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RESUMO: Por meio da combinacdo de diversos métodos em botanica estrutural e
biologia celular, neste estudo analisamos comparativamente os canais secretores no caule
em sua porgdo aérea e subterrdnea de Anacardium humile A. St-Hil. a fim de acessar
variacBes intraindividuais relacionadas ao ambiente aéreo e subterréneo; investigar a
ocorréncia de autofagia e seus tipos, bem como, a ocorréncia de autocitotoxicidade e de
mecanismos citoprotetores em ceélulas epiteliais secretoras de resina. Os resultados
mostraram diferencgas significativas na distribuigdo, histoquimica e ultraestrutura das
células epiteliais dos canais secretores no caule em sua por¢do aérea e subterranea. As
células epiteliais dos canais na porcdo aérea, no pico da secrecdo, apresentaram formatos
e tamanhos variaveis, com nucleo volumoso e citoplasma denso com ribossomos livres,
polirribossomos, mitocéndrias com cristas desenvolvidas e plastidios elipsoides com
inclusdes elétron-opacas circundados por reticulo periplastidial. J& na porcao subterranea,
as células epiteliais no pico da secrecdo apresentaram formato e tamanho regulares, um
grande vacuolo central, citoplasma reduzido a uma fina camada na periferia da célula e
populagéo reduzida de organelas. Dois mecanismos de autofagia foram detectados nas
células epiteliais, sendo a macroautofagia encontrada em células ativas em secrecéo e a
microautofagia em células em estagio final de secrecdo. As mudancas observadas na
morfologia das células epiteliais durante o ciclo secretor tais como dilatacdo acentuada
do reticulo endoplasmatico liso, degradacao das cristas mitocondriais e a formacéo de
corpos multilamelares na matriz mitocondrial sdo fortes indicios de autocitotoxicidade da
secre¢do, enquanto que a presenca de HSP70 (heat shock proteins) e o aparecimento de
figuras tipicas de processo autofagico (fagéforos, autofagossomos e vacuolos
autofagicos) foram associadas com mecanismos citoprotetores em resposta aos danos
causados pela presenca de substancias toxicas. O padrdo de danos celulares e respostas
citotoxicas das células epiteliais dos canais secretores € comum a outras estruturas
secretoras de terpenos. A combinacdo de métodos imunohistoquimicos com analises
convencionais e ultracitoquimicas em microscopia eletrénica de transmissao foi eficiente
para mostrar que nesta espécie o ambiente abaixo e acima do solo exerce certa influéncia
na organizagdo subcelular e no funcionamento dos canais Secretores; que 0S canais
secretores apresentam tipos distintos de autofagia durante o ciclo secretor; que 0S
componentes da secrecOes terpénicas sdo toxicas as proprias células que os produzem, as
quais, em reposta aos danos desenvolvem mecanismos citoprotetores. Os resultados
obtidos neste estudo incentivam a aplicacéo de diferentes técnicas de microscopia de luz
e eletrdnica, incluindo imunolocalizacdo e citoquimica ultraestrutural na area da boténica

estrutural e abrem novas perspectivas no estudo da célula secretora em espécies nativas.
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ABSTRACT: Through the combination of several methods in structural botany and cell
biology, in this study we comparatively analyze the secretory canals in the stem in its
above- and belowground portions of Anacardium humile A. St-Hil. in order to access
intra-individual variations related to the above- and belowground environment; to
investigate the occurrence of autophagy and its types, as well as the occurrence of
autocytotoxicity and cytoprotective changes in resin-secreting epithelial cells. The results
of the differentiation in the distribution, histochemistry and ultrastructure of the epithelial
cells of the secretory canals in the stem in its above- and belowground portion. The
epithelial cells of the canals in the aboveground portion, at the peak of secretion, reached
variable formats and patterns, with a voluminous nucleus and dense cytoplasm with free
ribosomes, polyribosomes, mitochondria with developed cristae and ellipsoid plastids
with electron-opaque inclusions surrounded by periplastid reticulum. In the belowground
portion, the epithelial cells at the apex showed regular shape and size, a large central
vacuole, cytoplasm reduced to a thin layer at the periphery of the cell, and suppression of
organelles. Two mechanisms of autophagy were detected in epithelial cells,
macroautophagy being found in active cells in secretion and microautophagy in cells in
the final stage of secretion. The changes observed in the morphology of epithelial cells
during the secretory cycle such as marked dilation of the smooth endoplasmic reticulum,
degradation of mitochondrial crests and the formation of multilamellar bodies in the
mitochondrial matrix are strong indications of autocytotoxicity of secretion, while the
presence of HSP70 (heat shock proteins) and the appearance of typical figures of
autophagic process (phagophores, autophagosomes and autophagic vacuoles) were
associated with cytoprotective mechanisms in response to the damage caused by the
presence of toxic substances. The pattern of cellular damage and cytotoxic responses of
the epithelial cells of the secretory canals is common to other terpene-secreting structures.
The combination of immunohistochemical methods with conventional and
ultracytochemical analyses in transmission electron microscopy was efficient to show that
in this species the environment below and above ground exerts a certain influence on the
subcellular organization and functioning of the secretory canals; that secretory canals
have distinct types of autophagy during the secretory cycle; that the components of
terpene secretions are toxic to the very cells that produce them, which, in response to
damage, develop cytoprotective mechanisms. The results obtained in this study encourage
the application of different techniques of light and electron microscopy, including
immunolocalization and ultrastructural cytochemistry in the area of structural botany and

open new perspectives in the study of the secretory cell in native species.



Introducéo Geral

Anacardiaceae € uma familia de angiospermas lenhosas distribuidas
principalmente em regides tropicais e subtropicais (Pell et al. 2011; Royo et al. 2015). No
Brasil, Anacardiaceae € representada por 55 espécies distribuidas em 14 géneros, sendo
Schinus L. e Anacardium L. os mais diversos (BFG 2015).

A ocorréncia de canais secretores de resina ¢ uma caracteristica marcante da
familia. Vérias espécies de Anacardicaceae sdo exploradas in loco ou cultivadas devido
a producdo de frutos comestiveis (manga, caju, pistache e outros), madeiras de boa
qualidade e resinas com importancia medicinal, industrial e alergénica (Pickel 2008). A
composicao quimica da secrecdo produzida em Anacardiaceae € diversa, podendo conter
goma, uma mistura de goma e resina ou apenas resina (Tolke et al. 2021). Terpenos e
compostos fendlicos sdo compostos predominantes na secrecdo de Anacardiaceae,
(Carmello et al. 1995; Pinto et al. 2000; Langenheim 2003; Martinez et al. 2003, 2008;
Sant’ Anna-Santos et al. 2006; Tolke et al. 2017; Prado e Demarco 2018; Tolke et al.
2021), porém estudos mais detalhados sdo necessarios para identificar variacbes entre
Orgdos e espécies (Tolke et al. 2021).

Canal secretor € um tipo de estrutura secretora interna constituida por um epitélio
de células especializadas organizadas ao redor de um espaco intercelular denominado
Iimen, onde a secrecdo produzida por essas células fica armazenada e s6 atinge o meio
externo em caso de injdrias mecanicas (Fahn 1979). A secrecdo produzida pelos canais
secretores tem natureza quimica diversa e inclui 6leos essenciais, resinas, gomas e
mucilagens, compostos fenolicos, dentre outros, cuja importancia na defesa das plantas
contra herbivoros e patdgenos, na manutencdo do potencial hidrico de tecidos adjacentes,
na dispersdo de frutos e sementes, além de reconhecida importancia econémica e
medicinal tem sido destacada (Fahn 1979; Langenheim 2003; Evert 2006).

Estudos microscopicos das ultimas décadas tém contribuido consideravelmente
para o conhecimento do modo de formacdo, desenvolvimento e funcionamento dos
canais/cavidades resiniferos em espécies de Anacardiaceae. O modo de formacdo dos
canais secretores nos representantes desta familia pode variar entre individuos da mesma
espécie e até mesmo entre 6rgdos do mesmo individuo, sendo reportados 0s mecanismos
esquizdgeno, lisigeno e esquizo-lisigeno (Fahn 1979). Os estudos citoldgicos dos canais
resiniferos de espécies de Anacardiaceae sdo limitados, em sua maioria, aos estagios
iniciais da formacéao do lumen (Fahn e Evert 1974; Nair et al. 1983; Machado e Carmello

Guerreiro 2001; Lacchia e Carmello Guerreiro 2009), sendo que muitos aspectos dos



canais secretores de resina tais como variacao intraespecifica, ocorréncia de autofagia e
autocitotoxicidade da secrecdo ainda sdo pouco explorados. Pesquisas com este foco séo
imprescindiveis para alavancar a compreensao das bases celulares da secre¢cdo em plantas

e explorar a versatilidade funcional das células secretoras.

A espécie objeto de estudo

Anacardium humile A.St.-Hil., conhecida popularmente como cajuzinho-do-
cerrado, cajui e cajuzinho-do-campo é um subarbusto nativo do Cerrado brasileiro
pertencente a familia Anacardiaceae (Almeida et al. 1998). Pode atingir cerca de 80cm
de altura e se caracteriza por apresentar varios ramos aereos eretos e um caule subterraneo

muito desenvolvido (Cota et al. 2017).
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Figura 1. Espécimes de Anacardium humile vegetando na regido de Botucatu — SP.

A alta variabilidade morfoldgica de A. humile tem sido ressaltada em diversos
estudos, e devido ao seu potencial comercial, esta espécie tem sido objeto de estudos em
programas de melhoramento visando & determinagao da variabilidade genética, buscando
identificar procedéncias ou ambientes que apresentam acessos com divergéncias de alta
magnitude (Carvalho et al. 2012). A relevancia ecol6gica desta espécie no Cerrado tem
sido enfatizada (Carvalho 2020) devido a importancia de seus frutos e sementes como
fonte de alimentos para a fauna, principalmente as aves e também mamiferos como a
raposa (Lycalopex vetulus), que atuam como agentes dispersores das sementes. Os
pequenos frutos quando fermentados, fornecem uma espécie de aguardente conhecida
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pelos indigenas como cauim. As nozes sao ricas em vitaminas B1 e B2, proteinas, lipidios,
niacina, fosforo e ferro. Todos os 6rgaos de A. humile sdo usados na medicina popular. A
infusdo de suas folhas e da casca do caule subterraneo é usada medicinalmente para curar
a diarreia. O 0leo encontrado nas nozes tem efeito antisséptico e cicatrizante, sendo
também utilizado na inddstria para a producdo de plasticos, revestimentos e materiais
isolantes. O pedunculo de A. humile € rico em vitamina C, fibras e antioxidantes. Esta
composi¢do bioldgica estd associada a prevencdo de doengas crbnico-degenerativas,
como doencas cardiovasculares, cancer e diabetes. A infusdo das flores é usada para
combater a tosse e baixar o nivel de glicose em diabéticos (Carvalho 2020). E uma espécie
suscetivel a intensa exploracdo pelo homem e a acdo do fogo, e esta competindo com
outras espécies pelo titulo de espécie ameacada de extin¢do (Carvalho 2020).

A ampla distribuicdo desta espécie em areas de cerrado sensu stricto da regido
centro-oeste paulista, a presenca de um caule aéreo e caule subterraneo e de canais

secretores de resina fazem desta espécie um bom modelo para os propdsitos deste estudo.

O ambiente abaixo e acima do solo e sua provavel influéncia no
funcionamento das estruturas secretoras

Estruturas secretoras sdo caracteristicas constitutivas e, devido a isso, séo
utilizadas como um carater taxonémico em diferentes grupos de plantas (Evert 2006). No
entanto, alguns aspectos das estruturas secretoras séo passiveis de influéncia do ambiente,
com relatos de variagfes no grau de desenvolvimento, composi¢cdo da secregdo e na
organizacdo ultraestrutural das células secretoras.

Estudando plantulas de Copaifera langsdorffii cultivadas em diferentes condicGes
de luz e temperatura, Rodrigues et al. (2014) demonstraram que canais e cavidades
secretores de 6leo-resina foram mais abundantes e com caracteristicas ultraestruturais de
células ativas em secrecdo quando expostas a 25°C enguanto que se apresentaram
reduzidos e com danos celulares quando expostas a 15 e 35°C.

As caracteristicas ultraestruturais e a composicdo da secrecdo de coléteres
mostraram-se varidveis em espécies de Rubiaceae crescendo em floresta e cerrado
demonstrando a plasticidade associada ao ambiente nas células secretoras dos coléteres
(Tresmondi et al. 2015, 2017). Enquanto que nas espécies de floresta a secrecdo era
predominantemente hidrofilica, nas espécies de cerrado a secrecao era lipofilica ou mista
(Tresmondi et al. 2015). Esses autores atribuiram as diferencas na secrecéo as diferencas
nas taxas de radiacdo solar, que foram mais elevadas no cerrado. A morfologia

ultraestrutural das células secretoras foi condizente com o tipo de secrecdo (Tresmondi et
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al. 2017). Nas espécies do cerrado, 0s coléteres apresentaram numerosos leucoplastos,
mitocondrias bem desenvolvidas, abundante reticulo endoplasmatico liso e numerosas
inclus@es lipidicas. Ja nas especies de floresta, dictiossomos com cisternas dilatadas e
muitas vesiculas, mitocondrias volumosas, plastideos com inclusdes proteicas e um
extenso reticulo endoplasmatico rugoso foram predominantes.

Devemos considerar que a organizacdo tridimensional do corpo da planta é
plastica (Tumber-Davila et al. 2022) havendo modifica¢des na morfologia externa, nos
tecidos e células ou especializagdes fisioldgicas em resposta ao ambiente (Dickson 2000).
Assim, aspectos bioquimicos, morfologicos e fisiologicos dos drgdos vegetais podem ser
modificados em resposta aos diferentes fatores ambientais a que as plantas estdo expostas
durante o seu desenvolvimento (Del Valle et al. 2018). Quando se considera os ambientes
aéreo e subterréneo, as diferentes condigdes de temperatura, disponibilidade de agua,
radiacdo, ataque de fitofagos, além das restricbes mecanicas impostas pelo ambiente em
gue um determinado 6rgéo se desenvolve podem resultar em modificacdes histoldgicas e
citologicas que culminam em especializacdes fisioldgicas relevantes (Dickison 2000).
Embora haja uma 6bvia integracdo entra a parte aérea e a subterranea da planta, ha de se
considerar que a diferenca no microambiente nesses dois meios exerce uma influéncia
significativa nos 6rgdos que ali se desenvolvem. Enquanto que no ambiente acima do solo
0s Orgaos aéreos estao expostos a luz, no ambiente abaixo do solo, os érgdos subterraneos
serdo influenciados pela &gua e nutrientes (McPhee e Aarssen 2001). Além dos fatores
abioticos, também os organismos que habitam o solo e acima dele séo diversos (van Dam
e Martin Heil 2011).

