N
a¥Y

UNICAMP

ERIKA CRISTINA FRANCISCO

CULTIVO HETEROTROFICO DA CIANOBACTERIA
PHORMIDIUM SP. EMPREGANDO DIFERENTES
CARBOIDRATOS E MANIPUEIRA COMO FONTE DE
CARBONO ORGANICO

CAMPINAS, 2014.

I



II



\/
®
UNICAMP
UNIVERSIDADE ESTADUAL DE CAMPINAS - UNICAMP
FACULDADE DE ENGENHARIA QUIMICA - FEQ

Departamento de Engenharia de Processos - DEPro
ERIKA CRISTINA FRANCISCO

CULTIVO HETEROTROFICO DA CIANOBACTERIA PHORMIDIUM SP.
EMPREGANDO DIFERENTES CARBOIDRATOS E MANIPUEIRA COMO
FONTE DE CARBONO ORGANICO

Tese de doutorado apresentada a Faculdade de Engenharia
Quimica da Universidade Estadual de Campinas, como parte dos
requisitos exigidos para a obtencao do titulo de Doutora em
Engenharia Quimica.

Orientador: Prof2. Dr2. TELMA TEIXEIRA FRANCO
Co-orientador: Prof. Dr. EDUARDO JACOB LOPES

ESTE EXEMPLAR CORRESPONDE A VERSAO FINAL DA
TESE DEFENDIDA PELA ERIKA CRISTINA FRANCISCO,
E ORIENTADA PELA PROFA. DRA.TELMA TEIXEIRA FRANCO.

\\C\/\_ \\:" ——

Prof. Dr. Telma Teixeira Franco

Campinas, 2014
11



Ficha catalogréfica
Universidade Estadual de Campinas
Biblioteca da Area de Engenharia e Arquitetuta
Rose Meire da Silva — CRB 8/5974

Francisco, Erika Cristina, 1981-

F847c Cultivo heterotréfico da cianobactéria Phormidium sp. empregando diferentes
carboidratos e manipueira como fonte de carbono orgénico / Erika Cristina
Francisco. — Campinas, SP : [s.n.], 2014.

Orientador: Telma Teixeira Franco.

Coorientador; Eduardo Jacob-Lopes.

Tese (doutorado) — Universidade Estadual de Campinas, Faculdade de
Engenharia Quimica.

1. Cianobactéria. 2. Carboidratos. 3. Manipueira. 4. Efluentes. I. Franco, Telma
Teixeira, 1957-. Il. Jacob-Lopes, Eduardo. lll. Universidade Estadual de Campinas.
Faculdade de Engenharia Quimica. IV. Titulo.

Informacoes para Biblioteca Digital

Titulo em outro idioma: Heterotrophic culture of cyanobacteria Phormidium sp. employing
different carbohydrates and cassava wastewater as organic carbon source.
Palavras-chave em inglés:

Cyanobacterium

Carbohydrates

Cassava wastewater

Effluent

Area de concentracdo: Engenharia de Processos

Titulacao: Doutora em Engenharia Quimica

Banca examinadora:

Telma Teixeira Franco [Orientador]

Marli de Fatima Fiore

Ranulfo Monte Alegre

Reinaldo Gaspar Bastos

Jaciane Lutz lenczak

Data de defesa: 14-02-2014

Programa de Pos-Graduacao: Engenharia Quimica

v



Dissertacdo de Mestrado ou Tese de Doutorado defendida por Erika Cristina
Francisco e aprovada em 14 de fevereiro de 2014 pela banca examinadora
constituida pelos doutores:

Profa. D¥a. Telma Teixeira Franco (orientadora)

- N J
e «iw\*]} Trng ok
Profa. Dra. Jaciane Lutz lenczak (titular)

L /L.Lc»\,ﬁ j | %{;\,Q

Prof. Dr. Marli de Fatima Fiore (titular)

o Lol

nulfo Monte Alégre V’tular)

; ,/// 2 )

Prof. Dr. Reiy/aldo Gaspar Bastos (titular)




VI



RESUMO

O objetivo do estudo foi avaliar a produgdo de biomassa e o acumulo lipidico da
cianobactéria Phormidium sp. a partir do cultivo heterotréfico com diferentes fontes de
carbono organico, estudar diferentes estratégias de cultivo empregando a manipueira
(agua residual do processo para obtencao da farinha de mandioca) e avaliar o acumulo
lipidico a partir de diferentes fontes de nitrogénio. Primeiramente avaliou-se a
capacidade da cianobactéria Phormidium sp. em se desenvolver a partir de 15
diferentes fontes de carbono organico exdgeno. Os resultados indicaram o amido de
mandioca e a maltodextrina como as fontes com maior potencial de exploracédo para a
producdo de biomassa e lipideos. Em um segundo momento, foi realizada a
intensificacdo do processo de producao de biomassa a partir do amido de mandioca
empregando-se um planejamento experimental. Os resultados indicaram que relagéao
C/N de 68 e temperatura de 30°C sao as condicdes operacionais ideais. A extrapolagcéao
do cultivo em Erlenmeyers para as operacées em batelada e batelada com alimentacéo
descontinua em biorreatores resultou em produtividades de biomassa de 50,72 mg/L.h
e 42,13 mg/L.h, respectivamente. A terceira etapa do projeto contemplou o estudo do
cultivo heterotréfico da cianobactéria empregando diferentes modos de cultivo utilizando
manipueira como substrato, inicialmente através de diferentes concentragdes (v/v) de
manipueira em agua (5, 10, 20, 40, 60, 80 e 100%). Os resultados demonstraram que a
melhor concentracdo da manipueira foi a de 60% (v/v). Em seguida, iniciou-se cultivos
em biorreator, nos modos de batelada (Sistema A) e batelada com alimentagao
descontinua, empregando-se manipueira como meio de cultivo e diferentes solugdes de
alimentacdo. No primeiro sistema alimentado (Sistema B), empregou-se uma solucéo
de amido de mandioca concentrado, e no segundo (Sistema C), o biorreator foi
alimentado com manipueira ndo diluida. As alimentagdes foram efetuadas assim que a
concentragdo de DQO no biorreator atingisse uma concentracdo de 6000mg/L. A
extrapolagdo para cultivos em biorreator resultou em maiores produtividades em
biomassa (53,12mg/L.h) e lipidica (7,45mg/L.h) sob batelada (sistema A). A ultima
etapa do projeto contemplou o estudo de diferentes fontes de nitrogénio (extrato de
levedura, nitrato de soédio, nitrito de sédio, molibidato de amdnio e ureia) no cultivo
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heterotréfico da Phormidium sp. empregando amido de mandioca como fonte de
carbono organico. A partir dos resultados obtidos selecionou-se o nitrato de sédio sob
razdo C/N de 60 como a fonte com maior potencial na produgéo de lipideos, resultando
na quantidade de lipideos, produtividades lipidica e de biomassa de 20,58%,
7,62mg/L.h e 37,02mg/L.h, respectivamente. O processo de deplecdo do nitrato de
sédio resultou em um aumento na quantidade de lipideos (25,07%) e na produtividade
lipidica (10,47mg/L.h).
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ABSTRACT
The aim of the study was to evaluate the production of biomass and lipid accumulation
of cyanobacteria Phormidium sp. from heterotrophic cultivation with different sources of
organic carbon, study diferente strategies of cultures employing cassava wastewater
and analyse the lipid accumulation from different nitrogen sources. First we assessed
the ability of the cyanobacterium Phormidium sp. to growth in 15 different exogenous
sources of organic carbon. Results indicated that the cassava starch and maltodextrin
as those with the highest potential for exploitation for the production of biomass and
lipids. In a second step, the increase in biomass production process was made from
cassava starch employing an experimental design. The results indicated that the C/N of
68 and temperature of 30°C are the optimal operating conditions. Extrapolation of
cultivation in flasks for batch and batch with fed discontinuous operations in bioreactors
resulted in biomass productivity of 50.72 mg/L.h and 42.13mg/L.h, respectively. The
third stage of the project involved the study of the heterotrophic system of cyanobacteria
using different modes of cultivation using cassava wastewater as substrate, initially
through different concentrations (v/v) of wastewater in water (5, 10, 20, 40, 60, 80 and
100%). The results showed that the best concentration of cassava was 60%. Then, in a
bioreactor cultivation was started in batch mode (System A), and batch with
descontinuous feeds, using the culture medium as wastewater and different feed
solutions. In the first feed system (System B) used a concentrated solution of cassava
starch, and in second (System C), the bioreactor was fed with undiluted wastewater. The
feeds were made so that the concentration of COD in the bioreactor to achieve a
concentration of 6000mg/L. The extrapolation to cultivations in bioreactor resulted in
productivity of biomass (53.12 mg/L.h) and lipid (7.45 mg/L.h) under simple batch
(System A). The last stage of the project involved the study of different nitrogen sources
(ammonium molybdate, sodium nitrate, sodium nitrite, urea and yeast extract) in
heterotrophic cultures of Phormidium sp. using cassava starch as a source of organic
carbon. From the results obtained, we selected sodium nitrate under C/N ratio of 60 as
the source with the highest potential in the production of lipids, resulting in the amount of
lipids, productivity of lipid and biomass of 20.58%, 7.62 mg/L.h and 37.02 mg/L.h,
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respectively. The process of depletion of sodium nitrate resulted in an increase in the
amount of lipids (25.07%) and the lipid productively (10.47mg/L.h).
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EPIGRAFE

“Todo efeito tem uma causa. Todo efeito inteligente tem uma causa inteligente. O poder
da causa inteligente esta na razao da grandeza do efeito.”
Allan Kardec
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CAPITULO |

1 INTRODUCAO

As cianobactérias constituem um grande grupo de micro-organismos unicelulares
ou ndao com ampla versatilidade metabdlica e pouca exploracao. O termo cianobactéria
€ empregado a espécies foto autotroficas. Entretanto, apesar de algumas espécies
obrigatoriamente apresentarem como sistema metabdlico a fotossintese, muitas
espécies sao de fato micro-organismos heterotréficos e outras sdo capazes de realizar
os diferentes sistemas de modo simultdneo ou sequencialmente (GLADUEI e MAXEY,
1994; LEE, 2001; BUMBAK et al., 2011; DA ROS et al., 2013). As cianobactérias
também conhecidas como algas verde azuladas, sdo micro-organismos procariotos. O
estudo destes micro-organismos apresenta algumas limitacées devido a incapacidade
que algumas espécies demonstram de se desenvolver a partir de meios sintetizados em
laboratério (CASTENHOLZ e WATERBURY, 1989; THUMMAJITSAKUL et al., 2012).
Em geral, as cianobactérias apresentam grande potencial para as industrias de
aquicultura, bioprodutos, bioenergia e bioremediacdo, como na reducdo de amonia,
fésforo e compostos organicos (KUMAR e GAUR, 2012).

O cultivo heterotréfico de cianobactérias é semelhante aos procedimentos
empregados para outros tipos de micro-organismos, como bactérias e leveduras
(CHEN, 1996; PEREZ-GARCIA et al., 2011). Apenas um pequeno grupo foi
estabelecido em cultivos heterotréficos, sendo em sua maioria, em escala de laboratério
para fins exploratérios (PULZ e GROSS 2004; SPOLAORE et al., 2006). Cultivos
heterotréficos podem fornecer uma relacao custo-beneficio uma vez que utilizam como
unica fonte de energia, o carbono organico, em sistemas independentes de
luminosidade, possibilitando altas concentracbes celulares e representativas
produtividades (SUN et al. 2008; XIONG et al. 2008; LIANG et al. 2009). Diferentes
fontes de carbono organico sdo empregadas nos sistemas heterotréficos, as mais
conhecidas séo a glicose, galactose, manose, frutose e lactose, apresentando diferenga
na assimilagédo conforme a espécie utilizada (ABREU et al., 2012). Uma alternativa ao
emprego de carboidratos como fonte de carbono exégeno em cultivos heterotréficos € a
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utilizacdo de efluentes que possuam em sua constituicio uma determinada carga
organica, possibilitando o acoplamento de tratamento de efluentes e aguas residuarias
a obtencao de biomassa (PEREZ-GARCIA et al., 2011).

Sistemas heterotréficos sdo conhecidos por serem empregados na obtencdo de
altas concentracdes celulares. A fim de se obter altas produtividades de biomassa e de
produtos sdo desenvolvidas estratégias de exploragdo das condicdes de cultivo e
constituicdo do meio sintético, bem como diferentes modos de operagdo (CARVALHO
et al. 2006; GROBBELAAR 2004; HU 2004). O cultivo realizado através de batelada
alimentada é tido como o modo de operacdo com maior empregabilidade na obtencao
das produtividades desejadas. A vantagem desta estratégia situa-se em um maior
controle do fluxo de nutrientes, minimizando provaveis inibicbes devido a altas
concentracoes iniciais de substrato (XIONG et al., 2008).

Neste sentido, o0 objetivo do estudo é avaliar o acumulo lipidico da cianobactéria
Phormidium sp. a partir do cultivo heterotréfico com diferentes fontes de carbono
organico, estudar diferentes estratégias de cultivo empregando a manipueira (agua
residual do processo para obtencdo da farinha de mandioca) e avaliar o acumulo
lipidico a partir de diferentes fontes de nitrogénio. O documento esta dividido em seis
capitulos. Inicialmente o Capitulo | apresenta uma introducdo e atualizacao
bibliografica, os Capitulos Il a V sdo compostos por quatro artigos. O primeiro artigo
(Capitulo II), intitulado de “Assessment of different carbohydrates as exogenous carbon
source in cultivation of cyanobacteria”, que estd publicado no peridédico Journal of
Bioprocess and Biosystems Engineering, estudou 15 diferentes fontes de carbono
organico. O Capitulo Ill (Producao de biodiesel de 32 a partir de microalgas) que foi
submetido ao peridédico Ciéncia Rural, apresenta uma otimizagdo do cultivo da
cianobactéria a partir do amido de mandioca como fonte de carbono organico, uma vez
que entre as fontes com maior potencial para producdo de biomassa e lipideos,
apresenta maior viabilidade econbémica. O terceiro artigo (Capitulo 1V) intitulado de
“Heterotrophic cultivation of cyanobacteria: The process intensification of bulk oil
production” apresenta o estudo do emprego da manipueira como substrato e esta em
fase de submissdao ao periédico Process Biochemistry. O Capitulo V (Evaluation of
different nitrogen sources in the production of oils from Phormidium sp. in heterotrophic

2



systems) € composto pelo quarto e ultimo artigo e esta em finalizacao. Este utimo artigo
visou estudar o acumulo lipidoco a partir do estudo de diferentes fontes de nitrogénio e
sua deplecao emrpegando amido de mandioca como fonte de carbono organico, uma
vez que nao possui nitrogénio em sua composicdo como no caso da manipueira. As
conclusbes gerais, 0 cronograma do projeto e as sugestdes para atividades futuras
estdo apresentados no Capitulo VI. Finalizando, o Capitulo VII compreende os

trabalhos apresentados em congressos com maior relevancia.

2 OBJETIVOS

2.1 Objetivo Geral
O objetivo geral do projeto é avaliar a viabilidade de cultivo heterotrofico da
cianobactéria Phormidium sp. utilizando diferentes carboidratos e manipueira como

substrato, visando a producao de biomassa e lipideo.

2.2 Objetivos Especificos

Como objetivos especificos, o0 projeto comtempla:

Adaptar, desenvolver e padronizar metodologias de cultivo que assegurem
assepsia nos cultivos heterotroficos da cianobactéria;

Avaliar fontes organicas exdgenas de carbono adequadas ao cultivo heterotréfico
da Phormidium sp.;

Caracterizar fisico-quimicamente a manipueira e avaliar o potencial do uso de
manipueira como substrato para o cultivo heterotréfico da cianobactéria;

Otimizar as condi¢des de cultivo e desenvolver diferentes modos de operagao;

Estudar diferentes fontes de nitrogénio, bem como sua deplecdo visando o
acumulo lipidico;

Caracterizar quantitativamente e qualitativamente os ésteres de lipideos
produzidos a partir da biomassa da cianobactéria, e avaliar a qualidade do biodiesel
produzido.



3 REVISAO BIBLIOGRAFICA

3.1 Cianobactérias

As cianobactérias estao classificadas em um diverso grupo de eubactérias Gram-
negativas amplamente encontradas em lagoas, solo, rochas, mares e oceanos (CARR e
WHITTON, 1982; CASTENHOLZ e WATERBURY, 1989). A classificacao e identificacao
das cianobactérias é realizada através de sua morfologia. Contudo, essas técnicas nao
sao totalmente confidveis, devido a mudangas na morfologia das espécies e divergéncia
de opinides sobre a taxonomia por profissionais como botanicos e bacteriologistas
(TENEVA et al.,, 2005). Provavelmente os primeiros organismos na Terra, as
cianobactérias libertam oxigénio para a atmosfera e, assim como as plantas superiores,
possuem fotos sistemas | e Il. Esses captam a energia do sol e a empregam no
metabolismo autotréfico, liberando o oxigénio no processo. No entanto, os ciclos
metabdlicos ocorrem no citosol e a caracteristica resultante destas espécies é a
capacidade de fixar nitrogénio, tornando-as o unico grupo de organismos capazes de
reduzir nitrogénio e carbono sob condi¢cdes aerdbicas (HONG e LEE, 2007).

Algumas espécies de cianobactérias podem habitar ambientes extremos
incluindo regides polares e desérticas, adaptando-se a congelacdo e dessecacao
(WHITON e POTTS, 2000; SABACKA e ELSTER, 2006). Espécies filamentosas da
ordem Oscillatoriales, especialmente as espécies Phormidium, como a Phormidium
autumnale, foram detectadas em consércios microbianos presentes na Antartida
(KOMAREK et al., 2008).

Sendo considerados organismos valiosos para a pesquisa, as cianobactérias
possuem os mesmos pigmentos fotossintéticos encontrados em microalgas e plantas
superiores, além de serem fontes de produtos valorizados, como lipideos, carotenoides,
ficobiliproteinas e compostos bioativos como anticancerigenos, antibacterianos,
antifungicos e agentes imunossupressores (BURJA et al., 2001; SILVA et al., 2013). Os
compostos bioativos podem ser intracelulares e exo-celulares podendo ser empregados
pela célula na sobrevivéncia em condigdes ambientais extremas (DVORNYK e NEVO,
2003). A descoberta de importantes compostos bioativos demonstram o
desenvolvimento de novas técnicas a serem empregadas na agricultura, a partir da
substituicdo de produtos quimicos por compostos naturais com menor toxicidade
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(SAXENA e PANDEY, 2001). Alguns destes compostos encontrados em extratos de
cianobactérias apresentam atividade antibacteriana, agindo na membrana
citoplasmatica e penetrando na célula, ocasionando morte celular das bactérias (ULTEE
et al., 2000; THUMMAJITSAKUL et al., 2012).

Devido a compostos potencialmente importantes, muitas linhagens de
cianobactérias sao cultivadas no setor comercial. A maioria dos produtos sao
compostos organicos complexos com estruturas Unicas, ndo podendo ser sintetizados
em laboratorio. Por esta razdo, as cianobactérias sdo conhecidas como "fabricas
celulares". Muitas pesquisas se concentram no estudo do metabolismo de
cianobactérias com a finalidade de se produzir bioprodutos de alto valor agregado em
grande escala (BURJA et al., 2003; HONG e LEE, 2007).

A Phormidium sp. é apontada como uma espécie em potencial no emprego de
tecnologias de tratamento de efluentes a partir de sistemas que empregam
cianobactérias devido a sua tolerancia a determinadas condicées como temperaturas
extremas e concentracdes elevadas de nutrientes. Em geral, deve-se considerar a
eficiéncia de remocéao de nutrientes e o potencial de geracao de produtos na escolha do
micro-organismo a ser empregado no tratamento de efluentes. (SU et al., 2012).
Estudos empregando a espécie Phormidium bigranulatum, comprovam eficiéncia na
remocao de ions metalicos como Pb (ll), Cu(ll) e Cd (I) em meio aquoso,
demonstrando a eficacia do emprego da cianobactéria na bioremediacdo de aguas
residuarias constituida de diversos metais (KUMAR e GAUR, 2012).

