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RESUMO

Analises climaticas indicam que maiores amplitudes térmicas, associadas a eventos de
frio subito, podem aumentar em regides tropicais, mesmo em um cenario de aquecimento
global. Nidularium minutum Mez é uma bromélia tropical que habita uma regido com
grande amplitude térmica (2-30 °C) e com temperaturas minimas atingindo 1,6 °C.
Estudos prévios mostram que esta bromélia é capaz de tolerar a exposicdo a baixa
temperatura por seis meses, apresentando reducdo do crescimento, ajustes bioquimicos e
alteragdes anatdmicas sem ocorréncia de danos aos tecidos vegetais. Além disso, foi
verificado uma retomada do crescimento quando essas plantas foram transferidas para
temperaturas maiores, processo conhecido como de-aclimatagao, indicando a plasticidade
dessa espécie as alteracdes térmicas. No caso de ocorréncia de frio subito, as respostas
das plantas devem ser rdpidas e eficientes para garantir a sua sobrevivéncia e aclimatacao,
mas apesar de importantes, essas alteragcdes sdo pouco conhecidas para plantas tropicais.
O objetivo desse trabalho foi verificar se as respostas fisiologicas e bioquimicas
encontradas nas primeiras horas de resfriamento (10 °C) em Nidularium minutum
estariam envolvidas na tolerancia ao frio dessa espécie, avaliando quais alteragdes
adquiridas durante a aclimatagdo a baixa temperatura poderiam ser revertidas com a de-
aclimatacdo a 25 °C. Primeiramente, as plantas foram cultivadas por cinco meses a 25 °C
e depois foram transferidas para camaras de crescimento a 10 °C por 72 h. Na etapa de
de-aclimatag@o, apds 72 h de exposi¢do ao frio, um lote foi transferido para 25 °C e outro
foi mantido a 10 °C por 168 h. Foi verificado um aumento nos niveis da enzima nitrato
redutase (NR) apds 72 h de frio, o que foi associado com os altos niveis de 6xido nitrico
(NO) encontrados. Uma redug@o nos niveis das enzimas antioxidantes e o aumento da
peroxidacdo lipidica (LPO) ocorreram durante este periodo, sugerindo uma condigdo de
estresse oxidativo. Ainda nas primeiras horas de resfriamento, foi verificado para essa
bromélia um acumulo de carboidratos solaveis, em especial sacarose. A partir de 72 h de
exposi¢do ao frio, as respostas de estresses encontradas se tornaram menos intensas,
sugerindo que a partir desse momento esta planta estaria aclimatada ao frio. Quando as
plantas foram transferidas para 25 °C, a atividade da NR diminuiu e, consequentemente,

a concentracao de NO, levando a redu¢@o nos niveis da maioria dos parametros de estresse



ao frio logo nas primeiras 24 h de cultivo a 25 °C. Os carboidratos soluveis também
rapidamente diminuiram com a de-aclimatac@o, sugerindo a recuperagdo de N. minutum
apds a exposicdo ao frio. Esses resultados mostraram que a varia¢do nos niveis de NO e
o acumulo de carboidratos seriam importantes respostas de aclimatacdo ao frio e a de-
aclimatagdo nesta bromélia. Considerando as previsdes futuras de aumento da amplitude
térmica e eventos de frio subito, este trabalho pode colaborar no entendimento dos
mecanismos de ajustes rapidos existentes para que essas espécies sobrevivam e

mantenham a homeostase frente as mudangas térmicas.

Palavras-chave: amplitude térmica, baixa temperatura, carboidratos soliveis, enzimas

antioxidantes, 6xido nitrico, resfriamento, respostas rapidas.



ABSTRACT

Climate model simulations indicate that large thermal amplitude associated with abrupt
cold events may increase in tropical regions, even in a warming scenario. Nidularium
minutum Mez is a tropical bromeliad that occurs in a region with a high thermal amplitude
range from 2 to 30 °C and minimum temperatures reaching 1.6 °C. Previous studies
showed that cold tolerance for this bromeliad during six months at 10 °C resulted in
reduction of growth, biochemical adjustments and anatomical changes without
occurrence of tissues damages. Growth has ceased when N. minutum plants were
transferred to a higher temperature, a process named de-acclimation, which indicate the
plasticity of this species to thermal changes. In abrupt cold events, plant responses should
be fast and efficient to ensure their survival and acclimation, however these changes are
still unknown for tropical plants. The aim of this study was to verify whether
physiological and biochemical responses of N. minutum found in the first hours of chilling
(10 °C) would be involved in the cold tolerance of this species. Another aim was to
analyze which changes during low temperature acclimation could be reversed in de-
acclimation at 25 °C. Hence, plants were grown for five months at 25 °C and were
transferred to growth chambers adjusted to 10 °C for 72 h. For the de-acclimation phase,
after 72 h of cold exposure a subset was transferred to 25 °C while another group
remained at 10 °C for 168 h. An increase in nitrate reductase (NR) enzyme activity was
observed after 72 h of cold, which was associated with high levels of nitric oxide (NO).
Reduction in antioxidant enzymes levels and increased lipid peroxidation (LPO) occurred
during this period, suggesting an oxidative stress condition. Also in the first hours of
chilling, an accumulation of soluble carbohydrates, especially sucrose, was verified in
this bromeliad. After 72 h of cold exposure, the stress responses found were less intense,
suggesting a cold acclimation from that stage. When plants were transferred to 25 °C, NR
and NO levels decreased, leading to a fast reduction in the intensity of most cold stress
parameters. Soluble sugars also fast decreased in de-acclimation phase, suggesting a
recovery of cold stress. These results showed that variations in NO levels and in sugars
accumulation would be related to cold acclimation and de-acclimation of this bromeliad.

Considering the future projections to large thermal amplitude and abrupt cold events, this



work can contribute to understanding the rapid adjustment mechanisms involved in the

survival of this species face in thermal changes.

Keywords: antioxidant enzymes, chilling, low temperature, nitric oxide, rapid responses,

soluble carbohydrates, thermal changes.
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INTRODUCAO GERAL

1. Efeito da baixa temperatura nas plantas tropicais

Em condi¢des naturais, as plantas estdo frequentemente expostas ao estresse
ambiental. Segundo Iba (2002), o estresse mais comum ao qual a planta esta sujeita ¢ o
estresse térmico, sendo que alteragdes de temperatura ocorrem entre as estagdes do ano e
também durante o ciclo de 24 horas do dia, sendo verificada, em geral, baixa temperatura
noturna e alta temperatura no periodo diurno (Ruelland & Zachowski 2010). Mesmo ao
longo de um unico dia, o frio subito pode ocorrer quando nuvens escondem o calor do
sol. A temperatura Otima de crescimento varia entre as espécies e influencia sua
distribuicdo, que é determinada pela extensdo da zona térmica na qual cada espécie pode
sobreviver (Iba 2002). Quando comparada aos outros tipos de estresse, verifica-se que em
poucos minutos os vegetais podem apresentar sintomas relacionados a alteracdes de
temperatura, enquanto o estresse nutricional, por exemplo, induz sintomas meses apos
sua instalagdo (Larcher 2006).

Considerando que as plantas sdo seres sésseis, devem possuir adaptacdes que
possibilitem os ajustes as variagdes térmicas de modo rapido de acordo com o ambiente
que ocupam, notadamente em relacdo as flutuagdes da temperatura (Atkinson & Urwin
2012). A exposicdo ao frio ¢ um dos principais estresses ambientais que influenciam o
crescimento e desenvolvimento das plantas (Janskd et al. 2010). O termo frio ou
resfriamento esta relacionado com a exposi¢ao das plantas a temperaturas baixas, porém
acima de 0 °C (Puyaubert & Baudouin 2014).

Aproximadamente 57% das areas de terra do mundo sdo afetadas pelo estresse do
frio (Cramer et al. 2011), e estas regides podem se expandir devido a alteracdes na
circulacdo atmosférica causadas pelo aumento dos gases de efeito estufa (Petoukhov &
Semenov 2010), o que pode levar a extingdo de vdarias espécies. As plantas de clima
temperado costumam ser tolerantes as baixas temperaturas, com alta sobrevivéncia
durante a exposi¢do a variagdes térmicas entre 0 e 5 °C, enquanto as plantas de clima
tropical podem sofrer injurias em temperaturas menores do que 10 °C (Rao 2004).
Entretanto, periodos de frio subito podem ocorrer em regides tropicais (Marengo et al.
1997, Mailler & Lott 2015, Miiller et al. 2015), ¢ essas mudancas bruscas sio
particularmente prejudiciais em espécies com longo tempo de vida ou seres sésseis (Alley

et al. 2003), como ¢ o caso dos vegetais. Analises de modelos de simulagdo climatica



mostram que esses eventos de frio ocorrerdo com mais frequéncia no século 21 do que
ocorreram no século passado, persistindo nos continentes mesmo sob cenarios de
aquecimento global, estando a América do Sul entre os locais predominantemente
afetados (Kodra et al. 2011).

A causa fisica para esses eventos no Brasil seria a entrada de um anticiclone de
nucleo frio do Pacifico oriental para a América do Sul, que seguiria sobre os Andes e ao
atingir sua posi¢do mais setentrional no sudeste do Brasil, o clima frio afetaria esta regiao
e poderia chegar at¢ a Amazonia apos 24 h (Marengo et al. 1997). Durante esses
episodios, podem ocorrer variagdes na amplitude térmica resultante de uma maior
diminui¢do das temperaturas minimas € um menor aumento das temperaturas maximas
diarias (Pancel & Kohl 2016). Essas variagdes podem chegar até 15 °C em um tnico dia
(Marengo et al. 1997).

Estudos realizados no Nucleo de Pesquisa em Plantas Ornamentais relataram
tolerancia ao frio em espécies tropicais, membros da familia Bromeliaceae (Nievola et al.
2005, Pedroso et al. 2010, Mollo et al. 2011, Carvalho ef al. 2013). Essa familia possui
cerca de 60 géneros e 3.248 espécies (Luther 2010), cujos representantes estdo presentes
em praticamente todos os ambientes neo-tropicais, estendendo-se do nivel do mar a
cordilheira dos Andes e desde locais imidos como a Mata Atlantica até regides secas
como a Caatinga (Nunes 2006). Essa distribuicao indica plasticidade na ocupacdo de uma
variedade de ambientes com condig¢des por vezes consideradas estressantes, que incluem
temperaturas que variam de 0 a 38 °C, seca, sol intenso, além da escassez de nutrientes
(Benzing 2000), revelando a existéncia de adaptagdes diversas.

O termo adaptacdo refere-se a uma resposta genética a mudangas ambientais de
longo prazo, sendo que estas alteragdes ocorridas no genoma sdo estaveis e permanecem
na populagdo por geracdes (Huner et al. 1998). Contudo, o termo tolerancia refere-se a
aptidao da planta para enfrentar um ambiente desfavoravel (Larcher 2006), e as mudangas
realizadas durante essa exposi¢cdo muitas vezes podem ser revertidas quando o estresse €
diminuido.

A Reserva Bioldgica do Alto da Serra de Paranapiacaba, no estado de Sao Paulo,
um dos remanescentes de Mata Atlantica, apresenta periodos de frio e uma grande
amplitude térmica que pode variar de 2 a 30 °C, com temperaturas médias de 14 °C no
inverno e com minimas registradas de 1,6 °C (Gutjahr & Tavares 2009). Endémica dessa
regido, a bromélia Nidularium minutum Mez, que apresenta valor ornamental e estd

classificada como vulneravel na lista publicada no Livro Vermelho das Espécies Vegetais



Ameagadas de Extingdo (Mamede ef al. 2007), foi relatada como tolerante ao frio quando
exposta a 10 °C constantes por seis meses (Carvalho et al. 2013). Esta espécie € terricola
e possui a folhagem de coloragdo verde-clara intensa, com bracteas verdes e as
extremidades avermelhadas com flores brancas, caracteristicas que lhe conferem um
potencial ornamental (Tavares & Barros 2009).

Os estudos de tolerdncia ao frio permitiram verificar que era possivel o
estabelecimento de uma colegdo in vitro sob crescimento lento dessa bromélia, visando
sua preservagdo, pois permanecem viaveis por até seis meses sem danos aos tecidos
vegetais (Carvalho ef al. 2013). Nao foram detectadas anomalias que impossibilitassem
o desenvolvimento dessas plantas, sendo que apenas apresentavam a reducdo do
crescimento, resultado desejavel para a formagdo da colegdo in vitro. Entretanto, ao serem
retiradas dos frascos e transferidas para temperaturas maiores (25 °C), foi verificado que
algumas alteracdes ocorridas durante o cultivo prolongado sob baixas temperaturas
poderiam ser revertidas, sugerindo que essas modifica¢des seriam respostas temporarias
relacionadas a tolerdncia ao resfriamento (Carvalho et al. 2013). Esta perda das
caracteristicas adquiridas durante a aclimatacdo ao frio, apos o aumento da temperatura,
¢ um processo denominado na literatura como de-aclimatagdo (Sasaki et al. 2001,

Gorsuch et al. 2010). Pouco se sabe sobre essas alteragdes em plantas de clima tropical.

