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RESUMO GERAL

As folhas sdo 6rgaos adaptados para a captagdo de energia luminosa e sua transformagao em
energia bioquimica. Entretanto, a irradiancia interceptada pelas folhas é maior do que a
irradiancia que € de fato absorvida e aproveitada de forma eficiente, o que torna os
mecanismos de fotoprote¢ao essenciais. Esses mecanismos podem minimizar a absorcdo da
irradidncia ou ativar respostas metabdlicas responsdveis pela protecdo do sistema
fotoquimico. Styrax camporum é uma espécie com ampla distribuicao no cerrado sensu lato.
Suas folhas possuem orientacdo horizontal ou vertical, mas também podem apresentar
angulos intermedidrios. Com a finalidade de observar a influéncia que a orientagdo foliar
exerce sobre o desempenho fotossintético, foram avaliadas as curvas das taxas fotossintéticas
em resposta ao aumento da disponibilidade de luz para ambas as faces (adaxial e abaxial) de
folhas horizontais e verticais. Além disso, foi realizado um experimento de deficiéncia hidrica
no qual as trocas gasosas, a fluorescéncia da clorofila a e as relagdes hidricas foram
acompanhadas em ambas as faces dos dois tipos foliares. Os resultados mostraram que, em S.
camporum, a orientacdo vertical de parte das folhas ndo estd relacionada a fotoprotecio
estrutural e que, nessa espécie, o posicionamento vertical das folhas poderia estar relacionado

a otimizacdo da assimilacido de CO, em decorréncia da potencial exposi¢do de ambas as faces

foliares a radiagao direta.

Palavras-chave: Fisiologia vegetal. Ecofisiologia. Fotossintese. Orientacdo foliar. Face

foliar. Cerrado.



ABSTRACT

Leaves are organs adapted to sunlight interception and conversion of light energy into
biochemical energy. However, the irradiance that is intercepted by leaves is greater than the
absorbed irradiance that is effectively used in photosynthesis, making photoprotective
mechanisms essential. Such mechanisms may reduce the amount of absorbed irradiance or
may activate metabolic activities that are responsible for protecting the photochemical system.
Styrax camporum is a woody species that is widely distributed in the cerrado sensu lato areas.
S. camporum leaves show horizontal or vertical orientation, but they may also have
intermediate angles. We investigated whether the leaf angles of S. camporum have any
influence on photosynthetic performance. Photosynthetic response curves in response to
increasing light were measured on both surfaces (adaxial and abaxial) of horizontal and
vertical leaves. In addition, a water deficiency experiment was performed. In this experiment,
gas exchange rates, chlorophyll a fluorescence and plant water relations values were also
monitored on both surfaces of both leaf types. Results showed that, in S. camporum, vertical
leaf orientation is not related to structural photoprotection and that, in this species, such leaf
orientation could be related to the optimization of CO, assimilation since both leaf surfaces

are potentially exposed to direct sunlight.

Keywords: Plant physiology. Ecophysiology. Photosynthesis. Leaf orientation. Leaf surface.

Brazilian savanna.
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INTRODUCAO GERAL

As folhas sdo 6rgios vegetais adaptados para a captacdo de energia luminosa e sua
transformag@o em energia bioquimica. Essa energia bioquimica € inicialmente armazenada
nas ligacOes quimicas de duas moléculas: NADPH e ATP, formadas ao final do transporte
eletronico, primeira etapa da fotossintese (TAIZ & ZEIGER, 2009). Entretanto, as plantas
vivenciam situagdes nas quais a quantidade de luz absorvida € maior do que aquela que
podem metabolizar de forma eficiente (LONG et al., 1994). Assim, tendo em vista que essa
energia excedente pode causar danos ao aparato fotossintético (EDREVA, 2005), é necessario
que ela seja dissipada. Se a planta consegue metabolizar esse excesso energético de forma
eficiente, danos nao ocorrem ou sao minimizados. Entretanto, se isso ndo € possivel, ocorre a
fotoinibigdo.

A fotoinibicao causa uma reducdo do desempenho fotossintético (LONG et al., 1994)
e resulta da quantidade de luz que € absorvida além da capacidade fotossintética (DEMMIG-
ADAMS & ADAMS, 1992). Dessa forma, qualquer fator ambiental que limite a assimilacdo
de CO,, como o fechamento estomdtico em resposta ao déficit hidrico do solo e/ou da
atmosfera (alto déficit de pressdo de vapor, DPV), resulta em um excesso de fétons
absorvidos (DEMMIG-ADAMS & ADAMS, 1992; PASTENES et al.,, 2005). Como
consequéncia, ocorre a formacdo de espécies reativas de oxigénio (EROs), como os super
6xidos (0) e o oxigénio singleto (0,"), que prejudicam a estrutura e a funcionalidade dos
cloroplastos (EDREVA, 2005).

Assim, mecanismos de fotoprotecdo que minimizem a absor¢do de fétons ou que
permitam que a planta metabolize seu excesso de forma eficiente sdo essenciais. Entre aqueles
que reduzem a captagdo de energia estdo o reposicionamento dos cloroplastos (KASAHARA
et al., 2002), a perda de clorofila (MUNNE-BOSCH & ALEGRE, 2000), o paraheliotropismo
(PASTENES et al., 2005) e a orientacdo vertical estaciondria das folhas (WERNER et al.,
1999). Por outro lado, o ciclo das xantofilas contribui para dissipar, em forma de calor, o
excesso de energia que ji foi absorvido (DEMMIG-ADAMS & ADAMS, 1992). Esse
excesso de energia também pode ser dissipado através de drenos alternativos de elétrons para
os ciclos do nitrogénio (CHAPIM III et al., 1987) e do enxofre (LEUSTEK & SAITO, 1999)
e para a reagdo de Mehler, associada a atividade de enzimas que eliminam as EROs

(JAHNKE et al., 1991; EDREVA, 2005). Além disso, também pode ocorrer o transporte
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ciclico de elétrons através do fotossistema I (PSI) (HEBER, 2002) e, em plantas C3, a
fotorrespiracio (FRANCO & LUTTGE, 2002).