A importancia dos polissacarideos enddgenos de cianobactérias para a
superficie dos solos promovendo a estabilizacdo e retencdo de nutrientes tem sido
reconhecida. A espécie Phormidium ténue apresenta composicao de 15% de proteinas
e cerca de 58% de carbono, sendo identificados 12 diferentes tipos de polissacarideos.
Os polissacarideos das cianobactérias sdo complexos de heteropolimeros anidnicos,
contendo diferentes monossacarideos, acidos urénicos e componentes ndo sacarideos
(DE PHILIPPIS et al., 2001; PEREIRA et al., 2009). Como qualquer material endégeno
de reserva, a quantidade de polissacarideos em cianobactérias é estritamente limitada,

sendo esperado um pequeno crescimento celular, em contraste com cultivos



empregando outras fontes de carbono organico, como a D-glicose, D-frutose, D-ribose,
sacarose e maltose (FOY e SMITH, 1980; VAN LIERRE et al., 1979).

3.2 Metabolismo heterotrofico

O metabolismo heterotréfico apresenta como caracteristicas a auséncia total de
luminosidade e o emprego de uma fonte de carbono organico exoégeno utilizada na
obtencédo de energia. As cianobactérias podem recorrer a uma estratégia metabolica
alternativa as fontes de carbono organico exdégeno baseada na utilizagcdo de seu
material de reserva para manter a integridade celular e se desenvolver. Quando uma
cianobactéria é transferida de um sistema foto autotréfico para condigbes de total
escuro, € iniciada automaticamente a mobilizacao intracelular do polissacarideos de
reserva contendo D-glicose em sua constituicdo (FOY e SMITH, 1980; OREN e SHILO,
1979). O ciclo da via das pentoses-fosfato é apontado como a via mais provavel no
metabolismo heterotréfico, uma vez que caracteristicas como atividades enzimaticas e
perda de enzimas especificas sdo constatadas durante a transferéncia do organismo de
regides contendo luminosidade para o total escuro (DOOLITTLE e SINGER, 1974;
PELROQY et al., 1972).

A glicose € a fonte de carbono organico exdgeno mais empregada em cultivos
heterotréficos de cianobactérias. A assimilagdo oxidativa da glicose € iniciada a partir de
uma fosforilacdo da hexose, resultando em glicose-6-fosfato utilizada na sintese das
células, respiracdo e armazenamento. Das varias vias utilizadas pelos micro-
organismos para a degradacdo da glicose, aparentemente, apenas duas sao
identificadas para as cianobactérias, a via de Embden-Meyerhof (EMP) e a via das
pentoses-fosfato (PPP), sendo que algumas espécies sao incapazes de assimilar a
glicose devido a auséncia de enzimas necessarias para o metabolismo (NEILSON e
LEWIN, 1974). Um exemplo é a cianobactéria Synechocystis spp., apresentando como
principal via metabdlica a via das pentoses-fosfato, que é utilizada no catabolismo da
glicose através das enzimas glicose-6-fosfato-desidrogenase e 6-fosfogliconato
desidrogenase (YANG et al., 2002; HONG e LEE, 2007). Varias das enzimas envolvidas
no metabolismo heterotréfico de cianobactérias, na fase de rearranjo, sdo as mesmas
em ambos os ciclos. Outra caracteristica é a auséncia de uma separacgao espacial entre
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os dois processos, uma vez que organismos procariéticos ndo possuem mais que um
compartimento intracelular (SMITH, 1983).

A membrana citoplasmética, constituinte da célula de cianobactérias, é uma
barreira eficaz contra a entrada passiva de compostos hidrofobicos para dentro da
célula, tais como hidratos de carbono. O crescimento a partir do emprego de
carboidratos, depende da presenca de um sistema de transporte para transferir o
substrato para o interior da célula. Cianobactérias capazes de metabolizar carboidratos
em sistemas heterotroficos tem demonstrado possuirem mecanismos especificos para
o transporte dos substratos para o interior da célula (RABOY e PADAN, 1978). Na
auséncia dos mecanismos de transporte, os substratos podem ainda entrar na célula,
por meio de difusdo passiva ao longo do gradiente de concentracdo (FAY, 1983). No
entanto, € impossivel prever com precisdo quais substratos especificos podem ser
usados preferencialmente por todas as espécies de microalgas e cianobactérias,
tornando necessario um amplo estudo das fontes de carbono orgénico que podem ser
empregadas com eficiéncia nos cultivos heterotroficos (NEILSON e LEWIN, 1974).

Além da glicose, diversos carboidratos sdo assimilados pelas cianobactérias
através da via das pentoses-fosfato apdés sua conversdo em carboidratos
intermediarios, como a passagem para a forma monossacaridica (OSANAI et al., 2005).
A transformacéao de dissacarideos e polissacarideos é realizada através de reagdes de
hidrolise a partir de enzimas especificas (KNOWLES e PLAXTON, 2003; REYES-
SOSA, 2010; GUPTA et al., 2011). Particularmente, para o amido, uma outra
possibilidade é a sua degradacao pela fosfordlise através de uma reacado catalisada
pela enzima amido fosforilase, tendo como resultado, unidades de glicose-1-fosfato e
amido (n-1). A fosfordlise é preferivel devido a hidrdlise de glicose 1-fosfato resultando
em um maior rendimento de ATP em comparacdo com a glicose livre, quando
catabolizada em piruvato. A fosfordlise produz glicose fosforilada (glicose-1-fosfato),
que é entdo convertida em glicose-6-fosfato, sem o gasto de energia celular (1 ATP)
necessario para a formacao de glicose-6-fosfato. Deste modo, apenas um ATP é
consumido pelos monémeros de glicose, em comparagao com dois ATPs consumidos

guando a reacéo inicia-se com glucose livre (WOOD, 1985).



3.3 Sistemas operacionais

Apesar de algumas espécies de cianobactérias serem obrigatoriamente
autotroficas e outras heterotréficas facultativas, muitas podem ser cultivadas em
auséncia total de luminosidade, através de equipamentos como fermentadores
(BEHRENS, 2005; PEREZ-GARCIA et al, 2011). Para se obter processos
heterotréficos eficientemente € necessario que as espécies tenham caracteristicas
especificas como facilidade para realizar a divisdo celular na auséncia de luz,
capacidade de crescer em meios de cultura contendo substratos organicos, capacidade
de adaptacao a rapidas mudancas ambientais e apresentar resisténcia hidromecanicas,
quando submetidas a processos operados em fermentadores. (CHEN e CHEN, 2006;
DROOQOP, 1974). Ha ainda parametros iniciais que precisam ser considerados para que o
cultivo heterotréfico seja viavel, como robustez da espécie as condi¢des empregadas,
baixos custos operacionais, fontes de carbono organico exégeno de facil obtencao e
geracao de produtos com viabilidade econémica (DAY et al., 1991; GLADUE e MAXEY,
1994; CHEN e CHEN, 2006).

O cultivo heterotréfico em larga escala, é geralmente vantajoso em relacao aos
custos quando comparado com sistemas fotossintéticos, contudo o desempenho
superior da produtividade de biomassa € a forgca motriz destes sistemas. O crescimento
controlado sob condicdes assépticas em fermentadores diminui a perda de nutrientes e
aumenta a qualidade do produto. O custo final da produtividade de biomassa é a
caracteristica essencial para os sistemas de cultivo e depende essencialmente das
condicoes e meio de cultivo (BOROWITZKA, 1992). Deve-se considerar também o
rendimento celular alcancado por unidade de massa, fonte de carbono organico
fornecido. As velocidades maximas especificas de crescimento de cianobactérias
cultivadas heterotroficamente sdo geralmente inferiores as resultantes de cultos
fotossintéticos (LEE, 1997; DOUCHA e LIVANSKY, 2012).

Embora a obtencao de biomassa ser o Unico alvo de alguns processos, o objetivo
final de qualquer processo, € a producao de altas concentragdes do produto no menor
tempo possivel e com qualidade desejada (BECKER, 2007; DOUCHA et al., 2009).
Outro fator importante é o tipo de fonte de carbono empregada, uma vez que afetam a
formacao e composicao da biomassa e do produto. Diferentes estratégias de cultivo
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podem ser empregadas em sistemas heterotroficos, como batelada descontinua,
batelada alimentada e sistemas continuos. O cultivo através de batelada alimentada &
tido como a estratégia mais indicada na obtencgéo de altas concentragdes celulares para
determinadas espécies (BUMBAK et al., 2011).

A partir de variacoes das estratégias de alimentacdo pode-se obter diferentes
eficiéncias na producdo. Em contraste com sistemas simples (batelada descontinua),
em cultivos alimentados, os efeitos osmoticos ou tdxicos devido a elevadas
concentragdes de substrato podem ser evitados através de concentragbes controladas
do substrato durante as alimentacbées (WEN e CHEN, 2002). A adicdo do substrato
através de alimentacbes pode ser realizados de diferentes formas, geralmente
selecionadas a partir da otimizagdo do cultivo levando-se em consideracao as
necessidades fisiologicas das espécies e as restricbes técnicas do equipamento
disponivel. Uma das estratégias desenvolvidas nestes processos é a adicdo de
substrato por pulso (DOUCHA e LIVANSKY, 2011; SANSAWA e ENDO, 2004; SHI et
al., 2002; SUN et al., 2008; XIONG et al., 2008). Estratégias de alimentacao pulsada
sd0 as mais adequadas para espécies em que 0 crescimento é inibido por elevadas
concentracbes de substrato, o emprego dessa técnica se da geralmente para a
producédo de compostos que apresentam sua formacéo estreitamente associada com a
producdo de biomassa a partir de altas velocidades especificas de crescimento
(GANUZA et al., 2008; HATA et al., 2001).

Os cultivos desenvolvidos de forma continua, sdo desenvolvidos a partir da
adicdo continua do substrato. Estas estratégias sao geralmente desenvolvidas a partir
do emprego de funcbes matematicas que descrevem a adicdo do substrato a taxas
constantes pré-definidas (DE SWAAF et al., 2003; SCHMIDT et al., 2005).

3.4 Efluentes agroindustriais
A escolha de matérias-primas baratas é de grande importancia para a economia
global de processos biotecnoldgicos, dado que representam 50% do custo final do
produto. A melhor maneira de reduzir o custo de substrato para a biotecnologia é a
utilizacado de residuos constituidos por nutrientes essenciais para o desenvolvimento do
micro-organismo empregado, resultando ainda em beneficios ambientais. Em todo o
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mundo, milhdes de toneladas de residuos perigosos e nao perigosos sdo gerados a
cada ano, demonstrando a necessidade de uma melhor gestao destes residuos através
dos conceitos reduzir, reutilizar e reciclar (MAKKAR e CAMEOTRA, 2002). Até agora,
varios substratos renovaveis, que incluem efluentes, residuos e subprodutos de origem
agricola e industrial tém sido intensamente estudados para o cultivo de micro-
organismos e producao de bioprodutos (MENDES et al., 2007; PEREZ-GARCIA et al.,
2011; PLAZA et al., 2011; SCHIMIDT et al., 2005). Entretanto, em determinados casos,
h& a impossibilidade da substituicdo devido a producao de compostos farmacéuticos
obtidos a partir de processos que necessitam de medidas de controle especificas. Em
processos que necessitam do emprego da glicose na obtencdao de compostos de alto
valor, ha ainda a alternativa da valorizagao da biomassa apds extragéao e purificagdo do
produto, através da producdo de ragcdo animal ou de biocombustiveis (BRENNAN e
OWENDE, 2010; CHISTI, 2007).

Fabricas de amido de mandioca geram uma grande quantidade de &aguas
residuais e residuos solidos, resultando na administracdo de varias etapas de
tratamento. O residuo sélido em particular contém um nivel elevado de amido-
lignocelulésico. No caso do residuo liquido, denominado por manipueira, ha ainda uma
certa quantidade de residuo da mandioca e apresenta em sua constituicio uma alta
carga organica. Estes recursos residuais sdo substratos potencialmente promissores
para a producao de biocombustiveis e bioprodutos a partir do cultivo heterotréfico de
micro-organismos (VIRUNANON et al., 2013).

Segundo a Organizacao das Nacoes Unidas para a Alimentacao e a Agricultura
(FAO, 2011), o Brasil foi o segundo produtor mundial de mandioca no ano de 2010,
como apresentado na Figura 1, demonstrando a alta disponibilidade dos residuos a
partir deste setor agroindustrial.
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Figura: 1 Producdo mundial de mandioca no ano de 2011 (FAQO, 2011).

O processamento de uma tonelada de raizes de mandioca gera cerca de 3 m® de
efluente e 150 kg de bagaco de mandioca (HIEN et al., 1999). A Figura 2 (FAO, 2011),
apresenta a producdo de commodities no ano de 2011 no Brasil, sendo a produgéo de
raizes de mandioca cerca de 25-30 milhdes de toneladas, gerando aproximadamente
de 3-5 milhdes de toneladas de bagaco e de 75-90x108 m? de efluentes anualmente a
partir da industria de fécula de mandioca (CARDONA et al., 2010). Apesar dos teores
de amido razoavelmente altos, o bagaco € muitas vezes deixado para apodrecer em
campo aberto, tornando-se um problema ambiental (AVANCINI et al., 2007). Problemas
ambientais como estes nao podem ser resolvidos por Unica tecnologia, mas sim a partir
de uma abordagem a aplicacdes interdisciplinares, especialmente a partir o conceito de
biorrefinarias, uma vez que os residuos soélidos e liquidos das atividades agroindustriais,

em patrticular, sdo vendidos a um valor relativamente baixo.
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Rank Commaodity Production (Int $1000) Flag Production (MT)
1 Sugar cane 23885831 734006000
2 Soybeans 153160259 74515400
3 Maize 2955153 55660400
4 Cow milk, whole, fresh 9914191 32091000
5 Casszava 1328863 25441700
6 Oranges 3828654 19311100
7 Rice, paddy 36595030 13477000
3 Indigenous Chicken Meat 15726308 11040600
9 Indigenous Cattle Meat 24962227 9240560
10 Bananas 2064206 7329470
11 Wheat 837047 5690040
12 Tomatoes 1632235 4416650
13 Potatoes 6157935 3917230
14 Beans, dry 1972006 3435370
15 Indigenous Pigmeat 4962690 3228310
16 Cottonseed 1031199 3194550
17 Coconuts 325488 2943650
18 Vegetables fresh nes 533254 2829820
19 Coffee, green 2901245 2700440
20 Pineapples 660771 2318120

Figura: 2 producédo de commodities no Brasil no ano de 2011 (FAO, 2011).

3.5 Emprego de cianobactérias no tratamento de efluentes

O tratamento de aguas residuais por cianobactérias € uma ideia antiga de
aplicagdo, sendo limitada devido aos custos envolvidos no tratamento de grandes
volumes sob condi¢gdes autotréficas em um tempo habil (DE-BASHAN e BASHAN,
2010). Sistemas mais recentes empregando cultivos heterotroficos estdo sendo
estudados em escala laboratorial e demonstram que sob as condicbes empregadas, €
verificado um maior potencial na eliminacao de nutrientes (PEREZ-GARCIA et al.,
2010).

A necessidade de remocdo de elevadas concentracdes de nutrientes, em
particular o nitrogénio e o fésforo, € um importante requisito para o tratamento de
efluentes. Um dos principais problemas gerados pela alta concentracdo desses
nutrientes oriundos do despejo, principalmente de aguas residuarias e efluentes
agroindustriais em rios e lagos, é a eutrofizacdo. Entre os nutrientes, em particular o
fésforo, apresenta-se como uma fonte de dificil remocéao. O processo mais comum de
remocao do fésforo de dguas residuarias € a precipitacdo quimica, no entanto, o fésforo

recuperado a partir deste método nao € totalmente reciclavel, necessitando de
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tratamentos complementares como em sistemas de lodo ativado ou sendo destinado a
aterros sanitarios (HOFFMAN, 1998; PITTMAN et al., 2011). As cianobactérias ainda
demonstram eficiéncia na remocao de metais téxicos, demonstrando portanto um
importante potencial na remediagédo de poluentes presentes em efluentes industriais
(AHLUWALIA e GOYAL, 2007; MALLICK, 2002). Além disso, os sistemas de tratamento
de efluentes empregando cianobactérias apresentam-se ambientalmente favoraveis
com um caracter sustentavel, uma vez que ndao geram poluentes adicionas, fornecendo
oportunidades de reciclagem de nutrientes a partir do emprego da biomassa, por
exemplo, como fertilizante de baixo custo ou racdo animal (MUNHOZ e GUIEYSSE,
2006).

O crescimento eficiente de cianobactérias depende de uma variedade de
variaveis, como pH, temperatura, presenca de nutrientes essenciais como nitrogénio,
fésforo e carbono organico, disponibilidade de oxigénio, e fatores como luz e diéxido de
carbono, quando sob condi¢cées autotréficas. Uma das principais diferencas entre os
efluentes é a disponibilidade e forma com que os nutrientes se encontram presentes,
como € o caso do nitrogénio, que em determinados efluentes encontra-se sob a forma
de ambnio, que e em altas concentragdes pode proporcionar uma inibicdo ao
crescimento da espécie utilizada (KONIG et al., 1987). Outros fatores que podem afetar
o desenvolvimento das cianobactérias sao as altas concentracées de metais, como
cadmio e mercurio geralmente presentes em efluentes industriais, e fatores abidticos,
como a presenca de bactérias, que podem competir pelo substrato presente. As
variaveis apresentadas apresentam variacdo conforme a origem do efluente, como
aguas residuarias, efluentes de origem industrial ou agroindustrial, bem como local e
sistema de tratamento (RUIZ-MARINET al., 2010).

As aguas residuarias e os efluentes agricolas apresentam maior uniformidade em
sua composicao bem como disponibilidade adequada para os sistemas que empregam
cianobactérias. Uma série de estudos em laboratérios investigam diferentes modos de
operagdo de biorreatores, como em batelada e sistemas semi-continuos, empregando
aguas residuais na obtencdo de biomassa e produgédo de lipideos, resultando em
produtividades relativamente altas do produtos quando acoplado a altas concentracoes
celulares. Além disso, a producdo de lipideos pode ser acoplada a representativas
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taxas de remocao de nitrogénio, fosforo e matéria organica, quando em sistemas
heterotréficos (KONG et al., 2010).

Atualmente o cultivo de cianobactérias visando apenas a producdo de
biocombustiveis ndo apresenta viabilidade econ6mica. Uma opcéo atrativa é o
acoplamento do tratamento de efluentes ou aguas residuarias a producdo de
biocombustiveis originarios da biomassa, oferecendo consequentemente uma reducao
nos custos com energia, aproveitamento de nutrientes presentes no efluente e
mitigagcdo de gases de efeito estufa, resultando em uma producdo de energia
sustentavel e renovavel (PITTMAN et al., 2011).

3.6 A influéncia do nitrogénio no metabolismo de cianobactérias

Depois do carbono, o nitrogénio € o nutriente mais importante para a producao
de biomassa. O teor de nitrogénio na biomassa pode variar de 1% a mais de 10% e nao
verifica-se muita variacao entre diferentes grupos. Respostas tipicas sobre a limitagdo
de nitrogénio no cultivo de cianobactérias € a descoloragcédo das células (diminuigdo das
clorofilas e um aumento de carotendides) e o acumulo de carbono organico, como
polissacarideos, e de certos compostos como 6leos (BECKER, 1994).

A fonte de nitrogénio mais comumente empregado em cultivos, sdo os nitratos,
mas muitas vezes amoénia e ureia também sdo empregadas, registrando-se taxas de
crescimento semelhantes. Uma variedade de compostos contendo nitrogénio organico
sao utilizados por cianobactérias, alguns dos quais podem servir como a unica fonte de
nitrogénio. O nitrogénio amoniacal € muitas vezes a fonte de nitrogénio preferida por
determinados micro-organismos, € a assimilacdo das formas NHs ou NH4* séo
relacionadas com o pH do meio de crescimento (GROBBELAAR, 2007).

