fluorescence and its use for
assessing physiological condition of plant photosynthetic apparatus. Russian
Journal of Plant Physiology, 63:869-893.

Gregoriou, K., Pontikis, K., Vemmos, S. (2007) Effects of reduced irradiance on leaf
morphology, photosynthetic capacity, and fruit yield in olive (Olea europaea L.).
Photosynthetica, 45:172-181.

Guruprasad, K., Bhattacharjee, S., Kataria, S., Yadav, S., Tiwari, A., Baroniya, S.,
Raijiv, A., Prasanna, M. (2007) Growth enhancement of soybean (Glycine max)

61



62

upon exclusion of UV-B and UV-B/A components of solar radiation:
Characterization of photosynthetic parameters in leaves. Photosynthesis
Research, 94:299-306.

Hasanuzzaman, M., Nahar, K., Alam, Md., Roychowdhury, R., Fujita, M. (2013)
Physiological, biochemical, and molecular mechanisms of heat stress tolerance

in plants. International Journal of Molecular Sciences, 14:9643-9684.

Hecht, S., Shlaer, S., Pirenne, M.H. (1942) Energy, quanta, and vision: Threshold
energies for vision. The Journal of General Physiology, 25:819-840.

Herrmann, H.A., Schwartz, J.M., Johnson, G.N. (2019) Metabolic acclimation - a key
to enhancing photosynthesis in changing environments? Journal of Experimental
Botany, 70:3043-3056.

Hogewoning, S.W., Wientjes, E., Douwstra, P., Trouwborst, G., van leperen, W.,
Croce, R., Harbinson, J. (2012) Photosynthetic quantum yield dynamics: from
photosystems to leaves. The Plant Cell, 24:1921-1935.

Holldsy, F. (2002) Effects of ultraviolet radiation on plant cells. Micron, 33:179-197.

Holm-Hansen, O., Lorenzen, C.J., Holmes, R.W., Strickland, J.D.H. (1965)
Fluorometric determination of chlorophyll. ICES Journal of Marine Science, 30:3-
15.

Hunt, S. (2003) Measurements of photosynthesis and respiration in plants.
Physiologia Plantarum, 117:314-325.

Hurwitz, M.M., Fleming, E.L., Newman, P.A., Li, F., Mlawer, E., Cady-Pereira, K.,
Bailey, R. (2015) Ozone depletion by hydrofluorocarbons. Geophysical Research
Letters, 42:8686-8692.

Coffee report and outlook. International Coffee Organization (ICO). Disponivel em:

https://www.ico.org. Acesso em 1 de dezembro de 2023.



lyer, G., Ou, Y., Edmonds, J., Fawcett, A.A., Hultman, N., McFarland, J., Fuhrman, J.,
Waldhoff, S., McJeon, H. (2022) Ratcheting of climate pledges needed to limit
peak global warming. Nature Climate Change, 12:1129-1135.

Jansen, M.A.K., Gaba, V., Greenberg, B.M. (1998) Higher plants and UV-B radiation:

balancing damage, repair and acclimation. Trends in Plant Science, 3:131-135.

Jenkins, G.l. (2009) Signal transduction in responses to UV-B radiation. Annual
Review of Plant Biology, 60:407-431.

Jenkins, G.I. (2017) Photomorphogenic responses to ultraviolet-B light. Plant, Cell &
Environment, 40:2544-2557 .

Jiao, Y., Lau, O.S., Deng, X.W. (2007) Light-regulated transcriptional networks in
higher plants. Nature Reviews Genetics, 8:217-230.

John, G.P., Scoffoni, C., Buckley, T.N., Villar, R., Poorter, H., Sack, L. (2017) The
anatomical and compositional basis of leaf mass per area. Ecology Letters,
20:412-425.

Jones, H.G. (ed.) (1992) Plants and microclimate: a quantitative approach to
environmental plant physiology. United States of America: Cambridge University
Press, 428p.

Joshi, M.K., Desai, T.S., Mohanty, P. (1995) Temperature dependent alterations in the
pattern of photochemical and non-photochemical quenching and associated
changes in the photosystem Il conditions of the leaves. Plant and Caell
Physiology, 36:1221-1227.

Kakani, V.G., Reddy, K.R., Zhao, D., Sailaja, K. (2003) Field crop responses to
ultraviolet-B radiation: a review. Agricultural and Forest Meteorology, 120:191-
218.

63



Kalaji, H.M., Jajoo, A., Oukarroum, A., Brestic, M., Zivcak, M., Samborska, |.A.,
Cetner, M.D., tukasik, I|., Goltsev, V., Ladle, R.J. (2016a) Chlorophyll a
fluorescence as a tool to monitor physiological status of plants under abiotic

stress conditions. Acta Physiologiae Plantarum, 38:102.

