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RESUMO

As plantas estdo expostas a frequentes fontes de estresses abidticos como pela alta
salinidade e por elementos-traco, dentre eles o cadmio (Cd). A utilizacdo do silicio (Si)
€ uma alternativa que pode amenizar os efeitos deletérios desses estresses. O
primeiro manuscrito (capitulo 1) teve como objetivo analisar a influéncia de diferentes
fontes e concentracdes de Si em respostas anatbmicas e na atividade fotoquimica
efetiva do fotossistema Il (FSII) em plantas de Aechmea blanchetiana em condi¢des
in vitro. O segundo manuscrito (capitulo 2) avaliou o efeito do estresse salino in vitro
e o potencial amenizador do Si em plantas de A. blanchetiana. O terceiro manuscrito
(capitulo 3) investigou as modulacdes anatdmicas e fisioldégicas de A. blanchetiana
expostas ao Cd in vitro e a co-exposi¢ao ao Cd e Si. No primeiro experimento brotos
laterais de plantas previamente estabelecidas in vitro foram transferidos para meio de
cultura. Meios sem Si foram usados como controle. Os tratamentos consistiram em
silicato de calcio (CaSiOs), silicato de potassio (K203Si) e silicato de magnésio
(MgQOsSi) em trés concentragbes (8, 16, 32 uM). Apds 45 dias de cultivo foram
realizadas andlises anatémicas e fisioldgicas. O estudo comprovou que o Si aumentou
o diametro dos vasos do xilema, area do floema e crescimento das plantas. Dentre as
fontes de Si testadas, o CaSiOs foi 0 que apresentou maior contribuicdo para o
aumento do funcionamento efetivo do FSIl e do crescimento das plantas. No segundo
experimento, plantas ja estabelecidas in vitro foram transferidas para meio de cultura
com 0 ou 14 pM de Si (CaSiOs). Apos 30 dias de crescimento foram acrescentados
nos frascos meio liquido estacionario contendo diferentes concentracées de NaCl (0O,
100, 200 ou 300 uM). Apoés 45 dias foram realizadas analises anatbmicas e
fisiologicas. Plantas cultivadas com excesso de NaCl apresentaram reducdo do
rendimento quéntico fotoquimico efetivo do FSII e aumento da dissipacdo néo-
fotoquimica de fluorescéncia. Plantas em presenca de Si tiveram aumento do
conteudo de pigmentos fotossintéticos, da atividade de enzimas do sistema
antioxidante e do coeficiente de dissipacdo fotoquimica de fluorescéncia (qp).
Respostas anatbmicas, fisiologicas e bioquimicas induzidas pelo Si tiveram efeito
amenizador do estresse salino em A. blanchetiana cultivadas in vitro. No terceiro
experimento, plantas previamente estabelecidas in vitro foram transferidas para meio
de cultura com 0 ou 14 uyM de Si. Apds 30 dias de crescimento, foram adicionados aos
recipientes meio MS liquido estacionario contendo concentracdes crescentes de Cd



(0, 50, 100 ou 200 uM). Apds 45 dias, foram realizadas analises anatdmicas e
fisioldgicas. Plantas cultivadas com Si mostraram uma exoderme mais fina, diminuicéo
na concentracdo de Chl a/b e aumento de Chl total/Car. O Cd induziu danos ao
complexo de evolugéo do oxigénio (Wk) e alterou o rendimento quantico da dissipacao
de energia ndo regulada (®PNO). Na presenca de Si houve aumento da atividade
fotoquimica do FSIl e transporte de elétrons, mesmo quando as plantas foram
expostas ao Cd. Respostas anatdomicas e fisioldgicas induzidas pelo Si foram eficazes
em aliviar o estresse das plantas de A. blanchetiana crescidas in vitro com Cd.

Palavras-chave: Anatomia vegetal ¢ cadmio « Fluorescéncia da clorofila a -

Fluorescéncia modulada  salinidade ¢



ABSTRACT

Plants are exposed to frequent sources of abiotic stresses such as high salinity and
trace elements, including cadmium (Cd). The use of silicon (Si) is an alternative that
can alleviate the deleterious effects of these stresses. The first manuscript (chapter 1)
aimed to analyze the influence of different sources and concentrations of Si on
anatomical responses and on the effective photochemical activity of photosystem I
(PSIl) in Aechmea blanchetiana plants under in vitro conditions. The second
manuscript (chapter 2) evaluated the effect of saline stress in vitro and the mitigating
potential of Si in A. blanchetiana plants. The third manuscript (chapter 3) investigated
the anatomical and physiological modulations of A. blanchetiana exposed to Cd in vitro
and co-exposure to Cd and Si. In the first experiment lateral shoots of plants previously
established in vitro were transferred to culture medium. Media without Si were used as
a control. The treatments consisted of calcium silicate (CaSiOs), potassium silicate
(K203Si) and magnesium silicate (MgOsSi) in three concentrations (8, 16, 32 uM). After
45 days of cultivation, anatomical and physiological analyzes were performed. The
study proved that Si increased xylem vessel diameter, phloem area and plant growth.
Among the Si sources tested, CaSiOs was the one that presented the greatest
contribution to increase the effective functioning of PSIl and plant growth. In the second
experiment, plants already established in vitro were transferred to a culture medium
with 0 or 14 uM of Si (CaSiOs). After 30 days of growth, stationary liquid medium
containing different concentrations of NaCl (0, 100, 200 or 300 puM) was added to the
flasks. After 45 days, anatomical and physiological analyzes were performed. Plants
grown with excess NaCl showed a reduction in the effective photochemical quantum
yield of PSIl and an increase in the non-photochemical dissipation of fluorescence.
Plants in the presence of Si had an increase in the content of photosynthetic pigments,
in the activity of enzymes of the antioxidant system and in the coefficient of
photochemical fluorescence dissipation (gP). Anatomical, physiological and
biochemical responses induced by Si had a mitigating effect of saline stress in A.
blanchetiana cultivated in vitro. In the third experiment, plants previously established
in vitro were transferred to a culture medium with 0 or 14 yM of Si. After 30 days of
growth, stationary liquid MS medium containing increasing concentrations of Cd (0, 50,
100 or 200 uM) was added to the containers. After 45 days, anatomical and
physiological analyzes were performed. Plants grown with Si showed a thinner
exoderm, decreased concentration of Chl a/b and higher total Chl/Car ratio. Cd induced
damage to the oxygen-evolution complex (Wk) and altered the quantum yield of non-
regulated energy dissipation (PNO). In the presence of Si there was an increase in the
photochemical activity of PSIlI and electron transport, even when the plants were
exposed to Cd. Anatomical and physiological responses induced by Si were effective
in easing the stress of A. blanchetiana plants grown in vitro with Cd.

Keywords: Plant anatomy ¢ cadmium < Chlorophyll a fluorescence * Modulated
fluorescence - salinity «
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1. INTRODUCAO GERAL

As plantas sdo continuamente expostas a varias condicdes ambientais que
podem causar efeitos prejudiciais durante todos os estadios de desenvolvimento (ZHU
et al.,, 2019; KIM et al., 2021). Estresses abibticos e bidticos sao fatores que
influenciam os organismos em um ambiente especifico e que afetam negativamente
0 crescimento e o desenvolvimento de plantas (ZHANG et al., 2019). Dentre esses
estresses esta a alta salinidade, seca, inundagéo, resfriamento, calor e toxicidade por
elementos-traco (REZENDE et al., 2018; ZHANG et al., 2019; ZHU et al., 2019). As
plantas desenvolveram estratégias para lidar com tais estresses, e a elucidacao dos
mecanismos subjacentes &, portanto, cada vez mais atil (AHMED et al., 2021; KIM et
al., 2021).

A alta salinidade € um tipo de estresse que as plantas estdo constantemente
sujeitas. A salinidade é responsavel por multiplos efeitos que reduzem o crescimento,
desenvolvimento e a sobrevivéncia das plantas por meio de diversos mecanismos,
incluindo alteracbes nas relacbes hidricas nas plantas (MORTON et al., 2019),
deficiéncias ou toxicidades de fons (HNILICKOVA et al., 2019) e estresse oxidativo
(CARILLO, 2018; ZHU et al., 2019; CHUNG et al., 2020).

A contaminacdo por elementos-traco, outro tipo de estresse, representa um
problema ambiental global. E decorrente principalmente de atividades
antropogénicas, atividades industriais e agricolas, como dispersdo de residuos de
mineracdo, adubos, fertilizantes fosfatados e pesticidas a base de metais
(MALCOVSKA et al., 2014; PAUNOV et al., 2018; KAYA et al., 2020). O cadmio (Cd)
€ um dos mais perigosos elementos-traco devido a sua alta mobilidade no sistema
solo-planta (FENG et al., 2018). As plantas que crescem em ambiente com alto teor
de Cd podem apresentar disturbios bioquimicos e altera¢des morfofisiol6gicas. Dentre
0s varios sintomas de toxicidade, inclui-se a inibicdo da germinagéo, clorose, necrose,
inibicdo do crescimento, alteragbes na homeostase idnica, distarbios graves nas
relacdes hidricas e no transporte de nutrientes (MALCOVSKA et al., 2014; OLIVEIRA
et al., 2017), aléem de poder induzir a reducdo no conteudo de pigmentos, na
condutancia estomatica e no acesso ao CO2 (PAUNOQV et al., 2018).

Um mecanismo que tém sido empregado para reduzir os efeitos nas plantas do
estresse salino e por elementos-traco € a suplementacdo com o Si (SAHEBI et al.,
2016). Muitos estudos relataram os efeitos atenuantes do Si de estresses salino e por
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elementos-traco (WU et al., 2015; COSKUN et al., 2016; MANIVANNAN et al., 2017;
RIOS et al. 2017; ZHU et al. 2019; CIPRIANO et al. 2021b). O Si € o0 segundo elemento
mais abundante da crosta terrestre, que pode ser absorvido por plantas superiores
por meio do solo, principalmente, na forma de acido silicico (H4SiO4) (ZHANG et al.,
2019). E um elemento essencial que promove o crescimento e o desenvolvimento de
varias espécies vegetais (SAHEBI et al., 2016; HU et al., 2018). O Si também possui
potencial em aumentar a toleréncia das plantas a ampla gama de estresses bioticos e
abidticos, além dos expostos acima, como por patdgenos vegetais, pragas, seca,
calor, frio e estresse nutricional (LIU et al., 2014; SIVANESAN e JEONG, 2014,
CUONG et al., 2017; HU et al., 2018; MARTINS et al., 2018; SOUNDARARAJAN et
al., 2018; BHAT et al., 2019). O Si pode aumentar o conteudo de pigmentos
fotossintéticos e promover mudancas benéficas nas plantas, como na anatomia e no
aumento da atividade fotossintética, reducdo da perda de agua e aumento no
crescimento (ASMAR et al.,, 2015; KHALIQ et al.,, 2016; DIAS et al., 2017,
MANIVANNAN et al., 2017; D’ADDAZIO et al. 2020). O Si também pode atuar no
balanco de nutrientes e na resisténcia mecéanica, aumentando a estabilidade estrutural
das células, especialmente sob condi¢cdes estressantes (LIANG et al.,, 2015;
TRIPATHI et al., 2016; MANIVANNAN et al., 2017; SOUNDARARAJAN et al., 2018;
ZHANG et al., 2019).

A técnica de cultivo in vitro € vantajosa porque permite isolar os efeitos do
elemento de interesse de estudo no metabolismo das plantas a partir dos efeitos de
outros estresses (GIAMPAOLI et al., 2012). Estudos fisiolégicos de estresses, como
o salino e por elementos-traco, além de estudos das funcdes fisioldgicas do Si, em
condicdes in vitro sdo considerados uma alternativa viavel por representar o ambiente
externo com suas condicOes adversas (CLAYES et al., 2014; SIVANESAN e PARK,
2014). Avaliacbes por meio da técnica de fluorescéncia da clorofila a podem permitir
verificar o estado fisiologico das plantas in vitro com base na detec¢éo de alteracdes
em alguns componentes do fotossistema Il (FSIl), componentes da cadeia de
transporte de elétrons e nas reacOes fotoquimicas dependente da luz (LOTFI et al.,
2018). Essa analise é amplamente utilizada para verificar a performance fotoquimica
de plantas sob condicbes estressantes (KALAJI et al., 2016; 2017a; 2017b; 2018;
STIRBET et al., 2018), tal como, expostas a diferentes elementos-trago (ZUREK et al.,
2014; FRANIC et al., 2017; PAUNOV et al., 2018; MARTINS et al., 2020a). Varios

estudos investigaram mudancas na fisiologia e na anatomia de plantas expostas ao
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Cd in vitro (SON et al., 2014; ANJU et al., 2015; MANQUIAN-CERDA et al., 2016;
RODRIGUES et al., 2017). Assim como estudos de estresse salino in vitro também ja
foram realizados (HARTER et al., 2014; PANDEY e CHIKARA, 2015; CANTABELLA
et al., 2017; ZUSHI e MATSUZOE, 2017; REZENDE et al., 2018; JAVED e GUREL,
2019;), os quais enalteceram as vantagens dessas técnicas para pesquisas voltadas
para fisiologia vegetal. Alteracbes anatdmicas de plantas podem ser utilizadas como
indicativo da qualidade ambiental (STOLARIKOVA-VACULIKOVA et al., 2015;
RODRIGUES et al., 2017). Essas altera¢cfes especificas sdo a chave para o processo
de adaptacdo das plantas a determinadas condi¢cdes ambientais (GOMES et al.,
2012).

O estresse salino e por elementos-traco também se manifestam como estresse
oxidativo e leva a producéo de espécies reativas de oxigénio (ERO), com todos esses
fatores contribuindo para os efeitos deletérios desses estresses nas plantas
(ACOSTA- MOTOS et al.,, 2015; ZHU et al.,, 2019). As ERO podem alterar o
metabolismo celular normal por meio de danos oxidativos em organelas e as
membranas por peroxidacéo lipidica. Os sistemas antioxidantes das plantas podem
ser estimulados para combater lesdes oxidativas induzidas pelo estresse salino.
Essas respostas incluem a remocao de ERO por enzimas como ascorbato peroxidase
(APX), superoxido dismutase (SOD) e catalases (CAT) (ZHU et al., 2019).

No presente estudo, a espécie Aechmea blanchetiana (Baker) L.B. Smith
(Bromeliaceae) foi escolhida como modelo vegetal, por ocorrer amplamente em areas
de restinga, um ambiente caracterizado por ser salino e com a presenca de Si, onde
se adaptou (COSTA et al., 2020). Além disso, as bromélias podem ser fundamentais
em estudos com elementos-traco devido a formacao de um sistema de tanque com
suas folhas na base da roseta da planta, que pode armazenar grande quantidade de
detritos do ambiente e agua, resultando em exposicdo prolongada aos metais
(SCHRECK et al., 2016; MARTINS et al.,, 2020a). Nesse contexto, é importante
entender quais sdo os mecanismos morfo-fisiologicos que permitiram mitigar os danos
induzidos pelo estresse salino e pelo Cd. Ainda néo esta claro como a co-exposi¢cao
do Si e NaCl, bem como Si e Cd, podem influenciar na anatomia, performance do
aparato fotossintético e na atividade de enzimas antioxidantes das plantas de restinga.
Parte-se das hipdteses que: (1) Em condicdes de estresse in vitro, o NaCl e o Cd, séao
prejudiciais para o crescimento de plantas de A. blanchetiana, j& que afetam a

anatomia, a absorcao de nutrientes e a fisiologia das plantas. (2) A suplementacéo
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com o0 Si ameniza os danos e aumenta a resisténcia ao NaCl e ao Cd devido ao menor
nivel dos efeitos deletérios no conteudo de pigmentos fotossintéticos, na atividade do

sistema antioxidante e no desempenho do aparato fotossintético.

2. OBJETIVO GERAL

Avaliar os efeitos de fontes de Si, do NaCl e do Cd em plantas de Aechmea
blanchetiana cultivadas in vitro e investigar o potencial amenizador de estresse do Si
com a co-exposicao ao NaCl e Sie Cd e Si.

3. OBJETIVOS ESPECIFICOS

1. Avaliar o efeito de fontes de Si, do estresse salino e pelo Cd na anatomia radicular
e foliar e no crescimento em plantas de A. blanchetiana in vitro;

2. Analisar as respostas fotoquimicas de plantas de A. blanchetiana cultivadas in vitro
em diferentes fontes de Si, concentracdes de NaCl e de Cd por meio de andlises da
fluorescéncia da clorofila a e do contetdo de pigmentos fotossintéticos;

3. Investigar as modula¢des bioquimicas resultantes do estresse salino em A.
blanchetiana cultivada in vitro, por meio da analise da atividade de enzimas do sistema
antioxidante;

4. Avaliar o potencial do Si como amenizador do estresse por NaCl e por Cd em
plantas de A. blanchetiana cultivadas in vitro na anatomia radicular e foliar, no

contetido de pigmentos, na fisiologia, na bioquimica e no crescimento.
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4. REVISAO BIBLIOGRAFICA

4.1 Cultura de Tecidos Vegetais

A cultura de tecidos vegetais compreende um conjunto de técnicas nas quais
um explante (célula, tecido ou 6rgéo) é isolado e cultivado em condi¢cdes assépticas,
em um meio nutritivo artificial e em condicfes controladas (THORPE, 2007). O seu
principio basico € baseado na exploracdo da pluripoténcia das células vegetais, que
€ a capacidade que possuem as células sométicas de, em condi¢cdes adequadas,
voltarem a dividir-se, sofrendo desdiferenciacdo, seguida de rediferenciacdo em
outros tipos celulares, podendo regenerar, entdo, até mesmo uma planta completa
(TERMIGNONE, 2012; SOUZA et al., 2018).

As técnicas de cultivo in vitro sdo amplamente utilizadas para a rapida
multiplicacdo de muitas espécies de plantas, tais como espécies horticolas,
principalmente espécies ornamentais como orquideas e bromélias (ERIG e SCHUCH,
2005; SILVA et al., 2017a; LEMBRECHTS et al., 2017; ROSA et al., 2018; MARTINS
et al., 2019; 2020a; 2020b; CIPRIANO et al., 2021a). A multiplicacdo in vitro de
bromélias pode ser realizada por meio de organogénese direta ou indireta (MARTINS
et al., 2014; SIMAO et al., 2016). No processo de organogénese direta, o crescimento
e a formacdo de brotos resulta da ligacdo e interacdo entre reguladores de
crescimento de plantas com proteinas receptoras, promovendo rapidas respostas
bioquimicas e fisiolégicas (HARUTA e SUSSMAN, 2017). Os reguladores de
crescimento vegetais sdo compostos sintéticos adicionados ao meio de cultivo
(JIMENEZ, 2005). Na multiplicac&o in vitro, para induzir brotos, € comum o uso de
citocininas para estimular um desequilibrio hormonal enddégeno na parte aérea,
ativando os meristemas laterais (MACKOVA et al., 2013). Para quebrar a dominancia
apical em bromélias in vitro, a fonte de citocinina utilizada mais comumente é o 6-
benzilaminopurina (BAP) (SOUZA et al., 2016; SIMAO et al., 2016; MARTINS et al.,
2020a). No entanto, existem também estudos com a utlizagdo de 6-
furfurilaminopurina (cinetina - KIN) (MARTINS et al., 2014; FERMINO JUNIOR et al.,
2014), e de forma menos comum, o thidiazuron (TDZ), que geralmente ndo é
recomendado (GUERRA e VESCO, 2010; BADR-ELDEN, 2013). A auxina sintética
mais comumente utilizada para inducéo de raizes adventicias na propagacao in vitro
de bromélias € o acido-1-naftalenoacético (ANA) (MARTINS et al., 2020c).
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Estudos relacionados ao crescimento e fisiologia de bromélias in vitro também
tém sido documentados (MARTINS et al., 2014, 2016b, 2018; SIMAO et al., 2016;
CORREDOR-PRADO et al., 2019; CIPRIANO et al., 2021a). A técnica de cultivo in
vitro também é vantajosa porque permite isolar os efeitos do elemento de interesse
de estudo no metabolismo das plantas a partir dos efeitos de outros estresses
(GIAMPAOLI et al., 2012). Neste contexto, estudos fisioldgicos de estresses, como
estresse salino e por elementos-tragco em condi¢des in vitro sdo considerados uma
alternativa viavel por representar o ambiente externo com suas condi¢fes adversas
(CLAYES et al., 2014). Além disso, este tipo de técnica oferece controle do nivel e
inicio do estresse, e baixa variabilidade (LAWLOR, 2013). Estudos in vitro também
oferecem melhores perspectivas durante estadios iniciais do processo de
aclimatizacao (REZENDE et al., 2018).

