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Resumo

A Floresta Atlantica vem sendo alvo de perturbacdes causadas por poluentes
atmosféricos ¢ anormalidades climaticas. A interagdo entre diferentes estressores sob
condicdes naturais pode promover efeitos sinérgicos nas plantas, respostas estas
associadas a capacidade de dada espécie tolerar o estresse oxidativo. Entretanto, a
definicdo de padrdes de respostas ecossist€micas nesse bioma brasileiro com base no
potencial de aclimatacdo (tolerancia) e suscetibilidade (sensibilidade) ao estresse
oxidativo de suas espécies nativas ¢ dificultada devido a sua alta biodiversidade. Assim,
a presente tese utiliza como alternativa uma abordagem ecossist€émica, na qual as
caracteristicas morfo-anatomicas e as respostas estruturais (referidas como marcadores
microscopicos) foliares de espécies representativas de trés grupos funcionais da Floresta
Atlantica (espécies arbdreas pioneiras, arboreas ndo pioneiras e lianas) foram estudadas.
Para tanto, duas etapas experimentais foram realizadas: (1) espécies arboreas foram
selecionadas e estudadas em remanescentes florestais localizados no sudeste do Brasil.
Esses remanescentes florestais estdo adaptados a diferentes condigdes climaticas e
edaficas e também té€m sido afetados por poluentes atmosféricos emitidos por diferentes
fontes antropicas; (2) Passiflora edulis (Passifloreaceae), espécie de liana, foi submetida
ao ozonio em sistema FACE (Free-Air Controlled Exposure). Notou-se que, espécies
arboreas pioneiras possuem mesofilo mais compacto e maior densidade de tricomas, o
que restringe ou evita os efeitos do estresse oxidativo causados por fatores de estresse
naturais (por exemplo, alta radiacdo solar e déficit de pressdo de vapor) e antropicos
(por exemplo, poluentes gasosos e particulados e mudangas climaticas), e, portanto, sdo
potencialmente mais tolerantes que as espécies arboreas ndo pioneiras. Ainda, as
espécies representativas de cada grupo funcional (pioneira vs espécies arbdreas ndo
pioneiras) foram agrupadas com base nas caracteristicas morfo-anatdmicas funcionais
foliares, as quais indicaram os niveis de potencial tolerancia das espécies ao estresse
oxidative (resultados apresentados no capitulo 1). Posteriomente, o nivel de tolerancia
ao estresse oxidativo das espécies (espécies tolerantes, intermediarias e sensiveis) foi
validado com base nos marcadores microscopicos encontrados. Espécies com menor
potencial de tolerancia apresentaram maior variedade desses marcadores no mesofilo,
tais como: protrusoes de parede, celulas parenquimaticas plasmolisadas, alteragdes na
membrana celular e fragmentacdo do vactiolo em pequenas vesiculas. As espécies

potencialmente tolerantes, por sua vez, mostraram marcadores microscopicos



indicadores de aumento de resisténcia ao estresse oxidativo, como hipertrofia de células
do mesofilo e acimulo de fendlicos glicosilados no apoplasto (resultados apresentados
no capitulo 2). Por fim, P. edulis mostrou-se também tolerante ao estresse oxidativo,
uma vez que, na presenca do 0zonio, respondeu com senescéncia acelerada para evitar a
propagacdo de danos, respostas estruturais e aumento dos compostos de defesa
constitutiva. Tais respostas permitiram a aclimatagdo das plantas ao estresse oxidativo
(resultados apresentados no capitulo 3). Esta tese enfatiza a impotancia da anatomia
para encontrar padrdes de respostas das plantas e permitiu novos insights quanto a

plasticidade de respostas das plantas a pressao oxidativa ambiental.

Palavras-chave: anatomia foliar, estresse oxidativo, filtros ambientais, marcadores

miscoscopicos, morfologia foliar



Abstract

The Atlantic Rain Forest has been affected by air pollutants and climatic abnormalities.
The interaction among different stressors under natural conditions might promote
synergistic effects or cross-resistance in plants, which determined the ability or inability
of a given species to tolerate the oxidative stress. However, the stablishment of
ecosystemic patterns in this Brazilian biome based on the potential acclimation
(tolerance) and susceptibility (intolerance) to oxidative stress of its native plant species
is hampered by its high biodiversity. Therefore, this thesis applies an ecosystemic
approach, in which the morpho-anatomical leaf traits and structural responses (here
referred as microscopic markers) of species belonging to three functional groups of the
Atlantic Forest (pioneer and non-pioneer tree species and lianas) were studied. In this
regard, two experimental steps were performed: (1) tree species were selected and
studied in forest remnants located in southeast Brazil. These forest remnants are adapted
to different climatic and edaphic conditions and have also been affected by atmospheric
pollutants emitted by different anthropic sources; (2) Passiflora edulis
(Passifloreaceae), a liana species, was submitted to ozone in a FACE (Free-Air
Controlled Exposure) system.We concluded that pioneer tree species have compact
mesophyll and high trichome density, which restrict or avoid the effects of oxidative
stress posed by natural (e.g. high solar radiation and vapor pressure deficit) and
anthropic (e.g. gaseous and particulate pollutants and climatic changes) stressors.
Therefore, pioneer species are more tolerant than non-pioneer species. In addiction, the
representative species of each funtional group (pioneer vs non-pioneer tree species)
were clustered with basis on their morpho-anatomical leaf traits, emerging groups of
species with distinct potenctial tolerance levels to oxidative stress (results included in
Chapter 1). Further, the tolerance level to oxidative stress was validated in the
mentioned grups of tree species (tolerant, intermidiate and sensitive species) by using
microscopic markers. Species lower potential of tolerance to environmental stress
showed greater variety of microscopic markers in mesophyll, such as wart-like
protrusion, plasmolysis of cells, plasma membrane changes and fragmentation of the
central vacuole in numerous small vesicles. The tolerant species showed microscopic
markers that are indicators of increased resistance against oxidative stress, such as
hypertrophy of mesophyll cells and accumulation of phenolic glycosides in the apoplast

(results included in Chapter 2). Finally, P. edulis showed also to be tolerant to oxidative



stress because, in the presence of ozone, plants responded with accelerated senescence
to avoid the propagation of damage, structural responses and increase of constitutive
defense compounds. These responses show a higher ability of plants to acclimate to
oxidative stress (results included in Chapter 3). This thesis highlights the importance of
plant anatomy to describe patterns of plant responses and new insights about the

plasticity of different plant species to environmental oxidative pressure.

Keywords: environmental filters, foliar anatomy, foliar morphology, microscopic

markers, oxidative burst
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1. Introduciao geral e justificativas

1.1. Respostas morfo-anatomicas foliares em plantas submetidas a multiplos
fatores de estresse ambiental

Os ecossistemas florestais estdo sujeitos a diversos tipos de estresse causados
por oscilagdes e anormalidades climaticas, como extremos de temperatura, déficit
hidrico e excesso de radiagdo solar. Além disso, devido a expansdo das cidades, das
atividades agricolas e industriais e das areas de minerag@o, os ecossistemas naturais vém
sendo fragmentados e afetados por diferentes poluentes nas ultimas décadas (Domingos
et al., 2003, 2015; Nakazato et al., 2018). A Mata Atlantica, particularmente no sudeste
brasileiro, vem sendo alvo de perturbagdes causadas por poluentes atmosféricos, como
os Oxidos de nitrogénio (NOy) e enxofre (SOy), material particulado (MP) e o0zonio (O3)
(Domingos et al., 2003, 2015; Brandao et al., 2017; Esposito et al., 2018; Nakazato et
al., 2018).

A entrada dos poluentes atmosféricos na vegetacdo se da pela deposigdo seca
(material particulado e/ou gases) ou imida (na presenca da precipitagdo) (Nagajyoti et
al., 2010), alcancando as folhas das plantas e o solo. Nas laminas foliares (primeiro
contato com poluigdo atmosférica) os poluentes: (1) sdo dissociados em meio aquoso,
ou no caso da deposicao umida, entram diretamente pelas fissuras das cuticulas (via de
maior resisténcia); (2) entram pelos estomatos durante as trocas gasosas (esta ultima,
considerada a via de menor resisténcia) (Roschina & Roschina, 2003; Shahid et al.,
2017).

O estresse oxidativo (oxidative burst) causado por condig¢des climaticas e/ou
poluigdo atmosférica é consequéncia do aumento da producdo de espécies reativas de
oxigénio (reactive oxygen species, ROS), entre elas superoxido (0O,), perdxido de

hidrogénio (H,0,), radical hidroxila (OH) e oxigénio singleto (‘O,) nos tecidos



vegetais, que podem ativar mecanismos de respostas envolvendo caracteristicas
bioquimicas, fisiologicas, estruturais ¢ morfoldgicas (Bussotti, 2008; Cheng et al., 2007,
Fiscus et al., 2005; Fuhrer & Booker 2003; Morgan et al., 2006; Oksanen et al., 2013;
Ueda et al., 2013).

As caracteristicas foliares funcionais' sdo indicadoras uteis para o entendimento
das estratégias de aclimatagdo/adaptacdo de plantas (Violle et al, 2007; Diaz et al,
2013; Bussotti & Pollastrini 2015; Nock et al., 2016) que crescem naturalmente em
locais afetados por diferentes fatores de estresse, que podem favorecer o aumento do
estresse oxidativo em funcdo do excedente de formagdo de ROS. As diferengas nas
caracteristicas funcionais, seja de um determinado individuo, ou de diferentes genotipos
de uma mesma espécie, podem variar em consequéncia dos filtros ambientais; neste
caso, tais caracteristicas (fraits) também podem ser chamadas de caracteristicas de
resposta ao estresse (stress response traits, Bussotti & Pollastrinni 2015) ou
caracteristicas de resposta (response traits, Violle et al., 2007; Diaz et al., 2013; Nock
et al, 2016). A amplitude com que uma determinada caracteristica varia no mesmo
organismo, ¢ chamada de plasticidade fenotipica. Uma alta plasticidade fenotipica
permite as espécies sobreviverem a uma ampla variedade de condi¢cdes ambientais,
reduzindo o risco de sua extingdo em decorréncia das mudangas climaticas (Bussoti &
Polastrini 2015).

Em especial, as caracteristicas morfologicas (morphological leaf tratis) e
anatomicas (anatomical leaf traits), que incluem quaisquer caracteres relacionados a
morfologia externa e anatomia das laminas foliares, podem variar entre espécies e entre

grupos funcionais de plantas (Poorter et al, 2009), ao longo de um gradiente

'Functional leaf traits — conjunto de caracteristicas (bioquimicas, fisiologicas e morfo-
anatomicas) de um organismo que define o papel do mesmo no ecossistema (papel ecologico)
ou performance (Bussotti & Pollastrini 2015).



ambiental’, que podem funcionar como estratégias de aclimatagdo/adaptacdo a
oscilagdes ambientais (Bussotti et al., 2005; Bussotti 2008; Lusk ez al., 2008; Bussotti
& Pollastrini 2015; Xu et al.,, 2015). As variacdes nas caracteristicas morfologicas e
anatomicas podem ser induzidas, também, por estressores antrépicos como a poluicdo
atmosférica. Por exemplo, o aumento na concentragdo de massa seca (dry matter
concentration, DMC) ja foi observado em gradiente longitudinal de estresse hidrico e
O; (Bussotti et al., 2005); variagdes na biomassa por area foliar (leaf mass drea, LMA)
ja foram correlacionadas a varia¢des na intensidade luminosa (Lusk et al., 2008; Poorter
et al., 2009), temperatura, estresse hidrico, concentragdes moderadas de CO, (Poorter et
al., 2009) e O3 (Bussotti et al., 2005); a espessura foliar (leaf thickness, LT) com o grau
de aclimatacdo a alta radiacao (BjorKman 1981); a area foliar especifica (specific leaf
area, SLA; que é o inverso da biomassa por area e¢ expressa o desenvolvimento da
superficie foliar por unidade de biomassa) foi correlacionada a elevadas concentragdes
de NOx (Jochner et al. 2015), O3 (Pooerter et al., 2009; Calatayud et al, 2011) e ao
tamanho do MP depositado sobre a superficie foliar (Chen ef al. 2015). a LT ao O3
(Bussotti et al, 2005b); o contetido relativo da agua (relative water contente, RWC-
indice que caracteriza o estado da agua da folha) foi correlacionado negativamente ao
tamanho do MP sobre a superficie foliar (Chen et al., 2015); a densidade estomatica
(que expressa o numero de estdmatos por unidade de area foliar) a aclimatacdo
(tolerancia) ou suscetibilidade (intolerancia) ao O3 (Pdékonen et al., 1997; Ferdinand et
al., 2000; Moura & Alves 2014); a densidade de tricomas ao CO, e a sucetibilidade ao
O; (Paoletti et al., 2007) e a maior deposi¢ao de MP na superficie foliar (Zampieri et al.,
2013).

As alteragOes anatdmicas nas plantas, denominadas marcadores microscOpicos

? Gradiente ambiental - uma mudanga gradual em um determinado fator ambiental bidtico ou
abiotico, por meio de espago ou tempo (Garnier et al., 2016).



estruturais e ultraestruturais, podem auxiliar na interpretagio do nivel de
susceptibilidade de uma espécie vegetal aos fatores de estresse impostos pelas
oscilacdes climaticas e atividades antropicas (Vollenweider et al., 2003; Giinthardt-
Goerg & Vollenweider 2007; Moura et al., 2018). Estes marcadores permitem, também,
a detecg@o do estresse oxidativo, e das alteragdes na composi¢cdo quimica dos tecidos
foliares decorrentes de fatores abiodticos (Kiviméenpédd et al., 2003; Oksanen et al,
2003; Vollenweider et al, 2003; Gravano et al., 2004; Giinthardt-Goerg &
Vollenweider 2006). Dentre os marcadores mais comuns alterados por diferentes
poluentes (O3 e/ou metais pesados), destacam-se o espessamento macico das paredes
celulares como resposta relacionada a desintoxicagdo (Giinthardt-Goerg et al., 1997,
Vollenweider et al., 2006; Moura et al., 2018), protrusdes nas paredes celulares voltadas
para o apoplasto (estas, descritas mais comumente em resposta ao O;—Gtlinthardt-Goerg
et al., 1997, 2000; Vollenweider et al., 2003; Giinthardt-Goerg & Vollenweider 2007;
Paoletti et al., 2009; Pedroso et al., 2016), alteracdes no metabolismo secundario da
planta, com actmulo e oxida¢ao de compostos fenolicos (Giinthardt-Goerg et al., 2000;
Vollenweider et al., 2006; Guerreiro et al., 2013; Kivimédenpéi et al., 2014; Fernandes
et al., 2016), alteracdes na autofluorescéncia das clorofilas (Giinthardt-Goerg et al.,
1997; Schraudner et al., 1998; Giinthardt-Goerg & Vollenweider 2006; Vollenweider et
al., 2003, 2013; Pedroso & Alves 2015), aumento das lipofuscina (subproduto da
peroxidagdo lipidica, Fernandes er al., 2019), condensagdo dos cloroplastos e nucleo
(Vollenweider et al., 2006, 2013), o acimulo de H,O, (Gerosa et al., 2009; Esposito et
al., 2018) e Oy nos tecidos foliares (Esposito ef al.,, 2018). Algumas espécies podem
apresentar um conjunto de marcadores que qualificam a resposta de hipersensibilidade
(hypersensitive like response, HR-like) e de senescéncia celular acelerada (accelerated

cell senescence, ACS) (Gilinthardt-Goerg & Vollenweider 2006; Vollenweider et al.,



2003). Essas alteragdes microscopicas sdo induzidas pelo estresse oxidativo decorrente
dos poluentes e validam sintomas visiveis foliares supostamente causados por poluentes
oxidativos como o Os (Giinthardt-Goerg & Vollenweider 2006).

A resposta estrutural e a intensidade dos sintomas foliares visiveis variam,
contudo, em fung¢do da grande plasticidade de resposta das plantas a multiplos fatores de
estresse ambiental que ocorrem simultaneamente em campo (Paoletti e al., 2009). A
interacdo entre os diversos fatores de estresse ambiental, como as varia¢des climaticas e
a polui¢do atmosférica, podem promover dois tipos diferentes de efeitos nas plantas, a
resisténcia cruzada ou o sinérgico (Bussotti 2008). A resisténcia cruzada ocorre quando
as defesas da planta, ativadas em resposta a um estressor ambiental, a protegem contra
um segundo estressor ambiental, reduzindo os danos causados pelo ultimo (Bussotti
2008; Paoletti et al., 2009). O efeito sinérgico ¢ caracterizado pela soma dos efeitos de
estressores ambientais que intensificam a formag¢do de ROS, promovendo maiores

danos oxidativos (Foyer et al., 1994; Paoletti ef al., 2009; Yamasaki et al., 1997).

1.2. Avaliacio das respostas estruturais em grupos funcionais submetidos a
multiplos fatores de estresse ambiental

Ao se estudar os efeitos de estressores ambientais nas florestas tropicais e
subtropicais, deve-se considerar sua alta biodiversidade, que dificulta a defini¢do de
padroes de respostas de aclimatacdo ou suscetibilidade em nivel de ecossistema. Uma
alternativa para aumentar a relevancia ecologica do estudo ¢ avaliar respostas

indicadoras de aclimatacdo ou suscetibilidade ao estresse oxidativo em grupos



funcionais (funtional group®). Ecologos utilizam o conceito de grupos funcionais em
diferentes contextos, inclusive em estudos que buscam detectar, avaliar e prever
mudancas ambientais, visto que € possivel propor modelos menos complexos para
prever respostas em nivel ecossistémico (Duckworth er al., 2000; Gurevitch et al.,
2009). Por exemplo, segundo Favaretto et al., (2011), as espécies arboreas nativas das
florestas tropicais podem ser classificadas em dois grandes grupos funcionais, com base
na exigéncia de luz e aclimatacdo/adaptacdo ao sombreamento: espécies pioneiras,
aquelas intolerantes ao sombreamento, e espécies ndo pioneiras, as
aclimatadas/adaptadas ao sombreamento. Estudos recentes desenvolvidos em
fragmentos de Floresta Atlantica em Sao Paulo indicam ser esta abordagem viavel.
Moura et al., (2018) avaliaram as respostas morfologicas e anatomicas foliares frente ao
O; de duas espécies pioneiras (Croton floribundus, Piptadenia gonoacantha) € uma nao
pioneira (Astronium graveolens) em ambiente controlado e ocorrentes naturalmente em
fragmentos de Floresta Atlantica Semidecidual, na regido metropolitana de Campinas.
C. floribundus mostrou ser pouco afetado por O;. Amostragens paralelas as realizadas
por Moura et al., (2018) em fragmentos de Floresta Atlantica, expostas a poluentes
atmosféricos e clima tropical sazonal, foram realizadas por outros autores (Aguiar ef al.,
2016; Engela 2016), a fim de avaliar respostas antioxidantes nas mesmas espécies.
Observou-se que C. floribundus apresentou altos niveis de antioxidantes. C. floribundus
também mostrou ser a espécie mais eficiente em termos de tolerancia ao estresse
oxidativo do que as espécies ndo pioneiras (Aguiar et al, 2016). Os niveis foliares

desses compostos tenderam a aumentar em resposta a aumentos de radiacdo solar,

* Funtional group ou plant funtional types — sio agrupamentos nio filogenéticos de espécies,
baseados nas semelhangas no uso de recursos, e resposta as variagdes ambientais (Duckworth et
al., 2000; Gardinier et al., 2016). Portanto, membros do mesmo grupo funcional apresentam um
conjunto de trais morfologicos, fisiologicos, formas de vida, e/ou historias de vida similares, ou
qualquer outro tipo de fungdo similar, o qual ird depender do objetivo e escala do estudo
(Duckworth et al., 2000).



umidade relativa e temperatura do ar e diminuir em resposta a aumento da concentragao
de O3 e dioxido de nitrogénio (NO,).

Brandao et al., (2018), ao descrever o potencial de tolerdncia antioxidativa de
arvores adultas de nove espécies pioneiras e nove ndo pioneiras representativas de
remanescentes de Floresta Atlantica em Sao Paulo, também concluiram que as espécies
pioneiras tendem a ser mais tolerantes ao estresse oxidativo. Esposito et al., (2018), em
amostragens realizadas nos mesmos remanescentes antropizados de floresta estudados
por Branddo et al, (2018), constataram que realmente a formacdo de ROS ¢ mais
intensa nas folhas das espécies arboreas ndo pioneiras (além de um sistema antioxidante
menos eficiente) do que nas folhas das espécies pioneiras. Branddo et al. (2018) e
Esposito et al. (2018) observaram, ainda, que as caracteristicas bioquimicas das espécies
de ambos os grupos funcionais variaram aparentemente em funcdo de efeitos
combinados de estressores ambientais de origens natural (como temperatura, radiagdo
solar e umidade relativa do ar) e antrépica (por exemplo, Oz e NO,). Ainda, de acordo
com esses estudos, as variagdes sazonais (periodos seco e umido), influenciam na
variagdo de caracteristicas bioquimicas foliares e foram determinantes na separagdo das
espécies avaliadas.

Outro grupo funcional que merece atencdo, ao se estudar aclimatacio/ adaptagdo
das plantas tropicais e subtropicais frente a distirbios ambientais, sdo as lianas®. As
lianas (principalmente lenhosas e sublenhosas) constituem parte significativa da
biomassa das florestas tropicais (DeWalt & Chave 2004; Pérez-Salicrup et al., 2004).
Lianas pertencem ao grupo de espécies de plantas heliofilas (crescem sob luz
abundante) (Putz 1984; Rocha 2014) e se sustentam em arvores até atingir o dossel da

floresta. Apesar das lianas ocorrerem naturalmente em florestas tropicais (Putz 1984;

*Lianas — nesta tese, esse termo se refere a plantas ndo lenhosas (herbaceas) e lenhosas e/ou
sublenhosas (como sinénimos) com habito escalador, conforme defini¢do proposta por Gerwing
et al., (2006).



Schnitzer & Bongers 2002), observa-se um aumento significativo da abundancia de
lianas em florestas perturbadas, principalmente devido ao efeito de borda nas florestas
(Campbell et al., 2018). Estas podem prejudicar as arvores, competindo por recursos
limitados. Podem diminuir substancialmente as taxas de crescimento e aumentar a taxa
de mortalidade das arvores, até mesmo por aumentar a tensao mecénica sob troncos e
copas das arvores (Putz 1984; Schnitzer 2005). Como consequéncia, o dominio de
lianas altera a fisionomia da floresta e promove uma reducdo da capacidade das
florestas de sequestrar carbono atmosférico (Phillips et al.,, 2002; Schnitzer & Bongers
2002; Pivello et al., 2018).

