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RESUMO

PRODUCAO DE COMPOSTOS ORGANICOS VOLATEIS POR SCENEDESMUS
OBLIQUUS EM FOTOBIORREATORES

AUTORA: Rafaela Basso Sartori
ORIENTADOR: Eduardo Jacob Lopes

As microalgas sdo uma potencial fonte de biomoléculas de interesse comercial devido ao seu
perfil metabolico diversificado capaz de sintetizar diferentes classes de compostos organicos
volateis. Tanto em ambientes naturais quanto artificiais, as microalgas podem ser expostas a
uma variedade de condi¢cdes ambientais e disponibilidade de nutrientes que afetam tanto a taxa
de crescimento como a sua composicao celular. Em face disto, este trabalho teve como objetivo
produzir compostos organicos volateis por Scenedesmus obliquus em fotobiorreatores. Na
primeira etapa foi avaliado o efeito de diferentes climas e estacfes do ano de regides extremas
do Brasil sobre a producdo de compostos organicos volateis. Um total combinado de 47
compostos foram identificados por Scenedesmus obliquus em todas as amostras estudadas e
destes, 6 volateis foram comuns em todos os experimentos. Os principais grupos volateis
encontrados foram hidrocarbonetos, aldeidos, cetonas e alcoois, sendo o heptadecano o
principal composto volatil formado. No segundo trabalho foi avaliado a influéncia dos ciclos
claro e escuro na producdo de compostos organicos volateis. Nesse estudo0 37 compostos foram
identificados, com os grupos alcoois, aldeidos, cetonas e terpenos variando ao longo do tempo.
Os resultados mostram que 0s principais compostos volateis encontrados para o ciclo claro
foram os compostos 3-Metil butanol e 6-Metil-5-hepten-2-ona e para o ciclo escuro, 0s
compostos mais relevantes foram os alcoois 2-Etil hexanol e 1-Pentanol. Os resultados obtidos
colaboraram tanto para elucidacdo metabdlica destes compostos, como a identificacdo de uma

fracdo de biocompostos microalgais com grande potencial de exploracdo comercial.

Palavras-Chave: compostos organicos volateis, microalgas, climas e estacGes, ciclos

claro/escuro.



ABSTRACT

PRODUCTION OF VOLATILE ORGANIC COMPOUNDS BY SCENEDESMUS
OBLIQUUS IN PHOTOBIOREACTORS

AUTHOR: Rafaela Basso Sartori
ADVISOR: Eduardo Jacob Lopes

Microalgae are a potential source of biomolecules of commercial interest due to their diversified
metabolic profile capable of synthesizing different classes of volatile organic compounds. In
both natural and artificial environments, microalgae can be exposed to a variety of
environmental conditions and nutrient availability that affect both the growth rate and their cell
composition. In the face of this, this work had as objective to produce volatile organic
compounds by Scenedesmus obliquus in photobioreactors. In the first stage, we evaluated the
effect of different climates and seasons of the year in extreme regions of Brazil on the
production of volatile organic compounds. A combined total of 47 compounds was identified
by Scenedesmus obliquus in all samples studied, and of these, 6 volatiles were common in all
experiments. The main volatile groups found were hydrocarbons, aldehydes, ketones, and
alcohols, with heptadecane being the main volatile compound formed. In the second work, the
influence of light and dark cycles on the production of volatile organic compounds was
evaluated. A combined total of 37 compounds were identified, with the alcohols, aldehydes,
ketones and terpenes groups varying over time. The results show that the main volatile
compounds found for the light cycle were 3-Methyl butanol and 6-Methyl-5-hepten-2-one
compounds and for the dark cycle, the most relevant compounds were 2-Ethylhexanol alcohols
and 1-Pentanol. The results obtained contribute to both the metabolic elucidation of these
compounds and to the identification a fraction of biocompounds microalgal with great potential

for commercial exploitation.

Keywords: volatile organic compounds, microalgae, climates and seasons, light/dark cycles.
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INTRODUCAO

O potencial comercial e biotecnolégico das microalgas representa um recurso quase que
inexplorado, uma vez que das possiveis espécies existentes, relativamente poucas foram
estudadas em detalhe, do ponto de vista bioquimico e fisioldgico. Esta grande biodiversidade,
que resulta na variabilidade da composicdo quimica e das caracteristicas metabdlicas, aliadas
em determinados casos ao melhoramento genético e desenvolvimento de novas tecnologias de
cultivo, faz destes microrganismos um importante campo de pesquisa o qual vem permitindo o
uso das microalgas em diversos segmentos.

Tanto em ambientes naturais quanto artificiais, as microalgas podem ser expostas a uma
variedade de condicBes ambientais e disponibilidade de nutrientes que afetam a sua taxa de
crescimento e sua composicdo celular (JUNEJA et al., 2013). Essas condi¢des influenciam a
composicao da célula em termos de conteudo de proteinas, carboidratos, lipidios, aminoacidos,
pigmentos, entre outros compostos (SHARMA et al., 2012; VIDOTTI, 2015).

Algumas espécies de microalgas podem alterar até mesmo o tipo de metabolismo em
resposta as mudancas nas condicdes ambientais (MENINA et al., 2015). Metabolicamente, as
microalgas apresentam sistema bioldgico bastante eficiente na transformacdo da energia
luminosa em compostos organicos, através da fotossintese. E sabido que o metabolismo
fotossintético é constituido de duas fases, a fase clara e a fase escura. Na primeira fase, a energia
luminosa € convertida em energia quimica, que € armazenada em compostos de alto valor
energético. Na fase escura, a energia quimica € utilizada para a fixacdo do CO; e paralela
formacdo de carboidratos (WILLIANS & LAUREN, 2010). Essas caracteristicas metabdlicas
gue os microrganismos fotossintéticos possuem tornam possivel a elucidacdo de diferentes
condicGes ambientais e 0 uso de ciclos claro e escuro em bioprocessos baseados em microalgas
(JACOB-LOPES et al., 2009; VIDOTTI, 2015).

As microalgas produzem muitos metabolitos com estruturas diversificadas que
desempenham papéis importantes no seu desenvolvimento. Embora os metab6litos primarios
sejam indispensaveis para o crescimento de microrganismos, 0s metabolitos secundarios ndo

s80 essenciais, mas sdo cruciais para que as microalgas sobrevivam em condig0es adversas,



mantendo um delicado equilibrio com o meio ambiente (DUDAREVA et al., 2013, YANG et
al., 2018).

Dependendo da espécie, cultura e condi¢cBes ambientais, as microalgas sdo capazes de
produzir uma ampla variedade de compostos organicos volateis. A exploracdo das alteracdes
metabdlicas dindmicas que ocorrem durante o crescimento e desenvolvimento de microalgas
podem fornecer uma nova Visdo sobre os mecanismos de compostos extracelulares e,
consequentemente, a producdo de compostos organicos volateis em nivel metabdlico
(HOSOGLU, 2018; LIANG et al., 2018).

Devido ao fato de a composicdo bioguimica da biomassa de microalgas estar
diretamente relacionada as condicBes externas aplicadas, seu crescimento e produtividade
dependem de varios fatores, incluindo a disponibilidade de nutrientes do meio, temperatura,
intensidade luminosa, fotoperiodo e tipo de cultivo (MATOS et al., 2017).

Assim, baseado em que a elucidagédo de rotas de formacdo dos compostos organicos
volateis é de fundamental importancia para o aprimoramento da biotecnologia microalgal, o
presente trabalho fundamenta-se em um estudo exploratorio sobre o efeito de diferentes climas
e estacOes do ano de regides extremas do Brasil e a influéncia dos ciclos claro e escuro sobre a

producdo de compostos organicos volateis pela microalga Scenedesmus obliquus.
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OBJETIVOS

Objetivo geral

Avaliar a producdo compostos organicos volateis da microalga Scenedesmus obliquus
em fotobiorreatores.

Objetivos especificos

- Identificar os compostos organicos volateis da biomassa de Scenedesmus obliquus;

- Avaliar o efeito de diferentes climas e estagdes do ano de regides extremas do Brasil

na producdo de compostos organicos volateis;

- Avaliar a influéncia dos ciclos claro e escuro na produgdo de compostos organicos

volateis;

- Estabelecer possiveis rotas de biossintese desses compostos.
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REVISAO BIBLIOGRAFICA
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1. Microalgas

O termo alga € completamente desprovido de valor taxondmico e refere-se a uma
assembleia polifilética artificial de organismos (APT & BEHRENS, 1999). Sdo constituidas
por células eucarioticas e procarioticas, contendo nlcleos e organelas (BENEMANN et al.,
1978; KHAN et al., 2018). Envolve seres unicelulares e multicelulares, com habitos
planctdnicos e bentbnicos. A partir dessas caracteristicas derivam os termos de uso consagrado,
tais como microalgas, que define seres microscopicos diversos presentes em sistemas aquéticos,
em sua maioria com habitos plancténicos (LOURENCO, 2006).

As microalgas sdo microrganismos fotossintéticos que crescem em uma ampla gama de
habitats aquaticos, incluindo lagos, lagoas, rios, oceanos e até mesmo em &guas residuais
(KHAN et al., 2018). Ao contrario das plantas superiores, as microalgas ndo possuem raizes,
hastes e folhas (SUGANYA et al, 2016). Compreende um diversificado grupo de
microrganismos com cerca de 72.500 espécies catalogadas de forma consistente, porém as
estimativas sugerem que o numero de espécies nao descritas varia de centenas de milhares a
milhdes de espécies espalhadas pela biosfera (MOBIN & ALAM, 2017; JACOB-LOPES et al.,
2019).

As microalgas emergiram como um potencial recurso de biomassa sustentavel devido a
sua neutralidade em relacdo ao cultivo natural e ao meio sintético (KAREMORE et al., 2013;
CHEN et al., 2015). S&o essenciais para a vida na terra, capazes de converter a energia solar em
formas quimicas através da fotossintese e apresentam maior taxa de crescimento do que as
plantas terrestres (NDIMBA et al., 2013; MILANO et al., 2016). Além disso, elas podem viver
em um ambiente diverso com requisitos simples de nutrientes, crescem extremamente rapido,
ao longo do ano e podem ser cultivadas de forma continua (CHEN et al., 2011; BILAD et al.,
2014; MILANO et al., 2016).

Na taxonomia atual, os padrfes incluem 16 classes desses organismos. Entre essas
classes, as mais abundantes sdo as diatomaceas (Bacillariophyceae), as algas verdes
(Chlorophyceae) e as algas douradas (Chrysophyceae). No entanto, as cianobactérias
(Cyanophyceae), as diatoméaceas (Ochrophyta) e as algas verdes (Chlorophyta) sdo as mais
significativas em termos de exploracdo e uso biotecnolégico (BOROWITZKA, 2018).

As cianobactérias sdo classificadas no reino das eubactérias, sdo frequentemente
unicelulares, enquanto algumas espécies formam filamentos ou agregados. A organizacdo
interna de uma célula cianobacteriana é procariética, com uma regido central (nucleoplasma)

rica em DNA e uma regido periférica (cromoplasto) contendo membranas fotossintéticas.
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Apresentam em sua estrutura a clorofila a e os fotossistemas | e Il, ao contrario de outras
bactérias fotossintetizantes, o que as permite realizar a fotossintese na presenca de oxigénio
(MASOJIDEK et al., 2013; WIJFFELS et al., 2013). Ja as diatoméceas, apresentam em sua
estrutura uma frustula silicosa, clorofila a e ¢, os plastidios contém fucoxantina e outras
xantofilas. De um modo geral, sdo desprovidas de flagelos e quase sempre autotréficas, mas
podem ser encontradas espécies heterotrdficas incolores ou simbiontes (SINGH & SAXENA,
2015).

