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RESUMO

Nos tltimos anos, os sistemas de duas fases aquosas {(SDFAs) t€m encontrado
aplicacOes nas diferentes areas da biotecnologia, especialmente no que se refere 4 utilizacio
de sistemas alternativos ¢ de baixc custo. Dessa forma € que o sistema constituido de
polissacarideo da goma de cajueiro ¢ polietilenoglicol foi utilizado, no presente trabaiho,

para o cultivo do fungo Penicillium janthinellum e produgdo de xilanase.

Inicialmente, foram avaliados cinco residuos agroindustriais (bagago de cana,
casca de mandioca, casca de aveia, sabugo e casca de milho} como indutores para a
produgdo desta enzima. Estes residuos foram hidrolisados e suas fraces liquidas foram
utilizadas para ¢ cultivo. A cmética de crescimento do P. janthineifum for acompanhada
para todos os residuos durante 12 dias. O sabugo de milho e a casca de aveia foram os

melhores indutores da xilanase.

De posse dos melhores residuos, procedeu-se um planejamento, no ntuito de
determinar as variivels mais importantes, tanto para fermentagdo convencional como para a
extrativa. O plancjamento fracionario em dois niveis procurou avaliar a influéneia das
seguintes varidveis: residuo agroindustrial, tempo de cultivo, pH imicial, agitacgio,

temperatura € composi¢io do sistema de duas fases aquosas.

A maior produgdo de xilanase no meic convencional foi de 142, 85 U/mL para o
hidrolisado de aveia. Isto significou um awmento de 2,58 vezes em relagdo ac obtido
anferiormente sem O estudo das varidveis. A xilanase produzida durante a fermentacio
extrativa no sistema PEG/polissacarideo da goma do cajueiro concentrou-se na fase
superior. O maior valor da produgio de xilanase na fase superior e seu rendimento foram
160,7 U/mL e 97%, para o hidrolisado de aveia no sistema PEG 8000/ goma. Assim, o
crescimento do P. janthinellum ¢ a produgio de xilanase no SDFA foram superiores quando
comparados ao sistema convencional. A atividade maxima da enzima no SDFA foi obtida

no quinto dia, enquanto que para o meio controle esta foi enconfrada no sexto dia.

Palavras-chave: fermentagfo extrativa, sistemas de duas fases aquosas, polissacarideo da

goma do cajueiro, xilanase, Pericillium janthinellum, residuo agro-industrial.



ABSTRACT

In recent years, agueous two-phase systems (ATPS) have found applications in
several biotechnology areas, specially when utilizing alternative low-cost biphasic system.
Therefore, in the present work, the agueous two-phase system based on cashew-nut tree
gum and polyethylene glycol was used for Penicillium janthinellum cultivation and

xylanase production.

Initially five agricultural wastes (sugar cane bagasse, cassava peel, oat husk, corn
cob and corn husk) were evaluated for xylanolytic enzymes production by P. janthinellum.
These residues were hydrolyzed and their liquid fractions used for cuitivation. Growth
kinetic was accomplished for all residues during twelve days. Corn cob and oat husk were

the best inducers of xylanase.

A factorial design was performed using com cob and ocat husk, which intended to
determine the most important variables for conventional and extractive fermentation. Two-
level fractional factorial design evaluated the imfluence of the following variables: agro-
industrial residue, cultivation time, pH initial, agitation, temperature and composition of

aqueous two-phase system.

The highest xylanase production was 142.85 U/mL in conventional medium of oat
husk hydrolyzate. This mean an increase of 2.58 folds when compared to that obtamed
previously. Xylanase produced during extractive fermentation partitioned into the upper
phase. The highest xylanase production in upper phase and its yield were 160.7 U/mL and
97%, respectively, using PEG 8000/gam with oat husk. P. janthinellum growth and enzyme
production in ATPS was superior to that conventional system. Maximum xylanase
activities were obtained on the 5” day for ATPS and on the 6™ day for control medium.

Key-words: extractive fermentation, aqueous two-phase system, cashew-nut tree gum,

xylanase, Penicillium janthinellum, agro-industrial residue.
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INTRODUCAO

Técnicas de recuperagdo de biomoléculas, baseadas na particdo liquido-liquido,
tém sido desenvolvidas. Contudo, o uso de uma fase orginica tem encontrado aplicagio
limitada no processamento de produtos sensiveis como proteinas ¢ células, devido a baixa
solubilidade e desnaturagio das biomoléculas em solventes orgénicos. Os sistemas de duas
fases aquosas sdo biocompativeis com as células e preservam a fungfo biologica das
proteinas com acentuada estabilidade (ALBERTSSON, 1986). Para a formacdo de sistemas
de duas fases aquosas (SDFA), a dextrana fracionada e ¢ polietilenoghicol (PEG), sdo os 2
polimeros mais amplamente utilizados, devido as suas caracteristicas quimicas e fisicas
bem conhecidas. Apesar do sisterna PEG/dextrana ser classico, a dextrana ¢ exiremamente
dispendiosa para ser utilizada industrialmente, devido ao sen elevado custo de purificagio
(CHRISTIAN er al., 1998). Uma ampla variedade de polimeros tem sido testada para a
obtengido de sistemas de duas fases aquosas. Para o campo da pesquisa, a maioria dos
sistemas € util, mas quando sdo extrapolados para escala industrial, outros critérios devem
ser avaliados. O custo do polimero, o tempo de separac3o das fases, a quantidade de
polimero necessaria para formagio do sistema de duas fases, e a possibilidade da

reutilizagdo do polimero, sfo fatores de grande importincia (COSTA et al., 2000).

O cajueiro € wma planta nativa do nosso pais e somos um dos maiores produtores
mundiais de castanha de caju. O principal produto da cajucultura é a utilizacio da castanha
para produgdo de améndoa. No entanto, outros derivados como a goma, o pedinculo e o
liquido da castanha de caju t€ém um baixo aproveitamento. A goma de cajueiro ¢é extraida do
caule da planta e sua extrag@o ndo traz prejuizo & produgfio de frutos e ndo requer grandes
investirnentos, podendo ser mais uma fonte de renda oriunda do cajueiro. Devido a grande
disponibilidade de cajueiros no Brasil, seria proveitoso o estudo de aplicagdes para a goma
que deles exsudam (PAULA & RODRIGUES, 1995). Assim um novo ¢ promissor sistema
de duas fases aquosas, composto por polietilenoglicol e polissacarideo da goma de cajueiro,
tem sido caracterizado (OLIVEIRA ef al., 2002ab; SARUBBO er al., 2000). Este sistema

apresentou baixo tempo de separagio e baixo custo dos polimeros formadores das fases.



A fermentagfo extrativa, um processo que integra producfo e recuperagio i sifu,
é o método de escolha para awmentar o baixo rendimento dos processos de fermentagio
convencionais. As fermentacdes extrativas utilizando sistemas de duas fases aquosas sfo
uma alternativa promissora para os processos convencionais, desde que, elas fornecam um

meio ndo desnaturante para as biomoléculas ¢ estabilizem as células (SINHA et al., 2000a).

Durante a ultima década, as aplicagbes das xilanases voltaram-se particularmente
para a inddstria de papel e celulose. No entanto, as xilanases desempenham um papel
importante na extragdo de café, dleos vegetals, amido, flavorizantes ¢ pigmentos; para
liquefazer frutas ¢ vegetais, na fermentagdo da cerveja para evitar problemas na filtragio ¢
turvagdo, nas industrias de panificacio e forragem, na clarificagfio de vinhos e sucos, € no
pré-tratamento da forragem para melhorar a digestibilidade do alimento dos ruminantes e
para facilitar a compostagem. As xilanases em sinergismo com varias outras enzimas, tais
como mananases, higninases, xilosidases, glucanases, glucosidases, podem ser utilizadas
para a geragdo de combustiveis biologicos, tal como etanol e xilitol, a partir de biomassas
lignocelnidsicas (SUBRAMANIYAN & PREMA, 2002).