Nesse contexto, a producdo dos compostos do metabolismo primario e
especializado também é influenciada pelo ambiente. Compostos do metabolismo
especializado séo essenciais para que a planta se ajuste ao ambiente em que esta inserida
(Casano et al. 2011). Os terpenos sdo uma classe de substancias quimicas do metabolismo
especializado com estrutura e funcédo bioldgica diversas. Nas plantas, diferentes tipos de
terpenos sdo produzidos em diferentes compartimentos, sendo importantes na interacéo
da planta com o ambiente e com 0s organismos que coabitam com a mesma. Estudos tém
demonstrado que diferentes tipos de terpenos sdo produzidos em 6rgaos acima e abaixo
do solo (Huang e Osbourn 2019). A secrecdo de terpenos nas plantas se origina da sintese
de moléculas a partir do metabolismo do mevalonato ou ndo mevalonato (também
conhecido como 2-C-metil-D-eritritol 4-fosfato (MEP) ou desoxixilulose 5-fosfato
(DXP) (Huang e Osbourn 2019), do estoque existente na planta ou dos dois (Nagalingam



et al. 2023). A nova sintese de terpenos esta associada a luz e a temperatura, enquanto
que a estocagem deles estad somente associada a temperatura (Staudt et al. 2017).

De modo geral, a literatura mostra que pouco se conhece sobre a influéncia do
ambiente no desenvolvimento e funcionamento de canais secretores de resina em
condicdes naturais.

Assim, neste estudo comparamos a distribuicao, estrutura, histoquimica, citologia
e dinAmica de secrecdo em canais secretores no caule em sua porcao aérea e subterranea
de Anacardium humile A. St-Hil., uma espécie subarbustiva de Anacardiaceae, a fim de
verificar a existéncia de plasticidade estrutural, histoquimica e funcional das células

secretoras entre por¢des de 6rgdos em diferentes ambientes.

Autofagia e suas implica¢des no desenvolvimento de estruturas secretoras

A autofagia é um dos principais processos catabolicos em células eucarioticas, no
qual constituintes citoplasmaticos sdo degradados e posteriormente reutilizados no
metabolismo celular (Contento et al. 2005; Bassham 2007; Avin-Wittenberg et al. 2012;
Bozhkov 2018; Soto-Burgos et al. 2018). Inicialmente descrita em fungos, autofagia € um
processo conservado em animais e plantas onde foi durante muito tempo considerada
restrita aos estagios finais do desenvolvimento de determinadas células e tecidos, tais
como a diferenciacdo de elementos tragqueais e a senescéncia das folhas (Kwon et al.
2010).

Dois tipos principais de autofagia foram inicialmente reportados em plantas
(Mitou et al. 2009; Van Doorn e Papini 2013): microautofagia e macroautofagia.

Na microautofagia, uma pequena vesicula, com membrana unica, € formada pela
invaginacdo da membrana vacuolar englobando componentes citosélicos (Bassham et al.
2006; Soto-Burgos et al. 2018; Wang et al. 2018). Esse tipo € ainda pouco estudado em
plantas e tem sido observado principalmente na senescéncia de folhas; desenvolvimento
e germinacdo de sementes; acumulo de antocianinas nos vacuolos (Chanoca et al. 2015)
e em células epidérmicas de nectarios em estagio pré-secretor (Machado e Rodrigues
2019).

A macroautofagia, referida simplesmente como autofagia, é a forma melhor
estudada em plantas. E caracterizada pelo englobamento de contetdo citoplasmatico e
organelas em vesiculas de dupla membrana chamadas autofagossomos ou vesiculas
autofagicas (Yoshimoto et al. 2014; Soto-Burgos et al. 2018; Zhang et al. 2018). A
macroautofagia envolve varias etapas, incluindo a formacao e expansao de fagoforos e o

fechamento dos mesmos direcionados para a formagéo de autofagossomos, e, finalmente,
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a fusdo com o vacuolo (Wojciechowska et al. 2021). Durante este processo, 0
autofagossomo engloba e transporta material citoplasmatico até o vacuolo. Entdo, a
membrana externa do autofagossomo funde-se com o tonoplasto e a membrana interna e
o material nela contido s&o liberados no limen do vacuolo onde ocorre a degradacdo por
hidrolases residentes (Yoshimoto et al. 2009; Zhuang et al. 2013). Os produtos
degradados sdo transportados de volta ao citoplasma onde sdo reutilizados (Yang e
Bassham 2015). A origem do autofagossomo ainda néo é bem entendida, mas sabe-se que
em células de mamiferos, a membrana do autofagossomo se origina do reticulo
endoplasmatico e de varios compartimentos celulares, como complexo de Golgi,
membrana plasmatica e mitocdndria, contribuindo para sua expansdo (Lamb et al. 2013).
Em plantas, trabalhos recentes sugerem que o reticulo endoplasmaético seja a fonte de
membranas e sinalizagdo para a biogénese autofagossomal (Zhuang et al. 2018). ATGS8 é
uma proteina central na maquinaria autofagica relacionado a formacdo de
autofagossomos e esta presente tanto na membrana interna como na externa no inicio da
formacdo do autofagossomo (quando ainda é tido como fagdéforo) e permanece na
membrana interna até a degradacdo no vacutolo. Por essas caracteristicas, € um bom
marcador para rastrear a autofagia desde os estagios iniciais até a degradacéo no vacuolo
(Bassham 2007; Bassham 2015; Klionsky et al. 2021; Wojciechowska et al. 2021).

Tipos adicionais de autofagia foram descritos em plantas (Van Doorn e Papini
2013): autofagia seletiva, quando ocorre a degradacdo parcial do citoplasma e/ou de
organelas especificas (plastidios, mitocondrias) ainda no citoplasma, e mega-autofagia,
guando a membrana do vacuolo se rompe e libera hidrolases no citoplasma, degradando-
0 completamente e resultando na morte da célula, comumente interpretada como sendo
um tipo de morte celular programada (MCP).

Estudos recentes mostraram que a autofagia contribui para varios processos de
desenvolvimento de plantas e respostas ao estresse, como restricdo de nutrientes e
infeccdes, e estd claro que a autofagia é essencial para manter a homeostase celular
(Mahood 2021; Sienko et al. 2020). Multiplos estresses podem induzir autofagia nas
plantas e esta é regulada por distintas vias de expressdo génica durante diferentes
condigdes de estresse (Bassham 2007). A participacdo da autofagia em processos normais
de desenvolvimento das plantas, como a diferenciagéo de estruturas reprodutivas (Haddad
et al. 2019), laticiferos (Zhang et al. 2018) e nectarios (Machado e Rodrigues 2019) tem
sido recentemente confirmada com o uso de técnicas de biologia celular e diferentes
microscopias. Neste contexto, merece destaque o estudo de Zhang et al. (2018) que

identificaram e descreveram em detalhe o processo autofagico durante o desenvolvimento
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de laticiferos ndo-articulados de Euphorbia kansui em nivel ultraestrutural, além de
descrever a presenca de autofagossomos, autolisossomos e estruturas semelhantes a
lisossomos. Machado e Rodrigues (2019) identificaram e descreveram trés tipos de
autofagia no nectério extrafloral de Citharexylum myrianthum, sendo dois deles
(macroautofagia e microautofagia) associados com a biogénese de vacuolos no estagio
pré-secretor, enquanto a mega-autofagia foi associada com a morte celular e restrita ao
estagio pos-secretor. Wojciechowska et al (2021) reportaram que a autofagia participa
nos processos de formacao do vacuolo central no desenvolvimento do tecido cortical, bem

como na diferenciacéo do tecido vascular e senescéncia da raiz.

Autocitotoxicidade das secrecdes vegetais e mecanismos citoprotetores

Embora os efeitos farmacolégicos e a toxicidade dos terpenos e terpenoides em
varios sistemas bioldgicos sejam bem conhecidos (Masyita et al. 2022), a toxicidade
desses compostos as proprias células que os produzem, bem como, 0s mecanismos
citoprotetores desenvolvidos pelas células em presenca desses compostos ainda sdo pouco
conhecidos e, portanto, constituem importantes alvos de pesquisa em biologia vegetal.

Os componentes da secrecdo dos canais secretores de Anacardiaceae incluem
principalmente terpenos e compostos fenolicos (Carmello et al. 1995; Pinto et al. 2000;
Langenheim 2003; Martinez et al. 2003, 2008; Sant’ Anna-Santos et al. 2006; Tolke et al.
2017; Prado e Demarco 2018; Tolke et al. 2021). As secrecOes terpénicas contém
substancias biologicamente ativas (terpenos e terpenoides) que danificam
irreversivelmente a célula culminando com a sua aut6lise (Fahn 1979; Roshchina e
Roshchina 1993). O isolamento das substancias toxicas em compartimentos intracelulares
especificos ou a sua modificacdo quimica em substancias inativas tem sido considerados
mecanismos que protegem o citoplasma dos efeitos toxicos das secreces (Roshchina e
Roshchina 1993; Huang e Osbourn 2019). No entanto, os danos celulares e reacdes de
sinalizacdo ligada as proprias secrecdes dessas células sdo ainda pouco conhecidos
(Canaveze et al. 2021).

Em uma andlise detalhada das células de 6leo de nim (Azadirachta indica A. Juss
(Meliaceae) durante o ciclo secretor Canaveze et al. (2021) observaram acentuada
hipertrofia celular, aumento da vesiculagdo das membranas celulares, dilatacdo das
cisternas do reticulo endoplasmatico, hipertrofia mitocondrial em processo de cristolise,
vacuolos autoliticos e degeneragéo vacuolar culminando na autdlise do protoplasto, além
de depdsitos citoplasmaticos de calcio e expressdo da HSP70 (heat shock protein 70).

Tais alteracBes morfoldgicas na topografia e morfologia das organelas seguiram um
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padrdo semelhante ao reportado em tecidos animais expostos ao 6leo de nim, um dos
biopesticidas mais amplamente utilizados na atualidade (Scudeler et al. 2016). Ao
examinar os estudos ultraestruturais realizados com estruturas secretoras de terpenos
disponiveis em literatura, geralmente observamos altera¢cbes morfoldgicas ao longo do
processo secretor similares as reportadas por Scudeler et al. (2016) e Canaveze et al.
(2021); no entanto, tais alteracdes tém sido negligenciadas ou associadas com senescéncia
ou morte celular programada. A combinacdo de métodos em imunohistoquimica e
ultraestrutura celular convencional e citoquimica é fundamental para compreender as
repostas das células secretoras as proprias secre¢des que produzem.

E importante salientar que os resultados de Canaveze et al. (2021) se referem a
idioblasto secretor com secrecdo enddgena. Tais estudos devem ser ampliados a fim de
verificar se o padrdo observado € comum a outras estruturas secretoras de terpenos mais

complexas e com secrecao exdgena, como € o caso dos canais secretores.

Objetivos

Com o objetivo de aprofundar o conhecimento sobre aspectos celulares do
desenvolvimento e funcionamento de canais secretores de resina, nesse estudo,
analisamos comparativamente 0s canais secretores no caule aereo e subterrdneo de
Anacardium humile A.St.-Hil. a fim de acessar variac¢des intraindividuais relacionadas ao
ambiente aéreo e subterraneo; investigar a ocorréncia e caracterizar morfologicamente os
tipos de autofagia, e pesquisar a ocorréncia de autocitotoxicidade e de mecanismos
citoprotetores em células epiteliais secretoras de resina. Com o desenvolvimento deste
estudo, pretendemos responder as seguintes questdes:

i) Ha variac@es intraindividuais nos canais secretores do caule na porcdo aérea e
subterranea?

ii) Ocorre autofagia nas células epiteliais durante o processo de secrecdo de
resina? Em caso afirmativo, em quais etapas da secre¢do ocorre autofagia?

iii) Existem diferentes tipos de autofagia durante o ciclo secretor? Em caso
afirmativo, o tipo de autofagia é estagio-dependente?

iv) Os componentes da resina seriam toxicos as proprias celulas que os produzem?
Em caso afirmativo, quais organelas sdo mais susceptiveis? Existem mecanismos de

citoprotecéo?
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Abstract

The study combines a range of light and electron microscopy methods to access variation in secretion and ultrastructure in
the secretory canals in the above- and belowground stems of Anacardium humile, which here serves as a model system. The
aboveground stem canals show epithelial cells with ultrastructural characteristics typical of cells active in secretion, while
in the belowground stems, the subcellular characteristics are typical of cells with low rates of metabolism. The secretory
canals of the belowground stems show uniformity in size and shape, a large central vacuole, a cytoplasm reduced to a thin
layer at the cell periphery, and a reduced population of organelles. The aboveground stem canals had voluminous nuclei
with evident nucleoli, a very dense cytoplasm with free ribosomes, polyribosomes, mitochondria with developed cristae,
and ellipsoid plastids with electron-opaque droplets surrounded by a periplastid reticulum. The vacuoles were of different
sizes and often had membranous contents and the dictyosomes were very developed with dilated ends to the cisternae, rough
endoplasmic reticulum, and numerous vesicles. The results show that particularities in above- and belowground environment
have significant implications for ultrastructural morphology and functioning of secretory canals in the stems of A. humile.

Keywords Anacardiaceae - Cytology - Histochemistry - Secretory canals - Ultrastructural cytochemistry

Introduction

Plant organs are reported to be able to adjust many of
their biochemical, morphological, and physiological
characteristics in response to the environmental signals
to which they are exposed during development (Del Valle
et al. 2018). Thus, the above- and belowground organs of a
plant are exposed to quite different environmental conditions
of temperature, water availability, and radiation. They are
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also exposed to attack by quite different ranges of predators
and to quite different kinds of mechanical constraint. The
concept of aboveground-belowground ecology assumes that
plants, aboveground biota, and soil biota are all part of one
system, in which aboveground and belowground organs,
individuals, populations, and communities influence each
other (van der Putten et al. 2009; Bardgett and van der Putten
2014). The consequences of aboveground-belowground
interactions during organ development and its histological,
cytological, and physiological specializations are still poorly
understood (Dickison 2000).

Secretory structures are constitutive features, having
taxonomic relevance in many plant groups (Evert 2006).
Nevertheless, some aspects of these are also susceptible to
environmental influences, with reports of variations in their
degree of development, in their secretion composition, and
in the ultrastructural organization of their secretory cells.
Such have been reported for the oil-resin secretory canals of
Copaifera langsdorffii when grown under different conditions
of light and temperature (Rodrigues et al. 2014) and for the
colleters in Rubiaceae species growing in forests or cerrado
(Tresmondi et al. 2015, 2017). Little is known of the influences
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of the environment on the development, histochemistry,
cytology, and secretion dynamics of secretory structures. This
dearth is due to a lack of comparative studies between species
and between organs of the same species, which also report
on the structural and functional plasticity of secretory cells.
In this context, our study sets out to access the intraspecific
variation in the secretions of the secretory canals in the above-
and belowground axes of Anacardium humile (Anacardiaceae).
The occurrence of resin canals is a common feature of the Anac-
ardiaceae (Metcalfe and Chalk 1950), a family of woody plants dis-
tributed mainly in tropical and subtropical regions (Judd et al. 2007,
Pell et al. 2011; Royo et al. 2015). Several species of the Anacardi-
aceae are exploited in loco or cultivated for their edible fruits, includ-
ing mango (Mangifera indica), caja (Spondias spp.), and siriguela
(Spondias purpurea). The cashew fruit (Anacardium occidentale)
and its fruit are widely commercialized. The various species of this
family are valued for their quality timbers and for their resins which
are used extensively in industry and in medicine. These species
release characteristic odors when their resin canals are exposed by
injury (Souza and Lorenzi 2005). In Brazil, Anacardiaceae is repre-
sented by 55 species distributed among 14 genera, with Schinus L.
and Anacardium L. being the most diverse (BFG 2015).
Variations in the distributions of the secretory canals in
the Anacardiaceae and in the chemical compositions of their
secretions have been well reported. Secretory canals can be
found in the primary, secondary, and pith phloem (Metcalfe and
Chalk 1950) and are able to produce resins (Paula and Alves
1973; Gibson 1981; Sawidis et al. 2000), gum resins (Fahn and
Evert 1974; Joel and Fahn 1980a, b; Nair et al. 1983; Bhatt and
Ram 1992; Vassilyev 2000), gums (Venkaiah 1992), and latex
(Venning 1948). Despite the importance of the resin canals in
Anacardiaceae, cytological studies have been restricted to a
single organ—the stem (Fahn and Evert 1974; Fahn 1979; Joel
and Fahn 1980a, b, c; Nair et al. 1983; Venkaiah 1992; Carmello
et al. 1995; Machado and Carmello-Guerreiro 2001). The single
exception is the study by Lacchia and Carmello-Guerreiro
(2009), who analyzed the secretory canals in the flowers and
fruits of Anacardium humile. According to these authors, in
flowers, these canals present epithelial cells with peripheral
cytoplasm, while in fruits, the cells have a central vacuole and
peripheral cytoplasm, while others have a dense cytoplasm,
rich in vesicles, vacuoles, and numerous rounded plastids. This
range of cell microstructure may be due to the peculiarities of
the organ in which the canal is located, or it may be associated
with the functional stage of the secretory cells at the time of
the study because, in the same epithelium, not all cells are at
the same stage in their secretory cycles (Machado et al. 2017).
This study combines a range of light and electron micro-
scope methods to undertake a comparative analysis of the
chemical compositions of the secretions and the cytology of
the secretory canals in the above- and belowground stems of
Anacardium humile A.St.-Hil.—using this species as a model
system to explore the effects of environment on these organs.

