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Abstract

Coffee is one of the main agricultural products traded in the world and species Coffea arabica
L. and Coffea canephora Pierre ex A. Froehner are the most cultivated. They are plants that can
be grown in environments of different shading conditions, but with productivity and
morphophysiological characteristics that can be altered. The objective of the present study was
to evaluate the effect of shading on growth, gas exchange and heat tolerance of photosystem II
(PSII) in three coffee cultivars, Mundo Novo and Catuai Amarelo (C. arabica) and Conilon (C.
canephora). We hope that: 1 - the varieties are capable of acclimatization to the different
shading conditions, with important morphophysiological alterations for photosynthesis; II -
plants in sun-exposed environments showed higher tolerance of photosynthetic apparatus to
heat; III - Conilon variety will have the most heat tolerant photosynthetic apparatus, as C.
canephora originates from warm habitat. To test these hypotheses, plants of the three varieties
were grown in containers with 3 liters of soil under two light conditions (Sun and Shade), with
climate monitoring, constant hydration and nutrient replacement. Plant growth parameters (leaf
number, plant growth and stem diameter), gas exchange (from light response curves), stomatal
traits, pigment content and PSII heat tolerance were evaluated. Temperature and humidity
varied significantly between growing conditions. In general, coffee trees growing in sun-
exposed environmental conditions presented higher leaf number, higher density and stomatal
index, higher gas exchange rates and other parameters evaluated by light response curves. In
Shade condition the plant size, stomata size and chlorophyll content were higher. About the
thermotolerance of PSII, Conilon was the most heat tolerant variety, and plants in Shade
condition plants were more thermotolerant. Growing in a brighter environment may be
beneficial to plant growth and photosynthetic rates of Mundo Novo and Catuai Amarelo,
varieties of C. arabica. However, for Conilon (C. canephrora), the microclimate variation in
Sun condition can be detrimental to PSII growth and thermotolerance in this variety. According
to the morphophysiological responses found, coffee varieties generally exhibit similar
adaptations for each growing condition, but each variety has distinct responses even if they
belong to the same species. Thus, the cultivation of varieties must respect their adaptive
limitations to ensure a good physiological status of the plants and consequently good

productivity.

Key-words: Coffea arabica. Coffea canephora. Temperature. Gas exchange. Shading.

Microclim. Thermotolerance.



Resumo

O café ¢ um dos principais produtos agricolas comercializados no mundo sendo as espécies
Coffea arabica L. e Coffea canephora Pierre ex A. Froehner as mais cultivadas. Sdo plantas
que podem ser cultivadas em ambientes com distintas condigdes de sombreamento, porém com
produtividade e caracteristicas morfofisiologicas podendo ser alteradas em cada condicao de
luminosidade. O objetivo do presente estudo foi avaliar o efeito do sombreamento no
crescimento, trocas gasosas e tolerancia do fotossistema II (PSII) ao calor em trés cultivares de
café, Mundo Novo e Catuai Amarelo (C. arabica) e Conilon (C. canephora). Esperamos que: |
- as variedades sdao capazes de aclimatagdo as distintas condigdes de sombreamento, com
alteragdes morfofisiologicas importantes para fotossintese; II - plantas em ambientes mais
ensolarados apresentaram maior tolerancia do aparato fotossintético ao calor; III — a variedade
Conilon teré o aparato fotossintético mais tolerante ao calor, pois C. canephora € originaria de
habitat quente. Para testar essas hipoteses, plantas das trés variedades foram crescidas em
recipientes com 3 litros de terra sob duas condig¢des de luminosidade (Sol e Sombra), havendo
monitoramento climatico, constante hidratacdo e reposicdo de nutrientes. Foram avaliados
parametros de crescimento das plantas (nimero de folhas, crescimento e didmetro do caule),
trocas gasosas (a partir de curvas de resposta a luz), caracteristicas estomaticas, teor de
pigmentos e termotolerancia do PSII. Temperatura e umidade variaram significativamente entre
as condicoes de crescimento. No geral, cafeeiros crescendo em condigdo ambiental mais
ensolarada apresentaram, maior numero de folhas, maior densidade e indice estomatico,
maiores taxas de trocas gasosas e demais parametros avaliados pelas curvas de resposta a luz.
Em condi¢@o sombreada o tamanho da planta, tamanho dos estdmatos e o teor de clorofila foram
maiores. Acerca da termotolerdncia do PSII, Conilon foi a variedade mais tolerante ao calor,
sendo que nessa variedade plantas de ambiente mais sombreados foram mais termotolerantes.
Crescer em ambiente mais luminoso pode ser benéfico ao crescimento das plantas e taxas
fotossintéticas de Mundo Novo e Catuai Amarelo, variedades de C. arabica. Porem para
Conilon (C. canephrora), a variagdo microclimatica existente no ambiente mais ensolarado
pode ser prejudicial ao crescimento e termotolerancia do PSII nessa variedade. De acordo com
as respostas morfofisioldgicas encontradas, as variedades de café exibem no geral adaptagdes
semelhantes para cada condi¢do de crescimento, porem cada variedade tem respostas distintas

mesmo pertencendo a mesma espécie. Sendo assim, o cultivo das variedades deve respeitar suas



limitagcdes adaptativas para garantir um bom status fisioldgico as plantas e consequentemente

boa produtividade.

Palavras-chave: Coffea arabica. Coffea canephora. Temperatura. Trocas Gasosas.

Sombreamento. Microclima. Termotolerancia.
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1. INTRODUCTION

Plants being sessile organisms require adjustments in their morphology of structures that
participate in the light capture process, and physiology of metabolic processes dependent on
light (Valladares, 2003), to develop properly in the habitat. At the foliar level, the entire
morphological and physiological structure of this organ is subject to significant adjustments in
relation to environments with different light conditions, being that this differentiation results in
called Sun or Shade leaves (Naidu and DeLucia, 1998; Rozendaal et al., 2006). The
characteristics presented by Sun leaves compared to Shade leaves are summarized by a higher
thickness of tissues and cells, high stomatal density, lower concentration of photosynthetic
pigments, higher concentration of photoprotective pigments and the use of greater amounts of
light to reach the maximum yield of photosynthetic processes (Valladares and Niinemets, 2008;
Nobel, 2009). These structural changes are to optimize the capture and use of light, which would
ensure better photosynthetic efficiency and therefore plants would survive in that habitat.

(Naidu and DeLucia, 1998; Niinemets and Valladares, 2004; Terashima et al., 2006).