A producao de biomassa é fortemente dependente das condigdes de cultivo, e a
manipulacdo dessas condigcdes € de grande importdncia na obtencdo de uma
composicao desejada. Um exemplo de estratégia € a deplecao do nitrogénio, que pode
ser empregada visando o aumento das fragcdes de TAG e amido na biomassa, em
detrimento da sintese de proteinas, que € dependente da presenga e nitrogénio no meio
de cultivos (HU, 2008).
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O acumulo de lipideos através da deplecao da fonte de nitrogénio é geralmente
realizada em duas etapas. A primeira etapa consiste no cultivo na presenca de uma
fonte de nitrogénio sob niveis que suportem apenas a sintese de proteinas, importante
para a sintese celular. A fonte de nitrogénio empregada deve ser esgotada para a
segunda fase, aonde a fonte de carbono presente é convertido em lipideos. Acredita-se
que 0 mecanismo por tras do efeito de esgotamento da fonte de nitrogénio se encontra
associado com o decréscimo intracelular de clorofila e glicolipideos, que se encontram
dentro do cloroplasto. Portanto, a concentragdo e duragdo de nitrogénio que deve ser
aplicado ao cultivo de cianobactérias, € um importante parametro para se otimizar a
producédo de biomassa e lipideos. Como a falta de uma fonte de nitrogénio no cultivo
reduz o teor de proteinas e carboidratos na célula, as condigdes de cultivo empregando
baixas concentragdes ou auséncia total de nitrogénio, s6 sdo adequadas quando o
produto final é a obtencédo de lipideos, como por exemplo na produgdo de biodiesel
(SUALI e SARBATLY, 2012).
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CAPITULO I
Apresentacao

O Capitulo Il é constituido pela primeira fase do projeto que contemplou o estudo
de 15 diferentes fontes de carbono organico exégeno, monossacarideos, dissacarideos
e polissacarideos, no cultivo heterotréfico da cianobactéria Phormidium sp. O estudo
esta apresentado sob a forma de um artigo intitulado de “Assessment of different

carbohydrates as exogenous carbon source in cultivation of cyanobacteria”.
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Abstract

Glucose is the substrate most widely used as exogenous carbon source for
heterotrophic cultivation of cyanobacteria. Due to limited information about the use of
different carbohydrates as carbon sources to support cyanobacterial heterotrophic
metabolism, the objective of this work was to evaluate different monosaccharides
(arabinose, fructose, galactose, glucose, mannose and xylose), disaccharides (lactose,
maltose, sucrose and trehalose) and polysaccharides (carboxymethylcellulose, cassava
starch, Hi-maize®, maltodextrin Corn Globe 1805® and xylan) as exogenous carbon
source for heterotrophic culture of cyanobacterium Phormidium sp. The batch cultivation
using fructose as organic carbon source resulted in the highest (p<0.05) cell biomass
(5540 mg/L) in parallel with the highest (p<0.05) substrate yield coefficient (0.67
MQbiomass/MQcobfructose). Mannose was the carbon source with the highest (p<0.05)
substrate consumption rate (3185.7 mg/L/d) and maltodextrin was the carbohydrate with
major potential to produce biomass (1072.8 mgbiomass/L.d) and lipids (160.8 mgiipidas/L.d).
Qualitatively, the fatty acid profiles of the lipid extract from Phormidium sp. showed
predominance of saturated chains for the cultures grown with most of the carbon
sources, with the exception of the ones grown with xylose and maltodextrin.

Keywords: Microalgae/cyanobacteria; heterotrophic metabolism; carbohydrates
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Introduction

Heterotrophic cyanobacteria cultivation is a specific niche of production of
metabolic bioproducts. Heterotrophic growth in the dark, supported by an exogenous
carbon source, is an important ability of some species of these photosynthetic organism
(QUEIROZ et al., 2011).

The heterotrophic route, where possible, overcomes major limitations of
producing useful products from cyanobacteria, that is, the dependency on light which
significantly complicates the process. As a general role, heterotrophic cultivation can be
cheaper, and it is simpler to construct facilities and easier to maintain on a full-scale.
However, not all species can grow heterotrophically, and suitable organic substrates are
required, as increased contamination and competition with other micro-organisms and
the inability to produce light-induced metabolites are some limitations of this metabolic
route (PEREZ-GARCIA et al., 2011a).

All micro-organisms, including cyanobacteria, use the same metabolic pathways
for respiration. Respiration in the dark serves as the exclusive source of energy for
maintenance and biosynthesis, besides providing the carbon required as building blocks
for biosynthesis (SMITH, 1982; FAY, 1983). Is not possible, however, to precisely
predict which specific organic substrates can be used or preferred by any given
cyanobacteria, although, glucose is most commonly used, because of its higher energy
content than most organic substrates (PEREZ-GARCIA et al., 2011b). Information on
the specific exogenous carbon sources required for optimal metabolic performance is
too scattered to reach a conclusion because of the dependency of the cyanobacteria
species and cultivation conditions. Consequently, each combination of these factors may
lead to different affinities for a particular carbon source (LEE, 2004). Additionally, it
should be considered the possibility of development of specific transport systems
necessary for the uptake of some substrates. In these cases, cyanobacterial cells
require an acclimation period that only occurs if non preferred substrates are available in
the culture medium (POOLE, 1978).

Phormidium is a genus of filamentous, unbranched cyanobacteria, with filaments
of about 3 to 4 um in diameter. Several species are known to live in extreme
environments such as thermal springs, desert soils and polluted sites, and for this
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reason they have a wide potential as biocatalysts in bioprocesses, because of their
robustness and simple nutritional requirements (AL-THUKAIR et al., 2007; CANIZARES-
VILLANUEVA et al., 1994; GUIRY et al., 2013).

In this regard, the aim of this study is to evaluate the heterotrophic metabolism of
cyanobacterium Phormidium sp. using different monosaccharides (arabinose, fructose,
galactose, glucose, mannose and xylose), disaccharides (lactose, maltose, sucrose and
trehalose) and polysaccharides (carboxymethylcellulose, cassava starch, Hi-maize®,

maltodextrin and xylan) as exogenous carbon source.

Materials and methods
Microorganisms and culture media

Axenic cultures of Phormidium sp. were originally isolated from the Cuatro
Cienegas desert (26°59'N, 102°03'W-Mexico) by Eduardo Jacob-Lopes (professor at
Federal University of Santa Maria). Stock cultures were propagated and maintained in
solidified agar-agar (20 g/L) containing synthetic BG11 medium (RIPPKA et al., 1979)
with the following composition (g/L): K2HPO4 (0.03 g/L), MgSOs4 (0.075 g/L), CaCl2.2H20
(0.036 ¢g/L), ammonium citrate and iron (0.0006 g/L), Na2EDTA (0.001 g/L), NaCl
(0.00072 g/L), NaNOs (0.015 g/L), citric acid (0.0006 g/L), Na=COs (1.5 g/L), trace metals
[HsBOs (0.0028 g/L), MnCl2.4H20 (0.0018 g¢/L), ZnS04.7H20 (0.00022 g/L),
Na2MoO4.2H20 (0.00039 ¢g/L), CoSO4.6H20 (0.00004 g/L)]. The incubation conditions
used were 25 °C, a photon flux density of 15 pmolm= s~ and a photoperiod of 12/12
hours light/dark. To obtain the inoculums in the liquid form, 1 mL of sterile synthetic
medium was transferred to slants, and the colonies were scraped and then
homogenized with the aid of mixer tubes. The entire procedure was performed

aseptically.

Bioreactor

Measurements were made in a bubble column bioreactor. The system was built of
borosilicate glass, covered with aluminum foil, and had an external diameter of 12.5 cm
and height of 16 cm, resulting in a height/diameter (h/D) ratio equal to 1.28 and a
nominal working volume of 2.0 L. The dispersion system of the reactor consisted of a 2.5
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cm diameter air diffuser located inside the bioreactor. The air flow was monitored by flow
meter (KI-Key Instruments®, Trevose-PA, USA) and the inlet of air and outlet of gases
were filtered though filtering units made up of polypropylene membrane with a pore
diameter of 0.22 ym and total diameter of 50 mm (Millex FG®, Billerica-MA, USA). The
bioreactor including filtering units was previously sterilized by autoclaving at 121 °C for
40 minutes and then for 30 minutes containing the synthetic medium.

Obtaining kinetic data in an experimental bioreactor

Experiments were performed in a bioreactor operating under a batch regime, fed
on 2.0 L of culture medium. The experimental conditions were as follows: initial
concentration of inoculum of 100 mg/L, C/N ratio at 20, temperature of 26 °C, pH
adjusted to 7.6, aeration of 1 VVM (volume of air per volume of culture per minute) and
absence of light. The culture medium consisted of BG11 synthetic medium modified and
supplemented with different exogenous carbon sources to obtain 12 g/L of organic
carbon concentration for monosaccharides and disaccharides. The concentration of
monosaccharides and disaccharides were adjusted stoichiometrically and those of
polysaccharides were adjusted their concentration at 12000mg/L of chemical oxygen
demand (COD) using a calibration curve, based on dilutions of a known amount of dry
substrate. The source and concentrations of organic carbon used were: D-arabinose
(12.5 ¢g/L), D-fructose, (12.5 g/L), D-galactose (12.5 g¢/L), D-glucose (12.5 g/L), D-
mannose (12.5 g/L), D-xylose (12.5 g/L), D-lactose (11.9 g/L), D-maltose (11.9 g/L),
sucrose (11.9 g/L), trehalose (11.9 g/L), carboxymethylcellulose (5.7 g/L), commercial
cassava starch (14.0 g/L), Hi-maize® (6.6 g/L), maltodextrin Corn Globe 1805® (7.0 g/L)
and xylan (5.4 g/L).

Sampling and analytical methods

Samples were collected aseptically in a laminar flow hood previously sterilized.
The tips used for sample collection were previously sterilized by autoclaving at 121 °C
for 20 minutes. The cell biomass, the dynamics of pH and the consumption of organic
carbon were monitored every 24 hours during the growth phase of microorganism. The
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experiments were performed twice, and in duplicate for each substrate. Therefore,
kinetic data refer to the mean value of four repetitions.

The pH values were determined by potentiometer (Mettler-Toledo, Sao Paulo-SP,
Brazil). Cell biomass was determined gravimetrically, filtering a known volume of culture
through a 0.45 um membrane filter (Millex FG®, Billerica-MA, USA), and drying at 60 °C
for 24 h. The organic carbon concentration of carbohydrate solutions was expressed in
terms of chemical oxygen demand (COD) and analyzed according to the closed reflux
colorimetric method of Standard Methods for the Examination of Water and Wastewater
(APHA, 2005).

The lipid fraction was extracted from the biomass by the Bligh and Dyer method
(BLIGH & DYER, 1976). The method of Hartman and Lago (HARTMAN & LAGO, 1976)
was used to saponify and esterify the dried lipid extract to obtain the fatty acid methyl
esters (FAMEs). The fatty acid composition was determined using a VARIAN 3400CX
gas chromatograph (Varian, Palo Alto-CA, USA). The FAMEs were identified by
comparison of the retention times with those of the standard (Supelco, Louis-MO, USA)
and quantified by area normalization.

Culture contamination was determined at the end of the experiment by plating 0.1
mL of culture in Petri dishes with solid (20 % agar) BG11 medium (APHA, 2005).

Kinetics parameters

Biomass data were used to calculate the biomass productivity [Px = (Xi-Xi-1).(ti-ti-
1)1, mg/L/d], the maximum specific growth rate [In(Xi/Xo) = pmaxt, 1/d] was plotated, the
generation time [tg = 0.693/umax, d] and the lipid productivity [PL = Px.Lc, mg/L/d], in
which Xo is the initial biomass concentration, Xi is the biomass concentration at the time
ti and Xi-1 is the biomass concentration at the time ti-1, t is the residence time, pmax is the
maximum specific growth rate and Lc is the lipid content of the biomass (%). The
different organic carbon sources were used to calculate the substrate consumption rate
(rs= - dcopo/dt, mg/L/d) and the substrate vyield coefficient (Yxcop= - dX/dcop,
MQbiomass/MQcobsubstrate), Where COD is the carbon organic demand (mg/L) and t is the
time (d).
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Statistical analysis

Analysis of variance (one-way ANOVA) and Tukey’s test (p<0.05) were used to
test differences between the carbon sources. Adittionaly, multivariate cluster analysis
was used for determination of the similarity between the carbon sources. Single linkage
as an amalgamation rule and Euclidean linkage distance as a measure of similarity were
used in the analysis. The similarity values of the linkages were represented by the
dendrogram. The analyses were performed using Statistica 7.0 software (StatSoft,
Tulsa-OK, USA, 2004).

Results

The aseptic procedures adopted were suitable for preventing microbial
contamination of the cultures (data not shown), since null results were observed by the
heterotrophic plate count method.

The assessment of the carbon sources suitable for production of high value or
bulk cyanobacteria products is a fundamental step in the consolidation of heterotrophic
production routes.The kinetic parameters wusing different monosaccharides,
disaccharides and polysaccharides as exogenous carbon source for heterotrophic
culture of Phormidium sp. are show in Table 1.
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Table 1 Kinetic parameters for different carbohydrates.

Mmax tg Xmax Px rs Yx/icop Lipid PL
Carbohydrates
(dm (d) (mg/L) (mg/L.d) (mg/L.d) (mgbiom/mgcob) (%) (mg/L.d)
Arabinose 0.4562+0.00 1.42+0.03 3952+15.8 42.72£1.10 695.72+14.7 0.052+0.00 8.62+0.22 3.62+£0.10
Fructose 0.576°+0.00 1.2°#0.02 5540°+88.5 600.7°+18.1  890.4°+21.3 0.67°+0.00 12.5°+0.41  73.90+1.92
Monosaccharides Galactose 0.264°£0.00 2.6°+0.07 1014°£19.2 121.9¢+x1.70 2232.2°+35.7 0.13°£0.00 10.9¢+0.33  13.2°+0.33
Glucose 0.7689+0.00 0.9940.00 13509+41.8 404.19+12.1 2670.99£69.4 0.239+0.00 11.3¢+0.15  45.69+1.14
Mannose 0.360°+0.00 1.9¢+0.03 3780°+71.8 456.2ex15.1 3185.7°+70.1 0.38°+0.00 11.7¢40.17  53.3°+1.60
Xylose 0.168'+0.00 4.2'+0.15  38517.70 66.2+1.60 952.1'+31.4 0.072+£0.00 7.99+0.18 5.01+0.11
Lactose 0.3369+0.00 2.19£0.05 3539+11.6 76.1942.28  1385.79+40.1 0.042+0.00 12.26¢40.18  9.39+0.18
Disaccharides Maltose 0.384n+0.00 1.8"+0.02 2140M+53.5 289.9"+5.56  730.1h+19.7 0.39¢+0.00 10.3¢x0.26  29.7h+0.32
Sucrose 0.576°+0.00 1.2°40.03 633+16.4 175.4+3.15  1668.5'+46.7 0.08°+£0.00 13.71+0.30  23.7'£0.42
Trehalose 1.032+0.01 0.6+0.00 3080i+52.3  740.4i+15.9  1180.1i+28.3 0.42¢+0.00 10.1¢20.14  74.6/+1.49
carboximethylcellulose 0.672i+0.00 1.01+0.01  495%+12.3  124.8k+0.27 2224.8+37.8 0.052+0.00 8.82+0.13  11.0kx0.17
cassava starch 1.080'+0.01  0.6'+0.01 5280'+99.7 1024.3't17.4 1710.0'+42.7 0.60'+0.00 14.8+0.34 152.1'+3.43
Polysaccharides Hi-maize® 0.696m+0.00 1.0m+0.01 1660m+33.2 518.1m+9.32 2328.7m+69.8 0.229+0.00 11.0°£0.17  56.9m+0.69
Maltodextrin 1.080'+0.02 0.6'+0.01 5480"+54.8 1072.8"+27.8 1665.6"+41.6 0.539+0.00 14.9+0.13 160.8"+2.52
Xylan 1.080'+0.02 0.6'+0.01 2040°453.1 478.5°#8.13 1729.7°+32.8 0.279+0.00 9.320+0.05  46.3°+1.91

Umax: maximum specific growth rate, tg: generation time, Xmax: maximum cell concentration, Px: productively in biomass, rs: average rate of substrate
conversion, Yxcop: substrate yield coefficient (mg biomass/mg COD of substrate, P.: lipid productivity. Within the same column, means having different
superscripts are significantly different (p < 0.05) by Tukey test.
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The highest (p<0.05) maximum specific growth rate obtained with monosaccharides
was 0.768 d', achieved in cultures with glucose, resulting in a generation time of 0.9 d. For
the disaccharides, trehalose showed the highest (p<0.05) maximum specific growth rate
(1.032 d'), in parallel with a generation time of 0.6 d. Among the polysaccharides, the
cassava starch, maltodextrin and xylan showed the highest (p<0.05) maximum specific
growth rates (1.08 d'') with generation times of 0.6 d.

In terms of maximum cell biomass, the best performance for monosaccharides was
5540 mg/L with fructose. For disaccharides, the value was 3080 mg/L for trehalose and,
finally, for the polysaccharides, 5480 mg/L was obtained with maltodextrin. A value very close
to the maltodextrin was obtained with cassava starch (5280 mg/L) for the polysaccharides.

Additionally, considering the parameter of biomass productivity, the highest values
(p<0.05) for monosaccharides were obtained with fructose (600.7 mg/L/d). For disaccharides,
the highest (p<0.05) biomass productivity was obtained with trehalose (740.4 mg/L/d). In the
study with polysaccharides, the maltodextrin was the carbohydrate most suitable for biomass
production (1072.8 mg/L/d), followed by cassava starch (1024.3 mg/L/d).

The highest average rate of substrate consumption for monosaccharides was verified
with the mannose (3185.7 mg/L/d). The fructose shows the highest (p<0.05) substrate yield
coefficient (0.67 mgbiomass/MQgcobfructose). FOr the disaccharides, the sucrose showed the
highest (p<0.05) average rate of substrate consumption (1668.5 mg/L/d). Trehalose showed
the highest (p<0.05) substrate yield coefficient (0.42 mgviomass/Mmgcobtrehalose), Value statistically
equal to mannose. Hi-maize® was the polysaccharide with the highest (p<0.05) average rate
of substrate consumption (2328.7 mg/L/d), although maltodextrin showed the highest (p<0.05)
substrate yield coefficient (0.53 mgbiomass/MYcobmattodextrin).

Fructose was the monosaccharide that provided the largest lipid accumulation (12.5
%), in parallel with the highest (p<0.05) lipid productivity (73.9 mg/L/d). For disaccharides,
cultivations with sucrose showed the highest (p<0.05) lipid content (13.7 %), although
trehalose was the organic carbon source more efficient to the lipid production (74.6 mg/L/d).
Finally, the cyanobacteria Phormidium sp. cultivated with cassava starch and maltodextrin
showed lipid contents of 14.8 and 14.9 %, in parallel with lipid productivities of 152.1 and
160.8 mg/L/d, respectively.

The results obtained are very scattered in relation to literature, making it difficult to
compare. However, the results of Markou and Georgakakis (MARKOU & PLAXTON, 2003),
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who evaluated heterotrophic growth kinetics for four cyanobacteria species (Spirulina
platensis, Anabaena variabilis, Nostoc sp. and Phormidium sp.) in monosaccharides (glucose,
fructose, and sucrose) indicate best performances for the culture of Anabaena variabilis in
fructose (generation time of 1.5 d). This result was 2.5 times higher than the value reported by
this study for cassava starch, maltodextrin, xylan and trehalose (generation times of 0.6 d).

The fatty acids profile (Table 2) of lipid fraction of biomass indicated twenty-one
different compounds with carbon chain lengths from four up to eighteen carbons. Among the
different fatty acids only the palmitic (C16:0) has been identified for all exogenous carbon
sources studied. Cultivations with monosaccharides, with the exception of xylose (39.85 %),
showed dominance in saturated fatty acids (89 to 100 %). Similar behavior was verified in
disaccharides where saturated fatty acids were predominant, with concentrations varying
between 72.02 to 100 % for all sources studied. For polysaccharides, saturated fatty acids
were also predominant (76.11 to 100 %) with the exception of the cultivations with
maltodextrin (37.74 %). Independent of the carbohydrate class considered the heterotrophic
culture of Phormidium sp. demonstrated to encourage the saturated lipid production. Five of
the fifteen carbon sources showed totally saturated profile. Only for maltodextrin and xylose it
was verified a different pattern.
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Table 2 Fatty acid profiles.

