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Toda a nossa ciéncia, comparada com a realidade, é primitiva e infantil.
E, no entanto, é a coisa mais preciosa que temos.
Albert Einstein, em carta de 1951.

Valeu a pena? Tudo vale a pena
Se a alma néo é pequena.
Quem quer passar além do Bojador
Tem que passar alem da dor.
Deus ao mar o perigo e o abismo deu,
Mas nele é que espelhou o céu.

Poema Mar Portugués, Fernando Pessoa, Edicdes Atica: Lisboa. 1959.

Infelizmente, somos uma espécie com tendéncias esquizofrénicas e como uma
senhora que precisa dividir sua casa com um grupo crescente e destrutivo de
adolescentes, Gaia (a Terra) fica furiosa. Se ndo mudarem seus habitos, ela vai
expulsa-los.

James E. Lovelock, A Vinganca de Gaia:

Crise Climatica e o destino da Humanidade.
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RESUMO

Plasticos sdo matérias-primas essenciais a produ¢ao de bens de consumo.
Fundamentais para a sociedade moderna, seu uso revolucionou praticamente todos
os setores da atividade humana. No entanto, o descarte de materiais plasticos e o uso
matérias-primas nao renovaveis constituem um grande passivo ambiental, tornando
relevante a busca por novas alternativas. Os polihidroxialcanoatos (PHA),
biossintetizados por microrganismos em resposta a estresses ambientais, constituem-
se em uma alternativa ambientalmente compativel para a produgao industrial de
biopolimeros (= plasticos) biodegradaveis. Este trabalho realizou a bioprospecg¢ao de
cianobactérias, isoladas a partir de tapetes microbianos encontrados nos
cristalizadores das salinas na regido de Cabo Frio, Rio de Janeiro, em busca de
produtores de PHA. As cepas unialgais foram identificadas morfologica e
molecularmente com o emprego das regides do gene codificador da regido 16S do
RNA ribossomal (rRNA), sendo classificadas no género Euhalothece, em sua maioria,
e identificadas como Euhalothece sp. Visando ampliar a bioprospecgao por produtores
de PHA, foram também avaliadas outras 12 cepas de cianobactérias dos géneros
Arthrospira, Spirulina, Leptolingbia, Synechocystis e Synechococcus, obtidas junto a
diferentes cole¢des bioldgicas no Brasil. A identificacdo dos produtores de PHA foi
realizada por meio de detecgcao molecular e microscopia de fluorescéncia. A cepa da
cianobactéria Arthrospira platensis BMAK 159, proveniente do Banco de
Microrganismos Aidar e Kuchner, foi identificada como produtora de PHA quando
cultivada e induzida para acumulagao deste polimero com o emprego de acetato como
unica fonte de carbono. O polimero formado foi extraido e purificado, com
produtividade global de 1% (m/m) da biomassa seca, valor tipico observado para
outras cepas da mesma espécie. A composicado monomeérica e a pureza do material
foram verificadas com o uso de cromatografia gasosa, confirmando a composigéao de
poli-3-hidroxibutirato (P3HB) para o polimero induzido. O presente estudo constitui
abordagem inovadora no Brasil visando a busca por polimeros ambientalmente

compativeis e de amplo uso na sociedade.

Palavras-chave: Biopolimeros; Bioprospecgao; Polimeros biodegradaveis

polihidroxialcanoatos; polihidoxibutirato.



ABSTRACT

Plastics are essential raw materials to produce final goods that are fundamental
in modern society. Their use has revolutionized practically all sectors of human activity.
However, the disposal of plastic materials and the use of non-renewable raw materials
constitute a major environmental liability, making it relevant to search for new plastic
alternatives. Polyhydroxyalkanoates (PHA), biosynthesized by microorganisms in
response to environmental stresses, are an environmentally compatible alternative for
the industrial production of biopolymers (= biodegradable plastics). This study
performed the bioprospecting of cyanobacteria isolated from microbial mats found in
the crystallizers of salt marshes in the Cabo Frio, Rio de Janeiro, for the search of PHA
producers. The unialgal strains were morphologically and molecularly identified using
the 16S rRNA regions, being mostly classified in the genus Euhalothece and identified
as Euhalothece sp.. In order to expand the scope of bioprospecting, an additional set
of 12 other strains of cyanobacteria belonging to the genera Arthrospira, Spirulina,
Leptolyngbya, Synechocystis and Synechococcus, obtained from biological collections
in Brazil, were evaluated. The identification of PHA producers was performed by
molecular detection of PHA biosynthetic genes and fluorescence microscopy. The
Arthrospira platensis strain BMAK 159, from a biological collection, was identified as a
PHA producer when cultivated and induced to accumulate this polymer using acetate.
The polymer formed was extracted and purified, and the global yield of PHA was 1%
(w/w), a typical value observed for other strains of the same species. The monomeric
composition and purity of the material were verified using gas chromatography,
confirming the composition of poly-3-hydroxybutyrate (PHB) for the induced polymer.
The present study constitutes an innovative approach in Brazil aiming at the search for

environmentally compatible polymers of wide use in society.

Keywords: Biopolymers; Bioprospection; Biodegradable polymers

polyhydroxyalkanoates; polyhydroxybutyrate.
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1 INTRODUGAO

1.1 A IDADE DO PLASTICO

Os plasticos sdao matérias-primas essenciais a fabricagdo de diversos tipos de
produtos, tais como embalagens descartaveis, pecas de veiculos e materiais de
construgao (Millet et al., 2018). Viabilizando diversos aspectos da vida moderna, estes
materiais sao importantes para a economia de energia nos setores de transporte e
armazenamento, na higiene e na seguranga de operagdes meédicas, bem como no
manuseio e na preservacao de alimentos, dentre outros (Andrady et al., 2009).

Formados pela mistura de polimeros e aditivos (Figura 1), como, por exemplo,
cargas minerais ou organicas, plastificantes, retardantes de chama e biocidas
(Brydson, 2016), os plasticos sdo utilizados em uma extensa gama de aplicagbes
(Millet et al., 2018). Desde a pasta de dentes, que contém um polimero derivado da
celulose (Rahman et al.,2021), passando pelas cerdas de Nylon® das escovas, o
poliéster das roupas que vestimos, e até o tecido e o enchimento dos travesseiros, o
dia a dia do ser humano moderno esta cercado por materiais plasticos (Andrady et al.,
2009).

Figura 1: Plasticos como uma mistura de polimeros (naturais ou sintéticos) e aditivos. A extensa

gama de polimeros e aditivos, com diferentes propriedades, confere a estes materiais grande

flexibilidade de aplicagdes.

" 4
o3

) )

Matéria-prima principal para a fabricacdo de plasticos, os polimeros sao
materiais formados por macromoléculas de elevado peso molecular (Mano, 1999),
compostas por mondmeros que se unem através de ligagées quimicas covalentes

(Figura 2). Estas macromoléculas conferem aos polimeros propriedades fisicas e
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quimicas particulares, como, por exemplo, resisténcia mecanica, elasticidade,
viscoelasticidade, além da formacado de estruturas amorfas ou semi-cristalinas no
material (Brydson, 2016).

Figura 2: Exemplo de se¢do de uma molécula polimérica de polietileno, um polimero sintético

derivado de hidrocarbonetos (Mano, 1999).

As macromoléculas poliméricas sdo comuns em seres vivos, tais como os
acidos nucleicos RNA e DNA, os carboidratos, como o amido e a celulose, e as
proteinas, como a caseina do leite, dentre outras. Todas estas macromoléculas séo
exemplos classicos de polimeros de origem natural produzidos por biossintese
(Gomez in do Nascimento et al., 2018).

Os polimeros também podem ser produzidos, por sintese, a partir de produtos
quimicos derivados do gas natural, petroleo, etanol ou outras fontes. Por meio de
reagdes quimicas envolvendo reagentes denominados de monémeros, que servem
de base para a formacdo dos polimeros, € possivel produzir macromoléculas
poliméricas compostas por unidades repetidas denominadas de meros - Figura 3
(Mano, 1999).

Figura 3: Molécula de etileno, mondmero utilizado para a produgao do polimero polietileno. Nesta
figura é possivel identificar o mero- (em destaque), aparecendo como unidade que se repete na

macromolécula polimérica (Mano, 1999).
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A sociedade moderna faz amplo uso dos materiais plasticos. Nos meios de
transporte, como automoveis e aeronaves, a quantidade de plasticos empregada
aumenta a cada ano. Nas construgdes, os plasticos estdo presentes desde o momento
das fundacdes até seu massivo uso em acabamentos, variando desde esquadrias de
portas e janelas até as tintas de revestimento interno e externo (Andrady et al., 2009).
Na agricultura, os plasticos sdo necessarios como embalagens de defensivos e
insumos na protecdo de lavouras contra geadas (filmes de Mulch), na
impermeabilizagdo de areas de solo e, também, na composicédo de fertilizantes de
liberagao controlada (Amelia et al., 2019 in Kalia, 2019).

Na medicina, os plasticos séo utilizados como materiais descartaveis, ajudando
na prevencado de doengas infectocontagiosas e mesmo como materiais de uso
continuo como proteses (Romeo, 2020 e North e Halden, 2013) Em equipamentos de
emprego militar, os plasticos auxiliam na reducéo de peso e conferem caracteristicas
essenciais de resisténcia (Chen et al., 2023) e mesmo fornecem capacidades de
supressao de radiagado eletromagnética (Ahmad et al., 2019).

No cotidiano, os plasticos estdo presentes nas embalagens de produtos de
higiene pessoal e cosméticos, alimentos, celulares e computadores além de roupas e
calgados. Ainda que atualmente facamos amplo uso de uma extensa gama de
materiais, se pudermos definir a humanidade, em termos de um material principal,
como foi feito para as idades da pedra, do bronze e do ferro, podemos muito bem

considerar que atualmente vivemos na idade do plastico (Yarsley & Couzens, 1945).
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1.2 PLASTICOS E O MEIO AMBIENTE

1.2.1 Plasticos na protecdo ao meio ambiente

No inicio do século XIX, a grande popularidade do jogo de bilhar incentivou a
caca as populacgdes silvestres de elefantes. As presas de marfim destes animais eram
a matéria prima para a fabricagdo das bolas usadas no jogo. Em 1863, foi oferecido
um prémio de 10 mil dolares ao primeiro que conseguisse desenvolver um material
que substituisse o marfim. Ja em 1869, foi patenteado um material plastico, produzido
a partir de celulose, que se assemelhava ao marfim e sendo comercializado por um

preco até 3 vezes menor que o original (Beaujot, 2012).

Um estudo de 2010, realizado pela consultoria Denkstatt, estimou que o
emprego de materiais plasticos contribuiu para um saldo negativo no balango de
emissdes de carbono na atmosfera, que poderia ser de 9 a 15 vezes maior caso o
emprego deste tipo de material ndo fosse possivel (Denskatt, 2010). A economia de
energia em fung&o do uso de plasticos, inclusive os descartaveis, pode ser percebida
guando a demanda energética para a criagdo de uma simples caneca de ceramica foi
comparada com o uso de copos descartaveis. Um estudo publicado pelo TNO
confirmou que, quando os gastos relacionados a lavagens sdo computados, séo
necessarias muitas centenas de reutilizagcdes de uma caneca de ceramica para que o
gasto energético para sua producao seja equiparavel ao gasto para a produgao de um
unico copo descartavel (TNO, 2007).

Outro aspecto relevante, relacionado ao uso de plasticos, € a preservacao de
alimentos, que influencia na demanda por novas terras agricultaveis (Read et al.,
2020) e, por consequéncia, as taxas de desmatamento (Acheampong et al., 2019). A
possibilidade de produzir embalagens plasticas com caracteristicas de
impermeabilidade frente aos gases e vapor d’agua, permitiu um maior tempo de
prateleira para diversos produtos comercializados, dando a oportunidade de expandir
as cadeias logisticas e aumentar o tempo de prateleira, até que um determinado
produto seja adquirido. Estas caracteristicas relacionadas as embalagens plasticas
tém como consequéncia a reducao no desperdicio de alimentos e custos, aumentando
a qualidade e a seguranga dos produtos e reduzindo seu prego final ao consumidor
(Nilsen-Nygaard, 2021).
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Todos estes beneficios relacionados ao emprego de materiais plasticos
contribuem a uma grande expansao de seu consumo (Halhladakis et al., 2018). Um
resultado deste crescimento do volume de producdo é o aumento na quantidade de
materiais plasticos descartados que impactam o meio ambiente de forma negativa em
funcdo de falhas na gestdo do ciclo de vida dos produtos produzidos com estes

materiais (Borrelle et al., 2020).

1.2.2 De herdi a vildao — o impacto ambiental do uso de plasticos

Derivados em sua maior parte de matérias-primas nao renovaveis (Millet et all,
2018), os plasticos mais utilizados atualmente, como polietileno (PE), polipropileno
(PP), poliestireno (PS), cloreto de polivinila (PVC) e polietilenotereftalato (PET), séo
de degradacgao limitada (Thompson et al; 2009). Ainda que essa caracteristica seja
positiva quando analisamos estes materiais do ponto de vista de suas aplicagdes, tal
aspecto acarreta a sua permanéncia no ambiente por longos periodos quando
descartados (Figura 4). Com tempos de degradagao estimados em centenas e até
milhares de anos (Chamas et al., 2020), o acumulo de lixo plastico afeta os
microbiomas, flora e fauna em ambientes terrestres e aquaticos, também impactando
de forma negativa os servigos ecossistémicos utilizados pela sociedade (Kumar et al.,
2021).

Figura 4: Os grandes volumes de plastico, descartado de maneira nao controlada, associados a

sua caracteristica recalcitrante contribuem para o acumulo destes materiais em espacos terrestres (a

esquerda) e marinhos (a direita).

Sao crescentes os relatos de animais mortos e encontrados com grandes
quantidades de plastico em seus tratos digestivos (Provencher et al., 2017). Também

sao conhecidos os efeitos deletérios sobre a fauna aquatica, de residuos da industria
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pesqueira, como as denominadas ‘redes fantasma”, partes de redes de pesca
descartadas e que vagam por rios e oceanos terminando por aprisionar grandes
cetaceos, peixes e tartarugas (Azevedo-Santos et al., 2021). Os animais capturados,
impossibilitados de se alimentar, morrem por inani¢ao, devido ao preenchimento de
seus estdbmagos por plasticos, ou sdo por eles sufocados até a morte (Wilcox et al.,
2016).

Outro problema ocasionado pelos plasticos esta relacionado a degradagao
destes materiais, por meio da exposi¢ao a radiacao solar, abrasao fisica e variagdes
de temperatura (Kalogerakis et al., 2017). Conhecidos como microplasticos, os
materiais formados por estes processos de degradagdo podem ser ingeridos por
animais de menor dimensdo, como por exemplo, o zooplancton, sem serem
degradados, passando entdo a fazer parte da cadeia alimentar (Miller et al., 2020). A
Figura 5 a seguir apresenta uma estimativa das principais fontes de microplasticos
primarios, aqueles que sao liberados diretamente no ambiente na forma de

microplasticos, que alcangam os oceanos (Boucher et al., 2017).

Figura 5: Fontes de microplasticos para os oceanos (Fonte: Boucher e Friot., 2017).
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Como pode ser observado na Figura 5. a maior parcela de microplasticos
primarios langcados nos oceanos € composta por téxteis sintéticos, microplasticos
formados através da degradacdo de fibras téxteis de origem sintética. Estes
microplasticos s&o produzidos em processos como, por exemplo, a lavagem de
roupas, sendo carregados para o sistema de esgotos sanitarios e acabam tendo por
destino o oceano. Outros materiais que fazem parte do lixo plastico, e que alcangcam
0s oceanos, terminam por produzir microplasticos apos processos de degradagao, os
chamados microplasticos secundarios, cujos volumes ndo sdo contabilizados na
Figura 5 anterior, contribuindo ainda mais para o volume total de microplasticos nos

oceanos.

Pesquisas recentes indicaram que o sal de cozinha, produto regularmente
consumido na alimentacdo por seres humanos, possuia contaminagdo por
microplasticos (Lee et al., 2020). Um estudo de 2022, realizado por Leslie e
colaboradores, para o estabelecimento de um protocolo de identificacdo de
microplasticos no sangue humano, identificou a presencga destes materiais em 9 das
10 amostras de sangue avaliadas (Leslie et al., 2022). Os resultados encontrados por
Ragusa e colaboradores demonstraram a presenga de microplasticos também na

placenta humana (Ragusa et al., 2021).

A ingestao destes materiais e sua introdugao na cadeia alimentar, somado aos
aditivos utilizados para processamento dos mesmos, como, por exemplo, os ftalatos,
podem produzir efeitos de disfungdo hormonal (Campanale et al., 2020). Constituem-
se assim, em um risco a saude humana e ao meio ambiente, ainda que seus efeitos

nao tenham sido completamente identificados (Rahman et al., 2021).

Segundo dados da UNEP (United Nations Environment Programme), um total
de 5,3 bilhdes de toneladas de plasticos foram descartados entre 1950 e 2021 e ainda
permanecem no ambiente (UNEP, 2021). Para fins de comparagéo, se todo este
volume de plastico fosse coletado e fundido, esta quantidade de lixo equivaleria a
quase 10 vezes o volume total da laguna de Araruama, a maior laguna de agua
salgado do mundo’.

10 célculo levou em consideragdo o volume estimado para a laguna de Araruama, de 690 milhdes de metros
cubicos e uma densidade média para os polimeros fundidos de 1300 kg/m3.
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Enquanto, atualmente, sdo produzidas 390 milhdes de toneladas de plastico
por ano, em 2060 a produgao anual estimada destes materiais devera alcancar a cifra
de 1,2 bilhdo de toneladas (OECD, 2021), um volume trés vezes maior que a produgéo
atual. Por consequéncia, seu acumulo no ambiente e os problemas dele advindos
tendem a se multiplicar caso nao sejam tomadas agdes no sentido de reduzir o

impacto ambiental provocado pelo descarte de plasticos (OECD, 2021).

Segundo estimativas da OECD, o volume de plastico langado no meio ambiente
deve duplicar até 2060, mesmo considerando a eficacia de politicas adotadas para a
reducao destes descartes (OECD, 2022). Estima-se que o descarte de macroplasticos
e microplasticos duplique entre 2019 e 2060, com um aumento de 19,4 Mt/ano em
2019 para 38,4 Mt/ano em 2060, enquanto a quantidade de microplasticos langados

no meio ambiente deve dobrar, chegando a 5,8 Mt em 2060.

Um levantamento recente, realizado por Ericksen e colaboradores (2023),
procurou estimar a quantidade de particulas de plasticos vagando pelos oceanos do
planeta. Revisando dados existentes e publicados de um total de 11.777 estacdes de
amostragem para estimar a abundancia global de particulas de plastico, o estudo foi
capaz de estimar que entre 82 e 358 trilhdes de particulas plasticas estdo dispersas
nos oceanos, com um peso total entre 1,1 e 4,9 milhdes de toneladas (Ericksen et al.,
2023).

Outro aspecto relacionado ao uso de plasticos esta associado a sua forma de
producao, baseada em matérias-primas nao renovaveis (OECD, 2017). Fabricados a
partir de petroleo e gas natural, os plasticos classificados como commodities, que sao
produzidos em grande escala, demandam um percentual significativo da produgao
anual destas matérias primas. Aproximadamente 14 % da producao anual de petrdleo
e gas natural é utilizada exclusivamente para a fabricagao petroquimicos, dos quais a

maioria sao usados para a produgao de plasticos (AIEA, 2018).

Ainda que o emprego de plasticos contribua para a redugao nas emissodes de
carbono (Denkstat, 2010), a ndo sustentabilidade deste modo de produgéo contribui
para elevar a pegada ecoldgica de nossa sociedade (OECD, 2017). A busca por
alternativas sustentaveis do ponto de vista econémico e ambiental e que eliminem ou
reduzam o problema do descarte de materiais plasticos constitui-se algo premente

(ONU, 2022). Produzidos por organismos vivos, 0os biopolimeros surgem como uma
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oportunidade de substituicdo de matérias primas nao renovaveis, captura de carbono
da atmosfera e como uma solugao para as questdes relacionadas a degradabilidade

dos plasticos (Rosenboom et al., 2022).



30

1.3 BIOPOLIMEROS

Desde a pré-histéria, a humanidade busca formas de resolver problemas
praticos para melhoria de suas condigdes de vida. Construgéo de abrigos, utensilios,
meios de transporte e ferramentas, sdo exemplos de necessidades a serem atendidas

para a sobrevivéncia dos seres humanos.

As solugdes para os diversos problemas enfrentados demandam o emprego de
diferentes tipos de materiais. Peles, bambus e junco eram usados para a construgéo
de abrigos na preé-historia (Stavrianos, 1991). Mastiques derivados de resina de
arvores e piche, proveniente de exsudagdes naturais, fixavam pontas de pedra
lascada a langas e flechas (Degano et al., 2019). Evidéncias sugerem que
neandertais, ha 200 mil anos, desenvolveram tecnologias para produgao de adesivos
utilizando residuos da destilacdo seca de cascas de arvores (Kozowyk et. al., 2017).
A capacidade de utilizar diferentes materiais tem sido chave para a sobrevivéncia e o
sucesso dos seres humanos na Terra (Smith, 1965) e, mais recentemente, também

para as pretensdes de colonizagao de outros planetas (Ghidini, 2018).

Dentre os inumeros materiais utilizados pelos seres humanos para atender as
suas necessidades praticas, estdo os biopolimeros. Diversos materiais produzidos
pelos seres vivos sdo compostos por macromoléculas e podem ser reconhecidos
como biopolimeros (Kumaran et al., 2020). Amido, celulose, quitina, quitosana, agar,
dentre outros, s&o polimeros naturais cujas propriedades permitiram seu

aproveitamento pelo ser humano ao longo da histéria (Figura 6).



31

Figura 6: Biopolimeros e polimeros naturais (reproduzida de Kumaran et al., 2020).
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Dentre os biopolimeros, um em particular possui caracteristicas bastante
interessantes do ponto de vista das propriedades fisico-quimicas, quando comparado
aos plasticos sintéticos (Gomez in do Nascimento et al., 2017). Similares em termos
de propriedades e processabilidade ao polipropileno, um dos polimeros termoplasticos
mais utilizados no mundo (OECD, 2017), os polihidroxialcanoatos (PHA) podem ser
produzidos por biossintese com o emprego de diferentes matérias-primas organicas
ou inorganicas, tornando-os uma opgao de polimeros obtidos a partir de matriz

renovavel.
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1.4 POLIHIDROXIALCANOATOS

1.4.1 Biopolimeros bacterianos

Dentre os produtos da biossintese realizada por microrganismos, os polimeros
da classe dos polihidroxialcanoatos (PHA) sdo uma oportunidade para solucionar os
problemas relacionados a polui¢ao plastica (Shabina et al., 2015). Reconhecidamente
biodegradaveis, tanto no meio ambiente terrestre quanto marinho (Suzuki et al., 2021),
estes materiais, da classe dos poliésteres, podem ser produzidos de forma renovavel,
através da fermentagdo, com o uso de matérias-primas carbonaceas, como, por

exemplo, os Oleos vegetais (Lopez-Cuellar et al., 2011).