2. Respostas rapidas de exposicdo ao frio em plantas

Os ajustes fisiologicos e bioquimicos, necessarios para garantir a sobrevivéncia
das plantas tropicais frente aos possiveis episodios de frio subito e aumento na amplitude
térmica devem ser rapidos e eficientes, como indicados em estudos que avaliam respostas
frente as variagdes na temperatura (Bogdanovi¢ et al. 2008, Mai et al. 2009, Airaki et al.
2012).

Estes ajustes sdo diversos, envolvendo tanto o acimulo como o decréscimo de
moléculas (Cantrel et al. 2011, Airaki et al. 2012), sendo que esta variacdo pode ser
influenciada pelo tempo de exposi¢do ao frio (Mai et al. 2009), o que pode alterar a
resposta da planta a este estresse.

Dentre os fatores de aclimatagcdo e de-aclimatacdo, dados da literatura apontam
para elementos sinalizadores e/ou de metabolismo bésico. Portanto, para se obter uma
visdo mais completa dos efeitos das primeiras horas de resfriamento sobre a bromélia N.

minutum, uma série de parametros conhecidos por serem afetados pela temperatura foram



monitorados. Esses parametros selecionados s3ao apontados na literatura como
indicadores das respostas iniciais ou uma possivel tolerdncia das plantas ao estresse,
sendo eles a avaliacdo do conteudo de 6xido nitrico (NO, sigla do inglés) (Cantrel et al.
2011), a atividade das enzimas antioxidantes (Jan et al. 2013) e da enzima nitrato redutase
(NR) (Yaneva et al. 1996), os danos de membrana (Mai et al. 2009), medidas de
fluorescéncia da clorofila a (Hou et al. 2016), o contetido de pigmentos fotossintéticos
(Haldimann 1999) e de carboidratos soluveis (Kaplan & Guy 2004), o que nos permitiu
avaliar o funcionamento do aparato fotossintético, o nivel do estresse oxidativo, o
funcionamento do sistema antioxidante e a osmorregulagdo durante a exposi¢do ao frio
nesta bromélia. Abaixo segue a descricdo desses parametros analisados durante este

estudo.

2.1. Oxido nitrico & nitrato redutase

O o6xido nitrico esta relacionado com a expressao dos principais genes regulados
pelo frio, por isso € considerado uma importante molécula na sinalizagdo durante o
resfriamento (Puyaubert & Baudouin 2014, Chamizo-Ampudia et al. 2017).

O NO ¢ uma molécula gasosa com uma estrutura simples, pequenas dimensdes e
alta difusividade — propriedades minimas requeridas para uma substancia ser considerada
um sinalizador celular (Khan et al. 2014). E considerado um radical livre, que por
defini¢do sdo moléculas que contém elétrons desemparelhados e sdo altamente reativas,
iniciando rea¢des em cadeia ao extrair um elétron de uma molécula vizinha para
completar seu proprio orbital (Nelson & Cox 2014), podendo reagir com vérios
componentes celulares como tidis, cofatores enzimaticos, proteinas, nucleotideos e
lipideos (Lima & Abdalla 2001). O 6xido nitrico, juntamente com seus compostos
derivados, como o peroxinitrito (ONOO") e o radical dioxido de nitrogénio ("NO>), sdo
coletivamente chamados de espécies reativas de nitrogénio (RNS, da sigla em inglés)
(Baudouin 2011).

A sinalizacdo do NO e derivados ocorre por meio de modificagdes pds-
traducionais em proteinas através de diversos mecanismos como S-nitrosilag@o, nitracdo
e ligagdo a centros metalicos (Besson-Bard et al. 2008). Essas modificacdes tem como
alvo residuos de tirosina, tidis, DNA e lipideos (Khan et al. 2014), ocorrendo em alvos
especificos e afetando o metabolismo e a expressdo de genes, o que leva ao controle do

desenvolvimento ou da resposta ao estresse (Begara-Morales et al. 2015).



Estudos identificaram moléculas que podem ser possiveis alvos dessas
modificagdes do NO ¢ entre elas se incluem enzimas relacionadas ao estresse oxidativo,
como a superoxido dismutase (SOD), ascorbato peroxidase (APX), glutationa redutase
(GR) e catalase (CAT) (Clark et al. 2000, Lindermayr et al. 2005, Lin et al. 2011, Begara-
Morales et al. 2014); proteinas do citoesqueleto; enzimas do metabolismo energético
como a enolase, fosfoglicerato quinase, malato desidrogenase e aconitase; e proteinas de
regulagdo, como o fator de inicia¢ao elF-4A1(Lindermayr et al. 2005).

Embora o mecanismo molecular responsavel pela sintese de NO em plantas seja
controverso, L-arginina e nitrito sd@o considerados os principais precursores de NO
(Salgado et al. 2013). Em mamiferos, a maior via de producdo de NO ¢ a oxidagao
NADPH-dependente da L-arginina em L-citrulina, catalisada pela enzima 6xido nitrico
sintase (NOS, sigla em inglés), entretanto nenhum gene homoélogo a NOS de mamiferos
foi encontrado em plantas (Khan et al. 2014). A redug¢ao do nitrito pode ocorrer tanto de
forma ndo-enzimatica como enzimatica. De forma nao-enzimatica, a redug¢do do nitrito
ocorre no apoplasto devido a condigdes acidas ou a presenca de acido ascdrbico ou fenodis
(Khan et al. 2014). A enzima nitrato redutase (NR) estaria envolvida ao reduzir nitrito e
produzir NO, sendo que muitos estudos apontam esta via como uma importante fonte de
NO em plantas (Salgado et al. 2013).

NR ¢ a enzima chave do metabolismo do nitrogénio, participando da redugdo do
nitrato em nitrito, que posteriormente é reduzido para amdnio pela enzima nitrito redutase
e 0 amodnio formado serd utilizado na producdo de aminoacidos (Buchanan ef al. 2015).
Para produzir NO, a NR troca o nitrato, seu substrato de maior afinidade, pelo nitrito,
gerando NO (Salgado et al. 2013, Khan et al. 2014) (Fig. 1). Esta regulacdo parece ocorrer
em fun¢do da concentragdo do substrato, portanto altos niveis de nitrito sdo necessarios
para competitivamente inibir a redu¢do do nitrato (Kaiser & Huber 2001). Em plantas
mantidas no frio, esta via ¢ considerada uma das principais para produgao de NO (Zhao
et al. 2009, Cantrel et al. 2011, Ziogas et al. 2013). Em Arabidopsis thaliana foi
verificada uma maior produgdo de NO a partir de 1 h de cultivo a 4 °C, sendo que essa

produgdo precoce foi atribuida a NR (Cantrel ef al. 2011).
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Figura 1 — Sintese de o0xido nitrico ("NO) em plantas a partir da redu¢@o do nitrito (NOy") pela
enzima nitrato redutase (NR). NOs', nitrato. Adaptado de Rdszer (2012).

2.2. Sistema antioxidante e danos de membrana

Durante a exposicao ao frio, alteragdes no metabolismo podem induzir um estresse
oxidativo nas células promovendo a geragdo e acimulo de espécies reativas de oxigénio
(ROS), que apresentam uma fungao sinalizadora, podendo contribuir para a ativagao de
segundos mensageiros, indugdo de transcri¢cao génica e mudancgas na atividade enzimatica
(Farnese et al. 2016). Casos essas ROS aumentem em situacao de estresse, pode ocorrer
a oxidagdo de componentes celulares, prejudicando as atividades metabolicas e afetando
a integridade das organelas (Suzuki et al. 2012).

A producgio de ROS, como por exemplo oxigénio singleto (102), perdxido de
hidrogénio (H202) e superoxido (‘O7), é consequéncia das reagdes do metabolismo
aerobico. Os principais locais de produg@o de ROS sdo a cadeia transportadora de elétrons
do cloroplasto e da mitocondria (Buchanan ef al. 2015). As plantas eliminam o excesso
das ROS através do sistema de defesa antioxidante, que pode ser enzimdtico ou nao-
enzimatico, presente em varios compartimentos subcelulares (Suzuki & Mittler 2006).

Entre os componentes do sistema de defesa antioxidante ndo enzimatico estdo o
ascorbato, a glutationa, os tocoferdis (vitamina E) e os carotenoides, ja o sistema
enzimatico inclui por exemplo as enzimas SOD, APX, CAT e GR (Buchanan ez al. 2015).
A SOD ¢ a primeira enzima de desintoxicagao das ROS, dismutando o *O>" em H20», que
¢ convertido em H>O pelas enzimas CAT e APX (Gupta ef al. 2016). Esta ultima enzima
também atua dentro do ciclo ascorbato-glutationa juntamente com a GR e diversos outros
componentes enzimaticos, onde sdo responsaveis por regenerarem o ascorbato e a
glutationa reduzida (Anjum et al. 2010). A figura 2 mostra um esquema com 0s principais

componentes do sistema antioxidante.
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Figura 2 — Principais componentes do sistema antioxidante em plantas. ‘O, superdxido; H>O,,
peréxido de hidrogénio; MDHA, monodehidroascorbato; DHA, dehidroascorbato; GSSG,
glutationa reduzida; GSH, glutationa oxidada; SOD, superoxido dismutase; CAT, catalase; APX,
ascorbato peroxidase;, MDHAR, MDHA redutase; DHAR, DHA redutase; GR, glutationa
redutase. Adaptado de Buchanan et al. (2015).

Em plantas de melancia (Citrullus lanatus (Thomb.) Mansf.) cultivadas a 10 °C
por 30 dias foi verificado aumento na atividade da SOD quando comparado com plantas
crescidas a 35 °C (Rivero et al. 2002). Na seringueira (Hevea brasiliensis Muell. Arg.)
cultivada nesta mesma temperatura por até¢ 96 h, também foi observado aumento na
atividade da SOD e de outras enzimas antioxidantes, como a GR ¢ APX, em rela¢do as
plantas crescidas a 28 °C (Mai et al. 2009). Estes autores também encontraram aumento
na expressdo dos genes codificando essas enzimas, sendo que este aumento ji era
significativo apos 4 h de exposicao ao frio. Com a de-aclimatagdo destas plantas a 28 °C,
foi possivel verificar a reducdo da expressao dos genes destas enzimas antioxidantes.

Uma das fungdes do sistema antioxidante € prevenir o surgimento de danos nas
membranas, que podem levar a peroxidagdo lipidica (LPO, sigla em inglés), um processo
que pode ser avaliado e utilizado como um indicador do estresse oxidativo celular (Lima
& Abdalla 2001). Em plantas de espinafre (Spinacia oleracea L. ‘Daye’) sob estresse, os
altos niveis de LPO diminuiram com o aumento da concentragdo de NO, pois este foi
relacionado com o aumento da atividade das enzimas antioxidantes (Zheng et al. 2016).
Porém em plantas de seringueira mantidas a 10 °C por 96 h, o aumento das enzimas
antioxidantes nao foi suficiente para proteger as membranas ja que foram mantidos os
altos niveis de LPO durante o periodo de resfriamento, ocasionando danos celulares que

foram demonstrados através do aumento no extravasamento de eletrolitos (Mai et al.

2009).



Portanto, estudos que avaliem o sistema antioxidante e os danos de membrana sao
importantes para o entendimento dos mecanismos envolvidos para garantir a

sobrevivéncia durante o periodo de estresse por frio.

2.3. Medidas de fluorescéncia da clorofila a e pigmentos fotossintéticos

Durante o periodo de iluminacdo, os fotons incidentes sdo absorvidos pelos
pigmentos do complexo antena (clorofilas e carotenoides) e a energia de excitagdo ¢
primeiramente transferida para os centros de reacdo dos fotossistema II (PSII) e
fotossistema I (PSI), onde sera usada para os processos fotoquimicos da fotossintese
(Rohacek & Bartdk 1999). Existem outras duas vias competitivas para essa energia, que
sdo a perda na forma de calor (dissipagdo térmica) ou a reemissdo de um foton pela
clorofila excitada, que com isso retorna para o seu estado-base, sendo este um processo
conhecido como fluorescéncia da clorofila a (Buchanan et al. 2015). Medidas de
fluorescéncia da clorofila a sdo utilizadas para investigar a eficiéncia e a regula¢do da
fotossintese, em especial sob condi¢des de estresse (Lichtenthaler & Miehé 1997,
Oliveira et al. 2009, Li et al. 2014).

Um dos parametros mais utilizados em estudos de fluorescéncia da clorofila a é o
F\/Fn, que representa a eficiéncia fotossintética do PSII (Maxwell & Johnson 2000). F, é
a fluorescéncia variavel, que ¢ a diferenca entre a fluorescéncia méxima (F,,) € a minima
(Fp) no escuro; Fyrepresenta a emissdao de luz pelas moléculas de clorofilas excitadas
antes dessa energia ser dissipada para o centro de reagdo do PSII; os valores de £, estdo
relacionados com a eficiéncia do processo fotoquimico (Rohéacek & Bartak 1999).

Em situagdes de estresse térmico, pode ocorrer um desbalanco entre a capacidade
de absorver e dissipar a energia ocasionando danos no fotossistema II, fendmeno chamado
de fotoinibi¢do (Miura & Furumoto 2013). Este fendmeno pode ser caracterizado pelo
declinio dos valores de F\/F,, com um aumento nos valores de Fy, sendo reversivel em
uma escala de horas ou dias (Skillman & Osmond 1998). O dano causado pela
fotoinibicdo ¢ maior nas plantas cultivadas em baixa temperatura do que naquelas
mantidas em temperaturas maiores (Hou ez al. 2016).

