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BEDOY A-PEREZ, Juan Carlos. Produciio de metabdélitos secundarios de Pseudomonas
aeruginosa cepa LV: otimizacdo das condi¢des de cultura através da metodologia de

superficie de resposta. 2017. 91 f. Tese (Doutorado em Microbiologia) — Universidade
Estadual de Londrina, Londrina, 2017.

RESUMO

Pseudomonas aeruginosa cepa LV produz em seu metabolismo secundario fenazina-1-acido
carboxilica (PCA), fenazina-1-carboxiamida (PCN), 2-carboxi-2-heptano-indol-3-ona (IDC) e
um composto antibidtico organometalico (OAC), que demonstrou ter atividade
antimicrobiana (PCA e OAC) e efeito elicitor que estimula a inducdo de resisténcia adquirida
(SAR) em plantas (PCN e IDC). Estes metabodlitos possuem um alto potencial para serem
usados nos mais diferentes setores biotecnoldgicos. Porém os rendimentos sdo baixos e sio
necessarios estudos para otimizar os processos de producao tornando menos custosos € mais
produtivos. Portanto, o objetivo deste trabalho foi aumentar a concentra¢do final desses
metabolitos através da otimizagdo das condigdes de cultura analisadas pela metodologia de
superficie de resposta (MSR). Primeiramente, fatores experimentais Unicos foram utilizados
para avaliar os efeitos tanto do tamanho do inoculo quanto dos trés componentes utilizados no
meio de cultivo (peptona, extrato de carne e CuCl,.2H>0) na produgdo final dos metabolitos.
Em seguida, o nivel 6timo das varidveis foi determinado pela MSR utilizando o planejamento
de Box-Behnken. Nesta etapa, as maiores concentracdes de IDC, PCA, PCN e OAC
representaram um aumento, em porcentagem, de 269, 602, 5286 e 84, respectivamente, em
comparagdo com o meio de cultura basico (MCB). Posteriormente, a concentragdo inibitdria
minima (CIM) de OAC contra a cepa LV foi estimada em 15 ug mL!, indicando que a
concentragio obtida (11,11 + 1,05 mg L) era provavelmente a maxima possivel. Em uma
segunda etapa, foi utilizada uma abordagem estatistica de quatro passos para avaliar o efeito
de nove componentes diferentes de meio de cultura (peptona, extrato de carne, proteina de
soja, extrato de levedura, glicose, etanol, solucdo salina, KH>PO4 e triptofano) e dois
parametros fisicos (temperatura e pH inicial), sobre os rendimentos de IDC, PCA e PCN. Dois
planejamentos fatoriais sucessivos foram aplicados para investigar os fatores que afetam a
producdo dos metabdlitos de interesse. ApOs essa analise, a proteina de soja, a glicose, o
extrato de levedura e o KH;PO4 foram otimizados por MSR usando um delineamento
composto central (CCD). Além disso, um dos meios otimizados foi utilizado para determinar
as condi¢des adequadas de temperatura e pH inicial empregando um delineamento fatorial
completo de trés niveis. Estabelecidas as condigdes Otimas, as concentragdes maximas
registradas de IDC, PCA e PCN foram 15,61, 112,89 e 177,31 mg L'}, respectivamente. Em
conclusao, em condi¢des otimizadas, a produgao de IDC, PCA e PCN aumentaram em 42, 38
e 250 vezes, respectivamente, em relagdo ao sistema de producdo. Portanto, essas novas
condig¢des de producdo devem ser implementadas.

Palavras chaves: Pseudomonas. Metabolitos. Otimizagdo. Bioprocesos. Cromatografia



BEDOYA-PEREZ, Juan Carlos. Production of secondary metabolites by Pseudomonas
aeruginosa LV strain: optimization of culture conditions by response surface methodology.
2017. 91 pp. Thesis (Doutorado em Microbiologia) — Universidade Estadual de Londrina,
Londrina, 2017.

ABSTRACT

On the secondary metabolism of Pseudomonas aeruginosa LV strain were determined four
compounds such as phenazine-1-carboxylic acid (PCA), phenazine-1-carboxyamide (PCN),
2-carboxi-2-heptano-indol-3-ona (IDC) and an organometallic antibiotic compound (OAC),
and two showed antimicrobial activity (PCA and OAC) and as elicitor on induction of
acquired resistance (SAR) in plants (PCN and IDC). Thus, these metabolites have a high
potential to be implemented in the most different biotechnological sectors. However, the
current concentrations are low and new studies are required to increase the production with
low cost and more productivity. The objective of this work was to increase the final
concentration of these metabolites trough the optimization of culture conditions analyzing by
the response surface methodology (RSM). First at all, unique experimental factors were used
to evaluate the effects of the compounds used in the culture media (peptone, meat extract and
CuCl2.2H>0) and the inoculum size on the final production of the metabolites. After that, the
inoculum concentration was set at 1% (v/v) and the levels of variables were determined by
RSM using the Box-Behnken design. At this stage, the highest concentration of IDC, PCA,
PCN and OAC increased (%) 269, 602, 5286 and 84, respectively, when compared with the
basic culture medium (BCM). The second step, a four-step statistical approach was used to
evaluate the effect of nine different components of culture medium (peptone, meat extract,
soy protein, yeast extract, glucose, ethanol, saline, KH2PO4 and tryptophan) and two physical
parameters (temperature and initial pH), in the concentrations of IDC, PCA and PCN. Two
successive factorial designs were applied to investigate who factors affect the four metabolites
production. Four components of the culture medium (soybean protein, glucose, yeast extract
and KH>POy,) significantly influenced the IDC, PCA and PCN production and were optimized
by RSM using a central composite design (CCD). One of optimized media was used to
determine the appropriate initial temperature and pH conditions using a three-level complete
factorial design. Once the optimal conditions were established, the maximum recorded
concentrations of IDC, PCA and PCN were 15.61, 112.89 and 177.31 mg L', respectively. In
conclusion, under optimized conditions to produce IDC, PCA and PCN increased by 42, 38
and 250 times, respectively, when compared with the initial production system.

Keywords: Pseudomonas. Metabolites. Optimization. Bioprocess. Chromatography.
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1 INTRODUCAO

Produtos biodegradaveis e eco-amigaveis sdo tendéncias no consumo e
politicas governamentais em todo mundo, em conjunto com a selecado de microrganismos
multirresistentes, a descoberta e o desenvolvimento de novos antimicrobianos de origem
natural sdo essenciais. Consequentemente, a demanda por produtos naturais estd aumentando,
e sua produgdo ¢ agora um campo emergente de pesquisa e oportunidades de negocios. Em
particular, os microrganismos (bactérias, actinobactérias, cianobactérias, micobactérias e
fungos) representam uma das fontes mais prolificas para a producdo de compostos naturais
com atividade biologica e caracteristicas quimicas que ndo existem nas bibliotecas de triagem
de compostos sintéticos. Portanto, os microorganismos foram e continuardo a ser uma das
fontes mais importantes de novos metabolitos secundarios de interesse para diferentes
industrias, para produtos farmacéuticos, cosméticos, quimicos, nutricionais ¢ agricolas.

Embora a identificacdo de cepas e compostos ativos potencialmente uteis
seja decisiva, o aumento da produtividade dos biocompostos ¢ talvez o desafio mais
importante a ser resolvido tanto para fins comerciais como de pesquisa. Neste contexto,
podem ser implementadas varias estratégias, como a sintese quimica, a manipulagdo genética
e o aprimoramento da produgdo baseada em fermentacdo. No entanto, a complexidade
estrutural dos compostos e a falta de compreensdo dos mecanismos de regulacdo celular
podem tornar os processos de sintese quimica e manipulagdo genética muito caros ou
inviaveis. A otimizacdo do meio de cultura adequado para cada cepa bacteriana, bem como a
determinagdo de condi¢des de fermentagao adequadas poderiam ser estratégias-chave para a
producdo de metabolitos em quantidades suficientes. Além disso, ¢ um estagio essencial no
desenvolvimento de experiéncias de escala de laboratorio bem-sucedidas, cujos resultados
poderiam ser posteriormente aplicados em processos de escala piloto e, finalmente, em
produgdo industrial.

Entre os microrganismos, o género Pseudomonas ¢ de grande interesse pela
producdo e obten¢do de novos produtos quimicos e farmacéuticos. As Pseudomonas sp.
desenvolveram um amplo espectro de caracteristicas ecologicas, metabolicas e bioquimicas,
permitindo-lhes adaptar a diversos ambientes e fatores de estresse através da regulacdo da
expressao de diferentes conjuntos de genes em diversas situacdes. Entre os membros desse
género, a espécie P. aeruginosa tem uma capacidade de sobrevivéncia surpreendente em
nichos ecologicos muito diversos, ou seja, uma cepa P. aeruginosa isolada de uma condigao

ambiental especifica pode expressar genes biossintéticos efetivos que nao estdo presentes em
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outros isolados. Assim, as cepas de P. aeruginosa isoladas de diferentes ambientes, que estdo
sujeitas a condicdes de estresse especificas, podem representar espécies potencialmente tuteis
para processos biotecnoldgicos, como a producao de novos compostos e limpeza ambiental.
Estudos realizados no Laboratéorio de Ecologia Microbiana (LEM)
demonstraram que P. aeruginosa cepa LV produz metaboélitos com potencial para o controle
biologico tanto de fitopatdgenos quanto de contaminacgdo bacteriana no processo de producgao
de alcool combustivel, bem como atividade antimicrobiana contra isolados clinicos
multirresistentes. Além disso, no LEM varios estudos estdo sendo realizados usando extratos
microbianos produzidos pela cepa LV que visam avaliar a inducdo de resisténcia em plantas
em condigdes de estufa e campo, e o controle de biofilme na producao de alcool combustivel.
O rendimento de cada composto de interesse (IDC, PCA, PCN e OAC) ¢ muito baixo no
sistema de produgdo, o que dificulta a obtengao para realizar os estudos, sendo necessario um
novo processo de produgdo menos oneroso € com maior produtividade. Portanto, este trabalho
foi realizado com o objetivo de aumentar a producao de quatro metabdlitos secundarios (IDC,
PCA, PCN e OAC) com atividade de interesse biotecnologica produzidos pela P. aeruginosa

cepa LV.
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2 REVISAO DE LITERATURA

2.1 PRODUCAO DE COMPOSTOS NATURAIS DE ORIGEM BACTERIANA

Entre os organismos vivos, os microrganismos (bactérias, actinobactérias,
cianobactérias, micobacterias e fungos) representam uma das fontes mais prolificas para a
producao de metabdlitos com atividades bioldgicas e caracteristicas quimicas que nao existem
nas bibliotecas de triagem de compostos sintéticos (Fedorenko et al., 2015). Antimicrobianos,
toxinas, transportadores de metais, hormonios sexuais, pigmentos, antitumorais, pesticidas,
imunomoduladores, agentes de reducdo do colesterol e imunossupressores sdo alguns
exemplos de metabdlitos secundarios produzidos por bactérias, que sao de interesse para
diferentes industrias, como a farmacéutica, cosmética, quimica, nutricional e agricola
(Gokulan et al., 2014). Além disso, alguns produtos naturais sdo utilizados como materiais de
partida em processos de sintese para produzir novos compostos semi-sintéticos.

Tendéncias no consumo e politicas governamentais em todo o mundo
direcionam para produtos mais eco-amigéaveis e biodegradaveis. Além disso, a selecdo de
cepas resistentes aos medicamentos ¢ um grande fator para busca e desenvolvimento de novos
compostos antimicrobianos (Venil et al., 2013). Conseqiientemente, a demanda por produtos
naturais estd aumentando e sua producdo ¢ agora um campo emergente de pesquisa e de
oportunidades de negocios. No entanto, muitos problemas devem ser resolvidos antes de se
tornar economicamente viavel a fabricacdo de compostos bioativos. Apesar do fato de que
alguns produtos naturais também podem ser sintetizados quimicamente, sua diversidade e
complexidade estrutural podem tornar o procedimento muito caro (Lam, 2007). Na verdade, a
maioria deles sdo complexos e contém varios centros de assimetria que dificultam a producao
comercial através de reacdes quimicas. Assim, a producdo baseada em fermentacgao
microbiana continua sendo a Unica maneira de obter muitos compostos bioativos (Fedorenko

et al., 2015).

2.1.1 Producao Baseada na Fermentagao

A produgdo de metabdlitos secundarios através da fermentagdo submersa
tem algumas limitacdes. Em primeiro lugar, a biossintese dos metabolitos secundarios possui
rendimentos muito baixos, o que dificulta a sua aplicacdo em nivel industrial. Isso se deve ao

fato de que o sucesso dos processos biotecnologicos ¢ determinado pelo custo do
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processamento, que por sua vez ¢ fortemente dependente da concentracdo final do produto
(Woodley et al., 2013). Em segundo lugar, as propriedades finais do produto dependem de
varios fatores, tais como, tensdo bacteriana, meios de cultura e condi¢cdes de fermentacao.
Assim, o processo de produgdo ¢ mais dificil de controlar em comparagdo com a sintese
quimica e o produto bruto ¢ menos previsivel na composi¢do, bem como seu perfil de
impurezas (Brink et al., 2013). Em terceiro lugar, os compostos de interesse estdo
frequentemente presentes como conjugados ou em misturas complexas de extratos (Lam,
2007). Embora tenham sido desenvolvidos diferentes métodos para otimizar o isolamento
destes compostos em formas relativamente puras e concentradas, a recuperacdo destas
espécies moleculares de produto diluido requer procedimentos de purificacdo geralmente
dificeis e dispendiosos (Gil-Chavez et al., 2013).

Para superar esses problemas, os avancos recentes na engenharia metabdlica
e da biologia sintética de bactérias sdo desenvolvidos para melhorar as cepas produtoras e
redirecionar os fluxos metabolicos para os compostos desejados (Jullesson et al., 2015).
Quando os genes envolvidos na sintese de um composto especifico sdo conhecidos, varias
estratégias, tais como, a interrupgdo do gene (knockout de genes) e a super-expressao podem
ser implementadas para aumentar a produ¢do de metabolitos. Além disso, quando a sobre-
expressdo ¢ dificil na estirpe selvagem, a sobre-expressdo heteréloga também pode ser
utilizada. Por outro lado, se os genes envolvidos sdo desconhecidos, o método tradicional de
"mutagdo aleatéria e rastreio", bem como ferramentas de bioinforméatica podem ser utilizados
(Tamano, 2014). A maioria dessas tecnologias depende da compreensdo dos mecanismos
reguladores das células, além de interagdes complexas entre caminhos metabolicos, a fim de
identificar alvos para manipulacdo e prever os niveis 6timos de expressdao génica (Ren et al.,
2017). No entanto, estas informacdes sdo pouco conhecidas e o desenvolvimento de novas
células para aplicagdes industriais sdo limitadas. Para otimizacdo destes processos sdo
necessarias varias rodadas de ciclo de "design-build-test" o que normalmente requer
aproximadamente de 6-8 anos e mais de 50 milhdes de dolares para otimizar o sistema
(Nielsen e Keasling, 2016).