Shaded environments frequently present a more stable microclimate in relation to sun-
exposed environments (Barradas and Fanjul, 1986; Morais et al., 2006). In contrast, sun-
exposed environments are subject to high temperatures, low available water in soil and low
relative humidity in daytime (Mittler, 2006). The functioning of photosynthetic apparatus is
related to climatic variation that occurs naturally in one day, and under stressful conditions the
photosynthetic activity may be compromised (Bita and Gerats, 2013; Yamori ef al., 2014).
Above the upper limit of optimal temperature for a species, the photosynthetic activity tends to
fall until the moment of total interruption of this process, limiting plant growth (Berry and
Bjorkman, 1980; Damatta and Ramalho, 2006; Wahid et al., 2007). The temperature increase
up to 10-15°C above local average temperature, already causes damage to the photosynthetic
apparatus in most species, which is characterized as shock or thermal stress (Wahid ez al., 2007,
Allakhverdiev et al., 2008). Thus, the intensification of stressful events, such as high
temperatures, tend to produce greater impacts in sun-exposed regions that can severely damage
the cellular structure of plants (Davis et al., 2012; Suzuki et al., 2014; Miiller et al., 2017). As
a consequence, the ongoing climate changes may contribute to significantly reducing or losses
in the productivity of the crops as well as a reduction of areas suitable for agriculture (Mittler,

2006; DaMatta ef al., 2010; Bita and Gerats, 2013; IPCC, 2014).
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Coffee is classified as second most traded natural product in the world, behind oil, being
among the most consumed beverages today and a source of income for many farmers around
the planet (Vega et al., 2003; Damatta et al., 2018). Coffea arabica L. and Coffea. canephora
Pierre ex A. Froehner are the two most cultivated coffee species, representing approximately
99% of the world coffee production (Damatta et al., 2018). The greatest coffee productions
currently occur in intertropical region of the world, and generate one of the most valuable
natural commodities (Chaves et al., 2008; Damatta et al., 2018). The cultivation of C. arabica,
corresponds to 60-75% of current coffee production, with the remainder being C. canephora,
which can account for up to 40% of coffee production (DaMatta et al., 2007; Mussatto et al.,
2011; Covre et al., 2016). Compared to other coffee species, C. canephora varieties present
higher resistance to diseases, higher productivity, concentration up to three times higher
caffeine in the grain and may require lower expenditures with agricultural inputs in the
production, but the quality of the drink coming from C. arabica beans is superior and then this

makes this species more cultivated (DaMatta et al., 2007; Mussatto et al., 2011).

The species C. canephora is naturally spread over an extensive area, from east to west
in the tropical and subtropical region of the African continent, occupying humid and gallery
forests, seasonally dry forests, and forests present in the savanna (Davis et al., 2006). The
annual rainfall in this region can exceed 2000 mm, the average temperature can vary from 22-
26°C and the populations of the species often occupy lower regions, about altitudes of 875
meters (Noirot et al., 2016). Meanwhile, C. arabica occupies regions about altitudes of 1500
meters, and natural distribution is restricted to the northeastern region of African continent,
mainly in the south of Ethiopia, where there are forests of humid and perennial altitude (Davis
et al., 2006; Noirot et al., 2016). It is cooler habitats than those occupied by C. canephora, with
average temperature between 18-23°C and annual precipitation of 1600-2000 mm (De
Camargo, 2010). Currently, C. arabica species is on the [IUCN red list (International Union for
Conservation of Nature) in Endangered category (EN) due to small distribution, degradation of

the natural environment and impacts of climate change in southern Ethiopia (Moat ef al., 2018).

Although the species C. arabica and C. canefora are naturally found in shaded
environment, the commercial coffee crop of these species are cultivated under sun-exposed
conditions in Brazil, which represent approximately 90% of the production areas (DaMatta,
2004). Due to the most potentially stressful conditions of the sun-exposed cultivation, climate
changes may reduce the suitable areas for coffee production (Assad ef al., 2004; Bunn ef al.,

2015). Therefore, an alternative way of maintaining the traditional areas of coffee cultivation
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may be the cultivation under shaded conditions, however, few studies have simultaneously
tested the effect of distinct sun exposures on distinct varieties of coffee of the C. arabica and
C. canephora (e.g. Carvalho et al. 2001; Batista-Santos et al. 2011; Hurxley 1967, Ramalho et
al. 2013; Martins et al. 2016; Rodrigues et al. 2016 and Rodrigues et al. 2018). Understanding
how the quality and quantity of shading can affect the development of coffee species is essential
for cultivation practices that make plants less susceptible to long and intense periods of stress.
Morphophysiological analyzes may be essential in monitoring the health plants that growing

under different shading conditions.

Coffee trees are recognized for their low net carbon assimilation rate in comparison to
other tree species, on average between 4 and 12 pmol (CO2) m? s!, with stomatal conductance
reaching rates up to 150 mmol H,O m™ s™! (DaMatta et al., 2007). Some studies have shown
that maximum carbon assimilation in coffee trees are similar under partial shade conditions
throughout the day (Morais et al., 2012) or distinct sun-exposed conditions (Baliza et al., 2012;
Chaves et al., 2008; Rodriguez-Lopez et al., 2014). The species C. arabica seems to have lower
rates of assimilation and stomatal conductance than C. camnephora despite their similar
photosynthetic saturation levels, between 300 e 700 pmol photons m? s, with the lowest

values being observed in the shade leaves (DaMatta, 2004; DaMatta et al., 2007).

In sun-exposed coffee production is common the temperature to reach 40°C or higher,
which extrapolates optimum temperature range for growth of both Coffea species (DaMatta et
al., 2007; Chaves et al., 2008; Rodriguez-Lopez et al., 2014). Some of the consequences of
high temperatures one coffee are flower abortion and tumor growth harming fruit formation
and resulting in coffee drinks with inferior qualities (DaMatta et al., 2007, 2010; Wahid et al.,
2007). In addition, temperatures close to 40°C may affect the concentration and activity of
photosynthetic enzymes, causing decreases in photochemical efficiency and carbon
assimilation in coffee plants (Rodrigues et al., 2016; Marias et al., 2017a,b). These results show
that the tolerance of the photosynthetic apparatus and upper limit of the optimum temperature

range for the photosynthetic activity in the coffee is around 40°C.

The general aim of this study was to evaluate the growth, photosynthetic behavior and
PSII tolerance of varieties of Coffea arabica (cv. Mundo Novo and Catuai Amarelo) and Coffea
canephora (cv. Conilon) under two shading conditions. To do this, we compared morphological
traits and tested the photosynthetic behavior of distinct coffee varieties under high and low sun
exposures. We expected that are that plants of both species growing under shade conditions

besides altering changes in gas exchange parameters, would present lower thermal tolerance as
14



compared to the sun adapted ones. We also intent to verify if the Conilon variety of C.
canephora has greater thermal tolerances, due to the hotter climate of its original areas,

compared to C. Arabica (Davis et al., 2006; Noirot et al., 2016).
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2. MATERIAL AND METHODS

2.1 Plant material and experimental design

In September 2016, seeds of C. arabica var. Mundo Novo and var. Catuai Amarelo and
C. canephora var. Conilon were germinated in a germination chamber (FANEM, model 347
CDQG, Sao Paulo, Brazil) with a constant temperature of 25°C and photoperiod 12/12. After the
radicle emission the newly germinated seeds were transferred to black plastic bags with
capacity for 3 liters containing soil composed of 70% commercial vegetable substrate
(Plantmax®) and 30% sand. Plants were grown at Universidade Federal de Minas Gerais, Brazil
(19°52'09.2"S 43°57'59.9"W). Coffee varieties grew under distinct conditions of temperature
and humidity and incident light determined by two shading levels: ~ 75% (Sun) and ~ 15%
(Shade) of luminosity in relation to external environment. For the sun treatment it was covered
by a metallic structure with a white polyethylene mesh with 0.72 x 1.07 mm (Optinet®). For
shade treatment was used high density polyethylene mesh (Sombrite®) black color. In total 12
plants of each variety were cultivated in the respective shading conditions, with a total of 72

plants.