4.2 Estresse Salino

O estresse salino € considerado um dos principais estresses abidticos que
podem limitar o crescimento das plantas e causar o declinio na produtividade das
culturas (MORTON et al., 2019; CASTRO et al., 2020). Um conhecimento biol6gico
dos efeitos do estresse salino é necessario para compreender as respostas da planta
e encontrar maneiras de mitigar os danos. Atualmente, mais de 20% das terras
irrigadas agricolas do mundo séo afetadas por concentracdes excessivas de sal, e
este problema continua a piorar em todo o mundo por causa da aplicacéo inadequada
de fertilizantes, poluicdo industrial e préticas deficientes de irrigacdo (ZHU et al.,
2019).

O estresse salino pode afetar diretamente o desempenho da planta de varias
maneiras (MORTON et al., 2019; HNILICKOVA et al., 2019; ZHU et al., 2019;
CASTRO et al., 2020). A alta salinidade causa reducdo no nivel osmaotico e no
potencial hidrico do meio de cultivo, impedindo a absorgéo de 4gua. Isso, bem como
os altos niveis de ions sédio, também podem afetar a absorcdo de nutrientes e os
mecanismos de captacdo. Os ions sodio também sdo capazes de entrar na raiz
através de canais iGnicos e transportadores, eventualmente se espalhando por toda a
planta via sistema vascular (ZHAO et al., 2019). Durante a exposi¢do prolongada, 0s
ions sddio podem se acumular a niveis que podem resultar em efeitos citotdéxicos ou

causar desequilibrios osmoticos na planta. O acumulo e, portanto, os danos, tendem
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a ser maiores nos tecidos aéreos porque 0s ions sodio sdo entregues la como solutos
no fluxo de transpiracdo. Como a agua € perdida através da transpiracdo, os ions
sédio sao depositados cumulativamente (MORTON et al., 2019).

Esses efeitos combinados levam ao comprometimento de processos biolégicos
vitais. As plantas podem responder de varias maneiras a esses danos ao estresse
(ZHU et al., 2019). Os mecanismos fisioldégicos das plantas para minimizar os danos
do estresse salino ocorrem em raizes e brotos, no 6rgao, tecido, célula e escalas
subcelulares. Respostas fisiolégicas comuns incluem processos como deteccao e
sinalizacdo de estresse, regulacdo da homeostase de ions, do metabolismo,
diminuicdo da abertura estomatica, da transpiracdo e da fotossintese, inibicdo da
diviséo e expanséo celular, assim como mudangas na morfologia da planta, fenologia
e alocacao de recursos (NEGRAO et al., 2017; MORTON et al., 2019).

Os efeitos idnicos se desenvolvem gradualmente conforme o acumulo de sédio
(Na) progride e geralmente envolve um declinio gradual nas taxas de fotossintese,
metabolismo e crescimento, danos no aparato fotossintético e senescéncia precoce.
Por exemplo, uma reducdo nas taxas de transpiracdo pode ser esperada como um
efeito direto do reduzido potencial hidrico do meio de cultivo, mas também pode ser
uma resposta da planta que limita o acumulo de Na (ACOSTA- MOTOS et al., 2015;
ZHU et al., 2019).

Estudos de estresse salino in vitro ja foram realizados para mogango (Cucurbita
pepo) (HARTER et al., 2014), estévia (Stevia rebaudiana Bertoni) (PANDEY e
CHIKARA, 2015; CANTABELLA et al.,, 2017; JAVED e GUREL, 2019), tomate
(Solanum lycopersicum) (ZUSHI e MATSUZOE, 2017), fisalis (Cape gooseberry
)(Physalis peruviana L.) (REZENDE et al.,, 2018), erva-cidreira (Lippia alba L.)
(Verbenaceae) (CASTRO et al., 2020) os quais enalteceram as vantagens dessas

técnicas para pesquisas voltadas para fisiologia vegetal.

4.3 Estresse por elementos-traco

A contaminacdo por elementos-traco € um problema ambiental global devido
ao0s seus potenciais riscos prejudiciais ao ecossistema e a saude humana (CHANG et
al., 2019; CLEMENS, 2019; KAMRAN et al., 2020; RIAZ et al., 2021). E decorrente
principalmente de atividades antropogénicas, atividades industriais e agricolas, como

emissOes de fundidores e incineradores, dispersao de residuos de mineracéo, uso de
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lodo de esgoto contaminado, adubos, fertilizantes fosfatados e pesticidas a base de
metais (PAUNOQV et al., 2018; KAYA et al., 2020). Os elementos-traco sao altamente
estaveis, ndo biodegradaveis e, portanto, facilmente transportaveis e acumulados
através da cadeia alimentar, que pode ameacar significativamente os seres vivos
(YOUNIS et al., 2016; FENG et al., 2018).

O cadmio (Cd) é um metal relativamente movel em comparacdo com outros
metais pesados e as raizes das plantas podem facilmente absorver e translocar para
as partes aéreas, devido a sua alta mobilidade no floema (CHANG et al., 2019;
ADHIKARI et al., 2018). O Cd é translocado do solo para a raiz por diferentes
transportadores que sao usados para a absorcdo de nutrientes essenciais para as
plantas. O Cd é um elemento ndo essencial e téxico que perturba os processos
bioquimicos, fisiolégicos, morfoldgicos e moleculares essenciais para o crescimento e
a produtividade das plantas (RIZWAN et al., 2016; 2018; REHMAN et al., 2019). O Cd
pode causar danos ao metabolismo das plantas mesmo em niveis muito baixos (5-10
Mg g1), exceto em plantas acumuladoras de Cd que podem sobreviver sob uma
concentragdo consideravel de Cd (100 ug g?). Nestas plantas, podem se acumular
em seus tecidos sem apresentar sintomas de toxicidade (CLEMENS et al., 2013). A
toxicidade do Cd afeta a fotossintese, reduz a biomassa vegetal e dificulta a absorcéo
de nutrientes essenciais do solo, o que resulta na redu¢céo do crescimento de varias
espécies de plantas (CAO et al., 2018; ALYEMENI et al., 2018; QIN et al.,,
2018; ISMAEL et al., 2019; SHAHID et al., 2019; SEPEHRI e GHAREHBAGHLI,
2019; REN et al., 2020).

Os nutrientes minerais sdo uma parte essencial para o crescimento e
produtividade das plantas. A deficiéncia de micro e macronutrientes causa um efeito
negativo no crescimento e desenvolvimento das plantas (DING et al.,, 2017). Os
nutrientes minerais foram relatados para aliviar a toxicidade de elementos-traco e
aumentar a atividade dos sistemas de defesa das plantas. Esse mecanismo protege
as plantas dos danos oxidativos de elementos-traco, incluindo a toxicidade do Cd (LIU
et al., 2020Db).

O estresse oxidativo gerado pela toxicidade do Cd pode causar a interrupgao
de uma série de processos fisioldgicos e biolégicos (WU et al., 2015; CLAIRVIL et al.,
2022). A geracéao de especies reativas de oxigénio (ERO) induzida por Cd interrompe
direta ou indiretamente as funcdes moleculares nas plantas. Pode causar disfuncdo

de DNA, genes, proteinas, ruptura de membrana e, em casos de severidade, causar
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morte celular (RIAZ et al., 2018; YAN et al., 2018). A raiz é a parte principal de
absorcéo da planta e o Cd danifica a estrutura radicular (YAN et al., 2018; RIAZ et al.,
2021).

A capacidade de absorcéo, transporte, desintoxicacdo e acumulacao de Cd
varia entre diferentes espécies e genotipos de plantas (CLAIRVIL et al., 2022). Varias
estratégias tém sido sugeridas para amenizar a toxicidade do Cd em plantas
(ADREES et al., 2015; RIZWAN et al., 2016b, 2016c; YOUNIS et al., 2016). Pesquisas
tém sido realizadas com o objetivo de minimizar os sintomas de toxicidade de Cd
através de aplicacdes de silicio (Si) (CIPRIANO et al., 2021b). O sequestro vacuolar,
a formacéo de fitoquelatinas e a adsorcao da parede celular tém sido relatados como

mecanismos eficazes para a desintoxicacao do Cd.

4 .4 Silicio

O silicio (Si) é o segundo elemento, depois do oxigénio (O), mais abundante no
solo, que pode ser absorvido pelas plantas principalmente na forma de acido silicico
(H4Si04) (ZHANG et al., 2019; TREJO-TELLEZ et al., 2020). As concentra¢fes de Si
nas plantas geralmente variam entre 0,1% e 10% da massa seca total (EPSTEIN,
1994). Essa concentracdo depende principalmente dos gendétipos das plantas e, em
segundo lugar, de propriedades como fontes de Si (COSKUN et al., 2019; TREJO-
TELLEZ et al., 2020). Vale ressaltar que sete das dez culturas mais produzidas no
mundo (classificadas por quantidade) sdo acumuladoras de Si (GUNTZER, KELLER
e MEUNIER, 2012) e a maioria responde positivamente as aplicacbes de Si (GOMEZ-
MERINO e TREJO-TELLEZ, 2018). Essas culturas incluem arroz (Oryza sativa L.),
trigo (Triticum aestivumL.), cevada (Hordeum vulgareL.), cana-de-acucar
(Saccharum spp. L.), soja [Glycine max (L.) Merr.] e beterraba ( Beta vulgaris L.
subsp. vulgaris) (GUNTZER, KELLER e MEUNIER, 2012 ; ELSOKKARY,
2018 ; ARTYSZAK, GOZDOWSKI e KUCINSKA, 2019). O Si foi introduzido com
sucesso no meio de cultura de plantas ornamentais como as orquideas e bromélias
como um elemento benéfico para a cultura de tecidos, melhorando as caracteristicas
morfoldgicas, anatdmicas e fisioloégicas de mudas in vitro (MANTOVANI et al., 2020).

O Si melhora caracteristicas das plantas, especialmente sob estresses bibticos

e abidticos, como salinidade, seca, toxicidade de metais pesados, frio, calor, hipoxia,
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patdgenos vegetais, deficiéncia de nutrientes e radiacdo ultravioleta (SIVANESAN e
JEONG, 2014; LIU et al., 2014; MARTINS et al., 2018; HU et al., 2018;
SOUNDARARAUJAN et al., 2018; D’ADDAZIO et al. 2020; CIPRIANO et al., 2021b;
NEDUKHA et al.,, 2022). Em plantas sob estresse a elementos-traco, o Si esti
envolvido em mecanismos de mitigacdo da toxicidade desses metais. O aumento da
absorcdo de nutrientes, a estimulacdo de sistemas antioxidantes enzimaticos e néo
enzimaticos, o aumento da precipitacdo de ions toxicos e 0 sequestro de ions em
vacuolos e paredes celulares, podem funcionar como importantes mecanismos
internos (SIL et al., 2019; ZHANG et al., 2019; ZHU et al., 2019; CIPRIANO et al.,
2021).

Em pesquisas sobre estresse salino, os estudos envolveram o efeito regulatério
do Si no metabolismo, na fotossintese, no estresse oxidativo, no contetdo de ions,
em hormonios, poliaminas e transportadores de Si (ZHU et al., 2019). Os materiais de
pesquisa envolveram monocotiledéneas, como cevada (Hordeum vulgare L.), trigo
(Triticum aestivum L.) (CHEN et al., 2014), arroz (Oryza sativa L.) (SONG et al. 2015),
milho (Zea mays) e sorgo (Sorghum bicolor L.) (YIN et al., 2016); eudicotiledoneas,
incluindo pepino (Cucumis sativus), tomate (Solanum lycopersicum L.), tabaco
(Nicotiana tabacum), abdébora (Cucurbita maxima) e amendoim (Arachis hypogaea L.);
e plantas lenhosas (por exemplo, manga (Mangifera indica L.) e banana (Musa spp.).

O Si pode ser adicionado ao meio de cultura in vitro por meio de diferentes
fontes e concentracbes, que podem ter diferentes influéncias nas plantas in vitro.
Dentre essas fontes esta o silicato de potassio (K203Si), silicato de célcio (CaSiO3) e
o silicato de magnésio (MgOsSi). Estudos demonstraram que o K203Si melhorou a
inducéo da parte aérea em comparacado com o silicato de sédio (NaSiO3) (SOARES
et al., 2011). O Kz203Si também estimulou o comprimento da raiz, o crescimento
vegetativo e a osmorregulacdo e melhorou processos fisiolégicos, como aumento de
pigmentos de clorofila, movimento dos estdmatos e equilibrio ibnico (HAFEZ et al.,
2021). O K2SiOs mostrou potencial para atenuar estresse por deficiéncia de fosforo,
melhorando a fotossintese, o potencial antioxidante e a absorcdo dos nutrientes
(ZHANG et al., 2019). O K2SiOs é utilizado como bioestimulante vegetal e fonte de
potassio (K) e Si altamente sollvel. O K é um dos elementos essenciais da planta e
desempenha papel fundamental na formacdo de acucares e amido, sintese de
proteinas, divisao celular, crescimento, tamanho e qualidade de sementes (HAFEZ et

al., 2021). A aplicagdo CaSiOs aumentou o potencial de indugéo de calos do arroz
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(ISLAMET al., 2005), desencadeou o0 enraizamento e aumentou a espessura das
folhas de banana (ASMAR et al., 2015). A suplementacdo com CaSiOs aumentou 0
contetdo de pigmentos fotossintéticos, o desempenho do aparato fotossintético e o
peso fresco em plantas in vitro (RODRIGUES et al.,, 2017; MARTINS et al., 2019;
CIPRIANO et al., 2021). O MgOsSi promoveu efeito na parte aérea das plantas e
formacdo de raizes, além de desempenhar papel importante no processo de
fotossintese (SIPAHUTAR et al., 2021). Tomados em conjunto, o Si pode ser utilizado
como fonte adicional para a melhoria da propagacéo in vitro de plantas
(MANIVANNAN et al., 2017). Esses estudos enaltecem a necessidade de pesquisas
voltadas para as especificidades de cada fonte e concentracdo dos silicatos em

plantas de Aechmea blanchetiana.

4.5 Anatomia Vegetal

A andlise da anatomia vegetal de plantas propagadas in vitro, por meio de
cortes transversais e paradérmicos de folhas e raizes, é de grande importancia para
estudos comparativos do desenvolvimento de seus tecidos e de estruturas adaptativas
(REZENDE et al., 2018). Dentro dessa analise esté a caracterizacao da espessura da
epiderme adaxial e abaxial, area do esclerénquima e do floema, tamanho e densidade
de estdmatos, entre outros (MARTINS et al. 2019; 2020b). Da mesma forma, analises
anatdmicas também sao Uteis para verificar como os componentes do meio de cultura
podem influenciar as plantas cultivadas in vitro (ROSA et al., 2018).

Esses estudos também podem servir de base para pesquisas relacionadas ao
desenvolvimento durante o processo de aclimatizacdo, a qual se caracteriza por uma
elevada mortalidade, muitas vezes, inviabilizando a micropropagacdo de algumas
espécies (ABBADE et al., 2009).

Os estudos referentes a anatomia foliar e radicular podem ser uma ferramenta
importante para avaliar as adequacdes morfologicas das plantas frente a agentes de
estresse (PAEZ-GARCIA et al., 2015; MARTINS et al., 2019). Alteracbes anatbmicas
de plantas podem ser utilizadas como indicativo da qualidade ambiental
(RODRIGUES et al., 2017). Essas alteracdes especificas sdo a chave para o processo
de adaptacdo das plantas a determinadas condi¢cdes ambientais (GOMES et al.,
2012).
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4.6 Fluorescéncia da Clorofila a

Avaliagbes por meio da técnica de fluorescéncia da clorofila a podem permitir
verificar o estado fisioldgico das plantas com base na deteccdo de alteracdes em
alguns componentes do fotossistema Il (FSII), componentes da cadeia de transporte
de elétrons e nas reacdes fotoquimicas dependente da luz (LOTFI et al., 2018). Por
meio das medicOes € possivel detectar alteracfes no estado bioenergético geral do
aparelho fotossintético das plantas (BORAWSKA-JARMULOWICZ et al., 2014),
apresentando inimeras vantagens. E um método preciso, ndo destrutivo e que
possibilita analisar grande numero de amostras em curto espaco de tempo (GOLTSEV
et al., 2016). Por meio do teste OJIP, é possivel obter informac¢des visuais qualitativas
e quantitativas sobre todo o aparato fotossintético ou sobre pontos especificos do FSlI,
intersistema e fotossistema | (FSI). Além disso, as curvas do teste OJIP podem ser
quantificadas pelo teste JIP. Este fornece informagdes quantitativas sobre a
produtividade e eficiéncia do aparato fotossintético (KALAJI et al., 2016; ROSA et al.,
2018).

As analises de fluorescéncia da clorofila a mais comuns e amplamente usadas
sdo realizadas em amostras de folhas adaptadas ao escuro e subsequentemente
diferentes parametros que caracterizam o status de estado estacionario do aparelho
fotossintético sdo calculados (KALAJI et al.,, 2016). O teste JIP é baseado em
medicdes da cinética da fluorescéncia da clorofila a, fornecendo informacfes
detalhadas sobre a estrutura e funcéo do aparelho fotossintético, principalmente FSII.
Os modelos subjacentes ao teste JIP descrevem as reacgdes fotossintéticas primarias,
levando em consideracao a estrutura do aparelho fotossintético em total consisténcia
com a teoria dos fluxos de energia que ocorrem ha membrana dos tilacéides entre os
complexos de pigmentos fotossintético no FSII. Esse teste é amplamente utilizado
para analisar o desempenho da planta sob condi¢cdes estressantes (KALAJI et al.,
2016; 2017a; 2017b; 2018; STIRBET et al., 2018). Essa analise também foi aplicada
para avaliar o desempenho do aparato fotossintético de plantas expostas a diferentes
metais (ZUREK et al., 2014; FRANIC et al., 2017; PAUNOV et al., 2018; MARTINS et
al., 2020; CIPRIANO et al., 2021).
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Entre as medicdes de fluorescéncia, a cinética da fluorescéncia da clorofila
baseada no pulso de amplitude modulada (PAM), pode sondar o desempenho do
aparato fotossintético e avaliar caracteristicas fisioldgicas das plantas (YAO et al.,
2018; BHAGOOLI et al., 2021). Essa andlise permite a aquisicdo de importantes
informacdes a cerca dos processos de dissipacao fotoquimica e ndo fotoquimica da
energia de excitacdo que ocorrem nas membranas dos tilacéides em presenca de luz.
Além de descrever também o rendimento quéntico fotoquimico efetivo do FSII
(CIPRIANO et al., 2021; CLAIRVIL et al., 2022).

4.7 Atividade de enzimas do sistema antioxidante

O estresse salino e por elementos-traco podem induzir ao estresse oxidativo e
levar a producéo de espécies reativas de oxigénio (ERO), malondialdeido (MDA) e ao
extravasamento de eletrolitos (NAHAR et al., 2016; KAYA et al., 2020). As ERO tais
como oxigénio singleto (*O2), anion superéxido (O2), radical hidroxila (OH™) e
peroxido de hidrogénio (H202), podem alterar o metabolismo celular normal atravées
de danos oxidativos em organelas e as membranas por peroxidacao lipidica,
reduzindo o crescimento das plantas (GIAMPAOLI et al., 2012; AHMAD et al., 2019).
Todos esses fatores podem contribuir para os efeitos deletérios da salinidade e
elementos-traco nas plantas, podendo alterar as atividades de varias enzimas-chave
e até causar morte celular (YOUNIS et al., 2016; NAHAR et al., 2016; ZHU et al., 2019;
CLAIRVIL et al., 2022).

As plantas possuem mecanismos do sistema antioxidante, enzimaticos e néo
enzimaticos, que sdo estimulados para combater lesGes oxidativas induzidas por
condi¢cOes de estresse. As respostas de enzimas antioxidantes incluem a remocéao de
ERO por enzimas como ascorbato peroxidase (APX), superéxido dismutase (SOD) e
catalase (CAT) (ZHU et al., 2019). As enzimas CAT e APX sao classificadas como os
principais antioxidantes enzimaticos, pois participam na decomposi¢do do H202 em
agua. O Si induz varias respostas fisiologicas, tal como o aumento da atividade de
enzimas do sistema antioxidante como de APX, SOD, CAT e ndo-enzimatico como da
glutationa (GSH) (SHI et al., 2014; TRIPATHI et al., 2015; KIM et al., 2016; 2017;
RIZWAN et al., 2019; CHUNG et al., 2020). Além disso, esta bem estabelecido que o
Si regula significativamente a atividade das enzimas antioxidantes (CAT, APX e SOD)
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para mitigar estresses abidticos, por meio da reducéo da geracdo de ROS (ABDEL
LATEF e TRAN, 2016; AHMAD et al., 2019; CHUNG et al., 2020).

4.8 Bromeliaceae

As bromélias ornamentais, nativas de zonas tropicais e subtropicais da Ameérica
do Sul e Central, estdo entre as plantas ornamentais comercialmente mais
importantes do mundo, ocupando uma posic¢éao valiosa na horticultura e a industria de
flores (ZHANG et al., 2012).