Devido a essas limitagdes, a produgcdo de metabolitos bioativos mais
valiosos ainda estd em fase de pesquisa e desenvolvimento. Mesmo assim, as cepas
microbianas foram e continuardo a ser uma das fontes mais importantes de descoberta e
desenvolvimento de novos metabolitos secunddrios (Salazar e Gormley, 2017). Por
conseguinte, sdo necessarias mais estudos de prospecc¢do bioldgica para isolar, purificar e

identificar novos compostos bioativos e cepas mais adequadas para a produgdao de compostos
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especificos conhecidos. Com o objetivo de aumentar a produtividade dos bioprocessos, como
mencionado acima, talvez seja o desafio mais importante a ser resolvido ndo s6 como
comerciais, mas também para fins de pesquisa, varias estratégias, que ndo envolvem
manipulagdo genética ou ferramentas de triagem de alto rendimento, podem ser
implementadas tais como: (i) planejamento e otimizag¢do de meios de cultura; (ii) aplicacdo de
diferentes estratégias de cultura celular (isto €, batelada, batelada alimentada) e (iii) melhoria
das estratégias de monitoramento e controle (Liste-Calleja et al., 2014). No futuro, através de
novos avancos na manipulacao genética e na biotecnologia industrial, essas cepas poderiam

ser desenvolvidas e adaptadas para produgdo comercial (Krause e Tobin, 2013).

2.2 PLANEJAMENTO E OTIMIZACAO DAS CONDICOES DE CULTURA

Como ¢ de conhecimento, os microrganismos sdo encontrados em uma
ampla variedade de habitats e condigdes, € os fatores quimicos multiplos (carbono, nitrogénio,
vitaminas, minerais, sais e oxigénio) e fisico-quimicos (temperatura e pH) afetam o
crescimento e reproducdo. De fato, a disponibilidade de nutrientes pode desencadear varios
mecanismos especificos de competi¢do microbiana, como produgdo de toxinas, competicao
espacial, predagdo e crescimento rapido (Hibbing et al., 2010). Do mesmo modo, o
crescimento microbiano e a producdo de muitos metabdlitos secundarios (por exemplo,
sideroforos, antimicrobianos e moléculas de sinalizacdo) sdo claramente influenciados por
requisitos nutricionais e condicdes ambientais, que, por sua vez, variam de espécie para
espécie (Hibbing et al., 2010). A otimiza¢do de meios de cultura adequados para cada estirpe
bacteriana, bem como a determinacao de condi¢gdes de fermentacao adequadas sdo estratégias-
chave para a produgdo de metabolitos em quantidades maiores (Arora et al., 2017). Assim, a
otimiza¢do das condi¢des de cultura ¢ um estdgio essencial no desenvolvimento de
experimentos de escala de laboratério bem sucedidos, cujos resultados poderiam ser
posteriormente aplicados em processos de escala piloto e, finalmente, em producao industrial
(Stanbury et al., 2017).

Meétodos convencionais e estatisticos podem ser aplicados para avaliar os
efeitos sobre a produtividade de metabdlitos durante a manipulacdo de variaveis da
fermentagdo. O método convencional, como a estratégia OFAT (One-Factor-at-a-Time), que
muda apenas um pardmetro enquanto mantém outros em um nivel constante, ¢
frequentemente usado para pesquisar fontes adequadas de carbono e nitrogénio. Sua principal

desvantagem ¢ que as interagdes entre fatores, que podem influenciar fortemente o
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bioprocesso, ndo sdo estimadas nesses estudos. Além disso, nos experimentos OFAT ¢
necessario um elevado numero de corridas para realizar a avaliagdo, o que implica em grande
quantidade de esforgo, tempo e recursos, aumentando os custos (Czitrom, 1999). Os
planejamentos experimentais estatisticos levam em consideracdo fatores que variam
simultaneamente, usando um maior nimero de informagdes para encontrar solugdes Otimas
quando comparadas com experimentos de OFAT. Além disso, ¢ preciso um nimero reduzido
de corridas experimentais, sendo ndo apenas mais eficientes e precisos, mas também mais
baratos. Portanto, os métodos estatisticos sdo a maneira mais eficaz de determinar o impacto

de dois ou mais fatores em uma variavel de resposta (Bezerra et al., 2008).

2.2.1 Metodologia de Superficie de Resposta

A Metodologia de Superficie de Resposta (MSR) ¢ uma poderosa técnica
estatistica multivariada para desenvolver, otimizar ¢ melhorar o desempenho de sistemas,
produtos e processos. E altamente util na modelagem e analise de experimentos em que uma
variavel de interesse ¢ influenciada por muitos fatores que variam simultaneamente (Khuri e
Mukhopadhyay, 2010). Na otimiza¢do de processos, experimentos iniciais de triagem sdo
realizados através de planejamentos de primeira ordem (planejamentos fatoriais de dois
niveis, Plackett-Burman e Simplex) com o objetivo de determinar quais dos varios fatores
experimentais apresentam efeitos mais significativos na resposta alvo. Ja planejamentos de
segunda ordem (por exemplo, planejamentos fatoriais de trés niveis, Composto Central, Box-
Behnken e Doehlert) sdo realizados para determinar os pontos 6timos para a amostra dentro
do espaco analisado. Posteriormente, a aptidio do modelo ¢ avaliada, bem como a
necessidade e a possibilidade de realizar um deslocamento em dire¢do a regido ideal.
Finalmente, a validagdo do modelo deve ser realizada (Bezerra et al., 2008).

Conforme mencionado acima, em experimentos de triagem varios fatores
devem ser alterados ao mesmo tempo, o que permite avaliar se um aumento no valor do fator
¢ vantajoso ou ndo na resposta experimental. Os planejamentos fatoriais de dois niveis
completos sdo adequados nesta fase, mas estes requerem um grande nimero de tratamentos
quando ¢ necessario avaliar mais de quatro variaveis. Nesse caso, planejamentos fatoriais
fracionados de dois niveis, bem como, desenhos Plackett-Burman (PBD) podem ser
implementados (Plackett e Burman, 1946). Tais modelos permitem a triagem de grande
numero de fatores com menos experiéncias. No entanto, o PBD requer o menor nimero de

corridas experimentais possiveis e, portanto, ¢ mais econdmico (Khuri e Mukhopadhyay,



18

2010). Embora ignorando as interacdes entre as varidveis, ¢ uma ferramenta simples, mas
eficaz para avaliar um grande numero de varidveis, permitindo um melhor trabalho de
otimizagdo. O PBD foi usado com sucesso para avaliar varios fatores pre-determinados em
processos relacionados com a producdo de compostos naturais, tais como: rastreio de
componentes médios para melhorar ndo apenas a biomassa (Angeli et al., 2017), mas também
a biossintese de enzimas (Vasiee et al., 2016) e metabolitos (EI-Sheekh et al., 2016),
avaliando melhores condigdes de producdo em processos de fermentagdo (Agarabi et al.,
2015); e melhorando a eficiéncia de extracao (Siriano, et al., 2016), bem como desempenho
de separacdo cromatografica (Sahu et al., 2017).

Na fase de superficie de resposta, uma regido que se acredita conter a
localizagdo da resposta 6tima deve ser conhecida. Assim, uma vez que os fatores que
influenciam fortemente o bioprocesso sdo conhecidos, eles sdo priorizados e otimizados
através de modelos de primeiro ou segundo grau. Estudos experimentais de superficies de
resposta quadratica, como o fatorial completo de trés niveis, assim como os planejamentos
Composto Central (CCD) e Box-Behnken (BBD) sdo os mais usados (Bezerra et al., 2008;
Khuri e Mukhopadhyay, 2010). Aqui novamente, o planejamento fatorial completo possui
aplicagdes limitadas porque o nimero de execu¢des necessarias ¢ muito grande quando ¢
necessario avaliar mais de dois fatores. Os modelos BBD (Box e Behnken, 1960) e CCD (Box
e Wilson, 1951) sdo mais eficientes ¢ econdmicos para um grande nimero de varidveis.
Ambas as determinagdes através de BBD e CCD foram usados de forma favoravel por muitos
pesquisadores para otimizar diversas respostas varidveis em varios processos bioldgicos, tais
como, rendimento do produto (Kola et al., 2017; Krupa et al., 2016), taxa de crescimento e
consumo de substrato (Kiran et al., 2016; Koca et al., 2017) e rendimento de extracdo e

purificacdo (Mathimani et al., 2017; Ye et al., 2016).

2.3 GENERO PSEUDOMONAS

O género Pseudomonas (subclasse Gamma de Proteobacteria) é constituido
por mais de 140 espécies de bactérias Gram-negativas, moveis (um ou varios flagelos
polares), em forma de haste e ndo esporulantes (Garcia e Lalucat, 2016). E conhecido por sua
capacidade metabolica versatil e facilidade de ocupar uma ampla gama de ambientes como no
solo de vida livre ou como agente patogénico oportunista em infecgoes.

A maioria das espécies sdo saprofitas da dgua e dos ambientes relacionados

com o solo. Diferentes espécies foram isoladas de todos os tipos de ambientes e condi¢des
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geograficas (por exemplo, sedimentos, amostras clinicas, plantas, fungos, espécimes animais
doentes, agua, solo, rizosfera, mar e desertos), incluindo aqueles considerados como
ambientes extremos (Meyer et al., 2004; Peix et al., 2009). Isso implica que as espécies
pertencentes a este género desenvolveram um amplo espectro de caracteristicas ecologicas,
metabolicas e bioquimicas, permitindo-lhes adaptar nos mais diversos ambientes do planeta
através da regulacao da expressdo de diferentes conjuntos de genes em situagdes diversas.
Embora cepas de Pseudomonas sejam facilmente isoladas, a identifica¢do e diferenciagdo de
espécies no género ¢ mais dificil, pois o género Pseudomonas passou por muitas revisdes
taxondmicas nos ultimos 100 anos (Ozen e Ussery, 2012).

Geralmente, a seqiiéncia de rDNA 16S desempenham um papel fundamental
na identifica¢dao precisa de isolados bacterianos permitindo a descricado de uma cepa em um
género especifico (Woo et al., 2008). No entanto, sua resolu¢do no nivel intragénero ¢ baixa
para Pseudomonas. Portanto, outros genes housekeeping foram propostos para a diferenciacdo
de espécies no género Pseudomonas (Garcia ¢ Lalucat, 2016). Estudos baseados na analise
filogenética de seqiiéncias parciais dos genes 16 rRNA, gyrB e rpoD resultaram no
agrupamento de Pseudomonas em duas linhagens principais e claramente diferenciadas de
grupos intragéneros (Mulet et al., 2010; Yamamoto et al., 2000). A primeira linhagem de P.
fluorescens ¢ dividida em seis grupos (P. fluorescens, P. syringae, P. lutea, P.putida, P.
anguilliseptica e P. straminea), cada um dos quais pode ser dividido em varios subgrupos
sendo representados por diferentes espécies. A segunda, linhagem de P. aeruginosa, ¢
dividido em quatro grupos principais (P. aeruginosa, P. oleovorans, P. stutzeri e P.
oryzihabitans) com varias espécies cada. Além disso, devido a dificuldades envolvidas na
identificacao e diferenciagdo, algumas espécies sdo divididas em categorias intraspecificas de
acordo com suas caracteristicas fisiologicas e bioquimicas, propriedades patogénicas contra

plantas ou por diferenga gendmica (Mulet et al., 2013).

2.3.1 Flexibilidade Gendmica do Género Pseudomonas

O genoma de Pseudomonas ¢ composto por um unico cromossomo circular
grande com tamanhos variando entre 4,57 Mb (Pseudomonas stutzeri — 4209 genes) ¢ 8,6 Mb
(P. bauzanensis W13Z2 — 8.170 genes). No entanto, a partir da analise de todas as sequéncias
genomicas completas de Pseudomonas apenas 25 a 35% dos genes sdo conservados em todas
as espécies. Ou seja, o numero minimo de genes necessarios para qualquer célula ser

considerada como Pseudomonas (genoma do nucleo) representa 30% da informagdo genética
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acumulativa dentro do genoma (pan-genoma), que foi estimado em 25.907 genes (Kahlon,
2016). Isso reflete um alto grau de diversidade e plasticidade no género, uma vez que o pan-
genoma compreende: o genoma do nucleo, 0 genoma acessorio € 0s genes Unicos que estao
presentes apenas em uma cepa particular (Tabela 1) (Silby et al., 2011). Em geral, os genes no
genoma do nucleo contém a maioria dos genes housekeeping, enquanto o genoma acessorio
sdo genes ou sequéncias que podem estar presentes em duas ou mais cepas, mas ausentes em
outros e provavelmente foram adquiridas através da transferéncia horizontal de genes (Ozer et

al., 2014).

Tabela 1. Caracteristicas gerais de alguns genomas de Pseudomonas.

Cepa Tamanho Genes Genes unicos
(bp)

P. aeruginosa PA2192 6.905.121 6203 187
P. aeruginosa C3719 6.222.097 5696 45

P. aeruginosa LESB58 6.601.757 6026 219
P. aeruginosa PA7. 6.588.339 6396 660
P. aeruginosa PAO1 6.264.404 5688 54

P. aeruginosa UCBPP-PA14 6.537.648 5977 143
P. fluorescens Pf0-1 6.438.405 5741 657
P. fluorescens SBW25 6.722.539 6009 1195
P. putida F1 5.959.964 5423 272
P. putida GB1 6.078.430 5515 456
P. putida KT2440 6.181.863 5481 422
P. putida W619 5.774.330 5292 418
P. syringae pv. phaseolicola 1448 5.928.787 5436 263
P. syringae pv. syringac B728a 6.093.698 5245 216
P. syringae pv. tomato DC3000 6.397.126 5721 330

Nota. Adaptado de “Pseudomonas genomes: diverse and adaptable” by, Silby, M.W.,
Winstanley, C., Godfrey, S.A.C., Levy, S.B, Jackson, R.W., 2011. FEMS Microbiology
Reviews, 35 (4), 652—-680.

A grande versatilidade metabolica e fisioldgica, proporcionada tanto pelo
genoma acessOrio como pelas sequéncias Unicas, confere as espécies de Pseudomonas

algumas vantagens sob certas condigdes seletivas, como degradacdo de poluentes ambientais,
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resisténcia a multiplas classes de antibidticos e producdo de novos metabdlitos secundarios
(Ozer et al., 2014). Devido a isto, os membros deste género sdo de grande interesse pela
producao e exploracao biotecnoldgica de novos produtos quimicos e farmacéuticos. As
espécies de Pseudomonas podem produzir peptideos ndo ribossémicos (pioverdinas,
pirololeia, pseudomonina e pseudoverdina), lipopeptideos ciclicos (CLP) (siringomicina,
siringopeptina, arrofactina, massetélidos, putisolvina, safracina, tabtoxina, faseolotoxina,
pirrolitrin e Indole-3-4cido acético (IAA)), polipeptideos (PK) e compostos derivados de
acidos  graxos (mupirocina, rizoxidos, 2,4-diacetilfloroglucinol (DAPG), 2,5-
dialquilresorcindis), compostos hibridos de NRP-PK (siringolin, pioluteorin, coronatina e
pederina), fenazinas, quinolonas, cianeto de hidrogénio (HCN), promersalina, 3-metilarginina,
e exoenzimas hidroliticas, tais como, proteases, celulases, quitinases e P-glucanases, entre
muitos outras de estrutura desconhecida (Li et Al., 2011; Braun et al., 2010; Gross e Loper,
2009; Weller, 2007). Esta enorme gama de produtos naturais desempenha papéis importantes

nos diversos ambientes em que sdao encontradas estas cepas.