Além da maior disponibilidade de luz em fragmentos florestais ser um fator
importante no dominio de lianas em florestas tropicais (Campebell et al, 2018), ja foi
demonstrado que a abundancia de lianas estd relacionada negativamente com a
precipitacdo anual e positivamente com a sazonalidade, o que indica seu crescimento
mais rapido em relacdo as darvores sob condigdes de seca (Schnitzer 2005).
Caracteristicas como heterofilia (Engel et al, 1998), raizes profundas, didmetro de
vasos maiores do que os de espécies arboreas e arbustivas (o que implica em eficiéncia
de transporte), alta capacidade de armazenamento de 4agua, presenca de folhas
fotossinteticamente ativas o ano inteiro e crescimento multifocal sdo vantagens
competitivas em relagdo as arvores, principalmente durante a estagdo seca (Schnitzer

2005; Jacobsen et al., 2012; Amorim et al., 2018).



1.3. Apresentacio da Tese

Em sintese, destacamos nos itens anteriores desta introdugdo geral que as
caracteristicas morfo-anatomicas foliares funcionais e os padrdes de respostas morfo-
anatomicas podem ser usados para indicar o nivel de aclimatacdo/adaptagdo de plantas a
multiplos fatores de estresse ambiental, entre climaticos (por exemplo: temperatura e
radiacdo) e/ou poluicdo atmosférica (poluentes gasosos e material particulado).
Destacamos, ainda, a dificuldade de se estudar os efeitos dos estressores ambientais nas
florestas tropicais e subtropicais, devido a sua alta biodiversidade, e destacamos que o
estudo de espécies representativas de diferentes grupos funcionais pode ser uma
estratégia importante para entender a plasticidade de respostas encontradas nessas
florestas, aumentando a relevancia ecologica dos resultados.

As trés etapas experimentais realizadas foram planejadas considerando tal base
conceitual. E os resultados obtidos foram organizados e discutidos nos proximos trés
capitulos. Estes estdo escritos em inglés e formatados de acordo com as normas do
periddico para o qual foram submetidos. No caso do ultimo capitulo, o artigo ja foi

publicado (DOI: https://doi.org/10.1016/j.scitotenv.2018.11.425).

O primeiro capitulo trata do uso das caracteristicas morfo-anatomicas foliares
para indicar o potencial de tolerancia de 22 espécies arboreas nativas (pioneiras vs ndo
pioneiras) coletadas em quatro fragmentos de Mata Atlantica do sudeste brasileiro.

O segundo capitulo trata das alteracdes estruturais nas laminas foliares de
espécies arboreas, entre as relacionadas no primeiro capitulo, com diferentes potenciais
de tolerancia ao estresse oxidativo provocados por fatores ambientais.

O terceiro capitulo trata da alta capacidade de lianas (outro grupo funcional) em
tolerar o estresse oxidativo provocado pelo ozonio troposférico (Os), em sistema FACE

(Free-Air Controlled Exposure Ozone System).



Finalizamos a Tese apresentando as conclusdes e as consideragdes gerais dos resultados

dos trés capitulos.

1.4. Hipéteses e Objetivos Gerais

Assim, com base na contextualizagdo tedrica apresentada, as seguintes hipdteses

foram testadas em cada capitulo:

Capitulo 1

H1: Espécies arboreas pioneiras possuem caracteristicas morfo-anatomicas que restringem

ou evitam os efeitos do estresse oxidativo causados por fatores de estresse naturais (por

exemplo, alta radia¢do solar e déficit de pressdo de vapor) e antropicos (por exemplo,

poluentes gasosos e particulados e mudangas climaticas), e, portanto sdo mais tolerantes

que as espécies arboreas ndo pioneiras.

H2: Estas caracteristicas morfo-anatdmicas sdo mais evidentes em espécies arboreas de

remanescentes florestais expostas a condi¢cdes ambientais mais extremas, como o clima

tropical sazonal definido por periodos secos € imidos bem marcados e altos niveis de

poluentes atmosféricos emitidos por fontes urbanas, industriais e agricolas.

A fim de testar estas hipdteses, objetivou-se:

(@)

(i)

(iii)

Identificar, descrever e quantificar as caracteristicas morfo-anatomicas
foliares de espécies arbdreas nativas pioneiras ¢ ndo pioneiras de
remanescentes de Mata Atlantica, diferenciadas por suas caracteristicas
climaticas naturais e proximidade com fontes de emissdo de poluentes
atmosféricos;

Agrupar as espécies de acordo com suas caracteristicas morfo-anatomicas,
identificando as possiveis causas para as associacdes de espécies;
Reconhecer grupos de géneros / familias com potencial de tolerincia para

sobreviver sob condi¢des ambientais poluidas.
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Capitulo 2

H3. Espécies com menor potencial de tolerancia a estresses ambientais (variagdes e

anormalidades climaticas e/ou poluentes atmosféricos) apresentam uma maior variedade
de marcadores microscopicos em suas laminas foliares aparentemente saudaveis em

resposta ao estresse oxidativo do que espécies com maior potencial de tolerancia.

A fim de testar esta hipotese, objetivou-se:

(@)

@A) Buscar marcadores microscopicos estruturais em trés grupos de espécies
com potencial distinto de tolerdncia ao estresse oxidativo por estressores
ambientais (espécies tolerantes, intermediarias e sensiveis);

(il))  Validar o nivel de tolerancia ao estresse oxidativo em cada grupo com base

em marcadores microscopicos.
Capitulo 3

H4. Passiflora edulis (espécie de liana) tem uma alta capacidade de adaptagdo para
tolerar o estresse oxidativo causado pela exposi¢do ao 0zoénio, podendo dominar areas

perturbadas da Mata Atlantica.

A fim de testar esta hipotese, objetivou-se:
Avaliar sintomas visiveis induzidos por 0zonio e respostas anatdmicas ao estresse
oxidativo em P. edulis expostas ao Ozonio em sistema FACE (Free-Air Controlled
Exposure Ozone System), buscando identificar alguns mecanismos de tolerancia ou
sensibilidade da espécie quando expostas a este poluente. Além disso, respostas
fisiologicas e bioquimicas foram avaliadas em conjunto por autores colaboradores

para analisar de forma mais abrangente tais mecanimos.
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Abstract

Early studies showed that pioneer tree species have physiological and biochemical leaf
traits that confer a higher tolerance against oxidative stress than non-pioneer species in
high diverse tropical forests. However, morpho-anatomical leaf traits in particular are
good predictors of acclimation or susceptibility levels of forest species to environmental
stress, and may contribute to increase the plasticity of these functional groups in the
remaining Brazilian Atlantic forest. Here we connect these previous studies by
evaluating the mopho-anatomical aspects of pioneer and non-pioneer tree species. We
hypothesized that (1) pioneer tree species also have morpho-anatomical traits that
restrict or avoid the effects of oxidative pressure (gaseous and particulate pollutants and
climatic changes); (2) these morpho-anatomical traits are more evident in tree species
from forest remnants exposed to more extreme environmental conditions. These
hypothesis were tested in species from a seasonal tropical climate defined by well-
marked dry and wet periods and high levels of air pollutants emitted by urban, industrial
and agricultural sources. We confirmed the first hypothesis. Pioneer tree species
produce leaves with higher leaf mass area (LMA) and leaf density (LD), palisade
parenchyma thickness (PP), abaxial stomatal density (SD) and abaxial trichomes density
(TD). Conversely, non-pioneer species produce opposite morpho-anatomical traits and
are less adapted and acclimated to the oxidative stress imposed by environmental
conditions. The second hypothesis was tested and rejected. The absence of spatial
variation on morpho-anatomical leaf traits may suggest the influence of the evolutionary
history of the evaluated species.

Keywords: environmental stressors, leaf anatomy, leaf morphology, phylogenetic

aspects, tropical tree species.
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1. Introduction

The tolerance or sensitivity of plants to the environmental pressures is
determined by their phenotypic plasticity in response to the oxidative stress (Bussotti,
2008; Moura et al., 2014a; Bussotti and Polastrini, 2015). A high phenotypic plasticity
allows the species to survive under a wide variety of environmental conditions, reducing
the risk of extinction due to the environmental changes (Bussoti and Polastrini, 2015).

The phenotypic plasticity of plant species is determined by their functional traits,
including phenological, morpho-anatomical, physiological, biochemical, among other
characteristics, which will influence altogether their performance or fitness in the
natural environment (Nock et al., 2016). The physiological and biochemical traits have
already been considered in studies to assess the healthy status of tree species of the
remaining Atlantic Forest in SE Brazil, which has been the target of disturbances caused
by multiple environmental stressors (Domingos et al., 2003, 2015; Brandao et al., 2017,
Esposito et al., 2018). Among the native tree species evaluated in these studies,
Tibouchina pulchra (Melastomataceae) and Croton floribundus (Euphorbiaceae) have
physiological and biochemical traits that enable them to tolerate the environmental
oxidative stress, meanwhile Astronium graveolens (Anacardiaceae) was characterized as
intermediate tolerant and Piptadenia gonoacantha (Fabaceae) as sensitive (Aguiar-Silva
et al., 2016; Esposito et al., 2016, 2018; Nakazato et al., 2018).

Leaves play a key role in the acclimation and long-term adaptation of plants to
the environment (Bussotti and Pollastrini, 2015; Tian et al., 2016). Morpho-anatomical
leaf traits in particular are good predictors of how susceptible a species may be to
environmental stressors (Bussotti, 2008; Bussotti and Pollastrini, 2015; Domingos et al.,
2015; Li et al.,, 2016). Some characteristics, e.g. palisade and spongy parenchyma

(photosynthetically active tissues) thickness, airspace fraction, vein diameter, stomatal
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density (de la Riva et al., 2016; Tian et al., 2016; John, 2017), epicuticular wax (Koch
and Ensikat, 2008), presence, abundance and distribution of trichomes (Domingos et al.,
2015), foliar density, and leaf area are among the features described as suitable
functional leaf traits for such purposes. These characteristics may vary among species
and plant communities in response to different environmental conditions and also
among functional groups of plants, e.g. sun/shade species or pioneer/non-pioneer
species (Poorter et al., 2009 Violle et al,, 2007; Diaz et al., 2013; Bussotti and
Pollastrini, 2015; Nock et al., 2016). Moreover, we may not disregard the fact that the
morpho-anatomical leaf traits can be conserved phylogenetically throughout the taxon
evolution, explaining the similarity of leaf traits observed in certain genera and families
in some studies (Poorter and Bongers, 2006; Poorter et al., 2009).

However, it would be unfeasible to discuss the potential acclimation or
susceptibility to environmental changes at the ecosystem level in high diverse tropical
forests, such as the Brazilian Atlantic forest. The laborious measurements of several
functional traits would be restricted to a few number of plant species (Esquivel-
Muelbert et al., 2017), turning the study a challenging task. The choice of ‘soft traits’
(here referred to morpho-anatomical traits) is a rational option, since they are easily and
quickly quantified, allowing the increase in the number of species included in the study
(Nock et al., 2016), but not necessarily the ecological relevance of the results.

The evaluation of the level of acclimation or susceptibility to environmental
stress in forest species showing contrasting ecological functions in the ecosystem, such
as those defined by the successional process is an alternative to surpass this sampling
difficulty. Brandao et al. (2017) and Esposito et al. (2018) identified the tolerance
potential of the pioneer and non-pioneers tree species based on the variations of the

biochemical leaf traits in the remaining Atlantic Forest under a climatic and atmospheric
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pollution gradient. The oscillations in these leaf traits of tree species included in both
functional groups were explained by combined effects of climatic conditions and air
pollutants, suggesting possible acclimation responses of both groups of species to
environmental stressors. However, the pioneer species have physiological and
biochemical leaf traits that seem to confer a higher tolerance against oxidative stress
than those of non-pioneer trees. Therefore, the question that arises is whether morpho-
anatomical traits would contribute to increase the plasticity of these functional groups of
tree species from the remaining Brazilian Atlantic forest, enhancing their potential
tolerance against environmental stressors. The present field study was planned based on
this question. We assumed the following hypotheses: (1) pioneer tree species also have
morpho-anatomical traits, that restrict or avoid the effects of oxidative stress posed by
natural (e.g. high solar radiation and vapor pressure deficit) and anthropic (e.g. gaseous
and particulate pollutants and climatic changes) stressors than non-pioneer species; (2)
these morpho-anatomical traits are more evident in tree species from forest remnants
exposed to more extreme environmental conditions, such as the seasonal tropical
climate defined by well-marked dry and wet periods and high levels of air pollutants
emitted by urban, industrial and agricultural sources.

In order to answer the question proposed and evaluate the veracity of these
hypotheses, we: (i) identified, described and quantified the morpho-anatomical leaf
traits of pioneer and non-pioneer trees species from Atlantic forest remnants
distinguished by their natural climatic characteristics and proximity to emission sources
of air pollution; (ii) clustered the species according to their morpho-anatomical leaf
traits, identifying the possible causes for the species associations; and (iii) recognized
groups of species/genera/families with high potential tolerance to survive under

stressing environmental conditions in the tropics.
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This approach over species of the Atlantic Forest remnants may further shed
light on the mechanisms that governs the distribution and abundance of species in a

disturbed tropical environment.

2. Material and methods
2.1. Species selection and field sampling procedures

The study was developed in four remnants of Atlantic Forest in Southeast Brazil,
which differ in forest physiognomy and plant species composition due to their natural
climatic characteristics and proximity to emission sources of pollution (Table 1). Three
of them are included in conservation units located in the state of Sdo Paulo (Municipal
Park Paranapiacaba, MPP; State Park Fontes do Ipiranga, PEFI and an ecological area
of relevant interest Mata de Santa Genebra, MSG), and the last in the state of Minas
Gerais (State Park Itacolomi, PEI). The MPP forest site is farther from pollution sources
than the other forest remnants. The PEFI, MSG and PEI forest sites are next to urban,
urban/agricultural/industrial and mining/industrial pollution sources, respectively (see

Brandao et al., 2017 and Esposito et al., 2018, for more details).

23



Table 1. Characteristics of the remnants of Atlantic Forest in Southeast Brazil included
in this study. Municipal Park Paranapiacaba (MPP), State Park Fontes do Ipiranga
(PEFI), Ecological Area of Relevant Interest Mata de Santa Genebra (MSG) and State
Park Itacolomi (PEI).

MPP PEFI MSG PEI
Area 400 ha 540 ha 252 ha 7500 ha
Geographical  23°441"S 23°4018"S 22049226575 207299853278
coordinates O1QI &M 02NN’ onK! "
46°18'16"W 46°38'00"W  47°06'17.38"W 43°30'42.7054"W
Mean altitude 890 m 770 m 670 m 1200 m
Ctb (humld Cwb (hgrmd . Cwb (humid
) subtropical, subtropical, Cwa (humid subtronical. with
Chmgte (Koeppen without dry with dry subtropical, with dr wiIr)1 ter ;m d
classification) season and winter and dry winter and hot Y
temperate
temperate temperate summer)
summer)
summer) summer)
Mean annual
rainfall 3300 mm 1500 mm 1400 mm 1800 mm
. less afected by
Air pollutants pollution sources rban urban/agricultural mining/industrial
sources than the other u /industrial pollution

forest remnants

The native tree species were selected based on their representativeness in each
forest remnant, on their functional group and on their taxonomic similarity (the same
genera/family) whenever possible. This information were obtained from previous
floristic surveys (Guaratini et al., 2008; Lima et al., 2011; Pedreira and Sousa, 2011;
Tanus et al., 2012). Three pioneer species and three to four non-pioneer species were
selected in each remnant of Atlantic Forest — see the list of tree species in Table 2 and in
Tables S1 and S2 (supplementary material).

A single leaf collection in each forest site was performed during January to

August/2016. Approx. four to five branches containing sunny leaves were collected
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from four specimens per species in each forest remnant.

2.2. Measurement of leaf traits

Fully expanded leaves from the middle portion of the branches of each specimen

were excised for the analysis of morphological (Table 2) and anatomical traits (Table 2),

avoiding the sampling of senescent leaves and those with visible symptoms caused by

any biotic or abiotic agent. The morphological analyses were performed in fresh leaves

immediately after the collection and the anatomical analyses after specific leaf

preparations as described below.

Table 2. Assessement the funtional leaf traits.

Funtional leaf traits Abbreviation Determination Unit
Morphological traits*
Leaf area LA Direct measurement cm’
Leaf mass per area LMA LA / dry weight mg cm °
Leaf density LD dry weight (LA x LT) mgcm™
Dry matter concentration DMC dry weight / (LA x LT) mgcm™
Relative water content RWC [(fresh weight — dry %
weight) / (saturated
weight — dry weight)] x
100
Anatomical traits
Palisade parenchyma PP Direct measurement um
thickness
Spongy parenchyma SP Direct measurement um
thickness
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Intercellular space IS Number of pixels that %
occupies the leaf blade/
number of pixels that
occupies the inter
cellular space) x 100

Stomatal density SD The number of stomata mm
per unit area

Trichomes density TD The number of mm
trichomes per unit area

*Based on Bussotti (2008); Bussotti and Pollastrini (2015).
2.2.1. Morphological leaf traits (see Table 2)

Leaf area (LA, cm”) was estimated in a total of ten leaves of each tree per
species using a scanner image (Lexmark MX810de) and Image] (1.46 r). Ten to thirty
additional leaves per specimen of each species were used to measure the other
morphological leaf traits. One disc (area: from 3.036 cm’ to 4 sz) was cut from the
median portion of each leaf blade, avoiding the midrib. The fresh weight (mg) was
measured, and the discs were then incubated overnight in deionized water to obtain the
saturated weight (Barr and Weatherley, 1962). Afterwards, these same leaf discs were
dried under 60 °C (until reaching constant weight) to obtain leaf dry weight. The leaf
area and dry weight of Piptadenia gonocantha trees were obtained in a parallel study
(Domingos et al., 2015) developed in the same forest remnant included in the present
research (MSG) because their leaflets are very small and fall easily, turning impossible
the measurement of the saturated weight on leaf discs.

2.2.2. Anatomical leaf traits (see Table 2)
Four leaves per tree were used for measuring anatomical leaf traits. Fragments of

the leaf blade were fixed in 2.5 % glutaraldehyde buffered at pH 7.0 with 0.067 M
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Sorensen phosphate buffer, and placed under vacuum before storing at 4 °C. The fixed
samples were included in Technovit 7100 historesin and semi-thin sectioned to 3 pm
thickness in rotary microtome Leica (RM2245). The slides were stained with toluidine
blue/p-phenylenediamine for metachromasia and lipid detection, respectively (Feder
and O’Brien, 1968/Kivimienpai et al., 2004), and the images captured in an Olympus
BX53 microscope equipped with an image capture system (Image Pro-express software
6.3) for quantitative analysis the of leaf tissues.

The thickness of the leaf (from upper to lower epidermis; LT, pum), palisade
parenchyma (PP, um) and spongy parenchyma (SP, um) were measured in transverse
sections of the leaf blade using the software ImageJ (1.46 r). Two measurements were
performed in each image, avoiding the vascular regions. Eight measurements per tree
were acquired, totalizing 32 for each tree species. In addition, the percentage of
intercellular spaces (IS, %) was measured using Adobe Photoshop CC (14.2). One
measurement was made in each image, totalizing four estimates per tree (16 for each
tree species).

Three dried leaves of each species were hydrated and diaphonized using 10%
sodium hydroxide and 20% hypochlorite solution. Images from adaxial and abaxial leaf
surfaces were captured to calculate stomata density (SD, N/mm? - was counted from the
images at a magnification of 40x) and trichomes density (TD, N/mm” - was counted
from the images at a magnification of 20x) using the software ImageJ] (1.46 r). The
trichomes present on the veins (except the midrib) were also considered in the
quantification.

For surface microanalysis, fragments of the leaf median region were fixed in 2.5
% glutaraldehyde buffered at pH 7.0 with 0.067 M Sorensen phosphate buffer,

dehydrated in alcohol and dried in a critical point dryer (Leica EM CPD300). Samples
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were mounted on stubs, coated with gold in a sputtering system (Leica ACE200) and
observed with a SEM FEI Quanta 250 at 10kV for describing the morphology of
epicuticular waxes and trichomes of both leaf surfaces of each species. In addition,
particulate matter (PM) adhered to the leaf lamina and epidermal structures were also

registered. Digital images were edited using Adobe Photoshop version 7.0.

2.3. Data presentation and statistics

First, medians + standard deviations were calculated for each morphological and
anatomical leaf trait of the tree species (N= 4 tree per species) in each remnant of
Atlantic Forest. One-way ANOVA on ranks (Kruskal Wallis test) followed by a
multiple comparison (Dunn's method) were then applied to indicate significant
differences in the results obtained for each morphological and anatomical leaf trait
between the tree species in each remnant of Atlantic Forest (these results were included
Tables S1 andS2 and described in the supplementary material).

Subsequently, mean values + standard deviations were calculated for pioneer
and non-pioneer species (N=13 pioneer and 12 non-pioneer species), independent the
location the leaf samples were obtained. Two-way ANOVA was applied to indicate
differences between the functional group (pioneer species X non-pioneer species, factor
1) and the sapling sites (factor 2). The leaf traits were logjo or square root transformed,
when necessary, to reach the normal distribution and equal variances. The stomata and
trichome densities on the adaxial surface were excluded from this data analysis because
most species are hipostomatic and have few trichomes on the adaxial surface.

A cluster analysis was finally performed to verify the similarity level among the
species considering the following traits: LA, LMA, LD, DMC, LT, PP, SP, IS, SD and
TD (the last two, only on the abaxial surface). Each species was associated with its

functional group and forest of origin, aiming to verify if the species were grouped
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according to the functional group, sampling location or taxonomic proximity. The
dendrogram was generated by the Ward method and Euclidean distances. The exclusion
of TD and SD on the adaxial surface and RWC was due to the low data variability. The
values were all standardized and computed as follows: Std. Score = [(raw score -
mean)/Std. deviation]. In addition, principal component analyses (PCA) was performed
using the values normalized by logjo in order to investigate which leaf traits better

explained the groups of species highlighted by the cluster analyses.

