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TOZIN, L. R. S. Morfologia, funcionamento e influéncia de fatores exdgenos no
sistema secretor de 6leo em espécies vegetais com énfase no papel do citoesqueleto
no processo de secrecdo. 2018. 133p. TESE (DOUTORADO) — INSTITUTO DE
BIOCIENCIAS, UNESP — UNIVERSIDADE ESTADUAL PAULISTA, BOTUCATU.

Resumo — A morfologia, histoquimica e ultraestrutura dos tricomas glandulares tém
sido estudadas em muitas espécies vegetais. Entretanto, alguns aspectos tém sido pouco
abordados, como o envolvimento do citoesqueleto na morfologia e funcionamento
glandular. Estudo recente demonstrou a relagéo entre a predominancia de filamentos de
actina e microtubulos em células secretoras e a composi¢do da secre¢do em tricomas
glandulares. Além disso, pesquisas tém comprovado o envolvimento dos elementos do
citoesqueleto na origem e manutencdo dos tricomas tectores em plantas, sem
informagbes para os tricomas glandulares. Sabe-se que o funcionamento do
citoesqueleto estd relacionado com a disponibilidade do célcio, sendo que baixas
concentracfes desse ion podem prejudicar processos modulados por microtibulos e
actina. Apesar da presenca de tricomas glandulares representar um carater constitutivo
em diversas espécies vegetais, fatores exdgenos podem influenciar o desenvolvimento e
o funcionamento glandular. Estudos tém mostrado que o ataque de herbivoros induz a
formacdo de tricomas glandulares, levando a producdo de substancias com potencial
repelente ou inseticida. Os objetivos desse trabalho foram investigar o papel do
citoesqueleto na morfogénese e funcionamento de tricomas glandulares e no transporte
lipidico em células secretoras de 6leo, além de investigar a influéncia da herbivoria no
desenvolvimento e funcionamento de tricomas glandulares. Foram estudadas duas
espécies de Lamiaceae (Hyptis villosa e Ocimum gratissimum) e a espécie modelo
Nicotiana benthamiana. Experimentos com drogas inibidoras da polimerizagdo do
citoesqueleto e doses decrescentes de calcio foram realizados com O. gratissimum e H.

villosa. Plantas de N. benthamiana foram infiltradas com Agrobacterium modificado
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para marcacdo de gotas de Oleo, plastidios, reticulo endoplasmaético, actina e
microtubulos. Além disso, individuos de O. gratissimum foram submetidos ao ataque de
formigas cortadeiras. Analises estruturais foram realizadas aos microscopios de luz
(campo claro e confocal) e eletrnico (varredura e transmissdo). Além disso, foram
realizadas analises de composicdo quimica de volateis e de trocas gasosas. Trés
morfotipos de tricomas glandulares foram identificados em O. gratissimum;
microtubulos foram intensamente marcados em células secretoras de lipidios, enquanto
filamentos de actina foram fortemente marcados em células secretoras de compostos
hidrofilicos. As drogas desestabilizantes do citoesqueleto e baixos niveis de Ca*? néo
afetaram a morfologia externa dos tricomas; entretanto, acarretaram danos estruturais
nas paredes e no protoplasto das células secretoras em O. gratissimum e H. villosa. A
composicao quimica dos volateis ndo foi alterada pelos diferentes niveis de Ca*2. Em N.
benthamiana foi observado que as gotas de 6leo se movimentam no citoplasma pelo
reticulo endoplasmatico ancorado aos filamentos de actina, sugerindo um mecanismo de
diferente do descrito em células animais. A herbivoria promoveu respostas diferenciais
de cada morfotipo glandular em O. gratissimum sugerindo a ocorréncia de uma
compartimentalizagdo de funcbes entre os tricomas; além disso, foram detectadas
alteracbes na composicao dos componentes volateis produzidos. Esse trabalho envolveu
diferentes abordagens, varias delas inéditas, para o estudo do sistema secretor de 6leo
em plantas. Diferentes aspectos sobre o sistema secretor de 6leo em espécies vegetais
foram elucidados, gerando novas perspectivas para estudos mais aprofundados.

Palavras-chave: actina, herbivoria, Lamiaceae, microtibulos, Nicotiana benthamiana,

6leo essencial, tricomas, ultraestrutura.



TOZIN, L. R. S. Morphology, functioning and influence of exogenous factors in the
oil secretory system in plant species with emphasis on the role of the cytoskeleton
in the secretory process. 2018. 133p. Ph.D. THESIS — INSTITUTE OF
BIOSCIENCES, UNESP — UNIVERSIDADE ESTADUAL PAULISTA, BOTUCATU.

Abstract — The morphology, histochemistry and ultrastructure of glandular trichomes
have been studied in many plant species. However, some aspects have been poorly
approached, such as the involvement of the cytoskeleton on the gland morphology and
functioning. Recent study demonstrated a relation between the predominance of actin
filaments and microtubules in secretory cells and the secretion composition in glandular
trichomes. In addition, researches have proven the involvement of the cytoskeletal
elements in the origin and maintenance of non-glandular trichomes in plants, with no
information for glandular trichomes. It is known that the cytoskeleton functioning is
related with calcium availability and that low concentration of this ion can harm process
modulated by actin filaments and microtubules. Despite the presence of glandular
trichomes is a constitutive character in several plant species, exogenous factors can
influence their development and functioning. Studies have showed that herbivore
attacks induce the glandular trichomes formation, leading to the production of
substances with repellent and insecticide potential. This work aimed to investigate the
role of cytoskeleton in the glandular trichome morphogenesis and functioning, and in
the lipid transport in oil secretory cells, in addition to investigate the influence of
herbivory in the glandular trichomes formation and functioning. We studied two
Lamiaceae species (Hyptis villosa and Ocimum gratissimum) and the model species
Nicotiana benthamiana. Experiments with inhibitors of cytoskeletal element
polymerization and decreasing calcium levels were performed with H. villosa and O.
gratissimum. N. benthamiana plants were infiltrated with modified Agrobacterium for

labeling lipid drops, plastids, endoplasmic reticulum, actin filaments and microtubules.
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In addition, individuals of O. gratissimum were submitted to leaf-cutter ants attack.
Structural analysis were performed using light (bright field and confocal) and electronic
(scanning and transmission) microscopes. In addition, we performed analysis of the the
chemical composition of the volatile components and of gas-exchanges. Three
morphotypes of glandular trichomes were identified in O. gratissimum; microtubules
were intensely labeled in secretory cells of lipophilic compounds, while actin filaments
were strongly labeled in secretory cells of hydrophilic substances. The inhibitors of
cytoskeletal elements polymerization and low levels of calcium did not affect the
external morphology of the trichomes; however, lead to structural damages in the cell
wall and protoplast of secretory cells of O. gratissimum and H. villosa. The chemical
composition of volatile components was not affected by low levels of Ca™. In N.
benthamiana we observed that lipid drops move in the cytoplasm by the endoplasmic
reticulum anchored on the actin filaments; this suggests a different mechanism
described for animal cells. The herbivory promoted differential answers in each
glandular trichome morphotype in O. gratissimum; this suggests the occurrence of a
compartmentalization of functions among the trichomes; in addition, we detected
alterations in the chemical composition of the volatile components produced by attacked
plants. This work involved different approaches, several of them innovative, for the
study of the oil secretory system in plants. Different aspects about the oil secretory
system in plants were elucidated, opening new avenues for further studies.

Keywords: actin, essential oil, herbivory, Lamiaceae, microtubules, Nicotiana

benthamiana, trichomes, ultrastructure.
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INTRODUCAO GERAL

Tricomas glandulares sdo apéndices epidérmicos uni ou multicelulares
especializados na secrecdo de substancias de natureza quimica diversa, que pode ser
lipofilica, hidrofilica ou mista. Tais substancias apresentam grande importancia na
interacdo da planta com o ambiente (Fahn 1979; Werker 2000; Evert 2006), podendo
atuar na atracdo de polinizadores e agentes dispersores de frutos e sementes (Harbone
1993; Langenheim 2003; Castro & Machado 2006), além de conferir protecdo contra
ataques de herbivoros e patdgenos, altas temperaturas e intensidade luminosa (Harbone
1993; Langenheim 2003; Valkama et al. 2003).

Os tricomas glandulares apresentam morfologia bastante variada, sendo comum
a ocorréncia de diferentes morfotipos glandulares em um mesmo 6rgao de uma mesma
planta (Serrato-Valenti et al. 1997; Ascensdo & Pais 1998; Tozin et al. 2015a; Silva et
al. 2016). Nesse sentido, estudos recentes tém demonstrado que tricomas glandulares
presentes num mesmo 6rgao podem produzir substancias de natureza quimica diferente,
propondo uma correlacdo entre o morfotipo glandular e a composicdo da secrecdo
produzida (Tozin et al. 2015a; Silva et al. 2016).

Anélises ultraestruturais mostram que o0s aspectos celulares dos tricomas
glandulares estdo associados com a composi¢do da secre¢do produzida, sendo que a
diversidade de organelas nas células secretoras varia de acordo com a natureza quimica
da secrecdo (Werker 2000; Tozin et al. 2015a; Silva et al. 2016). Assim, em tricomas
produtores de substancias predominantemente lipofilicas, a caracteristica ultraestrutural
mais comum das células secretoras € a proliferacdo do reticulo endoplasmatico liso
(Werker 2000; Silva et al. 2016), além da ocorréncia de plastidios polimérficos
desprovidos de tilacdides (Werker 2000; Evert 2006; Tozin et al. 2015a).

Diferentemente, a principal caracteristica das celulas secretoras de substancias
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hidrofilicas é a abundancia de dictiossomos hiperativos na produgdo de vesiculas (Fahn
1979; Evert 2006; Tozin et al. 2015a).

Apesar de reconhecida a origem protodérmica dos tricomas glandulares, estudos
sobre o processo de formacdo dessas glandulas em nivel celular sdo bastante escassos,
principalmente no que se refere ao papel do citoesqueleto nos processos ontogenéticos.
Trabalhos tém demonstrando o papel do citoesqueleto na formagdo e manutencdo de
tricomas tectores em Arabidopsis (Szymanski et al 1999; Kost et al. 1999; Mathur et al.
1999), mas ndo em tricomas glandulares. Os microtibulos exercem papel fundamental
na formacdo do pedinculo e na iniciagdo de ramificacBes dos tricomas tectores,
determinando sua morfologia bésica, enquanto que os filamentos de actina atuam
principalmente nas fases finais do desenvolvimento destes tricomas atuando no
alongamento de suas ramificagfes e na manutencdo de sua forma madura (Kost et al.
1999; Mathur et al. 1999). Estudos demonstram ainda que problemas na polimerizacao
dos filamentos de actina podem impedir a formacdo de tricomas tectores em
Arabidopsis (Szymanski et al. 1999). Quanto ao papel do citoesqueleto na origem e
funcionamento de tricomas glandulares, estudos ndo foram encontrados.

No que se refere a atuacdo do citoesqueleto nos processos subcelulares da
secrecdo em células vegetais, sabe-se que a manutencdo de vaclolos e 0 movimento e
ancoragem de vesiculas e organelas no citoplasma sdo realizadas pelos filamentos de
actina (Evert 2006 e literatura citada). Quanto aos microtibulos, desde o século
passado, estudos tém apontado seu envolvimento na movimentacdo intracelular das
gotas de 0leo em células animais (Welte et al. 1998; Targett-Adams et al. 2003; Zehmer
et al. 2009). Mais recentemente, em trabalho envolvendo a marcacdo diferencial dos
elementos do citoesqueleto por técnicas de imunofluorescéncia em tricomas glandulares

de uma espécie de Lamiaceae, Tozin & Rodrigues (2017) mostraram intensa marcagao
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de microtabulos em células secretoras de substancias lipidicas, enquanto que filamentos
de actina foram intensamente corados em células produtoras de secrecdo
predominantemente hidrofilica, e ambos os elementos foram marcados em células
secretoras se substancias mista. Esses resultados sdo inéditos para células secretoras em
plantas e reforcam a necessidade de estudos mais profundos para o melhor
entendimento do envolvimento do citoesqueleto no processo secretor em células
vegetais.

O funcionamento do citoesqueleto esta intimamente relacionado com a
disponibilidade de alguns minerais, principalmente o calcio (Hepler 2005). A interacdo
entre elementos do citoesqueleto e o célcio tem sido demonstrada em estudos
envolvendo células motoras (Yao et al. 2008; Chen et al. 2013), sendo conhecido seu
papel como mediador na polimerizagdo dos filamentos de actina (Hwang & Lee 2001,
Chen et al. 2013). Assim, a deficiéncia de calcio pode acarretar diversos problemas nos
processos modulados pelo citoesqueleto (Hepler 2005), como se supdem ser 0 caso dos
processos de desenvolvimento e funcionamento dos tricomas glandulares.

Além da disponibilidade de nutrientes importantes para o desenvolvimento
vegetal, como o célcio, outros fatores exdgenos como intensidade luminosa,
temperatura, injurias mecéanicas, dentre outros, podem influenciar a formacdo e
funcionamento das estruturas secretoras nas plantas (Langenheim 2003; Rosner &
Hanrup 2004; Moreira et al. 2008). Dentre estes fatores, o efeito da herbivoria no
desenvolvimento e funcionamento do sistema secretor € um dos mais conhecidos (Dalin
et al. 2008). Em diversas espécies de plantas, o ataque de herbivoros resulta na
producdo de maior densidade de tricomas glandulares (Baur et al. 1991; Dalin et al.
2008), o que tem sido associado a producdo de substancias com potencial repelente que

levam a um incremento na protecdo dos orgdos formados apds ataque de herbivoros
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(Dalin et al. 2008). Nesse sentido tem sido registrado que diversas espécies vegetais
produzem substancias induzidas especificamente pelo ataque de herbivoros — herbivore-
induced plant volatiles (HIPVs) (Dicke et al. 2003; Unsicker et al. 2009; Tozin et al.
2015h).

Apesar da conhecida plasticidade dos tricomas glandulares no que se refere a
densidade e funcionamento (Dalin et al. 2008; Tozin et al. 2015b, 2017), a presenca
dessas glandulas em O&rgdos aéreos vegetativos e/ou reprodutivos € um aspecto
constitutivo comum a numerosas familias de eudicotileddneas, dentre elas Lamiaceae
(Metcalfe & Chalk 1950). Espécies pertencentes a Lamiaceae possuem tricomas
glandulares com morfologia diversificada como os principais sitios de secrecdo de
metabdlitos secundarios que conferem a essas plantas propriedades aromatica e
medicinal (Fahn 1979; Ascenséo et al. 1995).

Estudos sobre a morfologia de tricomas em espécies de Lamiaceae sdo
abundantes, havendo informacGes sobre espécies pertencentes a diferentes géneros
(Werker et al. 1993; Ascenséo et al. 1995, 1998; Serrato-Valenti et al. 1997; Ascenséo
& Pais 1998; Turner et al. 2000; Kaya et al. 2007; Milaneze-Gutierre et al. 2007; Huang
et al. 2010; Rodrigues et al. 2013). De forma geral, apesar da abundéncia de estudos
sobre a morfologia de tricomas em Lamiaceae, pesquisas envolvendo espécies nativas
sdo escassas. Da mesma forma, trabalhos envolvendo os aspectos celulares da secregéo
em tricomas glandulares de Lamiaceae séo restritos a poucas espécies (Ascensdo et al.
1995; Ascensdo & Pais 1998; Huang et al. 2010; Tozin & Rodrigues 2017).

Neste trabalho, estudamos as espécies Hyptis villosa Pohl ex Benth. e Ocimum
gratissimum L. pertencentes a Lamiaceae. O género Hyptis é constituido por cerca de
400 espécies distribuidas do Sul dos Estados Unidos até a Argentina. No Brasil, possui

cerca de 200 especies, sendo pelo menos 146 endémicas (Falcdo & Menezes 2003;
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Harley et al. 2013). Espécies deste género sdao amplamente utilizadas pela industria
farmacéutica e na medicina popular em diversos paises devido as atividades
antimicrobiana, antifungica, anti-inflamatoria e inseticida da secrecdo produzida por
seus tricomas (Falcdo & Menezes 2003). Além disso, estudos mostram que as
substancias extraidas de espécies de Hyptis apresentam potencial para a diminuicdo da
carga viral do HIV (Falcdo & Menezes 2003). No Cerrado paulista, Hyptis villosa,
conhecida popularmente como horteld-do-cerrado, é bastante comum (Durigan et al.
2004). Estudos demonstram que o 6leo essencial produzido por esta espécie € rico em
espatulenol, epi-a-cadinol e biciclogermacreno (Silva et al. 2013). Os tricomas
glandulares de H. villosa, principais sitios produtores de tais substancias bioativas,
foram descritos por Tozin & Rodrigues (2017). Estes autores descreveram quatro
morfotipos de tricomas glandulares, facilmente distinguiveis. O género Ocimum
corresponde a um grupo de espécies com ampla importancia econdmica devido a
producdo de Oleos essenciais largamente explorados por industrias farmacéuticas e
alimenticias. As espécies pertencentes a este género sdo amplamente distribuidas na
Africa, América e Asia (Orafidiya et al. 2004; Tchoumbougnang et al. 2006). Ocimum
gratissimum, popularmente conhecida como alfavaca ou alfavaca-cravo, possui 6leo
essencial rico em eugenol (Silva et al. 1999; Fernandes et al. 2013) e 1-8 cineol (Silva et
al. 1999). A espécie tem sido bastante utilizada como condimento e na medicina popular
para o tratamento de diversas doencas (Albuquerque et al. 2007; Di Stasi et al. 2002)
como reumatismo, paralisias e transtornos mentais (Effraim et al. 2001). Além disso,
diversos trabalhos tém demonstrado as propriedades bactericida (Matasyoh et al. 2007)
e fungicida (Faria et al. 2006) de seus extratos. Entretanto, estudos sobre as
caracteristicas morfologicas das glandulas produtoras dos compostos bioativos nessa

espécie ndo foram encontrados.
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Além das duas espécies de Lamiaceae mencionadas acima, nesse trabalho
empregamos a espécie modelo Nicotiana benthamiana Domin (Solanaceae) para
estudos com abordagens moleculares. Nicotiana benthamiana, conhecida popularmente
como tabaco, tem sido amplamente utilizada na literatura para estudos em associagéo
com Agrobacterium, a fim de se promover a marcacdo de estruturas especificas com
proteinas fluorescentes — GFP, RFP, YFP (Wahlroos et al. 2003; Sohn et al. 2014; Petre
et al. 2017). A espécie produz grande quantidade de éleo, e, portanto, mostrou-se um
importante modelo para o estudo do sistema secretor.