Em plantas de seringueira cultivadas a 10 °C houve um declinio da taxa
fotossintética e também nos valores de F,/Fy, o que foi associado com fotoinibicao (Mai
et al. 2009). Porém, uma recuperagao da eficiéncia do PSII ocorreu quando essas plantas
foram transferidas para 28 °C. Plantas de milho (Zea mays) crescidas a 15 °C também

apresentaram uma reducdo nas taxas de F\/Fi, e esse resultado foi relacionado com os



menores teores de pigmentos fotossintéticos encontrados nessas plantas (Fracheboud et
al. 1999).

A avaliagdo do conteudo de pigmentos fotossintéticos durante o crescimento em
baixa temperatura € relevante, ja que alteracdes nesses teores sdo considerados sintomas
tipicos de plantas sob estresse (Hou er al. 2016). Modificagdes nos pigmentos
fotossintéticos foram relatadas para o milho quando cultivado a 14 °C (dia)/ 12 °C (noite)
(Haldimann 1999) e para a ervilha (Pisum sativum L.) crescida a 4 °C (Georgieva &
Lichtenthaler 2006). Entretanto, durante o cultivo a 15 °C da bromélia Vriesea inflata
(Wawra) Wawra, ndao houve diferenca em relacdo ao conteudo de pigmentos
fotossintéticos quando comparada com aquelas cultivadas a 28 °C, resposta que foi
associada a aclimatacdo ao frio (Pedroso et al. 2010).

Para a bromélia N. minutum, o cultivo por seis meses a 10 °C foi correlacionado
com menor conteudo de clorofila em relagcdo as plantas mantidas por trés meses nas
mesmas condic¢des (Carvalho et al. 2013). Ao serem transferidas para uma temperatura
maior, foi observado um aumento nesses pigmentos em ambos os tratamentos (Carvalho
2012).

Esses resultados indicam que a intensidade e a duracdo do estresse térmico
exercem uma grande influéncia sobre o conteudo dos pigmentos fotossintéticos e
consequentemente, sobre a fotossintese. Entretanto, a fotossintese pode ser estimulada
durante o frio, principalmente as enzimas do ciclo de Calvin, influenciando na sintese de
carboidratos, que em geral sdo acumulados com a redugdo da temperatura (Gaur &

Sharma 2014), como foi visto anteriormente para essa bromélia (Carvalho et al. 2013).

3. Papel dos carboidratos no estabelecimento da tolerancia ao frio

Durante a exposicdo a baixa temperatura, os carboidratos podem contribuir para a
estabilizagdo de membranas, regulacdo génica, sinalizacdo e redugdo de radicais livres
(Couée et al. 2006, Welling & Palva 2006). Os carboidratos também podem apresentar
um papel osmoprotetor, contribuindo para a entrada de 4gua nas células (Buchanan ef al.
2015), efeito secundario do frio (Levitt 1980).

A seguir, alguns exemplos do papel dos carboidratos incluem a fungdo
antioxidante da glicose que estaria relacionada com a sua participagdo na via das
pentoses-fosfato e o consequente aumento na producdo de NADPH, um dos maiores

cofatores das enzimas eliminadoras das ROS (Fig. 2), contribuindo para diminuir a
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formagdo dessa molécula nas células expostas ao frio (Couée et al 20006).
Adicionalmente, Bogdanovi¢ et al. (2008) mencionam que a frutose tem um papel
relevante como antioxidante, ja que este acucar pode ser duas vezes mais efetivo em
remover Oy do que a glicose e por isso foi associada como uma importante defesa
durante o resfriamento. Foi observado que a rafinose estaria envolvida na estabilizago
do PSII em plantas aclimatadas ao frio (Knaupp et al. 2011) e, juntamente com a
estaquiose, pode contribuir para o aumento da estabilidade dos fosfolipidios nas
membranas (Hincha et al. 2003). O myo-inositol é um precursor de diversas moléculas,
como lipideos, galactinol, pinitol (Valluru & Van den Ende 2011) e &cido ascdrbico
(Ahmad 2014). A trealose ¢ encontrada em um grande grupo de organismos, exceto
vertebrados, e tem varias fungdes como reserva, transporte e protecao durante o estresse
(Figueroa & Lunn 2016).

A sacarose, juntamente com os seus produtos de degradacdo glicose e frutose,
estdo entre os mais importantes carboidratos acumulados durante o estresse por frio
(Couée et al. 2006), sendo que estudos mostram que as enzimas participantes do
metabolismo desse carboidrato podem ser reguladas pela temperatura (Guy et al. 1992,
Sasaki et al. 2001). A principal enzima envolvida na sintese da sacarose ¢ a sacarose-
fosfato sintase (SPS, sigla em inglés), sendo que a degradacdo desse agucar ocorre através
das enzimas sacarose sintase (SS) e invertases (Buchanan et al. 2015). Um aumento na
atividade da enzima SPS foi verificado apds o cultivo por 24 h a 4 °C em Arabidopsis
thaliana (Négele ef al. 2011) e em 72 h para o repolho (Brassica oleracea L.) crescido a
5 °C (Sasaki et al. 2001). Estes ultimos autores observaram que, ao transferir o repolho
para temperaturas maiores, ha uma reduc¢do no conteudo de sacarose, glicose e frutose e
na atividade das enzimas do metabolismo de actcares (SS e SPS), demonstrando que para
essa espécie as alteragdes metabolicas causadas pelo crescimento no frio foram
reversiveis (Sasaki ef al. 2001).

A avaliagdo do contetido de carboidratos soluveis em bromélias cultivadas no frio
por tempo prolongado foi realizada (Mollo et al. 2011, Carvalho et al. 2013), porém ¢
desconhecido se esses agucares poderiam estar envolvidos nas respostas ao frio em N.

minutum logo nas primeiras horas de frio.



11

4. Hipoteses e Objetivos

A bromélia tropical N. minutum ¢é considerada tolerante ao frio, pois sobreviveu a
baixa temperatura por até seis meses (Carvalho ef al. 2013), porém nao sdo conhecidos
os ajustes fisiologicos e bioquimicos envolvidos durante as primeiras horas de exposi¢ao
ao frio nessa espécie, que seriam cruciais para garantir a sobrevivéncia aos eventos de
frio subito que podem ocorrer nesses biomas.

A hipdtese deste trabalho ¢ verificar se ha uma correlacao entre as diferencas nas
concentracdes de NO, ao longo da exposigdo ao frio dessa brom¢élia, e as respostas rapidas
que determinam sua sobrevivéncia, principalmente em relagdo ao aumento do sistema de
defesa antioxidante e a diminui¢do dos danos causados pela baixa temperatura, sendo que
o aumento dos carboidratos soliveis contribuiria para esta tolerancia. Além disso, durante
a de-aclimatacdo acredita-se que essas respostas possam ser revertidas. Dessa forma, este
trabalho visa responder as seguintes questdes:

(1) Existe relacdo entre os niveis de 6xido nitrico e as respostas rapidas que
ocorrem durante a aclimatago ao frio e de-aclimatacdo em N. minutum?

(2) O acumulo de carboidratos contribuiria para a aclimatagdo ao frio logo nas
horas iniciais de exposi¢ao, modificando sua resposta apos a de-aclimatagio?

Considerando-se que alteragdes climaticas futuras possam levar a um aumento nas
regides tropicais da amplitude térmica e eventos de frio subito (Pancel & Kohl 2016), este
trabalho pode colaborar no entendimento dos mecanismos de ajustes rapidos existentes

para que essas espécies sobrevivam as mudangas térmicas.

4.1. Objetivo geral

O objetivo desse trabalho foi verificar as respostas fisioldgicas e bioquimicas
encontradas nas primeiras horas de exposicao a 10 °C em plantas de Nidularium minutum,
avaliando quais alteracdes adquiridas durante a aclimatag@o a baixa temperatura poderiam

ser revertidas com a de-aclimatagdo a 25 °C.

4.1.1. Objetivos especificos

e Verificar a possivel relacdo entre a producdo de NO e atividade da enzima NR
durante a exposi¢do inicial ao frio em N. minutum, avaliando ainda se ocorreriam
alteragdes no conteudo de NO durante a aclimatag¢do ao frio e na de-aclimatagao

a25°C;
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e Auvaliar se ocorreram danos oxidativos e relacionar com os niveis das enzimas do
sistema antioxidante durante a exposi¢ao inicial ao frio e a de-aclimatagc@o nessa
bromélia;

e Analisar a eficiéncia do fotossistema II através das medidas de fluorescéncia da
clorofila a e verificar se o conteddo de pigmentos fotossintéticos poderia
influenciar nessa resposta durante o resfriamento e de-aclimatagao;

e Verificar se ha variagdo no acimulo de carboidratos logo nas horas iniciais de frio

e durante a fase de de-aclimatacio.

5. Metodologia utilizada

5.1. Exposicao ao frio

Sementes de Nidularium minutum Mez (Fig. 3A e B) foram coletadas de plantas
existentes na Reserva Biologica do Alto da Serra de Paranapiacaba — SP. Apos
germinacdo a 25 °C por 30 dias, as plantas foram transferidas para bandejas de plastico
preenchidas com substrato de casca de Pinus moida (Carvalho ef al. 2013) (Fig. 3C). Para
evitar a perda excessiva de umidade, estas foram envolvidas por saco plastico transparente
(Fig. 3D) e permaneceram nas mesmas condi¢des descritas anteriormente por cinco
meses. Posteriormente, as plantas foram transferidas para camaras de germinagdo na
temperatura de 10 = 2 °C com fotoperiodo de 12 h (Fig. 3E). Essa temperatura foi
escolhida pois € considerada baixa para plantas de clima tropical (Rao 2004). Para
uniformizar a influéncia da luz destas camaras sob as plantas, foi realizado um rodizio
semanal das bandejas entre as prateleiras.

As andlises fisioldgicas e enzimaticas da parte aérea das plantas foram realizadas

apods 3, 24, 48 e 72 horas de exposi¢ao ao frio (Fig. 4).

5.2. De-aclimatacio

Ap0s 72 horas de crescimento na temperatura a 10 °C, cerca de 1000 plantas foram
transferidas para a temperatura de 25 °C, sendo que um lote permaneceu na temperatura
de 10 °C. As andlises fisioldgicas e enzimaticas da parte aérea das plantas foram

realizadas 24, 48, 72 e 168 horas ap0s o inicio da etapa de de-aclimatacdo (Fig. 4).
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Figura 3 — Nidularium minutum Mez. (A) Individuos em seu hébitat natural. (B) Detalhe
da inflorescéncia. (C) Plantas com 30 dias transferidas para bandejas. (D) Bandejas com
plantas de cinco meses de idade na camara de crescimento. (E) Detalhe de uma planta
com cinco meses, antes de serem submetidas aos tratamentos térmicos. Barras=3 cm (C);
1 cm (E).

apzlg'f,té'spco“r't;z‘:::s =) [10°C| = |Coletas | mp ﬂ 3h | 24n | 48h H72h”
4

De-aclimatacao
apos 72ha 10 °C

I
1

[\2411 | |48h || 72h | 168h \]

Figura 4 — Fluxograma experimental dos tratamentos de exposi¢@o ao frio (azul) e de-
aclimatag@o (roxo).
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O texto desta tese estd subdividido em 2 capitulos que retinem os dados referentes
a primeira e a segunda questdo levantada no trabalho, respectivamente. No final dessa
tese foi incluido um anexo que reune os dados referentes a padronizagdo dos ensaios

enzimaticos e analises fisiologicas.
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ABSTRACT

In tropical biomes, abrupt cold events occurs and can be associated with large thermal
daily amplitude, suggesting that plants should make fast adjustments to ensure survival
under temperature changes. Chilling stress can enhance activity of the enzyme nitrate
reductase (NR), which is associated to nitric oxide (NO) production, a molecule with
toxic or protective effect, depending on stress intensity and duration. Nidularium minutum
Mez is considered chilling tolerant because it lives in a rain forest with temperatures
ranging from 2 to 30 °C. Nevertheless, the role of NO in the metabolic changes that occur
during early cold exposure and the recovery under temperature increase (de-acclimation)
is unknown. Hence, we cultivated N. minutum at 10 °C for 72 h and after this period, a
subset was transferred to 25 °C and another remained at 10 °C. Until 72 h of chilling,
induction of oxidative stress was suggested due to enhance in NO content, related to high
NR activity, which would led to decrease in antioxidant enzyme levels and increase lipid
peroxidation (LPO). During de-acclimation, NR and NO levels reduced while antioxidant
enzyme activities enhanced and LPO reduced, showing a recovery of cold stress. Plants
maintained at 10 °C after 72 h underwent cold acclimation by reducing NO levels leading
to a less intense stress response. Our results showed that variations in NO content had an
important role during cold acclimation and de-acclimation in N. minutum, which may be

involved in the regulation of oxidative responses in this bromeliad.