3. Results
3.1. Quantitative variations in morphological and anatomical leaf traits of tree
species

The morphological and anatomical leaf traits differed significantly among the
tree species sampled in each site and the differences are detached and described in the
supplementary material (Tables S1 and S2).

As indicated by the Two-way ANOVA, some morphological and anatomical
leaf traits differed significantly between pioneer and non-pioneer species (factor 1), as
highlighted below, but any trait differed significantly among forest remnants (factor 2).
In addition, interactions between functional groups and forest remnants were not proved
for all traits analyzed, indicating that the differences between pioneer and non-pioneer
species, when proved by ANOVA, are valid for all forest remnants (Table 3). Therefore,
aiming at simplifying the result presentation, the morphological and anatomical traits of
pioneer and non-pioneer species were presented as average values in Table 3,
considering data from all forest sites, followed by respective standard deviations.

The pioneer species from all forest sites were characterized by a higher LMA

and LD than the non-pioneer species. Species from both functional group did not differ
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in relation to the other morphological leaf traits evaluated (Table 3).

Pioneer tree species showed higher values of PP thickness, abaxial SD and
abaxial TD than the non-pioneer species. Conversely, the SP thickness was higher in
non-pioneer species than in the pioneer species. Species from both functional group did
not differ in relation to the other anatomical leaf traits evaluated (Table 3).

3.2. Clustering the tree species according to their leaf traits

Cluster analysis separated the species in two distinct groups at the Euclidean
linkage distance of 20, according to the similarities of their leaf traits (cluster 1 and
cluster 2, Fig. 1A). The cluster 1 was separated into three main subgroups (cluster 1A-
C, Fig. 1A) and the cluster 2 into two subgroups of species (cluster 2A and 2B; Fig. 1A)
at the distances of 8 and 15 respectively. The PCA summarized 66% of the total
variability of the data on the first two axes. The strongest correlation with axis 1 was
found for LMA (r = - 0. 91), followed by DMC (r =-0.79), PP (r =-0.72), TD (r = 0.63)
and SD (r = 0.60; Fig. 2B), respectively. The strongest correlation with axis 2 was found
for SP (r = 0.92), followed by LT (r = 0.88) and LD (r = 0.67), respectively (Table in
Fig. 1B). The groups of species formed by cluster analysis were also highlighted by
PCA (Fig. 1B).

The cluster 1A joined the trees of six non-pioneer species (Amaioua intermedia,
Guarea macrophylla, Ocotea beulahiae, Ocotea paranapiacabensis, Psychotria
suterella and Psychotria vellosiana), which were positioned in the negative side of axis
1 of PCA and were characterized by a low leaf mass area (LMA), dry matter
concentration (DMC), palisade thickness (PP), abaxial stomatal density (SD) and
abaxial trichome density (TD). The cluster 1B grouped five pioneer (Alchornea
sidifolia, Alchornea triplinervia, Croton florvibundus, Piptadenia gonoacantha and

Solanum granulosoleprosum) and three non-pioneer species (Astronium graveolens,
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Eugenia excelsa and Machaerium villosum), which were located in the negative side of
axis 2 of PCA. These species were described by a high LD and low LT and SP. The
cluster 1C grouped three pioneer (Eremanthus erytropappus, Schinus terebinthifolius
and Tibouchina pulchra) and one non-pioneer species (Eugenia cerasiflora), which
were located next to the intersection between axis 1 and 2 of PCA and had intermediate
values of LMA, DMC, PP, SD and TD. The cluster 2A was represented by one pioneer
(Myrsine umbellata) and two non-pioneer (Drymis brasiliensis and Guarea kunthiana)
trees, positioned in the positive side of axis 2 of PCA, and characterized by a high LT
and SP and low LD. The specimens of Miconia cabucu (cluster 2B) were located in the
negative side of axis 1 and correlated with high LMA, PP, DMC, TD and SD regardless
of the sampling site. The species were not clearly grouped according to the forest where
they were sampled (Fig.1A-B).
3.3. Description of the leaf blade surface

The species differed in the morphology of epicuticular waxes and epidermal
cells, and distribution of trichomes. The main differences between the species are
included in Table 4 and Fig. 2 and described below — for more details, see Fig. S1 in the
supplementary material.

A higher particle deposition was observed on the adaxial surface (Fig. 2A vs. J).
A smooth cuticle was identified in species with glabrous leaves (A. intermedia, E.
ceraciflora, E. excelsa, O. beulahiae, O. paranapiacabensis; Table 4; Fig. 2A) and with
hairy leaf blades (4. sidifolia, D. brasiliensis, E. erytropappus, M. umbellata, T. pulchra
and S. granulosoleprosum; Table 4, Fig. 2B-F). A rough cuticle resulting from the
ornamentation of epicuticular wax was also identified in species with glabrous leaves
(G. kunthiana and S. terebinthifolia; Table 4), and with hairy leaf blades (4.

triplinervia, A. graveolens, G. macrophylla, P. gonoacantha, P. suterella; Table 3; Fig.
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2G-I). In addition, species that have the cuticle with evident contours (Fig. 2F) and.
striations (Fig. 2H) (e.g. A. intermedia, A. graveolens, Croton floribundus, S.
granulosoleprosum, G. kunthiana and P. suterella) also presented particle deposition on
it. Leaf blades densely covered by trichomes were observed in some tree species (C.
floribundus, E. erytropappus, M. villosum, S. granulosoleprosum and T. pulchra; Table
2; Fig. 2D-F). Particle deposition was also observed over the adaxial surface covered by
non-glandular trichomes, as observed in A. triplinervia. C. floribundus, M. villosum and
S. granulosoleprosum (Table 4; Fig. 2F-H). Particle deposition was also detected in
stomata of O. beulahiae and O. paranapiacabensis, obstructing the stomatal pore (Fig.
2)).

A smooth cuticle in the abaxial leaf surface was identified in the glabrous leaves
of O. beulahiae and O. paranapiacabensis (Table 4; Fig. 2J), and in the hairy leaf
blades of A. intermedia and G. kunthiana (Table 4). Wax deposition in platelets,
granules, striations, and elevations was observed in several species (4. sidifolia, A.
triplinervia, A. graveolens, D. brasiliensis, E. erytropappus, G. macrophylla, M.
villosum, M. umbellata, P. gonoacantha, P. suterella, S. terebinthifolius and T. pulchra;
Table 4; Fig. 2K-N, P-R). The leaves of C. floribundus, M. cabucu and S.
granulosoleprosum were densely covered by non-glandular trichomes (Table 4; Fig.
20). Few species were glabrous (D. brasiliensis and E. erytropappus; Table 4; Fig 2L-
M). Fungal hyphae associated with particulate matter were observed on both surfaces of

these species (Fig. 2A, 1C-F, 2H and J).
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Table 3. Means values (+ standard deviations) for morphological and anatomical leaf
traits of pioneer and non-pioneer tree species sampled in different remnants of Atlantic
Forest. LA, leaf area; LMA, leaf mass area; LD, leaf density; DMC, dry matter
concentration;, RWC, relative water content; LT, leaf thickness; PP, palisade
parenchyma thickness; SP, spongy parenchyma thickness; IS, intercellular space; SD,
abaxial stomatal density; TD, abaxial trichomes density. Two-way ANOVA indicated a
significant effect of factor 1 (Funtional group) for some leaf traits (p < 0.05) and a non-
significant effect of factor 2 (remnants of Atlantic Forest) for all leaf traits (p > 0.05).
Non-significant interactions were observed between factors 1 and 2 (p > 0.05). Distinct
letters indicate significant differences between both functional groups (p < 0.05),

according to the pairwise multiple comparison method applied (Holm-Sidak test).

. . . Non-pioneer p-Values (Two way
Leaf traits Pioneer species species ANOVA)
Morphological Factor Factor Factor
traits 1 2 1x2
100. 14 0.321  0.093 0.650
2y
LA (cm”) 56.31 (+42.44) (£240.26)

LMA (mgcm?) 15.90 (£9.75)a  8.98 (+4.8)b 0.038  0.659 0.234
LD (mg cm?) 0.66 (£0.23)a 0.41 (£0.12)b ~ 0.004 0347  0.921
DMC (mgem°) 2.52 (£1.76)a 1.80 (1.25)a 0.2 0.416  0.092

RWC (%) 74.79 (£12.44)a  69.61 (x14.44)a 0.355 0.366 0.645
Anatomical

traits

LT (um) 196.86 (+84.09)a %ilgégiz)a 0.689 0219 0.226
PP (um) 86.08 (+30.13)a  58.06 (+22.93)b 0.001  0.003  0.187
SP (um) 73.65 (£58.78)b (1i167&2§9)21 0.041 0.405 0.433
IS (%) 14.57 (£9.49)a 21.02 (£8.15)a  0.067  0.091 0.918
Abaxial surface 0.042 0.58 0.586
3D (mmz) 15.90 (£9.75)a 8.98 (+4.8)b

Abaxial surface 0.051 0.928 0.602
™ (mmz) 16.77 (£17.48)a  5.08 (+5.01)b

* Comparison performed by the non-parametric Mann-Whitney test due to the
absence of normal
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Table 4. Morphology and distribution of leaf epicuticular waxes and trichomes of pioneer species (P) and non-pioneer species (NP) sampled at
the Municipal Park Paranapiacaba (MPP), State Park Fontes do Ipiranga (PEFI), Ecological Area of Relevant Interest Mata de Santa Genebra
(MSG) and State Park Itacolomi (PEI). (-) indicates the difficulty to observe the cuticle due to the dense distribution of trichomes.

Leaf epicuticular waxes Trichomes
Family/ Species (funtional Site Adaxial
group) surface Abaxial surface Adaxial surface Abaxial surface Figures
Anacardiaceae
Astronium graveolens MSG striated smooth and striated non-glandular, branched non-glandular, SIL and X
Jarcq.(NP) close to stomata branched
and trichomes
Schinus terebinthifolia PEI striated striated glabrous glandular S1K and Y
Raddi (P)
Asteraceae
Eremanthus erytropappus  PEI smooth platelets with non-glandular, unbranched, glabrous IDand M
(DC.) MecLeisch (P) projections at acute and glandular
angle
Euphorbiaceae
Alchornea sidifolia Mill. ~ PEFI smooth smooth and striated non-glandular, branched non-glandular, 1B and K
Arg. (P) close to stomata branched
and trichomes
Alchornea triplinervia MSG striated striated non-glandular, branched non-glandular, 1H and Q
Miill. Arg. (P) branched
Croton floribundus Spreng. MSG smooth non-glandular, unbrached non-glandular, SIGand T
P) - and branched branched
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Fabaceae

Machaerium villosum
Vogel (NP)

Piptadenia gonoacantha
(Mart.) J.F.Macbr.(P)

Lauraceae

Ocotea beulahiae J.B.
Baitello (NP)

Ocotea paranapiacabensis
Coe-Teixeira (NP)

Melastomataceae

Miconia cabucu Hoehne

(P)

Tibouchina pulchra Cong
(P)

Meliaceae

Guarea kunthiana A. Juss.
(NP)

Guarea macrophylla Vahl
(NP)

PEI

MSG

MSG

MPP

MPP,
PEFI and
PEI

MPP

MSG

MPPand
PEFI

smooth

platelets

smooth

smooth

smooth

smooth

striated

smooth and
striated close
to trichome

platelets

platelets

smooth

smooth

non-glandular, unbranched

non-glandular, unbranched

glabrous

glabrous

glabrous

smooth and striated non-glandular, unbranched

close to stomata

smooth

smooth combined
with wax deposits

forming cuticle

glabrous

non-glandular, unbranched

non-glandular,
unbranched
non-glandular,
unbranched

glandular

non-glandular,
unbranched

non-glandular,
branched

non-glandular,
unbranched and
glandular

non-glandular,
unbranched
non-glandular,
unbranched and
glandular

S1F and S

1Iand R

1A andJ

S1D and Q

S1Cand P

1E and N

S1Jand W

1G and P
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Mpyrsinaceae

Myrsine umbellata Mart.
(P)

Myrtaceae

Amaioua intermedia Mart.

ex Schult. & Schult.f
(NP)

Eugenia cerasiflora Miq.
(NP)

Eugenia excelsa O. Berg
(NP)

Rubiaceae

Psychotria suterella Miill.
Arg.(NP)
Psychotria vellosiana
Benth (NP)
Solanaceae

Solanum
granulosoleprosum
Dunal (P)

Winteraceae

MPP

PEFI

PEI

PEFI

MPP

PEI

PEFI

smooth

smooth

smooth

smooth

striated

smooth

smooth

elevations

striated

smooth

smooth

smooth

smooth

smooth

glandular

glabous

glandular

glabrous

glandular

glabrous

non-glandular, unbranched
and branched

glandular

non-glandular,
unbranched

glandular

glabrous

non-glandular,
unbranched trichomes
non-glandular,
unbranched

non-glandular,
branched

Slland V

S1A and
N

SIH and U

S1B and O

SIM and Z

S1Vand R

1F and O
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Drimys brasiliensis Miers
(NP)

PEI

smooth

platelets with
projections on
rounded granules

glandular

glabrous

1Cand L
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Fig. 1. Multivariate analyses performed with the morphological and anatomical leaf trait
of 12 pioneer (P) and 13 non-pioneer (NP) tree species sampled at the Municipal Park
Paranapiacaba (MPP), State Park Fontes do Ipiranga (PEFI), Ecological Area of
Relevant Interest Mata de Santa Genebra (MSG) and State Park Itacolomi (PEI). A: tree
dendrogram resulting from cluster analysis. B: graphical representation of the principal
component analysis (PCA). LA, leaf area; LMA, leaf mass area; LD, leaf density;
DMC, dry matter concentration; LT, leaf thickness; PP, palisade parenchyma thickness;
SP, spongy parenchyma thickness; IS, intercellular space; SD, abaxial stomatal density;
TD, abaxial trichomes density. Filled symbols refer to pioneer species; Unfilled
symbols refer to non-pioneer species. The clusters 1 and 2 originated from cluster
analysis are highlighted in the figure (B). The table shows the correlation coefficients of

each variable to axis 1 and 2.
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Fig. 2. SEM of the leaf surface of some tree species from different remnants of the
Atlantic Forest. A-J: Adaxial surface. K-R: Abaxial surface. A. Smooth cuticle and
glabrous surface (Ocotea beulahiae). B (inset). stellar non-glandular trichomes
(Alchornea sidifolia). C (inset). peltate glandular trichomes (Drimys brasiliensis). D
(inset). simple non-glandular trichomes covered by a smooth cuticle (Eremanthus
erytropappus). E (inset). simple non-glandular trichomes (Tibouchina pulchra). F.
Stellar and simple non-glandular trichomes covered by a smooth cuticle (Solanum
granulosoleprosum). G. Smooth and striated cuticle next to trichome (Guarea
macrophylla). H. Stellar non-glandular trichomes covered by a striated cuticle
(Alchornea triplinervia). 1. Wax deposition in platelets (Piptadenia gonoacantha). J. A
glabrous surface covered by a smooth cuticle (Ocotea beulahiae). K and N. Smooth and
striated cuticle over stomata and non-glandular trichomes. Note the simple trichomes
(K), and stellar trichomes (N). K (inset) Alchornea sidifolia; N (inset) (Tibouchina
pulchra). L. Deposition of waxes in platelets and projections in rounded granules
(Drimys brasiliensis). M. Deposition of waxes in platelets and projections in acute
angles (Eremanthus erytropappus). O. Stellar non-glandular trichomes densely
distributed at different heights over the leaf surface (Solanum granulosoleprosum). P
(inset). Deposition of waxes forming elevations in the cuticle, and hairy surface
composed by glandular and simple non-glandular trichomes (Guarea macrophylla). Q
(inset). Stellar non-glandular trichomes and striated cuticle (Alchornea triplinervia). R
(inset). Deposition of waxes in platelets, and very long non-glandular trichomes
dispersed over the leaf blade (Piptadenia gonoacantha). In A, C, D, F, H and J. Note
the particles adhered to fungal hyphae (A. C, D, F, H) and particles obstructing the

stomatal pore (J).
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4. Discussion

The subtropical tree species included in this investigation were mostly
grouped according to their functional group. A cluster was formed by non-pioneer
species (cluster 1A), and other exclusively by one pioneer species (cluster 2B). The
last three groups were encompassed by a mixture of pioneer and non-pioneer species
(cluster 1B and 1C with a predominance of pioneer trees, and cluster 2A with a
predominance of non-pioneer trees). The species in each group were associated by
combinations of morpho-anatomical leaf traits indicative of distinct potential
tolerance levels to natural or anthropic environmental stressors. We ordinated the
groups from the most to the least potential tolerant to environmental stressors
according to the following sequence: cluster 2B > cluster 1C > cluster 1B > cluster
2A = cluster 1A, as will be discussed below.

We categorized M. cabucu (cluster 2B), followed by E. erytropappus, S.
terebinthifolius and T. pulchra (cluster 1C) as the most potentially tolerant species to
oxidative stress based on their high leaf mass per area (LMA), dry matter
concentration (DMO), palisade parenchyma (PP) among other
morphological/anatomical functional traits. These leaf traits basically avoid the
action of the environmental stressors. M. cabucu and T. puclhra, both belonged to
Melastomataceae family, also have physiological and biochemical leaf traits that
restrict the effects of oxidative stress (Branddo et al., 2017), revealing a high
phenotypic plasticity that allows them to survive under a wide variety of
environmental conditions (Bussoti and Polastrini, 2015).

The LMA is the most responsive leaf trait to distinguish between sensitive
(low LMA) and tolerant species (high LMA) to oxidative stress imposed by gaseous

pollutants, more specifically ozone (Bussotti et al., 2008; Calatayud et al., 2011; Li et
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al., 2016) or drought and high solar radiation (Poorter et al., 2009; Bussotti and
Pollastrini, 2015; de la Riva et al., 2016). A high LMA results from thick leaves
(indicated by LT values) and/or a dense mesophyll (LD or DMC values) (Bussotti,
2008), and also from anatomical traits (de la Riva et al., 2016), such as large cells,
high number of mesophyll layers, low fraction of intercellular spaces (John et al.,
2017), and thick cell walls (Bussotti et al., 1995; Bussotti, 2008; Bussotti and
Pollastrini, 2015). The high values of DMC may be related to an increase of the total
structural carbohydrates and lignin (Poorter et al., 2009). High values of DMC in
these tolerant species seemed to be a consequence of the high proportion of PP,
which compacts the mesophyll and reduces the intercellular spaces (Bussotti, 2005;
Niinemets, 1999), increasing the resistance to the diffusion of atmospheric pollutant
gases, as observed Bennett et al. (1992) in ozone-tolerant species.

The leaf surface is the first contact with excessive solar radiation and other
climatic stressors and with atmospheric pollutants. The high density of stomata in the
tolerant species evaluated here (M. cabucu, the most tolerant, cluster 2B, and within
the cluster 1C) can provide the increase of stomatal conductance and absorption of
air pollutants under favorable environmental conditions, as discussed by Ferdinand et
al., (2000). However, other studies have reported that high stomatal density may lead
to tolerance to gaseous pollutants, assuming that the increase in stomatal density
leads to a lower conductance per single stoma (Padkkonen et al., 1997), neutralizing
the deleterious gaseous pollutants effect (Paoletti and Grulke, 2005). The same
species that were correlated with high stomatal density also presented high density of
trichomes in the abaxial leaf blade surface (again, mainly in the most tolerant M.
cabucu), which act as a physical barrier against the entrance of gaseous pollutants

(Roschina and Roschina, 2003; Cardoso-Gustavson et al., in prep.), and may be an
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efficient mechanism to avoid oxidative stress. Specially, the glandular trichomes
observed in the abaxial leaf surface of tree species included in the cluster 1C (E.
ceraciflora, S. terebenthifolia, T. pulchra) may act as an antioxidant barrier, storing
and releasing metabolites such as flavonoids and VOC (Agati et al., 2012; Li et al.,,
2018). Indeed, as pointed by Jud et al. (2016) and Li et al. (2018), glandular
trichomes improve oxidative resistance, contributing to the reduction of ozone
toxicity.

The retention of particulate matter (PM) depends on the characteristics of the
leaf surface (Saebo et al., 2012; Mo et al., 2015; Sanchez-Lopez et al., 2015). The
toxic elements and compounds adsorbed to PM (e.g. metals, nitrate, iron, sulfates,
polycyclic aromatic hydrocarbons) can be adsorbed to stomata, trichomes and
epicuticular waxes and further penetrate inner tissues (Saebo et al. 2012; Simon et al.
2014; Sanchez-Lopez et al. 2015). Considering the roughness of the leaf surface
caused by the high trichome density and epicuticular waxes ornamentation, the tree
species included in cluster 2B (M. cabucu) and clusterlC (E. erytropappus, S.
terebinthifolius and T. pulchra) have the highest potential for PM accumulation. M.
cabucu (cluster 2B) seems also to be a good particle accumulator due to the high
abundance of non-glandular trichomes with a wide area at the abaxial surface, in
spite of the glabrous adaxial surface. However, the species that showed the greatest
potential of PM accumulation on leaf surface are not necessarily the most susceptible
to the stress induced by toxic components adsorbed on the particles that entered the
leaves by passive or active processes. The level of the PM-derived oxidative stress
also depends on the mechanisms of resistance to the entrance of these pollutants into
the foliar tissues (previously discussed) and detoxification (Domingos et al., 2015).

A similar interpretation about the species tolerance to PM can be extrapolated to
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oxidative stress caused by gaseous pollutants. M. cabucu was considered the most
tolerant species to oxidative stress caused by aerosol, because it has the highest
cuticle thickness (data not show), tissue thickness and compact mesophyll comparing
to the other species evaluated here in. E. erytropappus, S. terebinthifolius and T.
pulchra (cluster 1C) may be recognized as intermediate tolerant to aerosols because
they have a compact structure, besides the greater capacity to accumulate PM.