2.3.2 Pseudomonas: Produgdo de Substancias Bioativas

Os metabdlitos secundarios produzidos por Pseudomonas spp. Podem ter
varias funcdes como a obtencdo de nutrientes, fatores de viruléncia e defesa contra
competidores e predadores nos habitats naturais (Gross e Loper, 2009). Além disso, alguns
deles controlam a expressdo génica atuando como compostos de sinalizagdo intracelular
(Stintzi et al., 1998). Muitos estudos foram realizados e descreveram a existéncia da
biosintese de antimicrobianos (Grewall et al., 2014), antivirais (Morimoto e Sato, 2016),
antitumorais (Kennedy et al., 2015), antihelminticos (Cronin et al., 1997) e inseticidas
(Bensidhoum et al., 2016). A inibi¢do de agentes patogénicos de plantas, a solubiliza¢do do
fosfato, a producdo de fitohormodnios, ¢ de compostos organicos volateis (COV) sao
responsaveis pelas atividades de promogdo do crescimento em plantas (Santoyo et al., 2012).
Neste sentido, além de serem excelentes agentes no controle bioldgico de pragas e doengas,
muitas espécies vivem na rizosfera de planta e podem promover o crescimento e induzir
resisténcia sistémica em plantas (Ramamoorthy et al., 2001), assim como podem ser agentes
de biorremediagao por degradagao de hidrocarbonetos de alto peso molecular (HAM) (Gao et
al., 2017), pesticidas e remog¢ao de nutrientes de 4guas residuais (Mujtaba et al., 2017). O

género Pseudomonas também possui um excelente potencial econdmico para a producio
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comercial de metabodlitos importantes, como biossurfactantes, biopldsticos e enzimas
(Masakorala et al., 2013; Reddy et al., 2017).
2.3.2.1 Fenazinas: Metabolitos Secundarios Importantes Produzidos por Espécies de

Pseudomonas

Tabela 2. Exemplos de microrganismos produtores de fenazinas associados com seus

hospedeiros.

Bactéria Humano Animal Planta  Insetos
Brevibacterium linens + (pele)
Brevibacterium sp. KMD 003 + (esponja marin.)
Burkholderia cepacia + + +
Methanosarcina mazei + (intestino)  + (ramen)
Mycobacterium abscessus + (pele)
Pantoea agglomerans + + +
Pelagio variabilis + (macroalga)
Pseudomonas aeruginosa + + + +
Pseudomonas chlororaphis +
Pseudomonas fluorescens +
Pseudomonas putida +
Pseudomonas syringae +
Streptomyces anulatus +
Streptomyces cinnamonensis +

Adaptado de “Metabolism and function of phenazines in bacteria: impacts on the
behavior of bacteria in the environment and biotechnological processes,” by Pierson,
L. S., and Pierson, E. A., 2010, Applied Microbiology and Biotechnology, 86(6),
1659-1670.

As fenazinas s3o metabolitos secundarios intensamente coloridos
produzidos e excretados por muitas bactérias Gram-positivas (Streptomyces) e Gram-
negativas (Pseudomonas), ou por espécies de arqueobactérias como Methanosarcina (Tabela
2) (Guttenberger et al., 2017; Laursen e Nielsen, 2004; Pierson e Pierson, 2010).
Estruturalmente, as fenazinas sdo moléculas triciclicas cujo ntcleo ¢ um anel de piridina (1,4-
diaza benzeno) exibindo dois benzenos aninhados cujas propriedades quimicas, fisicas e

biologicas diferem frequentemente com base na natureza e posicdo dos grupos funcionais
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presentes no anel heterociclico (Figl). As fenazinas naturais incluem mais de 150 moléculas
pigmentadas e mais de 6.000 derivados de fenazina foram sintetizados e identificados

(Blankenfeldt e Parsons, 2014, Nansathit et al., 2009).

Figura 1. Derivados de fenatos de ocorréncia natural selecionados.
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Adaptado de “Recent developments in the isolation, biological function, biosynthesis, and
synthesis of phenazine natural products,” by Guttenberger, N., Blankenfeldt, W., and
Breinbauer, R., 2017, . Bioorganic & Medicinal Chemistry.

Dependendo do seu potencial redox, relativo ao de outras moléculas de
transferéncia de elétrons na célula ou no meio ambiente, esses compostos podem atuar como
receptores (redu¢do de fenazina) ou doadores de elétrons (oxidacdo de fenazina) (Pierson e
Pierson, 2010). Sob baixa condi¢do de oxidantes, as células produtoras podem usa-las como
pigmentos respiratérios alternativos para transformar NAD(H) em NAD', facilitando a
produgdo de energia e ajudando na sobrevivéncia em condi¢des anaerobicas, dando-lhes

vantagens sobre outros microrganismos (Glasser et al., 2014). Além disso, as fenazinas como
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1-hidroxi-5-metilfenazina (PYC-piocianina) ¢ a PCA podem ser reduzidas na presenca de
oxidantes (através da oxidagdo da glutationa e NADH), resultando em niveis de oxidacao
aumentados. Nestas condigdes, as fenazinas podem reagir com oxigénio molecular livre para
produzir espécies toxicas de oxigénio reativo (ROS) (Wang et al., 2010). A geragao de ROS
pode inibir o crescimento de microrganismos concorrentes € contribuir para a invasdo do
hospedeiro. Isso explica por que as fenazinas sdo fatores de viruléncia e antibioticos de ampla
especificidade desempenhando papéis importantes na supressdo de doengas radiculares
causadas por agentes patogénicos (Chen et al., 2015).

Os produtores de fenazinas podem biossintetizar derivados de fenazinas
diferentes e multiplos, cujas proporcdes sdo freqlientemente associadas ao tipo de espécie e as
condi¢des ambientais em que se desenvolve (Gross e Loper, 2009). Foi demonstrado que o
cluster de genes phzZABCDEFG ¢ responsavel pela biossintese de fenazinas em Pseudomonas
(Blankenfeldt e Parsons, 2014). No entanto, sdo necessarias cinco enzimas (PhzB, PhzD,
PhzE, PhzF e PhzG) para a biosintese da estrutura basica de fenazina de trés anéis. Essas
enzimas convertem o acido corismico em 4cido fenazina-1,6-dicarboxilico (PDC) e PCA, os
precursores de derivados de fenazina especificos da estirpe (Fig 2). Curiosamente, uma
comparagao de genes phz de diferentes espécies revela que PhzB, PhzD, PhzE, PhzF e PhzG
possuem alto grau de conservacao entre os géneros bacterianos e provavelmente se espalham
via transferéncia horizontal de genes (HGT) (Blankenfeldt, 2013).

As enzimas que modificam radicais diferentes sdo codificadas por genes
(phzO, phzH, phzS e phzM.phzS) localizados up ou downstream desse “ntcleo” do cluster
biossintético (Mavrodi et al., 2010). Isso resulta em modificacdes quimicas em uma ou mais
posigdes das estruturas do anel aromatico que podem ser Unicas para espécies bacterianas
especificas (Delaney et al., 2001). Em P. chlororaphis PCL1391 e P. aeruginosa PAO1, phzH
converte PCA em PCN (Chin-A-Woeng et al., 2001), a presenga de phzO em P. chlororaphis
30-84 converte uma por¢dao de PCA (~ 10%) em laranja brilhante acido 2-hidroxifenazina-1-
carboxilico (20HPCA) (Pierson e Thomashow, 1992), o PhzS facilita a conversao de PCA em
1-hidroxifenazina (10HPZ) em P. aeruginosa (Parsons et al., 2007) ¢ phzM e phzS juntos sdo
responsaveis pela conversdo de PCA em PYC em P. aeruginosa PAO1 (Mavrodi et al., 2001;
Greenhagen et al., 2008). Essas modifica¢cdes adicionais geram muitos compostos derivados

de fenazina e determinam sua fung¢ao bioldgica (Pierson e Pierson, 2010).
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Figura 2. Nucleo de biossintese de fenazina. PhzC ¢ uma 3-desoxi-D-arabinoheptulosonate-7-
fosfato (DAHP) sintase, catalisando a biossintese do corismo como o primeiro passo do acido
chiquimico.
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Fenazinas sdo amplamente conhecidas por sua atividade antimicrobiana de
amplo espectro. Liu et al. (2007) demostraram a capacidade de uma mistura de PCA e
20HPCA para inibir Colletotrichum lagenariu, Phytophthora capsici, Pythium
aphanidermatum, P. ultimum, Sclerotinia sclerotiorum, Corticium sasakii e Rhizoctonia
solani. Nansathit et al. (2009) reportaram capacidade antimicrobiana de PCA contra
Acidovorax avenae subsp. citrulli, Bacillus subtilis, Ralstonia solanacearum, Candida
albicans, Escherichia coli and Xanthomonas campestris pv. Vesicatoria, bem como de
phenazine-5,10-dioxide (PDO) contra P. syringae, R. solanacearum e Enterobacter
aerogenes. Alem disso, PCA demostrou capacidade de inibir Trichophyton rubrum e Candida
albicans (Gorantla et al., 2014), Alternaria alternata (Jain e Pandey, 2016), Fusarium
oxysporum (Upadhyay e Srivastava , 2011), Xanthomonas oryzae pv. Oryzae (Xu et al.,
2015), Erwinia carotovora, P. syringae, Enterobacter aerogenes, C. tropicalis, , Hytophthora
capsici, Gaeumannomyces graminis var. tritici, Gibberella avenacea, Aspergillus fumigatus e
Drechslera graminea (Mavrodi et al., 2006). Além disso, também foi demonstrado que
algumas podem atuar como promotores de crescimento em plantas (Chen et al., 2015), como
inseticidas (Bensidhoum et al., 2016), exibir atividade antiviral, antiplasmodial, antimalarica,
antiparasitaria, anti-hepatites C (Wang et al., 2000), bem como atividade antitumoral
(Kennedy et al, 2015) e cancer quimiopreventiva (Guttenberger et al.,, 2017).
Consequentemente, os derivados de fenazina naturais e sintéticos sdo estudados e

implementados em processos biotecnologicos.

2.3.2.1.1 Produgao de Fenazinas

Existem dois métodos para produzir fenazinas: quimiossintese e biossintese.
A quimiossintese tem a vantagem de ser utilizada para obten¢do de fenazinas naturais e
sintéticas (Udumula et al., 2017, Xiong et al., 2017). Foram realizados varios experimentos
para desenvolver um método util para a produgdo de fenazinas com atividade bioldgica
excepcional, mas ainda ha alguns problemas que precisam ser resolvidos. O escopo limitado
do substrato, as condi¢des de reac¢do severas, os baixos rendimentos, a sintese multistep e
varios procedimentos de isolamento e purifica¢dao sao alguns deles (Guttenberger et al., 2017).
Portanto, a biossintese continua sendo o sistema para aumentar a producdo de fenazinas
naturais. Na verdade, a biossintese de PCA por bactérias produtoras de fenazinas alcangou
niveis economicamente viaveis para a producdo industrial viabilizando sua venda comercial,

como na China, a PCA ¢ produzida por processos fermentativos (rendimentos superiores a 4 g
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L") e foi registrada e comercializada como "Shenqinmycin". Uma suspensdo de 1% de
shenginmycin tem agdo fungicida altamente eficiente para controlar doengas de arroz e
vegetais causadas por R. solani ¢ F. oxysporum, aumentando a produg¢ao das culturas, além de
ser seguro para humanos, animais ¢ meio ambiente (Su et al., 2010; Sun et al., 2016).

Como ja se sabe, as fenazinas sdo metabolitos secundérios, portanto em
culturas liquidas sua producdo comeca em estagios de crescimento tardio, sendo tipicamente
acumuladas na fase estacionaria. As cepas de P. aeruginosa contém dois grupos de genes de
phz [phzl (phzA1B1C1D1E1F1G1l) e phz2 (phzA2B2C2D2E2F2G2)] que estdo relacionados
com a sintese de PCA, um precursor das outras fenazinas (Cui et al., 2016). A expressao
diferencial de operon redundantes proporciona vantagens seletivas de sobrevivéncia em
diferentes condi¢des ambientais e desempenham papéis especificos em sua patogenicidade
(Recinos et al., 2012). A expressdo de genes phz pode ser regulada pelo quorum sensing (QS),
processo que pode ser desencadeado pelo esgotamento de nutrientes, alta densidade celular e
conversdao da bactéria na forma de biofilme (Nansathit et al., 2009; Schuster e Greenberg,
2006), de modo uniforme, o padrdo de expressio do gene phz dependente de QS pode
depender de parametros ambientais como temperatura, pH, salinidade, oxigénio e
disponibilidade de nutrientes (Gokulan et al., 2014; Sun et al., 2016). Conseqlientemente, a

produgdo de fenazinas € controlada por redes reguladoras complexas (Moradali et al., 2017).

2.4 PSEUDOMONAS AERUGINOSA

P. aeruginosa ¢ uma bactéria Gram-negativa, cosmopolita sendo encontrada
nos mais diversos ambientes. Pode ser oportunista capaz de causar infecgdes ou a inibi¢do do
crescimento e morte em uma ampla gama de organismos hospedeiros, como fungos, amebas,
nematodides, insetos, plantas e vertebrados (Opperman e Shachar-Hill, 2016). Pode ser
também agente infeccioso em ambiente hospitalar devido a sua resisténcia a multiplos
antibioticos e desinfetantes e sua capacidade de formar biofilmes e a diversidade metabodlica
(Dantas et al., 2008; Nathwani et al., 2014; Stover Et al., 2000). Entre as espécies do género
Pseudomonas, apenas P. aeruginosa ¢ capaz de causar infec¢des humanas graves em
pacientes imunosuprimidos acometidos por fibrose cistica (Winstanley et al., 2016), infecgdes
leves da pele e do trato urindrio (Trubiano e Padiglione, 2015) e septicemia (Streeter e
Katouli, 2016). A P. aeruginosa tem a capacidade de utilizar uma ampla variedade de fontes
de carbono, em ambientes oligotréficos aerdbicos, bem como utilizar diferentes fontes como

aceptores finais de elétrons em condi¢des anaerdbicas. Pode crescer a até¢ 42°C, e produzir
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multiplos metabolitos e polimeros secundarios, formar biofilmes e resistir a muitos biocidas e
antibioticos (Hassett et al., 2009; Moradali et al., 2017). Esta adaptabilidade sugere a
existéncia de um mecanismo evolutivo altamente flexivel para facilitar a sobrevivéncia. A
este respeito, a transferéncia horizontal génica tem sido um dos principais contribuintes para a
evolugdo do genoma P. aeruginosa (Kung et al., 2010). Estes elementos genéticos acessorios
promovem a adaptagdo de cepas particulares em ambientes contendo metais pesados (Aguilar
et al., 2010), hidrocarbonetos (Campos et al., 2010), antibidticos (Mesaros et al., 2007),
pesticidas (Curutiu Et al., 2017), bem como, promove a persisténcia em varias espécies

hospedeiras, codificando fatores de viruléncia (He et al., 2004; Wood and Wood, 2016).

