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Resumo Geral

Este trabalho teve por objetivos o estudo da biotransformacdo de terpenos e
avaliacao de suas propriedades biologicas. A biotransformacao de limoneno foi
realizada por uma linhagem de Fusarium oxysporum cultivada em manipueira e
transferida para meio mineral, sendo o 6leo essencial de laranja, um residuo da
industria do suco de laranja, a fonte do limoneno. Rendimentos da ordem de 450
mg/L de a-terpineol, o principal produto obtido, foram alcancados. Da mesma
forma, a biotransformacdo do citronelol foi conduzida por uma linhagem de
Penicillium sp. cultivada em manipueira e transferida para meio mineral. O
principal produto obtido foi o cis-6xido de rosa em concentragdes da ordem de 70
mg/L. A selegdo de microrganismos biotransformadores de limoneno (cuja fonte foi
Oleo essencial de laranja) o— e P—pinenos (cuja fonte foi terebentina, residuo
industrial da industria de papel) foi realizada por microextragcdo em fase sélida
(MEFS). A técnica mostrou-se eficaz para a recuperacao de volateis presentes no
‘heapspace’ de culturas esporuladas de superficie para a biotransformagao. Os
microrganismos selecionados por MEFS foram submetidos a biotransformacao em
cultura liquida e producao da ordem de 50 mg/L de verbenol por Mucor sp. 2276 e
70 mg/L de verbenona resultaram da biotransformacdo de o— e P—pinenos.
Aspergillus sp. 2357 e Penicillium sp. 2360 produziram aproximadamente 90 e 10
mg/L de a-terpineol e alcool perilico respectivamente. A biotransformacao de
o—farneseno por linhagens de Aspergillus niger gerou compostos nunca relatados
anteriormente na literatura. Quatro produtos principais foram obtidos. Apenas um

composto pbéde ser identificado por meio de CG-EM como 6-OH-farneseno.



Andlises de CG-olfatometria descreveram 6-OH-farneseno como aroma citrico
impactante. Estudos ‘in vitro’ e ‘in vivo’ com extrato da biotransformacdo de
limoneno por Fusarium oxysporum e com padrbes de monoterpenos revelaram o
potencial desses compostos em atuarem como antioxidantes, gerando uma
possibilidade para esses compostos serem utilizados industrialmente como

aromas funcionais.



Summary

The biotransformation of terpenes and their functional properties were investigated
in this study. The biotransformation of limonene was done by a Fusarium
oxysporum strain grown in cassava waste water and transferred into a mineral
medium for biotransformation. The limonene source was an orange essential oil
from a orange juice industry. The main biotransformation product was o—terpineol,
reaching around 450 mg/L. Similarly, biotransformation of citronellol was
conducted by a Penicillium sp. strain grown also in cassava waste water and
transferred into a mineral medium. The main product was cis-rose oxide, reaching
concentrations higher than 70 mg/L. The screening of microrganisms for
biotransformation of limonene (from orange essential oil) and a—, B—pinenes (from
turpentine oil, residue from pulp industry) was done by solid phase microextraction
(SPME). The technique was effective for the recovery of the volatiles from the
headspace of sporulated surface biotransformation cultures. Liquid culture
biotransformation experiments performed with the SPME screened strains resulted
in the production of 50 mg/L of verbenol by Mucor sp. 2276 and 70 mg/L of
verbenone form a-, B—pinenes and 90 mg/L of a—terpineol by Aspergillus sp. 2357
and 10 mg/L of perillyl alcohol by Penicillium sp. 2360. The biotransformation of
o—farnesene by Aspergillus niger strains resulted in compounds never described in
the literature before. Four main new compounds were obtained. Only one of them
could be identified by GC-MS as 6-OH-farnesene. CG-O experiments revealed the
impactant citrus aroma of 6-OH-farnesene. ‘In vitro’ and ‘in vivo’ experiments with

the limonene biotransformation extract by Fusarium oxysporum and with the



monoterpene standards present in the extract revealed the antioxidant potential of
these compounds, which open a new perspective for the utilization of these

compounds as functional aroma compounds.



Introducao Geral

O aroma é um dos mais importantes atributos de alimentos, bebidas e
cosméticos. Atualmente observa-se a preferéncia de consumo de alimentos que
contém em sua formulacdo ingredientes naturais em substituicido aos aditivos
quimicos, o que faz com que esses produtos tenham apelo de mercado
diferenciado. Compostos obtidos por acdo microbiana podem ser considerados
"naturais”, fato que promove grande aceitacdo por parte do consumidor;
agregando, dessa forma, maior valor aos produtos que utilizam esses
aromatizantes produzidos biotecnologicamente (Tan, Day & Cadwallader 1998a).

A industria de aromas foi estimada em US$ 9,7 bilhdes em 1994. Estima-se
que aproximadamente 6400 volateis naturais € 10000 compostos de fragrancia
sintéticos sejam conhecidos, sendo poucas centenas regularmente utilizadas em
aromas e fragrancias e cerca de 400 aromas quimicos manufaturados em escala
maior que uma tonelada por ano (Krings & Berger 1998).

Hidrocarbonetos terpénicos e seus derivados oxifuncionalizados
(terpendides) constituem a classe de substancias mais diversa na natureza (Hill
1993). Os terpenos sdo os responsaveis pelo aroma dos éleos essenciais, além
de serem 6timos substratos para conversdes estereoespecificas. Terpenos ja vém
sendo utilizados pela industria de aroma sendo seu consumo mundial da ordem de
2,8x10° kg por ano (Welsh, Murray & Williams 1989). Hidrocarbonetos terpénicos
sdo geralmente rejeitos industriais e ndo possuem alto valor agregado, sendo

economicamente vidveis para aplicagdo em bioconversdes/biotransformacoes,



gue os convertem em produtos de maior importancia industrial. Os progressos na
biotecnologia podem levar a utilizacdo de rejeitos da industria nacional produzindo
compostos de alto valor agregado para utilizagdo nas industrias de alimentos,
cosmética e farmacéutica (Berger 1995).

Apesar disso, dentre os 60-100 compostos de aroma e fragrancia
produzidos biotecnologicamente em escala industrial, poucos terpendides estao
entre eles, apesar de suas caracteristicas sensoriais Unicas e crescente demanda.
As principais razdes para tal baseiam-se na natureza quimica das substancias e
nas moléculas de interesse: baixa solubilidade, alta volatilidade e citotoxicidade
dos terpenos e terpendides impedem bioprocessos convencionais (Schrader &
Berger 2001).

A biotransformacao de monoterpenos pode resultar em compostos de alto
valor na industria de aromas e fragrancias (Berger 1995). Uma das vantagens das
reacdes de biotransformacdo é a reducdo dos impactos ambientais quando
comparados com sinteses quimicas por emitirem menor carga de residuos
industriais, por produzirem residuos e produtos biodegradaveis. As
transformacdes microbianas tém a seu favor a natureza régio e estéreo seletiva
das reacdes enzimaticas, permitindo o direcionamento do sistema de reag¢édo para
obtencdo de um produto definido. Isto pode ser significante na produgcéo de
aromas naqgueles casos em que isbmeros 6ticos de uma substancia particular
exibem diferentes propriedades sensoriais entre si (Gatfield 1988).

Atualmente, os processos de biotransformacao podem apresentar as
seguintes vantagens (Berger 1995): modificacdo especifica da estrutura do

substrato via reacdes de transformacao; degradacdo parcial de substratos em



metabdlitos importantes pelo controle dos caminhos das reagdes microbianas e
extensdo da estrutura do substrato pelo uso de reacdes de biossintese a
estruturas artificiais.

Além de suas propriedades relativas a aromas e fragrancias, alguns
terpendides vém sendo reconhecidos por suas propriedades funcionais.
Investigacdes revelam que compostos como limoneno, alcool perilico e carvona
possuem acdo na prevencdo de doencas degenerativas. Além disso, alguns
desses compostos estao sendo estudados como quimioterapicos.

Tendo em vista suas mudltiplas fungdes como aditivos em alimentos e
crescentes elucidacbes a respeito de suas atividades funcionais e bioldgicas,
pesquisas relacionadas a essas substancias receberdao grande atencao nos
proximos anos (Schrader & Berger 2001).

Este trabalho teve como obijetivos:

e selecionar linhagens de fungos filamentosos com potencial para a
biotransformacao de terpendides em compostos de aroma e com atividade
bioldgica;

e utilizar alguns residuos industriais como fonte de terpendides

e utilizar manipueira como meio de cultura para a biotransformacéao

e estudar algumas atividades bioldgicas do extrato da biotransformacao de

limoneno por uma linhagem de Fusarium oxysporum.



Capitulo 1 - Revisao bibliografica

O consumo de alimentos e bebidas esta inseparavelmente ligado a
estimulacao dos sentidos humanos. A sensacao de odor (cheiro) de um alimento é
formada por misturas complexas de molélulas pequenas e geralmente
hidrofébicas de muitas classes quimicas que ocorrem em concentracdes tracos e
sao detectadas por células do epitélio olfativo da cavidade nasal. Compostos de
aroma estdo intimamente relacionados a aceitacdo de alimentos por parte dos
consumidores.

As novas preocupacoes dos consumidores relativas a alimentacao e saude
tém aberto novas possibilidades para compostos rotulados como ‘naturais’ (Berger
1995).

De acordo com a legislacdo européia, aroma ou misturas de aromas sao
considerados ‘naturais’ quando sdo obtidos de fontes naturais por processos
fisicos ou fermentativos. Nos Estados Unidos, compostos de aroma separados de
um alimento ou gerados durante aquecimento ou processamento por atividade
enzimatica ou fermentacéo (sendo que o composto gerado deve ser idéntico ao ja
existente na natureza) sao exigéncias para que a substancia seja legalmente
rotulada como ‘natural’. Essas regulamentacdes certamente abrem oportunidades
para processos biotecnolégicos de obtencdo de compostos de aroma (Serra,
Fuganti & Brenna 2005; Berger 1995).

Compostos de aroma sao obtidos atualmente por dois processos
principalmente: sintese quimica e extracdo de fontes naturais. As sinteses

guimicas geralmente criam altos impactos ambientais por emitirem certa carga de



residuos néao-biodegradaveis. Aromas extraidos diretamente de plantas estdo
sujeitos a instabilidades advindas da sazonalidade, ataque de pragas e efeitos
geograficos. Os processos biotecnolégicos, por outro lado, em geral ndo emitem
alta carga de residuos e estdo menos sujeitos a variacées sazonais, oferecendo
algumas vantagens sobre alguns dos processos existentes para a producdo de
compostos de aroma (Janssens, De Pooter, Schamp & Vandamme 1992).

Do ponto de vista econébmico, uma possibilidade para a producao de
aromas por bioprocessos é a utilizacdo de terpenos. Terpenos ocorrem
largamente na natureza. Limoneno e oa—pineno sao baratos e originados em
grande escala por serem rejeitos industriais. Nas plantas, os monoterpenos
exercem um papel fungicida e atraem polinizadores (Langenheim 1994). Em
mamiferos, alguns monoterpenos estdo envolvidos em estabilizacdo de
membranas celulares, rotas metabdlicas e reguladores de reagdes enzimaticas.
Por exemplo, o colesterol e esterdides relacionados sao triterpenos derivados de
seis unidades de isopreno. Monoterpenos presentes em ervas e plantas
superiores tém sido utilizados por séculos para gerar aromas e fragrancias.
Terpenos tém recebido atencao crescente por causa do esclarecimento de seu
papel na prevencdo de doencas, sua atividade como inseticidas naturais e
agentes antimicrobianos (de Carvalho & da Fonseca 2006).

Esses fatores, aliados ao interesse por aromas naturais em vez de aromas
sintéticos, levaram a um aumento de investigacbes focadas em producao
biotecnol6gica dos denominados ‘bioaromas’. A maioria dos compostos de aroma

utilizados no mundo (aproximadamente 80%) utiliza processos quimicos para sua



obtencdo. Entretanto, observa-se uma nova tendéncia em paises desenvolvidos,
como a Alemanha, onde 70% de todos os compostos de aroma utilizados em
alimentos sao ‘naturais’ (Demyttenaere, van Belleghem & Kimpe 2001).
Diferentemente dos processos quimicos, que requerem temperaturas e pressdes
extremas, as conversdes microbianas ocorrem sob condicées brandas, e em
alguns exemplos, os produtos sdo formados estereosseletivamente (Chatterjee &
Bhattacharyya 2001).

Em principio ha dois modos de se produzir compostos de aroma
biotecnologicamente: sintese de novo e biotransformagéo/bioconversdo. O
primeiro modo implica na producdo de compostos de aroma utilizando meios de
cultura simples sem nenhuma adicdo de substratos especiais; ja o segundo refere-
se a sintese de um ou varios compostos de aroma pela adicdo de seus
precursores ao meio de cultura. Enquanto a sintese de novo utiliza todo o arsenal
metabdlico do microrganismo e em geral produz uma mistura de varios compostos
de aroma que sao importantes para a formacao do aroma ou bouquet do produto,
a biotransformacao/bioconversdo tem por objetivo a obtencdo de um produto
principal. A sintese de novo de compostos de aroma alvo ndo possui rendimentos
aceitaveis do ponto de vista industrial. Enzimas microbianas, no entanto, tanto
construtivas quanto indutivas, podem ser responsaveis pela formacao de
compostos de aroma em um unico passo reativo (Berger 1995).

Em geral, os compostos volateis produzidos por microrganismos sao
metabdlitos secundarios, isto é, ndo sao essenciais para seu metabolismo. Os
ésteres formados por fungos e leveduras sao exemplos de metabdlitos

secundarios, cuja producdo seria responsavel pela remocao de &cidos e alcoois
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da célula e do meio, pois 0 acumulo destes compostos poderia ser toxico para a
célula. Metabdlitos secundarios contribuem para a sobrevivéncia do
microrganismo, podendo inibir competitivamente espécies que poderiam ocupar o
mesmo nicho. Sugeriu-se que, para os fungos filamentosos, a liberacdo de
volateis no ambiente ajudaria a regular seus competidores e estimularia a
germinacao de esporos. Microrganismos que produzem metabdlitos secundarios
geralmente apresentam um periodo de crescimento logaritmico, durante o qual a
sintese de metabdlitos secundarios € desprezivel. Quando a cultura esta na fase
estacionaria, normalmente a producédo destes metabdlitos é aumentada (Berger,
1995).

As biotransformacdes sdo capazes de catalisar a transformagdo do
substrato num unico passo, enquanto as bioconversdes se desenvolvem em duas
ou mais reacdes bioquimicas. A transformacao de terpendides pode resultar em
um ataque de alguns sitios das moléculas levando a uma mistura de metabdlitos.
O acumulo de um unico produto é raro (Berger 1995).

Compostos lipofilicos, como terpendides, sdo preferencialmente dissolvidos
nos sistemas de membranas de células de fungos. Terpendides, além de outros
compostos lipofilicos, como hidrocarbonetos policiclicos aromaticos, alcanos e
fendis, induzem mudancas das propriedades de membrana, causando efeitos
téxicos. Os fungos reagem a esses efeitos co-metabolizando esses compostos
lipofilicos a compostos mais soluveis em agua ou a H.O e CO,, utilizando
substratos facilmente metabolizaveis (como a glicose) como fonte de carbono. Os
sistemas enzimaticos envolvidos nesse processo de detoxificacdo sao

comparaveis aqueles de outras células eucaridticas. No primeiro passo,

11



monoxigenases do citocromo P450 catalisam a oxifuncionalizagdo da molécula e,
no segundo passo, produtos mais soluveis em agua sado formados por hidrolise
(epoxi hidrolases) ou conjugacao (por acédo da Glutationa S-transferase). Esses
produtos sao geralmente excretados para o meio (Onken & Berger 1999).

A biotransformacéao de terpenos € de grande importancia por possibilitar a
producdo de aromas e fragrancias enantiomericamente puros sob condi¢coes
brandas de reacdo. Além disso, de acordo com os termos das legislacoes
européia e norte americana, esses compostos obtidos por biotransformacao
podem ser considerados naturais (Berger 1995).

Muitos estudos descrevem a biotransformagcdo de terpenos utilizando
enzimas, extratos celulares e células inteiras de bactérias, cianobactérias,
leveduras, microalgas, fungos e plantas (de Carvalho & da Fonseca 2006).

Os capitulos a seguir apresentam elementos de alguns dos principais
trabalhos relacionados a biotransformacdo de limoneno, o— € P-pinenos e
citronelol assim como evidéncias relativas as atividades funcionais de alguns

monoterpenos.

1. Biotransformacao do limoneno

O limoneno, 4-isoprenil-1-metil-ciclo-hexeno, um monoterpeno monociclico
faz parte da estrutura de mais de 300 vegetais (Burdock 1995). Os dois
enantibmeros do limoneno sdo 0s mais abundantes monoterpenos na natureza. S-
(-)-limoneno € principalmente encontrado numa variedade de plantas e ervas

como Mentha spp, enquanto R-(+)-limoneno € o componente majoritario dos éleos
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das cascas de limao e laranja e do éleo essencial de alcaravia, sendo a prevencao
da desidratagcéo e inibicdo de crescimento microbiano suas fun¢des naturais nos
vegetais (Demyttenaere & De Kimpe, 2001).

No caso dos 6leos essenciais dos citricos em geral, o R-(+)-limoneno é o
seu mais expressivo componente, atingindo concentracées de 90 a 96% (Nonino
1997; Berger, Krings & Zorn 2002). Aproximadamente 50 mil toneladas de R-(+)-
limoneno sdo recuperados como subproduto da industria citrica mundial ao ano
(Nonino 1997; Berger, Krings & Zorn 2002). O limoneno € geralmente separado do
Oleo essencial obtido no suco de laranja pela sua baixa solubilidade em agua, alta
tendéncia a autoxidacao e polimerizacao, e formacao de ‘off-flavors’, tornando-se
um subproduto industrial adequado para bioconversées a compostos de alto valor
comercial (Berger, Krings & Zorn 2002). Além disso, existem diversas aplicacdes
para o limoneno, como solvente para resinas, sintese de outros compostos
quimicos, aplicagdes em borracha, tintas, agente dispersante para 6leo além da

utilizacédo na sintese quimica do mentol (http:/www.abecitrus.com.br).

O periodo entre 1945 e 1960 marcou o inicio da industria de suco de laranja
na Flérida; o que levou a um aumento na porcentagem de laranjas destinadas ao
suco concentrado de menos de 1% para 80%. A consequente disponibilidade de
grandes quantidades de R-(+)-limoneno de baixo custo (US$ 1-2/kg) interessou a
quimicos e bibdlogos. Isso se explica, principalmente, pelo fato de alguns
compostos medicinais e de aroma possuirem formulas estruturais semelhantes ao
limoneno, sugerindo grande potencial para utilizagdo industrial desse rejeito

produzido em grandes quantidades (Duetz, Bouwmeester; Beilen & Witholt 2003).
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Como exemplo, pode-se citar alguns de seus derivados mais notaveis como
0s compostos oxigenados o—terpineol, alcool perilico, carveol, carvona e mentol.
Mentol e carvona sdo compostos de aroma extensivamente utilizados, sendo que
o alcool perilico vem ganhando destaque crescente devido as comprovacdes
relacionadas a seu poder de prevencdo de doencas degenerativas. Portanto, a
utilizagdo de R-(+)-limoneno para sintese de compostos de aroma e compostos
funcionais pode ser considerada promissora do ponto de vista econémico. Assim
sendo, a biotransformacgéo catalitica de R-(+)limoneno em compostos de aroma
como carvona e alcool perilico foi considerada desde os anos 60 por duas
vantagens principais: grandes regioespecificidade e enantioespecificidade
enzimaticas, fazendo com que numerosos microrganismos e células de plantas
fossem descritos como transformadores deste monoterpeno  (Duetz,
Bouwmeester, Beilen & Witholt 2003).

Entretanto, a grande maioria dos estudos de biotransformacdo de
monoterpenos descritos até 0 momento sdo apenas académicos, sendo inviaveis
do ponto de vista industrial, pois sua aplicacao direta em maiores escalas esbarra
nos baixos rendimentos devido a volatiidade do substrato e toxicidade do

limoneno aos microrganismos em geral (Chatterjee & Bhattacharyya 2001).

1.1. Problemas da biocatalise

A toxicidade dos microrganismos ao precursor limoneno e a multiplicidade
dos metabdlitos originados da biotransformacdao do monoterpeno resultam em

baixas concentragbes dos produtos finais e intermediarios, elevando os custos da
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recuperacdo dos compostos gerados. Adicionalmente, um longo tempo de
fermentacdo € necessario para que os produtos se acumulem em grandes
quantidades, o que contrasta diretamente com a necessidade de um curto tempo
de fermentacdo, uma vez que o substrato monoterpénico (o limoneno) possui alta

instabilidade e volatilidade (Speelmans, Bijlsma & Eggink 1998).

1.2. O baixo rendimento dos processos de biotransformacao

Os compostos de aroma estdo freqientemente presentes em baixas
concentragbes nos sistemas fermentativos, resultando em alto custo para os
processos de recuperacao (isso pode ser compensado pelo alto preco dos aromas
naturais, de 10 a 100 vezes maiores que os sintéticos) (Janssens, De Pooter,
Schamp & Vandamme 1992). Muitos estudos revelam o efeito inibidor do limoneno
em varios microrganismos. Além disso, alguns autores relatam que o limoneno
diminui a velocidade do processo de fosforilagdo oxidativa nas células (Chatterjee
& Bhattacharyya 2001). Log P (coeficiente de particdo octanol-agua) é utilizado
como medida estabelecida da toxicidade de microrganismos a solventes organicos
imisciveis em agua. As toxicidades mais fortes foram observadas em valores de
log P entre 1 e 5. Compostos como o limoneno (com log P = 4,83) aumentam a
fluidez das membranas dos fungos filamentosos, o que leva a permeabilidade nao
especifica, perda de integridade celular, decréscimo de matéria seca e inativagao
da energia metabdlica devido a dissipacdao da forca proton motiva (gradiente
eletroquimico de H* através da membrana) (Onken & Berger 1999). A alta fluidez

da membrana pode prevenir a manutencdo dos complexos entre enzima e
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membrana como, por exemplo, o complexo formado entre citocromo P450
monoxigenase e citocromo P-450 redutase dependente de NADPH, que esta
envolvido nas transformacdes oxidativas de terpenos, hidrocarbonetos policiclicos
aromaticos, esterdides e outros compostos lipofilicos, promovidas por fungos

filamentosos (Onken & Berger 1999).

1.3. Problemas relacionados a recuperacao dos produtos da biotransformacao

Downstream processing significa isolamento, concentracao e purificacdo de
um produto. O sistema de destilacdo ou extracdo em batelada, padrdo nas
industrias de biotecnologia, requer operagdes em grandes volumes. A volatilidade
e baixa solubilidade em agua de muitos compostos de aroma tornam sua
recuperacao dificil de ser realizada. Por outro lado, existe um limite superior para a
concentracdo do produto final no meio de fermentagdo por causar inibicdo e
toxicidade aos microrganismos (Janssens, De Pooter, Schamp, & Vandamme
1992). Pelo fato de os produtos biotransformados se encontrarem presentes em
pequenas concentragdes, esse processo torna-se custoso. Quatro razdes
sugerem a extracdo de bioaromas in situ utilizando avancadas técnicas de

separacao (Berger 1995.).

1. Perda de produtos por volatilizacao;

2. Instabilidade bioquimica do produto na presenca das células;
3. Fendbmeno de inibicao;

4, Concentragao de produto ndo constante nas bateladas;
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Ha, portanto, a necessidade de desenvolvimento de técnicas mais
especificas aplicaveis in loco e em condicoes de esterilidade. Aromas muito
volateis, como ésteres de baixo peso molecular, sdo 0s que mais necessitam

desse tipo de tecnologia.

1.4. Rotas metabdlicas envolvidas na biotransformacdo do limoneno

A introducéao regioespecifica de grupos carbonilas ou hidroxilas por meio de
reacdes quimicas é dificil devido as propriedades eletrdnicas similares dos grupos
metilas presentes nos carbonos 3 € 6 e nos carbonos 7 e 10 do limoneno (Figura

1) (Onken & Berger 1999).

5 3
4
8
Y
limoneno

Figura 1 — Estrutura do limoneno (Duetz, Bouwmeester, Beilen & Witholt 2003)

Conseqglientemente, a oxidagdo quimica classica gera mistura de produtos.
Um exemplo representativo € a oxidagéo alilica do limoneno utilizando diéxido de
selénio que produz limonen-4-ol, trans-carveol, cis-carveol, &lcool perilico e
limonen-10-ol. Entretanto, ha uma excecdo: limoneno pode ser convertido

exclusivamente a carvona por meio da reacdo com cloreto de nitrosila.
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Dessa forma, o processo biotecnolégico apresenta a vantagem de ser
regido por reagdes enzimaticas, as quais se diferenciam da sintese quimica por
serem enantio e regioespecificas. Por essa razdo, a oxidacdo enzimatica do
limoneno foi primeiramente estudada nos anos 60 por Dhavalikar & Bhattacharyya
(1966). Posteriormente a esse estudo, grande numero de metabdlitos foi isolado e
identificado e varios microrganismos e células de plantas foram classificados como
capazes de transformar o limoneno em compostos de interesse, demonstrando
gue o monoterpeno em questao é facilmente atacado pelo sistema enzimatico de
certos microrganismos. Entretanto, pouco sucesso tem sido alcancado na tentativa
de converter os dados laboratoriais em processos industriais.