In contrast, the species included in the cluster 1A, all of them classified as
non-pioneers (4. intermedia, G. macrophylla, O. beulahiae, O. paranapiacabensis,
P. suterella and P. vellosiana), presented opposite characteristics of leaf structure
(low LMA, DMC and PP) and leaf surface (low stomatal density of the abaxial
surface, SD and trichome density of the abaxial surface, TD) relative to those from
clusters 2B e 1C and was recognized as potentially more vulnerable to oxidative
stress. In addition, A. intermedia, G. macrophylla, O. beulahiae, O.
paranapiacabensis, P. suterella and P. vellosiana (cluster 1A), which have leaves
with smooth cuticle, glabrous surface and/or low trichomes density, seemed to be
less efficient in particle capture and/or sensitive to the PM-derived oxidative stress
due to their intrinsic anatomical features. A high particle retention on the stomata
pores of O. beulahiae and O. paranapiacabensis may be related to the morphology
and chemical composition of the waxes deposited in the cuticle of the guard cells.
The obliteration of the stomata by PM in these species can directly impact
photosynthesis due to changes in stomatal conductance, increase of leaf temperature,
and decrease in transpiration rate (Pereira et al., 2009). Moreover, the non-pioneer
species included in the cluster 1A (O. beualahiae and, G. macrophylla), also have
low antioxidative capacity (low ascorbic acid ratio and/or glutathione ratio) and a

high oxidative damage (high levels of hydroperoxide conjugated diene) (Brandao et
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al., 2017), reinforcing their potential sensitivity to oxidative stress.

The morpho-anatomical characteristics of species included in the cluster 1B
(4. sidifolia, A. triplinervia, C. floribundus, P. gonoacantha, S. granulosoleprosum,
A. graveolens, E. excelsa and M. villosum) indicated an intermediate potential of
tolerance to environmental stressors. These species showed a high LD, and a low LT
and SP. In addition, non-glandular trichomes observed in all intermediate species
occupy a large surface area (Li et al., 2018), and contribute to reduce the interception
of solar radiation and confer UV protection (Bickford, 2016), and strongly modulate
boundary layer resistance (Bickford, 2016), increasing the chemical leaf resistance
by confining and increasing the concentration the volatile organic compounds (VOC)
in the boundary layer, avoiding the entrance of the gaseous pollutant into the leaf
(see in C. floribundus - Cardoso-Gustavson et al., 2014). The ornamentation of the
epicuticular waxes (striated or platelets) also facilitated the PM accumulation on the
leaf surface of some tree species intermediate potential of tolerant to oxidative stress
studied. The morphology and chemical composition of the epicuticular waxes are
important features to define the bioaccumulating properties of some species (Saecbo
et al., 2012; Dias et al., 2015; Domingos et al., 2015).M. umbellata, D. brasiliensis
and G. kunthiana (cluster 2A) showed opposite characteristics (low LD, high LT and
SP), indicative of a higher potential sensitivity to oxidative stress compared to the
species of cluster 1B. A higher SP thickness facilitates the diffusion of gases inside
the leaf (dos Anjos et al., 2015; Tian et al., 2016) and PM-derived oxidative stress.
Although a high LD is related to a dense mesophyll, with few intercellular spaces
(similar to tolerant species), an opposite response is expected when a high LD is
combined with a thick SP (Bussotti, 2005). The higher LT observed in M. umbellata,

D. brasiliensis and G. kunthiana associated with a higher SP thickness, resulted in
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low LD leaves that impose less resistance to the diffusion of gaseous pollutants
(Ferdinand, 2000). In this case, the lower the LD, the higher is the possibility of
gaseous pollutants affect negatively the PP (Bennett et al., 1992; Padkkomen et al.,
1997).

M. umbellata and D. brasiliensis showed a greater capacity of water
absorption by the leaf blade — a feature that favors the performance of plants in
seasonally dry environments (Eller et al., 2013, 2016). They are susceptible to the
turgor loss of leaf cells during the dry seasons due to their anisohydric characteristics
(Eller et al., 2016). Since both species keep their stomata open even in adverse
conditions, they would be more vulnerable to climate change (Eller et al., 2016) and
the entrance of gaseous pollutants.

In brief, the pioneer species investigated (all included in the clusters 2B, 1C
or 1B) produce leaves with high LMA, LD, PP, SD (abaxial surface) and TD (abaxial
surface) that confer intermediate to high potential tolerance against environmental
stressors in the subtropics, such excessive solar radiation and air pollutants. These
characteristics contrast with the morpho-anatomical traits described for non-pioneer
trees (mostly included in the clusters 2A and 1A) that evidenced a low potential
tolerance. These results confirm our first hypothesis and are in accordance with the
definition presented by Favaretto et al. (2011). They affirm that the native tree
species in tropical/subtropical forests can be classified into two major ecological
groups, based on the requirement of light and acclimatization to shading: pioneer
species (shade intolerant) and non-pioneer species (shade tolerant).

Our results here contrast with those described by Bussotti et al. (2008), who
concluded that pioneer species under Mediterranean climate have low degree of

acclimatization and low efficiency in the process of detoxification due to low LMA,
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low LD, low ability to produce defense compounds, few anatomical mechanisms,
low water use efficiency, high photosynthetic rate and low leaf longevity. Bussotti
(2008) also commented that the leaf traits of both functional groups vary in relation
to low rainfall and fertility. However, Mediterranean forests are exposed to different
natural environmental stressors in relation to tropical forests, which seem to
contribute to explain these contradictory results. The high solar irradiance throughout
the year in in the tropical region studied seems to have a stronger influence over the
physiological performance of the species (Favaretto et al., 2011; Aguiar-Silva et al.,
2016; Esposito et al., 2018) than the water availability to the plants, as the leaf water
status did not varied significantly among species.

The tree species investigated were not ordinated according to the forest of
origin by the cluster analysis, indicating that their morpho-anatomical leaf traits did
not change in function to the climatic gradient observed among the MPP region,
where a dry season does not exist, and MSG and PEI regions, where a marked dry
season is evidenced. The distinct sources and levels of air pollutants seemed also not
influence the grouping of species. Therefore, our second hypothesis was not
confirmed based on the morpho-anatomical traits measured. This affirmation is
reinforced by the fact that trees of M. cabucu sampled in three forest remnants (MPP,
PEFI, PEI) and of G. macrophylla sampled in two forests remnants (MPP, PEFI)
were included in the same clusters (2B and 1A respectively).

The absence of spatial variation may suggest the influence of the evolutionary
history of the evaluated species. This assumption seems to be reinforced by two other
aspects: (1) E. ceraciflora, M. vilossum, E. excelsa and A. graveolens (included in the
clusters 1B and 1C) have been classified as non-pioneer trees in many ecological

studies (e.g. Guaratini et al., 2008; Lima et al., 2011), but have morpho-anatomical
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characteristics similar to those of pioneer species; (2) M. umbellata classified as
pioneer species (Lima et al., 2011) was included in the cluster 2A together with other
two non-pioneer species.

Therefore, we also focused our discussion on the phylogenetic aspects of
target-taxons to evaluate the species adaptation to the environmental stresses,
following the recent tendency of developing phylogenetic tools to bioassessment and
ecotoxicology (Keck et al., 2016). This new focus may aid further studies aiming at
searching for indicator taxa of atmospheric pollutant in tropical forests. We based on
the fact that environmental filters (abiotic constraints) restrict the presence of species
within a community of individuals that bear specific phenological, morphological
and physiological trait values (Gestauer et al., 2017). Close-related species would
share similar functional traits, although some trait values may be homoplastic, i.e.,
the same pattern may exist in phylogenetically distant species. We are also aware
that that our samples are limited considering the amplitude of some families (for
example, Fabaceae). Anyway, our study is the first attempt to find a model of
responses of Atlantic forest trees to anthropogenic changes.

The ecological data obtained herein was compared with an optimized
angiosperm supertree (Fig. 3), looking for indications of phylogenetic signals above
the specific level (family). A phylogenetic distinction was observed among the
families whose representatives included in this study are potentially tolerant
(Euphorbiaceae, Fabaceae, Myrtaceae, Melastomataceae, Solanaceae, Asteraceae) or
vulnerable (Winteraceae, Lauraceae, Myrsinaceae, Rubiaceae) to environmental
constrains. The only exception observed here was Anacardiaceae (Sapindales), in
which both tolerant and vulnerable representatives were identified in the different

remnants.
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The ecological data obtained here support the vulnerability potential of shade-
tolerant Magoliids, here represented by Winteraceaec (Drymis) and Lauraceae
(Ocotea). Indeed, the basal order Magnoliales and Winteraceae were interpreted in
the past as ecological models of basal angiosperms due to their large leaves, slow-
growing trees, and constitute the understorey of tropical forests (Carlquist, 1975). In
addition, our data indicate that representatives of Magnoliids are vulnerable to
pollutants and other environmental stresses. However, some studies have been
suggested that basal angiosperms were able to survive in both shaded and sunny
habitats according to their lineage (Lee et al., 2015 and references therein).

However, O. beualahiae and O. paranapiacabensis are endemic species in
the Atlantic forest portions that occur in SE Brazil [Sdo Paulo and Espirito Santo
(only O. beualahiae) States (Flora do Brasil 2020, under construction)]. A lower
plasticity of responses to different environmental conditions is expected in relation to
widely distributed species due to the small geographical distribution of these species.
O. paranapiacabensis occurs in a low disturbed environment (reference forest -
MPP), therefore, naturally less acclimated to stress conditions. Indeed, they are more
vulnerable to environmental changes and have a more restrict distribution comparing
to Melastomataceae and other species herein defined as tolerant.

In contrast, events of convergent and divergent evolution in the past were
responsible for the evolution of the morphological and anatomical leaf traits related
to water use efficiency, water conservation and conservation of resources, allowing
the adaptation and wide distribution (including hostile environments) of
Melastomataceae species (Castro, 2015). Besides, the high reproductive success in
Miconia due to self-pollination and production of a large number of seeds facilitate

the rapid propagation of its species and invasion of large areas (Medeiros et al.,
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1997; Hardesty et al., 2009); generating descendants even in restricted environments.
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Fig. 3. Simplified supertree of Angiosperm phylogeny based on APG III (2009) and
APG 1V (2016), showing orders, families and species included in the present study.
The species were grouped according to the results of cluster analyses presented in
Fig. 2 and classified according to their potential vulnerability to environmental

stressors (very tolerant to sensitive species).

1. Conclusions
The morphological and anatomical leaf traits were useful for grouping species
according to their tolerance potential. Pioneer tree species also have morpho-

anatomical traits that restrict or avoid the effects of oxidative stress posed by natural
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and anthropic stressors than non-pioneer species. We confirmed this hypothesis
based on the fact that pioneer trees species presented leaves with high leaf mass area
(LMA), leaf density (LD), palisade parenchyma thickness (PP), abaxial stomatal
density (SD) and abaxial trichomes density (TD). The pioneer species have high
conditions of resilience and of perpetuating in the disturbed Atlantic Forest remnants,
mainly Melastomataceae species. Non-pioneer trees species that evidenced a low
potential tolerance with a higher spongy parenchyma thickness (SP). In general, non-
pioneer species are less adapted and less acclimated to the oxidative stress imposed
by environmental conditions and have high chances of a rapid extinction in the
disturbed Atlantic forest.

The second hypothesis that the morpho-anatomical traits are more evident in
tree species from forest remnants exposed to more extreme environmental conditions
was rejected. The absence of a spatial variation of the morpho-anatomical traits
analyzed here in a climatic and altitudinal gradient at remnants of the Atlantic Forest
may result from the characteristics coming from the evolutionary history of the
species, which would provide greater or lesser plasticity for occupation of different
environments or as responses to environmental disturbances.

Evidences of a phylogenetic signal above the specific level (family) were
detected. Our study offers new insights, but further confirmation is required since our

sample is very limited when considering the size of families.
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Fig. S1. Leaf surface SEM of the of some tree species from different remnants of the
Atlantic Forest. A-M. Adaxial surface. N-Z. Abaxial surface. A-E. Smooth cuticle and
glabrous surface (A, Amaioua intermedia; B, Fugenia excelsa; C, Miconia cabucu,; D,
Ocotea paranapiacabensis; E, Psychotria vellosiana). F. Smooth cuticle and simple
non-glandular trichomes (Machaerium villosum). G. Smooth cuticle, stellar and simple
non-glandular trichomes (Croton floribundus). H-1. Smooth cuticle, peltate glandular
trichomes (H, Eugenia ceraciflora; 1, Myrsine umbellata). J-K. Striated cuticle and
glabrous surface (J, Guarea kunthiana; K, Schinus terebenthifolia). L. Striated cuticle
and stellar non-glandular trichomes (4stronium graveolens). M. Striated cuticle and
peltate glandular trichomes (Psychotria suterella). N-O. Smooth cuticle and glabrous
surface (N, Amaioua intermedia; O, Eugenia excelsa). P, T. Stellar non-glandular
trichomes densely distributed at different heights over the leaf surface (P, Miconia
cabucu; T, Croton floribundus). Q. Simple non-glandular trichomes covered by a
smooth cuticle (Ocotea paranapiacabensis); note the particles obstructing the stomatal
pore. R. Smooth cuticle (Psychotria vellosiana). S. Deposition of epicuticular waxes in
platelets and very long non-glandular trichomes dispersed over the leaf blade
(Machaerium villosum). U. Smooth cuticle and peltate glandular trichomes (Fugenia
ceraciflora). V. Striated cuticle and peltate glandular trichomes (Myrsine umbellata).
W. Smooth cuticle, short and long non-glandular trichomes (Guarea kunthiana). X.
Striated cuticle close to stomata, and a stellar non-glandular trichomes (A4stronium
graveolens). Y. Striated cuticle and a digitiform glandular trichome (Schinus
terebenthifolia). Z. Smooth cuticle and simple non-glandular trichomes (Psychotria
vellosiana); note the particles over the leaf blade and adhered to fungal hyphae (A, B,
D,J,M-0O,R, T, U, Z).



Supplementary material

1. Description of the leaf blade surface
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Table S1. Median values (+ standard deviations) of morphological leaf traits of the 12 pioneer (P) and 13 non-pioneer (NP) tree species sampled

at the Municipal Park Paranapiacaba (MPP), State Park Fontes do Ipiranga (PEFI), Ecological Area of Relevant Interest Mata de Santa Genebra

(MSG) and State Park Itacolomi (PEI). LA, leaf area; LMA, leaf mass area; LD, leaf density; DMC, dry matter concentration; RWC, relative

water content. Distinct letters indicate significant differences in each morphological parameter among the tree species collected in the same

remnant of Atlantic Forest (p < 0.05) The higher values are highlighted. One-way ANOVA on ranks (Kruskal Wallis test) followed by a multiple

comparison (Dunn's method) were then applied to indicate significant for each morphological leaf trait between the tree species in each remnant

of Atlantic Forest.

Morphological traits
Funtional
Tree Species (N=4) group LA (cm®) LMA (mgcem?) LD (mgcm’) DMC (mgem>) RWC (%)
MPP
0.007 76.9
Guarea macrophylla Vahl (Meliaceae) NP 94.24 (x14.97)a  (£0.001)ab 0.26 (£0.044)b  1.92 (£0.27)ab  (£6.29)ab
88.06
Miconia cabucu Hoehne (Melastomataceae) P 98.06 (+13.19)a  0.02 (+0.0025)a 0.81 (0.24)a  4.39 (+0.8)ab (£3.77)a
74.31
Mpyrsine umbellata Mart. (Myrsinaceae) P 15.89 (x1.61)ab  0.01 (£0.001)a  0.37 (£0.027)ab 5.97 (+0.83)a (£6.42)b
0.007 77.65
Ocotea paranapiacabensis Coe-Teixeira (Lauraceae) NP 10.1 (+1.07)ab (£0.0009)ab 0.38 (£0.06)ab  1.32 (£0.22)bc ~ (£7.03)ab
0.004 72.03
Psychotria suterella Miill. Arg. (Rubiaceae) NP 2.84 (£0.5)b (£0.00014)b 0.23 (£0.011)b  0.67 (£0.064)c (£7.67)b
0.008 83.17
Tibouchina pulchra Cong (Melastomataceae) P 5.03 (=0.97)ab (x£0.00077)ab 0.35 (£0.034)ab 2.2 (x0.21)ab (£3.25)ab

PEFI
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0.005 59.26
Alchornea sidifolia Miill. Arg. (Euphorbiaceae) P 108.84 (£19.24)a (+0.00035)b 0.93 (£0.19)a 1.4 (x0.27)ab (£10.136)a
Amaioua intermedia Mart. ex Schult. & Schult.f. 0.009 0.55 63.57
(Rubiaceae) NP 16.05 (£3.13)a (£0.00064)ab (£0.0084)ab 1.54 (£0.08)ab  (£2.791)a
0.006 82.63
Eugenia excelsa O. Berg (Myrtaceae) NP 3.92 (£1.07)b (£0.00065)ab 0.58 (£0.076)ab 0.77 (£0.11)b (£6.149)a
0.008 0.33 72.41
Guarea macrophylla Vahl (Meliaceae) NP 94.24 (£14.97)a  (£0.00053)ab (£0.0218)b 2.04 (£0.19)ab  (x1.89)a
81.75
Miconia cabucu Hoehne (Melastomataceae) P 110.36 (+38.4)a  0.01 (£0.0023)a 0.87 (0.19)a  3.85 (£0.73)a (£2.64)a
0.005 53.74
Solanum granulosoleprosum Dunal (Solanaceae) P 28.3 (£7.33)a (£0.0016)b 0.44 (£0.1)ab ~ 0.79 (£0.25)b (+£16.442)a
MSG
o A . 108.84 0.005 91.25
Alchornea triplinervia Mill. Arg. (Euphorbiaceac) p (£19.24)ab (£0.00035)b 055 (:0.028)ab 0.63 (£0.08)b  (£2.16)a
Astronium graveolens Jarcq. (Anacardiaceae) 9521 0-006 86.46
’ NP (£23.21)abe (£0.0011)b 0.65 (£0.022)ab  0.65 (+0.07)b (£0.74)ab
0.007 81.25
Croton floribundus Spreng. (Euphorbiaceae) P 47.59 (£7.92)bc  (+0.0014)ab 0.57 (£0.081)ab 1.15 (£0.29)ab  (£9.32)ab
53.29
Guarea kunthiana A. Juss. (Meliaceae) NP 818.71 (£85.61)a 0.01 (£0.002)a  0.37 (+0.072)b  4.73 (£0.64)a (£0.94)b
68.59
Ocotea beulahiae J.B. Baitello (Lauraceae) NP 19.64 (£6.57)c 0.01 (£0.001)ab 0.5 (£0.096)ab  2.21 (£0.18)ab (£14.78)ab
Piptadenia gonoacantha (Mart.) J.F.Macbr. 60.07 0.009
(Fabaceae) P (£10.73)abe (£0.0015)ab 0.77 (£0.045)a  1.18 (£0.33)ab _
PEI
0.009 84.52
Drimys brasiliensis Miers (Winteraceae) NP 9.23 (£0.82)ab (£0.0009)abc 0.27 (£0.023)c  3.36 (£0.46)a (£2.53)a
Eremanthus erytropappus (DC.) MecLeisch 0.01 61.42
(Asteraceae) P 10.98 (£0.8)ab (£0.0007)abc 0.67 (£0.047)ab 1.6 (x0.14)ab (+4.77)ab
0.009 49.17
Eugenia cerasiflora Miq. (Myrtaceae) NP 3.19 (+0.4)b (£0.0016)abc 0.5 (£0.069)abc 2.05 (£0.5)ab (£5.01)b
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0.008 0.48 41.22
Machaerium villosum Vogel (Fabaceae) NP 54.01 (£20.11)a  (+0.0014)bc (£0.064)abc 1.49 (£0.34)ab (£6.3)b
Miconia cabucu Hoehne (Melastomataceace) P 50.85 (£9.97)a 0.01 (£0.0033)a 0.89 (£0.21)a  3.74 (+0.24)a (6ﬂlf523)ab
Psychotria vellosiana Benth (Rubiaceae) NP 2.21 (£0.79)b (();:?)(?(?014)c 0.33 (£0.091)bc  0.85 (£0.23)b Zf(f%)ab
Schinus terebinthifolia Raddi (Anacardiaceae) P 17.67 (£3.93)ab  0.01 (x£0.001)abc ?£A(‘)E.§O48)abc 2.69 (£0.24)ab ?:i:;?gl)a
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Table S2. Median values (+ standard deviations) for morphological leaf traits of the 12 pioneer (P) and 13 non-pioneer (NP) tree species sampled
at the Municipal Park Paranapiacaba (MPP), State Park Fontes do Ipiranga (PEFI), Ecological Area of Relevant Interest Mata de Santa Genebra
(MSG) and State Park Itacolomi (PEI). LT, leaf thickness; PP, palisade parenchyma thickness; SP, spongy parenchyma thickness; IS,
intercellular space; SD, stomatal density of the adaxial surface; SD, stomatal density of the abaxial surface; TD, trichome density of the adaxial
surface; TD, trichome density of the abaxial surface. Distinct letters indicate significant differences among the tree species in each anatomical
parameter and remnants of Atlantic Forest (p < 0.05). Highest values are shown in bold and the lowest values in gray. One-way ANOVA on
ranks (Kruskal Wallis test) followed by a multiple comparison (Dunn's method) were then applied to indicate significant for each anatomical leaf

trait between the tree species in each remnant of Atlantic Forest.