Por outro lado, as algas verdes ou cloroficeas, apresentam grande variedade nos niveis
de organizacdo, desde unicelulares, microalgas flageladas ou ndo, até talos morfologicamente
complexos. Seu aparelho fotossintético é organizado em organelas especiais, 0s cloroplastos,
que contém alternancia camadas de membranas lipoproteicas (tilacdides) e fases aquosas, 0
estroma (MASOJIDEK et al., 2013). Assim como as cianobactérias, as cloroficeas podem ser
encontradas em quase todos os ambientes, contudo, cerca de 90% do total de espécies ocorrem
em agua doce (RIVIERS, 2006). As espécies de microalgas do género Scenedesmus,
pertencentes a esta classe, sdo microalgas bastante comuns e, devido a sua robustez sdo
relativamente faceis de cultivar. A Scenedesmus obliquus, em particular, é caracterizada pelas
altas taxas de crescimento e elevado teor lipidico (RIVIERS, 2006; PATIAS et al., 2017).

Microalgas também podem ser classificadas quanto ao fornecimento de carbono e séo
muito versateis em seus modos de nutricdo. A maioria das algas sdo fotoautotréficas, isto €,
usam apenas energia da luz, CO, e 4gua para produzir compostos orgénicos através da
fotossintese. Varias microalgas também podem crescer no escuro usando moléculas organicas
simples, como acetato ou glicose, como fonte de carbono e energia, este modo de nutricdo é
chamado heterotrofia ou quimiorganotrofia. Algumas microalgas sdo também conhecidas como
mixotréficas, ou seja, elas tém a capacidade de crescer usando uma combinacdo de processos
metabolicos que sdo necessarios para a autotrofia e para a heterotrofia, realizando, por exemplo,
a fotossintese com aquisi¢do simultanea de nutrientes organicos exdgenos (BOROWITZKA,
2018).

A fotossintese é o principal processo autotrdfico e é realizada pelos seres clorofilados,
caracterizando-se por um mecanismo de duas etapas: reacdo fotoquimica, em que €
indispensavel a presenca de luz para que acontecam as reacgdes, e a fase escura ou reacdo de
fixacdo de carbono, em que as reacGes independem da ac¢do luminosa, além disso, os sistemas
de cultivo de microalgas em grande escala (tais como lagoas abertas) sdo geralmente operados
sob essa condic¢ao de cultivo (JACOB-LOPES et al., 2009, WILLIANS & LAUREN, 2010;
MOHAN et al., 2015; SIQUEIRA et al., 2018).
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Na fase fotoquimica, as moléculas de clorofila a sdo excitadas pela energia luminosa
quando esta € absorvida por estruturas altamente organizadas dos pigmentos fotossintéticos e
por transportadores de elétrons, chamados fotossistemas. Seus elétrons sdo entdo transferidos
para uma molécula aceptora de elétrons que fluem através de uma série de transportadores
ligados @ membrana, a fim de gerar um potencial eletroquimico. A energia resultante dessas
reacOes € guardada na forma de NADPH (nicotinamida adenina dinucleotideo fosfato) e em
moléculas de ATP (adenosina trifosfato) no processo de fosforilagdo. A ultima fonte de elétrons
para a fotossintese é a H20, o qual cede no processo de fotolise (reacdo de Hill), atomos de
hidrogénio, elétrons e libera O, produto da fotossintese das microalgas e das plantas verdes
(FAY, 1983; ZHAO & SU, 2014; MARONEZE, 2016).

Microalgas contém em seus cloroplastos uma maquinaria enzimatica singular, que
catalisa a conversdo de CO, em compostos organicos simples (reduzidos), um processo
denominado fixacao de carbono. Nesse processo 0 CO; € incorporado (fixado) em um composto
organico de trés carbonos, a triose-fosfato-3-fosfoglicerato. Esse produto simples da
fotossintese € o precursor de biomoléculas mais complexas, como agucares, polissacarideos e
0s metabolitos derivados deles, onde o CO; é assimilado por uma via ciclica e comumente
chamada de ciclo de Calvin-Benson. O ciclo inicia-se com a incorporagdo do CO2 na ribulose
1,5-bisfosfato  (Ru5BP), que ¢é catalisada pela enzima ribulose 1,5-difosfato
carboxilase/oxigenase (rubisco), com o CO.. O produto da reacdo é quebrado em duas
moléculas de trés carbonos, acido fosfoglicérico (PGA), e a reducdo do PGA na presenca de
ATP e NADPH. A maior parte do PGA reduzido € utilizado para regenerar Ru5BP, de modo
que o ciclo possa ser fechado. Uma das seis moléculas de RuSBP n&o é reciclada e, entdo se
condensa para formar acucares fosforados intermediarios e, posteriormente glicose (CALVIN
& BENSON, 1948; WILLIANS & LAUREN, 2010; NELSON & COX, 2014).

Nos organismos Vivos, varias reacdes quimicas e enzimaticas ocorrem no metabolismo
para manter sua estrutura. Essas reacGes produzem compostos que se referem a metabdlitos
primarios e secundarios. A distingdo entre metabdlitos primarios e secundarios é que 0s
primeiros sendo constitutivos, sdo produzidos continuamente e sdo essenciais para manter a
vida. Metabolitos secundarios, por outro lado, podem ser derivados de metabdlitos primarios e
ndo estdo diretamente envolvidos no crescimento, desenvolvimento e reproducao
(ACHYUTHAN et al., 2017). Enquanto o metabolismo primario se refere aos processos de
sintese de moléculas essenciais a células microalgais (como proteinas, carboidratos e lipidios),
0 metabolismo secundario sdo as moléculas a serem dispensadas para o metabolismo e

crescimento das microalgas, e sua grande variedade e alta diversidade de produtos secundarios
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sdo componentes-chave para adaptacdo e permite que o organismo sobreviva em condicGes
ambientais adversas (DUDAREVA et al., 2013; YANG et al., 2018).

Metabdlitos secundarios sdo geralmente classificados de acordo com sua estrutura
quimica e varios grandes grupos de moléculas fazem parte desta classificacdo, incluindo os
acidos fendlicos, flavondides, esterois, alcaloides e os compostos orgénicos volateis
(HARBORNE, 1999; YANG et al., 2018). A ampla gama desses compostos organicos volateis
sdo originarios das classes de terpendides, fenilpropandides/benzenoides, derivados de &cidos
graxos e aminoacidos (SANTOS et al., 2016). Ainda, as composi¢des quimicas das misturas de
volateis emitidos pelas microalgas e as suas intensidades podem traduzir o status fisiolégico em

que elas se encontram ou até mesmo o estresse a que elas estdo sendo submetidas.

2. Processos baseados em microalgas

As microalgas apresentam grande potencial para produzir uma ampla gama de produtos
tecnoldgicos em uma vasta variedade de aplicacdes. As microalgas tém um grande potencial
biotecnologico em produzir substéncias valiosas para as industrias de racfes, alimentos,
nutracéuticos e farmacéuticos. Alem disso, outras aplica¢cdes podem ser atribuidas ao processo
fotossintético realizado por esses microrganismos, como mitigacdo de COg, tratamento de aguas
residuais e producdo de biocombustiveis (CHISTI, 2007; ACIEN et al., 2017).

O interesse na microalga como fonte renovavel e sustentavel para a producdo de
biocombustiveis inspirou um novo foco em biorrefinaria. Biorrefinaria € um processo
totalmente integrativo e multifuncional que utiliza matéria-prima para gerar um espectro de
diferentes produtos em um caminho sustentavel. Melhoria de técnicas de crescimento e
engenharia genética podem ser usadas para melhorar o seu potencial como futura fonte de
recursos e bioprodutos renovaveis (KHAN et al., 2018).

Microalgas sdo ricas em lipideos, proteinas, carboidratos e muitos outros compostos de
elevado valor agregado. Os lipidios extraidos das células de microalgas podem ser convertidos
em biodiesel, enquanto os carboidratos, tal como amido, podem ser convertidos em bioetanol a
partir de processos fermentativos. Além dessas rotas, os carboidratos, proteinas e lipidios
podem ser convertidos em metano e bio-hidrogénio através do processo de digestdo anaerobia
(ULLAH et al., 2015).

Esses biocombustiveis derivados de microalgas sdo alternativas promissoras como
biocombustiveis de terceira geracdo, devido a caracteristicas Unicas inerentes as microalgas,

como a proliferacdo rapida, alto acimulo de Oleo, baixas taxas de consumo de agua e
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viabilidade de crescer em terras ndo araveis (CHISTI, 2007; KHAN et al., 2018). Sao vistos
como um caminho prospero para os combustiveis fosseis, podendo fornecer até 25% da energia
necessaria global (SMITH et al., 2010; CHRISTENSON & SIMS, 2011; RAWAT et al., 2011,
BARROS et al., 2015).

Além disso, as microalgas apresentam potencial para serem usadas como
biocatalisadoras em um bioprocesso integrado (CHARPENTIER, 2005). A ciclagem de
nutrientes por microalgas surge como uma promissora tecnologia porque equilibra vetores
sustentaveis por poluentes reutilizados, como carbono, nitrogénio e fosforo, presente nas aguas
residuais geradas pela industria. Juntos, tratamento de aguas residuais e a valiosa produgéo de
biomassa de algas aumenta a sustentabilidade ambiental e econdmica benéfica deste processo
(GONGCALVES et al., 2017; SANTOS et al., 2018). Segundo Brennan & Owende (2010), a
combinacgdo desses processos serd a aplicacdo comercial mais concebivel a curto prazo; e é
provavelmente uma das formas mais sustentaveis de produzir bioenergia e bioprodutos.

Para a producdo de microalgas sob condigdes fototroficas, € necessario utilizar
fotobiorreatores que devem ser adequadamente projetados, construidos e operados para
satisfazer as exigéncias das microalgas. Varios projetos e configuracfes de fotobiorreatores
foram propostos, mas ainda ndo existe um design ideal. Para qualquer aplicacdo, o
fotobiorreator a ser utilizado deve ser adequadamente selecionado de acordo com 0s requisitos
do processo. Portanto o estabelecimento dos requisitos do sistema bioldgico a ser utilizado é
necessario para projetar adequadamente o fotobiorreator ideal, que constitui 0 ponto de partida
ao projetar um processo baseado em microalgas (ACIEN et al., 2017).

Além dos fotobiorreatores, os sistemas abertos tém sido amplamente utilizados para o
cultivo em larga escala, devido a simplicidade e baixo custo. Embora de construcdo simples,
estes sistemas permitem apenas um controle limitado das condi¢ctes de operacdo. Além disso,
a produtividade é baixa devido a baixa absor¢do de luz no fundo do tanque e pela maior
probabilidade de contaminacdo. Outras limitacdes desse tipo de cultivo incluem a grande
necessidade de espaco de terra para o cultivo, perdas por evaporagdo, alta temperatura e,
consequente baixa eficiéncia de transferéncia de massa (VASUMATHI et al., 2012).