2.4.1 Pseudomonas aeruginosa: Genoma Acessorio e Adaptabilidade

Ozer et al. (2014) sequenciaram o genoma de Pseudomonas e obervaram
que varias partes sdo conservadas nas diferentes espécies nos genomas de referéncia de P.
aeruginosa (B136-33, DK2, RP73, PAO1, PA14, PA7, LESB58, PACS2, M18, NCGM2. S1,
19BR e 213BR). Surpreendentemente, onze destas cepas de referéncia foram isoladas de
amostras clinicas e apenas a cepa MI18 foi isolada do ambiente, o que demonstra a
importancia desta espécie nos cuidados de saude. Tanto o genoma total quanto o genoma do
cromossoma tem um tamanho médio de 6,52 Mb (5892 genes) ¢ 5,84 Mb (5316 genes),
respectivamente (Ozer et al., 2014). Isto significava que, entre as cepas de P. aeruginosa um
de cada 10 genes variam (genoma acessério) e o resto sdo genes homologos (genoma do
nucleo). Da mesma forma, a partir da analise comparativa dos genes, Mulet et al. (2010)
encontraram que mais de 90, 70 e 60% das proteinas sdo comuns entre as diferentes espécies
de P. aeruginosa, P. fluorescens e P. syringae, respectivamente. Assim, P. aeruginosa ¢
homogénea e ¢ relativamente facil de diferenciar e identificar. Além disso, esta espécie €
facilmente detectavel em agar devido a sua capacidade de produzir e excretar, sob condig¢dao
de limitacdo de ferro, pigmentos fluorescentes como a pioverdina (amarelo-verde) e a
piocianina (azul-verde) (Saber et al., 2015).

Os genes de P. aeruginosa proporcionam uma ampla versatilidade e
adaptabilidade que lhe permite sobreviver em diversos ambientes, além de infectar uma ampla
gama de hospedeiros (Mulet et al., 2010). Véarios estudos revelaram que os mecanismos
envolvidos na adaptacdo estdo principalmente sob o controle regulatério dos sistemas de
detec¢do de QS (Rasamiravaka e El Jaziri, 2016, Papenfort e Bassler, 2016, Barr et al., 2015).

O QS permite que as bactérias percebam e processem sinais ambientais para desencadear
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mudangas fisiologicas para promover a adaptagdo a condi¢des desfavoraveis. As
concentragoes de limiar critico destas moléculas de sinal de detec¢ao de QS como lactonas de
N-acilhomoserina, derivados de 4acidos graxos, 4-quinolonas, furanonas e oligopéptidos
podem afetar a expressao gé€nica de acordo com o ambiente de crescimento predominante
(Sakhtah et al., 2013; Williams, 2006). Especificamente, mais de 10% dos genes PA sdo
regulados pelo QS e, por sua vez, ¢ desencadeado em resposta a varios estresses ambientais,
como calor, metal pesado, condi¢gdes oxidativas e deplecdo de nutrientes (Garcia-Contreras et
al., 2015; Nguyen et Al., 2015, Williams e Camara, 2009). Assim, QS regula a produgao de
diferentes compostos por P. aeruginosa, tais como proteases, fenazinas, toxinas,
antimicrobianos e cianeto de hidrogénio (Lee e Zhang, 2015).

Conforme mencionado acima, o genoma acessorio ¢ formado por genes que
sdo encontrados somente em algumas cepas, mas nenhum outro. Neste sentido, as condigdes
ambientais s3o fortes fatores de selecdo e a distribuicdo de algumas espécies microbianas
apresenta padrdes biogeograficos determinados por condigdes microambientais (Arnold et al.,
2007; McDaniel et al., 2015). Frimmersdorf et al. (2010) observaram que em culturas na fase
estacionaria, a P. aeruginosa mantém uma ampla variedade especifico de rotas metabdlicas
relacionados a fonte de carbono anteriormente disponivel, revelando sua adaptabilidade e
versatilidade metabodlica. Assim, as cepas de P. aeruginosa isoladas de diferentes ambientes,
que estdo sujeitas a condi¢cdes de estresse especificas, como choque osmotico, pH,
dessecagdo, temperatura de crescimento sub-Optima e produtos quimicos toxicos, podem
representar espécies potencialmente uteis em processos biotecnologicos, como a producdo de
novos compostos € a limpeza ambiental (Bhattachayya E Jha, 2012; Gao, et al., 2017;
Opperman e Shachar-Hill, 2016;).

2.4.2 Pseudomonas aeruginosa: Diversidade Metabolica

Embora a P. aeruginosa tenha capacidade limitada para usar aglicares como
fonte de C, ela possui uma grande quantidade de genes para a catdlise de macromoléculas e
obtenc¢ao de nutrientes o que permite que ela possa utilizar diferentes tipos de substrato, o que
amplia a variedade de compostos que podem ser utilizados como nutrientes (Stanier et al.,
1966). Em condigdes anaerdbicas, ocorre a desnitrificacdo e podem acumular fosfato usando
nitrato ou nitrito como aceptor final de elétrons e polihidroxibutirato intracelular (PHB) como
fonte de energia (Liu et al., 2016). Zheng et al. (2016) relataram que a P. aeruginosa PCN-2

possui alta capacidade de remogao de nitrogénio (NO e NO,) na concentracao de oxigénio de
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0-10%. Além disso, em condi¢des ambientais extremas incluindo a escassez de nutrientes ou a
presenca de concentracdo elevada de metais pesados, a P. aeruginosa produz agentes
quelantes metalicos denominados sider6foros, capazes de se ligar aos metais e, assim,
diminuindo a sua disponibilidade na rizosfera através de uma reacao de complexagao (Ullah
et Al., 2015; Rajkumar et al., 2010) este processo torna a P. aeruginosa um excelente agente
de biorremediagdo sendo capaz de remediar ambientes contaminados por Cu, Zn, Pb, Cr e Cd
tornado estes elementos diodisponiveis para as plantas (Liang et al., 2014; Kumar et al., 2011;
Braud et al., 2009).

Além disso, muitas espécies de P. aeruginosa podem crescer em substratos
hidrofébicos produzindo biossurfactantes efetivos como rhamnolipidios (Diaz et al., 2016).
Estes compostos podem ser utilizados como emulsionantes, agentes molhantes, agentes
espumantes, agentes de espalhamento, ingredientes alimentares e detergentes funcionais, bem
como na limpeza ambiental por biodegradagdo e desintoxicacdo de efluentes industriais e na
biorremediacdo de solo contaminado (Vijayakumar e Saravanan, 2015). Além disso, os
biossurfactantes exibem atividades de aplicagdes terapéuticas antimicrobianas, uma vez que
esses compostos podem inibir a formagao de biofilmes, desestabilizar biofilmes existentes e
alterar a integridade das membranas celulares que comprometem o transporte € a geracao de
energia, ¢ também inibir seletivamente a proliferacao de células cancerigenas (Gudina et Al.,
2013). Além disso, a P. aeruginosa tem a capacidade de produzir varias fenazinas redox-
ativas incluindo PYC (azul), PCA (amarelo), 20HPCA e PCN (amarelo). Estes compostos
sdo o principal foco de pesquisa e desenvolvimento porque podem exibir atividades
multifuncionais como foi comentado acima.

P. aeruginosa que vivem na rizosfera podem ser endofiticas e capazes de
promover o crescimento da planta devido a producdo de fitohormonios como acido indol-3-
acético (IAA), acido salicilico (SA) e zeatina (Parvin et al., 2015). Em microrganismos [AA ¢
uma molécula de sinalizagdo que afeta a expressdo gé€nica, enquanto que nas plantas pode
aumentar a area e comprimento da superficie da raiz e, desse modo, proporciona maior acesso
aos nutrientes do solo (Spaepen e Vanderleyden, 2011). O SA ¢ um intermedidrio na
biossintese de sideroforos por microrganismos (Press et al., 1997), afetando uma variedade de
eventos bioquimicos e moleculares associados a indugdo de resisténcia a doenca em plantas
(Saikia et al., 2003). Por sua vez, a zeatina estimula o crescimento das plantas (Maseka et al.,
2016).

Em conclusdo, a P. aeruginosa pode ser usada na produgdo de uma ampla

variedade de bioprodutos para o controle bioldgico de fitopatdogenos e insetos, antibidticos,
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promotores de crescimento e indutores de resisténcia sistémica adquirida em plantas e agentes
de biorremediacdo. P. aeruginosa pode utilizar uma ampla variedade de substratos como
fonte de nutrientes e viver em diferentes condigdes ambientais. Assim, uma P. aeruginosa
isolada de um nicho ecologico especifico pode exibir genes biossintéticos eficazes que nado
estdo presentes em outros isolados, tornando-o atraente para aplicagdes biotecnoldgicas. Por
conseguinte, ¢ essencial isolar e utilizar organismos selvagens para a busca de novos

metabolitos Uteis para diferentes fins (Shanmugam et al., 2008).

2.5 PSEUDOMONAS AERUGINOSA CEPA LV

A cepa PA LV foi isolada de uma antiga lesdo de cancro citrico de fruto de
laranja (Citrus sinencis cv. Valencia) coletada em Astorga, Brasil (Rampazo, 2004), sua
capacidade de produzir compostos antimicrobianos foi avaliada nos primeiros estudos e o
processo de producao foi estabelecido e patenteado (Andrade, 2008; Oliveira, 2007). Oliveira
et al. (2011) avaliaram o efeito de diferentes fragcdes de metabolitos secundarios produzidos
pela cepa LV sobre o controle e agdo da fragdo na morfologia celular de X. citri pv. citri 306
(Xcc 306), um agente causal de cancro citrico em culturas citricas, bem como sobre a
formagédo de lesoes em folhas de C. sinencis cv. Valéncia. Esse estudo mostrou uma redugao
significativa na producdo de EPS por Xcc 306 e na formagdo de lesdes nas folhas com um
excelente efeito de antibiose de uma fragdo de acetato de etila, denominada fracdo F3. Em
seguida, Lopes et al., (2012) relataram uma alta atividade antibiotica da fracdo F3 contra X.
axonopodis, um agente causal de ferrugem bacteriana em mudas de eucalipto. Matsuoca et al.
(2013) observaram que a fragdo metanol possui atividade antibidtica contra Lactobacillus sp.
e pode ser utilizada como uma alternativa para controlar a contamina¢do de bactérias e a
formagdo de espuma e floculag@o no processo de fermentacao de etanol combustivel.

A fragdo F3 mostrou uma forte acdo contra varias espécies de Xanthomonas
como X. axonopodis pv. citri (Xac) (Murate et al., 2015) e X. arboricola pv. pruni (Xap)
(Silva et al., 2014) in vitro e reduzindo a incidéncia de lesdes geradas por Xac e Xap em
plantas de C. sinensis cv. valéncia e Prunus persica cv. maciel, respectivamente, em
condigdes de estufa. Através da microscopia eletronica de varredura, foi observado que as
fracdes F4f e F3d (obtidas por fracionamento de F3) afetaram a morfologia celular, enquanto
a fragdo F4f afetou a formagdao do biofilme. Em outros estudos, Cardozo et al. (2013)
demonstraram atividade antibacteriana tanto da fragdo F3 como da fra¢do F3d contra estirpes

de S. aureus resistentes a meticilina (MRSA), um dos mais importantes patdogenos humanos
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associados a infec¢des hospitalares e comunitarias. A partir da fragdo F3d, houve a
purificacdo e identificagdo da PCN, que apresentaram atividade antibacteriana contra MRSA
e efeito sinérgico quando combinados com nanoparticulas de prata produzidas por F.
oxysporum. Além disso, um composto organometalico com alto efeito antibacteriano também
foi purificado. Do mesmo modo, este metabdlito apresentou uma alta atividade antibidtica e
formagdo de biofilme e de células planctonicas de biofilme K. pneumoniae produtora de
carbapenemase (Kerbauy et al., 2016). No mesmo estudo, os autores sugeriram que o
composto organometalico tinha potencial no desenvolvimento de novos farmacos, pois ¢ mais
seletivo para as bactérias que as células hospedeiras. Mais tarde, este composto foi designado
como OAC (composto antibidtico organometalico) e seu alto potencial para ser usado como
um bioproduto para controle do cancro citrico (Oliveira et al., 2016).

Munhoz et al. (2017) avaliaram a atividade antibidtica de um extrato semi-
purificado produzido pela cepa LV contendo principalmente OAC ¢ PCN em Pectobacterium
carotovorum subsp. carotovorum (Pcc), agente causal da podriddo bacteriana do caule no
tomate. Da mesma forma, foi avaliado a atividade tanto da fragdo quanto de PCN para induzir
a resisténcia adquirida sistémica (SAR) em plantas de tomateiro infectadas com Pcc. Os
resultados indicam a atividade antibidtica do extrato semi-purificado e o aumento da SAR por
PCN. Por outro lado, Simionato et al. (2017) purificaram e identificaram PCA do
sobrenadante produzido por estirpe de LV que inibiu o crescimento micelial do fungo Botrytis
cinerea, um fitopatogeno necrotréfico, além de reduzir a formagdo de exopolissacarideos
(fator de viruléncia importante), mostrando ter um alto potencial para o controle bioldgico de
B. cinerea. Além disso, a cepa LV produz um composto derivado de indolico (IDC: 2-
carboxi-2-heptano-indol-3-ona) com atividade anticancerigena, bem como a capacidade
promover o crescimento de planta (dados ndo publicados). Mais tarde, o processo de producao
IDC foi patenteado (Andrade et al., 2014).

Gionco (2016) relatou a capacidade inibitéria do OAC em cinco isolados
multiresistentes de Acinetobacter baumannii, um importante agente patogénico
multirresistente relacionado a infeccdes hospitalares, com altas taxas de resisténcia ao
carbapenem. Além disso, analisaram a expressdo do gene diferencial da cepa LV em meio de
cultura com e sem ions de Cu'. Nove genes foram diferencialmente expressos na
auséncia/presenca de fons Cu™ incluindo trés genes relacionados ao transporte de ions
metalicos (PA3521, PA3523 e PA3920), trés genes (PA2691, PA4141 e PA4782) nao
detectados em nenhum dos bancos de dados utilizados, um gene (PA3574a) associado ao

grupo de chaperons ligado ao cobre, um gene (PA4872) classificado como um regulador



33

transcripcional e um gene (phzA2) relacionado a via biossintética de fenazina. Estes resultados
sugerirem que a cepa LV pode expressar sequéncias de genes que ndo sdo presentes em outras
Pseudomonas.

Hoje em dia, varios estudos estdo sendo realizados em nosso laboratorio
usando fragdes microbianas produzidas pela cepa LV. Esses estudos visam avaliar a inducao
de resisténcia em plantas em condi¢des de estufa e campo, controle de biofilme e
contaminagdo bacteriana na producao de alcool combustivel e avaliacdo de atividades

antimicrobianas em fitopatdogenos, bem como em isolados clinicos multiresistentes.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Otimizar o processo de produgdo de metabolitos secundarios de Pseudomonas

aeruginosa cepa LV.

3.2 OBJETIVOS ESPECIFICOS

Caracterizar o processo de produgdo implementado pelo Laboratério de
Ecologia Microbiana (LEM) na producao de fenazina-1-acido carboxilico (PCA), fenazina-1-
carboxiamida (PCN), 2-carboxi-2-heptano-indol-3-ona (IDC) e um composto organometalico
antimicrobiano (OAC) por P. aeruginosa cepa LV.

Otimizar a concentracao dos componentes do meio de cultura pertencentes a
patente do protocolo de producdo do LEM, a fim de maximizar a produgcdo de PCA, PCN,
IDC e OAC em culturas em meio liquido.

Avaliar os efeitos de componentes alternativos em meio de cultivo para a
produgdo de PCA, PCN, IDC e OAC por P. aeruginosa cepa LV.