Seedlings of each variety were selected and randomly distributed in each shading
treatment. Plants were irrigated every two days near the field capacity. The pot positions were
periodically randomized to minimize any variation within each light environment. Once a
month were added in each pot 50 ml of Hoagland and Arnon (1938) nutrient solution, with
modifications, containing > of the ionic strength with following final concentration: Ca(NOs3)2
0.25 mmol 17, (NH4)2SO4 0.25 mmol 17!, KH>PO4 0.5 mmol 1, MgSO4 0.5 mmol 17, CaCl»

0.5 mmol 17!, Fe-EDTA 1 mmol 17! ¢ Micronutrients 1 mmol 17

2.2 Microclimatic characterization

The density of the photosynthetic active photon flux (PPFD) was determined using
quantum sensors coupled datalogger (Li-Cor model LI-1400, Lincoln, EUA), where the
incident light was measured every 5 minutes. Relative humidity and air temperature were
obtained using EL-USB-2 EasylLog sensors (Lascar electronics, Erie, PA, USA) which were
positioned at height of 0.9 m in relation to the seedlings. These data were collected in January

to March/2018, period of physiological tests. Meteorological data of the same period for the
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Pampulha meteorological station were obtained on the website of Instituto Nacional de

Meteorologia (INMET).

2.3 Growth measurements and stomatal traits

After eighteen months of cultivation, in February, we account for total number of leaves,
number of plagiotropic branches, height and stem diameter (3 cm above ground) of 10
individuals of each variety in their respective growth condition, totalizing 60 measurements.
We used measurement-tape and digimatic caliper (Mitutoyo, Japan) to measure individual

heights and diameters of plants, respectively.

For determination of the stomatal density (SD), stomatal index (SI), stomatal size (SS)
we selected two completely expanded leaves of the five plants used in gas exchange analysis.
From each leaf were excised two fragments about lcm? in middle third and submitted to
dissociation of epidermal layer in Jeffrey solution (10% nitric acid:10% chromic acid). The leaf
tissue was stained with 0.5% safranin solution in 95% ethanol and semi-permanent slides were
then made using glycerinated gelatin (Johansen, 1940). Importantly, stomatal traits will be
defined by analysis of the abaxial epidermis, because coffee leaves are hypostomatous (Fanjul

et al., 1985).

Using light microscope (Leica DM2500 LED, Wetzlar, Germany) with coupled camera
(Leica ICC50 HD, Wetzlar, Germany) 3 distinct fields were photographed in each leaf
fragments, totalizing 60 photographed fields in each variety growing in Sun and Shade.
Measurements on stomata were made from photographs using the free software ImagelJ version
1.52a (National Institutes of Health, USA). We calculated SD from 40 fragments as the number
of stomata per leaf area unit (mm?). To calculated SI, in turn, we selected 10 random fragments
and performing the following equation: SI = [(total stomata)/(total cells + total stomata)]
x100. For SS, 100 randomly selected stomata and their areas were calculated as SS = mab (um-
2), where a and b are 1/2 length and 1/2 width, respectively, thus assuming that the stomatal

shape is an ellipse (Ramalho et al., 2013).
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2.4 Quantification of photosynthetic pigment

We used two methods to evaluate the chlorophyll content by way of comparison of these
two forms of pigment analysis. We measured the chlorophyll content of ten individuals per
variety under each treatment using a portable chlorophyll meter (SPAD-502, Minolta, Japan).
The chlorophyll content of each individual represents the average of three distinct
measurements made on each of the first three fully expanded leaves, totalizing in each plant

nine measurement and ninety per variety in each shading condition.

Photosynthetic pigments contents were also determined in two circular samples of 0.78
cm? cut of the middle third of a leaf of each individual used previously and placed in an amber
bottle containing 4 mL dimethyl-sulfoxide (DMSQO). The amber bottle was incubated in
laboratory conditions in the dark during the minimum of 48 hours for total extraction of
pigments. An aliquot containing 2 ml was then analyzed spectrophotometrically at 480, 649
and 665 nm (Spectronic® 20 Genesys™, Spectronic instruments, NY, USA). The chlorophyll
a (Chl a), chlorophyll b (Chl b), carotenoid (Car) concentrations were determined according to
the equation proposed by Wellburn (1994). The ratio between chlorophyll a and b, total
chlorophyll content, ratio between carotenoid and total chlorophylls were determined from the
values obtained in pigment extractions. The relationship between the two measurements of

chlorophyll content in plants was analyzed.

2.5 Gas Exchange Measurements

The photosynthetic light-response curves (Pn/I curve) were conducted with a portable
infrared gas analyzer (IRGA) Model Li-Cor LI 6400 XT (Li-Cor Inc., Lincoln, NE, USA)
coupled with LED camera as irradiation source. Measurements were made during the morning
(8:00 -11:00 h), from January 16th to 25th, 2018. In this period at the end of each day the pots
were watered to ensure the maximum hydration of the plants. The Pn/I curve was performed
using the auto program function. In this case, we chose the sequence of desired light settings of
0, 40, 80, 120, 160, 200, 400, 600, 800, 1000 e 1200 pmol (photon) m? s!, and a minimum
wait time of 180s to maximum wait time of 300s was to reach a steady photosynthetic state
with the lowest coefficient of variation possible before measuring, and the sensor was matched
for each plant curve. The measurements were obtained with a block temperature of 30 + 0.5°C,

and 50 to 60% relative humidity, and ~385 pmol (CO2) mol(air) ' of CO, concentration inside
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the chamber. The first fully expanded leaf was selected from the apex of 8 individuals of each
shading treatment applied in the varieties. The net rate of carbon assimilation (Py), stomatal
conductance (gs), internal CO, concentration (C;i) and transpiration rate (£) were measured in

each point of light curve.

We used nonlinear mathematical models, which describe the photosynthetic activity in
relation to light, compiled by Lobo et al. (2013), to estimate the photosynthetic efficiency in
coffee varieties. From worksheets developed in Microsoft Excel and using the Solver function,
it was possible for us to choose the model that presented the smallest sum of the error squares
(SSE) (Lobo et al., 2013). The curves submitted to the non-rectangular hyperbolic equation
described by Prioul e Chartier (1977) were the best for all varieties, basing the choice on SSE.
From this equation, parameters were estimated as: The dark respiration rate (Rp), light
compensation point (LCP), light saturation point (LSP) and the maximum apparent
photosynthetic quantum yield at 7 = 0 (¢@o)). The LSP in light curve was attributed the
luminosity necessary to reach 90% of the maximum assimilation, when no significant changes
in assimilation has been observed (Rascher et al., 2000; Lobo et al., 2013). The assimilation
values obtained in LSP can be close to real maximum assimilation capacity in these plants, then
maximum assimilation (Pnmax), g5, £ and C; were estimated in LSP for each variety in these
shading conditions. The determination of values of water use efficiency (WUE), intrinsic water
use efficiency (iWUE) and instantaneous carboxylation efficiency (®c) were made by the

following formulas: WUE = Pxmax/E; iWUE = PNmax/gs; ®¢ = PNmax/Ci.