Seja em tanques abertos ou em fotobiorreatores fechados, uma cultura de microalgas
exige a consideracdo de alguns fatores. Os relatérios sobre o uso de sistemas baseados em
microalgas sdo principalmente focados na influéncia das condi¢cBes operacionais, como o
fornecimento de luz e nutrientes, a manutencdo das condigdes de cultura adequadas e a mistura
para evitar gradientes destes parametros que reduz o rendimento do sistema biolégico
(TREDICI & ZITTELLI, 1997; ACIEN FERNANDEZ et al., 2013).
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A intensidade da luz é um dos principais fatores limitantes no cultivo de microalgas.
Duracéo e intensidade de luz afetam diretamente a fotossintese de microalgas e tem influéncia
sobre a composicao bioquimica de microalgas e rendimento de biomassa (PIASECKA et al.,
2014). Fendémenos de fotolimitacdo e fotoinibicdo sdo frequentes em culturas iluminadas
inadequadamente, ocasionando significativas perdas de desempenho cinético nos biorreatores.
Além dos aspectos quantitativos, deve-se considerar a natureza qualitativa da luz incidente nos
sistemas. lluminacdo natural ou artificial pode ser utilizada em funcdo das caracteristicas
requeridas nos sistemas de cultivo. Aspectos como localidade, variagdes sazonais, e ocorréncia
de fotoperiodos de claro/escuro sdo as principais questdes dos sistemas naturalmente
iluminados (JACOB-LOPES et al. 2009). Em sistemas iluminados artificialmente, a fonte de
energia luminosa e o custo da energia sdo os principais elementos a serem definidos na
implementacdo dos sistemas de iluminagdo. Alternativamente, os cultivos heterotroficos
eliminam integralmente todos os aspectos relacionados a energia luminosa (PEREZ-GARCIA
et al. 2011; QUEIROZ et al., 2018).

A temperatura é outro fator importante no crescimento de microalgas e influencia
diretamente os processos bioguimicos, incluindo a producao de células através da fotossintese.
Cada espécie tem sua prépria temperatura 6tima de crescimento. Em geral a 6tima temperatura
de cultivo ocorre na regido meséfila (25 a 35 °C), embora algumas linhagens termofilas resistam
a temperaturas na faixa dos 60 °C. Aumentar a temperatura para o alcance ideal
exponencialmente aumenta o crescimento de algas, mas um aumento ou diminui¢cdo na
temperatura além do ponto ideal retarda ou até impede o crescimento e a atividade das algas
(BECHET et al., 2017).

A composicdo da biomassa microalgal é predominante composta por carbono,
nitrogénio e fosforo, em proporcbes que variam entre 50, 8 e 1% do seu peso seco,
respectivamente, e em quantidades menores sao encontrados outros elementos como enxofre,
potassio, magnésio, ferro e calcio. De acordo com esta composicdo de biomassa 0 meio de
cultura deve conter esses nutrientes para permitir o maximo desempenho das culturas. O
excesso de nutrientes deve ser definido de acordo com critérios econdmicos e de
sustentabilidade, porque os nutrientes em excesso geralmente sdo liberados e perdidos do
sistema se 0 meio de cultivo ndo for recirculado e ainda, sob condi¢cdes limitantes, podera
ocorrer reducdo na produtividade das células microalgais (ACIEN et al., 2017).

Finalmente, agitacdo € uma operacdo necessaria no cultivo de microrganismos
fotossintéticos, uma vez que assegura a uniformidade espacial dos vasos de reagdo, favorecendo

a exposicao das células a luz, a transferéncia de calor e estratificagdo térmica, além de melhorar
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a troca de gases. Uma mistura adequada minimiza ainda a formacao de agregados celulares que
aumentam a ineficiéncia global do biorreator. Embora fundamental para o adequado
desenvolvimento do processo, a operagdo de mistura esta relacionada a estresses
hidrodinamicos associados ao cisalhamento celular, que danifica e inibe o crescimento
microalgal. Os biorreatores microalgais sdo normalmente equipados com sistemas de aeragéo
pneumdtica e agitacdo mecanica, ou ainda uma combinagdo entre estes sistemas
(BOROWITZKA, 1999; QUEIROZ et al., 2018).

3. Bioprodutos microalgais

Os biocatalisadores microbianos tém sido empregados ha muito tempo para uma série
de novos produtos. A medida que a escassez global de energia e de alimentos aumenta com o
respectivo crescimento populacional a atual biotecnologia industrial sofre impactos e
demonstra a necessidade de novas propostas sustentaveis. As microalgas possuem
caracteristicas Unicas em comparagdo com biocatalisantes microbianos convencionais, com a
capacidade fotossintética e espécies macicas e a diversidade de bioprodutos (GUARNIERI &
PIENKQOS, 2014). Embora a aquicultura de algas tenha sido utilizada ha décadas para produzir
nutracéuticos e produtos alimentares de alto valor, 0s recentes avancos na biologia de sistemas
estdo desbloqueando a diversidade na biocatélise de algas, revelando uma série de novas
capacidades metabdlicas e potenciais bioprodutos (GULDHE et al., 2017).

A exploracdo comercial em larga escala do conteddo intracelular microalgal teve inicio
na década de 1950, motivada pelo elevado teor de proteinas da biomassa, para utilizacdo como
recurso alimentar alternativo (SPOLAORE et al., 2006). Desde entéo, abriu-se um grande leque
de produtos passiveis de serem explorados. Hoje, as microalgas para consumo humano sao
comercializadas em diferentes formas, tais como comprimidos, capsulas ou liquidos.

As biorrefinarias de microalgas desenvolveram o progresso da transformacdo da
biomassa na producdo em larga escala de alimentos e compostos de alto valor agregado devido
a sua capacidade de acumular grandes quantidades de carotenoides favoraveis a saide como o
R-caroteno e a astaxantina, vitaminas e acidos graxos poliinsaturados. (GUARNIERI &
PIENKQOS, 2014; WANG et al., 2015; GULDHE et al., 2017).

Em relacdo ao uso na alimentacdo animal, sdo consideradas importantes fontes de
proteina com respostas zootécnicas relacionadas a ganho de peso, melhora na resposta
imunoldgica e melhora na fertilidade (PULZ & GROSS, 2004). Adicionalmente, a biomassa
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microalgal é também utilizada para refinar os produtos de aquicultura, como por exemplo a
coloracéo caracteristica de salmonideos (CHISTI, 2018).

Outro aspecto de relevancia na exploracdo destes bioprodutos estd associado aos
pigmentos. Além da clorofila a, as microalgas contém pigmentos auxiliares como as
ficobiliproteinas e os carotenoides (WANG & PENG, 2008). Extratos de pigmentos microalgais
incluem [3-caroteno, astaxantina e ficocianina que possuem uma vasta gama de aplicacGes em
industrias de alimentos e farmacéuticas (VISKARI & COLYER, 2003; MATOS et al., 2017).

Por outro lado, segundo Pereira et al. (2012) a biomassa de microalgas apresenta trés
componentes principais: carboidratos, lipideos e proteinas. O interesse pela fracdo lipidica
destes organismos soma-se a fracdo protéica, em virtude principalmente, da qualidade dos
acidos graxos presentes. Neste sentido, os 6leos unicelulares tem sido alvo de extensivos
esforgos em pesquisa e desenvolvimento, para tornar viavel comercialmente a producédo de
acidos graxos poliinsaturados como o &cido eicosapentaendico, docoeicosapentaendico,
linoléico e linolénico (RATLEDGE & COHEN, 2008). Dentro deste grupo, para a maioria das
espécies, os acidos graxos poliinsaturados, das familias w3 e w6, correspondem a maior fracéo,
podendo chegar a 60% dos lipidios totais (PEREZ-GARCIA et al., 2011). J& os carboidratos a
base de microalgas consistem principalmente em celulose e amido sem lignina, tornando-os
uteis como fontes de agucar ou transformados em bioetanol ou em metano (ZHU, 2014; CHEW
et al., 2017). Além do biodiesel, bioetanol e biogéas, as microalgas também podem ser usadas
para produzir biohidrogénio, biobutanol, gas de sintese, combustivel para jatos e bio-6leo
através de processos de conversdo termoquimica, quimica e bioquimica (ZHU et al., 2016).

As microalgas também podem ser usadas para obtencdo de moléculas bioativas, porque
podem ser cultivadas em alta escala produzindo em escala industrial (MOLINA-GRIMA et al,
2003; CHU, 2012). Os compostos bioativos sdo geralmente metabolitos secundarios, que
incluem varias substancias como &cidos organicos, aminoacidos, vitaminas, antibidticos,
enzimas e até compostos toxicos. No entanto, tem-se observado uma tendéncia emergente no
sentido do conhecimento de producdo de compostos de baixo peso molecular a partir de fontes
renovaveis (WINTERS et al, 1969; SCHIRMER et al, 2010; MATOS et al., 2017).

Dependendo da espécie, cultura e condi¢cdes ambientais, as microalgas sdo capazes de
produzir uma ampla variedade de compostos organicos volateis. A exploracdo das modificacdes
metabolicas dindmicas que ocorrem durante o crescimento e desenvolvimento de microalgas
podem fornecer uma nova visdo sobre os mecanismos de compostos extracelular e,
consequentemente, a producdo de compostos organicos volateis a nivel metabdlico
(HOSOGLU, 2018; LIANG et al, 2018).
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Compostos organicos volateis (COVs) sdo comumente produzidos por microrganismos
e emitidos para o ambiente, séo caracterizados por possuir baixo peso molecular e alta presséo
de vapor, porém esta area do conhecimento ainda é pouco explorada (ZUO et al, 2012;
ACHYUTHAN etal., 2017). A caracterizacdo da fracdo volatil dos biorreatores pode contribuir
para o estabelecimento das rotas de bioconversdo dos substratos, além de possibilitar a
identificacdo de aplicacdes potenciais dos bioprodutos formados (JACOB-LOPES et al, 2010).

Segundo Nuccio et al. (1995), as taxas de producédo de COVs produzidos por microalgas
apresentam significativo aumento durante a fase de crescimento exponencial e declive na fase
de senescéncia, apresentando um comportamento parabdlico com vértice negativo. Porém, a
biossintese destes compostos depende da disponibilidade de carbono, nitrogénio, e enxofre,
bem como a energia fornecida pelo metabolismo primario. Portanto, a disponibilidade destes
“blocos de construgdo” tem um grande impacto na concentra¢do de um metabolito secundario,
incluindo compostos volateis, demonstrando elevado grau de conectividade entre o
metabolismo primaério e secundario (DUDAREVA et al, 2013; SANTOS et al., 2016).

Finalmente, a versatilidade das microalgas em se adaptar em uma ampla gama de
condicdes climaticas e produzir produtos de alto valor agregado € um parametro promissor para
que estes microrganismos sejam usados como um recurso viavel de bioprodutos. Com o
crescente numero de tecnologias de conversdo em desenvolvimento, a biomassa de microalgas
fornece uma 6tima plataforma para fabricacédo e desenvolvimento de novos produtos, devido a
concorréncia minima em terras com culturas ardveis e aos impactos ambientais reduzidos
(BHARATHIRAJA et al., 2015; GONG & YOU, 2016).
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Abstract: Microalgae produce many metabolites with diversified structures that play important
roles in their development. Although primary metabolites are indispensable for the growth of
microorganisms, secondary metabolites are not essential but are crucial for microalgae to
survive in adverse conditions while maintaining a delicate balance with the environment. In this
sense, the objective of this work was to evaluate the effects of different climates and seasons
about the production of volatile organic compounds by Scenedesmus obliquus. The study
focused on the extreme geographic locations of Brazil and evaluated parameters such as average
temperature, maximum light intensity and light hours per day of the equatorial, tropical, tropical
Atlantic, and subtropical climates referent in the cities of Rio Branco (AC), Boa Vista (RR),
Jodo Pessoa (PB) and Rio Grande (RS), respectively. Total of 47 compounds was identified by
Scenedesmus obliquus in all samples studied, and of these, 4 volatiles were common in all
experiments. The main volatile groups found were hydrocarbons, aldehydes, ketones, and
alcohols, with heptadecane being the main volatile compound formed. Many of the compounds
detected during the cultures were originated and derived from the terpenoid pathways, fatty

acids, and amino acids derivates.