Heliotropismo

O ajuste do posicionamento de folhas e flores em relagdo a dire¢ao dos raios solares é
denominado heliotropismo. O heliotropismo divide-se em dois tipos: para- e
diaheliotropismo. Folhas paraheliotropicas posicionam-se paralelamente aos raios solares,
enquanto as diaheliotropicas posicionam-se perpendicularmente a eles (EHLERINGER &
FORSETH, 1980), minimizando e maximizando a incidéncia da irradiancia, respectivamente.

Na maioria das espécies, o pulvino é reconhecido como a regidao responsavel pela
movimentagdo foliar, que ocorre em consequéncia de alteragdes na pressdo de turgor de
células motoras nele localizadas (KOLLER, 1990). A existéncia de pressdes de turgor
distintas em células localizadas em lados opostos dessa estrutura é a responsavel pela
mudanca de orientacdo da lamina (SHERIFF & LUDLOW, 1985). Entretanto, em alguns
casos, a orientagdo foliar é controlada também por pequenas mudancas mecanicas ao longo do
comprimento do peciolo (VOGELMANN & BJ ORN, 1983; SHERIFF & LUDLOW, 1985).

Sabe-se que maiores amplitudes de movimentagdo sdo obtidas quando a luz incide
obliquamente sobre a superficie da folha ou do pulvino (VOGELMANN & BJORN, 1983).
Essa movimentagao ¢ induzida pela radiacdo com comprimento de onda na regidao azul do
espectro (VOGELMANN & BJORN, 1983; SHERIFF & LUDLOW, 1985), que € percebida
por fotorreceptores cuja localizacdo varia entre as diferentes familias. Enquanto nas
leguminosas esses fotorreceptores estao localizados no pulvino, em outras espécies eles estdo
na lamina foliar, sendo o sinal transmitido até o 6rgao que realiza a movimentacao (KOLLER,
1990).

Os movimentos heliotrépicos estdo presentes em diversas familias, como
Leguminosae, Malvaceae, Araceae, Begoniaceae, Oxalidaceae, Euphorbiaceae e
Capparidaceae (KOLLER, 1990). Por propiciar uma maior captagdo de fétons pelas folhas, o
diaheliotropismo € vantajoso especialmente pela manhd porque permite que a temperatura
fotossintética Otima seja alcancada quando a temperatura e o DPV do ar sdo baixos
(KOLLER, 1990; PASTENES et al., 2005).

Ja o paraheliotropismo favorece uma menor interceptacdo de luz pela lamina foliar

(FORSETH & EHLERINGER, 1980). Essa movimentacdo da folha é induzida por fatores
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como aumento da temperatura foliar (FU & EHLERINGER, 1991), irradiancia excessiva (FU
& EHLERINGER, 1991) e deficiéncia hidrica no solo (FORSETH & EHLERINGER, 1980;
KOLLER, 1990; PASTENES et al., 2005), sendo observada especialmente em horarios
proximos ao meio-dia (PASTENES et al., 2005). A menor exposicao da folha a radiacao
reduz a perda de dgua por transpiragdo (FORSETH & EHLERINGER, 1982) e diminui o
superaquecimento foliar (PASTENES et al., 2005), mantendo sua temperatura proxima do
6timo fotossintético (FU & EHLERINGER, 1989). Além disso, a menor exposi¢ao da folha a
irradiancia a protege contra a fotoinibicao (GAMON & PEARCY, 1989; KAO & FORSETH,
1992; PASTENES et al., 2005; ARENA, 2008).

Esse efeito da fotoinibicdo sobre o acimulo de biomassa € de particular interesse para
espécies cultivadas porque pode gerar producdo menor do que aquela potencial para
determinada cultura. Dessa forma, estudos sobre as respostas ecofisioldgicas ao heliotropismo
tem sido realizados especialmente com espécies cultivadas, como o feijao (BIELENBERG et
al., 2003; PASTENES et al., 2005) e a soja (KAO & FORSETH, 1992; JIANG et al., 2006).

Em espécies nativas brasileiras, as conseqii€éncias ecofisioldgicas do heliotropismo
parecem ser conhecidas apenas na leguminosa Pterodon pubescens Benth. (CALDAS et al.,
1997), ocorrente no Cerrado. Por ser um bioma onde predominam as formagdes abertas, sem
dossel continuo, e estar situado na regido tropical, muitas de suas espécies estdo sujeitas a
baixa disponibilidade hidrica do solo e da atmosfera (alto DPV) durante a estagcdo seca e a
estresses térmicos (temperaturas elevadas) e foto oxidativos, que podem ocorrer
concomitantemente. Em Pterodon pubescens, o movimento paraheliotropico das folhas em
resposta a elevada incidéncia de fétons permitiu alta atividade fotoquimica apesar da menor

irradiancia a que estavam expostas (CALDAS et al., 1997).

Orientacao foliar

Outra estratégia de fotoprotecdo estrutural utilizada por diferentes espécies vegetais
com o objetivo de equilibrar a absor¢ao da energia luminosa com a capacidade fotossintética é
a orientacdo vertical das folhas. A orientagdo foliar interfere diretamente tanto na quantidade
total de luz que € interceptada ao longo do dia quanto nos periodos em que a exposicao a
radiacdo € elevada. Assim, enquanto folhas horizontais estdo mais expostas a radiacdo

especialmente em torno do meio-dia, quando a temperatura ¢ o DPV do ar sdo altos, a
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exposicdo das folhas verticais € maior no meio da manha e no final da tarde, quando as
condi¢des ambientais sao mais amenas (JURIK et al., 1990; LIU et al., 2003).

Estudos sobre a influéncia da orientagdo foliar sobre o desempenho fotossintético
constataram que folhas verticais geralmente atuam de forma a minimizar a captacao de luz em
horérios préoximos ao meio-dia e, dessa forma, reduzem a ocorréncia de superaquecimento e
fotoinibicdo (WERNER et al., 1999; LIU et al., 2003). Além disso, avaliacdes que
consideraram a arquitetura da copa de diferentes espécies com o objetivo de verificar sua
influéncia sobre a produtividade vegetal também apontam para uma funcao fotoprotetora das
folhas com angulos mais acentuados (VALLADARES & PUGNAIRE, 1999; FALSTER &
WESTOBY, 2003). De fato, a maior ocorréncia de plantas cujas folhas possuem orientacdo
vertical em ambientes onde a luminosidade € alta e a precipitacdo € baixa ilustra a importancia
da orientagdo vertical como estratégica de protecio contra danos foto oxidativos
(EHLERINGER, 1988; SMITH et al., 1998).