2.6 PSII heat tolerance

For the evaluation of PSII heat tolerance two methodologies were used, the ramping
assay and constant temperature assay. In the ramping assay, leaf fragments of 1,5cm? from five
individuals, of each coffee variety and treatment were removed from the first fully expanded
leaves and placed between two metal sheets lined with filter paper, with a thermocouple
attached to a digital thermometer (TD-880, ICEL, Manaus, Brazil) for temperature monitoring.
The metal sheets were then placed in a hermetic polyethylene bag and submerged in
ultratherostatic water bath (Model 116-3, FANEM, Sao Paulo, Brazil) and then subjected to ta
gradual increase in temperature. Initially we measure the potential quantum yield initial (Fv/Fm)

at room temperature (e.g. +27°C), after dark adaptation for 30 minutes, using a portable pulse
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amplitude modulation fluorometer (Mini-PAM, Walz, Effeltrich, Germany). Excision and

adaptation of fragment in the dark were pretested and showed no change in Fv/Fp.

This first measurement of F./Fi at room temperature was considered the starting point
for PSII heat tolerance evaluation. Already in the ultratermostatic bath, initial temperature set
for the evaluations was 34°C, considered the upper limit of the optimum range for most plants
(Berry and Bjorkman, 1980). During the experiment the temperature rise occurred every 2°C
after the determination of F./Fn and finished at 60°C. From the values obtained, decay
temperatures of 15% (T15) and 50% (T50) was determined, from the sigmoidal equation
adjustment (Gimeno et al., 2009; Godoy et al., 2011; Chaves et al., 2015).

The procedure of collecting, conditioning in the ultrathermostatic bath and evaluation
of photosystem II, and the number of leaf replicates used in the constant temperature assay
(static assay) was analogous to the ramping assay. The chosen constant temperature was 49.5°C
the mean of the T15 values obtained in the ramping assay. The potential quantum yield initial
(Fv/Fm), was measured, following dark adaptation for 30 min, using a portable pulse amplitude
modulation fluorometer (Mini-PAM, Walz, Effeltrich, Germany), being considered the zero
evaluation time. Thereafter, the F,/Fin was determined at the times of 15, 35, 60, 85 and 120
minutes, at the pre-established temperature. From the exponential regression (One phase
association) we obtained the decay time required for a 50% of Fy/Fn (H50) in the constant

temperature of 49.5°C.

2.7 Statistical analysis

Data were submitted to Kolmogorov-Smirnov normality test and Brown-Forsythe test
for homogeneity of variances with 5% significance. Data that did not present normality or
homogeneity underwent logarithmic transformation and were again submitted to the previous
tests. In this case only the total number of leaves, stomatal density (SD) and stomatal size (SD)
required transformation. The only case where even after the transformation was not verified the
homogeneity of variances was in the stomatal size (SS) parameter, being thus analyzed through

the Kruskal-Wallis and multiple comparison was made by Dunn’s test with 5% significance.

All remaining data was submitted to analysis of variance 7wo-way ANOVA and F test
was used to determine whether there was interaction or simple difference in some source of

variation. The multiple comparison of the means was made by post-hoc test Tukey HSD at P <
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0.05, to evaluate differences between varieties and shading condition. All data were analyzed
using software Graph Pad Prism 6.0 (San Diego, CA, USA). Linear and Nonlinear regressions

were analyzed and plotted in the same software.
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3. RESULTS

3.1 Microclimatic data

In the analyzed period, the day with the highest recorded daily light incidence occurred
on January 28, 2018 (Fig. 1a). Specifically, in this day at Sun condition had 28.38+3.7 mol
photons m 2 d ! and Shade 6.25+0.9 mol photons m 2 d! (mean+SE). The average of daily light
incidence was calculated from 13 days that were evaluated between January and March, and
average of daily luminosity was (mean+SE) 16.49+1.8 mol photons m 2 d ! in the Sun and
3.5+0.4 mol photons m 2 d ! in Shade condition. However, the maximal instantaneous values
were observed on February 6, 2018, being of 2007.4 umol m? s in the Sun and on February
13, 2018 in the Shade, 551.4 umol m™ s1. The less bright day was February 4, 2018 in both
conditions (Fig. 1b) being the daily light incidence of (mean+SE) 1.2+0.1 mol photons m 2 d!
in the Shade and 6.6+0.7 mol photons m 2 d ! in the Sun.

The temperature was also a very contrasting variable between the two growth
conditions. Maximum temperatures were recorded at January 28, 2018, with the maximum of
53.5°C in the Sun and 39 °C in the Shade. In this date it was also registered the highest average
temperature in these environments, 30.8°C and 28.3°C, respectively. The minimum
temperatures recorded were 14.5°C in the Sun and 15°C in the Shade. In the monitored period
(January / March) the temperature averages were 26.6°C in Sun and 24.8 °C in shade, and data
obtained from INMET the mean temperature was 23.5°C (Fig 2a,b,c). Days in which the
average daily temperature in each growing condition was higher than that recorded by INMET
were 45 and 62 days for shade and sun, respectively. In the sun 1/3 of the monitored days, 24
days had a daily average above 28°C whereas in the shade only 2 days the averages exceeded
this value. By INMET, no day averaged above 27°C and in only 13 days averages were recorded
between 25°C and 27°C. The minimum mean air temperature during the monitored period was
~19°C in both conditions, and the maximum averages were 43.4°C in the Sun and 34.2°C in
the Shade. For the meteorological station of INMET the minimum and maximum averages were
29.6°C and 29.2°C, respectively (Fig 2a, b, c). The mean temperature amplitudes throughout
the day were approximately 23,6°C in the Sun and 14.5°C in the Shade during that period.

On the sunny day, January 28, was recorded the lowest relative air humidity, 18.5% in
the Sun and 31.5% in the Shade. The daily average air relative humidity was 73.2% in the Sun
and 76.2% in the Shade treatments. Minimum and maximum average of air relative humidity

were 37.5% and 94.9% for the Sun, 51.6% and 91.9% for the shade (Fig. 2d,e). By INMET, the
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average of relative humidity of the air was 70% in that period, and the minimum and maximum
means for the region were 46.5% and 86%, respectively (Fig 2f). The Sun growth condition
showed a greater variation of daily relative humidity, approximately 57% while in the Shade
this variation was on average 40%. The precipitation registered in the INMET meteorological

station was 678.3 mm in the period from January 16 to March 29, 2018.