Os objetivos desse trabalho foram investigar o papel do citoesqueleto na
morfogénese e funcionamento de tricomas glandulares e no transporte lipidico em
células secretoras de Oleo, além de investigar a influéncia da herbivoria no
desenvolvimento e funcionamento de tricomas glandulares. Para isso, a) descrevemos a
morfologia, histoquimica e aspectos subcelulares dos tricomas glandulares de O.
gratissimum, com énfase na distribuicdo dos elementos do citoesqueleto; b)
investigamos o efeito do célcio e de drogas desestabilizantes do citoesqueleto nos
aspectos morfogenéticos, subcelulares e funcionais dos tricomas glandulares de H.
villosa e O. gratissimum; c) investigamos a dindmica do transporte intracelular de gotas
de dleo utilizando a espécie modelo Nicotiana benthamiana (tabaco); e d) avaliamos a
influéncia da herbivoria por formigas cortadeiras na densidade glandular e na

composic¢do quimica dos volateis em O. gratissimum.
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CAPITULO 1

Distribution, morphology and hisochemistry of glandular trichomes in Ocimum
gratissimum L. (Lamiaceae) emphasizing the involvement of cytoskeletal elements
in the secretory process

Luiz Ricardo dos Santos Tozin* & Tatiane Maria Rodrigues

S&o Paulo State University (UNESP), Institute of Biosciences of Botucatu (IBB),
Department of Botany, Botucatu, SP, Brazil.

*Author for correspondence (ricardo.tozin@gmail.com)

ABSTRACT

The morphology, histochemistry and ultrastructure of the glandular trichomes have been
exhaustively studied in several plants and their subcellular features are closely related
with the composition of secretion produced. Studies have purposed the fundamental role
of the cytoskeleton elements in the intracellular processes of secretion culminating with
the storage of the exudate in cellular compartments or its release to outside. However,
this topic has been poorly studied in secretory cells of plants. Ocimum gratissimum
(Lamiaceae) is an aromatic species widely utilized as condiment and in the popular
medicine. Here, we analyzed the distribution, morphology, histochemistry and
ultrastructure of the glandular trichomes of O. gratissimum, emphasizing the
distribution of the cytoskeletal elements. Glandular trichomes were observed in stem,
leaf, bract, sepal and adaxial surface of petal. Three morphotypes of glandular trichomes
were identified secreting different categories of chemical compounds. Plastids devoid of

grana and smooth endoplasmic reticulum were abundant in cells secreting lipophilic
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substances whereas hyperactive dictyosomes characterized the cytoplasm of the cells
producing mostly hydrophilic compounds. Microtubules were intensively
immunolabeling in cells secreting mostly lipophilic substances; and actin filaments
were strongly marked in cells secreting hydrophilic compounds. The convergent
techniques in microscopy used enabled us to establish a correlation among the glandular
morphotypes, their subcellular aspects, the prevalence of the cytoskeletal elements and
the secretion composition.

Keywords: actin filaments, glandular hairs, microtubule, secretion, ultrastructure.

INTRODUCTION

Glandular trichomes are external secretory structures with diverse morphology
and that can be present in vegetative and/or reproductive organs of several plant groups
(Ascensdo et al. 1995; Werker 2000). Different morphotypes of glandular trichomes
may occur side by side in the same organ and produce secretion with distinct chemical
composition (Ascensdo et al. 1995; Silva et al. 2016; Tozin & Rodrigues 2017).

Several work have demonstrated that the subcellular features of the glandular
trichomes are closely related with the type of secretion produced (Ascensdo & Pais
1998; Werker 2000; Argyropoulou et al. 2010; Tozin et al. 2015). Hydrophilic
substances are produced by cells rich in dictyosomes, whereas lipophilic compounds are
produced mainly by smooth endoplasmic reticulum and plastids (Werker 2000; Evert
2006; Tozin & Rodrigues 2017).

The intracellular processes of secretion culminate with the storage of the exudate
in cellular compartments or with the release of the exudate to the extracellular medium,
involve the movement of organelles and secretion bodies inside the cytosol (Fahn 1979;

Evert 2006), in wich the cytoskeletal elements are fundamental. In this sense, Tozin &
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Rodrigues (2017) postulated that in plant gland cells the microtubules can be involved
in the oil drops movement, such as demonstrated for animal cells (Zehmer et al. 2009
and references therein); and that the actin filaments are responsible for the movement of
secretory vesicle in plant cells active in production of hydrophilic compounds, as known
for animal cells (Valderrama et al. 2001; Stamnes 2002). However, studies on this issue
involving secretory cells in plants are restricted to Hyptis villosa (Lamiaceae) (Tozin &
Rodrigues 2017) and deserve more attention, mainly because new studies are showing
that the mechanism for lipid drops displacement could be different in plants and animal
cells (Tozin et al. In Prep.).

Lamiaceae species are known by the presence of glandular trichomes secreting
substances with economic and ecologic values (Ascensao et al. 1999; Serrato-Valentini
et al. 1997; Rodrigues et al. 2013; Tozin & Rodrigues 2017). The genus Ocimum,
collectively called basil, belongs to an economically important group of plants due the
production of essential oil widely exploited by the pharmaceutical and food industries.
The Ocimum species are largely distributed in Africa, America and Asia (Orafidiya et
al. 2004; Tchoumbougnang et al. 2006). Ocimum gratissimum L., one of the most
important species of the genus, is popularly named as “alfavaca-cravo” or tree basil. It is
widely used as a condiment and in the popular medicine for several diseases (Di Stasi et
al. 2002; Albuquerque et al. 2007). In addition, work have demonstrated their
antibacterial (Matasyoh et al. 2007) and antifungal (Faria et al. 2006) properties.
Despite the economic importance of O. gratissimum, studies about the morphological
features of the glands producing their bioactive compounds were not found.

In this paper we analyzed the distribution, morphology, histochemistry and
ultrastructure of the glandular trichomes in reproductive and vegetative aerial organs of

O. gratissimum, emphasizing the involvement of the cytoskeleton elements in the

27



secretory process. Correlations among the subcellular features of the secretory cells,
predominance of actin filaments or microtubules and the secretion composition were

established.

MATERIAL AND METHODS
Plant material

Ocimum gratissimum individuals growing in the medicinal garden from Lageado
Experimental Farm, Botucatu city, Sdo Paulo state, Brazil, were sampled. Samples of
stem (15 mm below the shoot apex), expanded and non-senescent leaves and
inflorescence parts (bracts, sepal, petal, stamen and pistil) were collected from adult
plants (n = 5).

Vouchers were deposited in the Irina Delanova Gemtchujnicov Herbarium
(BOTU), of the Department of Botany, Institute of Biosciences of Botucatu, IBB,

UNESP, Botucatu, S&o Paulo, Brazil, under registration number 32798.

Distribution and morphological analysis

Samples of stem, leaves, bracts and flowers were observed with Leica M205C
stereomicroscope for analyze the distribution of the glandular trichomes.

For histological studies, freshly hand-cut sections (10 um thick) were stained
with Safrablau (Bukatsch 1972); and semi-permanent slides were mounted with
glycerin jelly. In addition, samples were fixed in FAA 50 (Johansen 1940), dehydrated
in an ethanol series, and embedded in Leica® historesin. Cross sections (7 um thick)
obtained in a rotary microtome were stained with 0.05% toluidine blue O, pH 3.7
(O’Brien et al. 1964), and then mounted in Entellan® on permanent slides. The relevant

results were documented using a Leica DMR photomicroscope with digital camera.
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Histochemistry

To detect the main classes of chemical compounds present in the glands, freshly
hand-cut sections of leaves were treated with the following reagents: Lugol for starch
grains and alkaloids (Johansen 1940), Sudan IV and Sudan Black for total lipids
(Pearse 1980), Nadi reagent for terpenoids (David and Carde 1964), ferric trichloride for
phenolic compounds (Johansen 1940), periodic acid-Schiff (PAS) for water-insoluble
polysaccharides (Amaral et al. 2001), Wagner reagent for alkaloids (Furr and Mahlberg

1981), and bromophenol blue for total proteins (Mazia et al. 1953).

Scanning electron microscopy (SEM)

For analysis of glandular micromorphology, samples excised from the middle
portion of the leaf blade were fixed in 2.5% glutaraldehyde with 0.1 M phosphate
buffer, pH 7.3, overnight at 4 °C, post-fixed in 1% osmium tetroxide, dehydrated in a
graduated acetone series, critical-point dried, mounted on aluminum stubs and the gold-
coated (Robards 1978). The material was examined with a FEI Quanta™ scanning

electron microscope at 12.5 kV.

Transmission electron microscopy (TEM)

To analyses of the subcellular features of the glands, samples excised from the
middle portion of the leaf blade were fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.3 for 24 h; post-fixed with 1% osmium tetroxide aqueous solution in the
same buffer for 1 h; dehydrated in an acetone series; and then embedded in Araldite®

resin. Ultra-thin sections were placed in formavar film-coated grids and stained with
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uranyl acetate and lead citrate (Reynolds 1963). The samples were examined using a

FEI Tecnai™ Spirit transmission electron microscope at 80 kV.

Immunolabeling of cytoskeletal elements for confocal microscopy

For immunolabeling of actin filaments and microtubules, cross sections obtained
from the middle portion of fresh leaf blades were fixed with formaldehyde 4%,
incubated in triton X-100 0.2% and in anti-B-tubulin-FITC (1:100 in PBS with BSA
1%) (Sigma—Aldrich®, St. Louis, MO, USA) at room temperature. After, the samples
were incubated in phalloidin-rhodamine (500 pg/1 ml in methanol) (Sigma—Aldrich®,
St. Louis, MO, USA) at room temperature. The slides were mounted in DAPI
(Fluoroshield with DAPI, Sigma—Aldrich®, St. Louis, MO, USA), and examined in a
Leica TCS SP5 confocal microscope under 488-nm, 543-nm, and 405-nm laser lines

(Tozin & Rodrigues 2017).

RESULTS
Distribution of glandular trichomes in vegetative and reproductive organs
Glandular and non-glandular trichomes covered vegetative and reproductive
organs of O. gratissimum. Glandular trichomes were observed in the stem (Fig. 1A) and
in both surfaces of leaf blades (Fig. 1B), bracts (Fig. 1C) and sepals (Fig. 1D), in
addition to the adaxial surface of petals (Fig. 1E). Close to the ovary numerous non-
glandular trichomes covered the adaxial surface of petal (Fig. 1F).
Three morphotypes of glandular trichomes (here named I, 1l and IIl) were
identified and their differential distribution in vegetative and reproductive organs is

provided in Table 1.
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Morphology of glandular trichomes

The morphotype | is composed of a large globose head with four cells in one
layer (Fig. 2A-D), and a body constituted by a lenticular narrow stalk cell and one basal
cell (Fig. 2A, E). This morphotype is sunken in deep depressions on the leaf blade (Fig.
2A, B) and is protuberant in the midrib (Fig. 2C). The head cells are covered by smooth
cuticle that ruptures following the head circumference (Fig. 2D). In the active secretory
stage, secretion accumulates in the large subcuticular space (Fig. 2A, E). The walls of
head cells are moderately thin (Fig. 2F-G) and fibrillar content is observed in the
periplasmic space (Fig. 2G); plasmodemata connect the head cells among themselves
and to the stalk (Fig. 2F, H). The nucleus of head cells are voluminous (Fig. 2F); the
cytoplasm is dense and abundant with numerous plastids devoid of grana and with
dense aspect; the vacuoles are small; oil droplets are observed free in the cytoplasm
(Fig. 2F, G). The stalk cell exhibits abundant and dense cytoplasm with plastids devoid
of grana, vesicles, small vacuoles with fibrillar content (Fig. 2H), smooth endoplasmic
reticulum and mitochondria. Abundant material with fibrillar aspect fills the wide
periplasmic space (Fig. 2H).

The morphotype Il is composed of a globose unicellular head (Fig. 3A-D) and
body with unicellular stalk and one slightly elongated basal cells (Fig. 3A-C). This
morphotype is protuberant in the midrib (Fig. 3B) and sunken in deep depressions along
the leaf blade (Fig. 3A, C). The cuticle of head cells is distended originating a large
subcuticular space (Fig. 3 A, E) that is filled with secretion with homogenous and
fibrillar aspect (Fig. 3E). No signals of rupture were detected in the cuticle, but
trichomes with shrunken and shriveled aspect (Fig. 3D) were commonly found. In the
active secretory stage, the head cells present thin walls with loose aspect (Fig. 3E); the

cytoplasm is abundant and dense with proliferate rough endoplasmic reticulum,
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hyperactive dictyosomes, mitochondria with dilated cristae, plastids, vesicles,
polysomes and oil drops (Fig. 3E-G); the plastids are devoid of grana and contain
osmiophilic globules and starch grains (Fig. 3F); some plastids exhibit prolamellar body
(Fig. 3G). The vacuoles are small and filled with fibrillar content (Fig. 3E-G) or oil
bodies (Fig. 3G). The stalk cell presents walls with numerous plasmodemata connecting
it to the head cell (Fig. 3H); the nucleus is large with irregular contour and the
cytoplasm is abundant with numerous polysomes, rough endoplasmic reticulum,
mitochondria, oil drops and plastids; the plastids are devoid of grana and contain
electron dense inclusions (Fig. 3H).

The morphotype 11 is composed of a round two-celled head (Fig. 4A-B) and a
body with a unicellular stalk and a basal cell (Fig. 4A). The head cells are covered by
cuticle that ruptures by a transversal line (Fig. 4C-D) to release the secretion with
flocculate aspect accumulated in the subcuticular space (Fig. 4E-Inset). In the active
secretory stage, the head cells present moderately thick walls with cellulose microfibrils
loosely arranged; these walls are characterized by labyrinthine projections toward the
cytoplasm (Fig. 4E-G). In head cells, the cytoplasm is dense and abundant,
characterized by hyperactive dictyosomes, extensive rough endoplasmic reticulum,
polysomes, mitochondria and vesicles (Fig. 4E-G); the plastids are devoid of grana and
contain osmiophilic inclusions of different sizes (Fig. 4F). Small vacuoles with
membranous inclusions are observed (Fig. 4G). The stalk cell presents thick anticlinal
walls and thin periclinal walls (Fig. 4H); the cytoplasm is abundant with numerous
mitochondria, plastids devoid of grana and containing osmiophilic inclusions and
smooth endoplasmic reticulum; large oil bodies are observed free in the cytoplasm and

several small vacuoles with fibrillar material occur in the stalk cell (Fig. 4H).
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Histochemistry of the glandular trichomes

Different categories of chemical constituents were histochemically identified in
the glandular trichomes (Table 2) (Figure 5A-M). Lipophilic compounds were identified
mainly in the head cells of the morphotype I, and in the stalk cells of the all
morphotypes. Hidrophilic compounds were predominantly detected in the head cells of

the morphotype 11 and 111 (Table 2).

Immunolabeling of the cytoskeletal elements on Confocal Microscopy

The distribution of the cytoskeletal elements was different along the parts
constituents of the glandular trichomes and among the glandular morphotypes (Fig. 6A-
). In the morphotype | (Fig. 6A-C) actin filaments were moderately marked in the stalk
cell (Fig. 6A); and microtubules were moderately labeled in the head cells (Fig. 6B) and
strongly marked in stalk cell (Fig. 6B). The morphotypes Il (Fig. 6D, F) and Il (Fig.
6G, 1) showed moderate marking for actin filaments in the head and stalk cells;

microtubules were more intensely marked in their stalk cells (Fig. 6E, H).

DISCUSSION

In this paper we identified three different morphotypes of glandular trichomes
with differential distribution in vegetative and reproductive organs of O. gratissimum.
The use of conventional and confocal light microscopy associated to scanning and
transmission electron microscopy enabled us to establish a correlation among the
glandular morphotypes, the subcellular features of the gland cells, the abundance of the
different cytoskeletal elements and the secretion composition.