Anatomical traits

Adaxial Adaxial Abaxial
surface  Abaxial surface surface surface
Funtional SD TD
Tree Species (N=4) group LT (um) PP (um) SP (um) IS (%) (N/mm?*)  SD (N/mm®) TD (N/mm®)  (N/mm’®)
MPP
Guarea macrophylla 258.38 44.44 182.4 18.15 6.16
Vahl (Meliaceae) NP (x12.81)ab (£2.61)c (£10.98)ab (£5.54)ab 0 (=0)a 4.66 (£0.78)bc 2 (x0.27)ab (£1.14)a
Miconia cabucu Hoehne 234.2 135.82 57.9 4.47 52.08
(Melastomataceae) P (£36.4)ab (£35.22)a  (+3.96)c (£3.22)b 0 (=0)a 24.5 (£6.8)ab 0 (=0)b (£1.5)a
Myrsine umbellata Mart. 412.41 90.73 2524 32.76 0,667
(Myrsinaceae) P (£28.99)a (x17.54)ab (£19.27)a (£7.74)a 0 (£0)a 6.16 (+0.87)abc  (+0.33)ab 1 (20.13)b
Ocotea 174.38 55.24 90.2 15.19 0.66
paranapiacabensis Coe- NP (£19.79)b (£7.58)abc  (£13.7)abc (£4.11)b 0 (£0)a 9.83 (£1.41)abc 0 (+0)b (+0.41)b
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Teixeira (Lauraceae)

Psychotria suterella 167.71 50.94 65.07 16.82 5.33

Miill. Arg. (Rubiaceae) NP (+10.83)b (+2.88)bc  (+8.12)bc  (£6.85)ab 0 (x0)a 3 (0.9)c 0 (x0)b (x1.15)a

Tibouchina pulchra 24943 89.67 120.4 4.47

Cong (Melastomataceae) P (£10.08)ab (£5.85)abc  (£8.35)abc  (+1.28)b 0 (£0)a 28.66 (£2.8)a 4.66 (£0.167)a 6.83 (£0.9)a

PEFI

Alchornea sidifolia Mill. 119.76 54.45 39.37 13.85 11

Arg. (Euphorbiaceae) P (£24.21)b (x17.54)ab  (£3.76)b  (£3.24)ab 0 (£0)a 7.83 (x0.31)ab 1 (£0.41)ab (£3.19)ab

Amaioua intermedia

Mart. ex Schult. & 164.8 38.76 86.52 20.83

Schult.f. (Rubiaceae) NP (x4.14)ab (£14.97)ab  (£5.04)ab  (+10.1)ab 0 (£0)a 7 (£1.01)ab 0.33 (£0.5)ab 3 (x1.01)ab

Eugenia excelsa O. Berg 121.28 30.38 70.76 (+ 4.35

(Myrtaceae) NP (+9.83)b (+5.32)b 6.49)ab (£0.35)b 0 (£0)a 21.33 (£0.73)a 0 (£0)b 0 (£0)b

Guarea macrophylla 254.07 44.12 169.15 26.69 6.16

Vahl (Meliaceae) NP (£11.83)a (£3.55)ab  (£3.83)a  (£1.79)a 0 (£0)a 4 (+1.08)b 1.66 (£0.41)ab (£1.05)ab

Miconia cabucu Hoehne 199.09 102.08 64.04 9.01 38.66

(Melastomataceace) P (+18.8)ab (£24.35)a  (£7.68)ab (+1.91)ab 0 (£0)a 25.16 (z4.45)a 0 (+x0)b (x11.43)a

Solanum

granulosoleprosum 128.56 61.27 44.75 15.81 1.5 27.16

Dunal (Solanaceae) P (£12.46)ab (£8.21)ab  (+4.8)b (£7.28)ab (£0.69)a 16.66 (+4.79)ab  (+10.81)a 24 (£2.49)a
MSG

Alchornea triplinervia

Miill. Arg. 106.3 47.55 37.03 35.02 1.5 533

(Euphorbiaceae) P (+8.31)b (+4.06)a (£5.3)b (£14.84)a (#0.63)a  7.33(£0.57)ab  0.66 (£0.68)ab (+2.78)ab

Astronium graveolens 101.54 42.77 35.84 18.99 1.33

Jarcq. (Anacardiaceae) NP (£4.484)b (£2.44)a (£3.06)b  (x14.65)a (#0.33)a  8.33(x0.57)ab  1.66 (£0.50)ab 4 (£1.01)ab

Croton floribundus 146.68 62.9 52.23 16.36 19.5

Spreng. (Euphorbiaceae) P (x13.39)ab (£7.89)a (#7.17)ab  (£11.28)a 0 (£0)a 10.33 (1.87)a 4 (£0.54)a (£0.68)a

Guarea kunthiana A. 361.6 62.86 267.84 32.91

Juss. (Meliaceae) NP (£27.46)a (£13.79)a  (#21.89)a (£3.51)a 0 (£0)a 6.66 (£0.5)b 0.33 (£0.16)b  16.5 (£7.6)a

Ocotea beulahiae J.B. 209.11 47.24 128.08 18.33 0.16

Baitello (Lauraceae) NP (x21.17)ab (£2.09)a (£20.25)ab (£7.63)a 0 (*0)a 7.5 (£1.19)ab 0.16 (£0.63)b  (£0.19)b
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Piptadenia gonoacantha

(Mart.) J.F.Macbr. 49.73 47.78 15.24 2.83
(Fabaceae) P 123.1 (£12)ab (+8.74)a (£3.81)ab (£9.62)a 0 (x0)a 11 (£1.79)a 1 (£0.73)ab (£5.96)ab
PEI

Drimys brasiliensis 362.98 120.8 184.84 20.69

Miers (Winteraceae) NP (£20.05)a (x6.91)ab  (£12.99)a (+2.76)a 0 (£0)a 6.83 (£1.12)b 1.83(x0,56)ab 0 (+1.826)b
Eremanthus

erytropappus (DC.) 238.51 131.29 63.42 9.27

MecLeisch (Asteraceae) P (£5.65)ab (£7.73)a (£1.85)abc (+1.47)ab 0 (£0)a 9.16 (£0.87)ab  11.33(x1.82)a 0 (+x0)b
Eugenia cerasiflora Miq. 223.61 84.81 96.8 16.89 2
(Myrtaceae) NP (£25.58)abc  (£25.07)abc (£10.24)ab (£1.75)ab 0 (£0)a 12.33 (£0.95)ab  2.33(+0.63)ab (+0.577)ab
Machaerium villosum 165.68 68.41 75.06 13.62 9.83
Vogel (Fabaceae) NP (£14.9)bc (£12.68)bc  (+4.7)abc  (+2.294)ab 0 (£0)a 13.58 (+1.27)a  13.5(%2.88)a  (x1.402)a
Miconia cabucu Hoehne 202.62 107.16 44.19 4.957 37.83
(Melastomataceae) P (£19.42)abc  (£18.13)abc (+1.43)c (£3.85)b 0 (£0)a 35.66 (£6.53)a  0(+0)b (£6.274)a
Psychotria vellosiana 153.54 46.41 56.21 21.25 5.66
Benth (Rubiaceac) NP (+5.61)c (£2.76)c (£6.48)bc  (x12.81)ab 0 (x0)a 8.333 (x1.16)ab  0(+0)b (£1.826)ab
Schinus terebinthifolia 203.63 102.59 62.18 11.26 2.33

Raddi (Anacardiaceae) P (£6.09)abc (£5.1)abc  (£5.93)abc (+3.04)ab 0 (+0)a 9.33 (x1.13)ab  2.33(%£1.27)ab (+0.577)ab
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Abstract

We previously revealed that morpho-anatomical leaf traits are predictors of the potential
level of tolerance or susceptibility in native tree species to environmental stressors, such
as the combination of air pollutants that act synergistically with natural environmental
stressors (variations and climatic abnormalities) in the Atlantic Forest. Here, we
hypothesized that species with lower potential of tolerance show a greater variety of
microscopic markers (i.e. structural changes) in their seemingly healthy leaf blades in
response to oxidative stress than species with higher potential of tolerance. In this
regard, tree species with distinct potential of tolerance to oxidative stress (tolerant,
intermediate and sensitive species) were sampled in four remanants of Atlantic Forest in
SE Brazil. Histochemical tests to detect the microscopic markers were applied in
seemingly healthy leaf blades of species. Overall, the results indicated that potential
intermediate tolerant and sensitive species to environmental stress showed greater
variety and frequency of microscopic markers in the mesophyll (wart-like protrusion,
invagination of plasma membrane, vacuome and partial/total plasmolysed cell with
condensation of cellular content and disrupted cells). Conversely, tolerant species
showed microscopic markers that are indicators of increased resistance against oxidative
stress, such as hypertrophy of mesophyll cells and accumulation of phenolic glycosides
in the apoplast that increase the cellular defense against reactive oxygen species. The
accumulation of phenolic glycosides in the apoplast is a new microscopic marker
identified in leaves of tropical tolerant species. Foliar microscopic markers allowed the
assessment and validation of the tolerance level of species from Atlantic Forest to

oxidative stress.

Keywords: air pollutants, Atlantic Forest, phenolic glycosides, sensitive tree species,

structural responses, tolerant species-specific markers
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1. Introduction

Specific responses, such as foliar visible injury that appears in sensitive tree
species, have long been evaluated for estimating the effects of ozone (among other
oxidative pressures) on forest ecosystems in the Northern Hemisphere (Schaub et al.,
2016). Many authors have validated the occurrence of visible leaf injury by means of
microscopic markers. These symptoms can be linked to different physiological
reactions, including: hypersensitive responses (Vollenweider et al., 2003; Bussotti et al.,
2005; Gravano et al., 2004; Paoletti et al., 2009; Guerrero et al., 2013; Fernandes et al.,
2016; Moura et al., 2011, 2018); acceleration of plant senescence (Paoletti et al., 2009;
Vollenweider et al., 2013; Fernandes et al.,, 2019); oxidative burst in the apoplast
(Giinthardt-Goerg et al., 1997, 2000; Vollenweider et al., 2003; Giinthardt-Goerg and
Vollenweider, 2007; Paoletti et al., 2009; Pedroso et al., 2016; Moura et al., 2018) and
in other cell compartments (Vollenweider et al., 2003; Busssotti et al., 2005; Moura et
al., 2018), besides defensive and repair reactions (Orendovici et al., 2003; Bussotti et al.
2005; Guerrero et al., 2013; Alves et al., 2016; ; Fernandes et al., 2016; Moura et al.,
2018). However, the strategies adopted by tropical plants to resist (or not) oxidative
stress are still virtually unknown, particularly in the Brazilian Atlantic forest, and their
search becomes a challenge due to several particular reasons.

In contrast to temperate forests, the effects of complex mixtures of air pollutants
and climatic oscillations on plants may restrict the assessment of specific plant
responses to oxidative pressures in the Atlantic forest. These effects result in an
indiscriminately increased production of reactive oxygen species (ROS) in plant cells,
which may cause similar visible or microscopic leaf damage. This similarity of
symptoms is linked to the high tree species diversity observed in this biome (Moura et

al., 2014; Cardoso-Gustavson et al., 2015; Domingos et al., 2015; Brandao et al., 2017;
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Nakazato et al., 2018). In addition, the Atlantic Forest canopy remains with leaves
during the whole the year in most cases, whereas the foliage turnover is highly species-
specific (Moura et al., 2018).

We may also assume that the combination of air pollutants acts synergistically
with other environmental stressors in the Atlantic Forest species. This synergism causes
defense responses to oxidative stress and irreversible oxidative cell damage even in leaf
blades without visible injuries (Kivimdenpai et al., 2003; Vollenweider et al., 2003), as
observed in the native pioneer tree species Tibouchina pulchra (Melastomataceae) by
Pedroso et al. (2016). The structural leaf changes (referred here as microscopic markers)
in this tree species are similar to those recorded in forests located in other regions of the
world (Pedroso et al., 2016; Moura et al., 2018). Interestingly, other tropical species can
also respond to environmental stresses with specific structural markers related to an
increase in cellular defenses, such as a vacuolar accumulation of mucilage-like
polyssacharides (Moura et al., 2018) or hydrolysable tannins (Fernandes et al., 2016),
and the accumulation of phenolic compounds in the apoplast that is not usually
described in temperate species (Fernandes, 2015).

The morpho-anatomical leaf traits can explain the different levels of tress
species tolerance to oxidative stress (Bussotti, 2008). In chapter 1, we showed that
morpho-anatomical leaf traits are predictors of the potential level of tolerance or
susceptibility in native forest species to multiple environmental conditions (air
pollutants and climatic changes) and groups of species with distinct potential of
tolerance were identified. In addition, we also noticed that the potential of tolerance
varied between functional groups (pioneer vs non-pioneer species). Pioneer species have
morpho-anatomical leaf traits together with physiological leaf traits (Brandao et al.,

2017, Esposito et al., 2018) that confer a greater potential of tolerance than non-pioneer
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species. By assuming the veracity of the former sentence, here we tested the hypothesis
that species with lower potential of tolerance to environmental stresses show a greater
variety of microscopic markers in their seemingly healthy leaf blades in response to
oxidative stress than species with higher potential of tolerance.

In this regard, our objectives were: (1) to search for structural microscopic
markers in three groups of species with distinct potential of tolerance to oxidative stress
by environmental stressors (tolerant, intermediary and sensitive species, previously
defined in chapter 1) and (2) to validate the tolerance level to oxidative stress in each
group based on microscopic markers.

The results obtained here confirmed the hypothesis because the microscopic
responses were widely detected among the species with some degree of sensitivity to
oxidative stress. In addition, we also proposed a new microscopic marker for tolerant
species.

2. Material and methods

The tree species selected for this study were sampled in four remaining Atlantic
Forest, in SE Brazil: Municipal Park Paranapiacaba (MPP), State Park Fontes do
Ipiranga (PEFI), ecological area of relevant interest Mata de Santa Genebra (MSG) (all
included in conservation units located in the state of Sdo Paulo), and State Park
Itacolomi (PEI) (included in conservation unit located in the state of Minas Gerais). All
these forest remnants differ in forest physiognomy, species composition, climatic
characteristics and emission sources of pollution (see Chapter 1 for more details).

The choice of native tree species was based on their (1) potential tolerance level
to oxidative stress induced by environmental stressors, which were established in

chapter 1 by several morpho-anatomical leaf traits, as summarized in the Table 1.
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Table 1. Potential tolerance level to oxidative stress imposed by environmental
stressors, based on morpho-anatomical leaf traits (according to the results presented in
chapter 1) of tree species sampled at the Municipal Park Paranapiacaba (MPP), State
Park Fontes do Ipiranga (PEFI), Ecological Area of Relevant Interest Mata de Santa
Genebra (MSQG) and State Park Itacolomi (PEI). Leaf mass area (LMA); leaf density
(LD); dry matter concentration (DMC); leaf thickness (LT); palisade parenchyma
thickness (PP); spongy parenchyma thickness (SP); intercellular space (IS); abaxial
stomatal density (SD); abaxial trichomes density (TD).

Tree species Atlantic Potential Morpho-anatomical
Forest tolerance level traits
remnant

Miconia cabucu Hoehne MPP, PEFI High LMA, DMC,
(Melastomataceae) and PEI PP, TD and SD

. g . Tolerant
Schinus terebinthifolia Raddi PEI
(Anacardiaceae)
Alchornea triplinervia Mill. Arg. MSG High LD and low LT
(Euphorbiaceae) and SP
Piptadenia gonoacantha (Mart. MSG e
J .1§).Macbr. (gF abaceae) ( : Intermidiate
Solanum granulosoleprosum Dunal ~ PEFI
(Solanaceae)
Amaioua intermedia Mart. ex PEFI Low LMA, DMC,
Schult. & Schult.f. (Rubiaceae) PP, TD and SD
Guarea macrophylla Vahl MPP and
(Meliaceae) PEFI
Ocotea paranapiacabensis Coe- MPP
Teixeira (Lauraceae) Sensitive
Drimys brasiliensis Miers PEI High LT and SP and
(Winteraceae) low LD
Guarea kunthiana A. Juss. MSG
(Meliaceae)
Myrsine umbellata Mart. MPP
(Myrsinaceae)

The leaf collection was carried out in the wet (January to February / 2016) and
dry periods (July to August / 2016). Two sunny leaves from three specimens per species
(N = 6 leaves per species) were collected in each forest remnant to identify the
presence/absence of microscopic markers of oxidative stress in the leaf blades.

2.1. Assessment to microscopic markers
Fragments (approx. 1 cm?) of the median region of the leaf blade were fixed in

2.5 % glutaraldehyde buffered at pH 7.0 with 0.067 M Sorensen phosphate buffer. After
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that, samples were fully evacuated and stored at 4 °C. In the laboratory, the fixed
samples were included in Technovit 7100 historesin and semi-thin 3 pm thickness
sections were obtained using a rotary microtome Leica (RM2245). The samples were
submitted to histochemical tests to detect the microscopic markers as described in
previous studies (Table 2). All the observations were performed in a light microscopy
(Olympus BX53), equipped with an image capture system (ImagePro-express software
6.3). The whole leaf section in each slide was systematically evaluated in order to locate
microscopic markers.

Finally, the frequency of a specific microscopic marker found in the leaf blade
of each species was calculated by estimating the percentage of samples in which it was

found at least once.
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Table 2. Staining methods applied on leaf samples, microscopic markers and stress agents.

Color in
Reference Target transmitted Excitation Microscopic
Stain Stain compound light (nm) marker Stress agent Reference
Giinthardt-Goerg et
experimental al., 1997; Bussotti
heavy metals et al., 2005;
Feder and wart-like aqd acidic Gﬁnthardt—Go.erg
toluidine blue O’Brien, metachromatic  blue/green - protrusions on rainwater and Vollenweider,
1968 cell wall exposure; 2007; Hermle et al.,
experimental O3 2007; Calatayud et
exposure. al., 2011; Guerreiro
ambient O3 et al., 2013; Moura
etal., 2018
ambient Os;
multiple
invagination envgp pmentgl Tresmondi and
of the plasma con 1t10ns. (air Alves, 2011;
membrane pollutants: NO,, Pedroso et al., 2016

SO2 and Os3) +
marked seasonal
climate
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partial/ total
plasmolysis of
cells and
sometimes
cell content
disruption

accumulation
of phenolics
in vacuole

experimental Cu
/Zn/Cd
exposure;
experimental O;
exposure;.
experimental O;
exposure +
drought;
ambient Oz +
light ;
environment
with mix of
pollutants (NO,,
SOQ and 03) +
marked seasonal
climate

experimental
heavy metals
and acidic
rainwater
exposure;
ambient O3,
ambient Oz +
light;
experimental
03 exposure +
drought

Padkkonen et al.,
1998; Vollenweider
et al., 2003; André
et al., 2006;
Vollenweider et al.,
2006; Guinthardt-
Goerg and
Vollenweider,
2007; Bussotti et
al., 2005; Guerreiro
etal., 2013;
Pedroso and Alves,
2015; Fernandes et
a., 2016, 2019;
Pedroso et al.,
2016; Moura et al.,
2018

Padkkonen et al.,
1998; Vollenweider
et al., 2003; André
et al., 2006; Her
Tresmondi and
Alves, 2011;
Fernandes et al.,
2016

71



Kiviméenp
p-phenylenediamine & et al.,
2004

lipids

dark gray

Vacuomel

hypertrophy”

hyperplasia’

darkening
cloroplast

accumulation
of phenolics
in vacuole

environment
with mix of
pollutants
(NO2, SO2 and
03) + marked
seasonal climate

acid rain;
experimental Os
exposure

acid rain;
experimental Os
exposure

ambient O3; Cd

experimental
heavy metals
and acidic
rainwater
exposure ;
experimental Os
exposure +
eleveted
temperature;
experimental
Cd exposure

Pedroso et al., 2019

Fink, 1999; Silva et
al., 2005;
Sant'Anna-Santos et
al., 2006; Fernandes
etal., 2019

Silva et al., 2005;
Sant'Anna-Santos et
al., 2006; Fernandes
etal., 2019

Kivimédenpéa et al.,
2004; Vollenweider
et al., 2006

Vollenweider et al.,
2006; Hermle et al.,
2007; Kivimdenpaa
etal., 2014;
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PARS reaction

Gahan
1984

polysaccharides pink

accumulation
of
plastoglobules
into cloroplast

cell wall
thickening

polissaccharid
es wart-like
protrusion
oxidation of
wart-like
protrusions
phenolic
glicosydes in
vacuole and
apoplast

increase/deacr
ese of starch
grains within
cloroplast

experimental
heavy metals
and acidic
rainwater
exposure;
experimental Os
exposure;
ambient O3
experimental Os
exposure;
ambient O3
experimental Os
exposure;
ambient O3

experimental
O3 exposure

ambient O3 +
light

experimental O;
exposure;
ambient Og3;
experimental Cd
exposure

Hermle et al., 2007;
Paoletti et al., 2009;
Moura et al., 2018

Bussotti et al.,
2005; Vollenweider
etal., 2013

Moura et al., 2018

Fernandes, 2015

Bussotti et al.,
2005; Volenweider
et al., 2006; Moura
etal., 2018;
Fernandes et al.,
2019
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- Gerlach
Aniline Blue_ 1984 calloses - 340-380
Calcofluor White %%I;Ch cellulose - 340-380

cellulose cell
wall
thickening

callose cell
wall
thickening

experimental O;
exposure.ambie
nt Oz; ambient

O3 + light

experimental Os
exposure;
experimental O3
exposure +
drought.
ambient Os.
ambient O3 +
light

Gravano et al.,
2003,

Gravano et al.,
2004,

Bussotti et al.,
2005; Calatayud et
al., 2011

Moura et al., 2018

Paikkonen et al.,
1998; Giinthardt-
Goerg et al.,

1997; Vollenweider
et al.,

2003; Gravano et
al.,

2004; Bussotti et
al., 2005;

Moura et al., 2018.

" fragmentation of the central vacuole in numerous small vesicles;
2. . .
increase in cell size;

3 increase in the number of cell layers.
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3. Results
3.1. Summary of structural leaf traits from species with distinct potential tolerance
levels

The structural traits of cross-sectioned asymptomatic leaf blades of tree species
with distinct potential tolerance levels to oxidative stress are shown in Table 3 and
Fig.1. All species showed uniseriated epidermal cells, most of them were hipostomatic
(except the anphistomatic S. granulosoleprosum) and had thick cuticle (except 4.
intermedia, A. triplinervia, O. paranapiacabensis and S. terebenthifolia). The main
structural differences among potential tolerant, intermediate and sensitive groups of
species were observed in the mesophyll (Table 3; Fig. 1).

The potential tolerant species showed 2-3 cell layers of palisade parenchyma and
3-5 cell layers of the spongy parenchyma. They also showed a great accumulation of
polyphenols within vacuoles, and a compact mesophyll containing dispersed secretory
structures (Table 3; Fig.1 A-B).

The intermediate tolerant species showed 1-2 layers of palisade parenchyma and
3-3 layers of spongy parenchyma, vacuole containing polyphenols and compact
mesophyll (Table 3; Fig.1 C-E). Secretory structures were observed only in P.
gonoacantha (Table 3; Fig. 1D).

The potential sensitive species showed 1-3 layers of palisade parenchyma and 3-
12 layers of spongy parenchyma. G. kunthiana, G. macrophylla and M. umbellate
showed accumulation of vacuolar polyphenols, whereas A. intermedia, D. brasiliensis
and O. paranapiacabensis showed hyaline vacuoles. The mesophyll was characterized
by pronounced intercellular spaces, and bear secretory structures dispersed in
mesophyll, except 4. intermedia (Table 3; Fig.1 F-K). Among all species groups, only

D. brasiliensis, G. macrophylla and M. umbellata did not showed crystal idioblasts
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(Table 3; Fig. 1G, 1-]).