3.2 Growth measurements and stomatal traits

Plagiotropic branches were observed only in two varieties, Catuai Amarelo and Mundo
Novo, being that in Catuai Amarelo only one plant emitted lateral branch. In Mundo Novo
variety all plants emitted lateral branch and the average pairs of branches issued was (mean+SE)
3.6£0.5 in shade and 4.6+0.6 in sun condition, with no significant difference between then.
Mundo Novo was the variety that emitted, on average, more amount of leaves per plant,
followed by Catuai Amarelo and Conilon. In each coffee variety the total number of leaves was
higher in plants growing in the Sun condition (Table 1). In relation to plant height, it is observed
that plants growing in Shade condition were taller. Statistically only Conilon presented
difference in height between Sun and Shade, with Shade plants being twice as tall as Sun plants
(Table 1). The stem diameter was larger in Mundo Novo plants growing in Sun condition and

Conilon plants growing in Sun condition showed the smallest stem diameter (Table 1).

Coffee plants have stomata only on the abaxial leaf surface and a consistent trend for
lower stomatal density was observed in shade plants regarding sun plants (Table 2). Sun
Conilon showed the highest stomatal quantity per area, 297.6 (stmm™), and lowest value in
shade condition, 103.6 (stmm™), thus difference between sun and shade was 65%. In C. arabica
species difference between sun and shade conditions was 35% for Catuai Amarelo and 40% for

Mundo Novo (Table 1).

Stomatal index was highest in sun leaves, above 17%, and in Mundo Novo and Conilon
varieties the highest index was obtained, about 20% of stomates in relation to the rest of
epidermal cells by unit of leaf area (Table 2). In shade leaves this fell to 15% in C. arabica
species and was only 11% in Conilon (Table 1). Meanwhile, the stomatal size (SS) had different
patterns. In C. arabica species the SS was above 300 pum™ under both growth conditions, while
for Conilon variety SS values was below 300 um™, with SS in sun leaves lower than 200 pm™

(Table 1). Sun leaves of Catuai Amarelo showed the highest SS, 378 pm2, followed by shade
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Mundo Novo, 356 pm (Table 2). The discrepancy between the stomates found in the sun and
shade at Conilon was approximately 38% and in the varieties of C. arabica this difference did

not reach 15%.

3.3 Photosynthetic pigments

The highest values found in the SPAD-502 were also the highest observed in the
concentration of chlorophyll extracted with DMSO with a positive and significantly
relationship between the SPAD-502 readings and chlorophyll concentrations. The r?* values
between SPAD and pigments were, 0.90 (chlorophyll a), 0.87 (chlorophyll b) and 0.88 (total
chlorophyll). The leaves of shade presented greater SPAD index in relation to leaves of sun in
all the varieties, only in Mundo Novo, which presented the highest values of SPAD, no

difference was observed between sun and shade leaves (Fig. 4a).

This same pattern was found for total chlorophyll extracted through DMSO, but in this
extraction Sun leaves of Mundo Novo showed lower values than in the shade leaves (Fig. 4b).
In both methodologies of pigment quantification, the Mundo Novo variety presented the highest

values of chlorophyll in both growth conditions.

There was no difference in concentration of carotenoids, in each variety growing under
different shading conditions (Fig. 4e). Mundo Novo also showed the highest values for
carotenoids. Shade leaves had higher chlorophyll a/b ratio, and Catuai Amarelo showed the
lowest ratio (Fig. 4c). The carotenoids/total chlorophyll ratio difference was observed between

shading conditions in all varieties being that ratio was higher in sun leaves (Fig. 4d).

3.4 Gas Exchange

The amount of light needed to reach the light compensation point (LCP) and light
saturation points (LSP) of photosynthetic activity were higher in plants growing in Sun
condition. Conilon presented the largest values for these variables, in Sun and Shade conditions.
Shade plants of Conilon showed the LSP equal to the values of the C. arabica Sun plants and
almost double in relation to the Shade plants of the varieties of this species. There was also
difference between varieties under same shading conditions. The LSP in C. arabica had similar

responses in each shade, being in the Sun condition the highest values were observed (Table 2).
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There was also a relationship between LCP and respiration (Rp), with the decrease of
LCP resulting in lower Rp values (1> = 0.96, p = 0.0006). The parameters about assimilation
and respiration differ between shading condition. Higher Rp values have been observed in sun
leaves of all varieties. Conilon had the highest respiration rate, and in the Sun leaves there was
an increase of ~67% of the RD in relation to Shade leaves. In Mundo Novo the respiration rate
increased ~139% in the leaves of Sun in relation to those of Shade, whereas in Catuai Amarelo

the increase was ~54% (Table 2).

The maximum carbon assimilation rate in LSP (Pnmax) presented same pathway that Rp
in C. arabica species, in general sun leaves showed the highest assimilation rate. Sun leaves
of Mundo Novo and Conilon had assimilation rate in Pxmax close to 5.5 pmol (CO2) m? s! and
the value in shade plants was ~3.6 pmol (CO2) m? s™! (Table 2). In Catuai Amarelo the highest
assimilation rates for Pnmax Was in Shade leaves, but statistically no significant difference was
observed between shading condition (Table 2). Mundo Novo and Conilon presented an increase
of approximately 50% more assimilation in Sun leaves, while Catuai Amarelo had only 8%

more in Shade leaves.

The apparent quantum yield (¢o)) of leaves was higher in shade condition, being that
in C. arabica species we detected 0.072 umol (CO2) pmol (photon) ! for ¢o)and Conilon had
the highest value for ¢yio), 0.097 pmol (CO) pmol (photon) . Leaves growing in sun condition
presented ¢o) below 0.070, and in Catuai Amarelo the value of quantum yield was lowest

observed, 0.050 umol (CO,) pmol (photons) ! (Table 2).

The stomatal conductance (gs) and transpiration (E) were higher in the leaves of the
Sun, independent of the variety and the internal carbon concentration (C;) was superior in C.
arabica, mainly in Catuai Amarelo compared to Conilon, C. canephora (Table 2). For Ci there
was no difference among light conditions in each variety. The water use efficiency was
difference only between Sun Catuai Amarelo, the lowest value, to Shade Conilon, the highest
value (Table 2). The intrinsic water use efficiency (iWUE) and instantaneous carboxylation

(®c) were not significantly different (Table 2).

The relationship between the stomatal variables (SD, SI, SS) and the assimilation
variables (Pnmax, g5, E, Ci, WUE, iWUE and ®c) were expressed through linear regressions.
The significant relationship observed between stomatal traits and gas exchange were observed
for Pnmax and SD (p = 0.04), E and SD (p = 0.01), Pxmax and SI (p = 0.03) and gs and SI (p =
0.04) and all had r* above 0.6 (Fig 5a,b,c,d). The relation between E and SI was not significant,
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but had r? similar to previous ones (p = 0.057 and 1> = 0.64). In the latter case, gs and SD had
no significant relation (p = 0.1) but presented an 1 of 0.5, and the other relations tested had r?

always below 0.4.