1. Introduction

Microalgae are a potential source of biomolecules of commercial interest due to its
diversified metabolic profile capable of synthesizing different classes of organic compounds
(MATOS et al., 2017). Because they are photosynthetic microorganisms, microalgae produce
energy through light and use atmospheric CO, which accumulate in the cell, as an inorganic
carbon reservoir for photosynthesis (BADGER & PRICE, 2003; JACOB-LOPES et al., 2010).

Similar to plants, microalgae attempt to find a balance between energy from light

reactions in chloroplasts and the energy used for metabolic processes and carbon fixation
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(GEIDER et al., 1996). Perturbations in different environmental conditions (for example, light
and temperature) can disturb the balance in chloroplasts and force primary producers to adjust
or acclimate physiologically, through the dissipation of the photon flux by the accessory
pigments of the photosynthetic reactions (HUNER et al, 1998; MACINTYRE et al., 2002;
MESKHIDZE et al., 2014).

In living organisms, various chemical and enzymatic reactions occur in metabolism to
maintain its structure. These reactions produce compounds that refer to primary and secondary
metabolites necessary for the growth and development of cells or allow the organism to survive
under adverse environmental conditions (DUDAREVA et al., 2013, YANG et al., 2018). These
metabolites can be described as the end products of gene expression and define the phenotype
of a cell under defined physiological conditions at a specific biochemical level (TUGIZIMANA
et al., 2018).

Secondary metabolites are biosynthesized through intermediates of primary metabolism
and often produced by ecological interactions (YANG et al., 2018). Under conditions, of stress
or specific environmental conditions the expression of responsive genes is activated, and
subsequently, metabolites with variable profiles are biosynthesized to adapt to different
environmental conditions (BARSANTI & GUALTIERI, 2018; LIANG et al., 2018). For most
enzymes associated with secondary metabolism, their structures can be encoded in the nuclear
genome, but some of them are directed to the chloroplast to perform their function
(HEYDARIZADEH et al., 2013; GIMPEL et al., 2015).

Several genetic, ontogenic, morphogenetic and environmental factors can influence the
biosynthesis and accumulation of secondary metabolites in microalgae (YANG et al., 2018).
Depending on the species, culture and environmental conditions, microalgae are capable of
producing a wide variety of volatile organic compounds (VOCs). The exploration of the
dynamic metabolic changes that occur during the growth and development of microalgae can
provide new insight into the mechanisms of extracellular compounds and, consequently, the
production of volatile organic compounds at metabolic level (HOSOGLU, 2018; LIANG et al.,
2018).

Due to the fact that the biochemical composition of the microalgal biomass is directly
related to the applied external conditions, its growth and productivity depend on several factors,
including the nutrient availability of the medium, temperature, light intensity, photoperiod and
the type of cultivation (MATOS et al., 2017).

To demonstrate the potential of microalgae as a source of high-value metabolites, it is

very important to assess their potential productivity in a given geographic location and the local
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climatic factors that determine it (BANERJEE & RAMASWAMY, 2017; JESUS et al., 2018).
In this sense, the objective of this study was to evaluate the effect of different climates and
seasons of extreme regions of Brazil on the production of volatile organic compounds from the

Scenedesmus obliquus microalgae.

2. Material and methods
2.1 Microorganism and culture media

Axenic cultures of Scenedesmus obliquus CPCCO05 were obtained from the Canadian
Phycological Culture Centre. Stock cultures were propagated and maintained in synthetic BG-
11 medium (RIPPKA et al., 1979) with the following composition (mg™ L): K;HPO, (3.0),
MgSO:s (75.0), CaClz-2H.0 (36.0), ammonium citrate and iron (0.6), Na;EDTA (1.0), NaCl
(0.72), NaNOs (150.0), citric acid (0.6), Na.COs (15.0), H3BOs (2.8), MnCl,.4H20 (1.8),
ZnS0O4-7H20 (0.22), Na2M004-2H,0 (0.39), CoSO4-6H.0 (0.04). The incubation conditions
used were 30 °C, photon flux density of 30 pmol.m s and a photoperiod of 12 h.

2.2. Photobioreactor design

Measurements were made in a bubble column photobioreactor (MARONEZE et al.,
2016). The system was built in 4 mm thick glass with an internal diameter of 9.0 cm, a height
of 40 cm and a nominal working volume of 2.0 L. The dispersion system for the reactor
consisted of a 1.5 cm diameter air diffuser located in the center of the column. The reactor was
illuminated with forty-five 0.23W LED lamps (total consumption of 0.01125 kW h), located in
a photoperiod chamber. The CO>/air mixture was adjusted to achieve the desired concentration
of carbon dioxide in the airstream, through three rotameters that measured the flow rates of

carbon dioxide, air and the mixture of gases.

2.3 Experimental conditions

The experiments were carried out in bioreactors operating in batch mode, fed with 2.0
L synthetic BG-11 medium. The luminous intensity was determined using a quantum sensor
(Apogee Instruments, Logan, USA), measuring the light incident on the external reactor
surface. The temperature was controlled by using thermostats. The flow rates of carbon dioxide,

air, and CO: enriched air were determined with rotameters (AFSG 100 Key Instruments,
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Trevose, USA). Experimental conditions were as follows: initial cell concentration of 100
mg/L, constant aeration of 1 VVM (volume of air per volume of culture per minute) with an
injection of air enriched with 15% carbon dioxide and pH adjusted to 7.6. All experiments were
conducted until the declining phase and the tests were carried out in duplicate.

2.4 Climate simulation

Climatic conditions related to the average temperature, light hours per day and
maximum light intensity of the different geographical locations of Brazil were evaluated to
investigate the effect on the formation of volatile organic compounds by Scenedesmus obliquus.
The study focused on the climates of the extreme regions of Brazil, as can be observed in Figure

1. Still, the climatic parameters used in the study are presented in Table 1.
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Figure 1. The location of the geographic areas of Brazil under study.
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Table 1. Climatic conditions of the geographic locations studied.

Geoaraphic Maximum Light hours Average
Climate Iogatign Latitude Longitude light intensity per day temperature
(umol.m™ s) (h (°C)
Rio Branco (AC) 09°58'29" S 67°48' 36" W
Equatorial Summer 1553.06¢ 12.33° 26.3¢
Winter 1832.1¢ 11.37¢9 24.6¢
Boa Vista (RR) 02°49'12" N 60° 40' 23" W
Tropical Summer 1949.9¢ 11.59¢ 27.7%
Winter 1725.2f 12.14¢ 26.1°
Jodo Pessoa (PB) 7°06'54" S 34°51' 47" W
Tropical Summer 2162.78 12.26¢ 27.06°
Atlantic Winter 1890.5¢ 11.461 24 56¢
Rio Grande (RS) 32°02' 06" S 52°05' 55" W
Subtropical Summer 2058.2° 13.242 22.7¢
Winter 1177.3" 10.45" 12.8

2.5 Isolation of the volatile organic compounds

The volatile compounds were isolated from a matrix using headspace solid-phase micro-
extraction (HS-SPME) with divinylbenzene/Carboxen/polydimethylsiloxane
(DVB/Car/PDMS) fiber (50/30 um film thickness x20 mm; Supelco, Bellefonte, PA). Firstly,
the biomass was separated from the cultivation medium by centrifugation for 10 min at 11200
xg (Hitachi, Tokyo, JP). It was subsequently freeze-dried for 24 h at -50 °C under -175 mmHg.
Used 0.2 g of the biomass was added to a 20 mL sealed with a polytetrafluoroethylene (PTFE)
faced silicone septum. The SPME fiber was exposed into the headspace of the vial containing
the sample for 60 min at 40 °C. After this period, the fiber was removed from the vial and
submitted to chromatographic analysis (SANTOS et al., 2016). The analytical procedure was
performed twice and in duplicate. Therefore, data refer to the mean value of four repetitions.
HS-SPME coupled with GC/MS for the determination of the volatile compounds.

2.6 GC/MS analysis

The volatile compounds were analyzed in a Shimadzu QP 2010 Plus gas chromatograph
coupled to mass spectrometer (Shimadzu, Kyoto, Japan). Thus, the fiber was thermally
desorbed for 10 min in the split/splitless injector, operating in splitless mode (1.0 min splitter

off) at 250 °C. Helium was used as a carrier gas at constant 1.6 mL.min"!. The analytes were
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separated on a DB-Wax fused silica capillary column, 60 m in length, 0.25 mm id, and 0.25 um
film thickness (Chrompack Wax 52-CB). The initial column temperature was set at 35 °C for 5
min, followed by a linear increase of 5 °C.min! to 250 °C, and this temperature was held for 5
min. The MS detector was operated in electron impact ionization mode +70 eV and mass
spectra obtained by scan range from m/z 35 to 350. The volatile compounds were identified by
a comparison of experimental MS spectra with those provided by the computerized library
(NIST MS Search). In addition, the linear retention index (LRI) was calculated for each volatile
compound using the retention times of a standard mixture of paraffin homologous series (C6-
C24) to aid the identification (ACREE & HEINRICH, 2018). Co-injection and separated
injection of samples and standard mixture, providing experimental LRIs and mass spectra for
the compounds for identification (TIC: Total lon Current) by directed comparison.

2.7 Statistical analysis

Analysis of variance (one-way ANOVA) and Tukey’s test were used to test differences
between treatments. Trends were considered significant only where means of compared
parameters are different at p <0.05 significance level. The principal component analysis (PCA)
was used to identify the relationships samples from between climates and seasons. All the

analyses were performed using Statistica 10.0 software (StatSoft, Tulsa, USA).

3. Results and discussion
3.1 Identification of volatile organic compounds

The volatile compounds identified and their respective areas obtained in each extraction
condition of Scenedesmus obliquus microalgae from the different climates in the summer and
winter seasons are presented in Table 2. Based on your diversity, the volatile compounds can
be divided into seven groups (alcohols, aldehydes, hydrocarbons, ketones, pyrazines, terpenes,

and other organic compounds).
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Table 2. Retention index and the total area expressed in arbitrary units (x10°) of the volatile organic compounds found in different climates and seasons by
Scenedesmus obliquus.