Entretanto, em algumas situagdes especificas, folhas verticais ndo estdo relacionadas a
fotoprotecdo. Verificou-se que folhas verticais que tem suas superficies voltadas para o leste e
o oeste assimilam tanto carbono quanto as folhas horizontais e, ainda, possuem maior
eficiéncia de uso da dgua (JURIK et al., 1990). Além disso, em populacgdes estabelecidas em
regides de altas latitudes, nas quais o sol faz um caminho mais baixo no céu, folhas verticais
podem interceptar mais radiacdo e, dessa maneira, apresentar maior fixacdo didria de CO, do

que folhas horizontais (KING, 1997).

Styrax camporum Pohl.

Styrax camporum Pohl. € wuma espécie arbustiva ocorrente, no Brasil,
predominantemente no Cerrado (NAKAJIMA & MONTEIRO, 1986). Foi descrito que suas
folhas, apesar de nao possuirem pulvino morfologicamente delimitado, apresentam tanto dia-
quanto paraheliotropismo (MACHADO, 1991). Ela é uma espécie hipoestomatica
(HABERMANN et al., 2008) e, ao acompanhar a performance fotossintética de folhas dia- e
paraheliotrépicas ao longo do dia, HABERMANN et al. (2008) observaram que as folhas
paraheliotrépicas iluminadas em ambas as faces tem maiores taxas de assimilagdo de CO, (A)
e de transpiragdo (E) e maior condutancia estomadtica (gs) em comparagdo as folhas
diaheliotrépicas. Nesse trabalho, os autores também mostraram que as folhas diaheliotrépicas

de S. camporum nio assimilaram menos carbono por causa de estdmatos mais fechados;
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ambos os tipos foliares atingiram abertura estomdtica satisfatéria e a mesma zona de resposta
de gs resultou em concentragdes similares de CO; intercelular (Ci). Folhas paraheliotrépicas
tiveram maior A sob irradiancia elevada, sugerindo evitacao da carga excessiva de irradiancia,
apesar do desempenho fotoquimico nao ter sido medido. Contudo, em ambos os tipos de
folhas, Habermann et al. (2008) notaram parénquima esponjoso compacto, sugerindo maior
capacidade fotossintética por unidade de area foliar, o que poderia explicar as maiores taxas
de assimilacio de carbono observadas nas folhas paraheliotrépicas em relagdo as
diaheliotrépicas.

Assim, levando em consideracdo os resultados de Habermann et al. (2008), o objetivo
inicial do presente estudo foi investigar se as folhas paraheliotrépicas de S. comporum
apresentam maiores taxas de assimilacdo de CO, devido (i) a menor interceptacio de
irradiancia ou (ii) se essa diferenca decorre da presenca de parénquima esponjoso compacto,
que permitiria que ambas as faces foliares contribuam significativamente para a fotossintese.
Além disso, o estudo também se propOs a investigar se o posicionamento paraheliotrépico
atenuaria o efeito do estresse hidrico.

Entretanto, durante a realizacdo do trabalho, verificou-se que as diferentes orientagcdes
foliares encontradas em folhas maduras de S. camporum nao estao relacionadas ao fendmeno
do heliotropismo. Ao acompanhar a posi¢do das folhas de mudas de aproximadamente oito
meses de idade ao longo do dia, observou-se que apenas parte das folhas jovens apresenta
heliotropismo, resposta essa que é perdida com a maturacdo do 6rgdo, sendo as folhas
maduras estaciondrias.

Dessa forma, visto que as avaliagdes do presente estudo foram realizadas apenas em
folhas maduras (horizontais e verticais) com a finalidade de eliminar o efeito de possiveis
variagdes ontogenéticas sobre as varidveis fotossintéticas (SOBRADO, 1996), o tema desse
estudo passou a ser a orientacdo estaciondria de folhas de S. camporum. Assim, folhas antes
denominadas dia- e paraheliotrépicas passaram a ser chamadas horizontais e verticais,
respectivamente. Entretanto, tendo em vista que o posicionamento vertical estaciondrio das
folhas, assim como o paraheliotropismo, € considerado uma estratégia de fotoprotecao
estrutural (EHLERINGER, 1988; VALLADARES & PUGNAIRE, 1999; LIU et al., 2003) e
que os dados de Habermann et al. (2008) também foram medidos em folhas estaciondrias e
podem, dessa forma, ser utilizados como base para o presente trabalho, os objetivos do
trabalho foram mantidos, com as devidas alteracdes de nomenclatura.

Essa dissertagdo € apresentada em um Ttnico capitulo, intitulado “Vertical leaf

orientation of Styrax camporum Pohl. is not related to structural photoprotection when under



15

drought conditions” e no qual sdao apresentadas e discutidas as respostas de trocas gasosas e
de fluorescéncia da clorofila @ medidas com luz artificial em ambas as faces de folhas
horizontais e verticais de S. camporum ao longo de um experimento de deficiéncia hidrica;
também foram avaliadas e comparadas as relacdes hidricas de ambos os tipos de folhas ao
longo do tratamento hidrico. Em anexo (Anexo A), é apresentada uma foto (Figura 1) do local
onde foi realizado o estudo, no Centro de Ecofisiologia e Biofisica, no Centro Experimental
Central do Instituto Agrondmico de Campinas (IAC); e uma segunda foto na qual € possivel
observar folhas com diferentes orientagdes num ramo de uma planta de S. camporum (Figura

2).
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OBJETIVOS

Objetivos Gerais

Considerando que a orientacdo foliar interfere diretamente na quantidade de radiacdo
que € absorvida pelas folhas e, dessa forma, afeta diretamente o desempenho fotossintético, o
objetivo do presente trabalho foi estudar as consequéncias de diferentes orientagdes foliares
(horizontal e vertical) sobre parametros fotossintéticos e de relagdes hidricas em Styrax

camporum, uma espécie que, no Brasil, ocorre predominantemente no Cerrado.