The presence of three morphotypes of glandular trichomes as demonstrated in

the present study appears to be an important characteristic to the Ocimum genus. Naidoo
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et al. (2013) have demonstrated the same morphotypes for O. obovatum, and Werker et
al. (1993) for O. basilicum. Since they are the main sites of production of essential oils
(Werker et al. 1993; Naidoo et al. 2013), these glandular trichomes can be associated to
the economic value of the Ocimum species. In fact, terpenes were here histochemically
detected in all glandular morphotypes of O. gratissimum, mainly in the the morphotype
I. However, in addition to lipophilic compounds, our histochemical tests showed
hydrophilic compounds in these glands, characterizing the mixed nature of the secretion
in O. gratissimum.

The substances secreted by glandular trichomes have an important role in
ecological interaction, allowing the plant survival in many different environments
(Harbone 1993; Langenheim 2003). Essential oils can provide protection against
herbivores and pathogens (Dicke et al. 2003; Unsicker et al. 2009; Tozin et al. 2017),
whereas polysaccharides can act in maintaining the tissues hydrated, and lubricating
meristems and young organs (Ascensdo et al. 1999; Tozin et al. 2015). Phenolic
compounds can protect the cells against adverse effects of the UV-B radiation from
excessive sunlight intensity (Liakoura et al. 1997; Silva et al. 2016).

The distinctive glandular morphotypes presented differential distribution among
the O. gratissimum organs. This fact can be related with the differential function of each
glandular morphotype (Werker 2000), associated to the differences on the main classes
of compounds in each glandular morphotype. According to our histochemical tests, the
morphotype | appears to be the mainly site of essential oil production. In fact, the
presence of plastids devoid of grana and smooth endoplasmic reticulum, as observed in
the cytoplasm of the head and stalk cells of this glandular morphotype is indicative of
lipidic compound production (Fahn 1979; Evert 2006; Tozin & Rodrigues 2017). The

presence of lipids in the stalk cell suggests their participation in the secretory process,
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probably providing precursors for the secretion synthesis (Argyropoulou et al. 2010;
Tozin et al. 2015). The abundance of plasmodemata connecting the head cells and the
stalk cell supports the hypothesis that the secretion precursors can be transported via
symplast from the stalk to the head cells (Tozin et al. 2015).

The morphotypes Il and 11l produce mixed secretion, since hydrophilic and
lipophilic compounds were histochemically detected in their cells. The head cells of
morphotypes Il and I1l reacted strongly for the presence of neutral polysaccharides.
Lipids were absent in these cells. In fact, hyperactive dictyosomes were the
predominant organelle in the head cells of both morphotypes and have been associated
with hydrophilic secretion production (Ascenséo et al. 1999; Evert 2006). The presence
of plastids devoid of grana in the stalk cell of morphotypes Il and Il is a remarkable
feature; and it has been responsible for the lipophilic secretion production in this cell
(Fahn 1979; Evert 2006; Tozin & Rodrigues 2017). So, in these morphotypes the head
is the main site of hydrophilic compound production, and the stalk are involved in
synthesis of lipophilic substances.

The presence of plastids with starch grains as observed in the morphotype Il is
not a common feature for head cells of glandular trichomes. This finding suggests that
the energy necessary for the production of secretion in these glands comes from the
degradation of carbohydrates present in the plastids (Nepi et al. 1996; Paiva & Machado
2008).

The presence of cell wall with labyrinthine projections in glands, as observed
here in the morphotype 11, deserves some attention and has been reported for a few
plant species (Bourett et al. 1994; Gama et al. 2016; Tozin & Rodrigues 2017). The
outgrowths of the cell walls increase the surface of the cell boundaries favoring the

exchanges between symplast and apoplast during the secretory process (Gunning & Pate
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1969). This aspect has been associated with more efficiency in the process of release of
secretion (Gunning & Pate 1969; Evert 2006; Tozin & Rodrigues 2017).

In the morphotype I, the essential oils are released from the head cell via ecrine
(Evert 2006). The lipidic compounds cross the cell wall due to the mechanical pressure
applied by the protoplasm (Paiva 2016) and accumulate in the subcuticular space. In the
morphotypes Il and Ill, the great amount of vesicles produced by the dictyosomes
suggests granuclocrine process (Evert 2006; Tozin et al. 2015) for secretion release to
the subcuticular space. In this process, the vesicles merge with the plasma membrane
and release the secretion in the apoplastic space (Evert 2006).

In all the glandular morphotypes, the exudate is released from the protoplast and
accumulates in the subcuticular spaces. The release of secretion from the head cells
seems to follow different ways among the glandular morphotypes. The secretion moves
out from the glandular head via cuticle ruptures, in the morphotype | and Ill. The
rupture of the cuticle on the head cells seems to be a common feature to glandular
trichomes in other Lamiaceae species (Ascensdo et al. 1995; Serrato-Valentini et al.
1997; Tozin & Rodrigues 2017). In the morphotype Il no cuticle ruptures was observed,
suggesting that the secretion accumulated in the subcuticular is able to cross the cuticle
to achieve the external environment (Silva et al. 2016); the presence of glandular
trichomes with shrunken and shriveled aspect in the post-secretory stage is another
evidence of this process.

Concerning the immunolabeling of the cytoskeletal elements, actin filaments
were strongly marked in cells secreting mainly hydrophilic compounds such as the head
cells of morphotypes Il and Ill. On the other hand, the marking for microtubules was
intensely positive in head cells of morphotype I, and in the stalk cells of morphotype II

and I11. In such cells, our histochemical tests showed intense oil production. More
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intense reaction for actin filaments in cells producing mainly hydrophilic compounds
and stronger labeling of microtubules in cells secreting lipophilic substances was also
reported by Tozin & Rodrigues (2017) in a pioneer work on the cytoskeleton on
secretory cells in plants. These findings corroborate the involvement of the actin
filaments in the movement of vesicles secreting hydrophilic compounds (Valderrama et
al. 2001; Stamnes 2002; Tozin & Rodrigues 2017). So, we suggest that the vesicles
produced by the dictyosomes in the head cells of morphotypes Il and 111 are transported
until the plasmalemma by action of actin filaments. If actin filaments are involved in
intracellular transport of oil bodies in these cells needs further investigation. Concerning
the microtubules function, this work suggest their involvement in the oil drop transport
and anchorage (Gross et al. 2000; Zehmer et al. 2009 and references therein; Tozin &
Rodrigues 2017); however, new studies are proposing that the oil drops produced by the
endoplasmic reticulum are displaced on it by the actin filaments, with no association
with the microtubules (Tozin et al. In prep); on the other hand, the plastids are clearly
the main site of oil drops produced in the glandular trichomes described here. This
aspect deserves more attention and should be checked. Experimental studies involving
the use of drugs inhibitory of polymerization cytoskeleton elements are being performed
and can expand the knowledge on actin filaments and microtubules for the functioning

of glandular trichomes.
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TABLES

Table 1. Distribution of three morphotypes of glandular trichomes in
the vegetative and reproductive organs of Ocimum gratissimum
(Lamiaceae).

Glandular morphotypes
I 1 i

Organs/region

Stem

Leaf blade (abaxial surface)
Leaf blade (adaxial surface)
Bract (abaxial surface)
Bract (adaxial surface)
Sepal (abaxial surface)
Sepal (adaxial surface) -
Petal (abaxial surface) - - -
Petal (adaxial surface) -
Filament - - -
Style - - -
Ovary - - -

Note: +, presence; -, absence.

+ + + +

+
+ + 4+ + + + +

—+
1

Table 2. Histochemical tests to three morphotypes of glandular trichomes in leaves of
Ocimum gratissimum (Lamiaceae).

Metabolic group Reagent 0C SC HC SC HC sc
Total lipids Sudan IV ++  ++ - + - ++
Total lipids Sudan Black ++ 4+ - + - ++
Terpenes Nadi reagent ++ o+ - + - 4+
Phenolic compounds Ferric trichloride - - ++ 4+ - -
Alkaloids Wagner reagent - - - - - -
Proteins Bromophenol blue -+ - + -
Neutral polysaccharides PAS - -+ 4+ 4+ -

Note: SC, stalk cell; HC, head cell; +, ++ abundance relative; -, absence; PAS, periodic
acid-Schiff”s.
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LEGENDS OF FIGURES
Figure 1. Distribution of glandular trichomes in vegetative and reproductive organs of
Ocimum gratissimum. (A) Cross sections of stem under light microscopy. Gt: glandular
trichome. (B) Cross section of leaf blade under light microscopy showing the glandular
trichomes (Gt). Ngt: non-glandular trichomes. (C) Cross section of bract under light
microscopy showing the glandular trichomes (Gt) in both surfaces. (D) Cross sections
of sepal under light microscopy. Gt: glandular trichome. (E) Cross sections of petal
under light microscopy showing the only glandular trichome (Gt) morphotype present in
this organ. (F) Cross sections of petal in its basal part under light microscopy showing

numerous non-glandular trichomes (Ngt). Bars: 100 pm.

Figure 2. Morphotype | of glandular trichome in Ocimum gratissimum. (A) Light
micrograph showing trichome with head cells (Hc) with subcuticular space (Ss), stalk
cell (Sc) and basal cell (Bc). (B-D) Scanning electron micrographs. (B-C) The glandular
trichome in the leaf blade (B) and midrib (C). (D) Detail showing the cuticle (ct)
ruptures exposing the head cells (Hc). (E-H) Transmission electron micrographs. (E)
General aspect of the trichome with electron dense head cells (Hc) and subcuticular
space (Ss). Sc: stalk cell. Bc: basal cell. (F-G) Head cells (Hc) showing dense cytoplasm
with plastids (PI) devoid of grana, small vacuoles (Va), and oil droplets (Ol) free in the
cytoplasm. Note the voluminous nucleus (Nu). Cw: cell wall; Sc: stalk cell. (H) Stalk
cell with dense cytoplasm with plastids (Pl) devoid of grana and vesicles (Ve). The
arrow indicates plasmodemata connecting it to the head cells. Note the periplasmic
space (Ps) filled with fibrillar material. Cw: cell wall. Bars: A-D =25 um; E = 10 um; H

=05um; F-G =1 pum.
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Figure 3. Morphotype Il of glandular trichome in Ocimum gratissimum. (A) Light
micrograph showing trichome with head cell (Hc), stalk cell (Sc) and basal cell (Bc).
(B-D) Scanning electron micrographs. (B-C) Glandular trichome in the midrib (B) and
leaf blade (C). (D) Glandular trichome with shrunken and shriveled aspect in the post-
secretory stage. (E-H) Transmission electron micrographs. (E) Head cell showing wide
subcuticular space (Ss), and dense cytoplasm with rough endoplasmic reticulum (Rer),
dictyosomes (Di) and vacuoles (Va). Cw: cell wall. (F) Detail of head cell showing
hyperactive dictyosomes (Di), rough endoplasmic reticulum (Rer), mitochondria (Mi),
plastids (Pl) with starch grain (St) and small vacuoles (Va). (G) Head cell with nucleus
(Nu), cytoplasm dense with rough endoplasmic reticulum (Rer), dictyosomes (Di),
vesicles (Ve), plastids (Pl) with prolamellar body (Pb), small vacuoles (Va) and oil
droplets (Ol). (H) Stalk cell showing numerous periclinal wall with plasmodemata
(arrow) connecting to the head cell (Hc), voluminous nucleous (Nu), and cytoplasm
with rough endoplasmic reticulum (Rer), abundant polysomes and plastids (PI) devoid
of grana containing osmiophilic inclusions. Bars: A-D = 10 um; E=1 um; F-H = 0.5

um.

Figure 4. Morphotype Il of glandular trichome in Ocimum gratissimum. (A) Light
micrograph showing glandular trichome with head cells (Hc), stalk cell (Sc) and basal
cell (Bc). (B-D) Scanning electron micrographs. (B) Overview of the glandular
trichome with two head cells. (C) Detail showing the cuticle ruptures (arrowheads). (D)
Detail showing the head cells (Hc) exposed after cuticle (Ct) ruptures. (E-H)
Transmission electron micrographs. (E) Head cell with thick cuticle (Ct), cell wall (Cw)

with labyrinthine projections (*), and dense cytoplasm with extensive rough
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endoplasmic reticulum (Rer) and plastids (Pl). The inset shows the subcuticular space
filled by flocculated secretion. (F) Detail of the head cell showing rough endoplasmic
reticulum, plastids (Pl) with large osmiophilic inclusions, mitochondria (Mi) and
vacuoles (Va). *: labyrinthine projections in cell walls. (G) Head cell with labyrinthine
projections (*) in the wall (Cw), hyperactive dictyosomes (Di), vesicles (Ve) and small
vacuoles (Va). (H) Stalk cell showing thick anticlinal cell wall (Cw), and cytoplasm
with numerous small vacuoles (Va) with fibrillary content, plastids (Pl) devoid of grana,

and large oil (Ol) drop. Bars: A-D =10 um; E,F,H=1 pum; G =0.5 pm.

Figure 5. Histochemical tests of glandular trichomes in Ocimum gratissimum leaf
blade. (A-D) Morphotype I. (E-1) Morphotype 1l. (J-M) Morphotype I11. (A, J) Sudan
IV. (B, E) Sudan black. (C, F, K) Nadi reagent. (D, H, L) Bromophenol blue. (G) Ferric

Trichloride. (I, M) PAS. Bars: 20 um.

Figure 6. Immunolabeling of cytoskeletal elements in the glandular trichomes in
Ocimum gratissimum (Lamiaceae) leaf blade under confocal microscopy. (A-C)
Morphotype I. (D-F) Morphotype 1I. (G-1) Morphotype 1ll. (A, D, G) F-actin labeling
by phalloidin-rhodamine. (B, E, H) Microtubule labeling by anti-p-tubulin-FITC. (C, F,
I) F-actin and microtubule labeling by anti-B-tubulin-FITC and phalloidin-rhodamine.

Bars: 10 pm.
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ABSTRACT

The cellular features of glandular trichomes have been extensively studied in plants
belong to different families, but the role of the cytoskeleton in the gland morphology
and functioning has been neglected. We investigated the morphological and subcellular
alterations in glandular trichomes of two Lamiaceae species resultant from problems in
the cytoskeleton polymerization caused by destabilizing drugs and low levels of Ca*? a
known modulator of cytoskeleton activity. Plants of Hyptis villosa and Ocimum
gratissimum were submitted to Oryzalin and Cytochalasin D and 240 mgL™, 160 mgL™,
80 mgL™?, 40 mgL™ and 0 mgLof Ca*?. The samples were analyzed using confocal and
scanning and transmission electron microscopy. Gas-exchange indixes and the volatile

components composition were analyzed in O. gratissimum plants under Ca*? treatments.
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Both, cytoskeleton destabilizing drugs and the low levels of Ca*?, lead to morphological
alterations in wall structure of glandular head cells in both species, in addition to
degradation of the cytoplasm and its organelles. The immunolabeling of cytoskeletal
elements produced differential marking for each treatment. The gas exchange indexes
decreased in plants submitted to low levels of Ca*?; and the essential oil composition
was not affected. Our results show that both, cytoskeleton destabilizing drugs and low
levels of Ca*? cause similar structural alterations in glandular trichomes, leading to
problems mainly concerning on the secretion release. New studies involving molecular
approaches must be conducted to elucidate the role of the cytoskeletal elements during
the morphogenesis and functioning of glandular trichomes.

Keywords: actin filaments, glandular hairs, Hyptis, microtubules, Ocimum.

1. INTRODUTION

The origin, morphology and subcellular features involved in the secretory process of
glandular trichomes have been issues exhaustively studied for several plant species
(Ascensdo & Pais 1998; Papini et al. 2010; Argyropoulou et al. 2010; Appezzato-da-
Gléria et al. 2012; Naidoo et al. 2012; Amrehn et al. 2014; Tozin et al. 2015; Silva et al.
2016; Tozin & Rodrigues 2017 and references therein). However, some important
aspects such as the role of the cytoskeletal elements in the gland morphology and
functioning have been neglected.

Recent studies have demonstrated the relation between the predominance of the
actin filaments and microtubules in the secretory cells and the composition of secretion
in glandular trichomes of Hyptis villosa (Tozin & Rodrigues 2017) and Ocimum
gratissimum (Tozin & Rodrigues, in prep), suggesting the involvement of these

elements in the intracellular processes of production, transport and release of the
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exsudate. In addition, researches have showed the involvement of cytoskeleton elements
in the origin and maintenance of non-glandular hairs in model species (Szymanski et al
1999; Kost et al. 1999; Mathur et al. 1999), but not in glandular trichomes. In this sense,
it has been assumed that microtubules play an important role in the stalk formation and
branching initiation in non-glandular hairs, while actin filaments are key elements in the
elongation of the branches and maintenance of the shape of mature non-glandular hairs
(Kost et al. 1999; Mathur et al. 1999). In Arabidopsis, it has been proved that the non-
polimerization of actin filaments avoids the formation of non-glandular hairs
(Szymanski et al. 1999). So, it is presumed that problems concerning the cytoskeleton
polymerization can also cause structural and functional anomalies in glandular hairs, but
supporting studies are lacking.

The proper functioning of cytoskeleton in plant cells is closely associated to the
availability of some minerals, mainly the calcium (Ca*?) (Hepler 2005). The essentiality
of Ca*?in the cytoskeleton polymerization has been demonstrated in the movement of
pulvinus (Yao et al. 2008), stomata cells and in pollen tube growth (Chen et al. 2013).
Concerning the to secretory systems in plants, Huang et al. (2010) showed that reduced
amount of secretion is produced in Lavandula pinnata plants under low Ca*?
concentrations; this could be resultant from the reduction in the photosynthetic
performance caused by low levels of Ca™ (Chaves et al. 2003; Zhang et al. 2010;
Kudoyrova et al. 2013).