Methyl ester (%) Arb Fru Gal Glc Man Xls Lac Mit Scs Tls CMC CaS Hm Mdt XIn
(C4:0) ND ND ND ND ND 0.89 ND ND ND ND ND ND ND ND ND
(C6:0) ND ND ND ND 3.85 2.54 ND 6.95 ND 1.18 ND 65.29 4.13 ND 1.98
(C8:0) 47.05 3642 4466 3722 56.51 1.21 61.89 7.50 ND 22.81 84.53 5.39 63.03 ND 28.65
(C10:0) ND 26.60  30.92 ND ND ND ND ND ND ND ND ND ND ND 53.70
(C12:0) ND ND ND 3.10 ND ND ND 3.47 14.18 ND ND ND 2.37 4.68 0.97
(C13:0) ND ND ND ND ND ND ND ND ND 5.05 ND ND ND ND 2.25
(C14:0) ND ND ND ND ND ND ND ND 5.42 0.87 ND ND ND ND ND
(C14:1) ND ND ND ND ND ND ND ND 413 0.83 ND ND ND ND ND
(C15:0) ND ND ND ND ND ND ND ND ND 0.56 ND ND ND ND ND
(C15:1) ND ND ND ND ND ND ND ND ND 2.31 ND ND ND ND ND
(C16:0) 30.33  36.98 24.41 49.31 30.98 3522 29.17 43.67 38.04 29.18 1547 5.43 20.84 26.13 10.50
(16:1) ND ND ND 5.88 ND ND ND ND ND 0.92 ND ND ND 4.36 ND
(C17:0) ND ND ND ND ND ND ND ND ND 2.12 ND ND ND ND ND
(C17:1) ND ND ND ND ND ND ND ND ND ND ND ND 2.46 10.34 ND
(C18:0) 11.62 ND ND 4.48 ND ND 8.94 13.20 16.34 10.23 ND ND 7.12 6.93 1.94
(C18:1n9t),(C18:1n9¢c) 10.99 ND ND ND ND 18.52 ND 1214 1226 17.88 ND 23.88 ND 34.62 ND
(C18:2n6t) ND ND ND ND 8.65 41.62 ND 13.06 ND ND ND ND ND ND ND
(C18:2n6c) ND ND ND ND ND ND ND ND ND 1.84 ND ND ND ND ND
(C18:3n6) ND ND ND ND ND ND ND ND ND ND ND ND ND 12.92 ND
(C18:3n3) ND ND ND ND ND ND ND ND 9.61 4.18 ND ND ND ND ND
SFAs (%) 89.00 100.00 100.00 94.12 9135 39.85 100.00 74.80 74.00 7202 100.00 76.11 97.54 37.74 100.00
MUFAs (%) 11.00 ND ND 5.88 ND 18.52 ND 12.15 26.00 25.21 ND 23.88 2.46 49.33 ND
PUFAs (%) ND ND ND ND 8.65 41.62 ND 13.06 ND 1.86 ND ND ND 12.92 ND

Arb: arabinose, CaS: cassava starch, CMC: carboximethylcellulose, Fru: fructose, Gal: galactose, Glc: glucose, Hm: Hi-maize®, Lac: lactose, Mdt:
maltodextrin, MIt: maltose, Man: mannose, Scs: sucrose, Tls: trehalose, XIn: xylan, Xls: xylose, ND: not detected, SFAs: saturated fatty acids, MUFAs:

monounsaturated fatty acids, PUFAs: polyunsaturated fatty acids
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An inherent behavior of the dynamics of pH observed in the experiments can be seen
representatively in Figures 1 and 2. The cultures with arabinose, carboxymethylcellulose,
galactose, lactose, sucrose and xylose showed a decrease in the initial pH value in parallel
with a very low heterotrophic growth performance. On the other hand, in cultivations with
cassava starch, fructose, glucose, Hi-maize®, maltodextrin, maltose, trehalose and xylan, this
behavior was not observed. For these carbohydrates, a increasing pH dynamics is observed
at an early stage of the cultivations, together with substantial growth performances. In these
conditions, the cellular growth seems to be closely related to the dynamics of pH.
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Figure 1 Dynamic of pH (open circle) and consumption rate of arabinose (closed circle) vs.
time (main figure) and cell growth profile (secondary figure).
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Figure 2 Dynamic of pH (open circle) and consumption rate of maltodextrin (closed circle) vs.
time (main figure) and cell growth profile (secondary figure).

In addition, a general question facing researchers in many areas of research is how to
organize observed data into meaningful structures, that is, to develop taxonomies. Cluster
analysis is an effective generic method for examining experimental data with the view of
uncovering or discovering groups or clusters of homogeneous observations. Using cluster
analysis techniques the objects can be summarized into a relatively small number of groups
or clusters. The objects in the same cluster are resemble to each other and are different from
those in other clusters in some respects. The results of a clustering technique are generally
reported in a plot, the dendrogram, where the ordinate is the similarity between groups and
the abscissa has no specific meaning, but it is used only to separate the clusters. In this
sense, the Figure 3 shows the dendograms for biomass productivity (Px), average rate of
substrate consumption (rs), substrate yield coefficient (Yx:s) and lipid productivity (PL) for
different monosaccharides, disaccharides and polysaccharides.
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Arb: arabinose, CaS: cassava starch, CMC: carboximethylcellulose, Fru: fructose, Gal: galactose, Glc: glucose,
Hm: Hi-maize®, Lac: lactose, Mdt: maltodextrin, Man: mannose, Mlt: maltose, Scs: sucrose, Tls: trehalose, Xln:
xylan, Xls: xylose.

Figure 3 Cluster dendograms for productivity of biomass (Px), substrate consumption rate
(rs), conversion factor substrate in cells (Yxss) and lipid productivity (PL).

For biomass productivity (Px), the dendogram shows two distinct sets of clusters:
cluster 1 (maltodextrin and cassava starch), and cluster 2 (trehalose, maltose, Hi-maize®,
xylan, mannose, glucose, fructose, sucrose, carboximethylcellulose, galactose, lactose,
xylose and arabinose). However, in cluster 2, it is possible to view the formation of six
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subclusters: subcluster 1 (trehalose), subcluster 2 (maltose), subcluster 3 (Hi-maize®, xylan,
mannose, glucose and fructose), subcluster 4 (sucrose), subcluster 5 (carboximethylcellulose
and galactose) and subcluster 6 (lactose, xylose and arabinose).

In the average rate of substrate consumption (rs) parameter, two clusters are also
clearly shown: cluster 1 (mannose) and cluster 2 (Hi-maize®, carboximethylcellulose,
galactose, glucose, xylan, cassava starch, maltodextrin, sucrose, trehalose, lactose, xylose,
fructose, maltose and arabinose). In cluster 2, it is possible to view the formation of five
subclusters: subcluster 1 (Hi-maize®, carboximethylcellulose, galactose and glucose),
subcluster 2 (xylan, cassava starch, maltodextrin and sucrose), subcluster 3 (trehalose and
lactose), subcluster 4 (xylose and fructose) and subcluster 5 (maltose and arabinose).

Three sets of clusters are visibly apparent in the substrate yield coefficient (Yxs)
parameter: cluster 1 (fructose, cassava starch and maltodextrin), cluster 2 (glucose, Hi-
maize®, xylan, mannose, maltose and trehalose) and cluster 3 (arabinose, xylose, lactose,
sucrose, carboximethylcellulose and galactose).

Finally, two main sets of clusters were formed for the lipid productivity parameter (PL):
cluster 1 (maltodextrin and cassava starch) and cluster 2 (Hi-maize®, trehalose, fructose,
xylan, mannose, glucose, sucrose, maltose, carboximethylcellulose, lactose, galactose,
xylose and arabinose). In cluster 2, it is possible to view the formation of four subclusters:
subcluster 1 (Hi-maize®, trehalose and fructose), subcluster 2 (xylan, mannose and glucose),
subcluster 3 (sucrose and maltose) and subcluster 4 (carboximethylcellulose, lactose,
galactose, xylose and arabinose).

Discussion

All the exogenous organic compounds that support the heterotrophic growth of
cyanobacteria can be metabolized via oxidative pentose-phosphate pathway (KNOWLES &
PLAXTON, 2003). Heterotrophic cyanobacteria possess structurally specific mechanisms for
the active transport of the organic growth substrate into the cell. The rates at which
carbohydrates are taken up by specific strains have been shown to vary (WOLK & SHAFFER,
1976). The primary requirement for the utilization of an organic compound is its transport
across the cell membrane and its entry into the cell. The permeability of this membrane varies
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according to the organic substance, and it may depend on the presence of specific carriers
which mediate the uptake of a particular substance. The heterotrophic cyanobacteria have an
inducible active carbohydrate symport system responsible for uptake of these molecules from
the medium. The induction of this transporter is achieved by some specific sugars. In general,
in cultivations with suitable concentration and type of sugars, the symport system is induced
to promote the alkalinization of the culture media by a net movement of protons accompanied
of sugar uptake. The rate of the increase in pH fundamentally depends on the concentration
and type of sugar used (WOLK & SHAFFER, 1976; HONG & LEE, 2007). In the absence of
such transport mechanisms, substrates may still enter the cell by means of passive diffusion
along a concentration gradient. The rate of diffusion, however, is generally inadequate to
support energy metabolism and robust growth in the dark (FAY, 1983).

Besides glucose, the uptake of many carbohydrates is through the pentose phosphate
pathway after being transformed into one of the intermediates. The most significant are the
polysaccharides (starch) in addition to disaccharides (maltose, lactose, trehalose and
sucrose) and monosaccharides (fructose, mannose and galactose) (OSANAI et al., 2005).
For this to occur, polysaccharides and disaccharides were undergo hydrolysis into
monosaccharides (KNOWLES & PLAXTON, 2003). Several enzymes are involved in these
reactions and are identified in cyanobacterial cultures (FUCHS et al., 1994; GUPTA et al.,
2011).

Particularly for starch, another possibility is the degradation by phosphorolysis through
the reaction catalyzed by the starch phosphorylase enzyme, which catalyzes attack by
inorganic phosphate on the terminal glycosyl residue at the non-reducing end of a starch
molecule. The result is glucose 1-phosphate and starch (n-1) glucose units. Phosphorolysis is
preferable to hydrolysis because glucose 1-phosphate yields more ATP than does free
glucose when subsequently catabolized into pyruvate. Phosphorolysis produces a
phosphorylated glucose (glucose-1-phosphate), which is then converted into glucose-6-
phosphate, without expenditure of cellular energy (1 ATP) required for the formation of
glucose-6-phosphate from free glucose. Therefore only one ATP is consumed by the glucose
monomers in comparison with two ATPs consumed when the reaction starts with free
glucose. Consequently, the cell gets three ATPs per glucose monomer instead of two ATPs,
an economy of one ATP per glucose monomer (WOOD, 1985). Additionally, all cyanobacteria
contain NADP-specific dehydrogenases in high concentrations, such as glucose-6-phosphate
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dehydrogenase and 6-phospho-gluconate dehydrogenase, responsible for oxidation and
decarboxylation of glucose-6-phosphate in two steps into ribulose-5-phosphate. In these
multiple reactions, two molecules of NADPH are generated and subsequently oxidized during
respiratory electron transport, yielding finally two molecules of ATP (PEARCE & CARR, 1969;
PELROY & BASHAN, 1972).

It should be considered that polysaccharides such as glycogen and starch are the
major endogenous reserve of oxidizable substrates in cyanobacteria. These reserves, in the
absence of exogenous carbon source, serve to maintain the level of ATP in the cell in a
process coupled to an aerobic respiratory phosphorylating electron transport chain (SMITH,
1982). The cyanophycean starch (composed of a-1,4-glucan) is similar to glycogen and to the
amylopectin fraction of starch found in higher plants which is deposited in tiny granules
between the thylacoides (VAN DEN HOEK et al., 1995). In these sense, the cells are fully
adapted to this substrate, and their use as exogenous carbon source results in a suitable
substrate for heterotrophic growth of cyanobacteria. The bioenergetics of starch uptake
associated with endogenous acclimation processes explains the substantial performances of
Phormidium sp. in starch (cassava starch) and its modified forms such as maltodextrin.

Therefore, these polysaccharides were uniqgue among the carbohydrates tested,
considering the biomass and lipid productivity. Additionally, fructose can be grouped with
these carbon sources if considering the substrate yield coefficient, as evidenced by cluster
analysis. Finally, to establish a particular carbohydrate as an exogenous carbon source in
culture of the Phormidium sp. both kinetic performance and economic aspects should be
considered, given that about 80% of the total production cost, in heterotrophic systems, is
related to the organic substrates (LI & XU, 2007; LU et al., 2010).

Conclusions

Several monosaccharides, disaccharides and polysaccharides support the
heterotrophic growth of Phormidium sp., although maltodextrin and cassava starch are the
most efficient exogenous carbon sources for heterotrophic production of intracellular
bioproducts.

Phormidium sp. seems to translocate protons across membranes, in particular

conditions, to regulate the intracellular pH within a range that is compatible with cellular
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metabolism. The capacity of alkalinization of culture medium by the cyanobacteria is directly
related to growth performance in a particular exogenous carbon source.

The heterotrophic culture of Phormidium sp. based in carbohydrates as carbon source,
in general, induced the production of saturated fatty acids profiles.

Finally, in order to assess a suitable exogenous carbon source for heterotrophic culture
of Phormidium sp., more than one kinetic parameter or a particular kinetic parameter can be
considered, as evidenced by multivariate cluster analysis, and the choice, generally
determined by economic considerations, must be established in the selection of particular

carbon sources.
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CAPITULO Il

Apresentacao

Finalizada a primeira etapa do projeto, 0 amido de mandioca foi selecionado para a
realizacdo do estudos das condigdes de cultivo. A selegcao do amido de mandioca comercial
deu-se devido aos resultados obtidos e ao fato de apresentar um custo inferior quando
comparado com outros carboidratos analisados. O capitulo em questao, composto pelo artigo
intitulado de “Produgéo de biodiesel de 32 geracdo a partir do cultivo de cianobactéria”,
aborda a otimizacdo das condi¢des de cultivo, temperatura e razdo carbono/nitrogénio, da
Phormidium sp. empregando-se o amido de mandioca como fonte de carbono orgénico bem

como a analise das propriedades do biodiesel obtido.
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Producao de biodiesel de 32 geracao a partir de cianobactéria

Biodiesel production of third generation from cyanobacteria

Erika Cristina Francisco' Mariana Manzoni Maroneze®™ Eduardo Jacob-Lopes® Telma
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RESUMO

O objetivo do estudo foi avaliar o biodiesel de 32 geracao produzido a partir do cultivo
heterotréfico da cianobactéria Phormidium sp. empregando amido de mandioca como fonte
de carbono organico. Um planejamento experimental foi realizado para determinar as
condicoes 6timas de temperatura e razao carbono/nitrogénio (C/N). A partir da obtengéo das
melhores condicbes de cultivo, desenvolveram-se cultivos em batelada e batelada com
alimentacao descontinua em biorreator e avaliou-se determinadas propriedades do biodiesel
produzido. Os resultados indicaram que a temperatura de 30°C e a razdo C/N de 68 sao as
condicoes ideais do processo. As maiores produtividades em biomassa (50,41mg/L.h) e
lipidica (7,49mg/L.h) foram obtidas no cultivo em batelada. Os &cidos graxos com maior
representatividade foram os acidos capréico (65,29%) e oléico (23,88%). As propriedades de
combustao do biodiesel: conteido de ésteres (99,9%), numero de cetano (54,88), indice de
saponificacdo (406,82), indice de iodo (21,47gl2 100g™'), grau de instauragédo (23,88%) e
ponto de entupimento de filtro a frio (39,21°C) se mostraram adequadas as principais

normativas nacionais e internacionais.

Palavras chaves: cianobactéria, biodiesel, cultivo heterotréfico, amido de mandioca.
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ABSTRACT

The aim of the study was to evaluate the third generation of biodiesel produced from
heterotrophic cultivation of the cyanobacteria Phormidium sp. employing cassava starch as
source of organic carbon. An experimental design was performed to determine the optimal
conditions of temperature and carbon/nitrogen ratio (C/N). From the best growing conditions,
have developed cultivations in batch and fed-batch in a bioreactor and evaluated the biodiesel
quality. The results indicate that the temperature of 30°C and the C/N ratio of 68 are the ideal
conditions of the process. The highest biomass productivity (50,41mg/L.h) and lipid
productivity (7,49mg/L.h) were obtained in batch -cultivations. The fatty acids most
representative were caproic acid (65,29%) and oleic acid (23,88%). The fuel properties of
biodiesel: ester content of 99.9%, cetane number of 54,88, iodine value of 21,47 gl100g™",
unsaturation degree of 23,88% and a cold filter plugging point of 39,21°C, comply with the

main international and national standards.
Key words: cyanobacteria, biodiesel, heterotrophic culture, cassava starch.

INTRODUCAO

A grande dependéncia pelos combustiveis fésseis levou ao surgimento de discussdes
sobre questdes como a poluicdo atmosférica e a escassez dos recursos energéticos,
direcionando ao desenvolvimento de tecnologias para a obtencdo de fontes de energias
alternativas e renovaveis, como os combustiveis de 1% a 42 geragdo (MARTIN &
GROSSMANN, 2012). Os biocombustiveis de 32 geracdo sao obtidos a partir do cultivo de
cianobactérias, que possuem a capacidade de acumular 6leo na célula, que apds extracao,
sdo transesterificados para a obtengéo do biodiesel (MATA et al., 2010; HADDAD & FAWAZ,
2013).

As cianobactérias estdo classificadas em um grande grupo de micro-organismos
fotossintetizantes. Algumas espécies apresentam obrigatoriamente o metabolismo
fotossintético, embora outras sejam capazes de crescer sob condi¢coes heterotréficas na total
auséncia de luminosidade e presenca de uma fonte de carbono organico. Os cultivos
heterotroficos superam algumas limitagbes dos sistemas fotossintéticos, como a
dependéncia de luz, podendo viabilizar a produgédo de bioprodutos como lipideos, proteinas,
carboidratos e pigmentos (SUALI & SARBATHY, 2012). Os cultivos heterotréficos séo
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conhecidos por resultarem em elevadas produtividades de bioprodutos (MOHAMED et al.,
2011). Um fator determinante nos cultivos heterotréficos é a escolha da fonte de carbono
organico utilizado, que representa uma dos principais obstaculos para a aplicacao industrial.
O substrato orgénico é estimado em cerca de 80% do custo total do processo, podendo
inviabilizar economicamente o processo. Uma alternativa aos elevados custos € a
substituicdo de determinadas fontes de carbono organico por substratos de baixo custo,
como amidos e solugdes de celulose hidrolisada, podendo reduzir os custos em até 40% (XU
et al., 2006; LI et al., 2007). Além dos substratos organicos sintéticos, residuos industriais
tém sido considerados alternativas promissoras para a minimizagao do custo dos meios de
cultura para o cultivo de cianobactérias (PEREZ-GARCIA et al.,, 2011, QUEIROZ et al.,
2013).

Em face disto, o objetivo do estudo foi avaliar o biodiesel de 3% geragdo produzido a
partir do cultivo heterotréfico da cianobactéria Phormidium sp. empregando amido de

mandioca como fonte de carbono organico.