Os ultimos cinco anos tém visto significativos progressos no campo da
biotransformacdo de limoneno, especialmente no que se refere a
regioespecificidade da biocatalise por microrganismos. Trabalhos recentes
descrevem hidroxilacdo das posicoes 3 (resultando em isopiperitenol), 6
(produzindo carveol e carvona) e 7 (alcool perilico, aldeido perilico e acido perilico
como produtos). Progressos consideraveis tém sido atingidos na caracterizagao
de limoneno-hidroxilases de plantas e clonagem dos seus genes codificantes
(Duetz, Bouwmeester; Beilen & Witholt 2003).

Seis rotas principais de conversao do limoneno podem ser distintas:

1. oxidacao do substituinte metila em compostos perilicos;

2. conversao da dupla ligagdo do anel ao diol correspondente;

3. oxidagao alilica a cis, trans carvedis e carvona;

4. epoxidacao da ligagdo dupla na unidade isoprenil a a-terpineol;
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5. oxidagéo alilica a isopiperitenol;

6. epoxidacao da ligacdo 8,9 a limoneno-8,9-epdxido.

A figura 2 apresenta algumas das principais rotas envolvidas na biotransformacao

do limoneno.

HoOH COOH COSCoA
1
-  J —— L J —— L J - » produtos de degradagéo
B—oxidacao

&lcool perilico (2) aldeido perilico (3)  &cido perilico (4)  peril-CoA (5)

Q iif fﬁ Sy

limoneno-1,2-epoxido (6)  limoneno-1,2-diol (7) 1-hidréxi-2-oxo-limoneno (8) 3-iso-propenil-6- 3-iso-propenil-6-
oxoheptanoato (9) oxoheptanoil-CoA (10)
carveol (11) carvona (12) dihidrocarvona (13)

—»
limoneno (1) Q

o~terpineol (14)

o7 &

isopiperitenol (15) isopiperitona (16)

o]

limoneno-8,9-epdxido (17)

Figura 2 - Principais rotas envolvidas na biotransformag&o do limoneno (van der

Werf, Swarts & de Bont 1999; http://umbbd.ahc.umn.edu).
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1.4.1. Oxidacado do substituinte metila a compostos perilicos

Primordialmente 3 substancias de interesse industrial sdo resultantes do
ataque da posicao 7 do limoneno (1) (rota 1 da figura 2). Sao elas: alcool perilico
(2), aldeido perilico (3), e acido perilico (4).

O composto (2) € de particular importancia uma vez que varias
investigacdes tém relatado que essa substancia, que também pode ser obtida pela
extragcdo de lavanda (Lavandula angustifolia), possui propriedades preventivas
contra cancer de figado, mama e pulmao (Chatterjee & Bhattacharyya 2001).
Segundo ensaios “in vivo”, (1) e (4) tém demonstrado inibicdo da metastase em
células de ratos (Raphael & Kuttan 2002).

Um vasto numero de estudos tem estabelecido que alguns isoprendides
como (1), (2), além de y-tocoferol, B-ionona, e farnesol apresentam propriedades
de inibicdo da formacao de tumores. Isoprendides tém se mostrado capazes de
diminuir o crescimento de vasto nimero de tumores animais, incluindo células
leucémicas, melanomas, tumores pancreaticos e hepatomas. Ratos alimentados
com 1% da dieta com (2) apresentaram uma taxa de regressao do tumor de 55%.
Nesse estudo, conclui-se que o monoterpeno (2) € um candidato excelente para
tratamento terapéutico de cancer humano (Crowell 1999). Recentemente, foi
evidenciado o uso de (2) e seus derivados monoterpénicos (utilizados
isoladamente ou em combinacdo com agentes imunodepressivos como
ciclosporina A e azatioprina) para tratamento de pacientes submetidos a
transplante de 6rgdos (Imagawa & Ming-Sing, 2000). Relata-se que esses

compostos sdo capazes de promover uma redugao no nivel de rejeicao.
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Investigagbes relatam a biotransformacdo de (1) com obtencdo dos
compostos perilicos por linhagens de leveduras (van Rensburg, Moleleki, van der
Walt, Botes & van Dyk 1997), fungos filamentosos (Penicillium digitatum) e,
principalmente, por bactérias (Chatterjee & Bhattacharyya 2001; Speelmans,
Bijlsma & Eggink 1998; Dhavalikar & Bhattacharyya 1966; Cadwallader,
Braddock, Parish & Higgins 1989; Chang & Oriel 1994; Cheong & Oriel 2000).

Uma estratégia comum para a selecao de linhagens de bactérias com
potencial biotransformador de (1) é a utilizagdo de técnicas de enriquecimento de
cultura utilizando o substrato limoneno (1) como Uunica fonte de carbono
(Speelmans, Bijlsma & Eggink 1998; Dhavalikar & Bhattacharyya 1966;
Cadwallader, Braddock, Parish & Higgins 1989; Chang & Oriel 1994; Dhavalikar,
Rangachari & Bhattacharyya 1966).

O primeiro relato de biotransformacdo de (1) a compostos perilicos foi
realizado por Dhavalikar e Bhattacharyya (1966). Os autores descrevem
biotransformacdo de R-(+)(1) por meio de uma linhagem de Pseudomonas
isolada de uma amostra de solo. Relata-se a formacao de outros compostos de
interesse industrial como carveol (11), carvona (12) e dihidrocarvona (13)
(Dhavalikar & Bhattacharyya 1966). Cadwallader, Braddock, Parish & Higgins
(1989) selecionaram uma linhagem de Pseudomonas gladioli capaz de
biotransformar (1) a (4) e a—terpineol (14). A concentracao de (4) atingiu 1861 ppm
no quarto dia de contato com o substrato terpénico e posteriormente sofreu um
rapido decréscimo, sendo que no sétimo dia ndo podia mais ser detectado (van

Rensburg, Moleleki, van der Walt, Botes & van Dyk 1997). Em 1992, relatou-se a
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biotransformacao de R-(+) e S-(-){1) respectivamente a R-(+)- e S-(-)(2) por uma
linhagem de Aspergillus cellulosae (Noma, Yamasaki & Asakawa 1992).

Ja uma linhagem de Bacillus stearothermaphilus BR388 isolada da casca
de laranja foi capaz de metabolizar (1) como unica fonte de carbono (mostrando
resisténcia ao substrato, suportando concentracdo maxima de 0,15% do
monoterpeno), mas degradou (1) mais eficazmente na presenca de extrato de
levedura. (2) foi o composto produzido em maior quantidade, atingindo
concentragdo maxima de 200 mg/L (Chang & Oriel 1994). Um fragmento
cromossomal de 9,6 kb da mesma linhagem foi inserido em E.coli, a qual foi capaz
de metabolizar (1) nos mesmos produtos obtidos com a linhagem bacilacea (Noma
& Asakawa 1992). Num estudo posterior, 0 mesmo grupo de estudo inseriu um
fragmento de 3,6 kb da mesma linhagem em E.coli resultando na
biotransformacao do R-(+)-(1) a (2) e (12), sendo (12) formada pela acdo de uma
desidrogenase nao especifica da linhagem de E.coli (Cheong & Oriel 2000). A
producédo de (4) em alta concentracao (3 g/L) foi descrita (Speelmans, Bijlsma &
Eggink, 1998). Linhagens identificadas como Pseudomonas putida possuem a
capacidade de adaptar sua membrana pela conversado de acidos graxos cis- para
trans- na presenca de solventes como tolueno e estireno. Linhagens resistentes a
solventes sdo excelentes candidatos para realizar a conversao de (1) uma vez que
se mostram mais resistentes ao acumulo de terpendides tdxicos. Os autores
revelam que glicerol foi necessario como co-substrato para crescimento e
producéo de (4), sendo étima a combinagédo de 150 mM de (1) e 50mM de glicerol.

O uso de aménia ou uréia como fonte de nitrogénio, revelou-se como fator

de grande importancia a bioconversdo. As condigdes de 30 a 34°C e pH=7, assim
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como a utilizagdo de emulsificantes, foram determinantes para o acumulo do
produto de interesse, 0 qual ndo sofreu etapas de metabolizagdo subsequientes a
outros compostos, apresentando-se quimicamente estavel, sendo, ainda, o (4) o
unico composto resultante da conversao (Speelmans, Bijlsma & Eggink, 1998).
Uma outra linhagem de Pseudomonas putida MTCC 1072 oxidou (1) a (2) e p-
ment-1-eno-6,8-diol com rendimentos de 36 e 44% respectivamente, sendo que
nao foram observadas degradagdes subsequentes. Os autores relatam que a
linhagem ¢é resistente a uma concentracédo de (1) de 0,2% (v/v), sendo que na
concentracdo de 0,5% (v/v) os rendimentos sofreram uma reducgdo significativa.
Relata-se também que o pH tem forte influéncia na conversao, sendo o pH=5,0 o
valor 6timo, observando-se ainda queda brusca na atividade a valores de pH=3,0
e 7,0 (Chatterjee & Bhattacharyya 2001).

Trytek & Fiedurek (2005) relatam a biotransformacao de (1) a (2) e (4) a
partir de uma linhagem de fungo filamentoso psicrotréfico, Mortierella minutissima
01, isolada de uma amostra de solos articos. Relata-se que a linhagem foi
selecionada por melhor se desenvolver em placas de Petri contendo agar em
contato com vapor de (1). A producgéo de outros compostos como (11) e (12) além
de 6xido-de-limoneno, indica que a linhagem é capaz de atacar o monoterpeno em
diferentes posicdes. Os autores relatam que a hidroxilagdo da posicdo C-6,
gerando (11), parece ser favorecida a 30°C em comparagido a 15°C, a qual
mostrou-se mais eficiente para a hidroxilagdo da posicao C-7, gerando (2). A
linhagem mostrou resisténcia a concentracées de 0,8% (v/v) de (1), sendo que um
aumento em sua concentracdo para 1,2% gerou inibicdo. Os autores defendem

que biotransformacao a baixas temperaturas com microrganismos psicrotréficos
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pode ser vantajosa por um lado por evitar a evaporacdo do substrato, por outro
lado apresenta o empecilho do lento desenvolvimento da linhagem (Trytek &

Fiedurek 2005).

1.4.2. Conversdo da dupla ligacdo do anel ao diol correspondente

Recentemente a rota de degradacao de (1) ao seu diol correspondente foi
confirmada por meio de estudos bioquimicos com uma linhagem de Rhodococcus
erythropolis submetida a (1) como unica fonte de carbono (van der Werf, Swarts &
de Bont 1999). Observou-se que a linhagem inicia seu ataque com a epoxidacao
da ligacdo dupla 1,2 do anel (pela limoneno-1,2-monoxigenase), sendo que a
hidrélise de limoneno-1,2-ep6xido (6) a limoneno-1,2-diol (7) foi catalisada por
uma limoneno-1,2-epdxido-hidrolase muito ativa e indutivel (enzima indutivel é
aquela expressa apenas em presenca do seu substrato). As degradacdes
subsequentes dao origem a 1-hidroxi-2-oxo-limoneno (8), que se rearranja
espontaneamente a 3-iso-propenil-6-oxoheptanoato (9)
(http://umbbd.ahc.umn.edu). Ambos os enantibmeros de (1) foram degradados
analogamente, mas as configuracdes estereoquimicas dos intermediarios de R-(+)
e S-(-)-(1) sao opostas, sendo que as atividades das mesmas enzimas foram
detectadas na biotransformacédo de ambos os enantibmeros, o que sugere que as
enzimas envolvidas apresentaram enantio e estereoespecificidades. Este foi o
primeiro relato de microrganimos que metabolizam (1) por meio de uma rota
iniciada pelo ataque de sua ligacdo dupla 1,2. Essa substancia ndo possui aroma

impactante, mas pode ser utilizada para sinteses posteriores.
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Ha relatos anteriores de ser (7) o produto de biotransformacado majoritario
em leveduras e fungos filamentosos e um produto minoritario obtido pela
biotransformacdo com linhagens de bactérias (van der Werf, Swarts & de Bont
1999). Uma linhagem de Cladosporium sp também se mostrou capaz de atacar a
ligacao 1,2 de (1) resultando em cis- e trans-diol (7) como produtos principais
gerando concentracdes finais de 0,2 e 1,5 g/L, respectivamente, apds 4 dias de
fermentacao (Kraidman, Mukherjee & Hill 1969). O mesmo composto foi obtido
utilizando uma linhagem de fungo filamentoso, Corynespora cassiicola DSM
62475. Do ponto de vista da produtividade, esta foi uma das mais interessantes
aproximacoes praticas relatadas até entdo: em um fermentador de 70 L, 1,3 kg de
(1) foram transformados em 900 g de produto em 96 h de fermentagédo (Abraham,
Stumpf & Kieslich 1986). Um outro estudo de selecdo com mais de 60 linhagens
também resultou na formacao de cis- e trans-diol (7) a partir de R-(+)- e S-(-)«1)
por uma linhagem de Corynespora cassiicola com rendimentos de 50%

aproximadamente (Demyttenaere, van Belleghem & De Kimpe 2001).

1.4.3. Oxidacdo alilica a cis, trans carvedis e carvona

A oxidacao da posicdo 6 de (1) pode gerar substancias de relevada
importancia industrial como (11) e (12). O composto (12) ocorre nas formas R-(+)
e S-(-) e seus isbmeros diferem consideravelmente em suas propriedades
sensoriais. Eles existem em altas porcentagens em grande numero de Oleos
essenciais. R-(+){(12) € o componente principal do 6leo de alcaravia (presente em
concentracdes de 60%, aproximadamente), enquanto S-(-){(12) ocorre em 6leo de

hortela numa concentracado de 70 a 80% (Bauer, Garbe & Surburg 1990). Ambos
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os isébmeros sao utilizados como compostos de aroma em alimentos e bebidas. S-
(-)-(12) é produzida em maiores quantidades, sendo utilizada em produtos de
higiene bucal (Ohloff 1994).

Monoterpendides quirais sdo importantes para o balanceamento do bouquet
de muitos 6leos essenciais e aroma de frutas. Por exemplo, uma mistura de (-)-
linalol, (-)-citronelol, (-)-cis-6xido de rosa, (-)-mentol e R-(+){(12) é a base
molecular para o aroma de 6leo de Rosa Bulgaria, um composto de aroma com
potencial utilizacdo pela industria de aromas e fragrancias (Ohloff 1994).

Além disso, (11) e (12) parecem atuar no organismo humano como
antioxidantes, e, segundo recentes investigacbes, encontram-se em varios
compostos que podem servir de coadjuvantes para tratamento e prevencao do
processo de envelhecimento (Kawasaki 2004). O ataque da posicédo C-6 de (1) foi
relatada primeiramente em 1966 pelo pioneiro grupo indiano, em cujo estudo
relata-se a obtencao de (11), (12) e (13) (Dhavalikar & Bhattacharyya 1966). Foi
estudada a transformacdo de (1) por linhagens de Penicillium digitatum e
Penicillium italicum isolados de frutas citricas. Penicillium italicum apresentou um
rendimento de conversdo de 80% de (1) quando sua concentracéao inicial foi 0,5%
(v/v), sendo que concentragbes maiores que essa foram inibitérias.
Transformacdes por P. italicum resultaram em: cis- e trans-(11) como produtos
principais com 26%, (12) com 6%, cis e trans-p-menta-2,8-dien-1-ol a 18%, p-
menta-1,8-dien-1-ol a 4%, (2) a 3% e p-menta-8-eno-1,2-diol a 3% (Kawasaki
2004). Um estudo mais recente mostrou o potencial de uma linhagem de um
basidiomiceto, Pleurotus sapidus, ao transformar regioespecificamente R-(+)«(1)

em cis,trans-(11) e R-(+), S-(-){12) como produtos principais. O substrato foi
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adicionado com 25 dias de crescimento até o quarto dia sendo a
biotransformacao estendida até 12 dias pela adigcdo do substrato em fase gasosa.
Os rendimentos foram aumentados com a realizacdo do pré-cultivo em presenca
de (1). Depois de 2 dias de fermentacdo, 97% do substrato se acumulou no
micélio, e 3% ficaram no meio de cultura. Em contrapartida, os produtos se
acumularam em concentragdes trés a quatro vezes maiores no meio aquoso em
relacdo ao micélio. Apoés 12 dias de cultivo, as concentracbes de (11) e (12)
atingiram valores ao redor de 70 e 30 mg/L, respectivamente, quando o substrato
terpénico foi adicionado na forma gasosa. Os autores relatam que o pré-cultivo
realizado em presenca de (1) ndo aumentou a capacidade de crescimento do
microrganismo, mas a taxa de biotransformagcdo e concentracdes maximas dos
produtos foram mais de duas vezes maiores para (11) e trés a quatro vezes
maiores para (12) comparando-se aos testes sem a pré-adaptacao. A adaptacao
do microrganismo pode ser devida a dois fatores: adaptacao geral do metabolismo
e/ou inducdo das enzimas envolvidas pela adicdo do substrato (Onken & Berger
1999). Entretanto, até o momento, as enzimas de plantas tém demonstrado a
maior regioespecificidade. A enzima limoneno-6-hidroxilase isolada do
microssomo de uma espécie de Menta spp foi capaz de converter o S-(-)(1) em
(11) (Haudenschild, Schalk, Kamp & Croteau 2000; Carter, Peters & Croteau
2003; Lupien, Karp, Wildung & Croteau 1999). Um outro exemplo é a oxidacao de
R-(+){1) as misturas racémicas de (11) e (12) pelas espécies Solanum aviculare e
Dioscorea deltoidea. Observou-se que as células de S. aviculare foram capazes
de transformar 34% do (1) adicionado em (12) (mistura racémica). Apesar da alta

regioespecificidade, observa-se que a atividade das células vegetais em geral
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ainda é insuficiente para uma aplicagdo de um processo em escala industrial
(Vanek, Valterova, Vankova & Vaisar 1999).

Uma linhagem de bactéria, Rhodococcus opacus PWD4, foi capaz de
hidroxilar (1) exclusivamente na sua posicao 6, gerando (+)-trans-(11) como Unico
produto, com rendimento final de 94 a 97%. Os pesquisadores realizaram o cultivo
das células em presenca de tolueno como Unica fonte de carbono e energia.
Destaca-se que a mesma linhagem desenvolvida em glicose como Unica fonte de
carbono nao foi capaz de biotransformar (1), sugerindo-se que uma das enzimas
envolvidas na degradacao do tolueno pode ser responsavel pela biotransformacao
de (1). Os autores sugerem que uma possivel candidata seja a tolueno-2,3-

dioxigenase (Duetz, Fjallman, Ren, Jourdat & Witholt 2001).

1.4.4. Epoxidacéao da ligacdo dupla na unidade isoprenil a a-terpineol

O o-~terpineol (14) é um importante produto comercial. Pequenas
quantidades do terpendide sdo encontradas em muitos éleos essenciais (por
exemplo, em coniferas e 6leos de lavanda); enquanto B-, y- e d&-terpineol nao
ocorrem largamente na natureza. S-(-)-14 ocorre na espécie Pinus palustris Mill.,
apresentando-se em concentracdo menor de 60% em seu 6leo essencial. (S)-(-)-
(14) possui um odor caracteristicamente conifero enquanto R-(+)-14 tem aroma
floral intenso, com treshold de 350 ppb. Apesar do (14) ocorrer em muitos 6leos
essenciais, apenas pequenas quantidades sao isoladas, por exemplo, por
destilacdo fracionada de 6éleos de pinho. Tem aplicacbes importantes, como

estabilidade, sendo utilizado em sabonetes e cosméticos. Esta presente nos 6leos
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essenciais de grape fruit, bergamota e lima em concentracdes variaveis (Bauer,
Garbe & Surburg 1990).

Reconhecidamente, (14) € um interessante produto final da bioconversao
de (1). Esse processo tem sido descrito utilizando-se uma grande variedade de
microrganismos como catalisadores. O primeiro relato da obtencao de R-(+)-(14)
por meio da biotransformacao de R-(+)-(1) foi realizado em 1969. A transformacéao
foi catalisada por uma linhagem de Cladosporium sp (Kraidman, Mukherjee & Hill
1969). Desde 1985, varios autores tém relatado o relevante potencial de linhagens
de Penicillium sp ao converter R-(+)(1) em R-(+){(14) (Demyttenaere, van
Belleghem, De Kimpe 2001; Abraham, Hoffman Kieslich, Reng & Stumpf 1985;
Tan, Day & Cadwallader 1998; Tan & Day 1998a; Tan & Day 1998b; Kourkoutas,
Bekatorou, Banat, Marchant & Koutinas 2004). Tan & Day (1998a) relatam que a
linhagem utilizada demonstrou enantiosseletividade e enantioespecificidade ao
converter a mistura racémica de (1) a R-(+)-(14). A atividade aumentou mais de 12
vezes apods inducao pela da adigdo sequencial do substrato, 0 que proporcionou
um rendimento de 3,2 g/L de (14) apds 96 h de reacdo em escala laboratorial.
Levando-se em conta a indugcédo enzimatica, e outras caracteristicas como inibicao
pelo agente quelante de ferro fenantrolina, pode-se concluir que o sistema
enzimatico citocromo P-450-dependente envolvido na bioconversao em questao
se assemelha ao das bactérias, como, por exemplo, da linhagem Pseudomonas
sp., da qual diferentes monoxigenases citocromo P450-dependentes foram
purificadas e caracterizadas (Berger, Krings & Zorn 2002; Adams, Demyttenaere,
De Kimpe 2003). Tan e Day utilizaram o micélio imobilizado (da mesma linhagem)

em biorreator. Relata-se que o leito manteve-se ativo por pelo menos 14 dias. A
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producdo de R-(+)-(14) atingida foi de aproximadamente 13 mg/(g de leito)/dia,
correspondendo a uma conversdao molar do substrato maior que 45% quando o
nivel de oxigénio dissolvido foi de 50 umol/L. A avaliagdo econémica mostrou que
a produtividade precisa ser aumentada para que o processo em questao possa ser
aplicavel do ponto de vista industrial (Tan & Day 1998b) . Os mesmos autores
ainda avaliaram o efeito de 22 co-solventes organicos em células livres e
imobilizadas. Com as imobilizadas um aumento de 2 vezes na producao de (14)
foi observada em sistema de micela reversa [0,1%(v/v) de Tween 80 ou Triton
100-X]. O alginato de calcio é hidrofilico, enquanto o substrato é hidrofébico,
promovendo, indubitavelmente, uma reducédo do contato com o substrato para as
células imobilizadas. Ja para células livres, 0 aumento na atividade foi de 2,2 e 2,4
vezes com 1,5% (v/v) de decanoato de etila e dioctilftalato, respectivamente (Tan
& Day 1998a). Outros materiais utilizados para a imobilizacao de células, além do
alginato de calcio sdo: materiais celulésicos (como DEAE-celulose) e porosos
(como alginatos, agar, quitosana e acido poli-galacturénico) (Kourkoutas,
Bekatorou, Banat, Marchant, Koutinas 2004).

O potencial da Microextracado em Fase Soélida (MEFS) foi reconhecido para
selecédo de linhagens biotransformadoras de (1) por um grupo de estudos belga.
Demyttenaere, Van Belleghem & De Kimpe (2001) investigaram mais de 60
linhagens de fungos filamentosos realizando uma otimizacdo dos parametros de
MEFS relevantes: tipo de fibra a ser utilizado, tempo de extracdo e temperatura.
Os autores concluiram que as melhores condicoes de andlise foram adsorcdo em

fibra de polidimetilsiloxano revestida com divinil-benzeno/carboxeno (50/30 um), a
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temperatura de 25°C por 30 min. Deste trabalho destaca-se a nova e pratica
metodologia para a selecdao das linhagens utilizando culturas de superficie
desenvolvidas nos proprios frascos especificos para MEFS (Demyttenaere; van
Belleghem & De Kimpe 2001). As linhagens selecionadas foram investigadas
posteriormente quanto a biotransformacdo em cultura submersa. Uma linhagem
de P. digitatum isolada de wuma amostra de poncd mostrou alta
enantiosseletividade ao converter 93% de R-(+)-(1) em R-(+)(14) em presenca de
etanol como co-solvente. O mesmo microrganismo foi capaz de transformar o S-(-
)-(1), entretanto, apenas quantidades traco foram alcancadas (Adams,

Demyttenaere, De Kimpe 2003).

1.4.5. Oxidacao alilica a isopiperitenol e isopiperitona

Os respectivos isébmeros de isopiperitona (16) foram obtidos por meio da
hidroxilacao alilica e desidrogenacao da posicao C-3 de R-(+)- e S-(-)-(1) com uma
linhagem de Aspergillus celulosae com rendimentos de 19 e 3% respectivamente,
sendo que a (+)-piperitona foi apresentada como principal produto da
biotransformacao, que gerou também outros produtos apds 7 dias de incubacéao a
30°C (Noma, Yamasaki, & Asakawa 1992).

Em um trabalho posterior, uma linhagem de levedura identificada por Hormonema
sp. foi capaz de transformar o R-(+){1) em trans-isopiperitenol (15) em
concentracdo de 0,5 g/L apdés 12 h de incubacgéo. Este foi o primeiro relato da
obtencéao biotecnolégica de trans-(15), o qual pode ser facilmente convertido a (-)-
mentol por meio de uma hidrogenacéao. Infelizmente, os autores relatam pouca

reprodutibilidade dos resultados, o0 que compromete a implantagdo de um
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processo industrial com o microrganismo em questdo. Atribui-se a falta de
reprodutibilidade a mutagcées morfoldgicas evidenciadas por meio de variacdes da
aparéncia ao microscopio e cor da cultura, que variava de preto a amarelo-
esverdeado (van Dyk, van Rensburg & Moleleki 1998).