As xilanases microbianas sdo geralmente obtidas a partir de meios complexos e
encontram-se diluidas. O somatéric das varias etapas necessarias aos processos de
purificagdo de enzimas alcanca de 50 a 90% do custo total do produto (DIAMOND &
HSU, 1992). Assim, devido a importancia que as xilanases vém adquirindo, torna-se
fundamental o desenvolvimento de bioprocessos que viabilizem sua produgdo e
purificacio. Para tal, faz-se necessdrio que se encontre uma combinagfo 6tima entre
microrganismo, processo fermentativo e métodos de recuperagio de tais enzimas. O uso de
residuos agricolas, abundantemente disponiveis e de custos apropriados, que resultem em
rendimentos elevados na produgdo de xilanase, aliados a métodos de purificagio
adequados, que fornegam procedimentos rapidos e simples, poderad reduzir o custo da
enzima e assim facilitar sua utilizacio na industria.

Neste contexto, o fungo Penicillium janthinellum foi cultivado no sistema de duas
fases aquosas, polietilenoglicol e polissacarideo da goma de cajuerro, utilizando
hidrolisados de residuos agroindustriais como indutores. E este procedimento foi proposto

para fermentagdo extrativa desta xilanase.



Dessa forma, esse trabalho fo1 constituido das seguintes etapas:

- Investigaciio da produgdo de xilanase pelo P. janthinellum, utilizando-se cinco residuos
agroindistrias hidrolisados (bagago de cana, sabugo de milho, casca de grio de milho,

casca de mandioca e casca de aveia).

- Determinagdo das varidveis mais importantes para a produgdo de xilanase pelo 7.

Jjanthirellum nos residuos selecionados como melhores indutores.

- Realizacdo de fermentagdio extrativa desta xilanase no sistema de duas fases aguosas,
composto de polietilenoglicol e polissacarideo da goma do cajueiro. Bem como,
determinagfo das varidveis mais importantes para a producio desta enzima neste sistema

extrativo.

Assim, o presenie trabalho encontra-se dividido em capitulos, os quais apresentam
as diferentes etapas desenvolvidas. Inicialmente encontra-se uma revisfo da literatura ¢ ao
final é dada uma conclusdo geral. Os capitulos redigidos na forma de arfigos encontram-se

em inglés.



Capitulo 1

Este capitulo apresenta uma revisfo geral da literatura, a qual serviu de subsidio
para andlise e posterior discussdo dos resultados apresentados nos demais capitulos. Nele €
possivel encontrar varios topicos, que vio desde a importincia dos sistemas liguido-liquido
na purificagio de biomoléculas, seu uso como fase para condugfio da fermentacio extrativa,

até a producdo de xilanases ¢ suas aplicagdes.



1- EXTRACAO LIQUIDO-LIQUIDO

A extragio liquido-liquido € um procedimento bem estabelecido em processos
quimicos industriais, incluindo algumas aplicagdes nas indistrias de fermentagdo
tradicional, como por exemplo, as de antibidticos (DIAMOND & HSU, 1992). Entretanto,
o uso de uma fase orgénica tem encontrade uma aphcagiio limitada no processamento de
bioprodutos sensiveis, como proteinas, acidos nucléicos e células, devido as suas baixas
solubilidades em solventes orginicos e aos efeitos desnaturantes destes. A separagio de
fases também pode ocorrer quando polimeros sio adicionados em uma solugdo aquosa,
como um resultado da incompatibilidade entre os mesmos. Quando as concentragdes dos
polimercs excedem um certo valor, duas fases aquosas sfc formadas, as quais sdo
biocompativeis com as c€lulas e preservam a fungio biologica das proteinas e dos dcidos
nucléicos (ALBERTSSON, 1986).

1.1- SISTEMAS DE DUAS FASES AQUOSAS (SDFA)

Um sistema de duas fases aquosas (SDFA) € formado pela incompatibilidade
mutua de 2 polimeros ou um polimero e um sal em solugiio aquosa (SILVA & FRANCO,
2000). O diagrama de fases fornece a composicdo exata das fases superior ¢ mnferior
(FIGURA 01). A linha curva que separa a regific monofasica do sistema de duas fases ¢
chamada de binodal. As composigdes representadas pelos pontos abaixo da curva binodal
sdo homogéneas e as duas fases sfo formadas somente pelas composigdes acima da curva.
A linha que une os pontos que representam as composigdes das fases superior ¢ inferior no
diagrama de fases ¢ denominada linha de amarragio. Qualquer ponto na mesma linha de
amarragdo tera a mesma composigdo das fases, mas a relagio de volumes das fases serd
diferente. Na linha de amarragdo SMI (FIGURA 01), o ponto M representa a composicdo
do sistema. Os pontos S ¢ I s@o as composigdes das fases superior e inferior do sistema de
duas fases aquosas, respectivamente. O ponto C no diagrama representa o ponto critico, que
é o ponto em que a composigdo ¢ volume das fases teoricamente tornam-se iguais. A
composi¢io do sistema de duas fases aquosas depende: da massa molar € concentragio dos

polimeros, pH, temperatura e sais dissolvidos.



PEG 8000 % (p/p)

Polissacarideo da Goma de Cajuerro % (p/p)

FIGURA 01- Diagrama de fases esquematico de um sistema de duas fases aquosas

De acordo com ALBERTSSON (1986), os sisiemas de duas fases aquosas tém
uma caracteristica particular, por serem constituidos de aproximadamente 85-99% (p/p) de
4gua, que combinada com a baixa tensdo interfacial do sistema permite a partico de
biomoléculas em condigdes ndo desnaturantes. Suas propriedades podem ser alteradas por
manipulagio da concentragdo ¢ composigdo dos polimeros e sais, de modo que a partigio
de moléculas e particulas biolégicas possa ser explorada para a obtengdo de separagdes gue

de outro modo senam dificilmente realizadas.

Para ALBERTSSON (1986) as principats vantagens da aplicagio dos sistemas de

duas fases aquosas sdo:
- facilidade no aumento de escala;
- rapida transferéncia de massa;
- equilibrio alcangado a baixas energias na forma de mistura mecénica;
- possibilidade de operagdo em continuo;
- estabiliza¢io das enzimas pelos polimeros;
- possibilidade de operagéo & temperatura ambiente, sendo

- mais econdmico que outros processos de separagio.



1.1.1- Polimeros Formadores das Fases

Uma ampla variedade de polimeros € usada para a obtengdo de sisternas de duas
fases aquosas. Para o campe académico, a maioria dos sistemas s8¢ aceitos, mas guando
sdo extrapolados para escala mdustrial, oufros critérios devem ser avaliados. O custo do
polimero, o tempo de separagdo das fases, a quantidade de polimeros necessiria para
formagdo do sistema de duas fases e a possibilidade da reutilizagdio do polimero, sdo fatores
de grande importancia (COSTA et al., 2000).

A dextrana de elevada massa molar ¢ ¢ polietilenoglicol (PEG) sdo 0s 2 polimeros
que tém sido mais largamente utilizados devido as suas caracteristicas quimicas e fisicas
bem conhecidas. Apesar do sistema PEG/dextrana ser classico, a dextrana é extremamente
dispendiosa para ser utilizada industrialmente, devido ao seu elevado custo de purificacdo
(CHRISTIAN ef al., 1998), exceto para alguns casos raros, quando se produzem compostos
de alto valor agregado. Assim, como alternativa tem sido proposto o uso da dextrana ndo
fracionada. Este recurso procura manter as propriedades de partigdo do sistema e ainda
reduzir substancialmente o custo assoctado a aplicagio em grande escala. No entanto, estes
sistemas possuem alta viscosidade € conseqiientemente uma separagio lenta (KRONER er
al., 1982). A maiona das purificagbes industriais em SDFA utiliza o sistema PEG/sal. Os
sistemas PEG/sal possuem a vantagem dos componentes serem relativamente baratos,
porém, devido a sua clevada forca idnica, ha a possibilidade de desnaturagio de
biomoléculas (CHRISTIAN et al., 1998).

Diferentes polimeros, tais como derivados de amido (VENANCIO er al., 1993:
STURESSON et al., 1990), alcool polivinilico (TJERNELD & JOHANSSON, 1990),
maltodextrina (SZLAG & GIULIANO, 1988), derivados de celulose (SKUSE ef al., 1992),
derivados de goma guar (VENANCIO e al., 1995), arabinogalactana (CHRISTIAN et al.,
1998) ¢ polissacarideo da goma do cajueiro (OLIVEIRA et al., 2002a,b; SARUBBOQ et al.,
2000), tém sido propostos como alternativas a dextrana fracionada.