3.5 PSII heat tolerance

The T50 values obtained in the ramping assay for all studied varieties were higher than
55°C, but only the variety factor evaluated presented significant diference (p = 0.0008), no
differences were observed between leaves from Sun and Shade growth conditions. The
difference observed for T50 was among the varieties, being Conilon the most thermotolerant
and Catuai Amarelo the lowest thermotolerant (Fig. 6a).The heat resistance of the PSII on leaf
disks of Conilon Shade leaves was at least 1°C above that of all other treatments, and about ~
2°C above in relation to Catuai Amarelo. In the static assay there was interaction between the
variety and shading factors (p = 0.0022). Conilon shade leaves showed the highest H50 value,
~38.8 minutes, and Catuai Amarelo sun leaves the lowest H50, ~14.6 minutes (Fig. 6b). The
H50 values between plants from Sun and Shade for both C. arabica varieties were similar, and
that observed for Conilon plants was that shade leaves presented higher H50 values then sun

leaves (Fig 6b).
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4. DISCUSSION

The light incident on plants was experimentally controlled, with a difference about 60%
between treatments, but with natural variation of luminosity throughout the day. During the
study period it was observed that the temperature and air relative humidity also were different
suggesting that in Sun condition the microclimate was drier and hotter. From the assumptions
of climate change, warmer and drier periods are expected to become more frequent throughout
the year, including in areas for agricultural production (IPCC, 2014). The average air humidity
was similar between shading condition, but the minimum recorded in Sun was about 15% lower
in relation to the shade, and days where the humidity reached values below 30% were frequent.
The mean air temperature was higher in Sun treatment with daily maximum temperatures
frequently above 40°C and in some occasions exceeded 50°C. This situation can be
characterized as events of extreme temperatures or heat waves, due high temperature recorded
regarding to normal temperature and the duration of that condition over a few days, for example
(IPCC, 2014; Suzuki et al., 2014; Hatfield and Prueger, 2015; Teskey et al., 2015). Temperature
increase associated with other abiotic stresses, such as drought, is a threat to agricultural crops,
as affects the reproductive and vegetative stages at the molecular, cellular and physiological
levels, resulting in severe plant damages and productivity reduction (Wahid et al., 2007,

Lichtenthaler, 2012; Zandalinas et al., 2018).

According ours results, the microclimate of Sun condition may be one of the
determining factors for growth impairment mainly of Conilon plants, which had the lowest
aerial part growth observed among varieties. Although C. canephora is a species adapted to
grow in warmer environments, it also requires high humidity conditions or short dry period
(DaMatta et al., 2007, Ramalho et al., 2014), characteristics not observed in our Sun
experimental conditions. Our Shade conditions propitiate less stressful microclimatic
conditions for this variety, with attenuation of high temperatures and promoting higher air
relative humidity, which allow the existence of an ideal microclimate for the development of
plants (Bote and Struik, 2015; Alves et al., 2016). Morais et al. (2012) evidence for C.
canephora clones that shading at some time of the day may be beneficial for good physiological
performance of plants in relation to plants grown in full sunlight. For this species, a little
shading may be interesting for the cultivation, mainly by the microclimate created in these
conditions, in order to maintain a better humidity of the air and the soil besides for good

development of plants. For C. arabica varieties, the Sun microclimate did not seem to affect in
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higher extent the growth of plants, since most of analyzed growth variables showed equal or
superior values of Shade grown plants. An additional factor that may have been impaired plant
growth was small volume of soil which may restrict the development of roots. Combined with
drier and hotter conditions of the Sun conditions, the impact of the available volume of soil may
have been decisive for this behavior, especially for Conilon variety. Ronchi et al. (2006) showed
that the development of C. arabica was influenced by the restriction of soil space for root

growth, resulting in a reduction in growth under conditions of greater soil volume restriction.

Regarding the possible high light, drier and heat stress on gas exchange variables, our
results suggests that plants of all varieties were already acclimated to these conditions since the
values of photosynthetic parameters as the assimilation rate at the light saturation point (Pxmax),
as well stomata conductance (gs) and transpiration rate (£) were higher in the most stressful
microclimatic condition (Sun) than in Shade. For example, Marias et al. (20170) observed that
coffee trees under different duration of heat stress have a reduction in the photosynthetic rate,
non-structural carbohydrate content in the leaves, decrease in iWUE and may not produce
flowers in the reproductive period. However, the plants were grown all the time under
controlled conditions of temperature, humidity and luminosity and were not subjected to any
previous heat stress event. Their results are important to characterize the effects of the only an
abiotic stress in plants, in this case high temperature, at the first moment of contact with plant
with this stress, which is different from growing in an environment with natural variation of
abiotic factors as in the present study. So, any type of response to the abiotic stresses has to be
attributed to the set of variables and conditions that the plants were subjected to in our work,

which in fact is what occurs in a natural environment.

From the gas exchange data there was also no difference between shading condition for
®c, WUE e iWUE in each variety. When the parameters WUE or iWUE are high this indicates
that the plants are more adapted to withstand drier environments (Machado et al., 2005) which
did not happen in the study and coffee plants used the same quantify of water in the sweating
process for the assimilation of COs. In a study comparing the effect of soil volume on
photosynthesis Ronchi et al. (2006) showed that the CO; assimilation in coffee plants growing
in 3L pots ranged between 5.5 € 3.9 umol m™? s™!. These values were closed to those obtained
in our study. Conilon and Mundo Novo varieties in Sun presented maximum assimilation close
to 5.5 umol m? s”!. In Shade conditions, this value decreased to 3.6 and 3.7 umol (CO2) m? s°
! respectively. As all plants in our work were subjected to the same amount of soil volume,

shading seems to have determined the decrease in assimilation rate. Our results strongly
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suggested that the observed differences in the assimilation rate also were associated with

morphological differences observed in each shading condition.

The shading becomes restrictive mainly by the reduction in the amount and quality of
light incident on the plants (Farquhar and Sharkey, 1982; DaMatta, 2004; Nobel, 2009). In
coffee, growing in environments with much light restriction throughout the day, significantly
reduces the rate of carbon assimilation (DaMatta, 2004; Franck and Vaast, 2009; Matos et al.,
2009; Baliza et al., 2012; Rodriguez-Lopez et al., 2014). In fact, shading, as well as excessive
light, are limiting factors of the photosynthetic process, and both conditions require adaptations
to increase the efficiency of light capture or photoprotection, respectively (Beer, 1987;
Valladares and Niinemets, 2008; Bote and Struik, 2015). Plants that are conditioned to shade
have morphophysiological adaptations, in relation to individuals in more luminous
environments, to enable the photosynthetic process to be efficient in low light conditions and
the development of the plants is not compromised (Niinemets and Valladares, 2004; Valladares
and Niinemets, 2008). So, the increase in total chlorophyll would increase the light capture by
coffee plants growing in shade, as the lower chlorophyll content in Sun grown plants can be
strategy to prevent excessive amounts of light from being absorbed and not being used or
dissipated, causing damage to the photosystem I (PSII) (Nobel, 2009). The coffee trees, besides
being plants originally found in shade environments, are organisms with high phenotypic
plasticity to the contrasts of existing luminosity, and are able to maintain a positive balance of
carbon in low luminosities (Matos et al., 2009; Morais et al., 2012). The decrease in respiration
rate, high photosynthetic quantum yield, increased concentration of photosynthetic pigments,
lower LCP and lower density/stomatal index observed in the work may represent also some of
these strategies for shade trees to increase the efficiency of the use of luminosity and CO»
assimilation (Valladares and Niinemets, 2008; Matos et al., 2009). These characteristics seem
to have been fundamental for Catuai Amarelo presented similar assimilation rates between the

environments, and consequently grow in the same proportion in the two shading conditions.