Estabelecer novas condi¢des de cultivo para a produ¢do de PCA, PCN, IDC e

OAC por P. aeruginosa cepa LV empregando a metodologia de superficie de resposta.
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4 ARTIGO

AUMENTO DA PRODUCAO DE METABOLITOS BIOATIVOS ALVO
PRODUZIDOS POR Pseudomonas aeruginosa LV STRAIN

ENHANCED PRODUCTION OF TARGET BIOACTIVE METABOLITES
PRODUCED BY Pseudomonas aeruginosa LV STRAIN

RESUMO

Pseudomonas aeruginosa cepa LV produz em seu metabolismo secundario fenazina-1-acido
carboxilica (PCA), fenazina-1-carboxiamida (PCN), 2-carboxi-2-heptano-indol-3-ona (IDC) e
um composto antibiotico organometalico (OAC). Esses compostos possuem um alto potencial
para serem implementados nos mais diferentes setores biotecnologicos e seus processos de
producao tém sido previamente estabelecidos e patenteados. No entanto, para cada composto,
a concentracio obtida no meio de cultura ¢ inferior a 6 mg L. Portanto, para aumentar seus
rendimentos, foi realizada uma otimizac¢ao do sistema de producdo. Metodologia experimental
um fator por vez bem como dois planejamentos fatoriais sucessivos foram utilizados para
avaliar os efeitos de 13 varidveis na producdo final dos metabdlitos. Em seguida, o nivel
otimo das variaveis foi determinado utilizando metodologia de superficie de resposta (MSR).
Além disso, um dos meios otimizados foi utilizado para determinar as condi¢des adequadas
de temperatura e pH inicial empregando um planejamento fatorial completo de trés niveis.
Estabelecidas as condigdes 6timas, as produgdes de IDC, PCA, PCN e OAC representaram
aumentos (em porcentagem) de 269, 602, 5286 e 84, respectivamente, em relagdo ao meio
basico de cultura (MBC). Posteriormente, a concentragdo inibitéria minima (CIM) de OAC
contra a cepa LV foi estimada em 15 ug mL™', indicando que a concentragio obtida (11,11 +
1,05 mg L") era provavelmente a maxima possivel. Portanto, essas novas condi¢des de
producdo devem ser implementadas para a producao de IDC, PCA e PCN pela cepa LV.

Palavras-chave: Otimizagdo, delineamento Box-Behnken, metodologia de superficie de
resposta, metabolitos secundarios

ABSTRACT

Pseudomonas aeruginosa LV strain produces phenazine-1-carboxylic acid — PCA, phenazine-
l-carboxamide — PCN, 2-carboxi-2-heptano-indol-3-ona — IDC, and an organocopper
antibiotic compound — OAC. These secondary metabolites showed potential to many
biotechnological applications and their production process was established and patented
previously. However, to each compound the concentration obtained in the culture medium is
less than 6 mg L. Therefore, in order to increase their concentrations, a basic system
optimization was carried out. One-factor-at-a-time experiments and two successive factorial
designs were applied to evaluate the effects of thirteen variables on the final metabolite
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concentrations. The optimum levels of these variables were determined using response
surface methodology (RSM). In addition, a three-level of full factorial design was used to
determine suitable conditions of temperature and initial pH. Under optimum established
conditions the production of IDC, PCA, PCN and OAC increased 42, 38, 250 and 0.84 folds,
respectively, with respect to the basic culture medium (BCM). Also, the minimum inhibitory
concentration of OAC against LV strain was 15 pg mL", indicating that the concentration
obtained (11.11 + 1.05 pg mL") was likely the maximum possible. The optimized culture
conditions should be implemented in the production of IDC, PCA, PCN and OAC by LV
strain.

Key words: Optimization, Box-Behnken design, response surface methodology, secondary
metabolites, chromatography.

1. Introduction

Pseudomonas aeruginosa is a Gram-negative y-proteobacterium widely distributed in
nature. This specie is able to use distinct organic compounds as nutrients and grow in very
different environments such as soil, marshes, plants and animal tissues (Stover et al. 2000). P.
aeruginosa is known as an opportunistic human pathogen that causes lung infections in
patients with cystic fibrosis and immunocompromised patients (Johansen et al. 1998).
Nevertheless, it also can be useful in diverse biotechnological applications. It has been
reported the capacity of P. aeruginosa to produce biosurfactants (Hua et al. 2009),
metabolites with antimicrobial activity (Kerbauy et al. 2016), lipases (Chaudhry et al. 2015),
and remove branched chain alkanes from crude oil-contaminated water (Nie 2016).

P. aeruginosa LV strain, isolated from a citrus canker lesion of orange fruits (Citrus
sinencis cv. Valence) at Astorga, PR, Brazil (Rampazo 2004), produces different kinds of
phenazines, including phenazine-1-carboxylic acid (PCA) and phenazine-1-carboxamide
(PCN). These compounds are secondary metabolites with broad-antibiotic spectrum activity
against bacteria, fungi and nematodes (Wen et al. 2016). PCA is a compound produced by
plant growth-promoting rhizosphere (PGPR) pseudomonads and its effectiveness in biological
control of pathogens was demonstrated in several studies (Jain and Pandey 2016, Xu et al.
2015, Upadhyay and Srivastava 2011). In addition, PCA can be transformed in PCN by
enzymatic process regulated by phzH gene (Jin et al. 2015). Also, PCN showed biocontrol
potential and, as antifungal with a bigger activity when compared with PCA (Chin-A-Woeng
et al. 1998).
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Additionally, LV strain produces both 2-carboxi-2-heptano-indol-3-ona (IDC) and an
organocopper antibiotic compound (OAC) with antimicrobial activity (Kerbauy et al. 2016).
The IDC exhibited anticancer activity in in vitro experiments and ability to promote plant
growth (unpublished data). The OAC structure molecular was not identified and the antibiotic
activity was observed against Xanthomonas citri cv. citri (Oliveira et al. 2011), Klebsiella
pneumoniae Carbapenemase (KPC)-producing (Kerbauy et al. 2016) and methicillin-resistant
Staphylococcus aureus (MRSA) strains (Cardozo et al. 2013). Recently, Gionco (2016)
reported inhibitory capacity of OAC on five multiresistant isolates of Acinetobacter
baumannii, an important multiresistant pathogen related with hospital infections.

The secondary metabolites production process of LV strain was established and patented
(Andrade 2008), but the compounds production is obtained in low concentrations. This fact
represents high production costs limiting the viability of the application for both pilot-scale
and field experiments. Therefore, in this study the objective was determine the new culture
conditions to enhanced the production of the metabolites of interest produced by the LV

strain, using response surface methodology (RSM).

2. Materials and methods

2.1 Bacterial strain

P. aeruginosa LV strain is deposited in the Culture Collection of the Microbial Ecology
Laboratory, Londrina State University, Brazil and kept in glycerol stocks (40%) and stored at
-20°C.

2.2 Preparation of standards

2.2.1 Growth condition and metabolites production

The production of metabolites was according to patented procedure PI0803350-1
(Andrade 2008). The LV strain was activated on agar plates in nutrient agar plus cupper
chloride (%w/v): peptone 0.5; meat extract 0.3; CuCl,.2H,0 0.01, and agar 15; pH 7.0, and
incubated at 28 °C per 24 hours. Aliquots of 50 pL cell suspension in log phase (O.D.s99 nm =
0.09 = 10* CFU mL™") was inoculated into fermentation vessels (Thermo Scientific Nalgene
polycarbonate carboy, 10 L) containing 5.0 L of nutrient broth named as basic culture
medium (BCM) (%w/v): peptone 2.0; meat extract 1.2; CuCl,.2H,0, 0.005; with pH 6.8 and

sterilized (121°C, 20 psi, 20 min.). The fermentation vessels were kept in room at 28°C
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during 10 days with micro-filtered air continuously supplied. The culture was centrifuged
(4.500g, 20 min., 4°C), cell-free culture supernatant was concentrated in a rotary evaporator at
70°C (Rotavapor R 215, Biichi) and 250 mL aliquots of supernatant concentrated were used

to extract and purify the metabolites of interest.

2.2.2 Preparation of standards for HPLC analysis

The extraction and purification process of IDC, PCA, PCN, and OAC was performed as
previously described (Oliveira et al. 2016). The metabolites were extracted from the cell-free
culture supernatant concentrated using two volumes of dichloromethane (250 mL of
supernatant and 500 mL of dichloromethane) the extraction was conducted five times. The
dichloromethane was evaporated in rota-evaporator under reduced pressure at 40 °C and the
product obtained was designated the dichloromethane phase (DP). DP was fractionated using
the mobile phase (v/v): hexane (F1); dichloromethane (F2); and ethyl acetate (F3).
Fractionation was performed again on F3 fraction using the following phase (v/v): hexane
(F3a); hexane-dichloromethane (F3b); dichloromethane (F3c); dichloromethane- ethyl acetate
(1:1; F3d). Then F3d fraction was mixed with Silica gel 60 (0.04-0.063mm, Merck) and
purified by flash chromatography. The column (50 x 0.8cm) was coupled to a low pressure
pump and washed using a mobile phase (v/v) with different proportions of petroleum ether/
dichloromethane/ ethanol (68.5:30:1.5 and 50:40:10). Approximately 1 mL of the eluate was
collected in tubes and monitored by TLC. Similar fractions were combined on the basis of
TLC analysis and six combined fractions were obtained (F3d.1 to F3d.6). The F3d.3 fraction
was again purified by flash chromatography as described above, except the mobile phase was:
petroleum ether/dichloromethane/ethanol (68.5:30:1.5), ethyl acetate and ethyl acetate/ethanol
(1:1). Fractions of approximately 1 mL were collected in tubes and monitored by TLC.
Similar fractions were combined on the basis of TLC analysis, and eight combined fractions
were obtained (F3d.3.1 to F3d.3.8). The F3d.3.4 fraction was again purified by flash
chromatography as described above, except for the column size (20x0.6cm). Standard stock
solutions (4 mg mL™") were prepared by dissolving appropriate weighed amount of PCA,

PCN, OAC and IDC in acetonitrile.

2.2.3 Calibration curves for HPLC analysis
A series of standard solutions were prepared at known concentrations (100, 50, 25, 12.5,
6.25 and 3.125 pg mL™) by two fold serial dilution of the stock standard solutions. Samples

were filtered with 0.22 um membranes (Macherey-Naguel, reference number 729022, pore
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0.2 pm, diameter 15 mm) and the HPLC analysis was carried out using an Agilent
Technologies 1260 Infinity equipped with an online vacuum degasser, a QuatPump, an
automated injection valve, a UV-VIS detector, and Agilent ChemStation software. The
analysis was performed using C18 reversed-phase column (250 mm X% 4.6 mm i.d., 5 pum,
Agilent, USA) with modification of a previously described chromatographic method for
phenazine derivatives (Dietrich et al. 2006). A 10 uL of sample was taken for HPLC analysis
eluted with a mix of 0.1% acetic acid: pure water (A) to acetonitrile (B) at flow rate of 1 mL
min ! under the following conditions: 0-2 min, 1-15% B; 2-22 min, 15-83% B; 22-24 min,
83-1% B. Those conditions were kept for 3 min (until 27 min from onset). The detection of
OAC, PCA and PCN was at A = 250 nm, and IDC was A = 230 nm. Running was monitored at
215, 230, 250, 262, 280, 290, 316 and 360 nm with a bandwidth of 4 nm in all cases. The
chromatograms for separation of these compounds at 250 nm are shown in Fig 1A. Retention
times for IDC, PCA, PCN, and OAC averaged (in min.) 22.4, 19.84, 17.63, and 14.46,
respectively. Two analyses were utilized for each point on the calibration curves and all
curves had > > 0.99. The detection limits were (in pg mL'l): PCA, 1.01; PCN, 1.40; OAC
1.61; and IDC, 1.47.
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Fig. 1 HPLC chromatogram of a 10 pL aliquot sample. A. Solution in acetonitrile containing
(ng mL'l): OAC, 30; PCN, 3; PCA, 10; and IDC, 100. B. Sample extracted from BCM (8

days, 4 times concentered). Detection at A= 250 nm.
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2.3 Fermentation profiles in the current production system (CPS)

IDC, PCA, PCN and OAC were produced in 10 L fermentation vessels as described in
section 2.2.1, also 500 mL shake flask containing 100 mL of BCM incubated at 28°C with an
orbital shaker (170 rpm) per 10 days and 2 mL of culture were taken periodically and stored at

-20°C and was used to metabolite quantification.

2.4 Preparation of samples for HPLC analysis and metabolite quantification.

The culture was centrifuged (8,000g, 4°C) and free-cell supernatant was acidified with
IM HCL to pH 4.0 — 4.1 and centrifuged again under the same conditions. The metabolites
were extracted three times from 2.0 mL of acidified cell-free supernatant using two volumes
of dichloromethane (DM). Finally, the DM was removed by a rotary evaporator as described
above. The dried solid was solubilized with 0.5 mL of acetonitrile and filtered (0.2 pm,
Macherey-Naguel, reference number 729022). A 10 pL aliquot was taken for HPLC analysis

as described above and samples were diluted with acetonitrile when necessary (Fig 1B).
2.5 Optimization of the CPS

2.5.1 One-factor-at-a-time (OFAT).

The effects of the inoculum size (% v/v: 0.01, 1, 2, and 4), peptone (g L' 1,2,5,10 and
20), meat extract (g L: 0.6, 1.2, 2.4 and 5) and CuCL.2H,O (mg L™: 0, 5, 15, 30 and 50), on
the concentrations of IDC, PCA, PCN, and OAC were evaluated. LV strain was cultured in
500 mL flasks containing 100 mL of culture medium as described above, with a tested single
factor being changed. The fermentation was carried out on a rotary shaker (Lab Companion
IS-971R) per 8 days at 28°C and 170 rpm. All treatments were performed in triplicate and
expressed as means =+ standard deviation. In order to determine statistical significant
difference between treatments (p < 0.05), one-way ANOVA followed by Tukey’s multiple

comparison test was performed (Statgraphics Centurion version XVI).

2.5.2 Optimization by Box-Behnken design (BBD).

A three-level Box-Behnken design (BBD) was employed (Box and Behnken 1960). The
ranges of values for peptone (g L™': 2, 13 and 24), meat extract (g L™: 1, 4 and 7) and
CuCL.2H,0 (mg L": 0, 15 and 30) were selected based on the OFAT experiments. A 15-run
BBD, including three replicates for the center point, was applied. Statgraphics Centurion

version XVI was used to predict the optimal concentrations of each variable for maximum
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IDC, PCA, PCN, and OAC production. A second-order polynomial model was fitted to relate
relationship between independent variables and response (Eq. 1). For the three factors, the

response function (Y;) divided into the linear, quadratic and interaction terms as below:

k k k k
Yi =Bo + z BiXi + z Z BiiXiX; + Z BiXZ+e (1)
i=1 i=1

i=1 j>i

Where Y; is the predicted response, X; and X represents coded independent variables, Bo
is the population value of the average of all the response values, B is the ith linear coefficient,
Bii is the ith quadratic coefficient, and B is the ijth interaction coefficient. Subscripts i and j
takes values from 1 to the number of variables (k).

The relation between the coded level and the actual values of each independent variable

was described as:

_Xi—X,
- 8X

Xj

(2)

Where x; is the coded value and X; the actual value of an independent variable, Xy is the
value of X at the center point and 6X is the step change of the variable. All experiments were
performed in duplicate. Regression analysis and analysis of variance (ANOVA) was used for
fitting the models represented by equation (1) and also to examine the statistical significance
of the model terms. The adequacy of the models were determined using model analysis and
R? (coefficient of determination) analysis. F-Value was determined to check the significance

of all the fitted equation at 5% level of significance.