De forma geral, os microrganismos oxidam (1) ndo especificamente, produzindo
uma ampla variedade de metabdlitos, levando a um grande nimero de compostos
indesejados, embora haja algumas excecdes. Entretanto, a conversao € sempre
catalisada por enzimas catabdlicas, que permitem que (1) seja utilizado como
fonte de energia. Em plantas, enzimas de algumas espécies mostraram
regioespecificidade ao atacar o S-(-)(1) em sua posicao C-3.

Em uma espécie de Mentha ssp (M.x piperita) a hidroxilacao alilica na posi¢ao C-3
de S-(-){1) levou a formacao de (-)-(15) e posteriormente a (-)-mentol (Lupien,
Karp, Wildung & Croteau 1999). O mesmo grupo demonstrou que a
regioespecificidade das C-3 e C-6 limoneno-hidroxilases envolvidas na
transformacao de S-(-)(1) em mentol e (12) respectivamente é determinada por
uma substituicdo de um aminoacido, F363l, a qual converte uma C-6 em C-3
hidroxilase. Esses estudos sugerem uma possibilidade futura de modificar
geneticamente e clonar o citocromo P450 de plantas para alterar a especificidade
das hidroxilases quanto ao substrato e/ou produtos (Duetz, Bouwmeester, Beilen
& Witholt 2003).

Além disso, relata-se que os genes de Mentha spp responsaveis pela producao de
limoneno-hidroxilases foram expressos com sucesso em Saccharomyces

cerevisiae e Escherichia coli (Haudenschild, Schalk, Karp & Croteau 2000).
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1.4.6. Epoxidacdo da ligacdo 8,9 a limoneno-8,9-epdxido

O primeiro relato da obtencao de limoneno-8,9-epdxido (17) por epoxidacao
de (1) nas posicoes 8 e 9 foi feito por van der Werf, Keijzer & van der Schaft
(2000) que utilizaram uma linhagem de Xanthobacter sp. C20 isolada de uma
amostra de sedimentos cujo crescimento ocorreu em ciclohexano como Unica
fonte de carbono. Aparentemente, uma monoxigenase indutivel do citocromo P-
450 catalisa a hidroxilacdo do cicloexano (possivelmente uma enzima citocromo P-
450 dependente) e nao hidroxila o anel cicloexénico do R-(+)«1), mas catalisa sua
epoxidacao, dando origem a (4R,8R)(17) como Unico produto da reacdo, sendo
relatada uma taxa de conversao de aproximadamente 100%. S-(-){1) também foi
convertido a uma mistura na proporcao de 78:22 de (4S,8R)- e (4S,8S)(17), com
100% de taxa de conversdo. Relata-se a forte inibicdo pela formacéao de produtos,
a qual nao pdde ser minimizada por meio da utilizacao de co-solventes organicos
(van der Werf, Keijzer & van der Schaft 2000). (17) tem sido encontrado na fragao
volatil de muitos alimentos incluindo ponca e gengibre (Bell, Sowden & Wong

2001).

1.5. Consideracdes

Apresentou-se alguns dos principais avancos observados nesses ultimos
anos com relacdo a biotransformacao do limoneno em compostos de interesse
industrial assim como a elucidacdo de algumas rotas metabdlicas por meio de
enzimas régio e estéreo especificas. A biotransformagdo com células inteiras

apresenta reais vantagens econOmicas se comparada aos processos com
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enzimas purificadas, e em alguns casos, enzimas sdo mais estaveis dentro das
células, estendendo a “vida” da biocatalise, além do que a adicdo de co-fatores
nao € requerida, uma vez que ja estdo contidos nas mesmas. Os processos de
transformacao microbiana de terpendides tém explorado a obtencdo de produtos
de interesse comercial.

E evidente o progresso que a biotransformagdo do limoneno sofreu na
ultima década. Ratifica-se que a busca por novas biocatalises regioespecificas
teve sucesso por estabelecer rotas metabdlicas diferentes das ja conhecidas, o
que acarretou na producdo de novos compostos de aroma com aplicacao
industrial relevada, os quais podem ser considerados ‘naturais’, atendendo a
exigéncia do mercado consumidor.

Compostos de aroma produzidos por biotransformacao tendem a substituir
0s compostos de aroma obtidos sinteticamente num futuro préximo. Em paises
europeus, essa transformacao ja esta em curso. Isso se deve principalmente as
vantagens que o processo de biotransformacédo oferece frente a sintese quimica
além da potencialidade das transformac¢des microbianas em produzir compostos
de aroma novos e com aplicagdes diversas na industria, como demonstrado ao
longo desta reviséo.

Entretanto, algumas dificuldades precisam ser vencidas. Metodologias em
biologia molecular sdo necessarias para otimizar as propriedades do
biocatalisador, como conferir maior estereosseletividade ou termoestabilidade, até
mesmo uma diferente capacidade de atacar substratos diferentes.

Apesar de alguns relevantes avancos, a aplicacdo direta da

biotransformag¢do em escala industrial ainda esbarra em alguns empecilhos como
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a expressao de enzimas régiosseletivas e estereosseletivas em altos niveis em
linhagens hospedeiras seguras (‘food-grade’); e o desenvolvimento de técnicas de
extracdo compativeis com o apelo dos compostos de aroma originados do
processo de biotransformacao, considerados naturais.

Um dos desafios para o futuro é a expressao de oxigenases do citocromo
P-450 de plantas responsaveis pela sintese de diferentes enantibmeros e
estereoisbmeros de alguns compostos oxifuncionalizados em limoneno em
linhagens hospedeiras que permitam o aumento da escala utilizando-se producao
em biorreatores.

Espera-se que a disponibilidade de oxigenases especificas, o rapido
desenvolvimento de suas aplicacbes e o alto valor agregado dos produtos
biotransformados a partir do limoneno possibilitem bioprocessos industriais de
larga escala, nos préximos anos, para que seja possivel atender a crescente

exigéncia do mercado consumidor por produtos ‘naturais’ e de qualidade.

2. Biotransformacao de o~ e f—pinenos
Assim como o limoneno, o~ e B—pinenos (figura 3) sdo monoterpenos largamante
distribuidos na natureza, além de também serem residuos industriais com valor

comercial reduzido (Yoo & Day 2002).

o—pineno B—pineno

Figura 3 — Estruturas de a— e B—pinenos
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Os maiores constituintes do 6leo essencial de coniferas sdao o- e -
pinenos, atingindo concentragbes de 75 a 90% do 6leo, sendo também sub-
produtos da industria de polpa. Do éleo de coniferas produzido nos EUA,
aproximadamente 90% é derivado da industria de polpa e papel, via processos
quimicos ou termomecanicos (Yoo & Day 2002).

Devido a essas vantagens econdémicas, pinenos também representam um
substrato ideal para processos biotecnolégicos, sendo intensamente estudados
em experimentos de conversao microbiana (Schrader & Berger 2001). Além disso,
podem ser utilizados como precursores em sinteses quimicas. Aproximadamente
25 % da producdao mundial de o-pineno (160 000 t) e B-pineno (26 000 t) é
utilizada para sintese quimica de fragrancias e compostos de aroma (Ohloff 1994;
Mimoun 1996).

o— e P—pinenos estdo presentes na terebentina, um rejeito da industria de
polpa e papel. Terebentina € uma mistura de terpendides volateis originados
durante o processo de fabricagdo de polpa para a industria de papel. Atualmente,
a terebentina é utilizada como solvente para tintas, verniz, aditivos para perfumes
e farmacos. Sua composicdo pode variar muito de acordo com O processo
produtivo da polpa. Compostos como monoterpenos, diterpenos, sesquiterpenos,
além de outros compostos nao terpénicos (alcoois, aldeidos, derivados aromaticos
e alcanos ramificados) fazem parte de sua composicédo. Entretanto, observa-se
que a— e B—pinenos sdo seus componentes majoritarios, atingindo concentragdes

nas faixas de 50 a 70% e 30 a 15%, respectivamente (Lindmark-Henriksson 2003).
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De forma geral, o metabolismo microbiano de pinenos geralmente leva a
diversas rotas de degradacado e, consequentemente, a uma ampla variedade de
produtos com diferentes concentragdes. Esse efeito € mais marcante no caso dos
pinenos (monoterpenos biciclicos) se comparados com o limoneno (monoterpeno
monociclico) (Mikami 1988).

Bactérias do género Pseudomonas tém a habilidade de degradar
monoterpenos quando esses compostos sdo a unica fonte de carbono presente no
meio. Esses microrganismos transformam monoterpenos em compostos
oxifuncionalizados antes de degrada-los a CO, e H,O. Muitas outras linhagens de
bactérias e fungos filamentosos podem apenas transformar os monoterpenos
qguando se desenvolvem em meio rico em fonte de carbono, o que se chama co-

metabolismo (Lindmark-Henriksson 2003).

2.1. Biotransformacéao de a—pineno

A biotransformacdo de o—pineno pode gerar uma ampla variedade de
compostos. A tabela 1 mostra alguns produtos da biotransformacdo de a—pineno

descritos na literatura.
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Tabela 1. Produtos da biotransformagéo de a—pineno

Microrganismo

/planta/enzima

Oxidacao alilica/

oxidacoes adicionais

Outras reacoes

Referéncia

Picea abies

Citocromo P-450cam

Nicotiana tabacum

Aspergillus sp.

Penicillium sp.

Aspergillus niger

Hormonema sp.

Serratia marcescens

Aspergillus niger

trans-verbenol

verbenona mirtenol

cis-verbenol

verbenona, mirtenol

Verbenona

trans-verbenol
verbenona
trans-verbenol

verbenona

trans-verbenol

verbenona

trans-verbenol,

mirtenol

verbenone

o—terpineol, trans-
pinocarveol,

trans-sobrerol

o—pineno epoxido

Verbanona, o—pineno

epoéxido

trans-pinocarveol

sobrerol

trans-sobrerol

trans-sobrerol

Lindmark-Henriksson

2003

Bell, Chen, Sowden,
Xu, Williams, Wong &
Rao 2003
Hirata, lkeda, lzumi,
Shimoda, Hamada &
Kawamura 1994
Agrawal, Deepika &
Joseph 1999
Prema &
Bhattacharyya 1962
Van Dyk, van
Rensburg & Moleleki

1998

Wright, Caunt, Carter &

Baker 1986
Agrawal & Joseph

2000

Os rendimentos obtidos pela maioria dos processos descritos de

biotransformacdo de a—pineno sdo insuficicentes para uma aplicacdo em escala
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industrial. Algumas tentativas foram realizadas com o instuito de contornar esse
problema.

Um aumento de 15 vezes na eficiéncia da biotransformacdo de o—pineno
por Aspergillus niger e Penicilllum sp. foi alcangada quando a linhagem foi
submetida a mutacdo em luz UV. A linhagem de Aspergillus niger transformou
o—pineno em verbenol com rendimento de conversdo de 23%. O passo
subsequente (transformacao do alcool na respectiva cetona, verbenona) foi inibido
por meio do tratamento com luz UV. Esse resultado sugere que métodos classicos
de melhoramento de linhagens tais como tratamento com luz UV ainda é uma
estratégia interessante para desenvolvimento de bioprocessos, especialmente
para aplicagdes na industria de alimentos na qual a engenharia genética ainda
encontra impedimentos para sua aplicagao (Agrawal, Deepika & Joseph 1998).

O potential biotransformador de o—pineno por uma linhagem de levedura,
Hormonema sp foi reconhecido. Os dois produtos formados da biotransformacéao
de a-pineno, trans-verbenol e verbenona, atingiram concentracdes de 0,4 e 0,3 g/L
apos 96 h (Van Dyk, van Rensburg & Moleleki 1998).

Uma outra selecao de microrganismos levou a selecdo de uma linhagem de
Aspergillus niger que foi capaz de converter o—pineno a verbenona (Agrawal &
Joseph 2000). Concentragdes elevadas de o—pineno e tempo prolongado de
incubagéo ocasionaram uma diminuicdo no rendimento da bioconversao, indicanto
toxicidade do substrato e degradacdo do produto. A verbenona € um dos
componentes majoritarios do aroma de morango, framboesa e spearmint,

assumindo uma nota de canfora e menta. A verbenona é de grande importancia
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para a industria de alimentos, e é obtida principalmente por extracdo de pinho e
eucalipto.

Recentemente, a biotransformacédo de a—pineno foi realizada com cultura
de células de P. abies. Os produtos principais foram trans-verbenol e verbenona.
trans-Pinocarveol, cis-verbenol, mirtenol e a—terpineol foram produtos minoritarios.
Dessa forma, a biotransformagao de a—pineno por suspensao de células de P.
abies foi caracterizada, principalmente, pela oxidagcdo na posicéo alilica. Outras
reacdes observadas foram clivagem oxidativa do anel ciclobutano e oxidacao dos
carbonos terminais produzindo alcoois mooterpénicos monociclicos (Lindmark-

Henriksson 2003). A figura 4 exemplifica os compostos obtidos no estudo

supracitado.
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mirtenol
; i OH 6]
/ verbenol verbenona
\_» HO
o—pineno
OH OH
o~terpineol sobrerol
OH
—_—
pinocarveol

Figura 4 — Biotransformacao de (7R)-a—pineno por cultura celular de P. abies. As
estruturas dos compostos obtidos em maiores concentracdes estdo em destaque

(Lindmark-Henriksson 2003)

2.2. Biotransformacgé&o de [—pineno

Diversas rotas estdo também descritas para a biotransformacédo do B—pineno. A
biotransformagdo de p-pineno por Homonema sp resultou na produgdo de
pinocanfona (0,1 g/L) e da hidréxicetona 3-hidroxi-pinocanfona (0,2 g/L) apds 72h
(Van Dyk, van Rensburg & Moleleki 1998). Busmann e Berger (1994) relataram a

biotransformagdo de B-pineno por basidiomicetos. Os produtos obtidos foram
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verbenol, verbenona, mirtenol e trans-pinocarveol. Mais recentemente, Lindmark-
Henriksson (2003) relatou algumas rotas metabdlicas para sua biotransformacéo.

A figura 5 mostra alguns dos produtos obtidos da biotransformacao de —pineno.

fﬁm% -

B—pineno—epdxido mirtenol mirtenal
\ 0
B—pineno mirtenol
oc—terplneol
\ % O % _0 i o)
pinocarveol pinocarvona pinocanfona

|

OH
pinocanfona

Figura 5 — Rotas metabdlicas para a biotransformacao de B—pineno (Lindmark-
Henriksson 2003; Van Dyk, van Rensburg, Moleleki 1998; Busmann e Berger
1994).

Quando B-pineno foi submetido a biotransformagéo por diversos organismos,

varios produtos foram originados: trans-pinocarveol por linhagens de Aspergillus
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niger e Armillariella mellea; 1,4-cineol, 1,8-cineol, mirtenol e mirtenal por
Ganoderma applanatum e Pleurotus flabellatus; borneol, canfora e acido
B—-isopropimélico por Pseudomonas sp.; € pinocanfona e isopinocanfona por
Hyssopus officinalis sao alguns dos principais relatos (revisado em Lindmark-

Henriksson, Isaksson, Vanek, Valterova, Hogberg, Sjodin 2004).

3. Biotransformacao de citronelol

Citronelol é um composto de grande interesse industrial uma vez que
possui notas de aroma floral (Shrader & Berger 2001) para ser aplicado em
alimentos e fragrancias e ainda pode ser utilizado para sintetizar outros compostos
de aroma como 6xido de rosa (Boersma, Scheltinga, Drége, Bos & Quax 2005;
Kaminska, Markowicz, Stolowska & Gora 1989). A biotransformacgéo de citronelol
pode gerar muitos metabodlitos (Brunerie, Benda, Bock & Schreier 1987;
Demyttenaere, Vanoverschelde, De Kimpe 2004; Kaminska, Markowicz, Stolowska
& Gora 1989; Onken & Berger 1999) e um dos mais interessates deles é o 6xido
de rosa.

A biotransformacdo pode ser considerada como uma alternativa para a
sintese quimica uma vez que enzimas sao capazes de realizar hidrélise
enantiosseletiva de alguns substratos, gerando compostos rotulados como
‘naturais’ (Serra, Fuganti & Brenna 2005).

Por esta razado, alguns autores tém proposto a biotransformacao de

citronelol. Apesar de gerar compostos de alto valor agregado como 6xido de rosa,
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a biotransformagdo de citronelol n&o foi extensivamente investigada como
limoneno e a—pineno.

Fungos filamentosos como Botrytis cinerea (Brunerie, Benda, Bock &
Schreier 1987), Cystoderma carcharias (Onken & Berger 1999), Aspergillus sp e
Penicilium sp (Demyttenaere, Vanoverschelde, De Kimpe 2004) sdo alguns dos
microrganismos relatados como biotransformadores de citronelol.

A Figura 6 apresenta alguns produtos obtidos da biotransformacgéo de citronelol e

seus respectivos organimos catalisadores.
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Botrytis cinerea
— > CH,0OH CHoOH
CH,0OH CH,OH
2,6-dimetil-1,8-octadienol (E)- 2,6-dimetil-2-octeno-diol
) ) CH,OH
Cistoderma carcharias
GH,OH OH
(6]
OH

3,7-dimetil-6,7-epoxi-1-octanol 3,7-dimetil-1,6,7-octanotriol
Cistoderma carcharias
-
CH,OH HO. CH,OH
CHaOH (rota minoritdria) CH,OH N 2
CH,OH
Citronelol 2 OH
/(E‘Oj
cis/trans-6xido de rosa
CH,OH CH,O0H CHZ0H
peroxidase de
E—
OH
rabano-de-cavalo OCHs OH
OH OCH, OH
6-metoxi-3,7-dimetil- 7-metoxi-3,7-dimetil-  3,7-dimetil-1,6,7-octanotriol
1,7-octanodiol 1,6-octanodiol
GH,OH GH,OH CHZOH
OCHg
OCHs OH
7-metoxi-3,7-dimetil-1- 6-metoxi-3,7-dimetil- 3,7-dimetil-1,7-octanodiol
octanol 1-octanol

Figura 6 — Biotransformacao de citronelol e seus metabdlitos (Brunerie, Benda,
Bock & Schreier 1987; Kaminska, Markowicz, Stolowska & Gora 1989; Onken &

Berger 1999; Demyttenaere, Vanoverschelde, De Kimpe 2004)
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O Botrytis cinerea € um fungo filamentoso de grande importancia na
fabricacdo de vinhos. Esse microrganismo foi descrito pela capacidade de
degradar alguns terpendides. Em 1987, um grupo de estudo descreveu a
biotransformacado de citronelol por diversas linhagens de Botrytis cinerea. As
linhagens foram testadas em diferentes tipos de meio de cultura com e sem a
adicdo de citronelol. Os meios de cultura foram mosto de uva, meio sintético de
sais e uma mistura dos dois anteriores. O fendbmeno da inibicdo foi constatado nas
culturas adicionadas de citronelol. Diferentes rendimentos foram alcangados de
acordo com a linhagem e o meio de cultura utilizado. Baseados em seus
resultados, os autores propdéem duas rotas metabdlicas para a biotransformacéao
de citronelol observadas para mosto de uva e para meio sintético. Para o primeiro
meio, o citronelol foi predominantemente metabolizado por w-hidroxilagdo. Com o
meio sintético, ocorreu oxidagao do citronelol a acido citronélico (Brunerie, Benda,
Bock & Schreier 1987).

A biotransformacéo de citronelol pelo basidiomiceto Cistoderma carcharias
originou concentragdo final de produtos da ordem de 0,15 g L' d' em um
biorreator de 2 L. A aeracéo foi aumentada com um sistema de membrana, o que
promoveu maiores taxas de crescimento e biotransformagdo. Os autores
defendem o envolvimento de enzimas do citocromo P-450. Isso foi evidenciado
pela inibicdo na formacao dos produtos quando 1-aminobenzotriazol ou SKF-525
A (dois inibidores do citocromo P-450) foram adicionados ao meio de cultura. Os
compostos da biotransformacao foram recuperados principalmente na corrente de

saida dos gases do biorreator. Como observado na figura 6, os principais produtos
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obtidos da biotransformacao de citronelol pelo basidiomiceto foram 3,7-dimetil-6,7-
epoxi-1-octanol e 3,7-dimetil-1,6,7-octanotriol, além de uma produgdo minoritaria
de 6xido de rosa, importante produto industrial (Onken & Berger 1999).

A biotransformacao de R-(+)- e S-(-)-citronelol foi investigada por linhagens
de Penicillium sp. e Aspergillus sp. Os autores propdéem uma nova e pratica
metodologia para a sele¢cdo de microrganismos biotransformadores de terpenos.
De acordo com esta metodologia, as linhagens foram inoculadas em vials
especificos para MEFS (Micro Extracdo em Fase Sélida). A cultura de superficie
foi adicionada do terpeno para a biotransformacdo. Apés alguns dias, ocorreu a
adsorcao da fibra de MEFS e dessorcao em cromatégrafo gasoso. As linhagens
selecionadas foram submetidas a biotransformacao em cutura liquida. Os autores
relatam a autoxidacdo do citronelol em meio sélido. O citronelol em contato com
meio sélido acidificado a pH 3,5 transformou-se em cis/trans-6xido de rosa apés 3
dias, diferentemente do que ocorreu para meio liquido (pH 3,5), no qual nao foi
detectada autoxidagado do terpendide. Os principais produtos da biotransformacao
de citronelol foram cis/trans-6xido de rosa (Demyttenaere, Vanoverschelde, De
Kimpe 2004).

A oxidacao de citronelol por meio de um sistema peroxidase/perdxido de
hidrogénio na presenca de acido ascorbico como doador de prétons foi estudada
(Kaminska, Markowicz, Stolowska & Gora 1989). Os autores relatam que a
utilizacdo de solucdo homogénea metanol-agua foi mais eficiente que meios
constituidos de duas fases, como agua-citronelol ou agua-acetato de etila. Relata-
se também a autoxidacdo do citronelol aos produtos nos mesmos sistemas na

auséncia de enzima, entretanto de acordo com os autores, o processo enzimatico
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€ de 1,5 a 2,5 vezes mais rapido. Os produtos formados da biotransformacao de

citronelol por peroxidase de rabano-de-cavalo encontram-se na figura 6.

4. Limoneno e seus derivados: compostos funcionais e de aroma

Oleos essenciais sdo reconhecidos como agentes naturais com potencial
para a preservacao de alimentos, sendo que sua efetividade contra uma grande
variedade de microrganismos ja foi demonstrada (Baratta, Dorman, Deans,
Figueiredo, Barroso & Ruberto 1998; Baratta, Dorman, Deans, Biondi & Ruberto
1998; Helander, Alakomi, Latva-Kala, Mattila-Sandhom, Pol, Smid, Gorris, von
Wright, 1998). Além disso, éleos essenciais, cujos componentes majoritarios sao
monoterpenos, estdo sendo qualificados como antioxidantes naturais (Yanishlieva,
Marinova, Gordon & Raneva 1999).

Monoterpenos sao compostos nao toéxicos de plantas bem distribuidos na
natureza. Compostos como R-(+)-limoneno, alcool perilico e carvona sao
substancias encontradas em 6leos essenciais de frutas citricas, alcaravia, cerejas,
hortela e vegetais folhosos (Crowell 1999). Pesquisas revelam que muitos desses
monoterpenos podem apresentar potencialidades de aplicagdo em tratamentos
contra alguns tipos de doencas degenerativas, sendo seus efeitos contra diversos
tipos de canceres os mais abordados na literatura.

Dentre esses monoterpenos, um dos exemplos mais significativos é o R-(+)-
limoneno, que representa mais de 90% do 6leo da casca de laranja possuindo seu
aroma caracteristico. Segundo algumas investigacées, o limoneno parece exercer
efeitos quimiopreventivos contra canceres de mama, pele, figado e pulmdo em

roedores (Crowell 1999).
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Um outro exemplo é o alcool perilico. Este monoterpeno é isolado de 6leos
essenciais de lavanda, hortela, cerejas, bergamota e outras plantas. Seu aroma é
suave e caracteristico de lavanda. Em estudos com animais, essa substancia
mostrou a capacidade de regredir tumores de mama, pancreas e figado, além de
exibir possiveis aplicacées como agente quimiopreventivo para canceres de célon,
pele, pulmado e como agente quimioterapico para neuroblastoma e canceres de
célon e prostata (Belanger 1998). O alcool perilico inibe a carcinogénese, suprime
a proliferacdo celular, aumenta drasticamente a apoptose tumoral e induz a
diferenciacao celular das células malignas in vitro e in vivo, provocando a
regressao total de varios tipos de tumores em animais de experimentagdo, com
baixa toxicidade (Unlu, Mason, Schachter & Hughes 2000).

Alcool  perilico e R-(+)limoneno também possuem atividade
quimioterapéutica contra tumores de mama e pancreas em roedores. Entretanto,
suas atividades quimioterapéuticas, particularmente no que se refere a atuagéao na
Fase | do desenvolvimento do carcinoma, estdo sob avaliagdo clinica (Crowell
1999).

A carvona é um monoterpeno de grande importancia na industria de aroma
e de bebidas, possuindo aroma caracteristico de menta. Estudos comprovaram a
eficacia da carvona em aumentar a expressao da enzima glutationa S-transferase,
uma enzima detoxificante. Apesar disso, comparada ao limoneno e ao alcool

perilico, a carvona apresenta menor expressao quanto ao combate de doencgas.
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4.1. Fitoquimicos: a dieta como fator de reducao de riscos a doencas

Por reduzir a exposicdo humana a mutagénicos, tentativas tém sido
direcionadas a identificacdo de potenciais antimutagénicos e anticarcinégenos
para uso na protecdo da populagdo contra alguns tipos de doencas (Ribeiro &
Salvadori 2003).