A produgao de PHA também pode utilizar residuos contendo carbono, na forma
liquida ou gasosa, como, por exemplo, os despejos sanitarios (Colombo et al, 2017),
industriais (De Donno Novelli et al., 2021) e gases como o gas de sintese, uma mistura
de hidrogénio, gas carbdnico e metano, produzida a partir da gaseificagdo de corretes
de efluentes industriais (Amstutz e Zinn in Koller, 2020). Esta flexibilidade no uso de
diferentes matérias-primas permite o aproveitamento de materiais que seriam
descartados no ambiente (Alexandri e Venus, 2017), utilizando o carbono em um ciclo
de valorizagdo econbmica conhecido como economia circular (Rosenboon et al.,
2022).

Granulos de material carbonaceo, insoluveis em agua, eram observados no
interior de microrganismos desde o final do século XIX (Gomez, in do Nascimento et
al., 2017), A composigédo quimica destas inclusdes e, ainda, o fato de que tratavam-
se de polimeros, ja aparecia registrada em publicagdes anteriores a 1926 (Lenz &
Marchessault, 2005). Na Figura 7 sdo destacados os granulos de PHA acumulados
em uma cepa modificada de Ralstonia euthropha H16 capaz de acumular até 80% de
PHA em base seca (Soto et al., 2019).
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Figura 7: Fotomicrografia eletrénica obtida a partir de cultivo de Ralstonia euthropha H16
submetida a restricdo de nitrogénio. Os granulos brancos formados no interior das células sao

compostos por PHA (Tian et al., 2005).

Foi somente em 1926 que Lemoigne, em seu trabalho com Bacillus
megaterium, demonstrou que a composi¢cao quimica destes granulos estava baseada
em um polimero formado a partir do acido 3-hidroxibutirico (Lemoigne, 1926). Em
1966, Smet e colaboradores, realizando experimentos com Pseudomonas oleovorans
em octano, observaram a formagao do polihidroxioctanoato, constituindo a primeira
observagdo de um polimero com outro monémero que nao o acido hidroxibutirico,

originalmente identificado por Lemoigne (de Smet et al., 1983).
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O PHA mais comumente encontrado na natureza € o polihidroxibutirato,
representado pela sigla P3HB, ou mais comumente, PHB. A numeragao dada nesta
sigla indica a posi¢ao da hidroxila, localizada no terceiro carbono, contado a partir do
carbono do acido carboxilico. Também €& possivel encontrar polimeros derivados do
acido 4-hidroxibutirico na natureza (Utsonomia et al., 2020), onde a hidroxila terminal
aparece no quarto carbono contado a partir do carbono do acido hidroxilico. A Figura
8 apresenta as estruturas moleculares dos hidroxiacidos relacionados com o P3HB e
P4HB, para fins de clarificagao.

Figura 8: Estruturas moleculares de dois hidroxiacidos componentes de polihidroxialcanoatos.
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H'G" "O'H H \ -

O O

Acido 3-hidréxi-butirico (3-HB) Acido 4-hidréxi-butirico (4-HB)

Steinbuchel e Valentin, em 1995, compilaram uma grande diversidade de PHAs
formados por mondmeros distintos que ndo o acido hidroxibutirico (Steinbuchel e
Valentin, 1995). Atualmente, sdo conhecidos mais de 150 hidroxiacidos distintos,
componentes de PHA de origem em microrganismos, dentre os quais se observam
derivados insaturados, radicais fenila e inclusive halogenados (Figura 9). A grande
maioria dos PHAs com mondmeros diferenciados foi identificada em microrganismos
cultivados com o emprego de fontes especificas de carbono (Steinbuchel e Valentin,
1995).
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Figura 9: Diversidade de hidroxiacidos relacionados a construgcéo dos blocos poliméricos de PHA.
Atualmente sdo conhecidos mais de 150 hidroxiacidos derivados do PHA formando polimeros com

grande variedade de propriedades fisicas e quimicas, variando desde estruturas cristalinas até
elastémeros (Reproduzida a partir de Yang et al., 2013).
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Os PHA sao biossintetizados por diversos organismos quando submetidos a
estresse ambiental, como, por exemplo, restricdes nutricionais. Sdo acumulados no
interior das células e utilizados como reserva de energia e carbono para manutengao
do crescimento em periodos de restricdo deste elemento. Diversos organismos
participantes dos 3 dominios Archaea, Bacteria e Eukaria foram identificados como
produtores de PHA (Koch & Forchhammer, 2021). Atualmente, mais de 40 géneros

de bactérias e cianobactérias sdo reconhecidamente produtores de PHA (Kalia et al.,
2007).

1.4.2 Papel fisiologico do PHA em microrganismos

Como visto, os granulos de PHAs sao entendidos como reservas de carbono e
energia, acumulados pelas bactérias para uso em momentos de escassez (Anderson

& Dawes, 1990). Quando os microrganismos séo cultivados sob condi¢des de alta
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disponibilidade de carbono, como, por exemplo, em meios de cultura ricos em glicose
ou outros agucares, os organismos que forem capazes de produzir PHAs os
acumulardo na forma de granulos insoluveis em agua (Segal & Gupta, 2020). Com a
deplecao dos estoques de agucares ou outros materiais carbonaceos no meio de
cultura, os microrganismos passam a degradar os granulos de PHA para liberar o
carbono e a energia armazenados nos mesmos (Anderson & Dawes, 1990). Isso
permite com que 0s microrganismos sobrevivam e continuem a crescer mesmo
quando as fontes externas de carbono sdo limitadas, constituindo-se em um

mecanismo chave para sua sobrevivéncia (Saharan et al., 2014).

A producéo de PHAs também pode auxiliar as bactérias a sobreviver sob outros
estressores ambientais, como, por exemplo, o congelamento e o descongelamento
(Mravec et al., 2016), alta pressao osmatica, pressao oxidativa, presengca de metais

pesados e exposi¢cao ao ultravioleta (Obruca et al., 2020).

Para as cianobactérias, nenhum papel fisiolégico relevante relacionado ao
metabolismo do PHA foi descoberto até o momento (Koch & Fochhamer, 2021). Estes
organismos apresentam diferentes compostos usados como reserva de nitrogénio e
carbono, como a cianoficina e o glicogénio, que tém relagéo clara como mecanismos

de reserva de carbono (Doello et al., 2018; Watzer & Forchhammer, 2018).

Pesquisas realizadas até o momento ndo foram capazes de demonstrar a
relevancia do PHB como composto para armazenagem de energia e carbono em
cianobactérias (Klotz et al., 2016; Doello et al., 2018), posto que este papel € bem
definido para o glicogénio (Beck et al., 2012). Uma hipotese € de que ambos os
compostos, PHB e glicogénio, compdem a armazenagem de carbono da célula, sendo
o glicogénio uma armazenagem de uso rapido e o PHB uma armazenagem de uso
prolongado (Klotz et al, 2016). Outra possibilidade é de que o PHA atue para controle
do estado de oxi-reducdo do ambiente citoplasmatico protegendo a célula de danos
em fungdo da falta de doadores ou aceptores de elétrons (Schlebusch &
Forchhammer, 2021; Hauf et al., 2013).

1.4.3 Caracteristicas quimicas e fisicas dos PHAs

Macromoléculas compostas de cadeias de carbono apresentando o oxigénio

como heteroatomo, os PHAs sao classificados como poliésteres por conterem um
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grupamento éster na cadeia principal (Surendran et al., 2020). Estes polimeros
possuem também uma estrutura radicalar que pode ser composta por diferentes
grupamentos quimicos, além de um grupamento hidroxila localizado nas extremidades
da molécula (Yang et al., 2013). A Figura 10 apresenta uma formula estrutural
genérica de uma molécula de PHA com a indicacéao dos grupamentos éster e hidroxila,

bem como do radical que se repete ao longo da molécula do polimero.

Figura 10: Representacao estrutural de molécula genérica de polihidroxialcanoatos com radical R. As
extremidades da cadeia carbénica principal sdo flanqueadas por duas hidroxilas. A segado central,
delimitada por colchetes, pode conter grande numero de repeticdes, formando a molécula do polimero.

Em vermelho, esta destacado o grupamento éster que caracteriza os polihidroxialcanoatos.
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O radical associado a cadeia carbdnica dos PHAs pode ser composto por
diferentes estruturas, como visto anteriormente (Steinbuchel & Valentin, 1995). O PHA
mais comumente encontrado na natureza possui o radical metila (CHs) e € conhecido

como PHB, sigla para polihidroxibutirato, ou poli-3-hidroxibutirato (P3HB).

Outro aspecto relevante € o fato de que, devido a estereoespecificidade da
biossintese enzimatica, as unidades monoméricas destes polimeros estdo sempre na
configuragao dextrogira (D-), apresentando carbonos quirais. A presenga de centros
quirais nestes polimeros é relevante para o emprego de derivados dos PHAs como
precursores e intermediarios para a sintese de muitos compostos da quimica fina,
como antimicrobianos, vitaminas, compostos aromaticos e feroménios (Ren et al.,
2005).

Buscando classificar os PHAs com relagao a sua estrutura, definiu-se que aqueles
com 3 a 5 carbonos na cadeia principal ddo origem aos conhecidos short chain length
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PHA (scl-PHA), ou PHAs de cadeia lateral curta. Nesta classe, encontramos o
polihidroxibutirato (PHB) e o polihidroxivalerato (PHV), bem como seus copolimeros
(PHBV) que apresentam uma composicdo monomerica variavel (Anderson e Dawes,
1990).

Os PHAs com cadeias contendo entre 5 e 16 carbonos originam os conhecidos
medium chain length (mcl-PHA) ou PHAs de cadeia lateral média. Exemplos
importantes destes PHAs sdo os polimeros polihidroxihexanoato e
polihidroxioctanoato (PHH e PHO respectivamente), respectivamente, cujas
caracteristicas sao importantes para aplicagbes tecnoldégicas uma vez que
apresentam melhores propriedades mecanicas em relagao aos scl-PHA (Reedy et al.;
2022). Polimeros com mais de 16 carbonos na cadeia principal sdo denominados de
Icl-PHA (long chain length — PHA), sendo produzidos por bactérias como Aureispira

marina e Shewanella oneidensis.(Seghal e Gupta, 2020).

A diferenciagdo quanto ao tamanho da cadeia lateral é relevante quando se
observam as propriedades fisico-quimicas destes materiais e as possibilidades de
detecgéo de polimeros dos dois grupos. A Figura 11 apresenta uma estrutura tipica
para o P3HA com a indicacdo de diferentes radicais classificados como scl/-PHA ou
mcl-PHA.

Figura 11: Estrutura genérica de uma molécula de PHA. O radical R pode assumir diferentes
configuracdes, dependendo dos substratos utilizados na biossintese. O quadro reiine alguns exemplos

de PHAs em funcao do R (Reproduzida a partir de Koch e Forchhammer, 2021).

~ N Radical-R | Carbonos Polimero
R O Hidrogénio Cs Poli(3-hidroxipropionato)
B Metil Cs Poli(3-hidroxibutirato)
H. . Etil Cs Poli(3-hidroxivalerato)
\O \O H Propil Cs Poli(3-hidroxihexanoato)
Pentil Cs Poli(3-hidroxioctanoato)
- -n Nonil Cr2 Poli(3-hidroxidodecanoato)

De forma geral, a estrutura quimica dos PHAs formados por biossintese
microbiana depende dos substratos disponiveis (Brandl et al., 1988; Lageveen et al.,
1988; Huisman et al., 1989). Entretanto, dependendo da rota biosintética, os

polihidroxialcanoatos de cadeia curta podem ser formados diretamente a partir da



39

decomposicdo de carboidratos, sendo sua composicdo independente das

caracteristicas dos substratos (Koch e Forchhammer, 2021).

O comprimento do radical impacta de maneira significativa as propriedades
fisicas do polimero resultante. Enquanto a cristalinidade do P3HB é elevada,
resultando em um material duro e quebradi¢o, os polihidroxialcanoatos de cadeia
média possuem menor cristalinidade e maior capacidade de deformacgao, propiciando

que sejam empregados em uma maior faixa de aplicagdes (Reddy et al., 2022).

O polihidroxibutirato, P3HB, polimero mais amplamente encontrado na
natureza, possui ponto de fusdo de 175 °C e uma temperatura de transigéo vitrea de
4 °C. Esta temperatura é relevante uma vez que é a partir dela que as propriedades
plasticas de estiramento e flexibilidade sdo percebidas. Este polimero também tem
uma densidade de 1,25 g/cm3, mais elevada do que as conhecidas poliolefinas
derivadas dos hidrocarbonetos. A titulo de comparacgéo, a Tabela 1 a seguir compara
as propriedades do P3HB com as propriedades do polipropileno (PP).

PROPRIEDADE Unidade PHB PP
Ponto de fusao °C 175 176
Cristalinidade % 80 70
Peso molecular Daltons 8 10
Temperatura de transigao vitrea °C 4 -10
Densidade g/cm3 1,25 0,9
Mddulo de flexdo Gpa 4 1,7
Resisténcia a tragéo Mpa 40 38
Extens&o até quebra % 6 400
Resisténcia ao ultravioleta - Boa Ruim
Resisténcia a solventes - Ruim Boa

Tabela 1: Comparacéao entre as propriedades fisico-quimicas dos polimeros P3HB e
Polipropileno (Fonte: Verlinden et al., 2007 e Hankermeyer e Tieerdema, 1999)

A similaridade de propriedades torna o P3HB um potencial substituto para o

polipropileno, um polimero largamente utilizado. A Tabela 2 expressa o potencial de
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substituicdo de alguns polimeros derivados do petréleo por polimeros renovaveis

(Gomez, in do Nascimento et al., 2017).

Polimero PVC PEAD | PEBD PP PS PMMA PA PET PC
Amido - - . - + " . - -
PLA - + - - B - - + -
PHB - - - ++ + - - . -
PHBHx + + ++ — + = + =

++ substituigdo completa; + substituigdo parcial; - ndo substitui.

Tabela 2: Potencial de substituicdo de alguns polimeros ndo renovaveis por similares renovaveis
(PVC: Cloreto de Polivinila, PEAD: Polietileno de alta densidade, PEBD: Polietileno de baixa densidade,
PP: Polipropileno ,PS: Poliestireno ,PMMA: Polimetiimetaacrilato ,PA: Poliacrilato, PET: Polietileno
tereftalato, PC: Policarbonato . Reproduzido de Brito et al., 2011).

1.4.4 Biocompatibilidade e biodegradabilidade

Um aspecto relevante para a aplicacdo dos PHAs é a sua caracteristica de
biocompatibilidade (Zhao et al., 2003). Um material é considerado biocompativel se
nao produzir reacdo nociva ou adversa quando em contato com tecidos vivos
(Williams, 2008). Para que um material seja considerado biocompativel, ele deve
atender a alguns critérios estabelecidos pela ISO, de forma a exibir uma resposta
biolébgica apropriada como nao exibir toxicidade, imunogeneicidade,
carcinogenicidade, ou apirogenicidade, possuir estabilidade quimica e fisica,
hemocompatibilidade e facil degradabilidade (ISO 10993-1:2018).

Além disso, as propriedades e a estrutura da superficie do material também
desempenham um papel importante em sua biocompatibilidade. A superficie deve ser
lisa e ndo inflamatéria e o material ndo deve promover crescimento bacteriano ou
infeccdo (Wang et al., 2004). Vale ressaltar que o teste de biocompatibilidade € um
processo complexo e multidisciplinar, que geralmente envolve testes biolégicos e
fisicos, além de testes clinicos (ISO 10993-1:2018).

Em termos de biocompatibilidade, verificou-se que os PHAs tém baixa
toxicidade e ndo s&o imunogénicos (Gadgil et al., 2017). Em 2007, a Organizagao
Americana para Alimentos e Farmacos (do inglés, FDA) aprovou o uso do P4HB para
uso em suturas. Em virtude desta aprovacao, os PHAs tém sido usados em uma ampla
gama de aplicagbes biomédicas, inclusive como materiais de implante, sistemas de

administracdo de medicamentos (delivery systems) e estruturas para cultivo celular
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(scafolds) aplicados na engenharia de tecidos (Akaraonye et al., 2010; Hazer et al.;
2007). Eles também estao sendo pesquisados como um material potencial para uso
em diversos dispositivos médicos, como stents para reforgo venoso e como material

para impressao 3D de implantes médicos (Koller, 2018).

Uma vez liberados no ambiente por conta de ruptura celular, os granulos de
PHAs sao expostos a muitos microrganismos capazes de realizar a degradagéo e o
aproveitamento destes polimeros. Microrganismos produtores de enzimas
extracelulares degradadoras de PHA podem ser encontrados em ambientes terrestres
e marinhos, o0 que significa que este tipo de plastico pode ser metabolizado e
mineralizado em um amplo conjunto de condigdes (Suzuki et al., 2021; Volova et al.,
2015).

O processo de biodegradagao dos PHAs ocorre em duas etapas (Suzuki et al.,
2021), como ilustrado na Figura 12, em um primeiro passo, o material & fragmentado
por processos de hidrélise abidtica e bidtica até o ponto em que moléculas do polimero
estejam disponiveis no ambiente para serem absorvidas por microrganismos. Na
segunda etapa, o material € mineralizado pelos microrganismos através de seu
catabolismo, dando origem a dioxido de carbono, metano e agua, dependendo das
condigdes de biodegradagao (Suzuki et al, 2021).

Figura 12: Processos de degradacdo de PHAs em ambiente marinho. A biomineralizacao permite

a reintrodugdo do material ao ciclo biogeoquimico do carbono (Modificado a partir de: Suzuki et al.,
2021).

Passo 1: Degradacao da cadeia principal
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Os tempos de degradacao de polimeros ndo biodegradaveis dependem de
processos fisico-quimicos relacionados a interagao destes materiais com o ambiente.
Processos fisicos como a quebra, o endurecimento e o esfarelamento, e quimicos
como quebra de ligagdes, hidrolise ou oxidagdo sao responsaveis pela degradagéo
destes plasticos (Chamas et al., 2020). Ainda que haja bastante variagao entre as
taxas de degradagao esperadas para os diferentes polimeros, fibras e microesferas
tém tempos de degradacgéo previstos na faixa de 400 a 1.200 anos, considerando, por
exemplo, o polietileno de alta densidade (Chamas et al., 2020).

Enquanto itens fabricados com poliestireno tém meia-vida estimada em mais
de 2.500 anos, recipientes para armazenamento de comida feitos com polipropileno,
um material que pode ser substituido por PHAs, apresentam meia-vida de 53 anos em
meio marinho ou 780 anos quando dispostos na terra (Chamas et al., 2020). Sacolas
plasticas produzidas com polipropileno tém meia-vida de 3,4 anos quando langadas
em meio marinho (Chamas et al., 2020). Na medida em que a meia vida representa o
tempo para que 50 % da massa do material seja degradada, os tempos para a

degradagao de uma sacola plastica no mar podem alcangar dezenas de anos.

Com base em uma meta-andlise, foi identificada uma taxa média de
degradagdo de PHA variando de 0,04 a 0,09 mg/dia*cm? em ambiente marinho
(Dilkes-Hoffman et al., 2019). Usando as taxas obtidas, estes autores estimaram os
tempos de degradagao de alguns itens comuns. Uma garrafa de PHA, por exemplo,
apresenta um tempo de vida na faixa de 1,5 a 3,5 anos, enquanto um filme fino (como
os utilizados para a fabricagao de sacolas) tem um tempo de degradagao estimado na

faixa de 0,1 a 0,2 ano.

Tempos de degradagdo muito inferiores aos observados no ambiente marinho
sdo obtidos quando o ambiente é propicio a degradag&o, como no interior de unidades
de tratamento de esgoto. Um trabalho realizado na universidade Georg-August, em
Gottingen, na Alemanha, onde garrafas de PHA foram expostas ao ambiente de
tratamento, apresentaram extenso nivel de degradacéo ja na décima semana apos o

inicio da exposigéo (Figura 13 - Madison & Huisman, 1999).
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Figura 13: Degradacédo de uma garrafa formada por extrusao e sopro com o emprego do polimero
PHBV, um PHA composto por monémeros butirato e valerato. As garrafas apresentam o estado de

degradacéao apos 1, 2, 4, 6, 8 e 10 semanas (Fonte: Madison & Huisman, 1999).

1.4.5 Aplicacdes dos PHAs

Como materiais de engenharia, os polimeros da classe dos PHAs encontram
aplicagbes nos mais diferentes campos de atividade. A variedade de mondmeros
possiveis, as possibilidades de copolimerizagao e funcionalizagdo para mudanca de
propriedades, bem como as facilidades relacionadas ao processamento dos
polimeros, permitem uma ampla gama de aplicagdes tecnoldgicas. A seguir listamos

as aplicagdes mais relevantes desta classe de polimeros por area de uso:

® Embalagens: podem ser usados para criar uma ampla gama de materiais de
embalagem, tais como garrafas, filmes, sacolas e recipientes que sao
biodegradaveis e compostaveis (Tripathi et al., 2020; Schwier & Krishnaswamy,
2010).

@® Aplicagoes biomédicas: tém sido usados em uma ampla gama de aplicagdes
biomédicas, tais como sistemas de administragdo de medicamentos (delivery
systems), materiais para implantes e fabricacdo de proteses, fios de sutura, stents
e scaffolds para engenharia de tecidos (Ray e Khalia, 2017; EImowafy et al., 2029;
Gregory et al., 2022; Pulingam et al., 2022).
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@ Agricultura e pesca: podem ser usados para criar peliculas biodegradaveis para
a agricultura, como filmes de mulching para cobertura de lavouras (protegcéo contra
geadas), sistemas de impermeabilizacdo de solo e sementeiras que ajudam a
reduzir o uso de plasticos nao biodegradaveis (Amelia et al., 2019 in Kalia, 2019).
Além disso, ja foram utilizados para desenvolvimento painéis para escape de
organismos que venham a ser indevidamente capturados em armadilhas para

crustaceos (Bilkovic et al., 2012).

® Filmes finos, adesivos e revestimentos biodegradaveis: Alguns tipos podem
ser usados como revestimento ou filme em uma variedade de aplicagdes em que
plasticos tradicionais sdo usados, como embalagens de alimentos, dispositivos

meédicos e aplicagbes agricolas (Lauzier et al., 1993; Vahabi et al., 2019).

® Impressao 3D: também estdo sendo pesquisados como um material potencial
para uso na impressao 3D de implantes médicos e outros produtos (Mehrpouya et
al., 2021).

1.4.6 Biossintese dos PHAs

Dependendo do microrganismo em questdo, foram identificadas diferentes
rotas biossintéticas para produgdo e acumulo de grénulos de PHA (Koch &
Forchhammer, 2021). Tais rotas dependem essencialmente das vias de degradagao
de carboidratos para a produgdo do substrato acetil-coenzima-A (Koch &
Forchhammer, 2021). Enquanto em bactérias sdo observadas rotas relacionadas a
sintese de novo e beta-oxidagdo de acidos graxos, em cianobactérias a rota
predominante envolve o uso direto de moléculas de acetil-coenzima-A em uma
sequéncia de reagdes enzimaticas que termina com a formagéo dos granulos de PHA

no interior do citoplasma (Koch & Forchhammer, 2021).