Karpinski, S., Reynolds, H., Karpinska, B., Wingsle, G., Creissen, G., Mullineaux, P.
(1999) Systemic signaling and acclimation in response to excess excitation

energy in Arabidopsis. Science, 284:654-657.

Kataria, S., Baroniya, S.S., Kanungo, M., Bhaghel, L. (2014) Effect of exclusion of
solar UV radiation on plants. Plant Science Today, 1:224-232.

Kataria, S., Guruprasad, K.N. (2012a) Intraspecific variations in growth, yield and
photosynthesis of sorghum varieties to ambient UV (280-400nm) radiation. Plant
Science, 196:85-92.

Kataria, S., Guruprasad, K.N. (2012b) Solar UV-B and UV-A/B exclusion effects on
intraspecific variations in crop growth and yield of wheat varieties. Field Crops
Research, 125:8-13.

Kataria, S., Guruprasad, K.N. (2015) Exclusion of solar UV radiation improves
photosynthetic performance and yield of wheat varieties. Plant Physiology and
Biochemistry, 97:400-411.

Kataria, S., Guruprasad, K.N., Ahuja, S., Singh, B. (2013) Enhancement of growth,
photosynthetic performance and yield by exclusion of ambient UV components in
C3 and C4 plants. Journal of Photochemistry and Photobiology B: Biology,
127:140-152.

Kataria, S., Jajoo, A., Guruprasad, K.N. (2014) Impact of increasing ultraviolet-B (UV-
B) radiation on photosynthetic processes. Journal of Photochemistry and
Photobiology B: Biology, 137:55-66.

64



Kath, J., Byrareddy, V.M., Craparo, A., Nguyen-Huy, T., Mushtaq, S., Cao, L.,
Bossolasco, L. (2020) Not so robust: Robusta coffee production is highly

sensitive to temperature. Global Change Biology, 26:3677-3688.

Kath, J., Craparo, A., Fong, Y., Byrareddy, V., Davis, A.P., King, R., Nguyen-Huy, T.,
van Asten, P.J.A., Marcussen, T., Mushtaq, S., Stone, R., Power, S. (2022)
Vapour pressure deficit determines critical thresholds for global coffee production

under climate change. Nature Food, 3:871-880.

Katsoulas, N., Bari, A., Papaioannou, C. (2020) Plant responses to UV blocking

greenhouse covering materials: a review. Agronomy, 10:1021.

Klem, K., A&, A., Holub, P., Kovag, D., Spunda, V., Robson, T.M., Urban, O. (2012)
Interactive effects of PAR and UV radiation on the physiology, morphology and
leaf optical properties of two barley varieties. Environmental and Experimental
Botany, 75:52-64.

Koester, R.P., Skoneczka, J.A., Cary, T.R., Diers, B.W., Ainsworth, E.A. (2014)
Historical gains in soybean (Glycine max Merr.) seed yield are driven by linear
increases in light interception, energy conversion, and partitioning efficiencies.

Journal of Experimental Botany, 65:3311-3321.

Kohzuma, K., Tamaki, M., Hikosaka, K. (2021) Corrected photochemical reflectance
index (PRI) is an effective tool for detecting environmental stresses in agricultural

crops under light conditions. Journal of Plant Research, 134:683-694.

Kolb, C.A., Pfindel, E.E. (2005) Origins of non-linear and dissimilar relationships
between epidermal UV absorbance and UV absorbance of extracted phenolics in

leaves of grapevine and barley. Plant, Cell & Environment, 28:580-590.

Kramer, D.M., Johnson, G., Kiirats, O., Edwards, G.E. (2004) New fluorescence
parameters for the determination of Q A redox state and excitation energy fluxes.
Photosynthesis Research, 79:209-218.

65



Krause, G.H., Winter, K., Krause, B., Virgo, A. (2015) Light-stimulated heat tolerance
in leaves of two neotropical tree species, Ficus insipida and Calophyllum

longifolium. Functional Plant Biology, 42:42-51.

Krauss, P., Markstadter, C., Riederer, M. (1997) Attenuation of UV radiation by plant

cuticles from woody species. Plant, Cell & Environment, 20:1079-1085.

Krizek, D.T. (2004) Influence of PAR and UV-A in determining plant sensitivity and
photomorphogenic responses to UV-B radiation. Photochemistry and
Photobiology, 79:307-315.