Objetivos Especificos

- Medir e analisar as curvas de resposta a luz para ambas as faces (adaxial e abaxial)
de folhas horizontais e verticais de S. camporum [essas curvas foram publicadas no trabalho

de Habermann et al. (2011) Environ. Exp. Bot. 71: 10];

- Verificar se o posicionamento vertical das folhas de S. camporum tem fungdo

fotoprotetora em situacdo de estresse hidrico;

- Investigar se, em plantas irrigadas, a face adaxial apresenta desempenho
fotossintético maior, menor ou similar aquele da face abaxial em cada tipo de folha

(horizontal e vertical);

- Testar as seguintes hipoteses:

a) Em situacdo de estresse hidrico, folhas verticais ndao apresentam maior desempenho
fotoquimico do que folhas horizontais;
b) Em folhas verticais e horizontais de S. camporum, as respostas de trocas gasosas e

de fluorescéncia da clorofila a dependem da face (adaxial ou abaxial) que € iluminada.
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ABSTRACT

Vertical leaf orientation is considered a structural photoprotective mechanism, which helps to
decrease the amount of sunlight interception and reduces the risk of overheating and
photoinhibition. However, a previous study with the species Styrax camporum demonstrated
that vertical leaf orientation could be related to the optimization of CO, assimilation. To test
the hypothesis that vertical leaf orientation is not related to structural photoprotection in S.
camporum, a water deficiency (WD) study was conducted. Gas exchange rates and
chlorophyll a fluorescence were monitored in naturally oriented vertical and horizontal
leaves, under adaxial or abaxial artificial illumination. The two main questions of interest
were: 1) Does vertical leaf orientation protect the photosynthetic apparatus of S. camporum
under water-stressful conditions? 2) Do adaxial and abaxial leaf surfaces of vertical and
horizontal leaves demonstrate different photosynthetic capacities under non-water stressful
conditions? Similar gas exchange rates and chlorophyll a fluorescence values were found
between horizontal and vertical leaves throughout the WD experiment. WD reduced CO,
assimilation rates on both leaf surfaces of both leaf types, but the effective quantum yield of
PSII (4F/Fm’) and the apparent electron transport rate (ETR) were reduced only on the
adaxial surface. WD increased the relative excessive PPFD on the adaxial surface of both leaf
types. The maximum quantum yield of PSII (Fv/Fm) was not reduced by WD even on the day
of maximum stress. We concluded that vertical leaf orientation in S. camporum is not related
to structural photoprotection when under drought conditions. Evidences towards the

optimization of CO, assimilation in vertical leaves were discussed as well.

Keywords: Photosynthesis. Gas Exchange. Chlorophyll fluorescence. Leaf surface. Brazilian

savanna.
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RESUMO

A orientagdo vertical das folhas é considerada uma estratégia de fotoprotecao estrutural que
reduz a absor¢do de irradidncia, minimizando os riscos de superaquecimento e de
fotoinibicdo. Entretanto, um estudo anterior com a espécie Styrax camporum mostrou que
suas folhas verticais poderiam estar relacionadas a otimizagao da assimilacdo de CO,. Para
testar a hipétese de que a orientagdo vertical de parte das folhas de S. camporum nao atua
como um mecanismo de fotoprotecao estrutural, foi realizado um experimento de deficiéncia
hidrica (DH) no qual as taxas de trocas gasosas e a fluorescéncia da clorofila a foram
acompanhadas em folhas naturalmente horizontais e verticais, sob iluminacdo adaxial ou
abaxial. As duas perguntas de interesse do estudo foram: 1) A orientagdo vertical ajuda a
proteger o aparato fotossintético de S. camporum em situacdo de estresse hidrico? 2) As faces
adaxial e abaxial, em folhas horizontais e verticais, mostram capacidade fotossintética distinta
entre si em plantas que ndo enfrentam estresse hidrico? Foram observados valores similares
de trocas gasosas e de fluorescéncia da clorofila a entre os dois tipos foliares ao longo do
tratamento hidrico. A DH reduziu a assimilacdo de CO, em ambas as faces dos dois tipos de
folhas, mas a eficiéncia quantica efetiva do PSII (4F/Fm’) e a taxa aparente de transporte de
elétrons (ETR) foram reduzidas apenas na face adaxial. A DH causou aumento do excesso
relativo de DFFFA na face adaxial dos dois tipos de folhas, mas ndo diminuiu a efici€ncia
quantica potencial do PSII (Fv/Fm) mesmo no dia do estresse maximo. N6s concluimos que a
orientacdo vertical de parte das folhas de S. camporum nao estéa relacionada a fotoprote¢ao
estrutural em situagdo de estresse hidrico. Evidéncias que sugerem a otimizacdo da

assimilacdo de CO, em folhas verticais também foram discutidas.

Palavras-chave: Fotossintese. Trocas gasosas. Fluorescéncia da clorofila a. Face foliar.

Cerrado.
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INTRODUCTION

High-irradiance stress is a common situation in nature and plants have evolved
physiological, anatomical and morphological strategies to avoid oxidative damage (LONG et
al.,, 1994). Vertical leaf orientation is recognized as a structural photoprotective strategy
because it reduces excessive light interception (VALLADARES & PUGNAIRE, 1999;
WERNER et al., 1999; LIU et al., 2003), preventing an unbalance between the production and
scavenging of reactive oxygen species (ROS), which can damage molecules in the
chloroplasts (EDREVA, 2005). In comparison to horizontal leaves, vertical leaves show lower
risks of overheating and photoinhibition. In addition, they exhibit reduced costs with
biochemical photoprotective mechanisms such as the xanthophyll cycle (LIU et al., 2003).

The importance of vertical leaf orientation in avoiding or minimizing oxidative
damage is evidenced by the steepest leaf angles that are observed in dry environments
(EHLERINGER, 1988; SMITH et al., 1998). In environments subjected to seasonal drought,
reducing excessive light absorption is particularly important because a reduced stomatal
conductance (gs) can limit CO, diffusion to the carboxilation sites, which may favor the
overproduction of ROS (EDREVA, 2005).