A espécie Aechmea blanchetiana (Baker) L. B. Sm. (Subfamilia Bromelioideae)
€ uma bromélia tanque-dependente e nativa do estado do Espirito Santo e Babhia.
Ocorre amplamente em areas de restinga por ser heli6fita, um ambiente caracterizado
por ser salino e com a presenca de Si, onde se adaptou (COSTA et al., 2020). Possui
hébito terrestre e epifitico com folhagem amarelada devido a irradiacao solar e possui
valor comercial em todo o territério brasileiro, sendo muito utilizada em projetos
paisagisticos (GOMES e SILVA, 2013; SANTA-ROSA et al., 2013).

As bromélias podem ser fundamentais em estudos com elementos-traco devido
a formacéo de um sistema de tanque com suas folhas na base da roseta da planta. O
tanque pode armazenar uma grande quantidade de detritos do ambiente e agua,
resultando em uma exposicdo prolongada aos metais (SCHRECK et al., 2016;
MARTINS et al., 2020a). Estes podem ser prontamente assimilados por meio dos
tricomas escamiformes. Essas ultra-estruturas foliares sdo responséaveis pela
absorcdo quando a superficie da folha de bromélias esta umida (GOMES et al., 2015)
e as raizes também podem absorver nutrientes a partir do solo. Varias espécies de
bromélias possuem potencial como bioindicadoras de metais pesados e este potencial
ja foi constatado em condic¢@es in vitro (GIAMPAOLI et al., 2012; 2016; PIAZZETTA et
al., 2018; MARTINS et al., 2016; 2020a). Ja foi verificado que A. blanchetiana tolera
altas concentragbes de um metal pesado (Cu) e tem potencial para uso como
bioindicador (MARTINS et al., 2020a). Essa exposi¢cao a metais pesados pode levar a
modificacbes anatdomicas e fisioldégicas nessas plantas, indicando a qualidade do
ambiente (MARTINS et al., 2016). Essas caracteristicas descritas justificam a escolha
da espécie Aechmea blanchetiana (Baker) L.B. Smith (Bromeliaceae) como modelo

vegetal do presente estudo.
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CAPITULO 1

Silicio induz incremento na eficiéncia fotoquimica efetiva e no crescimento de Aechmea
blanchetiana (BROMELIACEAE) cultivadas in vitro

Resumo

Fontes de silicio (Si) tém especificidades que podem beneficiar o crescimento de plantas
cultivadas in vitro e amenizar estresses. Ainda ndo sao totalmente compreendidos como fontes
e concentragdes afetam o transporte de elétrons e o desempenho efetivo do aparato
fotossintético de plantas in vitro. O objetivo desse estudo foi analisar a influéncia de diferentes
fontes e concentracdes de Si nas respostas anatdmicas e na atividade fotoquimica efetiva do
fotossistema Il (FS1I) de Aechmea blanchetiana in vitro. Brotos laterais de plantas previamente
estabelecidas in vitro foram extraidos e transferidos para meio de cultura. Meios sem Si foram
usados como controle. Os tratamentos consistiram em silicato de calcio (CaSiOs), silicato de
potassio (K203Si) e silicato de magnésio (MgOsSi) em trés concentragdes (8, 16, 32 uM). Apos
45 dias de cultivo, foram realizadas analises anatémicas e fisioldgicas. A presenca de Si
independente da fonte e concentracdo aumentou o didmetro dos vasos do xilema, area do floema
e crescimento das plantas. Plantas com CaSiOzreduziram a espessura da epiderme, aumentaram
a taxa de transporte de elétrons (ETR) e atividade fotoquimica efetiva do FSII (®PSII).
Aumento no contetdo de clorofila a e clorofila total foi verificado em plantas com MgOsSi. A
utilizacdo do K>O3Si aumentou parametros de dissipacdo ndo-fotoquimica e reduziu ®PSIIL. O
estudo comprovou que o CaSiOs é a fonte de Si dentre as testadas que tem maior contribuicao
no aumento da atividade fotoguimica efetiva do FSIlI e do crescimento de plantas de A.

blanchetiana cultivadas in vitro.

Palavras-chave: Silicato de potassio, Silicato de célcio, Silicato de magnésio, Fluorescéncia
Modulada, Fluorescéncia da clorofila a.

Abreviagdes: OPSII = Y(II) = ®(I)- Rendimento quantico fotoquimico efetivo de FSII; ETR -
Taxa de fluxo linear de elétrons; NPQ - Dissipagdo ndo-fotoquimica de fluorescéncia
(quenching nao-fotoquimico); gP - Quenching fotoquimico; gL — Quenching fotoquimico de
fluorescéncia assumindo antenas interconectadas do FSII; gN - Quenching ndo-fotoquimico;
®NPQ - Rendimento quantico de luz induzida (ApH e dependente de zeaxantina) a partir de
dissipagdo ndo-fotoquimica de fluorescéncia; ®NO - Rendimento quantico de dissipagdo de
energia ndo regulada. Fv/Fwm — Eficiéncia fotoquimica maxima do FSII.
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Introducéo

O silicio (Si) é o segundo elemento mais abundante da crosta terrestre, que pode ser
absorvido por plantas superiores por meio do solo, principalmente, na forma de &cido silicico
(H4SiO4) (Zhang et al. 2019). E um elemento benéfico que promove o crescimento € o
desenvolvimento de varias espécies vegetais (Sahebi et al. 2016; Hu et al. 2018). O Si pode
atuar contribuindo no funcionamento do aparato fotossintético, no balanco nutricional, na
estimulacdo de sistemas antioxidantes enzimaticos e ndo enzimaticos, na resisténcia mecanica,
0 que conferem estabilidade estrutural as células, especialmente sob condicGes de estresse
(Khaliq et al. 2016; Tripathi et al. 2016; Manivannan et al. 2017). O Si aumenta a toleréncia
das plantas a uma ampla gama de estresses bidticos e abidticos, como patdgenos vegetais,
pragas, seca, salinidade, calor, frio, toxicidade de metais pesados e estresse nutricional (Duan
et al. 2013; Sivanesan e Jeong 2014; Soundararajan et al. 2015; Martins et al. 2018; Hu et al.
2018; Cipriano et al. 2021).

O Si foi introduzido com sucesso no meio de cultura de bromélias como um elemento
benéfico para o cultivo in vitro, melhorando as caracteristicas morfologicas, anatdmicas,
fisiologicas e o crescimento das plantas in vitro (Martins et al. 2018; Martins et al. 2019;
Cipriano et al. 2021). O uso de Si no cultivo in vitro pode elevar o teor de hemicelulose e
lignina, estimulando a rigidez da parede celular e a sobrevivéncia das plantas na aclimatizacéo
(Camargo et al. 2007). O Si também pode aumentar o conteddo de pigmentos fotossintéticos
(Dias et al. 2017; Manivannan et al. 2017).

O Si pode ser adicionado ao meio de cultura a partir de diferentes fontes, que podem
promover respostas diferenciadas nas plantas. Dentre essas fontes estd o silicato de potassio
(K203Si), silicato de calcio (CaSiO3) e o silicato de magnésio (MgOsSi). Sob condigdes in vitro
a inclusdo de Si contribui com o potencial morfogenético dos tecidos vegetais (Sivanesan e
Park 2014; Asmar et al. 2015; Sahebi et al. 2016; Rodrigues et al. 2017). Estudos demonstraram
que 0 K203Si pode induzir o crescimento da parte aérea em comparagdo com o silicato de sodio
(NaSiOz) (Soares et al. 2011). O K203Si também pode estimular o comprimento da raiz, o
crescimento vegetativo e a osmorregulacdo, podendo ainda contribuir com processos
fisioldgicos, como aumento de pigmentos de clorofila, movimento dos estdmatos e equilibrio
i6nico (Hafez et al. 2021). A aplicacéo de CaSiOzaumentou o potencial de indug&o de calos do
arroz (Islam et al. 2005), desencadeou o enraizamento e promoveu maior espessura das folhas

de banana (Asmar et al. 2015). A suplementacdo com CaSiOs elevou o contetido de pigmentos



59

fotossintéticos, o desempenho do aparato fotossintético e a massa fresca em plantas in vitro
(Rodrigues et al. 2017; Martins et al. 2019; Cipriano et al. 2021). O MgOz3Si teve efeito na parte
aérea das plantas e formacao de raizes, além de desempenhar um papel importante no processo
de fotossintese (Sipahutar et al. 2021). Esses estudos enaltecem a necessidade de pesquisas
voltadas para as especificidades de cada fonte de Si em plantas de Aechmea blanchetiana.

Técnicas de cultivo in vitro sdo amplamente utilizadas para a rapida multiplicacao de
muitas espécies de plantas, além de oferecer beneficios em estudos relacionados com a
fisiologia vegetal (Giampaoli et al. 2012; Kalaji et al. 2018). Dentre os estudos fisioldgicos, a
técnica da fluorescéncia da clorofila baseada no pulso de amplitude modulada (PAM), é uma
ferramenta que permite avaliar o desempenho efetivo do aparato fotossintético (Yao et al. 2018;
Bhagooli et al. 2021). Da mesma forma, analises anatdmicas também sdo Uteis para verificar
como as condicBes da cultura podem influenciar as plantas cultivadas in vitro (Rosa et al. 2018).

As fontes de Si tém especificidades que podem beneficiar o crescimento da planta. Este
beneficio é acompanhado por riscos de toxicidade que podem induzir danos para a fisiologia
das plantas e ainda ndo sdo totalmente compreendidos (Mantovani et al. 2020). Em plantas de
Aechmea blanchetiana (Baker) L.B. Smith (Bromeliaceae) ja foi comprovado uma melhor
eficiéncia fotoquimica potencial do FSII na presenca de CaSiOs quando comparado ao silicato
de sodio (NaSiOs3), que apresentou sintomas de estresse salino (Martins et al. 2019).
Entretanto, considerando outras fontes de Si como K>O3Si e MgOsSi, faz-se necessario
compreender como estas fontes podem afetar a eficiéncia fotoquimica efetiva do FSII
comparada ao CaSiOs. Portanto, o objetivo desse estudo foi analisar a influéncia de diferentes
fontes e concentracdes de Si em respostas anatdmicas e na atividade fotoquimica efetiva do
FSII em plantas de A. blanchetiana em condigdes in vitro.

Material e Métodos

Material Vegetal e condi¢des de cultivo in vitro

Plantas de A. blanchetiana foram previamente multiplicadas in vitro conforme descrito
por Rosa et al. (2018). Brotos laterais de aproximadamente 2,5cm de comprimento de parte
aérea foram transferidos para frascos de vidro contendo meio de cultura MS (Murashige e
Skoog 1962) conforme descrito por Martins et al. (2018). Ao meio foram adicionados 30 g L™
de sacarose e 4uM de Acido 1-naftalenoacético e solidificado com 7 g L de &gar. As plantas

cultivadas sem Si (0 uM Si) foram utilizadas como controle. Os tratamentos consistiram em
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trés fontes distintas de Si, o silicato de calcio (CaSiOs), silicato de potéssio (K203Si) e silicato
de magnésio (MgOz3Si) em trés concentragdes (8, 16 € 32 uM). O experimento consistiu em um
total de dez tratamentos (3 fontes x 3 concentracdes + controle). Essa etapa foi conduzida com
dez frascos por tratamento, contendo cinco explantes por frasco. Os meios de cultura tiveram o
pH ajustado para 5,8 antes da autoclavagem a 120°C, por 20 minutos. O material vegetal foi
mantido em uma sala de crescimento, por 45 dias, a 26 + 2 °C e fotoperiodo de 16 h sob
lampadas de LED (Luminaria LED Slim 36 W Bi-Volt 2800 Im).

Andlise da anatomia foliar e radicular

Apbs os 45 dias de cultivo com as diferentes fontes e concentracdes de Si foram
realizadas as analises anatbmicas utilizando seis plantas por tratamento. Estas foram coletadas
ao acaso, fixadas por 72 horas em solucdo de FAA 50% (formaldeido, acido acético e alcool
50% na proporgéo 0.5:0.5:9.0) e conservadas em etanol 70% (Johansen, 1940). As seccdes
transversais das folhas e raizes, e as sec¢des paradérmicas obtidas, foram clarificadas e coradas
conforme descrito por Cipriano et al. (2021). As sec¢des foram observadas em microscopio
Optico (Bioval, L-2000AFlour) e a captura de imagens foi realizada com uma camera digital
acoplada (Leica EC3). As fotomicrografias foram analisadas usando o software UTHSCSA-
Imagetool® versao 3.0 calibrado com régua microscopica. Para as seccBes transversais das
folhas e das raizes, e as sec¢Oes paradérmicas das folhas foram fotografadas duas sec¢des por
laminas, em seis repeti¢Oes diferentes por tratamento (n=6).

Para as raizes, foram mensurados o nimero de vasos de metaxilema, o didmetro da raiz
(um), a espessura da parede celular da exoderme (um) e da endoderme (um). Para as folhas
foram determinadas a densidade (0.01 mm™) e o tamanho (um?) de células epidérmicas
estomaticas, a espessura do clorénquima (um) e da face abaxial e adaxial da epiderme (um), a
4rea de esclerénquima (um?) e do floema (um?), bem como o ndimero e o didmetro de vasos do
xilema (um). A densidade estomaética foi calculada contando o nimero de estdmatos em uma

area conhecida.
Conteudo de pigmentos fotossintéticos
O contetudo de clorofila a (Chl a), clorofila b (Chl b) e carotendides (Car) foi

quantificado por meio de fragmentos de dez amostras por tratamento (n=10) selecionadas

aleatoriamente seguindo a metodologia descrita por Martins et al. (2019). A absorbancia foi
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medida usando um dispositivo Genesys ™ 10S UV-Vis espectrofotometro (Thermo Fisher
Scientific, West Palm Beach, FL, EUA), realizadas em A = 470, 645 ¢ 663 nm para Car, Chl b
e Chl a, respectivamente. O conteudo dos pigmentos foi calculado de acordo com método

descrito por Arnon (1949) e Wellburn (1994) e expresso em pg g FW (peso fresco).

Analise da fluorescéncia Modulada da Clorofila a

Analises da eficiéncia fotoquimica foram obtidas por meio de medigcbes da
Fluorescéncia Modulada da clorofila entre 8:00 h e 10:00 horas, utilizando a terceira folha
totalmente expandida a partir da base da roseta em 15 plantas por tratamento (n=15). As
medicdes foram realizadas com um fluorémetro portatil o MINI-PAM Il (Heinz Walz GmbH,
Effeltrich, Germany), seguindo a metodologia de Ogren e Baker (1985) e Schreiber (1986)
Kramer et al. (2004), descrita em Cipriano et al. (2021b). Foram obtidas do relatério medidas
dos parametros ®PSII, ETR, gN, qP, gL, NPQ, ®NPQ, ®NO e Fv/Fm.

Andlise de caracteristicas de crescimento

Foram realizadas as medicBes da massa fresca total da planta (parte aérea + raiz) (g
planta”!). As amostras consistiram em 25 plantas no total por tratamento, com cinco repeticio

por tratamentos, de modo que cada repeticdo consistiu de 5 plantas (cinco repeti¢@es; n = 5).

Analise estatistica

O delineamento experimental foi inteiramente casualizado em esquema fatorial 3 x 3:
trés fontes de Si (CaSiOs, MgOsSi e K203Si) e trés concentragdes das fontes (8, 16 € 32 uM) e
com um tratamento controle adicional (0 uM). A comparagdo entre os tratamentos com Si e 0
controle foi realizado usando o teste de normalidade dos residuos Shapiro-Wilk a 5% de
probabilidade. Os dados obtidos foram submetidos a analise de variancia (ANOVA) e as médias
foram comparadas pelo teste de Tukey (p<0.05). Todas as analises e calculos foram feitas com
R CRAN versdo 4.0.5 (R Core Team 2021). Para andlise fatorial com tratamento adicional foi
utilizado o pacote “ExpDes.pt” versdo 1.2.2 (Ferreira et al. 2014). Para analises adicionais, foi
realizada uma matriz de correlacdo. Matrizes de correlacdo foram criadas usando o método de
Pearson no pacote corrplot da versdo 0.84 R (Le et al. 2008; Wei e Simko 2017; Kassambara e
Mundt 2020).



62

Resultados

Analise do controle (0 pM de Si) comparado aos demais tratamentos (fontes de Si)

A presenca de Si independente da fonte e da concentracdo influenciou caracteristicas
anatdmicas e o crescimento das plantas de A. blanchetiana in vitro (Figura 1). Em relacdo a
anatomia da raiz, o Si reduziu o0 nimero de vasos do metaxilema e a espessura da parede celular
da exoderme. O Si também reduziu a densidade estomatica e aumentou o tamanho dos
estdmatos. Nas seccOes transversais das folhas, a presenca de Si, aumentou a espessura do
clorénquima, da area do esclerénquima, do diametro dos vasos do xilema, da area do floema e
reduziu a espessura da epiderme adaxial. A presenca de Si ndo alterou de forma significativa o
contetido de pigmentos fotossintéticos e os parametros da fluorescéncia modulada. A presenca

de Si aumentou a massa fresca total da planta.

Nutmero de vasos do metaxilema *

* Massa fresca total (g planta™ 1)1 4 _ Espessura da parede celular da exoderme (p.m)"‘
™ Massa fresca da parte radicular (g planta= ') / _Espessura da endoderme da raiz (um) ™
“* Massa fresca da parte aérea (g planta™ 1) A 1,_,2 = [ ' Didmetro da raiz (um) ™
= BT ' Densidade de estématos (mm2)*
= GNPQ Tamanho de estématos (um?)*
=EBNO L - . Clorénquima (pm)*
TNPQ L Esclerénquima (um?*
" gN | Nomero de vasos do xilema =
il " Diémetro de vasos do xilema (um)*
* gP Area do floema (um?)*
*ETR Espessura epiderme adaxial (um)*
@ PSII Espessura epiderme abaxial (um)=
s Chl fotal/car _ 7T 4 A\ " Hidrénquima (pum)®
— Controle " Chl roral ~ | “Chlah
. ®Chlab ., .. Chib"s
— Tratamentos Si Car

Figura 1 Analise do controle (O uM de Si) comparado aos demais tratamentos com Si (CaSiOs,
MgOsSi, K203Si). Médias (£ erro padréo) seguidas por um asterisco (*) séo significativamente
diferentes de acordo com o teste de Tukey (p<0.05). ns — diferenca néo significativa. Os dados
foram normalizados com o controle (0 uM Si) igual a 1.
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Analise anatdmica em func¢do das fontes e concentracgdes de Si

Nas raizes foram verificadas diferencas significativas na espessura da parede da
exoderme e no diametro, sendo influenciados apenas pelas fontes de Si (Figura 2; Figura 3). A
espessura da parede da exoderme teve maiores médias na presenca do CaSiOz e de MgOsSi. O
didmetro das raizes aumentou na presenca de CaSiO3z. O nimero de vasos de metaxilema da

raiz ndo apresentou diferenca entre os tratamentos (5,44 + 0,15).
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Figura 2 Cortes transversais de raizes de plantas de Aechmea blanchetiana cultivadas in vitro
em funcéo de diferentes fontes de Si (CaSiOs, MgOsSi, K>03Si) e concentracfes (8, 16 e 32
uM). A) Controle (0 uM Si). en-endoderme, ex-exoderme, ep- epiderme, mx- vasos de

metaxilema, fl-floema. Barras = 100 um

450

E(CaSiO3
400 - mMgO3Si

350 _ = K-0;Si

300 -
250
200 ~
150 -
100 -

50
a a b

Espessura da parede celular da exoderme (um) Diametro da raiz (pum)

Figura 3 Espessura da parede celular da exoderme (um) e didmetro das raizes (um) de Aechmea
blanchetiana em funcgdo de fontes de Si (CaSiO3z, MgOsSi, K203Si). Médias (+ erro padrédo)
seguidos pela mesma letra ndo diferem de acordo com o teste de Tukey (p<0.05).

Nas sec¢Oes paradérmicas das folhas, a densidade estomatica foi influenciada por ambos
os fatores de variacdo, com as maiores médias obtidas em plantas cultivadas com 8 uM de
MgOsSi (Figura 4; Figura 5A). Comparadas as concentragdes dentro de cada fonte, apenas o
K20sSi apresentou diferenca significativa, com aumento dos valores em 16 e 32 uM. O tamanho
dos estdmatos foi influenciado apenas pelas fontes de Si, com as maiores médias apresentadas
nas plantas cultivadas com 8 uM de CaSiOs (Figura 5 B).