3.2. Microscopic markers in leaf tissues of species with distinct potential tolerance
levels

The potential tolerant species to oxidative stress showed changes in cell wall and
apoplast. M. cabucu showed wart-like protrusions on cell wall protruding into the inter-
cellular space (Fig. 2A). The oxidation of compounds conferred brownish coloration in
the apoplast (the same observed within the vacuole) in M. cabucu (Fig. 2B). In,
addition, a positive PARS reaction in the apoplast indicative of alpha 1,2-glicol linkage
was evidenced (Fig. 2B). This linkage is observed in the structure of some
polysaccharides, but it also constitutes the structure of glycosylated derivatives of
flavonoids. Callose or cellulose was not evidenced in this same region. The compounds
embedded in apoplast were specific of tolerant species. An increase in spongy
parenchyma cell size (hypertrophy) was visualized in S. terebenthifolia (Fig. 2D).

The species categorized as intermediate tolerant bearded wart-like protrusions
(Fig. 3A-D). A. triplinervia showed invagination of plasma membrane (protoplast
change), restricting the cell space of the palisade parenchyma (Fig. 3E). Discrete groups
of parenchyma cells showed total/or partial plasmolysed cells, disorganized and dense
content (Fig. 3F-H). Some plasmolysed cells also showed a disrupted cell content, as
observed in Solanum granulosoleprosum (Fig. 3F).

The potential sensitive species showed the same markers described for
intermediate tolerant species. The species showed plasmolyzed parenchymal cells (Fig.
4A-D), wart-like protrusion (Fig. 4E-I) and protoplast changes (D. brasiliensis and M.
umbellate, Fig. 4]J-K). However, the plasmolysed parenchyma cells in these species
occupied a greater extension of the leaf blade (particularly in 4. intermedia, Fig 4.A)

than observed in the leaf blades of intermediate species (Fig 4.A vs Fig. 3 F-H). The
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fragmentation of the central vacuole in numerous small vesicles (vacuome of palisade
parenchyma cells) was a sensitive species-specific marker, visualized in G. macrophylla
and A. intermedia (Fig. 4L-M). D. brasiliensis showed hypertrophy of spongy
parenchyma cells (Fig. 4N), which was a common marker between tolerant and
sensitive species (Fig. 2D vs. 4N).

The highest percentage and greater diversity of microscopic markers were found
in leaves sampled during the wet period than during the dry period (Table 4). The wart-
like protrusions occurred in potential tolerant group only in the wet season (47%; Table
4). In contrast, intermediate and sensitive groups of species showed wart-like
protrusions in both wet (33-17% and 83-33%, respectively) and dry periods (17-50%
and 17-50%, respectively) (Table 4). The wart-like protrusions appeared more
frequently in the potential sensitive group (e.g. this microscopic marker was found in
83% of leaf blade sections of D. brasiliensis analyzed) (Table 4). The intermediate and
sensitive groups showed plasmolyzed cells (17%-50% and 17-33%, respectively) in
both periods (Table 4). In addition, intermediate and sensitive species showed protoplast
changes in both wet (50% and 17-33%, respectively) and dry periods (33% and 17%,
respectively). The intermediate group presented the highest percentage of plasmolyzed
cells (4. triplinervia and S. granulosoleprosum showed 50%) and protoplast changes (4.
triplinervia showed 50%). The frequency of vacuome in palisade parenchyma cells
(observed only in the potential sensitive group) was higher in dry (4. intermedia
showed 17%) than in wet period (G. macrophylla showed 8%). Hypertrophy appeared
only in leaves collected in the wet period, with the same frequency in tolerant and
sensitive groups (17%) (Table 4). The potential tolerant group showed 35% of samples

with compounds embedded in the apoplast during the wet period (Table 4).
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Table 3. Structural leaf traits in tree group of species with distinct potential of tolerance
to oxidative stress by environmental stressors sampled in different remnants of the

Atlantic Forest. + (present); - (absent)

Mesophyll
L o > = »
33 2T . 2
:’(;tential of 'TE; g § = 5 g = E é
Species olerance to = sz 5= E % £ Figures
oxidative > 2 S 28 = g Z
- = > - -
stress % g %g g % n 7
-7 - o
1-4; 1
M. cabucu Tolerant 3 intermediate . - 1.A
cells
S. terebinthifolius Tolerant 2-3 4-5 * . 1.B
A. triplinervia Intermidiate 1 4 . . - 1.C
P. gonoacantha Intermidiate 2 4-5 + P 1.D
S. granulosoleprosum  Intermidiate 1 3 + + - 1.E
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Fig. 1. Structural traits in cross sections of asymptomatic leaf blades of potential
potential tolerant, intermediate and sensitive species to oxidative stress sampled in
different remnants of the Atlantic Forest. A. Miconia cabucu. B. Schinus
terebenthifolia. C. Alchornea triplinervia. D. Piptadenia gonoacantha. E. Solanum
granulosoleprosum. F. Amaioua intermedia. G. Drimys brasiliensis. H. Guarea
kunthiana. 1. Guarea macrophylla. J. Myrsine umbellata. K Ocotea paranapiacabensis.
CC= collector cells; SC= secretory canal; S= sclereids; Ep= Epidermalcells; Vb=
vascular bundles; GC= glandular cell; PP=Palisade parenchyma cells; SP= Spongy
parenchyma cell; P = papillose epidermis; arrow head = crystalline idioblast; asterisk =

secretory idioblast. Bars= 20 pm
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Fig. 2. Microscopic markers in the mesophyll cells of potential tolerant species to
oxidative stress from different remnants of the Atlantic Forest. A. Wart-like protrusions
indicated by red arrows. B. Note the light brown compounds accumulated spread in the
whole intercellular space, indicated by red asterisks in cross section whitouth reagent.
C. Positive reaction for polysaccharides (PARS reaction) in the apoplast, indicated by
red asterisks. D. Hypertrophy (Hp) of spongy parenchyma cells. A-C. Miconia cabucu;
D. Schinus terebinthifolia. Bars= 25 pm.



80



Fig. 3. Microscopic markers in mesophyll cells of potential intermidiate tolerant species

to oxidative stress from different remnants of the Atlantic Forest. A-D. Wart-like
protrusions of palisade parenchyma cells and spongy parenchyma cells indicated by red
arrows. E. Protoplast changes indicated by red arrowheads. F. Parenchyma cells
disruption (without content, red dotted arrows) and plasmolysed palisade parenchyma
cells (ellipse), showing disorganized and condensed content. G-H. Plasmolysed (ellipse)
palisade parenchyma cells showing disorganized and condensed content and spongy
parenchyma cells. A. Alchornea triplinervia; B. Piptadenia gonoacantha; C. Piptadenia
gonoacantha; D and F. Solanum granulosoleprosum; E and G. Alchornea triplinervia,

H, Piptadenia gonoacantha. Bars= 25 um.
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Fig. 4. Structural changes in mesophyll cells of potential sensitive species to oxidative

stress from different remnants of the Atlantic Forest. A-D. Group of plasmolyzed
(ellipse) palisade parenchyma cells. E-I. Wart-like protrusions of palisade cells and
spongy parenchyma cells indicated by red arrows. F-1. Group of plasmolyzed (circle)
palisade parenchyma cells. J-K. Protoplast changes indicated by red arrowheads. L-M.
Vacuome (pink arrows) inside the palisade parenchyma cells. N. Hypertrophy (Hp)
ofspongy parenchyma cells. A and 1. Ocotea paranapiacabensis; B, J and N. Drimys
brasiliensis; C and G. Guarea kunthiana; D, H and L. Guarea macrophylla; E and K.

Myrsine umbellate; F and M. Amaioua intermedia. Bars= 25 pm.
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Table 4. Frequency of microscopic markers (%) in mesophyll of tree group of species
with distinct potential of tolerance to oxidative stress by environmental stressors

sampled in different remnants of the Atlantic Forest during wet and dry period.

=
S
@ =
g E
z2 . 8 =
Potential of E = 0 bt
Species tolerance to S © £ ., =2
. . (=9 = 3 = ]
oxidative stress o 2 - = T =
= 2z 3 g £ S 2
2 g 2 & g =
hot £ 5 = by =TI}
« @ e o &= g <
g - = < ) =
& & > = O.E
Wet period
Tolerant
M. cabucu 47 0 0 O 35
S. terebinthifolius 0 0 0o 0 17 0
Intermidiate
P. gonoacantha 33 17 0 0 O 0
A. triplinervia 33 50 50 0 0 0
S.
granulosoleprosum 17 17 0 0 O 0
Sensitive
D. brasiliensis 83 0 33 0 17 0
G. kunthiana 33 17 0 0 0 0
G. macrophylla 33 33 0 8 0 0
A. intermedia 0 17 0 0 O 0
0.
paranapiacabensis 0 17 0 0 17 0
M. umbellata 33 0 17 0 0 0
Dry period
Tolerant
M. cabucu 0 0 0 0 0 0
S. terebinthifolius 0 0 0 0 0 0
Intermidiate
P. gonoacantha 17 17 0 0 O 0
A. triplinervia 50 17 33 0 0 0
S.
granulosoleprosum 33 50 0 0 0 0
Sensitive
D. brasiliensis 0 17 17 0 O 0
G. kunthiana 33 0 0 0 0 0
G. macrophylla 50 17 17 0 0 0
A. intermedia 0 0 17 17 0 0
0.
paranapiacabensis 17 17 0 0 O 0
M. umbellata 17 33 0 0 O 0
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4. Discussion

The methods designed to describe the leaf anatomy also provide tools to identify
and quantify the structural microscopic markers typically associated with the impact of
environmental stressors and help to understanding the response mechanisms of plants to
oxidative stress (Kivimdenpdd et al. 2003; Vollenweider et al. 2003; Pedroso et al.
2016). The wart-like protrusions are typical markers of oxidative burst by heavy metals
(Hermle et al., 2007), ozone alone (Gilinthardt-Goerg et al., 1997; Vollenweider, 2003;
Bussotti et al., 2005; Giinthardt-Goerg and Vollenweider, 2007; Moura et al., 2018) or
combined with NO; (Giinthardt-Goerg et al., 1996) or drought (Padkkonen et al., 1998).
The protrusions may be composed by pectins (Giinthardt-Goerg et al., 1997, 2000;
Vollenweider, 2003, Bussotti et al., 2005; Hermle et al., 2007; Pedroso et al., 2016;
Moura et al., 2018) and proteins (Giinthardt-Goerg et al., 1996; 1997). Although
unexpected, this marker was also observed in leaves of potential tolerant species
sampled during the wet period. This finding may indicate a synergic effect of air
pollutants and climatic conditions, such as high temperature and radiation during the
wet period in the region of study. This assumption is reinforced by results obtained by
Esposito et al. (2018), who evaluated the oxidant-antioxidant balance in the same tree
species included in the present study. The authors observed that air temperature, global
solar radiation, ozone and nitrogen dioxide promoted increases in the leaf contents of
ROS and derivatives of lipid peroxidation in pioneer and non-pioneer trees during the
wet period.

In addition, the widespread microscopic changes observed in all species may
simply reflect the better environmental conditions for maximized photosynthesis during
the wet period in SE Brazil, which coincides with spring and summer times. As

discussed by Aguiar-Silva et al. (2016), who analyzed the antioxidant responses of tree
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species sampled in the ecological area of relevant interest Mata de Santa Genebra
(MSGQ), the wet season in that region is favorable for plant growth, due to a higher
availability of light energy, water, and optimum temperatures for photosynthesis, which
in turn intensify the ROS formation in plant cells, thus increasing the photo-oxidative
stress. The higher incidence of solar radiation during this period may increase the leaf
temperature, which can also increase the oxidative stress (Bussotti, 2008). In contrast,
tolerant species seem to have intrinsic functional leaf traits (including biochemical
and/or morpho-anatomical traits; according to results presented in chapter 1 and in
Brandao et al., 2017 and Esposito et al., 2018) that confer them a higher ability to
acclimate to the environmental conditions in dry period (e.g. high concentrations of
gaseous pollutants observed next to the forest remnants studied; Brandao et al., 2017;
Esposito et al., 2018) than the intermediate and sensitive species, which explains the
absence of wart-like protrusions in the tolerant species in this period.

The hypertrophy (i.e. increase in cell size) of the spongy parenchyma cells
occurred in leaves of potential tolerant and sensitive species sampled during wet period.
Fernandes et al. (2019) suggesting that the hypertrophy is a response that increasing the
resistance to gaseous pollution diffusion. This response may also indicate acclimation to
synergic effects of air pollutants and climatic conditions during the wet period in the
region of study. In other words, the common features among groups (notably wart-like
protrusions and hypertrophy) indicates that plants adopt the same strategies to deal with
oxidative pressure existing in their natural environment, especially in wet period.

In contrast, the plasmolysed parenchyma cells, invaginated plasma membrane
inside the protoplasts, vacuome and compounds accumulated in the apoplast represent
species-specific microscopic markers, which differentiate the plant species regarding to

their capacity to act against oxidative stress.
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The plasmolysed parenchyma cells, invaginated plasma membrane of
parenchyma cells and vacuome were characteristic of species with some degree of
sensitivity to oxidative stress (intermediate/sensitive-specifc responses). Partial
plasmolysis of cells and invaginated plasma membrane can be consequences of
alterations in the permeability of cell membranes and may result in a sudden loss of
membrane integrity, culminating in totally plasmolysed cells (Giinthardt- Goerg and
Vollenweider, 2007). In general, the plamolysed cells showed condensation of their
content, and the accumulation of antioxidants with dense appearance, characteristic of
programmed cell death (PCD) (Fernandes et al., 2016). The structural membrane
changes were induced by lipid oxidation and proteins oxidation, the last more sensitive
to oxidative stress according to Roschina and Roschina (2003). These biochemical
alterations are commonly found in sensitive plants exposed to oxidative stressors and
without effective enhancement antioxidant system (Aguiar-Silva et al., 2016).

We identified that the compounds in the apoplast are oxidized polyphenols,
which are responsible for the brownish coloration on tissues (Fernandes et al., 2016).
Constitutively, glycosylated derivatives of flavonoids are found in the apoplast (Agati et
al., 2012; Brooker et al., 2012) and they are the least toxic form for plants. However,
their concentrations may be altered in the presence of atmospheric pollutants (Booker et
al., 2012). The same microscope marker was described in seedlings of Astronium
graveolens (a native tree species from de Altantic forest) exposed in the field with high
concentrations of O3 (Fernandes, 2015; Fernandes et al., 2016). The phenolic glycosides
are effective reactive oxygen scavengers (Agati et al.,, 2012; Booker et al., 2012;
Fernandes et al., 2016) and can play an important strategy for mitigating the oxidative
pressure in the group of tolerant species, Therefore, the accumulation of phenolic

glycosides observed seems to be a new microscopic marker in tolerant species, to
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oxidative stress in tropical environments.

Finally, we may recommend further experimental studies in order to confirm the
new scientific contribution obtained in the present field study and to determine the most
adequate microscopic markers for indicating the potential tolerance of tropical plants to

oxidative stress induced by synergic effects of multiple stress factors.

5. Conclusions

Microscopic markers were observed in leaf blades of tropical trees without
visible injuries. Their potential tolerance level to oxidative stress previously defined by
morpho-anatomical traits was validated specific microscopic markers.

Tree species with some degree of sensitivity to environmental stress
(intermediate tolerant and sensitive species) showed greater variety of microscopic
markers and higher frequency of oxidative markers (wart-like protrusions, plasmolyzed
cells, protoplast changes and vacuome), which confirm our hypothesis.

Potential tolerant species presented a lower variety and frequency of microscopic
markers. In addition, these species showed microscopic markers that are indicators of
increased resistance against oxidative stress, such as hypertrophy of mesophyll cells and
accumulation of phenolic glycosides in the apoplast that increase the cellular defense
against reactive oxygen species.

We showed that certain microscopic markers, such as wart-like protrusion and
hypertrophy that were widely observed in tree species with distinct tolerance levels, can
reflect the natural climatic seasonality in the studied region.

Finally, we concluded that accumulation of phenolic glycosides in apoplast is a
specific microscopic marker identified in leaves of tropical tolerant species, which

differentiates them from the other plant species regarding to the capacity to handle the
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oxidative stress.
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HIGHLIGHTS

Seedlings of Passiflora edulis were ex-
posed to ozone in a FACE system.
Anatomical changes observed inleaf tis-
sue may restrain damageprogression.
A high level of O3 did not affect physio-
logical processes.

Biochemical leaf traits enable P. edulis to
tolerate oxidative stress.

P. edulis can be considered an Os-
tolerant species.
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abstract

Passiflora edulis Simsis aliana species of high economic interest and is an interesting model plant for understand-
ing ozone action on disturbed vegetation. In this work we hypothesized that P. edulis has adaptive responses to
oxidative stress that enable it to tolerate ozone damage based on its capacity to grow under a diversity of envi-
ronmental conditions and to dominate disturbed areas. We exposed seedlings to three levels of ozone in a
Free-Air Controlled Exposure (FACE) system (22, 41 and 58 ppb h AOT40 and 13.52, 17.24 and

20.62 mmolm™2PODo, over 97 days) for identifying its tolerance mechanisms. Anatomical (leaf blade structure

and fluorescence emission of chloroplast metabolites), physiological (leaf gas exchange, growth rate and biomass
production) and biochemical (pigments, total sugars, starch, enzymatic and non-enzymatic antioxidant metab-
olites, reactive oxygen species and lipid peroxidation derivatives) responses were assessed. Ozone caused de-
creased total number of leaves, hyperplasia and hypertrophy of the mesophyll cells, and accelerated leaf
senescence. However, O3 did not affect carbohydrates content, net photosynthetic rate, or total biomass produc-
tion, indicating that the carboxylation efficiency and associated physiological processes were not affected. In ad-
dition, P. edulis showed higher leaf contents of ascorbic acid, glutathione (as well high ratio between their
reduced and total forms), carotenoids, and flavonoids located in the chloroplast outer envelope membrane.

*Corresponding author.E-mail addresses: fernandes.francinef@gmail.com, franzinha.fernandes@gmail.com (F.F. Fernandes). https://doi.org/10.1016/j.scitotenv.2018.11.425 0048-9697/© 2018 Published by Elsevier B.V.
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Tropical environment
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redox balance under ozone.

Our results indicate that P. edulis is an Oz-tolerant species due to morphological acclimation responses and an ef-
fective antioxidant defense system represented by non-enzymatic antioxidants, which maintained the cellular

© 2018 Published by Elsevier B.V.

1. Introduction

Lianas — climbing vines with woody stems — are a key component of
most tropical forests due to their abundance, constituting 10% to 45% of
the woody species (Pivello et al., 2018). They are also the second life-
form in biomass production after trees (DeWalt and Chave, 2004;
Pérez-Salicrup et al., 2004). They ascend in suitable hosts, and live for
decades, occurring also in mid-to-late successional forests (Rossell and
Eggleston, 2017). When present in a high density, they may further re-
duce tree growth and alter tree species composition, changing the forest
physiognomy and reducing the capacity of forests to sequester atmo-
spheric carbon (Phillips et al., 2002; Schnitzer and Bongers, 2002;
Pivello et al., 2018). It is thus important to predict the reasons of the
high abundance of lianas in tropical forests (Schnitzer, 2005; Pivello
et al., 2018). The high capacity of hydraulic redistribution and water
storage, multifocal growth, drought resilience and acquisitive resource
syndrome are among them (Amorim et al., 2018).

Passiflora is the largest genus of Passifloraceae, comprising about 520
species (Wohlmuth et al., 2010) predominantly found in tropical and
subtropical regions (Dhawan et al.,2004; AraGjo et al., 2017). Its distri-
bution is directly determined by the environmental conditions, such as
seasonality in temperature and rain precipitation (Scherer, 2014). Brazil
isthe hotspotin Passifloraceae biodiversity, including Passiflora edulis
Sims, whichis distributed in heterogeneousenvironments and in differ-
ent phytogeographic domains (Scherer, 2014; Flora do Brasil 2020,
under construction). In addition, P. edulis shows a higher ability to
adaptand acclimateto droughtthan other Passiflora species, as reported
in a controlled experiment (Souza et al.,2018).

Tropospheric ozone (O3) is a strong oxidizing air pollutant formed
through a complex series of reactions involving the action of sunlight
on nitrogen dioxide and hydrocarbons (Ashmore, 2005; Lodovici and
Bigagli, 2011). The tolerance level of plants to O; depends on their ab-
sorptionrate, constitutive detoxification capacity (enzymaticand non-
enzymatic antioxidant metabolites), carboxylase ratio and capacity of
antioxidant regeneration (Matyssek et al., 2012). After entrance, O3 re-
acts with water, leading to the formation of reactive oxygen species
(ROS) at the interface of cell wall. The oxidative destruction of lipids
and proteins of the plasma membrane and production of other free rad-
icals and reactive intermediates, is a process known as lipid peroxida-
tion (Kanofsky and Sima, 2005; Puckette et al., 2007). Since the half-
lives of mostly ROS are extremely short, stable end products of oxidative
damagein cell macromolecules are used to measure the oxidative stress
(Bhaduriand Fulekar, 2012). ROS may cause oxidative lesions that re-
sult in anatomical leaf changes (Vollenweider et al., 2003), and in nega-
tiveimpactson plant metabolism and photosynthesisthat may progress
tothe appearance of visibleleaf Oz injury and reduction of plant growth
and development (Hernandez-Gimenez et al., 2002; Matyssek and
Sandermann, 2003).

We assumed that P. edulis is an interesting model species for under-
standing O3 action on disturbed vegetation, given its wide distribution
in the tropics (Flora do Brasil 2020, under construction) and its high
abundance in disturbed vegetation by human action, where high O
levels are expected. Considering its vine characteristics above men-
tioned that enable it to tolerate natural environmental stresses, we
raised the hypothesis that P. edulis also has adaptive responses that en-
able it to tolerate the oxidative stress caused by O;. The knowledge on
the tolerance level of P. edulis to Os is also of economic interest because
several Passiflora species are widely cultivated in tropical and subtropi-
cal regions. The fruits of P. edulis are, in particular, the most consumed

among several species of Passiflora in the international market
(Ocampo et al., 2010; Souza et al., 2018). In addition, Passiflora species
have great pharmacological value (Dornelas et al., 2006) because of
the bioactive compounds found in the aerial vegetative organs
(Otobone et al., 2005; Yudasheva et al., 2005; Castro et al., 2007).

Aiming to test the above mentioned hypothesis, we assessed ana-
tomical (leaf blade structure and fluorescence emission of chloroplast
metabolites), physiological, (leaf gas exchange, stomatal ozone uptake,
growth rate, biomass production) and biochemical (pigments, primary
and secondary metabolites, antioxidants, reactive oxygen species and
lipid peroxidation derivatives) responses in plants exposed to ozone
in a Free-Air Controlled Exposure (FACE) system.