@ Springer

Anacardium humile, which has various common names in
Brazil, including cajuzinho-do-cerrado, cajui, and cajuzinho-
do-campo, is a subshrub native of the Brazilian Cerrado, and
very frequent in burned environments (Agostini-Costa et al.
2016). It is characterized by having several erect, aboveground
stems reaching about 80 cm in height and with a very extensive
woody underground stem and deep roots which penetrates into
the soil (to a depth of up to 16 m) to reach the water table (Cota
et al. 2017). The aboveground organs are commonly destroyed
by fire but the underground stem system is persistent, unaf-
fected by the passage of a fire (Coutinho 1982; Eiten 1982).

Such studies are urgent, especially when considering the
importance of A. humile in the cerrado, a biodiverse environ-
ment of high importance in maintaining the life of the local
human and animal populations that very much depend on it
both directly and indirectly. In the Cerrado, this species has the
ecological functions of providing food for the endemic fauna, as
its fruits and seeds are highly sought after by animals, especially
by birds and also mammals such as the fox (Lycalopex vetulus).
Both these animals act as important seed dispersal agents. As a
subshrub species, A. humile is susceptible to the effects of both
man and fire, and finds itself competing with other plant species
for the title of most endangered species. The small fruits, when
fermented, provide a kind of brandy known by the indigenous
people as cauim (Carvalho 2020). The nuts are rich in vitamins
B1 and B2, proteins, lipids, niacin, phosphorous, and iron. All
organs of A. humile are used in folk medicine. The infusion
of its leaves and of the bark of the underground stem is used
to cure diarrhea. The oil found in the fruits has antiseptic and
healing effects, and is also used in industry in the production of
plastics, coatings, and insulating materials. The aboveground
stem of A. humile is rich in vitamin C, fiber, and antioxidants.
This biological composition is associated with the prevention of
chronic degenerative diseases such as cardiovascular diseases,
cancer, and diabetes. The infusion of the flowers is used to fight
coughs and to lower glucose level in diabetics (Carvalho 2020).

Our study analyzes the distribution, histochemistry, and
cytology of the secretory canals in the above- and belowground
stems of A. humile, to identify any variation in the morphology
and functioning of the secretory canals between above- and
belowground stem of the same plant. The results obtained
contribute to a better understanding of the aboveground-
belowground interactions and implications on plant secretions.

Material and methods

The studies were carried out on specimens of A. humile
occurring in a natural population in fragments of cerrado
in the municipalities of Botucatu and Praténia, state of
Sao Paulo, Brazil. In this region, individual plants present
as subshrubs, about 20 cm high and with extensive
belowground stem systems.
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Vouchers were deposited at the Herbarium “Irina
Delanova de Gemtchujnicov” (BOTU) of the Department
of Biostatistics, Plant Biology, Parasitology and Zoology,
Institute of Biosciences of Botucatu (IBB), Sdo Paulo State
University (UNESP), Botucatu, SP, Brazil.

Samples were taken from the aboveground stems with
both primary (0.5 cm from the apex) and secondary (10 cm
from the apex) growth and from the proximal region of the
belowground stem system at a depth of about 20 cm. Samples
were collected from at least five plants, and in such a way as
to cause minimal damage to the plants. The collected material
was immediately fixed and processed for examination under
light and transmission electron microscopes.

Light microscopy

For histological characterization, the material was fixed in FAA
50 (formaldehyde, acetic acid, and 50% ethanol) (Johansen
1940) for 24 h. Then, the material was dehydrated in a graded
ethanol series, and embedded in Leica Historesin (Leica
Microsystems Inc., Heidelberger, Germany). Sections (5 um
thick) were obtained using a rotary microtome, and stained with
toluidine blue pH 4.3 (O’Brien et al. 1964). Permanent slides
were mounted with Entellan® and analyzed under a Leica DMR
microscope with a Leica DFC 425 digital camera attached.
For in situ histolocalization, hand-cut sections (about
10-12 pm thick) were treated with Sudan IV for detection of
total lipids (Johansen 1940); NADI reagent for essential oils
and oleoresin (David and Carde 1964); 10% aqueous ferric chlo-
ride solution for labeling phenolic compounds (Johansen 1940);
0.02% aqueous solution of ruthenium red for identification of
various polysaccharides and pectins (Jensen 1962); periodic
acid/Schiff reagent (PAS) for neutral polysaccharides (McManus
1948); Lugol’s solution for detection of starch grains and alka-
loids (Johansen 1940); bromophenol mercury blue solution for
protein detection (Mazia et al. 1953); and tannic acid/iron II1
chloride for mucilage detection (Pizzolato and Lillie 1973).
For each histochemical test, we carried out the standard control
procedures suggested by the author of the respective technique.

Transmission electron microscopy (TEM)

To characterize the subcellular organization of the secretory
canals, samples were fixed in 2.5% glutaraldehyde in 0.1 mol
L~! phosphate buffer (pH="7.2), and left overnight at 4 °C.
The material was then post-fixed in 1% osmium tetroxide
(0sO,) solution in the same buffer for 2 h at room tempera-
ture. Afterwards, they were stained in 0.5% uranyl acetate,
dehydrated in acetone solution, soaked in acetone solution,
and embedded in Araldite® resin. Ultrathin sections were
stained with uranyl acetate and lead citrate (Reynolds 1963).
The material was examined in a Tecnai Spirit transmission
electron microscope (FEI Company) at 80 kV.

To better visualize the population of organelles and changes
in the endomembrane system associated with the secretory
process, the ZIO method was used (zinc iodide-osmium
tetroxide—Reinecke and Walther 1978). For this, the sam-
ples were fixed as in the conventional method, washed in
phosphate buffer with 8.5% sucrose in TRIS-aminomethane
buffer (1.13 M NaCl; 0.11 M CaCl,; 0.03 M MgCl,; 0.01 M
TRIS-aminomethane) pH 4.5, and incubated in ZIO in the dark
for 19 h. This was followed by dehydration in acetone series,
standard embedding, and TEM staining.

To detect acid phosphatase activity, we used the method
of Pino et al. (1981). This method has previously been used
to study the activity of lytic enzymes present in differ-
ent compartments of the plant secretory cell, including in
the cell walls (Machado and Rodrigues 2019). Preliminary
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Fig.1 Secretory canals of aboveground (a, ¢, e) and belowground
stems (b, d, f) of Anacardium humile. a, b Cross-sections showing
secretory canals (asterisks) in the primary phloem. ¢, d Mature canal
with wide lumen (LU) and secretory epithelium (EP) surrounded by
a parenchymal sheath (SH). e, f Longitudinal sections showing secre-
tory canals with elongated lumens (LU)
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studies described the participation of the epithelial cell wall
in the secretion elimination process (Barreiro and Machado
2007), which suggested the use of this method in the pre-
sent study. For this, thin sections of the samples were fixed in
2.5% glutaraldehyde in sodium cacodylate buffer for 60 min;
washed in 0.1 M cacodylate buffer, pH 7.2, with 8.5% sucrose
(4% 15 min); washed in 0.05 M sodium acetate buffer, pH 5.0,

Fig.2 Histochemical tests of
secretory canals in aboveground
(a—f) and belowground stems
(g-1) of Anacardium humile.
a—e, g—j Phloem canals. f, k, 1
Medullary canals. a, g Phenolic
substances. b, ¢, h, i Terpe-
noids. d, j Polysaccharides. e, k
Proteins. f, 1 Neutral polysac-
charides

with 5% sucrose (2% 10 min); and incubated in an appropri-
ate medium (25 mg of cytidine 5'monophosphate; 12 ml of
distilled water; 10 ml of 0.05 M sodium acetate buffer, pH
5.0; 3 ml of 1% lead nitrate in distilled water) at 37 °C with
constant stirring for 60 min. Then, the sections were washed
(1% 10 min) in 0.05 M sodium acetate buffer, pH 5.0, with 5%
sucrose; washed (1 X 10 min) in 0.1 M cacodylate buffer, pH

Table 1 Histochemistry of

Reagent
the secretory canals of above-

Target compound

Phloem canals Medullary canals

and belowground stems of Epithelium Lumen Epithelium Lumen
Anacardium humile
Ferric chloride Phenolic compounds - + - -
NADI reagent Terpenoids - + - -
Schiff (PAS) Neutral polysaccharides - - + +
Bromophenol Proteins - + - +
mercury blue
Ruthenium red Total polysaccharides + + - -

—no reaction, + positive reaction
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Fig.3 Electron micrographs of the secretory canals of the above-
ground stem of Anacardium humile. a Mature canal with wide lumen
(LU) and secretory epithelium (EP) surrounded by a parenchymal
sheath (SH). b Epithelial cell with dense cytoplasm, large nucleus
(NU), evident nucleolus, large vacuole (VA), plastids (PL), and mito-
chondria (MI). ¢ Part of an epithelial cell showing mitochondria (MI),
rough endoplasmic reticulum (RER), polyribosomes, and ellipsoid
plastids (PL) with electron-opaque droplets (asterisks) surrounded

by periplastid reticullum (PER). d Plasmodesmata (P) connecting
epithelial cells (EP) to sheath cells (SH). Note the vacuole (VA) with
membranous content. e Part of the epithelial cell with developed dic-
tyosomes (DI). f Rough endoplasmic reticulum (RER), dictyosomes
(DI) with dilated cisternae, and vesicles (VE) in the peripheral cyto-
plasm. g Multivesicular bodies (MB) juxtaposed to the plasma mem-
brane and within the vacuoles
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Fig.4 Electron micrographs of epithelial cells from secretory canals
of the aboveground stem of Anacardium humile. a Epithelial cell with
conspicuous nucleus (NU) and dense cytoplasm showing mitochon-
dria (MI), dictyosomes (DI), plastids (PL), and oil droplets (OL). b
Cytoplasm detail showing oil droplets (OL) inside vacuoles (VA). ¢
Neighboring epithelial cells with dark material and electron-dense
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inclusions in the periplasmic space (PS). d Neighboring epithelial
cells with dark material and electron-dense inclusions in the middle
lamella. Note the occurrence of developed mitochondria (MI) and
cisternae of rough endoplasmic reticulum (RER) in the cytoplasm. e
Electron-dense flocculated material in the canal lumen (LU)
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7.2, with 8.5% sucrose; and refixed in glutaraldehyde 2.5% in
sodium cacodylate buffer for 30 min. This was followed by
post-fixation with osmium tetroxide, dehydration in acetone,
and conventional inclusion in TEM.

Results

We compared the secretory canals in the aboveground and
in the belowground stems of A. humile.

Distribution, histology, and histochemistry
of the secretory canals

Secretory canals occurred both in the above- and belowground
stems (Fig. 1). The canals were associated with the phloem
(Fig. 1a, b) and embedded in the pith. Phloem canals were
most abundant and dense and occurred in all samples
analyzed, while medullary canals were rarer, sparsely
distributed, and often were not observed at all.

Fig. 5 Electron micrographs of
epithelial cells from secretory
canals of the aboveground stem
of Anacardium humile. a Secre-
tion-active cell showing dense
material adhered to the surface
of the tangential wall facing the
lumen (LU) and in the lumen.
Note the shedding of the cell
wall. b Cell debris in the lumen
of the secretory canal. ¢ Senes-
cent cell showing large central
vacuole (VA) and peripheral
cytoplasm with reduced popula-
tion of organelles: mitochon-
dria (MI), plastids (PL), and
rough endoplasmic reticulum
(RER). Note the presence of
multivesicular bodies near the
vacuole. d Senescent cell show-
ing large central vacuole (VA)
and peripheral cytoplasm with
reduced population of orga-
nelles: mitochondria (MI), plas-
tids (PL), and dictyosomes (DI).
Note the presence of membrane
debris in the vacuole

Histological analyses showed differentiated secretory
canals regardless of the stem growth stage—primary or
secondary. For this reason, the descriptions will refer to the
characteristics of the secretory epithelium cells without con-
sidering the growth stage of the above- and belowground
stems. Structurally, in all samples analyzed, the canals were
constituted by a uni-stratified secretory epithelium around a
wide lumen, where the secretion accumulated (Fig. 1c, d).
In all organs investigated, the canals were circular in cross-
section (Fig. 1c, d) and elongated in longitudinal section
(Fig. le, f). In all samples analyzed, the secretory canals
were surrounded by a sheath, consisting of one to four lay-
ers of oval to tangentially elongated parenchyma cells, with
meristematic characteristics. Some parenchymal sheath cells
presented cytoplasm with dense contents, histochemically
identified as phenolic substances (Fig. 1c, d).

In all samples analyzed from both aboveground
(Fig. 2a—f) and belowground (Fig. 2g-1) stems, phenolic
compounds (Fig. 2a, g), terpenoids (Fig. 2b, c, h, 1), pol-
ysaccharides (Fig. 2d, j), and proteins (Fig. 2e) were
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histochemically identified in the secretion accumulated in
the lumen of the phloem-associated canals, while neutral
polysaccharides (Fig. 2f, 1) and proteins (Fig. 2k) were pre-
sent in the secretions of the medullary canals (Table 1).

Ultrastructure of the secretory canals

In each secretory canal, there were cells at all stages of the
secretory cycle—"pre-secretory,” “secretory,” and “post-
secretory.” We will describe the subcellular organizations
of the epithelial cells of these stages individually.

The secretory canals of the aboveground stems showed
significant ultrastructural differences from the canals of the
belowground stems. In the aboveground stems, the epithelial
cells presented different sizes and shapes, mostly rounded, some
more oval to tangentially elongated (Fig. 3a). The epithelial cells
revealed a heterogeneous subcellular organization. Some cells
had ultrastructures typical of active secretory cells, while others
exhibited the characteristics of senescent cells (Fig. 3a).