Krizek, D.T., Mirecki, R.M., Britz, S.J. (1997) Inhibitory effects of ambient levels of
solar UV-A and UV-B radiation on growth of cucumber. Physiologia Plantarum,
100:886-893.

Kubasek, W.L., Shirley, B.W., McKillop, A., Goodman, H.M., Briggs, W., Ausubel, F.M.
(1992) Regulation of flavonoid biosynthetic genes in germinating Arabidopsis
seedlings. The Plant Cell, 4:1229-1236.

Kuczynska, P., Jemiola-Rzeminska, M., Strzalka, K. (2017) Characterization of
carotenoids involved in the xanthophyll cycle. In: Cvetkovic, D.J., Nikolic, G.S.

(eds.) Carotenoids. Croatia: IntechOpen, p.3-16.

Langley, S.P. (1889) I. Energy and vision. The London, Edinburgh, and Dublin

Philosophical Magazine and Journal of Science, 27:1-23.

Larkum, AAW.D. (2006) The evolution of chlorophylls and photosynthesis. In: Grimm,
B., Porra, R.J., Rudiger, W., Scheer, H. (ed.) Chlorophylls and
bacteriochlorophylis: biochemistry, biophysics, functions and

applications. Dordrecht: Springer Netherland, p.261-282.

Lean, J.L., Rind, D.H. (2009) How will Earth’s surface temperature change in future

decades? Geophysical Research Letters, 36:1-5.

66


https://link.springer.com/book/10.1007/1-4020-4516-6#author-1-2

Li, J., Ou-Lee, T.M., Raba, R., Amundson, R.G., Last, R.L. (1993) Arabidopsis
flavonoid mutants are hypersensitive to UV-B irradiation. The Plant Cell, 5:171-
179.

Lichtenthaler, H.K. (2021) Multi-colour fluorescence imaging of photosynthetic activity

and plant stress. Photosynthetica, 59:4-20.

Lichtenthaler, H.K., Langsdorf, G., Lenk, S., Buschmann, C. (2005) Chlorophyll
fluorescence imaging of photosynthetic activity with the flash-lamp fluorescence

imaging system. Photosynthetica, 43:355-369.

Lidon, F.C., Ramalho, J.C. (2011) Impact of UV-B irradiation on photosynthetic
performance and chloroplast membrane components in Oryza sativa L. Journal
of Photochemistry and Photobiology B: Biology, 104:457-466.

Liu, X.B., Qi, Y., Chin, K.L. (2016) Growth and development responses to UV-B

exclusion in crops. International Journal of Plant Production, 10:543-550.

Loreto, F., Tsoney, T., Centritto, M. (2009) The impact of blue light on leaf mesophyll
conductance. Journal of Experimental Botany, 60:2283-2290.

Marenco, R.A., Antezana-Vera, S.A., Nascimento, H.C.S. (2009) Relationship
between specific leaf area, leaf thickness, leaf water content and SPAD-502

readings in six Amazonian tree species. Photosynthetica, 47:184-190.

Marutani, Y., Yamauchi, Y., Kimura, Y., Mizutani, M., Sugimoto, Y. (2012) Damage to
photosystem Il due to heat stress without light-driven electron flow: involvement
of enhanced introduction of reducing power into thylakoid membranes. Planta,
236:753-761.

Mathews, S. (2006) Phytochrome-mediated development in land plants: red light
sensing evolves to meet the challenges of changing light environments.
Molecular Ecology, 15:3483-3503.

67



Mathur, S., Agrawal, D., Jajoo, A. (2014) Photosynthesis: Response to high
temperature stress. Journal of Photochemistry and Photobiology B: Biology,
137:116-126.

McClure, J.W. (1975) Physiology and functions of flavonoids. /n: Bourne, G.H.,
Danielli, J.F., Jeon, K.W. (ed.) The flavonoids. Boston: Springer US, p.970-1055.

Meijkamp, B.B., Doodeman, G., Rozema, J. (2001) The response of Vicia faba to
enhanced UV-B radiation under low and near ambient PAR levels. In: Rozema,
J., Manetas, Y., Bjorn, L.-O. (ed.) Responses of plants to UV-B radiation.
Netherlands: Springer Science & Business Media, p.135-146.

Merzlyak, M.N., Gitelson, A.A., Chivkunova, O.B., Rakitin, V.Y.U. (1999) Non-
destructive optical detection of pigment changes during leaf senescence and fruit

ripening. Physiologia Plantarum, 106:135-141.

Meyer, F.G. (1965) Notes on wild Coffea arabica from southwestern Ethiopia, with

some historical considerations. Economic Botany, 19:136-151.