1.1.1.1- Goma do Cajueiro

As gomas industriais podem ser classificadas em naturais ¢ modificadas. As
naturais podem ser obtidas de exsudados de arvore, de sementes, de algas ou por
fermentagdo microbiologica. As modificadas sfo derivadas de polissacarideos insolaveis,
como por exemplo, a celulose (RODRIGUES e af,, 1993).

Por exsudagdo natural ou através de incisGes, aparece no tronco e ramos do
cajueiro uma goma ou resma de colorag@o amarelada, solivel em dgua, a qual apresenta
grande potencial de industrializagfo. Possui caracteristica semelbante a goma arabica,
podendo substitui-la como cola liquida para papel, pa indistria farmacéutica, em
cosméticos & como aglutinante de capsulas e comprimidos, e na indastria de alimentos,

como estabilizante de sucos, cerveja e sorvetes (PAULA & RODRIGUES, 1995).

O exsudado do cajueiro, produzido pela Anacardium occidentali L., pertencente 2
familia Amacardiaceae, é constituida prncipalmente por um heteropolissacarideo
ramificado, contendo principalmente unidades de galactose, arabinose, glicose, acide
urbnico, manose ¢ xtlose (arabinogalactana dcida). Entretanto, tem sido verificado que a
porcentagem dos monossacarideos varia de acordo com a regifio geografica (RODRIGUES
et al., 1993). O valor da massa molar média do polissacaridec da goma do cajueiro relatada
na literatura tem variado entre 1,1 x 10* a 6,5 x 10 (PAULA & RODRIGUES, 1995;
COSTA et al., 1996; MOTHE & RAQ, 1999; MENESTRINA ef al., 1998). O cajueiro
produz 178 — 2000 g/ano de goma, com um valor médio de 700 g /ano. A produgio de
castanha em arvores mais velhas do que 25 anos aumenta com a extracio de goma
(RODRIGUES ef al., 1993). A goma extraida do caule de cajueiros pode ser uma fonte
alternativa de exploragdo sem grandes investimentos ¢ durante o periodo em que o cajueiro
nfo gera seus produtos principais. S8o apenas trés meses de colheita ¢ no resto do ano o
produtor tem que se dedicar a oufras atividades. Assim a goma do cajuerro ¢ uma
alternativa para o aproveitamento dos cajueiros improdutivos, em fase de declinio e
senescéncia (PAULA & RODRIGUES, 1995).
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1.1.2- Fatores que Influenciam a Particio em SDFA - ij;??%{,

A distribui¢io das moléculas entre as fases do SDFA ¢ caracterizada pelo

coeficiente de partiglo, K, que € definido como a relago da concentragiio do soluto na fase

superior {Cs) pela fase inferior (Cy):

K é uma fung¢do das propriedades das fases, da substincia a ser particionada e da
temperatura. O coeficiente de particio € independente da concentragdo inicial do soluto e
da relagdo de volume das fases (SILVA & FRANCG, 2000).

ALBERTSSON (1986} propds a seguinte relagio para o coeficiente de

participagio para moléculas complexas fais como proteinas:
IﬁK*]ﬂKo+}BKelet+lnKhimf+1nKbioespe¢+lﬂKm+an¢onf

onde: elec (eletroquimica), hidrof (ludrofébica), bicespec (bioespecifica), MM (massa
molar), conf (conformacional), sio as contribuigbes das propriedades estruturais e
ambientais do sistema para o coeficiente de partigdo e In de K° inchui outros fatores.

Portanto, o coeficiente de parti¢io da proteina pode também ser expresso como:
In K = In Ksnbiente + IN Kesmtira

As condigles ambientais que influenciam a particio das proteinas incluem: 1) tipo
e concentragdo de sal, 2) pH. 3) massa molar, concentragio ¢ tipo do polimero formador da
fase, 4) a presenga de polimeros modificados com grupos carregados, hidrofobicos ou
ligantes de afinidade e 5} temperatura. As propriedades estruturais da proteina incluem sua
massa molar (tamanho), estratura primaria, secunddaria, tercidria e quaterndria, carga
liguida, hidrofobicidade ¢ outras propriedades de superficie (DIAMOND & HSU, 1992).

Devido a capacidade da mnterface de um sistema de duas fases adsorver materiais
bioldgicos, ela pode desempenhar um papel importante na particdo entre as duas fases do
sistema. No estudo da parfigdo de particulas em suspensdo, como células e organelas

celulares, tem que ser consideradas trés regibes de partigdo: a fase superior, a interface ¢ a2



fase inferior. Pois a interface adsorve quantidades significativas do biomaterial. O mesmo,

normalmente, ndo ocorre para a particao de substincias soliveis (ALBERTSSON, 1986).

Assim, a particdo depende de muitos fatores. Isto é esperado desde que as
interagGes entre a substncia particionada e os componentes de cada fase ¢ um fenémeno
complexo, envolvendo pontes de hidrogénio, interagdo de carga, forga de van der Waals,
interacOes hidrofobicas e efeitos estéreos. Deste modo, a particio depende da massa molar
e propriedades quimicas das moléculas particionadas. Para particulas, a partigio ¢
principalmente em fungdo dos grupos de superficie que ficam em contato com os
componentes das fases. Qualquer moiécula acumular-se-4 na fase onde o nimero maximo
de interacOes € possivel € um contettido minimo de energia do sistema ¢ alcancado (KULA
etal., 1982}.

2- FERMENTACAO EXTRATIVA

Em uma fermentac¢fo extrativa ideal, as células e o substrato devem se concentrar de
preferéncia em uma das fases, enquanto que a biomolécula (produto) deve concentrar-se na
fase oposta. Tal situacfio facilitaria a remogfio do produto do seu local de produgiio logo que
este fosse formado, assim eliminando a influéncia de inibigdo pelo produto, bem como
realizando a purificagdo primaria. Além disso, os problemas de degradagio e reutilizagio
de certos metabolitos podem ser evitados, pela particio para outra apos sua formagio
(SINHA et al., 2000a).

2.1- EFEITO DOS POLIMEROS FORMADORES DAS FASES NO
CRESCIMENTO CELULAR E NA FORMACAQO DO PRODUTO

O melhoramento da produgdo de certos biocatalisadores e outros metabdlitos em
SDFA ainda ndo ¢ bem entendido. Entretanto, estudos da formagfio do produto e
crescimento celular na presenga dos polimeros formadores das fases tém fornecido uma

idéia do mecanisme da fermentagio extrativa em SDFA,
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A produgic de B-glucosidase com Aspergillus phoenicis foi estudada em dois
diferentes sistemas: PEG 1550/dextrana ¢ PEG 8000/alcool polivinilico (PVA) (PERSSON
et al., 1989). A produgfo da enzima foi 1,3 vezes superior no sistema PEG 1550/dextrana
em comparacdo com o sistema de referéncia, livre de polimeros. Os autores acreditam que
este aumento foi devido ao PEG, que possui uma estrutura semelhante ao Tween, ja que o
Tween aumenta a producdo de P-glucosidase por Aspergillus phoenicis. No sistema
PEG/PVA nio houve um aumento na produciio da enzima, devido a uma possivel inibi¢do
do PV A sobre a produgdo de B-glucosidase (PERSSON et al., 1989). SINHA et al (2000b)
estudaram o efeito dos polimeros formadores das fases e dos sistemas PEG/dextrana na
produgio de endoglucanase € no crescimento do fungo 7richoderma reesei. A produgdo da
enzima foi maior no meio contendo PEG 6000, provavelmente porque as moléculas de PEG
atnaram como surfactante. Entretanto, a produgdio de endoglucanase e biomassa no meio
contendo PEG 4000 foi menor comparado com a fermentagfo confrole. A mibigdio do
crescimento celular e produgdo da enzima pode ter sido devido a toxicidade de moléculas
de PEG de baixa massa molar. Apesar da dextrana ndo ser tdxica e possuir um efeito
estabilizante sobre as células microbianas, o crescimento do fungo e a produgio da enzima
foram menores nesse polimero, provavelmente devido ao efeito da viscosidade do meio na
transferéncia de oxigémio (SINHA ef al., 2000b). Outros autores também tém relatado
observagdes similares (VAN DER POL er al., 1995). CHEN e LEE (1995) estudaram a
producgio de qutmase em sistema PEG 20000/dextrana por Serratia marcescens, bem como
nos polimeros formadores das fases. Quando comparada ao sistema de referéncia, a
concentracgio celular aumentou muito pouco no PEG; enquanto ocorreu um aumento de 2,2
e 2,7 vezes no meio contendo dextrana e no SDFA, respectivamenie. O aumento na
producdo no SDFA pode ter ocorrido devido ao efeito do PEG na permeabilidade da parede

celular.