In this paper, we investigated morphological and subcellular alterations in glandular
trichomes of two Lamiaceae species resultant from problems in the cytoskeleton
polymerization caused by destabilizing drugs and low levels of Ca*% Indexes of gas-
exchanges under different Ca*? levels are presented searching for relation with the

essential oil production. For this, we employed Ocimum gratissimum and Hyptis villosa,
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two Lamiaceae species which glandular trichomes have morphology and ultrastructure
known (Tozin & Rodrigues 2017; Tozin & Rodrigues in prep.). Due the easy
recognition of their glandular morphotypes, these species appears to be good models to

studies under experimental conditions.

2. MATERIAL AND METHODS

2.1. Plant material

For cuttings, stem fragments of Ocimum gratissimum and Hyptis villosa
approximately 10 cm long were placed in trays containing commercial substrate
(Bioplant®, Nova Ponte, Minas Gerais, Brazil) and maintained under humid conditions
until rooting. After 35 days, plants were transferred to 6.0 L pots filled with complete
Hoagland and Arnon’s (1950) n°. 2 nutrient solution at 75% ionic concentration (O.
gratissimum) and at 50% ionic concentration (H. villosa), based on previous tests. The
pots were kept in a greenhouse under mean maximum and minimum air temperatures of
26.5°C and 21.5°C, respectively, and a mean relative humidity of 75% until harvesting.
The solutions were prepared using deionized water and were constantly aerated and
renewed every two weeks to minimize nutrient depletion or pH changes.

Vouchers were deposited in the Irina Delanova Gemtchijnicov Herbarium (BOTU),
of the Department of Botany, Institute of Biosciences of Botucatu, 1BB, UNESP,

Botucatu, S&o Paulo, Brazil, under registration numbers 32798 and 32799.

2.2. Treatments with cytoskeleton destabilizing drugs
At 60 days after transplanting to the hydroponic system, plants of H. villosa (n = 5)
and O. gratissimum (n = 5) were subjected to cytoskeleton destabilizing drugs

treatments. The treatments consisted of total control (H,0); DMSO 0.1% (Control);
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Oryzalin (10 and 50 pM) in DMSO 0.1% - destabilizing drug of microtubules; and
Cytochalasin D (10 and 30 uM) in DMSO 0.1% - destabilizing drug of actin filaments.
The concentration of each treatment was determined based on the technique of Mathur
et al. (1999) and preliminary tests. The apex of each plant was sprayed with the
treatment every 24 h. After 10 days, newly formed leaf primordia were collected to be

processed for analysis in confocal and scanning and transmission electron microscopes.

2.3. Treatment with Ca* levels and experimental design

At 60 days after transplanting to the hydroponic system, plants of O. gratissimum
and H. villosa were subjected to Ca*? treatments. The treatments for O. gratissimum
consisted of a control (240 mgL™ of Ca*?) and four levels of Ca** 160 mgL™, 80 mgL™,
40 mgL™ and 0 mgL™. For H. villosa, the plants were submitted to the 160 mgL™
(control), 80 mgL™ and 40 mgL™ and 0 mgL™. The control for each species was
established based on previous tests. The pots were arranged in a randomized design in a
greenhouse with four pots (n = 4) exposed to each treatment.

At 18 days after the application of the treatments, a new expanded leaf pair of each
plant, from both species, was collected to be analyzed in confocal and scanning and
transmission electron microscope. Simultaneously, O. gratissimum plants were used to
measure the rates of leaf gas-exchange. Finally, samples of leaves and inflorescences of

O. gratissimum were collected to analysis of volatile components composition.

2.4. Scanning electron microscopy (SEM)
For analysis of glandular micromorphology and density, leaves samples were fixed
in 2.5% glutaraldehyde with 0.1 M phosphate buffer, pH 7.3, overnight at 4 °C,

dehydrated in a graduated acetone series, critical-point dried, mounted on aluminum
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stubs, gold-coated (Robards 1978). The material was examined with a FEI Quanta™
scanning electron microscope.

The glandular density in leaves was calculated in 1 mm? using the Scandium
software with an image-capture system coupled to the scanning electron microscope.

The data were submitted to ANOVA followed by Tukey test, at a 5% probability level.

2.5. Transmission electron microscopy (TEM)

To analyses of the subcellular features of the glands, leaves fragments were fixed in
2.5% Karnovsky in 0.1 M phosphate buffer, pH 7.3 for 24 h; post-fixed with 1%
osmium tetroxide aqueous solution in the same buffer for 1 h; dehydrated in an acetone
series; and embedded in Araldite® resin. Ultra-thin sections were stained with uranyl
acetate and lead citrate (Reynolds 1963). The samples were examined using a FEI

Tecnai™ Spirit transmission electron microscope.

2.6. Immunolabeling of cytoskeletal elements for confocal microscopy
For immunolabeling of actin filaments and microtubules, cross sections of fresh
leaves were fixed in 4% paraformaldehyde in PBS for 1h; washed in PBS (3 x 20 min);
incubated in 0.2% triton x-100 for 15 min; washed in PBS (3 x 5 min); incubated in
phalloidin-rhodamine (1:900 in PBS) for 25 min; washed in PBS (3 x 5 min); incubated
in anti-p-tubulin-FITC (1:100 in PBS with 1% BSA); washed in PBS (3 x 5 min); and
mounted in DAPI. The material was analyzed with confocal microscope Leica TCS

SP5, and the relevant results were documented.

2.7. Measurements of leaf gas-exchange rates
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For measure the gas-exchange, we analyzed plants after 18 days of exposure to Ca*?
experiment. Four plants (n = 4) of each treatment were measured for: the net
photosynthetic rate (Pn, in pmol m? s™), stomatal conductance (gs in mol m? s™),
intracellular carbon concentration (Ci pmolCO, mol™air), transpiration rate (Tr in mmol
m? s1), water use efficiency (WUE mol CO, (mmol H20)™), and carboxylation
efficiency (Pn/Ci mmol m? s Pa™) in the second fully expanded leaves using an Infra-
Red Gas Analyzer (Li-6400, LI-COR, Inc., Lincoln, NE), between 09:00 am and 10:00
am. The CO, concentration reference used during evaluations was the level present in
the environment, ranging from 390 to 410 umol CO, mol™ and temperature of 29 °C,

humidity of 41% and light level PPFD of 1500 umol m™ s™. The data were submitted to

ANOVA followed by Tukey test, at a 5% probability level.

2.8. Essential oil composition

To analyze the composition of the volatile compounds, leaves and inflorescences
exposed to the treatment for 18 days were collected. Plants (n = 3) of each treatment
were analyzed. Samples with 0.45 g were placed in vial with 15 mL of deionized water.
The vials were submitted a hydrodistillation-like method. They were placed in water at
95 °C for 1 h; posteriorly, it was utilized the solid-phase microextraction (SPME)
technique. The volatile phase was exposed to CAR/PDMS fiber
(Carboxen/Polydimethylsiloxane, film thickness 75 pm, Supelco, Bellefonte, PA, EUA)
for 15 and 30 min; and it was designated as capture great time 15 min.

The fiber was injected in the gas chromatograph, and the qualitative and quantitative
(area normalization method) analysis of the essential oil was performed on a gas
chromatograph coupled to a mass spectrometer (CG-MS, Shimadzu, QP- 5000), with an

OV-5 fused silica capillary column (30 m x 0.25 mm x 0.25 um, Ohio Valley Specialty
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Chemical, Inc.), operating at an MS ionization voltage of 70 eV, with helium as the
carrier gas (1.0 mL/min.). The following chromatography conditions were used: injector
at 240 °C, detector at 230 °C, split 1/20, and the temperature program: 50 °C, 2 min; 50
°C - 180 °C, 3 °C/min; 180 °C — 230 °C, 10 °C/min. The compounds were identified by
comparison of the acquired mass spectra with those stored in the GC/MS database of
the system (NIST 62 lib.) and retention indices (Adams 2007). The retention indices
(R1) were obtained from the injection of a mixture of n-alcanes (Sigma-Aldrich, C9-
C24), employing the same temperature program conditions described above for GC/MS,
applying the equation of VVan den Dool and Kratz (1963). For each sample the fiber was
conditioned in GC-FID (Shimadzu, GC-2010/A0OC-20i) with the temperature program:

50 °C - 240 °C, 7 °C/min.

3. RESULTS
3.1 Effects of cytoskeleton destabilizing drugs in the glandular
trichomes

3.1.1. Morphology and ultrastructure

The general aspects of O. gratissimum and H. villosa leaf surfaces remained
constant in all treatments (Fig. 1A-C and 2A-C), i.e., glandular and non-glandular
trichomes were formed independently of the treatments.

In O. gratissimum, three morphotypes of glandular trichomes were analyzed and
we focused on the features of their head cells. The morphotype | has a wide four-celled
head; under control treatment, the head cells exhibited slightly thin walls with regular
aspect, in addition to dense and abundant cytoplasm with numerous plastids devoid of
grana and vesicles (Fig. 1D). Under Oryzalin treatment, the cell walls seemed thicker

presented irregular contour (Fig. 1E); consequently, the plasmalemma also showed
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more irregular contour (Fig. 1E); the cytoplasm presented irregular appearance with
denser and homogenous areas (Fig. 1E) and clearer areas filled with flocculate aspect
(Fig. 1F); fewer plastids and vesicles were observed (Fig. 1F, G) in comparison to
control; the organelles were poorly defined (Fig. 1E-F); and oil drops remained present
free in the cytoplasm (Fig. 1E, F). Under Cytochalasin D, the cell walls showed
pronounced foldings and cytoplasm showed a fibrillar aspect; plastids and mitochondria
were observed (Fig. 1G). The morphotype Il has a unicellular head. Under the control
treatment showed head cells with thin walls with regular contour (Fig. 1H); the
cytoplasm was dense with hyperactive dictyosomes, rough endoplasmic reticulum,
mitochondria with dilated cristae and plastids devoid of grana containing osmiophilic
inclusions; the vacuoles were scarce and small (Fig. 1H). Under Oryzalin treatment, the
vacuome became more developed (Fig. 11); few dictyosomes, vesicles and profiles of
rough endoplasmic reticulum were observed (Fig. 11-J). The plastids became more
electron-dense (Fig. 1lI); and multivesicular body were observed (Fig. 1J-Inset).
Ribosomes were more abundant (Fig. 1J). Under treatment with Cytochalasin D, the cell
walls acquired irregular contour (Fig. 1K) and electron-lucent impregnations (Fig. 1L);
the cytoplasm presented flocculate aspect and the ribosomes were abundant (Fig. 1 K,
L); the vacuome were more developed in compare to control (Fig. 1 K, L); organelles
presented lower definition of membranes (Fig. 1K-L). The morphotype IIl has a
bicellular head. Under the control treatment presented head cells with walls forming
labyrinthine projections (Fig. 1M); subcuticular space with homogeneous secretion (Fig.
1); and abundant cytoplasm of head cells showed dictyosomes, extensive rough
endoplasmic reticulum, and small plastids devoid of thylakoids and with osmiophilic
inclusions (Fig. 1M). Under Oryzalin treatment, these cell walls showed less developed

labyrinthine projections (Fig. 1N); the cytoplasm presented voluminous plastids filled
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with osmiophilic inclusions, mitochondria, dictyosomes and rough endoplasmic
reticulum (Fig. 1N-O).Secretion were accumulated in the subcuticular space (Fig. 1N).
Under Cytochalasin D treatment, the head cell walls did not show labyrinthine
projections, but exhibited irregular aspect with foldings (Fig. 1P); the cytoplasm was
denser (Fig. 1P) and showed extensive rough endoplasmic reticulum (Fig. 1P).
Dictyosomes and plastids were less evident (Fig. 1P).

Three morphotypes of glandular trichomes of H. villosa were analyzed. The
morphotype | has a four-celled head with conspicuous subcuticular space. Under the
control treatment, the head cells present dense and abundant cytoplasm with numerous
plastids with tubular inclusions (Fig. 2D-Inset). A wide subcuticular space filled with
secretion was commonly observed (Fig. 2D). Under Oryzalin treatment, the cytoplasm
of head cells was very denser with low definition of organelles; the subcuticular space
was absent (Fig. 2E-F). Until now, this glandular morphotype under Cytochalasin D
treatment was not found for analysis in MET. The morphotype Il has a bicellular head
and a wide subcuticular space. Under the control treatment showed walls forming
labyrinthine ingrowths in head cells (Fig. 2G); the abundant cytoplasm of these cells
contained hyperactive dictyosomes, smooth and rough endoplasmic reticulum and small
plastids devoid of grana (Fig. 2G and Inset). Under Oryzalin treatment, the cell walls
did not present labyrinthine projects and the subcuticular space is less developed (Fig.
2H); the cytoplasm showed proliferative rough endoplasmic reticulum, numerous
plastids with osmiophilic inclusions, abundant dictyosomes and vesicles (Fig. 2H-I).
Some organelles showed degradation signals (Fig. 2I). The Cytochalasin D also
promoted the inhibition of the labyrinthine projects formation; the cytoplasm was
flocculated with plastids with tubular system poorly developed, abundant ribosomes,

multivesicular bodies and large vacuoles (Fig. 2J-K). Rough endoplasmic reticulum was
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observed as whorls that surrounded portions of the cytoplasm (Fig. 2J). The morphotype
Il has a unicelular rounded head and a large unicelular pedestal. Under the control
treatment exhibited head cells with thin walls, large nucleus and voluminous vacuoles
(Fig. 2L); the cytoplasm was dense with electron-dense plastids, mitochondria and
rough endoplasmic reticulum (Fig. 2L). Under Oryzalin treatment, the nucleus was
reduced with irregular contour; the vacuome became more developed with membranous
and flocculate inclusions (Fig. 2M); the plastids appeared in process of lysis, with
degenerate areas (Fig. 2N). The Cytochalasin D induced the proliferation of rough
endoplasmic reticulum; the plastids showed more intense lysis signals (Fig. 20). No

alteration in the cell wall was observed in this glandular morphotype.

3.1.2. Immunolabeling of cytoskeletal elements in confocal microscopy
In the glandular trichomes of O. gratissimum, the microtubule labeling was strongly
affected by the Oryzalin; in this species, the actin filaments remained reactive to the
immunolabeling after the treatments (Fig. 3). On the other hand, the immunolabeling of
the microtubules and actin filaments were not affected by the Oryzalin and the

Cytochalasin D, respectively, in the glandular trichomes of H. villosa (Fig. 4).

3.2 Effects of Ca*?decrease in the glandular trichomes
3.2.1 Morphology and density of the glandular trichomes
In O. gratissimum, different levels of Ca*? did not affect the density of each
morphotype of glandular trichomes in both leaf blade surfaces (Tab. 1). However, the
general features of the leaf surface and the morphology of the glandular trichomes were
affected by the low levels of Ca*? (Fig. 5A-E). Plants subjected to total absence of Ca*?

showed leaves with epidermal cells with irregular and wrinkled shape and collapsed
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areas (Fig. 5E). All morphotypes of glandular trichomes showed withered aspect and
ruptured cuticle (Fig. 5E). Points of detachment of glandular trichomes were commonly
observed (Fig. 5E). Under the treatment with 40 mgL™ of Ca* the leaves showed
ordinary epidermal cells with slightly irregular format; but the morphological aspects of
the glandular trichomes were preserved (Fig. 5D). On the other hand, the trichome
morphology of plants subjected to 80 mgL™ (Fig. 5C) and 160 mgL™ (Fig. 5B) of Ca*?
did not differ from control (240 mgL™) (Fig 5A).

In H. villosa, the density of glandular hairs in the adaxial leaf blade surface was
affected by the Ca™ levels; each morphotype answered in a different way to the Ca*
levels (Table 2). The amount of glandular trichomes in the abaxial leaf surface was very
high, becoming difficult their precise measurement; so, we opted for not including data
on glandular density on the abaxial leaf surface here. Plants submitted to 0 mgL™ did
not form new leaves, so morphological and morphometric analyzes were not performed
in this treatment. Under treatment with 80 and 40 mgL™ of Ca™ the leaves showed
ordinary epidermal cells with slightly irregular format (Fig. 5G, H), in comparison with
control treatment (Fig. 5F); however, the glandular trichome morphology was not

affected (Fig. 5F-H).