MATERIAIS E METODOS
Micro-organismo e meio de cultura
A cianobactéria utilizada foi a Phormidium sp., isolada pelo professor Eduardo Jacob-
Lopes (Universidade Federal de Santa Maria) do Deserto Cuatro Cienegas no México
(26°59’N 102°03W). Apos purificacdo, as culturas estoque foram mantidas em tubos de
ensaio contendo meio sintético BG11 (RIPPKA et al., 1979) solidificado com agar-agar
(20g/L). As condigbes de manutencao foram 25°C e intensidade luminosa constante de 1klux.
O meio sintético BG11 suplementado com amido de mandioca, como fonte de carbono
organico exoégeno, foi empregado como meio de cultura. As diferentes razdes
carbono/nitrogénio (C/N) foram obtidas a partir da estequiometria do meio e de uma curva
padrdo construida com diferentes concentragées do amido de mandioca expresso em termos
de demanda quimica de oxigénio (DQO) como expressos na Tabela 1 (APHA, 2005).

46



Tabela 1: Valores das variaveis independentes para os diferentes niveis do delineamento

experimental e concentragdes de amido de mandioca utilizados.

Variavel independente e fonte de Nivel

Simbolo
carbono organico -1.41 -1 0 1 +1.41
Temperatura (°C) X1 23 25 30 35 37
Razao carbono/nitrogénio (C/N) X2 12 20 40 60 68
Concentragao amido (mg/L) 2,5 4,0 8,2 12,3 14,0

Planejamento experimental

O planejamento experimental e as analises estatisticas foram realizados utilizando o
software Statistica 7.0 (STATSOFT, Tulsa, OK, USA). A partir de um planejamento composto
central com cinco niveis e trés repeticoes no ponto central foi avaliado a relacao entre as
condicoes de cultivo (variaveis independentes) e os parametros cinéticos do processo
(variaveis dependentes). As condigdes de cultivo estudadas foram temperatura (23, 25, 30,
35 e 37°C) e razao C/N (12, 20, 40, 60 e 68) e como respostas avaliaram-se a produtividade
de biomassa, a taxa de consumo do substrato e o coeficiente de conversao do substrato em
células. A metodologia de superficie de resposta foi utilizada para determinar as condi¢des

6timas de temperatura e razao C/N.

Cultivo em Erlenmeyers

A otimizagao do processo, mediante o planejamento experimental, foi realizada a partir
do cultivo em frascos Erlenmeyers de 250mL, sendo o volume nominal de trabalho de
150mL, utilizando agitador orbital. Os frascos utilizados foram esterilizados em autoclave a
121°C por 20 minutos e a inoculagdo foi realizada assepticamente. As condigbes
experimentais foram: meio sintético BG11 nas razdes C/N e temperatura, descritas pelo
planejamento experimental, concentragao inicial do inoculo de 100mg/L, pH ajustado a 7,8 e
agitacao constante de 150rpm.
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Cultivos em biorreatores

Os cultivos em biorreator foram realizados em reator de coluna de bolhas construido
de vidro borossilicato, coberto por papel aluminio, com um didmetro externo de 12,5cm e
uma altura de 16cm, resultando numa relagao altura/diametro (L/D) igual a 1,28. O volume
total do frasco bem como o volume nominal de trabalho foi de 2,0L. O sistema de dispersao
de ar consiste em um difusor de 2,5cm de didmetro localizado no interior do reator. A vazéo
de ar foi controlada por rotametros (precisdo = 5%), a entrada de oxigénio e a saida dos
gases foram filtradas através de unidades filtrantes Millex-FG® de 0,22um de diametro.

Operacionalmente, dois modos de operagao foram avaliados: operagao descontinua e
descontinua alimentada. As condigdes de cultivos foram: concentragdo celular inicial de
100mg/L, aeracao constante de 1,0VVM (volume de ar por volume de meio por minuto), pH
ajustado a 7,8, temperatura de 30°C e auséncia de luminosidade. Adotou-se uma razdo C/N
de 68 através da adi¢do de 14,0¢/L do amido de mandioca ao meio BG11. A alimentacao nos
cultivos descontinuos alimentados foram realizadas assim que demanda quimica de oxigénio
(DQO) atingisse a faixa de 6,0g/L. A alimentacdo foi realizada através de uma solugéo

concentrada do amido (7,0g/L), a fim de ajustar a DQO do meio a concentracao de 14,0¢g/L.

Amostragem e métodos analiticos

As amostragens foram realizadas de forma asséptica a cada 24 horas durante a fase
de crescimento do micro-organismo. A dinamica do pH para os cultivos em biorreator, foi
determinada por potencidmetro e a concentragcédo celular através de gravimetria por meio da
filtracdo de um volume conhecido em filtro 0,45um de didmetro. A concentracdo de carbono
organico, expressa em termos de demanda quimica de oxigénio (DQO) foi determinada por
método colorimétrico segundo metodologia proposta por APHA (APHA, 2005).

Ao término do processo a biomassa foi separada do meio de cultivo por decantacéo,
seguido de centrifugacdo, secagem e trituracdo. Para a extracdo de lipideos totais da
biomassa utilizou-se o método de Bligh e Dyer (1959) modificado e a quantidade de lipideos
foi determinada por gravimetria. A saponificacdo e esterificacdo (metilagdo) do extrato
lipidico seco foram realizadas através do método de Hartman e Lago (1976) obtendo-se o
biodiesel. A anadlise qualitativa e quantitativa dos lipideos produzidos foi realizada por
cromatografia gasosa (CG) utilizando-se o cromatografo Varian 3400CX (Varian, Palo Alto,
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CA, EUA). Os acidos graxos foram identificados por comparacao dos tempos de retencao a
partir de um padrao (Supelco, Louis, MO, EUA) e quantificados por area de normalizagao.

As propriedades da qualidade do biodiesel foram determinadas de acordo com
metodologia proposta por Francisco et al., (2010). Avaliou-se o conteudo de ésteres (EC),
namero de cetano (NC), indice de saponificacdo (IS), indice de iodo (Il), o grau de
instauracao (Gl), fator de comprimento da cadeia (FCC) e o ponto de entupimento de filtro a
frio (PEFF).

Analise dos dados cinéticos

Os dados de concentracdo de biomassa foram utilizados na obtencédo da velocidade
maxima especifica de crescimento (In (X/Xo) = umax.t) por plotagem, onde X é a concentracao
celular final (mg/L), Xo € a concentragao celular inicial (mg/L), umax € a velocidade maxima
especifica de crescimento (h'') e t é o tempo de residéncia (h); no célculo da produtividade
de biomassa (Px = (Xo-X).(t-to)), sendo to o tempo inicial (h). No caso dos cultivo
desenvolvidos empregando alimentacodes, levou-se em consideracéo a diluicdo do biorreator
através de correcgoes. A concentracao de carbono organico expressa em termos de demanda
quimica de oxigénio, foi utilizada para calcular a velocidade de consumo do substrato (rs= -
dS/dt), onde S é a concentragao de carbono organico (mg/L) e o coeficiente de conversao do
substrato em células (Yxs= - dX/dS). Os experimentos foram realizados em duplicata e os

dados cinéticos referem-se a média de quatro repeti¢des.

RESULTADOS E DISCUSSAO
Otimizacao do processo — frascos Erlenmeyers

A Tabela 2 apresenta os parametros cinéticos de producdo de biomassa e consumo
de substrato nas diferentes condigdes de razao C/N e temperatura, de acordo com o
planejamento experimental. Observa-se a partir da andlise dos dados uma variabilidade
pronunciada no desempenho do processo em funcdo dos fatores avaliados, obtendo-se
produtividades em biomassa entre 6,33 a 50,72mg/L.h, taxas de consumo de substrato entre
6,46 a 65,82mg/L.h e coeficientes de conversdao do substrato em células entre 0,17 a
0,81mgcsiulas/Mgbaoamide. Estes resultados quando corroborados com a Figura 1 indicam que
razdes C/N de 68 e temperaturas de 30°C favorecem a conversido de amido de mandioca em

biomassa. Comparativamente, as maximas produtividades em biomassa evidenciadas neste
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estudo (50,72mg/L.h.) sdo superiores aos processos similares descritos na literatura, no qual
produtividades em biomassa na ordem de 36,0mg/L.h foram obtidas por Lu et al., (2011), a
partir do cultivo da microalga Chlorella protothecoides em amido de mandioca pré-
hidrolisado.

Tabela 2: Matriz codificada do efeito da temperatura e razdo C/N para a produtividade de
biomassa (Px), taxa de consumo do substrato (rs) e coeficiente de conversdo do substrato

em células (Yxs).

Experimento Temperatura C/N Px rs Yxis
(mg/L.h) (mg/L.h) (mg/mgq)

1 25 25 14,5 25,24 0,96
2 35 25 6,33 6,46 0,81
3 25 60 31,46 50,47 0,86
4 35 60 11,25 65,82 0,17
5 30 40 15,59 17,32 0,70
6 30 40 15,85 17,70 0,81
7 30 40 15,72 17,51 0,75
8 23 40 12,70 21,87 0,58
9 37 40 24,66 53,41 0,46
10 30 12 7,85 16,45 0,41
11 30 68 50,72 55,47 0,67
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Figura 1: Diagramas de contorno para as variaveis produtividade de biomassa (A), taxa de

consumo do substrato (B) e coeficiente de conversao do substrato em células (C).
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Os coeficientes dos modelos, bem como o ajuste dos modelos de predi¢ao, validados
a partir da distribuicdo F (disponiveis no material suplementar) sugerem a existéncia de uma

relacao quadratica entre as variaveis, indicando a aderéncia aos dados experimentais.

Cultivos em biorreator

Com base nas condi¢cbes definidas na etapa anterior, C/N de 68 e temperatura de
30°C, os cultivos em biorreator foram conduzidos mediante dois modos de operacao distintos
(batelada e batelada alimentada descontinua). Neste sentido, os parametros cinéticos
resultantes destes cultivos sdo apresentados na Tabela 3 e Figura 2. A analise dos dados
indica que o cultivo em batelada apresentou taxas de consumo do substrato de 91,43mg/L.h,
concentracbes celulares maximas de 4960mg/L, produtividades de biomassa de
50,41mg/L.h, teor de lipideos de 14,86% e produtividade lipidica de 7,49mg/L.h. Os cultivos
em batelada alimentada, por outro lado, apresentaram menor desempenho cinético para
todos os demais parametros, com excec¢dao do coeficiente de conversdo do substrato em
células (0,82mgcsiulas/Mmgbaoamido) € das concentracdes celulares maximas (9200mg/L), que
foram substancialmente superiores quando comparadas aos cultivos em batelada. A
definicdo da melhor estratégia de condugédo do bioprocesso, entretanto, foi realizada com
base na produtividade em éleo, no qual o processo de batelada demonstrou uma capacidade
produtiva 75% superior a batelada alimentada descontinua, como reflexo principalmente da
baixa capacidade de acumulo de 6leo na célula nos cultivos descontinuos alimentados. De
acordo com Queiroz et al., (2013) os lipideos microbianos s&o produtos intracelulares, e
desta forma, a produtividade lipidica global € o produto do conteddo lipidico da célula,
multiplicado pela produtividade em biomassa, o que faz da produtividade em biomassa é um

critério primario na obtencao de lipideos microbianos.
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Tabela 3: Parametros cinéticos resultantes dos cultivos em biorreator e propriedades do

biodiesel.
Modo de rs Yxis Xmax Px Lipideo PL
Operacao (mg/L.h)  (mMQcelulas/MQPamido) (mg/L) (mg/L.h) (%) (mg/L.h)
Batelada 91,43 0,55 4960 50,41 14,86 6,34
Batelada com
_ ~ 46,29 0,82 9200 4213 10,17 3,14
alimentacao
Fotobiorreator* - 2800 17,30 11,70 2,10
CE [l Gl FCC PEFF
Parametros CN IS 1 .
. (%) (9l2100g™) (%) (%) (°C)
biodiesel
99,99 54,88 406,82 21,47 23,88 12,48 39,21

*Dados obtidos a partir do cultivo autotréfico (Francisco et al., 2010), rs: taxa de consumo do substrato, Yxs:
coeficiente de conversdo do substrato em células, Xmax: concentragdo celular maxima, Px: produtividade de
biomassa, P.: produtividade lipidica, CE = conteudo de éster, CN = numero de etano, IS = indice de
saponificacdo, Il = indice de iodo, Gl = grau de instauracdo, FCC = fator de comprimento da cadeia, PEFF =
ponto de entupimento de filtro a frio.

Em termos de diferentes sistemas de metabolismo, a partir da Tabela 3, ainda

podemos verificar que o cultivo heterotréfico da cianobactéria Phormidium sp. se sobressai

aos sistemas autotréficos, que resultam em concetracdo maxima celular, produtividade de

biomassa, quantidade de lipideos e produtividade lipidica de 2800mg/L, 17,30mg/L.h,
11,70% e 2,10mg/L.h, respectivamente (FRANCISCO et al., 2010).
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Figura 2: Crescimento celular e consumo da fonte de carbono organico (DQO) em batelada
alimentada (circulo aberto: concentracdo de biomassa, circulo fechado: concentracdo do

amido de mandioca).

Estes resultados sado potencialmente atrativos para a produgdo de lipideo por
Phormidium sp., uma vez que este micro-organismo € capaz de converter eficientemente
uma fonte organica de carbono abundantemente disponivel no mercado internacional. Os
processos similares, normalmente sdo conduzidos a partir da hidrolise enzimatica deste
substrato, acarretando em operacdes unitarias adicionais, que impactardo os custos

operacionais do processo produtivo (LU et al., 2011; WEI et al., 2009).

Caracteristicas do biodiesel

O perfil de acidos graxos do lipideo é o principal fator que determina as caracteristicas
do biodiesel. Ao total identificaram-se quatro diferentes acidos graxos majoritarios: acido
caproico (65,9%), acido oléico (23,88%), acido caprilico (5,43%) e acido estearico (5,39%).
Desta forma, o perfil de acidos graxos foi predominantemente saturado (76,11%) e
monoinsaturado (23,88%). Knothe (2005) reporta que Oleos com composicao
predominantemente saturada e monoinsaturada sdo os mais adequados para a sintese de

biodiesel, pois produzem combustiveis com propriedades ideais ao uso em motores a diesel.
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A composicao lipidica estd diretamente relacionada ao tipo de cultivo, sendo assim, a
Phormidium sp. apresenta diferenca significativa na fragao lipidica quando comparada com o
cultivo autotréfico, aonde verifica-se uma poducdo predominante de acidos graxos
monoinsaturados (63,87%), seguida de saturados (29,72%) e poli-insaturados (6,22%). O
perfil de acidos graxos neste sistema, autotréfico, se apresenta com maior variedade,
resultando em um total de 26 acidos graxos, sendo majoritarios os acidos oleico (25,92%),
palmitoléico (12,29%), esteérico (12,25%), miristoléico (16,61%) e heptadecandico (9,8%)
(FRANCISCO et al., 2010).

Com base nessa matriz oleaginosa, a sintese do biodiesel produziu um combustivel
(Tabela 2) com conteudo de ésteres de 99,9%, numero de cetano de 54,88, o indice de
saponificacdo de 406,82, indice de iodo de 21,47gl2 100g™!, grau de instauragédo de 23,88%,
fator de comprimento da cadeia de 12,48% e ponto de entupimento de filtro a frio de 39,21°C.
As propriedades de combustdo avaliadas sao comparaveis ao biodiesel de soja
(FRANCISCO et al.,, 2010) e estdao de acordo com as normas Norte Americanas (ASTM
6751, 2002), da Unidao Europeia (EN 14214, 2003) e brasileiras (ANP 255, 2003) para
biodiesel, o que sugere a potencialidade de exploracdo do biodiesel obtido a partir da
biomassa da Phormidium sp., nas condicdes avaliadas.

CONCLUSAO

A produtividade em biomassa da cianobactéria Phormidium sp. a partir de amido de
mandioca é otimizada em razées C/N de 68 e temperaturas de 30°C. O cultivo em biorreator
operado descontinuamente (batelada) apresentou melhor desempenho na producéo de éleos
unicelulares (7,49mg/L.h) quando comparado a operacdo de batelada com alimentacao
descontinua (4,28mg/L.h). O perfil de &cidos graxos foi predominantemente saturado
(76,11%), resultando em um biodiesel com propriedades de combustdo dentro das principais
normativas nacionais e internacionais. Neste sentido, os resultados obtidos demonstram a
potencialidade de exploracado deste tipo de processo para a producao de biodiesel de 32
geracao.
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SUPLEMENTO

Tabela 4: Coeficientes do modelo estimados por regressao linear para as variaveis

estudadas.
Erro o Estimativas por
Fator Efeitos _ t(5) P Coeficientes .
Padréao intervalo
-95% +95%
Px (mg/L.h)

Média 15,75 0,07 209,87  0,00002 15,75 15,42 16,07

X1 (L) -2,88 0,09 -31,36  0,00101 -1,44 -3,28 -2,49

X1 (Q) -1,15 0,10 -10,49  0,00896 -0,57 -1,62 -0,67

Xz (L) 20,64 0,09 224,23  0,00002 10,32 20,24 21,03

X2 (Q) 9,51 0,10 86,62  0,00013 4,75 9,04 9,98

X1x X2 -6,02 0,13 -46,30  0,00046 -3,01 -6,57 -5,46

rs (mg/L.h)

Média 17,51 0,11 159,62  0,00003 17,51 17,03 17,98

X1 (L) 10,29 0,13 76,48  0,00017 5,14 9,71 10,86

X1 (Q) 20,29 0,16 126,38  0,00006 10,14 19,60 20,98

Xz (L) 35,00 0,13 260,17  0,00001 17,50 34,42 35,58

X2 (Q) 18,60 0,16 115,86  0,00007 9,30 17,91 19,29

X1x X2 17,06 0,19 89,81 0,00012 8,53 16,24 17,88

Y x/s (MQbiomassa/MYDQ0amido)

Média 1,75 0,03 55,24  0,00032 1,75 1,61 1,89

X1 (L) -0,25 0,03 -6,49 0,02288 -0,12 -0,42 -0,08

X1 (Q) -1,15 0,04 -24,80  0,00162 -0,57 -1,35 -0,95

Xz (L) -0,09 0,03 -2,39 0,13893 -0,04 -0,26 0,07

X2 (Q) -1,13 0,04 -24,35  0,00168 -0,56 -1,33 -0,93

X1x X2 -0,27 0,05 -4,91 0,03907 -0,13 -0,50 -0,03
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Tabela 5: Analise de variancia para o ajuste do modelo.

Fonte Soma Graus de Média Fo
Variacao Quadratica Liberdade Quadratica
Px (mg/L.h)
Regresséo 1629,77 1 1629,772 45000,602
Residuos 0,32 9 0,036 -
Falta de
Ajuste 0,29 3 0,097 '
Erro Puro 0,03 6 0,005 -
Total 1630,09 10 - -
rs (mg/L.h)
Regresséo 4163,97 1 4163,97 42492,922
Residuos 0,88 9 0,09 -
Falta de
Ajuste 0,81 0,27 )
Erro Puro 0,07 0,01 -
Total 4180,93 10 - -
Y x/s (MQbiomassa/MYDQ0amido)
Regresséao 2,487 1 2,487 26,682
Residuos 0,838 9 0,093 -
Falta de
Ajuste 0,832 0,277 '
Erro Puro 0,006 0,001 -
Total 3,326 10 - -

aF%9;005=5,12
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CAPITULO IV

Apresentacao

O Capitulo IV apresenta o terceiro artigo desenvolvido e intitulado de “Heterotrophic
cultivation of cyanobacteria: The process intensification of bulk oil production”. Esta etapa
contempla o estudo de diferentes estratégias no cultivo heterotrofico da cianobactéria
empregando como substrato a manipueira, efluente oriundo do processamento da mandioca.
A partir de um prévio estudo para verificar a concentragdo adequada da manipueira,
desenvolveu-se diferentes estratégias de cultivo, avaliou-se o perfil lipidico produzido e a

viabilidade econémica do processo.
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ABSTRACT

The heterotrophic cultivation of cyanobacteria can be an inexpensive alternative to
photoautotrophic systems in achieving high productivity cell. Water demand and use of high-
cost organic substrates can be seen as factors that prevent the use of systems heterotrophs
in cultures of microorganisms. The use of agro-industrial effluents with high organic content
like the culture medium can be an economical alternative to substitute commercial substrates.
In this sense, the objective of this study was the use of different strategies in heterotrophic
cultures of cyanobacteria Phormidium sp. employing cassava wastewater as organic carbon
source. From the cultures in shake-flasks cultivation, the results demonstrated that
concentration of 60% resulted biomass productively (15.05mg/L.h) and maximum cell
concentration (5210mg/L) with most representative. The extrapolation of cultures conditions
for bioreactors under three different systems, batch cultures (System A) and batch cultures
with discontinuous feeding (Systems B and C) demonstrated maximums cellular densities of
System A (12010mg/L), System B (8162mg/L) and System C (5200mg/L). It was found that
with the use of cassava wastewater as a substrate, it is possible to obtain a reduction of 0.53
(System A), 0.58 (System B) and 0.57cent/m?3 (System C), respectively when compared with
conventional substrates such as ammonium nitrate, sodium phosphate and glucose. The
results demonstrating the potential in the use of cassava wastewater in cultivation of
cyanobacteria Phormidium sp. in different strategies of heterotrophic systems.