Pouquissimas fermentagdes t€m sido realizadas com sucesso em sistemas PEG/sal,
nos quais a alta concentragdo de sal ndo inibiu as células microbianas. Um exemplo foi a
producdo de subtilina pelo Bacillus subtilis no sistema PEG/fosfato. Neste sistema, o PEG
6000 ndo demonstrou um efeito mibitorio significante, ao contrario do PEG 600, 1540 e
4000, os quais inibiram a producio de subtilina (KUBOI et al., 1994). Os polietilenoglicois

de baixa massa molar, tal como 400, 1540 ¢ 4000 tém inibido o crescimento celular de

11



diferentes microrganismos, possivelmente devido as suas interagSes com a parede celular

dos microrganismos {(SINHA er al , 2000a).

Um sistema composto de um pelieletrolito, polietilenimina (PET), ¢ um polimero
neutro, hidroxietilcelulose (HEC), foi utilizado para fermentagdo extrativa de 4cido lactico.
Como a polietilenimina ¢ carregada positivamente, ela pode formar um par ibnico com ©
lactato produzido durante a fermentagfo, assim o lactato concentra-se preferenciaimente na
fase rica em PEI Apesar do cultivo do Lactobacillus lactis ndo ser afetado pela fase
superior rica em HEC, ocorreu um aumento no periodo da fase estaciondria, provavelmente
devido a influéncia da PEI, que pode adsorver na superficie celular. Observagdes
microscopicas revelaram que as células de Lactobacillus cuitivadas neste SDFA formaram
grandes agregados, enquanto na auséncia deste sistema, observou-s¢ apenas pequenas
cadeias (KWON ef gl., 1996). Portanto, os polimeros devem ser avaliados em relagdo ao
seu efeito sobre o crescimento ¢ interagdo com a parede celular dos microrgamsmos, bem

como, para um maior coeficiente de partigdo da biomolécula alvo (SINHA et al., 2000a).

2.2- FERMENTACAQ

Fermentactes em batelada, semicontinuas ou continuas t8m sido realizadas em
SDFA. O objetivo ¢ eliminar o efeito de mibigio pelo produto ou substrato ou obter um
biocatalizador com elevada atividade especifica, de preferéncia em uma corrente livre de
células. No SDFA, a parti¢do do produto em outra fase em relagdo a do local de produgdo,
to logo este seja formado, reduz o efeito imibitorio do produto na fermentagio (SINHA ef
al., 2000z). Pelo processo de fermentagido extrativa tém-se produzido principalmente
enzimas, como mostrado na TABELA 01 e outras substincias como: antibidticos,
solventes, surfactantes e anticorpos como sumarizado na TABELA 02. Os SDFAs tém sido
utilizados para produgdo in sifu ¢ recuperagio de vérias enzimas em uma corrente livre de
células, o que pode proporcionar o uso direto do biocatalisador. Por este processo, as

enzimas sio mantidas na sua forma nativa no meio nio despaturante do sistema de duas
fases (SINHA et al., 2000a).
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TABELA 01- Fermentagiio extrativa de enzimas em sistemas de suas fases aquosas

Produto Microrganismo/ Sistema K K Referéncia
célula vegetal
Protease alcalina  Bacillus PEG 4000/fosfato 1,10 I, Int HOTHA & BANIK,
thuringiensis PEG 6000/fosfato 1,09 1997
PEG 9000/fosfato 1,21
B. licheniformis PEG 6000/dextrana 1,2 I, Int LEE & CHANG,
1990
a-amilase B. PEG 3350/dextrana 0,62 1 ANDERSSON &
amyloliguefaciens HAHN-
HAGERDAL, 1988
B. subtilis PEG 6000/dextrana 1,25 I STREDANSKY et
B. licheniformis ~ PEG 6000/dextrana 125 I al., 1993
Amiloglicosidase  Aspergillus niger  PEG 6000/fosfato <1 I RAMADAS et af.,
1996
Endo-Pectinase Polyporus PEG 4000/dextrana 4,70 I  ANTOV efal, 2001
Exo-Pectinase squamosus bruta 2,78
Enzima celulolitica Trichoderma PEG 8000/HPA - I PERSSON eral,
reesei PEG 8000/dextrana 1,41 1 1991a
Quitinase Serratia PEG 20000 / 092 CHEN & LEE, 1995
marcescens dextrana
Endoglucanase 1. reesei PEG 6000/dextrana 249 1  SINHAeral,2000b
B -galactosidase Escherichia coli  PEG 6000/fosfato 103 [ KUBOI eraf., 1995
B -glucosidase A. phoenicis PEG 1550/dextrana 1,8 1 PERSSON eral.,
PEG 8000/PVA 10 1 1989
Fosfornonoesterases Nicotigna tabacum PEG 20000/dextrana ILIEVA et al., 1996
Acida 0,04 1
Alcalina 0,09 1
Xilanase Escherichia coli PEG 6000/osfato 3.6 1 KULKARNI et af,
recombinante 1999a

Onde: PEG- polietilenoglicol, PVA- 4lcool pohivinilico, HPA- hidroxipropil amido, Kp- partigio da

enzima, K- partigio das células, S- fase superior, I- fase inferior, Int- interfase.
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TABELA 02- Fermentagio extrativa de outras biomoléculas em sistemas de duas fases

aguosas
Produto Microrganismo/ Sistema K K Referéacia
célula animal

Butanol Clostridium PEG 8000/dextrana 1,3 1 KiMeral, 1992
acetobutylium

Acido lactico  Lactobacillus lactis  PEI/HEC 11 I KWONeral, 199
Lactobacillus lactis EO-PO/HPA - 1,S PLANASeral,

1996

Nisin Lactococcus lactis  PEG 20000/sulfato >1 I Lietal, 2000

Subtilina Bacillus subtilis PEG 6000/fosfato 10 I KUBOleral, 1994

Biosurfactante  Bacillus subtilis PEG 8000/dextrana 1,8 I DROUIN &

COOPER, 1992

Anticorpo Células de PEG 35000/ 20 I ZINSTRA et al.,

monoclonal hibridoma derato  dextrana (ligante) 1996

Proteinas de Escherichia coli PEG 4000/dexfrana UMAKOSHI e al.,

choque térmico: recombinante 1996

GroEL 8 I

GroES 1.1

Aromatizante Trichoderma PEG 8000/sulfato >1 1 RITO-
harzianum PALOMARES et

al., 2001

Onde: PEG- polietilenoglicol, PEI- polietilenirmna, HEC- hidroxietil celulose, EQO-PO- éxido de
etileno/6xido de propileno, HPA- hidroxipropil amido, Kp- parti¢io da enzima, K¢- particdo das

células, S- fase superior, I-fase inferior.

A particdo de biomoléculas no SDFA é muito complexa ¢ depende de varios

fatores como mencionado anteriormente. Durante o cultivo de um microrganismo, a

acumulagdo deste, os componentes do meio, as mudangas de pH e dos véarios metabolitos

produzidos, podem afetar a partigo da molécula de interesse. Ainda, utilizando-se os

SDFAs pode-se realizar um esquema de purificaciio integrada onde a fase contendo a

proteina de interesse € recirculada. Por exemplo, se a enzima se concentrar na fase PEG,
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por adi¢ic de uma solugfo concentrada de sal 2 fase PEG, um sistema PEG/sal serd
formado. As enzimas podem ser particionadas para fase rica em sal e a fase PEG reciclada.
A fase sal pode entfio ser dessabinizada por ultrafiltragic € uma solugio de enzima
purificada ¢ concentrada pode ser obtida (PERSSON et al., 19911).

3- XILANA

Schulze em 1981 foi quem primeiro introduzit o termo hemicelulose para as
fracdes isoladas ou extraidas de materiais de plantas com alcalis dilnidos. As hemiceluloses
imncluem xilanas, mananas, galactanas e arabinanmas. A classificagio dessas fragdes
hemicelulosicas depende dos tipos e quantidades de aclcares presentes. Os principals
mondmeros presentes na maioria das hemiceluloses sdo: D-xilose, D-manose, D-galactose e
L-arabinose. Em plantas, as hemiceluloses estdo situadas entre a lignina e as fibras de
celulose. Compativel com sua estrutura quimica e substifuigbes de grupos laterais, as
hemiceluloses parecem estar entremeadas, entrelagadas e covalentemente ligadas em virios
pontos com o revestimento de lignina, enquanto fornecem uma capa em torno das fibras de
celulose, via pontes de hidrogénio (BEG ef al., 2001).