2. Materials and Thethods
2.1. Experimental design

Seedlings of P. edulis (approx. 20 cm high) were obtained from an
Ttalian nursery (43.935351 N, 10.928174 E) and transplanted to 17L
pots filled with a mixture of sand: peat: nursery soil (1:1:1, v/v). Plants
were irrigated every afternoon by a drip irrigation system to avoid
water stress (i.e., volumetric soil water content was maintained to the
field capacity of ®0.295 m3 m™3, Paoletti et al., 2017), and fertilized
with N:P:K (10:10:10) every 7 days during the first and second month
of exposure, and once in the last month of the experiment.

The experiment was carried out in an O3 FACE system located in
Sesto Fiorentino, Florence, Italy (43°48'59"N, 11°12'01"E, 55 m a.s.1.).
Details of this experimental facility are given in Paoletti et al. (2017).
The plants were submitted to three O;levels: ambient air (AA); inter-
mediate ozone level (AA + O; x 1.5) and elevated ozone level (AA
+ O3 x 2.0) during 97 days of summer season (from June 10th to Sep-
tember 15th, 2017). The system consisted of three plots per Ostreat-
ment; each plot (5 x 5 x 2m, L. x W x H respectively) was considered
as a replicate. Three pots of P. edulis were maintained in each plot (n
= 3, totalizing nine plants per O; treatment = 27 plants).

The O; concentration was continuously monitored in one plot per O3
treatment using monitors (Mod. 202, 2B Technologies, Boulder CO,
USA) and the AOT40 (accumulated O; exposure over a threshold of
40 ppb) was calculated during daylight hours (global radiation
N 50 W m™2), following the protocol described in CLRTAP (2017). Global
solar radiation (GSR), temperature (Temp), relative humidity (RH) and
precipitation (P) were continuously recorded during the experiment by
a Watchdog station (Mod. 2000; Spectrum Technology, Inc., Aurora, IL,
USA) at2.5 m a.g.l.

2.2. Anatomical responses

Samples for microscopic evaluation were gathered on leaves col-
lected at the end of the experiment. We sampled symptomatic leaves
(chlorosisinduced by Os, as shown in Fig. S1 of the Supplementary ma-
terial) of plants from all treatments and asymptomatic leaves only of
plants from the AA treatment. Fragments (approx. 1 cm?) of the median
region of both asymptomatic and symptomaticleaves were fixed in 2.5%
glutaraldehyde buffered at pH 7.0 with 0.067 M Sorensen phosphate
buffer, and placed under vacuum before storing at4 °C.

Part of the fragments destined to confocal analyses (Zeiss LSM 510-
Meta) were washed in distilled water, cut at 20 pm thickness by a
cryomicrotome (Leica CM1100), and mounted in Fluoromount
(Sigma-Aldrich) aqueous medium. The samples were excited with a
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364 nm laser to promote polyphenol (Fernandes et al., 2016) and carot-
enoid emissions (Roshchina, 2008; D'Andrea et al., 2014). Emissions
were taken from 400 to 607 nm and subsequently from 400 to
700 nm in a lambda stack mode (a series of images from the same mi-
croscopic region with different wavelengths with 10 to 11 nm incre-
ments) for better visualization of chloroplast metabolites. In each
image (objectivelens 40x), six chloroplasts of the palisade parenchyma
were randomly selected and the intensities of metabolite emission in
the obtained spectra (400—-607 nm and 400—700 nm) were
quantified using the software Zeiss LSM Image Browser. The emission
wavelength (nm) between 450 and 500 nm referred to phenolic
compounds, 500-550 nm to carotenoids, and above 650 nm to
chlorophylls (chl a and 5).

The other part of the fragments was dehydrated in an ethanol series,
embeddedin Technovit 7100 historesin and transversally sectioned to
1.5 Wm semi-thin cuttings by a rotary microtome Leica (RM2245) for
structural and histochemical analyses. Material was stained with tolui-
dine blue and p-phenylenediamine for metachromasy and lipid identifi-
cation, respectively (Feder and O'Brien, 1968; Kiviméenpai et al., 2004),
PASreactionforpolysaccharides (Gahan, 1984) and Comassie blue for
proteins (Wetzel et al., 1989).

2.3. Physiological responses

2.3.1. Leaf gas exchange and stomatal ozone uptake (POD)

Gas exchange measurements of fully expanded sun leaves (4thto
6th from the shoot tip) were carried out by a portable infrared gas ana-
lyzer(CIRAS-2 PP Systems, Herts, UK).On 11—14th September, the mea-
surements were taken with a control value of photosynthetic photon
flux density (PPFD) of 1500 pmol m™2s™1, ambient CO. concentration
(Ca) of 400 pmol mol ™1, relative humidity of 40 to 60% and leaf temper-
ature of 25 °C, from 9:00 to 12:00 h. We determined the light-saturated
net photosynthetic rate (4s.t), stomatal conductance for water vapour
(gsw) and intercellular CO- concentration (Ci) at ambient CO. concen-
tration (400 ppm) for calculating the Ci/Caratio.

The Oz;dose during the experiment was calculated as phytotoxic
ozone dose (PODy) above an hourly stomatal uptake threshold of
onmol m™2s71(POD,). PODy s given as follows:

PODy = Yy max(Fs, — Y, 0) (1)

where Fitis an hourly mean stomatal O; uptake (nmolm™2s™ 1) andY is
a species-specific threshold of stomatal O; uptake (nmol m™2s71). As it
was not clear which threshold Y can be applied to this species, we did
notsetathresholdi.e. Y = 0 (POD,) in the present study. Fstwas calcu-
lated according to CLRTAP (2017), asfollows:

(@)

Te

Foe = [03]- g5~

Tp+re

where [Os] is the hourly O; concentration (ppb), gs is the stomatal con-
ductance for O; (m s™1), rcis the leaf surface resistance (re=1/ (gs +
gext), Where gext= 0.0004 m s~ *indicates a cuticular and/or external
leaf conductance), and 1 is the leaf boundary layer resistance (m s™1).
Stomatal conductance was estimated by the multiplicative empirical
model (Jarvis, 1976; CLRTAP, 2017; Hoshikaet al., 2018). The detail is
described in the Supplementary file.

2.3.2. Growth rate and biomass production

Growth characteristics were monthly assessed by measuring plant
height, stem diameter (near the base) and total number of leaves. The
measuring times were referred as To (initial measurement) to T3
(final measurement). For the determination of stem height and diame-
ter, a measuring tape and a digital caliper (data expressed in cm)
(Digimess, Sao Paulo, Brazil) were used (S4 et al., 2014), respectively.
Relative growth rate (RGR) was calculated every month in relation to

the previous measurement (T1 — To; T2 — T1and T3 — T2) and also be-
tween the initial and final measurements (T3 — To), using the formula
proposed by Benincasa (1988).

At the end of the exposure period, leaves, stems/branches and roots
of each plant were harvested, stored in paper packaging and dried in an
oven at 60 °C until constant weight. The leaf, stem/branch and root bio-
masses of an additional lot of 5 plants were determined at the beginning
of the experiment in order to obtain the To values. Shoot to root ratios
were calculated according to Moura et al. (2017).

2.4. Biochemical responses

The biochemical responses were measured on a composite sample
of four fully-expanded and sun-exposed leaves per plant, according to
the methods described below. The composite leaf samples were stored
in an ultra-freezer, under —80 °C. For biochemical responses, three an-
alytical replicates were performed in asymptomatic leaf samples.

2.4.1. Pigments

The pigment Chl ¢ and » and carotenoids (CAR) content was deter-
mined in the same leaf extracts by spectrophotometric UV—-vis method.
The extracts were obtained by homogenizing frozen leaves in ethanol
(96%). The supernatant was measured at 470 nm to determine the
levels of carotenoids, at 649 nm to determine Chl e and at 666 nm to de-
termine Chl » (Wintermans and De Mots,1965).

2.4.2. Primary and secondary metabolites

Total carbohydrate contents in the frozen leaf samples (100 mg)
were extracted in 80% ethanol and determined colorimetrically at
490 nm using the phenol—sulfuric acid method (Dubois et al.,1956).
Starch content was determined by using 10 mg of the freeze-dried res-
idue after ethanol extraction. The absorbance was measured in an Elisa
plate at 490 nm (Amaral et al.,2007).

The total flavonoids were extracted from the frozen leaves (100 mg)
with 80% methanol in dry bath (at 70 °C for 1 h). The amounts of total
flavonoids were quantified using aluminum chloride 5% method at
420 nm (Santos and Furlan, 2013).

2.4.3. Antioxidants

Ascorbic acid, in its reduced (AsA) and total (totAA) forms, was an-
alyzed in frozen leaves using the chromatographic method described
by Lopezet al. (2005) and a HPLC (Metrohm) connected to an UV-Vis
detector.

Glutathione in its reduced (GSH), oxidized (GSSG) and total (totG)
content was determined in frozen leaves according to the method de-
scribed by Israr et al. (2006).

Superoxide dismutase (SOD), ascorbate peroxidase (APX) and cata-
lase (CAT) activities were analyzed by spectrophotometric UV-vis using
extracts of frozen leaves. SOD and APX activities were determined ac-
cording to a slightly modified version of the method described by
Reddy et al. (2004). CAT activity was determined as described by
Kraus et al. (1995) with some modifications proposed by Azevedo
etal.(1998). Theactivity of glutathione reductase (GR) was determined
in frozen leaves according to the method of Reddy et al. (2004).

Further analytical details about enzymatic and non-enzymatic com-
pounds can be found in Esposito et al. (2016).

2.4.4. Reactive oxygen species, malondialdehyde and hydroperoxide conju-
gated diene

Theprinciple of the «OH radical assay was the quantification of the 2-
deoxyribose degradation product, malondialdehyde (MDA), by its con-
densation with thiobarbituric acid (TBA). The reactions started by the
addition of Fe (II) to solutions containing 2-deoxyribose, iron
chelator, phosphate buffer (pH = 7.2) and then were stopped by the
addition of phosphoric acid followed by TBA. The absorbance of
this mixture was measured at 532 nm (Lopes et al., 1999).
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The H.O- contents were determined following Alexieva et al. (2001).
The reaction mixture consisted of supernatant extract (frozen leaves +
trichloroacetic acid), potassium phosphate buffer (100 mM, pH 7.0) and
reagent potassium iodide (KI). The reaction was developed for 1 h in
darkness and absorbance was measured at 390 nm.

The O~ production rate was determined using the hydroxylamine
oxidation method (Wang and Luo, 1990) with some modifications. The
supernatant was mixed with potassium phosphate buffer (pH 7.8) and
hydroxylamine chloride. p-Aminobenzene sulfonic acid, a-
naphthylamine and n-butyl alcohol were added and the final superna-
tant was used for measuring absorbance at 530 nm.

The concentrations of MDA were determined following the method
proposed by Hodges et al. (1999) with the corrected equation proposed
by Landi (2017) and concentrations of hydroperoxide conjugated diene
(HPCD) were obtained from frozen leaves in ethanol (96 %) by spectro-
photometric UV—Vis method. The absorbance was measured at 234 nm
(Levin and Pignata, 1995).

Further analytical details about ROS and indicators of oxidative
stress can be found in Esposito et al. (2018).

2.5. Statistics

The significant differences between the treatments relative to fluo-
rescence emission of chloroplast metabolites, physiological and bio-
chemical responses and relative growth rates between the initial and
final measurements (T3 — To) were determined by one-way ANOVA.
When necessary, the data were transformed to reach normal distribu-
tion and equal variances. The Holm-Sidak method was employed to
identify significant differences between the three treatments (AA, AA
+ O3 x 1.5 and AA + O3 x 2.0). The significant differences in monthly
relative growth rates (RGR) were tested by two-way ANOVA with re-
peated measures (factor 1: Os; treatment; factor 2: measurement
time). After testing the interaction of both factors, the Holm-Sidak
method was employed to identify significant differences between the

threetreatments and different measurement times. Results were con-
sidered significant at p b 0.05.

3. Results
3.1. Environmental conditions during the experimentalperiod

During the experimental period, the average daily (24 h) air tempera-
ture varied between 19 and 32 °C and daily maximum hourly values var-
ied between 21 and 43 °C (Fig. 1). Average daily GSR was 57—400 W m™2
and daily maximum hourly values were 927—1186 W m™2. Total daily
precipitation varied between 0 and 62 mm, and average daily relative hu-
midity was 23—-85%. The mean daily O; concentrations (24 h) varied be-
tween 17 and 71 ppb at AA, 23 and 91 ppb at AA + O3 x 1.5 ppb and
28 and 111 ppb at AA + O3 x 2.0 (Fig. 1). After 97 days of exposure,
AOT40 reached 22, 41 and 58 ppm h at AA, AA + O3 x 1.5 and AA + O3
x 2.0 treatments, respectively.

3.2. Anatomical responses

The asymptomatic leaf blade of AA plants showed uniseriated epi-
dermis and thin cuticle. The leaf blade had a uniseriate hypostomatic
epidermis and a thin cuticle. The mesophyll was dorsiventral with one
layer of palisade parenchyma and 4—5 layers of spongy parenchyma
cells. The parenchyma cells showed thin cell walls, peripheral flattened
chloroplasts with starch grains, hyaline vacuole and pronounced inter-
cellular spaces (Fig. 2A—D). A strong reaction to total proteins stain
was observed in the chloroplasts (Fig. 2E).

Symptomaticleaves from intermediate and elevated levels of O; (AA
+ O3 x 1.5 and AA + O3 x 2.0, respectively) showed changes in cell wall
of the palisade parenchyma cells, that exhibited a sinuous shape
(Fig. 2G). An apparent reduction in the size and density of chloroplasts
and changes in their shapes was observed in the palisade cells along
the leaf blade (Fig. 2F—H). In addition, the starch grains inside the
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Fig. 1. Environmental conditions over the experimental period (from June 10th to September 15th, 2017 = 97 days of exposure). (*) indicates the absence of data. Daily average of
temperature (Temp average), relative humidity (RH average), global solar radiation (GSR average), ozone concentrations at ambient air (AA), intermediate ozone level (AA + O3
x 1.5) and elevated ozone level (AA + O3 x 2.0) and total daily precipitation (P). Daily maximum of temperature (Temp max) and global solar radiation (GSR max).
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Fig. 2. Structural aspects of P. edulis leaves from ambient air (A—E) and from ozone treatments (AA + O3 x 1.5 and AA + O3 x 2.0) (F-M). Parenchyma cells with thin cell walls, hyaline
vacuole and pronounced intercellular spaces (A). Flattened chloroplasts diffusely distributed in the palisade parenchyma (B) and spongy parenchyma cells (C). Starch grains inside the
chloroplasts (D). A strong reaction to total proteins stain inside the chloroplasts (E). An apparent reduction in the amount, size and density of chloroplasts along the leaf blade (F-H).
Changes in cell wall and chloroplasts shape (arrowheads, G). Chloroplasts do not accumulate starch grains (I). Collapse of palisade (arrows, J) and spongy parenchyma cells close to
stomata (red arrows, K). Weak reaction to protein stain. Proteins accumulated in the protoplast (black asterisk, L). Hyperplasia of palisade parenchyma (Hp) and hypertrophy (Hy) of
spongy parenchyma cells in AA + O3 x 2.0 (M). Toluidine blue (A—C, F—H, J-L, M); PAS test, total polysaccharides (D and I); Coomassie blue, total proteins (D and L). Bars = 25 pm.

chloroplasts in the parenchyma palisade were smaller or absent
(Fig. 2I). Small groups of collapsed cells were observed in the palisade
(Fig. 2J) and spongy parenchyma (Fig. 2K). A weaker reaction to protein
stain and a positive reaction in the protoplast were observed in O;—
exposed leaves compared to AA (Fig. 2E vs L).

The symptomatic leaves from AA + O3 x 2.0 showed reductions of
intercellular spaces resulting from hyperplasia of palisade parenchyma,
identified as an increase in the number of cell layers, and hypertrophy of
spongy parenchyma, characterized by an increase in its cell size
(Fig. 20).

Asymptomatic leaves exhibited low emission intensity of constitu-
tive flavonoids located in the outer envelope membrane (OEM) and of
carotenoids, with the emission intensity of carotenoids higher than
that of OEM-flavonoids (Fig. 3A). There was also a low emission inten-
sity of pheophytins (Fig. 3A). In addition, a high emission intensity of
chlorophylls (N650 nm) was observed regardless of the region of inter-
est (ROI) selected for analysis (Fig. 3B). In contrast, symptomatic sam-
ples from ozone treatments (AA + Os; x 1.5 and AA + Oz x 2.0) had
an increase of the emission intensity of flavonoids, carotenoids,
pheophytins and lipofuscins-like (Fig. 3C). The chlorotic cells did not ex-
hibit chlorophyll emission, while adjacent chlorotic cells (ROI 2) exhib-
ited a similar emission intensity pattern as the one observed in the AA
samples (Fig. 3D). The emission intensity of lipofuscin-like and OEM fla-
vonoids in the chloroplasts were significantly higher in the samples
from treatments with intermediate and elevated levels of O; when com-
pared to those from the AA treatment (Fig. 3E). Although the emission
intensity of carotenoids in leaf samples from the treatments with

ozone was higher than that obtained in the AA treatment, only the re-
sults from the AA + O3 x 1.5 differed significantly from the AA treat-
ment (Fig. 3E). There were no significant differences between
treatments in terms of chlorophyll and pheophytin emission intensities
(Fig. 3E).

3.3. Physiological and biochemical responses

33.1. Leaf gas exchange

One-way ANOVA revealed that the light-saturated net photosyn-
thetic rate (4sat) of P. edulis leaves did not differ significantly among
O; treatments (Table 1). Stomatal conductance (gsw) and the Ci/Ca
ratio were not statistically different among O3 treatments. PODo varied
between 13.52 mmol m™2at AA, 17.24 mmol m™2at AA + O3 x 1.5 and
20.62 mmol m™2 at AA + O3 x 2.0 treatments.

3.3.2. Relative growth rates

The interacting effects of both factors (O; treatment and time of mea-
surement) on the relative growth rates (RGR) were not significant for any
growth parameter (p N 0.05). The elevated O3 level (AA + O3 x 2.0) re-
duced the RGR in leaf number during all time intervals in comparison to
the other treatments. No significant effect of O; was proved on the RGR
in diameter. However, in relation to RGR in height, significant differences
were found among times of measurement. In general, lower RGRs were
observed during the last month of experiment (T3 and T2) for all param-
eters (Fig. 4).
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Fig. 3. Emission spectra of chloroplasts (A—D) and quantification of the emission intensity of chloroplast metabolites (E) in leaves of P. edulis from ambient air (AA) (A, Band E) and ozone
treatments (AA + O3 x 1.5 and AA + O3 x 2.0) (C, D and E). Emission spectra of chloroplasts from AA (regions of interest; ROI 1 in the palisade parenchyma): the peak between 450 and
500 nm refers to flavonoids, 500 and 550 nm to carotenoids and 550 and 600 pheophytins (A). Emission referring only to chlorophyll (above 650 nm; ROI 1 in the palisade parenchyma)
from AA (B). Emission spectra of chloroplasts from ozone treatments (C). Note that the peaks related to carotenoids (500-550 nm), flavonoids (450—500 nm) and pheophytins
(550—600 nm) increase and appears lipofuscin-like peaks (peak between 400 and 450 nm refers to lipofuscin). Emission referring only to chlorophyll in the palisade parenchyma from
ozone treatments (D). Note the absence of chlorophyll emission from some groups of palisade parenchyma cells (ROI 1), while adjacent cells (ROI 2) exhibited. Median values (=
standard deviation) of the intensity of lipofuscins, flavonoids, carotenoids, pheophytins and chlorophyll fluorescence emission peaks from chloroplasts (E). Different letters indicate

significant differences in each treatment (p b 0.05, Holm-Sidak method test, N =3).

Table 1

Photosynthetic traits (Asat, light-saturated net photosynthetic rate; gsw, stomatal conduc-
tance for water vapour; Ci/Ca, ratio of intercellular CO. concentration (Ci) to ambient
CO:concentration) ofleaves of P. edulis seedlings exposed to threetreatments of ozone
(AA = ambient air, AA + O3 x 1.5 = intermediate and AA + O3 x 2.0 = elevated ozone
levels) for97days. Dataareshown as mean + S.E. (n = 3). Differentlettersindicate sig-
nificant differences between the treatments by Holm-Sidak test (» b 0.05),n = 3.

Treatment Asat (Hmol m™2s71) ggw (mol m™2 s71) Ci/Ca ratio (fraction)

AA 8.8+ 0.1a 0.10 = 0.01a 0.58 + 0.03 a
AA + O3 x 1.5 7.7 £ 0.5a 0.07 £ 0.01a 0.49 £ 0.03 a
AA + O3 x 2.0 6.9+ 0.6a 0.07 £ 0.01a 0.50 + 0.04 a

The biomass of leaf, stem and root as well as the shoot to root ra-
tios did not vary significantly among the O, treatments (data not
shown).

3.33. Pigments

The chlorophyll a content, chlorophyll a/b ratio and carotenoid con-
tent were significantly higher in the treatment with elevated levels of
ozone than in AA and AA + Os x 1.5 (Table 2).

3.34. Primary and secondary metabolites

Theleaf content of total sugars did not differ among treatments and
the leaf content of starch was significantly higher in the AA + O3 x 1.5
treatment than in the others (Table 2).
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Fig. 4. Relative growth rates (RGR) per day of fumigation between monthly intervals of
measurement (T1 — To, T2 — Ti, T3 — T2) and between the initial and final
measurements (T3 — To), of: total number of leaves (A), diameter (B) and height (C) of
P. edulis plants exposed to three treatments of ozone (AA = ambient air, AA + O3 x 1.5 =
intermediate and AA + O3 x 2.0 = elevated ozone levels) for 97 days. Different lower
case letters indicate significant differences between the treatments during the same
monthly interval of measurement. Different upper case letters indicate differences in the
RGR between monthly intervals of measurement in the same treatment. p b 0.05, Holm-
Sidak method, N = 3.

Leaf accumulation of total flavonoids was higher in plants exposed
to AA + O3 x 2.0 and to AA + O3 x 1.5 than in plants from AA.