Minkov, I.N., Jahoubjan, G.T., Deney, |.D., Toneva, V.T. (1999) Photooxidative stress
in higher plants. In: Pessarakli, M. (ed.) Handbook of plant and crop stress. 2 ed.
Bulgaria: CRC Press, p.499-525.

Miyake, C., Amako, K., Shiraishi, N., Sugimoto, T. (2009) Acclimation of tobacco
leaves to high light intensity drives the plastoquinone oxidation system -
Relationship among the fraction of open PSIlI centers, non-photochemical
quenching of Chl fluorescence and the maximum quantum yield of PSIl in the
dark. Plant and Cell Physiology, 50: 730-743.

Muiller, P., Li, X.P., Niyogi, K.K. (2001) Non-photochemical quenching: a response to
excess light energy. Plant Physiology, 15:1558-1566.

Munné-Bosch, S., Vincent, C. (2019) Physiological mechanisms underlying fruit
sunburn. Critical Reviews in Plant Sciences, 38:140-157.

68


https://link.springer.com/book/10.1007/978-94-017-2892-8#author-1-2

Murata, N., Takahashi, S., Nishiyama, Y., Allakhverdiev ,S.I. (2007) Photoinhibition of
photosystem Il under environmental stress. Biochimica et Biophysica Acta —
Bioenergetics, 1767:414-421.

Murchie, E.H., Horton, P. (1998) Contrasting patterns of photosynthetic acclimation to
the light environment are dependent on the differential expression of the
responses to altered irradiance and spectral quality. Plant, Cell and Environment,
21:139-148.

Murchie, E.H., Niyogi, K.K. (2011) Manipulation of photoprotection to improve plant
photosynthesis. Plant Physiology, 155: 86-92.

Netto, A.T., Campostrini, E., Oliveira, J.G., Bressan-Smith, R. (2005) Photosynthetic
pigments, nitrogen, chlorophyll a fluorescence and SPAD-502 readings in coffee
leaves. Scientia Horticulturae, 104:199-209.

Niinemets, U. (2001) Global-scale climatic controls of leaf dry mass per area, density,

and thickness in trees and shrubs. Ecology, 82:453-469.

Nishio, J.N. (2000) Why are higher plants green? Evolution of the higher plant
photosynthetic pigment complement. Plant, Cell & Environment, 23:539-548.

Nishiyama, Y., Allakhverdiev, S.l., Murata, N. (2006) A new paradigm for the action of
reactive oxygen species in the photoinhibition of photosystem Il. Biochimica et
Biophysica Acta — Bioenergetics, 1757:742-749.

Oukarroum, A., Schansker, G., Strasser, R.J. (2009) Drought stress effects on
photosystem | content and photosystem Il thermotolerance analyzed using Chl a
fluorescence kinetics in barley varieties differing in their drought tolerance.
Physiologia Plantarum, 137:188-199.

Pinzén-Sandoval, E.H., Almanza-Merchan, P.J., Cely-Reyes, G.E., Serrano-Cely,
P.A., Ayala-Martinez, G.A. (2022) Correlation between SPAD and chlorophylls a,

69



b and total in leaves from Vaccinium corymbosum L. cv. Biloxi, Legacy and
Victoria in the high tropics. Revista Colombiana de Ciencias Horticolas,
16:€1469.

Powles, S.B. (1984) Photoinhibition of photosynthesis induced by visible light. Annual
Review of Plant Physiology, 35:15-44.

Prado, F.E., Rosa, M., Prado, C., Podazza, G., Interdonato, R., Gonzalez, J.A., Hilal,
M. (2012) UV-B radiation, its effects and defense mechanisms in terrestrial
plants. In: Ahmad, P., Prasad, M.N.V. (ed.) Environmental Adaptations and Stress
Tolerance of Plants in the Era of Climate Change. New York: Springer, p.57-83.

Qi, Y., Bai, S., Vogelmann, T.C., Heisler, G.M. (2003) Penetration of UV-A, UV-B,
blue, and red light into leaf tissues of pecan measured by a fiber optic microprobe
system. Proceedings of SPIE, 5156:281-290.

Racsko, J., Szabd, T., Nyéki, J., Soltész, M., Nagy, P.T. (2010) Characterization of
sunburn damage to apple fruits and leaves. International Journal of Horticultural
Science, 16:15-20.

Rakocevic, M., Matsunaga, F.T. (2018) Variations in leaf growth parameters within the
tree structure of adult Coffea arabica in relation to seasonal growth, water

availability and air carbon dioxide concentration. Annals of Botany, 122:117-131.