A biossintese do PHB em cianobactérias, um dos PHAs que apresenta a sua
rota metabdlica melhor compreendida, comeg¢a com a formacdo de um dimero de
acetil-coenzima-A no interior do citoplasma. Catalisadas pela tiolase, acetil coenzima
A transferase, também conhecida como PhaA, as duas moléculas condensam-se para
formar uma molécula de acetoacetil-coenzima A (Figura 14 - Koch & Forchhammer,
2021)
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Figura 14: Condensagdo de duas moléculas de acetil-CoA em acetoacetil-CoA pela agdo da

enzima tiolase PhaA.
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Dispersas no citoplasma, as moléculas de acetoacetil-coenzima A s&o
reduzidas por outra enzima, a acetoacetil-coenzima A redutase (PhaB), dando origem
a moléculas de 3-hidroxibutiril-coenzima A, com a consequente oxidacdo de uma
molécula de NADPH a NADP* (Koch & Forchhammer, 2021). A Figura 15 apresenta
esta etapa de biossintese.

Figura 15: Condensacédo de duas moléculas de acetoacetil-CoA em 3-hidroxibutiril-CoA pela

enzima acetoacetil-CoA redutase PhaB.
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No caso de cianobactérias, uma enzima composta por dois diferentes dimeros,
PhaE e PhaC, classificada como uma sintase de classe Il (Hein et al., 1998), conecta
a molécula de 3-hidroxiacetil-coenzima A a uma molécula polimérica de PHB, dando
origem a formagao do granulo do polimero (Figura 16 - Koch & Forchhammer, 2021)

Figura 16: Condensacao de moléculas de 3-hidroxibutiril-CoA em PHB pela enzima multimerica
PhaE e PhaC.
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As enzimas que catalisam as reagbes de biossintese de PHB no interior de
microrganismos nao foram identificadas até 1973, quando Schlegel e Dawes,
trabalhando de maneira independente, conseguiram isolar e caracterizar tais enzimas
(Volker e Schlegel e Senior e Dawes, 1973). A Figura 17 apresenta o conjunto de
reacdes relacionadas com a biossintese do PHB e os respectivos genes e enzimas
envolvidas com a biossintese (Carpine et al., 2020). A enzima PHA sintase ilustrada
corresponde a uma enzima sintase de classe lll, formada como dimero das unidades

PhaC e PhaE, caracteristica de cianobactérias (Hai et al., 2001).

Figura 17: Rota de biossintese do PHB a partir de acetil-CoA (Carpine et al., 2020). Derivado da
degradacéao de carboidratos este metabdlito esta relacionado a produgao de PHB em Synechocistis sp.
PCC 6803 conforme demonstrado por Koch & Forchhammer, 2020).
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Um aspecto relevante a se observar na rota metabdlica de produ¢do do PHB é
que a unidade PhaC da enzima PHA sintase € comum aos diferentes organismos
produtores de PHA, podendo ser usada como identificadora da capacidade de
produgéo de PHA por determinado organismo (Silva et al., 2016). Com base nesta
constatacao, a identificagdo de cianobactérias produtoras de polihidroxialcanoatos
pode ser realizada por meio de técnicas de detecgdo molecular, identificando

portadores do gene phaC (Hai et al, 2001).

Os granulos de PHB formados, também conhecidos como carbonossomos

(Jendrossek, 2009), possuem diversas caracteristicas relacionadas tanto a sua
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formacdo quanto a sua funcionalidade (Jendrossek, 2009). Classificados como
pseudo-organelas (Jendrossek, 2009), a superficie destes granulos esféricos é
recoberta por proteinas associadas, denominadas de GAP (do inglés, grain associated
protein) responsaveis por diversas fun¢gdes como polimerizagédo, despolimerizagao,

protecao do citoplasma, além de fungdes regulatorias (Mezzina e Pettinari, 2016).

Desde as primeiras avaliagdes bioquimicas, acreditava-se que a superficies
dos granulos de PHB eram recobertas por fosfolipideos organizados em
monocamada. Com o emprego de proteinas marcadoras, foi possivel demonstrar que
os granulos nao apresentam fosfolipideos (Bresan, 2016), tendo a observagao inicial
provavelmente ocorrido em fungdo de contaminagdo no preparo. A Figura 18
apresenta uma elucidagao estrutural destes granulos, obtida para o microrganismo

Cupriavidus necator.

Figura 18: Estrutura do granulo de PHB elucidada para a Ralstonia eutropha. Inicialmente compreendido

como uma organela recoberta por fosfolipideos, foi demonstrado que a superficie do carbonossomo é recoberta

integralmente por proteinas associadas ao metabolismo do PHB (Fonte: Bresan et al., 2016).
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1.4.7 Processo convencional de producédo do PHA

Diferentes processos biotecnoldgicos empregando bactérias quimiotroficas séo
realizados para a produgao dos diversos tipos de PHA (Seghal e Gupta, 2020). De
uma forma geral, a produgédo de PHAs é baseada na fermentagcado de matérias-primas
como Oleos vegetais, sacarose, glicose, e mais recentemente, residuos

agroindustriais, biogas e gas carbbnico (Seghal e Gupta, 2020).
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Cepas de microrganismos dos géneros Cupriavidus, Bacillus, Alcaligenes,
Azotobacter, Nocardia, Pseudomonas e Rhizobioum sao comumente empregados
para a obtencao dos diferentes tipos de PHA (Chandani et al., 2014; Jiang et al., 2016).
Atualmente, cepas de Cupriavidus necator alcangam uma capacidade de acumular

até 80% de polimero em relagdo a biomassa seca.

A Figura 19 apresenta uma sequéncia de processos basicos para produgao
industrial do PHA (Chen, 2015). Segundo Chen (2015), o processo produtivo do PHA
por fermentacdo comega com o crescimento da biomassa microbiana em biorreatores.
Uma corrente de processo contendo indculo e meio de cultura (1) abastece um
biorreator onde ocorre o crescimento do microrganismo e acumulo de PHA.

Figura 19: Fluxograma de processo simplificado da produgédo de PHAs por fermentacao. Nesta representagcao
geral do processo, a etapa de extracdo é realizada com emprego de solvente. Nao estdo representadas

redundancias de equipamentos, bombas de processo, correntes de reciclo ou instrumentacao (Simplificado com
base em Chen, 2015).
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Apoés a etapa de fermentacdo, a biomassa bacteriana é removida para um
precipitador (2), onde ela é precipitada utilizando coagulagao induzida ou quimica. A
mistura de biomassa coagulada e o meio de cultura (3) € enviada a uma etapa de
filtragem em um filtro-prensa, com a torta (so6lidos) sendo encaminhada para secagem

e pulverizagéo (correntes 4 e 5, respectivamente).

Para a extracdo do PHA, a biomassa seca € enviada a um extrator (6), junto
com uma corrente de solvente (7), responsavel pela extragdo do PHA do interior da
biomassa. Apds o processo de extragao, a corrente mista com solvente e residuos de

biomassa sao centrifugados (8), sendo a fragéo liquida encaminhada para um tanque
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de precipitacao (9). A precipitacao € realizada com o emprego de um anti-solvente,
que pode ser metanol, éter dietilico ou outro produto onde a solubilidade do PHA seja
reduzida. O resultado do processo de precipitagao € o PHA sélido, sendo o conteudo

do precipitador (10) separado por meio de centrifugagéo.

De forma a adequar a corrente contendo a mistura de PHA e solvente para
secagem (11), esta é enviada a um evaporador que reduzira a quantidade de solvente.
A corrente proveniente do evaporador (12) é enviada ao secador (spray dryer), que
opera a vacuo, evaporando o solvente e deixando ao final, somente o PHA sdlido

peletizado (13) e pronto para posterior processamento. (com base em Chen, 2015).

1.4.8 Capacidade de producéo instalada

De uma forma geral, as unidades industriais existentes podem ser classificadas
como empreendimentos de pequena escala, quando comparadas as grandes
unidades de producgao de termoplasticos derivados do petréleo (Carpine et al, 2020).
A Figura 20 reune fotografias que mostram algumas das plantas industriais de
producao de PHAs atualmente instaladas em diversas partes do mundo.

Figura 20: Unidades de produgdo de PHA por fermentagao ao redor do mundo. 20a.) Biocycle - Brasil ; 20b.)
Danimer Scientific - EUA ; 20c.) ; 20d.) BioOn — Italia.

A titulo de comparacgao, a produgao mundial de polipropileno (PP), um material
que pode ser substituido pelo PHB, foi estimada com um volume anual de 76 milhdes

de toneladas em 2020 (OECD, 2017). Enquanto isso, a produ¢ao de todas as fabricas
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de PHA no mundo, somadas, alcangcou em 2017 um valor de 66 mil toneladas/ano
(Carpine et al, 2020), quantidade mil vezes menor do que a producgéao de polipropileno.
Mesmo levando em consideragdo uma taxa de crescimento anual da ordem de 5%,
tipica para a expansdo da producdo de polimeros, os valores de producido dos
diferentes tipos de PHAs ainda sao muito inferiores aqueles observados para o
polipropileno atualmente. A Tabela 3 reune as principais empresas produtoras de
polihidroxialcanoatos no mundo, bem como as suas capacidades produtivas, com

destaque para a planta de producao brasileira pela ex-PHB Industrial, adquirida pela

Biocycle em 2017.

Capacid
Companhia Pais ade Matéria-prima Tipo de PHA
(t/ano)
Newlight technologies EUA 23000 Biogés e CO? n.i.
Danimer Scientific EUA 13600 Oleo de canola n.i
Bio-On italia | 10000 Betz:zt;zsacra”a PHB, PHBV
Tianjin GreenBio Materials China 10000 Aclcares P(?::IBB_)CO_
Ecomann Biotechnology China 3000 Agucares n..
TianAn Biopolymers China 2000 Acucar de milho P3HB, PHBV
Kaneka Japdo 1000 Oleo vegetal PHH
PHB Industrial S. A. Brasil 500 Cana de agucar P3HB, PHBV
Biomer Alemanh 500 Amido de milho
a P3HB
Aclcares e P4HB
Tepha Inc. EUA <10 precursores do P(3HB-co-
4HB 4HB)
PolyFerm Canada Canada <10 Ole(;sg:]/fagf;:is € ::g:::
Terra Verdae Bioworks Canada n.i. Metanol
Yield10 Bioscience EUA n.i Acucar de milho P3HB
Mango Materials EUA n.i. Metano PHB
SIRIM Malasia n.i Oleo de palma n.i

n.i.= ndo informado.

Tabela 3: Empresas produtoras de PHAs por biossintese (Fonte: Carpine et al, 2020).
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1.5 PRODUGAO FOTOSSINTETICA DE POLIHIDROXIALCANOATOS

As cianobactérias sdo microrganismos capazes de biossintetizar inumeros
compostos com o emprego de fontes minerais (Wijffels et al., 2013). Realizando a
fotossintese oxigénica, estes microrganismos utilizam o gas carbénico da atmosfera,
agua e energia proveniente da luz solar para produzir compostos necessarios a sua
sobrevivéncia (Flores e Herrero, 2014). Muitos dos compostos produzidos pelo
metabolismo de cianobactérias podem ser aproveitados para fins industriais.
Pigmentos e protetores de radiag&o ultravioleta, proteinas, lipidios e carboidratos para
alimentagao, anti-congelantes, plasticos biodegradaveis, combustiveis e moléculas
bioativas sao alguns dentre os varios produtos que podem ser derivados da biomassa
de cianobactérias (Cassieur-Chauvat et al., 2021). A Figura 21 apresenta um esquema
geral identificando a formagao de produtos de alto valor agregado a partir de matérias-

primas simples e encontradas no meio ambiente.

Figura 21: Potencial producéo de diferentes compostos de alto valor agregado e suas diversas
aplicacdes a partir de matérias-primas simples e de origem ambiental por cianobactérias (Reproduzida

a partir de: Cassieur-Chauvat et al., 2021).
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Apesar de terem sido caracterizados por Lemoigne, desde o inicio do século
XX (Lemoigne, 1926), foi somente em 1966 que Carr e colaboradores identificaram a
formacgao de polihidroxialcanoatos em cianobactérias (Carr et al.,1966). Cultivando a
cianobactéria Chlorogloea fritschii em meio com acetato como fonte de carbono
reduzido, os pesquisadores foram capazes de demonstrar o acumulo de PHB nestes

microrganismos.
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Capon e colaboradores realizaram uma bioprospecg¢ao por cianobactérias
halofilicas produtoras de PHA no lago Joondalup, oeste da Australia, e identificaram
algumas cianobactérias do género Aphanothece com capacidade de producgéo de
PHB (Capon et al., 1983). Campbel e colaboradores demonstraram, em 1987, que
também a cianobactéria Spirulina platensis apresentava capacidade de acumulo de
PHB sem que fosse necessario o acréscimo de compostos de carbono reduzidos
(Campbel et al., 1982).

A partir da caracterizagdo molecular das enzimas sintetizantes de
polihidroxialcanoatos presentes em duas cepas de cianobactérias, Chlorogloeopsis
fritschi PCC6912 e Synechococcus sp. MA19, Hai e colaboradores identificaram
multiplas evidéncias da ampla ocorréncia da enzima PHA sintase classe Ill em
cianobactérias (Hai et al, 2001). Por meio de um conjunto de técnicas de detecgéo
molecular (PCR) utilizando oligonucleotideos iniciadores (primers) degenerados e
hibridizacdo Southern blot, estes autores foram capazes de identificar 10 cepas de
cianobactérias produtoras de polihidroxialcanoatos. A Tabela 4 reune exemplos de
algumas cepas de cianobactérias atualmente identificadas como produtoras de PHA,

bem como informacdes sobre o substrato utilizado e a quantidade de polimero

produzido.
. % DE PHB
CIANOBACTERIA FONTE DE CARBONO EM BASE SECA DE BIOMASSA

Anabaena sp. Na2C03 23
Arthrospira platensis UMACC 161 CO2 1%
Arthrospira subsalsa Acetato e CO2 -
Phormidium sp. Na2COs 0.007
Phormidium sp. NCCU-104 Na2CO03 2.4
Scytonema sp. NCCU-126 Na2C03 15
Spirulina platensis Na2COs 0.5
Spirulina subsalsa Na2CO3 7.0
Synechocystis sp PCC6803 Na2CO3 4.7

Tabela 4: Cianobactérias produtoras de polihidroxialcanoatos (Com base em Carpine et al., 2020).
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A producéo biotecnoldgica destes materiais, com o emprego de cianobactérias,
permite o aproveitamento do gas carbdnico presente no ar ambiente ou concentrado
em efluentes gasosos, como, por exemplo, o0 gas de queima de unidades de geragéo
de energia (Roh et al., 2021). Estas possibilidades permitem a integragao da produgéo
de PHA com a captura de carbono da atmosfera, permitindo a integracdo deste
processo a um esquema de economia circular de carbono neutro (Grandissimo et al.,
2020).

Da mesma forma, o uso de efluentes liquidos contendo carbono, como esgoto
sanitario e residuos industriais, permite a reutilizacdo de materiais que seriam
descartados, ndo demandando fontes de carbono de alto valor, como a glicose, ou
mesmo competindo com recursos utilizados para alimentagdo (Grandissimo et al.,
2020).

Além disso, a produgédo fotoautotréfica de PHA resulta numa série de
vantagens competitivas frente a produgéo com o emprego de bactérias e fermentacgao.
A possibilidade de uso de cianobactérias halofilicas e termofilicas no processo de
producao de PHA, permite reduzir o risco de contaminacao dos cultivos, uma vez que
€ possivel realizar estes processos em meios onde poucos microrganismos s&o
capazes de crescer (Obulisamy e Mehariya., 2021). Além disso, 0 uso de espécies
marinhas de cianobactérias permite a adogao de agua do mar, reduzindo o consumo

de agua potavel, um recurso limitado.

A producéo fotoautotréfica de PHA com o emprego de cianobactérias se inicia
pelo cultivo da cepa produtora selecionada visando o acumulo de biomassa. Com o
emprego de meios de cultura especificos, as cianobactérias sdo mantidas em
fotobioreatores com periodos de iluminagdo variavel e baixa intensidade de fluxo
luminoso (~60 uM/m?2) por periodos que podem variar de 8 a 15 dias.

Apds 0 acumulo de biomassa no fotobioreator, a recuperacao desta é realizada
por meio de processos como centrifugagao ou filtragdo. Para o inicio da etapa de
inducdo, a biomassa recolhida é suspensa em um meio de cultura carente de
nitrogénio ou fésforo. No mesmo meio de cultura utilizado para indugado, um excesso
de carbono, na forma organica (ex. acetato) ou inorganica (COz2), deve ser mantido. A

caréncia de macronutriente, acompanhada do excesso de carbono, inicia 0 acumulo
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de glicogénio e PHA no interior das células, em um processo conhecido como clordlise
(Koch et al., 2019).

O acumulo de glicogénio desenvolve-se rapidamente nos primeiros dias de
indugcdo. Com o avango da clordlise, as reservas de glicogénio formadas sao
convertidas em PHA (Koch et al., 2019). Estudos recentes evidenciaram que a maioria
do carbono utilizado para a construgdo do PHB, na Synechocisties sp PCC 6803, é
proveniente de metabdlitos presentes na célula, em sua maioria derivados da glicolise
através do ciclo Embden—Meyerhof-Parnas, (Koch et al., 2019). Entretanto, estes
achados nao explicam o uso de substratos diversos como valerato para a construcao
dos graos de polihidroxialcanoatos. A Figura 22 representa o ciclo de converséo de
carbono inorganico em PHA intermediado pelos processos da rota EMP. Na Figura, a

proteina SIr0058 atua como promotora para a sintese de PHB.

Figura 22 Conversao de glicogénio intracelular em substrato para a produgédo de PHB (reproduzido
de: Koch et al., 2019).
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A producao fototréfica do PHA reproduz o processo de clordlise de maneira
controlada, buscando maximizar a produc¢ao do polimero e minimizar os tempos de
acumulo de biomassa e indug&do. De uma forma geral, apés um periodo de acumulo

de biomassa, esta é suspensa em meio de cultura com restricido nutricional,
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usualmente de nitrato ou fosfato (Troschl et al., 2017). Pesquisas prévias mostraram
que a manutencdo de um valor reduzido de nitrato na fase de indugdo permite
aumentar a quantidade de polimero produzido durante a fase de inducao (Carpine et
al, 2019). Da mesma forma, a restricdo de oxigénio, um recurso que estimula o
desenvolvimento da respiragao celular, permitindo o esgotamento dos acumulos de

glicogénio, conduz a um aumento no acumulo de polimero (Panda e Mallick, 2007).

O meio de cultura para inducado deve ter seu pH controlado e mantido com
emprego de tampdes organicos, uma vez que o acumulo de polimero € sensivel a
variagao deste parametro (Sharma e Mallick, 2005). De uma forma geral, os cultivos
em processo de indugdo sao mantidos com pH alcalino com o emprego de tampdes
organicos como TRIS (tris-hidroximetil-aminometano) (Lourencgo, 2008). A escolha do
tampao para manutencdo do pH depende da cepa utilizada, uma vez que alguns
tampdes podem ser toxicos para algumas espécies de cianobactérias, inibindo seu
crescimento (Tindall et al., 1978). Outro ponto relevante, € que a presencga de tampdes
pode favorecer o crescimento de bactérias competidoras (Fabregas et al., 1993),

levando os cultivos ao colapso.

Além da manutencao de pH em faixa adequada para o acumulo do polimero, é
necessario manter um excesso de carbono no meio de cultura. As quantidades e
formas de administracdo deste excesso de carbono sdo dependentes da espécie de
cianobactéria sendo utilizada (Carpine et al., 2021). De uma forma geral, o teste para
identificacdo de produtores de PHA por meio de indugéo faz uso do acetato como

forma de carbono em excesso livre (Koller et al., 2015).

Apos o processo de indugdo, realiza-se a lise celular para a remogao dos
granulos de PHA do interior do citoplasma. Diversos processos podem ser utilizados
para a lise celular, desde a ruptura quimica da membrana com emprego de hipoclorito
até alta presséao, ultrassom ou outros (Pagliano et al., 2021). Um fator importante a
ser considerado é que o processo de ruptura celular afeta as propriedades do polimero
obtido, sendo importante considerar tais modificagdes em fungdo da aplicagao
pretendida (Pagliano et al., 2021).

A recuperacao e a purificacao do polimero apds sua remog¢ao do interior das

células podem ser realizados também por meio de centrifugagdo, com a destruigdo de
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todos os compostos distintos do PHA (Non PHA Carbon Materials — NPCM), processo
em que se obtém granulos de PHA prontos para uso em aplicagdes por sistemas de
entrega de farmacos (Koller et al., 2013).

De forma geral, sao utilizados solventes para a solubilizagdo do PHA apds a
ruptura celular e a dissolugéao de outros compostos NPCM (Koller et al,. 2013). Apds
a extragao, processo que pode empregar diversos tipos de solventes, a purificagéo
pode ser feita por meio de sucessivas etapas de reprecipitagdo, com uso de anti-
solventes, e lavagens (Koller et al., 2013). A tabela 5 apresenta a solubilidade de
polimeros do tipo polihidroxibutirato-co-valerato (PHBV) frente a diversos tipos de

solventes (Vermeer et al., 2021).

SOLUBILIDADE
SOLVENTE
(g/Y)
Cloroformio 98
Metil-etil-cetona (MEK) 59
Ciclohexanona 56
Acetato de etila 51
Tetrahidrofurano (THF) 47
Acetona 43
Dimetil carbonato (DMC) 41
Tolueno 34
Anisol 31
Metil isso butil cetona (MIBK) 24
Acetato de butila 21
Xileno 14
Metanol 12
di-isobutil-cetona (DIBK) 8
Etanol 5
1-Propanol 2
2-Propanol 2
2-Etilhexanol 2
Acetonitrila 2
1-butanol 1
2-butanol 1
Agua 1
1-pentanol <1
Pentano/heptano <1

Tabela 5: Solubilidade de PHB em diferentes solventes (Vermeer et al., 2021).
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A Figura 23 apresenta um resumo geral do processo fotoautréfico para

obtencéao de polihidroxialcanoatos.

Figura 23: Esquema basico da producao fotossintética de polihidroxialcanoatos. No processo
acima, dois estagios de cultivo sdo necessarios para a obtengdo do polimero. Apesar de existirem
diferentes abordagens para o processo de extracéo, o emprego de solventes continua sendo a forma

mais simples e comum de recuperagao do polimero.
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Varios obstaculos para a produgado eficiente do PHA com emprego de
cianobactérias precisam ser vencidos antes que os engenheiros possam se debrucgar
sobre o desenvolvimento de plantas de processo para produgao de bioplasticos por
esta via (Carpine et al.,2020). Enquanto cepas de bactérias sdo capazes de acumular
até 90% de PHA por peso de biomassa seca, cianobactérias selvagens chegam a
acumular no maximo valores que alcangcam 20% de biopolimero por massa seca
(Koch & Forchhammer, 2015).

Mesmo com o emprego de estratégias de engenharia metabdlica, as cepas de
cianobactérias limitam-se a valores que alcangam os 37% de biopolimero, valor
bastante aquém do obtido com o emprego de bactérias (Koch & Forchhammer, 2015).
O grande volume de residuo proveniente da separag¢ao do polimero, pode ser utilizado
para a obtencdo de outros bioprodutos, como proteinas e pigmentos, o que torna a
aplicacdo atraente dentro de um esquema de biorrefinaria fotossintética, onde o

conjunto de produtos possa ser aproveitado (Jiang et al, 2016).