Nas seccdes transversais das folhas (Figura 4), a espessura da face adaxial da epiderme
sofreu influéncia de ambos os fatores de variacdo, porém atuaram de forma independente.
Menores valores foram obtidos em 8 e 16 pM de MgOsSi (Figura 5 F-G). A espessura da
epiderme abaxial sofreu interferéncia das concentracdes, cujo maior valor foi em 32 uM (Figura
5 F-G). Diferencas significativas foram verificadas entre as fontes e concentragdes na area do
esclerénquima, no diametro dos vasos do xilema e na area do floema, com interagédo
significativa entre eles (Figura 5 C-E). Avaliando as fontes de Si em cada concentracdo, a maior

média de area do esclerénquima, foi obtida em plantas cultivadas com 8 uM de CaSiOs e de
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MgOsSi. O didmetro dos vasos do xilema teve valores maiores em 8 uM de MgOsSi. Quando
analisada as concentragdes em cada fonte maior area do floema foi verificada em 8 pM de
MgOsSi e em 16 uM de CaSiOaz. A espessura do hidrénquima sofreu interferéncia das fontes
de Si, com maiores valores nas plantas cultivadas com K>O3Si (Figura 5 F). O nimero de vasos
do xilema (3,83 + 0,07), assim como a espessura do clorénquima (322,08 um * 3,05), ndo

apresentaram diferenca entre os tratamentos.
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Figura 4 Secgdes paradérmicas e seccOes transversais de folhas de plantas de Aechmea
blanchetiana cultivadas in vitro em fungéo de diferentes fontes de Si (CaSiOs, MgOsSi, K203Si)
e concentragoes (0, 8, 16 e 32 uM). ad, epiderme adaxial; ab, epiderme abaxial; cl, clorénquima;
hi, hidrénquima; ev, elementos de vasos (vasos do xilema); fl, floema; fb-fibras do
esclerénquima; fv- feixes vasculares; es, estdmatos. Barras = 100 um. Secgdes paradérmicas
(A1) Controle (0 uM Si); (B1, C1, D1; E1, F1, G1, HI; I1, J1) e secgdes transversais (A2, A3)
Controle (B2; B3; C2, C3; D2, D3; E2, E3; F2, F3; G2; G3; H2, H3; 12, 13; J2, J3).
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Figura 5 Densidade dos estdmatos (0.01 mm2) (A), tamanho dos estdmatos (um?) (B), area do
esclerénquima (C), diametro de vasos do xilema (D), area do floema (E), espessura da epiderme
adaxial e abaxial e do hidrénquima (F) de folhas de Aechmea blanchetiana em funcao das fontes
de Si (CaSiOs, MgOsSi, K20sSi) e das concentragfes (8, 16, 32uM). (A — E) Médias (£ erro
padrdo) seguidas da mesma letra (mindscula em funcdo das fontes em cada concentracdo e
mailscula em fungdo das concentracdes em cada fonte), ndo diferem pelo teste de Tukey
(p<0.05). (F) Valores (z erro padrdo) seguidos da mesma letra em fungéo das fontes ndo diferem
de acordo com o teste de Tukey (p<0.05). Médias (x erro padréo) em funcdo das concentracfes
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seguidas por um asterisco (*) sdo significativamente diferentes de acordo com o teste de Tukey
(p<0.05). ns — diferenga n&o significativa. Os dados foram normalizados com o tratamento 8
uM Siigual a 1.

Conteudo de pigmentos fotossintéticos em funcéo das fontes e concentracdes de Si

Os tratamentos com as diferentes fontes e concentracfes de Si tiveram uma clara
influéncia no conteudo de pigmentos fotossintéticos (Figura 6). O conteudo de Chl a, Chl b,
Car, Chl a/b e Chl total tiveram interferéncia de ambos os fatores, porém atuaram de forma
independente. O contetdo de Chl total/car sofreu atuagdo das fontes de Si. O crescimento das
plantas em meio com CaSiOs e MgOsSi induziu o aumento do contedo de Chl a, Car e Chl
total. O contetido de Chl b e de Chl total/car foram maiores em plantas com o CaSiOs. Enquanto
que a razdo Chl a/b foi maior com o MgOsSi e K>03Si. Plantas submetidas a concentracao de
8 uM aumentaram o conteudo de Chl a, Chl b e de Chl total. Nas plantas cultivadas nas
concentracdes de 8 e 16 uM aumentaram o conteudo de Car e em 32 uM tiveram aumento da
razdo Chl a/b.

900
] CaSlOS ] o O 8 ]JM a b a
800 + BMgOsSi ™ D16 uM g
= KzOgSl 600 ‘ ab H32 l_]M b a
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bboa aa a
400 T ! Chla Chl b Car Chla®  Chl totalicar Chi total
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Chl a Chl b Car Chl a/b Chl rotal/car Chl total

Figura 6 Contetdo de pigmentos fotossintéticos clorofila a (Chl a), clorofila b (Chl b),
carotenoides (Car), razdo clorofila a/b (Chl a/b), clorofila total/car e clorofila total em plantas
de Aechmea blanchetiana em funcdo de fontes de Si (CaSiOs, MgOsSi, K»>OsSi) e de
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concentracgdes (8, 16, 32 uM) em Aechmea blanchetiana. Valores (+ erro padréo) seguidos pela
mesma letra em cada pigmento fotossintético ndo diferem de acordo com o teste de Tukey
(p<0.05).

Andlise da Fluorescéncia modulada da clorofila a em funcdo das fontes e
concentracodes de Si

Os parametros ®PSII, ETR, gP e gL foram influenciados por ambos os fatores de
variacdo, poréem atuaram de forma independente (Figura 7 A-B). Para 0 NPQ e ®NPQ foram
observadas diferengas somente das fontes de Si (Figura 7 A). Ja o qN, ®NO e Fv/Fm sofreram
alteracdes significativas em fungdo de ambos os fatores de variacdo, com interacao significativa
entre eles (Figura 7 C-E). As plantas cultivadas com 8 e 16 uM de CaSiOs apresentaram 0s
maiores valores de ®PSII ETR, gP e qL. Para o NPQ e 0 ®NPQ as maiores médias foram
observadas com 0 K>O3Si. Para o qN as maiores médias foram observadas em 8 e 32 uM de
K203Si. Aumento em ®NO foi obtido em plantas com 32 uM de MgOz3Si. Para o Fv/Fwm valores
mais elevados foram obtidos em plantas crescidas com 16 uM de MgOsSi e de K203Si. J4 em
32 uM os maiores valores foram alcancados para CaSiOz e K>OsSi. Avaliando as concentragoes
dentro de cada fonte, aumento de Fv/Fwm foi obtido em 32 pM de CaSiO:s.
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Figura 7 Pardmetros da fluorescéncia modulada de plantas de Aechmea blanchetiana em
funcdo das fontes de Si (CaSiOs, MgOsSi, K20sSi) e das concentrages (8, 16, 32 uM). (A - C)
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Valores (z erro padrdo) seguidos da mesma letra em cada parametro ndo diferem de acordo
com o teste de Tukey (p<0.05). (A) Médias (+ erro padrdo) em fungdo das concentracBes
seguidas por um asterisco (*) sdo significativamente diferentes de acordo com o teste de Tukey
(p<0.05). ns — diferenga n&o significativa. Os dados foram normalizados com o tratamento 8
uM Si igual a 1. (D) Valores (+ erro padrdo) seguidos da mesma letra para cada parametro
(mindsculas em funcdo das fontes em cada concentracdo e maiusculas em funcdo das
concentracdes em cada fonte), ndo diferem de acordo com o teste de Tukey (p<0.05).

Anélise de crescimento em funcéo das fontes e concentragoes de Si

As fontes de Si atuaram significativamente na massa fresca total das plantas de A.
blanchetiana cultivadas in vitro, com os maiores valores observados nas plantas com CaSiOz e

MgOsSi (Figura 8). As concentracdes de Si ndo atuaram de forma significativa.
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Figura 8 Massa fresca total (parte aérea + raiz) (g plant®) de plantas de Aechmea blanchetiana
em fungéo das fontes de Si (CaSiO3, MgOsSi, K203Si). Valores (£ erro padréo) seguidos pela

mesma letra ndo diferem de acordo com o teste de Tukey (p<0.05).

Analise de Correlagao

Foi realizada anélise de correlacdo entre todos os pardmetros medidos (Figura 9). A
caracteristica de crescimento massa fresca total mostrou relagdo positiva com gL, gP, ®PSlI e

ETR e relagdo negativa com a razdo de Chl a/b. A razdo de Chl a/b se mostrou negativamente
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correlacionada com a Chl a, Chl b, Chl total e Chl total/car. Os parametros gL, gP, ®PSlI e
ETR possuem relagdo positiva com a espessura da parede celular da exoderme, contetdo de
Chl a, Car e de Chl total. No entanto, os mesmos possuem relacdo negativa com ®NO e Chl

a/b. Ja ®NPQ, gN e NPQ se mostraram negativamente relacionados com ®NO e ETR.
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Figura 9 Coeficiente de Correlacdo de Pearson de plantas de Aechmea blanchetiana em funcéo
das fontes de Si (CaSiOs, MgOsSi, K203Si) e de concentracfes (8, 16, 32 uM). Simbolos em
vermelho indicam correlagdo negativa; simbolos em azul indicam correlacéo positiva.

Discussao

As modificacOes anatbmicas promovidas pela presenca de Si no meio de cultura podem
impactar diretamente no status nutricional de plantas in vitro de A. blanchetiana. Na anatomia
das raizes, a espessura mais fina da parede celular da exoderme em plantas crescidas com o Si

pode permitir maior absorcéo de nutrientes do meio de cultura e translocacéo para a parte aérea
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(Asmar et al. 2013). Essa resposta pode contribuir para 0 aumento de biomassa da planta, tal
como observado para 0 aumento da massa fresca total das plantas cultivadas com o Si. O
espessamento das paredes celulares em bromélias, ocorre por um processo natural e pode ser
um dos mecanismos para regular a absorc¢éo e translocacdo de nutrientes minerais por toda a
planta (Martins et al. 2019). Uma modulacéo na anatomia das raizes promovida por fontes de
Si foi 0 aumento no didmetro em plantas cultivadas com o CaSiOs. Este pode ser um dos fatores
que contribuiu no aumento da massa fresca total das plantas, cuja relacdo positiva foi mostrada
na analise de correlacao.

Nas folhas, a presenca de Si reduziu a densidade e aumentou o tamanho dos estdmatos,
0 que pode influenciar na fotossintese e na condutividade estomética das plantas. Estas duas
caracteristicas sdo importantes nas respostas de longo prazo aos estimulos ambientais e na
determinacdo da velocidade de reacBes estomaticas (Kubarsepp et al. 2020). A reducdo na
densidade estomatica pode caracterizar um meio pelo qual as plantas podem otimizar a
eficiéncia do uso da &gua ja que esta caracteristica pode reduzir a condutancia estomatica
(Kiani-Pouya et al. 2019). Em relacdo ao tamanho dos estbmatos, a capacidade limitada de
influxo de agua pode reduzir a taxa de movimentos estomaticos em folhas com células-guarda
maiores, reduzindo a eficiéncia do uso da agua (Kubarsepp et al. 2020). Pode-se sugerir que o
aumento no tamanho dos estbmatos seja uma estratégia de compensacdo (tradeoff) para a
reducdo da densidade estomatica, que pode manter um equilibrio adequado entre a assimilacdo
de COz e a perda de agua (Martins et al. 2021). Estdbmatos maiores podem permitir um aumento
na transpiracdo, e consequentemente, na translocacdo e assimilacdo de agua e nutrientes por
fluxo de massa, que sdo absorvidos pelas raizes (Bertolino et al. 2019). Essas modulacdes em
plantas de A. blanchetiana cultivadas com o Si contribuiram para aumentar o crescimento das
plantas in vitro. Essa resposta dos estbmatos, podem beneficiar as plantas em fases iniciais de
aclimatizacdo (Camargo et al. 2007).

Ainda relacionado a anatomia foliar, 0 aumento promovido pelo Si na espessura do
clorénquima, na area do esclerénquima e do floema e no didmetro dos vasos do xilema
contribuem em conjunto com o aumento do crescimento da planta. Fato esse comprovado pela
maior massa fresca total da planta em presenga de Si. Esses mecanismos garantem beneficios a
planta como maior translocacdo de &gua e nutrientes possibilitada pelo aumento do didmetro
dos vasos do xilema. Didmetros maiores dos vasos estdo relacionados a maior condutancia
hidraulica que pode aumentar o potencial hidrico, e consequentemente o crescimento da parte
aérea (Tombesi et al. 2010). A maior area do floema também é uma modificacdo que permite

maior translocacao de carboidratos, hormonios, nutrientes e agua (Hu et al. 2019; Cao et al.
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2020). O aumento da area do esclerénquima nas folhas desempenha papel fundamental na
conservacao de agua e da forca e protecdo aos tecidos vegetais (Rafique et al. 2021). Esse
aumento da area do esclerénquima possui relacdo positiva com o aumento no crescimento
dessas plantas. O aumento do clorénquima esta associado a maior atividade fotoquimica das
plantas (Freschi et al. 2010). O Si também promoveu reducao da espessura da epiderme adaxial
das plantas, o que pode contribuir com a absorcao de nutrientes via foliar. Considerando que as
plantas podem absorver os nutrientes também a partir das folhas, uma reducao da espessura da
epiderme poderia funcionar como um mecanismo para aumentar a absorcdo de nutrientes
(Mahmood et al. 2019). Além de poder aumentar a transpiracdo cuticular (Trejo-Téllez et al.
2020).

Analisando o efeito das fontes ainda na anatomia foliar, 0 maior aumento na area do
floema com 8 UM de MgOsSi e 16 UM de CaSiOs, possibilita o maior transporte de
carboidratos, horménios, nutrientes e 4gua. Ja 0 menor aumento da &rea do floema em 16 pM
de K203Si, pode ser um dos fatores responsaveis pela reducao do crescimento das plantas nesse
meio de cultura. Suprimento suficiente de K nas plantas pode estabelecer o potencial osmético
no floema e ajudar no transporte e distribuicdo de carboidratos de érgdos fonte para os drenos
(Cakmak 2005; Pettigrew 2008). No entanto, a carga de carboidratos no floema de plantas tanto
com deficiéncia quanto com excesso de K é inibida e o transporte para as raizes é
significativamente reduzido (Gerardeaux et al. 2010). Assim, tanto a deficiéncia quanto o
excesso de K podem inibir o crescimento (Xu et al. 2020).

Alteracoes fisioldgicas relacionadas ao conteudo de pigmentos fotossintéticos foram
observadas entre as fontes de Si em plantas de A. blanchetiana. O incremento de Chl a, Car e
Chl total na presenca de 8 uM de CaSiOz e MgQsSi, pode estar relacionado a maior atividade
do sistema de defesa antioxidante. Maior atividade das enzimas do sistema antioxidante leva a
uma menor degradacdo da clorofila (Gong et al. 2018). Contetudos maiores de Chl a e de Chl
total contribuem para o0 aumento da absorgdo de energia da radiacdo e do processo fotoquimico
da fotossintese (Martins et al. 2018). Isso estd de acordo com nossos resultados ja que plantas
cultivadas com o CaSiOs apresentaram maiores valores de ®PSII gP, gL e ETR, confirmando
a relacdo positiva entre esses parametros. A reducdo do contetido de pigmentos nas plantas em
meio com 32 UM de K;03Si, pode refletir no funcionamento do aparato fotossintético e no
crescimento das plantas. O suprimento adequado de K contribui para aumentar o transporte de
fotoassimilados das folhas para as raizes e a eficiéncia do uso do nitrogénio (NUE) (Xu et al.
2020). O maior contetdo de Car e de Chl total/car, indicam um maior potencial dessas plantas

para atuar em mecanismos de defesa contra estresse oxidativo (Mostofa et al. 2017). Os Car
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sdo capazes de capturar diretamente espécies reativas de oxigénio (ERO), protegendo as células
contra a degradacdo e destruicdo mediada pelas ERO (Gill e Tuteja 2010). Os Car também
fazem parte das estruturas essenciais do aparelho fotossintético, no qual tem papel direto na
fotossintese (Yaroshevich et al. 2015).

O aumento dos valores da razdo Chl a/b juntamente com a reducdo do contetdo de Chl
total, observados nas plantas cultivadas com 32 uM de K;O3Si, evidencia a relagdo negativa
entre esses parametros. A razdo Chl a/b esta associada ao grau de empilhamento da membrana
dos tilacdides e na eficiéncia do complexo coletor de luz do FSII (LHCII) (Sil et al. 2019).
Assim, poderia ser sugerido que concentragdes mais altas de K-O3Si podem causar alteragdes
na integridade da membrana dos tilacoides e na eficacia do LHCII (Jeong et al. 2017). A
hormese é uma relacdo dose-resposta bifasica com baixas doses induzindo efeitos
estimulatorios, ativando mecanismos adaptativos que aumentam a resiliéncia, enquanto doses
mais altas podem induzir respostas inibitérias que, em doses ainda mais altas, muitas vezes se
tornam toxicas (Agathokleous e Calabrese 2019a, 2019b, 2020). E importante ressaltar que o
Si pode afetar diferencialmente o crescimento e o metabolismo das plantas, dependendo da
fonte e da concentracao aplicada, o que pode ser atribuido a hormese induzida quimicamente
(Calabrese et al. 2019; Agathokleous e Calabrese 2020).

As modulacGes morfofisioldgicas promovidas pelas fontes e concentracdes de Si
favoreceram alteracfes no funcionamento do aparato fotossintético, como evidenciado pela
andlise da fluorescéncia modulada da clorofila a. Os maiores valores de ®PSII, ETR, gP e gL
induzidos em 8 e 16 uM de CaSiOsz implicam em uma maior capacidade de conversdo
fotoquimica e de transferéncia de elétrons do FSII (Wang et al. 2018). Valores mais elevados
desses parametros indicam que as plantas aumentaram o fluxo de elétrons entre o FSII e FSI
(fotossistema I) e a atividade fotoquimica efetiva do FSII (Baczek-Kwinta et al. 2019; Xin et
al. 2019; Cipriano et al. 2021). Aumento no crescimento das plantas induzido por CaSiOz e
MgOsSi, visto como o acumulo de biomassa total, pode ser associado ao aumento da atividade
fotoquimica, eliminagdo de ERO, melhor atividade de enzimas do sistema antioxidantes e
consequentemente menor nivel de estresse (Zhang et al. 2019). Redugéo de Fv/Fm e aumento
nos valores de ®NO foram obtidos em plantas cultivadas com 32 uM de MgOsSi, evidéncia a
relacdo negativa entre estes e indica que essas plantas sofreram fotoinibicao e danos. De acordo
com Bolhar-Nordenkampf et al. (1989), plantas cultivadas sob condi¢Oes sem estresse
geralmente apresentam valores de Fv/Fm > 0,75. ®NO ¢ um importante indice de fotodano aos
centros de reacdo (RC) do FSII (Shu et al. 2019; Martins et al. 2020). De fato, niveis excessivos
de Si podem afetar 0 metabolismo e fisiologia da planta (Trejo-Téllez et al. 2020).
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A redugdo de ®PSII, ETR, P ¢ qL em plantas cultivadas com K>03Si e MgOsSi na
maior concentragdo, sugere que menos energia luminosa foi utilizada por rea¢des fotoquimicas.
Visto que a diminuicdo de ETR indica um bloqueio parcial de transporte de elétrons do FSII
para o FSI (Cao et al. 2018; Xin et al. 2019). A menor atividade fotoquimica efetiva e aumento
de parametros ndo fotoquimicos em plantas de A. blanchetiana tratadas com K>OsSi refletiram
na reducédo do crescimento total dessas plantas. O aumento em gN, NPQ e ®NPQ em plantas
cultivadas com KOsSi, reflete a ativagcdo dos processos ndo fotoquimicos, indicando que
mecanismos de dissipacdo do excesso de energia de excitacdo, na forma de calor, foram mais
eficientes nesse tratamento (Shu et al. 2019). O ®NPQ refere-se a dissipacdo regulada por
inducdo dos pigmentos do ciclo das xantofilas e por gradiente de prétons nas membranas dos
tilacoides (Dias et al. 2018; Cipriano et al. 2021). Esses mecanismos de protecdo em conjunto
possibilitaram com que as plantas cultivadas com o K>03Si mantivessem o transporte de
elétrons no FSII. Fato esse evidenciado pelo Fv/Fm > 0,75, o que indica aumento na atividade
fotoquimica potencial do FSII (Lotfi et al. 2018). Porém, essas respostas ndo foram o suficiente
para promover o crescimento das plantas de A. blanchetiana. Uma tendéncia de reducédo de
caracteristicas de crescimento com aumento da concentracdo de K>O3Si também foi visto em
estudo de Kadlecova et al. (2020).