In Brazil, Styrax camporum is predominantly distributed in the Cerrado, or Brazilian
savanna (NAKAJIMA & MONTEIRO, 1986). The Cerrado is subjected to a hot and rainy
season from October to March, and to a dry season from April to September, when plants may
also face high irradiance. Styrax camporum has vertical, horizontal and intermediate angled
leaves in relation to the horizon. It has been described that some of its leaves show heliotropic
movements (MACHADO, 1991). Previous studies (HABERMANN et al., 2008;
HABERMANN et al., 2011) that evaluated mature leaves of S. camporum referred to its
horizontal and vertical leaves as dia- and paraheliotropic, respectively. However, leaf
movement is observed only in immature leaves.

Habermann et al. (2008) found higher CO, assimilation rates (A), stomatal
conductance (gs), and transpiration rates (E) in vertical leaves when compared to horizontal
leaves of unstressed plants, when both leaf surfaces were simultaneously illuminated with
natural light. However, the higher gs of the vertical leaves did not explain the elevated A, nor
did it influence intercellular CO, concentration (Ci). Additionally, vertical leaf orientation
was not related to lower leaf temperatures. Even though a low interception of irradiance
preventing photoinhibition could have accounted for the higher photosynthetic performance

of vertical over horizontal leaves in S. camporum, an alternative hypothesis was raised for this
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finding. Habermann et al. (2008) argued that the compact spongy parenchyma observed in
both leaf types could have allowed the abaxial surface to significantly cooperate with CO,
assimilation in vertical leaves, since their abaxial surface is frequently exposed to direct
sunlight. In a subsequent study, Habermann et al. (2011) observed that differences in gas
exchange rates between horizontal and vertical oriented leaves were mainly observed when
both leaf sides were illuminated.

The present study aimed to acquire further knowledge regarding the role of vertical
leaf orientation in S. camporum. A water deficiency experiment was performed and gas
exchange rates and chlorophyll a fluorescence were measured in vertical and horizontal
oriented leaves, when illuminated on the adaxial or the abaxial leaf surface. The two main
questions of interest were: 1) Does vertical orientation protect the photosynthetic apparatus of
S. camporum under water-stressful conditions? 2) Do adaxial and abaxial leaf surfaces of
vertical and horizontal leaves demonstrate different photosynthetic capacities under non-water
stressful conditions? In addition, we discuss whether vertical leaf orientation of S. camporum
represents a strategy to face drought and sunlight excess, which frequently and concomitantly
occur during the dry season in the Cerrado or if vertical leaf orientation in this species could
be related to the optimization of CO, assimilation by the exposure of both leaf surfaces to

direct sunlight.

MATERIAL AND METHODS

Plant material:

Young S. camporum plants were cultivated in pots (100 L) containing a 3:2:1 mixture
of oxisoil:sand:organic substrate (Plantmax, Eucatex®, Paulinia, Sao Paulo, Brazil). The
plants were irrigated monthly with a nutritive solution containing 20 mg L™ of AI**, according
to Furlani & Furlani (1988). When the water deficiency experiment began, plants were

approximately 15 months old and 1 m high.

Experimental description and study site:

The study was carried out from August to October 2009 at the Experimental Center of
the Instituto Agrondmico de Campinas (IAC), located in Campinas, Sao Paulo State, Brazil
(22°54° S, 47°05’W). Plants were randomly separated into irrigated plants (five individuals

under daily irrigation regime) and a group of five plants submitted to water deficiency (WD),
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which was applied by water withholding. A circular plastic canvas cut from the edge to its
center was placed around the main stem and over the soil, and it was fixed with rubber bands
around the pot opening of WD plants. This efficiently prevented increases in water
availability due to rain.

The duration of water withholding and the evaluation dates were determined by the
stomatal conductance (gs) and the leaf water potential (Yw) of WD plants. Measurements of
Yw before sunrise (predawn, Wpd) and when vapor pressure deficit (VPD) was maximum
(midday, ¥md) were made on August 29" (1 day after water withholding), September 3™ (6™
day) and 16™ (19" day) and October 2™ (35" day) and 4™ (37™ day). Measurements of leaf
gas exchange and chlorophyll a fluorescence were performed on the first day after WD was
imposed (August 29"™; Beginning), on the day of maximum stress (October 2™'; MS), when gs
values approached zero and the lowest Yw values were observed, and two days after plants
were rewatered (October 4, REC).

Gas exchange and chlorophyll a fluorescence data were measured on the adaxial and
abaxial surfaces of horizontal and vertical leaves of S. camporum irrigated and WD plants in
the morning period (8:30 h — 10:30 h) of sunny days.

Gas exchange was measured with an open-gas portable infrared analyzer (LI-6400, LI-
COR, Lincoln, NE, USA). The CO; assimilation (A, pmol m> s'l) and transpiration (£, mmol
m? ™) rates, and stomatal conductance (gs, mol m? s were calculated by the LI-6400 data
analysis program. The leaf temperature (Tleaf, °C) was assessed by a thermocouple inside the
LI-6400 leaf cuvette. Water use efficiency (WUE, A/E, pmol CO, (mmol HzO)'l) was
calculated according to Berry & Downton (1982). The photosynthetic photon flux density
(PPED) was provided by an artificial red—blue light emitting diode (LED) light source (6400—
02B, LI-COR, Lincoln, NE, USA) inside the leaf cuvette. It was set to 1500 pmol m™s™,
which corresponds to the saturating PPFD for S. camporum CO, assimilation rates
(HABERMANN et al., 2011).

Fluorescence measurements were made with a modulated fluorometer (FMS 1,
Hansatech, Norfolk, UK). The analyzed variables were the maximum quantum yield of PSII
[Fv/Fm = (Fm-Fo)/Fm], the effective quantum yield of PSII [4F/Fm’ = (Fm’-Fs)/Fm’] and
the apparent electron transport rate (ETR = AF/Fm’ x PPFD x 0.5 x 0.84), where Fm and Fo
are, respectively, the maximum and the minimum fluorescence of dark-adapted leaves and
Fm” and Fs are, respectively, the maximum and the steady state fluorescence in the light
adapted state. For the calculation of ETR, 0.5 was assumed as the fraction of excitation energy

distributed between the two photosystems and 0.84 as the fraction of light that was absorbed
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by the leaf (BAKER, 2008). The relative excessive PPFD was calculated as EXC = [(Fv/Fm-
AF/Fm’)/Fv/Fm] (BILGER et al., 1995). To measure Fv/Fm, leaves were dark-adapted for 30
minutes (BOLHAR-NORDENKAMPF & OQUIST, 1993).