Keywords: antioxidant enzymes, Bromeliaceae, cold acclimation, de-acclimation, lipid

peroxidation, nitrate reductase, thermal changes.
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1. INTRODUCTION

Temperature variation is the most common stress that plants are subject, affecting
their distribution and limiting the region in which they can survive, as each plant species
has its own optimum temperature for growth (Iba, 2002). Considering that plants are
sessile, they have mechanisms that allow them to precisely detect environmental changes
and respond to complex stress conditions to minimize damages (Atkinson and Urwin,
2012). The adjustment that plants undergo in response to changes in environmental
factors is called acclimation (Buchanan et al., 2015), however it might be reversed by
returning the plants to initial conditions (de-acclimation) (Gorsuch et al., 2010; Sasaki et
al., 2001).

Even in warming scenarios, analyses of climate model simulations reveal that
short cold events are likely to persist under the 215 century, and will be more intense than
the average of the 20" century (Kodra et al., 2011). Indeed, these events occur in tropical
biomes (Mailler and Lott, 2015; Marengo et al., 1997; Miiller et al., 2015) and can cause
a range amount 15 °C in 24 h, with an average duration of 5-6 days (Marengo et al.,
1997). In some tropical regions, this cooling may occur suddenly and could be related to
a large thermal amplitude (Pancel and Ko6hl, 2016). Studies about how tropical plants
acclimate to ensure survival to the initial events of cold exposure are scarce, but they are
necessary and useful to allow cultivating tropical plants in regions with a broad range of
temperature.

There are increasing evidences that nitric oxide (NO) is an important molecule
participating in plant responses to chilling (Airaki et al., 2012; Puyaubert and Baudouin,
2014; Sehrawat et al., 2013), affecting adaptive processes via gene expression control,
enzymes activity and/or the overall redox balance (Baudouin, 2011). Considered an
important NO source during chilling, the nitrite-dependent pathway leads to NO
formation via the reduction of nitrite mainly by nitrate reductase (NR) (Cantrel et al.,
2011; Chamizo-Ampudia et al., 2017). Besides, low temperature stimulated NR levels,
as related for wheat (7riticum aestivum L. cv. Sadovo-1) (Yaneva et al., 2002), which
could contribute for NO production under cold.

NO can mediate several biological events through accumulation of different
reactive nitrogen species (RNS) (Begara-Morales et al., 2015). Together with reactive
oxygen species (ROS), RNS can react with membrane lipids and initiate a chain process

known as lipid peroxidation (LPO), that causes disruption of the intracellular membranes
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and cellular injury (Fancy et al., 2016; Lytvyn et al., 2016; Mai et al., 2009; Siddiqui et
al., 2011). The effect of low temperature on the cellular damage related to photosynthetic
apparatus has been showed by changes in chlorophyll fluorescence measurements (Hou
et al., 2016; Mai et al.,, 2009; Rapacz et al., 2011). Cold can cause a decline in
photosynthetic quantum conversion leading to increase in chlorophyll fluorescence
(Lichtenthaler and Miehé, 1997). Nevertheless, reduced chlorophyll fluorescence during
cold exposure was observed in the presence of NO in ginger (Zingiber officinale Roscoe),
suggesting that NO decreased chilling-induced inhibition of electron transport in
photosystem II (PSII) (Li et al., 2014), indicating, interestingly, a beneficial role of NO
during stress.

The rain forest Alto da Serra de Paranapiacaba Biological Reserve, Sdo Paulo
State, Brazil, registers an average winter temperature of 14 °C, minimum temperatures
reaching 1.6 °C and a thermal amplitude range from 2 to 30 °C (Gutjahr & Tavares, 2009).
Hence, to ensure survival under increased thermal amplitude and abrupt chilling episodes,
occurring in a global scale and predominantly affecting some regions as South America,
the Middle East and the western United States (Kodra et al., 2011), plants growing in
these areas probably developed fast and efficient mechanisms of resiliency and
adaptability to such conditions. N. minutum is an endemic bromeliad from the Alto da
Serra de Paranapiacaba Biological Reserve, and previous studies showed that this species
is cold tolerant (Carvalho et al., 2013). Accordingly, the high resistance to cold, found for
N. minutum after cultivation at 10 °C for six months, involved growth reduction,
biochemical adjustments and anatomical alterations as responses to a prolonged exposure
to low temperature (Carvalho et al., 2013). In addition, we observed that growth resumed
when plants of N. minutum were transferred to a higher temperature (25 °C). However,
the physiological and biochemical changes involved in these responses for N. minutum
and tropical plants in general are still unknown.

We hypothesized that this bromeliad has a specific metabolism regulation in the
early cold exposure, probably with NO involvement. As NO content can change over
stress response, we suggest that this variation could modulate oxidative responses and
promote N. minutum cold acclimation. The aim of this study was to analyze changes in
NO in the tropical species N. minutum during the first hours of cold exposure, and verify
whether variations in the NO content would be involved in acclimation of this plant to
low temperature. Another aim was to verify a possible recovery of the metabolism during

transfer to high temperatures (de-acclimation), which simulate changes in tropical
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environmental. To get a view of the chilling effects, a series of parameters known to be

differently affected by cold temperature have been monitored.

2. MATERIAL AND METHODS

2.1. Plant material and growth conditions

Seeds of Nidularium minutum Mez harvested from plants growing in the Alto da
Serra de Paranapiacaba Biological Reserve (Sdo Paulo, SP, Brazil) were placed in Petri
dishes on a filter paper soaked in distilled water. The Petri dishes were maintained in a
culture room under the following conditions: 25 + 2 °C, photosynthetic flux density of
45umol photons m? s, and a 12-hour photoperiod. After one month, plantlets were
transferred to plastic trays containing fine sterilized commercial medium-size Pinus bark
as substrate covered by a plastic sack (Carvalho et al., 2013). The trays were maintained
under the same culture conditions describe above for a period of 5 months. Plants were
fertilized weekly with 20 mL of Murashige & Skoog (1962) solution with half
concentration of macronutrients.

Low temperature treatment was imposed by transferring plants of N. minutum to
a growth chamber adjusted to 10 °C, 3 h after the start of the light period. Plants were
kept under chilling stress conditions for 3, 24, 48, and 72 h. For the de-acclimation
experiment, a subset of N. minutum plants were transferred to a growth chamber adjusted
to 25 °C, while a group of control plants remained in the cold chamber. De-acclimation
was imposed for 24, 48, 72 e 168 h. Irradiance and photoperiod in growth chambers were
the same as described above.

Tissue temperature was measured based on thermal images acquired with a Testo
875-11 infrared camera (Lenzkirch, Germany). The camera has 320x240-pixel resolution
and a built-in 32° lens, with thermal sensitivity of 50 mK at 30 °C and temperature
resolution of + 2 °C. The emissivity in this study was deemed to be 0.95. This infrared
(IR) thermography camera allows temperature measurements without contact with the
plants, and according to the figure 1, leaf temperature is in agreement with the proposal

for this study.
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Figure 1 — Morphological (A, C and E) and infrared thermograph images (B, D and F) of
Nidularium minutum cultivated for five months at 25 °C (A, B), during the cold exposure
(10°C) for 72 h (C, D) and after de-acclimation for seven days at 25 °C (E, F).
Temperatures are visualized according to the shown color palette. The different color
points in the palette represent different temperatures values. Bars= 1cm.
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2.2. Nitrate reductase activity

Nitrate reductase (NR) (EC 1.7.1.1) activity was measured by the in vivo assay
described by Jaworski (1971), modified by Nievola and Mercier (2001). Leaves were cut
into slices (5 mm wide) and 0.75 g of fresh tissue was transferred to tubes containing 6
mL of incubation mixture consisting of 0.1 M potassium phosphate buffer (pH 7.5), 0.1
M KNO3; and 4% (v/v) n-propanol. The material was vacuum infiltrated four times for
one min and incubated in the dark at 30 °C for 90 min. The nitrite concentration was
determined by the addition of 0.3 mL of 58 mM of sulfanilamide (dissolved in 3N HCI)
and 0.3 mL of 8 mM N-(1-napthyl) ethylenediamine to 1 mL aliquots of the assay
medium. Blanks for each sample were taken before the incubation. Absorbance was
measured at 540 nm. NR activity was expressed as umol nitrite produced per hour per

gram of dry weight (DW).

2.3. NO emission

Leaf nitric oxide (NO) emission was determined spectrofluorimetrically based on
Melo et al. (2016), with modifications. Leaves were cut into small pieces, immediately
weighed (approximately 100 mg of fresh weight) and incubated with 1 mL of 50 mM
potassium phosphate buffer (pH 7.2) containing 7.5 uM diaminorhodamine-4M (DAR-
4M) in the dark at room temperature on a rotatory shaker (80 rpm) for 30 min. After
incubation, 1 mL of potassium phosphate buffer was added and the supernatant
fluorescence was measured with a spectrofluorometer with 560-nm excitation and 575-

nm emission. Results were expressed as arbitrary fluorescence units per g DW per hour.

2.4. NO imaging

Endogenous NO formation was visualized with NO-sensitive cell-permeable
probe dye 4, 5-diaminofluorescein diacetate (DAF2-DA) as previously reported by Ederli
et al. (2006), with modifications. Free-hand transversal leaf sections from plants of each
thermal treatment were stained with 10 uM DAF2-DA dissolved in 10 mM Tris-HCl
buffer (pH 7.4) for 1 h in the dark at room temperature. Subsequently, the leaf sections
were washed to remove excess fluorophore and immediately analyzed under a widefield
Leica DM 5500B microscope. To test the specificity of the fluorescent probes, additional
leaf sections were incubated with 500 uM 2-phenil-4, 4, 5, 5-tetra-methylimidazoline-1-

oxyl-oxide (cPTIO), a NO scavenger, washed and visualized under the same conditions.
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2.5. Nitrate and ammonium determination

Leaf samples were frozen in liquid N> and stored at —80 °C. Frozen leaf samples
were ground to fine powder and 100 mg was used for both analyses. Plant tissue samples
were homogenized with 1 ml deionized water and centrifuged at 22,000xg for 30 min.
The supernatant was saved for analysis.

Nitrate content was measured by the salicylic acid method described by Cataldo
et al. (1975). An aliquot of 20 pL of the extract was added to 80 pL of 5% (w/v) salicylic
acid in concentrated H>SO,. After 20 min at room temperature, 1.9 mL of 2N NaOH was
added to the mixture to raise pH to at least 12. Due to extract pigmentation, a blank for
each sample was prepared. The blank consisted of the extract, 80 puL of concentrated
H>SO; (without salicylic acid) and 1.9 mL of 2N NaOH. Absorbance was measured at
410 nm. Results were expressed as nmol nitrate per mg DW.

Ammonium content was measured by the phenol-hypochlorite method described
by Weatherburn (1967). An aliquot of 100 puL of the extract was added to 0.5 mL of a
mixture of 1% (w/v) phenol and 0.005% (w/v) nitroprusside, followed by the addition of
0.5 mL of a solution containing 5.37% (w/v) sodium phosphate, sodium hypochlorite (10-
14%) and 0.5% (w/v) NaOH. After homogenization, the mixture was incubated at 37 °C
for 15 min. Absorbance was measured at 625 nm. Results were expressed as pmol

ammonium per mg DW.

2.6. Lipid peroxidation (LPO)

LPO was assayed using the method of Jiang et al. (1991) with modifications. Leaf
samples were frozen in liquid N> and stored at —80 °C. Frozen leaf samples were ground
to fine powder and 100 mg was homogenized with 2 mL of 80% (v/v) ethanol and
centrifuged at 3,000xg at 25 °C for 15 min. An aliquot of 200 pL of the extract was added
to 800 pnL of the reaction mixture containing 100% methanol, 100 uM xylenol orange, 25
mM H>SO4, 4mM butylated hydroxytoluene and 250 uM FeSOsNH4. The mixture was
incubated at room temperature for 21 min and homogenized by inversion every 3 min.
Absorbance was measured at 560 nm. The calculation was made using a standard curve

of cumene hydroperoxide (Sigma®).

2.7. Antioxidant activity
Antioxidant enzyme levels were measured in fresh tissue (0.25 g) homogenized

in 2 mL of 1 M potassium phosphate buffer (pH 7.5), | mM EDTA-Nay, 50 mM NacCl
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and 1 mM ascorbic acid in the presence of a pinch of PVPP (approx. 2%) (Souza et al.,
2013). This mixture was centrifuged at 11,000xg at 4 °C for 15 min and the enzyme
extract was kept at 4 °C.

Catalase (CAT) (EC 1.11.1.6) level was measured based on the consumption of
H>0» at 240 nm for 2 min. The reaction system contained 100 mM potassium phosphate
buffer (pH 7.5), 10 mM H>0; and 40 pL of enzyme extract in 1 ml of the reaction mixture
(Luck, 1974).

Ascorbate peroxidase (APX) (EC 1.11.1.11) level was assayed based on the
measure of the absorbance decrease at 290 nm for 2 min due to ascorbate oxidation. The
reaction system contained 50 mM potassium phosphate buffer (pH 7.0), 0.1 mM EDTA-
Naz, 0.5 mM ascorbic acid 0.2 mM H20; and 20 pL of enzyme extract in 1 ml of the
reaction mixture (Nakano and Asada, 1981, modified by Weng et al., 2007).

Glutathione reductase (GR) (EC 1.8.1.7) activity was determined as a decrease in
absorbance at 340 nm for 2 min, due to NADPH oxidation. The reaction mixture system
consisted of 50 mM Tris-HCI buffer (pH 7.5), 0.15 mM NADPH, 0.5 mM oxidized
glutathione, 3 mM MgCl, and 100 pL of enzyme extract in 1 mL of the reaction mixture
(Schaedle and Bassham, 1977).