Equatorial Tropical Tropical Atlantic Subtropical
Compounds ID Rle Rl Summer Winter Summer Winter Summer Winter Summer Winter
Alcohols
Propanol A 1049 1049 1.48 1.48 1.20 0.38 - - - -
3-Methyl butanol A 1216 1217 1.52 6.87 4.38 3.38 1.18 - 2.72 -
1-Pentanol A 1259 1256 2.17 11.06 3.21 4,95 - - 11.45 -
(2) 2-Pentenol A 1327 1325 1.40 1.23 2.53 25.36 0.35 22.19 6.70 -
Diacetone alcohol B 1352 1374 - - 1.53 37.39 3.62 33.10 - -
1-Nonanol A 1668 1666 - - 2.56 42.97 - - - -
Aldehydes
Propanal A 823 784 0.55 0.21 0.91 1.35 0.19 0.81 0.56 0.79
Butanal A 882 867 1.28 1.01 0.27 0.96 0.28 1.08 2.05 0.00
2-Methyl butanal A 907 896 0.61 - 0.95 1.57 0.55 2.59 1.30 0.85
3-Methyl butanal A 919 900 0.84 0.60 1.22 8.54 0.50 7.00 - -
Pentanal A 983 979 5.64 26.16 - - 8.90 23.50 - -
Hexanal A 1084 1084 - - 1.85 451 - - - -
(E) 2-Pentenal B 1132 1127 - - 0.94 7.35 - - - -
(E) 2-Hexenal B 1222 1220 - 1.35 - 6.92 0.33 7.93 5.51 1.43
(2) 4-Heptenal B 1244 1238 - - - 2.02 - 1.73 - -
Hydrocarbons
2,5-Dimethyl octane B 930 927 - - - - - - - 12.61
Decane A 1004 1000 1.10 2.55 0.28 2.20 - 7.03 3.28 -
2,6-Dimethyl Nonane B 975 1017 - - - - - - - 51.69
3-Ethyl-1,5-Octadiene B 1027 1018 - - - 2.88 - 9,93 34.56 32.44
5-Ethyl-2-methyl-Octane B 1047 1037 - - - - - - 10.79 -
Undecane A 1097 1100 - 4.07 0.66 0.65 - 0.82 - 1.33
Dodecane A 1200 1200 0.23 3.57 2.47 2.10 - 1.71 12.23 65.81
1,2,4-Trimethyl benzene B 1279 1285 - 1.37 - 0.93 0.06 1.95 16.97 1.80
Tridecane A 1301 1300 - - 3.77 - 0.31 1.34 4.98 31.47
Tetradecane A 1402 1400 - - 1.50 - 0.70 2.20 7.77 22.45
Pentadecane A 1500 1500 - 12.82 541 12.58 4.46 22.95 - 14.42
Hexadecane A 1601 1600 3.45 6.28 2.42 6.31 3.35 9.56 12.51 5.35
Heptadecane A 1703 1700 - 89.40 55.62 78.82 111.14 115.98 122.12 39.73
8-Heptadecene B 1720 1718 4.67 8.06 - - - - 18.55 11.36



Ketones
Acetone
2-Pentanone
2,3-Pentanedione
3-Penten-2-one
3-Hydroxy-2-butanone
2,3-Octanedione
3,5-Octadien-2-one
a-lonone
B-lonone

Pyrazines
2,6-Dimethyl pyrazine
2,3,5-Trimethyl pyrazine

Terpenes
Limonene
B-Cyclocitral
Safranal

Others
2-Ethyl Furane
2-Ethylhexyl acetate
Dimethyl Sulfoxide
Isovaleric acid

Total

WPOWWW>>>>

W ©

>>>

>WwWw

840
983
1065
1132
1290
1329
1529
1868
1955

1338
1419

1196
1632
1657

952
1390
1610
1672

821

980

1062
1127
1287
1325
1516
1857
1953

1338
1413

1189
1632
1648

960
1420
1595
1679

5.79

15.97
2.20
3.34

0.11

0.19

0.32
0.58

53.44

7.01

30.25
5.11
0.89
0.37

1.19
0.96

0.35

5.66
0.32

230.20

41.47
11.08

24.72
5.54

0.98
0.60

0.83

0.18
0.70

0.01

0.57

197.83

38.56
17.86
25.74
18.19

3.79
5.85

33.86

0.59
7.23

0.19
3.87

8.97

403.14

40.35

1.13
16.75
1.22
1.83

180.36

36.97
2.92
1.99

16.16

11.48

18.05
3.15

23.36

2.09
3.65
9.92

418.82

0.18

2.61

302.96

35

1.16

3.29

3.29
5.22

325.45
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A total of 47 compounds were identified in all the samples studied, and of these, 4
volatiles were common in all experiments (Propanal, Butanal, Hexadecane, and 3,5-Octadien-
2-one). The subtropical climate was the one with the highest abundance of total area in the
summer with 302.96 x105 followed by tropical climates (197.83 x10°), tropical Atlantic
(180.36 x10°) and equatorial (53.44 x10°% climates, while in winter the tropical Atlantic
reached a larger abundant area of 418.82 x10°, followed by tropical, subtropical and equatorial
climate with a total area of 403.14, 325.45 and 230.20 x10°, respectively.

Based on the identification of the volatile groups, hydrocarbons were identified as the
most prevalent compounds with the highest number of compounds detected (14), followed by
aldehydes and ketones (9), alcohols (6), terpenes (3), pyrazines (2), and other compounds (4).
Previous works on the microalgae volatile profile reported hydrocarbons as the major VOCs in
many species of cyanobacteria (HAYES & BURCH, 1989); and hydrocarbons, aldehydes,
ketones and alcohols in microalgae (VAN DURME et al., 2013, ZHOU et al., 2016).

It has been demonstrated that the production of hydrocarbons in microalgae and
cyanobacteria is mainly achieved by metabolic pathways linked to fatty acids
(MILOVANOVIC et al., 2015). Biochemical studies of alkane biosynthesis have focused on
eukaryotic systems, with most evidence supporting a decarbonylation of fatty aldehydes as the
primary mechanism (CHEESBROUGH & KOLATTUKUDY, 1984; SCHIRMER et al., 2010).
Two families of enzymes are responsible for the production of alkanes, which play a crucial
role in the conversion of fatty acid intermediates to alkanes and alkenes (DUCAT et al., 2011).
The first step involves the reduction of fatty acyl-ACP to intermediate fatty aldehydes by acyl-
ACP reductase, which is followed by the conversion of fatty aldehydes to n-alkanes by aldehyde
decarbonylase.

The results show that the unbranched alkanes represent the major volatile compounds
in this species. Heptadecane is shown to be present in all analyzed climates (except in summer
equatorial), with its content ranging from an area of 39.73 to 122.12 x10°. Other alkanes were
also detected in all climates, though in smaller amounts compared to heptadecane. Heptadecane
has been described as the most abundant alkane in photoautotrophic species resulting from the
decarbonylation of even-numbered fatty aldehydes (SCHIRMER et al., 2010) and reported by
Jesus et al. (2018) as originating from the decarboxylation of palmitic and stearic acid. They
were still the major constituents in Synechocystis sp. obtaining about 0.1% of its dry weight
(HU et al., 2013).

The occurrence of most of the identified volatiles can be attributed to the particular

composition of the microalgae biomass. Microalgae are rich in polyunsaturated fatty acids,
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especially long chain PUFA. Species with low concentrations of PUFA contain significantly
fewer linear aldehydes when compared to species with high concentrations, such as
Scenedesmus obliquus (KOST & HEIL, 2008). Abomohra et al. (2014) reported that fatty acid
productivity for Scenedesmus obliquus can reach up to 18 mg/L/d during the exponential phase,
and of this 73.1% are related to polyunsaturated fatty acids. In addition, a significant number
of aldehydes identified may be related to the oxidation of polyunsaturated fatty acids attributed
to the decomposition of lipid hydroperoxides and peroxyl radicals (PEINADO et al., 2014).

According to data from Table 2, several ketones and alcohols present in the samples
corroborate the findings of Van Durme et al. (2013). Ketones, such as acetone and 3-Hydroxy-
2-butanone, one of the main compounds found by Scenedesmus obliquus, appeared to
predominate in all marine microalga samples surveyed (Botryococcus, Rhodomonas,
Tetraselmis, and Nannochloropsis), and the freshwater microalga (Chlorella). A a-lonone and
B-lonone were also measured in most of these samples. According to the literature, these
compounds are characterized by low odor thresholds, making them important aromatic
compounds (MILOVANOVIC et al., 2015). Likewise, alcohols such as 1-Pentanol and (Z) 2-
Pentenol have also been identified at high concentrations, in particular for Chlorella vulgaris
(VAN DURME et al., 2013). According to Giri et al. (2010), branched-chain alcohols can be
produced by the secondary decomposition of hydroperoxides of fatty acids, but some of them
might also come from carbohydrates by the glycolysis and/or from amino acids via the Ehrlich
pathway.

The occurrence of volatile organic compounds in microalgae is a consequence of their
metabolism. Eukaryotic microalgae capture light energy and assimilate CO; in chloroplasts
through the Calvin cycle with the intention of forming glyceraldehyde 3-phosphate to act in the
synthesis of pyruvate via the glycolytic pathway. This process is traditionally divided into two
stages, the so-called light reactions, and carbon assimilation reactions. In light reactions, which
are bound to photosynthetic membranes, the light energy is converted into chemical energy
providing an NADPH reductant and a high energy ATP compound. In the other step, which
takes place in the stroma, NADPH and ATP are utilized in the sequential biochemical reduction
of CO; in carbohydrates and other organic compounds (MASOJIDEK et al., 2013).

The distinction between primary and secondary metabolites is that the former being
constitutive, are continuously produced and are essential for maintaining life. Secondary
metabolites, on the other hand, are the molecules derived from primary metabolites that have
been dispensed and are not directly involved in the growth, development, and reproduction of
the organism (ACHYUTHAN et al., 2017). The secondary metabolites can be gradually



38

generated in response to different environmental conditions, and therefore, can be seen as a
behavior that is in part the capacity for adaptation and survival in response to environmental
stimuli during life, and serve to establish ecological relationships with other microorganisms
(YANG et al., 2018).

Regardless of metabolism, the biosynthesis of volatile organic compounds occurs
through the formation of the pyruvate molecule (shown in Figure 2) dividing into several
classes, including terpenoids, phenylpropanoids/benzenoids, fatty acid derivatives, and amino

acids.
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The formation of compounds from pyruvate can follow the route of terpenoids or also
via the keto acids via intermediate 2-ketoisovalerate. Microalgae can generate isoprenoid (C5)
precursors by isopentenyl pyrophosphate (IPP) and its dimethylallyl pyrophosphate isomer
(DMAPP), via 2-C-methyl-D-erythritol 4-phosphate (MEP) in plastids or by mevalonic acid
(MVA) into the cytosol by acetyl-CoA (LIANG et al., 2018). While, farnesyl pyrophosphate
(FPP, C15) is a key precursor in the biosynthesis of sesquiterpenes, triterpenes, and sterols, the
geranylgeranyl pyrophosphate (GGPP, C20) is an essential precursor for a variety of products
including diterpenes, tetraterpenes, carotenoids and other compounds (FABRIS et al., 2014;
LIANG et al., 2015).

As previously reported, many volatiles is derived from fatty acids, which arise through
the unsaturated C18, formed through acetyl-CoA. After entering the lipoxygenase (LOX)
pathway, the unsaturated fatty undergoes stereospecific oxygenation to form 9-hydroperoxy
and 13-hydroperoxy which are further metabolized to produce volatile compounds
(DUDAREVA et al., 2013).

In addition, the structural relationship of microalgae metabolism suggests that amino
acids may also be the precursors of some important secondary metabolites (GONZALEZ &
MORALEZ, 2017). Amino acids such as valine, leucine, and isoleucine are slowly absorbed
after undergoing initial deamination or transamination catalyzed by aminotransferases, leading
to the formation of the corresponding a-keto acid (HOSOGLU, 2018). These a-keto acids can
be subjected to decarboxylation, followed by reductions, oxidations and/or esterifications,
forming aldehydes, acids, alcohols, and esters (REINECCIUS, 2006; DUDAREVA et al.,
2013).