Fig.6 Electron micrographs of
epithelial cells from secretory
canals of the belowground stem
of Anacardium humile. a Secre-
tion-active epithelial cell with
organelle-poor cytoplasm. Mito-
chondria, MI. b Detail of the
cytoplasm of an active epithelial
cell in secretion with few orga-
nelles. Mitochondria, MI; rough
endoplasmic reticulum (RER).

¢ Mature canal with wide lumen
(LU) and senescent secretory
epithelium (EP) surrounded

by a parenchymal sheath (SH).
Note the elongated epithelial
cells with large central vacuole.
d Senescent epithelial cell with
a large vacuole (VA) and cyto-
plasm reduced to a thin layer at
the periphery of the cell. LU,
lumen; SH, sheath. e Rounded
epithelial cell with large vacuole
(VA) and cytoplasm reduced to
a thin layer at the periphery of
the cell with mitochondria (MI).
LU, lumen; SH, sheath. f Neigh-
boring senescent epithelial cells
showing mitochondria (MI) and
cisternae of rough endoplasmic
reticulum (RER). g Part of a
senescent epithelial cell show-
ing polymorphic plastids (PL)
with electron-opaque droplets
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Cells active in secretion presented convex faces towards the
lumen, thin primary walls, plasma membranes with irregular
contours, voluminous nuclei with evident nucleoli, and very
dense cytoplasm (Fig. 3b). These cells contained free ribo-
somes, polyribosomes, mitochondria with developed cristae,
and ellipsoid plastids in the cytoplasm with electron-opaque
droplets and surrounded by a periplastid reticulum (Fig. 3c).
The vacuoles were of different sizes and often had membra-
nous contents. Plasmodesmata were present on the anticlinal
walls, connecting with adjacent epithelial cells, and on the
inner periclinal walls adjacent to the sheath (Fig. 3d). Well-
developed dictyosomes with dilated cisternae, rough endo-
plasmic reticulum, and numerous vesicles were scattered
throughout the cytoplasm, clearly characterizing the trans-
Golgi network (Fig. 3e, f). Multivesicular bodies and vesicles
were common in the peripheral cytoplasm close to the plasma
membrane and close to, or within, the vacuoles (Fig. 3g).
Electron-opaque droplets (saturated lipids), histochemi-
cally identified as oil droplets, occurred inside vacuoles and
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dispersed in the peripheral cytoplasm (Fig. 4a, b). Strongly
osmiophilic flocculated materials localized in the periplasmic
space (Fig. 4¢), in the middle lamella (Fig. 4d), and in the
canal lumen (Fig. 4e) were common in these cells. The outer
cell wall, tangential to the lumen of the secretory epithelium
cells, appeared to be detached from the protoplast and with
signs of progressive desquamation (Fig. 5a). Cell debris was
observed in the lumens of the canals (Fig. 5b).

The senescent epithelial cells had large central vacuoles and
peripheral cytoplasm. There was a decrease in the population
of organelles. A few mitochondria, plastids, dictyosomes, and
rough endoplasmic reticulum were observed (Fig. 5c). Multive-
sicular bodies were observed close to the vacuole (Fig. 5¢), and
there were remnants of membranes inside the vacuoles (Fig. 5d).

The active epithelial cells of the secretory canals of the
belowground stem (Fig. 6a, b) presented a cytoplasm low in
the numbers of organelles, with some mitochondria, rough
endoplasmic reticulum, free ribosomes, and polyribosomes.
Many vesicles were present (Fig. 6b).

Fig.7 Electron micrographs of
epithelial cells from secretory
canals of the belowground
stem of Anacardium humile.

a Neighboring epithelial cells
showing multivesicular bodies
(MB) juxtaposed to the plasma
membrane. b Part of an epithe-
lial cell showing multivesicular
bodies (MB) juxtaposed to the
plasma membrane. Note the
dense material adhering to the
lumen-facing tangential wall
surface (LU). ¢ Epithelial cell
showing oil droplets (OL) close
to the plasma membrane and in
the middle lamella. d Epithelial
cell detail showing oil droplets
(OL) in the middle lamella and
electron-dense flocculated mate-
rial in the canal lumen (LU)

In all samples analyzed, the vast majority of epithelial cells
of the belowground stem secretory canals were senescent
(Fig. 6¢). The primary walls were thin, the central vacuoles
were voluminous, and the cytoplasm was reduced to a thin
layer at the periphery of the cell (Fig. 6d). Free ribosomes,
rough endoplasmic reticulum, mitochondria (Fig. 6e), and
polymorphic plastids with electron-opaque droplets (Fig. 6f)
were present in the cytoplasm. Large numbers of multive-
sicular bodies were associated with the plasma membrane or
inside the vacuole (Fig. 7a, b). Electron-opaque inclusions
(histochemically identified as lipids) were present in the
cytoplasm close to the plasma membrane and in the middle
lamella (Fig. 7c). Strongly osmiophilic flocculated material
in the canal lumen was common (Fig. 7b—d).

In the secretory canals of both the above- and the
belowground stems, the parenchymal sheath cells (Fig. 8)
were flattened, juxtaposed and with thin walls, with highly
developed central vacuoles, and the cytoplasm greatly
reduced with the chloroplasts and mitochondria. Some of
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these cells had homogeneous and dense contents filling
the entire vacuole, confirmed by histochemical tests as a
phenolic substance (Fig. 8a—c).

In both the above- and belowground stems, acid phos-
phatase (AcPase) activity was detected in the cell walls of the
epithelial cells (Fig. 9). Coarser deposits were present in the
walls of the active secretory cells of both the above- (Fig. 9a)
and belowground stems (Fig. 9b), while fine granular material
was found in the walls of active cells of the belowground stems
(Fig. 9b) and in senescent cells in both the above- (Fig. 9¢) and
belowground stems (Fig. 9d).

In the secretory canals of the aboveground stems
(Fig. 10a—f), the ZIO method marked tubular portions of the
rough endoplasmic reticulum (Fig. 10a) and the cisternae of
the dictyosomes (Fig. 10a—d) in the epithelial cells. Dicty-
osomes consisted of five to seven stacked, flattened cisternae
with dilated ends and associated vesicles (Fig. 10b, d). The
reaction products were seen as electron-dense deposits in the
lumen of the rough endoplasmic reticulum and cisternae of dic-
tyosomes and in the vesicles that sprout from the dilated ends.

Fig. 8 Electron micrographs

of parenchymal sheath cells

of secretory canals of Anacar-
dium humile. a Mature canal
with wide lumen (LU) and
secretory epithelium (EP)
surrounded by a parenchymal
sheath (SH). Note that some
cells had homogeneous and
dense content filling the entire
vacuole (asterisks). b Detail

of sheath cells showing flat,
juxtaposed, thin-walled cells
with a highly developed central
vacuole and greatly reduced
cytoplasm. Note that some cells
had homogeneous and dense
content filling the entire vacuole
(asterisks). ¢ Detail of sheath
cells showing flat, juxtaposed,
thin-walled cells with a highly
developed central vacuole and
greatly reduced cytoplasm. Note
that some cells had homogene-
ous and dense content filling
the entire vacuole (asterisks).

d Part of a sheath cell show-
ing a highly developed vacuole
and peripheral cytoplasm with
plastids (PL) and mitochondria
(MI)
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Some dictyosomes were fully stained and in others only a few
cisternae were stained (Fig. 10b). Cristae of some mitochondria
were also stained (Fig. 10e). Vesicles with electron-dense mate-
rial inside were scattered throughout the cytoplasm (Fig. 10f).

In the secretory canals of the belowground stem (Fig. 10g,
h), the ZIO method evidenced the cisternae of dictyosomes and
vesicles with osmiophilic content in the epithelial cells (Fig. 10g).
The dictyosomes consisted of about five, well-flattened cisternae
and had very reduced lumens (Fig. 10h). In the parenchymal
sheath cells (Fig. 10i-1) of secretory canals of the above- and
belowground stems, the ZIO method marked plastid thylakoids
(Fig. 10i), dictyosomes (Fig. 10j), mitochondrial cristae (Fig. 10k),
and vesicles with electron-dense material inside (Fig. 101).

Discussion

Our study confirms that the secretory canals are present in
both the above- and the belowground stems of A. humile and,
moreover, that they share the same histological pattern and
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distribution. The occurrence of secretory canals associated
with the phloem of the stem is a universal feature of the
Anacardiaceae family (Metcalfe and Chalk 1950). Medullary
canals are present in only a few genera of the Anacardiaceae
such as in Anacardium, Mangifera, and Schinus (Venning
1948; Paviani 1965; Szabd 1971; Paula and Alves 1973;
Carmello et al. 1995; Torres and Jauregui 1999; Sawidis

et al. 2000; Tolke et al. 2021). Canals associated with the
phloem originate from the procambium and appear early in
the development of the shoot axis, while the medullary canals
arise from the ground meristem and develop only after the
formation of the phloem canals (Tolke et al. 2021). Thus, the
absence of medullary canals at the shoot apex is associated
with the ontogenetic origin of these structures in the medulla.

2pm

Fig.9 Ultrastructural cytochemistry for acid phosphatase enzyme
(arrows) in the cell wall (CW) of secreting active cells in the epithe-
lium of above- (a) and belowground (b) stem canals of Anacardium
humile. Also, senescent cells in the epithelium of above- (¢) and
belowground (d) stem canals and negative control (e, f). a Coarser

deposits on the walls of active secretory cells. b Coarser deposits
on the walls of active secretory cells. ¢ Fine granular material on
the walls of senescent cells. d Fine granular material on the walls of
senescent cells. e Negative control in active cells. f Negative control
in senescent cells
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This comparative study of above- and belowground stems
reveals that the secretory canals in the aboveground stem
present epithelial cells with ultrastructural characteristics
typical of cells active in secretion, while in the belowground
stem, the subcellular characteristics of the epithelial cells are
typical of those with low metabolic rates. These differences
in epithelial cell characteristics are probably associated with
the distinct above- and belowground environments, since the
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production of specialized metabolites is directly associated
with aspects of radiation and temperature, both of which
strongly affect photosynthesis by altering carbon fixation
and carbon allocation for the synthesis of different macro-
molecules (Roshchina and Roshchina 1993; Juneja et al.
2013; Tresmondi et al. 2015, 2017). Rodrigues et al. (2014)
observed the influences of light and temperature on the den-
sity of canals and secretory cavities in Pterodon pubescens
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«Fig. 10 Electron micrographs (TEM) of epithelial cells of secretory
canals of Anacardium humile aboveground stem (a—f) and below-
ground stem (g—h) and parenchymal sheath cells (i-1) processed
according to the ZIO technique. a Detail of an epithelial cell, show-
ing endoplasmic reticulum (ER) and dictyosomes (DI) impregnated
with reaction product. b Detail of an epithelial cell showing deposits
of reaction products in the external cisternae of the dictyosome (DI).
¢ Detail of an epithelial cell showing deposits of reaction products
in the external cisternae of the dictyosome (DI) and the vesicle (VE)
attached to these cisternae. d Detail of a dictyosome in an epithelial
cell showing deposits of reaction products in the flattened cisternae
with enlarged ends. e Detail of an epithelial cell showing marked
mitochondrial cristae. MI, mitochondria. f Vesicles with electron-
dense material (VE) dispersed in the cytoplasm of epithelial cells. g
Cisternae of dictyosomes (DI) and vesicles with osmiophilic content
(VE) in epithelial cells. h Detail of a dictyosome (DI) in an epithelial
cell showing deposits of reaction products in the flattened cisternae. i
Detail of a sheath cell, showing plastid thylakoids impregnated with
reaction products. j Detail of a dictyosome (DI) in cell sheath show-
ing deposits of reaction products in the flattened cisternae. k Detail of
a sheath cell showing marked mitochondrial cristae. MI, mitochon-
dria. 1 Vesicles with osmiophilic content (VE) in the peripheral cyto-
plasm of the sheath cell

and on the ultrastructure of its epithelial cells. Tresmondi
et al. (2015, 2017) also observed differences in ultrastruc-
tural characteristics and secretion in colleters of Rubiaceae
exposed to different environmental conditions.

The presence of secretory cells of different sizes, shapes,
and ultrastructural organizations in the same epithelium
of canals of the aboveground stems of A. humile contrasts
with the uniformity of these characteristics in the secretory
canals of the belowground stems. Differences in the charac-
teristics of the secretory cells in the same epithelium have
been related to the functional stages of these cells, as already
reported in the secretory canals of a number of species of
Anacardiaceae (Machado and Carmello-Guerreiro 2001;
Lacchia and Carmello-Guerreiro 2009; Tolke et al. 2021).

The results of our histochemical tests reveal that the chemi-
cal compositions of the secretions stored in the lumens of the
secretory canals of the above- and belowground stems do not
differ. In the phloem canals, the secretions are heterogeneous,
being constituted by both hydrophilic components (phenolic
substances, proteins, and polysaccharides) and lipophilic com-
ponents (total lipids and terpenoids). However, the secretions of
the medullary canals are homogeneous, being composed only
of hydrophilic substances (polysaccharides and proteins). The
compartmentalization of the secretions observed in the stems of
A. humile (i.e., with resin production only in the phloem canals)
indicates a high degree of specialization of these secretory canals.
Differential compositions of secretions produced in secretory
canals and cavities have been reported in the vegetative axes of
Copaifera langsdorffii (Leguminosae) (Rodrigues et al. 2011a,
b). However, our results differ from this study, since in A. humile,
secretory canals occur only in the stem phloem and pith. Factors
related to gene regulation of synthesis, metabolism, and terpene
compartmentalization should be considered (Zhao et al. 2018;

Huang and Osbourn 2019), in addition to the location of these
secretory structures adjacent to the phloem, which is the tissue
responsible for the transport of the precursors that will form part
of the secretion. The subcellular apparatus of the epithelial cells
of the phloem secretory canals of the aboveground stem of A.
humile in the secretory stage is consistent with the production
of the polysaccharides and proteins in addition to the lipid sub-
stances that we confirmed through histochemical testing. It sug-
gests the secretion of gum resins, as already reported in a number
of Anacardiaceae species (Nair et al. 1983; Bhatt and Ram 1992;
Tolke et al. 2021). The occurrence of dictyosomes with abundant
vesicles, rough endoplasmic reticulum, and ribosomes indicates
the production of hydrophilic substances such as polysaccharides
and proteins, while the presence of oil droplets dispersed in the
cytoplasm and in the matrix of modified plastids is consistent
with the synthesis of lipophilic substances (Fahn 1979; Evert
2006). Our results show plastids devoid of inner membranes,
with lipid droplets in the matrix, surrounded by periplastid endo-
plasmic reticulum. According to Cheniclet and Carde (1985),
the structure of plastids is directly related to the synthesis of
monoterpenes. Cells with typical leucoplasts characterized as
plastids lacking ribosomes, thylakoids, and an internal membrane
system produce significant amounts of monoterpenes (Cheni-
clet and Carde 1985). The occurrence of periplastid endoplasmic
reticulum may be associated with the transport of oil droplets
from the plastid to the peripheral cytoplasm and to lumen of the
canal (Bhatt and Ram 1992; Rodrigues et al. 2011a, b).