The predawn (Wpd) and midday (¥'md) leaf water potentials were measured in

horizontal and vertical leaves of irrigated and WD plants using a pressure chamber (DIK-

7000, Daiki Rika Kogyo, Tokyo, Japan).

Statistical analyses:

Leaf gas exchange variables (A, gs, E, Tleaf and WUE), fluorescence variables
(Fv/Fm, AF/Fm’, ETR and the EXC), WYpd and WYmd were obtained from five completely
randomized replicates (plants) from the irrigated or the WD group of plants.

For the present study, three factors were considered: water deficiency (two levels of
water supply), leaf orientation (horizontal and vertical) and leaf surface (adaxial and abaxial).
However, as leaf orientation and leaf surface are associated factors (both horizontal and
vertical leaves are comprised of adaxial and abaxial surfaces), a two-way analysis of variance
(ANOVA) was carried out to test each variable separately for each evaluation date. The
Tukey test (P < 0.05) was used to conduct post-hoc comparisons to estimate the least
significant difference between mean values. All statistical tests were performed on SigmaStat

3.5 (Systat Software Inc., San Jose, CA, United States of America).

RESULTS

Plants that were submitted to water deficiency (WD) already showed lower ¥pd and
Ymd than irrigated plants 6 days after water withholding (Fig. 1A and 1B). During the whole
experimental period, the water potential (¥pd and ¥md) between horizontal and vertical
leaves was the same, for irrigated or WD plants (P > 0.05). The lowest Wpd and Wmd values
observed for WD plants, in comparison to irrigated plants, occurred 35 days after the
imposition of WD. Two days after rewatering the plants that had been submitted to WD, ¥pd
and Wmd were the same between irrigated and WD plants (Fig. 1A and 1B).
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Figure 1 — Predawn (A) and midday (B) leaf water potential in horizontal and vertical leaves
of irrigated (I) and water deficient (WD) S. camporum plants (n = 5), in different evaluation
dates. Vertical bars are the standard deviation (SD). For each evaluation date and for the same leaf type,
asterisks indicate significant difference (P < 0.05) between irrigated and WD plants. Arrow indicates
rewatering.

Horizontal and vertical oriented leaves had similar (P > 0.05) CO, assimilation rates
(A) throughout the experimental period, when evaluations were made on the adaxial or
abaxial leaf surface, in irrigated or WD plants. However, we did not find a conclusive pattern
in the comparison between the surfaces of each leaf type (Fig. 2A and 2B).

In both leaf types, the adaxial and abaxial surfaces exhibited the same A values one
day after water withholding (Beginning), in irrigated or WD plants (Fig. 2A and 2B). On the

day of maximum stress (MS), irrigated plants showed higher A values compared to those of
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WD plants obtained on the same leaf surface of horizontal (Fig. 2A) and vertical (Fig. 2B)
leaves. Additionally, on the day of MS, the adaxial surface of horizontal leaves had an
increased A in comparison to its abaxial surface in irrigated plants; however, such difference
between leaf surfaces was not observed for WD plants (Fig. 2A). On the other hand, vertical
leaves showed similar A values between the adaxial and abaxial surfaces in irrigated and WD
plants (Fig. 2B).

The A values obtained on both surfaces of horizontal leaves from WD plants were
completely recovered in the recovery evaluation (REC), two days after rewatering (Fig. 2A).
Only the adaxial surface of vertical leaves had not completely recovered the A values in plants
that had been submitted to WD (Fig. 2B).

Horizontal and vertical oriented leaves had similar (P > 0.05) stomatal conductance
(gs) and transpiration rate (E) values throughout the experimental period, when evaluations
were made on the adaxial or abaxial leaf surface, in irrigated or WD plants. On the day of MS,
gs (Fig. 2C and 2D) and E (Fig. 2E and 2F) were significantly lower in WD compared to
irrigated plants, independently of leaf surface or leaf type. In plants that had been submitted to
WD, gs was completely recovered on both surfaces of horizontal leaves two days after
rewatering (Fig. 2C), but gs had not completely recovered on vertical leaves (Fig. 2D); E
values were not recovered on the adaxial or the abaxial surface of horizontal (Fig. 2E) or
vertical (Fig. 2F) leaves.

Horizontal and vertical oriented leaves presented the same (P > 0.05) water use
efficiency (WUE) throughout the experimental period, when evaluations were made on the
adaxial or abaxial leaf surface, in irrigated or WD plants. For each evaluation date, WUE
varied substantially among leaf types and leaf surfaces. However, the imposition of drought
did not cause any significant differences for adaxial or abaxial surfaces of horizontal or

vertical leaves (Fig. 2G and 2H).
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Figure 2 — CO, assimilation rates, (A and B), stomatal conductance (C and D), transpiration
rate (E and F), and water use efficiency (G and H) of adaxial (ADA) and abaxial (ABA)
surfaces of horizontal (A, C, E and G) and vertical (B, D, F and H) leaves of irrigated (I) and
water deficient (WD) S. camporum plants (n = 5). For each evaluation date, on the same surface of the
same leaf type, asterisks indicate significant difference (P < 0.05) between irrigated and WD plants. For each
evaluation date, and on the same leaf type, presence of letters indicates significant difference (P < 0.05) between
leaf surfaces of irrigated (lower case letters) or WD (upper case letters) plants. (Bars = SD)
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Horizontal and vertical leaves exhibited the same (P > 0.05) leaf temperature (7/eaf)
throughout the experimental period, when evaluations were made on the adaxial or abaxial
leaf surface, in irrigated or WD plants. Tleaf was also the same between the adaxial and
abaxial surfaces of each leaf type (Fig. 3A and 3B), in irrigated or WD plants. In the
afternoon, when irradiance, air temperature and VPD were more elevated in comparison to the
morning period, horizontal and vertical leaves showed the same (P > 0.05) Tleaf, on the
adaxial or abaxial leaf surface, in irrigated or WD plants (data not shown). On the day of MS,
water deficiency did not cause a significant increase in the temperature of the adaxial or
abaxial surface of horizontal or vertical leaves in the morning (Fig. 3A and 3B) or in the