Outro obstaculo para a producao fototrépica de PHA esta relacionado a taxa
de crescimento de cianobactérias, inferior ao observado em bactérias heterotroficas
(Drakare, 2002). Ainda que a possibilidade de cultivo extensivo, com o emprego de

fotobiorreatores (PBR) do tipo raceway, permitam a operagdo com grandes volumes,
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as densidades celulares estao limitadas pelo fotosombreamento, efeito que reduz a
penetragcdo de luz no seio do meio de cultura e, consequentemente, a taxa de

crescimento e densidades maximas alcancaveis (Saccardo et al., 2022).

O emprego de fotobiorreatores fechados, como os fotobiorreatores tubulares
ou de placas planas, permite a obtengdo de maiores taxas de produgao (Janssen et
al., 2003). Estes sistemas demandam maiores valores de investimento em capital e
custo operacional para a sua implantacao e operacionalizacéo, afetando as taxas de
retorno dos investimentos e reduzindo a possibilidade de competicao destes materiais

com similares derivados de matérias-primas fésseis (Chisti, 2008).

A produgao de PHA com cianobactérias compartilha alguns desafios também
identificados para a produgdo desses polimeros com o emprego de bactérias
quimiotroficas. A Tabela 5 elenca uma série de desafios tecnoldgicos necessarios ao
aumento da eficiéncia de producédo de PHA por microrganismos (Wang et al., 2014),
que podem ser aplicados também para a rota de producao fotossintética.

TECNOLOGIAS NECESSARIAS AO DESENVOLVIMENTO DO PROCESSO DE PRODUGAO DE

PHA
AREAS DO PROCESSO OBJETIVOS
PRODUTIVO
Células com alta taxa de crescimento
Selecao de cepas com alta resisténcia a condi¢goes extremas de
salinidade e temperatura
Aumento da capacidade de acumulo de PHA intracelular (90 a 95 % da
massa seca)
TECNOLOGIAS Aproveitamento de substratos residuarios
CELULARES Aumento da convers&o de substrato em PHA

Aumento do tamanho celular

Aumento dos granulos de PHA intracelular
Ruptura celular por superprodugédo de PHA
Produgao de PHA extracelular

Crescimento celular em substratos de baixo custo
Lise celular indutzida
PROCESSAMENTO Otimizagao da densidade celular dos cultivos
"UPSTREAM" Cultivo em sistemas abertos ndo estéreis
Otimizagao de fotobioreatores
Otimizag&o no consumo energético do processo de esterilizacao de agua
Colheita (Harvesting) com o emprego de floculagéao
PROCESSAMENTO Aumento da recuperagao de PHA com solventes nao toxicos

"DOWNSTREAM" Otimizagao energética do processo de recuperagao de PHA da
biomassa

Desenvolvimento de processos Umidos para recuperagao de biomassa




59

TECNOLOGIAS NECESSARIAS AO DESENVOLVIMENTO DO PROCESSO DE PRODUGAO DE
PHA

Reaproveitamento de biomassa pos extragcéo

Integracao a processos de produgdo em esquema de biorefinaria.
Tabela 5: Aspectos relevantes do ponto de vista biotecnolégico, para a viabilizagdo da produgao

de polihidroxialcanoatos (Com base em Wang et al., 2014).

Além dos aspectos relacionados com as tecnologias de manipulagao celular,
outros aspectos relacionados ao processamento upstream e downstream da
biomassa, precisam ser observados, como indicado na tabela. Esterilizagdo de agua
e matéria-prima para producao de meio de cultura, recuperacao de biomassa do meio
de cultivo, lise celular, secagem, eficiéncia de extragao e recuperagao de solventes,
uso de solventes verdes, reciclo e reaproveitamento das correntes de efluentes e
residuos, dentre outros, precisam de atencao para que a producao fotossintética do

PHA possa se tornar economicamente competitiva (Price et al., 2022).
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1.6 BIOPROSPECCAO DE PRODUTORES DE POLIDROXIALCANOATOS

Um aspecto importante relacionado a estabilidade de cultivos de cianobactérias
para producdo de PHA é a contaminagdo com outros microrganismos. Um
experimento de 3 anos com uma planta piloto para producao fotoautotréfica de PHA
utilizando uma cepa de Synechocystis salina CCALA192, constatou a contaminagao
por microrganismos, particularmente ciliados, como sendo um dos fatores que

produziram a maior quantidade de interrupgdes de processo (Troschl et al., 2017).

Uma alternativa para reduzir a contaminagdo é identificar microrganismos
produtores de PHA extremdfilos, que em funcdo de condigdes de incubacado e
caracteristicas de seus meios de cultura tenham poucos competidores ou predadores.
A halobactéria produtora de PHA Haloferax mediterranei, caracteristica de locais de
alta salinidade e temperatura, apresenta capacidade de acumular PHB em niveis de
até 60% de biomassa seca (Lillo e Rodriguez-Valera., 1990). Outra extremofila, a
cianobactéria  Spirulina  subsalsa, foi identificada como produtora de
polihidroxialcanoatos (Shrivastav et al., 2010). Numa avaliagdo sobre producéo deste
polimero em funcdo do aumento da salinidade, foi possivel identificar uma correlacéo
positiva para o acumulo de PHA com o aumento da salinidade (Shrivastav et al., 2010).
Este resultado abre espaco para a pesquisa de produtores de PHA em ambientes de
elevada salinidade.

Os achados relacionados a producao de PHA por cianobactérias extremofilas
mostram a importancia de expandir a pesquisa relacionada a microrganismos
extremdfilos produtores de polihidroxialcanoatos. Um sitio com potencial de
apresentar microrganismos extremofilos sdo os tapetes microbianos de salinas, que

reunem condi¢gdes extremas de alta salinidade, temperatura e radiacao solar.

Melo e colaboradores identificaram nos tapetes microbianos de cristalizadores
das salinas da regido de Cabo Frio, microrganismos do género Aphanothece (Melo et
al., 2010), ambientados a condi¢des de alta salinidade, temperatura e intensidade de
radiacdo solar. A literatura indica que microrganismos deste género ja haviam sido
identificados como produtores de PHA (Capon et al, 1983). Com base em tais
achados, a busca por produtores de PHA nestes locais pode apontar cianobactérias
com capacidade de sobrevivéncia em condigdes extremas, permitindo o

estabelecimento de condi¢cdes de processo que reduzam o problema da contaminagao
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(Obulisamy e Mehariya, 2021). Além disso, a exploragao de produtores de PHA dentre
cianobactérias marinhas tem o potencial de identificar novas cepas que podem ser

utilizadas em esquemas de producgao de biopolimeros.

O processo de produgédo de sal € desenvolvido por meio da evaporagao da
agua salgada proveniente do mar ou de uma lagoa hipersalina. No caso das salinas
da regido de Cabo Frio, a agua utilizada no processo € obtida a partir da laguna de
Araruama, adjacente as instalagbes da empresa; A Figura 24 apresenta uma vista

aérea indicando a area ocupada pelas salinas da empresa Sal Cisne®.

Figura 24: Area da Sal Cisne apresentando as areas de salinas (reservatérios de evaporagao) e

unidade industrial.

Sal Cisne - Cabo Frio

Ares da antiga Refnara Nacional de Sal, aual $a Cisne

A &gua da laguna de Araruama, com densidade de 5 °Bé (salinidade
equivalente de 53,6%) é admitida na area da salina em tanques de grande volume.
Nestes reservatorios, a agua é mantida por determinado tempo até atingir uma
salinidade de 7 °Bé (salinidade equivalente de 75,04%), o que ocorre em fungao da
evaporacao natural. A salmoura pré-concentrada € enviada para tanques de
concentragao, onde a densidade alcancga valores na faixa de 16 a 24 °Bé (salinidade
equivalente de 75,04%), sendo a salmoura entdo encaminhada para os tanques
cristalizadores. Usualmente, nos tanques cristalizadores, com lamina d"agua variando
entre 2 e 2,5 cm, a densidade alcanga de 25 a 30 °Bé (salinidade equivalente de

75,04%), ocorrendo entéo a precipitagéo do cloreto de sédio. (Baeta-Neves e Casarin,
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1990). Nas salinas da empresa Sal Cisne, em fungdo do uso de sistema de
evaporagao, a precipitagao do cloreto de sédio se da nas instalagdes da refinaria de
sal, sendo a salinidade maxima alcangada nos tanques cristalizadores, inferior a

necessaria para a precipitagao do cloreto de sodio.

O processo de cristalizagao fracionada empregado, proporciona a formagao de
depdsitos minerais no fundo destes tanques, formando um ambiente propicio ao
crescimento de microrganismos (Javor, 1997). Formados no fundo dos tanques
cristalizadores, os tapetes microbianos sao estruturas organo-sedimentares
laminadas, que se desenvolvem sobre superficies sélidas (Sarensen et al., 2005) A
Figura 25 apresenta um exemplo de tapete microbiano formado no fundo dos

cristalizadores.

Figura 25 Tapetes microbianos formados no fundo de tanques cristalizadores de sal.

No artigo ‘“Isolation, identification, and unialgal cultivation
ofcyanobacterial of microbial mats from salt crystallizers for biotechnological
bioprospection”, capitulo 4 deste trabalho, sdo apresentadas as atividades
realizadas para amostragem, isolamento e identificagdo morfolégica e molecular de
cianobactérias isoladas a partir de tapetes microbianos. Aspectos relacionados a
importadncia da manutengdo de cepas unialgais para fins de prospecgao

biotecnoldgica sao discutidos.
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No artigo “Bioprospection of marine and hypersaline cyanobacteria for
polyhydroxyalkanoates production and polymer characterization”, apresentado
no capitulo 5 deste trabalho, sera descrita a bioprospeccéo, para identificacédo de
cianobactérias produtoras de PHA dentre as cianobactérias isoladas a partir dos
tapetes microbianos das salinas e apresentadas no capitulo 4 e um conjunto de
cianobactérias obtidas a partir de cole¢des de cultura no Brasil. A prospeccao de
microrganismos produtores de polihidroxialcanoatos tem por objetivo identificar cepas
com potencial de produgdo destes polimeros, bem como obter as caracteristicas
essenciais do material produzido. Neste capitulo, a producdao de PHA a partir de
microrganismo identificado como produtor do polimero sera apresentada e
procedimentos relacionados a caracterizacdo do material produzido, como

cromatografia gasosa, sdo demonstrados.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Produzir e identificar polimero biodegradavel do tipo poliéster a partir de
microrganismos fotossintetizantes de origem marinha, com énfase para

cianobactérias isoladas a partir de cristalizadores de salinas.

2.2 OBJETIVOS ESPECIFICOS

Pesquisar microrganismos produtores de PHA a partir de amostras ambientais

€ microrganismos isolados provenientes de bancos de microalgas e cianobactérias.

Identificar os genes produtores de PHA nos microrganismos isolados e
qualificar a classe da enzima sintetizante, bem como avaliar as diferencas estruturais

da mesma frente a outras ja identificadas.

Cultivar e induzir a producao de polihidroxialcanoatos das cepas identificadas

como produtoras para obtencio de polimero.

Obter a composicdo monomeérica do polimero obtido.
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3 HIPOTESE

Existem microrganismos fotoautotréficos produtores de biopoliésteres entre os
microrganismos presentes nos tapetes microbianos de cristalizadores de salinas da
regiao de Cabo Frio bem como entre os oriundos de colegdes de cultura obtidos para
os propositos do presente trabalho.
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4 ARTICLE 1: ISOLATION, IDENTIFICATION, AND UNIALGAL CULTIVATION
OF CYANOBACTERIA° FROM MICROBIAL MATS FROM SALT
CRYSTALLIZERS FOR BIOTECHNOLOGICAL BIOPROSPECTION

Abstract: Cyanobacteria are photosynthetic microorganisms known for
producing bioactive compounds and renewable materials. By using solar energy and
simple raw materials, these microorganisms have the potential to be a platform for the
development of biotechnological processes integrated into the circular economy to
produce renewable goods. The search for new biotechnological products demands the
assurance of reproducibility of research results. The use of crude extracts from
environmental samples for the prospecting of biological activities and bioproducts
subjects the research to the unknown sources of production of identified compounds.
In this context, the isolation and cultivation of microorganisms constitute an important
step for ensuring the quality of biotechnological evaluation processes, as well as for
the establishment of pipelines to produce viable natural products. In the present study,
we isolated, identified, and cultivated halophilic benthic microorganisms from microbial
mats collected in salt crystallization ponds in the Cabo Frio, Rio de Janeiro. The
microbial isolation was performed by the manual cell sorting technique, resulting in a
total of 6 isolated strains. For identification purposes, classical taxonomic evaluation
was performed based on taxonomic keys, and additional 16S rRNA gene sequencing
made it possible to evidence the phylogenetic position of the isolated microorganisms
at the species level. Most of the isolated strains were molecularly identified in the genus
Euhalothece.

Keywords: Solar saltern microbiology; algal mats; halophylic cyanobacteria;

biotechnological prospection.
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4.1 INTRODUCTION

Cyanobacteria constitute a source of a diverse array of bioactive compounds
(Singh et al., 2019) and materials of biotechnological potential, such as biofuels,
biopolymers, platform chemicals, proteins, carbohydrates, and lipids (Wijffels et al.,
2013). The ability of these microorganisms to perform photosynthesis using light and
simple inorganic compounds, including carbon dioxide, establish them as a potential
biotechnological platform for producing materials in a renewable way, within a circular

economy perspective (Grandissimo et al., 2020).

Usually found in environments with adverse conditions for the development of
other living organisms, extremophilic cyanobacteria have potential utility for various
biotechnological purposes (Genuario et al., 2019). Capable of surviving and thriving
under extreme environmental conditions, such as high salinity, extreme alkaline
environments, low and high temperature or high levels of solar radiation, these
organisms have been targeted as a source for research on bioactive compounds from
its secondary metabolism, such as polyketides, alkaloids, terpenes and polyphenols,
among others (Carpine and Sieber, 2021).

An environmental site of potential interest for bioprospecting extremophilic
microorganisms are the microbial mats formed in hypersaline environments of solar
salterns (Javor, 1997). At the bottom of crystallizer ponds, in a salinity range between
26 °Bé and 30 °Bé, a microbial ecosystem, vertically stratified and exchanging mass
and energy, grows associated with mineral sediments (Javor, 1997). The microbes
found at the top layer of those microbial mats are mainly photosynthetic
microorganisms, among cyanobacteria and diatoms, involved in a mucilaginous layer

secreted by the organism itself (Al-Deen and Al-Deen, 1972).

A species of cyanobacteria Aphanothece halophytica is usually found in those
ponds, thriving among high alkalinity and salinity (Javor, 1997). Responsible for the
viscous mucilaginous matrix that characterize the orange top layer of those microbial
mats, these cyanobacteria have a history as a source of multiple biotechnological
byproducts (Zheng et al., 2006, Miriam et al., 2017, Taikhao e Phunpruch, 2015). The
production of exopolysaccharides by these species is a matter of interest for cancer
research, since these materials are known to induce HelLa cell apoptosis, a model used

for cancer research (Ou et al., 2014).
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The exopolysaccharides produced by A. halophytica, when subjected to
environments of high salinity, exhibit biotechnological interest. To reduce
sedimentation over microbial mats, which may hinder the light capture of
photosynthetic organisms, the polysaccharide secreted by this species inhibits
sedimentation of clay (Chen et al., 2010), what can be used for removal of harmful
algal blooms (Anderson 1997, Sengco et al. 2001). Another property of the secreted
polysaccharides is related to their capacity to capture multiple ions, including heavy
metal ions, a chelant property that can be used for remediation purposes and can be
modulated by pH changes (Laloknam et al., 2009).

Recent studies with this species have explored its ability to produce hydrogen
under nitrogen deprivation (Ananyev et al., 2012). Using a two-stage production
scheme involving cultivation and hydrogen production induction, it was possible to
produce hydrogen gas (H2) in anaerobic conditions (Ananyev et al., 2012). The
production of hydrogen using cyanobacteria enable the development of devices driven
by solar energy and constitutes one of the options for the production of renewable
energy in large scale (Sakurai et al., 2015).

The Araruama lagoon, located in Cabo Frio, Rio de Janeiro, southeast Brazil, is
a high salinity body of water. Mostly isolated from the ocean water intakes, the salinity
of this lagoon reaches values between 46 to 56 (Kjerfve et al., 1996). Surrounding the
Araruama Lagoon, multiple companies explore the high salinity waters to extract
sodium chloride using solar salterns as a process. Reaching salinities as high as 300
g/L, the solar saltern ponds form multiple microbial mats that can be explored for

research purposes (Javour, 2002).

The cyanobacteria Aphanothece halophytica Frémy, 1933 and Chroococcus
minutus (Kutzing) Nageli, 1849 were isolated from the microbial mat of the salinas of
Arraial do Cabo (Melo et al., 2010). In the same region, it was identified the same
cyanobacterium in sediments from the Pitanguinha lagoon, adjacent to the Araruama
lagoon (Silva et al., 2007). However, in a survey to verify the cyanobacterial diversity
in microbial mats from the Araruama lagoon, using PCR-DGGE and pyrosequencing
techniques, it was not found the presence of this species in the sampled points, not
confirming the presence of A halophytica in the Araruama lagoon through molecular

means (Ramos et al., 2017).



69

An important aspect of research in life sciences and biotechnology is the
reproducibility of the results of a given study. A survey indicated that over 60% of
researchers were not able to reproduce their own work (Baker, 2016). Among the
various factors that affect the reproducibility of scientific research, the availability of
strains of microorganisms verified in terms of morphological and genetic characteristics

are a central factor to improve data integrity and assay reproducibility (ATCC).

Considering the issue of experimental reproducibility and data integrity, which
directly affects the set of conclusions obtained from a given study, a fundamental step
for the bioprospecting of natural products consists of isolating microorganisms for
research development (Dale et al., 2006, Sekurova et al., 2019). Several techniques
assist researchers in this issue, such as plating using general or specific solid media
(Ripka, 1988, Ferris, 1991) or employing flow cytometry equipped with cell sorting
devices (Poniedziatek et al., 2017).

For microorganisms that have slow growth in solid media, an option for isolation
and development of monoclonal cultures consists of using manipulators for individual
cell selection and separation (Ripka, 1988). It can be performed manually under
inverted microscope, using micropipettes and subsequent passages until a single cell

is isolated (Lourencgo, 2008), what it accessible to laboratories with limited resources.

After the isolation, the morphological and molecular identification of the
microorganisms are essential steps to establish a tool for verification of scientific work
(ATCC). The classical taxonomy approach to identify microorganisms based on key
morphological traits constitutes the basis of the identification, followed by the genetic
identification using the 16S rRNA (Sandle, 2016). For cyanobacteria, a group known
by large structural plasticity, those techniques need to be complemented by a
polyphasic approach to cover phenotypic characteristics not readily available, like

biochemical characteristics (Komarek, 2016).

To molecularly identify isolated microorganisms, the use of 16S rRNA gene
information is a basic tool. Generic primer pairs, like 27F/1492R allow the identification
of most microorganisms (Weisburg et al, 1991) based on the nearly full length of 16S
rRNA gene to be amplified. Due to their generalist characteristic, these primers allow
for amplification of this region for all microorganisms present in a sample, which may
reduce the quality of the results observed in non-axenic samples, but may be used to
validate the purity of cultures (Heck et al., 2016). For these cases, the use of primer
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pairs previously developed for amplification of the 16S rRNA of cyanobacteria, allows
the identification of organisms with quality higher than the one considering the use of

generic primers pairs (Nubel et al., 1997).

In this study, we present the isolation process to establish monoclonal cultures of
cyanobacteria sampled from hypersaline environments of solar salterns in the region
of Cabo Frio, Rio de Janeiro, Brazil. Applying a manual cell sorting methodology and
classic culture media we sort a set of 6 monoclonal cultures and molecularly verify the
presence of A. halophytica at Araruama lagoon. The morphological and molecular
identification of the isolates were developed, and the general aspects of culture

conditions were evaluated.
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4.2 MATERIALS AND METHODS

4.2.1 Sampling site

The samples were collected from the microbial mats formed on the bottom of
the crystallizer ponds of the Sal Cisne® company (22°53'45.8"S and 42°03'20.5"W), in
Cabo Frio, Rio de Janeiro, Southeast Brazil (Figure 26). Located adjacent to the
Araruama lagoon, the company can collect saltwater from this body of water. The
company's salt salterns operating through a process of progressive evaporation, with
salinity ranging from 50 in the intake to 300 in the salt crystallization ponds, produce

sodium chlorine brine.

Figure 26: Sampling site highlighting the location where the microbial mats were collected (source:
Google Earth).

| Sal Cisne - Cabo Frio
Heas i

Naciona! te Sal, aual Sal Cisne

The microbial mats give an orange coloration to the tanks with higher salinity, which is
characteristic of the microorganisms present at the surface layer and their biochemical

profile (Figure 27).
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Figure 27: Sal Cisne® company crystallizer ponds. B. Detail of the crystallizer ponds.

Process flow direction
in evaporator ponds

and ponds selected
for sampling

The sampling site was selected based on the previous report of the occurrence
of Aphanothece halophytica in crystallizer ponds (Melo et al., 2011) which described
this cyanobacteria species as dominant in microbial mat. The ponds selected for
sampling were the last ones of the process flow as shown in Figure 2A (highlighted in

red). Figure 2B shows a view of one crystalyzer pond.

4.2.2 Sampling and sample processing

The surface material of the microbial mats was sampled and placed in sterile
Falcon tubes. The Figure 28 shows the general aspect of the orange layer of the
microbial mat sampled from the selected crystallizer ponds. The detail shows a scheme
for the microbial mat stratification, including the top layer that contains the targeted

microorganisms.
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Figure 28: Cross section of the microbial mat, sampled from the bottom of the crystallizer. The

surface layer, which is orange in color, was sampled to obtain cyanobacteria isolates.

s Orange: Diatoms and cyanobacteria
g Olive green: Cyanobacteria

Purple: Sulphate reduction bacteria

Green: Sulphurous bacteria

™ Black: Sulphate reducer bacteria

To acclimate the material to the culture conditions, the samples were kept on
shelves illuminated by 6.500k daylight LED lamps, with an intensity of 20uE/m?*s and
12h/12h dark:light photoperiod, in a temperature-controlled room at 20 °C. After a
period of 1 week, a fraction of approximately 5 cm3 of material was transferred to a
Falcon tube containing 50 mL of a sterile F/2 Guillard culture medium (Appendix A)
prepared with seawater of salinity 35. The subsampled materials were kept under

culture conditions for a period of two weeks.

4.2.3 Cyanobacterial isolation

After the acclimation period, the Falcon tube containing the material was
agitated using a vortex mixer and a volume of a few drops was sampled and transferred
to microwells in a sterile 96 flat bottom microwell plate. The microorganisms present in
the microwells were evaluated using an inverted optical microscope using

magnifications of 20 and 40X.