Ramalho, J.C., DaMatta, F.M., Rodrigues, A.P., Scotti-Campos, P., Pais, |., Batista-
Santos, P., Partelli, F.L., Ribeiro, A., Lidon, F.C., Leitdo, A.E. (2014) Cold impact
and acclimation response of Coffea spp. plants. Theoretical and Experimental
Plant Physiology, 26:5-18.

Ranjbarfordoei, A., Samson, R., Van Damme, P. (2011) Photosynthesis performance
in sweet almond [Prunus dulcis (Mill) D. Webb] exposed to supplemental UV-B
radiation. Photosynthetica, 49:107-111.

70



71

Reddy, K.R., Singh, S.K., Koti, S., Kakani, V.G., Zhao, D., Gao, W., Reddy, V.R.
(2013) Quantifying corn growth and physiological responses to ultraviolet-B
radiation for modeling. Agronomy Journal, 105:1367-1377.

Reichel, T., Resende, M.L.V., Monteiro, A.C.A., Freitas, N.C., Santos Botelho, D.M.
(2022) Constitutive defense strategy of coffee under field conditions: a

comparative assessment of resistant and susceptible cultivars to rust. Molecular
Biotechnology, 64:263-277.

Robberecht, R., Caldwell, M.M. (1983) Protective mechanisms and acclimation to
solar ultraviolet-B radiation in Oenothera stricta. Plant, Cell & Environment,
6:477-485.

Robson, T.M., Klem, K., Urban, O., Jansen, M.A.K. (2015) Re-interpreting plant
morphological responses to UV-B radiation. Plant, Cell & Environment, 38:856-
866.

Roeber, V.M., Bajaj, I., Rohde, M., Schmdlling, T., Cortleven, A. (2021) Light acts as a
stressor and influences abiotic and biotic stress responses in plants. Plant, Cell &
Environment, 44:645-664.

Rowland, F.S. (1989) Chlorofluorocarbons and the depletion of stratospheric ozone.
American Scientist, 77:36-45.

Rozema, J., Chardonnens, A., Tosserams, M., Hafkenscheid, R., Bruijnzeel, S.
(1997) Leaf thickness and UV-B absorbing pigments of plants in relation to an
elevational gradient along the Blue Mountains, Jamaica. In: Rozema, J., Gieskes,
W.W.C,, Geijn, S.C., Nolan, C., Boois, H. (ed.) UV-B and Biosphere. Netherlands:
Springer Science & Business Media, p. 151-159.

Ruban, A.V. (2015) Evolution under the sun: optimizing light harvesting in

photosynthesis. Journal of Experimental Botany, 66:7-23.



Ruhland, C.T., Xiong, F.S., Clark, W.D., Day, T.A. (2005) The influence of ultraviolet-B
radiation on growth, hydroxycinnamic acids and flavonoids of Deschampsia
antarctica during springtime ozone depletion in Antarctica. Photochemistry and
Photobiology, 81:1086-1093.

Rustioni, L. (2017) Oxidized polymeric phenolics: could they be considered

photoprotectors? Journal of Agricultural and Food Chemistry, 65:7843-7846.

Rustioni, L., Rocchi, L., Guffanti, E., Cola, G., Failla, O. (2014) Characterization of
grape (Vitis vinifera L.) berry sunburn symptoms by reflectance. Journal of
Agricultural and Food Chemistry, 62:3043-3046.

Ryel, R.J., Flint, S.D., Barnes, PW. (2010) Solar UV-B radiation and global dimming:
effects on plant growth and UV-shielding. In: Gao, W., Slusser, J.R., Schmoldt,
D.L. (ed.) UV Radiation in Global Climate Change. Berlin: Springer Berlin
Heidelberg, p.370-394.

Rysiak, A., Dresler, S., Hanaka, A., Hawrylak-Nowak, B., Strzemski, M., Kovacik, J.,
Sowa, |., Latalski, M., Wdjciak, M. (2021) High temperature alters secondary
metabolites and photosynthetic efficiency in Heracleum sosnowskyi. International
Journal of Molecular Sciences, 22:4756-4768.

Sabir, N., Singh, B. (2013) Protected cultivation of vegetables in global arena: A

review. Indian Journal of Agricultural Sciences 83:123—-135.

Schreiber, U., Hormann, H., Neubauer, C., Klughammer, C. (1995) Assessment of
photosystem Il photochemical quantum yield by chlorophyll fluorescence

guenching analysis. Functional Plant Biology, 22:209-220.