Em madeiras duras ¢ em uma gama de residuos agroindustriais, o0 componente
hemicelulosico apresenta alto contenido em xilanas. A xilana € o maior constituinte da
hemicelulose ¢ ¢ a segunda foate renovavel mais abundante, possuindo alto potencial de
degradagio para formagfio de produtos dteis (KULKARNI ef af, 1999b). A xilana é um
polissacarideo complexo constituido de um esqueleto de residuos de xilose ligados por
ligaches glicosidicas B-1.4 (FIGURA 02), cuja cadeia principal é composta de residuos de
B-xilopiranose. A xilana € o polissacarideo hemiceluldsico mais comum nas paredes
celulares das plantas, representando em tomo de 30 a 35% do peso seco total. O principal
componente da xilana € a D-xilose, um aguacar de 5 carbonos que pode ser convertido em
proteina unicelular ¢ em combustiveis quimicos por “fabricas quimicas™ economicamente
viaveis, como as células microbianas. Devido a heterogeneidade e complexidade da
natureza quimica das xianas de plantas, sua quebra completa requer a agdio de um
complexo de vanas enzimas hidroliticas com especificidade e modos de agio diversos. As
enzimas envolvidas na hidrolise das xilanas raramente s8¢ encontradas isoladamente, mas

15



estdo geralmente presentes como parte de um sistema multicomponente, sendo
denominadas xilanases. O sistema enzimatico xilanolitico é usualmente composte de um
repertorio de  enzimas  hidroliticas:  B-14-endoxilanase, B-xilosidase, «-L-
arabinofuranosidase, a-glucuronidase, acetil xilana esterase e acido fendlico (acido feralico
¢ p-cumarico) esterase (FIGURA 02). Todas estas enzimas atuam cooperativamente para
converter xilana em seus aglicares constituintes. A presenca de tais sistemas enzimaticos
multifuncionais € muito comum entre os fungos, actinomicetos e bactérias (BEG ef al.,
2001).
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FIGURA 02- Uma estrutura hupotética de xilana de planta mostrando os diferentes grupos
substituintes com 0s sitios de ataque pelas xilanases microbianas. Sendo: Ac- grupo acetato,
R= H- acido p-cumarico, R= OCH;~ acido ferdlico (BEG et al., 2001)
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4— PRODUCAQ DE XILANASES

Um dos principais fatores para a eficiente produgdo das xilanases ¢ a escolha de
um substrato indutor apropriado. Particularmente, os fungos filamentosos sfo produtores
interessantes das xilanases, ja gue eles produzem uma quantidade muito maior do que
aquelas de leveduras e bactérias. Entretanto, xilanases de fungos s30 geralmente associadas
com celulases. A produgfo seletiva de xilanase € possivel no caso de espécies Trichoderma
e Aspergillus, usando somente xilana como fonte de carbono. Em celulose, esses
microrganismos produzem celulase e xilanase, que pode ser devido a tragos de
hemiceluloses presentes no substrato celuldsico (KULKARNI et al., 1999b). O Penicillium
janthinellum CRC 87M-115 isolado de madeira em decomposicdo em Lorena/SP, foi
descrito como um bom produtor de xilanase, com baixos niveis de celulase, em
fermentagio submersa utilizando hidrolisado de bagago de cana (PALMA er al., 1996;
MILAGRES & PRADE, 1994).

Substratos hemicelulosicos de baixo custo, como sabugo de milho, talo de milho,
farelo de trigo, palha de trigo, bagago de cana, farelo ou palha de arroz tém sido adequados
para a produgdo de xilanases no caso de certos microrganismos, tais como, Aspergillus
tamarri (KADOWAKI ef al., 1997}, Auerobasidium pullulans (KARNI et al., 1993),
Fusarium oxysporum (KUHAD ef al, 1998), Melanocarpus albomyces (JAIN, 1993),
Thermomyces lanuginosus (PUCHART et al., 1999) e Bacillus sp (GESSESSE & MAMO,
1999), Clostridium absonum {(RANI & NAND, 2000), Strepiomyces cuspidosporus
(MAHESWARI & CHANDRA, 2000), Streptomyces sp (TECHAPUN et al, 2002).
Actinomicetos e bacténas exibem pH &timo para crescimento e produgdo da enzima
proximo do neutro, em contraste ao pH acido, geralmente requerido, para fungos. Embora
numerosas especies produtoras de xilanase tenham sido descritas, 2 produgio comercial ¢
praticamente restrita a Trichoderma sp. ¢ Aspergillus sp. (TECHAPUN er al, 2003,
HALTRICH et al., 1996). Entretanto, o cenanio futuro pode ser diferente, devido as varias
espécies promissoras relatadas e que produzem xilanase com alto rendimento e com maior

estabilidade em condigdes extremas de pH e temperatura (TECHAPUN et al., 2003).
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4.1 - FATORES QUE AFETAM O RENDIMENTO NA PRODUCAO DE
XILANASE

Quando a fermentacio da xilanase é realizada em substratos complexos, varios
fatores atuam de modo combinado ao nivel da expressdo enzimatica. Dentre estes fatores
encontram-s¢ a acessibilidade ac substrato, a taxa e a quantidade de hberacdo dos
xilooligossacarideos e da xilose (KULKARNI ef al., 1999b). Em muitos casos, agicares
facilmente metabolizaveis, tal como glicose e/ou xilose sdo supressores da sintese de
xilanase. Assim a regulagdo da secregdo de xilanase pelos microrganismos ainda pdo €
completamente entendida. Desde que a xilana nfio € capaz de entrar na célula microbiana, a
inducdo de xilanase € estimulada pelos fragmentos da xilana de baixa massa molar, que séo
produzidos no meio pela pequena quantidade de enzimas constitutivas produzida (BEG er
al., 2001).

As xilanases ligam-se fortemente ao substrato, dessa forma, uma parte da enzima
produzida durante a fermentagiio ¢ freqiientemente perdida e descartada como enzima
ligada, juntamente com o substrato insolivel. As enzimas metabolicas do produtor de
xilanase, tais como proteases também afetam o rendimento da enzima. Estas enzimas séo
expressas otimamente no final da fase exponencial, portanto o tempo do término da
fermentacfo deve ser correlacionado com a producgdo destas enzimas no meio considerado.
Qutros parametros do bioprocesso que podem afetar a atividade e produtividade das
xilanases durante a fermentagdo incluem: o pH, a temperatura, agitago e a aeragfo
(KULKARNI ef al., 1999b; HALTRICH et al., 1996).

A velocidade de agitagfo, a taxa de aeragfio, o pH e a temperatimra t€m
demonstrado influenciar a produtividade da xilanase por fungos em varios estudos com
fermentadores. Entretanto, as condigdes otimas sdo (micas para cada microrganismo e
processo. Exemplos podem ser encontrados para: Penicillium janthinellum CRC 87M-115
(PALMA et al., 1996), Thermomyces lanugimosus (REDDY et al., 2002; SINGH et al.,
2000; PURKARTHOFER et al., 1993), Aspergillus niger (KIM et al., 1997) e Aspergiilus
awamori (SIEDENBERG et al., 1997).
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4.2 - POTENCIAIS BIOTECNOLOGICOS DAS XILANASES

O processo quimico de remogfio da lignina da polpa para produzir polpa final clara
ou completamente branca € chamado brangueamento. O processo de branqueamento
atualmente da polpa “kraft” utiliza grandes quantidades de compostos quimicos baseados
no cloro e bissuifito de sodio. Esses quimicos branqueadores causam varios problemas nos
eftuentes das indistrias de papel e celulose. Os subprodutos da utilizacio desses quimicos
sdo substincias organocloradas, algumas das quais so toxicas, mutagénicas, persistentes ¢
bicacumulantes ¢ causam diversos distirbios prejudiciais aos sistemas biologicos. Uma
alternativa a0 processamento convencional € o usc das enzimas, as quais tém fornecido um
caminho simples e econdmico para reduzir ¢ uso de clore e outros quimicos brangueadores.
A xilanase pode reduzir o requerimento de quimicos oxidantes em torno de 20 a 40% (BEG
etal.,2001).