A ingestao de alguns nutrientes pode influenciar o risco do desenvolvimento
do céancer por inibir ou aumentar a carcinogénese por meio de diversos
mecanismos de acdo. Identificagdo e elucidacdo dos mecanismos de acédo desses
compostos tém sido, por décadas, pontos importantes em pesquisas relacionadas
as areas da nutricao e do cancer propriamente dito (Milner, McDonald, Anderson &
Greenwald 2001). Alguns laboratérios tém relatado as atividades antimutagénica e
anticarcinogénica de uma ampla variedade de compostos presentes em alimentos
(Ribeiro & Salvadori 2003).

Existem poucas duvidas a respeito da relagdo entre dieta e prevencao de
cancer. Estudos epidemiolégicos, pré-clinicos e clinicos tém estabelecido algumas
relacdes entre alguns compostos e o cancer (Milner, McDonald, Anderson &
Greenwald 2001). Por meio do aumento da ingestdo de compostos
quimiopreventivos, pode ser possivel melhorar a protegao contra danos causados
por genotoxinas ou carcindbgenos. De outra forma, a ingestdo de niveis
inadequados de alguns micronutrientes pode aumentar o risco de doencas
(Ferguson 1994). Infelizmente, até o momento, os dados sao inconclusivos. Por
isso, um melhor entendimento das interacdes moleculares € uma estratégia para

contornar esse desafio, ainda que significativos desafios cientificos e tecnoldgicos
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devam ser vencidos para um eficaz conhecimento de mecanismos para a
prevencao do cancer (Milner, McDonald, Anderson & Greenwald 2001).

A ‘American Cancer Society’ apresenta recomendacdes gerais para diminuir
os riscos de desenvolvimento de cancer, sendo que a primeira delas é “ingerir
uma variedade de alimentos ‘saudaveis’, com énfase naqueles advindos de fontes
vegetais”. As pesquisas realizadas até o momento ndo foram suficientes para
demonstrar quais componentes das frutas exercem efeito protetor. Uma teoria
bem aceita é de que fitoquimicos como carotendides, flavondides, terpenos,
esterdis e fendis podem exercer uma acgao sinergistica na prevencao de doencas
por meio de mecanismos de acado variados (Byers, Nestle, McTiernan, Doyle,
Currie-Williams, Gansler & Thun 2002). Alguns estudos revelam que as frutas
citricas possuem efeito protetor contra uma variedade de canceres humanos. E de
conhecimento geral que laranjas, limdes, limas e grapefruits sejam fontes de
vitamina C, folato e fibras. Entretanto, sugere-se que os monoterpenos presentes
nas frutas citricas sejam responséaveis pelo combate a doencas (Hasler 1998; Kris-
Etherton, Hecker, Bonanome, Coval, Binkoski, Hilpert, Griel & Etherton 2002).

Uma investigagdo recente realizou testes de atividade antioxidante com
monoterpenos e sesquiterpenos, dentre outras classes de compostos. Dois
métodos foram utilizados: um ensaio com espécies reativas do acido tiobarbiturico
e um método espectrofotométrico baseado na determinacdo da taxa de formacao
de dienos de &cido linolélico na auséncia e presenca de antioxidante. Compostos
como limoneno, alcool perilico, carvona, além de alguns sesquiterpenos

apresentaram potencial antioxidante (Ruberto & Baratta 2000).
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4.2. Evidéncias da atividade anticancer de alguns monoterpenos

Algumas investigacbes em curso sugerem a grande potencialidade de
monoterpernos encontrados em alimentos no combate a doencas degenerativas,
em particular a diversos tipos de canceres (Kris-Etherton, Hecker, Bonanome,
Coval, Binkoski, Hilpert, Griel & Etherton 2002). Limoneno e alcool perilico
parecem estar entre os compostos quimioterapicos mais estudados dentre os
monoterpenos, seguidos da carvona. A atividade antitumor dos monoterpenos
manifesta-se tanto pela habilidade em prevenir a formacdo ou progressao do
cancer como pela capacidade de regressao de tumores malignos ja desenvolvidos
(Crowell 1999).

Um dos fatores favoraveis a aplicacao dos monoterpenos no combate a
doencgas degenerativas € o fato de muitos deles, principalmente R-(+)-limoneno e
alcool perilico, possuirem alta disponibilidade quando administrados oralmente
(Phillips, Malspeis & Supko 1995).

Em ratos, o aparecimento de limoneno e seus metabdlitos é evidente em 20
minutos depois da administracdo por gavagem. Esses compostos sdo detectaveis
em alguns tecidos (como figado e pulmao), sendo encontradas em concentracoes
mais elevadas em tecidos adiposos e glandulas mamarias em comparagéao com
tecidos menos adiposos (Crowell, Lin, Vedejs & Gould 1992). A meia-vida do
limoneno em ratos e humanos é estimada em 12-24 h e sua excregao ocorre
principalmente pela urina (Igimi, Nishimura, Kodama & lde 1974; Kodama, Noda,
Ide 1976). O limoneno é metabolizado em compostos oxigenados, sendo os

acidos perilico e dihidroperilico, os principais metabdlitos em ratos e em humanos,
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juntamente com limoneno-1,2-diol, 0 que foi confirmado por meio de ensaios in
vitro do metabolismo de limoneno por microssomos de figado (Watabe, Hiratsuka,
Isobe & Ozawa 1980).

O limoneno possui comprovada atividade contra muitos tipos de canceres,
exibindo inibicdo ao desenvolvimento de neoplasmas espontaneos e redugédo da
incidéncia de linfomas espontaneos em camundongos com ingestdo de 1200
mg/kg (Hursting, Perkins, Haines, Ward & Phang 1995). Quando administrado
tanto em forma pura quanto como em 6éleo de casca da laranja (95% de R-(+)-
limoneno), o limoneno inibiu 0 desenvolvimento de cénceres de mama, pele,
figado e pulméo (Birt 1995).

Os efeitos quimiopreventivos do limoneno foram evidentes durante a fase
de iniciagdo de carcinomas induzidos com 7-12-dimetilbenzo-antraceno (DMBA) e
durante a fase de promogdo de carcinomas induzidos com DMBA e
nitrosometiluréia (NMU) (Maltzman, Hurt, Elson, Tanner & Gould 1989). Ratos
alimentados com 5 % de limoneno na dieta antes da administracdo dos agentes
carcingénicos CDNB (1-cloro-2,4-dinitrobenzeno) e DCNB (3,4-
dicloronitrobenzeno), apresentaram niveis de glutationa transferase (GST)
hepatica dobrados, quantidade total de GST aumentada em 40 % e niveis de
glutationa no figado aumentados em 28%. O limoneno n&o apresentou efeitos na
expressdo da GST quando EPNP (1,2-ep6xi-3-[p-nitrofnoxi]jpropano), outro
carcindégeno, foi administrado (Maltzman, Hurt, Elson, Tanner & Gould 1989).

Adicionalmente a prevencéao por inibicdo da apoptose, o alcool perilico pode
exercer atividade protetora contra cancer de colon e outros tipos de canceres por

aumentar a detoxificacdo da carcinogénese pelo figado. O limoneno, um
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monoterpeno que origina os mesmos metabdlitos que o alcool perilico tém
mostrado aumentar 2,3 vezes a excrecao urinaria do carcinbgeno DMBA e de
seus metabdlitos comparados a ratos controle. Quando alimentados com dieta
contendo 5 % de limoneno por duas semanas antes da administracdo de DMBA, o
limoneno mostrou capacidade de reduzir a interagdo do carcinégeno com o DNA.
Dieta com 5 % de limoneno pode aumentar a expressdao de CYP2B e 2C,
membros da familia do citocromo P-450 e aumentar a epdxido-hidratase, que
fazem parte da Fase | do sistema de detoxificacdo do figado e podem induzir o
sistema de detoxificacdo da Fase Il (Maltzman, Christou & Gould 1991).

Alguns monoterpenos presentes em alimentos possuem promissora
atividade quimioterapéutica contra tumores pancreaticos e de mama. Ambos,
limoneno e alcool perilico possuem atividade quimioterapéutica contra cancer de
mama em ratos, causando a completa regressao dos carcinomas induzidos por
DMBA ou NMU. Carvona e limoneno obtidos da extracao de Anethum graveolens
L. e Carum carvi L. foram capazes de induzir a enzima de detoxificacao glutationa
S-transferase em diversos tecidos de camundongo (Zheng, Kenney & Lam 1992a).

A aflatoxina B1 é um grande contaminante de alimentos em regides
tropicais e Umidas da Africa e da Asia e tem sido relacionada, juntamente com
hepatites B e C, as altas incidéncias de cancer de figado nestas regides (Montalto,
Cervello, Giannitrapani, Dantona, Terranova & Castagnetta 2002; Sarin, Thakur,
Guptan, Saigal, Malhotra & Thyagarajan 2001; Wild, Yin, Turner, Chemin, Chapot,
Mendy, Whittle, Kirk & Hall 2000). O efeito do limoneno e alcool perilico no estagio
de iniciacdo de carcinoma de figado induzido por aflatoxina B1 foi investigado.

Amostras de sangue e figados de ratos alimentados por 5 dias com aflatoxina B1
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mostraram que os tratamentos com limoneno e alcool perilico inibiram a formacéao
de adutos nos hepatdcitos (Elegbede & Gould 2002).

Alcool perilico inibiu significativamente o crescimento de tumores de figado
em ratos induzidos por dietilnitrosamina por aumentar a freqiéncia de apoptose
(Mills, Chari, Boyer, Gould & Jirtle 1995). Além disso, o alcool perilico possui
atividade quimiopreventiva durante a fase de promocéao de carcinoma induzido em
figado de ratos (Mills, Chari, Boyer, Gould & Jirtle 1995) e € muito eficiente em
prevenir tumores reincidentes em animais tratados com quimioterapia (Haag &
Gould 1994). O metabolismo do alcool perilico é similar ao do limoneno, sendo
seus metabdlitos detectaveis apds 10 horas de sua adminsitracao oral (Phillips,
Malspeis & Supko 1995). Seu metabdlito principal € o acido perilico em ratos e
cachorros (Phillips, Malspeis & Supko 1995; Haag, Gould 1994). A meia-vida do
alcool perilico em cachorros tratados com 250 mg/kg peso corpéreo é de
aproximadamente 3 h, ndo causando toxicidade detectavel a esta dose (Phillips,
Malspeis & Supko 1995; Haag, Gould 1994). Além de promover efeito protetor
contra cancer de colon, o alcool perilico também pode inibir a metastase de
tumores de célon ja desenvolvidos (Broitman, Wilkinson, Cerda & Branch 1996).

Outros estudos revelaram a potencialidade anticancer do alcool perilico no
tratamento de tumores em células pancreaticas humanas e de hamsters. Valores
de 1Cso de 290 e 480 uM para humanos e para hamsters respectivamente foram
encontrados. A partir desses resultados, testes in vivo em hamsters com
carcinoma pancreatico de 2 mm de diametro foram realizados. Os animais foram

tratados com alcool perilico em doses de 1,2-2,4 g/kg/dia. Apdés 3 semanas de
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quimioterapia, foi observada regressdo dos tumores em todos os animais e
regressdao completa em 20 % deles. Efeitos toxicos ndo foram observados nessa
dosagem (Stark, Burke, McKinzie, Ayoubi & Crowell 1995).

Ratos com tumores mamarios maiores ou iguais a 10 mm de diametro
foram alimentados com 0,0; 0,5; 1,0; 1,5 e 2,0 % de alcool perilico adicionados a
dieta durante 15 dias. Dietas com 1,0 % de alcool perilico ou maiores mostraram
um nivel significativo de reducédo tumoral completa. A dieta de 2,0 % de alcool
perilico mostrou as melhores respostas com 50% dos animais com completa
regressao e 25% delas com regressao parcial (Haag & Gould 1994). Uma outra
investigacao aponta que a dieta com 3% de alcool perilico causou algumas mortes
entre os animais testados, o que difere de outros estudos (Stark, Burke, McKinzie,
Ayoubi, Crowell 1995). Alguns fatores que podem explicar essas diferencas sao
diversidade de racbes administradas, além do tipo de animal utilizado em cada
caso.

Ratos com tumores de figado induzidos por dietilnitrosamina por um més
foram tratados com ragéo contendo de 2,0 % de alcool perilico. Apés 19 semanas
de tratamento, a massa tumoral foi reduzida por 10 vezes no grupo tratado com
alcool perilico em comparacgéo ao nao tratado. Alcool perilico causou um aumento
de 5 vezes no indice apoptdético em tumores grandes e aumento de 10 vezes em
tumores menores. Animais tratados com alcool perilico apresentaram decréscimo
de 10 % na massa corpérea em comparacao aos ratos controle, o que é atribuido
ao decréscimo na taxa de gordura corpérea (Mills, Chari, Boyer, Gould & Jirtle

1995).
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O Aélcool perilico parece ser util na redugdo da ocorréncia de canceres de
pele. Ratos foram tratados trés vezes com alcool perilico uma semana antes de
serem expostos & radiagcdo UV. Uma dose total de irradiagcdo de 1,1 x 10° J/m?/s
foi alcancada em 18 semanas com exposicdes de 30 minutos, 5 dias por semana.
Apéds 30 minutos da irradiacdo, 3 dias por semana, 50 ul de alcool perilico foram
aplicados superficialmente a cada orelha e 100 wl de alcool perilico aplicados a
superficie dorsal exposta. Ap6s 17 semanas de irradiacdo, ratos controle e
aqueles tratados com 1 mM de alcool perilico mostraram uma média de incidéncia
tumoral de 37%, enquanto os animais tratados com 10 mM de alcool perilico
tiveram apenas 7% de incidéncia. A incidéncia de tumores aumentou a partir da
18% semana. Na 20? semana, 2 semanas apos a descontinuagio da radiagao UV e
do tratamento com alcool perilico, a incidéncia de tumores de pele aumentou nos
ratos tratados com alcool perilico, atingindo os mesmos niveis dos ratos controle.
Este resultado sugere que o alcool perilico atrasou a formacao dos tumores de
pele. A aplicacéo tépica de alcool perilico ndo causou mudangas no peso corporeo
ou alteracbes de comportamento, sugerindo ndo ser toxico nas dosagens
utilizadas no experimento. Como determinado por meio de bidpsias, aplicacdes
topicas de 100 mM de alcool perilico inibiram a transativagdo induzida pela
radiacdo UV da proteina ativadora-1 (AP-1) em 75 %. A AP-1 é induzida por
radiacoes UVB e UVC por meio de uma fosforilagdo em castata. A inibicao dos ras
bloqueia a transativacdo da AP-1 induzida por radiacdo UVC. E possivel que o
alcool perilico blogueie um desses sinais transdutores e iniba a transativacdo da

AP-1 (Barthelman, Chen, Gensler, Huang, Dong, Bowden 1998). Outra
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investigagao ratifica esses resultados ao relatar a capacidade do alcool perilico em
agir contra melanomas. Células de melanoma murino B16 foram incubadas com
alcool perilico por 48 h. Uma concentracao de 250 umol/L diminuiu a populagéao de
células com melanoma em 50 % (Barthelman, Chen, Gensler, Huang, Dong &
Bowden 1998).

Alcool perilico pode também prevenir cancer de pulmao induzido por
tabagismo. Ratos tiveram céncer de pulm&o induzido por NNK, 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-butanone, um agente etiolégico em cancer humano. O
NNK é metabolizado pelas enzimas do citocromo P-450 em compostos que
podem alquilar genes K-ras resultando em transformagdo oncogénica. Cancer de
pulmdo humano apresenta mutacées nos genes K-ras freqlentemente. O
tratamento com alcool perilico comegou uma semana antes da introducado do
carcinoma e continuou por 22 semanas. A incidéncia de cancer em animais
tratados com alcool perilico foi 22 % menor em comparagdo aos nao tratados
(Lantry, Zhang, Gao, Crist, Wang, Kelloff, Lubet & You 1997).

Carvona e seus derivados apresentaram capacidade quimiopreventiva, uma
vez que a atividade anticarcinogénica € correlacionada com a habilidade de induzir
a expressdo de enzimas detoxificantes (Carvalho & Fonseca 2006). Oleo de
semente de alcaravia (cujo principal monoterpeno é a carvona) quando
administrado previamente, previne o desenvolvimento de carcinoma de pulméao e
pré-estomago de ratos induzidos quimicamente (Wattenberg, Sparnins & Barany
1989). Adicionalmente, carveol e mentol possuem atividade quimiopreventiva
contra cancer de mama em fase de iniciagdo em ratos induzido por DMBA quando

alimentados com 1% de cada um dos monoterpenos na dieta (Crowell, Kennan,
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Haag, Ahmad, Vedejs & Gould 1992). Isso foi ratificado por outro grupo de
pesquisadores que mostrou que (4S)-(+)-carvona possui capacidade de induzir a
atividade da glutationa S-transferase em diversos tecidos de ratos (Zheng, Kenney

& Lam 1992a; Zheng, Kenney & Lam 1992b).

4.3. Mecanismos de acao anticancer de alguns monoterpenos

O DNA, material genético de todas as células, age como modelador na
producédo de formas especificas de RNA transportador, RNA ribossdémico e RNA
mensageiro e, deste modo, determina qual enzima ir4 ser sintetizada pela célula.
As enzimas sao responsaveis pela maioria das funcodes celulares, e a interferéncia
nesses processos ira afetar a funcao e a proliferagao tanto das células normais
como das neoplasicas. A maioria das substancias utilizadas na quimioterapia
antineoplasica interfere de algum modo nesse mecanismo celular, e a melhor
compreensao do ciclo celular normal levou a definigdo clara dos mecanismos de
acao da maioria das substancias (http://www.sbbq.org.br/).

Os monoterpenos parecem atuar contra carcinomas segundo Varios
mecanismos. Com isso, nem todos os mecanismos de agao anticarcinogénica dos
monoterpenos estdo esclarecidos. Investigacbes baseadas em evidéncias dos
efeitos dos monoterpenos propdem sugestdes de como pode ocorrer a prevengao
de carcinomas. Portanto, diversos mecanismos de acdo podem ser levados em
consideracao no que se refere as atividades antitumor dos monoterpenos. Alguns
autores sugerem que esses compostos parecem atuar segundo multiplos

mecanismos para a quimioprevencao do cancer (Crowell 1999).
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Os monoterpenos podem atuar antes do estabelecimento do cancer e nos
casos onde a doenca ja estiver desenvolvida, podem causar regressao do tumor.
Alguns modos de acdo sao propostos com base na producao cientifica

investigada.

4.3.1. Indugéo de enzimas detoxificantes.

Durante a fase de iniciacdo do carcinoma, os monoterpenos induzem as
enzimas metabdlicas da fase Il, resultando em detoxificagdo do carcinoma
(Kensler 1997). Um exemplo é a inducdo da glutationa S-transferase (van
Lieshout, Bedaf, Pieter, Ekkel, Nijhoff & Peters 1998).

O mecanismo de acdo de muitos agentes quimiopreventivos envolve a
alteracdo metabdlica do carcinoma por modular as atividades das enzimas
envolvidas nas fases | e/ou Il. A inducdo de enzimas detoxificantes da fase Il
aumenta a inativacao do carcinoma por facilitar a remocao de metabdlitos ativados
pela conjugacdo com a glutationa e/ou glucoronideos (Maltzman, Hurt, Elson,
Tanner, & Gould 1989).

Os agentes quimiopreventivos devem possuir atividade bloqueadora e/ou
supressora de cancer. Agentes quimiopreventivos bloqueadores agem durante a
fase de iniciacdo da carcinogénese para prevenir a interagdo de carcinégenos
quimicos com o DNA, por exemplo, modulando o metabolismo da carcinogénese
para formas menos téxicas. O efeito quimiopreventivo bloqueador do limoneno e
de outros monoterpenos durante a fase de iniciagdo de cancer de mama é devido
ao bloqueio da indugdo das enzimas metabdlicas da Fase Il do carcinoma,

resultando em processo de detoxificagdo (Crowell 1999).
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4.3.2. Aumento da rediferenciacdo

Apbés a fase de iniciagdo, os monoterpenos parecem aumentar a
rediferenciacao celular, o que faz com que as potenciais células cancerosas
tomem uma morfologia normal. Agentes quimiopreventivos supressores agem
durante a fase de promocgédo do carcinoma para prevenir o desenvolvimento das
células. A atividade quimiopreventiva de supressao de tumores apresentada pelos
monoterpenos pode ser devida a inducdo de apoptose e/ou inibicdo da
isoprenilacdo poés-translacional das proteinas reguladoras do crescimento. No
caso de canceres de mama e figado, a atividade quimiopreventiva supressora dos
monoterpenos durante a fase de promocgédo pode estar relacionada a inibicao da

proliferacao celular do tumor, aceleracdo da taxa de morte das células do tumor

e/ou indugdo da diferenciacao celular das células do tumor (Crowell 1999).

4.3.3. Inducao da apoptose

Os monoterpenos podem induzir a apoptose em células mutantes, as quais,
segundo 0 processo carcinogénico, perdem a caracteristica de sofrer apoptose. A
atividade quimopreventiva do &lcool perilico durante a fase de promocdo de
carcinoma de figado é associado com aumento na morte celular por apoptose ou
morte celular programada (Mills, Chari, Boyer, Gould & Jirtle 1995). Sob as
mesmas condi¢des, ndo ha efeito de incorporacao do alcool perilico ao DNA.

Um modelo de simulagcdo de cancer gastrico foi estabelecido pela
implantacédo ortotépica de tecido tumoral humano na parede gastrica de
camundongos. R-(+)-limoneno (em solugao de 1%) foi administrado na dose de 15

mL/kg diariamente por 7 semanas. Concluiu-se que o limoneno é eficaz para

61



reducdo de tumor e da metédstase. A massa do tumor foi significativamente
reduzida nos ratos tratados em comparagcdo com os ndo tratados com limoneno. A
taxa de inibicdo foi de 47%. Os autores consideram que o mecanismo principal
dos efeitos inibitérios do R-(+)limoneno foi induzir a apoptose das células
cancerosas. Isto estd em concordancia com outros autores (Lu, Zhan, Feng, Qu,
Yu & Xie 2004).

Pesquisas apontam que os efeitos inibitérios do alcool perilico no
crescimento de células pancreaticas tumorais € devido a estimulacdo da apoptose.
Células pancredticas cancerosas tratadas com 100, 300 e 500 uM de alcool
perilico apresentaram taxas de apoptose respectivamente 2,6; 8,8; e 18 vezes
maiores que as células malignas nao tratadas. O alcool perilico causa apoptose as
células cancerosas por aumentar os niveis da proteina proapoptética Bak. A
expressdao dessa proteina foi 2 vezes maior nas células tratadas com alcool
perilico em comparacdo as nao tratadas. A proteina Bak & conhecida por ser
induzida pelo gene supressor tumoral p53 em resposta a danificacdo do DNA.
Entretanto, todas as linhagens de células testadas continham mutantes do gene
p53 e nao do tipo original, sugerindo que o aumento da expresséo induzido pelo
alcool perilico € independente do gene p53 da linhagem original (Stayrook,

McKinzie, Burke, Burke & Crowell 1997).

4.3.4. Inibigdo da isoprenilagdo de proteinas

Os monoterpenos parecem inibir a isoprenilacdo de produtos celulares (Ras

16) da oncogénese. De um modo simples, as proteinas da oncogénese, que sao
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proteinas reguladoras do crescimento celular, precisam sofrer modificagcdo pés-
translacional de acordo com um processo chamado isoprenilagdo para serem
alocadas em uma membrana onde s&o ativas. A isoprenilacdo de proteinas
envolve a modificacdo poés-translacional de uma proteina pela ligacdo covalente
de um grupo farnesil ou geranil-geranil isoprendide a um residuo de cisteina em
grupo carboxil terminal ou préximo dele (Kawata, Hagase, Yamasaki, Ishiguro &
Matsuzawa 1994). A prenilacdo das proteinas ras possibilita que se associe com a
membrana plasmatica, o que é requerido para sua atividade oncogénica (Kato,
Cox, Hisaka, Graham, Buss & Der 1992). Muitas proteinas preniladas regulam o
crescimento e/ou transformacgéao celular e o prejuizo da prenilacdo de uma ou mais
dessas proteinas pode contribuir para a atividade anticarcinogénica dos
monoterpenos. Se as proteinas da oncogénese nao sofrem isoprenilagdo, as
células ndo se comportam mais como células cancerosa e, dessa forma, a
inibiagdo acontece.

Substratos isoprendides para prenil:proteina transferases incluem
farnesilpirofosfato e geranil-geranilpirofosfato, dois intermediarios na rota do
mevalonato. Monoterpenos podem inibir diretamente prenil:proteina transferases
in vitro em doses atingiveis in vivo, sugerindo que a inibicdo da prenilacdo de
proteinas por monoterpenos ocorre no nivel de prenil-proteina transferases (Gelb,
Tamanoi, Yokoyama, Ghomashchi, Esson & Gould 1995; Phillips, Malspeis &
Supko 1995; Crowell, Lin, Vedejs & Gould 1992).