Schreiber, U., Klughammer, C., Schansker, G. (2019) Rapidly reversible chlorophyll
fluorescence quenching induced by pulses of supersaturating light in vivo.
Photosynthesis Research, 142:35-50.

72



Sellaro, R., Crepy, M., Trupkin, S.A., Karayekov, E., Buchovsky, A.S., Rossi, C.,
Casal, J.J. (2010) Cryptochrome as a sensor of the blue/green ratio of natural
radiation in Arabidopsis. Plant Physiology, 154:401-4009.

Shaar-Moshe, L., Blumwald, E., Peleg, Z. (2017) Unique physiological and
transcriptional shifts under combinations of salinity, drought, and heat. Plant
Physiology, 174:421-434.

Sharkey, T.D. (2005) Effects of moderate heat stress on photosynthesis: importance
of thylakoid reactions, rubisco deactivation, reactive oxygen species, and

thermotolerance provided by isoprene. Plant, Cell & Environment, 28:269-277.

Sharkey, T.D., Zhang, R. (2010) High temperature effects on electron and proton
circuits of photosynthesis. Journal of Integrative Plant Biology, 52:712-722.

Shi, C., Liu, H. (2021) How plants protect themselves from ultraviolet-B radiation
stress. Plant Physiology, 187:1096-1103.

Siegelman, H.W., Firer, E.M. (1958). Purification of phytochrome from oat seedlings.
Biochemistry, 3:418-423.

Silva, A.P., Costa, E., Espirito Santo, T.L., Silva, L.E., Martins, R.F. (2013) Coffee
seedlings in different substrates and protected environments. Engenharia
Agricola, 33:589-600.

Sims, D.A., Gamon, J.A. (2002) Relationships between leaf pigment content and
spectral reflectance across a wide range of species, leaf structures and

developmental stages. Remote Sensing of Environment, 81:337-354.

Smith, E.L. (1936) Photosynthesis in relation to light and carbon dioxide.
Proceedings of the National Academy of Sciences, 22:504-511.

73



Smith, H.L., McAusland, L., Murchie, E.H. (2017) Don’t ignore the green light:
exploring diverse roles in plant processes. Journal of Experimental Botany,
68:2099-2110.

Strasser, R.J., Srivastava, A., Tsimilli-Michael, M. (2000) The fluorescence transient
as a tool to characterize and screen photosynthetic samples. In: Yunus, M.,
Pathre, U., Mohanty, P. (ed.) Probing photosynthesis: mechanisms, regulation

and adaptation. Boca Raton: Taylor & Francis p.445-483.

Strasser, R.J., Tsimilli-Michael, M., Srivastava, A. (2004) Analysis of the chlorophyll a
fluorescence transient. In: Papageorgiou, G.C., Govindjee (ed.) Chlorophyll a

fluorescence. Dordrecht: Springer Netherlands, p.321-362.

Sukhova, E., Yudina, L., Kior, A., Kior, D., Popova, A., Zolin, Y., Gromova, E., Sukhov,
V. (2022) Modified photochemical reflectance indices as new tool for revealing

influence of drought and heat on pea and wheat plants. Plants, 11:1308-1330.

Sullivan, J.H., Gitz, D.C., Peek, M.S., McElrone, A.J. (2003) Response of three
eastern tree species to supplemental UV-B radiation: leaf chemistry and gas

exchange. Agricultural and Forest Meteorology, 120:219-228.

Surabhi, G., Reddy, K.R., Singh, S.K. (2009) Photosynthesis, fluorescence, shoot
biomass and seed weight responses of three cowpea (Vigna unguiculata (L.)
Walp.) cultivars with contrasting sensitivity to UV-B radiation. Environmental and
Experimental Botany, 66:160-171.

Swarna, K., Bhanumathi, G., Murthy, S.D.S. (2012) Studies on the UV-B radiation
induced oxidative damage in thylakoid photofunctions and analysis of the role of

antioxidant enzymes in maize primary leaves. Bioscan, 7:609-610.

Szymanska, R., Slesak, |., Orzechowska, A., Kruk, J. (2017) Physiological and
biochemical responses to high light and temperature stress in plants.
Environmental and Experimental Botany, 139:165-177.

74



Takahashi, S., Badger, M.R. (2011) Photoprotection in plants: a new light on
photosystem Il damage. Trends in Plant Science, 16:53-60.

Takano, M. Inagaki, N., Xie, X., Kiyota, S., Baba-Kasai, A., Tanabata, T., Shinomura,
T. (2009) Phytochromes are the sole photoreceptors for perceiving red/far-red
light in rice. Proceedings of the National Academy of Sciences, 106:14705-
14710.