Concluséao

A suplementacdo com o Si induziu respostas anatdmicas das raizes e de folhas em A,
blanchetiana que possibilitaram maior absorc¢éo de nutrientes minerais e maior conservagao de
agua. Essas caracteristicas podem ter contribuido para o maior crescimento total das plantas.
Em relacdo as fontes de Si, respostas em conjunto promovidas pelo CaSiOs, como 0 aumento
de ®PSIIL, ETR e qP, contribuiram para aumentar o crescimento das plantas. Plantas crescidas
com MgOsSi promoveram respostas como 0 aumento no diametro dos vasos do xilema e da
area de esclerénquima que permitiram o aumento da massa fresca total das plantas in vitro. No
entanto, plantas cultivadas com K>OsSi apresentaram modulac¢Ges anatémicas e fisiologicas que
reduziram a atividade fotoquimica efetiva do FSII e o crescimento de plantas de A.
blanchetiana. As concentragdes 8 ¢ 16 uM foram as que possuiram maior contribuicdo com a
atividade fotoquimica efetiva do FSII. O presente estudo comprovou que as respostas induzidas
pelo Si contribuem para a anatomia, fisiologia e crescimento de plantas de A. blanchetiana
cultivadas in vitro. Dentre as fontes de Si testadas, o CaSiOsz foi 0 que apresentou maior

contribuicdo para o aumento do funcionamento efetivo do FSII e do crescimento das plantas.
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Abstract
Salt stress is one of the most severe abiotic stresses affecting plant growth and development.

The application of silicon (Si) is an alternative that can increase the tolerance of plants to
various types of biotic and abiotic stresses. The objective was to evaluate salt stress's effect in
vitro and Si's mitigation potential on Aechmea blanchetiana plants. For this purpose, plants
already established in vitro were transferred to a culture medium with 0 or 14 uM of Si
(CaSiO3). After growth for 30 days, a stationary liquid medium containing different
concentrations of NaCl (0, 100, 200, or 300 uM) was added to the flasks. Anatomical and
physiological analyses were performed after growth for 45 days. The plants cultivated with
excess NaCl presented reduced root diameter and effective photochemical quantum yield of
photosystem Il (PSII) (®PSII) and increased non-photochemical dissipation of fluorescence
(gN). Plants that grew with the presence of Si also had greater content of photosynthetic
pigments and activity of the enzymes of the antioxidant system, as well as higher values of
maximum quantum yield of PSII (Fv/Fwm), photochemical dissipation coefficient of
fluorescence (gP) and fresh weight bioaccumulation of roots and shoots. The anatomical,

physiological and biochemical responses, and growth induced by Si mitigated the effect of
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salt stress on the A. blanchetiana plants cultivated in vitro, which can be partly explained by
the tolerance of this species to grow in sandbank (Restinga) areas.

Keywords: Bromeliads, Modulated Fluorescence, Plant Tissue Culture, Salinity, Tolerance.

Abbreviations: ®PSII = Y (Il) = ®(Il) — Effective photochemical quantum yield of PSII; ETR
— Rate of linear electron flow; Fv/Fm — maximum quantum yield of PSII; NPQ — non-
photochemical fluorescence dissipation; PSII — photosystem 1I; qP — photochemical
quenching; gL — photochemical fluorescence quenching assuming interconnected PSI|
antennae; gN — non-photochemical quenching; ®NPQ — quantum yield induced light (ApH
and zeaxanthin-dependent) from non-photochemical fluorescence dissipation; ®NO —

quantum yield of non-regulated energy dissipation.

Introduction

Salinity is responsible for multiple effects that reduce the growth, development, and
survival of plants, by means of various mechanisms, including alteration of their hydric
relations, deficiency or toxicity of ions, and oxidative stress (Carillo, 2018; Hnilickova et al.,
2019; Morton et al., 2019; Zhu, Gong & Yin, 2019; Chung et al., 2020).

During prolonged exposure to high salinity, plants suffer ionic stress, mainly due to
sodium chloride, which negatively affects the synthesis of proteins, enzyme activities, and
photosynthesis (Munns & Tester, 2008; Zhu, Gong & Yin, 2019). Salt stress is accompanied
by oxidative stress, leading to the production of reactive oxygen species (ROS). These factors
contribute to the deleterious effects of salinity on plants (Acosta- Motos et al., 2015; Zhu,
Gong & Yin, 2019). ROS can alter normal cell metabolism through oxidative damage to the
organelles and membranes by lipid peroxidation. Plants' antioxidant systems can be
stimulated to combat the oxidative injuries induced by salt stress. These responses include the
removal of ROS by enzymes such as ascorbate peroxidase (APX), superoxide dismutase
(SOD), and catalase (CAT) (Zhu, Gong & Yin, 2019; Jabeen et al., 2022).

The physiological mechanisms used by plants to minimize the damages caused by
stress and reestablish normal growth include processes such as detection and signaling of
stress; regulation of metabolism; reduction of stomatal opening, transpiration, and

photosynthesis; inhibition of cell division and expansion; and changes in plants' morphology,
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phenology, and allocation of resources (Negréo, Schmockel & Tester, 2017; Morton et al.,
2019). In particular, the regulation of ionic homeostasis involves the sequestration of toxic
ions, along with the production and accumulation of organic osmolytes in the cytosol,
enabling rapid osmotic adjustment and preventing toxicity (Nikalje et al., 2017; Carillo,
2018; Hnilickova et al., 2019, Larbi et al., 2020).

Physiological studies of salt stress in vitro are considered a feasible alternative to
represent adverse conditions of the external environment (Claeys et al., 2014). Moreover, this
method allows for controlling the stress level and reducing the variability of in vivo studies
(Lawlor, 2013). Studies of salt stress have also been conducted under in vitro conditions
(Harter et al., 2014; Pandey & Chikara, 2015; Cantabella et al., 2017; Zushi & Matsuzoe,
2017; Rezende et al., 2018; Javed & Gurel, 2019), which have demonstrated the advantages
of these techniques for the study of plant physiology.

One alternative to reduce the effects of salt stress on plants is the application of silicon
(Si) (Sahebi, Hanafi & Azizi, 2016). Si is a beneficial element due to its possibly favorable
effects on monocots and eudicots (Martins et al., 2019; Zhu, Gong & Yin, 2019; Trejo-Téllez
et al., 2020; Cipriano et al., 2021b). Although Si is the majority element in the sand (SiO2) (>
90%) (Costa et al., 2020), its Si availability for plants is low. Many researchers have reported
that Si has attenuating effects on abiotic stresses, such as salinity, drought, and toxicity of
heavy metals (Wu et al., 2015; Coskun et al., 2016; Manivannan & Ahn, 2017; Rios et al.,
2017; Zhu, Gong & Yin, 2019; Cipriano et al., 2021b).

In vitro cultivation allows for studying the physiological functions of Si in plants
(Sivanesan & Park, 2014; Rezende et al., 2018; Martins et al., 2019; Cipriano et al., 2021a;
Cipriano et al., 2021b). Using Si in the culture medium of plants grown in vitro can increase
the growth rate and content of photosynthetic pigments (Asmar et al., 2015; Dias et al., 2017;
Rezende et al., 2018; Martins et al., 2019; Cipriano et al., 2021b). The addition of Si can also
favor the increased activity of photosynthesis and the antioxidant system (Rodrigues et al.,
2017; Manivannan et al., 2018; Ribera-Fonseca et al., 2018; Cipriano et al., 2021b). The
positive effects of Si in the culture medium of plants can be related to increased absorption of
nutrients and higher photosynthetic activity, besides enhancing the morphogenetic potential of
plants’ cells, tissues, and organs (Sivanesan & Park, 2014; Zhu, Gong & Yin, 2019; Liu,
Soundararajan & Manivannan, 2019; Liu et al., 2020).

Among the techniques for detecting physiological disturbances, pulse-amplitude
modulation (PAM) chlorophyll fluorescence is frequently used since it can detect stress by

alterations in the performance of photosynthetic apparatus (Yao et al., 2018). Besides these,
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studies of the leaf and root anatomy can be important to evaluate the morphological
adjustments of plants in response to stressors (Paez-Garcia et al., 2015; Martins et al., 2019).
In most studies, only the roots are exposed to salt stress. However, for some plant
species, such as bromeliads, the leaves are the primary organ for nutrient uptake. This way,
abiotic stress agents, such as salt, can cause different responses compared to those species that
face exposure only in the roots. In the present study, we chose the species Aechmea
blanchetiana (Baker) L.B. Smith (Bromeliaceae). The plants of this bromeliad species grow
naturally in sandbank (Restinga) areas characterized by high salinity. This species contains a
central tank (formed of leaves) that accumulates water, detritus, and salt (sea-salt aerosol
generated from ocean—wind). In this context, it is crucial to understand which
morphophysiological mechanisms allow mitigating the damages induced by salt stress. It is
not yet clear how the co-exposure to Si and NaCl can influence the anatomy, performance of
the photosynthetic apparatus, and antioxidant enzymes of plants native to sandbank areas.
Therefore, the objective of this study was to evaluate the effect of salt stress in vitro induced

by NaCl and the mitigation potential of Si in A. blanchetiana plants.

Materials and Methods

In vitro culture conditions

Side buds of A. blanchetiana with a shoot length of approximately 2.5 cm (previously
established in vitro) were transferred to glass flasks containing 30 mL MS culture medium
(Murashige & Skoog, 1962), supplemented with 30 g L™ sucrose and 4 pM 1-
naphthaleneacetic acid, and solidified with 7 g L™* agar. The initial treatments consisted of
two Si levels (0 or 14 pM CaSiOz) added to the culture medium, and the concentrations were
chosen following Martins et al. (2019). After 30 days of in vitro culture with both Si levels,
the next step was performed. This involved adding 30 mL stationary liquid MS medium (at
25% strength) to the flasks, supplemented with different concentrations of NaCl (0, 100, 200,
or 300 uM), forming a solid/liquid medium (two phases) and constituting eight treatments (2
Si x 4 NaCl). The NaCl concentrations were chosen through previous tests, in which plants'
highest concentration did not induce death. The treatments with two phases were adapted
from the methodology of Cipriano et al. (2021b). The experiment was carried out with five

explants per flask, and the treatments involving co-exposure (Si and NaCl) occurred for 45
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days (75 total days). The pH of all the media was adjusted to 5.8 before autoclaving at 120° C
during 20 minutes. The plant material was kept in a growth room with a 16-hour photoperiod
under LED lamps (Luminaria LED Slim 36W Bi-Volt 2800 Im) at a temperature of 26 + 2 °C.

Analysis of the leaf and root anatomy

After culture for 45 days with Si-NaCl co-exposure, anatomical analyses were
performed on the first and second fully expanded leaf and on roots (at 0.5 cm from the plant’s
base) of six different samples per treatment (n = 6). The samples were collected randomly and
fixed in an FAA solution (formaldehyde, acetic acid, and 50% ethanol in a proportion of
0.5:0.5:9.0) for 72 hours and conserved in 50% ethanol (Johansen, 1940). All the
microtechnique procedures concerning sectioning, cleaning, and staining of the paradermal
and cross-sections were according to Martins et al. (2018) and Martins et al. (2020). The
sections were then observed under an optical microscope (Leica DM5000 B) coupled with a
digital camera (Leica EC3) to capture images. The photomicrographs were analyzed using the

UTHSCSA-Imagetool® version 3.0 software, calibrated with a microscopic ruler.

Analysis of the mineral nutrient levels

The tissue samples were prepared by drying the entire plants in a forced-air oven for
72 hours at a temperature between 68 and 72 °C. The analyses were conducted with 1 g dry
plant material per sample and three repetitions per treatment (n = 3). The samples were
ground with a Wiley mill and placed in glass jars. To determine the concentrations of
potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), boron (B), zinc (Zn), manganese
(Mn), iron (Fe), and sodium (Na), the samples were digested in a nitric-perchloric acid
solution in 4:1 proportion (Sarruge & Haag, 1974). The minerals were quantified using
inductively coupled plasma-optical emission spectrometry (ICP-OES; PerkinEImer model
Optima 8300 DV). The nitrogen (N) content was measured by digestion in sulfuric acid
according to the Kjeldahl method (Sarruge & Haag, 1974).

Analysis of enzymatic activity

To determine the antioxidant enzyme activities, plants were collected after 45 days of

growth. The samples were immediately frozen in liquid nitrogen and stored at -80 °C until
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analysis. The activities of superoxide dismutase (SOD; EC 1.15.1.1), ascorbate peroxidase
(APX; EC 1.11.1.11), and catalase (CAT; EC 1.11.1.6) were determined in fully expanded
leaves and roots from 5 different samples (n = 5). Approximately 0.200 g of fresh-frozen leaf
or root samples was ground in a mortar and pestle with liquid nitrogen, potassium phosphate
buffer (pH 7.8), EDTA 0.1 mM, ascorbic acid 10 mM, and PVPP 2% w/v. The homogenate
was centrifuged at 13,000 g at 4 °C for 10 min. Aliquots of the supernatant were used for the
enzymatic assays described below.

SOD activity was determined by forming blue formazan, resulting from
nitrotetrazolium blue chloride (NBT) photoreduction following Giannopolitis & Ries (1977).
SOD activity was detected after incubation under a 15 W fluorescent light for 10 min at 560
nm and expressed as U min"t mg™ protein. CAT activity was determined according to Havir &
McHale (1987) by the decay of absorbance at 240 nm, using a 36 mM* cm™ extinction
coefficient and expressed as umol H,O2 min™t mg™ protein. APX activity was determined by
the initial ascorbate oxidation by H20- at 290 nm using a 2.8 mM™* cm™ extinction coefficient
and expressed as nmol of ascorbate min™ mg™? protein according to Nakano & Asada (1981).
Soluble protein was estimated using Bradford's reagent (Sigma-Aldrich, B6916), by the
Coomassie blue dye-binding protein assay, with bovine serum albumin as the standard,
according to Bradford (1976), to calculate specific enzyme activity.

Contents of photosynthetic pigments

The contents of photosynthetic pigments were quantified by analyzing 8 randomly
chosen fragments (n = 8) according to the method described by Martins et al. (2019). The
absorbance was measured using a Genesys™ 10S UV-Vis spectrophotometer (Thermo Fisher
Scientific, West Palm Beach, FL, USA), conducted at A = 470, 645, and 663 nm for
carotenoids (Car), chlorophyll b (Chl b), and chlorophyll a (Chl a), respectively.

Measurement of modulated chlorophyll a fluorescence

The analyses of photosynthetic efficiency were carried out between 8:00 and 10:00
a.m. by measuring the modulated chlorophyll a fluorescence with a PAM-2500 Walz portable
chlorophyll fluorometer. The measurements were carried out on the third leaf from the plant's

rosette center of 12 plants per treatment (n = 12), according to the method Kramer et al.
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(2004) and described further in Martins et al. (2020). The following variables were obtained:
Fv/Fm, ETR, ®PSII, gN, gP, gL, NPQ, ®NPQ, and ®NO.

Analysis of the growth traits

After 45 days of co-exposure to Si-NaCl, the fresh weight was evaluated of the shoots
and roots (g plant®) with 5 repetitions per treatment (n = 5), with each repetition consisting of

5 plants.

Statistical analysis

The experimental design was completely randomized in a 4x2 factorial scheme: 4
NaCl concentrations (0, 100, 200, or 300 uM) and 2 Si concentrations (0 or 14 uM). The data
obtained were submitted to analysis of variance (ANOVA), and the means were compared by
the Tukey test at 5% probability using the SISVAR 5.4 software (Ferreira, 2011).

Results

Anatomical analysis

Significant differences were observed in the anatomical traits of the roots. The root
diameter was influenced only by the saline concentration, being largest at 100 uM and
smallest at 0 uM and 300 uM NaCl (Figs. 1A-1). The thickness of the cell walls of the
exodermis was influenced by both factors evaluated. In the absence of Si, the exodermal cell
wall thickness was smaller with all NaCl concentrations compared to the control. In turn, in
the presence of Si, the values were similar regardless of the concentration of NaCl applied.
However, the cell walls were thinner in relation to those of the roots in the control treatment
(Figs. 1A-H and 11). The number of metaxylem vessels did not differ among the treatments
(5.94 £ 0.55).

In the paradermal leaf sections, the stomatal density of the basal region was influenced
only by the NaCl concentration. In this region, there was a decrease in the number of stomata
with increasing NaCl concentration (Fig. 2A-H and 2R). However, the density and size of the

stomata of the middle region of the leaves were influenced only by exposure to Si. When
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cultivated with 14 uM Si, the plants presented a reduction of 14% in the stomatal density and
3% in the stomatal size (Fig. 2I-P and 2S-T).

In the leaf cross-sections, the thickness of the adaxial and abaxial faces of the leaf
epidermis (um) was influenced only by the NaCl concentration, being largest at the
concentration of 300 uM NaCl (Figs. 3 and 4A-B). Plants cultivated in NaCl presence had
thicker chlorenchyma, mainly at the concentration of 200 uM NaCl (Figs. 3 and 4C). The area
of the sclerenchyma (1007.5 pm? + 59.86), area of the phloem (587.08 um? + 26.01), and

diameter of the xylem vessels (9.90 £ 0.36) did not differ significantly among the treatments
(Fig. 3).

Contents of nutrients

The contents of Mg, S, Na, and B were influenced by both variation factors, with a
significant interaction between them. Plants grown in a medium with Si and NaCl,
irrespective of the concentration, had lower content of S. On the other hand, higher NaCl
concentration promoted increased Mg, Na, and B contents (Figs. 5A-D). The contents of Fe,
Zn, Mn, and Ca, and the Na/K ratio, were influenced by both variation factors, but Si and
NaCl acted independently. Lower contents of Fe, Zn, Mn, and Ca were observed in NaCl
presence. A higher Na/K ratio was associated with greater salt concentration. The content of
K did not differ significantly between the different concentrations of NaCl (2.027 + 0.098),
nor did the content of N (1.75 + 0.073). The presence of Si increased the contents of Zn, Mn,
Ca, and N and the Na/ K ratio. Finally, the content of Fe (179.97 + 8.77) did not differ in
function of the Si concentration (Figs. 6A-B).

Antioxidant enzyme activity

The activity of SOD and CAT, both shoots and roots, was influenced by both variation
factors. The activity of SOD was higher in the plants cultured with Si and increased in the
function of rising NaCl concentration. The greatest activity of SOD occurred in the presence
of 300 uM NaCl, both in the leaves and roots (Figs. 7A-B). The activity of CAT was greatest
in the plants grown with Si and increased with rising concentrations of NaCl (200 and 300
1M NacCl) (Figs. 7C-D). Both factors influenced the activity of APX, but they acted
separately. The activity of APX was highest with greater concentrations of NaCl in the plants
cultivated in a medium supplemented with Si, both in the leaves and roots (Figs. 7E-F).
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Contents of photosynthetic pigments

Only the treatment with Si influenced the contents of photosynthetic pigments. Plants
cultivated with Si had higher contents of Chl a, Car, and Chl total, but there was no alteration
in Chl b and Chl a/b in the leaves of A. blanchetiana plants cultured in vitro (Fig. 8).

Analysis of modulated chlorophyll a fluorescence

The variables ®PSII and ETR were influenced only by NaCl, with lower values
associated with rising NaCl concentration (Figs. 9A-B). In turn, NPQ and Fv/Fm were
influenced by Si, presenting lower NPQ and higher Fv/Fwm in the plants grown in a medium
supplemented with Si (Figs. 9C-D). gP, gL, gN, ®NPQ, and ®NO were all influenced by both
variation factors. No significant differences were observed among the plants cultivated
without Si for qP and gL. However, at the highest concentration of NaCl, there were increases
in gN and ®NPQ. The highest values of ®NO were obtained in the control plants and those
grown with 100 uM NacCl and the lowest at 200 uM NaCl. Among the plants cultivated in the
presence of Si, the lowest values of gP and gL were observed in those grown with 200 uM
NaCl, as was the case for gN. However, the greatest values of qN were obtained in the plants
cultivated in a medium containing 300 uM NaCl. The absence of NaCl was associated with
the highest values of gP and gL.. No changes in ®NO and ®NPQ were observed between
treatments (Fig. 10).

Analysis of growth

The fresh weights of the roots and shoots were influenced by both variation factors.
Among the plants grown without Si, the shoot and root weights declined with increasing NaCl
concentration. However, among the plants cultivated in a medium with Si, the shoot's fresh
weight increased in the presence of 200 uM NacCl, while the root's fresh weight increased in
the plants receiving 100 uM NaCl. Overall, the fresh weights of the shoots and roots were
greater in the plants cultivated in Si and higher concentrations of NaCl than in those grown
without Si (Fig. 11).
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Discussion

The A. blanchetiana plants cultivated under the in vitro conditions imposed showed
different anatomical and physiological responses due to the presence or absence of Si and the
variation in concentrations of NaCl. The morphophysiological responses induced by Si had an
attenuating effect on salt stress, through anatomical alterations, increased content of
photosynthetic pigments, and greater activity of the enzymes of the antioxidant system,
besides their contribution to enhance the performance of the photosynthetic apparatus.