Even shade plants presented characteristics aimed at optimizing photosynthesis,
assimilation rates were less than or equal to those observed in Sun plants, showing that another
factor was limiting the gas exchange in the plant. Only Catuai Amarelo appears to benefit from
the characteristics presented by the plants in greater shading condition. Then it is possible that
the lower values of gas exchange in Shade plants were associated to the decrease in the stomata
density (SD) and stomata index (SI) in shade conditions. In this context, for CO> assimilation,
the structures with a central role in this process are the stomata, because they are directly

29



associated with the capacity of gas exchanges between the environment and the plant, and can
control about 95% of this process (Matthews et al., 2018). The stomatal characteristics, such as
SD and SS, have different leaf patterns according light conditions, and are associated with the
first limitation barrier of photosynthesis (Martins et al., 2014b). In our study, having greater
stomatal density or stomatal index represented greater assimilation, stomatal conductance and
transpiration, a fact also observed by Matos et al. (2009). The regressions between SD or SI
and the parameters of gas exchange reinforce the idea that stomatal characteristics and area

occupation are determinant in the process of assimilation.

Thus, the gas exchange process can then be limited at some point by the stomatal
conductance, and it directly reflects on the transpiration, as well as the assimilation, parameters
directly influenced by the gas diffusion capacity by this structure (Jones, 1998). Shade coffee
plants had lower stomatal conductance rates compared to Sun plants, being one of signs of
stomatal limitation in the photosynthetic process. The lowest stomatal conductance rate is one
of the characteristics expected for shade leaves, and in studies of the photosynthetic activity of
coffee under low incident light, close to 90% shading, this behavior is observed (Baliza ef al.,
2012; Martins et al., 2014b; Rodriguez-Lopez et al., 2014). Partial shading between 25% and
75% in contrast may represent higher rates of stomatal conductance in relation to full sun or
very shaded environments (Franck and Vaast, 2009). The development of the plants in the
respective microclimates allowed the varieties to present different strategies for survival in each
condition, and the types of stress throughout growth are crucial for acclimatization and

resistance to future stressful events.

For tolerance of PSII to heat, we expected that growing in a more luminous condition,
with all microclimatic characteristics presented, could increase the heat tolerance of PSII, as
recorded in other species (Gimeno et al., 2009; Godoy ef al., 2011; Chaves et al., 2015). In C.
arabica varieties differences were not observed between Sun and Shade, and the lowest values
of Tso and Hso were for this species. However, C. canephora showed to be more heat tolerant,
in two methodologies employed (ramping and static assay), in Shade leaves than Sun leaves,
and still. This aspect of heat tolerance in C. canephora species, shade leaves more resistant to
heat, make it more evident that the effect of ambient water conditions influences the
development of this species, and in this case, heat tolerance. It may be that the effects of high
temperatures, high light irradiance and low air humidity, compared to the Shade condition

microclimate, have a more deleterious impact on the photochemical phase, and consequently
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PSII, than on the biochemical reactions of the Calvin-Benson cycle and the process of gas

exchange of this species.

Under excessive light and stressful temperatures is the increase of reactive oxygen
species (ROS) that degrade proteins and cellular structures, such as PSII, photosynthetic
pigments and membranes (Wahid et al., 2007; Martins et al., 2014a). Intracellular generation
of ROS can be occur in many cellular organelles, as chloroplast, mitochondria and peroxisomes,
and this sites one of main sites of formation of reactive species are mitochondria, site of the cell
respiration (Mittler, 2002; Apel and Hirt, 2004; Mathur et al., 2014) and increased oxidative
stress may be associated with higher respiration rates (Tiwari et al., 2002). In coffee trees it has
been demonstrated that ROS can be more produced in periods where unfavorable conditions
for their growth are observed (Chaves et al., 2008; Martins et al., 2016). The production of
antioxidant structures in coffee trees to combat reactive oxygen species may be lower in plants
growing under high temperature conditions. Then it is possible that higher respiration rates
observed in Sun leaves also lead to higher ROS, and this may have affected the structure of

PSII and its consequently the tolerance to heat.

Although Shade Conilon plants presented lower values of transpiration and assimilation
of COy, their highest values of Tso and Hso suggests that protective mechanisms, as antioxidant
system, has more efficient action, permitting longest time of PSII heat resistance in this
condition and do not degrade other structures important for protection. Heat shock proteins
(HSPs), for example, are commonly synthesized, accumulated and easily detected at
temperatures exceeding the optimum growth limit, with their production increasing in relation
to temperature (Kaiser, 1987; Suzuki et al., 2014, Sun et al., 2002; Vierling, 2003; Wahid et al.,
2007), which happened under both conditions of growth, but at higher intensities in the Sun.
These proteins are essential for many cellular organelles, being associated with the structures
to confer greater thermal tolerance, thus preventing the denaturation of molecules and rupture
of membranes (Allakhverdiev et al., 2008). Martins et al. (2016) observed that in C. arabica
the content of HSP70 was similar after plants were submitted to temperature conditions higher
than 30°C, in a short term period. However, in C. canephora there was a decrease in the content
of these proteins at growing temperatures that exceeded 40°C. Another important fact is that
some antioxidant enzymes had changes in chloroplastic maximal activities in both species
Martins et al. (2016). of HSP in C. canephora and this has affected the thermotolerance of PSII.
Even our plant growth conditions are different from those of Martins et al. (2016), it may be
that some moments of high temperatures in a day also affect the expression of HSP in plants.
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In addition to the microclimatic condition of a brighter environment may have impacted the
antioxidant system of these plants, which caused significant changes in the heat resistance and

another process or structures in this coffee plants, especially Conilon variety.
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5. CONCLUSION

In general, the guiding hypotheses of work on gas exchange and heat tolerance of PSII
were partially confirmed, while the different results found are important for the greater
knowledge about photosynthesis in different coffee trees. All varieties exhibited adaptive
morphophysiological characteristics to survive to both sun-exposed and shade conditions, such
as changes in pigment content, use of light in photosynthetic processes and stomatal
characteristics. However, the coffee varieties respond differently to the amount of light incident
to the environment, and within the same species (Mundo Novo and Catuai Amarelo by C.
arabica) there may be different patterns of response and these characteristics were not sufficient
for CO; assimilation rates to be similar between sun and shade condition, except for Catuai
Amarelo. A very intense shading may reduce photosynthetic capacity, but the lesser climatic
variation may be more interesting for better development and even greater stress tolerance.
Mundo Novo variety is best suited for sun-exposed cultivation and Conilon would perform
better in shaded environments, while Catuai Amarelo would adapt well to the different shading
conditions. Then, the most suitable shading condition for coffee trees studied would be
intermediate shading, among those imposed in our work, where the incident light restriction is
not large and the climate may be less variable with less chance of stressful events reach the
plants. In this context, agroforestry environments would be ideal for coffee cultivation, since

they consist of some kind of shading and keep the microclimate less variable.
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TABLES AND FIGURES

Table 1. Growing of aerial part and stomatal traits in coffee plants that were subjected to two growing conditions. Means +

SE followed by the same letter do not differ significantly from one another in each treatment. For the results about plant

growth, the N = 10; for stomatal characteristics see N in material and methods (P < 0.05, ANOVA and Tukey test for all

parameters, and Kruskal-Wallis and Dunn’s test for stomatal size).