Superoxide dismutase (SOD) (EC 1.15.1.1) level was determined based on its
ability to inhibit the photochemical reduction of nitroblue tetrazolium salt (NBT)
according to Beauchamp and Fridovich (1971), modified by Balen et al. (2009). The
reaction system was composed of 50 mM potassium phosphate buffer (pH 7.8), 4 uM
riboflavin, 10 mM methionine, 56 uM NBT, 0.1 mM EDTA-Na; and 20 pL of enzyme
extract in 1 mL of the reaction mixture. The mixture was placed in a light box lined with
aluminum foil for 5 min. A blank was made with deionized water instead of extract. One
unit of SOD activity was defined as the amount of enzyme inhibiting by 50% the
reduction of NBT at 560 nm.

APX, CAT and GR activities were expressed as pmol or nmol of substrate
converted into product min! (U or mU, respectively). Protein content in all samples was
measured according to Bradford dye-binding method (Bradford, 1976) with bovine serum

albumin (Sigma®) as standard.

2.8. Pigment determination
Leaf samples were frozen in liquid N> and stored at —80 °C. Frozen leaf samples

were ground to fine powder and 50 mg was dissolved in 1 mL 100% acetone via
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ultrasonication at 4 °C for 30 min and then centrifuged at 22,000xg at 4 °C for 20 min,
saving the cooled supernatant (Munné-Bosch and Lalueza, 2007, with modifications).
These steps were repeated until the supernatant became crystalline.

In order to determine photosynthetic pigments, leaf extract absorbance was
measured at 662, 645 and 470 nm (chlorophylls a and b and carotenoids, respectively).
Specific absorption coefficients of chlorophylls and carotenoids described by
Lichtenthaler and Buschmann (2001) were used. Results were expressed as ug pigment

per mg DW.

2.9. Chlorophyll a fluorescence measurements

Chlorophyll fluorescence was recorded with a portable modulated chlorophyll
fluorometer (Multi-Mode Chlorophyll Fluorometer-OS5p, Opti-Sciences®, Hudson-
USA). Florescence was measured 3 h after the start of the light period. Before
measurement, the leaves were dark-adapted for 30 min in a leaf clip at growth chamber
temperature (10 or 25 °C). The maximum potential photochemical efficiency of PSII was
expressed as the ratio F\/Fy, = (Fm — Fo)/Fn. Florescence measurements were taken from

five plants for each thermal treatment.

2.10. Data analysis

Experimental data were submitted to 7 test to determine the significance of the
differences between individual treatments. In all analyses, p < 0.05 was considered to
indicate statistical significance. Analyses were performed in GraphPad Prism software

(GraphPad Software, San Diego, California, USA).

3. RESULTS

NR levels remained high during chilling of N. minutum (Fig. 2A), coinciding with
increased NO emission (Fig. 2B). An increase in the nitrate and ammonium
concentrations was also observed along the low temperature phase (Fig. 2C and D). After
72 h cultivated at 10 °C, a subsample was returned to 25 °C for 168 h (de-acclimation)
and a decrease in NR, NO emission and nitrate content, was observed in these plants and
those maintained at low temperature (Fig. 2A, B and C). Despite the ammonium content
have also decreased during de-acclimation, these values were greater in plants grown at

10 °C than those detected in plants transferred to 25 °C (Fig. 2D).
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Results obtained with DAF2-DA confirmed an increase in endogenous NO levels
after 72 h at 10 °C in comparison with those kept at 25 °C (Fig. 3). NO emission was
observed in plasmalemma, cytoplasm, nuclei and chloroplasts in mesophyll cells (Fig. 3B
and C). The absence of green-fluorescence emission from leaf sections incubated with

cPTIO confirmed the NO production in these sites (Fig. 3E).
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Figure 2 — (A) Nitrate reductase (NR) activity, (B) NO emission, (C) endogenous nitrate
and (D) endogenous ammonium in Nidularium minutum during cold exposure (10 °C)
and de-acclimation (25 °C). Asterisks show significant differences according to the # test
for samples taken at the same time. Each point represents the average of three replicates
and the verticals bars show the standard deviation of the mean. Arrow indicates the time
when temperature was changed from 10 to 25 °C. DW = dry weight.e-@ chilling; o-o de-
acclimation after 72h of cold exposition.
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Figure 3 —Nitric oxide (NO) production in Nidularium minutum leaves exposed to 25 °C
(A) or to cold (10 °C; B—C) after 72 h. Note the absence of NO detection from cells of
leaves at 25 °C (A), and a strong green fluorescence emission (indicative of NO
production) in the cell membrane, cytoplasm (arrow in B), nuclei and chloroplasts
membrane (arrows in C) of some mesophyll cells from plants at 10 °C. (D—E) Sections
from leaves at 25 (D) and 10 °C (E) treated with cPTIO, note the absence of NO
fluorescence. Scale bars: 50 um.

For LPO, our results showed lipoperoxide accumulation during low temperature
exposure, with a peak after 72 hours of chilling (Fig. 4A) which indicates the occurrence
of membrane damage. Analysis of antioxidant enzymes (SOD, CAT, GR and APX)
showed, in general, a low level over 72 h of cold (Fig. 4B, C, D and E). LPO showed a
decrease during de-acclimation phase (Fig. 4A). In contrast, for all antioxidant enzymes
activities, an increase was observed at the same period both for de-acclimated and for

those maintained at 10 °C plants (Fig. 4B, C, D and E).
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Figure 4 — (A) Lipid peroxidation (LPO), and (B) superoxide dismutase (SOD), (C)
ascorbate peroxidase (APX), (D) catalase (CAT) and (E) glutathione reductase (GR)
activities in Nidularium minutum during cold exposure (10 °C) and de-acclimation (25
°C). Asterisks show significant differences according to the # test for samples taken at the
same time point. Each point represents the average of three replicates and the verticals
bars show the standard deviation of mean. Arrow indicates the time when temperature
was changed from 10 to 25 °C. DW = dry weight. @ chilling; -0 de-acclimation after
72h of cold exposition.

Cold exposure affected the maximum potential photochemical efficiency of PSII
of N. minutum, as F,/F, ratio decreased during cold exposure (Fig. 5A). Initial
fluorescence (F£9) in acclimated plants increased during the 72 h, which may indicate an
impairment in the energy transference of the antenna complex to the reaction centers (Fig.
5B). The maximal fluorescence values (F), which indicate the efficiency of the

photochemical process, showed no change during the low temperature cultivation, as
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showed in Fig. 5C. N. minutum de-acclimated plants had a higher F,/F, ratio and lower
Fy values when compared with those of plants maintained at 10 °C (Fig. SA and B).
Values of F, did not change over the phase of de-acclimation (Fig. 5C).
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Figure 5 — (A) Photosystem II quantum yield Fv/Fm ratio, (B) minimal fluorescence (Fy)
and (C) maximal fluorescence (F) in Nidularium minutum during cold exposure (10 °C)
and de-acclimation (25 °C). Asterisks show significant differences according to the # test
for samples taken at the same time point. Each point represents the average of three
replicates and the verticals bars show the standard deviation of mean. Arrow indicates the
time when temperature was changed from 10 to 25 °C. DW: dry weight. @-e chilling; o-o
de-acclimation after 72h of cold exposition.

Photosynthetic pigments in plants showed an increase during the cold exposure,
with chlorophyll a levels being higher than that of chlorophyll b and carotenoids (Fig. 6).
In general, pigments in de-acclimated plants were higher than in plants maintained at 10

°C (Fig. 6).
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Figure 6 — (A) Chlorophyll a, (B) chlorophyll b and (C) carotenoids in Nidularium
minutum during cold exposure (10 °C) and de-acclimation (25 °C). Asterisks show
significant differences according to the ¢ test for samples taken at the same time point.
Each point represents the average of three replicates and the verticals bars show the
standard deviation of mean. Arrow indicates the time when temperature was changed

from 10 to 25 °C. DW: dry weight. @ chilling; o-ode-acclimation after 72h of cold
exposition.

4. DISCUSSION

Plant survival to thermal fluctuations depends on rapid adjustments in
metabolism. In this study, we suggested that variations in NO content could be related to

the early responses of the tropical bromeliad Nidularium minutum to cold. High NO
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concentrations during 72 hours of chilling was associated with oxidative stress,
nevertheless, the reduction of its content was related to cold acclimation and de-
acclimation in this plant.

This rapid NO increase also occurred in Arabidopsis thaliana after 1 h at 4 °C,
and this molecule was considered an intermediate in gene regulation during cold
transduction network (Cantrel et al., 2011). The major source of NO in plants seems to
be the nitrite-dependent pathway, which leads to NO formation via the reduction of nitrite
mainly by NR (Chamizo-Ampudia et al., 2017). Our results showed high NR and NO
levels during 72 h of chilling exposure in N. minutum. The high NR activity found can be
related to cold, as this stress can stimulate this enzyme (Yaneva et al., 2002), and
consequently could lead to an enhance in NO levels. Increased NO synthesis related to
NR activity in bromeliads was previously reported for pineapple (Ananas comosus
‘Smooth Cayenne’) (Freschi et al., 2010). In leaves of 4. thaliana maintained at 4 °C for
72 h NR activity was also enhanced, which was associated with an increase in transcripts
of NIA1 and NIA2, genes responsible for NR encoding (Zhao et al., 2009).

Nitrate content in N. minutum increased during chilling exposure and reached a
steady level after 24 h at 10 °C. Despite the fact that low temperature reduces nitrate
uptake (Bose and Srivastava, 2001), this enhance can be related to high NO levels, as NO
up-regulated the expression of most nitrate transporter genes in rice (Oryza sativa L.)
(Sun et al., 2015). Considering the high NO and NR levels detected in this bromeliad
submitted to cold, we suggest that increase nitrate uptake could be related to NO
biosynthesis, since nitrate is reduced to nitrite by NR, nitrite accumulation could shift the
NR equilibrium toward NO production (Manoli et al., 2014).

Ammonium increase can be associated to high NO content, which also up-regulate
the expression of ammonium transporter genes (Sun et al., 2015), and with low
temperature, as abiotic stress may increase ROS formation which result in proteolysis,
contributing to intracellular elevate ammonium levels (Skopelitis et al., 2006). This ion
i1s considered toxic and causes negative effects on plant metabolism, such as growth
reduction, changes in intracellular pH and osmotic balance and uncoupling of
photophosphorylation from electron transport (Gerendas et al., 1997). Indeed, under
stress condition, the increase in LPO in rice was associated with the decrease in glutamine
synthetase (GS), the key enzyme in ammonium assimilation, which would lead to

ammonium accumulation in this species (Chien et al., 2002). Therefore, we cannot
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discard the involvement of NO and ammonium as causing agents of increased LPO level
in N. minutum cold exposed for 72 h.

LPO increase was also correlated to high amounts of NO in N. minutum during
growth at 10 °C, as demonstrated in NO image with probe dye DAF2-DA (Fig. 3). NO is
a signaling molecule involved in many physiological processes during plant development
and nutrient assimilation (Sun et al., 2015), but is also a free radical and during stress
exposure can cause oxidative damage on membrane integrity (Foyer et al., 1997; Lytvyn
et al., 2016). Under chilling stress, membrane injuries can also be caused by ROS
accumulation (Zheng et al., 2016), suggesting that these molecules could be associated
with NO in the LPO increase in N. minutum, although analysis to confirm this hypothesis
was not performed in the present study.

The levels of antioxidant enzyme activities were reduced in N. minutum cultivated
under low temperature, and it occurred concomitantly with NO increases. Our findings
indicate that in the first hours of cold exposure, NR enhanced NO production and this
increase may have down-regulated antioxidant enzyme activities. This lower oxidative
defense could lead to membrane damages. SOD is the first enzyme in the ROS
detoxification system, converting superoxide radical to H>O,. Subsequently, CAT and
APX convert HO2 to H2O. GR is one of the antioxidant enzymes of the ascorbate—
glutathione cycle, but do not detoxify ROS directly (Buchanan et al., 2015). In general,
chilling generate oxidative stress, expressed through elevated activities of SOD, CAT,
APX and GR (Erdal, 2012; Jan et al., 2013; Shi et al., 2013). For N. minutum, the decrease
of these enzymes levels could be associated with high NO production, since rapid NO
accumulation in response to strong stress stimuli has been occasionally linked to
inhibition of antioxidant enzymes, due to NO regulation at the level of activity and gene
expression of such enzymes (Gro83 et al., 2013).

NO and derived molecules can be involved in redox-based posttranslational
modification proteins (PTMs), including binding to metal centers, S-nitrosylation of thiol
groups and nitration of tyrosine (GroB et al., 2013; Begara-Morales et al., 2015). This
kind of regulation by NO may have occurred in antioxidants enzymes in this bromeliad
during chilling, as related for others species under stress (Begara-Morales et al., 2014;
Clark et al., 2000; Lindermayr et al., 2005), since about 30% of the cold responsive
signaling-related proteins are post-translationally modified by NO (Sehrawat et al., 2013).