The root and leaf anatomy of the plants was in accordance with the previous
description by Martins et al. (2018). The reduction of the diameter of the root cross-sections
under salt stress conditions found in this study might have resulted from reductions in the size
and number of cells, especially in the internal cortex. The alterations of the cell size can be
related to resistance to salt stress since smaller cells can indicate an essential response to
increase the water potential, possibly contributing to more effective maintenance of turgor
under water deficit (Munns & Tester, 2008; Terletskaya et al., 2019). Reduced root diameters
can be a sign of adaptation to the high pressure of the water column on the conductor system
(Rewald et al., 2013; Terletskaya et al., 2019).

The induction of a thinner exodermis observed in this study in response to excess
NaCl in the shoots may have been the key to the NaCl tolerance. It may induce a greater flow
of nutrients from the culture medium to the shoots, improving the nutritional balance. This
thickening occurs naturally by the deposition of lignin and/or suberin, and the degree of
thickening can moderate the uptake and translocation of mineral nutrients to the entire plant
(Martins et al., 2019). Thus, the reduction in the thickness of the exodermis cell walls caused
by Si shows that this element acted positively, facilitating the uptake of nutrients from the
culture medium.

In the leaves, the direct exposure to NaCl at the leaf base reduced the stomatal density.
Besides this, the epidermis was thicker in the plants exposed to salt. These responses together
suggest a morphological adjustment to control the entry of NaCl through the symplastic and
transcellular veins (Morton et al., 2019). Considering that plants can also uptake nutrients
through the leaves, an increase in the thickness of the epidermis can act as a mechanism to
control the absorption of excessive NaCl (Mahmood et al., 2019). It has been suggested that
the movement of nutrients to the interior of plants can involve diffusion through the cuticle

and absorbed by leaf cells. Absorption through the stomatal pore can also occur since the
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stomata act as potential pathways for the movement of nutrients applied to the leaves (Li et
al., 2019).

In the middle region of the leaves, the stomatal density was greater than in the base
region, as previously observed by Santos et al. (2020). However, a comparison of the
treatments revealed that Si could influence the morphology of the stomata of other leaf
regions. The morphophysiological modulations in the middle leaf region in plants grown with
Si, such as smaller stomatal density and size, might have occurred to reduce the osmotic stress
(Mahmoudi et al., 2019; Morton et al., 2019). This reduction resulting from the action of Si
might be a mechanism to maintain the prompt functioning of the stomata for osmotic control.
The size of the stomata is related to their functionality because smaller guard cells respond
(open/close) faster than larger ones, and consequently maintain the stomatal conductance
(Rouphael et al., 2017). Another alteration observed in this study was an increase in the
thickness of the chlorenchyma, apparently related to a tradeoff mechanism in which the
smaller leaf area is offset by the greater thickness of this tissue (Pereira et al., 2016). This
capacity for protecting the photosynthetic tissues permits the maintenance of the plant's
biomass production (Pereira et al., 2016; Ribeiro et al., 2019).

The excess of NaCl altered the content of mineral nutrients in A. blanchetiana,
reducing the contents of the macronutrients S and Ca and the micronutrients Fe, Zn, and Mn.
The excessive accumulation of Na*™ competitively inhibits the absorption of other cations,
including K*, Ca?*, and Fe?*, leading to an imbalance in cell homeostasis, oxidative stress,
and interference in the functions of Ca?* and K* (Kim et al., 2021). We suggest that reducing
the contents of S, Ca, Fe, Zn, and Mn reduced the stress tolerance of the plants, generating
oxidative stress and affecting the performance of the photosynthetic apparatus. Limited
availability of Ca can reduce the tolerance of plants to salt stress since this is involved in the
gene induction of tolerance to salt stress and regulation of the antioxidant defense (Liu,
Soundararajan & Manivannan, 2019). K plays a fundamental role in synthesizing proteins,
photosynthesis, and the activity of glycolytic enzymes in plants (Liu, Soundararajan &
Manivannan, 2019).

The modulations of the contents of mineral nutrients in A. blanchetiana promoted by
Si contributed to improve the nutritional balance and mitigated the damages caused by the
toxicity of NaCl in the leaf cells. The increase promoted by Si in the contents of the nutrients
Ca, B, Zn, Mn, N, and Mg was probably due to the thinner exodermis in the roots, modulated
by Si, which allowed greater absorption of these nutrients. Higher B content may also

increase the antioxidant system's defense and diminishes oxidative stress (Rahman et al.,
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2021). These responses resulted in a better nutritional balance contributing to an increase in
the content of photosynthetic pigments and the activity of the enzymes of the antioxidant
system (SOD, APX, and CAT). This promoted the protection of the plants' tissues against
oxidative damage to the membrane under salt stress, thus alleviating the toxicity of salt and
increasing the growth of A. blanchetiana plants. The increase in the activity of antioxidant
enzymes is also responsible for reducing oxidative stress and eliminating the ROS produced
during salt stress (Tewari, Kumar & Sharma, 2019; Zhang et al., 2019; Chung et al., 2020;
Kim et al., 2021). These nutrients are structural components of the chlorophyll molecule and
play a role in forming the amino acids necessary for the processes of the antioxidant defense
system, acting as enzymatic cofactors, for example (Rahman et al., 2016; Tewari, Kumar &
Sharma, 2019; Santos et al., 2021). Besides this, the greater activity of the antioxidant system
enzymes leads to lower degradation of chlorophyll (Gong et al., 2018). Alterations in the
antioxidant system enzymes evidenced the physiological stress caused by NaCl exposure. In
this study, the activity of the antioxidant enzymes was greater in the leaves than in the roots of
the plants. This result indicates that the direct exposure to NaCl on the leaves had an impact,
generating oxidative stress. However, the higher activity of enzymes of plants cultivated in a
medium supplemented with Si showed the benefits of this element.

Even though the presence of Na caused stress, as indicated by the biochemical
alterations described, this element also appears to play a fundamental role in the metabolism
of A. blanchetiana plants, and its absorption in minimum quantities seems to have occurred.
Plants grown in the 0 uM NaCl + 14 uM Si condition had greater content of Na than in the
control plants (Na added only in the form of Na-EDTA in the MS medium). Other studies
have shown that A. blanchetiana has crassulacean acid metabolism (CAM) for carbon fixation
under adverse conditions (Chaves, Leal & Lemos-Filho, 2015; Krause et al., 2016). We
suggest that even in in vitro conditions, A. blanchetiana plants can have some CAM behavior
level, such as reducing leaf area and making the leaves more compact. Plants that use CAM
metabolism can require sodium ions (Na*) (Scholl et al., 2020). In this species, Na* seems to
be fundamental for the regeneration of phosphoenolpyruvate, the substrate for initial
carboxylation in plants with C4 and CAM metabolism (Scholl et al., 2020). CAM metabolism
is a mechanism that protects against increased salinity, but the most critical tolerance
mechanism can be the accumulation of ions in leaf vacuoles for osmotic adjustment (Montero
et al., 2018). In halophytes, the accumulation of Na and its compartmentalization in vacuoles
modulate the osmotic potential and help guarantee water absorption under salt stress

conditions (Zeng et al., 2015). The Na ions stimulate growth by promoting cell expansion and
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partially substitute K ions as an osmotically active solute (Hussain et al., 2010). This
modulation of the content of Na* can partly explain the salt tolerance and, thus, the existence
of A. blanchetiana in the sandbank (Restinga) region studied here. Furthermore, this can also
explain the increase in the Na/K ratio with higher salt concentration and the presence of Si
observed in this study, which has been confirmed to be one of the main determinants of
resistance to salts (Liu et al., 2020). Despite this increase in the Na/ K ratio, Si was
responsible for modulating the competitive absorption between Na and K and maintaining the
balance in the intercellular distribution of K in the A. blanchetiana plants since the content of
K was not different among the treatments.

The morphophysiological modulations promoted by Si, such as the greater activity of
the enzymes SOD, APX, and CAT, reduced the stress on the photosynthetic apparatus, as
demonstrated by the analysis of the chlorophyll a fluorescence. The plants grown in the
medium supplemented with Si had the highest values of gP and gL, implying a more
remarkable ability for photochemical conversion and transfer of electrons from PSII (Wang et
al., 2018). This suggests that even though the plants grown with high NaCl suffered
photodamage, the Si was able to ameliorate this damage by maintaining a proper balance of
nutrients, as well as enhancing the activity of the antioxidant system, impeding oxidative
damage to the photosystems (Liu et al., 2020). The Si also contributed to maintain the
electron transport, as evidenced by the higher Fv/Fw ratio, indicating greater potential
photochemical activity of PSII (Lotfi et al., 2018). Factors for the photosynthetic apparatus's
functioning were also evidenced by the lower values of the parameters of non-photochemical
quenching, such as gN, ®NPQ, and NPQ, compared with the plants grown without Si. These
responses helped reduce the damage to the plants caused by the stress, which in turn helped
maintain the plants' growth since they had greater fresh weight when cultivated with higher
concentrations of NaCl. The excess of NaCl in plants grown without Si caused increases of
gN, ®NPQ, and ®NO, leading to over-reduction of the photosynthetic electron transport
chain, excess excitation energy, and consequently, reduction of the photochemical step and
biochemical processes. Furthermore, the increase of ®NO indicates that this energy loss did
not involve the action of trans-thylakoid ApH and zeaxanthin, meaning the excess flow of
energy was out of control (Yao et al., 2018; Wang et al., 2018).

The increased stress level caused by NaCl affected the functioning of the
photosynthetic apparatus by reducing the values of ®PSII and ETR. The decrease might have
partly inhibited the transport of electrons and effective photochemical activity of PSII and

increased the formation of ROS since the activity of the antioxidant system was affected. This
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reduction indicates a smaller density of the flow of photons absorbed by PSII (Wang et al.,
2018). These responses induced by excess NaCl in the absence of Si caused a reduction in the
plants’ growth. The decline of the fresh and dry weights of the leaves and roots, and thus the
reduction in growth, are symptoms commonly observed in plants under salt stress (Dias et al.,
2017). This result can be attributed to the osmotic effect of the salt solution beyond the roots,
as well as an imbalance in the absorption and assimilation of nutrients (Dias et al., 2017;
Rezende et al., 2018).

Conclusion

In in vitro conditions, NaCl acted to stunt the growth of the A. blanchetiana plants
since it affected the plants' anatomy, uptake of nutrients, and physiology. These plants
presented tolerance responses by implementing various mechanisms to deal with salt stress,
such as thinner walls of the exodermis, reduced stomatal density, and increased non-
photochemical dissipation of fluorescence. The application of Si reduced the damages
generated by stress through modulation of the root anatomy, enabling greater uptake of
nutrients essential for the antioxidant system'’s activity. The greater enzymatic activity reduced
oxidative stress and enabled alterations in the functioning of the photosynthetic apparatus.
These modulations contributed to minimizing the damage to the plants caused by the stress, as

proved by the chlorophyll a fluorescence.
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Fig. 1. Cross-sections (A—H) and anatomical traits (I-J) of roots of Aechmea blanchetiana
plants in the function of different concentrations of sodium chloride (NaCl) in the absence and
presence of silicon (Si) during in vitro culture. Root transverse diameter (1) and cell wall
thickness of root exodermis (J) of Aechmea blanchetiana in the function of the NaCl
concentration (uM) and in the absence and presence of silicon (Si) during in vitro culture. (1)
Means (+ SE), n = 6, followed by the same letter do not differ according to the Tukey test at
5% significance. (J) Means (£ SE), n = 6, followed by the same letter (lowercase for 0 uM Si
and uppercase for 14 uM Si), at each NaCl concentration, do not differ according to the
Tukey test at 5% significance. For each Si concentration analyzed (0 and 14 pM Si), the
means followed by an asterisk are significantly different according to the Tukey test at 5%
significance. ct — cortex, ed — endodermis, ep — epidermis, ex — exodermis, rh — root hair, xI —
xylem, and phl — phloem. Bars =100 pm.
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Fig. 2. Paradermal sections (A — P) and stomatal traits of leaves of Aechmea blanchetiana
plants in the function of different concentrations of sodium chloride (NaCl) in the absence and
presence of silicon (Si) during in vitro culture. Means (x SE), n = 6, followed by the same
letter, do not differ according to the Tukey test at 5% significance. st — stomata. Bars = 100
wm.
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Fig. 3. Cross-sections of leaves of Aechmea blanchetiana plants in the function of different
concentrations of sodium chloride (NaCl) in the absence and presence of silicon (Si) during in
vitro culture. ad — adaxial epidermis, ab — abaxial epidermis, chl — chlorenchyma, hy —
hydrenchyma, ph — phloem, sc — sclerenchyma, xI — xylem. Bars = 100 um.
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Fig. 4. The thickness of the adaxial and abaxial faces of the epidermis (um) (A — B) and the
chlorenchyma (C) of leaves of Aechmea blanchetiana in the function of the concentrations of
NaCl (0, 100, 200, 300 uM). Means (£ SE), n = 6, followed by the same letter, do not differ
according to the Tukey test at 5% significance.
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Fig. 5. Contents of macronutrients and micronutrients in Aechmea blanchetiana plants in the
function of NaCl concentrations (0, 100, 200, 300 puM) combined with 0 or 14 uM Si. For
each nutrient, the means (x SE), n = 3, followed by the same letter (lowercase for 0 uM Si and
uppercase for 14 uM Si), at each NaCl concentration, do not differ according to the Tukey test
at 5% significance. For each Si concentration analyzed (0 and 14 uM Si), the means followed
by an asterisk are significantly different according to the Tukey test at 5% significance. S =
sulfur, Mg = magnesium, B = boron, Na = sodium.
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Fig. 6. Contents of nutrients in Aechmea blanchetiana plants in the function of the
concentrations of NaCl (0, 100, 200, 300 uM) or concentration of Si (0 or 14 uM Si). For
each content of nutrients, the means (= SE), n = 3, followed by the same letter do not differ
according to the Tukey test at 5% significance. Fe = iron, Zn = zinc, Mn = manganese, Ca =
calcium, N = nitrogen, K = potassium, Na = sodium.
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Fig. 7. The activity of superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase
(APX), respectively, in the leaves (A-C-E) and roots (B-D-F) of Aechmea blanchetiana plants

cultivated in vitro in the function of the concentrations of NaCl (0, 100, 200, 300 uM) and

concentration of Si (0 or 14 uM Si). Means (= SE), n =5, followed by the same letter
(lowercase for 0 uM Si and uppercase for 14 uM Si), at each NaCl concentration, do not
differ according to the Tukey test at 5% significance. For each Si concentration analyzed (0
and 14 uM Si), the means followed by an asterisk are significantly different according to the
Tukey test at 5% significance (A-D). Means (= SE), n =5 followed by the same letter at each

NaCl concentration, do not differ between Si content according to the Tukey test at 5%

significance.
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Fig. 8. Contents of the photosynthetic pigments in Aechmea blanchetiana plants in the
function of the presence or absence of Si (0 or 14 uM Si). Means (+ SE), n = 8, followed by
the same letter in each photosynthetic pigment, do not differ according to the Tukey test at 5%
significance.
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Fig. 9. The effective photochemical quantum yield of PSII (®PSII) (A) and electron transport
rate (ETR) (B) in the function of the concentrations of NaCl (0, 100, 200, 300 uM). Non-
photochemical dissipation of fluorescence (non-photochemical quenching) (NPQ) (C) and
maximum quantum yield of PSII (Fv/Fwm) (D) in Aechmea blanchetiana plants in the function
of the presence or absence of Si (0 or 14 uM Si). Means (+ SE), n = 12, followed by the same
letter for each parameter, do not differ according to the Tukey test at 5% significance.
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Abstract

Cadmium {Cd) has no known hiological role in plants but shows high tonicity. A vieble alernative to alleviate the deleteri-
ous effects of plants under heavy metal stress is with the use of silicon (Si). The objective was to investigate the anatomical.
physiological, and biochemical modulations of Aechtea blasctieione exposed to Cd in vitro and the Cd and Si co-ex posure.
Flants previously established under in vitro cultume conditions wene transiermd to MS culture medium with 0 or 14 pM 5i
and solidified with agar. After 30 days of growth, a stationary liguid M5 medium containing increasing concentrations of
Cd {0, 50, 100 or 200 pM) was added to the containers, forming a biphasic mediom. After 45 days. anatomical and ply si-
ological analyses wem performed. Plants cultivated with 14 pM 5i showed a thinner exodermis, a decrease in the Chl w
ratio and a higher roral Chl'Car ratio. The positive L- and K-bands were verified at all applied Cd concentrations. Cd induced
damage to the oxygen-evolyving complex (W) and alered the quantum yield of non-regulated energy dissipation (MNO L
In the presenoe of 5i there was an increase in the photochemical activity of photosystem I and electron transport, even
when the plants were exposed to Cd. The planis wene able to withstand exposure to Cd, although exhibiting physiological
disturbances. The anatomical, physiological, and biochemical msponses indeced by 5i wem effective in casing the stress of
A. blanchetiora plants grown in vitro with Cd.

Key Message
A. blancheriana plants were able to withstand exposume to Cd, although exhibiting physiological disorders. The responses
induced by 5i weme effective in easing the stress of A. Mancheione grown invitmo with Cdo

Keywords Chlorophyll o fluorescence - Modulated Auomscence - Plant physiology - Plant tissue culture - Heavy metal
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Abstract

Cadmium (Cd) has no known biological role in plants but shows high toxicity. A viable alternative to alleviate the
deleterious effects of plants under heavy metal stress is with the use of silicon (Si). The objective was to investigate
the anatomical, physiological, and biochemical modulations of Aechmea blanchetiana exposed to Cd in vitro and
the Cd and Si co-exposure. Plants previously established under in vitro culture conditions were transferred to MS
culture medium with 0 or 14 uM Si and solidified with agar. After 30 days of growth, a stationary liquid MS
medium containing increasing concentrations of Cd (0, 50, 100 or 200 uM) was added to the containers, forming
a biphasic medium. After 45 days, anatomical and physiological analyses were performed. Plants cultivated with
14 uM Si showed a thinner exodermis, a decrease in the Chl a/b ratio and a higher total Chl/Car ratio. The positive
L- and K-bands were verified at all applied Cd concentrations. Cd induced damage to the oxygen-evolving
complex (Wk) and altered the quantum yield of non-regulated energy dissipation (®NO). In the presence of Si
there was an increase in the photochemical activity of photosystem Il and electron transport, even when the plants
were exposed to Cd. The plants were able to withstand exposure to Cd, although exhibiting physiological
disturbances. The anatomical, physiological, and biochemical responses induced by Si were effective in easing the

stress of A. blanchetiana plants grown in vitro with Cd.

Keywords: chlorophyll a fluorescence; modulated fluorescence; plant physiology; plant tissue culture; heavy

metal
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Introduction

Heavy metal contamination is a global environmental problem. It is mainly caused by anthropogenic, industrial,
and agricultural activities, such as dispersion of mining waste, phosphate fertilizers, and metal-based pesticides
(MalCovska et al. 2014; Paunov et al. 2018; Kaya et al. 2020). Heavy metals are highly stable, non-biodegradable
and, therefore, easily transported and accumulated through the food chain, which can significantly threaten living
beings (Younis et al. 2016; Feng et al. 2018b).

Cadmium (Cd) is one of the most dangerous heavy metals due to its high mobility in the soil-plant system
(Feng et al. 2018a). It is found naturally in soils due to the decomposition of rocks, but its concentration increases
with anthropic activities. It is also common in water and the atmosphere. Critical levels for Cd toxicity in plants
range from 6 to 10 ug g* of the plant dry mass (Oliveira et al. 2017). This element has no biological function
known as a nutrient and demonstrates high toxicity, even at low concentrations in plant tissues (Feng et al. 2018a).

Plants that grow in an environment with a high Cd content may present biochemical disturbances and
morphophysiological changes. Among the various toxicity symptoms, inhibition of germination, chlorosis,
necrosis, growth inhibition, changes in ionic homeostasis, severe disturbances in water relations and nutrient
transport have been reported (MalCovska et al. 2014; Oliveira et al. 2017), besides being able to induce changes in
pigment content and stomatal conductance, which directly affect the access to CO; and photosynthesis rate
(Paunov et al. 2018). This metal can also decrease the rate of photosynthetic electron transport chain causing severe
photosynthetic disturbances (Oliveira et al. 2017), as well as stimulating oxidative stress by producing reactive
oxygen species (ROS), malondialdehyde (MDA), and electrolyte leakage (Nahar et al. 2016; Kaya et al. 2020),
which can alter the activities of several key enzymes and even cause cell death (Nahar et al. 2016; Younis et al.
2016).