Coffee Varieties

P Shading
arameters condition C. arabica C. arabica C. canephora
Catuai Amarelo Mundo Novo Conilon
Total number of Sun 30.0 £ 0.42cC 55.0£3.70A 21.8 £ 1.31E
leaves Shade 28.2+0.62D 39.3+2.03B 203+ 1.79F
) Sun 20.1 +1.01c 46.8 £2.16A 13.7+0.79D
Height (cm)
Shade 248+ 1.11BC 49.0+£1.51A 27.7+1.28B
) Sun 4.78 £ 0.23¢C 8.54 £ 0.36A 3.11+025D
Stem diameter (mm)
Shade 4.78 £0.23¢C 7.43+0.148 5.65+0.18cC
Stomatal density (st Sun 180.1 £5.0cC 213.9+8.48B 297.6 109 A
mm?) Shade 126.5+3.5D 1279+ 3.8D 103.6+4.1E
. Sun 17.7+£ 0.6 AB 209+1.1A 202+12A
Stomatal index (%)
Shade 155+0.6B 153+098B 11.0+£1.1cC
. ) Sun 378.0+139A 307.0+ 7.6 BC 182.2+53D
Stomatal size (um™)
Shade 336.1 + 7.8 AB 356.6=72A 291.9+8.3C
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Table 2. Photosynthetic parameters derived from the photosynthetic light-response curves (Px /7 curve): light compensation
point (LCP; pmol photons m2 s7!), light saturation point (LSP; umol photons m™2 s™1), dark respiration (Rp; pmol CO2 m2
s71), photosynthetic assimilation rate in LSP (PNmax); pmol (CO2) m? s!), maximum apparent photosynthetic quantum yield at
1= 0 (¢ao); pmol (CO2) umol (photon)™), stomatal conductance in LSP (gs mol H2O m s!), transpiration in LSP (E; mmol
H20 m? s!) and internal CO2 concentration in LSP (Ci; mmol CO2 mol™! air), Water use efficiency in LSP (WUE), intrinsic
Water Use efficiency in LSP (iWUE) and instantaneous carboxylation efficiency (®c) in coffee plants that were subjected to

shading conditions.

Coffee Varieties

Parameters Shadipg - ;
condition C. arabica C. arabica C. canephora
Catuai Amarelo Mundo Novo Conilon
Sun 8.7+ 1.1C 14.2 +0.98 20.9 + 1.54
LCP Shade 4.1+03D 5.1+ 0.4Cp 8.3 % 0.6C
Lsp Sun 428 + 298 388 + 40B 710 £31A
Shade 192 + 17¢ 237+ 15¢ 396 + 328
R Sun 0.57 +0.10Ba 0.79 +0.07Ba 0.97 + 0.08Aa
b Shade 0.37 % 0.04Bb 0.33 + 0.04Bb 0.58 = 0.06Ab
Sun 4.2 +0.4AB 55+0.3A 55+0.4A
Primax Shade 4.6 +0.4AB 3.6+0.38 3.7+0.58
Sun 0.050 £ 0.006D 0.067 + 0.002CD 0.063 + 0.007C
Pato Shade 0.070 + 0.002B 0.072 + 0.003AB 0.089 + 0.006Aa
Sun 0.067 £ 0.01A 0.054 + 0.004A 0.062 + 0.009A
&s Shade 0.048 = 0.01B 0.047 £ 0.003B 0.031 + 0.005B
Sun 1.50 £ 0.09A 1.27 +0.14A 1.66 +0.23A
£ Shade 0.99 +0.12B 0.81+0.108 0.80+0.13B
. Sun 267 £ 18A 215+ 7.3AB 233 +£12B
Ci Shade 228 + 15A 232 + 5.0AB 195 + 14B
WUE Sun 32+04B 4.9+ 0.2AB 3.7+0.4AB
Shade 4.94+0.5A 44 +0.1AB 5.0+ 0.4A
. Sun 737+ 126 99.2+3.78 93.9+123
IWUE Shade 1054+ 15.2 82.5+ 132 126.7 £ 12
o Sun 0.018 £ 0.002 0.025 = 0.001 0.025 + 0.002
¢ Shade 0.024 + 0.003 0.017 4 0.001 0.020 + 0.003

Means + SE followed by the same uppercase letter do not differ significantly from one another for sun and shade treatments
within varieties. Uppercase letters indicate difference between treatments. (n =8, p < 0.05, Two-way ANOVA and Tukey test).
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Figure 1. Photosynthetically photon flux density (PPFD) in January 28 (a) and February 04 (b), the days with more and less
PPFD, respectively. The continuous line represents the Sun and the dotted line the Shade growth condition.
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Figure 3. Example of stomatal structure and epidermis cells in abaxial surface of the coffee varieties growth in the sun (left
column) and shade (right column) conditions. Catuai Amarelo is represented by (a) and (b); Mundo Novo is represented by (c)
and (d); Conilon is represented by (e) and (f). Letters inside the structures mean: st, stomatal; ec, epidermis cells. Scale bars =
200 um.
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Figure 4. Result of SPAD index and DMSO pigments quantification are shown in the following graphs: SPAD readings (a),
Total Chlorophylls content (b), Chlorophyll a/b ratio (¢), Chlorophyll/Carotenoid ratio (d) and Carotenoids content (e) in coffee
varieties in each shading condition (sun and shade). Vertical bars are mean + SE. Different letters in columns indicate
statistically significant differences in that variety (n = 10, p < 0.05, ANOVA two-way and Tukey test).
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47



(a)
58 - O Sun A
[ | Shade E
57 A
— AB AB
Q
L 564 B % E
— % B
55 - i
54 ==
1
OT T T T
Catuai Amarelo Mundo Novo Conilon
(b) 50
O Sun
[ | Shade A
40 = ]
o B
= 30+ B @
C BC O BC
g N
e e i
= =
10 -
0 T T T
Catuai Amarelo Mundo Novo Conilon

Figure 6. PSII thermotolerance of coffee varieties under different shading conditions, using two methodologies, ramping assay
with results of Tso (a) and in static assay with results of Hso (b). Means + SE followed by the same uppercase letter do not
differ significantly from one another for sun and shade treatments within varieties. (N = 5, p < 0.05, Two-way ANOVA and
Tukey test).
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