It is clear the biosynthesis of volatile organic compounds depends mainly on the
availability of nutrients and energy of the primary metabolism, demonstrating the high level of
connectivity between primary and secondary metabolism (DUDAREVA et al., 2013). Thus, it
is possible to note that some compounds can be produced metabolically (by enzymes present
in microalgae) and also by primary degradation compounds, such as lipids and proteins
(SANTOS et al.,, 2016). Furthermore, changes in cultivation conditions and/or specific

environmental conditions may provide different varieties of volatile organic compounds.

3.2 Effect of different climatic conditions on production VOCs
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In photosynthetic cultures, the temperature and amount of light energy received and

stored by the cells are directly related to the growth, metabolism, and

morphology of

microalgae, including the volatility of the secondary metabolites. In this sense, the effects of

the climatic conditions of the different climates proposed and their relation in the production of

volatile organic compounds were examined. The total percentage of volatile

under different climates is summarized in Figure 3.
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Figure 3. Percentage of the volatile groups measured in relation to their abundance of total area in the summer

and winter periods of the different climates.

According to Figure 3, hydrocarbons were identified as the most abundant VOCs in

terms of percent composition. This chemical class showed a relative growth in

its total content

throughout the treatments and was the main biomarker of the subtropical climate reaching a

yield of 80.46% and 89.25% in summer and winter, respectively. It can be noted that the

climatic conditions of the subtropical climate show a lower average temperature compared to

other climates (12.8 °C for the winter and 22.7 °C for the summer), and it was

the most varied
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in relation to the maximum light intensity and amounts of light hours per day between the
different seasons.

As can be seen, the ketone group reached a higher percentage of VOCs in the equatorial
climate in the summer with a percentage of 51.29%, but decreased dramatically in winter,
obtaining around only 18.95%. Sun et al. (2013) show that ketones can be produced mainly via
thermal degradation and therefore are reported in this study as the main compounds found in
warmer climates. Furthermore, the other groups of volatile compounds had a relatively constant
concentration throughout the study.

In fact, the impact of stress conditions has been documented at genetic and protein level
and its reflection are reported in the alteration of the pool of secondary metabolites in affected
microorganisms (LORETO & SCHNITZLER, 2010). Consequently, the observed differences
between summer and winter samples can be attributed to environmental conditions, which vary
considerably with the season during growth, which logically give rise to altered VOCs
production (VITA et al., 2015).

Microalgae of the same species, grown in different environments, may have differences
in the concentration of particular secondary metabolites. Abiotic factors cause stresses in
photosynthetic organisms as a consequence of unfavorable conditions due to these factors
(VERMA et al., 2015). For most microalgae, in particular, the modification of photosynthesis
by parameters such as light availability and temperature affect significantly some processes
associated with its ability to synthesize secondary metabolites (YANG et al., 2018).

While light provides the energy to support the metabolism of autotrophic
microorganisms, the effects of temperature are related both to the temperature dependence of
the structural components of cells (particularly lipids and proteins) and to the temperature
coefficients of the reactions of all chemical reactions that occurrence in microalgae cells
(CHALOUB et al., 2015).

As already recognized, the photosynthetic efficiency decreases as the light intensity
increases beyond ideal. As the photosynthetic apparatus is not able to process the high amount
of photons received, an inhibitory effect can promote energy damage and dissipation through
photosaturation and photoinhibition phenomena (SFORZA et al., 2015). In addition, an ideal
specific duration of light/dark periods is required for the synthesis of ATP and NADPH to drive
the dark reactions of photosynthesis in the production of carbon skeletons (CHEIRSILP &
TORPEE, 2012).

Previous studies have shown that the irradiance and duration of light exposure played a

predominant role in regulating the levels of various volatiles metabolites in photosynthetic
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species. Meskhidze et al. (2014) have confirmed that both isoprene and monoterpene production
from algae can be influenced by the variability of irradiation and time of exposure to light.
These authors studied the rate of production of six phytoplankton monocultures (including
diatom strains and dinoflagellate) at different levels of irradiance and confirmed that emission
rates were found to increase when acclimatized low-light was subject to higher irradiance levels
(900 pmol.m? s, reaching the maximum rate of isoprene emission and sum of all studied
monoterpenes (a-Pinene, B-Pinene, Camphene, and d-Limonene).

These results indicate that the accumulation of compounds volatiles and secondary
metabolites depend on the duration and amount of daylight. In addition, high-intensity light can
increase the content of secondary metabolites by three times more than the mean light intensity
and may even activate the higher antioxidant capacity of secondary metabolites in
photosynthetic systems (ARENA et al., 2017).

In the second moment, the temperature is another important factor in the microalgal
metabolism and has an important impact on the chemical balance of the species. Most
microalgae have the ability to grow over a wide range of temperatures, but the response and
adaptation of microalgae to different levels of stress depends on their origin (HE et al., 2018).

While Rubisco carboxylation activity increases exponentially with increasing
temperature (URBAN et al., 2018), very high temperatures can lead to a reduction of the
Rubisco enzyme by inhibitors such as xylulose 1,5-bisphosphate, the limitation of ATP
(adenosine triphosphate), and consequently the reduction of CO, assimilation rate, resulting in
increased rates of photorespiration (FARQUHAR et al., 1989; ROY & ANDREWS, 2000;
KILLI et al., 2017; URBAN et al., 2018). On the other hand, according to Verma et al. (2015),
the low temperature induces different physiological, biochemical and molecular changes in
photosynthetic species. In addition, photosystem Il (PSII) shows a decrease in photochemical
efficiency, causing increased stress in the organism of these species.

Some authors report that low temperature and high light intensity have a synergistic
effect on the expression of genes in the biosynthesis pathway of secondary metabolites
(AZUMA et al., 2012; WANG, 2016). Low temperatures and high irradiation were used to
promote the increase in the accumulation of secondary compounds such as anthocyanins and
phenolic compounds in photosynthetic cultures (LIN-WANG et al., 2011).

Also, at high temperatures combined with high light intensity led to severe
photoinhibition of cell growth in microalgae such as Dunaliella tertiolecta, since
photosynthesis is considered to be one of the most heat sensitive cellular functions, especially
the oxygen complex in PSII (JUNEJA et al. al. 2013, SEEPRATOOMROSH et al., 2016).
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At a low temperature, some strains of microalgae regulate the lipid composition to
maintain the structural integrity and membrane fluidity, increasing the content of unsaturated
fatty acids (HE et al., 2018). A recent report showed that cold stress can inhibit glycolysis and
the TCA cycle, leading to less energy and supply of NAPDH for anabolism, and upregulated
PUFA synthase, resulting in an increase in the content of PUFAs (MA et al., 2017).

As already reported, the production of hydrocarbons in microalgae may be closely
linked to metabolic pathways of fatty acids which could be directly correlated with the
production of hydrocarbons in our study. In fact, the main mechanisms associated with
metabolic synthesis such as temperature stress mainly refers to the instability of the enzymes
associated with carbon fixation (ribulose biphosphate carboxylase/oxygenase: Rubisco) and
lipid biosynthesis (Acetyl CoA carboxylase) (VALLEDOR et al., 2013).

3.3 Exploratory multivariate analysis

Principal component analysis (PCA) was used to better visualize the effect of different
climatic conditions on the production of VOCs. Figure 4 shows the seasonally separated PCA
graph (summer and winter), and the data matrix was composed of the sum of the total area in
each chemical class versus general climate. In this analysis, average temperature (AT),

maximum light intensity (MLI) and light hours per day (LHD) were added as variables
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Figure 4. Principal component analysis of the volatile groups found for Scenedesmus obliquus in different
climatic conditions in summer and winter.

As shown in Figure 4 the first two main components, PC1 and PC2, explained 87% of
the total variance (58.54% for PC1 and 28.46% for PC2) in the summer season, whereas for
winter PC1 explained 70.35% and PC2 explained only 20.31% in a total variance of 90.66%.
Furthermore, it is possible to verify that the two main components showed that there was a
separation of treatments in three groups for the summer and two groups for the winter based on
the additional factors (AT, MLI, LHD).

In the summer season discrimination was observed in each treatment, indicating that
each proposed climatic condition produced different volatile groups. The first factor observed
was the light hours per day in which it appeared in both the negative part of PC1 and in PC2,
the second factor being the maximum light intensity, appeared in the negative part of PC 1 as
in the positive part of PC2, while the average temperature only appeared in the positive area of
the two PCs.

At this season, it is possible to clearly identify that ketones are associated mainly by the
high temperatures of the hotter climates. In contrast, hydrocarbon production was inversely
correlated and reinforces the hypothesis that this volatile chemical group is influenced by lower
temperatures. Still, hydrocarbons, pyrazines, and aldehydes were influenced by the light hours

per day, while the maximum light intensity affected the group of terpenes and alcohols.
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Already, in the winter period, the average temperature and the number of hours of light
per day were the factors that most marked the total production of VOCs. These additional
factors were negative in both PC1 and PC2 and were clearly separated from the maximum light
intensity, which appears on the positive side of the two main components. Therewith, it is
possible to identify that lower temperatures and greater light intensity promoted the significant
increase of hydrocarbons in the subtropical climate.

The proposed methods allowed Scenedesmus obliquus to be differentiated and evaluated
through its metabolism in different situations. Consequently, the differences observed between
the summer and winter samples might be attributable to the environmental conditions, which

vary considerably with the season, which logically give rise to altered VOCs production.

4. Conclusion

Scenedesmus obliquus can produce a variety of interesting secondary metabolites, and
knowledge about the biosynthesis of these structures from microalgae can be quite useful to
help elucidate ways of commercial application.

The analysis of VOCs in the climatic conditions proposed for the climates of extreme
geographic locations of Brazil made it possible not only to verify the abundance of total area
between volatile chemical groups, but also the distinction between summer and winter
production. It appears that, for each climate and season, the VOCs of the microalga
Scenedesmus obliquus is, at least metabolically, quite distinct.

Thus, it is possible to check the formed compounds against different culture conditions
and to select the most favorable conditions for the production of precursors or bioproducts of

interest.
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Abstract: The objective of this study was to evaluate the influence of light/dark cycles on the
production of volatile organic compounds by Scenedesmus obliquus through the simulation of
the climatic conditions such as average temperature, maximum light intensity, and hours of
light/dark per day in the summer seasons of the equatorial climate of Brazil. The volatiles were
isolated by headspace solid-phase micro-extraction in different residence times, separated by
gas chromatography, and identified by mass spectrometry (SPME-GC/MS). A combined total
of 37 compounds was identified, of which 10 compounds were produced only in the light cycle,
while 5 compounds were identified only in the dark cycle. The results show that the main
volatile compounds found in Scenedesmus obliquus for the light cycle were 3-Methyl butanol
compound, followed by 6-Methyl-5-hepten-2-one. Already, for the dark cycle, the most
relevant compounds were the alcohols 2-Ethyl hexanol, and 1-Pentanol. The main volatile
groups found were alcohols, aldehydes, ketones, and terpenes which varied over time through

the light/dark cycles.

1. Introduction

Microalgae are a highly diversified polyphyletic group of microscopic photosynthetic
organisms that have evolved over time to thrive in adverse environments and have gained
considerable attention in the last decade because of their wide variety of applications (RIZWAN
etal., 2015; MATOS et al., 2017). Microalgae and cyanobacteria produce different compounds,
such as pigments, antioxidants, p-carotenes, proteins and vitamins, which can be used to
produce high-value products (GONCALVES et al., 2016).

Depending on the species, crop and environmental conditions, microalgae are capable
of producing a variety of volatile organic compounds (VOCs). The identification of these

compounds is very important because of their direct impacts on the aromatic properties of the
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final product and can still provide an important alternative source of drugs, aromas, and
fragrances at low cost (SANTOS et al., 2016; ZHOU et al., 2016; HOSOGLU, 2018).