The presence of dictyosomes, ribosomes, and polyri-
bosomes is also related to the synthesis and elimination of
enzymes (Machado and Carmello-Guerreiro 2001; Paiva and
Machado 2007; Rodrigues et al. 2011a, b). These enzymes
may be involved in the degradation of the cell wall and its
desquamation on the side facing the lumen (Rodrigues and
Machado 2012). A considerable number of enzymes are
associated with the cell walls in plants, performing impor-
tant biological functions related to the synthesis and modifi-
cation of wall components, the transport of various metabo-
lites, and defense mechanisms (Hasegawa et al. 1976; Bozzo
et al. 2002; Kaida et al. 2008). Some cytochemical studies
consider the observation of electron-dense insoluble reac-
tion products is a reliable indicator of localization of acid
phosphatase activity (Machado and Rodrigues 2019). Acid
phosphatase (AcPase) activity in the cell wall was confirmed
by ultrastructural cytochemistry. Acid phosphatase (AcPase)
is a lysosomal enzyme found widely in animals and plants,
capable of hydrolyzing organic phosphate esters in a wide
range of substrates at an acidic pH (Han et al. 2020).

The presence of mitochondria with developed cristae is
a result of the high rate of ATP synthesis required for the
production of gum resin (Bhatt and Ram 1992).

As observed for the cavities of Pterodon pubescens (Rod-
rigues and Machado 2012), our results suggest secretion
release into the canal lumens of A. humile involves holocrine,
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eccrine, and granulocrine mechanisms. Cellular debris was
observed in the canal lumens, indicating that epithelial cells
separate from the adjacent ones (desquamation) and are
released into the lumen, culminating in the secretion of holo-
crine substances. Bhatt and Ram (1992) observed free cells
in the lumens of Semecarpus anacardium secretory canals
and associated these cells with holocrine secretion. Machado
and Carmello-Guerreiro (2001) also observed epithelial cells
being released into the lumens of secretory canals in Schinus
terebinthifolius fruits and associated them with the addition
of materials to the secretion and also with the enlargement of
the cavity. Turner et al. (1998) also observed cellular debris
in the lumen of the duct but interpreted this as an artifact.
Lipid drops close to the plasma membrane suggest an eccrine
secretion process (Rodrigues and Machado 2012). Vesicles
and multivesicular bodies in the peripheral cytoplasm or jux-
taposed to the plasma membrane are evidence of a granu-
locrine process of secretion (Fahn 1979). The presence of
membranous material in the vacuole, observed in the epithe-
lial cells of the secretory canals of the aboveground stems,
suggests organelle degradation has characteristics of micro-
autophagy, as discussed in van Doorn and Papini (2013).

In all the belowground stem canal samples, the vacuoles
of most epithelial cells become very developed, while their
cytoplasm is reduced to a peripheral film, poor in orga-
nelles, and with signs of low secretory activity (Rodrigues
et al. 2014). The cisternae of the dictyosomes are much
reduced compared with those in the epithelial cells of the
aboveground stem canals, in which the cisternae are well
developed with dilated ends from which vesicles sprout.

The presence of a sheath of cells with meristematic char-
acteristics, surrounding the secretory canals of the above- and
the belowground stems of A. humile, has been interpreted as
responsible for the renewal of the secretory epithelium. This
process maintains secretory activity during stem develop-
ment, suggesting these canals remain active in secretion for
a long time (Rodrigues et al. 2014). The presence of a sheath
with meristematic characteristics in secretory canals has been
described in secretory canals and cavities of a number of other
plant species (Machado and Carmello-Guerreiro 2001; Lac-
chia and Carmello-Guerreiro (2009); Rodrigues et al. 201 1a,b;
Machado et al. 2017; Palermo et al. 2018; Tolke et al. 2021).

The results discussed above stress the usefulness of com-
bining both light and transmission electron microscopy, along
with a range of techniques of ultrastructural cytochemistry in
elucidating the functions of secretory canals under differing
environmental conditions. Transmission electron micros-
copy, in combination with cytochemical methods (Fakan
2004), represents an important tool for analysis of the struc-
ture—function relationships of secretory systems in plants.

Our results show that particularities in above- and below-
ground environment have significant implications for ultras-
tructural morphology and functioning of secretory canals in

@ Springer

the stems of A. humile. This study opens new perspectives to
explore all possible combinations of above- and belowground
interactions and their implications for the development of the
secretory system of plants that have complex stem systems.
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Abstract

Autophagy is a highly conserved cellular process for the degradation of cytoplasmic
organelles and proteins in eukaryotes. In plants, autophagy can be classified into
macroautophagy and microautophagy, as well as into several less-studied types such as
selective autophagy and mega-autophagy. Recent studies show that autophagy is involved
in a number of processes of plant development and to plant stress responses, being
essential for the maintenance of cellular homeostasis. The occurrence and types of
autophagy in the development of secretory structures have not been much studied. In this
study, to better understand the implications of autophagy in the development and
functioning of resin-secreting canals, we investigated the occurrence and characterized
the types of autophagy in the secretion canals using Anacardium humile A.-St. Hil as a
model. Our results show the occurrence of macroautophagy and microautophagy in
epithelial cells of the resin-secreting canals in A. humile. Using immunolocalization
methods for autophagosomes in confocal microscopy associated with ultrastructural
cytochemistry, we clearly identified the autophagic process. We also describe in detail
the structures related to autophagy at an ultrastructural level. This study highlights the
role of autophagy in the development of resin-secreting canals under normal
developmental conditions.

Keywords: autophagy, immunohistochemistry, macroautophagy, microautophagy,

secretory canals, ultrastructure.

Abbreviations:
AcPase: acid phosphatase activity

ATG: proteins related to autophagy

AVi: initial autophagic vacuole

MVB: multivesicular bodies

PBS: phosphate buffered saline
PCD: programmed cell death
RER: rough endoplasmic reticulum

SER: smooth endoplasmic reticulum

Z10: method zinc iodide - osmium tetroxide
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Introduction

The recycling of cellular components is essential for the survival and growth of many
organisms (Wang et al. 2020). Plants have developed sophisticated recycling mechanisms
for their cellular constituents (Marshall and Vierstra 2018) and these include autophagy.
In this catabolic process, cytoplasmic constituents are degraded in lytic organelles
(lysosomes in animals and fungi, or vacuoles in plants) and the products of this
degradation are returned to the cytoplasm to be reused (Contento et al. 2005; Bassham
2007; Avin-Wittenberg et al. 2012; Bozhkov 2018; Soto-Burgos et al. 2018). Autophagy
Is essential for maintaining cellular homeostasis, contributing to various plant
developmental processes and stress responses such as to nutrient restriction and infection
(Sienko et al. 2020; Mahood 2021; Magen et al. 2022).

In plants, autophagy is often divided into two main types: microautophagy and
macroautophagy (Mitou et al. 2009; Van Doorn and Papini 2013). In microautophagy, a
small, single-membrane vesicle is formed through the invagination of the vacuolar
membrane enclosing cytosolic components. Microautophagy is involved in the
accumulation and storage of proteins and lipids, the degradation of starch grains, leaf
senescence, the accumulation of anthocyanins, the development and germination of seeds
and in pre-secretory stage of nectaries in epidermal cells (Bassham et al. 2006; Chanoca
et al. 2015; Soto-Burgos et al. 2018; Wang et al. 2018; Machado and Rodrigues 2019).
Macroautophagy, is simply referred to as autophagy and is the most-studied form in
plants. Although what occurs is similar to that in animal cells, it has its own characteristics
(Papini et al. 2014). It is characterised by the engulfment of cytoplasmic contents and
organelles in double-membrane vesicles called autophagosomes or autophagic vesicles
(Yoshimoto et al. 2014; Soto-Burgos et al. 2018; Zhang et al. 2018). Macroautophagy
involves several steps, including the formation and expansion of phagophores and their
closure directed towards autophagosome formation and, finally, their fusion with the
vacuole (Wojciechowska et al. 2021). During this process, the autophagosome engulfs
and transports material to the vacuole. Then, the outer membrane of the autophagosome
fuses with the tonoplast and the inner membrane and the material it contains are released
into the lumen of the vacuole where degradation by resident hydrolases takes place
(Yoshimoto et al. 2009; Zhuang et al. 2013). Degraded products are transported back to
the cytoplasm, where they are reused (Yang and Bassham 2015). Alternatively,
autophagosomes can transform into acidic and lytic lysosome-like structures, and the

fusion with the vacuole occurs as a secondary event (Wang et al. 2018). Autophagosomes
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undergo a progressive maturation process by interacting with multivesicular bodies
(MVBs) and/or late endosomes to generate intermediate/hybrid compartments called
amphisomes, which are at the intersection of autophagous and endocytic pathways
(Ganesan and Cai 2021). In plants, recent work suggests the endoplasmic reticulum is the
source of membranes and signalling for autophagosomal biogenesis (Zhuang et al. 2018).
Additional types of autophagy have been described in plants (Van Doorn and Papini
2013): selective autophagy, when partial degradation of the cytoplasm and/or specific
organelles (plastids, mitochondria) occurs while still in the cytoplasm, and mega-
autophagy, when the membrane of the vacuole ruptures and releases hydrolases into the
cytoplasm, completely degrading it and, hence, resulting in cell death. This is commonly
interpreted as a type of programmed cell death (PCD). These two types of autophagy
remain little studied, especially in respect to the molecular mechanisms associated with
each (Yoshimoto and Ohsumi 2018).

Advances in research into autophagy in plants have been made possible through
the use of multiple techniques including transmission electron microscopy (Van Doorn
and Papini 2013), ultrastructural cytochemistry (Cai et al. 2009; Machado and Rodrigues
2019) and fluorescence microscopy using specific markers (Yoshimoto and Ohsumi
2018; Zhang et al. 2018).

Transmission electron microscopy was one of the first tools used to characterize
autophagy, and it is still one of the most reliable methods for monitoring autophagy in
cells and tissues in nanoscale (Mitou et al. 2009; Zheng et al. 2018; Zhang et al. 2018;
Machado and Rodrigues 2019). In addition, the use of ultrastructural cytochemistry for
membrane impregnation and acid phosphatase localization brings a more objective and
reliable interpretation of this process (Machado and Rodrigues 2019).

More than 40 proteins related to autophagy (ATG) are known, among these is
ATG8 (Magen et al. 2022). This is a useful marker protein for the study of autophagy,
since it is located both in the inner and outer membranes of autophagosomes.
Furthermore, ATG8 plays a unique role during selective autophagy, in which cargo
recognition is performed by receptors that also recognise ATG8 on the autophagosomal
membrane (Magen et al. 2022). ATGS8 is an important marker of the autophagic process
and the use of immunolocalization techniques in confocal microscopy is complementary
technique for detecting autophagy (Mitou et al. 2009).

The participation of autophagy in normal plant development processes, such as

the differentiation of tracheal elements, in leaf senescence (Kwon et al. 2010) and in the
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differentiation of reproductive structures (Haddad et al. 2019) is well known. On the other
hand, little is known of the occurrence of autophagy and its implications for the
development of secretory structures (Zhang et al. 2018; Machado and Rodrigues 2019).
Zhang et al. (2018) identified and described in detail the autophagic process during the
development of non-articulated laticifers of Euphorbia kansui, also confirming the
presence of autophagosomes, autolysosomes and lysosome-like structures. Machado and
Rodrigues (2019) reported three types of autophagy during the development of the
extrafloral nectary of Citharexylum myrianthum, two of these - macroautophagy and
microautophagy — are associated with the biogenesis of vacuoles in the pre-secretory
stage, whereas mega-autophagy is associated with cell death and is restricted to the post-
secretory stage.

The occurrence of resin-secreting canals is a striking feature in Anacardiaceae
(Pell et al. 2011; Royo et al. 2015), and constitutes a resin production site of great
commercial importance in this family (Pickel 2008). Microscope studies over recent
decades have contributed considerably to our knowledge of the formation, development
and functioning of the resin-bearing canals/cavities in Anacardiaceae and other families
(Fahn and Evert 1974; Nair et al. 1983; Machado and Carmello-Guerreiro 2001; Lacchia
and Carmello-Guerreiro 2009). Although morphological evidence of autophagy can be
detected, such aspects were not adequately explored or even mentioned in these studies.
Precise knowledge of when, in which tissues and under what conditions autophagy is
activated is important to our understanding of the physiological functions of autophagy
in plants (Yoshimoto and Ohsumi 2018).

To better understand the implications of autophagy in the development and
functioning of these resin-secreting canals, this study investigates the occurrence and
characterises the types of autophagy in the secretion canals of Anacardium humile A.-St.

Hil., a species of Anacardiaceae native to the Cerrado.

Material and methods

The studies were carried out on specimens of Anacardium humile vegetating in a native
population existing in the Cerrado in the municipalities of Botucatu (22°57'17”S,
48°26'6”W) and Pratania (22°49'14”S, 48° 44'56”W), state of Sao Paulo, Brazil.
Vouchers were deposited at the Herbarium “Irina Delanova de Gemtchujnicov” (BOTU)
of the Botany Department of the Botucatu Institute of Biosciences, UNESP, Botucatu,
SP, under registration number BOTU 34536.
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Samples from the stem apex (including leaf primordia and young leaves), without

mechanical damage and injuries, were collected from at least five adult individuals.

Transmission electron microscope studies

For conventional ultrastructural analyses in transmission electron microscopy (TEM), the
samples were fixed in Karnovsky's solution (Karnovsky 1965) for 24 h, washed three
times for 5 min each in 0.1M phosphate buffer (pH 7.3), post-fixed in 1% osmium
tetroxide in the same buffer for 2 h at room temperature. Afterwards, they were washed
three times for 10 min each in distilled water, contrasted in block in 0.5% uranyl acetate
for 2 h at room temperature; dehydrated in increasing acetone solutions, soaked in acetone
solution and Araldite® resin for 24 h and embedded in Araldite®. Ultrathin sections were
counterstained with uranyl acetate and lead citrate (Reynolds 1963). The material was
examined in a Tecnai Spirit Transmission Electron Microscope (FEI Company) at 80 kV.

For better visualisation of the population of organelles and changes in the
endomembrane system associated with the secretory process, the ZIO method (zinc iodide
- osmium tetroxide - Reinecke and Walther 1978) was used. For this, the samples were
fixed as in the conventional method for TEM, washed in phosphate buffer with 8.5%
sucrose, washed in TRIS-aminomethane buffer, pH 4.5 and incubated in Z10 in the dark
for 19 h. This was followed by dehydration in acetone, conventional embedding and
staining.

To detect hydrolases residing in vacuoles and autophagic vesicles (acid
phosphatase activity) (Pino et al. 1981), samples were fixed in 2.5% glutaraldehyde in
sodium cacodylate buffer, washed in 0.1 M cacodylate buffer, pH 7, 2, with 8.5% sucrose,
washed in 0.05 M sodium acetate buffer, pH 5.0 with 5% sucrose and incubated in an
appropriate medium at 37°C with constant stirring for 60 min. Then, the sections were
washed in 0.05 M sodium acetate buffer, pH 5.0 with 5% sucrose, washed in 0.1 M
cacodylate buffer, pH 7.2, with 8.5% sucrose and fixed in glutaraldehyde 2 .5% in sodium
cacodylate buffer for 30 min. This was followed by post-fixation with osmium tetroxide,

dehydration in acetone and conventional inclusion in TEM.