Monoterpenos podem bloquear a atividade de intermediarios da rota
metabdlica do mevalonato que sao responsaveis pela producdo de ubiquinona,

colesterol e precursores da prenilacdo de proteinas (farnesil- e geranil-geranil-
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pirofosfatases) (Crowell, Lin, Vedejs & Gould1992). Alguns monoterpenos sao
também fracos, porém especificos, inibidores de farnesil e geranil-geranil
transferases (Gelb, Tamanoi, Yokoyama, Ghomashchi, Esson & Gould 1995). A
atividade anticancer de monoterpenos correlaciona-se com a inibicdo da
prenilacdo de pequenas proteinas, como ras (Crowell, Kennan, Haag, Ahmad,
Vedejs, Gould, 1992; Crowell, Lin, Vedejs & Gould 1992; Crowell, Lin, Vedejs &
Gould 1994; Crowell, Chang, Ren, Elson, Gould 1991; Schulz, Buhling & Ansorge
1994; Stayrook, McKinzie, Barbhaiya, Crowell 1998) e propde-se que isto pode
explicar sua ampla atividade antitumoral (Gould 1995). Pelo fato de a prenilacao
postranslacional ser necessaria para ligar ras na membrana plasmatica (onde se
torna funcional), a habilidade de monoterpenos em inibiar a prenilacdo de ras
poderia interferir com a sinalizacdo da Bcr/Abl tirosina quinase através do ras
(Clark, Zhong, Filiault, Perman, Ren, Gould & Yang 2003).

Em um estudo de prevencao de tumores mamarios em ratos, monoterpenos
adicionados a dieta reduziram o numero médio de tumores por rato em 50 % mas
nao alteraram a porcentagem de tumores com ras ativado. Isso sugere que a
inibicao da farnesilacao por alcool perilico ndo é a base para explicar a prevencao
de céncer de mama por monoterpenos. Entretanto, ndo foi descartado que a
inibicdo da prenilagdo por GGPTase tipo | induzida por alcool perilico inibe o
crescimento de tumores mamarios. Racl e RhoA, dois substratos para a
GGPTase tipo I, tem potencial transformador em culturas de células e tem
importantes fungdes na sinalizacdo celular (cell signaling) e na organizacao do
cito-esqueleto. Ao inibir sua prenilacdo pds-translacional previne-se sua entrada

através da membrana plasmética e, consequentemente, as inativa (Ripple, Gould,
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Stewart, Tutsch, Arzoomanian, Alberti, Feierabend, Pomplun, Wilding & Bailey
1998).

Andlises da expressao dos ciclos de regulacao da célula G1 revelaram que
monoterpenos aumentam a expressado da ciclina E, e diminuiu a expressao da
ciclina D1, ciclina-dependente quinase (cdq) 4 e cdg2. Esses resultados sugerem
que monoterpenos induzem o crescimento das células de cancer de cdlon por

meio da ciclina-dependente quinase 4 (Bardon, Foussard, Fournel & Loubat 2002).

4.3.5. Ativacao da sinalizacao do TGF — beta (Transforming Growth Factor — beta)

Para que a ativacdo da sinalizacdo do TGF — beta aconteca, primeiramente
ocorre o aumento da M6P/IGFR-II (Manose 6 Fosfato/Insulin Growth Factor Il
Receptor) e depois a ativagdo do TGF- beta. A ativacdo do TGF-beta dispara sinal
de transducgdo que acarreta a parada do ciclo celular em G1 e apoptose. O alcool
perilico suprime o crescimento de tumores de figado de rato e este efeito se
associa a grande elevacao dos niveis de mRNA do receptor M6P/IGF-Il e de
receptores do TGF-beta. No carcinoma de mama de rata, o alcool perilico ativa
imediatamente a via de sinalizacao TGF-beta a qual ativa fatores pré-apoptéticos
como Bax, Bak e Bad , sem afetar a expressao do p53 ou do Bcl-2.0 aumento dos
sinais apoptéticos sao seguidos pela ativagcdo de sinais relacionados com a
parada do ciclo celular, tais como o aumento da expressao do gene p21 e a
diminuicdo da expressdao do CdK-2 (Ciclin dependent Kinase-2) e da ciclina-E
(http://www.medicinacomplementar.com.br/tema080805.asp).

A expressao do receptor mannose-6-fosfato fator |l de crescimento e TGF-

beta é aumentada em tumores de mama tratados com limoneno, mas nao na
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minoria de tumores que nao sao atingidos pelo limoneno, sugerindo que a
rediferenciacao das células tumorais induzidas pelo limoneno é TGFb-dependente
(Crowell 1999).

Relata-se que ratos com cancer de figado induzido por DEN alimentados
com uma dieta com 2 % de alcool perilico por 19 semanas aumentaram os niveis
de mRNA os receptores TGF-beta tipos |, Il e Il em 100 % em tumores grande,
em 38 %, e 49 % respectivamente, comparados aos niveis de mRNA em tumores
grandes de animais ndo tratados. Alcool perilico ndo causou efeitos nos niveis de
TGF-beta mRNA em figados normais. Alcool perilico também aumentou o nivel
médio de mRNA em M6P/IGF Il (mannose-6-phosphate/insulin growth factor |l
receptor) em mais de 100 % em tumores grandes de figado comparados a tecidos
normais (Shi & Gould 1995). IGFIl pode ter um efeito mitogénico em tumores de
mama por ligar-se a receptors IGF-l. Os altos niveis do receptor M6P/IGFII
induzidos por alcool perilico podem interferir no crescimento do tumor mamario por
assimilar e degradar o fator de crescimento associado, IGF-II (Jirtle & Gould
1993). Células tumorais como células de cancer de mama humano sintetizam e
secretam uma forma latente de TGF-beta que requer o receptor manose 6-fosfato
e plasmina para ativa-lo; dessa forma, o alcool perilico indiretamente ativa o TGF-
beta por aumentar os receptores M6P. TGF-beta ativados induzem ao bloqueio do
ciclo celular G1 sintese de DNA em baixas concentragdes (0,5 ng/mL), e apoptose
em maiores concentragoes (2,5 ng/mL) (Yu, Heim, Qian, Simmons-Menchaca,
Sanders & Kline 1997).

Para determinar como o alcool perilico atua in vivo, ratos com tumores de

mama foram tratados com dieta com 2 % de alcool perilico. Apds duas semanas,
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10 ul de [14C]mevalonolactona foi inserida em suas glandulas mamarias e apés 3
horas, as glandulas foram removidas e as células mamarias epiteliais foram
analisadas quanto a prenilacao de proteinas, sintese de coenzima Q e sintese de
colesterol. Nos ratos controle, proteinas G, coenzima Q, e colesterol foram
detectados 3 horas apds a infusdo. Os ratos alimentados com alcool perilico
tiveram uma inibicado de 20% da isoprenilacdo de proteinas G e sintese de
coenzima Q. A sintese de colesterol ndo foi afetada. Das proteinas G, a prenilacao
de proteinas ras por farnesil proteina transferase (FPTase) foi inibida em 17 % e a
prenilacao de RhoA por geranil-geranil proteina transferase (GGPTase) tipo | foi
inibida em 28 % (Belanger 1998).

Tem sido mostrado que uma perda de sensitividade a inibicao do
crescimento por TGF-beta endbégeno pode contribuir com o processo de
tumorogénise em cancer de célon. Alguns estudos, entretanto, mostram que a
sobre-expressdao de TGF-beta pode aumentar a tumorogenese e quando
anticorpos a TGF-beta 1,2 e 3 sdo injetados em camundongos com carceres de

mama, a metastase do pulmao é prevenida (Jirtle, Haag, Ariazi & Gould 1993).

4.4. Consideracées

Muitos monoterpenos presentes em alimentos tém mostrado ser efetivos na
quimioprevengao e quimioterapia de cancer. Pesquisas estdo sendo direcionadas
para desvendar os mecanismos de acdo dos monoterpenos no que se refere a

sua relagdo com o cancer, além de outras doencgas cronicas.
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Monoterpenos também possuem muitas caracteristicas de agentes
quimiopreventivos ideais: eficaz atividade antitumor, disponibilidade comercial,
baixo custo, biodisponibilidade oral e baixa toxicidade, sendo considerados para
testes de prevengcdo de carcinomas em humanos. Em é&reas de
subdesenvolvimento e acesso restrito a saude, essas questdes tornam-se
altamente relevantes, uma vez que a prevencao pode oferecer uma alternativa
para a reducdo da incidéncia de cancer de figado humano em regides de alto
risco. As condigbes econdmicas de muitos dos paises em desenvolvimento
sugerem que o agente quimiopreventivo utilizado deve ser barato e acessivel a
populacéo.

Uma vez que os monoterpenos estdo amplamente distribuidos em frutas, o
seu consumo parece ser acessivel a uma certa parcela da populacdo. Uma vez
gue os compostos bioativos parecem nao agir isoladamente, mas possuem efeitos
sinergisticos com outros, os quais também estdo presentes em grande variedade
de vegetais, parece ser consensual que uma dieta rica em frutas, verduras e

legumes € uma das chaves para a prevencao de doencgas.
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Abstract

The use of two agro-residues (liquid cassava waste and orange essential oil) in the
biotransformation of R-(+)-limonene was investigated. The main components of
orange essential oil were determined by GC-MS and R-(+)-limonene was shown to
be the predominant constituent, accounting for more than 94% of the total content.
Cassava wastewater proved to be a suitable substrate for mycelial growth, leading

to good, rapid growth with all the fungal strains tested, reaching 29.4 g/L (dry
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weight) after three days of growth (Penicillium sp 2025). The best R-(+)-a-terpineol
yields were achieved when the strains were grown in cassava media and the
mycelia then transferred to a new flask containing mineral medium and orange
essential oil as the sole C- and energy source. One of the strains tested, Fusarium
oxysporum 152B, converted R-(+)-limonene to R-(+)-o-terpineol, yielding nearly
450 mg/L after three days of transformation. Growth in the presence of a 1%
solution of orange essential oil in decane did not increase the transformation

yields.

Key words: biotransformation, industrial residues, R-(+)-limonene, R-(+)-a-

terpineol, Fusarium oxysporum.

1. Introduction

In recent years, there has been an increasing trend towards efficient utilization and
value addition of agro-industrial residues such as coffee pulp and husk, cassava
bagasse, cassava flour wastewater (manipueira), sugar cane bagasse, sugar beet
pulp and apple pomace, as well as many essential oils. The application of agro-
industrial residues in bioprocesses provides alternative substrates while at the
same time helping to solve pollution problems. With the advent of biotechnological
innovations, many new possibilities are emerging in this field (Pandey, Soccol,
Nigam, Brand, Mohan, & Roussos, 2000).

Liquid cassava waste (manipueira) arises from the pressing of cassava roots

(generated at the rate of 250 L per ton of cassava) (Damasceno, Cereda, &
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Pastore, 1999) and can be considered as a “harmful” (Vieites, 1998) pollutant
waste because of its high organic content and the presence of cyanide. On the
other hand, this waste can be considered as a residue rich in nutrients, and can
therefore be used for other applications. Studies of such applications include the
production of biosurfactant by a wild-type Bacillus sp (Nitschke, & Pastore, 2003),
production of fruit flavour by Geotrichum fragrans in manipueira (Damasceno,
Cereda & Pastore 1999) and the production of citric acid by Aspergillus niger
(Leonel, & Cereda, 1995).

Essential oils are dominated by monoterpene hydrocarbons, which are regarded as
process waste, mainly because of their low sensory activity, low water solubility
and tendency to autoxidise and polymerise (Berger, Krings, & Zorn, 2002), which
makes terpene hydrocarbons, such as limonenes, pinenes and terpinenes, ideal
starting materials for microbial transformations. Furthermore, R-(+)-limonene is a
popular starting product for bioconversions because of its widespread and cheap
availability (Adams, Demyttenaere, & De Kimpe, 2003). “Natural” flavours can be
produced via biotransformation or bioconversion, while satisfying consumer
demand for natural products (Berger, 1995; Carvalho, & Fonseca, 2002).

An interesting end product resulting from the bioconversion of limonene is the
monoterpene alcohol a-terpineol. Bioconversion of limonene to R-(+)-a-terpineol
has been described using a wide range of microorganisms as catalysts including a
Cladosporium strain (Kraidman, Mukherjee, & Hill, 1969), Penicillium digitatum
DSM 62840 (Abraham, Stumpf, & Kieslich, 1986), Pseudomonas gladioli
(Cadwallader, & Braddock, 1992), Aspergillus cellulosae M-77 (Noma, Yamasaki,

& Asakawa, 1992), Bacillus stearothermophillus BR388 (Chang, Gage, & Oriel,
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1994), Pseudomonas aeruginosa (Acosta, Mazas, Mejias, & Pino, 1995),
Escherichia coli (expressing a limonene degradation pathway from Bacillus
stearothermophillus BR388) (Chang, Gage, & Oriel, 1995) and Penicillium
digitatum (Tan, & Day, 1998a; Tan, & Day, 1998b; Tan, Day, & Cadwallader 1998;
Adams, Demyttenaere & De Kimpe 2003).

R-(+)-a-terpineol has a floral, typically lilac odour, while (S)-(-)-a-terpineol has a
characteristic coniferous odour. a-Terpineol, one of the most commonly used
fragrance compounds, is mostly produced chemically and is thus commercially
available at a relatively low price. A great advantage of enzymatic processes as
compared to chemical synthesis is their enantiospecificity. Terpene transformations
generally suffer from the volatility of the substrate and from the toxicity of terpenes
towards microorganisms (Onken, & Berger, 1999).

This study reports the use of two Brazilian industrial wastes (orange essential oil
and cassava waste water) in a biotechnological process. The biotransformation of
limonene (present in great amounts in the essential oil) as the sole C-source by a

Fusarium oxysporum strain grown in cassava waste water was also investigated.

2. Materials and methods

2.1. Agro-industrial residues

The industrial residues, orange essential oil and manipueira (cassava water flour)
were obtained, respectively, from an orange juice industry and from a cassava flour

plant, both located in the State of Sdo Paulo, Brazil.
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2.2. Chemicals
R-(+)-a-terpineol (~99%ee), S-(-)-a-terpineol (~99%ee), R-(+)-limonene (~99%ee)
and S-(-)-limonene (~96%ee) were purchased from Aldrich Chemical Company. All

of the chemicals and solvents were analytical grade.

2.3. Microrganisms and cultivation

The strains Penicillium sp 2025, Aspergillus sp 2038, Fusarium oxysporum 152B
from the Bioflavours Laboratory culture collection, were cultivated and conserved
by periodic replications (once a week) on yeast-malt agar (YM: bacteriological
peptone 0.5%, glucose 1.0%, malt extract 0.3%, yeast extract 0.3%, and agar

2.0%, pH 6.0).

2.4. Cassava medium preparation

Cassava effluent obtained from the manufacture of cassava flour was collected
and stored at —18°C until needed. The medium was prepared by heating the waste
to boiling to remove solids. After cooling, the substrate was centrifuged at 10,000
rom (15,500 G) at 5°C for 20 min. The supernatant was sterilized (121°C for 20

min). The pH prior to autoclaving was 5.3 and was not adjusted.

2.5. Total carbohydrates analyses in cassava medium

Total carbohydrates were determined by a colorimetric method based on the

reaction of Phenol reaction with glucose (Daniels; Hanson, & Phyllips, 1994).
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2.6. Determination of reducing sugars contents in cassava medium

Total reducing sugars were quantified according to Somogy (1945) (A = 540 nm).

2.7. Determination of nitrogen content in cassava medium

The protein content was calculated from the nitrogen determination by the Kjeldahl

procedure using 6.25 as the conversion factor (AOAC, 1995)

2.8. Determination of minerals contents in cassava medium

One milliliter of cassava medium was “incinerated” for 3 h at 500°C. Five milliliters
of HCI 6 M were added and evaporated. The solid was transferred to a 50 mL flask
volumetric and filtered. The minerals were determined by an atomic emission
spectrophotometry (Jobin Yvon, model JY 50P). The spectral lines for each
element were (in nm): P, 178; K 766, Ca, 317; Mg, 279; Mn, 257; Fe, 259; Cu, 324;

Zn, 213;and S, 180.

2.9. Analysis of chemical oxygen demand (COD) of cassava waste water and total

solids

The chemical oxygen demand (COD) and total solids of cassava waste water were
determined according to the procedures described in the Standard Methods for the

Examination of Water and Wastewater (APHA, 1995).
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2.10. Mineral medium composition

The composition was 0.5 g of Mg SOy, 3.0 g of NaNQOs3, 1.0 g of K:HPO4, 0.5g KCI
and 0.01 g of FexSO4 in 1.0 L of distilled water (Brunerie, Benda, Bock, & Schreier,
1987). The medium was sterilized at 121°C for 20 min. The pH was 7.0 and was

not adjusted.

2.11. Biotransformation experiments

Biotransformation experiments with all of the strains and media were run for seven
days, (all in duplicate). The fungi were cultivated in 250 mL conical flasks

containing 50 mL of liquid medium.

2.11.1. Biotransformation experiments in cassava medium (CM) and mineral
medium (MM)

For experimental cultures, 50 mL of culture medium was inoculated with 2.5 mL of
an aqueous spore suspension (1-7x10” spore mL™") and incubated in a rotary
shaker at 160 rpm and 30°C. After three days, biotransformation was initiated with
the addition of 50 uL of orange essential oil (under sterile conditions). Two
subsequent additions of 50 pL were done every 24 h. Incubation was continued for

two more days after the last addition.

2.11.2. Biotransformation experiments in two steps
For experimental cultures, 50 mL of CM culture was inoculated with 2.5 mL of an
aqueous spore suspension (1-7x10” spore mL™") and incubated in a rotary shaker

at 160rpm and 30°C. After three days, the culture was filtered through Whatman
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filters under sterile conditions. The mycelia were washed three times with sterile
(121°C for 20 min) distilled water and transferred to another flask containing 50 mL
of mineral medium. Biotransformation was started by adding 50 pL of orange
essential oil (under sterile conditions). Two subsequent additions of 50 puL were
made every 24 h. The experiments were continued for two more days after the last
addition.

In the same way, chemical blanks at the same final pH values (the pH was
adjusted with HCI prior to autoclaving) as the biotransformation experiments were
also done, but without mycelium, to ensure the absence of chemical transformation
reactions. At 24, 48, 72 and 96 h after the addition of orange essential oil, 5 mL
samples were taken and extracted with 5 mL of Et,O. The samples were analyzed

directly by GC/FID with decane as the internal standard.

2.12. Fusarium oxyzporum grown in the presence of orange essential oil in decane

A 200 uL aliquot of an aqueous cell suspension was spread on a yeast-malt agar
slant. After cultivation for two days, 10 mL of a 0.1% solution of orange essential oil
in decane was added to the tubes and incubated at 30°C for five days without
stirring (Oda, Sugai, & Ohta, 1999).

An aliquot of 2.5 mL of the suspension was then inoculated into a conical flask
containing 50 mL of cassava medium. The biotransformation experiments were
done in the same way as described in section 2.11.2. Camphor was used as the

internal standard.
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2.13. Analysis of the samples by GC and GC-MS

GC-analyses for the biotransformation products were done with a Chrompack
CP9001 gas chromatograph equipped with a split/splitless-injector, an FID-detector
and a WCOT Fused Silica column. The stationary phase was CP-Sil CB (60 m
length x 0.25 mm i.d.; coating thickness of 0.25 um). The working conditions were:
injector 220°C, detector 250°C (make-up gas He 1 mL/min). The oven temperature
was programmed from 40 to 210 at 5°C/min with an initial holding time of 1 min
and a final holding time of 5 min. Quantification was done by calibration according
with the internal standard (decane or canfor). Chiral GC-analyses were done with
the same GC, equipped with a Beta Dex 120 chiral column (60 m x 0.25 mm i.d.
coating thickness 0.25 um). The working conditions were: injector 220°C, detector
250°C (make-up gas He 1 mL/min). The oven temperature was programmed from
110°C to 170°C at 1°C/min with an initial holding time of 10 min and a final holding
time of 5 min.

GC-MS-analyses were done using a Varian Saturn gas chromatograph equipped
with an EM-IT mass selective detector, a CP-Sil 8CB Low bleed/MS capillary
column (30 m x 0.25 mm x 0.25 um) and a split/splittess CP1177 injector. The
working conditions were: injector 280°C, transfer line to MSD 260°C. The oven
temperature was programmed from 40°C (1 min) to 160°C (3 min) at 5°C/min and
from 160°C to 250°C with a final holding time of 5 min, scan range m/z 40-500,
carrier gas (He) 1 mL/min, split 1/50, ionisation El 70 eV, mass range 40-500 amu

and scan rate, 1 s™.
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Positive identifications were made by matching sample retention indices (RIl) and
mass spectra of the samples with those of the standards, analysed under identical

conditions.

3. Results and Discussion

3.1. Orange essential oil composition

The orange essential oil used in this study was analysed by GC-MS. The
compounds identified and their percentages are shown in Table 1. Ten
compounds, representing 99% of the GC profile, were identified, but other minor
compounds could not be identified. Compounds with concentrations below 0.1%
were not considered. According to the composition, the major constituents of the oll
were limonene, myrcene, carvone and carveol. Some oxidation compounds, such
as carvone, carveol and limonene oxide, were identified. These were taken into
account in the biotransformation analyses and were recovered mainly in the
chemical blank (medium with orange essential oil, but without the culture). The
chromatographic profiles obtained from the biotransformation experiments were
compared to those from the diluted orange essential oil (to confirm that the o-
terpineol was really a biotransformation product and did not come from the oil) and
to those from the chemical blanks (to ensure that the o-terpineol was not

chemically transformed).
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Table 1. Composition of orange essential oil analyzed by GC-MS

Compound %
o-pinene 0.53
Myrcene 1.21

Terpinene 0.20
Limonene 94.29
Dyhidromircene 0.55
Unknown 0.26
trans-p-2,8-menthadien-1-ol 0.10
Carveol 0.72

Carvone 1.12
Limonene oxide 0.15
Z-citral 0.17

Unknown 0.10

3.2. Composition of cassava wastewater (manipueira)

Manipueira is a residue generated in great amounts during the manufacture of
cassava flour, a very common ingredient used in Brazilian cookery. The major
nutrients present in cassava waste are sugars (sucrose, glucose, fructose and
maltose), nitrogen and mineral salts. Although disposal of this residue is an
interesting problem because of its high organic load, it is also a very attractive
substrate for biotechnological processes. Economic aspects are very important for
an industrial process and the raw material represents 30% of the total costs of
biotechnological processes (Cameotra, & Makkar, 1998). The composition of the

manipueira used in this study is shown in Table 2.

97



Table 2. Composition of the manipueira used in this work compared with (Nitscke &

Pastore, 2003) and (Damasceno, Cereda & Pastore 1999)

Components Concentration

This study Nitschke (2003) Damasceno (1999)
Total solids 60.00 62.00 62.00 g/L
cobp? 53.40 55.80 60.00 g/L
Total sugars 39.50 41.45 58.18 g/L
Non-reducing 20.12 23.27 20.22 g/L
sugars
Reducing 19.38 18.25 37.96 gl
sugars
Total Nitrogen ~ 1.72 2.08 1.60 g/L
Phosphorous 368.8 244.5 83.30 mg/L
Potassium 3641.0 3472.60 895.00 mg/L
Calcium 236.0 292.53 184.00 mg/L
Magnesium 438.1 519.00 173.00 mg/L
Sulphur 61.35 154.00 38.00 mg/L
Iron 2.72 7.80 8.00 mg/L
Zinc 3.01 2.80 4.50 mg/L
Manganese 3.46 1.70 1.50 mg/L
Copper 1.11 1.00 0.75 mg/L
pH 5.3 5.8 55

4Chemical Oxygen Demand

3.3. Manipueira as a bioconversion medium

Cassava medium (CM) has high contents of C-source and minerals. Manipueira

also has high contents of substances, such as cyanide, that could limit the growth

or inhibit the capacity of biotransformation. CM was tested in the bioconversion of

R-(+)-limonene by the strains Penicillium sp 2025, Aspergillus sp 2038, Fusarium

oxysporum 152B. CM was an excellent medium for the growth of all the fungal

strains. The dry matter obtained is shown in table 3 and indicates that manipueira

was an excellent medium for biomass production and was an appropriate

biotransformation medium for Fusarium oxysporum.
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Table 3. Amounts of a-terpineol, residual non-converted limonene after the

biotransformation experiments, final pH and dry matter®.

- : a-terpineol Limonene? Dry matter
Strain  Medium (mg/L) (mg/L) H (/L)
2025 CMP 0.0 4.8 3.8 29.1
2025 MM° 7.4 2.3 6.7 0O
2025 CM + MM¢ 15.9 1.3 6.5 294
2038 CM 15.2 52 37 287
2038 MM 55 1.1 6.6 0
2038 CM + MM 23.2 1.4 58 279
152B CM 204.5 5.3 6.1 245
152B MM 6.1 1.6 6.3 0
152B CM + MM 448.7 0.9 6.0 235

Concentration of residual limonene in the medium

®CM (Cassava medium)

°MM (Mineral medium)

9CM + MM (Cassava medium + Mineral medium). The strains were grown in cassava medium and
then transferred to the mineral medium - biotransformation started on the addition of orange
essential oil.

*The values in table 3 are the mean of the final concentrations (duplicate), and were obtained after
seven days of experiments.

"The mycelium did not develop, only spores remaining in the medium.

3.4. Comparison of the strains and media

The three strains were compared using the different media, designated as CM, MM
and CM+MM for biotransfomation (see section 2). The concentrations of R-(+)-a-
terpineol and the residual limonene (from the orange essential oil), and the final
broth pH, are shown in table 3. It is clear that of the strains tested, the strain
Fusarium oxysporum 152B produced the best yields. The concentration of non-
converted limonene was very small in all cases. Losses can be explained on the
basis of volatility. Differences with respect to growth and bioconversion were
observed. The mineral medium (MM) had no C or N sources, and did not therefore

allow for the development of cellular mass, but a small amount of R-(+)-a-terpineol
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was produced by all the strains, indicating spore activity. The influence of the
medium was different for each strain tested and it was not possible to establish a
rule, but for all the strains the R-(+)-a-terpineol concentration was much higher
when the mycelium developed in CM was transferred to MM, and the
bioconversion occurred with orange essential oil as the sole C-source.