3.2.2. Ultrastructure

In O. gratissmum, the ultrastructural features of all the morphotypes of glandular
trichomes were strongly affected when the Ca*? level decreased (Fig 6A-F and Fig. 7A-
I). The morphotype 1, under control, exhibited slightly thin cell walls with regular
aspect, and dense and abundant cytoplasm with numerous plastids devoid of grana and
small vacuoles (Fig. 6A); under 160 mgL™ of Ca*?, the head cell acquired walls with

irregular contour with folding (Fig. 6B), and cytoplasm similar to the control (Fig. 6A,
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B); under 80 mgL™ of Ca* the cytoplasm and its organelles showed signals of
degradation, with poor visualization of membranes and clear and dark regions, and the
vacuome became developed (Fig. 6C); under 40 mgL™ of Ca*? the walls showed loose
aspect, and the cytoplasm became completely degraded with poor visualization of
membranes (Fig. 6D). The morphotype 11, under control, has head cells with thin walls
with regular contour (Fig. 6E), and dense cytoplasm with hyperactive dictyosomes,
rough endoplasmic reticulum, mitochondria and plastids devoid of grana containing
osmiophilic inclusions; under 40 mgL™ of Ca*? electron-dense bodies were observed in
the periplasmic space and immersed in the cell wall matrix, and electron-dense
ramifications were observed in the cuticle (Fig 6F); the cytoplasm showed strong
signals of degradation (Fig. 6F). The morphotype Ill, under control, presented head
cells with walls forming labyrinthine projections, and abundant cytoplasm with
dictyosomes, extensive rough endoplasmic reticulum, and small plastids devoid of
grana and with osmiophilic inclusions (Fig. 7A-B); under 160 and 80 mgL™ of Ca*?
(Fig. 7C-E) the cellular features were similar to the control (Fig. 7A-B); under 40 mgL™
of Ca*? the labyrinthine projections were not formed, and the internal layer of the cell
wall became homogeneous and irregular; the cytoplasm presented mitochondria with
dilated cristae (Fig. 7F-G); under 0 mgL™ of Ca*? the cell walls presented the internal
layer with loose aspect, intercalated with fibrillar material, and the cytoplasm presented
homogeneous aspect, with hyperactive dictyosomes and mitochondria (Fig. 7H-1).

In H. villosa, the ultrastructural changes promoted with the decrease in Ca*?
level (Fig. 8A-1) were similar to those described for O. gratissimum. The morphotype I,
under control, has dense and abundant cytoplasm with numerous plastids with tubular
inclusions (Fig. 8A); under 40 mgL™ of Ca*? plastids became electron-denser with oil

drops inclusions (Fig. 8B-C); the nucleus acquired an irregular outline (Fig. 8B); the
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cell walls became irregularly thicked and the cellulose microfibrills were loosely
arranged (Fig. 8C). The morphotype Il, under control, showed walls forming
labyrinthine projections and abundant cytoplasm contained hyperactive dictyosomes,
smooth and rough endoplasmic reticulum, small plastids devoid of grana and vacuole
(Fig. 8D); under 80 mgL™ of Ca*?, the labyrinthine projections of the cell walls became
more abundant and deeper (Fig. 8E); these walls and projections showed a loose
appearance (Fig. 8E); the cytoplasm became electron denser and some organelles
showed degradation of their matrix originating new vacuoles; myelin-like figures were
observed in these cells (Fig. 8E); under 40 mgL™ of Ca*?, the labyrinthine projections of
the cell wall maintained abundance similar to the control, but their appearance were
loose (Fig. 8F), and vesicles were observed in the cytoplasm (Fig. 8F). The morphotype
I11, under control, exhibited thin cell walls, large nucleus, and dense cytoplasm with
electron-dense plastids, mitochondria and rough endoplasmic reticulum and vacuoles
(Fig. 9A); this morphotype was not strongly affected by 80 mgL™ of Ca*? (Fig. 9B); and

under 40 mgL™ of Ca*? the organelles exhibited degraded membranes (Fig. 9C).

3.2.3. Immunolabeling of cytoskeletal elements on confocal microscopy

In O. gratissimum, the actin filaments and the microtubules immunolabeling
were strongly affected by the treatments deficient in Ca*? levels in the morphotype |
(Fig. 10A-E), Il (Fig. 10F-J) and Il (Fig. 10K-O). The immunolabeling of both
cytoskeletal elements were positively related with Ca*? level. Reduction in the Ca*
availability promoted weak immunolabeling of the actin filaments and microtubules in

all glandular morphotypes.
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When subjected to 80 mgL™ of Ca*2, glandular trichomes of H. villosa showed
immunolabeling similar to the control (Fig. 11A-R); and plants subjected to 40 mgL™ of

Ca*? showed weaker immunolabeling of both cytoskeletal elements in all morphotypes.

3.2.4. Measurements of leaf gas-exchange rates of O. gratissimum

Plants subjected to 40 and 0 mgL™ of Ca™ exhibited lower Pn and Pn/Ci
compared with the control (Fig. 12). Individuals exposed to 40 and 0 mgL™ of Ca*?
showed 49% and 70% reduction, respectively in the photosynthetic rate in relation to
the control group (Fig. 12). The gs and Tr were decreased from the 160 mgL™ of Ca*?,
and were constant among the other treatments. The Ci and WUE were not affected by

the Ca*? levels (Fig. 12).

3.2.5. Essential oil composition of O. gratissimum

Thirty-four different compounds were identified in the essential oil of leaves of O.
gratissimum, corresponding to approximately 96% of the total components of the oil.
The major compounds identified were 1,8-cineole (25.79%), B-selinene (17.39%),
eugenol (16.61%), (E)-caryophyllene (11.13%), (Z)-p-ocimene (6.38%) and a-selinene
(4.55%) (Tab. 3). In the essential oils from inflorescences twenty-seven substances were
identified and the major constituents were 1,8-cineole (25.41%), (E)-caryophyllene
(13.21%), eugenol (11.61%), B-selinene (9.05%) and (Z)-p-ocimene (7.40%) (Tab. 4).
The treatments with low levels of Ca*? affected mainly the minority compounds in both
leaves and inflorescences (Tab.3; Tab. 4). In the inflorescence, the B-selinene increased

to 12.75% in the absence of Ca*? (Tab. 4).

4. DISCUSSION
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Our results report for the first time morphological, subcellular and functional
alterations in glandular trichomes caused by drugs inhibiting cytoskeletal
polymerization and low levels of Ca*?, using two Lamiaceae species as model. This
work is pioneer since the information available in literature on the role of cytoskeletal
elements in origin and maintenance of trichomes concern only on the non-glandular
hairs (Szymanski et al 1999; Kost et al. 1999; Mathur et al. 1999).

Our data showed that in both, H. villosa and O. grassimum, the glandular trichomes
developed with normal external morphology when treated with cytoskeletal inhibitory
drugs; however, their ultrastructural aspects were strongly affected by Cytochalasin D,
Oryzalin and low levels of Ca*?, mainly concerning their cell wall structure. In a
subcellular level, it is known that the cytoskeletal elements are indispensable in the cell
wall synthesis, being microtubules responsible by the control of alignment of cellulose
microfibrils during the cell wall formation and govern the cell wall expansion (Evert
2006). In addition, maintenance of vacuoles and movement and anchorage of vesicles
and organelles (Evert 2006 and literature therein), including intracellular movement and
interaction of lipid bodies with endoplasmic reticulum, peroxisomes and mitochondria
(Zehmer et al. 2009) are feasible by cytoskeletal elements. Actin filaments are involved
mainly in the movement of vesicles and organelles (Evert 2006; Tozin & Rodrigues
2017); and the microtubules are related to the oil transport (Zehmer 2009; Tozin &
Rodrigues 2017). In fact, in a general way, our data show that the treatments with
Cytocalasin D and Oryzalin, inhibitory drugs of polymerization of actin filaments and
microtubules, respectively, affect mainly the ultrastructure of the cell walls of the
glandular trichomes and produce alterations in cytoplasmic features of secretory cells.

Since these drugs caused non-formation of subcuticular spaces accumulators of

secretion (Werker 2000; Silva et al. 2016) and of labyrinthine walls facilitators of
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secretion release (Gunning & Pate 1969; Tozin & Rodrigues 2017) in trichomes
typically carrying these features, we can suggest that the process of exudate elimination
from the cytoplasm may have been harmed. However, we expect that even with
eventual alterations, the production of secretion continue to occur in the gland cells and
suggests that the produced secretion remain accumulated inside the cell and may
obliterate the cytoplasm producing images of dark electron dense contrast. This
accumulated secretion inside the cytoplasm could stimulate a degrading process
resembling an autolysis system (Sirikantaramas et al. 2008). This explain the
visualization of clear areas alternating with dark areas in the cytoplasm, large vacuoles,
organelles with lyse signals, presence of mutlivesicular bodies and abundance of rough
endoplasmic reticulum and polysomes in the gland cells of plants under treatments with
drugs inhibiting cytoskeletal polymerization.

The massive presence of polysomes and rough endoplasmic reticulum in drugs
treated glandular trichomes of H. villosa are probably indicative of production of lytic
enzymes (Matile 1975; Evert 2006). In addition, the presence of multivesicular bodies
identified in the glandular trichomes treated with drugs can be involved with the
cytoplasmic lyses (Tse et al. 2004). The multivesicular bodies are considered
prevacuolar compartments that coalesce on the endocytic pathway to lytic vacuole
formation (Tse et al. 2004; Evert 2006). The lytic vacuoles rupture is associated to the
dissolution of the nucleus and cytoplasm autolysis and is responsible for the recycling
of cellular compartment, such plastids and mitochondria (Evert 2006). In this sense, the
presence of myelin-like figures in some treatments can also be associated to
authophagic process and degeneration of organels (van Doorn & Papini 2016). The
presence of the rough endoplasmic reticulum forming concentric whorls as observed in

glandular morphotype 11 of H. villosa is considered a subcellular signal of stress
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(Rodrigues et al. 2014) and are common in cells with distorted metabolic activity
(Ishikawa 1996). These whorls can give rise to vesicles with a double membrane
involved in the process of cell death (Huang and Klionsky 2002; Cacas 2010).

Although evident ultrastructural changes have occurred in glandular trichomes of
plants treated with Cytocalasin D and Oryzalin, the imunolabeling of both cytoskeletal
elements remained possible under confocal microscopy. This fact can occur because the
antibodies can connect with cytoskeletal proteins even if they are not polymerized and
functional (Lengsfeld et al. 1974; Dancker et al. 1975). Or yet, the treatments with
drugs inhibiting cytoskeletal polymerization could have affected the actin and
microtubules polymerization but not totally avoided it. In fact, the glandular trichomes
were formed and presented apparently normal external morphology under all the
treatments here employed. However, the presence of Ca*? in ideal levels is crucial for
the polymerization of cytoskeletal elements (Hepler 2005) and it was here demonstrated
by the gradated lower reaction in imunolabeling of actin and microtubules under
confocal microscopy according accomplishing the decrease of Ca™ levels in both
species.

The Ca*? availability seems to be related to the maintenance of morphological and
ultrastructural aspects of the glandular trichomes and physiological parameters of both
plants studied here. The treatments with variable levels of Ca* also seem to have
promoted intense morphological alterations in the analyzed material. These changes
include irregularities in the leaf blade surface, presence of withered trichomes with cells
walls with loose or completely disorganized feature in the trichomes and lyse signals in
the cytoplasm of the gland cells, reaching the abscission of trichomes under the total
absence of Ca™. In the same way, as previously discussed regarding the cytoskeleton

polymerization inhibitory drugs, the low levels of Ca" promoted ultrastructural
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alterations in the gland cells, mainly concerning the wall structure and cytoplasm lysis.
The formation of loose cell walls with abnormal aspect and the occurrence of cytoplasm
degradation were common to all morphotypes of glandular trichomes submitted to Ca*?
deficits. The Ca*is a crucial regulator of growth and development in plants and their
role in the synthesis and maintenance of cell walls is well established (Hepler 2005;
Taiz & Zeiger 2004) being known that low Ca*? concentration promotes ruptures in the
cell walls (Hepler 2005).

Huang et al. (2010) demonstrated that glandular trichomes treated with calcium
chelator and calcium channel blocker presented similar damages described above; and
that the amount of secretion production is drastically reduced. In this work, we observed
that the reduction in the levels of Ca* do not affect the essential oil composition. In the
both analyzed organs the essential oil composition remains constant even under the total
absence of this mineral. Nevertheless, we performed the essential oil analyzes using the
all leaves. If the oil yield is affected, we are unable to affirm because we did not get
enough plant material to yield analysis. However, our data showed that the stomatal
conductance and the assimilation decreased according to the Ca*? decreasing. When
these physiological parameters are reduced, it is supposed that the carbon fixation also
decreases (Chaves et al. 2003; Zhang et al. 2010; Kudoyrova et al. 2013), which would
result in a reduction in the yield of essential oils.

In conclusion, our results show that changes in cytoskeletal polymerization
caused by destabilizing drugs or low levels of Ca*? can affect the subcellular features of
glandular trichomes in H. villosa and O. gratissimum. Low levels of Ca* (40 and 0
mgL™) reduce the photosynthetic rates, but the essential oils composition is maintained.

Further studies involving molecular approach must be conducted to elucidate the role of
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the cytoskeletal elements during the glandular trichomes morphogenesis and

functioning.
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TABLES

Table 1. Density of each morphotype of glandular trichomes in 1 mm2 in both leaf
surface of Ocimum gratissiumum L. submitted to different Ca*? levels.

Abaxial leaf surface

Adaxial leaf surface

Glandular morphotypes

Glandular morphotypes

Treatments
(mgL™) |
240 (Control) 38a
160 29 a
80 25a
40 26 a
0 21 a
P value 0.542
F value 0.802
DF 4,19

9a
8a
7a
10a
25 a

0.06
3.055
4,19

49 a
29a
30a
30a
29a

0.351
1.201
4,19

15a
16a
15a
3la
14 a

0.367
1.159
4,19

5a
8a
2a
8a
10a
0.227
1.594
4,19

33a
20a
16 a
34a
20a

0.409
1.081
4,19

Means followed by same letter do not indicate statistical differences (Tukey test p < 0.05).

Table 2. Density of each morphotype of glandular trichomes in 1 mm? in the adaxial
leaf surface of Hyptis villosa Pohl ex Benth. submitted to different Ca* levels.

Treatments Glandular morphotypes
(mgL™) | 1 11

160 (Control) 195a 195b 76.5a
80 9b 63 a 80a
40 14 ab 33b 34b
P value 0.020 <0.001 <0.001
F value 6.245 16.726 26.996
DF 2,11 2,11 2,11

Means followed by same letter do not indicate statistical differences (Tukey test p < 0.05).
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Table 3. Chemical composition of the volatile components (%) from leaves of Ocimun
gratissimum L. submitted to different Ca*? levels.

Treatments (mgL™)

*
Compound 220 160 30 20 0 p F Rl RI
a-pinene 0,52 053 063 073 064 0133 2273 933 939
Sabinense 0.62 071 078 080 0.65 0574 0761 974 975
B-pinene 2.23 224 241 251 244 0.829 0.364 976 979
3-octanone 0.00 0.06 000 014 0.00 0584 0.751 987 983
Myrcene 1.11 121 126 189 219 0.074 2973 993 990
a-terpinene 0.06 009 004 003 016 0.859 0.250 1009 1017
p-cymene 0.14 0.00 004 044 059 0.079 2894 1025 1024
1,8-cineole 25.79 29.00 2122 20.01 2451 0.143 2143 1034 1031
(2)-p-ocimene 6.38 686 7.17 634 926 0.760 0.465 1041 1037
(E)-B-ocimene 0.22 022 031 018 0.00 0.110 2489 1051 1050
y-terpinene 0.29 024 020 037 0.62 0.080 2.875 1060 1059
n-octanol * 0.00b 0.06b 0.00b 0.00b 0.38a <0.001 34.988 1073 1068
Terpinolene 0.00 0.04 004 003 0.00 0.732 0523 1089 1088
2-nonanol 0.00 000 000 0.00 041a 0.010 11.235 1104 1098
a-terpinol * 0.36a 0.42a 0.27ab 0.13b 0.13b 0.030 4,539 1192 1188
Eugenol 16.61 17.62 18.85 11.28 12.82 0.288 1.448 1361 1359
a-copaene 1.29 1.00 1.30 187 133 0.103 2571 1381 1376
B-bourboneno * 0.03b 0.09b 0.08b 0.42a 0.00 0.002 10.130 1389 1388
[-cubebene 0.09 015 027 029 0.00 0.423 1.047 1395 1388
B-elemene 0.41 053 066 062 028 0219 1734 1396 1390
(E)-caryophyllene 11.13 845 11.13 11.10 843 0551 0.802 1425 1419
[-copaene 0.03 0.00 0.03 0.09 000 037 1228 1434 1432
a-trans-bergamotene  0.78 0.64 0.78 104 1.05 0.140 2359 1441 1434
a-guaiene 0.05 005 013 012 0.00 0.213 1.761 1443 1439
a-humulene 1.54 140 163 167 133 0.713 0.535 1458 1454
allo-aromadendrene  0.76 057 059 060 081 0.707 0545 1465 1460
a-neocallitropsene 0.12 014 012 009 012 0.994 0.051 1482 1476
germacrene D 1.86 255 388 310 1.05 0.230 1.682 1486 1485
B-selinene 17.39 1513 16.34 2050 1745 0.051 1.779 1493 1485
a-selinene 4.55 410 476 523 469 0.234 1.663 1501 1498
y-cadinene 0.00 0.00 004 004 0.00 0519 00932 1516 1513
7-epi-a-selinene 1.05 098 111 131 114 0.076 2940 1522 1522
d-cadinene 0.38 036 045 036 029 0.893 0.267 1528 1523
caryophyllene oxide  0.81 1.00 0.65 139 166 0462 0978 1586 1583
Total itentified 96.60 96.46 97.15 94.71 94.42

RI= Retention index calculated; RI*= Retention index (Adams 2007); * = indicate substances with
statistical differences, and means followed by different letters indicate the differences (Tukey test p <

0.05).
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Table 4. Chemical composition of the volatile components (%) from inflorescences of
Ocimum gratissimun L. submitted to different Ca* levels.