afternoon (data not shown).
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Figure 3 — Leaf temperature of adaxial (ADA) and abaxial (ABA) surfaces of horizontal (A)
and vertical (B) leaves of irrigated (I) and water deficient (WD) S. camporum plants (n = 5).
For each evaluation date, on the same surface of the same leaf type, asterisks indicate significant difference (P <
0.05) between irrigated and WD plants. For each evaluation date, and on the same leaf type, presence of letters
indicates significant difference (P < 0.05) between leaf surfaces of irrigated (lower case letters) or WD (upper
case letters) plants. (Bars = SD)
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Horizontal and vertical oriented leaves presented the same (P > 0.05) effective
quantum yield of PSII (4F/Fm’) and apparent electron transport rate (ETR) throughout the
experimental period, when evaluations were made on the adaxial or abaxial leaf surface, in
irrigated or WD plants. A4F/Fm’ and ETR were higher on the adaxial than on the abaxial
surface of both leaf types when plants were not facing water stress (Fig. 4A, 4B, 4C and 4D).
On the day of MS, regardless of the leaf type, only the adaxial surface showed a decrease in
AF/Fm’ and in ETR caused by WD. On the day of MS, in both leaf types, the AF/Fm’ and
ETR values measured on the abaxial surface of irrigated and WD plants were the same (Fig.
4A and 4B). In the recovery evaluation, the abaxial surface of vertical leaves showed higher
AF/Fm’ and ETR in WD in comparison to irrigated plants (Fig. 4B and 4D).

Horizontal and vertical oriented leaves demonstrated the same (P > 0.05) maximum
quantum yield of PSII (Fv/Fm) throughout the experimental period, when evaluations were
made on the adaxial or abaxial leaf surface, in irrigated or WD plants. Fv/Fm was also similar
between the surfaces of each leaf type (Fig. 4E and 4F), in irrigated or WD plants. Water
deficiency did not cause any reduction in Fv/Fm on the adaxial or abaxial surface of
horizontal (Fig. 4E) or vertical (Fig. 4F) leaves.

Horizontal and vertical oriented leaves had similar (P > 0.05) relative excessive PPFD
(EXC) throughout the experimental period, when evaluations were made on the adaxial or
abaxial leaf surfaces, in irrigated or WD plants. In plants that were not submitted to WD, EXC
was higher on the abaxial in comparison to the adaxial leaf surface, regardless of the leaf type
(Fig. 5). Water deficiency caused a significant increase in EXC on the adaxial, but not on the
abaxial surface of horizontal (Fig. 5A) and vertical (Fig. 5B) leaves. In the recovery
evaluation, the adaxial surface of horizontal and vertical leaves had returned to the initial EXC
values. However, in vertical leaves, the abaxial surface exhibited a reduced value of EXC in

plants that had been exposed to WD in comparison to irrigated plants (Fig. 5B).
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Figure 4 — Effective quantum yield of PSII (A and B), apparent electron transport rate (C and
D) and maximum quantum yield of PSII (E and F) of adaxial (ADA) and abaxial (ABA)
surfaces of horizontal (A, C, and E) and vertical (B, D, and F) leaves of irrigated (I) and
water deficient (WD) S. camporum plants (n = 5). For each evaluation date, on the same surface of the
same leaf type, asterisks indicate significant difference (P < 0.05) between irrigated and WD plants. For each
evaluation date, and on the same leaf type, presence of letters indicates significant difference (P < 0.05) between
leaf surfaces of irrigated (lower case letters) or WD (upper case letters) plants. (Bars = SD)
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Figure 5 - Relative excessive PPFD of adaxial (ADA) and abaxial (ABA) surfaces of
horizontal (A) and vertical (B) leaves of irrigated (I) and water deficient (WD) S. camporum

plants (n = 5). For each evaluation date, on the same surface of the same leaf type, asterisks indicate
significant difference (P < 0.05) between irrigated and WD plants. For each evaluation date, and on the same leaf
type, presence of letters indicates significant difference (P < 0.05) between leaf surfaces of irrigated (lower case
letters) or WD (upper case letters) plants. (Bars = SD)

DISCUSSION

Styrax camporum has naturally horizontal, vertical and intermediate angled leaves in
relation to the horizon line. Different from what has been described for vertical oriented
leaves (EHLERINGER, 1988; VALLADARES & PUGNAIRE, 1999; WERNER et al., 1999;

LIU et al., 2003), our data demonstrates that, for S. camporum, even though vertical leaf



35

orientation can reduce light interception, it is not related to structural photoprotection. This
affirmation is supported by (1) lack of higher photochemical performance (Fv/Fm) in vertical
compared to horizontal oriented leaves, which rejects the idea of avoidance of excessive light
interception; (2) EXC similarities between leaf types, evaluated on their respective surfaces;
(3) the similarities of A values between horizontal and vertical oriented leaves, measured on
their adaxial and abaxial surfaces, mainly in water deficient (WD) plants; and (4) Tleaf
similarities between horizontal and vertical oriented leaves, measured on the adaxial and
abaxial leaf surfaces of irrigated and WD plants.

On the day of maximum water deficiency, reductions in A, gs, and E were observed on
the adaxial and abaxial surfaces of both leaf types (Fig. 2). However, on this same day, there
were no reductions in Fv/Fm on any of the surfaces of both leaf types (Fig. 4E and 4F). This
suggests that either S. camporum has an efficient electron sink that avoids the formation of
reactive oxygen species (ROS), such as superoxides and singlet oxygen, or it has an efficient
antioxidant system to cope with these toxic species, which could damage the photosynthetic
apparatus and lead to photoinhibition (EDREVA, 2005). Nevertheless, the adaxial surface of
both leaf types demonstrated higher susceptibility to WD in comparison to the abaxial leaf
surface. On the adaxial surface, WD caused significant reductions in AF/Fm’ and ETR (Fig. 4)
and an increase in EXC (Fig. 5), which suggest elevated thermal energy dissipation and down-
regulation of PSII to reduce excessive light energy in the photosynthetic apparatus.