Talbott, L.D., Nikolova, G., Ortiz, A., Shmayevich, |., Zeiger, E. (2002) Green light
reversal of blue-light-stimulated stomatal opening is found in a diversity of plant

species. American Journal of Botany, 89:366-368.

Thakur, D., Rathore, N., Chawla, A. (2019) Increase in light interception cost and
metabolic mass component of leaves are coupled for efficient resource use in the
high altitude vegetation. Oikos, 128:254-263.

Thomas, T.T.D., Puthur, J.T. (2020) UV-B priming enhances specific secondary
metabolites in Oryza sativa (L.) empowering to encounter diverse abiotic
stresses. Plant Growth Regulation, 92:169-180.

Thomas, T.T.D., Puthur, J.T. (2017) UV radiation priming: a means of amplifying the
inherent potential for abiotic stress tolerance in crop plants. Environmental and
Experimental Botany, 138:57-66.

Tsimilli-Michael, M., Strasser, R.J. (2008) In vivo assessment of stress impact on
plant’s vitality: applications in detecting and evaluating the beneficial role of
mycorrhization on host plants. In: Varma, A. (ed.) Mycorrhiza: state of the art,
genetics and molecular biology, eco-function, biotechnology, eco-physiology,

structure and systematics. Berlin: Springer Berlin Heidelberg, p. 679-703.

Vaast, P., Harmand, J.M., Rapidel, B., Jagoret, P., Deheuvels, O. (2016) Coffee and
cocoa production in agroforestry - A climate-smart agriculture model. In:
Torquebiau, E. (ed.) Climate change and agriculture worldwide. Netherlands:
Springer Netherlands, p. 209-224.

75



van Oort, B., Roy, L.M., Xu, P, Lu, Y., Karcher, D., Bock, R., Croce, R. (2018)
Revisiting the role of xanthophylls in nonphotochemical quenching. The Journal
of Physical Chemistry Letters, 9:346-352.

Vass, |., Turcsanyi, E., Touloupakis, E., Ghanotakis, D., Petrouleas, V. (2002) The
mechanism of UV-A radiation-induced inhibition of photosystem Il electron
transport studied by EPR and chlorophyll fluorescence. Biochemistry, 41:10200-
10208.

Vieira, H.D. (2008) Coffee: the plant and its cultivation. In: Souza, R.M. (ed.) Plant-

parasitic nematodes of coffee. Dordrecht: Springer Netherlands, p.3-18.

Vogelmann, T.C., Han, T. (2000) Measurement of gradients of absorbed light in
spinach leaves from chlorophyll fluorescence profiles. Plant, Cell and
Environment, 23:1303-1311.

Walters, R.G. (2004) Towards an understanding of photosynthetic acclimation.

Journal of Experimental Botany, 56:435-447.

Wand, S.J.E. (1995) Concentration of ultraviolet-B radiation absorbing compounds in

leaves of a range of fynbos species. Vegetatio, 116:51-61.

Wang, D., Sun, Y., Tu, M., Zhang, P., Wang, X., Wang, T., Li, J. (2021) Response of
Zebrina pendula leaves to enhanced UV-B radiation. Functional Plant Biology,
48:851-859.

Welc, R., Luchowski, R., Kluczyk, D., Zubik-Duda, M., Grudzinski, W., Maksim, M.,
Reszczynska, E., Sowinski, K., Mazur, R., Nosalewicz, A., Gruszecki, W.l. (2021)
Mechanisms shaping the synergism of zeaxanthin and PsbS in photoprotective
energy dissipation in the photosynthetic apparatus of plants. The Plant Journal,
107:418-433.

76



Wellmann, E. (1974) Regulation der flavonoidbiosynthese durch ultraviolettes licht
und phytochrom in zellkulturen und keimlingen von petersilie (Petroselinum
hortense Hoffm.). Berichte der Deutschen Botanischen Gesellschaft, 87:267—
273.

Wellmann, E. (1983) UV radiation in photomorphogenesis. In: Shropshire, W., Mohr,
H. (ed.) Photomorphogenesis. Berlin: Springer Berlin Heidelberg, p.745-756.

Wit, M., Pierik, R. (2016) Photomorphogenesis and photoreceptors. /In: Hikosaka, k.,
Niinemets, U., Anten, N.P.R. (ed.) Canopy photosynthesis: from basics to
applications. Dordrecht: Springer Netherlands, p.171-186.

Wittwer, S.H., Castilla, N. (1995) Protected cultivation of horticultural crops
worldwide. HortTechnology, 5:6—24.