Treatments (mgL™)

Compoud p F RI RI*
240 80 0

a-pinene 211 1.33 1.10 0.202 2.117 933 939
sabinene 2.15 1.62 1.24 0.238  1.838 974 975
B-pinene 6.40 4.88 4.20 0.227  1.915 976 979
myrcene 3.42 2.77 2.25 0.205  2.088 993 990
a-terpinene 0.18 0.13 0.06 0.594  0.569 1009 1017
1,8-cineole 2541 2569 26.04 098  0.014 1034 1031
(2)-p-ocimene 7.40 8.68 5.01 0.087 3.781 1041 1037
(E)-p-ocimene 0.29 0.41 0.26 0.184  2.275 1051 1050
y-terpinene 0.42 0.37 041 0.80 0.230 1060 1059
terpinolene 0.07 0.00 0.00 0.368  1.236 1089 1088
2-nonanol 0.09 0.06 0.00 0.444  1.000 1104 1098
a-terpinol 0.47 0.39 0.38 0.555  0.650 1192 1188
eugenol 1161 1066 10.88 0.946  0.056 1361 1359
a-copaene 1.84 1.70 1.61 0.159  0.856 1381 1376
B-bourboneno 0.00 0.00 0.08 0.368  1.365 1389 1388
B-cubebene 0.44 0.46 0.33 0.672  0.425 1395 1388
B-elemene 0.65 0.78 0.80 0.547  0.669 1396 1390
(E)-caryophyllene 1321 1379 1381 0.925 0.079 1425 1419
a-trans-bergamotene 1.71 1.67 1.83 0.909  0.097 1441 1434
a-humulene 1.67 1.89 2.09 0.254  1.738 1458 1454
allo-aromadendrene 0.82 0.88 0.92 0.820  0.206 1465 1460
germacrene D 3.73 4.75 3.99 0.599  0.599 1486 1485
B-selinene * 9.05b 9.77ab 12.75a 0.036 6.076 1493 1485
a-selinene 3.15 3.53 4.20 0.177  2.343 1501 1498
7-epi-a-selinene 0.73 0.81 1.05 0.120 3.076 1522 1522
d-cadinene 0.32 0.38 0.49 0.157  2.561 1528 1523
caryophyllene oxide* 0.39b 0.41b 194a 0.002 22100 1586 1583
Total identified 97.74 9781 97.72

Rl= Retention index calculated; RI*= Retention index (Adams 2007); * = indicate substances with
statistical differences, and means followed by different letters indicate the differences (Tukey test p <

0.05).
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LEGENDS OF FIGURES

Figure 1. Ultrastructural aspects of glandular trichomes of Ocimum gratissimum
submitted to cytoskeletal inhibitory drugs under Scanning (A-C) and Transmission (D-
Q) Electron Microscopy. A-G Morphotype I. H-L Morphotype Il. M-P Morphotype I11.
A, D, H, M Control. B, E-F, I-J, N-O Oryzalin treatment. C, G, K-L, P Cytochalasin D
treatment. D Detail of head cell showing cell wall (Cw) with regular aspects and dense
cytoplasm with numerous plastids (Pl), vesicles (Ve) and vacuoles (Va). E Detail of
head cell with irregular cell wall (Cw) and plasmalemma. Ol: oil droplet. F Detail of
dense cytoplasm with few plastids (PI), numerous vesicles (Ve) and oil drop (Ol). Va:
vacuole. G Head cell showing cell wall (Cw) with pronounced infoldings, and
cytoplasm with plastids (PI) and mitochondria (Mi). H Head cell with walls (Cw) with
regular contour, and dense cytoplasm of head cell with hyperactive dyctiosomes (Di),
rough endoplasmic reticulum (Rer), mitochondria (Mi) and plastids (Pl) with
osmiophilic inclusions. Va: vacuole. | Detail of head cell with plastids (Pl) with
irregular contour and large vacuole (Va). Cw: cell wall. J Cytoplasm of head cell with
vacuole (Va), mitochondria (Mi) and dictyosomes (Di). Inset shows multivesicular
body. K Head cell with electron lucent cytoplasm with small vacuoles (Va) and
organelles with lower definition. Cw: cell wall. L Detail of head cell showing lipophilic
impregnation (arrow) in the cell wall. PI: plastids; Va: vacuole. M Head cell with walls
(Cw) forming labyrinthine projections (*), subcuticular space (Ss) with homogeneous
secretion, and abundant cytoplasm with dictyosomes (Di), extensive rough endoplasmic
reticulum (Rer), and small plastids (Pl) devoid of thylakoids and with osmiophilic
inclusions. Mi: mitochondria; Ps: periplasmatic space. N Head cells with walls (Cw)

with labyrinthine projections (*) less developed, and cytoplasm with voluminous
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plastids (PI) with osmiophilic inclusions, mitochondria (Mi) and rough endoplasmic
reticulum (Rer). Ss: subcuticular space; Va: vacuole. O Detail of cytoplasm showing
plastids (Pl), mitochondria (Mi) and rough endoplasmic reticulum (Rer). Cw: cell wall.
P Head cell with walls (Cw) with irregular aspect with infoldings, and dense cytoplasm
with mitochondria (Mi) and plastids (Pl). Scale bars: A-C =50 um; D, I, K, N, P =1

um; E-G, H, J, L, M, O = 0.5 um.

Figure 2. Ultrastructural aspects of glandular trichomes of Hyptis villosa submitted to
cytoskeletal inhibitory drugs under Scanning (A-C) and Transmission (D-Q) Electron
Microscopy. D-F Morphotype I. G-K Morphotype 1I. L-O Morphotype IlI. A, D, G, L
Control. B, E-F, H-1, M-N Oryzalin treatment. C, J-K, O Cytochalasin D treatment. D
General view of morphotype 1. Inset shows plastids with tubular inclusions. E Head
cells (Hc) with electron dense cytoplasm. F Detail of head cell showing plastids (PI) and
dilated smooth endoplasmic reticulum (Ser). Cw: cell wall. G Head cell with cell wall
(Cw) showing labyrinthine ingrowths (*) and cytoplasm with plastids (PI), smooth
endoplasmic reticulum (Ser) and vacuole (Va). Inset shows hyperactive dictyosome. H
Head cell with dense cytoplasm with numerous plastids (PI), vacuoles (Va) and nucleus
with regular contour. Cw: cell wall. I Detail of head cell with plastids (PI) with regular
aspects, mitochondria and degradated organelles (Og). Cw: cell wall. J Detail of head
cell showing the flocculated cytoplasm and rough endoplasmic reticulum (Rer) with
whorls. K Detail showing plastids (PI) dictyosomes (Di) and multivesicular body
(arrowhead). Cw: cell wall. L Head cell with dense cytoplasm with plastids (PI),
mitochondria (Mi) and vacuole (Va). Cw: cell wall; Nu: nucleus. M Head cell with
vacuome (Va) developed, plastids (Pl) and multivesicular body (Arrow head). Nu:

nucleous. N Detail showing plastids (PI) in process of lysis and vacuome developed. O
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Detail of head cell with rough endoplasmic reticulum (Rer) proliferated and plastids (PI)
with undefined membranes. Va: vacuole. Scale bars: A-C =50 um; D, J=5um; E, |, K,

M=1um;F,G,L P=05um; H,N,Q=2pum.

Figure 3. Immunolabeling of microtubules (A-C, G-I, M-O) and actin filaments (D-F,
J-L, P-R) of glandular trichomes of Ocimum gratissimum treated with cytoskeleton
disruptor drugs, under Confocal light microscope. A-F Morphotype I. G-L Morphotype
I1. M-R Morphotype Ill. A-D, G-J, M-P Control. B-E, H-K, N-Q Oryzalin treatment.

C-F, I-L, O-R Cytochalasin D treatment. Scale bars: 10 pm.

Figure 4. Immunolabeling of actin filaments (A-C, G-I, M-O) and microtubules (D-F,
J-L, P-R) of glandular trichomes of Hyptis villosa treated with cytoskeleton disruptor
drugs, under Confocal light microscope. A-F Morphotype I. G-L Morphotype Il. M-R
Morphotype Ill. A-B, G-J, M-P Control. B-E, H-K, N-Q Oryzalin treatment. C-F, I-L,

O-R Cytochalasin D treatment. Scale bars: 10 pm.

Figure 5. Scanning electron micrographs of abaxial leaf surface of Ocimum
gratissimum (A-E) and adaxial leaf surface of Hyptis villosa (F-H) submitted to
different level of Ca*™, showing the glandular trichomes. A 240 mgL™ (control). B, F
160 mgL™. C, G 80 mgL™. D, H 40 mgL™. E 0 mgL™. Arrowhead indicates point of

detachment of glandular trichomes. Scale bars: A-E = 50 um; F-H =20 pm.

Figure 6. Transmission electron micrographs of glandular trichomes of Ocimum

gratissimum submitted to different level of Ca*. A-D morphotype I. A control. B 160
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mgL™. C 80 mgL™. D 40 mgL™. E-F Morphotype Il. E control. F 40 mgL™. A Detail of
head cell with dense cytoplasm with plastids (PI) and small vacuoles (Va). Cw: cell
wall. B Head cells with walls (Cw) with infoldings and dense cytoplasm with small
vacuoles (Va). Nu: nucleus. C Detail of degraded cytoplasm with numerous small
vacuoles (Va). Nu: nucleus. D Head cell with walls (Cw) with loose and irregular
aspects, degraded cytoplasm and plastids (PI). E Head cell with walls (Cw) with regular
aspects and dense cytoplasm with hyperactive dictyosomes (Di), extensive rough
endoplasmic reticulum (Rer), plastids (Pl), mitochondria (Mi) and vacuoles (Va). F
Head cell with regular cell wall (Cw), cuticle with ramification, periplasmatic space
with osmiophilic impregnations (arrowhead) and degraded cytoplasm with small

vacuoles (Va). Scale bars: D, F=0.5 um; A-C, E=1 um.

Figure 7. Transmission electron micrographs of glandular trichomes morphotype I11 of
Ocimum gratissimum submitted to different level of Ca*?. A-B control. C 160 mgL™. D-
E 80 mgL™. F-G 40 mgL™. H-1 0 mgL™. A Head cells with walls (Cw) with regular
aspects and labyrinthine projections (*) and cytoplasm with dictyosomes (Di), rough
endoplasmic reticulum (Rer) and plastids (Pl) with osmiophilic inclusions. B Detail of
head cell showing the walls (Cw) with labyrinthine projections (*) and extensive rough
endoplasmic reticulum (Rer). C Head cell with walls (Cw) with labyrinthic projections
(*) and abundant cytoplasm with mitochondria (Mi) and extensive rough endoplasmic
reticulum (Rer). Inset showing plastids with osmiophilic inclusions. D Detail showing
the cell wall (Cw) with labyrinthine projection (*). E Detail showing the cytoplasm with
plastids (PI) with osmiophilic inclusions and extensive rough endoplasmic reticulum
(Rer). F Head cell with wide subcuticular space (Ss) and cytoplasm with mitochondrias

with dilated cristae and vacuoles (Va). Cw: cell wall. G Deatil showing the cell wall
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(Cw) with irregular aspect and plastids (PI) with osmiophilic inclusions. H Head cell
with wide subcuticular space (Ss), cell wall (Cw) with irregular and loose aspects, and
cytoplasm with dictyosomes (Di). | Detail showing the cell wall (Cw) with irregular and
loose appearance. Mi: mitochondria. Scale bars: A, E, F, G = 0.5 um; B-D H, | = 0.2

um.

Figure 8. Transmission electron micrographs of glandular trichomes of Hyptis villosa
submitted to different level of Ca*?. A-C morphotype I. D-F morphotype 1. A, D 160
mgL*(Control). E 80 mgL™. B, C, F 40 mgL™. A Head cells showing dense cytoplasm
with plastids (PI) devoid of grana and small vacuoles (Va). Cw: cell wall. B Detail of
head cell showing the nucleus (Nu), numerous electron dense plastids (Pl) with
plastoglobules and vacuoles (Va). C Detail of head cell showing the walls (Cw) with
irregular projection and cytoplasm with plastids (Pl) with plastoglobules and small
vacuoles (Va). D Head cells showing walls (Cw) with labyrinthine projections (*) and
cytoplasm with plastids (PI) and dictyosomes (Di), in addition to a large vacuole (Va).
E Head cells showing walls (Cw) with deep labyrinthine projections (*). Arrowhead
indicates mieline-like figure. Mi: mitochondria, Va: vacuole. F Head cell showing walls
(Cw) with labyrinthine projections (*) less developed, and cytoplasm with vesicles (Ve)

and vacuole (Va). Scale bars: A-C,E=2 um; D=1 pum.

Figure 9. Transmission electron micrographs of glandular trichome morphotype Il of
Hyptis villosa submitted to different level of Ca*?. A 160 mgL™(Control). B 80 mgL™.
C 40 mgL™. A Head cell with thin walls (Cw), and dense cytoplasm with plastids (PI)
devoid of grana, rough endoplasmic reticulum (Rer), dictyosomes (Di), vesicles (Ve)

and small vacuoles (Va). Nu: nucleus. B Head cell with thin walls (Cw) and cytoplasm
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with mitochondria (Mi) with dilated cristae, extensive rough endoplasmic reticulum and
vacuoles (Va). C Head cell with thin wall (Cw), and cytoplasm with rough endoplasmic
reticulum (Rer), plastids (PI), small vacuoles (Va), and degraded organelles (Og). Scale

bars: 1 um.

Figure 10. Labeling of the f-actin and microtubules in three morphotypes of glandular
trichomes in Ocimum gratissimum L. submitted to different Ca*? levels. A-E Glandular
morphotype I. F-J Glandular morphotype Il. K-O Glandular morphotype IlI. A, F, K
240 mgL™* (control). B, G, L 160 mgL™. C,H, M 80 mgL™. D, I, N40mgL™. E, J,0 0

mgL™. Scale bars: 10 pm.

Figure 11. Labeling of the f-actin and microtubules in three morphotypes of glandular
trichomes in Hyptis villosa submitted to different Ca** levels. A-F Glandular
morphotype I. G-L Glandular morphotype Il. M-R Glandular morphotype Ill. A-B, G-
I, M-O Phalloidin-rhodamine (F-actin labeling). D-F, J-L, P-R anti-B-tubulin-FITC
(microtubule labeling). A, D, G, J, M, P 240 mgL™* (control). B, E, H, K, N, Q 80 mgL"

' C,F, I,L,O,R 40 mgL™. Scale bars: 10 um.

Figure 12. Leaf gas-exchange in Ocimum gratissimum L. submitted to different Ca*?
levels. A Photosynthetic rate. B. Stomata conductance. C. Intracellular carbon
concentration. D. Transpiration rate. E. Water use efficiency. F. Carboxylation
efficiency. Means followed by different letter indicate statistical differences (Tukey test

p <0.05).
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ABSTRACT

Lipid droplets (LDs) are an important energy source to living cells of prokaryotes and
eukaryotes. Such inclusions are constituted by several classes of neutral lipids and are
surrounded by a monolayer of phospholipid with embedded integral and peripheral
proteins. Whereas investigations on the cellular machinery involved in the LDs
production are easily found in the literature, LD behavior has been poorly studied in
plant cells. We analyzed the intracellular movement of LDs using a model plant species.
For this, we infiltrated Tobacco leaves with Agrobacterium tumefaciens containing
different DNA sequences targeted to lipid droplets, plastids, endoplasmic reticulum,
actin filaments and microtubules and analyzed leaf samples using confocal laser
scanning microscopy. We observed that LD displacement is driven by the endoplasmic

reticulum on the actin filaments. In addition, observations suggested a correlation
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between the LDs and plastids. Our data suggests a movement mechanism of LDs
different from that described for animal cells.
Keywords: actin, endoplasmic reticulum, lipid drops, microtubules, live imaging,

plastids.

INTRODUCTION

The lipids are an important energy source for many organisms and their presence
is almost universal among the living cells (Thiam et al. 2013). For plants, the presence
of lipid drops (LDs) immersed in the cytoplasm has been described in cells of
vegetative and reproductive organs of ancestral and modern plants (Huang et al. 2013).

The LDs generally have a spherical appearance and are constituted by several
classes of neutral lipids surrounded by a monolayer of phospholipid with embedded
integral and peripheral proteins (Murphy 2001; Martin and Parton 2006). One such class
of structural proteins are the oleosins (Huang et al. 2013), and one of their functions is
to regulate of the oil body repulsion (Heneen et al. 2008), avoiding the coalescence of
different oil bodies.

The intracellular dynamic involved in the synthesis and transport of LDs in plant
cells is still poorly known (Miquel et al. 2014). The endoplasmic reticulum (ER) and
plastids are responsible for the intracellular synthesis of lipophilic compounds in plants
(Fahn 1979; Wanner et al. 1981; Evert 2006; Tozin et al. 2015; Silva et al. 2016; Pyc et
al. 2017); however, the level of involvement of such organelles in the intracellular
transport of LDs remains relatively unknown (Wahlroos et al. 2003).