The degradation of limonene via the perillyl alcohol route by Pseudomonas putida
has been reported (Dhavalikar, & Bhattacharyya, 1966; Duetz, Bouwmeester, van
Beilen, & Witholt, 2003), and the authors also reported that limonene was used as
the sole C and energy source. Thus, it can be concluded that the medium has a
great influence on bioconversion activity, and the presence of limonene as the sole
C and energy source in the presence of developed mycelia increases the
biotransformation yields.

R-(+)-a-terpineol was not the only product. Small concentrations of perillyl alcohol
could be detected. The strain 2025 produced this alcohol in very low
concentrations (approximately 1.4 mg/L) after 48 h in the presence of cassava
medium (data not shown). The strain 152B also produced perillyl alcohol. The
concentrations reached up to 10 mg/L after 96 h of biotransformation, when the

fungi developed in the cassava medium were transferred to the mineral medium

(Fig. 1).
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Fig. 1 — Biotransformation of (R)-(+)-limonene by the Fusarium oxysporum strain.

3.5. Influence of a solution of orange essential oil in decane on strain growth

The parameter expressing the toxicity of a solvent for microrganisms is the log Pow
(logarithm of the partition coefficient of the substance in an n-octanol/water
system). Greatest toxicities were observed for solvents with a log Pow between 1
and 5 (Onken, & Berger, 1999). Thus limonene (log Pow = 4.8) is considered toxic
for microrganisms. On the other hand, compounds such as decane (log Pow = 6.0)
are less toxic and can supply oxygen to the cells because of the high solubility of
the gas in the solvent. The effect of co-solvents in
biotransformations/bioconversions has already been studied (Adams,
Demyttenaere & De Kimpe, 2003; Tan & Day, 1998b). In the present study, a 0.1%
solution of orange essential oil in decane was used to induce the limonene-
converting enzymatic system in the 152B strain, which was placed in contact with

limonene after two days of growth in slants. Some authors have reported the use of
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an interface bioreactor as a way of alleviating toxicity (Oda, Inada, Kato,
Matsudomi, & Ohta, 1995; Oda, Sugai, & Ohta 1999; Oda, & Ohta, 1992). In this
work, a different attempt at inducing the strain was made, by placing it in contact
with the substrate. The toxicity of limonene at the growth interface (in which the
strain was developed) was somewhat attenuated by the presence of decane.
Aliquots of 200 uL were withdrawn aseptically from the slants and analysed by GC
to confirm that R-(+)-a-terpineol was not produced in significant amounts during
the induction time, only trace amounts were found to be produced.

Growth in the presence of orange essential oil in decane was tested with the
Fusarium oxysporum strain, and the results for yields of R-(+)-a-terpineol and
amounts of non-converted limonene are shown in Fig 2. The inhibition caused by
limonene was seen by comparing the cellular mass obtained in cassava medium
without orange essential oil (reaching 32.3 g of cellular mass/L), with 0.1% of the
oil (23.5 g of cellular mass/L), and 0.1% of oil in the presence of decane (27.0 g/L).
This result show that decane alleviates the toxicity caused by limonene.

The strain grown in the presence of orange essential oil in decane produced similar
yields of R-(+)-a-terpineol to that grown in the absence of the solvent. Higher yields
were expected because of the induction promoted by the addition of limonene, and
the consequent fungal growth in the presence of the substrate (orange essential

oil).
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Fig. 2. Biotransformation of limonene by induced Fusarium oxysporum strain in the

presence of decane, developed in cassava waste water and transferred into

mineral medium.

The enzyme system converting limonene to a-terpineol was shown to be inducible
in Penicillium digitatum (Tan, Day & Cadwallader 1998). When a small amount of
limonene (200 ppm) were spiked into growing cell cultures, a strong synergetic rise
in a-terpineol production was observed. Despite having a suitable log Pow, the
fungus was inhibited by the high solvent concentration. Unfortunately, in this
experiment, the production of R-(+)-a-terpineol was not higher in the induction

experiments.

4. Conclusions
In this study we showed high growth of the fungi tested in the cassava medium.
The biotransformation of orange essential oil and the production of a-terpineol as

the main product were investigated. The production of a-terpineol was higher (2-
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fold for the Fusarium oxysporum 152B strain) when orange essential oil was the
sole source of C and energy, as compared to experiments with a transformation
medium that included other C and N-sources (bioconversion in the presence of
cassava medium). Induction with the substrate and solvent did not enhance the
yields of a-terpineol. To date, no studies have reported the use of manipueira as a

medium for the biotransformation of terpenes.
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Abstract

The use of liquid cassava waste (manipueira) as the medium for biotransformation
of citronellol using a Penicillium sp strain was studied. The strain was able to grow
in the waste and the production of cellular mass reached 25 g/L during three days
of contact of the spores with the medium. Submerged cultures of Penicillium sp
grown in manipueira were able to convert the substrate into cis- and frans-rose
oxides when the cells were transferred into a mineral medium for the
biotransformation experiments. The production of rose oxide increased by more
than 2.4 fold using this two media process as compared to processes using only
manipueira medium (cassava medium). Auto-oxidation products were not detected

in the control experiments.
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1. Introduction

Citronellol is a perfumery, flavoring compound of great interest to industrial
companies since it can be used to synthesize other aroma compounds, such as
rose oxide (Brunerie, Benda, Bock & Schreier, 1987; Kumar, Umar, Singh, Brij, Raj
& Virendra 2003). Citronellol can be used to generate floral notes (Serra, Fuganti &
Brenna 2005). The biotransformation of citronellol can generate a wide number of
metabolites (Cameotra & Makkar 1998; Demyttenaere, Vanoverschelde & De
Kimpe 2004; Griffin, Wyllie & Markham 1999; Onken & Berger 1999) and one of
the most interesting compounds is rose oxide.

Rose oxide is found in small amounts in some plants such as the Bulgarian
rose, Geranium, Damask rose (Babu, Singh, Joshi & Singh 2002), Laggera spp
(Kuiate, Bessiere, & Zollo 2002), Eucalyptus citriodora (Taneja, Sethi, Andotra,
Koul & Qazi 2005) and Dracocephalumheterophyllum Benth, a cold desert plant
containing 1.6% cis-rose oxide, 0.5% trans-rose oxide and 7.4% citronellol in its
essential oil (Kumar, Umar, Singh, Brij, Raj & Virendra 2003).

L-cis-rose oxide is an impacting fruity flavor compound and has a small odor
threshold (0.5 ppb), while d-cis-rose oxide has an herbal odor and odor threshold
of 50 ppb. L-cis-rose oxide can be chemically synthesized from S-citronellol
(Boersma, Scheltinga, Drége, Bos & Quax 2005). The organic synthesis of (+)-cis-
rose oxide from R-(+)-methylcyclohexanone as the starting material has been

described (Gravel & Bordeleau 1998).
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Biotransformation can be considered an advantageous alternative for
chemical synthesis since enzymes are capable of enantioselective hydrolysis
generating enantiospecific compounds labeled as ‘natural’ according to the
American and European legislations (Serra, Fuganti & Brenna 2005).

For this reason some authors have proposed the biotransformation of
citronellol. In 1987, a research group described the biotransformation of citronellol
using a strain of the noble grape rot fungus Botrytis cinerea (Brunerie, Benda, Bock
& Schreier 1987). The main metabolites were 2,6-dimethyl-1,8-octadienol and (E)-
2,6-Dimethyl-2-octen-1,8-diol as a result of w—hydroxylation. The authors reported
the use of grape must, a synthetic mineral medium and a combination of both (in
proportions of 1-5:700 grape must:mineral medium) as media for the
biotransformation of citronellol in their experiments.

The use of enzymes for biotransformation is also a feasible approach, as
described by Kaminska, Markowicz, Stolowska & Gora (1989). These authors
described the biotransformation of citronellol by a horseradish peroxidase-
hydrogen peroxide system in the presence of ascorbic acid as the proton donor.

Onken and Berger (1999) proposed a greater scale process for the
biotransformation of citronellol in a 2 L bioreactor. A strain of the basidiomycete
Cystoderma carcharias achieved 0.15 g L™ d”' of biotransformation products in a 2
L aerated-membrane bioreactor. The increased gas-exchange surface provided
higher oxygen saturation, growth and transformation rates. The main product was
3,7-dimethyl-1,6,7-octanetriol. 3,7-Dimethyl-6,7-epoxy-1-octanol was identified as

an important intermediary product of the biotransformation and the allylic diols 2,6-
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dimethyl-2-octene-1,8diol, 3,7-dimethyl-5-octene-1,7-diol and 3,7-dimethyl-7-
octene-1,6-diol, as well as cis/transrose oxide (first report of the microbial
formation of rose oxide) were found to be minor products. Onken and Berger
(1999) suggested that a cytochrome P-450 monooxygenase was involved in the
first oxy-functional step, and that subsequent steps were catalyzed by hydrolase
and transferase enzymes.

More recently, Demyttenaere, Vanoverschelde and De Kimpe (2004) proposed the
use of SPME (Solid Phase Micro Extraction) for the screening of strains capable of
biotransforming citronellol. These authors found that rose oxide was obtained by a
combination of biotransformation and acid-catalyzed heat conversion.

The use of agro-industrial residues in bioprocesses is an attractive alternative
since it provides alternative substrates and helps to solve pollution problems.
Liquid cassava waste originates from the pressing of cassava roots (Damasceno,
Cereda & Pastore 1999). This waste is considered to be a “harmful” pollutant
because of its high organic content and presence of cyanide, resulting from the
cyanidic glycosides (linamarin and lataustralin) of cassava roots. These
compounds leach into the residual liquid during the process and are hydrolyzed to
cyanide by enzymatic action (Nitschke & Pastore 2003). On the other hand, liquid
cassava waste can be considered to be rich in nutrients that can be used in other
applications.

This study investigated the use of cassava wastewater in the biotransformation of
the substrate citronellol into rose oxides, and the effects of citronellol as the sole C-

and energy-sources for the biotransformation experiments.
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2 - Material and Methods

2.1 - Chemicals and reagents

(+/-)-Citronellol was purchased from Aldrich Chemical Company and cis- and trans-
rose oxides were from Fluka. All other chemicals and solvents were of analytical

grade.

2.2 - Microorganisms and cultivation

The Penicillium sp strain was isolated from a very ripe mango from Northeastern
Brazil. The cultures were cultivated and conserved by periodic replications (once a
week) on yeast-malt agar (0.5% YM: bacteriological peptone, 1.0% glucose, 0.3%

malt extract, 0.3% yeast extract and 2.0% agar, pH 6.0).

2.3 - Cassava medium (CM) preparation

Cassava effluent obtained from the manufacture of cassava flour (the residue was
donated by a cassava flour factory located in the State of Sdo Paulo, Brazil) was
collected and stored at —18°C until needed. The medium was prepared by heating
the waste to boiling to remove solids. After cooling, the substrate was centrifuged
at 10,000 rpm (15,500 G) at 5°C for 20 min. The supernatant was sterilized in an
autoclave at 121°C for 20 min. The resulting pH of the medium was 6.0 and was

not adjusted.
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2.4 - Determination of the cassava medium composition

2.4.1 - Determination of the total carbohydrates
Total carbohydrates were determined by a colorimetric method based on the
phenol reaction with glucose, as described by Daniels, Hanson and Phyllips

(1994).

2.4.2 - Determination of the reducing sugar contents in the cassava medium
Total reducing sugars were quantified according to Somogy (1944) and

Nelson (1945) using glucose as the standard.

2.4.3 - Determination of the nitrogen content

The protein content was calculated from the nitrogen content as determined

by the Kjeldahl procedure, using 6.25 as the conversion factor (AOAC 1995).

2.4.4 - Determination of the mineral content

Cassava medium (1 mL) was incinerated for 3 h at 500°C, after which 5.0
mL of 6 M HCI was added and evaporated to dryness. The residue was transferred
to a 50 mL volumetric flask, water was added to volume, shaken and filtered. The
minerals were determined using an atomic emission spectrophotometer (Jobin
Yvon, model JY 50P). The spectral lines for each element were (in nm): P, 178; K,

766, Ca, 317; Mg, 279; Mn, 257; Fe, 259; Cu, 324; Zn, 213; and S, 180.
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2.5 - Mineral medium (MM)

The composition was 0.5 g of Mg SOy, 3.0 g of NaNQOg3, 1.0 g of KoHPO4, 0.5 g KCI
and 0.01 g of FexSO4 in 1.0 L of distilled water (Brunerie, Benda, Bock, & Schreier
1987). The medium was sterilized in an autoclave at 121 °C for 20 min. The pH was

7.0 and was not adjusted.

2.6 - Biotransformation experiments

The strain was cultivated in 250 mL conical flasks containing 50 mL of liquid
medium. Three ways of biotransformation was investigated under 3 conditions (all
in duplicate). In the first experiment, using CM, 50 mL of culture medium were
inoculated with 2.5 mL of a spore suspension (1-7x10” spore mL™") in water.
Cultivation was done in a rotary shaker at 160 rpm and 30°C. After three days, the
biotransformation process was started by adding 50 uL of citronellol (under sterile
conditions). In the second experiment, MM was used, but the procedure was the
same as in the first experiment. In the third experiment, culture growth was started
in CM and continued for three days. The culture was then filtered through
Whatman filter paper (sterilized in an autoclave at 121°C for 20 min) under sterile
conditions. The cell mass was rinsed three times with distilled, sterilized (121 °C for
20 min) water and transferred into another flask containing 50 mL of MM.
Biotransformation was initiated by adding 50 uL of citronellol (under sterile
conditions). In all of the experiments, biotransformation was started three days
after the inoculation by adding 50 uL of citronellol directly into the culture flasks.

Two subsequent additions of 50 uL were made every 24 h. The experiments were
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done for another three days after the last addition. Chemical blanks with the pH
adjusted to 3.0, 4.0 and 5.0 using HCI prior to autoclaving were performed for each
of the biotransformation experiments, but without mycelium, to ensure the absence
of chemical transformation reactions. At 24, 48, 72, 96 and 120 h after the addition
of citronellol, 5 mL samples were obtained and extracted with 5 mL Et,O. The
samples were analyzed immediately by GC/FID (decane was the internal

standard).

2.7 - Induction experiments

The same strain was cultivated in 50 mL conical flasks with 20 mL of CM
and inoculated with 1 mL of spore suspension (1-7x10’) in water, with cultivation
being done as described above. After two days, 10 uL of citronellol was added to
the flask. Two more additions were made after two and three days. After five days,
the culture was transferred to an agar plate (YM medium). After four days of growth
on the agar plate, this culture was used for the biotransformation of citronellol as

described above (using the composition labeled as CM+MM).

2.8 - Analysis of the samples by GC

GC-analyses for the biotransformation products were done using a Chrompack CP
9001 chromatograph equipped with an split/splitless-injector, an FID-detector, a
WCOT fused silica column and a stationary phase of CP-Sil CB (60 m length x

0.25 mm i.d.; coating thickness 0.25 mm). The working conditions were: injector
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220°C, detector 250°C (make-up gas He 1 mL/min). The oven temperature was
programmed from 40°to 210° at 5°C/min with an initial holding time of 1 min and a
final holding time of 5 min, split 1/10.

Chiral GC-analyses were done using the same GC equipped with a Beta
Dex 120 chiral column (60 m x 0.25 mm i.d. coating thickness 0.25 um). The
working conditions were: injector 220°C, detector 250°C (make-up gas He 1
mL/min). The oven temperature was programmed from 110°C to 170°C at 1°C/min
with an initial holding time of 10 min and a final holding time of 5 min.

GC-MS-analyses for the determination of the biotransformation products
were done with a Shimadzu GC/MS Class 5000 system with helium as the carrier
gas and fused silica capillary columns of SUPELCO SIMPLICITY 1™ (30 mx0.25
mmx0.25 pm). The working conditions were: injector at 260°C, an oven
temperature programmed from 50°C (1 min of initial holding time) to 150°C (1 min
of holding time) at 4°C/min and from 150°C to 280°C (2 min) at 30°C/min, with a
final holding time of 2 min, scan range of m/z 40-500, carrier gas (He) 1.7 mL/min;

split 1/50 and ionization EI 70 eV.

3 - Results and Discussion

3.1 - Manipueira as a bioconversion medium

Manipueira is a residue resulting from the pressing of cassava roots during
the process of cassava flour manufacturing and is generated at the rate of 250
liters per ton of cassava (Damasceno, Cereda & Pastore 1999). The major

nutrients present in cassava waste are sugars (sucrose, glucose, fructose and
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maltose), nitrogen and mineral salts. Its richness in C-source turns manipueira into
a suitable medium for the cultivation of microorganisms, contributing to make this a
feasible industrial biotechnological process, since the raw material represents 30%
of the total costs (Cameotra & Makkar 1998).

Cassava medium (CM) has a high content of C, N-sources and minerals,
that are responsible for mycelial development. This medium also contains high
levels of substances, such as cyanide, that could limit growth or inhibit
biotransformation. Cassava water was tested as a medium for the bioconversion of
citronellol by a Brazilian Penicillium sp strain. Table 1 presents the composition of
the cassava medium used in this study. Cassava medium was a suitable medium
for cell mass production, as shown by the rate of cell mass development. After
three days of contact with CM, the Penicillium strain cell mass reached 25 g/L in
CM. This finding indicates the possibility of cheaper and advantageous
biotechnological process since, in this case, a valuable flavor compound can be

produced.

118



Table 1. Physicochemical composition of manipueira (cassava wastewater)

Components Concentration
Total carbohydrates 39.50 g/L
Non-reducing sugars 20.12 g/L

Reducing sugars 19.38 g/L
Total nitrogen 1.72 g/L
Phosphorous 368.8 mg/L

Potassium 3641.0 mg/L
Calcium 236.0 mg/L
Magnesium 438.1 mg/L
Sulfur 61.35 mg/L
Iron 2.72 mg/L
Zinc 3.01 mg/L
Manganese 3.46 mg/L
Copper 1.11 mg/L
pH 6.0

3.2 - Chemical stability of citronellol in submerged liquid broths

Blank experiments with citronellol in the same medium were done to check the
chemical stability of the terpenoid in submerged liquid broths. The flasks were filled
with mineral and cassava water media. The pH of each was adjusted to 3.0, 4.0
and 5.0 and shaken. After seven days of shaking, no chemical oxidation or auto-
oxidation was detectable in the culture broths. This finding agrees with
Demyttenaere, Vanoverschelde & De Kimpe (2004) who reported the chemical
stability of citronellol in submerged liquid broths with an YMPG medium (pH
adjusted to 5.0 and 3.5) in a rotary shaker for one week. However, these authors
proposed an acid-catalyzed chemical reaction for citronellol in YMPG solid media,
and found that citronellol was converted to cis/frans-rose oxide, nerol oxide, linallol

and a—terpineol in solid media (pH 3.5) after three days of contact. The commercial
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production of rose oxides started with the photooxygenation of citronellol

(Demyttenaere, Vanoversheld & De Kimpe 2004).

3.3 - Comparison of the strains and media

Lipophilic compounds, such as terpenoids, are preferentially dissolved in the
lipophilic membrane systems of fungal cells (Abraham, Onken & Berger 1997).
Terpenoids and other lipophilic compounds induce changes in the membrane
properties that cause toxic effects, which explains the low yields related to the
biotransformation of terpenoids (Onken & Berger 1999).

The biotransformation experiments were done in media with three different
compositions (CM, MM and CM+MM; see Material and Methods).

The MM medium had no C sources and, consequently there was no cell
mass development occurred and no transformation compounds could be detected,
implying there was no spore activity with respect to the biotransformation of
citronellol by the strains examined here. The final pH of the mineral medium after
biotransformation was 6.0.

Inhibition of fungal growth by the addition of citronellol was evident. When terpene
was added, the cell mass remained constant (about 25 g/L), while in the control
cultures without citronellol, the strain continued to grow after three days, reaching a
value of 40 g/L.

The biotransformation of citronellol in cassava medium generated very low

concentrations of the expected compounds and reached approximately 10 mg of
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trans-rose oxide/L after four days of biotransformation. The final pH of the cassava
water medium was around 3.5.

For the strain tested, rose oxide concentrations were much higher when the
mycelium developed in CM was transferred to MM and bioconversion occurred
with citronellol as the sole C- and energy sources (final pH around 5.0). The

concentrations of the products recovered are shown in Table 2.

Table 2. Products recovered from cassava liquid culture broths (three days after

the last citronellol addition) (concentrations in mg/L)

Medium cis- trans-Rose 1- 3,7-Dimethyl-  Citronellol  6-Methyl- Yield
Rose oxide (I1) Octen  1,6-octadien- (V) 5-hepten-  (mg/L/h)?
oxide (I) (1 3-ol (IV) 2-ol (VI)
CM 30.6 11.9 t.a. 5.3 275.5 t.a. 0.33
CM+MM 73.4 31.5 n.d. 4.9 292.5 t.a. 0.76

t.a.= trace amounts (< 1mg/L)

n.d.= not detected

2 The yield is the sum of biotransformation products concentrations/144h
Sporulated surface cultures of Penicillium sp. were able to convert citronellol into
cis- and trans-rose oxides. Other biotransformation products were 3,7-dimethyl-
1,6-octadien-3-ol and 6-methyl-5-hepten-2-ol. The presence of 1-octen was also
detected, but this is not an usual biotransformation product of citronellol. No
chemical oxidation or auto-oxidation products were detected in the liquid control
broths. When the medium was composed by cassava water, the production of rose
oxide reached about 40 mg/L whilst the other minor products only reached trace
amounts. However, when the mycelium was developed in CM and than transferred

into MM (citronellol as the sole C-source), the concentrations of rose oxide

increased, reaching more than 70 and 30 mg/L for the cis- and trans-isomers,
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respectively. The yields of biotransformation were not high enough for a direct
industrial application. The highest yield was 0.76 mg of total biotransformation
products/L/h (for CM+MM). The fungi was not capable of transform all the
citronellol added. Residual citronellol was found in high concentrations indicating
that the process was still not optimized. The minor compounds did not increase in
concentrations. Fig. 1 shows the main compounds resulting from the

biotransformation of citronellol by the Penicillium sp strain.

ADC1 A, ADC1 CHANNEL A (MARIO\CITR0055.D)
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Fig. 1. Compounds recovered after the biotransformation of citronellol in CM+MM
by Penicillium sp. strain [(I) cis-Rose oxide, (Il) trans-Rose oxide, (Ill) 1-octen, (IV)

3,7-Dimethyl-1,6-octadien-3-ol, (V) citronellol, (VI) 6-Methyl-5-hepten-2-ol]

The biotechnological production of rose oxide shown here agrees with that of
previous investigations. This bioconversion mediated by a Penicillium roqueforti
strain has already been described (Demyttenaere, Vanoverschelde & De Kimpe
2004). In this case, cytochrome P-450 enzymes were probably involved with this
enzyme system promoting a detoxification by transformaing the terpenoids, which

are lipophilic compounds and adhere to the membrane, into more soluble
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compounds (Onken & Berger 1999). Figure 2 illustrates the conversion of

citronellol into rose oxide.

OH O \\\\\\\h
Citronellol trans-rose oxide cis-rose oxide
Fig. 2 - Conversion of citronellol in cis- and trans-rose oxides by Penicillium sp in

cassava medium.

3.4 - Induction experiments

A parameter expressing the toxicity of solvents for microrganisms is the log
Pow (logarithm of the partition coefficient of the substance in an n-octanol/water
system). The strongest toxicities were observed for solvents with a log Pow
between 1 and 5 (Onken & Berger 1999). Compounds such as citronellol [log Pow
= 3,5 (Griffin, Wyllie, Markham 1999)] are toxic for microrganisms.

In the present study, the resistance of the Penicillium sp strain in the
presence of the monoterpene citronellol was checked. The cells were placed in
contact with citronellol for eight days to deplete the C and N sources and force the
strain to metabolize citronellol. The culture was transferred to an agar plate after
five days. After four days on the plate, the appearance of the culture was

significantly different from that of the wild one, although it still looked like a
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Penicillium strain. The possibility of contamination cannot be considered since all
of the procedures were done under sterile conditions and the ‘induced strain’ still
looked like a Penicillium strain. This type of morphological modification has already
been reported. van Dyk, van Rensburg & Moleleki (1998) reported that a
Hormonema sp. yeast strain biotransformed the inexpensive limonene with a non-
reproducible conversion to trans-iso-piperitenol. This non-reproducible process
was explained on the basis of morphological modifications of the strains during
biotransformation.

In the present study, morphological modifications were not detected during
biotransformation, but the appearances of the ‘wild’ and ‘induced’ strains were
different. Biotransformation using the ‘induced strain’ was tested in the same way
as for the ‘wild strain’. Unfortunately, the production of rose oxides by the ‘induced
strain’ was not significantly higher than the ‘wild’ strain, with an increase of less

than 10% being observed in the production of rose-oxides.