2.5.3 Experimental validation

Four optimum formulations were selected. The resultant experimental values of the
responses were quantitatively validated with the predicted values. Additionally, the optimized
variables values that yielded the maximum responses were experimentally compared by
culturing LV strain in optimized and BCM. The production, extraction and HPLC analysis of
IDC, PCA, PCN and OAC was carried out as described above. All treatments were performed

in triplicate and expressed as means + standard deviation.

2.5.4 Minimum inhibitory concentrations (MIC)
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The MIC of OAC against LV strain was determined using a two-fold serial dilution
method (120 - 0.234 mg L) in a 96 wells microplate where 50 pL of LV strain cells
suspension in log phase (10° CFU mL™) cultured in nutrient broth were mixed with 50 pL of
OAC. The effect of the initial pH (6.8, 7.8 and 8.8) on the MIC value was also evaluated and
was considered as positive control a LV cells suspension without OAC and the negative
control was a non-inoculated nutrient broth. The microplates were incubated at 28°C for 72 h
and the bacterial growth was evaluated each 24 h by measuring the optical density (OD) at A=
590 nm. To reveal was added in each well 50 pL of 2,3,5-triphenyl-2H-tetrazolium chloride
(TTC) solution [2 mg mL '] and after 2 h was observed the color development of the cells
was alive. The MIC was obtained by mean values of four independent experiments and it was

recorded as the lowest concentration that completely inhibited bacterial growth.
2.6 Establishment and optimization of new production conditions

2.6.1 Growth condition and metabolites production.

The LV strain was inoculated on Petri dishes containing (%w/v): peptone, 0.5; meat
extract, 0.3 and agar, 1.5; pH 7.0 and incubated at 28°C per 48 h. Subsequently, a single
colony of LV strain in log phase was inoculated in 500 mL shake flask containing 100 mL of
BCM, pH 6.8 and incubated at 28°C per 18 h in orbital shaker (170 rpm) and used as
inoculum. An initial inoculum size of 1% was used for each experiment related to screening

and optimization.

2.6.2 Identifying the significant variables — first screening.

Eleven variables were selected based on both data from published studies (Chincholkar et
al. 2013, Spaepen and Vanderleyden 2011, Su et al. 2010, Huang et al. 2009, Yuang et al.
2008, van Rij et al. 2004, Chin-A-Woeng et al. 2001) and own previous studies. All the
variables were investigated at two levels: high (+) and low (—) (Table 1). A PBD with 12
assays (carried out in duplicate) was designed and five center points were added for
estimating the experimental error (Plackett and Burman 1946). The experimental sequence of
the design was randomized in order to minimize the effects of the uncertainties of systematic
errors. The effects of each independent variable on the final concentrations of IDC, PCA and
PCN were determined as the difference between the average value of the response for the
experiments at the high level (+) and the average value for the experiments at the low level (-)

using the Yates algorithm (Cavalitto and Mignone 2007).
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Where E; is the effect of the independent variable “i”, R+ and R. are response at the high

(+) and low (-) levels, respectively, and “n” is the number of experiments at each level.

Table 1. Coded and real levels in Plackett—Burman design — first screening

Independent ‘ Code levels
variables ynits Code - +
Peptone g L' A 1 2

Meat Extract gL! B 0.5 1

Soybean protein gL’ C 2 10

Yeast extract g L' D 0 1
Glucose gL! E 2 10
Ethanol mL L F 2 10

Salt solution® mL L G 0 1
KH,PO, gL H 0 0.5

Tryptophan mg L I 0 0.05

Temperature °C J 26 30
Initial pH K 6 8

“In g L'": MnSO4.4H,0 , 2.46; ZnS0,.7H,0, 0.28;
H;BO;, 1.86; CuS045H,0, 0.22; Na,Mo.2H,0,
00024, (NH4)6M070244H20, 0.034.

Subsequently, the experimental error (c.,) was estimated from data at central point by

SSE
Ocp = ’ an

using equation 4.

(4)
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Where, SSE,, is the sum of the squared differences between each observation at central
point, and “a” is the total number of central points. Finally, the minimum significant factor
effect (MIN) was calculated by multiplying “c.,” with the student t-value at an alpha level of
0.2. An effect was considered as significant when the absolute value of E; was larger than

MIN value.

2.6.2 Identifying the significant variables — Second screening.

From the analyses of the data obtained in the first screening, salt solution and tryptophan
were discarded, peptone and meat extract were fixed at central point and low level,
respectively. Then, a second PBD for seven variables with 12 randomized assays was
designed. Table 2 shows the factors under investigation as well as the level of each factor
used in the experimental design. The effects of each independent variable on the final
concentrations of IDC, PCA and PCN were calculated by the equation 3. Experimental error
was estimated by calculating the variance among the dummy variables (V) as (Prajapati et

al. 2014):

Y E§
n

(5)

Vg =

Where E4 is the effect for the dummy variables and “n” is the number of dummy
variables used in the experiment. The standard error (64) of dummy variables, that is the
square root of Vg, was used to determine the significance level of each effect as mentioned

above.

2.6.3 Optimization by central composite design (CCD).

Soybean protein, glucose, yeast extract, and KH,PO, concentrations were chosen to
design, model and optimize the production of IDC, PCA and PCN by RSM (Table 3). The
RSM study was performed at Statgraphics Centurion Software Version XVI, and a five-level
three-factor central composite design (CCD) was used to investigate the significance of the
effect of each independent variable (Box and Wilson 1951). Thirty experiments were
proposed by experimental design including 12 axial points, 12 face centered points and 6
replications at center point. The standard error was estimated by calculating the experimental
error among the center points (code 0). The data were used to develop a mathematical model

of second degree correlating each answer with the independent variables by the Eq. 1.
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Table 2. Coded and real levels in Plackett—Burman design — second screening

Code
Independent ‘
bl Units Code levels
variables
- -
KH,PO, gL’ A 0 05
Soybean protein gL' B 2 10
Yeast extract g L' C 0 1.0
Glucose gL’ D 0 6.0
Ethanol mL L™ E 0 6.0
Temperature °C F 28 32
Initial pH G 7.0 8.0
Dummy I H -1 +1
Dummy II I -1 +1
Dummy III J -1 +1
Dummy IV K -1 +1

Table 3. Coded levels and actual values of the independent variables.

Independent Uni Cod Coded level
nits ode
variables 20 -1 0 +1 +2
Soybean protein g L' X 0 5 10 15 20
Glucose gL’ X, 0 5 10 15 20
Yeast Extract gL' X; 0 03 06 09 12
KH,PO, gL’ X4, 0 03 06 09 12

2.6.4 Three-level full factorial design.

In many studies, temperature, pH and the interactions are mentioned as a key factors
which may affect biomass productivity but also the biosynthesis of metabolites produced by
microorganisms (Akkermans et al. 2017, Gongalves et al. 2017, Wu et al. 2017, Lee et al.
2014). Three-level of full factorial design was chosen to obtain a clear view of the interactions
between these parameters. Temperature (28, 32, and 37°C) and initial pH (6.8, 7.4 and 8.0)
values were chosen according to the results obtained in screening experiments. All treatments

were performed in triplicate and expressed as means + standard deviation.
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2.6.4 Validation.

Two optimum formulations were selected and validated as mentioned in section 2.5.3.

3. Results and discussion

3.1 Fermentation profiles in the CPS

The fermentation profiles in the CPS for both shake flask and fermentation vessels are shown
in Fig 2A and B, respectively. The OAC presence was observed in both culture conditions in
a late stationary phase. The maximum OAC concentration in shake flask (6.02 £ 0.18 mg L™,
ODsgp of 0.15) and fermentation vessels (4.25 + 0.35 mg L, ODsgg of 0.10) was recorded
after 240 h. The PCA was detected after 24 h of culturing in the final phase of growth,
significative differences between the final concentrations obtained in shake flask (0.96 + 0.08
mg L'l, ODsgg of 0.14) and fermentation vessels (2.97 £ 0.69 mg L’l, ODsgo of 0.17) were
observed. In shake flasks, the PCN concentration was always lower than 0.35 mg L’
(estimated value based on detection limit) and the maximum IDC concentration was 2.51 +
0.10 mg L™ after 240 h. Instead, in fermentation vessels the IDC concentration was always
lower than 0.37 mg L™ (estimated value based on detection limit) and the PCN concentration
ranged between (mg L) 0.63 + 0.25 (72 h) and 0.81 + 0.17 (240 h) (Fig 2A and B). Those
differences were probably associated with a low temperature control in the air system and
mixing conditions which should formed limited oxygen areas in the fermentation vessels
(dead zones). Some Authors observed that 20% of dissolved oxygen (DO) influenced
Pseudomonas M18G strain growth, and optimized aeration and agitation conditions, increased
the PCA concentration (Li et al. 2010). In addition, van Rij et al. (2004) reported the
increased of PCN levels at 1% of DO by P. chlororaphis PCL1391.

3.2 OFAT experiments

OFAT experiments were performed to evaluate the effects of inoculum size and
CuCl,.2H,0, peptone, and meat extract concentrations on metabolite production in 500 mL
shake flasks with 100 mL of culture medium (Figs 3A and B). The inoculum size of 1%v/v
increased PCA and PCN production (Fig 3A) and the presence of CuCl,.2H,0 in the culture
medium did not affect IDC and PCN production, and decreased PCA level. The OAC was not
detected in culture medium without CuCl,.2H,0 and also when the concentration was higher

than 30 mg L (Fig 3B). Peptone and meat extract showed significative effect on IDC, PCA
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and PCN production, OAC was not detected when the peptone concentration was higher than

2g L' (Fig 3C) and meat extract higher than 1.6 g L™ (Fig 3D).

CONCENTRATION (mg L")

CONCENTRATION (mg L)

[an]

[=2]

,,,,,, Geeneee PCA —=— PCN —s—|DC

—a4&— OAC - - % - Biomass

E
(]
O
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“““ o PCA —=—PCN —s—1IDC
— & — 0AC — #— - Biomass 02

E\
/

_ %
/ No - ¥
fl * WT;\%

Time (d)

Fig. 2 Fermentation profiles in current production system. (A) 0.5 L shake flask with 100 mL

of BCM, (B) 10 L fermentation vessels with 5 L of BCM.
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detected (n.d).
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3.3 IDC, PCA and PCN optimization by RSM

In order to optimize the IDC, PCA and PCN production, a BBD with three factors and
three levels was performed. The design consisted of 12 factorial points and three central
points in a random run order (Table 4). The central points (runs 6, 9, 12) were used to
calculate the pure error sum of squares. Neglecting the statistically insignificant terms (p >
0.05), the following quadratic regression equation was obtained to describe the IDC (Eq. 6.),
PCA (Eq. 7.) and PCN (Eq. 8.) production:

Y, = 8.495 +2.4662 X; — 0.8368 X, — 4.3538 X2~ 0.38 X;Xo+ 04512 X,X;  (6)

Y, =6.5034 — 1.0575 X - 0.92 X5 — 0.595 X5 — 4.5819 X;° — 0.6919 X,> + 0.44 X, X5 (7)

Y;=18.3133 +3.78 X; — 0.9012 X, + 1.8788 X5 — 7.6654 X,* — 3.24 X; X, — 1.8829 X, —
0.8725 XoX3 — 1.3979 X5*  (8)

Where Y, Y, and Y3 are IDC, PCA and PCN concentrations (mg L'l); Xi, X, and X3
represent the coded variables (Eq. 2) of peptone, meat extract and CuCl,.2H,0, respectively.

The analysis of variance (ANOVA) was carried to test model and the independent
variables (data not shown). The adjusted R-square was 0.98, 0.92 and 0.90 to IDC, PCA and
PCN respectively, these high enough values indicating that the response should explained by
the models obtained (Box and Draper 1987)). The quadratic regression models (Eq. 6, 7 and
8) were significative to predict the IDC, PCA and PCN concentrations.

These results of the regression models, and the actual and predicted values of each
dependent variable based on BBD experimental are shown in Table 4. Different combinations
of the three factors yielded IDC, PCA and PCN concentrations ranging from (in mg L™) 0.98,
“not detected”, “not detected” and 9.23, 8.53 and 18.67, respectively. Additionally, 3D
response surface curves based on the regression models were plotted (Fig 4A, B and C). The
optimal concentrations of the independent variables and the maximal concentrations predicted
of the dependents variables were determined, thus, the following medium culture
compositions were obtained (%w/v): peptone 17 and meat extract 1.0 for IDC production.
Peptone 11.7 and meat extract 1.2 to PCA production; and peptone 16.7, meat extract 2.8 and
CuCl,.2H,0 0.0064 to PCN production.
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Table 4. Box-Behnken design (BBD) with the values of the independent variables in natural
and coded units in culture of studied LV strain. X, = peptone (g L"), X, = meat extract (g L),
X3=CuCl,.2H,0 (mg L"), Y, =1IDC, Y,=PCA, Y3=PCN, Y;= OAC.

Independent ) 1
) Dependent Variables (mg L™)
Standard Run Variables

X1 X2 X3 20 ZLE PRl PLEN FEE FLE SRl P
6 1 24(+1) 4(00) 0(1) 7.17 6.86 1.11 1.13 14.00 15.08 ND --
9 2 13(0) 1(-1) 0(-1) 9.20 9.68 8.53 7.66 18.54 16.94 ND --
10 3 13(0) 7(+1) 0(-1) 6.84 7.10 4.15 494 1532 1688 ND --
8 4 24(+1) 4(0) 30(+1) 6.09 6.51 0.44 0.37 9.93 1098 ND --
4 5 24 (+1) 7(+1) 15(0) 5.6 531 ND ND 11.05 840 ND --
13 6 13(0) 4(0) 15(0) 821 851 6.64 6.66 18.67 1830 ND --
11 7 13(0) 1(-1) 30(+1) 9.23 897 6.37 559 16.49 1493 ND --
12 8 13(0) 7(+1) 30(+1) 8.67 8.19 3.75 462 9.78 11.38 ND --
14 9 13(0) 4(0) 15(0) 8.73 851 6.41 6.66 17.92 1830 ND --
5 10 2(-1) 4@0) 0(1 1.81 1.39 3.61 3.68 822 7.17 ND --
3 11 2(-1) 7(+1) 15(0) 098 1.14 2.51 1.66 7.84 7.32 2.61 --
15 12 13(0) 4(0) 15(0) 8.59 851 6.92 6.66 18.30 18.30 ND --
1 13 2(-1) 1(-1) 15(0) 2.11 2.06 2.34 3.15 ND 2.64 543 --
7 14 2(-1) 4(0) 30(+1) 1.80 2.12 2.08 2.06 4.85 3.77 472 --
2 15  24(+1) 1(-1) 15(0) 791 7.75 0.53 1.38 16.17 16.69 ND --

?Actual value, PPredicted value, ND.:not detected.