As xilanases possuem um papel importante na retirada da casca, remogdo da cor
das fibras recicladas ¢ na purificagdo da celulose para a preparacgio da polpa solubilizada. O
pré-tratamento com Xxilanase tem diminuido o consumo de reagentes quimicos no
branqueamento e resultando em maior indice de brilho final. O clareamento enzimatico
resulta da quebra da ligacdo entre a lignina e a xilana e a abertura da estrutura da polpa
(SUBRAMANIYAN & PREMA, 2000).

O pré-tratamento enzimatico tem se mostrado satisfatoriamente compativel com os
equipamentos industriais existentes. A adigfio de wm passo enzimatico para qualquer
seqiiéncia convencional de branqueamento resulta em um maior valor do indice de brancura
final da polpa. O maior nimero de experiéncias industriais tem sido realizado na Europa,
principalmente na Escandindvia, onde a maior parte da polpa “kraft” & produzida
(KULKARNI ef gl., 1999b).

As xilanases também encontram aplicagdes nas industrias de panificacdo e
forragem, devido  presenca de substancial quantidade de hemicelulose na matéria-prima.
Nos produtos de panificacdo, as xilanases agem na fragdo gliten da massa ¢ auxiliam na
redistribuigdo do conteddo de dgua do pdo, assim melhorando significativamente a textura,
o volume da massa e o tempo de prateleira (SUBRAMANIYAN & PREMA, 2002). As

xilanases sdc usadas freglientemente com as celulases e as pectinases para clarificar vinhos
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e sucos, e para liquefazer frutas e vegetais, e no pré-tratamento da forragem para methorar a
digestibilidade do alimento dos ruminantes e para facilitar a compostagem (BEG er 4,
2001).

Qutra aplicagdio encontra-se na inddstria de processamento de alimentos, que ja
esta utilizando as preparagdes enziméticas comerciais produzidas pela Novo Nordisk. A
preparagdo fangica de P-glucanase de Aspergillus niger, comercializada com o nome
Finizyme, é utilizada na fermentacdo da cerveja para evitar problemas de filtragiio ¢
turvagio causados pelas B-giucanas. As xilanases também possuem um papel importante
para extragdo de café, dleos vegetais, amido, flavorizantes ¢ pigmentos. Esses potenciais
biotecnologicos das xilanases tém estimulado a pesquisa de enzimas adequadas ¢

tecnologias para produgfo econdmica em grande escala (KULKARNI et gl., 1999b).
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Capitulo 2

O presente trabalho consiste na investigagio da producgio de xilanase pelo fungo
P. janthinellum utilizando cinco residuos agroindustriais como indutores (bagago de cana,

casca de aveia, casca de mandioca, sabugo e casca de grio de mitho). Os melhores

mdutores foram o sabugo de milho e a casca de aveia.

Este trabalbo foi publicado parcialmente no Congresso Brasileiro de Engenharia
Quimica, Natal, 2002, e foi submetido para publicagdo no peridédico Bioresearch
Technology.
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Five agricultural wastes were evaluated in submerged fermentation for xylanolytic enzymes
production by Penicillium janthinellum. The wastes were hydrolyzed in acid medium and
the liquid fraction was used for cultivation. Microorganism growth was carried out at 30°C,
60 rpm and initial pH around 5. Corn cob (55.3 U/mL) and oat husk (54.8 U/mL) were the
best inducers of xylanase. Sugar cane bagasse (23.0 U/mL) and com husk (23.8 U/mL)
were moderately good, while cassava peel was negligible. The maximum biomass yields
were 1.30 and 1.17 g/l for cassava peel and com husk after 180 h, respectively.
Xylanolytic activity showed a cell growth associated profile.

Keywords: Xylanase production; Penicillium janthinellum, Agricultural residues;
Submerged fermentation; Biomass
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1. Introduction

Vegetal waste materials constitute the most abundant renewable natural resource.
Plant biomass is essentially lignoceliulose. Cellulose is the principal constituent of most
plants. Hemicelluloses rank mext to cellulose as the most abundant renewable vegetal
matter present on earth. Lignocelluloses are estimated at several billion tons annually
(Okeke and Obi, 1994). Several processes have been developed that utilize agro-industrial
residues as raw materials for the production of bulk chemicals and value-added fine
products such as ethanol, enzymes, single-cell protein. Application of agro-industrial
residues in bioprocesses on the one hand provides alternative substrates, and on the other
hand helps in solving pollution problems, which their disposal may otherwise cause
(Pandey et al., 2000).

The use of microbial enzymes for the hydrolysis of polysaccharides in
lignocellulosic materials is widely researched because of the importance of hydrolysis
products (soluble sugars) in fermentation processes for the production of fuel, chemicals
and food and feed. Since xylan is the major component of plant hemicellulose, most
investigations of the enzymic degradation of hemicellulose have focused on xvianolytic
enzymes, such as xylanase (Kubada et al., 1998). Xylanases are produced by numerous
microorganisms among which the fungi are the most potent producers. Xylanase from fungi
have been well documented and intensively studied (Pham et al., 1998).

Xylanase has a2 wide range of potential biotechnological applications. It is already
produced on an industrial scale for use as a food additive for poultry to increase feed
efficiency and in wheat flour for improving dough handling and the quality of baked
products. Recently the iterest m xvlanase has markedly increased due to the potential
industrial uses, particularly m pulping and bleaching processes, using cellulase-free
preparations (Dhillon et al., 2000). A strain of Penicillium janthinellum CRC 87M-115, a
filamentous fungus, was described as a2 good producer of xylanase m submerged
fermentation using sugar cane bagasse (Milagres and Prade, 1994; Palma et al., 1996).
Therefore, the purpose of this study was to mvestigate the ability of this strain to produce
xvlanolytic enzymes using different agricultural residues hydrolysates.
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2. Materials and Methods

2.1. Microorganism

The microorganism Penicillivm janthinellum, isolated from decaying wood found
in a local termite colony by Milagres (1988), was identified by the Biosystematic Research
Center of Canada and deposited in their collection under the designation CRC 87M-115.

2.2. Preparation of agro-industrial residue acid hydrolysate

In order to prepare hydrolysates for fermentation, 800 g of dry milled
lignocellulosic materials (cassava peel, com cob, corn husk, oat husk and sugar cane
bagasse) was mixed with 8 L of sulphuric acid solution (0.25%) and hydrolyzed for 45 min
at 121°C. The liquid fraction was separated by filtration and the pH adjusted to 5.5 with
NaOH IM. Com cob was collected in various localities in Venturosa, Pernambuco State,
Brazil. Cassava peel, com husk, oat husk and sugar cane bagasse were provided by Feira
Nova Flour Industry (Pernambuco, Brazil), Com Products do Brasil (Pernambuco, Brazil),
L. Ferenczi Ind Com LTDA (S&o Paulo, Brazil) and Japungu Agroindustrial S.A. (Paraiba/
Brazil), respectively.

2.3. Cultivation medium and enzyme production

The fungus was cultivated at 30°C for 5 days in medium containing 1% glucose,
0.25% yeast extract, 2% (v/v) concentrated complete salts solution based on Vogel’s
medium (1956) and 2% agar-agar. The medium was sterilized at 121°C for 15 min. The
cultivation medium for enzyme production consisted of the above residue hydrolysate
supplemented with 2% (v/v) concentrated salt solution based on Vogel’s medium (1956)
and 0.1% yeast extract. The medium was then autoclaved for 15 min at 121°C. The spore
inocula were obtained by suspending spores m water, filtering through gauze and pouring
the filirate into erlenmeyer flasks. The final concentration of spores was 10°/mL. The
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cultivation was carried out for 298 h in erlenmeyer flasks (250 mL) containing 50 mL of
medium at 30°C, initial pH 5.5 (uncontrolled) and 60 rpm.

2.4. Enzymes assays

Extracellular xylanase activity was determined by incubation 0.1 mL of diluted
culture filtrate with 0.9 mL of a ‘Birchwood’ xylan suspension (10.0 g/L) in 0.05 M acetate
buffer (pH 5.5) for 5 min at 50°C, according to the method described by Bailey et al.
(1992). The reducing equivalents released were measured by a colorimetric assay (Miller,
1959) using xvlose solution as a standard reference. Activity units were expressed as
micromoles of reducing equivalents released per minute at 50°C. Total extracellular acid
and basic proteases were assayed at 25°C as described by Beynon and Bond (1990), using
azocasein 1.0% (w/v) (Sigma), in 0.2 M Trs-HC1 buffer, pH 7.2, containing 1.0 mM CaCl,,
as substrate for alkaline protease and azoalbumin 1.0% (w/v) (Sigma), in 0.2 M acetate
buffer, pH 5.5, for acid protease. One unit of activity is defined as the amount of enzyme
that produces an increase in the optical density of 1.0 at 440 nm in 1 hour.