In the natural environment, all life is exposed to a daily cycle of light and dark
fluctuation of light intensities and seasonal oscillation of daylight length as a result of the
rotation of the planet. Eukaryotic and prokaryotic cells have evolved to respond to the rhythmic
changes in environmental conditions and synchronize their cellular processes to the most
appropriate time of the day (DIXON et al., 2014; DUANMU et al., 2014; XU et al., 2016). It is
recognized that photosynthetic metabolism consists of two phases, the light phase, and the dark
phase. In the first stage, the light energy is converted into chemical energy, which is stored in
high energy compounds while in the dark phase, the chemical energy is used in the carbon-
fixation reactions (WIJFFELS et al., 2013).

For photosynthetic organisms, synchronization to the light and dark cycle translates into
fine-tuning their photosynthetic apparatus to capture sunlight efficiently during the day and to
schedule ultraviolet or oxygen sensitive processes (e.g. nitrogen fixation, DNA synthesis or cell
division) at night (FABREGAS et al., 2002). In addition, the length of the light and dark periods
under natural sunlight conditions vary depending on the region and the season, which has an
impact on biomass productivity and photosynthetic efficiency depending on the species
(JACOB-LOPES et al., 2009; LEON-SAIKI et al., 2018).

In industrial algal cultivations, illumination conditions such as continuous light or a
light/dark cycle, the length of the photoperiod and the light intensity affect both the growth of
microalgae and the biomass composition (WAHIDIN et al., 2013). Continuous illumination in
a photobioreactor system is often used to maximize the biomass production; however, excess
light energy that cannot be converted into chemical energy induces photoinhibition damage to
the algal photosynthetic apparatus and inhibits the growth of algal cells (MULDERS et al.,
2014; WINTER et al., 2017).

Thus, the provision of appropriate light and dark periods, and synchronization under
day/night cycles are therefore essential for both the growth of microalgae and optimum yields
of target products, such as volatile organic compounds. Based on this, the objective of this study
was to evaluate the influence of light/dark cycles on the production of volatile organic
compounds by Scenedesmus obliquus through the simulation of the climatic conditions in the

summer seasons of the tropical climate of Brazil.

2. Material and methods
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2.1 Microorganism and culture media

Axenic cultures of Scenedesmus obliquus CPCCO05 were obtained from the Canadian
Phycological Culture Centre. Stock cultures were propagated and maintained in synthetic BG-
11 medium (RIPPKA et al., 1979) with the following composition (mg/L): KoHPO4 (3.0),
MgSOs (75.0), CaClz-2H.0O (36.0), ammonium citrate and iron (0.6), Na;EDTA (1.0), NaCl
(0.72), NaNOs (150.0), citric acid (0.6), Na.COs (15.0), H3BOs (2.8), MnCl..4H20 (1.8),
ZnS04-7H,0 (0.22), NazMo0O4-2H20 (0.39), CoSO4:6H20 (0.04). The incubation conditions
used were 30 °C, photon flux density of 30 pmol.m s and a photoperiod of 12 h.

2.2 Photobioreactor design

Measurements were made in a bubble column photobioreactor (MARONEZE et al.,
2016). The system was built in 4 mm thick glass with an internal diameter of 9.0 cm, a height
of 40 cm and a nominal working volume of 2.0 L. The dispersion system for the reactor
consisted of a 1.5 cm diameter air diffuser located in the center of the column. The reactor was
illuminated with forty-five 0.23W LED lamps (total consumption of 0.01125 kW h), located in
a photoperiod chamber. The CO>/air mixture was adjusted to achieve the desired concentration
of carbon dioxide in the airstream, through three rotameters that measured the flow rates of

carbon dioxide, air and the mixture of gases.

2.3 Experimental conditions

The experiments were carried out in bioreactors operating in batch mode, fed with 2.0
L synthetic BG-11 medium. The luminous intensity was determined using a quantum sensor
(Apogee Instruments, Logan, USA), measuring the light incident on the external reactor
surface. The temperature was controlled by using thermostats. The flow rates of carbon dioxide,
air, and CO- enriched air were determined with rotameters (AFSG 100 Key Instruments,
Trevose, USA). Experimental conditions were as follows: initial cell concentration of 100
mg/L, constant aeration of 1 VVVM (volume of air per volume of culture per minute) with an
injection of air enriched with 15% carbon dioxide and pH adjusted to 7.6. The choice of
photoperiod, average temperature, and maximum light intensity were based on the simulation
of the average values of the summer season of the city of Boa Vista (RR) referring to the tropical

climate in Brazil. The light cycles evaluated were (h:h) 11.59:12.41 (light:dark), average
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temperature (27.7 °C) and maximum light intensity (1949.9 pmol.m2 s™). The concentrations
of volatile organic compounds were measured daily at each end of the dark cycle (07:00 a.m.)
and after reaching the maximum light intensity (01:00 p.m.), obtained through a ramp of

luminosity by the photobioreactor.

2.4 Isolation of the volatile organic compounds

The volatile compounds were isolated from matrix by the technique headspace solid-
phase microextraction (HS-SPME) using a divinylbenzene/Carboxen/polydimethylsiloxane
(DVB/Car/PDMY) fiber (50/30 pum film thickness x20 mm; Supelco, Bellefonte, PA). Sample
preparation was performed with 20 mL of culture medium, equally separated into two portions
(10 mL). The aliquot was placed in a 20 mL vial sealed with a politetrafluoretilene (PTFE)
faced silicone septum. After, it was added 3 g of NaCl and 10 pL of 3-Octanol solution (82.2
mg L?), that was used as the internal standard. For the VOCs isolation, first the SPME fiber
was maintained without exposure, to reach the chemical equilibrium from the sample and
headspace, remaining for 15 min at 40 °C. Subsequently, there was acquired the exposure at
the headspace for 60 min some temperature, with agitation provided by a magnetic stir bar.
After this period, the fiber was retracted, removed from the vial and immediately desorbed into

the injector port of the GC/MS. The analytical procedure was performed twice and in duplicate.

2.5 GC/MS analysis

The VOCs were analyzed in a gas chromatography coupled to a mass spectrometer
GC/MS Shimadzu QP 2010 Plus (Shimadzu, Kyoto, JP). Therefore, the fiber desorption
occurred for 10 min in the split/splitless injector port, operating in the splitless mode (1.0 min
splitter off) at 250 °C. Helium was used as a carrier gas at constant 1.6 mL.min. The analytes
were separated in a DB-Wax fused silica capillary column, 60 m in length, 0.25 mm id, and
0.25 pum film thickness (Chrompack Wax 52-CB) (Chrompack, Palo alto, USA). The initial
column temperature was 35 °C for 5 min, followed by a linear increase of 5 °C.min to 250 °C,
held for 5 min. The MS detector was operated in the electron impact ionization mode +70 eV,
and mass spectra was performed scanning in a range from m/z 35 to 350. The VOCs were
identified by the comparison of experimental MS spectrum with those provided by the library
(NIST MS Search). In addition, the linear retention index (LRI) was calculated for each volatile

compound by using the retention time of standard mixture of paraffin homologues series (C6-
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C24) to aid the identification, after the calculated LRI was compared with those LRI obtained
from the literature (ACREE & HEINRICH, 2018; EL-SAYED, 2018). Also, co-injection and
separated injection of standard mixtures, were performed to auxiliary the identification.

2.6 Statistical analysis

Analysis of variance (one-way ANOVA) and Tukey’s test were used to test differences
between treatments. Trends were considered significant only where means of compared
parameters are different at p <0.05 significance level. The principal component analysis (PCA)
was used to identify the relationships samples from between climates and seasons. All the

analyses were performed using Statistica 10.0 software (StatSoft, Tulsa, USA).

3. Results and discussion
3.1 Production of volatile organic compounds under different light/dark cycles

In photosynthetic cultures, the amount of light energy received and stored by cells and
the synchronization of light/dark cycles are essential for microalgal growth and are directly
related to metabolism as well as the production of metabolites of interest. In this sense, the
influence of light/dark cycles on the production of volatile organic compounds was examined.
The results over time are summarized in Table 1 and the yield of VOCs of each volatile group

identified in the experiment are presented shown in Figure 1.
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Table 1. Quantification of volatile compounds (ug mL™) obtained through of the simulation of the light/dark cycles of the equatorial climate of Brazil by Scenedemus
obliquus.

Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark

Compounds Rl oh 6 h 24h  30h  48h  54h  72h  78h  96h  102h 120h 126h 144h 150h 168h 174h 192h
Alcohols
2-Propanol 927 - 1.78 - 1.16 3.44 - - - - - - - - - - - -
2-Methyl propanol 1114 - - - - 2.15 - - - - - - - - - - - -
2-Pentenol 1138 - 0.45 - 1.07 ; 0.65 - 0.60 - 0.31 ; 1.09 ; 3.32 ; 1.43 -
1-Butanol 1160 104 264 267 - 504 082  1.05  1.05 - ) ; 1.05 ; - ; ; -
4}'}&%2%"6?' 1173 ) 1.22 - 1.39 0.93 1.40 1.66 1.63 2.05 0.33 - 0.32 1.77 - 1.99 - 0.76
3-Methyl butanol 1217 072 19.82 1385 237  7.07  0.56 - 796 662 1438 1192 2035  7.43 3079 1634 2429  6.28
1-Pentanol 1261 - - 3.79 - 6.84 ] 8.34 - 27.40 - 30.24 - - - 0.24 - 19.12
Hexanol 1363 100 519 329 019 170 211 056 - - - ] ; - 060 435  2.30 -
Cyclohexanol 1410 - - - - - } - - 0.38 - ; ; 051 101 125 074 097
1-Heptanol 1462 173 369 281 692 170 095 111 166 168 136 143 127 124 178 278 183  1.06
2-Ethyl hexanol 1484 - - 21.13 - 23.15 - 1250 - 19.03 - 15.35 - 17.48 - 17.25 - 0.74
1-Octanol 1564 470 752 364 336  3.20 - - 356 401  3.78 ] 266 299 259 413 272 038
1-Undecanol 1876 - 7.04 - - - - - - - - - 0.56 - 0.48 - - -
1-Tetradecanol 2174 1.66 2.41 - 0.40 - - - 0.94 - 1.38 - - - 1.25 - 1.62 -
Aldehydes
Pentanal 979 275 1111  6.28 - 4.19 - - 327 546 - 40.92 1007 869  10.44 1044 876  8.76
Hexanal 1084 434 257 219 081 052 092 050 049 083 124 315 178 098 229 179 178  0.86
Heptanal 1186  2.04 - - - - - - - - - - - - 2.04 - - -
Octanal 1201 350 273 137 - 0.46 - 052 055 018 038 024  0.70 - 088  1.19 045 -
Nonanal 1396 935 334 - - - 0.50 - 1.30 - 0.69 - 0.71 - 2.20 - 1.23 -
hfiéé?éﬁ'al 1463 070,07 m ] 012 155 144 235 317 399 799 310 401 520 601 490  0.28
Decanal 1508 639 436 - 15.82 - 1.45 - 417 - 0.94 - 1.39 - 5.41 - 1.92 -
Ketones
2 3-Pentanedione 1065 - - - 0.36 - 062 042 054 127 070 235 094 124 147 114  1.02 091
6-Methyl-2- 58 117 g - 142 096 097 164 148 135 192 152 136 091 086 065 094 -
Heptanone
3-Hydroxy-2- 1290 5.03 i i 503 ) ) ) ) ) ) i i i i i i i
butanone
3-Octanone 1303 - 028 049 - 198 034 519 049 067 683 086 3752 090 3672  0.87

2,3-Octanedione 1329 - 2.36 1.08 - 251 2.10 2.99 6.13 8.08 12.29 13.94 14.26 7.45 10.70 7.68 10.70 3.22
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Limonene
Linalool
a-Terpineol
Citronellol
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Figure 1. Quantification of each volatile groups identified over time in the light/dark periods.