Decrease in Fv/Fm ratio under low temperature stress might be associated with

injury of membrane systems including plasmalema, chloroplast and thylakoid membranes
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(Li et al., 2014), as we observed for N. minutum in the LPO analyses. An integrate
membrane system is important for normal photosynthetic electron transport, which is
required for plant survival. During cold exposure, PSII is often considered a sensitive
component of the photochemistry (Hou et al., 2016; Hurry and Huner, 1992; Li et al.,
2014), probably due to accumulation of ROS and NO in the chloroplast that could affect
photosynthetic apparatus (GroB et al., 2013). The reduced levels of antioxidant enzymes
observed in N. minutum may have contributed to ROS and NO accumulation during cold
exposure, which resulted in increased membrane damage as suggested by the LPO
analysis and, consequently, reduced Fv/Fm ratios. Indeed, the increase in Fy and the
reduction in Fv/Fm ratio observed in the leaves of N. minutum reflect possible damages
to PSII centers (Skillman and Osmond, 1998), which could be associated with the
susceptibility of the species to photoinhibition at the lowest temperature.

The slight increase in chlorophylls content could be related to maintenance of Fm
values over the chilling-exposure period. This increase can occur due to high NO levels
observed in the cold treatment, as this molecule can interact with metallo-groups
(chlorophyll has a Mg?" in a heme group) and can change the chlorophyll metabolic
pathway (Laxalt et al., 1997), alleviating chlorophyll decay in leaves under this stress
condition. Furthermore, high carotenoids content could contribute to enhance the capacity
for energy dissipation (Haldimann, 1999) and maintenance of Fm values for this
bromeliad cultivated at 10 °C. Therefore, these results suggest that plants cultivated at 10
°C for 72 h would be subject to oxidative stress condition and increase in pigments
together with maintenance of the Fm values would have contributed to the survival of V.
minutum.

After 72 h of chilling, a subset of plants remained at 10 °C and another was
transferred to 25 °C (de-acclimation). In general, parameters evaluated were less intense
in plants continued to grow at 10 °C, which might indicate that a mechanism of cold
acclimation was taking place in N. minutum. NO would be the signal, as its levels were
reduced with cold prolongation. Nitrate reduction may have contributed to lower NR
levels in this bromeliad, consequently leading to lower NO production. However,
Ammonium content decreased in this period, but remained higher in plants exposed to
cold in comparison with the de-acclimated ones, which could be a consequence of low
temperature growth in N. minutum, since stress situations are associated with an increase
of this ion (Chien et al., 2002; Wang et al., 2008). Besides, the increase in ammonium

could also contribute to damages in photosynthetic centers (Britto and Kronzucker, 2002),
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as could the decrease in Fv/Fm ratio and the increase in Fy observed in these plants,
indicating that photoinhibition remained in the cold treatment. Nevertheless, the
photosynthetic pigments had few changes over the cold exposure, although the trend
shows a decrease in their levels with cold prolongation, as related for this species after
six months cultivated at 10 °C (Carvalho et al., 2013). Fm values remained constant
during the prolonged cold exposure, indicating that the electron transport efficiency was
maintained even under this stress condition, which may have contributed to N. minutum
cold acclimation.

Transfer to a higher temperature (25 °C) caused the decrease of stress parameters
in de-acclimated plants, and we associated this response with the low NO levels at this
phase. The recovery is supported by the decline in ammonium and LPO contents, together
with the enhancement in antioxidant enzymes in de-acclimated plants compared with
those at 10 °C. The increase in these enzymes may be related to the reversible NO-
dependent PTMs that act as an on-off switch control to many enzymes, and are important
for the efficient recovery from stress (Abat et al., 2008; Puyaubert and Baudouin, 2014).

Increase in F'v/Fm ratios was also observed in de-acclimated plants, suggesting
that N. minutum was able to re-establish the maximum quantum efficiency of PSII
photochemistry when transferred to a higher temperature. With the recovery of Fy in 24
h after de-acclimation, the susceptibility of photoinhibition associated with the
acclimation phase in N. minutum could be quickly reverted. We suggest that this recovery
may be related to the enhancement of the antioxidant system, since high levels of both
ROS and NO can cause destruction of the photosynthetic apparatus (Miura and Furumoto,
2013). Fm values remained constant during this phase.

In conclusion, our findings indicated that variation in NO endogenous content
could be involved in N. minutum survival and acclimation during the cold events that may
occur in tropical environment. Higher NO levels in plants cultivated at 10 °C compared
with those at 25 °C seem to impose oxidative damage to this bromeliad, reflected mainly
in the increased LPO and decreased antioxidant enzyme levels. However, after 72 h of
cold exposure, reduction in the values of the evaluated parameters suggested cold
acclimation. Transfer to a higher temperature during the de-acclimation phase decreased
NO levels, coinciding with an enhancement in antioxidant enzymes, reduced LPO and
likely contributed to N. minutum recovery responses to cold exposure. Reversible post-
translationally modifications by NO in antioxidants enzymes may be an important

adjustment to temperature changes for this species, despite that proteomics analyses will
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be required to evaluate this hypothesis. Thus, metabolic adjustments verified in N.
minutum showed NO participation in tropical plants thermal responses, showing toxic
and protective properties depending on its concentration and duration profile. Thus, our
findings demonstrate that this tropical bromeliad is able to sense abrupt temperature
changes and to rapidly respond to it with metabolic adjustments related to NO production
which can be crucial in the current scenario of global climate change. Therefore, these

finds can also be implicated to its survival under natural conditions.
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ABSTRACT

In natural environment, Nidularium minutum Mez can face chilling events associated with
large thermal amplitude, suggesting that tropical plants may have fast metabolic
adjustments to tolerate temperature changes. Accumulation of soluble sugars was
previously observed in this bromeliad during prolonged cold exposure, which was
associated to osmoregulation. However, it was not reported whether the increase in
soluble sugars would occur during early cold exposure, contributing to cellular
homeostasis prior and after acclimation. The aim of this study was to evaluate the
involvement of soluble sugars in the first hours of N. minutum exposition to low
temperatures (10 °C) and after plant transference to 25 °C (de-acclimation). After 72 h of
chilling, higher levels of glucose, fructose and sucrose were detected in plants maintained
at 10 °C compared to those of de-acclimated ones. Only myo-inositol enhanced in de-
acclimated plants. Sucrose/glucose + fructose ratio increased in plants maintained under
cold treatment, probably related to an enhancement in sucrose synthesis and a decrease
in sucrose cleavage induced by chilling. These data suggest that sucrose could be involved
in the early cold exposure responses of N. minutum whereas glucose seems to be related
to long-term responses. These qualitatively changes in sugar content might play a role in

the homeostasis maintenance during cold acclimation of this tropical bromeliad.

Keywords: acclimation, Bromeliaceae, fast responses, soluble sugars, thermal amplitude.
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1. INTRODUCTION

Plants experience wide temporal and spatial variations in temperature, which
affect metabolic processes and cellular homeostasis (Iba 2002). Among them, cold is one
of the major environmental stress that influences plant growth and development
(Chinnusamy et al. 2006, Miura & Furumoto 2013). Low temperatures, defined as below
optimal but above freezing temperatures, affect more tropical and subtropical plants than
temperate species, although chilling events can also occur in tropical biomes (Marengo
et al. 1997). Therefore, plants growing in this region probably developed fast and efficient
mechanisms of resiliency and adaptability to such conditions. The physiological
adjustment leading to cold tolerance is called acclimation (Buchanan et al. 2015).

Accumulation of soluble sugars during cold acclimation has been demonstrated
for several plant species (Klotke ez al. 2004, Shin et al. 2015, Tarkowski & Van den Ende
2015, Figueroa & Lunn 2016, Yoon et al. 2017). Sugars contribute to the osmotic
adjustment, since cold stress can cause cellular dehydration and the accumulation of
solutes reduces the water potential, leading to water entrance (Buchanan ez al. 2015, Igbal
et al. 2016). Sucrose, fructose, and raffinose can interact with the phosphate of
phospholipids, decreasing membrane permeability (Hincha et al. 2003, Ruelland ef al.
2009, Tarkowski & Van den Ende 2015). Maltose, trehalose, and glucose are involved in
protein and enzyme stabilization, contributing for the functionality of membrane-
associated process, such as the photosynthetic electron transport chain, avoiding physical
and metabolic damages caused by cold temperatures (Kaplan & Guy 2004). Sucrose can
act as primary messenger and regulates signals that control the expression of genes
involved in plant growth and metabolism (Rosa et al. 2009). Furthermore, these sugars
are important for the homeostasis maintenance during the stress exposure, preserving cell
stability and compensating the environment changes (Miller et al. 2010, Chamizo-
Ampudia et al. 2017).

Increased sugar content has been observed in the beginning of the cold exposure,
as related to sucrose and maltose increase in Arabidopsis thaliana after 1 h at 6 °C (Sicher
2011) and to sucrose, glucose and fructose raise for cabbage after 72 h at 5 °C (Sasaki et
al. 2001). This raise can be related to stimulation in Calvin cycle enzymes by cold,
influencing the synthesis of carbohydrates (Strand et al. 1999). Enzymes related to
sucrose production also enhance their activity after 72 h of cold exposure in cabbage

(Sasaki et al. 2001) and after 24 h in A. thaliana (Néagele et al. 2011).
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Temperature fluctuations in tropical biomes can vary up to 15 °C in 24 h (Marengo
et al. 1997), moreover cold events can occur in certain periods of the year (Mailler & Lott
2015, Miiller et al. 2015). Living in a rain forest requires a fast adjustment to tolerate
temperature changes, which include cold exposure and temperature increases (de-
acclimation) (Sasaki et al. 2001, Gorsuch et al. 2010). Thus, sugars can be involved in
this fast regulation as temperature can influence the amount of their synthesis (Yoon et
al. 2017) and affect plant responses to cold.

For tropical plants, as bromeliads, the increase in soluble sugars can be induced
by cold (Mollo et al. 2011, Carvalho et al. 2013). Nidularium minutum Mez accumulates
myo-inositol, sucrose, fructose and glucose when maintained in vitro at 10 °C for six
months (Carvalho et al. 2013). The authors suggested that N. minutum survived the
prolonged cold treatment since the species is native of a rain forest in Brazil, Alto da Serra
de Paranapiacaba Biological Reserve, Sao Paulo State, where temperatures range from 2
to 30 °C (Gutjahr & Tavares 2009). The increase in soluble sugars found in such
conditions probably contributes to species survival, especially the high glucose content
found during the chilling period. However, it was not reported whether soluble sugars
increased in the first hours of cold exposure, as this increase could indicated the role of
these compounds in thermal adjustments during abrupt cold events that can occur in
tropical biomes (Marengo et al. 1997). Therefore, we hypothesized that sugar
accumulation could occur in the first hours of chilling as an early response to the stress
whereas qualitative changes in sugar levels could signal further homeostasis responses.
So, the aim of this study was to investigate the involvement of soluble sugars in the early

events of cold exposure and de-acclimation of N. minutum.

2. MATERIAL AND METHODS

2.1. Plant material and thermal treatments

Seeds of Nidularium minutum Mez harvested from plants growing in the Alto da
Serra de Paranapiacaba Biological Reserve (Sdo Paulo, SP, Brazil) were placed in Petri
dishes on a filter paper soak in distilled water. The Petri dishes were maintained in a
culture room at 25 + 2 °C, with a total irradiance of 45 um m? s!, in a 12 h daylight
regime. After one month, plantlets were transferred to plastic trays containing fine
sterilized commercial medium-size Pinus bark as substrate involved by a plastic sack

(Carvalho et al. 2013) and maintained under the same culture conditions for five months.
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Plants were fertilized weekly with 20 ml of a solution of Murashige & Skoog (1962) with
half strength of macronutrients.

For cold exposure treatment, plants were transferred to a growth chamber
maintained at 10 °C under the same light conditions as above, and samples were analyzed
after 3, 24, 48 and 72 h of chilling stress. After 72 h at 10 °C, a subset of plants were de-
acclimated by transferring them to the growth chamber at 25 °C. Irradiance and

photoperiod were the same described above. De-acclimation was imposed for 24, 48, 72

and 168 h.

2.2. Extraction and analyses of soluble sugars

Leaf samples were frozen in liquid N> and stored at -80 °C. Frozen leaf samples
were ground to a fine powder and 100 mg were used for analysis. Soluble sugars were
extracted in 80% ethanol (40 mg fresh mass ml™') as described by Carvalho et al. (2013).
The amounts of total carbohydrates and reducing sugars in the ethanolic extracts, after
the alcohol removal, were determined colorimetrically by the phenol-sulphuric acid
method (Dubois et al. 1956) and Somogyi-Nelson procedure (Somogyi 1945),
respectively, using glucose (Sigma®) as standard.

The extracts were deionized through Dowex ion exchange columns (Carvalho et
al. 2013) and analyzed by HPAEC/PAD using an ICS 3000 Dionex system with a
CarboPac PA-1 column (250 x 4 mm). Sugars were eluted by mixing eluent A (water)
and eluent B (150 mM sodium hydroxide) for 35 min at a flow rate of 1.0 mL min™ at a
constant temperature of 30 °C. Myo-inositol, glucose, fructose, sucrose, stachyose,
raffinose and trehalose (Sigma®) were used as standards for identification and

quantification of the sugars based on the retention time and peak areas.