Keywords: Cyanobacteria/microalgae; biomass productivity; heterotrophic; cassava

wastewater
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1. INTRODUCTION

Cyanobacteria and microalgae are a large group of microscopic algae that have
unexplored metabolic versatility. Although certain species must be photoautotrophic, many
have the ability to grow in heterotrophic systems, either sequentially as simultaneously. There
are also reports of species that grow only in heterotrophy (LEE, 2001; CHOJNACKA &
MARQUEZ-ROCHA, 2004). Although earlier studies suggest species that use organic carbon
sources as substrates in heterotrophs systems, a number of commercially important
heterotrophic microalgae that have high performance in certain processes, such as fed-batch
cultivation, is still very limited (GLADUE & MAXEY, 1994; BUMBAK et al., 2011).

According to Chen and Johns (1991), the marketing of products obtained from the
cultivation of microalgae can be an obstacle to large scale production, since they have low
productivity in comparison to other microbial systems. The final cost of the biomass produced
in a heterotrophic depends essentially of the process employed and the conditions of
cultivation. A further important factor to be considered is the cell yield per unit mass of usually
costly carbon source used in the process, such as glucose (BOROWITZKA, 1992; LEE,
1997).

To obtain high cell concentrations and high vyields of products in heterotrophs
processes there is a need to develop appropriate strategies, which can be selected from a
process optimization. Generally strategies are based on understanding and exploiting the
adaptability of the composition of the biomass within upper and lower limits defined by
different culture conditions and formulations of culture medium (CARVALHO et al., 2006;
GROBBELAAR, 2004; HU, 2004).

Heterotrophic cultures can be developed in different ways, such as batch, fed-batch
and continuous cultures, and in each can be operated under different strategies. The batch
system, with lower complexity, presents advantages like low capital investment and simple
operation, but it is not a system designed for the achievement of high cell concentrations. In
general, microalgae have low tolerance to médium with high substrate concentrations, as in
batch cultures (CHEN and JOHNS, 1994).

Known as the most efficient technique for systems designed high yields of biomass
fed-batch cultivation provides obtain high cell density in a short time and in a controlled
manner. High performance are achieved by controlling the rate of addition of the energy
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source in case of heterotrophic systems, comprising feeding the organic substrate. Different
compositions and efficient biomass production can be achieved through variations in the
power system (BUMBAK et al., 2011).

Another system heterotrophic usually employed are the continuous cultivations that are
classified by using mathematical functions that describe the time dependence of the rate of
addition of substrate. In continuous cultures, addition of the substrate is held at constant rates
and predefined. Strategies aimed at obtaining certain products can also be developed in
these systems, through the addition of the substrate at a rate lower than the rate employed for
high cell concentrations (WEN & CHEN, 2002; WU & SHI, 2007; BUMBAK, 2011).

From this information, the objective of this study was the use of different cultivation
strategies from process optimization using cassava wastewater as a source of organic carbon

in heterotrophic cultures of cyanobacteria Phormidium sp. to obtain high cell densities.

2. MATERIAL AND METHODS
2.1 Microorganisms and culture media

Axenic cultures of Phormidium sp. were originally isolated by professor Eduardo
Jacob-Lopes (Federal University of Santa Maria) from the Cuatro Cienegas desert (26°59'N,
102°03'W-Mexico). Stock cultures were propagated and maintained in solidified agar-agar
(20g/L) containing synthetic BGN medium (RIPPKA, 1979) with the following composition
(g/L): K2HPO4 (0.03g.L"), MgSOs4 (0.075g.L"), CaCl2.2H20 (0.0369.L™"), ammonium citrate
and iron (0.0006g.L"), Na2EDTA (0.001g.L""), NaCl (0.00072g.L""), NaNOs (0.015¢g.L"), citric
acid (0.0006g.L"), Na2COs (1.5g.L"), trace metals [H3BOsz (0.0028g.L"), MnCl2.4H20
(0.0018g.L"), ZnS04.7H20  (0.00022g.L"), Na2Mo0O4.2H20 (0.00039g.L"), CoS04.6H20
(0.000049.L")]. The incubation conditions used were 25°C, a photon flux density of 15
umolm™ s™' and a photoperiod of 12h. To obtain the inoculums in the liquid form, 1mL of
sterile synthetic medium was transferred to slants, the colonies were scraped and then
homogenized with the aid of a mixer tubes. The entire procedure was performed aseptically.

2.2 Wastewater

Cassava wastewater was used in the experiments as a culture medium. The
wastewater was obtained from the flour cassava industry (Garca, SP, Brazil). It was collected
from the discharge point of the step of pressing a period of 12 months, from January to
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December 2012, and analyzed for pH, chemical oxygen demand (COD), total nitrogen (N—
TKN), phosphorus (P-POs*), total solids (TS), suspended solids (SS) and volatile solids (VS)
following Standard Methods for Examination of the Water and Wastewater (APHA, 2005), the
results being presented in Table 1. The composition of this wastewater is generally variable,
seasonal variability of the species and origin of the raw material. The carbon/nitrogen ratio
(C/N) and nitrogen/phosphorous ratio (N/P) were calculated through COD, N-TKN and P-

POs*) and adjusted when necessary with dilution of wastewater cassava in water.

Tab. 1: Average composition of wastewater from cassava industry.

Parameter Value

pH 5.47+0.05
COD (mg/L) 24000+353.55
N-TKN (mg/L) 250+14.15
P-PO3s* (mg/L) 166.48+11.65
TS (mg/L) 35410+289.91
SS (mg/L) 25315+222.74
VS (mg/L) 10095+137.88
C/N 96+4.24
N/P 1.50£0.07

number of samples = 20.

2.3 Shake-flasks cultivation

A prior study to assess the adequate concentration of cassava wastewater to be used
in cultures in bioreactors was developed from Shake-flasks. The Shake-flasks were
previously sterilized by autoclaving at 121°C for 20 minutes containing different dilutions. The
experimental conditions were as follows: different concnetrations (5, 10, 20, 40, 60, 80 and
100%) of cassava wastewater in distilled water (v/v), initial concentration of inoculum of
100mg/L, temperature of 30°C, pH adjusted to 7.6, stirred at 200 rpm in a shaking incubator
and absence of light.

2.4 Bioreactors
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Measurements were made in a bubble column bioreactor. The system was built of
borosilicate glass, covered with aluminum foil, and had an external diameter of 12.5cm, a
height of 16cm, resulting in a ratio height/diameter (h/D) equal to 1.28 and a nominal working
volume of 2.0L. The dispersion system of reactor consisted of a 2.5cm diameter air diffuser
located inside the bioreactor. The air flow was monitored by flow meter (KI-Key Instruments®,
Trevose-PA, USA) and the inlet of air and outlet of gases were filtered though filtering units
made up of polypropylene membrane with a pore diameter of 0.22um and total diameter of
50mm (Millex FG®, Billerica-MA, USA). The bioreactor including filtering units was previously
sterilized in autoclaving at 121°C for 40 minutes and then for 30 minutes containing synthetic
medium. The experimental conditions were as follows: cassava wastewater dilution of 60%
(COD = 14000mg/L) in distiled water (v/v), initial concentration ofinoculum of
100mg/L, temperature of 30°C, pH adjusted to 7.6, aeration of 1 VVM (volume of air per
volume of culture per minute) and absence of light.

Three different modes of operation were developed. All systems employed cassava
wastewater as culture medium, the System A being developed in batch mode and the
systems B and C in batch mode with discontinuously feedings, wherein the System B the feed
solution constituted by starch concentrated and System C cassava wastewater undiluted. The
systems B and C feeds were performed discontinuously so that the COD reached the

average concentration of 6000 mg/L.

2.5 Sampling and analytical methods

Samples were collected aseptically in a laminar flow hood previously sterilized. The
tips used for sample collection were previously sterilized by autoclaving at 121°C for 20
minutes. The cellular concentration, the pH dynamics and the consumption of organic carbon
were monitored every 24 hours during the growth phase of microorganism. The experiments
were performed in duplicate and kinetic data refer to the average of four repetitions.

The dynamics of pH was determined by potentiometer (Mettler-Toledo, Sao Paulo-SP,
Brazil). The cell concentration was gravimetrically evaluated by filtering a known volume of
culture medium through a 0.45um membrane filter (Millex FG®, Billerica-MA, USA), drying at
60°C for 24h. The organic carbon concentration was expressed in terms of chemical oxygen
demand (COD) analyzed according to the closed reflux, colorimetric method of Standard
Methods for the Examination of Water and Wastewater (APHA, 2005).
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2.6 Kinect parameters

Biomass data were used to calculate the biomass productivity [Px = (Xi-Xi-1).(ti-ti-1)",
mg/L/d], the maximum specific growth rate [In(Xi/Xo) = pmaxt, 1/d] was ploted, the generation
time [tg = 0.693/umax, d] and the lipid productivity [PL = Px.Lc, mg/L/d], in which Xo is the initial
biomass concentration, Xi is the biomass concentration at the time ti and Xi-1 is the biomass
concentration at the time ti-1, t is the residence time, umax is the maximum specific growth rate
and Lc is the lipid content of the biomass (%). The different organic carbon sources were
used to calculate the substrate consumption rate (rs= - dcoo/dt, mg/L/d) and the substrate
yield coefficient (Yxis= - dX/dcop, mgbiomass/mgcopsubstrate), Where COD is the carbon organic
demand (mg/L) and t is the time (d).

2.7 Extraction and determination of total lipids

The lipid fraction was extracted from the biomass by the Bligh and Dyer method (1959)
obtaining an immiscible system consisting of the sample water content and a mixture of
chloroform and water. The total lipid concentration was determined gravimetrically from the
chloroform extract by evaporating the chloroform in an atmosphere of nitrogen and

subsequently drying to constant weight in a vacuum oven.

3. RESULTS
3.1 Shake-flasks cultivation

Table 3 shows the results for the different cassava wasteater concentrations. The
concentration of 60% was more efficient for obtaining biomass, and that the productivily in
biomass was 15.05mg/L.h and maximum cell concentration was 5210mg/L, shorter
generation time (10.12h). The cultivation employing the concentration to 60% also resulted in
a maximum specific growth rate and substrate vyield coefficient of 0.068h"' and
0.72mgpiomass/mgcopstarch. With this, it appears that this concentration is suitable for
investigation of biomass on a larger scale, such as systems that use bioreactors.
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Tab. 2: Kinetics parameters for different concentrations of cassava wastewater.

Concentration Hmax tg Xmax Px rs Yxis
Y% (V/v) (h" (h) (mg/L)  (mg/L.h) (mg/L.h) (MQbiomass/MQcoDstarch)

5 0.029 23.40 580 1.23 10.27 0.36

10 0.035 19.70 860 3.42 16.22 0.38

20 0.046 14.70 1555 4.84 24.86 0.43

40 0.051 16.67 3610 6.63 41.33 0.59

60 0.068 10.12 5210 15.05 68.29 0.72

80 0.047 14.47 4020 10.71 82.48 0.61

100 0.014 46.52 2180 9.49 151.60 0.13

(v/v): volum of wastewater cassava/volum of distilled water, umax: maximum specific growth rate, tg: generation
time, Xmax: maximum cell concentration, Px: productively in biomass, rs: substrate consumption rate, Yxs:
substrate yield coefficient.

Relative to the substrate consumption, although the resuly for concentration of 60% is
less than others (80% and 100%), the culture showed greater efficiency of substrate
consumption rate (68.29mg/L.h) when compared to study employed cassava starch as a
carbon organic source for the microalgae Chlorella protothecoides, which was 2.5mg/L.h (LU
et al., 2010).

It also appears that the use of cassava wastewater without dilution demonstrates
considerable biomass production, resulting in a maximum cell concentration of 2180mg/L and
productively in biomass of 9.49mg/L.h, making it economically viable and environmentally

friendly since the use of water for dilution is not necessary.

3.2 Analysis of different operating modes in bioreactor.

The Figure 2 shows the cell growth and chemical oxygen demand (COD) curve in
System A. The maximum specific growth rate of the batch culture was 0.049h-! and the
maximum cell density of 5299mg/L. The cell growth and organic carbon consumption for the
Systems B and C are shown in Figures 3 and 4 and the maximum cell density were
12010mg/L and 8162mg/L, respectively. Fed-batch cultures with microalgae Chlorella
protothecoides employing hydrolysate cassava starch as organic carbon source showed
maximum cell concentrations of 48g/L and 53¢g/L (LIU et al., 2010; 2011).

67



— 15000
_—14EIDEI
-_13EIEIEI
-—1EDD[I
-—11EID[I
-—1EIEIEIEI
-—BEIEIEI

- &000

Biomass (mg/l)
(/6w) aoo

- 7000
- &000

- 5000

T T T T T T T T T T T T T T T T T T 4000
] 12 24 38 48 80 72 B4 85 108 120

Time (h)

Fig. 1: Cell growth and organic carbon consumption by chemical oxygen demand (COD)
curve in System A.
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Fig. 3: Cell growth and organic carbon consumption by chemical oxygen demand (COD)
curve in System C (open circle: biomass concentration, closed circle: COD).

The kinetic parameters using different cultures strategies are show in Table 6. The
System A results in higher substrate yield coefficient (0.52mgbiomass/mgcon), content of lipids
(14.08%), productivity in biomass (53.12mg/L.h) and lipid (7.45mg/L.h). Studies employing
cassava starch hydrolysate to supplement the synthetic medium showed productivities in the
range of 37.6mg/L.h (LIU et al., 2010). The use of cassava wastewater has an advantage in
mitigation costs to water, exogenous organic carbon and enzymes such as alpha-amylase
and glucoamylase that are required in starch hydrolysis. Although some species contain a
relatively low lipid content, as in the case of the results obtained with the Phormidium sp.,

high cell productivity can be translated into significant lipid productivity (Pittman et al., 2011).

Tab. 3: Kinetic parameters for different operating systems.

rs Yxis Xmax  Lipid Px PL CEn CErp

(mg/L.h) (mg/mg) (mg/L) (%) (mg/L.h) (mg/L.h) (%) (%)
System A 102.55 0.52 5200 14.03 53.12 7.45 17.59 16.13
System B 105.11 0.39 12010 9.9 35.28 3.49 49.92 52.42
System C 97.99 0.28 8162 9.06 25.60 2.32 31.81 27.84

System A: culture medium composed of cassava wastewater diluted, System B: batch operation with starch
feeding, System C: batch operation with cassava wastewater feeding, rs: substrate consumption rate, Yxs:
substrate yield coefficient, Xmax: maximum cell concentration, Px: productively in biomass, P.: lipid productivity,
CEn: conversion efficiency of nitrogen, CEp: conversion efficiency of phosphorus.

Systems

The System B strategy show the better results for substrate consumption rate,
maximum cell density and conversion efficiency of organic substrate, nitrogen and
phosphorus, of 105.11mg/L.h, 12010mg/L, 78.67%, 49.92% and 52.42%, respectively.
According Pittman and employees (2011), fed-batch systems are listed as one of the
strategies with greater efficiency in the production of biomass and some byproducts. The best
performance obtained for these parameters using cassava starch in feeds can be explained

due to an inhibition likely occurred by high concentrations of nitrogen, phosphorus and other
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nutrients present in cassava wastewater that used in feeds of System C. Probably the lower
performance in systems that utilized feeds, is due to an inhibition in cellular metabolism due
to factors such as lack of a source of nitrogen in the case of System B. In the case of System
C have a reverse situation, the feed solution comprises a significant concentration of various
nutrients such as nitrogen, phosphorous and others.

Heterotrophic systems present economic advantage in the production of biomass,
being widely used in industry microbial. Batch cultures is generally used in laboratory studies
by presenting systems with low complexity, in the case of fed-batch cultures, more complex
models are employees in obtaining high cell density (XIONG et al., 2008; BUMBAK et al.,
2011; SUALI & SARBATLY, 2012).

Glucose is the organic carbon source with higher employment in heterotrophs systems,
his cost is estimated to be about 80% of the total médium cost. A viable alternative to mitigate
the costs would be replacement of glucose by low cost substrates, such as starch and
cellulose-hydrolyzed solution. In the case of starch, the price of glucose is twice as that of his
cost, which means that the medium cost could be reduced about 40% (XU et al., 2006; LI et
al., 2007).

The major advantage of using microalgae in wastewater treatment systems is the cost
reduction in the treatment technology. In the case of agro-industrial effluents, such as
cassava wastewater, a characteristic that differs from other wastes is the high organic load
and representative concentrations of nitrogen and phosphorus, essential components for
microalgal metabolism. (PITTMAN et al., 2011). The Table 7 shows the recovery of the
organic matter, nitrogen and phosphorus present in wastewater, through its bioconversion
systems in heterotrophic cultures employed three different systems. Background can also
analyze how much can be saved by employing such systems out instead of using a synthetic
medium consisting of nutrients such as glucose, sodium phosphate and ammonium nitrate.
Analyzing the results, there is a saving up to 0.53, 0.58 and 0.57cent/m? employ the Systems
A, B and C, respectively, and demonstrating the viability of the use of wastewater in
heterotrophic cultivation of Phormidium sp.
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Tab. 4: Economic aspects of substrates in different cultivation strategies.

Cassava Recovery by bioconversion (g/m?) global economy system (cent/m3)
Parameters wastewater Batch Fed-batch A Batch Fed-batch A
. Fed-batch B Fed-batch B
modified (g/m?3)
COoD# 14.00 9.24 11.01 10.36 0.5 0.5 0.5
N-NTK®b-d 0.14 0.02 0.07 0.04 0.01 0.03 0.02
P-PQO3* cd 0.10 0.02 0.05 0.05 0.02 0.05 0.05

aglucose (500US$/ton), ®ammonium nitrate (500US$/ton), ¢ sodium phosphate (1000US$/ton), Agricultural Prices, National Agricultural
Statistics.
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4 CONCLUSION

Heterotrophic systems with fed-batch culture has been widely employed in microbial
industry by having the most common way to enhance cell density and product concentration.
Due to of the constraint of the substrate through further control, microbial cells undergo
logphase growth during almost the whole cultivation cycle. The use of feed in cultures
coupled with the use of cassava wastewater, as well as organic carbon source feeds into the
System C, demonstrated the feasibility of the process employed for the production of biomass
since there is a large effluent volume generated by the industry of cassava flour. According to
Food and Agriculture Organization of the United Nations (FAO, 2011), Brazil is the second
largest producer of cassava, demonstrating the high availability of the substrate used, which
when not reused requires appropriate treatment to be dropped into bodies of water. The
cyanobacterium Phormidium sp. shown to metabolize the nutrients contained in the cassava
wastewater without this need supplemental another source of organic carbon, resulting in a
process of low cost substrates and mitigation of water use in the production of biomass and
bioproducts such as lipids.
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CAPITULO V

Apresentacao

O quarto artigo que constitui a tese (Evaluation of different nitrogen sources in the
production of oils from Phormidium sp. in heterotrophic systems) esta apresentado no
Capitulo V. O artigo comtempla um estudo de cinco diferentes fontes de nitrogénio (extrato
de levedura, molibidato de aménio, nitrato de sodio, nitrito de sédio e ureia) no cultivo da
cianobactéria Phormidium sp. empregando amido de mandioca commercial como fonte de
carbon organico. A partir da selecdo da melhor fonte de nitrogénio (nitrato de sodio) para as
condicoes empregadas, realizou-se um estudo do acumulo do lipideo a partir da deplecao
total da fonte de nitrogénio apés iniciada a fase de crescimento do micro-organismo. A
selecao do amido como substrato orgénico se deu devido a auséncia de nitrogénio em sua
composicao, facilitando a deple¢cdo empregada no estudo de acumulo lipidico.
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Abstract

The cyanobacteria have great potential for aquaculture industries, bioproducts, bioenergy and
bioremediation, as in the reduction of ammonia, phosphorus and organic compounds. The
manipulation of the medium and modes of operation of bioreactors are needed to induce the
production of biomass and bioproducts, such as lipid. Nitrogen is an essential nutrient for the
metabolism of microorganisms and metabolic pathways. The aim of the study was to evaluate
the different nitrogen sources and their depletion in heterotrophic cultures of the
cyanobacterium Phormidium sp. Was studied as a nitrogen source the yeast extract,
ammonium molybdate, sodium nitrate, sodium nitrite and urea, under the C/N ratios of 20, 40
and 60. The cultures conditions that showed better results for lipid production was the use of
sodium nitrate and C/N ratio of 60 , resulting in lipid content of 13.22% and lipid productivity of
7.62mg/L.h. From the depletion of sodium nitrate, after 120 hours of culture, obtained a lipid
productivity and lipid content of 10.43mg/L.h and 25.07%, respectively. The fatty acid profile
showed, in the presence of nitrogen, saturated fatty acid fraction and monounsaturated of
76.72% and 23.88%, respectively. The depletion of sodium nitrate induced a change in the
lipid profile, directing the production of saturated fatty acids (98.97%). The properties of
biodiesel obtained in both steps of the process fall in the standards set by standardization of
the quality of biodiesel.