4 - Conclusions

In this study, rapid growth of the fungi tested was observed in the presence
of cassava medium. The biotransformation of citronellol resulted in the production
of cis- and trans- rose oxides as the main products. The production of rose oxides
was much higher when citronellol was the sole C-source as compared to
experiments in a transformation medium where other C and N-sources were
present (bioconversion in the presence of cassava medium). Induction resulted in
only a very slight increase in the concentration of the targeted products. There was

a clear modification in the appearance of the ‘induced strain’.
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Abstract

The biotransformation of monoterpenic agro-industrial wastes (turpentine oil and
orange essential oil) was studied. More than 40 fungal strains were isolated from
Brazilian tropical fruits, soil samples and eucalyptus trees, and screened for
biotransformation of the waste substrates. Solid phase microextraction was used to
evaluate the volatiles in the headspaces of sporulated surface cultures. The
selected strains were submitted to submerged liquid culture. The biotransformation
of R-(+)-limonene and a—, - pinenes resulted in a-terpineol and perillyl alcohol,
and verbenol and verbenone, respectively, as the main products.

Key words: biotransformation, industrial residues, monoterpenes, SPME
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1. Introduction

Essential oils are dominated by monoterpene hydrocarbons, which are regarded as
process waste, mainly because of their low sensory activity, low water solubility
and tendency to autoxidize and polymerize (Berger, Krings & Zorn 2002) which
turns terpene hydrocarbons, such as limonenes, pinenes and terpinenes, into
suitable starting materials for microbial transformations. Furthermore, limonene,
o—pinene and B—pinene are ideal starting compounds for bioconversions because
of their cheap, widespread availability (Adams, Demyttenaere & De Kimpe 2003).
There is currently a trend towards efficient use and value addition of agro-industrial
residues. The application of agro-industrial residues in bioprocesses provides
alternative substrates, helps to solve pollution problems (Pandey, Soccol, Nigam,
Brand, Mohan & Roussos 2000) and is economically advantageous.

Pinenes (o— and B-) are major components of turpentine, a by-product of the pulp
making industry. Of the turpentine produced in the United States, about 90% is
mostly derived from the pulp and paper industry (Yoo & Day 2002). Limonene is
present in orange essential oil, a by-product from the orange juice industry, and
reaches concentrations of 90-96%.

Microorganisms are suitable biocatalysts for the biotransformation of terpenoids,
with the use of whole cells being preferable. In some cases, enzymes are more
stable inside the cells, and the addition of co-factors is not needed since these are
present in the cells (Chatterjee & Bhattacharyya 2001).

A great advantage of biotransformation as compared to chemical synthesis is that

compounds originated via biotransformation or bioconversion are considered as
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“natural” compounds according to European and USA legislations (Serra, Fuganti
& Brenna 2005). Flavor compounds obtained through such processes can
therefore be used to meet the increasing consumer demand for natural products
(Carvalho & Fonseca 2002).

Solid phase microextraction (SPME) is a simple and effective adsorption and
desorption technique, that eliminates the need for solvents or complicated
apparatuses, can be used for concentrating volatile or non volatiles compounds in
liquid samples or head spaces, and is compatible with gas chromatography
(Alpendurada 2000).

In this work, we used SPME to screen of fungal strains for the biotransformation of
monoterpenes present in residues from ther orange citrus and paper industries.
The monoterpenes from the waste oils were biotransformed into aroma

compounds used in the food and flavor industries.

2. Material and Methods

2.1. Agro-industrial residues

The orange essential oil and turpentine oil were obtained, respectively, from an
orange juice industry and from a pulp factory, both located in the State of Sao
Paulo, Brazil. The turpentine oil was analyzed by GC-MS and the main compounds
(> 0.1% w/w) are shown in table 1. The composition of the orange essential oil has

been presented in a previous paper (Marostica Junior & Pastore 2006).
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2.2. Chemicals

R-(+)-limonene (~99%), a—pinene (~98%) and (1S)-(-)-B-pinene (~97%), S-cis-
verbenol (~95%), (1S)-(-)-verbenone (~94%) and R-(+)-a-terpineol (~99%ee), were
purchased from Sigma-Aldrich Chemical Company. All of the chemicals and

solvents were of the best available commercial grade.

2.3. Microrganisms and cultivation

The filamentous fungal strains used in this study belonged to the genera
Aspergillus sp, Penicillium sp, Fusarium sp, Mucor sp and Chrysosporium sp. The
fungi were isolated from soil samples, from eucalyptus trees and from spoiled

Brazilian fruit.

2.4. Optimization of SPME analysis

SPME vials (20 mL) were filled with 5 mL of YM agar medium (YM: bacteriological
peptone 0.5% (w/v), glucose 1.0% (w/v), malt extract 0.3% (w/v), yeast extract
0.3% (w/v) and agar 2.0% (w/v), pH 6.0) and autoclaved. Ethanolic solutions (10
ul) of the orange and turpentine oils containing the expected biotransformation
products (o-terpineol, perillyl alcohol and verbenol, verbenone, o-terpineol,
respectively) were sprayed over the agar surface and the vials covered with
silicone septa. The concentrations of the oils in the ethanolic solutions and the
theoretical biotransformation products were 20% (v/v) and 0.1% (v/v) each. The
SPME fiber used was CAR/PDMS (SUPELCO). The adsorption parameters used
for optimization were temperature (20, 30 and 40 °C) and time (10, 20 and 30 min).

Desorption occurred in a gas chromatograph at 250°C for 2 min.
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2.5. SPME biotransformation experiments

For the SPME biotransformation experiments, 20 mL SPME vials were filled with 5
mL YM agar medium, plugged with cotton wool, autoclaved and inoculated with
fresh spores. The vials were incubated at 30 °C for 6-7 days until complete
sporulation, after which 10 pl of each essential oil in ethanol (20 % v/v) was
sprayed onto the agar medium and the vials covered with silicone septa
(Demyttenaere, Van Belleghem & De Kimpe 2001). The SPME fibers were then
exposed to the headspace after 24, 48 and 72 h. The exposure temperature/time
was determined by optimizing the SPME analysis for each substrate. The fiber was

desorbed in the same way as described above.

2.6. Liquid culture biotransformation experiments

The strains selected using SPME were cultivated [2.5 mL of an aqueous spore
suspension (1-7x10” spore mL™")] in 250 mL conical flasks containing 50 mL of YM
liquid medium (same composition as YM agar medium, but without the agar) and
incubated in a rotary shaker at 160 rpm and 30 °C (all in triplicate). After three days
of growth, biotransformation was initiated by adding 50 uL of the same oils
(a—pinene, B-pinene or limonene) in an alcoholic solution (under sterile
conditions). Two subsequent additions of 50 pyL every 24 h were made. The total
incubation time was six days. Every 24 h, 5 mL samples were taken and extracted
with Et,O. The samples were analyzed directly by GC/FID (decane was the internal
standard). Chemical blanks at pH 3.0, 4.0 and 5.0 (pH adjusted with HCI prior to
autoclaving) were done, without mycelium, to ensure the absence of chemical

transformation reactions.
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2.7. Analysis of the samples by GC and GC-MS

GC-analyses were done with a Chrompack CP9001 gas chromatograph equipped
with a split/splitless-injector, an FID-detector and a WCOT Fused Silica column.
The stationary phase was CP-Sil CB (60 m length x 0.25 mm i.d.; coating thickness
of 0.25 um). The working conditions were: injector 220°C, detector 250°C (make-
up gas He 1 mL/min). The oven temperature was programmed from 40°C to 210°C
at 5°C/min with an initial holding time of 2 min and a final holding time of 5 min.
Quantification was done by comparison with the internal standard decane.

GC-MS-analyses were done using a Varian Saturn gas chromatograph equipped
with an EM-IT mass selective detector, a CP-Sil 8CB Low bleed/MS capillary
column (30 m x 0.25 mm x 0.25 um) and a split/splittess CP1177 injector. The
working conditions were: injector 280°C, transfer line to MSD 260°C. The oven
temperature was programmed from 40°C (1 min) to 160°C (3 min) at 5°C/min and
from 160°C to 250°C, with a final holding time of 5 min, scan range m/z 40-500,
carrier gas (He) 1 mL/min, split 1/50, ionization El 70 eV and scan rate, 1 s
Positive identifications were made by matching the sample retention indices (RI)
and mass spectra of the samples with those of the standards, analyzed under

identical conditions.

3. Results and discussion

3.1. Turpentine oil

The turpentine oil used in this study was analyzed by GC-MS. The major

compounds identified and their percentages are shown in table 1. The composition

134



of the orange essential oil used in this work has been reported in a previous paper

(Marostica Junior & Pastore 2006).

Table 1. Composition of the turpentine oil as determined by GC-MS

Compound Turpentine oil (%)
o-pinene 71.0
B—pinene 16.0

Camphene 4.0

Terpinene 1.4
Limonene 1.1
Myrcene 0.5
Unknown 0.7
Carvone 0.1

In several regions of the world, different parts of the turpentine tree are exploited
for various purposes. Little is known about the composition of the essential oil of
some turpentine trees. Some investigations have characterized certain turpentine
species. The major components of the essential oil of Chios turpentine resin are a-
pinene, B—pinene, sabinene and terpinen-4-ol (Papageorgiou, Assimopoulou &
Yannovits-Argiriadis 1999). Similarly, the most prominent components in the oils
from different parts of Pistacia terebinthus are a—pinene, B—pinene, limonene and
germacrene D (Couladis, Ozcan, Tzakou & Akgiil 2002). The major compounds in
the turpentine oil used in this work were o—pinene and B—pinene. This finding is

certainly in accordance to the literature data.
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The presence of carvone in orange essential oil was detected in the
biotransformation analyses. Carvone was recovered mainly in the chemical blanks
of liquid cultures (medium with orange essential oil, but without the culture), but
was not identified as a biotransformation product by the strains used in this work.
The chromatographic profiles obtained from the biotransformation experiments
were compared to those from the diluted orange essential oil (to confirm that o-
terpineol and perillyl alcohol were really biotransformation products and did not
come from the oil) and to those from the chemical blanks (to ensure that the

compounds were not chemically transformed).

3.2. Optimization of SPME analysis

In the present work, we used a CAR/PDMS SPME fiber was used. The influence of
different temperatures and exposure times in the recovery of terpenes by an
ethanolic solution sprayed into the SPME vials were considered. For the turpentine
oil - verbenone - verbenol system, the chosen temperature/time was 20 °C/20 min,
while for the orange essential oil-perillyl alcohol-a—terpineol system the
temperature was 40 °C/20 min. For the turpentine oil system, all of the conditions
tested yielded satisfactory compound recovery and so the milder/faster condition
was preferred. For the orange oil system, 40°C gave more suitable results, based
on the recovery of the oxygenated compounds. Chemical oxidations of the

monoterpenes were not detected in the SPME conditions analyzed.
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3.3. Screening experiments using surface cultures and headspace analysis by

SPME

More than 40 fungal strains were tested for their capacity to transform the terpenes
contained in the waste oils. The recovery of volatiles from the headspace was done
by SPME. The strains Mucor sp. 2276, Penicillium sp. 2319 and Mucor sp. 2288
bioconverted the terpenes from the turpentine oil mainly into verbenol, while
Penicillium sp. 2327 and Penicillium sp. 2360 produced verbenone after one day of
contact with an alcoholic solution of turpentine oil sprayed onto the sporulated
surface cultures. Previous investigations also reported that the a—pinene
underwent two distinct biochemical reactions (hydroxylation and dehydrogenation)
to produce verbenol and verbenone, respectively. These compounds have
previously been described as the major biotransformation products of o—pinene
formed by fungi (Agrawal & Joseph 2000, van Dyk, van Rensburg & Moleleki

1998). Fig. 1 shows the structures of the compounds reported in this investigation.
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Fig. 1 - Structures of o—, B—pinenes, verbenol, verbenone, limonene, o—terpineol

and perillyl alcohol, precursors and products of the biotransformation compounds

identified by GC-MS.

Similarly, the strains Mucor sp. 2276, Aspergillus sp. 2357, Penicillium sp. 2319,
Penicillium sp. 2327 biotransformed the R-(+)limonene present in the orange
essential oil into a—terpineol, and the strain Penicillium sp. 2360 transformed this
substrate into the valuable monoterpene perillyl alcohol (see Fig. 1). These results
are agree with those in the literature. The production of oxygenated compounds
originating from the transformation of inexpensive limonene has been described:
carvone, carveol, o-terpineol and perillyl alcohol are some of the most
commercially important biotransformation products derived from limonene (Duetz,

Bouwmeester, van Beilen & Witholt 2003).
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3.4. Liquid culture biotransformation

The strains selected in the SPME experiments were studied in submerged liquid
cultures. After three days of growth in YM medium, the strains were placed in
contact with the terpenic solutions. The same compounds found in the SPME
analyses were recovered by solvent extraction from the liquid cultures. SPME is a
fast and simple technique, but cannot be used for quantification. On the other
hand, solvent extraction is more reliable for quantification. Tables 2 and 3 show the
concentrations of the biotransformation products in the liquid mediums 24, 48 and
72 h after the first additions of tupentine and orange oils respectively. No oxidation
products were recovered from the chemical blanks, indicating that the compounds
recovered originated from the biotransformation. Of the bioconversion products
obtained from limonene, perillyl alcohol is important since it can protect against
hepatic, mammary and pulmonary carcinogenesis (Chatterjee & Bhattacharyya
2001). In general, however, oxygenated monoterpenes are mainly used as food
flavorizers.

Penicillium sp 2360 produced the highest concentrations of verbenone, an
important impacting flavor compound in industry. Verbenone ias a well described

biotransformation product of a—pinene.
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Table 2. Concentration of biotransformation products in liquid medium 24, 48 and
72 h after the first addition of turpentine oil (concentrations are expressed in mg/L

and are the mean of triplicate experiments).

Verbenol Verbenone o—Terpineol
Strain

24h 48h 72h 24h 48h 72h 24h 48h 72h

Mucorsp. 2276 371 460 51.3 nd?® nd. nd. tr tr tr
Penicillium sp.
254 114 170 3.7 6.7 11.0 51 74 129
2319

Mucorsp. 2288 28.8 17.5 6.1 tr tr tr nd. nd. nd.

Penicillium sp.
tr tr tr 353 419 457 7.4 51 6.9
2327
Penicillium sp.
tr tr tr 415 774 722 tr tr tr
2360

2n.d. — not detected

®tr - trace amounts (< 1.0 mg/L)

Aspergillus sp 2357 produced the highest amounts of a-terpineol, while
Penicillium sp 2360 was the only strain capable of transforming limonene in perillyl
alcohol. Besides the small yields, this data should be carefully considered, since

perillyl alcohol has chemopreventive properties against several types of cancer.
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Table 3. Concentration of biotransformation products in liquid medium 24, 48 and
72 hours after the first addition of orange essential oil (concentrations are

expressed in mg/L and are the mean of triplicate experiments).

Perillyl alcohol o—Terpineol
Strain
24h 48h 72h 24h 48h 72h
Mucor sp. 2276 nd? nd. nd. 86 52 9.0

Penicillium sp. 2319 nd. nd. nd. 503 637 702
Penicillium sp. 2327 tr° tr tr 374 315 451
Penicillium sp. 2360 123 8.5 9.7 tr tr tr

Aspergillus sp. 2357 nd. nd. nd 426 83.1 884

2n.d. — not detected

®tr - trace amounts (< 1.0 mg/L)

Application of the monoterpenic oils in ethanolic solution was used to decrease the
toxicity and increase the solubility of the substrate in the medium. A parameter
used to express the toxicity of a solvent for microrganisms is the log Pow (logarithm
of the partition coefficient of the substance in an n-octanol/water system). The
greatest toxicities are observed for compounds with a log Pow between 1 and 5
(Onken & Berger 1999). Limonene (log Pow = 4.8), o—pinene (log Pow = 4.9) and
B—pinene (log Pow = 4.8) are toxic for microorganisms (van Keulen, Correia &
Fonseca 1998). Ethanol (log Pow = -0.32) was a suitable solvent for the
biotransformation of limonene by Penicilllum digitatum strains (Adams,

Demyttenaere, & De Kimpe 2003). Removing the terpenoids from contact with the
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aqueous phase is expected to improve the stability of these compounds while
preventing their toxicity towards the biocatalyst (van Keulen, Correia & Fonseca
1998).

Limonene, a-pinene and B—pinene were not detectable at the end of the
experiments (perhaps because of their high volatility at the temperature used for
the experiment). The addition of increased volumes of the substrate should be
carefully considered. In a recent study, Agrawal and Joseph (2000) reported the
influence of the a—pinene concentration on the yields of verbenone produced by a
strain of A. niger. The authors concluded that the optimum concentration was 20
mg of a—-pinene in 100 mL of medium. A concentration of 40 mg/100 mL was
inhibitory, confirming the toxicity caused by terpenes to microorganisms.

The low final concentrations of the biotransformation products are a great
drawback to a direct application of this process on an industrial scale, and
obtaining higher final yields of flavor compounds from biotransformation is a
challenge. In a recent investigation, Agrawal, Deepika & Joseph (1999) reported
improved production of verbenol/verbenone from o—pinene by Aspergillus sp and
Penicillium sp strains. These authors used UV radiation, ethyl methanesulphonate
and colchicine to mutate the strains, and for some of the mutant strains, substantial
increases in the ability to biotransform a—pinene into verbenol were found, but the
production of verbenone decreased. In plants, further modification of
monoterpenes involves P-450 cytochromes and redox transformations. The
oxygenated compounds are the result of allylic oxidations. One example is the use

of P. abies suspensions cultures to transform o—pinene, B—pinene and limonene
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into frans-verbenol, trans-pinocarveol or carveol and perillyl alcohol, respectively
(Lindmark-Henriksson, Isaksson, Vanek, Valterova, Hégberg & Sjédin 2004).
Some authors have proposed that the cloning and expression of P-450 cytochrome
in suitable organisms for use in fermentation processes is one of the most
promising solutions for terpene biotransformation (Duetz, Bouwmeester, van Beilen
& Witholt 2003; Haudenschild, Schalk, Karp & Croteau 2000).

In this work, we tried to deal with inexpensive industrial wastes as monoterpenes
sources. Small amounts of oil were added because of the well known inhibition
caused by monoterpenes in microorganisms. The yields were very low to a direct
industrial application. However, some interesting compounds were produced, such
as verbenol, verbenone and a—terpineol, which are potent flavor compounds used
in industry. Next investigations should focus on the reduction of costs of the
process (perhaps by using industrial wastes as culture medium) and focus on the
strain improvement (by using several techniques) to obtain higher yields than the

ones obtained so far.

4. Conclusions

Screening experiments by SPME resulted in the selection of six strains capable of
biotransforming monoterpenes. SPME was a fast, simple technique for screening
fungal strains for their ability to biotransform monoterpenes from two agro-
residues. The production of verbenol and verbenone as the main biotransformation
products from turpentine oil was monitored by SPME and confirmed by liquid

culture transformations (solvent extraction). In addition, the production of
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o—terpineol and perillyl alcohol from limonene was detected. However, the yields
obtained were not great enough for direct industrial application. Substrate and
biotransformation product inhibition is a major obstacle in the biotransformation of
o—, B—pinenes and limonene.

The use of industrial wastes as inexpensive substrates for biotransformation of

terpenes on an industrial scale can make the process economically advantageous.
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Capitulo 5 — Biotransformacao de o—farneseno
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Abstract

The biotransformation of farnesene by two Aspergillus niger strains was
investigated. Four major oxyfunctionalized compounds were considered. The main
biotransformation products were formed in higher amounts in the first 24 hours.
GC-O analyses indicated that three of the compounds obtained in biotransformaton
experiments had very pleasant odors. Another minor compound (also present in
the chemical blank experiments) was found to be a very impacting aroma
compound. GC-MS analyses indicated that 6-hydroxy-farnesene was produced in
the highest amounts, reaching more than 30 mg/L for both Aspergillus niger

strains.
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1. Introduction

Terpenes are unsaturated hydrocarbons consisting of isoprene units and are
widely distributed in nature. Some of their oxygenated derivatives are known as
flavor compounds. Many of these terpenoids are considered as GRAS (Generally
Recognized As Safe) and are frequently used as food additives or as fragrances
(Teceldo, van Keulen F & Fonseca 2001).

Farnesene, a sesquiterpene present mainly in fruits, is common in citrus
species and occurs in the essential oil of commercial lemon at a concentration of
around 1.0% (Sawamura, Son, Choi, Kim, Phi, Fears & Kumagai 2004).
o—Farnesene is the major headspace volatile in certain apple cultivars. Headspace
volatile analysis in apple wholefruit indicated that farnesene was the most
abundant volatile, accounting for aprox. 30% of the recovered headspace (Whiting,
1998).

The presence of superficial scald in apples and pears and its development has
been associated with the naturally occurring a-farnesene. Inhibitors of ethylene
action delay the rise in the production of o—farnesene, reduce the accumulation of
its oxidation products and then prevent scald in some apples species (Golding,
McGlasson, Wyllie 2001; Pesis 2005).

The biotransformation of farnesene has not been reported, although, the
biotransformation of its oxygenated compound, farnesol, has already been
described. The biotransformation of (2Z,62)-farnesol by the plant pathogenic

fungus, Glomerella cingulata has been already investigated. Oxidation of the
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remote double bond and isomerization of the 2,3-double bond yielded (2Z,62)-
3,7,11-trimethyl-2,6-dodecadiene-1,10,11-triol and (2E,62)-3,7,11-trimethyl-2,6-
dodecadiene-1,10,11-triol as the major metabolites. A further degradation
compound, (£)-9,10-dihydroxy-6,10-dimethyl-5-undecen-2-one, was also obtained
(Nankai, Miyazawa & Kameoka 1998).

The chemical analysis of the volatile compounds is not always satisfactory for
determining food aroma composition, because not all of them are odorants. Rather,
an analytical study directed to the identification and quantification of food
components that are flavoractive is required. This fact implies the use of an
analytical tool that correlates sensory and instrumental analyse. In this context, gas
chromatography olfactometry (GC-O) seems to be the most appropriate technique,
because the human and electronic responses are blended to maximize the
available detection capabilities (Martia, Mestres, Sala, Busto, Guasch, 2003).
Furthermore, the compounds can have different aroma characteristics because of
different stereochemistry (Berger, 1995).

In this investigation, we examined the ability of filamentous fungi to convert
farnesene in oxyfunctionalized derivatives. This is the first report on the

biotransformation of farnesene.

2. Materials and methods

2.1. Strains

All of the 19 strains tested in this work were obtained from the culture collection of

the Laboratory of Bioflavors, State University from Campinas, Brazil. The source of
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the strains are shown in Table 1. The strains Aspergillus niger CCT 7449 and

Aspergillus niger CCT 7450 were identified by classic biochemical assays and

were deposited in the culture collection of the “Fundacao Tropical André Toselo”.

Table 1. Strains used in the biotransformation of farnesene and their respective

Strain Isolated from
Aspergillus niger CCT 7449 Well ripe mango
152B Jenipapo (Brazilian fruit)
2383 Jaca (Brazilian fruit)
Scopulariopsis sp Soil
Asp 11068 Grape
Aspergillus niger CCT 7450 Well ripe mango
2402 Coconut
2111 Cashew
2242 Sapoti (Brazilian fruit)
M-2-B Cashew
2395 Grape
2254 Coconut
v Jaca
2366 Coconut
Y67 Jaca
128-0 Grape
2276 Coconut
2399a Grape
Coffee Coffee

2.2. Cultivation and biotransformation experiments

Standard medium (1 L) contained 30 g D-glucose monohydrate, 4.5 g L'asparagine
monohydrate, 3 g yeast extract, 1.5 g KH2PO4, 0.5 g MgSO4'H,O and 1 mL of
trace elements solution (80 mg I-! FeCls:6H,0, 90 mg I”' ZnS0O4-7H,0, 30 mg I
MnSO4-H20, 5 mg I CuSO45 H,0 and 0.4 g I"' EDTA). The pH was adjusted to

6.0 with 1 M KOH prior to autoclaving.
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Experimental cultures (100 mL culture volume) were inoculated with 10 mL of
three-day-old precultures that had been grown in the same medium and
homogenized with an ultraturrax homogenizer (Janke&Kunkel, Germany) directly
after inoculation. The culturing was done on an orbital shaker (Multitron, Infors,
Bottmingen, Switzerland) at 150 rpm and 24 °C.

The broth was centrifuged and the cellular mass was separated and 33.3 g was
transferred to another conical flask containing 16.7 mL of the standard medium.
High-density culture was done at 200 rpm and 24 °C.

The biotransformations were started by adding 25 mM of a—farnesene (purchased
from RC Treatt Ltd, Bury St. Edmunds, UK; 74% purity) directly into the culture

flasks. Chemical blanks were done in the same way, but without mycelia.

2.3. Analysis of terpenes in medium and mycelia

After centrifugation of the fungal cultures (100 mL) at 4000 rpm, the pellet was
disrupted with liquid nitrogen. The micelia and medium were extracted three times
with penthan:ether (azeotropic mixture, 1:1.12, v/v). The organic phase was dried

with sodium sulfate and concentrated. GC analysis was done as described below.

2.4. Fractionation of the biotransformation extracts in silica gel

The extracts where fractionated by open microcolumn chromatography. Silica gel
60 (63-200 pm, Merck, Germany) was heated at 100°C for 2 h. After cooling, 4% of

distilled water was added and homogenized overnight. The compounds from 1 mL
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of the extract were selectively separated by the following penthan:ether mixtures:
100:0, 80:20, 60:40, 40:60, 20:80, 0:100 (v/v). Each fraction eluted was recovered

and analyzed by GC-FID as described below.