The intracellular displacement of LDs has been described to be microtubule-
dependent in Drosophila (Welte et al. 1998) and mammals (Targett-Adams et al. 2003)

cells. For plants, it is well established that the actin filaments are the major components
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involved in the movement and anchorage of vesicles and organelles (Evert 2006 and
references therein; Geitmann and Nebenfiihr 2015), and that the microtubules are
involved, mainly, in cell structure maintenance and cell wall deposition (Evert 2006;
Ehrhardt and Shaw 2006; Nick 2008). To the best of our knowledge, studies on the role
of the cytoskeleton elements in transport dynamic of LDs in plant cells have not been
carried out.

The use of live imaging techniques in plants has proven to be an excellent tool
for understanding a wide diversity of intracellular processes (Schattat et al. 2011;
Barton et al. 2017). Here, we analyzed the intracellular movement and behavior of LDs
in Tobacco leaves transiently expressing proteins targeted to lipid droplets, plastids, the

endoplasmic reticulum, actin filaments and microtubules.

MATERIAL AND METHODS
Plant material

Nicotiana benthamiana (Tobacco) seeds were germinated on sterilized Sunshine
mix LA4 (Sun Gro Horticulture, USA) under a long-day light regime (16-h-light-8-h-
dark). Single, double and triple transient expression experiments were carried out
through Agrobacterium tumefaciens mediated infiltration (Table 1).

To infiltrate, four weeks old Tobacco plants were utilized. Modified
Agrobacterium growing in YEB media were resuspended in Agrobacterium Infiltration
Media (AlIM). Subsequently, the solution with each modified Agrobacterium was mixed
according to Table 1, and infiltrated in an expanded leaf. Leaf discs were collected and
the transient expressions analyzed 48 h after the agro-infiltration. For induce stromule
formation from plastids the leaf discs were treated with 40 mM sucrose solution for 3 h

or exposed to light for 1 h.
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Table 1. Transient expression in Tobacco used to understanding the intracellular oil
drops dynamics.

Double transient expression Highlighted subcellular compartment

mTalin:GFP, Oleosinl:RFP Actin filaments green, LD red

Map4:.GFP, Oleosinl:RFP Microtubules green, LD red

ER:GFP, Oleosinl:RFP ER lumen green, LD red

tpFNR:GFP, Oleosinl1:RFP Plastid stroma green, LD red

NCHUP:GFP, Oleosinl:RFP Plastid membrane green, LD red

Triple transient expression

ER:GFP, tpFNR:YFP, Oleosinl:RFP ER lumen green, plastid stroma yellow,
LD red

Confocal microscopy

To obtain the live-imaging and videos, samples were mounted in water and
imaged using a Leica TCS-SP5 confocal microscopy system equipped with a 488 nm Ar
laser and a 543 nm HeNe Laser. GFP fluorescence was acquired at 500-520 nm, RFP
fluorescence at 570-620 nm, YFP fluorescence at 530-550 nm and chlorophyll
autofluorescence at 660-750 nm. All confocal images were acquired at a resolution of
1024x512 or 1024x1024 pixels. Three-dimensional (X,y,z) stacks were collected with a
step-size of 0.99 um and successive frames in x, y, t time lapse series were obtained
1.935 s apart.

Images were processed using proprietary Leica (LSM SPII) software, ImagelJ
(Schneider et al., 2012) and Adobe Photoshop CS6. Quick time 7 and Videator v2
(Stone Design Corp., New Mexico) were used for assembling and annotating time-lapse

movies.

RESULTS
Lipid droplets (LD) were found in both epidermal and mesophyll cells.
Concerning the cytoskeletal elements, actin filaments are localized in the whole cell
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(Fig. 1A-B). The LDs were always found moving along actin filaments (Video 1).
However, LD motility was not observed in cells where the actin filaments were
stabilized (Video 2). Microtubules were visualized in the cortical portion (Fig. 1C-D)
while the LDs are more frequent in the central portion of cells, often found aggregating
in the peri-nuclear region (Fig. 1E). It was concluded that microtubules and LDs are
localized in different cellular portion and there is no direct association between them
(Video 3).

In dual labelling experiments the ER and LDs were observed at the same time,
and they are always found in close contact each other (Fig. 2A-B). The ER appears to
act as a track for LDs displacement (Video 4). Furthermore, LDs were occasionally
found in contact with the plastid body (Fig. 2B-D; Video 5) and stromules (Fig. 2C-D)
for several minutes (Video 6). However, some LDs that do not associate with the
plastids were also observed (Video 5). When stimulated by the 40 mM sucrose solution
or exposure to light, the stromule formation increased and the LDs appeared to be

aggregated more around the plastids (Fig. 2C-D).

DISCUSSION

Our live imaging based data shows for the first time the transport dynamics of
LDs in plant cells. We demonstrated that the LDs produced by ER and plastids (Evert
2006) move along the ER on the actin filaments. Although earlier investigations in
animal cells have suggested that the LD displacements to be microtubule-dependent
(Welte et al. 1998; Targett-Adams et al. 2003), no relation was identified between the
LDs movement and the microtubules for the plant cells. Since the LDs and microtubules

are spatially separated in Tobacco cells, we suggest that the mechanism which drives
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LDs in plants and animal cells is different. In addition, a possible conditional relation
between the LDs and the plastids is suggested.

Our results evidenced a close association between ER and LDs. Although an
attachment between the ER and LDs has been demonstrated in plant cells by Wanner et
al. (1981) and Wahlroos et al. (2003), we showed this association using live imaging for
the first time here. Our observations concur with Pyc et al. (2017), who state that the ER
form a “lens-like structure” during the process of origin of LDs which keeps them
attached with the ER membrane. So, we can consider that the ER represents the track
responsible for LDs displacement. The ER organization, as well as the movement of
other organelles and vesicles, are facilitated by actin filaments (Evert 2006 and
references therein; Geitmann and Nebenfihr 2015) in an actin polymerization and
depolymerization dependent manner (Geitmann and Nebenfuhr 2015). This fact
corroborate our observations on LDs are always moving in association with the actin
filaments; in fact, when actin filaments are stabilized, the movement of LDs does not
occur. So, we can affirm that LDs move on the ER through interactions with the actin
filaments.

The association between LDs and plastids seems to be conditional, since some
LDs were seen very close to the plastids while others were localized far away from
these organelles. This differential behavior of LDs might reflect their origin and
contents. The involvement of plastids in the process of oil synthesis in plant cells is well
documented (Wanner et al. 1981; Turner et al. 1999; Evert 2006; Tozin et al. 2015) and
LDs formed by compounds coming from the plastids probably will be close to this
organelle. Turner et al. (1999) showed for peppermint that the limonene comes from
leucoplast, exclusively. So, the oil drops formed by limonene might be associated with

this organelle. On the other hand, it is known that the plastids are not the exclusive
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organelles involved in oil synthesis. As previously discussed here, the ER is responsible
for the production of a large fraction of lipidic content in plant cells (Evert 2006; Pyc et
al. 2017). So, we suggest that LDs formed by compounds coming from, exclusively, the
ER will not be near the plastid body and stromules. Plastids are known to produce
stromules - stroma-filled tubules (Gray et al. 2001), and its relation with other
organelles, such mitochondria, endoplasmic reticulum, peroxisomes and another
plastids have been demonstrated (Schattat et al. 2011; Delfosse et al. 2016; Barton et al.
2017). In this context, the importance of stromules in LD biogenesis and transport in
plant cells deserves some attention. As showed by previous studies, the light intensity
and sucrose solution increased stromule frequency (Schattat et al. 2012; Delfosse et al.
2016; Barton et al. 2017) in Tobacco cells and promoted the aggregation of oil drops
around the plastids. Both, under light and sucrose, increasing the stromule frequency
have been attributed to a link between photosynthesis and this phenomenon (Delfosse et
al. 2016). However, the real reason why the LDs became aggregated around the plastids
requires further investigation.

This study using live imaging enabled us to see what really happens with the LD
in a real time inside a plant cell. New studies using stable transgenic model are being
conducted since the transient expression based observations might create an over-
estimation of the LD size and numbers in a cell. However, the mechanism of LD
motility described here, probably, does not change. In addition, futures studies with
several other native species which form the source for OLEOSIN cDNAs should be

conducted to establish a more general pattern for plant cells.

CONCLUSION
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Here, the intracellular LD transport dynamics using epidermal and mesophyll
cells of Tobacco leaves are described. LDs movement through the endoplasmic
reticulum on the actin filaments in cells of a model plant are shown and a conditional
relationship is suggested between plastids and lipid droplets. Most important, our data

suggest a movement mechanism that is different from that described for animal cells.
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LEGENDS OF FIGURES AND VIDEOS
Figure 1. Cytoskeletal elements and lipid drops distribution in leaf epidermal cells of
Tobacco plants. A-B Actin filaments (arrow) (mTalin:GFP) and lipid drops (Ld)
(Oleosinl:RFP) interactin. C-E Cells labeled for microtubules (arrowhead) (map4:GFP)
and lipid drops (Ld) (Oleosinl:RFP). C-D Outer portion of cell showing the cortical
microtubules. E Internal portion of cell showing the presence of lipid drops and the

absence of microtubules. Scale bars: 5 um.

Figure 2. Organelles and lipid drops in leaf epidermal cells of Tobacco plants. A
Endoplasmic reticulum (Er) (ER:GFP) and lipid drops (Ld) (Oleosin1:RFP) association.
B Endoplasmic reticulum (Er) (ER:GFP), lipid drops (Ld) (Oleosin1:RFP) and plastids
(P) (tpFNR:YFP) interaction. C Plastids (NCHUP:GFP) showing increased stromules
(St) and lipid drops (Ld) (Oleosinl:RFP) after 1 h light. D Lipid drops (Oleosinl:RFP)
associated with the plastids body (NCHUP:GFP) after 40 mM sucrose for 3h. Scale

bars: 5 pm.

Video 1. Lipid drops (Oleosinl1:RFP) associated with actin filaments (mTalin:GFP).

Video 2. Lipid drops (Oleosinl:RFP) do not move itself after the actin filaments

(mTalin:GFP) stabilization.

Video 3. Lipid drops (Oleosinl:RFP) moving independently on the microtubules

(map4:GFP).
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Video 4. Oil drops (Oleosin1:RFP) moving on the ER (ER:GFP) and close to the

plastids (tpFNR:YFP).

Video 5. Lipid drops (Oleosinl:RFP) showing facultative association with plastids

(tpFNR:GFP).

Video 6. Lipid drops (Oleosinl:RFP) associated with plastid (NCHUP:GFP) body and

stromules.
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ABSTRACT

Herbivory can induce several structural and functional alterations in the plant secretory
system. Glandular trichomes are the main sites of production of volatile organic
compounds (VOC) with several chemical properties in Lamiaceae species. Ocimum
species usually have three morphotypes of glandular trichomes (morphotype I is peltate
and has a wide four-celled head; morphotypes Il is capitate and has a unicellular head;
and morphotype 111 is capitate with a bicellular head) which produce a great amount of
terpenes, although other chemical categories of substances are also produced. Despite
the abundance of trichomes producing important anti-herbivory components in their
leaves, the association between Ocimum species and leaf-cutter ants has been commonly
registered in Brazil. We investigated the effect of leaf-cutter ant attack on the density of
the glandular trichomes and on the chemistry of the VOCs released from leaves of O.

gratissimum. Plants were subjected to Acromyrmex rugosus attack until 90% of leaves
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were removed. After 40 days from the leaf-cutter attack, both treatments were sampled.
The glandular trichome density was analyzed by scanning electron microscopy. The
VOCs were extracted utilizing headspace solid-phase microextraction (HS-SPME)
technique and analyzed by gas-chromatography. Generally, the density of glandular
trichomes increased in the adaxial leaf surface of the attacked plants. However, we
bring novelties on this topic since we analyzed the density of each morphotype
separately. The morphotype | decreased in the abaxial leaf surface, and increased in the
adaxial leaf surface; the morphotype Il increased in both leaf surfaces; and the
morphotype 1ll decreased in the abaxial leaf surface and remained constant in the
adaxial leaf surface of attacked plants. In leaves of attacked plants, the (Z)-p-ocimene
increased by 50%, the a-selinene by 13%, and the germacrene D by 126%, whereas the
eugenol decreased by 70%. Our data point to a differential response of each glandular
morphotype in O. gratissimum and are consistent with the idea of a
compartmentalization of functions among the different glandular morphotypes in the
plant defense against environmental factors.

KEYWORDS: Acromyrmex rugosus, Gas chromatography, Herbivore induced plant

volatiles (HIPV), Ocimum, Terpenes.

INTRODUCTION

Glandular trichomes can be viewed as a combination of structural and chemical
defenses against several abiotic and biotic factors (Werker 2000; Tozin et al. 2015a),
such as herbivory. These defenses are due the fact that glandular trichomes form a
protect layer around the leaves (Werker 2000), and produce substances that can be
poisonous or repellent to herbivorous organisms (Dalin et al. 2008). Several plant

species respond to damage caused by herbivores by producing new leaves with an
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increased density of trichomes. The magnitude of the reported increase in trichome
density is commonly between 25% and 100%, but in some cases it is as large as 500% —
1000% (Dalin et al. 2008). Such responses involving changes in density of trichome are
expressed within days or weeks (Baur et al. 1991; Agrawal 2000; Rautio et al. 2002).

A wide range of plant species have been shown to emit new herbivore-induced
plant volatiles (HIPVs) or increased amounts of constitutive HIPVs from glandular
trichomes following herbivore damage (Dicke et al. 2003; Unsicker et al. 2009). Some
species exhibit a rapid response to herbivory attacks, and the HIPVs can be detected in
the first 45 minutes after feeding (Kigathi et al. 2009).

The effect of a herbivore attack on trichome production may vary according to
the identity of the herbivore (Dalin et al. 2008), and not all herbivorous insects induce
changes in trichome production (Traw and Dawson 2002). Different species of
herbivores could induce different responses due to differences in substances present in
their saliva (Turlings et al. 1993; Geervliet et al. 1997). Herbivory caused by leaf-cutter
ants is known to cause losses in agriculture estimated in the billions of dollars
(Holldobler and Wilson 1990). The leaf-cutter ants are the most important pest insect in
agriculture (Zanuncio et al. 1996) and cultivated forest of the Neotropic (Della Lucia et
al. 1993). Acromyrmex ants are among the most damaging invertebrates in the
Neotropic (Boulogne et al. 2012) and have been registered in different regions of
America (Farji-Brener & Ruggiero1994). In Brazil, Acromyrmex ants have been
commonly found in several States and their association with different plants with
economic importance, including Ocimum species, is well known (Rando & Forti 2005).

Ocimum genus comprises aromatic species of Lamiaceae with particular
importance in the medicine and culinary due to the production of essential oils (Silva et

al. 2008). Such species are featured by the presence of three morphotypes of glandular
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trichomes with differential morphological and functional aspects (Werker et al. 1993;
Naidoo et al. 2013). The morphotype | is peltate and has a wide four-celled head; the
morphotypes Il is capitate and has a unicellular head; and the morphotype I11 is capitate
and has a bicellular head (Werker et al. 1993; Naidoo et al. 2013). In addition to their
morphological and subcellular peculiarities, differences in the composition of the
produced secretion have been histochemically detected in each one of these glandular
morphotypes (Naidoo et al, 2013).

Ocimum gratissimum present these three morphotypes of glandular trichomes
in their leaves (Tozin & Rodrigues In Prep), and is important for the production of
essential oils widely exploited by the pharmaceutical industry, like eugenol (Silva et al.
1999; Fernandes et al. 2013) and 1-8 cineol (Silva et al. 1999), among others. In
addition, O. gratissimum is cultivated in gardens, and is used in the popular medicine to
treat rheumatism, paralysis, epilepsy and mental illness, and contain biologically active
substances with insecticide, nematicide, fungicide and antimicrobial proven properties
(Efraim 2001).

In this paper we investigated the effect of leaf-cutter ant attacks on the density of
the glandular trichomes and on the VOCs chemical composition in leaves of O.
gratissimum. We hypothesized that the plant attack by leaf-cut ants could induce the
increase in the glandular trichome density and lead to the production of different

volatile compounds in an effort of an incremental protection against future attacks.

MATERIAL AND METHODS
Plant material
For cuttings, stem fragments of Ocimum gratissimum approximately 10 cm

long were collected from six individuals growing in the medicinal garden belonging to
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Sao Paulo State University (UNESP), in Botucatu municipality (22°52 S, 48°26 W), in
central-west region of So Paulo State, in southeastern Brazil. The stem cuts were
placed in trays containing commercial substrate (Bioplant®, Nova Ponte, Minas Gerais,
Brazil) and 20 individuals were obtained. The plants were maintained under humid
conditions until rooting. After 40 days, the plants saplings were transferred to 6.0 L pots
filled with complete Hoagland and Arnon’s (1950) n°. 2 nutrient solution with 75%
ionic concentration. The pots were kept in a greenhouse under mean maximum and
minimum air temperatures of 26.5°C and 21.5°C, respectively, and mean relative
humidity of 70%. The solutions were prepared using deionized water and were
constantly aerated and renewed every week to minimize nutrient depletion or pH
changes.

Vouchers were deposited in the Irina Delanova Gemtchdjnicov Herbarium
(BOTU), of the Department of Botany, Institute of Biosciences of Botucatu, IBB,

UNESP, Botucatu, Sao Paulo, Brazil, under registration number 32798.