2.5. Dry biomass

Dry biomass of total cell mass was obtained by filtering samples and drying the
myecelia to constant weight at 100°C.

2.6. Protein determination

The amount of total protein was determined according to the Coomassie Blue
method described by Bradford (1976) using bovine serum albumin as a protein
concentration standard.



2.7. Determination of fermentation parameters

The maximum specific growth rate (ln.,) was determined from the slope of a
semi-logarithmic plot of cell mass (g/L) versus time and the volumetric rate of xylanase

production (Q;) was calculated from the slope of xylanase activity versus time curve.

3. Resulis and Discussion

Previously, P. janthinellum has been found to grow well and to produce a high
xylanase activity, with low levels of cellulase, in submerged fermentation using sugar cane
bagasse hydrolysate (Palma et al., 1996} or hemicelluloses from steam-exploded sugar cane
bagasse (Milagres and Prade, 1994) as the main substrate. Hemicellulose hydrolysis by acid
is a random cleavage of the structure. The composition and structure of hemicelluloses
differ from plant to plant. This causes considerable variation in the hydrolysis rate of xylan
(Eken-Saragoglu et al., 1998). The choice of an appropriate substrate is of great importance
for the successful production of xylanases. The substrate not only serves as carbon and
energy source, but also provides the necessary inducing compounds for the organism,
preferentially for an extended period of time, since then a prolonged production phase can
result in an increased overall productivity of the fermentation process (Haltrich et al.,
1996). Hence we studied the production of xylanase by P. janthinel/lum fermentation in
different lignocellulosic hydrolysates. Therefore xylanase, biomass, reducing sugars,

protein content, pH and protease activities were analyzed with respect to time (Fig. 1).

Among five agricultural residues, corn cob (54.8 U/mL) and oat husk (55.3 U/mL)
were the best inducers of xylapase by P. janthinellum. Probably due to the high
hemicellulose content of these residues (Table 1). The xylanolytic activities 1n sugar cane
bagasse and com husk were 23.0 and 23.8 U/mL, respectively. Nevertheless, negligible
activity was achieved in cassava peel, which had low hemicellulose content (Table 1}.
Although for this substrate and corn husk the maximal cell growth was obtained (Fig. 1).
Onilude (1996) also observed low xylanase production in cassava peel by Trichoderma
harzianum on solid-state fermentation. Dhillon et al. (2000} found that sugar cane bagasse
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and oat husk were the most effective substrates for xylanase production by Bacillus

circulans when compared to corn cob.
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Fig.1- Time course of growth and enzyme production by P. jamthinellum in A- cassava
peel, B-corn cob, C- corn husk, D- oat husk and E- sugar cane bagasse hydrolysates.
Growth was monitored by dry mycelial weight and enzyme activity was assayed from cell
free culture supernatant. Xylanase (m), biomass (@), protein content (A}, acid protease
(M), alkaline protease (00), reducing sugars (Q) and pH ('¥). Fungi were grown at 30°C and
60 rpm. Each experiment above was repeated two times

Table 1- Agro-wastes lignocellulose compositions

Composition (%)

Component Cassava peel Corn cob Corn husk (Hang  Oat husk Bagasse
(Aregheore,  (Singh and and Woodams, (Welchetal, (Duefiaset

2000) Kalra, 1978) 19993 1983) al., 1995)
Cellulose 138 341 382 27.4-373 44
Hemicellulose 11.0 425 445 31.0-384 23
Lignin 72 128 6.6 23658 20
Protein 7.2 1.64 1.9 1.6-5.8 2
Ash 14.2 5.46 2.8 2493 3.5
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The maximum biomass vields were 1.30 and 1.17 g/l. for cassava peel and corn
husk after 180 b, respectively. However lower vields were reached for corn cob (6.74 /L at
132 h), oat husk (0.70 g/L at 144 h) and sugar cane bagasse (0.50g/L at 132 h). Xylanase
production by P. janthinellum atiained its maximum value at 132h in sugar cane bagasse
and corn cob, while in cat husk and com busk the maximal activity was reached at 144 h
and 156 h, respectively. Low levels of xylanase were produced until 84 h, after that the
enzyme amount increased contimuously following the biomass raise, suggesting that the
xylanase production by P. janthinellum is growth associated. Similar observations were
reported for xylanase production by Melanocarpus albomyces (Jam, 1995) and Bacillus
polymyxa (Pham et al., 1998) using lignocellulosic wastes.

The xylanase activity increases when reducing sugar concentrations present in
medium decrease. Therefore, the highest activity was achieved at very low reducing sugar
concentration (Fig. 1B-E). Several reports have shown xylamase induction by
lignocelluloses such as comn cobs, sugar cane bagasse, wheat bran and rice straw. In some
cases, readily metabolizable sugars, such as glucose and/or xylose, are suppressors of
xylanase synthesis. Milagres et al. (1993) observed that the xylanase production by P.
Janthinellum was inhibited in the presence of monosaccharides such as glucose, fructose
and disaccharide such sucrose. Xylanase production by Bacillus sp was repressed upon
addition of different sugars to wheat bran in solid-state fermentation {Gessesse and Mamo,
1999). The authors found that the effect of glucose was concentration dependent, which
lead to 60 and 90% repression at concentration of 10 and 15% (w/w), respectively. Similar
results were related by others authors (Kuhada et al | 1998; Souza et al., 2001).

The co-production of high proteolytic activity may be a sertous problem for the
maintenance of xylanase stability. Fortunately, low levels of acid and alkaline proteases
were produced during the fermentation of the residues by P. janthinellum (¥ig. 1). These
results may be explained by the chemical composition of these materials, which contained
low protein in their composition (Table 1), except for cassava peel. Similar observations
were reported for xylanase production by Penicillium janthinellum CRC 87-115 using oat
spelt and birchwood xylan (Curotto et al., 1994) and by Aspergillus tamarri in solid state
fermentation using corn cob and sugar cane bagasse (Ferreira et al., 1999) where low Jevels

of protease were found.
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After reached the maximum, it was observed a reduction in the xylanase activity
(Fig. 1B-E). Perhaps this decrease in the activity is due to the rise of pH. Milagres et al.
(1993) demonstrated that the xylanase from P. janthinellum was unstable at pH higher than
6.0. They also observed that about 65% of the enzyme activity was lost at pH 7.0, afier 4
hours between 30 and 40°C. The Figure 1B-E shows that for all residues, after reached
maximum pH values (7.7-8.3), the xylanase activities decreased slightly {bagasse and corn
husk) or markedly (comn cob and oat husk). The cost of agro-wastes and some kinetic
parameters are summarized in Table 2. Corn cobs and oat husk obtained higher volumetric

productivity and are among the lower cost residues.

Penicillium xylanases are known from P. janthinellum (Palma et al., 1996), P.
funiculosum (Mishra et al, 1985), P. Herguei (Funaguma et al., 1991), P. chrysogenum
(Haas et al., 1992), P. capsulatum (Filho et al., 1993), P. purpurogenum (Steiner et al,,
1994) and P. wortamanni (Haltrich et al, 1996). Production of xylanases by different
Penicitlium species are shown in Table 3. The volumetric productivity, which is an
important parameter to assess the effectiveness of a process, was calculated from the
xylanase activities reported for these processes in the literature. Although some Penicillium
sp. are known to produce xylanase, here it was produced a high xylanase activity which is
comparable or higher than that reported for most Pepicillium n submerged cultivations
(Table 3).

Table 2- Kinetic parameters of Penicillium janthinellum growth and agro-industrial

residues costs.