Different mechanisms have been employed to reduce the toxicity of Cd in plants (Adrees et al. 2015;
Rizwan et al. 2016b, 2016c; Younis et al. 2016). Silicon (Si), despite being the second most abundant element in
the Earth’s crust, its essentiality as a nutrient for plant species is still being discussed. However, the mitigating
effect of Si under stress conditions, including pests, diseases, salt stress, drought, radiation and metal toxicity, has
already been documented (MalCovska et al. 2014; Adrees et al. 2015; Asmar et al. 2015; Ghassemi-Golezani; Lotfi
2015; Etesami; Jeong 2018; Martins et al. 2019). The use of Si can play positive roles in plants, helping with
growth, increasing mineral nutrition and the content of photosynthetic pigments and inducing beneficial
morphological changes against heavy metal toxicity. The mitigating effect of Si on Cd-induced toxicity symptoms
has been reported in different plant species (Farooq et al. 2013; Malcovska et al. 2014; Ma et al. 2015; Rizwan et
al. 2016a; Alzahrani et al. 2018; Khan et al. 2020).

In vitro cultivation is a technique with the potential advantage to isolate the effects of heavy metals on
plant metabolism from the effects caused by other types of stress that can interfere with plant response (Giampaoli
et al. 2012). This technique allows for anatomical and physiological analysis of plants in controlled
microenvironments. Several studies have investigated changes in the physiology and anatomy of plants exposed
to Cd in vitro (Son et al. 2014; Anju et al. 2015; Manquian-Cerda et al. 2016; Rodrigues et al. 2017) and other
metals (Giampaoli et al 2012; Martins et al. 2016; Martins et al. 2020a). Among the physiological studies, the
techniques related to the chlorophyll a fluorescence are widely used for characterizing the performance of the

photosynthetic apparatus (mainly photosystem Il - PSII), providing detailed information about the structure and
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function. This analysis is widely used to verify the photochemical performance of plants under stressful conditions
(Kalaji et al. 2016, 2017a, 2017b, 2018; Stirbet et al. 2018), as well as exposure to different metals (Zurek et al.
2014; Frani¢ et al. 2017; Paunov et al. 2018; Martins et al. 2020a).

Bromeliads may be helpful in studies within heavy metals due to the formation of a tank system with their
leaves at the base of the plant rosette, which can store a large amount of environmental debris and water, resulting
in prolonged exposure to metals (Schreck et al. 2016; Martins et al. 2020a). The tank system is a characteristic of
many species of bromeliads and it is naturally formed by broad leaves, which overlap basally, forming chambers
that store debris and water. Several species of bromeliads show potential as bioindicators of heavy metals, and this
potential has already been demonstrated using in vitro conditions (Giampaoli et al. 2012, 2016; Piazzetta et al.
2018; Martins et al. 2016, 2020a). In the present study, the species Aechmea blanchetiana (Baker) L.B. Smith
(Bromeliaceae) was chosen as a model plant. It is native to sandbank areas of north-eastern Brazil, an environment
characterized as saline and containing Si (Kanashiro et al. 2009; Costa et al. 2020). A. blanchetiana has been
widely used in landscape projects and present tolerance to high concentrations of a heavy metal (Cu), which
proposes its potential for use as a bioindicator (Martins et al. 2020a). Therefore, it is suggested that it may also
serve as a potential bioindicator for other heavy metals. Despite the existence of several studies that evaluate the
effects of high Cd concentrations on plant performance, it is not yet clear how Si would mitigate toxicity to Cd for
in vitro conditions based on morphophysiological modulations. Thus, the objective of this study was to investigate
the anatomical, physiological, and biochemical modulations of Aechmea blanchetiana exposed to Cd in vitro and

the potential for stress relief by heavy metal of calcium silicate (CaSiO3).

Material and Methods

Plant material and in vitro culture conditions

Side shoots of 2.5 cm in length of the aerial part of A. blanchetiana were obtained as described by Martins
et al. (2018). These were transferred to 268 mL glass containers containing 30 mL of MS culture medium
(Murashige and Skoog 1962) with 0 or 14 uM Si (CaSiOs), 30 g L* sucrose, 4 UM 1-naphthalenoacetic acid
(NAA) and solidified with 5 g L™ agar. The CaSiO3 concentrations were chosen according to Martins et al. (2019).
The media had the pH adjusted to 5.8 before autoclaving at 120°C for 20 minutes. After inoculation in a laminar
flow chamber, the plant material was kept in a growth room for 30 days at 26+2°C and a 16-hour photoperiod
(8:00 am to 12:00 am) under LED lamps (Luminaria Slim LED 36W Bi-Volt 2800 Im).

After 30 days of in vitro growth, 30 mL of stationary liquid MS medium were added to the containers,
consisting of 25% of the original saline solution (v/v), without addition of sucrose. The medium was supplemented
with different concentrations of Cd (0; 50; 100; 200 uM), forming a medium with two phases (biphasic) and eight
treatments (2 Si x 4 Cd). The medium was added to the aerial part of the plants. Thus, the biphasic medium
consisted of a culture medium solidified with agar (where the roots grew with or without Si) and a stationary liquid
medium with Cd that covered only the basal part of the leaves (Fig. 1). The source of Cd was cadmium nitrate
[Cd(NOs3)2-4H,0]. Cd concentrations were selected based on previous tests in which the highest concentration did
not reduce the survival rate. This stage was carried out with five explants per glass container. The experiment was

performed with 12 containers and 60 plants per treatment. The co-exposure treatments of Si-Cd occurred for 45
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days (75 days of cultivation in total), and the in vitro plant material was kept under the same environmental

conditions of temperature and photoperiod mentioned above.

Analysis of leaf and root anatomy

To analyze the plant anatomy after 45 days of cultivation with co-exposure of Si-Cd, five plants were
used per treatment. These were collected at random, fixed for 72 hours, and preserved in 50% ethanol. The cross-
sections of leaves and roots, as well as the paradermal sections of leaves were performed by hand, using a razor
blade. The leaf cross sections were taken from the median region of the first completely expanded leaf in the
rosette central region of the plants. The cross-sections of roots were also made at their base (0.3-0.8 cm from the
shoot). The sections were clarified with a commercial sodium hypochlorite 50% (v/v) and stained with safrablau
(Bukatsch 1972). The paradermal sections were taken from the middle region of the second completely expanded
leaf from the rosette of the plants and stained with safranin (1%). The sections were evaluated using an optical
microscope (Bioval, L-2000AFlour) coupled to the digital camera (Leica EC3) to capture images. For the cross-
sections of the leaves and roots, two sections per slide were photographed, and five different samples were
analyzed (n = 5). For the paradermal sections, the photomicrographs were taken in six different areas for each
replicate (five samples). The photomicrographs were analyzed using the UTHSCSA-Imagetool® version 3.0
software calibrated with a microscopic ruler.

The number of metaxylem vessels, root diameter (um), thickness of cell walls in the exodermis (um),
endodermis thickness (um) were determined in the roots. In the leaves, the stomatal density (0.01 mm?), stomatal
index (%), size of the stomata (um?), the thickness of the chlorenchyma (um), the area of sclerenchyma (um?) and
phloem (um?), as well as the number and diameter of xylem vessels (um).

The stomatal index (SI) was calculated SI = number of stomata / (number of epidermal cells + number of

stomata) x 100, and stomatal density was calculated by counting the number of stomata in a known area.

Analysis of photosynthetic pigment contents

The contents of photosynthetic pigments were determined based on fragments of eight samples collected
randomly from 0.03 g to 0.039 g of fresh weight from each leaf in each treatment. The pigment preparation and
extraction procedures followed Martins et al. (2020a). The absorbance was read with a Genesys ™ 10S UV-Vis
spectrophotometer (Thermo Fisher Scientific, West Palm Beach, FL, USA), and the readings were performed at A
= 470, 645, and 663 nm for carotenoids (Car), chlorophyll b (chl b) and chlorophyll a (chl a), respectively. The
pigment content (n = 8) was calculated according to Arnon (1949) and Wellburn (1994), and the Chl a/b and total

Chl / Car ratios were analyzed.
Analysis of chlorophyll a fluorescence
The chlorophyll a fluorescence readings for each treatment were taken with a fluorometer (Handy PEA,

Hansatech Instruments Ltd., King's Lynn, Norfolk, UK), between 7:00 and 9:00 am. The measurements were made

in 15 plants per treatment (n = 15), using the third completely expanded leaf in the rosette central region. The
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leaves had been previously adapted to the dark for 30 minutes with leaf clips (Hansatech®). Then, a flash of light
was emitted, with saturating irradiance of 3000 umol of photons m s%. The fluorescence kinetics and parameters
of the JIP test were recorded (Table 1) and interpreted (Strasser et al. 2004; Wang et al. 2016).

Modulated fluorescence analysis

For a more detailed analysis of the photosynthetic apparatus, measurements were made between 8:00 am
and 10:00 am using Modulated Fluorescence measurements with the MINI-PAM Il (Heinz Walz GmbH,
Effeltrich, Germany), following the methodology of Ogren and Baker (1985) and Schreiber (1986). Readings were
performed on 12 plants per treatment (n = 12), using the third completely expanded leaf in the rosette central
region. The leaves had been adapted to the dark (30 min) with leaf clip (DCL-8, Walz GmbH). The initial
fluorescence (Fo) was obtained using a weak beam of light (<1 pmol (photons) m2 s'). The actinic light of 619
umol (photons) m? s leads to photosynthesis and gives F. After about 2 minutes, the steady-state yield of
fluorescence (Fs) was subsequently obtained, and a second pulse of white light saturation 6000 pmol (photons) m-
2 51 was applied for 0.8s to determine the maximum level of fluorescence (Fw) in the state adapted to light (Fu").
After 5 umol (photons) m s of distant red irradiation 720-730 nm, Fo was determined in the light adapted state
(Fo"), which excites photosystem | (PSI) and oxidizes the plastoquinone sets and pools of quinone A (Qa) associated
with PSII (Wang et al. 2018). Measurements for ®PSII, ETR, gN, NPQ, ®NPQ, and ®NO were obtained from the

report, described in Table 2.
Analysis of growth traits

At 45 days of Si-Cd co-exposure, the growth factor of the plant total fresh weight (shoot + root) (g plant’
1) was determined. The samples consisted of five plots (five replicates; n = 5) per treatment, so that each replicate
consisted of 5 plants (25 plants in total per treatment).
Statistical Analysis

The experimental design was completely randomized with a factorial scheme: four concentrations of Cd
(0, 50, 100 and, 200 uM) and two concentrations of Si (0 and 14 uM). The data obtained were subjected to analysis
of variance (ANOVA), and the means were compared using the Tukey test at 5% probability of error. All analyses

were performed using the SISVAR software (Ferreira 2011).

Results

ANOVA results for all variables are summarized in Supplement 1.

Root anatomy

Significant differences were found in the anatomical traits of the roots, and Si was the main modulation

factor. The thickness of cell walls in the exodermis reduced 9.8% in the presence of Si, while the number of
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metaxylem vessels was increased (23.8% higher) (Fig. 2 and Fig. 3). The thickness of the endodermis (9.37 um +
0.22) and the diameter of the roots (404.28 pm * 14.1) did not differ among the treatments (Fig. 3).

Leaf anatomy

In the paradermal sections of the leaves, the stomatal density of the median region had influence of both
factors with a significant interaction. Plants grown under Si absence showed a 24.6% reduction in stomatal density
at the highest concentration of Cd, compared with control plants (0 uM Si and 0 uM Cd) (Fig. 4 and 5A), while
plants grown with Si did not show a significant difference among Cd concentrations. Concerning the Si
concentrations, there was a decrease of 35% in stomatal density at the highest concentration of Cd (200 uM) in
plants grown without Si, compared with plants grown with 14 uM Si (Fig. 4 and 5A). The size of the stomata in
the median leaf region was only influenced by exposure to Si. When grown with 14 uM Si, the plants show a 6%
reduction in the size of the stomata (Fig. 4 and 5B). The stomatal index (6.38 + 0.225) showed no significant
difference among the treatments (Fig. 4).

When the cross-sections of the leaves were analyzed, the number of xylem vessels and the sclerenchyma
area were influenced only by exposure to Si. The diameter of the xylem vessels was influenced only by Cd
concentrations. Plants grown with Si showed a 20% reduction in the number of xylem vessels, regardless of Cd
concentrations, and they presented increased sclerenchyma area (14.8% higher) (Fig. 4 and 6A). The diameter of
the xylem vessels decreased with increasing Cd concentration (Fig. 4 and 6B). The thickness of the chlorenchyma
(323.69 pum = 3.95) and the phloem area (580.28 um? + 32.14) did not show any significant difference among the
treatments (Fig. 4).

Photosynthetic pigments content

Only Si concentrations influenced the photosynthetic pigment ratios in A. blanchetiana leaves grown in
vitro. The chl a/b ratio was 5.5.% higher in the absence of Si. However, plants grown with Si showed an increase
of 5.6% in the total chl/Car content (Fig. 7).

Analysis of chlorophyll a fluorescence

All plants remained photosynthetically active, regardless of the applied treatment. The kinetic differences
were shown between steps O-K and O-J. The positive L- and K-bands were verified at all applied Cd
concentrations (Fig. 8). In addition, [W_= (Fv - Fo)/(Fk - Fo)] was 1.96% lower in plants grown with Si (Fig. 8A).
On the other hand, Wk [Wk= (Fk - Fo)/(F, - Fo)] did not change in terms of the presence of Si (Fig. 8B).

When the JIP test parameters were analyzed, significant changes were verified due to the variation factors
(Cd and Si); however, they acted independently. JIP test parameters were presented in the function of Si levels in
Table 3 and Fig. 8, and in the function of Cd concentrations, in which case the data are normalized in relation to
the control (0 pM) and presented in Fig. 9. Significant increases in Fo, Wi, Wk, Do, and in the fluorescence levels
of step K and J (Vk and V,, respectively) were observed regardless of the Cd concentration. On the other hand,

lower values of the parameters F./Fo, Kp, RC/CSp, in the quantum yield parameters Py and ¢Eo, as well as in the
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performance indexes Plaes) and Plrorar), were obtained in the presence of Cd. Kn showed no significant
difference among the treatments regarding the presence of Cd (Fig. 9).

The JIP test parameters F./Fo, Kr and Pl(ags), reported as a function of the exposure of Si, were higher in
the presence of this element. Likewise, increases in the ¢Po and ¢Eo, and reduction in Do were obtained in the
presence of Si. In contrast, Fo and V; obtained the highest values under Si absence; while, V, Kn, Pliroray), and
RC/CSwm showed no significant difference regarding the presence of Si (Table 3).

Analysis of modulated chlorophyll a fluorescence

When examining the modulated fluorescence parameters, significant changes were seen in the parameters
gN, NPQ, ®NPQ, and ®NO due to the variation factors (Cd and Si); however, they acted independently (Fig. 10;
Table 4). When the parameters were analyzed as a function of exposure to Cd, a decrease in ®PSII, ETR, and qP
was observed in the presence of Cd (Table 5). The highest values of gN, NPQ, and ®NPQ were obtained in both
the absence (0 uM) and in 50 uM of Cd (Fig. 10), while the highest values of ®NO were obtained in the highest
concentrations of Cd. As a function of exposure to 14 uM Si, the parameters gN, NPQ, and ®NPQ obtained the
highest values (8.9%, 17,8% and, 10.5% higher, respectively) in the presence of this element. On the other hand,
®NO obtained the lowest values under 14 uM Si (Table 4).

Analysis of growth traits

There was no plant mortality in any of the treatments with Cd, or any visible sign of physiological
disorders, such as necrosis or discoloration of the leaves. However, the total fresh mass (roots and shoot) was
influenced by both factors with significant interaction between them. Among plants grown in the absence of Si,
the total fresh weight was lower with excess Cd (200 uM Cd); however, in plants grown with Si, the highest values
were obtained with 0 and 100 uM Cd (Fig. 11).

Discussion

A. blanchetiana plants simultaneously exposed to Cd-Si during in vitro cultivation showed changes in
anatomy and physiology. These responses suggested that the plants were able to adjust to the treatment conditions,
which allowed them to withstand the excess Cd. Protection mechanisms such as increased dissipation of excess
excitation energy in the form of heat allowed the plants to maintain the stability and function of the photosynthetic
apparatus. In addition, the Si-induced anatomical, physiological, and biochemical responses had a mitigating effect
on heavy metal stress.

The morphophysiological modulations induced by Si treatments were already verified in the roots, the
organ that had direct contact with this element. In this organ, changes in the thickening pattern of cell walls of the
exodermis were observed. However, it is worth mentioning that the exodermis cell walls thickening (external
cortex) occurs naturally and is expected in the bromeliad roots, even in in vitro conditions (Martins et al. 2020b).
The cell walls of the exoderm, as well as the endodermis, are apoplastic barriers due to the formation of Casparian

strips. The exodermis can perceive osmotic and ionic stress changes in cells, which can trigger response
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mechanisms (Terletskaya et al. 2019); therefore, they regulate the flow of water and mineral elements between
cell layers (Silva and Scatena 2011; Martins et al. 2020b). In this work, the roots grown in the presence of Si
showed an exodermis with thinner cell walls, which could allow for greater translocation of water and mineral
nutrients from the culture medium to the aerial part of the plants. This may explain why plants grown with Si had
benefits in growth characteristics. In addition, it should be taken into account that there was direct exposure to Cd
in the aerial part of the plant.

Regarding the changes in root anatomy of A. blanchetiana plants from treatments, there were differences
in the characteristics of the metaxylem vessels, which could suggest changes in the absorption of water and
minerals from the culture medium to the aerial part of the plants. Supplementation with Si had a positive impact
on the number of metaxylem vessels in the roots, and this suggests that Si may have played an important role in
the balance of nutrients, which would allow for it to more efficiently withstand the stress of exposure to heavy
metal (Bhat et al. 2019). Plants that have an improved nutritional status are more likely to tolerate excess heavy
metals, as several enzymes in the antioxidant system have mineral elements as co-factors (Martins et al. 2020b).
According to these same authors, an increased number of metaxylem vessels can improve the translocation of
water and nutrients and, consequently, improve growth and increase plant biomass.

Modulations in leaf anatomy may also indicate adjustments to stress conditions. Variations in stomatal
density commonly occur in plants under excess salt, water deficit, or exposure to heavy metals (Andrade Junior et
al. 2019; Martins et al. 2020a). This plasticity in the density, as well as the size of the stomata, allows for plants to
adjust the area of the stomatal pore in response to the surrounding environment, affecting the maximum leaf
capacity to absorb CO, (Kibarsepp et al. 2019; Bertolino et al. 2019). Under the cultivation conditions in our
study, A. blanchetiana plants showed a reduction in stomatal density when exposed to a higher concentration of
Cd without Si, indicating a response to heavy metal stress. Conversely, the presence of Si allowed for maintenance
of stomatal density in plants when exposed to the highest concentration of Cd, suggesting a lower level of stress.
In this work, it was verified that stress induced by heavy metal did not generate a lower investment in stomatal
cells as evidenced by the stomatal index. This means that there was a variation in the size of only the epidermal
cells (reduction in size) of plants treated with a higher concentration of Cd. This response suggests less
transpiration and, consequently, less translocation of mineral elements from the medium (including Cd). The
reduction in stoma size observed in plants supplemented with Si consists of an advantageous response to stress,
since smaller stomata respond better to functionality and, therefore, are more effective in adapting to prevailing
conditions (Kubarsepp et al. 2019).

The reduction in plant leaves xylem vessels grown with Si and/or the diameter induced by the increased
concentration of Cd can also interfere in the absorption, distribution, and accumulation of nutrients in the plant
tissues (Martins et al. 2019). These xylem vessel characteristics are factors that influence hydraulic conductivity,
restricting the flow of water (Bauerle et al. 2011; Martins et al. 2020a). Considering that the direct exposure to Cd
was in the aerial part of the plants, a lower translocation of Cd absorbed by the leaf trichomes would mitigate the
harmful damages caused by Cd.

In the present study, Si supplementation promoted an increase in the sclerenchyma area. The
sclerenchyma cells consist of the set of cell types with thickening of secondary lignified walls when mature (Amri
et al. 2019). Considering that the sclerenchyma in the leaves gives rigidity and offers protection of specific

structures such as vascular bundles, it can be suggested that the increase in the sclerenchyma area promoted by Si
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may strengthen the architecture of the cell walls forming a strong structural support for the transport of water and
nutrients (Li et al. 2020b).