Fluorescence microscope studies
For detection of autophagic vesicles by immunofluorescence, we used an adaptation of
the protocol described in Zhang et al. (2018). Samples (n=5) of newly collected material

were placed in methanol for 5 min at room temperature and subsequently fixed in 4%
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paraformaldehyde for 20 min at room temperature. Next, they were washed in PBS with
0.5% Triton X-100 for 30 min and blocked with 3% BSA in PBS with 0.5% Triton X-
100 for 30 min with stirring. Sections were then incubated with anti-ATG8a antibody
(ab77003; Abcam, 1:500 in PBS with 1% BSA) and washed with PBS containing 0.5%
Triton X-100. Subsequently, the sections were incubated with goat anti-rabbit 1gG
conjugated with fluorescein isothiocyanate (Alexa Fluor 488; Invitrogen, 1:750 in PBS
with 1% BSA for 1 h. After washing in PBS for 30 min, the slides were mounted in
Fluoroshield (Sigma) and observed under a confocal microscope (Leica — TCS SP5)
(excitation laser 488nm). Images were acquired using LAS AF software. Negative
controls with the omission of the primary antibody were performed. Some sections which
were not subjected to any either treatment or incubation, were checked and did not exhibit

autofluorescence (data not shown).

Results

Conventional TEM analyses revealed that in all samples analysed, the secretory canals
were associated with the phloem and were constituted by a uni-stratified secretory
epithelium around a wide lumen. The epithelial cells presented different sizes and shapes
and exhibited distinct subcellular organisation according to the stage of the secretory
cycle in which they were found (Fig. 1a). In the secretory stage, epithelial cells were more
voluminous, spherical to wedge-shaped and characterised by dense and abundant
cytoplasm rich in free ribosomes and polyribosomes, rough (RER) and smooth (SER)
endoplasmic reticulum, well-developed Golgi bodies with many cisternae and vesicles
adjacent mitochondria and globular plastids containing electron-opaque inclusions (Fig.
1b-f). Periplastid endoplasmic reticulum was commonly seen (Fig. 1b-e).

In cells active in secretion, endoplasmic reticulum profiles were in a semi-arc
shape (Fig. 1f-i, Fig. 2a), characterising the formation of the phagophore or initial
autophagic vacuole (AVi), considered the initial phase of macroautophagy. In many of
these cells, the cytoplasm was strongly electron-dense with a large proliferation of smooth
endoplasmic reticulum (SER). Mitochondria contained degraded cristae and accumulated
membrane debris (Fig. 2b). Membranes from the SER appeared as dense tubes scattered
throughout the cytoplasm and around organelles (Fig. 2a,b,e). The dictyosomes were
highly developed with many associated vesicles (Fig. 2c-f), which appeared distributed
in a network around portions of cytoplasm (Fig. 2g). These vesicles fused to form small

autophagic vacuoles, which later also fused to form larger vacuoles (Fig. 2h-i). Electron-
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lucent structures with cytoplasmic contents were present, evidencing the formation of
autophagosomes (Fig. 3a-f). Multilamellar bodies within these structures were also
present (Fig. 3g-i).

As secretion progressed, the cells became less voluminous, tangentially elongated,
with an irregular cell wall and exhibited reduced cytoplasm, a single central vacuole was
formed (Fig. 4). Multivesicular bodies were observed inside the vacuoles (Fig. 4a-c). At
this stage, the vacuoles were electron-lucent and contained membrane debris (Fig. 4d-f);
the tonoplast showed invaginations and protrusions encompassing cytoplasmic material
(Fig. 4e-f), characteristics of microautophagy.

At the end of the secretory stage, the epithelial cells presented thin walls,
cytoplasm reduced to a thin parietal layer, a wide central vacuole with intact tonoplast,
the cytoplasm was restricted to the periphery of the cell and the organelles were reduced
in number (Fig. 4g-i). In none of the samples analysed was there any sign of rupture of
the tonoplast, therefore, no sign of mega-autophagy.

Products of the ZIO reaction are seen as electron-dense deposits in the lumen of
the rough endoplasmic reticulum (Fig. 5a-c), in the cisternae of dictyosomes (Fig. 5c-g),
and in the vesicles that bud from their dilated ends (Fig. 5g-h). Some dictyosomes were
fully stained by ZIO while, in others, the median cisternae were not stained (Fig. 59).

The product of the AcPase reaction appeared as clumps of electron-dense material
in the lumen of the endoplasmic reticulum (Fig. 6a) and in the cisternae of dictyosomes
(Fig. 6b-d), mainly in the dilated ends. AcPase was evident in vesicles budding from the
endoplasmic reticulum and dictyosomes (Fig. 6b-e). Dense bodies in juxtaposition to the
tonoplast of autophagic vacuoles were observed (Fig. 6f). The reaction products were
present in multivesicular bodies close to the cell wall (Fig. 6g). Coarser deposits were
present on the walls of secretory cells active in secretion (Fig. 6g), while fine granular
material was found on the walls of senescent cells (Fig. 6h), which was not observed in
the negative control (Fig. 6i).

In the detection of autophagic vesicles by immunofluorescence (Fig. 7), green-
fluorescent signal dots were distributed in epithelial cells and the parenchyma sheath of
secretory canals compared to controls without anti-ATG8a antibody. This confirms that

the autophagy occurs in the resin canals.

Discussion
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Here, through analysis in transmission electron microscopy and confocal microscopy, we
have identified two types of autophagy are involved in the resin secretory cycle in A.
humile - macroautophagy and microautophagy. Although the questions about how the
components degraded in the vacuoles will be part of the secretion have not yet been
answered, we show that in the cells of the resin-secreting canals autophagy is responsible
for the vesicular transport and degradation of cytoplasmic components and also actively
participates in the biogenesis of vacuoles, playing a fundamental role in the secretion
metabolism. Often associated with cell death, we have also seen that autophagy is
associated with the metabolic maintenance processes under normal development
conditions.

The cells of the resin secretory canals had different shapes and ultrastructural
characteristics, and these are associated with the functional stage during the secretory
cycle (Machado and Carmello-Guerreiro 2001; Lacchia and Carmello-Guerreiro 2009;
Tolke et al. 2021). Bulky, spherical cells, with convex walls facing the lumen,
conspicuous nucleus, dense cytoplasm rich in organelles and poorly developed vacuoles,
are usually observed at the peak of secretion, while oval cells in the tangential direction,
with a thin cell wall, bulky central vacuole and peripheral cytoplasm with few organelles
are observed at the end of secretion.

The epithelial cells of the secretory canals in the secretory stage showed pre-
autophagosomal structures (or initial autophagic vacuoles) and autophagosomes clearly
identified by the different techniques used. These confirmed the occurrence of
macroautophagy in the development of the secretory canals. It is currently believed that
plant autophagosomes originate from multiple sites. In this sense their origins are similar
to those in mammals (Kim et al. 2020). We suggest that in these resin-secreting canals
they originate from the endoplasmic reticulum and dictyosomes. Enlarged tubules
emerging from the smooth endoplasmic reticulum unite with vesicles emerging from
dictyosomes. As they do so, they encompass a part of the cytoplasm so as to form small
autophagic vacuoles, similar to those observed previously (Papini et al. 2014; Zhang et
al. 2018, Machado and Rodrigues 2019). Multilamellar bodies sequestered by
autophagosomes along with the cytoplasmic portion were also observed. Again, these
were as previously described (Papini et al. 2014; Machado and Rodrigues 2019).

The detection of AcPase activity in the endoplasmic reticulum, in the cisternae of
dictyosomes, in vesicles originating from both, and in autophagic vacuoles is associated

with the biogenesis of autophagic vacuoles from these organelles during the resin
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secretory process (Machado and Rodrigues 2019). Acid phosphatase (AcPase) is a
lysosomal enzyme found widely in animals and plants. It is able to hydrolyse organic
phosphate esters in a wide range of substrates at an acidic pH (Han et al. 2020).
Cytochemical studies consider the observation of an electron-dense insoluble reaction
product to be a reliable indicator of the location of acid phosphatase activity (Machado
and Rodrigues 2019). The presence of AcPase can be considered a reliable marker of
autophagy, since it is present in the cytoplasmic degradation processes (Cai et al. 2009).
The distribution of AcPase inside the tonoplast, and inside the autophagic vacuoles
suggests its participation in the cytoplasmic degradation in these resin secretory canals.
In contrast, in the reserve vacuoles, AcPase was not detected, highlighting the presence
of vacuoles with different functions. The detection of AcPase in the cell wall indicates
the participation of enzymes in its degradation, and the products of this reaction become
part of the secretion produced by the canal.

The Z10O method clearly reveals the morphology of the dictyosomes and the
polarisation of their cisternae, in addition to the origin of lytic vesicles. The contribution
of dictyosomes and the vesicles that connect dictyosomes and endoplasmic reticulum in
the origin of lytic vacuoles was observed here and found to be similar to that described in
nectaries (Machado and Rodrigues 2019).

The fluorescent stains on cells of the epithelium of the secretory canals in confocal
microscopy with the use of ATG8, clearly demonstrate the presence of autophagosomes
in these cells. The formation of autophagosomes is mainly regulated by a range of proteins
related to autophagy (ATG) (Kim et al. 2022). ATGS8 is a central component in the
autophagic machinery related to autophagosome formation and is present in both the inner
and outer membranes at the beginning of autophagosome formation (when it is still
considered a phagophore) and remains in the inner membrane until degradation in the
vacuole (Magen et al. 2022). Due to these characteristics, ATG8 is a good marker for
tracking autophagy from the initial stages to degradation in the vacuole (Bassham 2015),
and it can be used in immunocytochemical or immunohistochemical studies. Zhang et al.
(2018) used the ATGS8 antibody in confocal microscopy and observed structures related
to autophagy in laticifers.

In this study, when the resin canal epithelium cells were in an advanced stage of
secretion, they showed portions of cytoplasm being encompassed by the tonoplast. They
also showed many membranous structures (similar to multilamellar bodies) inside these

vacuoles. Such features are typical of microautophagy (Van Door and Papini 2013).
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Previous studies have described plant microautophagy involved in the accumulation of
anthocyanin in the vacuole, the elimination of chloroplasts and cellular components
during stress (Chanoca et al. 2015, Goto-Yamada et al. 2019, Nakamura and Izumi 2019,
Sienko et al. 2020). The vacuolar invaginations that occur during microautophagy serve
as membrane reservoirs enabling rapid changes in vacuolar volume (Chanoca et al. 2015).
We clearly observed an increase in vacuole volume with advance in the secretory process.
Unlike our observations, Machado and Rodrigues (2019) observed microautophagy in
vacuole biogenesis and protein and membrane recycling in the early stages of nectary
development.

The end of the secretory cycle of a secretary gland generally involves the rupture
of the tonoplast and the consequent degradation of the cellular components by mega-
autophagy (Machado and Rodrigues 2019). Our results reveal for A. humile that at the
end of the secretory process, the vacuole becomes single, central and voluminous, and the
cytoplasm restricted to a thin layer on the periphery of the cell. However, there is no
rupture of the tonoplast and, therefore, there is no evidence of mega-autophagy.

This study demonstrates that ultrastructural characterisation under the TEM in
association with ultrastructural cytochemistry and immunolocalization techniques using
specific antibodies are very effective tools for monitoring autophagy in plants (Bassham
2015), detecting autophagic structures (Van Door and Papini 2013; Yoshii and
Mizushima 2017) and correctly confirming the types of autophagy in play (Klionsky et
al. 2021, Wojciechowska et al. 2021).
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Fig. 1 Electron micrographs of the secretory canals of the stem of Anacardium humile.

(@) Mature canal with wide lumen (LU) and secretory epithelium (EP) surrounded by a
parenchymal sheath (SH). Note that epithelial cells have different ultrastructural
characteristics. (b) Epithelial cell with dense cytoplasm, evident vacuole (VA), ellipsoid
plastids (PL) with electro-opaque droplets surrounded by periplastid endoplasmic
reticulum (PER), mitochondria (MI) and dictyosomes (DI). (c) Part of an epithelial cell
showing evident nucleus (NU), mitochondria (MI), smooth endoplasmic reticulum (SER)
and numerous plastids (PL). (d) Part of an epithelial cell showing highly proliferated
smooth endoplasmic reticulum (SER), mitochondria (MI) and numerous plastids (PL).
(e) Part of the epithelial cell with dictyosomes (DI), plastids (PL) and vacuole (VA) with
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membranous content. (f-h) Parts of an epithelial cell showing rough endoplasmic
reticulum (RER) in a semi-arc shape. (i) Parts of an epithelial cell showing rough
dictyosomes (DI) in a semi-arc shape
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Fig. 2 Electron micrograph of epithelial cells from the stem secretory canals of
Anacardium humile. (a) Smooth endoplasmic reticulum (SER) in a semi-arc shape,
enclosing part of the cytoplasm. (b) Part of an epithelial cell with dense cytoplasm with
highly proliferated smooth endoplasmic reticulum (SER) and mitochondria (MI) with
degraded cristae and membrane remnants inside. (c-d) Parts of an epithelial cell showing
dictyosomes (DI) with many vesicles (VE). (e) Part of an epithelial cell with highly
developed dictyosomes (DI) with many associated vesicles. (f) Detail of a dictyosome
(DI) showing vesicles (VE) distributed in a network around portions of cytoplasm. (g)
Part of an epithelial cell with vesicles (VE) scattered in the cytoplasm. (h) Part of an
epithelial cell with vesicles (VE) scattered in the cytoplasm. Note that smaller vesicles
fuse. (i) Part of an epithelial cell with vesicles (VE) scattered in the cytoplasm
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Fig. 3 Electron micrograph of epithelial cells from the stem secretory canals of
Anacardium humile. (a-f) Part of an epithelial cell showing vesicles (VE) from
dictyosomes (DI) surrounding portions of cytoplasm. Parts of the cytoplasm are
surrounded by an electron-lucent double-membrane structure (arrow) (autophagosomes).
(g-1) Part of an epithelial cell showing autophagic vacuoles (AVi) with multilamellar
bodies (asterisk) inside
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Fig. 4 Electron micrograph of epithelial cells of the secretory ducts of the stem of
Anacardium humile. (a) Part of an epithelial cell showing fusion of smaller vacuoles
(asterisk) and formation of a single vacuole (VA). (b-c) Parts of epithelial cells showing
large vacuole (VA) with multivesicular bodies (MB) inside. (d-f) Parts of epithelial cells
showing single, large, central vacuole (VA) with much membrane debris. Note the
tonoplast invaginations (asterisks) which are responsible for engulfing cytoplasmic
material. (g-i) Parts of tangentially elongated epithelial cells showing large central

vacuole (VA), reduced and peripheral cytoplasm with few organelles
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Fig. 5 Electron micrograph of epithelial cells of the secretory canals of the stem of
Anacardium humile processed using the ZIO technique. (a) Detail of an epithelial cell,
showing endoplasmic reticulum (ER) and dictyosomes (DI) impregnated with reaction
product. (b) Detail of an epithelial cell showing deposits of reaction products in the lumen
of the endoplasmic reticulum (ER). (c) Detail of an epithelial cell showing deposits of
reaction products in the cisternae of the dictyosome (DI) and endoplasmic reticulum (ER).
(d-f) Details of dictyosomes (DI) showing deposits of reaction products in flattened
cisternae and flared ends. (g) Detail of an epithelial cell showing dictyosome cisternae
(DI) and vesicles with osmiophile content (VE) in epithelial cells. Note that the median
cisterns are not marked. (h) Detail of an epithelial cell showing vesicles with osmiophilic
(VE) content
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Fig. 6 Ultrastructural cytochemistry for acid phosphatase enzyme in the cell epithelium
of stem canals (a-h) and negative control (i). (a) Dense reaction product inside RER. (b-
d) Dense deposits inside Golgi body cisternae and vesicles. (e) Dense bodies filled with
AcPase reaction product near and within the vesicles and inside RER. (f) Reaction
product along the tonoplast inner surface. (g) Coarser deposits on the walls of active
secretory cells and inside the multivesicular body. (h) Fine granular material on the walls
of senescent cells. (i) Negative control in active cells. RER: rough endoplasmic reticulum,
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DI: dictyosome, VE: vesicle, MI: mitochondria, VA: vacuole, CW: cell wall, MB: LU:

lumen
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Fig. 7 Expression of anti-ATG8a-Alexa Fluor 488 in cross-sections of resin-secreting

ducts of Anacardium humile stem observed under a confocal microscope. (a-c) Stems
treated with anti-ATG8a-Alexa Fluor 488 antibody. The green colour signals (arrows)
indicate the presence of autophagosomes in the cells of the secretory epithelium and
parenchymal sheath. (d) Stem without treatment with anti-ATG8a-Alexa Fluor 488

(control)
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Evidéncias ultraestruturais e imunohistoquimicas de autocitotoxicidade em canais

secretores de resina

Introducéo

Resinas sdo misturas de substancias incluindo terpenos (volateis e ndo volateis),
flavonoides e lipideos que podem ser produzidas em tricomas ou ductos secretores
(Roshchina e Roshchina 1993).