The isolation of microorganisms present in the sampled material was performed
using the sequential dilution and micromanipulation using a Pausteur micropipet
technique (Ripka, 1988). Based on morphological information, cyanobacteria cells
were identified and transferred to an adjacent well using a Pasteur micropipette with a

recurved tip. The new micro well volume was filled with Guillard F/2 medium without
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silicon supply to reduce the diatom's growth. The well plate was covered with the lid
and partially sealed to reduce dehydration. This procedure was repeated on a weekly
basis, until it was possible to guarantee two or three passages with a single cell. After
a period of 6 to 8 weeks, the contents of the wells were verified, and a single cell was
transferred to a test tube containing 5 mL of culture medium. The Figure 29 depicts the
sequential procedure applied for isolation.

Figure 29: Procedures used for isolation of slow-growing cyanobacteria from microbial mats

subsample. All transfers were done under inverted microscope and manual manipulation. The n variable

indicates the number of passages needed for unialgal isolation.

s S S

with mixed AA A
subsample ABBOOOON. ﬂ |

o OQOOOC 0000006

5l 000000000

OO

N N 0000000006 —AN A_S—

Test
tubes

96-microwell plate 96-microwell plate

The test tubes were kept on the shelves for a period of 2 months until biomass
growth was visible to the naked eye. After biomass growth, the contents of the test
tubes were dispersed using manual agitation and a volume of approximately 1 mL was
transferred to 250 mL Erlenmeyer flasks with 150 mL of culture medium to increase

biomass volume. A daily manual agitation was done in order to resuspend the cultures.

4.2.4 Extraction and quantification of genomic material

The genomic material used in the molecular detection analyses was obtained
using the modified CTAB 2% method (Doyle & Doyle, 1987), with polyvinylpyrrolidone
(PVP-8000) being used as co-adjuvant (Bipin et al, 2014). An amount of cyanobacteria
culture (1,0 mL) was added to a 1.5 mL Eppendorf tube and centrifuged twice for 5
minutes at 4,000 rpm to separate the culture medium from the cell mass. After

removing the supernatant, 800 pl of a lysis buffer containing 2% CTAB, 100 mM Tris-
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HCI, 20 mM EDTA, 1.4 M NacCl, 0.2 % B-mercaptoethanol and 0.5-1.0 % PVP, was
added to the tubes. The tubes were vortexed to homogenize the mixture and
transferred to a dry bath being kept for 60 min. at a temperature of 65 °C. During
heating time, the tubes were agitated using a vortex to optimize the contact between
the lysis buffer and the culture cells.

After heating, the tubes were cooled to room temperature and centrifuged at
12,000 rpm for 10 min. At the end of centrifugation, 800 pL of a mixture of chloroform
and isoamyl alcohol (24:1) was added to the tube, which was shaken for 1 min. and
centrifuged at 12,000 rpm for 10 minutes. After centrifugation, the inorganic phase was
transferred to a new tube, with the addition of 500 uL of ice-cold isopropanol, followed
by gentle agitation. The tubes were kept refrigerated for a period of 3 h and centrifuged
at 10,000 rpm for 13 minutes. The supernatant was removed, and the formed pellet
washed gently with cold ethanol. After further centrifugation at 10,000 rpm for 3 min.
and removal of the supernatant, the pellet was washed with 80 % ethanol and
centrifuged again. After centrifugation, the supernatant was removed. The tubes were
left open for solvent evaporation at room temperature. After removal of the solvent, the
tubes were filled with 100 uL of ultrapure water to resuspend the DNA pellet.

The product of the extraction process was submitted to evaluation using an
electrophoresis apparatus with a 1.5 % agarose gel to verify the presence of
degradation residues. A sample of 3.0 uL of the resuspended DNA was mixed with 1
pl of GelRed® Dye and 1L of loading dye. The mix was added in the electrophoresis
gel well and the run was done during 30 minutes. with 80V.

A NanoDrop® ultraviolet spectrophotometer (Thermo Scientific) was used to
verify the quality of the extracted material by analyzing the 260/280 and 260/230 ratios
to check for the presence of protein and carbohydrate contaminations in the obtained
sample. A 1.0 uL of resuspended DNA was sampled with a pipette and used for
measurements. This same equipment was applied to quantify DNA for standardization

using ultrapure water.

4.2.5 Morphological and molecular identification of cyanobacteria isolated from the

microbial mats
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All the isolated strains were morphologically evaluated for complete taxonomy
identification. The process involved the set up of microscope slides for each of the
isolated microorganisms and the use of an optical microscope, with a 40X
magpnification objective. The MicroCapture® software was used to take pictures of the
slides content and measure the cell dimensions. To identify isolated microorganisms
in unialgal cultures, a classification system of Cyanophytes was followed (Komarek
and Anagnostidis, 1999), considering only microorganisms of the Chroococcales order
since all isolated microorganismos belong to this order.

The molecular identification of the microorganisms isolated from the microbial
mats was performed using specific primers for amplification of the 16S rRNA region.
For amplification of the 16S rRNA coding genes, two pairs of primers were used. The
27F/1492R primer sequences were developed to amplify this region of the genome of
bacteria in general (Lane, 1991). The primers Cya106F/781R(a/b) were designed
specifically for amplification of this region in cyanobacteria, for greater specificity in
amplification (Figure 30 - Nubel et al., 1997). The Figure 30 shows the coverage of
those primers in the specific region of DNA containing 16S rRNA amplified regions.

Figura 30: Regions amplified by the primer pair Cya106F/781R. The pair of primers set 27F/1492R
was evaluated in this study but due to the non axenic nature of cultures the sequences had low quality
values. (Modified from Nubel et al, 1997).

CYA781Ra
CYA106F CYA781Rb CSIF ULR CY23R
16S f'7f 23S
1 1489 16311705 1954 4837
J
IRNA"
ITS

For Cya106F/781R(a/b) primers amplification the PCR reactions was set using
a 0.2 mL microtube. In a microtube, 11.1 L of ultrapure water, 12.5 uL of GoTaq Green
Master Mix PROMEGA, 1.0 pl of template, 0.2 uL of each of the primer were added.
After mixing, the tubes were placed in a 96-well Veriti thermal cycler from Applied
Biosystems. The PCR equipment was programmed to perform 1 denaturation cycle of
5 minute, followed by 30 cycles of 30 sec. at denaturation, 30 seconds. at annealing,

and 2 minutes at extension, with temperatures of 95 °C, 54 °C, and 72 °C respectively.
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At the end of the cycle a 10 min, an extension step at 72 °C completed the PCR
process.

To verify the presence of amplicons in the PCR reacted samples with all sets of
primers, a 2.5% agarose gel electrophoresis was performed in the TBE buffer. A 2 yL
aliquot of the PCR-reacted sample was mixed with 1 pL of GelRed fluorescent dye. To
perform the electrophoretic run, a 20 cm long tank was used in conjunction with a
power supply set to apply 80V for 30 minutes. After the run, the gel was developed
using a transilluminator with a UV lamp. The images were registered using the software
of the transilluminator.

The samples that presented production of amplicons were conducted to the
purification process for subsequent sequencing. With the use of a 20% polyethylene
glycol salt solution, the reacted material was purified to separate the reaction residues
(reference). After purification, the purified product was evaluated using a
spectrophotometer to verify the quality of the PCR product. With the use of the same
equipment, the DNA was quantified for subsequent standardization and sequencing.
The samples were sequenced using a Sanger sequencing with extended mode at the

Carlos Chagas Brazilian Center of Physics Research.

4.2.6 Phylogenetic analysis

The files with sequenced data from 16S rRNA genes were treated to remove
low-quality reads using Unipro E-Gene software (Okonechnikov et al., 2012) and the
treated sequences were aligned. A consensus sequence was assembled. The
consensus sequences of all isolates were multiple aligned with sequences from other
microorganisms retrieved from the NCBI database (Table 6) for phylogenetic analysis
using the software MEGA 11. The sequences were selected based on the similarity,

coverage value abd e-value from BLAST.

ORGANISM GenBank ACCESSION
NUMBER
Gloeothece sp KO68DGA AB067580.1
Aphanothece sacrum AB094350.1:2-323
Synechococcus sp HOG AF448075.1
Cyanothece sp strain PCC 7418 AJ000708.1
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Aphanothece sp strain ATCC 43922 AJ000721.1
Aphanothece nidulans strain KCTC AG10041 AY121353.1:2-647
Aphanothece naegelii strain KCTC AG10042 AY121354.1:2-647
Synechococcus sp BEO8O7F FJ763770.1
Aphanothece stagnina strain H5 FR848374.1:1-427
Aphanothece microscopica CCY 153 FR873836.1
Aphanothece microscopica CCY 153 FR873836.1:13-366
Aphanothece cf. salina LEGE 06149 HQ832898.1:6-365
Synechococcus elongatus PCC 6301 NR_074309.1
Microcystis aeruginosa strain NIES-843 16S NR_074314.1
Halothece sp PCC 7418 strain PCC 7418 16S NR_102451.1
Synechococcus rubescens strain SAG 3.81 16S NR_125481.1
Synechococcus moorigangaii NR_177752.1
Euhalothece sp. 16S rRNA gene, strain MPI 95AH13 AJ000710.1
Euhalothece sp. 16S rRNA gene, strain MPl 96N304 AJ000713.1
Euhalothece sp. 16S rRNA gene, strain MPI 95AH11 AJ000717.1
Euhalothece sp. 16S rRNA gene, strain MPIl 96P402 AJ000722

Table 6: Cyanobacterial 16S rRNA gene sequences used for the phylogenetic analyses.

The multiple alignment was used to construct a phylogenetic tree using the
Jukes-Cantor model. Bootstrap resampling was set to 1000. One phylogenetic tree for
16S were assembled. The Figure 31 shows the sequence applied for data analysis
and phylogenetic inference.
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Figure 31: Structure of the phylogenetic analysis applied in this work to identify the isolated

cyanobacteria samples.
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4.3 RESULTS AND DISCUSSION

4.3.1 General aspect of the organisms from microbial mats

The sampling of biological material in the crystallizer tanks was carried out
during the rainy season. During the collection, measurements with a densimeter
indicated a salinity of 11.5 Baumé, a value much lower than the maximum of up to 24
Baumé observed for these tanks.

Under microscopy, the orange and gelatinous-looking material obtained from
the surface layer of the microbial mats contained a variety of microorganisms, such as
cyanobacteria, diatoms and ciliates.

Multiple organisms were isolated from the material sampled from the surface of
the microbial mats. Although some crystallizer ponds present floating blocks of
biomass, the collection and separation of the material adhered to the surface of the
mats in areas with greater layer thickness was chosen. The choice of mats with thicker

layers was due to the greater ease of visual separation of the different layers.

4.3.2 Isolation and culturing

The direct cell sorting process has been adopted in favor of other
methodologies, such as solid media plating, due to its simplicity of execution and
practicality. Since some cells do not produce colonies on solid media with the same
efficiency as they do in liquid media (Thiel et al., 1989), it appears as a good choice to
isolate unknown cyanobacteria strains. The isolation resulted in a total of 12 strains of
colonial benthic cyanobacteria, surrounded by a mucilaginous matrix. Only 6 strains
exhibited significant growth in the first month of cultivation, comprising 5 isolates from

Aphanotece halophytica and 1 isolate identified as Synechococcus sp. (Table 7).
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STRAIN 1 STRAIN 2
Aphanothece halophytlca Fremy Aphanothece halophytica Frémy

.' ’o. 3’“

>

\ .

-

STRAIN 3 STRAIN 4
Aphanothece halophytica Frémy Aphanothece halophytica Frémy

STRAIN 5 STRAIN 6
Synechococcus sp. Aphanothece halophytica Frémy
Table 7: Strain isolated from microbial mat. (Scale bar: 20pm)




The table below summarizes general morphological aspects of each strain.

Cell size
Microrganism Cell morphology Muscilage (@ or length x Figures
width; m)
Strain 1 Bacillus, green/pale Present. Hyaline, non 71341 34 A
green lamelated
Strain 2 Bacillus, green/pale Present. Hyaline, non 1052x241 348
green lamelated
Round and slightl
Strain 3 enlouates reeli/ Zle Present. Hyaline, non 5¢%1 34C
gates, P lamelated N
green
Strain 4 enﬁgugfe:ndrzgir}t|ZIe Present. Hyaline, non 62 34D
gates, & P lamelated -
green
. Round cells, olive
Strain 5 Not detectable 6+2 34E
green/blue
Strain 6 Bacillus, green/pale Present. Hyaline, non s2x341 34 F
green lamelated

b : Mean tstandard deviation (n=20)

Table 8: Summary of morphological and phenotypical aspects of isolates.

The thick mucilaginous matrix of extracellular polysaccharides (EPS),
characteristic of the sampled material, was produced in small amounts by the isolated
microorganisms during cultivation. The colonies formed were scattered and exhibited
diameters between 1 mm to 3 mm. Environmental factors are associated with
extracellular production of EPS in cyanobacterial cultures, but experimental evidence
has associated it with high salt content (Javor, 2002), and phase of the culture
(stationary or declining), probably due to phosphate limitation (Strycek et al., 1992),
which may have happened in our study, but we did not measure the levels of these

elements to make any statement in this direction.

The orange color, characteristic of the biological material during sampling,
changed to a dark green color for the vast majority of the isolated cyanobacterial
culture. This change presumably indicates replacement in the production of carotenoid
pigments by chlorophyll and phycobilins, as previously observed (Jaiswal et al., 2018).
During the stationary and declining phase of the cultures, the change of color to orange
appears to indicate the reversion of this process. The Figure 32 shows a culture in

exponential phase and declining phase with a 6 month spam.
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Figure 32: Culture of isolate 6 (Aphanothece halophytica) with 6 months of difference. A. Stationary
phase. B. Declining phase.

The phenomena of suspension of cyanobacteria isolated from such samples
was observed during abrupt variations of temperature and lighting. We suppose that
This behavior may be related to the formation of blooms of cyanobacteria in these
communities.

The culture related to strain 5 did not show visible production of

exopolysaccharides like observed in the other cultures (Figure 33).

Figure 33: Culture of isolate 5.
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The EPS produced by cyanobacteria can be observed adhered to the walls of
the Erlenmeyer flasks as shown in Figure 32, while not present in the culture flask of

Figure 33.

4.3.3 Extraction, quality check and quantification of genomic material

The degradation of extracted genomic material from cyanobacteria in
hypersaline environments is known to be accelerated by the presence of phenolic
compounds (Bhardawaj et al., 2019). To obtain good quality genetic material, we used
polyvinylpyrrolidone (PVP) in our study. PVP forms complexes with the molecules of
the phenolic compounds through hydrogen bridges, thus protecting the genomic
material from degradation (Heikrujam et al., 2020). However, we observed that high
levels of PVP, between 1.5 to 2.0 %, resulted in gel formation, which hindered the
extraction of DNA. This occurrence is probably related to abundance of
exopolysaccharides in the mucilaginous matrix of the cyanobacterial colonies.
Therefore, we limited the proportion of PVP to 1.0% for the extraction of genomic
material from all cyanobacteria. The electrophoresis allowed the previous evaluation

of the extraction results, presenting good quality genomic material (Figure 34).

Figure 34: Genomic DNA from cyanobacteria isolated from microbial mats. Despite some
degradation observed, the general good quality of the extracted material allowed genetic analyses.
Strain 5 extracted DNA was done separately. Strain 7 is a positive control of Spirulina subsalsa used
for quality checking purposes. (E=Reference ladder. 1 to 7 are isolates. 3.1, 3.2, 3.2,4.1,4.2,6.1e 6.2

are extraction replicas.)

— —

e o e B = -

The quality of extracted genomic material evaluated the UV absorption at 260/280
and 260/230. Values 1.63 and 1.89 at 260/280 and 1.81 and 2.03 at 260/230, in
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conjunction with electrophoresis data, showed that CTAB protocol with the use of PVP

in the range of 0.5%-1% produced good results for DNA extraction.

4.3.4 Morphological and molecular identification of cyanobacteria from microbial

mats

The microorganisms isolated from the microbial mats were identified as
representatives of two genera and three species, based on the colonial characteristic,
mucilage appearance and cell morphology, in addition to dimensions, cell division
plane and cell content (granularities).

The microorganisms of the strains 1, 2, 3, 4 e 6 were identified as belonging to
the species Aphanothece halophytica Frémy, 1933, order Chroococcales, family
Synechococcaceae, sub-family Aphanothecoideae. Under -cultivation conditions,
individuals of this species showed the formation of colonies with multiple, green and
olive-green colored cells surrounded by mucilaginous, hyaline and non-laminated
muscilage. Aphanothece halophytica is known to present celular polymorphism (Dor
and Hornoff., 1985). The morphological differences observed for strains 3 and 4 may
be understood based on this knowledge.

The application of the primers for amplification of the 16S rRNA region,
reinforced the taxonomic classification of cyanobacteria isolated at the species level.
A polyphasic approach to identification, including sequencing of ITS and functional
genes, may help to compose a better description of a given species (Komarek, 2016).
However, the use of taxonomic keys for the identification of microorganisms remains
necessary as a useful tool of classical taxonomy for identifying genera of cyanobacteria
(Komarek, 2016).

Based on the quality of the sequences of rRNA 16S obtained in our study, we
can state that the pair of primers Cya106F/781R(a/b) was a robust method for
molecular identification of the cyanobacterial strains. During this study we also applied
the same methodology for 16S rRNA amplification and amplicon sequencing by the
use of the universal pair of primers 27F/1492R (Lane, 1991), with very low quality
readings. This may be due to the non axenic nature of unialgal cultures obtained by

micropipette.
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4.3.5 Phylogenetic analysis

The result of the phylogenetic analysis is shown in Figure 35. The tree was built
using the sequences retrieved as a reference from GenBank and the sequences
obtained in this study.

Figure 35: Phylogenetic tree with microbial mat cyanobacteria (rRNA 16s). The clade related to the
A.halophytica strains isolated in this study appear highlighted. The type strains ATCC 43922, PCC 7418

are Aphanothece halophytica strains.

Escherichia coli strain U 5/41 16S ribosomal RNA, partial sequence

Aphanothece stagnina MBDU 803
Synechococcus rubescens strain SAG 3.81

[ Synechacoccus sp. BEOSOTF

Synechococcus elongatus PCC 6301

Synechocaccus sp. HOG
| iSTRAJl\IS
Synechococcus moorigangaii

Aphanothece sacrum
Aphanothece cf. salina LEGE 06149
Aphanothece microscopica CCY 153
Spirulina subsalsa (this work)
Halothece sp. 16S rRNA gene, strain MPI 96P605

Cyanothece sp. 16S rRNA gene, strain PCC 7418
Halothece sp. PCC 7418 strain PCC 7418
Euhalothece sp. 16S rRNA gene, strain MP| 35AH11
Aphanothece nidulans strain KCTC AG10041

Aphanothece naegelii strain KCTC AG10042
Aphanothece sp. strain ATCC 43922
Euhalothece natronophila strain Z-M001 16S ribosomal RNA, partial sequence
Euhalothece sp. 16S rRNA gene, strain MPI 36N304
Euhalothece sp. 16S rRNA gene, strain MPI 95AH13

STRAIN 3

STRAIN4

Euhalothece sp. 16S rRNA gene, strain MPI 96P402
STRAIN 2
STRAIN 1
STRAIN 6

According to the classification based on morphological traits, the strains 1, 2, 3, 4 and
6 presents highly degree of similarities. It's important to note that the Euhalothece
strains, described by Garcia Pinchel and collaborators (1998), are grouped together,
inside the extremely halotolerat cluster, that appear more clarified in the Figure 36, that

shows part of the Figure 35.
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Figure 36: Detail from figure 35. Extremely halotolerant cluster including the isolates from this study.
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In the phylogenetic tree, the isolates 1 and 6 appear on the same branch, indicating
a close degree of relatedness between these two strains. Morphologically, both
cyanobacteria exhibit similar characteristics, such as size, width, shape, and cell
content. Strain 2 is phylogenetically related to strains 1 and 6, sharing a common
ancestor. Notably, the cyanobacteria observed in strain 1 exhibit smaller cell size
compared to those of strains 2 and 6, while keep morphological similarities. Strain 3
and 4 shows distinct cell morphology and smaller size, but are molecularly related to
strains 1, 2, and 6. As noted by Baeta Neves (1993), cyanobacteria from solar salterns
present a high degree of plasticity what is in accordance with the distinct morphotype

observations.

A clade may be identified based on a common ancestor for all isolates and the
strains Aphanothece sp ATCC 43922 and Cyanothece sp 16S rRNA gene, strain PCC
7418, type cultures of Aphanothece halophytica. The clade related to the strains of
Aphanothece halophytica appear highlighted. The operational taxonomical unit (OTU)
is equal to 96% while the group of isolates and appear with 16S rRNA gene identity:
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98,7% as accepted threshold. Based on the molecular similarity and the morphological
observations we can state that those isolates aren’t identified as Aphanothece

halophytica Fremy 1933 and may be molecularly identified as Euhalothece sp.

Strain 5 appears separately from the Euhalothece group, more closely related to
microorganisms with sequences related to Syneccococus. The culture of this
cyanobacteria displays markedly different responses to cultivation, particularly related
to the mucilage production. While the cultures of strain 1, 2, 3, 4 and 6 produce visible

mucilage, strain 5 did not produce it at all.

According to our results, we might point out that isolation would be an essential
route to a robust and reproducible investigation as the starting point of any
bioprospecting study. However, since the isolation reduces the capacity to screening
for a wide for wide variety of microorganisms, the research needs to be pointed toward
the development of high throughput tools, joining molecular and morphological

identification with molecular detection and genome mining (Sekurova et al., 2019).

For the case of cyanobacteria from hypersaline environments, such as like the
solar saltern microbial mats, the application of a simple method like CTAB improved
with PVP used here contributes to scale the prospection work, while holding hold the
costs low. The use of cyanobacteria specific primers allows the identification and avoid
the need of laborious work toward the development of axenic cultures. However, the
development of unialgal cultures, preferably monoclonal, appears to be a necessary
strategy for the development of bioprospecting studies that aim to identify

microorganisms able for industrial application.

The use of 16S rRNA solely is not sufficient to completely discriminate
cyanobacteria in some cases. A more detailed study taking into account the
comparison of other sequences like the internal transcribed spacer (ITS) and a
functional gene like the phycocyanin operon (cpcBA-IGS) may help to clarify the
proximity between our strains and Euhalothece strains used for comparison purposes

in this work.
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5 ARTICLE 2: BIOPROSPECTION OF MARINE AND HYPERSALINE
CYANOBACTERIA FOR POLYHYDROXYALKANOATES PRODUCTION AND
BIOPOLYMER CHARACTERIZATION

Abstract: Polyhydroxyalkanoates (PHA) are biodegradable and biocompatible
polymers synthesized by cyanobacteria and accumulated as granules in the cytoplasm
of their cells. Mainly produced under adverse environmental conditions, the ability to
generate biodegradable polymers from different carbon sources and store it as an
energy reserve exhibits enormous interest to enable environmentally friendly products
for a circular economy. In this study, a total of 17 marine cyanobacteria belonging to
the genera Euhalothece (from microbial mats of crystallizers tanks), and Arthrospira,
Leptolyngbya, Synechococus and Synechocistis (from biological collections) were
evaluated for their ability to produce PHA using molecular detection tools, fluorescence
microscopy and gas chromatography coupled with mass spectrometry - CG-MS.
Among all strains evaluated, only the species Arthrospira platensis exhibited the ability
to produce PHB when induced with acetate as carbon source. The use of this
technique, combined with fluorescence microscopy and gas chromatography allowed
the accurate checking of the PHA producing capability of the studied cyanobacteria

species.