Keywords: Microalgae/cyanobacteria; heterotrophic metabolism; nitrogen depletion
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INTRODUCTION

The cyanobacteria are known for the production of photosynthetic pigments, are also
sources of various products such as carotenoids, phycobiliproteins and bioactive compounds
as anticancer, antibacterial, antifungal and immunosuppressive agents (BURJA et al., 2001).
Because of potentially important compounds, many cyanobacterial strains are grown in the
commercial sector. Most products are complex organic compounds with unique structures
and can not be synthesized in the laboratory. For this reason, cyanobacteria are known as
"cell factories". Many researches focus on the study of the metabolism of cyanobacteria in
order to produce high value-added bioproducts in large scale (BURJA et al., 2003; HONG &
LEE, 2007).

The heterotrophic cultures of microalgae on a large scale, it is generally advantageous
in relation to costs when compared with photosynthetic systems. However, the superior
performance of biomass productivity is the driving force of these systems. The growth
controlled under aseptic conditions in fermentors decrease the loss of nutrients and increases
the product quality. The final cost of biomass productivity and products is the essential feature
of the farming systems and depends mainly on the cultivation conditions and medium
formulation (BOROWITZKA, 1992).

Many factors are essential for the metabolism of cyanobacteria and direct routes to
produce the desired final product. Among such factors, the availability and source of nitrogen
is one of the most important. Nitrogen is a constituent of estrututal and functional cellular
proteins and under certain cultivation strategies, such as nitrogen limitation, cells may have
high concentrations of lipids, such as in photosynthetic systems employing diatoms and
chlorophytes (LIU et al., 2012).

From these informations, the objective was to study different sources of nitrogen and
evaluate nutrient depletion in heterotrophic cultures of cyanobacterium Phormidium sp.

MATERIALS AND METHODS
Microorganisms and culture media

Axenic cultures of Phormidium sp. were originally isolated by professor Eduardo
Jacob-Lopes (Federal University of Santa Maria) from the Cuatro Cienegas desert (26°59'N,
102°03'W-Mexico). Stock cultures were propagated and maintained in solidified agar-agar
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(20g/L) containing synthetic BGN medium (RIPPKA et al., 1979) with the following
composition (g/L): K2HPOs (0.03g.L""), MgSOs4 (0.075g.L""), CaCl2.2H20 (0.036g.L™"),
ammonium citrate and iron (0.0006g.L""), Na2EDTA (0.001g.L"), NaCl (0.00072g.L""), NaNO3
(0.015g.L™"), citric acid (0.0006g.L"), Na2COs (1.5g.L™"), trace metals [H3BOs (0.0028g.L"),
MnCl2.4H20 (0.0018g.L"), ZnS04.7H20  (0.00022g.L""), NazMoO4.2H20 (0.00039g.L),
C0S04.6H20 (0.00004g.L")]. The incubation conditions used were 25°C, a photon flux
density of 15 pmolm™ s~' and a photoperiod of 12h.

Bioreactor

Measurements were made in a bubble column bioreactor. The system was built of
borosilicate glass, covered with aluminum foil, and had an external diameter of 12.5cm and
height of 16cm, resulting in a height/diameter (h/D) ratio equal to 1.28 and a nominal working
volume of 2.0L. The dispersion system of the reactor consisted of a 2.5cm diameter air
diffuser located inside the bioreactor. The air flow was monitored by flow meter (Kl-Key
Instruments®, Trevose-PA, USA) and the inlet of air and outlet of gases were filtered though
filtering units made up of polypropylene membrane with a pore diameter of 0.22um and total
diameter of 50mm (Millex FG®, Billerica-MA, USA). The bioreactor including filtering units was
previously sterilized by autoclaving at 121°C for 40 minutes and then for 30 minutes
containing the synthetic medium.

Obtaining kinetic data in an experimental bioreactor

Experiments were performed in a bioreactor operating under a batch regime, fed on
2.0L of culture medium. The experimental conditions were as follows: initial concentration
of inoculum of 100mg/L, temperature of 30°C, pH adjusted to 7.8, aeration of 1 VVM (volume
of air per volume of culture per minute) and absence of light. The culture medium consisted of
BGN synthetic medium modified and supplemented with 14g/L of cassava starch and different
sources of nitrogen (yeast extract, ammonium molybdate, sodium nitrate, sodium nitrite and
urea). The different carbon/nitrogen (C/N) ratio were obtained from the stoichiometry of the

medium and nitrogen sources concentration as shown in Table 1.
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Table: 1 different carbon/nitrogen (C/N) ratio and sources of nitrogen concentrations.

Source of nitrogen  C/N 20 C/N 40 C/N 60

(9/L)

Ammonium molybdate 2.18 1.06 0.75
Nitrate sodium 2.18 1.06 0.75
Nitrite sodium 1.75 0.85 0.6
Urea 0.75 0.35 0.25
Yeast extract 2.18 1.06 0.75

Nitrogen depletion

After selection of the nitrogen source with the highest potential for production of lipids,
held experiments in order to evaluate the accumulation of intracellular lipids from the
depletion of nitrogen. The depletion was performed by separating the biomass of the culture
medium, after 120 hours, and added to a new bioreactor containing the synthetic BGN

medium supplemented with cassava starch and absence of any nitrogen source.

Sampling and analytical methods

Samples were collected aseptically in a laminar flow hood previously sterilized. The
tips used for sample collection were previously sterilized by autoclaving at 121°C for 20
minutes. The cellular concentration, the dynamics of pH and the consumption of organic
carbon were monitored every 12 hours during the growth phase of microorganism. The
experiments were performed in duplicate and kinetic data refer to the average of four
repetitions.

The dynamics of pH was determined by potentiometer (Mettler-Toledo, Sao Paulo-SP,
Brazil). The cell concentration was gravimetrically evaluated by filtering a known volume of
culture medium through a 0.45um membrane filter (Millex FG®, Billerica-MA, USA), drying at
60°C for 24h. The organic carbon concentration was expressed in terms of chemical oxygen
demand (COD) analyzed according to the closed reflux, colorimetric method of Standard
Methods for the Examination of Water and Wastewater (APHA, 2005).

The lipid fraction was extracted from the biomass by the Bligh and Dyer method (1959).

The method of Hartman and Lago (1976) was used to saponify and esterify the dried lipid
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extract to obtain the fatty acid methyl esters (FAMEs). The fatty acid composition was
determined using a VARIAN 3400CX gas chromatograph (Varian, Palo Alto-CA, USA). The
FAMEs were identified by comparison of the retention times with those of the standard

(Supelco, Louis-MO, USA) and quantified by area normalization.

Kinetics parameters

Biomass data were used to calculate the biomass productivity [Px = (Xi-Xi-1).(ti-ti-1)",
mg/L/d], the maximum specific growth rate [In(Xi/Xo) = pmaxt, 1/d] was ploted, the generation
time [tg = 0.693/umax, d] and the lipid productivity [PL = Px.Lc, mg/L/d], in which Xo is the initial
biomass concentration, X is the biomass concentration at the time ti and Xi-1 is the biomass
concentration at the time ti1, t is the residence time, pmax is the maximum specific growth rate
and Lc is the lipid content of the biomass (%). The different organic carbon sources were
used to calculate the substrate consumption rate (rs= - dcoo/dt, mg/L/d) and the substrate
yield coefficient (Yxis= - dX/dcop, mgbiomass/mgcopsubstrate), Where COD is the carbon organic
demand (mg/L) and t is the time (d).

Obtain and analysis of the lipid fraction

The lipid fraction was extracted from the biomass by the Bligh and Dyer method (1959).
The method of Hartman and Lago (1976) was used to saponify and esterify the dried lipid
extract to obtain the fatty acid methyl esters (FAMEs). The fatty acid composition was
determined using a VARIAN 3400CX gas chromatograph (Varian, Palo Alto-CA, USA). The
FAMEs were identified by comparison of the retention times with those of the standard
(Supelco, Louis-MO, USA) and quantified by area normalization.

Results and discussions

The Kinetic parameters for different nitrogen source and C/N ratio are shown in Table
2. From the information that in the cellular composition of the cyanobacterium Phormidium sp.
the lipid content is 8%, there is an accumulation of lipids employing the yeast extract in C/N
ratio of 40, sodium nitrate in the ratios of 40 and 60, sodium nitrite under ratios of 20 and 40
and finally, the urea in the C/N ratio of 20.
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Table: 2 Kinetic parameters for different nitrogen source and C/N ratio.

) C/N rs Yxis Hmax Xmax Lipid Px PL
Source of nitrogen .
ratio (mg/L.h)  (mgcel/mgcon) (h') (mg/L) (%) (mg/L.h) (mg/L.h)
20 108.22 0.37 0.019 4960 4.29 40.50 1.74
Yest extract 40 108.65 0.35 0.068 4660 15.86 47.50 7.53
60 107.57 0.35 0.035 4740 4.37 38.66 1.69
20 25.95 2.41 0.045 9120 1.32 62.57 0.82
Ammonium
40 80.63 0.66 0.027 5220 0.93 35.55 0.33
molybdate
60 48.37 0.51 0.023 3080 2.37 20.55 0.49
20 31.60 0.84 0.038 3980 7.95 26.66 2.12
Sodium nitrate 40 33.14 0.65 0.016 3200 13.22 21.53 2.84
60 30.82 1.20 0.029 6320 20.58 37.02 7.62
20 49.39 0.22 0.017 880 9.71 10.83 1.05
Sodium nitrite 40 55.85 0.43 0.038 2400 14.66 23.85 3.49
60 42.73 0.24 0.039 860 7.13 10.55 0.75
20 50.37 0.92 0.024 5680 12.44 38.75 4.82
Urea 40 45.42 0.98 0.016 6520 5.75 44.58 2.56
60 60.82 0.96 0.029 7140 6.03 48.88 2.95

rs: average rate of substrate conversion, Yxs: substrate yield coefficient, pmax: maximum specific growth rate, Xmax: maximum cell biomass, Px: biomass
productivity, PL: lipid productivity.
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Yeast extract in C/N ratio of 40 resulted in the higher substrate consumption rate
(108.65mg/L.h) and maximum specific growth rate (0.068h"). The substrate yield coefficient,
maximum cell concentration and biomass productivity were obtained with ammonium
molybdate in C/N ratio of 20, being 2.41mgcei/mgcop, 9120mg/L and 62.57mg/L.h,
respectively. For parameters that represent the lipid fraction, the lipid content (20.58%) and
lipid productivity (7.62mg/L.h), representative values obtained using sodium nitrate to a C/N
ratio of 60. Some studies have reported the urea in the range of 0.8-1.7g/L, as nitrogen
source with the highest potential in obtaining lipids in microalgae cultivation under certain
culture conditions, such as photosynthetic systems (XI et al., 2000; SUALI & SARBATLY,
2012).

From the lipid yield under different culture conditions, shown in Figure 1, it appears that
the best source of nitrogen and C/N ratio for heterotrophic cultivation of cyanobacteria
Phormidium sp. employing cassava starch as organic carbon source, is sodium nitrate in C/N
ratio of 60.

0,25
0.2 & NAGO
NI40

0.15 - & YE4
G ¢
= NA40 & u
s 0,1 & N2
- & o 4 na2o u40

0,05 YEGO & & & v

& Aveo YE20 AM20
0 & AM40 &
0 10 20 30 40 50 60 70
Py (mg/L.h)

AM: ammonium molybdate, NA: nitrate sodium, NI: nitrite sodium, U: urea, YE: yeast extract, C/N ratio: 20, 40
and 60.

Figure: 1 Lipid productivity for diffrent nitrogen source and C/N ratio.
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The kinetics parameters obtained in the end of the two phases are show in Table 3, in
the presence of nitrogen (phase A), held until 120 hours, and in the absence of nitrogen
(phase B). From the analysis of the kinetic parameters, there is an increased in the substrate
consumption rate (46.66mg/L.h), the maximum cell concentration (5590mg/L), lipid content
(24.07%) and lipid productivity (10.47mg/L.h) performed after depletion of nitrogen from the
medium.

Hsieh and Wu (2009) report that the induction of lipid accumulation can be performed
from different conditions, such as the depletion of nitrogen, high concentrations of salts and
stress induced by extreme temperatures and light intensities. The properties of biodiesel
obtained for the two phases in the presence and absence of nitrogen source, demonstrating
the regulatory standards for the quality of biodiesel (ASTM 6751, 2002; ANP 255, 2002; UNE
14214, 2003).

Table: 3 Kinetic parameters for sodium nitrate depletion and biodiesel properties.

Kinetic parameters

Phase rs Yxis Mmax Xmax Lipid Px PL
(mg/L.h) (mgcel/mgcon) (h') (mg/L) (%) (mg/L.h)  (mg/L.h)
A 33.14 0.65 0.016 3200 13.22 21.53 2.84
B 46.66 0.46 0.014 5590 25.07 41.59 10.43
Biodiesel properties
Phase EC v Gl LCFS CFPP
CN SV
(%) (g2 100g) (%) (%) (°C)
A 99.99 54.88 406.82 21.47 23.88 12.48 39.21
B 99.97 57.87 432.55 4.64 2.00 1.50 11.76

Phase A: nitrogen phase, phase B: nitrogen depletion phase, rs: average rate of substrate conversion, Yxs:
substrate yield coefficient, umax: maximum specific growth rate, Xmax: maximum cell biomass, Px: biomass
productivity, PvL: lipid productivity, EC: ester contente, CN: cetane number, SV: saponification value, 1V: iodine
value, DU: degree of unsaturation, LCFS: long-chain saturated fator, CFPP: cold filter plugging point.

The cell growth, organic carbon consumption by chemical oxygen demand (COD) and
lipid production curve in nitrate sodium source and C/N 60 are show in the Figure 2. From the
figure, observed that the biomass enters in the stationary phase after 156 hours and lipid
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production in 216 hours, and there was a 11.85% increase in lipid content after depletion of
sodium nitrate.

(%) p1d

Biomass, COD {

B e B B A B s s e s s s el
0 24 48 72 896 120 144 168 192 216 240

Time (h)
Figure: 2 Cell growth, organic carbon consumption by chemical oxygen demand (COD) and
lipid production curve in nitrate sodium source and C/N 60 (open circle: biomass

concentration, closed circle: lipid, open square: organic carbon).

The profile of the fatty acids is shown in Table 4. A total of seven fatty acids were
identified in the phases. In the phase A, the majority was acids caproic (65.9%) and oleic
(23.88%) and in phase B, acids caproic (51.93%) and caprylic (43.62%). It is observed that
the fraction of fatty changes from the depletion of sodium nitrate, from the predominance of
saturated fatty acids (76.72%) and monounsaturated (23.88), to almost totalitarian
composition of saturated fatty acids (98.97%) after depletion.
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Table: 4 Fatty acid profile employing sodium nitrate in a C/N ratio of 60 and depletion of

nitrogen.

120h 144h 168h 192h 216h 240h

Fatty acid
(phase A) (phase B)

C6:0 (%) 65.9 58.4 54.99 52.24 52.08 51.93
C8:0 (%) 5.43 37.49 40.35 42.39 43.41 43.62
C10:0 (%) ND ND ND 4.46 4.32 3.42
C14:0 (%) ND 4.1 3.85 ND ND ND
C18:0 (%) 5.39 ND ND ND ND ND
C18:1n9c (%) 23.88 ND ND ND ND ND
C22:6n3 (%) ND ND 0.16 0.80 0.88 1.00
SFAs (%) 76.72 99.99 99.19 99.81 99.09 98.97
MUFAs (%) 23.88 ND ND ND ND ND
PUFAs (%) ND ND 0.16 0.80 0.88 1.00

Phase A: nitrogen phase, phase B: nitrogen depletion phase, ND: not detected, SFAs: saturated fatty acids,
MUFAs: monounsaturated fatty acids, PUFAs: polyunsaturated fatty acids.

The biomass composition depends strongly of the cultures conditions, so the
manipulation of conditions can be a strategy to obtain desired. An example of strategy may be
the use of depletion of the nitrogen source, which besides being used to induce the lipid
accumulation, is also used to direct the production of a saturated fatty acid fraction, as well as
the production of intracellular starch (HU, 2008; KLOK et al., 2013).

CONCLUSIONS

From the study of the sources of nitrogen used under different carbon/nitrogen ratios
(C/N), it is concluded that sodium nitrate under C/N ratio of 60 showed better performance in
the production of lipids in heterotrophic cultivation of cyanobacteria Phormidium sp. in
systems employing cassava starch as a source of organic carbon. The strategy of depletion
of nitrogen in the cultivation was effective in lipid accumulation, and the absence of nitrogen

source in the middle directed the profile of fatty acids almost completely saturated fraction.
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CAPITULO VI

1 CONCLUSOES GERAIS

A cianobactéria Phormidium sp. apresentou capacidade de se desenvolver a partir do
emprego de diferentes classes de carboidratos, monossacarideos, dissacarideos e
polissacarideos. Entre os carboidratos estudados, a maltodextrina e o amido de mandioca
apresentaram maior eficiéncia na a producao de biomassa e bioprodutos intracelulares. O
emprego dos carboidratos estudados no cultivo heterotrofico da Phormidium sp., em geral,
induz a producao de perfis de acidos gordos saturados.

O planejamento experimental do cultivo heterotréfico da cianobactéria Phormidium sp.
empregando amido de mandioca como fonte de carbono organico proporcionou a otimizacao
da temperatura a 30°C e razao C/N de 68. O cultivo em batelada demonstrou maior eficiéncia
entre os modos de operacao em reator.

A partir da andlise das propriedades do biodiesel, empregando amido de mandioca,
verifica-se seu enquadramento as normas estabelecidas nacionais e internacionais. A
adequacao das propriedades demonstram a viabilidade do emprego de substratos de baixo
custo, como o amido de mandioca, na producdo de biodiesel de a partir do cultivo
heterotrofico da cianobactéria Phormidium sp.

O cultivo heterotréfico da cianobactéria Phormidium sp. apresentou desempenho
superior na producdo de biomassa e lipideos quando comparado ao seu cultivo em
fotobiorreatores.

O estudo empregando diferentes concentragdes de manipueira demonstrou a
potencialidade do cultivo da cianobactéria em questdo, empregando a manipueira sem prévia
diluicdo, mitigando o uso de agua nos cultivos e viabilizando o tratamento do efluente
agroindustrial estudado.