Wu, X.C., Fang, C.X., Chen, J.Y,, Wang, Q.S., Chen, T., Lin, W.X., Huang, Z.L. (2011)
A proteomic analysis of leaf responses to enhanced ultraviolet-B radiation in two

rice (Oryza sativa L.) cultivars differing in UV sensitivity. Journal of Plant Biology,
54:251-261.

Wu, Y., Li, Q., Jin, R., Chen, W., Liu, X., Kong, F., Ke, Y., Shi, H., Yuan, J. (2019)
Effect of low-nitrogen stress on photosynthesis and chlorophyll fluorescence
characteristics of maize cultivars with different low-nitrogen tolerances. Journal of
Integrative Agriculture, 18:1246—1256.

Yang, Z., Liu, B., Su, J., Liao, J., Lin, C., Oka, Y. (2017) Cryptochromes orchestrate
transcription regulation of diverse blue light responses in plants. Photochemistry
and Photobiology, 93:112-127.

Yao, J., Sun, D., Cen, H., Xu, H., Weng, H., Yuan, F., He, Y. (2018) Phenotyping of
Arabidopsis drought stress response using kinetic chlorophyll fluorescence and

multicolor fluorescence imaging. Frontiers in Plant Science, 9:603-618.


https://link.springer.com/book/10.1007/978-94-017-7291-4#author-1-1

Yin, Y., Li, S., Liao, W., Lu, Q., Wen, X,, Lu, C. (2010) Photosystem Il photochemistry,
photoinhibition, and the xanthophyll cycle in heat-stressed rice leaves. Journal of
Plant Physiology, 167:959-966.

Yudina, L., Sukhova, E., Gromova, E., Nerush, V., Vodeneeyv, V., Sukhov, V. (2020) A
light-induced decrease in the photochemical reflectance index (PRI) can be used
to estimate the energy-dependent component of non-photochemical quenching

under heat stress and soil drought in pea, wheat, and pumpkin. Photosynthesis
Research, 146:175-187.

Zhao, D., Zhang, Y., Lu, Y., Fan, L., Zhang, Z., Zheng, J., Chai, M. (2022) Genome
sequence and transcriptome of Sorbus pohuashanensis provide insights into
population evolution and leaf sunburn response. Journal of Genetics and
Genomics, 49:547-558.

Zhao, Y., Xu, W., Wang, L., Han, S., Zhang, Y., Liu, Q., Liu, B., Zhao, X. (2022) A
maize necrotic leaf mutant caused by defect of coproporphyrinogen Ill oxidase in

the porphyrin pathway. Genes, 13:272-285.

Zhen, S., Bugbee, B. (2020) Substituting far-red for traditionally defined
photosynthetic photons results in equal canopy quantum yield for CO; fixation
and increased photon capture during long-term studies: implications for re-
defining PAR. Frontiers in Plant Science, 11:581156.

78



	0fa5a39d2479f6ea6a08d1c8a3f428f4368c65e84bb335c99bf9bfc749c466d4.pdf
	086d67bd5b17492fd0d97cfe840fdce7cfcf0e211d6bc09e2464aad4cdb57673.pdf
	0fa5a39d2479f6ea6a08d1c8a3f428f4368c65e84bb335c99bf9bfc749c466d4.pdf
	OBJECTIVE
	BIBLIOGRAPHIC REVIEW
	Solar radiation effects on plants
	Acclimation and priming effects
	Sunburn
	Coffea canephora general aspects

	MATERIAL AND METHODS
	Experimental site and plant description
	Physiological traits analysis after sunburn: contextualization
	Sunburn analysis
	Leaf growth traits: Individual leaf elongation and soil plant analysis development (SPAD index)
	Spectral reflectance measurements
	Non-modulated chlorophyll a fluorescence
	Modulated chlorophyll a fluorescence
	Leaf gas-exchange measurements
	Specific leaf mass
	Total leaf area
	Statistical analysis

	RESULTS
	Micrometeorological variables
	PAR fluctuations
	Air temperature fluctuations
	UV incidence fluctuations
	Relative humidity (RH) and air vapor pressure deficit (VPDair)

	Sunburned areas
	Dynamics of individual leaf elongation and SPAD index
	Spectral reflectance
	Chlorophyll a fluorescence
	Leaf gas exchanges
	Association between leaf area expansion and specific leaf mass (SLM)

	DISCUSSION
	Dynamics of individual leaf elongation and development
	Impact of UV on photosynthetic capacity
	UVam acclimation to UV radiation
	Sunburn sensitivity
	Leaf growth dynamics: expansion vs. thickness

	CONCLUDING REMARKS
	REFERENCES