Keywords: PHB; Arthrospira platensis; fluorescence microscopy, gas chromatography,

primers.
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5.1 INTRODUCTION

The Organization for Economic Cooperation and Development (OECD)
estimate that the amount of plastics accumulating in rivers and oceans is about 139
Mt, and this volume discarded in the oceans will double by 2060, even if waste
treatment measures are implemented (OECD, 2017). Because it has recalcitrant
characteristics, their degradation times can exceed 2.500 years (Chamas et al., 2020),
which favors their bioaccumulation and biomagnification along food chains, particularly
in the form known as microplastics (Miller et al., 2020). Due to the global environmental
impact caused by the use of plastics and its derivatives, the search for more

environmentally compatible alternatives is necessary (OECD, 2017).

Detected in human blood (Leslie et al., 2022) and placenta samples (Ragusa et
al., 2021), plastic materials also represent other risk to human health, particularly
because of the associated chemical additives (Campanale et al., 2020). The
production of these materials contributes negatively to expanding the carbon footprint
associated with human activities. Responsible for 3.4% of greenhouse gas emissions
throughout its life cycle (OECD, 2017), the production of plastics requires large
amounts of non-renewable raw materials. Current estimates indicate that by 2050,
around 25% of annual oil and natural gas production will be used to produce plastics
(OECD, 2017).

Unlike plastics, the biopolymers produced by various microorganisms are
renewable raw materials and can be used on a large scale for different activities
(Kaplan, 1998). Among the biopolymers, the polyhydroxyalkanoates (PHA) can be
produced in a renewable way, with the use of microorganisms, including cyanobacteria
(Koch e Forchhammer, 2021). Known as biopolyesters, this class of polymers presents
similarity with non-biodegradable plastic materials, such as polypropylene (Gomez, in

do Nascimento, 2017) being an option for the substitution of those materials.

Originally identified in bacteria (Lemoigne, 1926), polyhydroxyalkanoates (PHA)
comprises one class of polymers which accumulate in cells as carbon storage and
energy reserve material (Koch e Forchhammer, 2021). When subjected to adverse
environmental conditions (= stress) and under the presence of excess carbon,
producer organisms accumulate these polymeric materials in the form of granules

known as carbonosomes dispersed in the cytoplasm (Koch e Forchhammer, 2021).
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Produced by organisms from the three domains, Archea, Bacteria and Eukarya, the
biotechnological production of these polymers employs bacteria from different genera
and different carbon sources, including agricultural raw materials and agro-industrial
waste (Sathya et al., 2018).

Water-insoluble granules of carbonaceous material have been observed inside
microorganisms since the late 19" century (Gomez in Nascimento et al., 2018), but the
chemical composition of these inclusions was only characterized in 1927 and identified
as polyhydroxyalkanoates — PHA (Lenz and Marchessault, 2005). Despite being highly
refringent and visible using phase contrast microscopy, PHA granules are easily
confused with other cellular inclusions, such as polyphosphate and glycogen granules
(Koller and Rodriguez-Contreras, 2015). The use of soluble dye, such as Sudan Black
B, allows to mark such inclusions and facilitates the confirmation of their presence
inside cells (Okuzumi et al., 1994; Halami et al., 2008). Currently, fluorescent dyes with
high specificity for PHA identification, such as Nile Red, are currently used in the
identification of these inclusions (Koller and Rodriguez-Contreras, 2015). The high
specificity and high sensitivity of such dyes (Serafim et al., 2002; Hupfer et al., 2008)
has allowed applications related to the rapid quantification of PHA in the biomass of
producing microorganisms (Alves et al., 2017) or the employment of flow cytometry for

bioprospecting of PHA producers (Tyo et al., 2006).

Other methods applied to the identification of PHA producers using microscopy
require isolation, cultivation, and induction steps to accumulate these polymers inside
the organisms (Koch e Fochhamer, 2021). This set of activities, besides being
laborious, demands a larger amount of time and can also produce negative results
(Solaiman et al., 2005, Shamala et al., 2003 and Sasidharam et al., 2016). Seeking to
overcome these difficulties, the bioprospecting of PHA has incorporated the molecular

detection of potential producers (Montenegro et al., 2017).

In the application of molecular detection, the gene encoding a protein of the
biosynthetic metabolism pathway must be detected by means of PCR in the genomic
material. In the case of PHA, the known biosynthesis routes allow the identification of
a protein fragment necessary for the formation of the polymer, PhaC, a subcomponent
of PHA synthase, a protein responsible for the coupling of polymer monomeric units to

produce the polymer chain (Steinbuchel and Hein, 2001).
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Several primer pairs have been developed for the detection of the PhaC gene
related to the four types of known PHA synthase (Koller and Rodriguez-Contreras,
2015). The development of primer pairs uses conserved regions of reference
sequences from different microorganisms to increase the likelihood of identifying
microorganisms carrying a particular gene (Lima and Garcés, 2006). This process
leads to primers containing degeneracies capable of expanding the possibility of primer
annealing with sequences present in the DNA template. For example, a degenerate
primer set was developed for application to bioprospecting of polyhydroxyalkanoates
based on 218 microorganisms from different genera (Montenegro et al.,2017).
Similarly, to identify the prevalence of genes encoding the enzyme pHA synthase in
cyanobacteria, it was developed suitable primers for the detection of PHA producers
(Hai et al., 2001). In addition, a set of specific oligonucleotides was developed to
identify cyanobacteria producers of the genus Synechocistis using Colony PCR (Lane
and Benton, 2015).

Although molecular detection is highly sensitive for the detection of PHA
producers, the confirmation of producer organisms requires the induction of the
polymer accumulation and its further detection (Koller and Rodriguez-Contreras,
2015). Gas chromatography techniques allow rapid identification of the monomeric
composition of PHA, as well as the quantification of each of the monomers, allowing
for a greater understanding of the structure of the polymer produced (Koller and
Rodriguez-Contreras, 2015). The application of this technique requires a derivatization
reaction, comprising the hydrolysis and transesterification of the polymer in acid or
alkaline media to produce volatile compounds that can be separated using the
chromatographic methods (Brauneeg et al., 1978). Once derivatized, the esters related
to the polymer monomers can be identified and quantified by gas chromatography
equipment (Brauneeg et al., 1978). Also, different strategies can also be employed for
derivatization, including alkaline or acid transesterification or a sequential treatment
involving alkaline hydrolysis followed by acid transesterification for improved
quantification (Cui et al., 2007).

The use of gas chromatography with a flame ionization detector (FID) allows for
a highly sensitive analysis to detect the presence of PHA (Koller and Rodriguez-
Contreras, 2015), since low amounts in the range of 10 ug/L of this chemical can be
detected by this technique (Braunegg et al, 1978). However, a disadvantage of this



93

technique is the need for standards, to enable the comparison of retention times
associated with chromatographic peaks, and those identified in the samples (Koller

and Rodriguez-Contreras, 2015).

Although the polymer derivatization steps are still necessary, gas
chromatography coupled to mass spectrometry allows the identification of the
components without the need for standards (Koller and Rodriguez-Contreras, 2015).
This technique brings a significant advantage when the monomeric composition of the
polymer to be evaluated is not known a priori. The disadvantage of using this analytical
technique is the lower sensitivity for detection of small amounts of PHA which is the
reality of most of the cases in which this polymer is recovered from the selected

producing strains (Koller and Rodriguez-Contreras, 2015).

As different species and strains of microorganisms accumulate PHA under
different conditions and present various productivities (Tan et al., 2014), it is relevant
to prospect PHA-producers for new application opportunities (Montenegro et al., 2017).
Several strategies have been employed for the bioprospection of PHA producers,
involving from the use of tools to molecular detection and mass spectrometry (Koller
and Rodriguez-Contreras, 2015). The purpose of the present study was to use different
methods to bioprospect for PHA producers in marine cyanobacteria species from salt

crystallization ponds and strains from biological collections.
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5.2 MATERIAL AND METHODS

The research strategy used in this study involved employing a multidisciplinary
approach to optimize the probability of identifying PHA-producers within the selected
groups of marine cyanobacteria, according to the workflow represented in Figure 37.

Figure 37: Workflow for bioprospection of PHA-producing marine cyanobacteria.
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5.2.1 Collection and isolation of cyanobacteria from microbial mats

Marine cyanobacteria species were obtained from microbial mats sampled from
the bottom of the crystallizer tanks, in Sal Cisne® company solar salterns, located in
the region of Cabo Frio, Rio de Janeiro (22°56'57 S e 42°04'19 W), Southeast Brazil.
This location was chosen to obtain microorganisms adapted to survive under more
severe environmental conditions of salinity, temperature and solar radiation. Figure 38
shows the salt salterns structure with an indication of the brine flow and salinity growth.
The crystallizer tanks are the last ones before sodium chloride crystallization.
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Figure 38: Sal Cisne® Solar saltern at Cabo Frio, Rio de Janeiro, Southeast Brazil. The microbial
mat (brown color of the crystallizers) was sampled from the bottom of crystallizer tanks (red square).

The blue arrow indicates the flow of water through salt crystallization ponds. The ponds highlighted in

red are the ones subjected to sampling.

After collection, the sampled biological material was acclimated to cultivation
conditions using Guillard F/2 culture medium without silicon, with seawater of salinity
35. The isolation of microorganisms found in the microbial mats was carried out using
the technique of sequential dilution and manual separation of cells, and monitoring

using an inverted microscope and Pasteur pipettes (Lourengo, 2008).

5.2.2 Cyanobacteria from biological collections

To expand the number of cyanobacteria to be evaluated as potential PHA-
producers, additional species were obtained from Brazilian biological collections,
comprising a total of 17 strains of the genera Arthrospira, Leptolingbia, Synechococus
and Synechocistis. Some assumptions were applied for a selection of the species, in
order to maximize the possibility of identifying PHA producers and future viability for
biotechnological uses (Wang et al, 2014), such as: being cultivable in seawater; being
scientifically recognized as PHA producers and possessing larger cell size, filament or
colony from the available microorganisms in order to enable easy harversting. Based
on those definitions, a total of 5 different taxa were selected from biological collections
(Table 9).
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STRAIN TAXON BIOLOGICAL COLLECTION
- Spirulina subsalsa Elisabete Aidar - Federal
. Synechocistis pevaleki Fluminense University
BMAK-158 Spirulina major
BMAK-159 Arthospira platensis Aidar e Kusflner - University of
Sdo Paulo
BMAK-163 Synechococcus sp.

Table 9: Cyanobacterial strains chosen for the bioprospecting study.

In addition, 6 other strains of marine cyanobacteria were obtained from the
biological collection of microorganisms of the Federal University of Rio de Janeiro
(Table 10) to be tested as PHA producers.

STRAIN TAXON SOURCE

CCMR-0169 Euryhalinema sp. Biological Collection of
Microorganisms of the Federal

CCMR-0170 Euryhalinema sp. University of Rio de Janeiro
CCMR-0171 Euryhalinema sp.

CCMR-0280 Acrophormium turfae

CCMR-0285 A. turfae

CCMR-0287 A. turfae

Table 10: Cyanobacteria strains from the Brazilian biological collections to carry out the
bioprospecting work.

All strains from biological collections were placed onto silicon-free Guillard F/2
culture medium (supplementary information) and kept under 12/12 h photoperiod, in a

temperature-controlled room at 20°C.

5.2.3 DNA extraction and quantification

To obtain the biomass necessary for the extraction of genomic material,
microscopy analyses, and inoculation of cultures for PHA induction, the cyanobacterial
strains obtained initially were cultured in 500 mL Erlenmeyer filled with 250 mL of
seawater of salinity 35, enriched with solutions of the Guillard F/2 culture medium and
maintained under these conditions for 20 days.

The genomic material used in the molecular detection analyses was obtained
using the modified CTAB 2% based method (Doyle & Doyle, 1987), with
polyvinylpyrrolidone as co-adjuvant to promote the precipitation of the extracted
genetic material. The product of the extraction process was submitted to
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electrophoresis in a 2.0 % agarose gel with the use of GelRed® dye to verify the
presence of degradation residues.

A NanoDrop® ultraviolet spectrophotometer (Thermo Scientific) was used to
verify the quality of the extracted material by analyzing the 260/280 and 260/230 ratios
in order to check for the presence of protein and carbohydrate contaminations in the
obtained sample. Also, with the use of this equipment, the DNA was quantified for

subsequent standardization in concentration.

5.2.4 Morphological and molecular identification of cyanobacteria isolated from the

microbial mats

All the isolated cyanobacteria strains were morphologically evaluated using an
optical microscope model Zeiss, with 40X magnification objective and a software to
measure the cell dimensions.

The molecular identification of the microorganisms was performed using a pair
of primers (Cya106F/Cya781Rab) for the amplification of the 16S rRNA gene,
developed for cyanobacteria identification. (see Nibel et al). The PCR reaction was
carried out using a Veriti thermocycler model 9901 (Life Technologies), with 96 well.
The quality of the PCR products was evaluated using 2.5% agarose gel
electrophoresis. The PCR products were purified using a 20% polyethylene glycol
saline solution (2.5M NaCl) protocol for PCR products purification (Arbeli e Fuentes,
2007). All purified PCR products were quantified using a Nanodrop® UV
spectrophotometer and diluted for Sanger sequencing.

The sequenced files were treated to remove low-quality reads using Unipro E-
Gene software (Okonechnikov et al., 2012) The resulting sequences were then
aligned, and a consensus was assembled. All the consensus sequences were aligned
with sequences from other microorganisms retrieved from the NCBI database. The set
of aligned sequences was used to construct a phylogenetic tree using the Neighbour-

Joining algorithm.
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5.2.5 Molecular detection of the phaC gene

For the application of molecular detection of microorganisms possessing the
phaC gene, primer pairs developed for the detection of this gene by PCR were selected
from the literature (Montenegro et al., 2017; Lane and Benton, 2015, Hai et al., 2001).
The Table 11 presents the primers used in this study and their annealing temperature
(Tm).

OLIGONUCLEOTIDES FOR MOLECULAR IDENTIFICATION OF PHA PRODUCERS

Identification Nucleotide sequence (5°-3°) Tm (C) Reference

phaCF1 TGATSSAGCTGATCCAGTAC 53.9°
phaCF3 CCGCCSTGGATCAACAAGT 58.0° Monte;gglgo etal,
phaCR1 GTGCCGCCGAYGCAGTAGCC 65.1°

phaC(3.1)F GGGATGTCTATTTGATTGAYTGG 52.5

Lane e Benton ,2015
phaC(3.1)R GGTCGGGACTATCAAAAATCCA 54.7
GTTTTAATCGATTACGCNYTNGTNAAYMGNCCNT
Haphapcrl

AYATG

Hai et al., 2001
CGGGACTATRAADATCCAYTTYTCCATNCKTAGAA

Haphapcr2 AGTT

Table 11: Primers used for molecular detection of PHA producers. The primers phaCF1/phaCF3
and phaCR1 were selected based on their capacity to amplify most of the sequences used in the

design (Montenegro et al., 2017).

In a 2 mL Eppendorf tube, 11.1 pL of ultrapure water, 12.5 pL of GoTaq Green
Master Mix PROMEGA, 1.0 pL of template, 0.2 uL of each of the primer were added.
After mixing, the tubes were placed in a 96-well Veriti thermal cycler from Applied
Biosystems. The PCR equipment was programmed to perform 1 denaturation cycle of
1 minute and followed by 32 cycles of 45 seconds at denaturation, annealing, and
extension temperatures of 95 °C, 58 °C, and 72 °C respectively. At the end of the cycle

of 7 minutes, an extension step at 72 °C completed the PCR process.

To verify the presence of amplicons in the reacted samples, a 2.5% agarose gel
electrophoresis was performed in the TBE buffer. A 2.0 pL aliquot of the PCR-reacted
sample was mixed with 1.0 pyL of GelRed® fluorescent dye. To perform the
electrophoretic run, a 20 cm tank was used in conjunction with a power supply set to

apply 80 V for 30 min. After the run, the gel was developed using a transilluminator
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equipped with a UV lamp. The images were registered using the specific software of

the transilluminator.

The phaC amplicons were selected for the purification process for subsequent
Sanger sequencing. With the use of a 20% polyethylene glycol salt solution, the
reacted material was purified to separate the reaction residues. After purification, the
product was evaluated using a spectrophotometer to verify the quality of the PCR. With
the use of the same equipment, the DNA was quantified for subsequent
standardization and sequencing. The samples were sequenced in a Sanger sequencer

using extended sequencing.

The sequenced files were treated to remove low-quality reads using E-Gene
software. The resulting sequences were then aligned, and a consensus was extracted.
The nucleotide consensus sequence was translated to a protein sequence. Multiple
sequences of the target protein (PhaC) from different organisms were retrieved from
NCBI databank for comparison (Supplementary Material). The BMAK 0159 PhaC
protein was alignment with the multiple sequences using MEGA 11 software and a
phylogenetic tree was built using the Neighbour-Joining algorithm to verify the relation

between the protein identified and the ones from other cyanobacteria.

To check for similar sequences, a search was performed using the BLASTp tool
in the NCBI database. To compare the sequenced data and the ones retrieved from
the NCBI database, they sequences were aligned, allowing the construction of a
phylogenetic tree using a Neighbor-Joining algorithm. The sequences selected for

comparison were retrieved based on its similarity with sequenced data.

5.2.6 Fluorescence microscopy

The presence of PHA granules inside cells was verified using fluorescence
microscopy with Nile Red staining (Spiekerman et al, 1999). A volume of 1.5 mL of
each of the cyanobacterial cultures, collected after the induction phase, was sampled
to verify the presence of PHA granules inside their cells. A solution of Nile Red was
prepared by dissolving this dye in the solvent dimethyl sulfoxide (DMSQO). A volume of
100 pL of the dye solution was added to each culture tube, and the tubes were
homogeneized during 15 seconds to enable the mixture. The tubes with the mixture of

culture and dye solution were heated for 5 minutes in a dry bath at 45 °C.
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After heating, each tube had a 10.0 pL aliquot sampled and this volume was
used to assemble a microscope slide. The samples were evaluated using an inverted
microscope Olympus model U-TBI-190 coupled with an ultraviolet (UV) lamp. For
fluorescence, a FITC model filter was used with an excitation wavelength of 491 nm
and emission of 516 nm. The slides were observed using 50% of the nominal power
of the UV source and with 40X magnification objective. The presence of PHA granules
was verified based on the existence of grains with yellow emission inside the cytoplasm
(Ostle et al., 1982).

5.2.7 Cultivation and induction of PHA production

To obtain an adequate biomass for the PHA production evaluation and polymer
characterization, an experimental setup was elaborated for those cyanobacteria that
presented positive results of polymer production based on the molecular screening and

fluorescence microscopy.

The strain BMAK 0159 Spirulina platensis was cultivated for biomass increase
and induction of PHA production. Four 2,000 mL Erlenmeyer flasks were filled with
1.500 mL of sterilized seawater of salinity 35 and enriched with the F/2 Guillard culture
medium solutions without the addition of silicon. The pH was adjusted and maintained
at 8 by using tris-hydroxymethylaminomethane (TRIS) organic buffer. The first flask
was defined as control and received no organic carbon supplementation, while the
treatment flasks received 0.04% (by mass) sodium acetate. The use of acetate for the
induction allowed the accumulation of PHA by the PHB-producing strain. However, an
optimization of factors for the induction is necessary to optimize the maximum

accumulation capacity for this strain.

Each flask was inoculated with 20.0 mL of a culture of BMAK 0159 strain. The
set was kept on a shelf illuminated by 6.500K LED lamps (Day light) in a temperature-
controlled room at 20 °C. The measured luminous flux in the region of the experiment
was measured in the range between 60 and 70 uE/m?2.s, measured with the aid of a
handheld PAR meter LI-COR, equipped with a quantum sensor LI-190. A timer was
set for maintaining a 12h/12h light and dark photoperiod. The cultures were kept
agitated using diaphragm air compressors, and the feed lines were filtered with a 0.22

um filter.
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The biomass accumulation was monitored through absorbance measurements,
using a spectrophotometer and quartz cuvettes with a volume of 4.5 mL. The readings
were taken at a wavelength of 620 nm. The cultures were sampled every 5 days for
absorbance and transmittance measurements. The values were recorded and allowed

the evolution of the cultures to be followed. The cultures were maintained for 35 days.

For biomass collection, a nylon net with a 60 ym opening was used, counted in
a 4-inch PVC tube. After collection, the biomass in each Erlenmeyer flask was washed
twice with the induction medium to remove traces of nitrate. After washing, the biomass
was resuspended in 2.0 L Erlenmeyer flasks containing 1.5 L of induction medium. The
Erlenmeyer flasks with the induction culture were arranged on the culture shelf and

kept for the period of 15 days.

The biomass obtained after the cultivation and induction process was collected
with the help of nylon mesh and dispersed in glass Petri dishes for drying for 24 h in
an oven at 60 °C. Then, the contents of the plates were removed with the use of a
spatula and manually triturated with the help of mortar and pestle, weighed, and placed
in test tubes for further treatment.

5.2.8 Pre-treatment, extraction, and purification of PHA

The biomass of each cultivation, dried and ground, was subjected to
depigmentation using a 20.0 mL of methanol at 4 °C for a period of 12 h (Yellore and
Desai, 1998). After this period, the biomass was dried in an oven at 40 °C until
complete evaporation of the solvent. The dry residue from the depigmentation process
was digested in a 4% sodium hypochlorite solution for a period of 2 h (Dianursanti et
al., 2019). For heating, a water bath was used at a temperature of 45 °C. The material

was periodically stirred to optimize the mixing and mass transfer of the solid biomass.

After the digestion, the tubes were centrifuged at 4.000 rpm for 10 min., and the
supernatant phase was discarded at the end of the centrifugation process. The
remaining material was washed with distilled water and agitated with the aid of a vortex
agitator and centrifuged again. After repeated washing, the remaining material was
removed from the test tubes and dried in an oven at 60 °C overnight.

The extraction process was performed using a Soxhlet-type apparatus

(Manangan and Shawaphun, 2010) with 125 ml of extraction chamber capacity. The
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apparatus was adapted to balloon with 150ml for solvent recovery. An amount of 125ml
of trichloromethane was used as a solvent due to their great PHA solubilization
capacity (Vermeer et al., 2022). Based on a previous study, six siphoning operations
of the Soxhlet apparatus were defined to maximize the recovery of PHA from the
treated biomass in an exhaustive extraction (Manangan and Shawaphun, 2010). After
the sixth syphoning operation, the solvent was partially evaporated to the Soxhlet

apparatus chamber, in order to reduce the amount of solvent in the recovery balloon.

The content of the recovery balloon was transferred to a glass vial of 40ml
sealed with a filter paper to allow evaporation. The vial was left inside a hood overnight
till 1 ml of solvent was left after evaporation. An amount of 9 ml of ice-cold methanol
was mixed with the extracted solvent and mixed vigorously with a shaker for 5 minutes
to allow polymer precipitation. The mixture containing the precipitated polymer was
centrifuged at 4.000 rpm and the supernatant was removed. The material was washed
with acetone and ether in sequence, and then kept in a ventilated place for solvent
evaporation. After solvent evaporation, the final residue was weighed and reserved in
a test tube for further treatment.