Os terpenos sdo caracterizados como compostos com estruturas de
hidrocarbonetos simples enquanto terpendides (hidrocarbonetos contendo oxigénio) sao
definidos como classe de terpenos modificados com diferentes grupos funcionais e grupos
metil movidos ou removidos em vérias posi¢Ges (Perveen 2018). Terpenos e terpendides
tém comprovada atividade antimicrobiana contra bactérias e fungos, principalmente
através de suas habilidades para promover a ruptura celular e inibicdo de proteinas e
sintese de DNA (Alvarez-Martinez et al. 2021). Os terpenos apresentam conhecida
atividade citotoxica e alteracdes severas na topografia e morfologia das organelas tém
sido frequentemente reportadas em diferentes organismos expostos a essas substancias
(Scudeler et al. 2016; 2019).

Nas glandulas vegetais, o0s terpenos/terpenoides podem danificar
irreversivelmente o citoplasma da célula vegetal culminando com a sua autolise
(Roshchina e Roshchina 1993; Aziz et al. 2005; Besser et al. 2009; Zhao et al. 2018; Isah
2019). O isolamento das substancias tdxicas em compartimentos intracelulares
especificos ou a sua modificacdo quimica em substancias inativas tem sido considerados
mecanismos que protegem o citoplasma dos efeitos toxicos das secre¢des (Roshchina e
Roshchina 1993; Huang e Osbourn 2019). No entanto, os danos celulares e reacdes de
sinalizacdo ligada as proprias secrecdes dessas células sdo ainda pouco conhecidos
(Canaveze et al. 2021).

Em uma andlise detalhada das células de dleo de nim (Azadirachta indica A. Juss
(Meliaceae) durante o ciclo secretor, Canaveze et al. (2021) observaram acentuada
hipertrofia celular, aumento da vesiculagdo das membranas celulares, dilatacdo das
cisternas do reticulo endoplasmatico, hipertrofia mitocondrial em processo de cristolise,
vacuolos autoliticos e degeneragéo vacuolar culminando na autdlise do protoplasto, além
de depdsitos citoplasmaticos de calcio e expressdo da HSP70 (heat shock protein 70).

Tais alteracGes morfoldgicas seguiram um padrdo semelhante ao reportado em tecidos
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animais expostos ao 0leo de nim, um dos biopesticidas mais amplamente utilizados na
atualidade (Scudeler et al. 2016).

Ao examinar os estudos ultraestruturais realizados com estruturas secretoras de
terpenos disponiveis em literatura, geralmente observamos alteracdes morfologicas ao
longo do processo secretor similares as reportadas por Scudeler et al. (2016) e Canaveze
et al. (2021). No entanto, essas alteracfes tém sido negligenciadas ou associadas com
senescéncia ou de morte celular programada. A combinacdo de métodos em
imunohistoquimica e ultraestrutura celular convencional e citoquimica tem sido
fundamental para compreender as repostas das células secretoras as proprias secrecdes
que produzem.

No estudo realizado por Canaveze et al. (2021), foi utilizado como modelo célula
secretora isolada (idioblasto) especializada na sintese de terpenos, onde as substancias
produzidas permanecem em compartimentos dentro da célula, isto é, secrecdo intracelular
(Fahn 1979). Assim, é necessario testar a ocorréncia de autotoxicidade e mecanismos
citoprotetores em estruturas secretoras multicelulares mais complexas com secregédo
extracelular, como por exemplo, espacos secretores. Canais e cavidades secretores sdo
glandulas compostas por um epitélio de células secretoras que delimitam um lamen amplo
(espaco intercelular), onde as substéncias produzidas sdo descarregadas e ficam
armazenadas (Fahn 1979). No presente trabalho, por meio da aplicacdo de métodos de
imunohistoquimicos e ultraestrutura investigamos a ocorréncia de indicios de
autotoxicidade e mecanismos de citoprotecdo em canais secretores de resina.

Usamos como modelo de estudo, exemplares de Anacardium humile A. St.-Hil.,
um subarbusto nativo do Cerrado brasileiro, pertencente a familia Anacardiaceae
(Almeida et al. 1998) e portadora de canais secretores de resina (Carvalho et al. 2022).
Conhecido popularmente como cajuzinho-do-cerrado, cajui e cajuzinho-do-campo, pode
atingir cerca de 80cm de altura e se caracteriza por apresentar varios ramos aéreos eretos
e um caule subterraneo muito desenvolvido (Cota et al. 2017). Tanto o caule aéreo como
o caule subterraneo apresentam canais secretores corticais associados ao floema e canais
medulares. Canais associados ao floema secretam predominantemente lipideos, terpenos
e fendis e canais medulares, proteinas e polissacarideos (Carvalho et al. 2022). Neste

estudo, focamos as analises nos canais secretores floematicos presentes no caule aéreo.
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Material e métodos

Os estudos foram realizados em espécimes de Anacardium humile crescendo em
uma populagdo nativa do cerrado strictu sensu localizada nos municipios de Botucatu
(22°57'17°S, 48°26'6”W) e Pratania (22°49' 14S, 48° 44'56”W), estado de Sao Paulo,
Brasil. Os vouchers foram depositados no Herbario “Irina Delanova de Gemtchujnicov”
(BOTU) do Departamento de Botéanica do Instituto Botucatu de Biociéncias, UNESP,
Botucatu, SP, sob o registro BOTU 34536.

Amostras do apice do caule (incluindo primordios foliares e folhas jovens), sem

danos mecanicos e injarias, foram coletadas de pelo menos cinco individuos adultos.

Estudos em microscopia eletronica de transmissao (TEM)

Para analises ultraestruturais convencionais sob microscopia eletrénica de
transmissdo (TEM), as amostras foram fixadas em solucdo de Karnovsky (Karnovsky
1965) por 24 horas, lavadas 3 vezes de 5 minutos em tampdo fosfato 0,1M (pH 7,3), p6s-
fixadas em 1% tetroxido de dsmio no mesmo tampdo por 2 horas em temperatura
ambiente. Em seguida, sdo lavadas 3 vezes de 10 minutos em agua destilada, contrastadas
em bloco em acetato de uranila 0,5% por 2 horas em temperatura ambiente; desidratados
em solugdo crescente de acetona, embebidos em solucéo de acetona e resina Araldite®
por 24 horas e embebidos em Araldite®. SecOes ultrafinas foram contrastadas com
acetato de uranila e citrato de chumbo (Reynolds 1963). O material foi examinado em

Microscopio Eletronico de Transmissdo Tecnai Spirit (FEI Company) a 80kv.

Imunolocalizagdo

Para a deteccdo de estresse celular e resposta citoprotetora, através da atividade
da HSP70 (heat shock protein 70) (Scudeler et al. 2019), seccdes de material recém
coletado foram fixadas por 4h em paraformaldeido a 4%, lavados em tampdo PBS e
incubados em solucdo de perdxido de hidrogénio 0,6% em PBS por 10 minutos para
inativacdo da peroxidase enddgena. Em seguida, as seccdes foram submetidas ao
bloqueio protéico em BSA a 3% e incubados em cdmara imida com o anticorpo primario
monoclonal mouse anti-heat shock protein 70 (anti-HSP 70, clone 5A5, ab2787,
Abcam®Inc., Cambridge, MA, USA). Apos, foi utilizado um sistema de deteccédo de
antigenos imunoenzimaticos (ab236466 — Mouse and Rabbit Specific HRP/DAB IHC
Detection Kit - Micropolymer). Controles foram feitos a partir da omisséo do anticorpo
primario.
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Para a deteccdo de morte celular por apoptose pela atividade da Caspase 3,
amostras de material recém coletadas foram fixadas por 4h em paraformaldeido a 4%,
lavados em tampdo PBS e incubados em solucéao de perdxido de hidrogénio 0,6% em PBS
por 10 minutos para inativacdo da peroxidase enddgena. Em seguida, as sec¢fes foram
submetidas ao bloqueio protéico em BSA a 3% e incubados em camara Uumida com o
anticorpo primério Rabbit Anti-Cleaved Caspase-3 (ab 49822). Posteriormente, foi
utilizado um sistema de deteccdo de antigenos imunoenzimaticos (ab236466 — Mouse and
Rabbit Specific HRP/DAB IHC Detection Kit - Micropolymer). Controles foram feitos a

partir da omisséo do anticorpo primario.

Resultados

As analises ultraestruturais ja publicadas em Carvalho et al. (2022) revelaram que
0s canais secretores floematicos apresentaram células epiteliais em diferentes estagios do
processo secretor ocorrendo lado a lado. As células ativas em secrecdo apresentam a
parede convexa voltada para o limen com paredes celulares finas, citoplasma denso com
polirribossomos, ribossomos livres, plastideos modificados, mitocondrias com cristas
evidentes, dictiossomos com muitas vesiculas e reticulo endoplasmatico liso e rugoso
desenvolvidos e presenca de corpos multivesiculares. Ja as células senescentes séo
alongadas tangencialmente, com paredes celulares finas, apresentam um grande vacuolo
central, citoplasma periférico com poucas organelas e muitas vesiculas.

Em células metabolicamente ativas, a secrecdo apresenta-se como inclusfes
elétron-luscentes no interior de vacutolos, vesiculas e no espago periplasmético (Fig.1).
Essas células apresentaram citoplasma fortemente elétron-denso com intensa proliferacdo
do reticulo endoplasmatico liso e de vesiculas provenientes dos dictiossomos (Fig.2). Os
elementos do reticulo endoplasmatico liso apresentaram lumen dilatado e as mitocéndrias
apresentaram cristas degradadas e estrutura multilamelar em seu interior (Fig.2d e
Fig.3a,b).

Em algumas células ativas em secrecdo, estruturas autofagicas como fagoforos
(Fig.2c), autofagossomos (Fig.3c) e vacuolos autofagicos com restos de membranas
(Fig.2d, Fig.3b,c,d) foram evidentes.

As analises de imunolocalizagdo mostraram reacdo anti-Hsp70 positiva em
algumas células epiteliais (Fig.4a-d) representadas pela coloracdo acastanhada de
granulos no citoplasma das células. Reagfes anti-Caspase 3 ndo foram observadas (Fig.

4e). Os controles negativos ndo apresentaram reacao anti-HSP70 (Fig.4f).
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Discusséo

Os resultados desse estudo confirmam que os componentes da resina produzida
pelos canais secretores floematicos de A. humile € citotoxica para as células que a produz,
ao mesmo tempo que as células epiteliais apresentam mecanismos citoprotetores que
mantém a célula viva durante o processo secretor. Observamos que as mudancgas nas
caracteristicas ultraestruturais das células do epitélio secretor de resina durante a secrecao
sdo semelhantes aquelas observadas em células animais expostas a substancias terpénicas.

Tem sido comprovado que o acUmulo intracelular de certos compostos
terpendides é toxico para as células que os produzem afetando o seu crescimento e
fisiologia (Aziz et al. 2005; Besser et al. 2009; Zhao et al. 2018; Isah 2019). Os terpenos
ndo volateis (diterpenos, estesterpenos, triterpenos e outros terpenos maiores) sdo
geralmente produzidos e armazenados primeiramente em pequenas quantidades no
citoplasma. Mais tarde, essas secre¢des entram no vactolo, compartimento onde ficam
armazenados enquanto a célula permanecer viva. Com o acumulo progressivo de
terpendides, o protoplasto eventualmente degenera (Fahn 1979; Buvat 1989; Roshchina
e Roshchina 1993; Evert 2006). Assim, a homeostase da célula secretora desses
compostos é mantida pelo isolamento das substancias no interior de vacuolos, espaco
periplasmatico, espaco subcuticular ou através de sua eliminagdo para espacos
intercelulares (Roshchina e Roshchina 1993). A compartimentalizacdo da secrecdo em
vacuolos, vesiculas e espaco periplasmatico, conforme observado neste estudo, € uma
caracteristica relacionada a toxicidade dos terpenos (Roshchina e Roshchina 1993; Zhao
et al. 2018; Canaveze et al. 2021). No caso dos canais secretores, 0 armazenamento da
secrecdo no limen do canal secretor, a qual é externalizada apenas em casos de injuria,
também representa um mecanismo de protecdo as células epiteliais.

As alteracdes observadas na morfologia e topografia das organelas durante o ciclo
secretor em A. humile, tais como proliferagdo de reticulo endoplasmatico liso que
apresentou cisternas dilatadas, mitocondrias intumescidas em processo de cristolise e
proliferacdo de vesiculas dos dictiossomos séo indicacdes de resposta morfologica a
citotoxicidade da secrecdo, tipicamente terpenos, similares as descritas em células
animais expostas a substancias terpénicas (Cheville 2009; Catae et al. 2014; Scudeler e
Santos 2014; Scudeler et al. 2016; 2019) e reportados por Canaveze et al. (2021) em
celulas secretoras de dleo de nim.

A presenca da HSP70 e evidéncias do processo autofagico como a presenca de

fagoforos, autofagossomos e vacuolos com restos de membranas nas células epiteliais dos
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canais secretores sdo indicios de mecanismos citoprotetores. As proteinas de choque
térmico (HSPs) auxiliam no dobramento das proteinas recém-sintetizadas, ou protegem
as proteinas que se dobram incorretamente (Hag et al. 2019). Durante a exposi¢o a varios
fatores como calor, substancias toxicas e poluentes, as plantas reduzem a sintese normal
de proteinas e passam a traduzir as HSPs (Vierling 1991; Waters et al. 1996; Ait-Aissa et
al. 2000; Haq et al. 2019) criando uma resisténcia ao estresse. De modo semelhante, a
autofagia € um processo que desempenha um papel importante na manutencdo da
homeostase perante diferentes estresses (Alvin-Wittenberg 2019; Gou et al. 2019),
reciclando nutrientes e evitando a morte celular (Magen et al. 2022). A presenca de corpos
multivesiculares proximos a membrana plasmatica também é uma evidéncia de processo
endocitico relacionado a reciclagem de materiais e manutencdo da homeostase celular
(An et al. 2007; Hanson e Cashikar 2012).