Further experiments were performed to validate the models and specific culture medium
for production of IDC (IDCM), PCA (PCAM), and PCN (PCNM) were prepared and the
concentrations of the independent variables were established in optimal levels as predicted by
the model (Fig SA, B, C and D). The results were compared with both predicted values and
actual values obtained in BCM (Table 5). The concentrations of IDC (9.27 + 0.69 mg L',
ODsg9 of 0.28), PCA (6.74 + 0.26 mg L™, ODsg of 0.26) and PCN (18.85 + 0.65 mg L™,
ODsg of 0.26) obtained in shake flasks under optimal conditions represented (%) 91, 87, and

96 of the predicted values and confirmed the validation of the response model.
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kept constant at a central point (15 mg L™).
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Table 5. IDC, OAC, PCA and PCN concentrations in two current production systems and
four optimized production protocols obtained in the present study. S.F (shake flasks). F.V

(Fermentation vessel).

Concentrations (mg L™) %Variation
Basic Culture Medium Optimized Culture Medium
Compound
S.F F.V Predicted S.F F.V S.F F.V
(100 mL) SL Value (100 mL) 5L (100mL) (5L)
IDC 2.51£0.10 <0.37 10.23 927+0.69 <0.37 269 -—--
OAC 6.02+0.18 4.38+1.92 - 11.11£1.05 9.31 84 213
PCA 0.96+0.08 2.97+1.09 7.72 6.74 +0.26 5.80 602 95
PCN <0.35 0.71 £0.31 19.65 18.85+0.65 4.40 >5286 519

Additionally, the concentrations of IDC, PCA and PCN increased in 2.7, 6.0 and 52.9
fold in respect to BCM, respectively. On the other hand, in fermentation vessels OAC, PCA
and PCN concentrations increased with respect to BCM and the concentrations were much
lower than obtained in shake flasks. As was previously mentioned, was not possible to control
temperature, air flow and agitation, which are decisive factors in the scale-up of fermentation
processes (Cuello et al. 2017).

The according to the results obtained in the experimental validation, the final
concentration of IDC was not significantly different in the culture media IDCM, PCAM and
PCNM (Fig 5A). Also, PCN concentrations were not significantly different in PCAM and
PCNM (Fig 5C). Then, PCAM was selected as the final optimized culture medium not only
for PCA production, and also for PCN and IDC production. The fermentation profiles for both
PCAM and OACM are showed in Fig 6A and B, respectively. The time required for the
production of each compound was established: eight days to IDC and OAC production, one
day to PCA and three days to PCN production.

3.4 OAC production and minimal inhibitory concentration (MIC).

OAC was not detected in the most of RSM optimization experiments (Table 4),
because the OAC concentration was not enhanced with peptone and meat extract
concentrations higher than found in BCM (Fig 3C and D). Also, OAC was detected after 4
days of culture at the stationary phase (Fig 6B).
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Fig. 5 Validation of the experimental design. BCM (0.2% peptone, 0.12% meat extract,
0.0005% CuCl,.2H,0), IDCM (%w/v: peptone, 1.69 and meat extract, 0.1), OACM (%w/v:
peptone, 0.23, meat extract, 0.1 and CuCl,.2H,0, 0.003), PCAM (%w/v: peptone, 1.17 and
meat extract, 0.12), PCNM (%w/v: peptone, 1.67, meat extract, 0.28 and CuCl,.2H,0,
0.00064). Bars with the same letter are not significantly different (a = 0.05) according to

Tukey’s least significant difference test. n.d. not detected.
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Fig. 6 Fermentation profiles in 0.5 L shake flask with 100 mL of optimized culture medium.
(A) PCAM (%w/v: peptone, 1.17 and meat extract, 0.12), (B) OACM (%w/v: peptone, 0.2,
meat extract, 0.12 and CuCl,.2H,0, 0.03).

The highest OAC concentration (11.11 = 1.05 mg L'l, ODsg of 0.12) was obtained in
OFAT experiments using BCM plus 25 mg L™ of CuCl,.2H,0 (Fig 3C and Table 5). The
results suggested that OAC biosynthesis by LV strain is likely triggered by starvation
conditions. Is known that cells respond with different stress conditions such as low levels of
carbon, nitrogen or phosphorus source, including amino acid starvation, triggering the
alternative sigma factor RpoS synthesis, the primary regulator of stationary phase genes

(Navarro et al. 2010). In Gram-negative bacteria RpoS controls genes that prepare the cell for
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survival in crude settings affecting the production of exotoxin A, pyocyanin and pyoverdine
byP. aeruginosa (Suh et al. 1999).

The reduction of nutrient concentration should increasing the OAC production, and two
additional culture medium (in g L™': peptone 0.6, meat extract 0.36, and peptone, 1.2, meat
extract, 0.72) plus 30 mg L' of CuCl,.2H>0 were tested under the same culture conditions.
The final concentrations of OAC obtained (1.67 and 2.52 mg L, ODsy of 0.10 and 0.11,
respectively) were lower than those obtained using BCM supplemented with 25 mg L™ of
CuCL.2H,0 (11.11 + 1.05 mg L™, ODsog of 0.12). The results suggested that the low level of
OAC produced could be related with the inhibitory effect against LV strain once the OAC
showed a high antibiotic effect against many Gram negative bacteria (Munhoz et al. 2017,
Murate et al. 2015, Oliveira et al. 2016, Silva et al. 2014).

The MIC of OAC for LV strain was determined in different initial pH (6.8, 7.8 and 8.8)
due to the fact that it increases quickly from 6.8 to 8.8 during the first days of culture (Fig
6B), and it has been demonstrated that pH may affect the antibacterial activity of natural
compounds and hence MIC values (Li et al. 2014, Olaimat and Holley 2013). At an initial pH
value of 8.8, a 50% decline in the MIC value was observed at 24 and 48 h when compared to
that at initial pH values of 6.8 and 7.8. This can be explained by the fact that the growth rate
of LV strain (expressed as O.D. versus incubation time for positive control samples) was

considerably reduced at initial pH 8.8 (Table 6).

Table 6. MIC values of OAC against LV strain at different pH.

MIC (pg mL'l) ODs90um (Positive Control)
Time (h)
pH6.8 pH7.8 pHS.S pH 6.8 pH 7.8 pH 8.8
0 - - - 0.066 + 0.008*"  0.068 + 0.009 0.063 £ 0.006*
24 7.5 7.5 3.75 0.167 £0.022*  0.148 +0.014" 0.078 £ 0.016°
48 15 15 7.5 0.138 £0.013"  0.144+0.019° 0.153 £0.020°
72 15 15 15 0.130+0.008*  0.137 +0.014" 0.144 £0.013*

* Means of ODsgonm at each sampling time in the same row with the same letters are not
significantly different (p > 0.05).

No difference was observed when compared the MIC in a different pH during the
experiment. The MIC values changed during the time, increasing of 7.5 to 15 pg mL™ in 48 h
and 72 h of incubation in any pH. The antibiotic-producing bacteria is innate resistant to the

antibiotics produce by itself (Opal and Pop-Vicas, 2015), and the LV strain needs to increase
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its resistance to the new environmental stresses generated by OAC. In Gram-negative
bacteria, the entrance to the stationary phase is a highly regulated process governed by RpoS
involving production of cell envelopes for an effective protection against many stress
conditions factors such as oxidative stress, heat shock, osmotic stress, antibiotics presence and
pH changes (Navarro et al. 2010). During the process the inner membrane has a highly
ordered structure to reduce fluidity (Nystrom 2004), contributing to an intrinsic resistance and
increasing the antibiotic resistance (Wang et al. 2015, Alvarez-Ortega et al 2011).

The maximum MIC value of OAC found was between 7.5 and 15 mg L' and the high
concentration observed in the culture was 11.11 + 1.05 pg mL" in OACM which was the
same of MIC. The results suggested that to increase the OAC production we have find
different ways as chemical synthesis, random mutation and screening or metabolic
engineering tools, which is a key role in a production of many natural compounds (Nielsen

and Keasling 2016, Tamano 2014).

3.5 Identifying the significant variables — first and second screening

The PBD was used for screening because it was proved a powerful and useful
mathematical tool to reduce the number of input variables in the optimization processes
conducting by a small number of experimental trials. The matrix applied in the first screening,
the interpretation of the coded levels and the results are shown in Table 7. A considerable
fluctuation in the results was observed, where a total IDC, PCA and PCN concentrations
ranged from “not detected” to 16.77, 73.02 and 64.49 mg L', respectively. Improvement of
0.8 (IDC), 9.8 (PCA) and 2.4 (PCN) times were found with respect to PCNM (Table 5). The
results confirm that other factors were required to increase the production of these compounds
by LV strain. The main effects of each independent variables on each response, and their
statistical significance (p < 0.2) were calculated by using the equations 1 and 2, respectively,
and the results were represented by Pareto charts (Fig 7A, B and C).

Tryptophan has been reported as main precursor in the biosynthesis of indole-3-acetic
acid (IAA) (Spaepen and Vanderleyden 2011) and, their biosynthesis starts with chorismate in
the shikimate pathway, a common pathway of the biosynthesis of phenazines (Guttenberger et
al. 2017). The addition of tryptophan in the culture medium could induce the production of
both phenazines and IDC. However, when tryptophan was added in the culture media no

significantive effect was observed (Fig 7A, B and C).
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Table 7. Plackett-Burman design: first screening. A: peptone (g L™); B: meat extract (g L™'); C: soybean protein (g L™"); D: yeast extract (g L™");
E: glucose (g L™); F: ethanol (mL L™"); G: Salt solution (mL L™); H: KH,PO4 (g L™"); I: tryptophan (g L™"); J: temperature (°C); K: initial pH.

Independent variables

Dependent variables

Run IDC PCA PCN
A B C D E F G H I J K 1 _1 _1
(mg L") (mg L") (mgL"™)

1 2(+1)  0.5(-1) 10(+1) 0(-1) 2(-1)  2(-1) 1(+1) 0.5(+1) 0.05(+1) 26(-1) 8(+1) 12.46 3.84 42.78
2 2(+1)  I(+1)  2(-1)  1(+1)  2(-1)  2(-1)  0(-1) 0.5(+1) 0.05(+1) 30(+1) 6(-1) 7.04 51.22 9.66
3 1-1)  1(+#1) 10(+1) 0O(-1) 10(+1) 2(-1) 0(-1)  0(-1)  0.05(+1) 30(+1) 8(+1) 13.33 7.60 42.44
4 2(+1)  0.5(-1) 10(+1) 1(+1) 2(-1) 10(+1) 0(-1)  0(-1) 0(-1)  30(+1) 8(+1) 16.77 63.37 46.18
5 2(+1)  I(+1)  2(-1)  1(+1) 10(+1)  2(-1) I(+1)  0O(-1) 0-1)  26(-1) 8(+1) 5.06 0.28 60.59

6 2(+1)  1(+1)  10(+1) 0(-1) 10(+1) 10(+1) 0O(-1) 0.5(+1) 0(-1)  26(-1) 6(-1) 12.85 1.51 ND
7 1-1)  1(+1)  10(+1) 1(+1) 2(-1) 10(+1) 1(+1)  0(-1)  0.05(+1) 26(-1)  6(-1) 225 ND 6.23
8 1-1)  0.5(-1) 10(+1) 1(+1) 10(+1) 2(-1) 1(+1) 0.5(+1)  0(-1)  30(+1) 6(-1) 8.74 32.60 64.49
9 1-1)  0.5(-1)  2(-1) 1(+1) 10(+1) 10(+1) 0(-1) 0.5(+1) 0.05(+1) 26(-1) 8(+1) ND 11.42 12.89
10 2(+1)  0.5(-1)  2(-1)  0(-1) 10(+1) 10(+1) 1(+1) 0(-1)  0.05(+1) 30(+1) 6(-1) ND 6.49 1.33
11 1-1)  1(+1)  2(-1)  0(-1) 2(-1) 10(+1) 1(+1) 0.5(+1)  0(-1)  30(+1) 8(+1) ND 73.02 19.46
12 1-1)  0.5(-1)  2(-1)  0(-1) 2(-1) 2(-1) 0(-1) 0(-1) 0-1)  26(-1) 6(-1) ND 6.00 4.13

13-17 1.5(00) 0.75(0)  6(0) 0.5(0) 6(0)  6(0) 0.50) 0.25(0) 0.025(0) 29.5(0) 7(0) 11.74£2.10  52.80+4.77 79.69+5.16

ND.: not detected
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Fig. 7 Pareto charts representing the estimated effects of the independent variables on the

final concentrations in the responses. The vertical line on the plot judges the effects that are

statistically significant (p < 0.20). The bars extending beyond the line correspond to the

effects that are statistically significant. At first screening the critical values of minimum

significant factor effects were 2.77 (A), 12.33 (B), and 6.81 (C), while at second screening
these values were 2.52 (D), 16.70 (E), and 6.72 (F) for IDC, PCA and PCN, respectively.

Positive and negative effects are represented by black and white color bars, respectively.
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Also, when increased the concentration of meat extract no significative effects on IDC,
PCA and PCN concentrations were observed. The concentrations of both culture medium
components were fixed at low levels in further experiments. On the other hand, peptone
concentration and addition of salts in the culture medium showed only significant positive
effects on IDC and PCN concentrations, respectively. Because of this, and because these
components are expensive, and the addition of salts makes the culture media manufacturing
process more complex, and even less desirable, they were also kept at low levels in further
experiments.

The ethanol showed a negative effect on PCA, and enhanced PCN, and no effects on IDC
was observed. On the other hand, glucose showed positive, negative, and no effect on PCA,
PCN, and IDC, respectively. Hence, aiming to achieve a better understanding of the effects of
these two parameters on responses, their intervals were resizing from 2 to 10% in the first
screening to 0 to 6% in second. The temperature and yeast extract enhanced PCA and PCN,
and no effect on IDC was observed. When the initial pH increased the three compounds also
enhanced. Therefore, higher values of these three parameters were explored. The addition of
KH,PO, increased PCA and not IDC and PCN concentrations. Finally, soybean protein
positively affected IDC and PCA, and little effect on PCN was observed.

In second experiment, the factor ranges were selected based on the analysis of significant
effects (p < 0.2) found in the first screening. The experimental design matrix and output
responses are shown in Table 8. Four dummy factors were introduced to measure the
experimental error and to identify variables which may affecting the system (Prajapati et al.
2014). In the seven real factors, only ethanol did not show effect on all response variables
(Fig 7D, E and F). Additionally, IDC production was increased when KH,PO4 was added (Fig
7D) and no significant effects on the others responses was noticed. Soybean protein and
glucose enhanced PCA (Fig 7E) and PCN (Fig 7F), and temperature and initial pH increased
PCA and not PCN.