The CO, assimilation rates of horizontal and vertical leaves may be dependent on gs
and/or on the carboxylation efficiency, which in turn depends on the photochemical efficiency
(BAKER, 2008). The CO, assimilation was reduced by WD on both surfaces of both leaf
types (Fig. 2A and 2B), and our data suggest that these reductions in A were caused by the
decrease in gs. An increase in the intercellular/atmospheric CO, concentration (Ci/Ca) ratio
would indicate biochemical damages to the carboxylation reactions, but such Ci/Ca increase
was not observed even on the day of maximum stress (data not shown). Thus, it seems that A
measured on the adaxial and abaxial leaf surfaces was reduced because WD caused a low
stomatal aperture. Measuring gas exchange on the adaxial or abaxial leaf surface of WD
plants returned A values that were dependent on low stomatal aperture on the abaxial leaf
surface because mature leaves of S. camporum are hypostomatous, with stomata covered by
stellate trichomes (HABERMANN et al., 2008).

In contrast to gas exchange, photochemical efficiency was impaired by WD only on
the adaxial surface (Fig. 4A, 4B, 4C and 4D), which is glabrous (HABERMANN et al.,

2008). Therefore, measuring fluorescence response variables on the adaxial or abaxial leaf
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surface in WD plants returned values that are exclusively dependent on light absorption by the
leaf surface which was being illuminated. In S. camporum leaves, light reflectance within the
photosynthetic spectrum (400-800 nm) is approximately three times greater on the abaxial
than on the adaxial surface (HABERMANN et al., 2011). For these reasons, WD affected A
on both surfaces, but the photochemical reactions were affected only on the adaxial surface,
which is mostly exposed to large amounts of light.

The other point of interest of the present study was to verify, in irrigated plants,
whether adaxial and abaxial surfaces of each leaf type have different photosynthetic
capacities. The photosynthetic capacity of a leaf surface is influenced by the light
environment during development (EVANS et al., 1993) and also by the amount of sunlight it
is exposed to after maturity (TERASHIMA, 1986). As a result, higher photosynthetic capacity
is observed in leaves of sun-adapted than in leaves of shade-adapted plants (DeLUCIA et al.,
1991), in leaves that are mostly exposed to the sun in an individual’s canopy
(LICHTENTHALER et al., 2007), and in palisade rather than in spongy chloroplasts of
horizontally oriented leaves (TERASHIMA & INOUE, 1985). Hence, considering that the
surfaces of horizontal and vertical leaves of S. camporum differ in their exposure to sunlight,
we expected to find differences in photosynthetic capacity between the surfaces of horizontal
leaves and similarities between the surfaces of vertical leaves.

We did not obtain conclusive data on the expected similarity of A values between the
adaxial and abaxial surfaces of vertical leaves nor on the expected different A values between
the surfaces of horizontal leaves of S. camporum irrigated plants (Fig. 2A and 2B), but the
adaxial surface of both leaf types exhibited higher AF/Fm’ and ETR in comparison to the
abaxial leaf surface (Fig. 4A, 4B, 4C and 4D). Greater adaxial photosynthetic capacity in
relation to the abaxial surface has already been observed in horizontal sun leaves (DeLUCIA
et al.,, 1991; EVANS et al., 1993; PROIETTI & PALLIOTTI, 1997). In horizontally oriented
leaves, palisade chloroplasts have higher amounts of electron carriers than the spongy ones
(TERASHIMA & INOUE, 1985). Moreover, higher amounts and activity of Rubisco
(Ribulose-1,5-biphosphate carboxylase/oxygenase) are observed in the palisade compared to
the spongy parenchyma in horizontal leaves (NISHIO et al., 1993; SUN & NISHIO, 2001).

On the other hand, we did not find the expected similarity between the surfaces of
vertical leaves. Under a direct red-blue LED light, both surfaces of vertical leaves of S.
camporum present the same A values between 800 and 1800 pmol photons m? s’
(HABERMANN et al., 2011). However, when S. camporum leaves were maintained at their

natural orientation and were measured with a leaf cuvette that enables sunlight to penetrate
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both the top and bottom of the leaf chamber, the abaxial surface of both leaf types showed
significant and conspicuous low A values compared to the adaxial surface (data not shown).
Thus, the presence of trichomes on the abaxial surface of leaves of S. camporum
(HABERMANN et al., 2008) may cause low light absorptance on this surface
(EHLERINGER et al.,, 1976), which could account for the reduced photochemical
performance of the abaxial surface of vertical leaves (Fig. 4B and 4D) despite its potential
exposure to direct sunlight.

Nevertheless, the presence of compact spongy parenchyma on the abaxial surface of S.
camporum leaves (HABERMANN et al., 2008) and in many other Cerrado species (BIEIRAS
& SAJO, 2009) could allow vertical leaves to have carbon-gain benefits due to the exposure
of both leaf surfaces to direct sunlight (PROIETTI & PALLIOTTI, 1997). Indeed, it has been
demonstrated that vertical leaves of S. camporum have higher photosynthetic performance
than horizontal leaves when measurements are taken under bilateral natural illumination
(HABERMANN et al., 2008), which support cooperation between the surfaces of vertical
leaves to enhance carbon assimilation (HABERMANN et al., 2011).

The present study demonstrated that vertical leaf orientation is not related to structural
photoprotection in S. camporum plants when under water deficiency. In addition, reductions
of A values due to WD were perceived on the adaxial and abaxial surfaces of horizontal and
vertical leaves, whereas down-regulation of photochemical activity was observed only on the

adaxial glabrous leaf surface of both leaf types.
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Anexo A - Fotos do experimento

Figura 1 — Area experimental do Centro de Ecofisiologia e Biofisica, no Centro Experimental
Central do Instituto Agronémico de Campinas (IAC), onde é possivel observar as plantas de
S. camporum utilizadas no estudo. As plantas cujos vasos possuem uma cobertura plastica sao
aquelas pertencentes ao grupo que enfrentou a deficiéncia hidrica.

Figura 2 — Ramo de uma planta de S. camporum no qual € possivel perceber a ocorréncia de
folhas com orientacdo horizontal, vertical ou com angulos intermediérios.
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