A diluicdo de 60% de manipueira em agua destilada para posterior cultivo em
biorreatores resultou maior produtividade de biomassa, direcionando assim, a extrapolacao
para cultivos em biorreatores. O emprego do Sistema C, batelada com alimentagao
descontinua utilizando manipueira como fonte de carbono organico, demonstra a viabilidade
do processo de produgédo de biomassa acoplado ao tratamento da manipueira, uma vez que
ha a ocorréncia de grandes volumes de efluentes gerados pela industria de farinha de

mandioca.
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A cianobactéria Phormidium sp. demonstrou capacidade de absorver os nutrientes
contidos no efluente estudado sem a necessidade da suplementacdo por fontes externa. A
viabilidade do processo se da devido a mitigacao do uso de grandes volumes de agua na
produgéo de biomassa e bioprodutos.

A partir do estudo das diferentes fontes de nitrogénio, conclui-se que houve um
acumulo de lipideos emrpegando o extrato de levedura sob razédo C/N de 40, nitrato de sddio
nas razdes de 40 e 60, nitrito de sddio sob razdes de 20 e 40 e finalmente, a ureia na razao
C/N de 20. O nitrato de sodio sob relacdo C/N de 60 apresentou melhor desempenho na
producdo de lipidios no cultivo heterotréfico da cianobactéria Phormidium sp. empregando o
amido de mandioca como uma fonte de carbono organico.

A estratégia de esgotamento de nitrogénio no cultivo mostrou-se eficaz no acumulo de
lipidios, sendo que a auséncia da fonte de nitrogénio no meio direcionou o perfil dos acidos
graxos quase que totalmente para a fracado saturada.

2 SUGESTAO PARA TRABALHOS FUTUROS

Realizar o escalonamento do processo heterotrofico da cianobactéria Phormidium sp.
na obtencao de lipideos para a producéo de biodiesel.

Estudar a producdo de diversos bioprodutos a partir do cultivo heterotréfico
empregando efluentes e residuos, como proteinas, carotenoides e pigmentos.

Realizar um estudo de diferentes efluentes e residuos agroindustriais na producao de
biomassa e bioprodutos sem prévia diluicao do efluente a fim de se desenvolver sistemas de
tratamento de efluentes com custos inferiores aos tradicionais.

Avaliar a capacidade de diferentes microalgas e cianobactérias, de metabolizar fontes
de carbono organico de baixo custo, bem como efluentes de diferentes setores.

Empregar diferentes fontes de nitrogénio no cultivo heterotréfico de diferentes
espécies e avaliar as rotas metabdlicas para obtencéo de bioprodutos.
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CAPITULO VII
Anexo 1
CULTIVO DE PHORMIDIUM SP. A PARTIR DE FONTES DE CARBONO ORGANICO

(Resumo do trabalho publicado no XIX Congresso Brasileiro de Engenharia Quimica)

E. C. FRANCISCO!, E. JACOB-LOPES? e T. T. FRANCO!
' FEQ (Faculdade de Engenharia Quimica) - UNICAMP (Universidade Estadual de
Campinas)
2 DTCA (Departamento de Tecnologia e Ciéncia dos Alimentos) - UFSM (Universidade
Federal de Santa Maria)

O cultivo de microalgas em sistemas heterotréficos € uma rota tecnoldgica eficiente que pode
ser empregada na obtencao de biomassa microalgal. O uso de substratos organicos permite
a obtencao de elevadas produtividades através de eficientes conversdes dos substratos. Em
face disto, o trabalho teve como objetivo avaliar diferentes fontes de carbono orgéanico
exdgeno no cultivo da cianobactéria Phormidium sp. Considerou-se os monossacarideos
arabinose, frutose, glicose e xilose, em concentracbes de 12,5g/L. Utilizou-se um bioreator
de coluna de bolhas com relacdo altura/diametro (L/D) igual a 1,28. As condicbes
experimentais utilizadas foram: concentracao inicial de in6culo de 100mg/L, pH de 7,6,
temperatura de 26°C, aeracdo constante de 1VVM e auséncia de luminosidade. Foram
avaliadas as dinamicas do pH, concentracdo celular e consumo de carbono organico, a cada
24 horas durante as fases de crescimento do micro-organismo. Os resultados obtidos
indicaram que a frutose foi a fonte de carbono com maior potencial, apresentando
conversdes de carbono na ordem de 86,6%, associadas a produtividades celulares de
5,61mg/Lh.
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Anexo 2
UTILIZAQZ\O DA MANIPUEIRA EM CULTIVOS MICROALGAIS

(Resumo do trabalho completo publicado no XIX Congresso Brasileiro de Engenharia

Quimica)

E. C. FRANCISCO!, E. JACOB-LOPES? e T. T. FRANCO!
' FEQ (Faculdade de Engenharia Quimica) - UNICAMP (Universidade Estadual de
Campinas)
2 DTCA (Departamento de Tecnologia e Ciéncia dos Alimentos) - UFSM (Universidade
Federal de Santa Maria)

Residuos agroindustriais sdo uma fonte potencial de carbono organico para o cultivo de
microalgas, em funcdo da elevada disponibilidade de matéria organica, nitrogénio e foésforo
presentes nestas aguas residuarias. Nesse sentido, o trabalho teve como objetivo avaliar o
desempenho da microalga Phormidium sp. em diferentes concentragcées de manipueira. A
agua residuaria foi coletada em uma industria de processamento de mandioca e preparada
em diferentes diluicées (v/v) (5, 10, 15, 25, 50, 75 e 100%) com agua destilada. Os
experimentos foram desenvolvidos em erlenmeyers utilizando agitador orbital e as condi¢coes
experimentais utilizadas foram: concentragao inicial de in6culo de 100mg/L, pH de 7,6,
temperatura de 26°C, agitacdo constante de 140rpm e auséncia de luminosidade. Foram
avaliadas as dinamicas do pH, concentracao celular e consumo de carbono organico, a cada
24 horas durante as fases de crescimento do micro-organismo. Os resultados obtidos
indicaram que concentracbes de 75% de manipueira apresentaram melhores desempenhos
na producéo de biomassa microalgal, com produtividades celulares na ordem de 16,2mg/Lh.
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Anexo 3

ASSESSING THE POTENTIAL OF DISACCHARIDES AS EXOGENOUS CARBON
SOURCE IN CULTIVATION OF CYANOBACTERIA

(Resumo do trabalho completo publicado no 15" European Congress on Biotechnology)

E.C. Francisco*, E. Jacob-Lopes, T.T. Franco

Unicamp, Limeira, Brazil

Heterotrophic cyanobacteria have been received increasing attention in recent years,
because they can grow in ordinary stirred bioreactors. The productivity of heterotrophic
cyanobacteria cultures can potentially be much higher than the productivity of phototrophic
cultures. Glucose is the most commonly used carbono source for heterotrophic cultures of
microalgae and cyanobacteria, as is the case for many other microbial species. However, it is
not possible to precisely predict which specific substrates can be used or preferred by any
given cyanobacteria. From this, the study aimed to evaluate the heterotrophic metabolism of
the cyanobacterium Phormidium sp. using disaccharides as exogenous carbono source. The
disaccharides lactose, maltose, sucrose and trehalose was added to the BGN11 modified
medium at concentrations of 11.9 g/L to adjusted the carbon/nitrogen (C/N) ratio of 20. The
experimental apparatus was composed of a bioreactor with a bubble column height/diameter
(H/D) equal to 1.28. The experimental conditions were: initial concentration of inoculum of 100
mg/L, pH 7.6, temperature of 261 -C, constant aeration at 1VVM and absence of light. The
dynamics of pH, cell concentration and consumption of organic carbon was evaluated every
24 hours during the growth phase of the microorganism. The results indicated that trehalose
was the carbon source with the highest potential, with substrate yield coefficient of
0.42mgbiomass/mgsubstrate in parallel to cell productivity of 7.7 mg/L h. From these results it
is concluded that the cyanobacterium Phormidium sp. has the capability of heterotrophic

metabolism disaccharides.
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Anexo 4
CULTIVATION OH CYANOBACTERIA PHORMIDIUM SP. IN CASSAVA WASTEWATER

(Resumo do trabalho publicado no 15" European Congress on Biotechnology)

E.C. Francisco*, E. Jacob-Lopes, T.T. Franco

Cyanobacteria have been used for years in tertiary sewage treatment to eliminate pollutions
compounds after organic matter by conventional secondary treatment. The wastewater must
receive suitable treatment before being discharged into water bodies and several types of unit
processes exist, but these are costly and produce high sludge content. The main limitation in
using these systems is related to the composition of the wastewater and the possible
presence of high concentrations of some compounds frequent in wastewaters from the
agricultural industry that can inhibit the growth. The objective of this study was to determine
the optimum concentration of wastewater of cassava to obtain biomass with cyanobacterium
Phomidium sp. in heterotrophic systems. Heterotrophic cultivation of cyanobacteria was
initially carried out in a 300mL Erlenmeyer flask containing 150mL medium under continuous
shaking (200 rpm), initial concentration of inoculum of 100 mg/L, pH 7.6, temperature of
26x1°C, absence of light and at dilutions of 5, 10, 15, 25, 50, 75 and 100% (v/v) of cassava
wastewater using distilled water. The dynamics of pH, cell concentration and consumption of
organic carbon was evaluated every 24 hours during the growth phase of the microorganism.
The results indicated that the dilution of 50% demonstrated the greatest potential in the
biomass production, with substrate yield coefficient of 0.69mgbiomass/mgsubstrate in parallel
to cell productivity of 8.4 mg/L h. These results show the ability of cyanobacterium
Phormidium sp. in convert significant amounts of organic compounds present in cassava

wastewater.

http://dx.doi.org/10.1016/j.nbt.2012.08.622
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Anexo 5

ASSESSING THE POTENTIAL OF EXOGENOUS ORGANIC CARBON SOURCES IN
CULTIVATION OF CYANOBACTERIA

(Resumo do trabalho publicado no 9™ International Conference on Renewable Resources

and Biorefineries)

Erika Cristina Francisco’, E. Jacob-Lopes?, T.T. Franco'

'University of Campinas, School of Chemical Engineering, Campinas, Brazil
2Federal University of Santa Maria, Food Science and Technology Department, Santa Maria,

Brazil

The cultivation of cyanobacteria can be directed to production of varied products, like human
food and animals feed, fine chemicals, biofuels and fertilizers. Most products produced by
cyanobacteria are organic substances which cannot be synthesized in laboratories. In this
sense, the aim of this study was to evaluate different monosaccharides in the cultivation of
cyanobacteria Phormidium sp. The monosaccharides (arabinose, fructose, galactose,
glucose, mannose and xylose) were added to BGN11 modified medium at concentrations of
12.5g/L. The experimental conditions were: initial concentration of inoculum of 100 mg/L, pH
7.6, temperature of 26+1-C, constant aeration at 1VVM and absence of light. The dynamics of
pH, cell concentration and consumption of organic carbon was evaluated every 24 hours
during the growth phase of the microorganism. The results indicated that fructose was the
carbon source with the highest potential, with substrate vyield coefficient of
0.67mQbiomass/MQsubstrate, Cell productivity of 600.7mg/L.d and maximum cell concentration of
5540mg/L. From these results it is concluded that the cyanobacterium Phormidium sp.
demonstrated ability to metabolize different carbohydrates.
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Anexo 6

PRODUCTION OF HIGH CELL DENSITY OF CYANOBACTERIUM PHORIMIDUM SP.
USING CASSAVA WASTEWATER

(Resumo do trabalho publicado no 9™ International Conference on Renewable Resources

and Biorefineries)

Erika Cristina Francisco’, E. Jacob-Lopes?, T.T. Franco'

'University of Campinas, School of Chemical Engineering, Campinas, Brazil
2Federal University of Santa Maria, Food Science and Technology Department, Santa Maria,
Brazil

The heterotrophic cultivation of cyanobacteria can be an inexpensive alternative to
photoautotrophic systems. Water demand is a factor and may result in the impossibility of
heterotrophic systems and an alternative is the use of agro-industrial effluents with high
organic load, resulting in mitigation of costs and reuse of wastewater that originally are sent
for treatment before discharge into water bodies. The agroindustrial wastewater treatment
causes significant increase industrial costs and its direct disposal in soil or water bodies
causing environmental impacts. In this sense, the aim of this study was the use of cassava
wastewater in fed-batches cultures of cyanobacteria Phormidium sp. aiming high productivity
cell. The experimental conditions were: initial concentration of inoculum of 100 mg/L, pH 7.6,
temperature of 30+1°C, constant aeration at 1VVM, temperature of 30°C, carbon/nitrogen
ratio (C/N) of 68 and absence of light. The dynamics of pH, cell concentration and
consumption of organic carbon was evaluated every 24 hours during the growth phase of the
microorganism. The results indicate biomass productivity of 35.28mg/L.h and maximum cell
concentration of 12g/L, demonstrating the potential in the use of wastewater in cultivation of
cyanobacteria Phormidium sp.
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Anexo 7

OPTIMIZATION OF HETEROTROPHIC CULTIVATION OF PHORMIDIUM SP. FOR
BIOMASS PRODUCTION

(Resumo do trabalho publicado no 9™ International Conference on Renewable Resources

and Biorefineries)

Erika Cristina Francisco’, E. Jacob-Lopes?, T.T. Franco'

'University of Campinas, School of Chemical Engineering, Campinas, Brazil
2Federal University of Santa Maria, Food Science and Technology Department, Santa Maria,
Brazil

Heterotrophic cyanobacteria cultivation is a specific niche of production of metabolic bioproducts. The
heterotrophic route, where possible, overcomes major limitations of producing useful products, from
cyanobacteria, that is, the dependency on light which significantly complicates the process. Studies
show that the use of heterotrophic systems have the disadvantage of using exogenous carbon
sources, which occasionally increase the cost of production, invalidating the obtaining of bioproducts.
In this sense, the aim of this study was to determine the optimal concentration of starch not hydrolyzed
and temperature to produce the cyanobacteria Phomidium sp. The optimization of temperature and
carbon/nitrogen ratio (C/N) was determined by response surface methodology (RSM) coupled with
central composite design (CCD). Heterotrophic cultivation of cyanobacteria was initially carried out in a
Erlenmeyer flask containing 150mL medium BGN11 supplemented with starch under continuous
shaking (200 rpm), initial concentration of inoculum of 100 mg/L, pH of 7.6 and absence of light. The
dynamics of pH, cell concentration and consumption of organic carbon was evaluated every 24 hours
during the growth phase of the microorganism. The results indicated that the greatest potential for
biomass production was obtained fixing the carbon/nitrogen ratio and temperature at the highest level,
68 and 30°C, respectively. The biomass productivity was 50.72mg/Lh and the yield coefficient of the
substrate, 0.67mMQviomass/MQJstarch. T hese results show the ability of cyanobacterium Phormidium sp. in
convert starch not hydrolyzed and providing viability to heterotrophic systems employing exogenous
sources of organic carbon.
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Anexo 8

CULTIVO HETEROTROFICO DA CIANOBACTERIA PHORMIDIUM SP. SOB DIFERENTES
TAXAS DE AERACAO

(Resumo do trabalho completo publicado no XIX Simpésio Nacional de Bioprocessos)
E. C. FRANCISCOQO', M. M. MARONEZE E. 2, JACOB-LOPES? e T. T. FRANCO!

! Universidade Estadual de Campinas, Faculdade de Engenharia Quimica
2 Universidade Federal de Santa Maria, Departamento de Tecnologia e Ciéncia

dos Alimentos

O objetivo do trabalho foi avaliar diferentes aeracées (0,5VVM, 1,0VVM e 1,5VVM) no cultivo
heterotréfico da cianobactéria Phormidium sp. empregando como fonte de carbono orgéanico
exogeno o amido de mandioca. Os cultivos foram desenvolvidos em biorreator de coluna de
bolhas sob temperatura de 30°C e auséncia de luminosidade. Melhores produtividade de
biomassa (50,41mg/L.h), taxa de consumo de substrato (91,43mg/L.h) e eficiéncia na
conversdo do substrato (75,19%) foram obtidas sob aeracdo de 1VVM. A partir dos
resultados obtidos conclui-se que a aeracado de 1,0VVM proporciona melhor o desempenho
no cultivo heterotréfico da cianobactéria Phormidium sp.
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Anexo 9

OTIMIZACAO DAS CONDICOES DE CULTIVO DA CIANOBACTERIA PHORMIDIUM SP.
EM SISTEMAS HETEROTROFICOS

(Resumo do trabalho completo publicado no XIX Simpdsio Nacional de Bioprocessos)
E. C. FRANCISCOQO', M. M. MARONEZE?, E. JACOB-LOPES? e T. T. FRANCO'

T Universidade Estadual de Campinas, Faculdade de Engenharia Quimica
2 Universidade Federal de Santa Maria, Departamento de Tecnologia e Ciéncia
dos Alimentos

O objetivo do trabalho foi analisar as respostas taxa de consumo de substrato e coeficiente
de conversao do substrato em células através da otimizacdo das condicdes de cultivo da
cianobactéria Phormidium sp. em sistema heterotréfico. A partir de um planejamento
experimental foram analisadas as relagdes entre diferentes razbes de carbono/nitrogénio
(C/N) e temperatura obtendo-se como respostas a taxa de consumo de substrato e o
coeficiente de conversao do substrato em células. A maior taxa de consumo de substrato foi
de 65,822mg/L.h sob razdo C/N de 68 e temperatura de 30°C. Para a resposta coeficiente de
conversdo o melhor desempenho, 1,81mgcsiulas/Mgamido, foi Obtido com a razdo C/N de 40 e a
30°C de temperatura.
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Anexo 10

OTIMIZAGAO DO CULTIVO HETEROTROFICO DA CIANOBACTERIA PHOMIDIUM SP.
EMPREGANDO AMIDO DE MANDIOCA COMO FONTE DE CARBONO ORGANICO

(Resumo do trabalho completo publicado no XIX Simpésio Nacional de Bioprocessos)
E. C. FRANCISCO', K. R. V. QUINHONES?, E. JACOB-LOPES?, T. T. FRANCO'

'Universidade Estadual de Campinas, Faculdade de Engenharia Quimica
2Universidade Federal de Santa Maria, Departamento de Tecnologia e Ciéncia dos
Alimentos

O objetivo do trabalho foi realizar uma otimizacédo das condi¢cdes de cultivo da cianobactéria
Phormidium sp. empregando amido de mandioca como substrato. A partir de um
planejamento experimental foram analisadas as relagbes entre diferentes razbes de
carbono/nitrogénio (C/N) e temperatura obtendo-se como resposta a produtividade em
biomassa. A maior produtividade em biomassa foi de 50,72mg/L.h sob razdo C/N e
temperatura de 68 e 30°C respectivamente.
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Anexo 11

REUTILIZACAO DE EFLUENTE AGROINDUSTRIAL NO CULTIVO HETEROTROFICO DA
CIANOBACTERIA PHORMIDIUM SP.

(Resumo do trabalho completo publicado no XIX Simpdsio Nacional de Bioprocessos)
E. C. FRANCISCOQO', M. R. RAGAGNIN?, E. JACOB-LOPES?, T. T. FRANCO!

'Universidade Estadual de Campinas — Faculdade de Engenharia Quimica

2Universidade Federal de Santa Maria — Depto. de Tecnologia e Ciéncia dos Alimentos

O objetivo do trabalho foi avaliar a taxa de consumo do substrato através de diferentes
condigbes de cultivo da cianobactéria Phormidium sp. em sistema heterotréfico empregando
a manipueira como fonte de carbono organico. A partir de um planejamento experimental
foram analisadas as relagcbes entre diferentes razées de carbono/nitrogénio (C/N) e
temperatura obtendo-se como resposta a taxa de consumo do substrato. A maior taxa obtida
foi de 74,07mg/L.h sob razdo C/N e temperatura de 68 e 30°C respectivamente. A partir do
diagrama de contorno (analise dos dados) verificou-se que as melhores respostas para a
taxa de consumo de substrato sdo obtidas fixando-se a razdo C/N e a temperatura no nivel

superior, elevadas temperatura e razdo C/N.
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