5.2.9 Transesterification to produce volatile compounds

For the identification of the monomeric composition of the polymer obtained,
using gas chromatography analysis, the polymer needs to be derivatized in volatile
compounds. The derivatization procedures follow the protocol proposed by Riis and
Mai (1988), that involves the hydrolysis and transesterification of polymer products. A
quantity of the material obtained was added to a 20.0 mL in a vial and solubilized using
2.0 mL of dichloroethane. A 2.0 mL of a 4:1 solution of n-propanol and hydrochloric
acid. 200 ul of of benzoic acid solution at 0.32M added to the vial as internal standard.
The vial was kept sealed for 3 h at 85 °C in a water bath (Riis and Mai, 1988).

During the transesterification procedure, the vials were periodically shaken to
mix the reaction components. After this period, the vials were allowed to cool at room
temperature and 1.0 mL of water was added to previous separate the formed esters in
the organic phase. An aliquot of the organic phase was removed and dried using
sodium sulfate before injection into the chromatography apparatus. The same
transesterification process was carried out with a PHB polymer standard from Sigma-

Aldrich® for comparison purposes.
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5.2.10 Gas chromatography coupled flame ionization detector (CG-FID) analysis

The transesterification products were separated using a Shimadzu
chromatograph model GC-2014 equipped with an auto-sampler and a flame ionization
detector, using a 30 m capillary column, Agilent model DB-1, with a stationary phase

of polydimethylsiloxane of thickness of 0.25 um and internal diameter of 0.250 mm.

Nitrogen was used as carrier gas at a flow rate of 2 mL/min. The temperature in
the injector was maintained at 280 °C with a return ratio of 1:10, except for the
transesterified products of BMAK 0159, were a split of 1:2 was used. The detector
temperature was maintained at 280 °C. The oven program was set with a temperature
ramp from starting 80 °C to 280 °C with an increase of 10 °C/min. The injection volume

of the sample was 1 L.

5.2.11 Gas chromatography coupled mass spectrometry (CG-MS) analysis

The transesterification products were separated using a HP—Agilent 6890N
coupled to a model 5973 (MS) mass spectrometer. The (5%-phenyl)-
methylpolysiloxane capillary column (HP-5MS, 30 m x 0.25 mm I.D., 0.25 pym film
thickness) (Agilent J & W; GC columns, USA) was used for all analyses.

Nitrogen was used as carrier gas at a flow rate of 2 mL/min. The temperature in
the injector was maintained at 280 °C in a splitless mode. The detector temperature
was maintained at 280 °C. The oven program was set with an initial ramp starting at
60 °C until 100 °C at n increment of 10 °C /min, followed by a plateau at 100 °C for 2
minutes. After the end of the plateau, a ramp from 100 °C to 280 °C at 10C/min finished
the program. The ionization was done by electron impact at 70 eV; ionization source
and transfer line temperature of 200-C and 250 -C, respectively. Mass spectra were
obtained by automatic scanning every 0.3 s, with mass fragments in the range of 40 to
600 m/z. The injection volume of the sample was 1 pL.
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5.3 RESULTS AND DISCUSSION

5.3.1 DNA extraction, purification and quantification

It is recognized that the presence of phenolic compounds in cyanobacteria from
hypersaline environments accelerates the degradation of the extracted genomic
material (Bhardawaj et al., 2019). The use of polyvinylpyrrolidone (PVP) in our study
allowed obtaining good quality genetic material. The PVP acts by forming complexes
with hydrogen bridges with the molecules of the phenolic compounds, protecting the
genomic material from degradation (Heikrujam et al., 2020). It was observed that high
values of PVP, in the range of 1.5 to 2.0 % provide the formation of a gel that hinders
extraction, probably by a stabilization effect with the abundant exopolysaccharides in
the mucilaginous matrix of the cyanobacterial colonies in the saline. Overall, the
proportion of PVP was limited to 1.0 % for the extraction of genomic material from all

cyanobacteria.

5.3.2 Molecular detection of PHA producers

The 4 primer pairs were used separately to identify the presence of the phaC
gene in the set of cyanobacteria evaluated. Of the 16 cyanobacteria evaluated, only
the strain BMAK-159 Arthrospira platensis was positive with the formation of an
amplified product. Figure 39 shows an electrophoresis result of a PCR using the
primers previously developed (Lane and Benton, 2015). Only the primer pair
developed by Lane and Benton was able to amplify strain BMAK 159, while the other
primer pairs did not show positive amplification results (Hai et al, 2001 and Montenegro
et al, 2017).
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Figure 39: Electrophoresis in 2.5 % agarose gel for separation of the PCR products using the
primers phaC(3.1)F/phaC(3.1)R (Lane and Benton, 2015). The amplicon related to the BMAK 0159
strain (159), with approximately 450 bp was purified and sequenced for identification of the enzyme
synthase gene. (in the picture: E = ladder 100bp; Isolates |1 to 16; SS-Spirulina subsalsa, 158, 159 and
162 are BMAK strains; 168, 170, 171 and 285 are CCMR strains; C are the PCR control reaction).

SS 158 159 162 169 170 171 285 C

The amplified fragment had a size of 450 bp. After treatment to eliminate ends
and readings with low amplification quality, a consensus sequence was assembled
and translated to protein sequence to be used in comparison with other enzymes.
Figure 40 shows the results of the alignment of the proteins retrieved from the NCBI
databank and resulting from the translation of the phaC gene from BMAK 0159.

Figura 40: PhaC protein sequences used for the maximum likelihood algorithm.
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D& PhaC [Synechococcus sp. MA19] IEFDWGY P TRAL GY | NNCMID FIR K K HDlD KIENINEG | CQGGT FSECYSA | YPEKMKNE | VEMT PVD
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L& class Il PhaC [Synechocystis sp. PCC 6803] ISEDWGY P SRGDRWETHEDY L SIGY L NNCWAD | lICQR SQQ E KMl TINBGVCQGGT F SHIC Y A Sl F P D KNAKNIEY VFIVIA P VID
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To compare the amplified sequence with sequences of reference proteins,
annotated in the NCBI database, the phylogenetic tree shown in Figure 41.
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Figura 41: Phylogenetic tree of phaC genes from multiple species. The sequences used in this
comparison were retrieved from NCBI. The gene phaC from BMAK 0159 appears indicated inside the

red box.
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Based on the phylogenetic comparison, we can state that the segment amplified
from the genetic material of the BMAKO159 Arthrospira platensis strain corresponds to
the phaC gene encoding the enzyme PhaC synthase class Ill. Since all other
microorganisms used for comparison are PHA producers we can state that the BMAK
0159 is a strain with potential capacity to produce PHA.

The negative PCR amplification observed with the use of other primer sets
shows that variability in sequences across different microorganisms may result in false
negatives. Although the primary structure of PHA synthase enzymes from different
organisms present similarities, there is not an extensive degree of homology between
them (Steinbuchel and Hein, 2001).

5.3.3 Fluorescent staining

The initial estimated time of 5 minutes for the heating process for the
incorporation of the fluorescent dye into the cells promoted cell lysis and loss of

cytoplasmic content. Then, a heating time of up to 5 minutes or less was adopted to
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maintain the integrity of the cells while allowing the incorporation of the dye and the
labeling of the PHA granules. All cyanobacterial cultures were submitted to the heart
process to verify the possible generation of PHA.

The observed emission of the Nile Red stained granules did not overlap with
the chlorophyll fluorescence related emission. Based on previous studies (Rees et al.,
1992), this emission is in the 582 nm range (bright yellow), while chlorophyll
autofluorescence presents emission at 650 nm (red), that appears dispersed over the
whole cell (Figure 42A). PHA granules were observed inside the cells after the

induction process (Figure 42B).
Figure 42: Cyanobacteria stained with Nile Red and observed under a fluorescence microscope:
A. Non-induced cell exhibiting weak fluorescence distributed throughout the filament. B. After induction

and with PHA granules.

Observation of the cells sampled from each of the replicates showed the
presence of stained granules. The control culture showed cells with stained granules
but with less intensity, indicating less PHA formation. As the cultures were kept in
suspension using compressed air, the CO2 present in the air provided enough
inorganic carbon to sustain PHA production, which is compatible with observations
already made for other strains of this species (Campbel et al., 1982). In Figure 43, the
control culture stained with Nile Red/DMSO shows that some cells accumulate less

stained material.
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Figure 43: Nile Red/DMSO stained cell of BMAK 0159 of control culture. Most of the cells shows a

lower degree of fluorescence.

Table 10 summarizes the bioprospecting results obtained by using both
molecular detection techniques and fluorescent dyes. The strains of Spirulina maxima
and S. subsalsa, identified in the literature as PHA-producers (see Troschl et al., 2017
for review), did not show positive identification of PHA accumulation observable by
fluorescence and had no positive molecular detection. This result shows that not all
strains whose species have reference to PHA production are always producers. Other
examples include species of Synecoccocus, Aphanothece, and Synechocystis with
recognized PHA-producing species (Troschl et al., 2017). For the other taxa evaluated,
such as Euryhalinema and Acrophormium, we are unaware of previous studies that
have shown PHA production by these cyanobacteria, perhaps reaffirming our negative
results.

Our results, as well as other existing ones (see Troschl et al., 2017), reinforce
the non-absolute character of PHA production by species that produce them. The
presence and abundance may be quite variable, presumably expressing
environmental conditions, since in the marine environment they would be submitted to
several selective agents or natural enemies, such as broad variations in environment
conditions, such as pressure, salinity, temperature, availability of nutrients and light
(Rotter et al., 2021). In addition, this variability may occur due to the action of a bet-
hedging mechanism (Koch and Forchhamer, 2021), incorrect identification of
microorganisms, or due to problems that the classification of these organisms is

incomplete (only phenotypic attributes and 16S rRNA information are insufficient to
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determine a species in the case of cyanobacteria) and it is necessarily necessary to
include a polyphasic approach to determine the species for this type of microorganism.
However, it is also necessary a better understanding of the ecological role of PHA in
the environment and the conditions under which it is formed since this may help direct
site selection for prospecting microorganisms where PHA producers are more likely to
be detected.

Molecular detection (Primers) Staining
Strain Taxon a b NR

CCAK-158 Spirulina major - - +
CCAK-159 Arthospira platensis - - -
CCAK-163 Synechococcus sp. - - -
ISOLATED 1 Aphanothece halophytica - - -
ISOLATED 2 A. halophytica - - -
ISOLATED 3 Aphanothece stagnina - - -
ISOLATED 4 A. stagnina - - -
ISOLATED 5 A. halophytica - - -
ISOLATED 6 A. halophytica - - -
- Spirulina subsalsa - - -

- Synechocistis pevaleki - - -
CCMR-0169 Euryhalinema sp. - - -
CCMR-0170 Euryhalinema sp. - - -
CCMR-0171 Euryhalinema sp. - - -
CCMR-0280 Acrophormium turfae - - -
CCMR-0285 A. turfae - - -
CCMR-0287 A. turfae - - -

aHall...; ® Lane...; ¢ Montenegro...; NR= Nile Red.
Table 12: Results of the bioprospecting for PHA-producers.

Both molecular detection previously discussed in the present study, and direct
induction have limitations. Therefore, it is imperative that these techniques be
developed to the point where they become standard, rapid, and reliable procedures,
increasing the screening performed by producers of polyhydroxyalkanoates and
consequently the spectrum of carbon sources that can be used for conversion into
PHA.

The process we employed for isolating cyanobacteria from saline showed that
a more refined analysis for isolating PHA producers is needed. At the same time, the
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use of tools such as flow cytometry coupled with the use of fluorescent dyes such as
Nile red may enable the identification of candidates for PHA production with a greater

scope when dealing with planktonic organisms.

5.3.4 Culturing and PHA induction

The cultures were maintained for a period of 35 days. The first 7 days presented
a lag phase, indicating presumable acclimation of the microorganisms to the culture
environment (Figure 44). The exponential phase starts after the lag phase and
continues until the end of the experiment. After 30 days the absorbance reached a
value of 0.5, reaching a maximum of 0.67 on the day the culture was stopped. The
onset of the stationary phase was not observed until the end of the experiment. No
significant difference was observed between the control culture and the average of the
treated cultures. The graph in Figure 44 below presents the data set obtained from the

cultivation.

Figure 44: Absorbance measured from cultures of the cyanobacterium BMAK 0159 Spirulina

platensis in Guillard F/2 medium.
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A volume of 100 mL from each culture flask was sampled for dry biomass
density determination. Table 13 shows the sampling results and the final dry biomass

value obtained.

Sampled . Final concentration of dry
Dry biomass .
Cultivation volume biomass
(ml) (g) (s/L)
Control 100 0.043 0.43
100 0.052 0.52
100 0.041 0.41
Treatments
100 0.050 0.50

Table 13: Biomass after cultivation period.

Previous study using the strain BMAK 0159 in 30% Zarrouk medium evidenced
the onset of stationary phase 16 days after the start of cultivation (Salla et al., 2016).
The difference in growth rate observed accompanies the lower dry mass observed at
the end of the cultivation step. Cultures performed with 30% Zarrouk medium reached
biomass density values on a dry basis of up to 3.5 g/L at steady state, a value 6 times
higher than that observed in the present work. This difference indicates the need to
adapt the Guillard F/2 medium to the cultivation of the present strain, particularly by
manipulating the values of nitrogen inorganic carbon available for microorganism
nutrition or evaluate the use of other culture medias.

The remaining culture volume was recovered using the nylon mesh and washed
with an induction medium to remove traces of nitrate rich medium. The recovered
material was resuspended in 2.000 mL Erlenmeyers using induction medium (Figure

45). Figure 45 below shows the experimental setup used in the induction step.
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Figure 45: General aspect of the induced cyanobacteria cultures after 35 days. Brownish

colouration indicates the progression of the chlorosis process.

After 15 days of induction, the culture volume was filtered using a 60 um nylon
mesh. The filtered material was removed from the nylon mesh with the use of a metal
spatula, and then placed in a 50.0 mL Falcon tube for further drainage. The following
picture shows the material obtained after the recovery of the biomass. The 50 mL
Falcon tubes containing the recovered biomass from the induction volumes were
centrifuged for 10 minutes at 4.000 rpm to remove the interstitial water. The resulting
product from the drying step was deposited in Petri dishes for drying.

To reduce the thickness of the material for drying optimization, it was spread on
the Petri dish. After spreading, the material was kept in an oven for 12 h until it was
completely dry. After drying, the material was removed from the Petri dish with the help
of a metal scraper and kept in a desiccator to remove residual moisture for 24 h. After
this time, the material was weighed.

The results of the weighing are presented in Table 14. The PHA rich biomass
observed at the end of the induction period indicates the occurrence of a gain in mass
after the start of induction. We can assume that one explanation for this observation
would be the existence of intracellular nitrate at levels sufficient to maintain the growth.
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Final Dry biomass Final dry biomass
volume after density
Cultivation induction
(ml) (g) (/L)
Control 1.820 0.983 0.54
1 1.100 0.977 0.88
Treatments 2 1.100 0.833 0.75
3 1.280 1.081 0.84

Table 14: Results of PHA-rich biomass density obtained after induction period.

5.3.5 Preparation, extraction, and purification of the polyhydroxyalkanoates

The cold methanol allowed the removal of most of the pigments. Two washes
of the material were necessary until a whitish precipitate was obtained, indicating the
reduction of the photosynthesizing pigments. After the drying process at 60 °C the
precipitate was completely dried. Table 15 shows the biomass weighted after pigment

removal and drying.

Dry Dry bIOI'T'IaSS a'fter Final concentration
biomass extraction with of dry biomass
Cultivation methanol

(g) (g) (s/L)
Control 0.983 0.753 0.45
1 0.977 0.672 0.44
Treatments 2 0.833 0.599 0.38
3 1.081 0.804 0.49

Table 15: Biomass after pigment removal.

After drying the precipitate, it was subjected to a pre-extraction process,
necessary to improve the recovery of PHA by the solvent. A 4.5% sodium hypochlorite
solution was kept in contact with the PHA-rich biomass for 2 h at 40 °C to dissolve the
NPCM. After this period, the material was centrifuged and dried, and then weighed.

Table 16 below shows the results of the pre-extraction process.
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Biomass before
treatment - NaOCI

Biomass after
treatment - NaOCI

Cultivation
(g) (g)
Control 0.500 0.163
1 0.500 0.212
Treatments 2 0.500 0.208
3 0.500 0.247

Table 16: Biomass density after digestion of the NPCM.

The material from the pre-extraction step was dried and packed in a cellulose

cartridge for extraction in Soxhlet-type apparatus. The following table shows the results

of the drying and extraction process.

After the Soxhlet extraction process using chloroform as solvent, 90% of the

solvent was evaporated, followed by precipitation using ice-cold methanol, the PHA

antisolvent (Figure 46). The material was transferred to a centrifuge tube, centrifuged,

the pellet was washed with ice-cold acetone and then the material was dried.

Figure 46: A. Addition of the anti-solvent (methanol) reduces the solubility of PHA in the medium,

producing the formation of the dispersed precipitate; B. After centrifugation, it was possible to separate

the precipitate from the supernatant and recover the extracted polymeric material.

Table 17 shows the mass of precipitate obtained, after centrifugation and drying.

The productivity of strain BMAK 0159 under the experimental conditions adopted and
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the extraction and purification process showed that only about 1% of biomass was
converted to PHA. This value is in accordance with productivities observed for other

strains of this same species (Carpine et al, 2021).

Final Purified PHA . Purified PHA
biomass PHA concentration concentration (m/m)
Cultivation /biomass
(/L) (8) (s/L) (%)

Control 0.54 0.002 1.10E-03 0.2
Treatament 1 0.88 0.01 5.49E-03 1.0
Treatament 2 0.75 0.008 4.,40E-03 1.0

Treatment 3 0.84 0.009 4,95E-03 0.8

Table 17: PHA production experiment after cultivation and induction of the BMAK 159 strain using
nitrate restriction in 0.4% acetate in Guillard F/2 medium. The medium PHA productivity of the overall

process is 0.9%.

The overall PHA productivity must be evaluated in terms of each production
process step. An optimization work must be done to optimize each of these steps
before a value for PHA productivity can be determined.

Part of the purified material was combined to obtain a polyhydroxyalkanoate film
for further analysis. The material was solubilized in chloroform in a Petri dish. The plate
was covered with a filter paper to avoid dust deposition. After 24 h, it was possible to
obtain a polyhydroxyalkanoate film formed on the bottom of the plate (Figure 47).
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Figure 47: Polymeric film formed on a glass plate after natural evaporation of the solvent.

5.3.6 Transesterification to produce volatile compounds.

The transesterification process presented difficulties in the treatment of natural
samples. Due to the formation of possible products of thermal decomposition, such as
gases or products of high volatility during the transesterification of the crude biomass
(Sorgatto et al., 2019), it was observed the overpressurization of the vials used, with
consequent loss of samples. Due to this characteristic of the transesterification of the
crude biomass, the total purification of the PHA was done before transesterification.

For comparison purposes in the chromatography with FID detector, the PHB
standard treatment was performed together with the transesterification of the combined
PHA sample. The transesterification products were dried using sodium sulfate, filtered
using a PTFE filter and sent to chromatographic analysis.

5.3.7 Gas chromatography - Flame lonization Detector (CG-FID)

The products of the transesterification reaction are mostly volatile compounds,
and they can be analyzed by gas chromatography. Initially proposed by Brauneeg
(Brauneeg et al., 1978), the application of this technique to research for PHA initially

made use of chromatography coupled to flame ionization detectors (FID), which
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requires the use of standards for comparison purposes. One advantage of using these
detectors is the higher sensitivity in the detection of analytes, which allows the
identification of small amounts of material in natural samples.

The acid-catalyzed transesterification process of PHB involves two reaction
steps. In the first step, the polymer is hydrolyzed to form 3-hydroxybutyric acid (Ku€era
etal., 2019). In a second step, the acid formed reacts with alcohol to produce the ester.

Figure 48 shows typical reaction steps for the transesterification reactions of PHB.

Figure 48: General steps of acid-catalyzed hydrolysis and esterification (Source: Kucera et al.,
2019)
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The products formed by the transesterification reaction will be separated by the
chromatographic process allowing the identification of the various components of the
sample. For adjusting the chromatography method and transesterification conditions,
the transesterification products of the PHB standard were evaluated. Figure 49 below
shows the recorded chromatograms and is in accordance with data obtained from the
literature (Riis and Mai, 1988).
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Figure 49: Chromatograms of the transesterification reaction products. A. Control reaction B.

transesterification reaction of the PHB standard.
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In Figure 49 a), which shows the chromatogram of the control reaction,
containing the solvent, the reagents and the internal standard used, the formation of
the ester derived from the internal standard (n-propyl benzoate) was observed, with a
retention time of approximately 8 min. Figure 49 b) shows the chromatogram of the
products of transesterification of the PHB standard showing the peak related to n-

propyl butyrate, derived from the transesterification of PHB.

The transesterification of the polymer sample from the film produced from strain
BMAK 0159 allowed comparison with the products derived from transesterification of
the standard. The Figure 50 shows the comparison between the respective
chromatograms. Figure 50 a), which shows the chromatogram of the transesterification
products of the PHB standard. A chromatographic peak, preceding that of the internal
standard, is associated with the unreacted benzoic acid and is further preceded by the
peak of the n-propyl butyrate ester. In Figure 50 b), which shows the products of
transesterification of the polymer formed by BMAK 0159, related peak n-propyl
butyrate ester confirms the polymeric composition of the material as poly-3-
hydroxybutyrate. The smaller peak preceding the butyric ester is associated with 3-

hydroxy butyric acid.
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Figure 50: Chromatograms of the transesterification products. A) PHB standard. B) Polymer
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The transesterification products of the extract from the crude saline sample
were also evaluated for the presence of PHB, but no PHB or similar polymer was
detected in the sample (Figure 51). This can be since the raw biomass extracted was
not induced at high carbon concentration for PHB accumulation. The other peaks found
may be related to mcl-PHA’s, produced by other bacteria Further studies may evaluate
this point.

Figure 51: Chromatograms of the transesterification products of the saline sample. A) PHB

standard. B) Sample
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5.3.8 Gas chromatography coupled mass spectrometry (CG-MS)

The chromatography coupled to the mass spectrometry detector allows to
discard the use of standards since the fragmentation spectra allow suggesting
structural formulas for the different components separated in the chromatogram. The
use of this technique allows the exploration of polymers of the PHA class with formulas
not yet known or the identification of other compounds present in the transesterification
product.

The transesterification reaction at high temperatures allows the formation of
secondary products, from thermal degradation of the polymer (thermolysis) (Grassie
and Murray, 1984). Figure 52 shows generic reaction steps for the transesterification
reaction of PHB, also indicating some by-products related to the thermal degradation
pathway (Parodi et al., 2021).

Figure 52: Representation of PHB transesterification and thermal degradation pathway of PHB

forming by-products that can be identified by mass spectrometry detector. (Source: Parodi et al., 2021).
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In this study, the transesterification products obtained were evaluated in a
complementary manner to the investigation with the mass ionization detector, seeking
the detection and identification of the monomer type. The samples obtained from the
transesterification were injected in the gas chromatograph and analyzed by a mass
detector.