2.5. GC analysis of the biotransformation products

After 1, 2 and 3 days, the broths were extracted with penthan-ether (1:1.12, v/v) or
ether and concentrated. One microliter of each concentrated sample was injected
into a Fisons GC 8360 gas chromatograph equipped with a cool on-column
injector, a J&W CW 20 M fused silica capillary column (30 m x 0.32 mm i.d. x 0.25
um film thickness), hydrogen as the carrier gas (52 cm s™'), and a flame ionisation
detector (230°C) using a temperature program from 100°C (2 min) to 160°C with a
rate of 5°C min™ to 230°C and a 3°C min™ hold for 5 min. Quantification was done

by comparison to the internal standard thymol.

GC-MS and GC-high resolution MS analysis were done using the same
chromatographic conditions as for GC-FID analysis and helium as the carrier gas
(38 cm s™). Identification of transformation products was achieved by comparison
of ElI mass spectra with data from literature (Wiley and NIST spectral libraries)
using a Fisons GC 8000 gas chromatograph and a Fisons MD 800 mass selective
detector (interface: 230 °C, ion source: 200 °C, quadrupole: 100 °C, El ionisation

(70 eV), scan range m/z 33-400 amu).

Odour impressions and thresholds were determined by means of GC-olfactometry

using a Satochrom GC equipped with a cold on column injector, a J&W CW 20M
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fused silica capillary column (30 m x 0.32 mm i.d. x 0.25 um film thickness) splitted
(1:1) into a sniff-port (230 °C) and a FID (230 °C) and the same chromatographic
conditions as for GC-FID analysis. A panel of five persons was used to note the
odour impression induced by eluting compounds. Characteristic odour impressions
were considered valid, if at least three of the five judges reproducibly signalled an

sensory perception.

3. Results

3.1. Screening experiments

Nineteen strains were tested for their ability to convert the sesquiterpene farnesene
into oxyfunctionalized compounds. Aspergillus niger CCT 7450 and Aspergillus

niger CCT 7449 showed the best yields of oxyfunctionalized compounds.

3.2. Biotransformation of farnesene by Aspergillus niger CCT 7449 and Aspergillus

niger CCT 7450

Ascomycetes are known to biotransform terpenes into oxyfunctionalized
compounds. Four major compounds were considered in this investigation: 6-
hydroxy-farnesene, 15.31, 16.18 and 18.84 (the numbers correspond to the GC-
FID retention time of each compound) and one more, with a retention time of 23.50
min, at trace amounts that was not produced by biotransformation, but was also
present in the chemical blanks. One of the compounds was identified by GC-MS as

6-hydroxy-farnesene, where as the others could not be identified by GC-MS (they
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are probably compounds not yet present in the MS libraries). The four major
compounds are probably oxygenated derivatives produced by the action of
cytochrome-P450 monoxygenases and were detected in the chemical blanks in
trace amounts. Figs. 1 shows the time course of each the major compounds
produced by the transformation of farnesene by A. niger CCT 7449 (fig. 1 A) and A.

niger CCT 7450 (Fig. 1 B).
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Concentration (mg/L)

Time (hs)

40
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Time (hs)

Fig 1. Biotransformation of Farnesene by Aspergillus niger CCT 7449 (A)

—e— 6-Hydroxy-farnesene

—a— 15.31
—— 16.18
—— 18.84

—&— 6-Hydroxy-farnesene

——15.31
—a— 18.84

Aspergillus niger CCT 7450 (B) (The concentrations are the mean of 3

experiments)
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3.3. Distribution of biotransformation compounds between the mycelium and

culture medium

The distribution of the oxyfunctionalized transformation products between the
mycelia and the aqueous medium was determined. Figs 2 showed that
oxyfunctionalizated products are well distributed between both the mycelia and
medium. Based on these results, a full extraction of the broth should be used for

recovering the biotransformation products.
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—&— 6-OH-farnesene-mycelium
—— 6-OH-farnesene-medium
—&— 15.31-mycelium

—— 15.31-medium

Concentration (mg/L)

0 T T
0 24 48 72

Time (hs)

Fig. 2 B

—e— 16.22-mycelium

—B— 16.22-medium

—A— 18.84-mycelium

—X— 18.84-medium

Concentration (mg/L)

Time (hs)

Fig. 2. Distribution of biotransformation compounds between the mycelium and
culture medium for 6-hydroxy-farnesene and ‘15.31’ (A); and ’16.22’ and ’18.84’

compounds (B) for A. niger CCT 7449.
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3.4. Fractionation of the biotransformation extracts in silica gel

The extracts obtained from the biotransformation experiments were cleaned-up in
a chromatography silica gel microcolumn using combinations of penthan-ether.

The compounds oxygenated compounds were isolated in 60:40 penthan:ether.

3.5. GC-0O analyses

GC-O analyses of the 60:40 fraction showed that 6-hydroxy-farnesene was a really
impacting aroma compound, with a very pleasant citrus note. Table 2 shows the
odor impression of five panelists. All of them detected the major peaks and
described the odor similarly. One of the major oxyfunctionalized compounds did
not present an odor note. Perhaps the position in which the oxygen occurs in the

farnesene molecule determines the aroma activity of the compound.

Table 2. The odor impressions of the farnesene biotransformation products

Compound GC-O odor description
6-hydroxy-farnesene Citrus, fresh, very impactant
‘15.371° very sweet, pleasant, intensive
‘16.22’ No smell
’18.84’ Herbaceous, fruity

4. Conclusions

The biotransformation of a—farnesene by A. niger strains is reported by the first
time. The yields were not enought for an industrial application. Four major aroma
compounds were formed, one of which was identified as 6-hydroxy-farnesene and
had an impacting citrus smell. The other three compounds could not be identified

by GC-MS; one of them had no smell, while the other two had sweet and
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herbaceous odors. The yields, however, were very small to a direct industrial

application.
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Abstract

The antioxidant activity of a limonene biotransformation extract and some standard
monoterpenes present in the extract were analyzed by five antioxidant assays:
total antioxidant capacity (DPPH radical-scavenging assay), measurement of lipid
peroxidation by the thiobarbituric acid (TBA) assay, inhibition of superoxide

formation, superoxide release by leukemic cells and glutathione S-transferase
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activity. Limonene biotransformation extract showed free radical scavenging
activity (up to 15 %) at a concentration of ~ 0.035% (v/v). Extract, perillyl alcohol
and o—terpineol produced ~ 80% inhibition of lipid peroxidation at a concentration
of 0.02% (v/v). Perillyl alcohol and o—terpineol also reduced the superoxide release

by leukemic cells by 3 and 10 times respectively, at concentrations < 0.02% (v/v).

Keywords: monoterepenes, antioxidant activity, DPPH, TBA, superoxide release,

GST.

1. Introduction

The biotransformation of terpenes is of interest because it allows the production of
natural flavors and fragrances under mild reaction conditions (Carvalho CCCR &
Fonseca MMR 2006). The use of agro-industrial residues in bioprocesses provides
alternative substrates while simultaneously helping solve pollution problems
(Pandey, Soccol, Nigam, Brand, Mohan, & Roussos, 2000). In addition to their
aroma properties, the biological properties of compounds produced by
biotranstransformation have been studied.

Some food monoterpenes are active against certain cancers (Kris-Etherton,
Hecker, Bonanome, Coval, Binkoski, Hilpert, Griel & Etherton 2002). Essential oils,
rich in monoterpenes, are recognized as food preservatives (Baratta, Dorman,
Deans, Biondi, Ruberto 1998; Helander, Alakomi, Latva-Kala, Mattila-Sandhom,
Pol, Smid, Gorris & von Wright 1998), and monoterpenic essential oils are natural

antioxidants (Yanishlieva, Marinova, Gordon, Raneva 1999).
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A number of dietary monoterpenes have antitumor activity that can prevent the
formation or progress of cancer, and cause tumor regression. Limonene and
perillyl alcohol have well-established chemopreventive activity against many
cancer (Crowell 1999).

In this work, we examined the antioxidant activity of an extract from the
biotransformation of limonene and of monoterpene standards present in this

extract.

2. Materials and Methods

2.1.Chemicals

R-(+)-a-terpineol (~99%), R-(+)-limonene (~99%), Perillyl alcohol (~96%), Carvona
(~98%) were purchased from the Aldrich Chemical Company. All of the chemicals

and solvents were of the best available commercial grade.

2.2. Biotransformation extract

The biotransformation of limonene was conducted as described in Maréstica and
Pastore (in press). Briefly, an Fusarium oxysporum strain was grown for three days
in manipueira (an effluent from cassava industry) and transferred to a mineral
medium (0.5 g of MgSQOy, 3.0 g of NaNOg, 1.0 g of K;HPOy4, 0.5 g KCI and 0.01 g
of FexSO,4 in 1.0 L of distilled water) (Brunerie, Benda, Bock, Schreier 1987). The
biotransformation of limonene was started by adding 0.1% of an orange essential
oil to the mineral medium culture. Two more additions were done after 24 and 48 h.

The broths were extracted with ethyl acetate 24, 48, 72 and 96 h after the first

165



addition of orange essential oil. All the extracts obtained were combined and

concentrated.

2.3. Analysis of the samples by GC and GC-MS

The GC and GC-MS analyse were done in the same way as described previously
(Maréstica and Pastore 2006).

GC-analyses were performed with a Chrompack CP9001 gas chromatograph
equipped with a split/splitless-injector, an FID-detector and a WCOT Fused Silica
column. The stationary phase was CP-Sil CB (60 m length x 0.25 mm i.d.; coating
thickness of 0.25 um). The working conditions were: injector 220°C, detector 250°C
(make-up gas He 1 mL/min). The oven temperature was programmed from 40°C to
210°C at 5°C/min with an initial holding time of 1 min and a final holding time of 5
min. Quantification was done by comparison with the internal standard decane.
GC-MS-analyses were done using a Varian Saturn gas chromatograph equipped
with an EM-IT mass selective detector, a CP-Sil 8CB Low bleed/MS capillary
column (30m x 0.25mm x 0.25um) and a split/splitess CP1177 injector. The
working conditions were: injector 280°C, transfer line to MSD 260°C. The oven
temperature was programmed from 40°C (1 min) to 160°C (3 min) at 5°C/min and
from 160°C to 250°C with a final holding time of 5 min, scan range m/z 40-500,
carrier gas (He) 1 mL/min; split 1/50; ionisation El 70 eV; mass range 40-500 amu
and scan rate, 1 s'. Positive identifications were made by matching the sample
retention indices (RI) and mass spectra of the samples with those of the standards

analysed under identical conditions.
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2.4. Total antioxidant capacity: DPPH radical-scavenging assay

The nitrogen radical-scavenging activity was measured by monitoring the reduction
of the free nitrogen radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) in the presence of
the extract, monoterpene standards and ethyl acetate. The samples (diluted in
ethanol) were added to the wells of a 96-well microtitre plate and 200 uL of a
DPPH solution (0.4 mg/L in ethanol) was added. After 30 min, the total antioxidant
capacity was determined from the decrease in absorbance at 515 nm. The radical-
scavenging activity was expressed as the % quenching of the DPPH radical,

calculated as [(Absg-Abssomin)/Absg]x100. All determinations were done in triplicate.

2.5. Measurement of lipid peroxidation by thiobarbituric acid (TBA) assay

The lipid peroxidation activity was determined as described by Singh Chidambara
Murthy & Jayaprakasha (2002). Aliquots (240 L) of liver homogenate (0.5 mg of
protein/mL in tris-HCI buffer 50 mM, pH 7.4 with 150 mM of KCI) were mixed with
30 uL of extract and monoterpene standards (diluted 100, 500 and 1000 times in
ethanol) and 15 pL of 4 mM ascorbic acid. Peroxidation was initiated by adding 100
uL of 0.2 mM ferric chloride and the reaction was run at 37°C for 60 min. The
reaction was stopped by adding 500 uL of an ice-cold mixture of 0.25 N HCI
containing 16.8% trichloroacetic acid and 0.86% TBA followed by heating to 80 °C
for 15 min. The samples were cooled and centrifuged, and the absorbance of the
supernatant was measured at 540 nm. An identical experiment control was done to
determine the amount of lipid peroxidation obtained in the presence of inducing

agents without extract. The percentage of antilipid peroxidative activity (% ALP)
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was calculated using the formula: antilipid peroxidation (%) = [1- (sample OD/blank

OD) x 100].

2.6. Inhibition of superoxide formation

The inhibition of superoxide formation was assayed according to Boveris, Fraga,
Varsavsky & Koch (1983). The method is based on the inhibition of the
spontaneous oxidation (superoxide radical) of epinephrine to adrenochrome
(absorbance at 480 nm). Buffer (230 uL 50 mM glycine, pH=10.2) and samples at
several dilutions were distributed in wells followed by the addition of 20 pL of
epinephrine (pH=2). The blank consisted of 250 uL of buffer and the negative
control was 230 uL of buffer and 20 uL of epinephrine. The reaction was monitored
for 1 min at 480 nm. The % of inhibition was calculated as [(AbSsam -
AbScontr)/ (AbScontr)]*100, where Abssam is the absorbance of the sample and AbScontr

is the absorbance of the control.

2.7. Superoxide released by leukemic cells

Superoxide release by leukemic cells was assayed in 96-well plates. Myeloid
leukemia K562 cells were resuspended in Krebs-Ringer phosphate buffer with 2
mg/mL dextrose and 80 puM cytochrome ¢ (KRPD), at 5x10° cells/mL. Cells (10°
cells in 200 uL) were distributed in wells and 20 uL of samples (0.2% v/v) was
added immediately before phorbol myristate acetate (PMA) addition (2.16 uM).

Cells without sample were incubated as a positive control and wells without sample
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and with 0.5 U of SOD were used for the negative control. The blank consisted of
KRPD with PMA, without cells. After incubation for 1 h at 37°C in the dark, the
plate was centrifuged and 150 uL of supernatant was transferred to a microwell
plate and read at 550 nm. The unit of superoxide released per cell was equivalent

to fmol of reduced cytochrome c, using 24 mM™.cm™ as the extinction coefficient.

2.8. Glutathione S-transferase activity

All experiments were done in triplicate. Samples at several concentrations and
buffer (0.1 M potassium phosphate, pH 7.4 with 1 mM EDTA) (total volume of 150
uL) were transferred to wells, followed by the addition of 25 puL of 50 mM GSH
(glutathione) solution in buffer and 20 uL of rat liver (2 mg/mL of protein,
determined by Bradford method). The misture was incubated for 5 min at 37°C.
The reaction was started by adding 30 uL of 2 mM NPA (nitrophenyl acetate). The
blank consisted of sample with GSH and without NPA. Spontaneous reaction was
done in a control well without sample (150 uL of buffer). Activity was calculated in
terms of mol of NPA per minute according to the formula: Ativ = (Slam - Slsp).Vol /
8,79 . (Vol . 0,0031) (mmol/min); Slam = mean of the maximum slope in sample;
Slsp = mean of the maximum slope in the spontaneous reaction; Vol = final volume
of each well (205 pL); 0.0031 was a correction factor for 96 well plates. The

extinction coefficient was €409nm = 8,79 mM'cm™.
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3. Results and discussion

3.1. Biotransformation extract

The biotransformation extiract was obtained as described in section 2.1 and
analyzed as in 2.2. The main compounds present (concentrations > 0.1 mg/L) are

shown in table 1.

Table 1. Concentration of monoterpenes present in biotransformation broth

extracted with ethyl acetate

Terpene Concentration (mg/L)
Perillyl alcohol 2.6

Carvone 0.2
Limonene 165.9
o—Terpineol 6.6

3.2. Total antioxidant capacity: DPPH radical-scavenging assay

The free radical scavenging potential of the biotransformation extract and standard
monoterpenes at different concentrations were tested by the DPPH method. The
results are shown in Fig. 1. According to Singh, Chidambara Murthy &
Jayaprakasha (2002), the antioxidant compounds react with DPPH, converting it to
o,a—diphenyl-B—picryl hydrazine, and the degree of discoloration indicates the
scavenging potential of the compounds tested. The extract showed radical

scavenging activity, where as limonene, a—terpineol and carvone had less activity.
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Ethyl acetate, the solvent used in the extraction (hence the major compound
present on extract) had a pro-oxidant activity. Considering the clear radical
scarvenging activity of the extract, two possibilities can be considered to explain
these results: 1) the extract consists of a mixture of terpenes, that act
synergisticaly to provide a better radical scavenging activity compared to the
isolated compounds and 2) the radical scavenging is provided not by the
monoterpenes, but by other non-volatile compounds present in the extract. The
extract possessed a yellow color, probably due to carothenoids that occur in

orange essential oil.
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Fig 1. Radical scavenging activity of the biotransformation ethyl acetate extract and

monoterpene standards determined by the DPPH method.
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3.3. Lipid Peroxidation by the thiobarbituric acid (TBA) assay

The capacity of the extract and monoterpene standards to prevent lipid
peroxidation were determined by the TBA assay. Thiobarbituric acid reacts with
malondialdehyde (MDA) to form a pink chromogen, that can be detected
spectrophotometrically. In biological systems, MDA is a reactive species that takes
part in the cross-linking of DNA with proteins, and damages liver cells (Singh,
Chidambara Murthy & Jayaprakasha 2002). MDA is the major product of lipid
peroxidantion and is used to study lipid peroxidation in rat liver homogenates.
Determination of the lipid peroxide content was done indirectly by derivatizing
MDA with TBA at high temperature and acidic conditions.

Fig 2 shows the results obtained with the TBA assay using the biotransformation
extract and standard monoterpenes. All monoterpene standards inhibited lipid
peroxidation. Perillyl alcohol showed an elevated capacity to inhibit lipid
peroxidation. Perillyl alcohol has antitumor activity and can play a role in
antioxidant process (Crowell 1999). The inhibition of lipid peroxidation by
monoterpene standards was concentration-dependent. The extract showed a high
inhibition at low concentrations, and this did not change significantly with
increasing concentrations unlike the monoterpene standards. The two hypothese

discussed in section 3.2 could also explain this inhibitory behavior.
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Fig. 2. Inhibition of lipid peroxidation activity by the biotransformaiton extract and
monoterpene standards using the TBA method. The points are the mean = SEM of

2 determinations.

3.4. Inhibition of superoxide formation

Oxidative stress or excessive production of reative oxygen species (ROS) has
been implicated in many deseases, such as cancer, atherosclerosis, ageing and
diabetes (Kaik, Priyadarsini, Naik, Gangabhagirathi, Mohan 2004). The potential
targets for ROS in cells are membrane lipids, DNA and proteins. External
supplementation through antioxidants is recommended to protect cells from the
deleterious effects of oxidative stress. Superoxide anion (Oz") is a potentially
damaging compound, and hydrogen peroxide is its most common final product.

However, in the presence of metals such as Fe?* and Cu*, Oy"is converted to
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hydroxyl radical (HO,"), which reacts with many organic substances (Stryer 1996).
Fig 3 shows the inhibition of superoxide radical formation. The extract and carvone
stimulated the production of Oy"; limonene had little effect. In contrast, perillyl
alcohol and a—terpineol strongly inhibited O, production. An inhibition of 50% was

reached for perillyl and a-terpineol at concentrations of 1.6% and 3.0%, respctively.
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Fig. 3. Inhibition of superoxide radical formation by the biotransformaiton extract

and the monoterpene standards. The results are the mean of 3 experiments.

3.5. Superoxide released by leukemic cells

Phorbol myristate acetate (PMA), a potent tumor promoter, has diverse effects on
cellular growth, differentiation, and metabolism. PMA also has a strong
inflammatory action that induces O, production in neutrophils by activating their
NADPH oxidase (Lehrer, Cohen 1981). The ability of monoterpene standards and

extract to inhibit the formation of O, was investigated. Fig. 4 shows the amounts of
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O released in cells in the presence of monoterpenes/extract. A strong inhibition of
O release was observed with perillyl alcohol and o—terpineol, where as limonene
stimulated the production of O,". Since the extract contains a large amount of
limonene and smaller amounts of a—terpineol and perillyl alcohol, the mild effect of

the extract could be explained by a possible interaction among the monoterpenes.
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1,41 Extr - Extract

] AP - Perillyl Alcohol
1,24 Car - Carvone
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fmol of superoxide/K562 cell

.NN. : N

0,0 T T T T T
Cont Extr AP Car Lim Ter

_0,2_
Fig. 4. Effects of monoterpenes on superoxide (O.") released in leukemic cells

stimulated by PMA. The columns are the mean of two experiments.

3.6. Glutathione S-Transferase activity

Glutathione S-transferases (GSTs) are a group of enzymes specific for GSH
(reduced glutathione), a cofactor for GST. GST is the most important enzyme in
phase |l reactions, playing a physiological role in the detoxification of alchelating
agents. Compounds such as toxic xenobiotics and products from lipid peroxidation
are substrates for GST. The transferases also catalyze the glutathione-dependent
release of p-nitrophenol from p-nitrophenyl acetate and p-nitrophenyl

trimethylacetate. Fig. 5 shows the inhibition of the conversion of NPA in p-
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nitrophenol by biotransformation extract and monoterpenes. Extract, perillyl alcohol
and limonene showed the same pattern, with maximum at a concentration of 2.5%.

The inhibition with a-terpineol was concentration dependent.
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Fig. 5. Inhibition of the conversion of NPA to p-nitrophenol by the biotransformation
extract and monoterpenes. The points are the mean = SEM of three

determinations.
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4. Conclusions
The antioxidant potential of a limonene biotransformation extract and some
monoterpenes standards (present in the extract) was examined in five antioxidant
assays. The crude extract may be useful as an antioxidant, without being purified,
thereby reducing the need for industrial purification techniques, which are
expensive.
The results obtained here suggested that some monoterpenes may be useful as

‘functional aroma compounds’, in health supplements and nutraceuticals.
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Conclusao Geral

A capacidade de uma linhagem de Fusarium oxysporum em converter o
limoneno em compostos de aroma foi evidenciada, sendo alcancada producéo de
o—terpineol da ordem de 0,4 g/L. Dois residuos industriais (6leo essencial de
laranja e manipueira) foram utilizados como alternativa para o barateamento do
processo produtivo de compostos de aroma por biotransformagéo, representando
um passo adiante no sentido de tornar esse processo numa alternativa exequivel.

Utilizando o mesmo meio de cultura para crescimento, uma linhagem de
Penicillium sp. transformou citronelol em cis/trans-6xido de rosa, composto de
altissimo valor agregado e muito utilizado na industria de fragrancias.

Nos experimentos de biotransformacao de citronelol e limoneno destaca-se
o rapido desenvolvimento das linhagens em manipueira. Ressalta-se ainda que os
maiores rendimentos da biotransformacao foram obtidos nos experimentos em
que as linhagens foram crescidas em manipueira e transferidas para meio mineral
isento de fontes de carbono e nitrogénio, sendo os monoterpenos as unicas fontes
de carbono presentes.

A técnica de micro extracdo em fase sélida mostrou-se adequada para a
selecdo de linhagens com potencial biotransformador dos monoterpenos
analisados (limoneno, a— e B—pinenos) em compostos de aroma. A rapidez e
simplicidade da técnica e a extracdo dos volateis sem utilizacdo de solventes sao
vantagens que permitem a otimizacdo e reducdo de custos num processo de
selecado de microrganismos para producado de compostos de aroma. Isso péde ser

confirmado pelas analises dos compostos produzidos em cultura liquida, as quais
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produziram 0s mesmos compostos obtidos em culturas de superficie cujo
‘headspace’ foi analisado por MEFS. Entretanto, a quantificacdo dos compostos
nao é precisa como numa extracao por meio de solvente organico.

A biotransformacdo de o— e B—pinenos por linhagens de Mucor sp.,
Penicillium sp. e Aspergillus sp. gerou compostos de alto valor agregado como
verbenona e verbenol em concentragbes da ordem de 50 e 70 mg/L.

Neste trabalho relata-se a inédita biotransformacao de a—farneseno com a
obtencao de quatro compostos oxifuncionalizados. Linhagens de Aspergillus niger
produziram compostos com aromas impactantes descritos como citrico,
herbaceos. Destaca-se a producdo de 6-OH-farneseno, composto ndo descrito
anteriormente na literatura, como o produto principal e com aroma citrico
impactante. Um dos compostos oxifuncionalizados ndo apresentou aroma algum
nas analises por cromatografia gasosa-olfatometria, 0 que sugere que a posicao
da molécula ocupada pelo oxigénio pode ter um papel fundamental na
caracteristica sensorial do composto, determinando o aroma da substancia.

Alguns efeitos antioxidantes de monoterpenos puderam ser evidenciados.
Demonstrou-se que o extrato obtido da biotransformacado de limoneno por
Fusarium oxysporum pode desempenhar um papel na captura de radicais livres. A
capacidade antioxidante ‘in vitro’ foi ratificada: o mesmo extrato, além de
monoterpenos como alcool perilico e terpineol demonstraram grande habilidade de
inibir a peroxidacao lipidica. Ensaios ‘in vivo’ demonstraram a atuacao de alcool
perilico e a—terpineol na inibicdo da formacao do radical superdxido por dois

métodos (oxidagao da epinefrina e inducao da liberacéo de superdxido em células
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leucémicas). Relatos sobre o potencial antioxidante e anticarcinogénico do alcool
perilico sdo abundantes, entretanto, ndo ha muitos dados relativos ao o—terpineol.
A comprovacao do a—terpineol como possivel composto biologicamente ativo gera
novas possibilidades para sua utilizacdo, uma vez estar presente em alguns éleos
essenciais e poder ser biotransformado a partir do limoneno por diversas
linhagens. Esses resultados geram novas possibilidades para a utilizacdo desses
compostos em alimentos e bebidas, uma vez que a comprovacdo da atividade
funcional dessas substancias adere a demanda do mercado consumidor por

produtos que possuam papel na prevencao de doencas.
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