335 Antioxidants

The content of non-enzymatic antioxidants — ascorbic acid and
glutathione in their reduced, oxidized and total forms — was signifi-
cantly enhanced in the treatments with intermediate and elevated
levels of ozone when compared to AA treatment (Table 2). There
was no difference between the ozone treatments (x1.5 and x2.0).
The redox potential of both ascorbic acid (medians = 0.71) and gluta-
thione (medians = 0.48) was high but did not differ between the
ozone treatments. The activity of enzymatic antioxidants — CAT, GR
and APX — was significantly higher in the plants grown in the AA
treatment than in the plants included in the treatments with ozone
addition. The activity of SOD did not differ among the treatments
(Table 2).

3.3.6. Reactive oxygen species and lipid peroxidation derivatives

The leaf accumulation of *OH was similar in plants from all treat-
ments, but the O~ ion and the H.0. content were higher in the treat-
ments with intermediate and elevated levels of ozone when compared
to AA.

The indicators of lipid peroxidation —MDA and HPCD —and flavo-
noids also increased in the plants included in the treatments with inter-
mediate and elevated levels of 0ozone when compared to AA treatment
(Table 2).

4. Discussion

The occurrence of symptomaticleaves indicated that P. edulis plants
exposed to high levels of ozone showed injury of leaf cells and tissues.
The visible O3 symptoms were restricted to foliar yellowing, which is
generally a consequence of chlorophyll degradation (Giinthardt-Goerg
and Vollenweider, 2007). The appearance of visible injury is acommon
symptom observed in vine species exposed to Os. It was registered for
example by Saitanis (2003) in Vitis vinifera in Greece, by Manning and
Godzik (2004) in Humulus lupulus in Central and Eastern Europe and
by Ferreira et al. (2012) in Ipomoea nil ‘Scarlet O'Hara’ in the state of
Sao Paulo, Brazil. The confocal analysesindicated a degradation of chlo-
rophyllsinside the chloroplasts of chloroticleaves under elevated ozone
levels, compared to chlorophyll emissions in asymptomatic leaves of
plants exposed to ambient ozone level. However, such difference was
not statistically significant. Peaks related to products of oxidative
damage were observed by confocal analyses (lipofuscin-like and
pheophytins). Pheophytins are the first product resulting from the deg-
radation of chlorophyll under air pollution (Gowin and Goral, 1977),
characterized by the loss of the central Mg of the chlorophyll molecule
(Eijckelhoff and Dekker, 1997). Although pheophytin emission in-
creased in symptomatic leaf samples under the ozone treatments, the
chlorophyll emission under confocal analysis did not change signifi-
cantly. The confocal analysis does not distinguish chlorophyll « and b,
aswell as pheophytin « and 4. The chlorophyll analysis from asymptom-
aticleavesrevealed an increase in the concentration ratio between chlo-
rophylls ¢ and » due to enhanced levels of chlorophyll @ in plants
exposed to the highest level of ozone, which explains the non-
significant variation in chlorophyll emission in the confocal analyses.
Theseresults indicated the conversion of chlorophyll » to pheophytins
b(Xuetal.,2001).In addition, the chla/b ratiois verylow as compared
to commonly observed values in higher plants.

The foliar yellowing and chlorophyll alterations can be indicative of
premature foliar senescence in response to ozone (Pell et al., 1997). Ac-
celerated senescence in response to O3 exposure was observed in the
vine Vitis vinifera in controlled-exposure experiments (Soja et al.,
1997). Accelerated foliar senescence may be one of the explanations
for the significantly lower leaf number of P. edulis plants under the
highestlevel of O;. This effect might be considered an avoidance mech-
anism that restrains the progression of O; damage in the plants. This
mechanism, together with the anatomical, biochemical and physiologi-
cal responses discussed below, may contribute to improve Ojtolerance
in P. edulis, as suggested by no significant effect on biomass.

P. edulis mesophyll cells showed typical structural markers of accel-
erated cell senescence (ACS) in response to Os, such as chloroplast de-
generation, reduced chloroplast size or irregular shape (Giinthardt-
Goerg and Vollenweider, 2007) and decreased protein cell content
(Glinthardt-Goerg et al., 1997; Giinthardt-Goerg and Vollenweider,
2007; Vollenweideretal.,2013; Mouraetal., 2018). The proteins accu-
mulated in the chloroplasts and protoplast suggest that they may be en-
zymes linked to senescence processes, since hydrolytic enzymes are
involved in the degradation of cellular components in senescent leaves
(Diaz-Mendoza et al., 2016).

Reduction in number and size, and degradation of starch grains in
the chloroplasts induced by ozone were also reported in other con-
trolled experiments and were associated with accelerated senescence
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Mean,medianandrangebetweenminimumand maximumvaluesofbiochemicalmarkersinleavesof P. edulisexposed tothreetreatmentsofozone(AA =ambientair,AA+O3;x 1.5=

intermediate and AA + O3 x 2.0 = elevated ozone levels) for 97 days: reduced (AsA), oxidized (DHA), total (totAA) ascorbic acid (mg/g~* dw), redox potential of ascorbic acid (AsA/AsA

+ DHA), reduced (GSH), oxidized (GSSG), total (totG) glutathione (umol/g~*dw), redox potential of glutathione (GSH/GSH + GSSG), catalase (CAT, unit/g~*dw), glutathione reductase
(GR, unit/g~*dw), ascorbate peroxidase (APX, unit/g~*dw) superoxide dismutase (SOD, unit/g *dw), total sugars (mg/g~* dw), starch (mg/g~* dw), total flavonoids (%), carotenoids
(CAR, mg/g~* dw), chlorophylls @, b and total (Chl a, Chl b, Chl tozal, mg/g~* dw), chlorophyll ratio (Chl a/b), hydroxyl radical (*OH, % 2'-deoxyribose oxidative degradation dw), super-
oxide (02", nmol/g dw), hydrogen peroxide (H-0., ymol/g dw), malondialdehyde (MDA, mM~* dw) and hydroperoxide conjugated diene (HPCD ymol/g~* dw). Different letters indicate
significant differences between the treatments for each parameter median by Holm-Sidak test (p b 0.05), n = 3.

Biochemical markers AA AA + O3 x 1.5 AA + O3 x 2.0

Mean Range Mean Range Mean Range
Pigments
Chl a 0.50b 0.38-0.63 0.56 b 0.38-0.71 0.63 a 0.48-0.75
Chl » 0.81a 0.55—0.99 0.83a 0.53-1.06 0.67a 0.39-0.92
Chl rotal 1.31a 0.98-1.58 1.39 a 0.99-1.68 1.30 a 0.94-1.68
Chla/b 0.62b 0.56-0.78 0.70b 0.36-0.97 0.97a 0.73-1.38
CAR 0.03b 0.01-0.03 0.03b 0.01-0.06 0.06 a 0.04-0.06
Primary and secondary metabolites
Total sugars 86.76 a 70.06—120.98 101.70 a 83.41-139.58 101.16 a 82.24-118.65
Starch 52.19 b 29.46—77.06 73.97 a 52.80-86.60 48.02b 34.78-90.66
Total flavonoids 0.20c¢ 0.18-0.21 0.28 b 0.27-0.29 0.32a 0.31-0.33
Antioxidants
AsA 1.51b 1.24-2.37 2.14 a 1.50—2.83 3.03a 2.61-3.34
DHA 0.62 b 0.22-1.80 0.86 a 0.25-1.63 0.50a 0.15-1.02
totAA 2.13b 1.55—3.33 3.00a 2.80-3.47 3.53a 3.17-3.84
AsA/AsA + DHA 0.73a 0.45-0.89 0.71a 0.47—0.91 0.85a 0.73—-0.95
GSH 23.56 b 11.93—-38.96 32.76 a 20.33—47.06 54.60 a 31.14—114.26
GSSG 22.19 b 8.99-35.70 31.07a 17.34—44.60 52.53 a 30.81—94.61
totG 45.75b 20.92-74.67 63.83a 54.73—79.47 107.13 a 61.95—208.88
GSH/GSH + GSSG 0.57a 0.39-0.75 0.51a 0.35—0.70 0.50a 0.37—0.56
CAT 206.33 a 129.98—-317.85 179.89 b 119.65—244.10 170.72b 135.00—194.88
GR 0.83a 0.10-1.70 0.28 b 0.08-0.60 0.21b 0.05-0.53
APX 24.17 a 13.42-39.54 10.95 b 4.49—-24.84 12.61 b 3.90—29.14
SOD 0.24 a 0.10-0.49 0.27a 0.16—0.38 0.13 a 0.01-0.33
Reactive oxygen species
*OH 47.27a 44.19-50.20 49.32a 42.26-53.97 47.71a 40.02-54.48
O™ 26.14 b 20.25-36.75 59.09 a 44.61-69.00 68.37 a 33.91-87.00
H.O., 65.29 b 58.11-69.77 76.01a 58.84-96.94 76.42 a 71.17—-86.63
Lipid peroxidation
MDA 18.47b 13.56—24.18 22.27b 12.86-35.03 28.46 a 22.01-37.82
HPDC 0.62b 0.55—-0.78 0.70b 0.36-0.97 0.97a 0.73-1.38

(Back et al., 1999; Moura et al., 2018), and with the decline in the car-
boxylation efficiency (Oksanen et al., 2001). The reduction of starch
grains in ozone-fumigated leaves suggest that less carbon was available
for tissue repairing, production of antioxidants and growth (Back et al.,
1999). However, we observed few alterations in the starch contents of
the leaf tissues under high levels of ozone and we did not observe
changesinthe content oftotal sugars andin net photosynthesisand bio-
mass production, indicating that changes in the structure of starch
grains inside the chloroplasts did not affect the associated physiological
processes.

The partial or total collapse of groups of cells frequently observed in
the palisade parenchyma was also indicative of the programmed cell
death (PCD) process following the ACS induced by O3 in P. edulis. In-
creased ROS concentrations (as observed for hydrogen peroxide and su-
peroxide in the present study) can cause rapid localized cell death,
characterized by incomplete cellular degradation, altered cell mem-
brane integrity and cell wall changesleading to cell collapse, processes
that do not require energy (Gilinthardt-Goerg and Vollenweider,
2007). These cellular alterations indicate hypersensitive response-like
(HR-like, similarto those induced by biotic stress) commonly found in
0, fumigated species, including native vine species (Moura et al.,
2011; Alves et al., 2016). We suggest that the deformation of the chloro-
plasts and the sinuous cell walls of palisade parenchyma were the first
stages in the cell death process that culminated in the total collapse of
groups of cells. In addition, cell collapse in the spongy parenchyma
was also observed inthe present study, althoughless frequently, mainly
around the stomata. The same evidences were observed in the vine spe-
cies Ipomoea nil under controlled conditions (Moura et al.,2011).

Hypertrophy and hyperplasia of the mesophyll cells were observed
in studies that simulated the effect of acid rain on leaves (Silva et al.,
2005; Sant'Anna-Santos et al., 2006). Although this is unusual, hypertro-
phy may also occur in the mesophyll in response to O3 (Fink, 1999). We
suggest that the hypertrophy and hyperplasia observed in mesophyll
cells in P. edulis indicated acclimation to ozone. Both phenomena in-
crease the compactness of the mesophyll layer, thus increasing the re-
sistance to ozone diffusion. In addition, the increase of mesophyll
compactness resulted in a higher leaf mass per area in leaves belonging
to AA + O3 x 2.0 treated plants, which can explain unchanged levels of
biomass production among treatments in concomitance with reduction
of RGR of leaves under high ozone.

Lipofuscin-like compounds were detected by confocal analyses in
higher proportion inside the chloroplasts of leaf tissues from the
high ozone treatment than in those from the AA treatment.
Lipofuscins are liposoluble fluorescent products originating from
the interaction of malonyl-dialdehyde with protein amino groups
(Roshchina and Roshchina, 2003; Roshchina et al., 2015). Peak emis-
sion of this lipid peroxidation indicator was evidenced in pollen of
Passiflora caerulea after 0.15 ppm—5 ppm h O3 doses (Roshchina
and Mel'nikova, 2001). In addition, the increased contents of MDA
and HPDC in leaves from the O3 x 2.0 treatment suggest that the
lipid peroxidation resulted in ACS. In fact, these compounds are pro-
duced at the beginning and end of the lipid peroxidation chain, re-
spectively. The ACS can be accelerated by an early onset of visible
injury and also occurs in younger tissues, in response to increased
ROS concentrations (Glinthardt-Goerg and Vollenweider, 2007;
Alves et al., 2016).
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The increased hydrogen peroxide and superoxide leaf concentra-
tions might also have stimulated antioxidant responses in P. edulis ex-
posed to ozone, such as enhancement in the levels of flavonoids,
ascorbic acid, glutathione and carotenoids. The constitutive flavonoids
(of C-glycoside type) are one of the main bioactive compounds found
in leaves of P. edulis (Ayres et al., 2015). We can assume that a great
part of the increase in the leaf content of flavonoids came from the chlo-
roplasts, based on the direct observation of in situ emission of these
compounds by confocal laser scanning microscopy. The flavonoids lo-
cated in the outer envelope membranes of the chloroplast (OEM)
have antioxidant functions, limit the diffusion of ROS out of the chloro-
plast and preserve the outer membrane against oxidative damage
(Roshchina and Roshchina, 2003; Agati et al., 2007, 2012). Besides, the
biosynthesis of some flavonoids occurs inside of the chloroplasts
(Agati et al., 2007).

Plants are equipped with an efficient antioxidant apparatus com-
posed by antioxidant and non-enzymatic components which balance
the cellular redox homeostasis and protect them against excessive
ROS-triggered oxidative stress. The ascorbate-glutathione cycle ensures
theregeneration of ascorbate by a sequence of redox reactions involving
glutathione and nicotinamide adenine dinucleotide phosphate
(NADPH) (Foyer and Noctor, 2011). The antioxidant power is not only
limited to ascorbate and glutathione but also the antioxidant com-
pounds such as superoxide dismutase, peroxidases and catalases
(Caregnato et al., 2008). Under favorable conditions, a fully-functional
antioxidant machinery maintains the redox balance with plant cells.
However, enhancement of ROS generation promoted by different envi-
ronmental cues, such as ozone, can lead to the alteration of redox bal-
ance, this promoting oxidative stress events (Bray et al., 2000).

In addition to ROS scavenging promoted by ascorbate-glutathione
components, other secondary metabolites with a strong free-radical-
scavengingability can sensibly participatein ROS controllinginleaves,
these including flavonoids (Agati et al., 2013).

A decrease in the activity of APX in the chloroplasts may be followed
by an increase in the levels of flavonoids to control ROS propagation.
This response was observed in the plants of P. edulis exposed to high
ozone concentrations. Flavonoids like rutin and quercetin are also scav-
engers of superoxide anions (Yuting et al., 1990) and for this reason
they may act in place of SOD thereby explaining the decrease of the ac-
tivity of this enzyme in leaf samples of P. edulis. SOD catalyzes the
dismutation of the superoxide radical in H.O. and H-O in the presence
of proton H* (Scandalios, 1993). In foliar samples of P. edulis the incre-
ment of H.O- suggests the inhability of CAT and APX to control the level
of H.O: generated by the superoxide anion scavenging ability orches-
trated by flavonoids and SOD activity. Flavonoids are capable of
inhibiting glutathione reductase (Elliot et al., 1992) which also could ex-
plain the decrease of activity of this enzyme in leaf samples of P. edulis.
Although some studies (e.g. Furlan et al., 2010; Santos and Furlan, 2013)
reported an increase in the concentrations of flavonoids in plants ex-
posed to ozone, none of them related this enhancement with the induc-
tion of OEM flavonoids. Foliar levels of other non-enzymatic
antioxidants (ascorbic acid and glutathione) were enhanced in plants
exposed to the AA + O3 x 1.5 and AA + O3 x 2.0 treatments, respec-
tively, when compared to plants grown in AA. The high leaf contents
of ascorbic acid and glutathione, as well as their high and stable redox
potential, as indicated by the ratio between their reduced and total
forms (AsA/AsA + DHA; GSH/GSH + GSSG), were key responses for
maintaining high redox equilibrium in P. edulis under ozone, although
enhanced lipid peroxidation or MDA by-products were observed in
plants exposed to the highest ozone concentrations. In our experiment
the increment of AsA and the higher AsA/AsA + DHA suggest that
P. edulis plants were able to efficiently regenerate the oxidized DHA to
reduced AsA which is the biological active form of ascorbate capable
of ROS scavenging (Burkey et al., 2006), this support the O; tolerance
of P. edulis. Similar results were obtained for other species, under either
experimental or natural conditions (e.g. Burkey et al., 2006; Aguiar-Silva

etal.,2016; Espositoetal.,2016; Brandaoet al.,2017). The high levels of
carotenoids, observed inside the chloroplastsin plants fumigated with
high ozone, can be also considered biochemical responses associated
to the high tolerance of P. edulis against environmental oxidative
stressors. Carotenoids are natural pigments mostly responsible for the
yellow, orange and red color of the fruits (Da Silva et al., 2014), being
z-carotene identified as the predominant compound in passion fruit
(Pertuzatti et al., 2015). Carotenoids are essential for the correct assem-
bly and functioning of photosystems and protect from photo-oxidative
damage preventing and quenching ROS generated from triplet excited
chlorophylls via xanthophyll cycle (Esteban et al., 2015). While non-
enzymatic antioxidants generally showed higher concentration in the
ozone-additiontreatments, the enzymaticactivity of CAT, APX and GR
decreased at the elevated ozone treatment (O3 x 2.0). The lowest activ-
ity level of these enzymes in plants from this treatment coincided with
the highest contents of ascorbic acid and glutathione, showing that the
ascorbate—glutathione cycle of P. edulis was stimulated in response to
0O,. Dafré-Martinelli et al. (2011) analyzed the redox state of thevine
Ipomoea nil ‘Scarlet O'Hara’ growing under O; in an urban area in
Brazil, and concluded that ascorbic acid and glutathione were crucial
for increasing plant tolerance to ozone.

5. Conclusions

Exposure to high levels of O; did not significantly affect the content
of total sugars, net photosynthesis, growth parameters (diameter and
height) and biomass production. P. edulis showed several reactive
mechanisms against the effects of Os, such an effective enhancement
antioxidant system, principally consisting of non-enzymatic antioxi-
dants (ascorbic acid, carotenoids, glutathione and flavonoids located
in the outer envelope membranes of the chloroplast), hyperplasia and
hypertrophy of the mesophyll cells (thus reducing the intercellular
space and increasing the resistance to ozone diffusion), and accelerated
cell senescence which may have accelerated leaf abscission and thus re-
duced the number of leaves per plant. So, these leaf traits indicate
P. edulis as tolerant to the oxidative stress caused by Os.
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Consideracoes Finais

Os resultados obtidos e apresentados nos capitulos anteriores, permitiram validar
trés das quatro hipoteses formuladas.

(1) Espécies arboreas pioneiras possuem caracteristicas morfo-anatomicas que
restringem ou evitam os efeitos do estresse oxidativo causados por fatores de estresse
naturais e antropicos e, portanto, sdo mais tolerantes que as espécies arboreas ndo
pioneiras.

Espécies arboreas pioneiras sao mais tolerantes, que as espécies ndo pioneiras ao
estresse oxidativo, pois produzem folhas com caracteristicas morfo-anatomicas distintas
que restringem ou evitam os efeitos do estresse oxidativos por fatores naturais e/ou
antropicos.

(2) Estas caracteristicas morfo-anatomicas sdo mais evidentes em espécies
arboreas de remanescentes florestais expostas a condi¢gdes ambientais mais extremas,
como o clima tropical sazonal definido por periodos secos e imidos bem marcados e
altos niveis de poluentes atmosféricos emitidos por fontes urbanas, industriais e
agricolas.

A hipotese foi testada e rejeitada. A auséncia de variacdo espacial nas
caracteristicas morfo-anatdmicas foliares funcionais pode sugerir a influéncia da
historia evolutiva das espécies avaliadas.

(3) Espécies com menor potencial de tolerancia (espécies sensiveis) a estresses
ambientais (variacdes e anormalidades climaticas e/ou poluentes atmosféricos)
apresentam uma maior variedade de marcadores microscopicos em suas ldminas foliares
aparentemente saudaveis em resposta ao estresse oxidativo do que espécies com maior

potencial de tolerancia.
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Respostas microscopicas, apesar de disseminadas entre as espécies com
diferentes graus de sensibilidade ao estresse oxidativo, foram mais evidenciadas nas
espécies sensiveis. Um novo marcador microscopico foi proposto para as espécies
tolerantes. Com base nos marcadores microscopicos, foi possivel validar o nivel de
tolerancia ao estresse oxidativo em cada grupo de espécies.

(4) Passiflora edulis tem uma alta capacidade de tolerar o estresse oxidativo
causado pela exposicdo ao ozonio, podendo dominar areas perturbadas da Mata
Atlantica.

Passiflora edulis ¢ tolerante ao Os;, uma vez que, na presenca desse gas,
desenvolveu injurias visiveis para evitar a propagagdo de danos, alteragdes estruturais e
aumento dos compostos de defesa constitutiva, e que permitiram a aclimatacdo das
plantas ao estresse oxidativo. A alta plasticidade de resposta permite a espécie dominar
areas perturbadas da Mata Atlantica.

No presente estudo, a abordagem de diferentes grupos funcionais ajudou nao s6
no entendimento da plasticidade de resposta das plantas a pressdo oxidativa nos
remanescentes de Mata Atlantica do sudeste brasileiro, mas também a esclarecer os
mecanismos que governam a distribuicdo e a abundancia de espécies em um ambiente
tropical perturbado. Dentre os tr€s grandes grupos funcionais aqui estudados: as
espécies arboreas pioneiras ¢ lianas sdo tolerantes ao estresse oxidativo e, portanto,
possuem maior capacidade de dominar areas antropizadas da Mata Atlantica, enquanto
as espécies ndo pioneiras sd3o suscetiveis ao estresse oxidativoe apresentam baixa
plasticidade de resposta a mudangas ambientais e menor capacidade de dominar areas
perturbadas.

Finalmente, esta tese ressalta a relevancia das caracteristicas morfo-anatomicas

foliares e as respostas estruturais (referidas como marcadores microscopicos) para o
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entendimento das estratégias de aclimatagdo/adaptacdo ao estresse oxidativo dos
diferentes grupos funcionais de plantas, colocando-as como pegas fundamentais em
estudos que buscam modelos de respostas em nivel ecossist€émico a estressores

ambientais.
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