When analyzing the photosynthetic pigments content in the leaves, it was found that the plants of A.
blanchetiana cultivated with Si showed a better balance in the pigments content, which indicated lower stress from
Cd. It is suggested that this improved condition could be attributed to the best nutritional balance with greater
absorption of macro and micronutrients in the environment (Martins et al. 2020a). The increase in the proportion
of total Chl/Car in the presence of Si was reflected in the better performance of the photosynthetic apparatus, as
can be seen in the higher values of ¢Poand Plgs). Adequate levels of the Chl a/b ratio and the increase in the
proportion of total Chl/Car in plants supplemented with Si indicates a lower level of Cd stress. An increase or
decrease in the Chl a/b ratio indicates physiological disturbances, which is a common response in plants under
stress conditions (Zrig et al. 2016; Aydogan et al. 2017).

Our results clearly demonstrated physiological disturbances caused by Cd in the photosynthetic apparatus,
which were verified with the presence of positive L- and K-bands. These bands can be considered as potential
indicators of disturbances before the visible appearance of signs in response to stress (Meng et al. 2016). A positive
L-band leads to reduced connectivity between RCs (Rosa et al. 2018). These disturbances were even greater in
plants grown in the absence of Si, confirmed by the increased W values. In contrast, lower W values confirm
that the negative effects of Cd were mitigated in plants treated with Si. The positive K-band reflects imbalances
between electron donation from the OEC to the P680* and electron acceptors from quinone A (Qa), besides the
inhibition of the water-splitting system (Kalaji et al. 2016; Parmoon et al. 2019; Yin et al. 2019; Gupta 2020; Yang
et al. 2020). These disturbances were confirmed by the increased values of the relatively variable fluorescence at
point K (Vk) and Wk. The Vk and Wk parameters characterize the photosynthetic performance on the donor side
of the PSII (Wang et al. 2016).

The deficiencies in electron transport were notable in plants grown with exposure to Cd. Such effects,
observed by the reductions in the Fv/Fo values, were more pronounced in plants of A. blanchetiana grown without
Si. This resulted in an inhibition of electron transport, in addition to reducing the potential photosynthetic activity
of PSII (Kalaji et al. 2018; Wang et al. 2018). Fv/Fo describes the efficiency of the water-splitting complex on the
donor side of the PSII, the most sensitive component in the photosynthetic process of the electron transport chain
(Kalisz et al. 2016). Kp reductions can also demonstrate a physiological response to stress by Cd, indicating that
there was partial inhibition of electron transport (Wang et al. 2016). In contrast, plants grown with Si showed a
stress-alleviating effect from Cd stress by increasing the values of Fv/Fo and Kp, which indicates an increase in
photosynthetic activity.

The presence of Cd also caused an increase in V; values, which was interpreted as a deceleration of
electron transport from Qa to quinone B (Qg). This caused an accumulation of Qa™ and a higher rate of fluorescence
emission (Paunov et al. 2018), and this is an indicator of the closure of RCs of the PSII or the redox state of Qa
(Yinetal. 2019). A decrease in the rate of electron transport from QAa to the second electron acceptor Qg can cause
damage by photoinhibition (Umar et al. 2019). In addition, the increase in Fo values observed mainly in plants
exposed to Cd is related to a smaller number of active RCs as confirmed by the lower RC/CSw values. The values
of V; and Fy verified in plants cultivated with Cd illustrated a decrease in primary photochemical activity. The
reduction in V; and the increase in Fv/Fo in plants cultivated with Si suggests that the electron transfer between Qa

and Qg has been improved, presenting less accumulation of Qa~. The Fo reduction shows the highest density of
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active RCs of PSII. This indicates that Si, by mitigating Cd stress, was able to ensure the best electron transport
on the PSII acceptor side and protect the OEC function on the PSII donor side (Zhou et al. 2016).

The parameters related to the quantum vyield in explants cultivated with Cd confirm the damage by
photoinhibition. The decrease in pPoand ¢Ey, along with high values of ¢Do, are associated with the occurrence
of damage by photoinhibition in plants (Li et al. 2020a). According to Meng et al. (2016), the reduction of ¢Eg
values may indicate a lower proportion of open RCs of the PSII and less electrons used for carbon fixation, which
generates more energy dissipated as heat (Do) than transported. These results were confirmed by the lower values
of RC/CSw in plants grown with Cd. Therefore, values of ¢Po, ¢Eo, and @Dy in plants grown with Cd led to a
decrease in performance indexes (Plags) and Pliroran). The presence of Si contributed to partially mitigate the
effects of Cd by maintaining the electron transport chain, evidenced by the higher values in ¢Po, ¢Eo, and Pl(ags),
which indicate an increase in the photosynthetic and photochemical activity of PSII (Lotfi et al. 2018). This may
be due to an improved balance in the content of photosynthetic pigments.

Increase in ®NO values obtained in plants grown in the highest concentrations of Cd and in the absence
of Si suggest that the protection regulation mechanisms have become ineffective, besides indicating that the excess
energy could not be effectively dissipated in the form of heat (Dias et al. 2018; Shu et al. 2019). ®NO reflects the
fraction of energy that is passively dissipated in the form of heat and fluorescence, mainly due to the closed RCs
of the PSII. On the other hand, ®NO was reduced in plants grown with Si. Decrease in the values of gN, ®NPQ,
and NPQ were obtained in plants exposed to high concentrations of Cd. The ®NPQ parameter refers to the
controlled heat dissipation that occurs in the RC of the PSII by inducing the pigments in the xanthophyll cycle and
by proton gradient in the membranes of the thylakoid (Dias et al. 2018). Reduction in non-photochemical
quenching parameters indicate that the mechanisms were inefficient in safely dissipating excess light energy and
minimize the generation of ROS (Acosta -Motos et al. 2017; Wang et al. 2018). Conversely, their increase in A.
blanchetiana plants grown with Si indicates that the plants had greater photoprotective capacity.

Regarding the ®PSII, ETR, and gP parameters, the lower values obtained in plants grown in intermediate
Cd concentrations suggest that there was a partial inhibition of electron transport and of the photochemical activity
of PSII (Xin et al. 2019). This reduction points to a lower density of photon flux absorbed in the PSII (Wang et al.
2018). The small increase in ®PSII and ETR values obtained at the highest Cd concentration can be interpreted,
according to Baczer-Kwinta et al. (2019), as an intensification of the electron flow between the PSII and PSI. This
is also possibly due to other processes involving electrons, such as photorespiration, Mehler reaction, and nitrate
reduction (Baczer-Kwinta et al. 2019).

The anatomical, biochemical, and physiological responses induced by Cd allowed for A. blanchetiana
plants to adjust, making it possible to withstand the exposed stress condition; however, it had a strong effect on
their growth during in vitro cultivation. Plants grown in the highest Cd concentration exhibited a reduction in total
fresh weight. In the absence of Si, the responses in the reduction of pigment content and disturbances in
photosynthetic activity caused changes that indicated mechanisms mitigate stress. In addition, reduction of
biomass and photosynthesis may be due to the Cd-induced reduction in nutrient absorption and adjustments to the

plant ultrastructure and antioxidant system (Rizwan et al. 2016a, 2016b; Younis et al. 2016).
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Conclusion

Anatomical, physiological, and biochemical modulations of Aechmea blanchetiana exposed to Cd in vitro
allowed for the plants to fundamentally adjust to tolerate the excess Cd conditions, even with symptoms of toxicity.
Protection mechanisms such as increased dissipation of excess excitation energy as heat allowed for plants to
maintain the stability and function of the photosynthetic apparatus. However, most physiological symptoms of Cd
toxicity were less pronounced with Si co-exposure. Supplementation with Si partially mitigated the effects of Cd
by improving the efficiency of the energy flow of the electron transport chain, a large photoprotective capacity
through the dissipation of excess excitation energy, and increased photosynthetic and photochemical activity of
the PSII in A. blanchetiana plants. The results of the present study demonstrate that Si supplementation contributed
to mitigating damage and increasing resistance to Cd in plants of A. blanchetiana, due to the lower level of

deleterious effects on the photosynthetic pigments content and the performance of the photosynthetic apparatus.
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Fig. 1 Schematic representation of the experimental design from the first day of cultivation in agar-solidified
culture media supplemented with 0 or 14 uM Si. After 30 days of growth, stationary liquid media with 0, 50, 100,

or 200 uM Cd covered just the basal part of the leaves.
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Table 1 Abbreviations of the parameters, formulas and description of the data derived from the transient fluorescence of chlorophyll a

Fluorescence parameters

Description

Extracted fluorescence parameters

Ky

Calculated parameters
Vi=(F;— FM(Fyy—Fy)

Vk=(Fx—F/(Fyy—Fy)

Wy=(Fx—FMF,;-Fy)
Wo=(F - F\(Fx—Fy)

RC/CSy;=CSM/ABS =P, (V /M) X ABS/CSM
Quantum yields and probabilities
PPy=TRYABS=[1— (FyFy]=F/Fy
OEo=ET /ABS=[1 ~ (F /Fy)] X yEy=QPoX yE,
¢Dy=1—@Fy=(F/Fy)
Performance index
Pliagsy= RC/ABSX [P /(1 ~ pPo)] X [WEA] —yEy)]
Plirorary=Pliass) < [OR /(1—0R )]

Initial fluorescence yield of dark-adapted sample with all PSII centers open
Fluorescence intensity at0.15 ps

Fluorescence intensity at 0.3 ps

Fluorescence intensity at 0.3 ps

Maximum fluorescence yield of dark-adapted sample with all PSII centers closed

Fluorescence at time t after start of actinic

Mumination

Ratio of photochemical to nonphotochemical quantum efficiencies (PSII potential
activity)

The photochemical de-excitation rate constant in the excited antennae of energy fluxes
for photochemistry

The nonphotochemical de-excitation rate constant in the excited antennae for non-
photochemistry

Relative variable fluorescence at the phase J
of the fluorescence induction curve

Relative variable fluorescence at the phase K
of the fluorescence induction curve

Represent the damage to oxygen evolving complex (OEC)

Represent the changes in the fluidity of the thylakoid membrane and damages to its
function and structural integrity

Density of active reaction center per cross-section

Maximum quantum yield of primary photochemistry at (¢=0)
Quantum yield of electron transport (at t=0)
Quantum yield of energy dissipation (at +=0)

The performance index on absorption basis

Overall performance index, which measures the performance up until the final electron
acceptors of PSI

For review see Strasser et al. (2004) and Wang et al. (2016)

Table2 Abbreviations, formulas and description of the parameters of modulated chlorophyll fluorescence

Fluorescence parameters

Description

FS

Fy'

By

OPSIL=Y(I)=(Fyy' — Fs)'F),’
ETR=®PSII% (.50 PPFDa

NPQ

qP =(Fy'— Fs(Fy' — Fy')
qN=(Fy - Fy'V(Fy— Fy)
ONPQ

ONO=Y (NO)=FyF,,

The steady-state fluorescence

Minimal fluorescence yield of illuminated sample with all PS II centers open
Maximal fluorescence yield of illuminated sample with all PSII centers closed
Effective photochemical quantum yield of PSII

Rate of linear electron flow (PPFDa designates the rate of light absorption by
a sample expressed in pmol m* s~ ')

Non-photochemical fluorescence dissipation (non-photochemical quenching)
Photochemical quenching
Non-photochemical quenching

Quantum yield induced light (ApH and zeaxanthin-dependent) from non-
¥
photochemical fluorescence dissipation

Quantum yield of non-regulated energy dissipation

For review see Wang et al. (2018)
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Fig. 2 Root cross-sections of Aechmea blanchetiana plants in the function of concentrations (0, 50, 100 and, 200
UM) of Cd and Si (0 and 14 uM) during in vitro culture. en-endodermis, ex-exodermis, tr- trichome (root hair),
mx- metaxylem vessels and, phl-phloem. Bars = 100 um
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Fig. 3 Anatomical traits of the root of Aechmea blanchetiana with 0 or 14 uM of Si. Means (+SE), n = 5, followed
by an asterisk (*) in each anatomical feature are significantly different according to the Tukey test with a 5%
probability.
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Fig. 4 Paradermal sections (a—d and m— p) and cross- sectlons (el and q—x) of leaves of Aechmea blanchetiana
plants as a function of concentrations (0, 50, 100 and, 200 uM) of Cd and Si (0 and 14 uM) during in vitro culture.
ad-adaxial epidermis, ab-abaxial epidermis, chl-chlorenchyma, hy-hydrenchyma, ph-phloem, sc-sclerenchyma, st-
stomata, vb-vascular bundles, and ve-vessel elements (xylem vessels). Bars = 100 pum
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Fig. 5 (A) Stomatal density and (B) size of the stomata of leaves of Aechmea blanchetiana as a function of Si (0
or 14 uM) and Cd concentrations (0, 50, 100, 200 uM). (a) Means (xSE), n = 5, followed by the different letters
in each Si concentration (lower case for 0 uM Si and upper case for 14 uM Si, comparing the Cd concentrations)
and asterisk (*) in each Cd concentration (comparing the Si concentrations) are significantly different according
to the Tukey test at 5% probability. (b) For each Si concentration analyzed (0 and 14 uM Si), the means (£SE)
followed by an asterisk are significantly different according to the Tukey test at 5% significance.
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Fig. 6 Anatomical characteristics of Aechmea blanchetiana leaves as a function Si (0 and 14 uM) and Cd
concentrations (0, 50, 100, 200 uM). For each anatomical trait, means (£SE), n = 5, followed by an asterisk (*)
(comparing the Si treatments) and different letters (comparing the Cd treatments) are significantly different
according to the Tukey test at 5% significance.
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Fig. 7 Photosynthetic pigment content: chlorophyll a/b ratio (Chl a/b), total chlorophyll ratio for carotenoids (total
Chl / Car) in Aechmea blanchetiana plants with 0 or 14 uM Si. Means (xSE), n = 8, followed by an asterisk (*) in
each photosynthetic pigment ratio are significantly different according to the Tukey test with a 5% probability.
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Fig. 8 Kinetic differences of Aechmea blanchetiana plants grown in medium with different concentrations of Cd
[uM] and Si [uM]. (A) kinetic differences between steps O and K [Vok = (Ft - Fo)/(Fk - Fo)], showing the L-band;
W._ - represents changes in the fluidity of the thylakoid membrane and damage to its function and structural

integrity. (B) kinetic differences between steps O and J [Vo; = (Ft - Fo)/(Fs - Fo)], showing the K-band; Wk -
represents the damage to the oxygen evolving complex (OEC); For each parameter, means (£SE), n = 15, followed
by the same letter do not differ significantly according to the Tukey test, with a 5% probability.

Table3 JIP test parameters in Aechmea blanchetiana plants as a
function of the absence or presence of Si (0 or 14 pM Si)

JIP test parameters 0 pM Si 14 pM Si

Fy/F, 1.77 £0.055" 2.07 +0.060°
F, 661.06 +15.580° 577.16+14.888"
V; 0.66 +0.004° 0.65+0.004°
Vi 0.51+0.008? 0.49+0.007°
9P, 0.63 +0.007" 0.66+0.006°
¢, 0.21 +0.005" 0.23+0.005°
9D, 0.36 +£0.007° 0.33+0.006
Kp 0.78 +0.024° 0.92+0.029*
Ky 0.44 +0.005° 0.44 +0.005
RC/CSy, 534.93 +15.264° 569.93 +13.667
Pliags) 2.30 +£0.162° 3.05+0.201°
Pliroran 1.25+0.076 1.34+0.068?

Means (+SE), n=15, followed by the same letter in each JIP test
parameter do not differ according to the Tukey test at 5% significance
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Fig. 9 Parameters of the JIP test in Aechmea blanchetiana plants as a function of Cd concentrations (0, 50, 100,
200 uM). Means (£SE), n = 15, followed by an asterisk (*) are significantly different according to the Tukey test
with a 5% probability. All parameters of the JIP test were normalized in relation to the control data (0 pM Cd =
1). ™ = not significant.
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Fig. 10 Parameters of modulated chlorophyll a fluorescence related to energy dissipation in Aechmea blanchetiana
plants as a function of Cd concentrations (0, 50, 100, 200 puM). Means (£SE), n = 12, followed by the same letter
do not differ according to the Tukey test at 5% significance.



Table 4 Modulated fluorescence parameters related to energy dissipa-

tion in Aechmea blanchetiana plants as a function of the absence or
presence of Si (0 or 14 pM Si)

Modulated fluorescence 0 uM Si 14 uM Si
parameters

gN 0.56+0.018° 0.61+£0.015°
NPQ 0.84+0.050° 0.99+0.052°
®NO 0.48+0.012 0.45+0.011°
®NPQ 0.38+0.015° 0.42+0.012°

Means (+SE), n=12, followed by the same letter in each modulated
fluorescence parameter do not differ according to the Tukey test at 5%
significance

Table 5 Effective photochemical quantum yield of PSIT (®PSII),
photochemical quenching (qP), and electron transport rate (ETR) as a
function of Cd concentrations (0, 50, 100, 200 uM) in Aechmea blan-
chetiana plants

Cd (uM) ®PSII qP ETR

0 0.13 +0.006° 0.26+0.0112 11.16+0.54*
50 0.10+0.006° 0.20+0.011° 8.42+0.54°
100 0.11+0.006° 0.21+0.011° 9.05+0.54°
200 0.12 +0.006%® 0.22+0,011° 10.25+0.54%

Means (+ SE), n=12, followed by the same letter in the column do
not differ according to the Tukey test at 5% significance
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Fig. 11 Total fresh mass (shoot + roots) (g plant?) in Aechmea blanchetiana plants as a function of Cd
concentrations (0, 50, 100, 200 uM) combined with 0 or 14 uM Si. Means (xSE), n = 5, followed by the different
letters in each Si concentration (lower case for 0 uM Si and upper case for 14 puM Si, comparing the Cd
concentrations) and asterisk (*) in each Cd concentration (comparing the Si concentrations) are significantly
different according to the Tukey test at 5% probability.
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CONCLUSOES GERAIS

O presente estudo comprovou que as respostas induzidas pelo Si contribuem
para a anatomia, fisiologia e maior crescimento de plantas de A. blanchetiana
cultivadas in vitro. Em relacéo as fontes de Si, respostas em conjunto promovidas pelo
CaSiOs3, como o aumento de ®PSIl, ETR e gP, contribuiram para aumentar o
crescimento das plantas. Plantas crescidas com MgOsSi promoveram respostas como
o aumento no diametro dos vasos do xilema e da area de esclerénquima que
permitiram o aumento da massa fresca total das plantas in vitro. No entanto, plantas
cultivadas com K203Si apresentaram modulacdes anatdbmicas e fisiologicas que
reduziram a atividade fotoquimica efetiva do FSIl e o crescimento de plantas de A.
blanchetiana. As concentragdes 8 e 16 uM foram as que possuiram maior contribuigao
com a atividade fotoquimica efetiva do FSII. Dentre as fontes de Si testadas, o CaSiOs3
foi 0 que apresentou maior contribuicdo para o aumento do funcionamento efetivo do
FSII e do crescimento das plantas.

Em condicGes de estresse in vitro, o0 NaCl e o Cd, sédo prejudiciais para o
crescimento de plantas de A. blanchetiana, ja que afetam a anatomia, a absor¢céo de
nutrientes e a fisiologia das plantas. Plantas de A. blanchetiana apresentam respostas
de tolerancia, implementando diferentes mecanismos para lidar com o estresse salino,
como a espessura das paredes da exoderme mais finas, reducdo da densidade
estoméatica e aumento da dissipacdo nao-fotoquimica de fluorescéncia. O uso do Si
reduz os danos gerados pelo estresse por meio de modulacdes na anatomia da raiz
gue permitem maior absorcdo de nutrientes essenciais para a atividade do sistema
antioxidante. A maior atividade enzimatica reduz o estresse oxidativo e possibilita
alteracdes no funcionamento do aparato fotossintético. Essas modulacbes
contribuiram para reduzir os danos nas plantas causados pelo estresse, como
comprovado pela fluorescéncia da clorofila a.

Modulacdes em plantas de A. blanchetiana expostas ao Cd in vitro permitiram
as plantas criarem ajustes fundamentais para suportarem a condi¢cdo de excesso de
Cd, mesmo em condi¢cdes que induziram sintomas de toxicidade. Mecanismos de
protecdo como aumento da dissipacao do excesso de energia de excitagdo como calor
permitiram as plantas manterem a estabilidade e funcionamento do aparato

fotossintético. Contudo, a maioria dos sintomas de toxicidade ao Cd foram melhorados
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com a co-exposicao de Si. A suplementacdo com o Si amenizou os efeitos do Cd por
meio da melhoria na eficiéncia do fluxo de energia da cadeia de transporte de elétrons,
uma grande capacidade fotoprotetora por meio da dissipacdo do excesso de energia
de excitacdo, aumento da atividade fotossintética e fotoquimica do FSII das plantas
de A. blanchetiana. Os resultados do presente estudo demonstram que a
suplementacdo com o Si contribuiu para amenizar os danos e aumentar a resisténcia
ao Cd em plantas de A. blanchetiana devido ao menor nivel dos efeitos deletérios no

contetdo de pigmentos fotossintéticos e no desempenho do aparato fotossintético.