Em nosso estudo, ndo observamos células em processo de morte celular
programada, assim como ndo identificamos a presenca da caspase 3 nas técnicas de
imunolocalizagdo, corroborando nossa tese de que existem mecanismos citoproterores

que evitam a morte celular e mantém a homeostase celular durante o processo secretor.
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Fig. 1 Células epiteliais metabolicamente ativas dos canais secretores. (a) Detalhe de
célula epitelial com citoplasma denso com vacuolo autofagico (VA) com contetdo
lipidico (OL) em seu interior. (b-c) Detalhe de célula epitelial com citoplasma denso com
vacuolo autofagico (VA) com conteldo lipidico (OL) em seu interior. Note esse mesmo
conteddo nas vesiculas (VE) adjacentes. (d) Detalhe de célula epitelial com citoplasma
denso, nucleo (NU) com nucléolo evidente e intensa proliferacdo de reticulo
endoplasmatico liso (SER). Note contetdo lipidico (OL) no interior vactolo e no espago

periplasmatico

63



Fig. 2 Células epiteliais metabolicamente ativas dos canais secretores. (a) Célula epitelial

com citoplasma fortemente elétrondenso e intensa proliferacdo do reticulo
endoplasmatico liso (SER), ntcleo conspicuo (NU) e plastideos (PL). (b) Célula epitelial
com nucleo conspicuo (NU), plastideos (PL), mitocdndrias (MI) e dictiossomos (DI) com
muitas vesiculas. (c) Detalhe de célula epitelial com muitas vesiculas (VE) provenientes
dos dictiossomos (DI) e fagoforos (FA). (d) Detalhes de célula epitelial mostrando
mitocondrias (MI) com cristas degradadas e estrutura multilamelar em seu interior

(asterisco) e vacuolos autofagicos iniciais (AVi) com restos de membranas
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Fig. 3 Células epiteliais metabolicamente ativas dos canais secretores. (a) Detalhe de

célula epitelial com citoplasma denso com plastideos (PL), mitocondrias (MI) com cristas
degradadas e estrutura multilamelar em seu interior (asterisco), dictiossomos (DI) e
reticulo endoplasmatico liso (SER) com limen dilatado. (b) Detalhe de célula epitelial
com citoplasma denso com plastideos (PL), mitocdndrias (MI) com cristas degradadas e
estrutura multilamelar em seu interior e gotas lipidicas (OL) dispersas no citoplasma.
Note a presenca de autofagossomos (Au) e vacUolos autofagicos iniciais (AVi). (c)
Detalhe de célula epitelial com citoplasma denso com reticulo endoplasmatico liso (SER)
com limen dilatado, plastideos (PL), mitocondrias (MI) e vacuolos autofagicos iniciais
(AVi) e autofagossomos (Au). (d) Detalhe de célula epitelial com citoplasma denso com
vacuolo autofagico (VA) bem desenvolvido com conteldo membranoso e gotas lipidicas

(OL) no citoplasma
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Fig. 4 Marcacdo imuno-histoquimica com anti-Hsp 70 e anti-Caspase 3 em células do

epitélio secretor de Anacardium humile. (a-d) Cor acastanhada no citoplasma indicando
marcagao positiva para HSP70 (setas). (e) Cortes transversais sem marcacgao para Caspase
3, indicando auséncia de morte celular programada. (f) Controle negativo com a omisséo

dos anticorpos primarios

66



Referéncias bibliogréaficas
Ar't-Ar'ssa S, Porcher JM, Arrigo AP,Lambre C. 2000. Activation of the hsp70
promoter by environmental inorganic and organic chemicals: relationships with

cytotoxicity and lipophilicity. Toxicology 145: 147 — 157.

Almeida S P, Proenca C E B, Sano S M, Ribeiro J F. 1998. Cerrado: espécies vegetais

Uteis.

Alvarez-Martinez FJ, Barrajon-Catal E, Herranz-Lopez M, Micol V. 2021.
Antibacterial plant compounds, extracts and essential oils: An updated review on their
effects and  putative  mechanisms  of  action. Phytomedicine  90.
https://doi.org/10.1016/j.phymed.2021.153626.

Alvin-Wittenberg T. 2019. Autophagy and its role in plant abiotic stress management.
Plant Cell Environ. 42:1045-1053.

An Q, van Bel AJE; Huckelhoven R. 2007. Do Plant Cells Secrete Exosomes Derived
from Multivesicular Bodies? Plant Signaling & Behavior 2 (1): 4-7.

Aziz N, Paiva NL, May GD, Dixon RA. 2005. Transcriptome analysis of alfalfa
glandular trichomes. Planta 221:28-38.

Besser K, Harper A, Welsby N, Schauvinhold I, Slocombe S, Li Y, Dixon RA, Broun
P. 2009. Divergent regulation of terpenoid metabolism in the trichomes of wild and
cultivated tomato species. Plant Physiol 149:499-514.

Buvat R. 1989. Ontogeny, cell differentiation, and structure of vascular plants. Springer

Verlag, Berlin.
Canaveze Y, Scudeler EL, Machado SR. 2021. Neem secretory cells: developmental

cytology and indications  of  cell  autotoxicity. Protoplasma.  doi:
https://doi.org/10.1007/s00709-020-01580-3.

67



Carmello SM, Machado SR, Gregorio EA. 1995 Ultrastructural aspects of the secretory
duct development in Lithraea molleoides (Vell.) Engl.(Anacardiaceae). Revista Brasileira
de Botanica 18(1): 95-103.

Carvalho SF, Scudeler EL, Santos DC, Machado SR. 2022. Intraspecific variation
in ultrastructure and secretion of the resin canals in Anacardium humile Anacardiaceae).
Protoplasma. doi: https://doi.org/10.1007/s00709-022-01823-5.

Catae AF, Roat TC, Oliveira RA, Nocelli RCF, Malaspina O. 2014. Cytotoxic effects
of thiamethoxan in the midgut and malpighian tubules of Africanized Apis mellifera
(Hymenoptera: Apidae). Microsc Res Tech 77:274-281.

Cheville NF. 2009. Response to cellular injury. In: Cheville NF (ed) Ultrastructural
pathology, the comparative cellular basis of disease. Willey-Blackwell, Ames, pp 3-31.

Cota LG, Moreira PA, Branddo MM, Royo VA, Melo Junior AF, Menezes EV,
Oliveira DA. 2017. Structure and genetic diversity of Anacardium humile
(Anacardiaceae): a tropical shrub. Genet. mol. res. (Online) 16 (3): gmr16039778.

Fahn A.1979. Secretory tissues in plants. Academic Press, London.

GouW, Li X,Guo S, LiuY, Li F, Xie Q. 2019. Autophagy in Plant: A New Orchestrator
in the Regulation of the Phytohormones Homeostasis. Int. J. Mol.  Sci.
d0i:10.3390/ijms20122900.
Hanson Pl and Cashikar A. 2012. Multivesicular Body Morphogenesis. Annu. Rev.
Cell Dev. Biol. 28:337-62.

Haq S, Khan A, Ali M, Khattak AM, Gai W, Zhang H, Wei A, Gong Z. 2019. Heat

Shock Proteins: Dynamic Biomolecules to Counter Plant Biotic and Abiotic stresses.
International Journal of Molecular Sciences. doi:10.3390/ijms20215321.

68



Huang AC, Osbourn A. 2019. Plant terpenes that mediate below-ground interactions:
prospects for bioengineering terpenoids for plant protection; a mini-review. Pest Manag
Sci 75:2368-2377. doi: DOI 10.1002/ps.5410.

Isah T. 2019. Stress and defense responses in plant secondary metabolites production.
Biol Res 52:39. https://doi.org/10.1186/s40659-019- 0246-3.

Jungueira LCU, Junqueira LMMS. 1983. Técnicas basicas de citologia e histologia.
Livraria Editora, Santos, S&o Paulo.

Karnovsky MJ. 1965. A formaldehyde-glutaraldehyde fixative of high osmolality for
use in electron microscopy. Journal of Cell Biology 27: 1A-149A.

Langenheim JH. 2003. Plant resins: chemistry, evolution, ecology, and ethnobotany.

Oregon, US: Timber Press.

Magen S, Seybold H, Laloum D, Avin-Wittenberg T. 2022. Metabolism and autophagy
in plants - a perfect match. FEBS Letters doi:10.1002/1873-3468.14359.

Martinez M, Pinto GL, Sanabria L, Beltran O, lgartuburu JM, Bahsas A. 2003.
Structural features of an arabinogalactan gum exudates from Spondias dulcis
(Anacardiaceae). Carbohydrate Research 338: 619-624.

Martinez M, Pinto GL, Gonzéles MB, Herrera J, Oulyadic H, Guilhaudis L. 2008.
New structural features of Spondias purpurea gum exudate. Food Hydrocolloids
22:1310-1314.

Pinto GL, Martinez M, Beltran O, Rincon F, Igartuburu JM, Luis FR. 2000.

Structural investigation of the ploysaccharide of Spondias mombin gum. Carbohydrate
polymers 43: 105-112.

69



Perveen S. 2018. Introductory Chapter: Terpenes and Terpenoids. In: Perveen S, Al-
Taweel A. Terpens and terpenoids BoD — Books on Demand, 152 paginas.

Prado E, Demarco D. 2018. Laticifers and secretory ducts: similarities and diferences.
In: Hufnagel, L. (Ed.), Ecosystem Services and Global Ecology, IntechOpen, London, pp.
103-123.

Reynolds ES. 1963. The use of lead citrate at high pH as an elestron-opaque stain in
electron microscopy. Journal of Cell Biology 17: 208-212.

Roshchina VV, RoshchinaVD. 1993. The excretory function of higher plants. Springer,

Berlin.

Sant’Anna-Santos BF, Thadeo M, Meira RMSA, Ascensdo L. 2006. Anatomia e
histoquimica das estruturas secretoras do caule de Spondias dulcis Forst.F.
(Anacardiaceae). Revista Arvore 30: 481-489.

Scudeler EL, Garcia ASG, Padovani CR, Pinheiro PFF, Santos DC. 2016. Cytotoxic
effects of neem oil in the midgut of the predator Ceraeochrysa claveri. Micron80:96—
111.

Scudeler EL, Garcia ASG, Padovani CR, Santos DC. 2019. Pest and natural enemy:
how the fat bodies of both the southern armyworm Spodoptera eridania and the predator
Ceraeochrysa claveri react to azadirachtin exposure. Protoplasma 256:839-856. Doi:
https://doi.org/10.1007/s00709-019-01347-5.

Scudeler EL, Santos DC. 2014. Side effects of neem oil on the midgut endocrine cells
of the green lacewing Ceraeochrysa claveri (Navas) (Neuroptera:Chrysopidae). Neotrop
Entomol 43:154-160.

Tolke ED, Lacchia APS, Demarco D, Carmello-Guerreiro SM. 2017. Pericarp
ontogeny of Tapirira guianensis Aubl. (Anacardiaceae) revals a secretory endocarp in
young stage. Acta Botanica Brasilica 31: 319-329.

70



Tolke ED, Lacchia APS, Lima EA, Demarco D, Ascensdo L, Carmello-Guerreiro
SM. 2021. Secretory ducts in Anacardiaceae revisited: Updated concepts and new
findings based on histochemical evidence. South African Journal of Botany 138: 394-
405. https://doi.org/10.1016/j.sajb.2021.01.012

Vierling E. 1991. The roles of heat shock proteins in plants. Annu. Rev. Plant
Physiology Plant Mol. Bio. 42:579-620.

Waters ER, Lee GJ, Vierling E. 1996. Evolution, structure and function of the small
heat shock proteins in plants. Journal of Experimental Botany, 47 (296): 325-338.

Zhao C, Kim YK, Zeng Y, Wang MLX, Hu C, Gorman C, Dai SY, Ding S-Y, Yuan

JS. 2018. Co-compartmentation of terpene biosynthesis and storage via synthetic droplet.
ACS Synth Biol 7:774-781.

71



Consideracdes finais

Nesse estudo, o uso de métodos imunohistoquimicos combinados com analises
convencionais e ultracitoquimicas em microscopia eletrénica de transmissdo permitiu
acessar variacdes no aparato celular e na dindmica de secrecdo de resina em canais
secretores presentes no caule em suas porcdes aérea e subterrdnea de plantas de
Anacardium humile. A combinacdo desses métodos foi eficiente para responder as
questdes apresentadas nos objetivos da tese.

Os resultados obtidos mostraram que ha variacdes intraindividuais nos canais
secretores do caule em A. humile na porcao aérea e subterranea apresentando diferencas
na estrutura subcelular e na dindmica de secrecdo de acordo com o ambiente em que se
encontravam. Os canais do caule na porcdo aérea apresentam células epiteliais com
caracteristicas de alta atividade enquanto que os canais do caule na porcdo subterranea
apresentam caracteristicas de baixa atividade.

Comprovamos a ocorréncia e identificamos dois tipos de autofagia - macroautofagia
e microautofagia - durante o ciclo secretor de resina, mostrando que a autofagia em
plantas também esta associada a processos de manutencao do metabolismo em condicdes
normais de desenvolvimento. Nas células epiteliais dos canais secretores de resina, a
autofagia é responsavel pela reciclagem de componentes celulares e organelas
danificadas, pelo transporte vesicular e biogénese dos vacuolos, desempenhando um
papel fundamental no metabolismo da secrecéo.

Ainda, os resultados desse estudo confirmam que a resina produzida pelos canais
secretores corticais de A. humile é citotdxica para as células que a produz, a0 mesmo
tempo que as células epiteliais apresentam mecanismos citoprotetores que mantém a
célula viva durante o processo secretor.

Durante o processo de obtencdo dos resultados encontramos algumas dificuldades
técnicas provavelmente relacionadas aos componentes da secrecdo. A fixacdo e a pos-
fixagdo do material para as técnicas de MET e a aplicagdo das técnicas de
imunolocalizagdo requereram um delineamento experimental rigoroso e a adaptagédo das
técnicas usuais em célula animal e plantas modelo para plantas nativas. Nas amostras de
imunolocalizacdo em MET, a pos-fixacdo com tetroxido de ésmio ndo foi realizada,
facilitando os cortes ultrafinos e assim obtendo melhores resultados. As imagens em MET
foram feitas em diferentes aumentos, salientando a necessidade de grandes aumentos para

se observar claramente os resultados dos testes citoquimicos.
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Nosso trabalho gera perspectivas e incentivo para aplicacao de diferentes técnicas de
microscopia de luz e eletrdnica, incluindo imunolocalizagdo e citoquimica ultraestrutural
em estudos de célula vegetal em espécies nativas

Como proximo passo, estamos finalizando analises imunohistoquimicas e
ultraestruturais de canais secretores medulares produtores de substancias hidrofilicas
(proteinas e polissacarideos) com o objetivo de compara-los aos canais corticais
produtores de substancias lipofilicas, especialmente terpenos, e avaliar as modificacdes

morfologicas durante o ciclo secretor.
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