Table 1 shows the volatile organic compounds identified in all experiments. A total of
37 compounds was identified, of which 10 compounds were only produced in the light cycle
(2-Pentenol, 1-Undecanol, 1-Tetradecanol, Heptanal, Nonanal, Decanal, 3-Hydroxy-2-
butanone, Limonene, B-Citronellol, and (E) Geranyol), while 5 compounds were identified only
in the dark cycle (2-Methyl propanol, 1-Pentanol, 2-Ethyl hexanol, 3,5-Octadien-2-one,
Linalool).

The results show that the main volatile compounds found in Scenedesmus obliquus for
the light cycle were 3-Methyl butanol compound (120.52 ug mL™?), followed by 6-Methyl-5-
hepten-2-one (75.18 ug mL1). Also known as isoamyl alcohol, 3-Methyl butanol is one of the
main volatile compounds found in fermented foods and beverages, formed primarily by the
amino acid leucine. Some phototrophic studies also recognized this compound as the major

volatile product of Phormidium autumnale (SANTOS et al., 2016) and red algae Palmaria
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palmata (LE PAPE et al., 2004), reaching concentrations of 142 pg mg * and 0.96 ug kg *
(HOSOGLU, 2018). Already, for the dark cycle, the most relevant compounds were the
alcohols 2-Ethyl hexanol, formed during the oxidative cleavage of carotenoids, and 1-Pentanol,
with maximum yields of up to 126.63 and 95.97 pg mL 2, respectively.

One of the most abundant volatile groups produced in the experiment was alcohols.
Relatively high amounts of these compounds were found for cycles light and dark (218.07 and
360.19 ug mg 2, respectively). Most of the alcohols formed are short chain linear compounds
and have been confirmed in several microalgae studies in the identification of volatile organic
compounds (OZAKI et al., 2008; VAN DURME et al., 2013). Most alcohols have a strong
impact and pungent odor, which can make them substantial contributors to the microalga odor
(HOSOGLU, 2018).

Ketones also showed relatively high yields (172.33 pg mg * for light cycle, and 164.31
ug mg* for dark cycle), followed by the aldehydes and terpenes groups with the productivity
of 132.05 and 140.67 ug mg* for the light and 123.65 and 74.65 pg mg ! for the dark,
respectively. Ketones can be formed starting in be products of lipid oxidation or degradation
and from the oxidative cleavage of carotenoids, such formation of a compound as 6-Methyl- 5-
hepten-2-one. As expected, some aldehydes formed can provide several notes to food matrices
depending on the number of carbon atoms and the degree of saturation. According to Kunjapur
et al. (2014), the main barrier to overproduction of aldehydes in microorganisms is a rapid
conversion of aldehydes desired in alcohols by numerous endogenous enzymes. Finally,
terpenes are characterized by low odor threshold values which make them important aromatic
compounds (VAN DURME et al., 2013, SANTOS et al., 2016).

Changes in light/dark cycles through generation time induce alterations in the
metabolism and consequently on biochemical composition of microalgae. Figure 2 show the
impact of the metabolic transformation as a function of time on the composition of volatile

compounds obtained in the experiments.
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Figure 2. Quantification of all periods analyzed over time in light/dark cycles.

According to Figure 2 between 0 and 24 h of culture, there was a clear change in the
volatile profile of Scenedesmus obliquus. Of the 37 compounds formed throughout the culture,
30 were formed only in this period. The terpenics compounds (Citronellol, Geranylacetone, and
B-Citronellol) appear as the most relevant compounds in this period formed mainly in the first
hours of cultivation when the first maximum luminous intensity is achieved. In fact, terpenes
play a crucial role in the defense of microorganisms to biotic and abiotic challenges, such as
protection of photosynthetic products and performance in response to thermal stress and/or
oxidative stress often associated with high light intensities, probably due to stimulation of
activity of the enzymes involved in the synthesis of VOCs (SPINELLI et al., 2011). These data
are also confirmed by Achyuthan et al. (2017), which correlates the isoprenes and monoterpenes
production when obtained at higher intensities of light under photoperiods of 14:10 (light:dark)
by three diatomaceous strains (Thalassiosira pseudonana, Thalassiosira weisflogii, and
Chaetoceros neogracile).

In particular, observed changes in the various levels of terpene compounds in
microalgae are a demonstration of GPP (Geranyl pyrophosphate) pathways changes, often
associated with pathways of defense of photosynthetic processes. Therefore, they not only
demonstrate that these microorganisms exhibit a high tolerance to high light intensities, but also
demonstrate that this strategy can be widely used to modulate in a controlled way the profile
and important levels of VOCs from the industrial perspective (MACHADO et al., 2017).
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Between 24 and 48 h of culture, it can be observed that the productivity remained
constant until reaching minimum values of concentration in the residence time of 54 h under
the light cycle. At this time, the productivity of VOCs has reduced dramatically and probably
this behavior may be associated with the phenomena of photoinhibition under high illumination
condition. This occurs when photosynthetic organisms are exposed to strong light and results
in inhibition of the activity of photosystem Il (MURATA et al., 2007). After this period the
system presented a gradual increase in the productivity of COVs, which may be related to
adaptation of the microalga to the cultivation process used.

On reaching the residence time of 120 h the yield under cycles in the dark reached
148.05 pg mg !, and the production of compounds such as alcohols, aldehydes, and ketones
were higher at this stage. These VOCs increased with inhibition of light and then decreased to
values close to those of the control (Oh).

The high production of VOCs in the dark period may be related to stress due to lack of
light (SILVA, 2017), and according to data by Maroneze et al. (2016) when the cultures of
Scenedesmus obliquus were submitted to 12 hours of dark the low productivity and growth,
when compared to periods with constant lighting, ended up affecting the photosynthetic
metabolism of the microalga. These results suggest that algae are not able to store enough
energy to use during the long, dark period. A consequence of the long dark period is that the
basic carbon compounds, which have been synthesized by light, will be breathed for
maintenance purposes and, consequently will produce larger amounts of volatile organic

compounds.

3.2 Exploratory multivariate analysis

Principal component analysis (PCA) was used to better visualize the light/dark cycles
against the production of VOCs separated by groups. Figures 3a and 3b show the scores
(samples over time) and loadings (volatile groups), respectively, of the two main components.
Together, main component 1 (PC1) and main component 2 (PC2) explained 80.58% of the
global variance. This analysis differentiated the samples light/dark cycles based on the four

volatile groups identified in the experiment.
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Figure 3. Principal component analysis of the volatile groups found for Scenedesmus obliquus in the different
cycles of light/dark.

As shown in PC 1, the right quadrant of the volatile groups terpenes and aldehydes could
be separated into a group due to their high concentration in the first hours of analysis (between
0 and 6h). It is also verified that the group of terpenes were higher correlated to the time of 6 h
of the experiment to the light cycle mainly because it is close to the reference circle. It is
referenced that the closer to the circle and further from the origin, the greater the influence of
the point in the analysis.

On the left side, alcohols and ketones presented the highest concentrations of volatiles
throughout the experiment time. It is also observed that ketones were correlated mainly to light
cycles (except in 120, 144 and 168 h), while alcohols were correlated mainly through the
formation of compounds in the dark at time 24, 48, 72, 96, and 192 h.

Based on the data already presented, the PCA confirms that the formation of terpenes
had its peak in the first hours of the experiment when it reached its first point of high luminosity.
After this period, the formation of terpenes declined, as the formation of the other volatile
groups increased over time, especially in the dark cycles, until reaching their final decline of
production. With this, it is possible to verify the formed compounds against different culture
conditions through the light/dark cycles and select those conditions that are most favorable for
the production of VOCs.
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4. Conclusion

The cultivation analysis of Scenedesmus obliquus through the proposed conditions of
simulation in the summer the tropical climate of Brazil allowed to produce a significant variety
of interesting volatile organic compounds and helped to elucidate the influence of the light/dark
cycles in the production of these compounds. It appears that for each light/dark cycle over the
time of the experiment, these metabolites are at least metabolically, quite distinct. The
intensification of research in this area can add to understanding the different ways of applying
light/dark cycles and determining the most suitable process for the production of precursors or

bioproducts of interest.
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CONCLUSAO GERAL

O perfil de compostos organico volateis por Scenedesmus obliquus em diferentes climas
e estacOes do ano de regides extremas do Brasil, apresentou um total combinado de 47
compostos identificado em todas as amostras estudadas. O clima subtropical foi o que
apresentou a maior abundancia de area total no verdo, seguido pelos climas tropical, tropical
Atlantico e equatorial, enquanto no inverno o tropical Atlantico apresentou maior area, seguido
do clima tropical, subtropical e equatorial. Os hidrocarbonetos foram identificados como o0s
COVs mais abundantes em termos de composicdo percentual. Esta classe quimica apresentou
um crescimento relativo em seu conteudo total ao longo dos tratamentos e foi o principal
biomarcador do clima subtropical, atingindo um rendimento de 80,46% e 89,25% no ver&o e
inverno, respectivamente. Em seguida, o grupo cetona atingiu um percentual maior de COVs
no clima equatorial no verdo, com um percentual de 51,29%, mas diminuiu drasticamente no
inverno, obtendo cerca de apenas 18,95%.

De fato, o impacto das condigdes de estresse tem sido documentado no nivel genético e
proteico e sua reflexdo é relatada na alteracdo do pool de metabdlitos secundarios em
microrganismos afetados. Consequentemente, as diferencas observadas entre as amostras de
verdo e inverno podem ser atribuidas as condi¢cbes ambientais, que variam consideravelmente
com a estacdo durante o crescimento, o que logicamente da origem a producdo alterada de
COVs.

Ao analisar a influéncia dos ciclos claro e escuro na producéo de COVs no clima tropical
do verdo, os compostos terpénicos aparecem como 0s compostos mais relevantes neste periodo
formados principalmente nas primeiras horas de cultivo, quando a primeira intensidade
luminosa maxima € alcancada. De fato, os terpenos desempenham um papel crucial na defesa
de microrganismos, como protecdo de produtos fotossintéticos e desempenho em resposta a
estresse térmico e/ou estresse oxidativo frequentemente associado a intensidades de luz
elevadas.

Ao atingir o tempo de permanéncia de 120 h, o rendimento sob ciclos no escuro atingiu
148,05 ug mg 1, e a produgdo de compostos como &lcoois, aldeidos e cetonas foi maior neste
estagio. A alta producdo de COVs no periodo escuro pode estar relacionada ao estresse devido
a falta de luz, o que logicamente pode estar relacionada a producdo de COVs nessas condicdes.

Os resultados indicaram que a fracdo de compostos organicos volateis de cultivos
fotoautotroficos de Scenedesmus obliquus apresentaram um expressivo potencial de aplicacéo

em diferentes condicdes de cultivos e colaboraram tanto para elucidacdo metabdlica destes
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compostos, como a identificacdo de uma fragdo de biocompostos microalgais com grande
potencial de exploracdo comercial.
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