2.3. Data analysis

Data were submitted to ¢ test to determine the significance of the differences
between individual treatments. In all analyses, p < 0.05 was considered to indicate
statistical significance. Analyses were performed in GraphPad Prism software (GraphPad

Software, San Diego, California, USA).
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3. RESULTS

In general, an increase in total and reducing sugars was observed for N. minutum
maintained at 10 °C (Fig. 1), suggesting that these molecules can be involved in the water
preservation under cold. During de-acclimation phase, these sugars decreased ca. 50%

compared with plants maintained at 10 °C for 168 h (Fig. 1).
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Figure 1 — (A) Total and (B) reducing sugars content in leaves of N. minutum during cold
exposure (10 °C) and de-acclimation (25 °C). Asterisks show significant differences
according to the 7 test for samples taken at the same time point. @@ chilling; o-o0 de-
acclimation after 72h of cold exposition (v). Verticals bars indicate standard deviation.
(n=3)

Mpyo-inositol, glucose, fructose, and sucrose were detected as soluble sugars in
leaves of N. minutum. Sucrose and glucose were the most abundant sugars (Fig. 2).
Trehalose, stachyose and raffinose were not detected. Soluble sugars were differentially
affected by chilling stress. An increase in myo-inositol and fructose contents were
detected under 72 h of cold in contrast with reduced glucose concentrations (Fig. 2).
Sucrose levels remained slightly constant during this period (Fig. 2D). Under de-
acclimation, all sugars showed high content in plants maintained at 10 °C in the first 24
h at 25 °C, except myo-inositol, with the high values observed in the de-acclimated plants
(Fig. 2). Increased sucrose to hexoses (glucose + fructose) ratio was observed during 72

h of cold exposure (Fig. 2E).
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Figure 2 — (A) Myo-inositol, (B) glucose, (C) fructose, (D) sucrose content and (E)
sucrose: (glucose + fructose) ratio in leaves of N. minutum during cold exposure (10 °C)
and de-acclimation (25 °C). Asterisks show significant differences according to the # test
for samples taken at the same time point. @@ chilling; 0-0 de-acclimation after 72 h of
cold exposition ( y).Verticals bars indicate standard deviation. (n=3)

4. DISCUSSION

The present study showed that N. minutum accumulated soluble sugars in the first
hours of chilling. As reported for several species, accumulation of soluble sugars during

chilling may be an indicative of great cold tolerance (Keller & Steffen 1995, Bogdanovi¢
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et al. 2008, Majlath et al. 2016). For bromeliads, an increase in soluble sugars was
previously detected in Alcantarea imperialis, which exhibited higher soluble sugar
content in plants cultivated at 15 °C in comparison with those maintained at 30 °C (Mollo
etal 2011).

N. minutum showed a reduction in soluble sugars concentration after only 24 h of
de-acclimation, however continuous enhancement in these compounds occurred in plants
maintained at 10 °C. These results are consistent with the findings reported for cabbage
(Sasaki et al. 1996), indicating that sugars accumulated at low temperature were rapidly
metabolized during de-acclimation at normal growing temperatures.

Trehalose and raffinose family oligosaccharides can be synthesized by plants
exposed to low temperatures as osmolytes and stress protectants (Tarkowski & Van den
Ende 2015, Figueroa & Lunn 2016). Our results showed absence of such sugars in N.
minutum, what was similar to that previously observed in long-term response at 10 °C for
this bromeliad (Carvalho et al. 2013). These sugars were related to cold acclimation in
another bromeliad, 4. imperialis (Mollo et al. 2011).

Myo-inositol is known to be a compatible solute usually accumulated in plants as
a stress response (Cramer et al. 2011). For N. minutum, this sugar seems to be involved
in the early mechanisms of cold stress tolerance, since in the de-acclimation phase myo-
inositol reduced at 10 °C and increased at 25 °C. In plants maintained for six months in
thermal treatments, this sugar content was similar to that found for those grown at 25 °C
(Carvalho et al. 2013). Therefore, we suggest that this sugar should be involved in normal
cell metabolism and plant growth, serving as a precursor to a large variety of compounds,
such as galactinol, pinitol, cell wall polysaccharides (Valluru & Van den Ende 2011) and
even ascorbic acid (Ahmad 2014).

A decrease in glucose content was found in N. minutum during early cold
exposure. In contrast, in pea the content of this sugar was higher in leaves exposed at 5
°C for 24 h than those maintained at 40 °C (Kaplan & Guy 2004). Even glucose being
associated to high resistance to chilling injury (Cao et al. 2013). However, this sugar has
also be related to ROS-producing metabolic pathways, since high glucose content is toxic
due to increased production of ROS by glucose auto-oxidation and glucose metabolism
(Couée et al. 2006), showing a dual role of this sugar with respect to stress tolerance.
Thus, glucose reduction during the early cold exposure in N. minutum could contribute to

cell protection against oxidative injury caused by this sugar.
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Notably in the first hours of low temperature exposition, we observed fructose
accumulation for this bromeliad, however this increase did not occur during the prolonged
chilling treatment (Carvalho et al. 2013). This sugar is involved in osmoregulation, but
studies with pea cultivated at 2 °C for 3 h associated high fructose content to an increase
of the antioxidant capacity (Bogdanovi¢ et al. 2008). Oxidative stress are related to
overproduction of reactive oxygen species (ROS) caused by stress exposure, which can
damage or kill cells (Buchanan et al. 2015). For N. minutum, we suggest that fructose
could also contributed with the non-enzymatic defense mechanisms in the first hours of
chilling stress, as related for pea.

Decrease in glucose, fructose and sucrose occurred after 24 h of the plant
transference to 25 °C for this bromeliad. Similar results occurred in cabbage when plants
grown at 5 °C were de-acclimated at 20/15 °C (Sasaki et al. 2001) and in tomato leaves
grown at 8/5 °C and transferred to 25/20 °C (Keller & Steffen 1995). Fast reduction in
these soluble sugars during de-acclimation suggests that they could be involved in the
initial signaling of the temperature change in N. minutum as we observed for other
species.

In general, the sucrose: glucose + fructose ratio was higher in plants maintained
at 10 °C than in those cultivated at 25 °C, which strongly suggest that sucrose is the main
sugar related to the early response to cold exposure for this bromeliad. Enhancement in
this sugar are related to the central importance of sucrose in higher plants, as a major
carbon structure and form of sugar transport (Couée et al. 2006), and can be rapidly be
mobilized as metabolic needs require (Guy et al. 1992). Sucrose increase and cold
tolerance was previously reported for spinach and tomato (Guy et al. 1992, Keller &
Steffen 1995). In addition, sucrose transport and hydrolysis play key regulatory roles in
sugar signal generation in the developmental stages and under environmental stress
(Folgado et al. 2014).

Previous data related to six months of chilling in N. minutum showed a lower
sucrose: (glucose + fructose) ratio (Carvalho et al. 2013) in comparison with those under
early cold exposure, although after 240 h of chilling this ratio has decreased. These results
suggest that sugar metabolism play a pivotal role in this bromeliad, sucrose acting mainly
under early chilling treatment whereas glucose seems to have its action on long-term low
temperature growth. This difference could be explained by effects on enzyme activity
related to sugar metabolism, as enzymes are regulate by temperature (Guy et al. 1992,

Sasaki et al. 2001, Fotopoulos 2005). Although enzymatic activity was not addressed in
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the present study, it is reasonable to suggest that under the first hours of N. minutum cold
exposure, an enhancement in sucrose phosphate synthase (SPS) activity, an enzyme
related to sucrose synthesis, and a decrease in the activities of the enzymes involved in
sucrose cleavage, as sucrose synthase (SS) and invertases, can have occurred (Sasaki et
al. 2001, Nagele et al. 2011, Jiang et al. 2016). Thus, we proposed that under early cold
exposure, glucose would mainly attend energetic requirement or biosynthetic routes,
while sucrose accumulation would be related to others metabolic functions, for example
signalization in N. minutum. Similar responses were also found in 4. imperialis during
the prolonged cold exposition (nine months) (Mollo ef al. 2011). High levels of glucose
and a low sucrose content were also related to a decrease in SPS and SS-synthesis in
loquat fruits stored at 1 °C for 35 days (Cao et al. 2013). As fructose levels found for N.
minutum were low, even in a prolonged chilling (Carvalho et al. 2013), it did not altered
the sucrose: (glucose + fructose) ratio.

Enhancement in soluble sugars could be due to efficient photosynthetic rate that
can occurs during exposition of this stress, mainly with increase in the expression and
subsequent activity of Calvin cycle enzymes (Strand ef al. 1999). With the availability of
substrate, the sugar synthesizing enzymes can enhance their activities, even in the first
hours of cold exposures (Sasaki et al. 2001, Négele et al. 2011), leading to soluble sugar
accumulation during chilling. Moreover, a study with an Arabidopsis mutant associated
the inability to cold acclimate with its low sugar content (Uemura et al. 2003), showing
the essential role of sugars for low temperature tolerance.

In conclusion, high soluble sugar content seems to be implicated in the fast
tolerance response for the tropical bromeliad N. minutum to chilling stress. In the first
hours of chilling, this plant seems to accumulate sucrose, with glucose enhancement just
after prolonged low temperature maintenance. Under de-acclimation phase, soluble
sugars decreased, showing the modulation of soluble carbohydrate metabolism in
tolerance to temperature stress for this species. We proposed that regulation of this
metabolism is involved in maximize synthesis of sugars, and these compounds can be
qualitatively changed over the cold exposure, contributing to the homeostasis responses

for cold acclimation in this bromeliad.
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CONSIDERACOES FINAIS

A bromélia tropical Nidularium minutum Mez é endémica de um ambiente com
temperaturas que variam de 2 a 30 °C, com registros de 1,6 °C no inverno (Gutjahr &
Tavares 2009). Estudos prévios realizados por nosso grupo de pesquisa avaliaram a
possibilidade de manter essa espécie em colegdo in vitro sob crescimento lento por meio
do uso de baixa temperatura, estratégia indicada para espécies endémicas, ameagadas de
extingdo (Sarasan et al. 2006, Pedroso et al. 2010, Lima-Brito et al. 2011, Mollo et al.
2011) como ¢ o caso dessa bromélia. Os resultados mostraram que essa espécie sobrevive
ao cultivo a 10 °C constantes por até seis meses (Carvalho et al. 2013). Rao (2004) relatou
que plantas tropicais sdo sensiveis ao frio e por isso sdo usadas temperaturas entre 15 e
20 °C nessas colegdes, porém nosso grupo de trabalho conseguiu baixar esse limite para
N. minutum. Plantas de N. minutum nessa condi¢do apresentaram reducdo do seu
crescimento em cerca de seis vezes quando comparadas aquelas mantidas a 25 °C. Essa
redugdo no crescimento diminui a necessidade de fazer subcultivos dessas plantas
mantidas in vitro. A despeito da diminui¢do do tamanho, essas plantas alcangaram cerca
de 95% de sobrevivéncia, o que demonstra a tolerancia dessa bromélia ao frio, revelando
um interessante aspecto a ser investigado. Considerando que as varia¢des climaticas
futuras podem levar a um aumento da amplitude térmica e eventos de frio subito em
biomas tropicais (Pancel & Kohl 2016), estudos que abordem os rapidos ajustes térmicos
de espécies nativas frente a essas mudangas térmicas sdo cada vez mais necessarios. Este
estudo visou aprofundar os mecanismos fisiologicos de tolerancia ao frio nessa espécie,
tema que tem sido explorado pelo grupo de trabalho para outras espécies de bromélias.

Durante o desenvolvimento desta tese, ja nas primeiras horas de exposi¢do a 10
°C, as plantas de N. minutum apresentaram respostas relacionadas a uma condig¢do de
estresse por até 72 h, sendo que apos esse periodo os parametros avaliados se
apresentaram menos intensos, sugerindo a aclimatagdo dessa bromélia ao frio. Quando as
plantas foram transferidas para temperatura maior (25 °C - de-aclimatagdo) mostraram
indicios de recuperagdo apds 24 h nessa condi¢do menos fria. Associado aos processos
de estresse térmico/aclimatacio/de-aclimatagao, foi demonstrado envolvimento do NO e
dos carboidratos soltiveis na manutengdo da tolerancia ao frio, aspectos ndo relatados
ainda para plantas tropicais avaliadas em horas de exposi¢do ao frio.

Os resultados apresentados no capitulo 1 mostraram que durante 72 h de exposi¢ao

ao frio, esta bromélia apresentou um aumento no conteido de NO, que foi associado aos
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altos niveis encontrados da enzima NR. Esta enzima, que faz parte do metabolismo do
nitrogénio, reduz nitrato a nitrito que podera ser reduzido a NO pela propria NR, sendo
que muitos trabalhos consideram essa enzima a principal fonte de NO, em especial no
resfriamento (Cantrel ef al. 2011, Chamizo-Ampudia et al. 2017).