The maximum concentrations of IDC, PCA and PCN decreased by (in %) 22.7, 26.1 and
14.2, respectively, with regard to the results obtained in the first screening. The decline
observed was related with some changes made in the amount of peptone and glucose, which
enhanced the biosynthesis of compounds in the first screening. Surprisingly, there was an
increase in all the minimum concentrations (Tables 7 and 8). This could indicate that those
variables that were eliminated (e.g. salt solution) or resized (e.g. ethanol, pH and
temperature), from the first to the second screening, were limiting the synthesis of these

compounds.
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Table 8. Plackett -Burman design: second screening. A: KH,PO, (g L™); B: soybean protein (g L™); C: yeast extract (g L™); D: glucose (g L™);

E: ethanol (mL L™); F: temperature (°C); G: pH initial; H: dummy I; I: dummy II; J: dummy III; K: dummy IV,

Independent variables

Dependent variables

Run
A B C D E F G H I J K IDC PCA PCN
1 0.5(+1) 10(+1) 0.5(-1) 6(+1) 6(+1) 32(+1) 7(-1) -1 -1+ -1 10.57 53.63 51.04
2 0.5(+1) 2(-1) 1.5(+1) 6(+1) 6(+1) 28(-1) 7(-1) -1+ -1+ 12.96 32.90 55.36
3 0(-1) 10(+1) 1.5(+1) 6(+1) 0(-1) 28(-1) 7(-1)) +1 -1  +1 +1 7.52 26.63 54.60
4 0.5(+1) 10(+1) 1.5(+1) 0(-1) 0(-1) 28(-1) 8(+1) -1+ 41 - 9.04 34.29 47.40
5 0.5(+1) 10(+1) 0.5(-1) 0(-1) 0(-1) 32(+1) 7-1)  +1  +1 -1 +1 9.52 40.86 26.44
6 0.5(+1) 2(-1) 0.5(-1) 0(-1) 6(+1) 28(-1) 8+ +1 -1 +1  +1 6.76 10.33 0.77
7 0(-1) 2(-1) 0.5(-1) 6(+1) 0(-1) 32(+1) 8(+1) -1+ 41+ 5.08 33.88 3.25
8 0(-1) 2(-1) 1.5(+1) 0(-1) 6(+1) 32(+1) 7-1)  +1  +1  +1 -1 6.59 10.24 1.68
9 0(-1) 10(+1) 0.5(-1) 6(+1) 6(+1) 28(-1) 8(+1) +1 +1 -1 -1 3.34 49.29 53.38
10 0.5(+1) 2(-1) 1.5(+1) 6(+1) 0(-1) 32(+1) 8(+1) +1 -1 -1 -1 4.58 29.71 18.21
11 0(-1) 10(+1) 1.5(+1) 0(-1) 6(+1) 32(+1) 8(+1) -1 -1 -1+l 10.31 54.90 17.72
12 0(-1) 2(-1) 0.5(-1) 0(-1) 0(-1) 28(-1) 7(-1) -1 -1 -1 -1 5.41 10.05 0.33
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When compared the results among first and second screening, contradictory effects were
observed in specific responses. For e.g. glucose concentration decreased PCA production in
the first screening (Fig 7B), and increased in the second (Fig 7E). Temperature and initial pH
enhanced PCN in the first PBD (Fig 7C), and decreased in the second (Fig 7F). Such
contradictions may be present in two-level factorial designs, since the main effects can be
heavily confounded with two-factor interactions (Cavazzuti 2013). This could also explain the
fact of having registered a positive effect of dummy II on PCN concentrations (Fig 7F), that
is, probably the known variables interacted to affect the effect of this factor on the response.
In this case, two-level factorial designs are only useful to identify the key input variables
affecting the process and not to determine specific amounts in the culture media composition.

The ethanol was discarded in the subsequent experiment, and four nutritional
requirements (soybean protein, glucose, yeast extract and KH,POs) were analyzed and
optimized by RSM. The physical factors, temperature and initial pH, were fixed at low levels,

and studied by three-level full factorial design in further experiments.

3.6 Optimization by central composite design (CCD)

To maximizing the production of IDC, PCA and PCN compounds by LV strain, the
levels of soybean protein, glucose, yeast extract and KH,PO4, were determined. Multiple
regression analyses were performed in order to fit the experimental concentrations (Table 9)
by the Eq. 1. Based on the repeated experiments at central point (Runs 3, 9, 13, 20, 25 and 30)
the coefficients of variation to IDC, PCA and PCN were calculated in (in %) 4.3, 5.9 and 4.0,
respectively, and low values indicated the reproducibility of the experiments.

The determination coefficients (R*) were estimated in 0.82, 0.84 and 0.97, indicating that
the models were able to explain more than 82, 84 and 97% of the responses observed of IDC,
PCA, and PCN, respectively. The F-values were 4.98, 5.44 and 31.96 to IDC, PCA and PCN
models were greater than the F-value of 2.42 indicating that all regression were significative
at 95% confidence. As shown in Fig 8A, B and C, the model predictions and values showed
good agreement which validate the model.

The culture media composition obtained for IDC, PCA and PCN production had the same
amount of meat extract and peptone and changed soybean protein, glucose, and yeast extract
(Fig. 9) and shows the high influence of soybean protein in the biosynthesis of those

compounds evaluated.
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Table 9. Central Composite Design (CCD) matrix with the values of the independent
variables in natural units. (In g L™"): X; = soybean protein, X, = glucose, X3 = Yeast Extract,

X, =KH,PO,. (In mgL™);, Y, =IDC, Y,=PCA, Y;=PCN.

Independent Variables Dependent Variables
Run Xy X, X3 X4 \Ch Y,P Y2 O Y3 Y3°
1 15 15 0.3 0.3 11.36 11.66 26.67 31.49 4930 49.31
2 15 5 0.3 0.9 1141 10.05 2539 2560 49.69 54.03
3 10 10 0.6 0.6 1222 1224 3451 37.06 58.60 58.74
4 10 5 0.9 0.3 1228 12.66 30.73 30.39 4390 41.02
5 15 5 0.9 0.9 11.65 10.07 1557 20.41 3572 33.62
6 5 15 0.9 0.9 759 697 773 1523 2045 23.76
7 15 15 0.3 0.9 11.30 994 21.06 23.05 39.00 37.24
8 5 5 0.3 0.9 5.80 4.74 6.74 5.50  31.50 29.49
9 10 10 0.6 0.6 12.57 1224 36.10 37.06 5535 58.74
10 10 10 0.6 0.0 14.90 13.35 4247 3434 52.00 5249
11 5 15 0.9 0.3 8.09 859 10.58 15.82 2795 25.70
12 10 10 0 0.6 10.40 11.53 32.82 30.53 44.70 43.68
13 10 10 0.6 0.6 11.35 1224 3775 37.06 58.68 58.74
14 10 10 1.2 0.6 10.49 11.51 34.15 24.01 2495 23.38
15 10 20 0.6 0.6 6.86 7.55 3206 19.77 31.80 28.45
16 0 10 0.6 0.6 312 3.18 1.68 -6.72 12.83 7.94
17 5 5 0.9 0.9 696 580 1.78 240 17.30 19.39
18 20 10 0.6 0.6 8.64 1049 30.00 25.62 4570 45.88
19 10 0 0.6 0.6 7.01 847 1758 17.44 4255 43.32
20 10 10 0.6 0.6 12.01 1224 3856 37.06 6244 58.74
21 5 5 0.3 0.3 7.73 891 1030 14.81 36.15 39.70
22 15 15 0.9 0.3 10.82 10.59 19.86 28.07 36.60 39.11
23 5 15 0.3 0.9 750 645 10.17 1579 1431 17.84
24 15 15 0.9 0.9 10.80 9.43 1894 2040 31.50 32.85
25 10 10 0.6 0.6 12.14 1224 40.12 37.06 5827 58.74
26 5 5 0.9 0.3 952 940 578 1094 20.10 23.79
27 10 5 0.3 0.3 14.04 12.69 3636 3530 67.70 62.08
28 10 10 0.6 1.2 4.32 8.02 21.65 17.35 39.10 36.02
29 5 15 0.3 0.3 8.35 8.64 15.02 17.15 23.00 25.60
30 10 10 0.6 0.6 1290 1224 3496 37.06 57.00 58.74
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the optimum values of the others. A. IDCM2 (%w/v: soybean protein, 1.4, glucose, 0.66 and
yeast extract, 0.026), B. PCAM2 (% w/v: soybean protein, 1.45; glucose, 0.72; yeast extract.
0.043; and KH,PO4, 0.022), C. PCNM2 (%w/v: soybean protein, 1.44; glucose, 0.6; yeast
extract, 0.032; and KH,POy4, 0.031). All the culture medium also containing (%w/v: meat

extract, 0.05 and peptone, 0.15). The experiments were conducted for 8 days at 28°C, initial

pH 6.8 and 170 rpm
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3.7 Validation

The validation experiment was performed to confirm the applicability of the models (Fig
10). The concentrations were (mg L™): 13.67 + 0.39 to IDC, 44.56 + 3.65 to PCA and 60.98 +
2.92 to PCN. The values corresponded to 101, 104 and 88% of the predicted concentrations,
which proved the validity of each model. Concentrations of IDC, PCA and PCN did not show
significantive differences in all medium tested, once the amount of composition were very
close an small variations as expected did not show any influence on the response (Fig 9). In
fact, the maximum expected variations, with optimum values were 14, 5.6 and 6.1 (%) for
IDC, PCA and PCN concentrations, respectively. In accordance with these results, two
adjusted culture media (media A and B), changed only KH,PO, concentration in the culture

were selected.

3.8 Effect of temperature and initial pH on the production of IDC, PCA and PCN

The medium B was employed to evaluate the effect of temperature and initial pH on
production of IDC, PCA and PCN by a 3* full factorial design (Figs 11A, B and C). The two
factors were evaluated independently because the interaction of the factors affect the biomass
production and metabolites biosynthesis of microorganisms (Dinarvand et al. 2017) and the
same effects were observed on the production of IDC, PCA and PCN (Figs 7A, B, C, E and
F). The concentrations at 28°C and initial pH 6.8 were (mg L™") 13.19 + 1.14 for IDC, 42.21 +
3.06 for PCA and 58.32 + 1.81 for PCN, with reduction of 3.5, 2.1 and 4.4% on the maximum
concentrations obtained in the validation phase (Eq. 5, 6 and 7). No differences (p > 0.05)
were found among the values.

The IDC concentration ranged from 11.44 + 0.88 (37 °C, initial pH 7.4) to 14.83 £+ 1.40
mg L™ (28°C, initial pH 7.4) indicating that the temperature decreased IDC production (Fig
11A) and no difference was observed when compared with 28°C and initial pH 6.8. PCA
production was strongly influenced by temperature, initial pH and the interaction of these
factors (Fig 11B). At 32°C and initial pH 6.8, the maximum concentration of PCA was 1.8
fold the optimum value (81.76 + 2.55 mg L") in the validate phase. On the other hand, the
PCN was not influenced by initial pH, and decreased with changes in the temperature (Fig
11C). The gene expression pattern involved in the conversion of PCA in others phenazines is
temperature-dependent and strain-specific manner at the different temperatures. Huang et al.
(2009) demonstrated that the PCA ratio to produce pyocyanin (PYC) (1-hydroxy-5-
methylphenazine) reached 105:1 at 28°C and 5:1 at 37°C in P. aeruginosa M18, while was
only 1:2 at 37°C in P. aeruginosa PAOI. In addition, previous studies reported that decreases
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in pH from 7 to 6 and decreases in growth temperature from 21 to 16 °C drastically affected

the production of PCN by Pseudomonas chlororaphis PCL1391 (van Rij et al., 2004).
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Fig. 10 Validation of the experimental design. Same conditions as in Fig. 9. Bars with the

same letter are not significantly different (o = 0.05).

3.9 Definition of culture media and fermentation time

The pH 6.8 level was choose to determine the fermentation time of Medium A and B in
two different temperature conditions 28 °C and 32 °C. The synthesis of IDC at 28°C was
detected after five days of incubation (Fig 12A and B) and with 32 °C was detected after 3
days of incubation (Fig 12C and D). The maximum concentration was observed after eight
days and no significative differences were observed when compared all incubation times. As
expected, PCA and PCN production was influenced by temperature and the higher
concentrations of PCA were recorded at 32°C while PCN was at 28°C.

The addition of KH,POy in the culture medium reduced PCA and increased PCN level.
Earlier studies reported that the production of phenazines by Pseudomonas strains was
significantly influenced by phosphate concentration. Ingledew and Campbell (1969), and
Turner and Messenger (1986) found that phosphate deficiency enhanced PYC synthesis using
P. aeruginosa. In contrast, van Rij et al. (2004) observed that P. aeruginosa and P.
chlororaphis PCL1391, PYC and PCN production, increased in the medium contains
intermediate level of phosphate. Different effects of physical and chemical factors on
Pseudomonas strains were observed once the environmental conditions influence the

metabolites production (Bhattachayya and Jha 2012). Recinos et al. (2012) found that the
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expression of both phz1 and phz2 operons, which are involved in the biosynthesis of PCA and
derivatives by P. aeruginosa (Cui et al. 2016, Blankenfeldt and Parsons 2014), and the
expression was environment-dependent and played differential roles in the pathogenicity of P.

aeruginosa PA14.
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Fig. 11 Effect of temperature and initial pH on the final concentration of IDC (A), PCA (B)
and PCN (C). Medium B was used. The samples were taken after 8 d.
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The optimum concentrations obtained in this study are summarized in Table 10. Medium
A at 28°C was selected to IDC production with an expected concentration of 15.50 mg L™ at 8
days of fermentation (Fig 12A), while at 32°C was selected to PCA production with an
expected concentration of 113 mg L™ at 3 days of fermentation (Fig 12C). The Medium B at
28°C was selected to PCN production with an expected concentration of 177 mg L™ at 5 days
of fermentation (Fig 12B). In shake flask, the concentration increased more than 5 (IDC), 117
(PCA) and 506 (PCN) fold when compared with the final concentrations in BCM. The
increments were greater than 42 (IDC), 38 (PCA) and 250 (PCN) fold when compared with

the current system production in 10 L fermentation vessels.

Table 10. IDC, PCA and PCN concentrations in current production system and optimized
production protocols obtained in the present study. S.F (shake flasks). F.V (Fermentation

vessel).
Concentrations (mg L")
Variation (%)
Basic Culture Medium Optimized Culture Medium
Compound
S.F F.V S.F S.F F.V
(100 mL) (5L (100 mL) (100 mL) 5L)
IDC 2.51+0.10 <0.37 15.61 £1.26 522 4119
PCA 0.96£0.08 2.97+2.09 112.89 +2.87 11659 3701
PCN <0.35 0.71 £1.01 177.31 +3.99 >52860 24873

Several studies have been carried in order to increase phenazines concentrations using
fermentation-based production from wild-type and mutant strains. PCN production by P.
Chlororaphis strain PCL1391 yielded less than 40 mg L™ in shake flask with modified Vogel
Bonner medium (MVBI1)-glucose (van Rij et al. 2004). Tan et al. (2016) reported PCN
concentrations greater than 900 mg mL™" by P. Chlororaphis strain P3 at optimized
fermentation conditions, and greater than 2800 mg mL™ by mutation breeding of the P3
strain. For their part, PCA production by P. aeruginosa strain M18 yielded 20 mg L' in shake
flask using PPM medium and greater than 4000 mg mL™" at optimized conditions in fed-batch
culture, after being subjected to many processes of genetic manipulation (current industrial
strain) (Du et al. 2014, Li et al. 2010, Su et al. 2010, Zhou et al. 2010, Li et al. 2008, Ge et al.
2006). Similarly, Jin et al. (2015) modified the central biosynthetic and secondary metabolic
pathways in P. aeruginosa strain PA1201 and reported a PCA concentration of 9882 mg L™

in fed-batch fermentation.
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4. Conclusion

Two culture conditions were optimized to produce IDC, PCA and PCN compounds by P.
aeruginosa LV strain using screening experiments and RSM methodology. In shaker with 100
mL of culture medium was produced the same amount of IDC, PCA and PCN as in 4.2, 3.8
and 2.5 L in fermentation vessels, respectively. In addition, PCA and PCN decreased the
obtaining time. Consequently, the supernatant downstream process under laboratory
conditions (concentration, extraction and purification) improved the obtaining and decreased
the cost. The OAC concentration did not increase more than MIC which is obvious. To

increase the OAC production further studies need to carry.
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