Figure 53 represents the chromatogram of the PHB standard with the
identification of the peaks and the corresponding fragmentation information. Peaks 2
and 3, correspond to benzoic acid and n-propyl benzoate ester, respectively,
confirming the observations made in the chromatograms developed with the FID
detector. Peak 1 was not identified, but the correlation with the detention time observed
for the chromatogram developed with the FID detector indicates the possibility that it

is n-propyl butanoate ester. Peak 4 is compatible with the thermal degradation product
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of polyhydroxybutyrate and has been used in the literature as a marker for the detection

of the polymer by mass spectrometry (Ansari and Fatma, 2016).

Figure 53: Standard PHB transesterification products. Chromatogram with peak identification. Peak at
10.136 min. was related to a possible contaminant. Chromatogram and fragmentation patterns in
supplementary information. The product inside a box was identified as a PHB transesterification by

product by previous studies (Ansari and Fatma, 2016).
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Figure 54 corresponds to the chromatogram of the transesterification products
of the polymer sample produced by strain BMAK 0159. It was not possible to identify
in the chromatogram the same peaks observed by chromatography using the FID
detector. Because it has lower sensitivity, the mass spectrometry detector requires a
higher concentration of the analyte in the sample to enable detection. However, future

studies can confirm this aspect.
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Figure 54: Natural sample of PHB.
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In Figure 55, we can see the chromatogram associated with the crude extract
of the saline material. No characteristic polyhydroxybutyrate peaks were identified.
However, peaks observed in the FID detection were identified as propyl esters derived
from fatty acids of medium molecular weight. The findings do not allow confirming the

presence of scl or mcl-type PHAs in the sampled mixed microbial biomass.
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Figure 54: Chromatogram of the sample obtained from the raw saline biomass.
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The analysis of gas chromatography coupled with mass spectrometry allows
confirmation of the composition of the polymer formed without the need for comparison
with standards, which is useful for the search for PHA producers from various raw
materials. However, the limitations related with method sensibility, favor the adoption
of gas chromatography with flame ionization detector for bioprospecting and routine
quantification of both short and medium side chain PHAs (scl and mcl PHAs). Our
study revealed that combined analysis, such as fluorescence microscopy and gas
chromatography can be a more accurate procedure to identify PHA producers within
cyanobacteria.

Despite evidence in the literature that cyanobacteria of the genus Aphanothece
are PHA producers, it was not possible in the present study to identify strains that
produce this material, either by molecular detection or through induction with nitrogen

restriction.
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6. CONSIDERAGOES FINAIS

A producao fotoautotrofica de polihidroxialcanoatos utilizando organismos
marinhos traz a oportunidade de solugao de diversos problemas atuais. A poluicdo
plastica, a necessidade de redugdo do uso de materiais ndo-renovaveis, a urgéncia
de capturar carbono e a necessidade de reduzir o uso de agua doce, sdo todos
problemas urgentes, para os quais este modo de produgdo pode contribuir com
solugdes.

Na medida em que as possibilidades de aproveitamento de fontes de carbono
sdo diversas, faz se necessario buscar microrganismos produtores de
polihidroxialcanoatos ambientados a locais e caracteristicas de meio de cultura
diferentes.

Buscar microrganismos produtores de PHA demanda a disponibilidade de
ferramentas capazes e confiaveis para a tarefa. Tanto a detecgao molecular quanto a
indugao direta apresentam limitagdes diversas e reduzem a possibilidade de achados.
Por isso faz se mister que essas técnicas sejam desenvolvidas a ponto de se tornarem
procedimento padrao, rapido e confiavel, ampliando a capacidade de varredura por
produtores de polihidroxialcanoatos e consequentemente o0 espectro de

aproveitamento de fontes de carbono passiveis de utilizagao.

O processo de isolamento de cianobactérias da salina mostrou que um
processo mais apurado para o isolamento de produtores de PHA é necessario. O
emprego de meios de cultura sdlidos para a indugéo, conjugados com o emprego de
corantes fluorescentes pode prover um caminho para a expansao da prospec¢ao de
maneira mais rapida. A utilizacdo de citometria de fluxo conjugada ao emprego de
corantes fluorescentes pode aumentar a capacidade de busca por produtores.

O desenho de sondas moleculares confidveis e o projeto de reagdes de PCR
multiplex e PCR de colbnia, que permitam uma varredura mais assertiva por

produtores de PHA é necessaria.

Além disso, uma compreensdo mais completa do papel do PHA no ambiente e

uma correlagao com as situagdes em que o mesmo é formado pode ajudar a direcionar
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a prospecgao para locais onde seja maior a probabilidade de detecgao de produtores

e inclusive a identificagcao de cepas capazes de elevados niveis de acumulacgao.

Ficou claro que, apesar da espectrometria de massas aparecer como
ferramenta central para a confirmacdo de composigcao, a existéncia de padrbes e
controles positivos permite fazer uso da técnica de CG-FID. O menor custo envolvido
com esta técnica permite que mais laboratorios e empresas trabalhem com a
prospeccao de produtores de PHA, ampliando as possibilidades de identificacdo de

cepas superprodutoras.

O uso de acetato para a indugao permitiu a acumulacdo de PHA pela cepa
identificada como produtora aos niveis de 1%, valor compativel com o rendimento
observado na literatura para esta cepa. Uma otimizagcado de fatores para cultivo e
inducao se faz necessario a fim de que seja possivel categoricamente quantificar a

capacidade maxima de acumulagao de uma determinada cepa.

Apesar de evidéncias na literatura e trabalhos ainda nao publicados apontarem
que microrganismos identificados dentro do género Aphanothece serem produtores
de PHA, nao foi possivel no presente trabalho a identificacdo de cepa produtora nem

por meio da deteccdo molecular, nem por meio da indugao quimica.

Os tapetes microbianos de ambientes halofilicos apresentam uma grande
variedade de microrganismos. Como outros ambientes, a perda de espagos para
construcdes, particularmente em areas de densa populagcido colocam estes ambientes
em risco. E urgente que programas conjuntos de prospeccgao biotecnolégica de amplo
espectro e manutencdo de germoplasma, sejam realizados para garantir que as
geragbes futuras tenho acesso ainda que a uma parcela dos microrganismos
existentes em tais ambientes. A perda de biodiversidade vai, inevitavelmente, limitar

as opgdes de pesquisa futuras.

O isolamento e identificagdo molecular de cianobactérias a partir das esteiras
microbianas encontradas em cristalizadores das salinas da regido de Cabo Frio,
permitiu a obtengdo de 6 cepas unialgais de cianobactérias. O sequenciamento do
gene do 16S rRNA permitiram enquadrar os isolados de 5 cepas como espécies do
género Euhalothece, Euhalothece sp. ainda que a avaliagdo morfolégica indique a

espécie Aphanothece halophytica Fremy 1933. Uma cepa foi identificada como
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pertencente a uma espécie nao identificada de Synechoccocus sp. Apesar da
ferramenta molecular fornecer um indicio seguro sobre um determinado
microrganismo, o posicionamento dele utilizando a identificagdo molecular é
insuficiente. A abordagem polifasica para identificagao de cianobactérias, combinando
a analise fenotipica com a informagao molecular, constitui-se num recurso seguro para

identificacdo de cianobactérias.
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APENDICE A - COMPOSIGAO DO MEIO DE CULTURA

COMPOSICAO DOS MEIOS DE CULTURA

LISTA DE REAGENTES PARA PREPARO DE MEIO DE CULTURA - Meio f/2 - Guillard (100ml)

FORMULA NOME QTD (g)
F/2 COMPLETO F/2 -Si F/2 INDUC.AO
Estoque nitrato
NaNO3 Nitrato de Sédio 7,50 7,50
Estoque fosfato
NaH2PO, . H20 Hidrogenofosfato de sédio 0,50 0,50 0,50
NaSi03.9H20 Silicato de sodio nonahidratado
Estoques primarios de metais trago

S1. Estoque de cobre
CuSO, 5 H,0 Sulfato de cobre pentahidratado 0,98 0,98 0,98
S$2. Estoque de manganés
MnCl, - 4 H,0 Cloreto de manganés tetrahidratado 18,00 18,00 18,00
S$3. Estoque de zinco
ZnSO, - 7 H,0 sulfato de zinco hetptahidratado 2,20 2,20 2,20
S4. Estoque de molibdénio
Na2MoO4 2 H20 molibdato de sédio dihidratado 0,63 0,63 0,63
S$5. Estoque de cobalto
CoCI2.6H20 Cloreto de cobalto 1,00 1,00 1,00
Solugido de Ferro quelado

Na2-EDTA EDTA dissddico 4,36 4,36 4,36

FeCI3- 6 H20 Cloreto férrico 3,15 3,15 3,15

Estoque Vitaminas

Tiamina 100mg 100mg 100mg
Cianocobalamina 0,5mg 0,5mg 0,5mg
Biotina 0,5mg 0,5mg 0,5mg

Esterilizar o estogue de vitaminas usando filtrag

40 em membrana porosidade 0,22um

Tampéo Tris (Tris hidroximetil aminometano)

Tampéo HEPES
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Unknown Spectrum based on Apex

Abundance

Library Search Report - ChemStation Integrator

Scan 819 (2.012 min)}: EM01_23_02_0108.D\data.ms

870 103.0 1280 1450

173.0 206.2 2810

R AR R LR LR LR R LR LR LR

210220 230 240 250 260 270 280

01201301401

'l
TITTTT Ty LARLE LIRS LIRLI )

60 170 180 100

miz—->
Abundance $64375: 3-Methyl-2-{3-hydroxy-3-methylbutoxyjbutanol
3.0
5000
430 870 —
0 200 " | |, 103.0 110.0 T
T e e e T e T T T e T T T T T T T T T
T 30 40 50 60 70 80 ©0 100110120130 140 150 160 170 180 180200 210 220 230 240 250 260 270 280
m/z-
Abundance #12705: 2-Butenoic acid, 2-propenyl ester
3.0
5000
410
270 559 | 86‘.0 1111.0 28.0
Ottt A e T T T T T T T T T T T T I T T T T
- 10 20 30 40 50 60 70 8D ©0 100110120130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280
m/z-
Abundance #22850: 2-Butenoic acid, 1-methyipropyl ester, (E)-
3.0
5000
410 870
27 550 |, 113.0127.0 1420
Otrrerrr e e e T T T T T T T T T T T T T T T T T T T
. 10 20 30 40 50 60 70 80 ©0 100110120130 140 150 160 170 180 180 200 210 220 230 240 250 260 270 280
m/z

69.00 100.00%

m/z

m/z 87.00 17.12%

8.608.800.002.20940

m/z 41.18 16.24%

8.6082800.002.20940
14.97%

m/z 43.00

8.608.800.002.20 0.40

Data File: C:\Users\admin\Documents\Backup do sistema\CG-EM-01)\2023\02_FEVEREIRO_2023\EM@1_23_62_0198.D

Sample 3

pPeak Number:

The 3 best hits from each library.

i -1

3 at

9.019 min Area:

6334478 Area % ©.35

Ref\#

D:\MassHunter\Library\NIST2@.L

1 3-Methyl-3-(3-hydroxy-3-methylbu...
2 2-Butenoic acid, 2-propenyl ester
3 2-Butenoic acid, 1-methylpropyl ...

64375 1000432-16-8 38
12795 8208474-93-5 28
22850 010371-45-6 28



Library Search Report - ChemStation Integrator

Unknown Spectrum based on Apex

Abundance m/z 55.10

Scan 731 (2.731 min): EM01_23_02_0198 Didatams
431 1 830

50004

150.8  168.1 208.9

200
15.0 J| | y

ARRRREN AR RARES RARES B

=]

5000] 20

LA RER N RAREE RARES RARES R

50004
270

n
Uit ey

- 50 60 70 &80 @0 100 110 120 130 140 150 160 170 180 190 200 210 .50
miz—:

Data File: C:\Users\admin\Documents\Backup do sistema\CG-EM-01\2023\02_FEVEREIRO_2023\EMe1_23_©2_0198.D
Sample :JP1 -1

Peak Number: & at 9.732 min Area: 3756232 Area ¥ 0.21
The 3 best hits from each library. Ref\# cas\# Qual
D:\MassHunter\Library\NIST20.L
1 Cyclododecane 43471 000294-62-2 96
2 cyclododecane 43469 ©00294-62-2 95

3 Cyclodecane 20644 000293-96-9 94

10 20 30 40 50 60 70 80 ©0 100 110 120 130 140 150 160 170 180 190 200 210 m/z 69.10

miz—->
[Abundance £43471- Cyclododecane
410 999 600
5000
0

9.50
1250 1400 168.0 m/z 83.00

g 10 20 30 40 50 60 70 &80 @ 100 110 120 130 140 150 160 170 180 1980 200 210
miz-—-
Abundance 243460 Cyclododecans
410 L.
111.0
J | 1250 14004519 1680

o5 10 20 30 40 50 60 70 80 @0 100 110 120 130 140 150 160 170 180 180 200 210

m/z-—-
. #20644: Cyclodecane Q. 10.00

166

111 ‘:-M
1250 1401 a 10.00

10.00
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Library Search Report - ChemStation Integrator

Unknown Spectrum based on Apex

fAbundance Scan 785 (10.138 min): EM01_23_02_0198.D\data.ms m/z 87.00 100.00%
&0
80.0
50004 431
d 21712331 2518 281.0
- 20 40 60 80 100 120 140 180 180 200 220 240 260 280 300 320 M/z 69.60 54.33%
miz—
Abundance #108245: Cycloh R ido-4cis, Bcis-bis| y)-Etrans-dimethylamino-
&0
5000} 9.8010.0010-2010.40
430 120.0
) L 700 .| 1100 1520 178.0195.0 230.0 208.0 P .
L L
- 80 100 120 140 180 180 200 220 240 260 280 300 320
m
Abundance #23872- 1,3-Dioxolane-2-propanal, 2-methyl-
430 &0
0.5010.0010.2010.40
50001 m/z 45.10 24.37%
1200
0 wl L 71‘]0 ll
e
. 100 120 140 160 180 200 220 240 260 280 300 320
miz—-
Je— #34661: 3-Ethyl-4-methyl-3-heptanol 9.5010.00102010:40
A1
10 m/z 129.80 24.18%
450 120,
5000} . 200
200
| ll| |” |.|| ) 1110 |
L
. 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 0.8010.0010-200.40
miz—

Data File: C:\Users\admin\Documents\Backup do sistema\CG-EM-01\2023\02_FEVEREIRO_2023\EM@1_23_02_0198.D
Sample s 3" -1

Peak Number: 5 at 10.136 min Area: 172152175 Area % 9.42
The 3 best hits from each library. Ref\# Cas\# Qual
D:\MassHunter\Library\NIST20.L
1 Cyclohexene, 3R-acetamido-4cis,6... 196245 1000153-71-4 43
2 1,3-Dioxolane-2-propanal, 2-methyl- 23872 ©24108-29-0 43

3 3-Ethyl-a-methyl-3-heptanol 34661 066719-39-9 48
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Library Search Report - ChemStation Integrator

Unknown Spectrum based on Apex

lnyiice Scan 1422 {14,127 miny EM01_23_02_0182 Ddata ms miz €0.98 108.80%
edo ’
5000 |
431 L 155.0
e i
i I 549 | | 1020414 1901 mu 1220 2150 2311 A O 20
AN AN L L TR
o 10 20 30 40 560 60 70 B0 G0 10O 110 120 130 140 150 180 170 180 100 200 210 220 730 240 m/z 87.e8  26.15%
mi'Z—
Pbmdance: #51050: 5-Dodecanol F
edo |
5000 i 13.5004.0014 2014 40
. 410 550 E7.0
1110 T 155.88 28.62%
o , | j gop | Y 1200 15101880 4
e e e e A Exass AAAitaass taia i a e
N {0 90 30 40 5D B0 7O BO 00 b0 110 12D 130 120 150 180 170 180 160 200 210 220 230 240 ’|
miz--:
pinmce. £10016: 1,2-Hexanedhol
edo
13.5014.0014.2014.40
5000 410 B7.0 miz 43.18 15.68%
674 F
1ot e | 1010 1170
l]............|.........|.........|....|..............,.........|.........|....|....|....|..............|.........,.........| ]
10 20 30 40 50 &0 70 80 90 100 110 120 130 140 150 180 170 180 1680 200 210 220 230 240
miz—= P ]
: el ]
Abundance #14153: Cyclopropanecaroxylic acid,isopropyl ester 138004 002 201440
edo
m/z 41.18 13.73%
5000 41.0 el F
|M| 554 . ‘ 130 yopg ,.____MJL,\_._
e
e 10 20 30 40 50 &0 70 80 90 100 110 120 130 140 150 180 170 180 180 200 210 20 230 240 13,8004 0014 2014 40
1T Z-

Data File: C:\Users'admin'Documents\Backup do sistema’\CG-EM-81%2823%82 FEVEREIRO_Z2823\EMa8l_23_82_&6198.D
Sample i IPL - 1

Peak Number: 6 at 14,125 min Area: 4278438 Area % @.23

The 3 best hits from =ach library. refi\# CaShW# Qual
Di\MassHunter\Library \NIST2@.L
1 5-Dodecanol 61658 81@283-33-5 53
2 1,2-Hexanediol 18816 B886928-22-5 5@
3 Cyclopropanecarboxylic acid,isop... 14153 ©O6887-83-8 58
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Unknown Spectrum based on Apex

Library Search Report - ChemStation Integrator

Abundance Scan 1560 (15.062 min): EM01_22_02_0108 Didata.ms m/z 69.00 100.00%
0 g70
50001 {
i |l 1730 1911 2151 233.1 250.1274.1 14.8015.0015.2m5.40
£ 2 80 100 120 140 160 180 200 220 240 260 280 300 m/z 87.00 79.36%
miz—
Abundance #14145: 2-Propenoic acid. 2-methyl-, propyl ester
0 g70
50004 14.8015.0015.205.40
m/z 43.00 41.89%
113
o 301280
s 2 80 100 120 140 160 180 200 220 240 260 280 300
miz—
Abundance #24339: 5-Nonanol
0
14.8015.0015.2005.40
87.0
50004 m/z 129.60 29.32%
| 128.0
G-H'v-rv‘u‘wﬁl"‘ e
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mizZ—-
Abundance #106054: Cyclopropanecarboxylic acid.decyl ester 14.8015.0015.2015.40
ol m/z 155.00 25.71%
50004
140.0
- 20 80 100 120 140 160 180 200 220 240 260 280 300 14.8015.0015.205.40
miz—

Data File: C:\Users\admin\Documents\Backup do sistema\CG-EM-©1\2023\02_FEVEREIRO_2023\EM@1_23_02_0198.D

Sample : JP1 -1

peak Number: 7

15.861 min Area: 48842172 Area % 2.67

The 3 best hits from each library. Ref\# Cas\# Qual
D:\MassHunter\Library\NIST20.L
1 2-Propenoic acid, 2-methyl-, pro... 14145 ©02210-28-8 50
2 5-Nonanol 24389 ©00623-93-8 40

3 Cyclopropanecarboxylic acid,decy... 106954 ©54460-47-8 40
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Library Search Report - ChesStation Integrator

Unknown Spectrus based on Apex
Abundance

Scan 350 (7 678 min) EM02_23 03_0030 Didata ms

m/z 165.18 100.08%

1061 121
w1
s‘l1 TATHOTEOE
&1 | A
. TTTETETTEELTETTEE T wix i .o
Abuncance #1285 Bergoic acd
7.0 1060 1220
5000] e T40TEOTEOE
i 1l a . o miz 77.18  €5.96%
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[ndens #1264 Senzosic acd
mo e 120 7407.80 780 8.
e 510 w/z Si.ie  17.98%
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Data File: C:\Users\admin\Docusents\Backup do sistesa\CG-EM-82\2023\83 MARCO 23\EMa2_23 63 ee3e.D

Sample @ JP-3.2

Peak Nusber: 1 at

The 3 best hits from each library.

7.675 min Area: 48685486 Area X 12.49

D:'\Masshunter\Library\NIST28.L
1 Benzoic acid

2 Benzoic acid

3 Benzoic acid

11265 0QOOS5-85-@ 96
11264 00OOES-85.@ 95
11261 @@e0ss-85-@ 91



Library Search Report - ChesStation Integrator

Unknown Spectrus based on Apex

Abuncance

Scan 563 (9250 minj EMO2 23 03 0030 D'data ms m/z 165,18 100.08%
1

-

9090200409
m/T 123,18 44.65%

-

9009200209
m/z 77.18  44.64%

9009200409
m/z 122.18 26.65%

-

9200209
m/z S51.18 15.62%

1360 1470 640

10 10 o 1 9009200409
nr-»

Data File: C:\Users\admin\Docusents\Backup do sistema\CG.EM-@2\2023\@3 MARCO 23\EM82_23 @3 _0€38.D
Sample : IP-3.2

Peak Nusber: 2 at 9.258 min Area: 341133805 Area X 87.51

The 3 best hits from each library.
D:'\Masshunter\Library\NIST28.L
1 n-Propyl benzoate 39181 ee@2315.68.6 93
2 n-Propyl benzoate 39182 e@2315.-68-6 91
3 n-Propyl benzoate 39179 @@2315-68-6 91
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Library Search Report

Data Path : C:\Users\adsin\Documents\Backup do sistesa\(G-EM-82)2823\83 MARCD_23\
Data File : EM@2 23 @3 0031.0

Acq On : 28 Mar 2023 17:13
Operator :@ Maria Elizabeth
Sample : IP-4-2

Misc : 231558

ALS vial : 9 Sample Multiplier: 1
Search Libraries: D:'\MassHunter\Library\NIST28.L Minimum Quality: @

Unknown Spectrum: Apex
Integration Events: ChesStation Integrator - autointi.e

feundance TIC ENC2_23_08_0031 Ddata.ms

a4

4500000

+5000001

|

600 700 800 GO0 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300

JP-METODO2.M Wed Mar 29 13:45:46 2023 Page: 1



Unknown Spectrum based on Apex
Abunganca

Library Search Report - Chem5tation Integrator

Scan 345 (7,648 min): EMOZ_23_03_0031. Didatame
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Data File: C:\Users'admin'\Documents'Backup do sistema’\(G-EM-82%282383_MARCO 234\EM8Z_23 63_8e31.D

Sample : JP-4-2

Peak Number: 1 at 7.652

The 3 best hits from each library.

min QOGrea: 47928247 Area ® 17.61

Ref'\7 CAS\®

D:\MassHunter'\Library NIST28.L

1 Benzodc acid
2 Benzodc acid
3 Benzodc acid

11251 BPBBAGS-B5-8 97
11264 DPA65-B5-8 97
11265 BBBE65S-B5-8 96
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Unknown Spectrum based on Apex

Library Search Report - ChemStation Integrator

im Scan 550 (5,236 minj: EM02_23 03 0031 Didaa.ms
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Data File: C:\lzersiadmin’DocomertsBackup do sistema’05-EM-82%2823%83_MARCO_23\EMB2 23 @3 _8a31.D
Sample : JP-4-2
Peak Number: 2 at 9.236 min Orea: 200218683 Area X 76.08
The 3 best hits from each library. Ref\ 7 CAS\F Qual
D:\MassHunteriLibrary \NIST28.L
1 n-Propyl benzoate 30179 #82315-68-6 a1
2 n-Propyl benzoate 39182 #32315-68-6 1
3 n-Prapyl benzoate 39133 @82315-68-6 87
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