Experimental design

At 65 days after transplanting to the hydroponic system, the plants were placed
in a greenhouse naturally infested by leaf-cutter ants. The experiment consisted of two
treatments, a control (protected from ant attacks; n= 8) (Fig. 1A) and attacked plants
(n=8). The pots with control plants were placed inside a container filled with water and
dishwashing detergent (that surrounded the pots without enter them), to avoid the ant
approach. The attacked plants were exposed to Acromyrmex rugosus (leaf-cutter ant) for
48 h, until 90% of leaves were removed by the herbivores (Fig. 1B). Posteriorly, the
pots were arranged in a randomized design in a greenhouse, and the apical meristems

were labeled to ensure that the analyzed leaves were produced at the same time. After
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40 days (Fig. 1C), the fully expanded leaves that were formed after the herbivore attacks
and leaves from control plants were collected to analyze the density of glandular
trichomes and the volatile components chemical composition. To analyze the glandular

trichomes density, we collected leaves with the same size produced at the same time.

Density of glandular trichomes

To evaluate the glandular trichomes density, eight leaves of each treatment
(two leaves per plant, being one for each leaf surface analyzis) were fixed in 2.5%
glutaraldehyde with 0.1 M phosphate buffer, pH 7.3, overnight at 4 °C, dehydrated in a
graduated acetone series, critical-point dried, mounted on aluminum stubs, and gold-
coated (Robards 1978). The material was examined with a FEI Quanta™ scanning
electron microscope.

The glandular density in leaves was calculated in 1 mm? using the Scandium
software with an image-capture system coupled to the scanning electron microscope.
The density of all glandular trichomes and of each morphotype was calculated in the

middle region of the leaf blade, in both abaxial and adaxial leaf surface.

Extraction and analysis of volatile organic compounds (VOCs)

The extraction and analysis of VOCs were conducted in leaf samples collected
from both treatments (n=8).

The headspace solid-phase microextraction (HS-SPME) technique was used to
extract the volatile compound. For capture of the volatile constituents samples with 0.45
g of leaves were placed in clear screw cap vials with 15 mL of deionized water. The vial

was placed in water bath at 95 °C for 1h. The volatile phase was exposed to
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CAR/PDMS fiber (Carboxen/Polydimethylsiloxane, film thickness 75 um, Supelco,
Bellefonte, PA, EUA) for 15 min.

The qualitative and quantitative (area normalization method) analysis of the
volatile components were performed on a gas chromatograph coupled to a mass
spectrometer (CG-MS, Shimadzu, QP- 5000), with an OV-5 fused silica capillary
column (30 m x 0.25 mm x 0.25 um, Ohio Valley Specialty Chemical, Inc.), operating
at an MS ionization voltage of 70 eV, with helium as the carrier gas (1.0 mL/min.). The
following chromatography conditions were used: injector at 240 °C, detector at 230 °C,
split 1/20, and the temperature program: 50 °C, 2 min; 50 °C - 180 °C, 3 °C/min; 180
°C — 230 °C, 10 °C/min. The compounds were identified by comparison of the acquired
mass spectra with those stored in the GC/MS database of the system (NIST 62 lib.) and
retention indices (Adams 2007). The retention indices (RI) were obtained from the
injection of a mixture of n-alcanes (Sigma-Aldrich, C9-C24), employing the same
temperature program conditions described above for GC/MS, applying the equation of
Van den Dool and Kratz (1963). For each sample the fiber was conditioned in GC-FID
(Shimadzu, GC-2010/A0C-20i) with the temperature program: 50 °C - 240 °C, 7

°C/min.

Statistical Analyses

Data referring to the total density of glandular trichomes, the relative density of
each glandular morphotype and the concentration of each volatile compound in the
essential oil were tested by one-way ANOVA. Tukey test (P<0.05) was conducted to

compare the different treatments.

RESULTS
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Density of glandular trichomes

Both leaf surfaces of O. gratissimum (Fig. 2A-B) presented three morphotypes
of glandular trichomes (Fig. 2C-E) occurring side by side. The glandular trichome
density increased in the adaxial leaf surface in the attacked plants (p = 0.035; F(114) =
7.332) and did not vary in the abaxial leaf surface (p = 0.085; F1,14) = 4.253) in plants
attacked by ants. However, we registered a differential response of each glandular
morphotype to the ant attacks. In the attacked plants, the density of the morphotype |
decreased in the abaxial leaf surface and increased in the adaxial leaf surface of attacked
plants (p < 0.001; F28 = 11.429); the density of the morphotyte Il increased in both
leaf surfaces (p < 0.001; Fios = 18.732); and, in the morphotype IlI, the density
decreased in the abaxial leaf surface and remained constant in the adaxial leaf surface (p

= 0011, F(g,gg) = 6152) (Flg 3)

Volatile Organic Compounds (VOCs)

Twenty-nine compounds were chemically identified in control plants of O.
gratissimum and twenty in individuals submitted to ant attacks. In both cases the
compounds identified represented approximately 97% of volatile components present in
the chromatogram. Overall, the major compounds identified were 1,8-cineole
(25.79%), B-selinene (17.39%), eugenol (16.61%), (E)-caryophyllene (11.13%), (Z)-B-
ocimene (6.38%) and a-selinene (4.55%) (Table 1). In the attacked plants the (Z)-p-
ocimene increased by 50%, the a-selinene by 13%, and the germacrene D by 126%,
whereas the eugenol decreased by 70% (Table 1). In addition, the attack by A. rugosus
promoted the increase of five minority substances and the decrease of three minority

substances in the leaves of O. gratissimum (Table 1).
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In a general way, the hydrocarbon monoterpenes increased, and the oxygenated
monoterpenes decreased in the VOCs of leaves from attacked O. gratissimum plants

(Table 1).

DISCUSSION

Our data showed a differential response of each glandular morphotype in
leaves of O. gratissimum plants attacked by A. rugosus; in addition, significant
alterations were registered in the composition of the VOCs of attacked plants. Our work
is novel in the sense that we presented the density alterations to each glandular
morphotype separately. All studies present in the literature report the total density of
glandular trichomes (Molina-Montenegro et al. 2006; Dalin et al. 2008), and this could
not show what happens with each glandular trichomes.

The increasing of density of glandular trichome after attack of herbivores has
been demonstrated in different groups of plants (Levin 1973; Dalin et al. 2008), but not
in each glandular morphotype individually. The differential variation of the glandular
morphotypes density could be related to the specific substances produced by each
morphotype. Several studies have demonstrated that different morphotypes of glandular
trichomes could produce secretion with a different chemical nature (Fahn 1979; Tozin et
al. 2015a; Silva et al. 2016). In Ocimum species, studies have also demonstrated
histochemical variations in the substances produced by each morphotype of glandular
trichomes (Naidoo et al. 2013; Tozin & Rodrigues In Prep). Naidoo et al. (2013) have
showed that for O. obovatum, peltate trichomes (morphotype I) are more active in the
production of lipophilic substances than capitate trichomes (morphotypes 11 and I11). At
the same time, whether the essential oil composition produced by each morphotype of

glandular trichome varies need to be better investigated. New research is being
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conducted to identify the chemical composition of the volatile components produced by
each morphotype of glandular trichomes. This research involves using of techniques of
microdissection and microextration to search for an association between the density of
each morphotype of glandular trichome and volatile components composition produced.
In a general way, the increase of HIPV, such germacrene D and (Z)-B-ocimene, was
significant in plants attacked by A. rugosus and can be related to the attraction of
generalist natural enemies of herbivores (Turlings et al. 1998; Dudareva et al. 2003; De
Boer & Dicke 2004), or can be associated with the production of substances which act
as insecticide or astringent (Kiran & Devi 2007; Tozin et al. 2015b). The increasing in
B-ocimene production has been demonstrated after spider mite attacks in Lotus
japonicus (Arimura et al. 2004). The germacrene D, which increased by 126%, is
known by its insecticidal activity against mosquitoes (Kiran & Devi 2007) and repellent
role against ticks (Birkett et al. 2008) and aphids (Bruce et al. 2005). In addition,
germacrene D plays a role as a precursor of several sesquiterpenes, such as selinenes
(Biilow et al. 2000; Telascrea et al. 2007). So, the increasing of a-selinene can be
associated with the increasing of germacrene D; and the role of a-selinene in plant
defense must be better understood.

Eugenol is known as a toxicant, antifeedant, deterrant, irritant and repellant
chemical substance (Tan & Nishida 2012). Nevertheless, some insect species are known
to be attracted to eugenol for unknown reasons (Tan & Nishida 2012). Considering that
the eugenol decreased by 70% in O. gratissimum after leaf-cutter ant attack by A.
rugosus, we could suggest that A. rugosus seems to be an example of these insects.
However, new experimental tests are required to confirm this hypothesis.

Whether the compounds produced by the new leaves would prevent new leaf-

cutter ants attack in O. gratissimum remains unknown. However, Kost et al. (2011)
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tested the “induced defence hypothesis™ in lima bean and provided the first empirical
evidence that the foraging behaviour of Leaf—cutter ants is affected by the volatile
organic compounds after herbivory. In addition, Thiele et al. (2014) showed that the
leaf-cutter ants could exhibit a delay to reject leaves with new VOCs profile. The leaf-
cutter ants may spend five days until they detect the new VVOCs produced. This happens
because the new VOCs could present antifungal properties and avoid the fungal grow in
the ants colonies (Thiele et al. 2014). New works should be conduct to investigate the

ants’ foraging behavior in the leaves developed after herbivory in O. gratissimum.

CONCLUSIONS

Our work showed that the three morphotypes of glandular trichomes of O.
gratissimum respond differently to leaf-cutter ant attacks, and the volatile organic
components are changed after herbivory. Our findings lead to the idea of a
compartmentalization of functions among the different glandular morphotypes in the
plant defense against environmental factors. If this hypothesis is confirmed, this work

can support future studies concerning plant breeding, to produce plants more resistant.
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Table 1. Chemical composition of volatile components (%) from leaves of Ocimum

gratissimum L. submitted to Acromyrmex rugosus attack and control.

Component Control Herbivory P F RI RI*
Hydrocarbon Monoterpenes

a-pinene 0.52 a 0.61a 0.356  1.086 933 939
sabinene 0.62 a 0.88 a 0.130 3.616 974 975
B-pinene 2.22 a 241a 0.494  0.566 976 979
myrcene * 1.11b 3.54 a 0.007 26.151 993 990
a-terpinene 0.06 a 0.00 a 0.374 1.000 1009 1017
p-cymene 0.14a 0.00 a 0.117 3.973 1025 1024
(Z2)-p-ocimene * 6.38 b 12.07 a 0.043 8.617 1041 1037
(E)-B-ocimene * 0.21b 0.69 a 0.006 28.981 1051 1050
y-terpinene * 0.29 a 0.00 b 0.007 26.01 1060 1059
Oxygenated Monoterpenes

1.8-cineole 25.79a 21.38 a 0.074 5802 1034 1031
a-terpinol * 0.36 a 0.00b <0.001 165.753 1192 1188
eugenol * 16.61 a 51D 0.001 60.465 1361 1359
Hydrogenated Sesquiterpenes

a-copaene 1.29a 1.70 a 0.152 5125 1381 1376
-cubebene 0.09a 0.00a 0.374 1.000 1395 1388
B-elemene * 0.41b 1.26 0.034 28.136 1396 1390
(E)-caryophyllene 11.13a 12.91 0432 0.762 1425 1419
-copaene 0.03a 0.00 a 0.374 1.000 1434 1432
a-trans-bergamotene 0.78 a 1.22 a 0.268 1.654 1441 1434
a-guaiene 0.05a 0.00a 0.374  1.000 1443 1439
a-humulene 154 a 212 a 0.058 6.917 1458 1454
allo-aromadendrene * 0.76 a 0.00 b <0.001 144.069 1465 1460
a-neocallitropsene 0.12a 0.00 a 0.119  3.923 1482 1476
germacrene D * 1.86 b 421a 0.044 8.467 1486 1485
B-selinene 17.39 a 18.79 a 0.276 1592 1493 1485
a-selinene * 455 b 573 a 0.014 17.753 1501 1498
7-epi-a-selinene * 1.05b 1.44 a 0.005 31.469 1522 1522
d-cadinene * 0.38 b 0.57 a 0.015 16.770 1528 1523
Oxigenated Sesquiterpenes

B-bourboneno 0.03a 0.16 a 0.482 0.601 1389 1388
caryophyllene oxide 0.8la 0.26 a 0.119 3900 1586 1583
Hydrocarbon Monoterpenes * 3.85Db 20.20 a 0.026  14.046

Oxygenated Monoterpenes * 42.76 a 21.38b 0.002  47.407

Hydrogenated Sesquiterpenes 33.17a 49.94 a 0.073  5.820

Oxigenated Sesquiterpenes 0.84 a 0.42 a 0.155  3.056

Total identified 96.57 97.04

RI= Retention index calculated; RI*= Retention index (Adams 2007); * indicates
substances with statistical difference; Means followed by different letters indicate

statistical differences (Tukey test p < 0.05).
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FIGURES

Figure 1. Experimental design of Ocimum gratissimum L. submitted to Acromyrmex
rugosus attack. A Control plants. B Attacked plants by Acromyrmex rugosus. C
Attacked plants after 40 days.

Figure 2. Scaning Electron Micrographs of adaxial (A) and abaxial (B) leaf surface of
Ocimum gratissimum. (C-E) Glandular trichomes of O. gratissimum. (C) Morphotype I.
(D) Morphotype II. (E) Morphotype IlI. Scale bars A-B = 100 um; C-E = 10 pm.
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Figure 3. Density (mm?) of each morphotype of glandular trichomes in the both leaf
surface of Ocimum gratissimun L. submitted to Acromyrmex rugosus attack and control.
Means followed by different letters indicate statistical differences in the glandular

density among treatments and leaf surfaces in each morphotype (Tukey test p < 0.05).
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CONSIDERACOES FINAIS

Esse trabalho vem preencher importantes lacunas existentes na literatura no que
se refere a morfologia e funcionamento do sistema secretor de Oleo em plantas,
enfatizando o papel do citoesqueleto no processo secretor, além de trazer informacdes
sobre a influéncia de fatores exdgenos no desenvolvimento e funcionamento glandular.

Ocimum gratissimum possui trés morfotipos de tricomas glandulares produtores
de substancias de natureza quimica diversa. A distribuicdo dos elementos dos
filamentos de actina e dos microtubulos nas células dos tricomas glandulares foi
associada com os compostos produzidos por cada célula. Estes dados corroboram
resultados obtidos por nosso grupo de pesquisa em estudo inédito realizado em tricomas
glandulares e resultados conhecidos para células animais.

Ficou comprovado que o citoesqueleto exerce papel fundamental na morfologia
e funcionamento dos tricomas glandulares. A utilizacdo de drogas desestabilizadoras do
citoesqueleto e de baixa disponibilidade de calcio, numa abordagem inédita para
estruturas secretoras em plantas, produziu alteracGes subcelulares importantes nas
células glandulares de H. villosa e O. gratissimum. Cabe salientar que O. gratissimum
mostrou-se um bom modelo para esses estudos por apresentar efetiva propagacao
vegetativa por meio de estacas, com 100% de enraizamento, além de moderada
densidade de tricomas glandulares de trés morfotipos facilmente reconheciveis. Ja H.
villosa possui grande densidade de tricomas glandulares, o que dificulta o estudo de
cada morfotipo glandular de forma individualizada; além disso, enfrentamos sérios
problemas em seu enraizamento por meio de estacas, tendo obtido taxa de sucesso de
apenas 6%.

Os dados apresentados no terceiro capitulo sdo frutos de estagio sanduiche

realizado no Laboratory of Plant Development and Interactions, Department of
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Molecular and Cellular Biology, University of Guelph, Canada, sob orientacdo do Prof.
Dr. Jaideep Mathur. Utilizando Nicotiana benthamiana como modelo, pudemos mostrar
a dindmica intracelular do transporte das gotas de Oleo em células vegetais.
Interessantemente, nossos dados mostraram o grande envolvimento dos filamentos de
actina (ancorando porcées do reticulo endoplasmatico) no movimento das gotas de dleo
no protoplasto, contrariamente ao observado em células animais onde os microtabulos
sdo considerados os elementos de maior envolvimento no transporte lipidico. Assim,
fica evidente que a dindmica intracelular do transporte de 6leo em células animais e
vegetais pode ocorrer por diferentes mecanismos.

Embora o efeito da herbivoria na densidade de tricomas glandulares e na
quantidade e composi¢do da secrecdo seja conhecido, esse trabalho é inédito por
considerar o efeito da herbivoria por formigas cortadeiras em cada morfotipo de tricoma
glandular. Nossos resultados mostraram que cada morfotipo glandular em O.
gratissimum responde de forma distinta ao estimulo levando a ideia de uma
compartimentalizacdo de funcGes no sistema de defesa das plantas. A alteracdo na
composicdo quimica das substancias volateis registradas aqui por efeito da herbivoria
merece atencdo, principalmente pelo fato de se tratar de uma espécie amplamente
utilizada como alimenticia.

As diferentes abordagens empregadas nesse estudo, varias delas inéditas para
estudos com estruturas secretoras em plantas, permitiram que diferentes aspectos sobre
a estrutura e funcionamento do sistema secretor de 6leo em espécies vegetais fossem
elucidados, gerando novas perspectivas para outras pesquisas em abordagens mais

aprofundadas.
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