Durante as 72 h iniciais de resfriamento, foi observado um aumento nos niveis de
LPO, que estdo diretamente associados com danos em membranas. Este aumento foi
correlacionado com a alta concentragdo de NO, ja que este ¢ um radical livre e pode reagir
com diversas moléculas, incluindo lipideos de membrana (Foyer et al. 1997, Lytvyn et
al. 2016). Além disso, as analises nesse periodo mostraram redugdo das enzimas do
sistema antioxidante, acimulo de amoénio e fotoinibi¢ao, sugerindo que esta planta estaria
sujeita a uma condicdo de estresse oxidativo quando cultivada a 10 °C. Entretanto, o
aumento dos pigmentos juntamente com a manutencdo da fluorescéncia maxima
observados estariam contribuindo para a sobrevivéncia dessa espécie até 72 h a 10 °C. E
possivel supor que tenha havido uma elevagdo no contetido das ROS relacionado com os
danos encontrados nessas primeiras horas de resfriamento em N. minutum.

Durante a etapa de de-aclimatagdo, foi possivel observar uma menor intensidade
nos parametros apontados como indicadores das respostas ao estresse nas plantas
cultivadas a 25 °C em comparag¢do com aquelas que foram mantidas a 10 °C, sugerindo
que a partir desse ponto iniciaria a aclimatacao ao frio em N. minutum. O NO seria o sinal,
ja que seus niveis foram reduzidos com o prolongamento do frio, interferindo nas outras
respostas encontradas. O aumento nos niveis das enzimas antioxidantes provavelmente
contribuiu para aliviar as respostas a exposicdo ao frio. O NO exerce uma grande
influéncia na regulacdo pds-traducional em proteinas e enzimas, inclusive nas enzimas
antioxidantes, levando a ativagdo ou reducdo da atividade dessas moléculas (Begara-
Morales et al. 2015). Essa regulacdo pode ser reversivel de acordo com o nivel de NO e
por isso acredita-se que ela tenha ocorrido com as enzimas antioxidantes durante este
estudo. Todavia, apesar das alteragdes metabolicas se apresentarem menos intensas e esta
bromélia estar aclimatada a baixa temperatura, a condicdo de crescimento a 10 °C
constante continua sendo considerada estressante.

O capitulo 2 apresenta os resultados em relacdo ao contetido de carboidratos
soluveis em plantas crescidas por 72 h a 10 °C e nas plantas de-aclimatadas a 25 °C. Foi
observado um maior conteudo de carboidratos nas plantas mantidas no frio em
comparagdo com aquelas transferidas para 25 °C. A sacarose foi o carboidrato encontrado

em maior quantidade durante as horas iniciais de exposi¢do ao frio para N. minutum,
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porém com o frio prolongado, ou seja apds seis meses mantida a 10 °C, foi verificado um
maior conteudo de glicose nessas plantas (Carvalho et al. 2013). Esses resultados
demonstram que o acimulo de carboidratos pode estar relacionado com a sinalizacdo de
respostas ao frio logo nas primeiras horas de resfriamento, sendo que o tipo de carboidrato
acumulado pode variar de acordo com o tempo de exposi¢do a este estresse.

Dessa forma, os resultados discutidos nesses dois capitulos evidenciam as
alteracdes metabdlicas envolvidas nas primeiras horas de aclimatagdo ao frio e de-
aclimatacdo de uma espécie tropical. Com isso, essas relagdes entre os niveis de NO e
dos carboidratos soluveis reforcam ainda mais os seus papé€is na aclimatacdo dessa
espécie. A figura 1 apresenta um diagrama com as principais respostas encontradas

durante a aclimatacgdo e de-aclimatago para essa espécie.

EXPOSICAO ACLIMATACAO (10 °C)
A 10 °C .
NO
NR
NH,*
LPO
Enzimas
antioxidantes \ ................
Fh, — ] e
Pigl“ent“s .......................................
fotossintéticos | .
Carboidrates | e
soliiveis | —— | T

Figura 1 — Diagrama ilustrando as principais respostas encontradas durante a exposi¢@o
inicial a 10 °C por até 72 h e ap0s esse periodo, que foi indicado nesse trabalho como o
inicio da aclimatacdo ao frio para essa espécie (linha continua), e também o periodo de
24 h apo6s a de-aclimatacdo (/inha tracejada), onde foi verificado o inicio da recuperagdo
para os parametros analisados. Observe a variacdo na intensidade das respostas ao longo

do tempo em relagdo a permanéncia a 10 °C e a transferéncia para a temperatura de 25
°C.
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1. Perspectivas futuras

Este trabalho mostrou que o NO pode estar envolvido na aclimatacio ao frio em
N. minutum. A fim de ampliar o conhecimento sobre o papel dessa molécula durante a
exposicao ao estresse para plantas tropicais, estudos de protedmica poderiam analisar essa
modulacio pds-traducional do NO, principalmente em relagdo as enzimas que possam ser
ativadas ou inibidas durante as respostas ao frio. Essa analise também indicaria outras
moléculas que estariam sendo reguladas com o resfriamento, como agucares alcool,
moléculas do sistema antioxidante ndo enzimatico, enzimas, etc. Adicionalmente, uma
avaliacdo das enzimas do metabolismo da sacarose poderia auxiliar na compreensdo das
alteragdes em relagdo aos carboidratos acumulados ao longo da exposicdo ao frio para
essa espécie. Além disso, andlises quantitativas de ROS, como por exemplo o peroxido
de hidrogénio, poderiam complementar os resultados obtidos com esse trabalho em
relagdo aos danos causados durante a exposi¢do a baixa temperatura para essa espécie
tropical.

A extensdo em que as plantas podem tolerar as variagdes térmicas € controlada
geneticamente, sendo que o grau de plasticidade da espécie ird, por sua vez, ser
dependente da regulacdo e expressdio de muitos genes alguns dos quais podem ser
especificos de cada tecido. Este trabalho contribui para ampliar o conhecimento da
fisiologia de espécies tropicais, fornecendo subsidios para investigagdes futuras acerca de
genes envolvidos com a tolerancia ao frio, cuja expressdo ndo ocorre normalmente em
ambiente tropical quando as temperaturas sdo frequentemente mais elevadas. Este
conhecimento podera ser aplicado em espécies cultivadas para aumentar sua tolerancia
ao frio, que ¢ um dos principais estresses ambientais que limita a distribui¢do geografica

de plantas, produtividade, qualidade e pds-colheita de culturas (Chinnusamy et al. 2006).
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ANEXO A - Padronizacio das condicdes para analises bioquimicas

Para garantir a precisdo dos resultados apresentados para N. minutum, analises
bioquimicas necessarias para a realizacdo desse trabalho foram padronizadas. Dessa
forma, foram realizados ensaios para os protocolos de peroxidagdo lipidica e das enzimas
antioxidantes e da enzima nitrato redutase (NR). Em relagdo a determinacdo dos
pigmentos fotossintéticos, foi avaliado um novo método para otimizar esta analise. Todos

estes testes foram realizados na parte aérea de plantas de N. minutum cultivadas a 25 °C.

Peroxidacdo lipidica

Para as andlises de peroxidacdo lipidica foi testado o método do xilenol-laranja
que ¢ baseado na medida de hidroperoxidos, que s@o os produtos primdrios da
peroxidacao (Jiang et al. 1991). Este método baseia-se na oxida¢do do ferro II para ferro
III por hidroperdxidos, o qual reage com o xilenol laranja, produzindo um cromoforo que
tem absor¢do maxima em 560 nm. Os resultados obtidos mostram uma linearidade da
absorbancia em relacdo a variagdo da tomada de ensaio (Fig. 1). Estes foram reprodutiveis
indicando que o método ¢ adequado ao material utilizado, sendo que foram determinados

200 pL do extrato para as dosagens posteriores.
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Figura 1 — Valores de absorbancia em funcdo do volume de extrato utilizado para
estimar a peroxidacdo lipidica em folhas de Nidularium minutum.
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Enzimas antioxidantes

Em relacdo as enzimas antioxidantes, foram realizadas padronizacdes para
catalase (CAT) (Luck 1974), ascorbato peroxidase (APX) (Nakano & Asada 1981,
modificado por Weng et al. 2007), glutationa redutase (GR) (Schaedle & Bassham 1977)
e superoxido dismutase (SOD) (Beauchamp & Fridovich 1971, modificado por Balen et
al. 2009). A atividade da SOD foi determinada pela inibi¢ao da redugdo do nitroblue
tetrazolio (NBT) pelo superdxido (‘Oz’) produzido em reagdo fotoquimica com
riboflavina. Assim, foi verificado que quanto maior o volume de extrato adicionado ao
sistema de reacdo, maior foi a dismutacao de O, pela SOD e, consequentemente, menor
reducdo de NBT, resultando em valores menores de absorbancia (Fig. 2A). Para as outras
enzimas, foram avaliadas as atividades em relacdo ao volume de extrato empregado para
0 ensaio, que representa a quantidade de material vegetal utilizada na analise (Fig. 2B-
D). Verificou-se que os valores de absorbancia da CAT, APX e GR variaram linearmente
em relacdo a quantidade de extrato, demonstrando que a atividade enzimaética presente

nos tecidos vegetais de N. minutum ¢ diretamente proporcional ao volume de amostra

utilizado.
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Figura 2 — Efeito do volume de extrato sobre a atividade final das enzimas superdoxido
dismutase (A), catalase (B), ascorbato peroxidase (C) e glutationa redutase (D) em folhas
de N. minutum. A inclinacdo (“slope”) das retas expressam a variagao da absorbancia em
funcdo do tempo de reagdo (atividade enzimatica arbitraria).
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O efeito do tempo de iluminacédo (concentracio de ‘O> no sistema de reagdo) sobre
a atividade da SOD presente nos extratos encontra-se na figura 3A. A atividade da SOD
se mostrou linear entre os tempos de 5 e 20 minutos. Para os estudos subsequentes, optou-
se pelo tempo de 10 minutos. As atividades das enzimas CAT, APX e GR foram
determinadas por métodos continuos, como pode ser visto na figura 3. Para os célculos
das atividades enzimadticas foi utilizado o segmento linear da curva que corresponde ao

inicio da reacao.
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Figura 3 — Determinagdo da atividade superdxido dismutase por método fotoquimico (A).
A atividade das enzimas catalase (B), ascorbato peroxidase (C) e glutationa redutase (D)
foram determinadas por métodos continuos.
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Enzima Nitrato Redutase (NR)

A padronizagdo de analise da enzima NR seguiu o método de Jaworski (1971),
modificado por Nievola & Mercier (2001). Foi utilizado o ensaio in vivo para a
determinacgdo da atividade dessa enzima, o qual foi escolhido por esta técnica ter sido
utilizada amplamente para varias espécies vegetais, inclusive em bromélias (Nievola &
Mercier 2001). Este método consiste na incubag@o de fragmentos de tecido vegetal em
meio de ensaio, no escuro, sendo avaliada a taxa de difusdo do nitrito para este meio. Para
esta padronizacdo, foram avaliados a concentracdo de propanol, do substrato nitrato e o
tempo de incubacdo a 30 °C (Fig. 4). A figura 4A mostra maiores atividades enzimaticas
utilizando-se 4% de propanol, sendo que o efeito deste reagente seria aumentar a
permeabilidade celular ao nitrato do meio de incubacdo (Jaworski 1971), resultando em
uma maior atividade da enzima. J4 em relacdo a concentracao de nitrato, que € o substrato
desta enzima, e o tempo de incubagao, foi verificado uma maior atividade a 100 mM apds
1h30 de incubagdo a 30 °C (Fig. 4B e C). Portanto, para as analises dessa enzima foram

utilizados 4% de propanol, 100 mM de nitrato e incubacéo por 1h30 a 30 °C.
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Figura 4 — Padronizacdo das condi¢gdes de ensaio in vivo da enzima nitrato redutase em
folhas de Nidularium minutum. (A) Concentracdo de n-propanol, (B) concentra¢do de
nitrato e (C) tempo de incubagio das amostras a 30 °C.

Pigmentos fotossintéticos

A determinacdo do conteido de pigmentos fotossintéticos foi otimizada em
relag@o ao protocolo utilizado em estudos anteriores para essa espécie, de modo a utilizar-

se a menor quantidade de material possivel. Foi realizado um teste com o método de
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Munné-Bosch & Lalueza (2007) para avaliar a sensibilidade do método de extragdo de
pigmentos através da variagdo na quantidade de massa utilizada. Para isto, foram
utilizadas massas de 50, 100 e 200 mg. Os calculos do contetido de pigmentos foram
realizados de acordo com as equacdes descritas em Lichtenthaler & Buschmann (2001).
A figura 5 mostra que, ao variar o volume de extrato para a realizacdo da leitura, foi
observada alta linearidade em relacdo aos valores de absorbancia obtidos para cada
pigmento de acordo com a analise de regressao (R*>>0,90). Ao expressar o conteudo de
pigmentos por massa seca, ndo houve diferenca estatistica dentre as trés quantidades de
massa utilizadas (p>0,05) (Fig. 6). Desta forma, ¢ possivel utilizar 50 mg de material
vegetal para dosar o contetido de pigmentos fotossintéticos através do método de extracao

descrito, o que auxilia na reducdo de material vegetal necessario para as dosagens.
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Figura 5 — Determinag@o do conteudo de pigmentos fotossintéticos a partir de diferentes
quantidades de massa e volume de extrato em folhas de Nidularium minutum. (A)
Clorofila a, (B) clorofila b e (C) carotenoides.
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Figura 6 — Contetido de pigmentos por massa seca, considerando a quantidade de massa
utilizada durante a extracdo para a andlise em folhas de Nidularium minutum. (A)
Clorofila a, (B) clorofila b e (C) carotenoides.
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