Agroindustrial residues Hamsx () Qe (U/Lh) Cost (US/ton)
Cassava peels 0.013 9 30°
Corn husks 0.011 138 70°
Sugar cane bagasse 0.030 174 10°
Corn cobs 0.031 419 24.5°
Qat husk 0.034 381 25°

Residnes costs were provided by: *Feira Nova Flour Industries (Pernambuco, Brazil),
®Corn Products do Brasil (Pernambuco, Brazil), “Japungu Agroindustrial S.A. (Paraiba,
Brazil), “RASUL - Indistria e Comércio de Ragdes LTDA (Parans, Brazil) and °L.
Ferenczi Ind Com LTDA (Sdo Paulo, Brazil).
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Cassava peel, corn cob, sugar cane bagasse and oat husk are agricultural wastes
which are abundant in Brazil. They could be used as materials for developing several
biotechnological processes of industrial interest. The stram of P. janthinellum studied here
grow well in these hemicellulosic agricultural residues hydrolysates, but yielded higher
xvlanase activities were found i corn cob and cat husk. The production of xylanase may be

improved by a further optimzzation of the medium and the culture conditions.

Table 3- Xylanase production by different Penicillium species m submerged cultivations

Xylanase
Species Substrate Cultivation  Activity  Product Reference
conditions (Uml) (U/Lh)
P janthinellum Corn cob Shake flask, 553 419 This work
CRC87M-115  hydrolysate  30°C, 132h
Oat husk Shake flask, 54.8 381 This work
hydrolysate  30°C, 144 h
P. funiculosum  Cellulose +  Shake flask, 16.0 77 Mishra et al.
wheat bran 28°C, 10 days (1985)
P. kloeckeri Birchwood Shake flask, 26 122 102 Haltrich et al.
NRRLI1017 xylan -28°C, 5 days (1996)
P. pinophilum Avicel + 12L 273 114 Brown et al.
NTGIIl/6 barley straw  fermentation, (1987)
35°C, 10 days
P. purpurogenum Wheat straw  Shake flask, 104 36 Steiner et al.
28°C, 12 days (1994)
P. chrysogenum  QOat spelt Shake flask, 20.5 426 Haas et al.
xylan 28°C.,48h (1992
P. herquei Avicel + Shake flask, 3.5 21 Funaguma et al.
xylan 30°C, 7 days (1991)
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Capitulo 3

Neste capitulo foi realizado o estudo da influéncia dos pardmetros da fermentacéo
(agitacdo, tempo de cultivo, pH imicial e temperatura) sobre o crescimento do P
Jjanthinellum e produgdo de xilanase. Utilizou-se os melhores indutores anteriormente
selecionados (sabugo de miltho e casca de aveia). Todos os parametros estudados foram
significativos para producdo da enzima. Contudo, para o crescimento celular, apenas o

tempo de cultivo e o pH inicial foram significativos.

O trabatho foi submetido para a publicagio no periodico FEMS Microbiology

Letters.



A factorial design study of xylanase production by Penicillium
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Abstract

Xylanase production by Penicillium janthinellum in submerged fermentation was studied
with a full two-level factorial design. Five process parameters, cultivation time,
temperature, agitation, pH and agro-industrial residue were investigated and found
statistically significant for enzyme production. For cellular growth, only cultivation time
and initial substrate pH were significant. Highest xylanase production and cellular growth,
142.85 U/mL and 0.33 g/20ml., were obtained with cultivation times of 144 hours.

Keywords: Enzyme production; Pericillium janthinellum, Microbial growth, Experimental
design, Agricultural residues; Submerged culture
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1. Introduction

In recent years, there has been an increasing trend towards more efficient
utilization of the agro-industrial residues generated in large amounts during the processing
of raw materials. Most of these residues do not find any application and their disposal in the
environment causes rather serious pollution concerns. One potential application of these
residues is their utilization as substrate carbon source in bioprocesses. Several processes
have been reported that utilize these residues as raw material for the production of bulk
chemicals and value-added products such as ethanol, single-cell protein and enzymes.
Application of agro-industrial residues in bioprocesses not only provides aiternative

substrates, but also helps solving their disposal problem [1].

Kylan, a heteropolymer of (-1-4)-linked xylose, is the most abundant natural
polysaccharide after cellulose and accounts for 20 to 30% dry weight of agricultural
residues [2]. Interest has been growing in xvlanases free of cellulases to remove xylan
selectively from lignocellulose without affecting the cellulose fiber length. These
applications include their use in the pulp and paper industry, mainly in the production of
cellulose pulp and the pre-treatment of pulp to boost the bleaching process [3]. The
importance of xylanases is not restricted to the paper and pulp industry; there are other
industries with equal umportance of applicability. Potential applications of xylanases also
include the bioconversion of lignocellulosic material and agro-wastes to fermentative
products, clarification of juices, improvement in the consistency of beer, and the
digestibility of animal feed stock [4]. Endo-1,4-B-D-xylanase is produced by a wide variety

of microorganisms, among which fungi are the most potent producers [5].

For a broad application, the cost of enzymes is one of the main factors determining
process economics [6]. Reducing the costs of enzyme production by optimizing the
fermentation medium and the fermentation of variables, such as pH, temperature, and
agitation is therefore important for industrial application. Different statistical designs to
enhance xylanase production by several microorganisms have been successfully employed,
mainly for fungi such as Aspergillus terreus [5], Schizophyllum commune [7], Sclerotium
rolfsii [8], Thermoascus aurantiacus [91, Thermomyces lanuginosus [10], as well as

bacteria, like Bacillus circulans {11} and Streptomyces sp {12]. These statistical methods, as
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compared to the common “one-factor at-a time’ method, proved to be powerful and useful
tools [13].

The aim of this work was to apply a full two-level factorial design to evaluate the
influence of the varables agro-industrial residue, incubation time, agitation, temperature

and pH, on the cellular growth and the xylanase production of Penicillium janthinellum.

2. Materials and Methods

2. 1. Mlicroorganism and growth conditions

The isolation of the microorganism P. janthinellum from decaying wood was
described by Milagres [14]. It was identified by the Biosystematic Research Center of
Canada and deposited in their collection with the designation CRC 87M-115. The fungus
was cultivated at 30°C for 5 days in a medium containing 1% glucose, 0.25% yeast extract,
2% (v/v) concentrated complete salt solution based on Vogel’s medium [15} and 2% agar-
agar. The medium was sterilized at 121°C for 15 min. In order to obtain the spore inocula,
spores were suspended in water and the suspension was filtered through gauze placed on

Erlenmeyer flasks. The final spore concentration was 10° mL ™.

2.2. Preparation of the agro-industrial residue acid hydrolysate

In order to prepare hydrolysates for fermentation, 800 g of dry milled
lignocellulosic matenals (corn cob and oat husk) was mixed with 8 L of sulphuric acid
solution (0.25%) and sterilized for 45 min at 121°C. The liquid fraction was separated by
filtration and the pH adjusted to 4.5 or 6.5 with NaOH 1M (Table 1). Comn cob was
colliected I various localities in Venturosa, Pernambuco State, Brazil. Oat husk samples

were provided by L. Ferenczi Ind Com LTDA (S3o Paulo, Brazil).

2.3. Enzyme production

The cultivation medium for enzyme production consisted of the residue

hydrolysate supplemented with 2% (v/v) concentrated salt solution based on Vogel's

47



medium [15] and 0.1% yeast extract. The medium was then sterilized for 15 min at 121°C.
The influence of the process parameters on cellular growth and xylanase production by P.
janthinellum was assessed with 2° full factorial design. Table 1 shows maximum and
minimum levels of the variables (agro-industrial residue, agitation, cultivation temperature,

fermentation time and residue hydrolysate pH value), chosen for the trials in this study.

Table 1- Levels of independent variables in the 2° factorial design

Variables Levels

-1 0 +1
Agro-industrial residue Oat husk - Cormn cob
Agitation (rpm) 40 60 80
Cultivation time (Hours) 96 120 144
Residue hydrolysate pH 45 55 6.5
Temperature (°C) 25 275 30

2.4. Enzyme activity and protein determination

Extracellular xylanase activity was determined by incubating 0.1 mL of diluted
culture filtrate with 0.9 mL of a *‘Birchwood’ xylan suspension (10.0 g/L) in 0.05 M acetate
buffer (pH 5.5) for 5 min at 50°C, according to the method described by Bailey et al. [16].
The reducing equivalents released were measured by a colorimetric assay {17] using xylose
solution as a standard reference. Activity units were expressed as micromoles of reducing
equivalents released per minute at 50°C. The amount of total protein was determined
according to the Coomassie Blue method described by Sedmak and Grossberg [18] using

bovine serum albumin as a protein concentration standard.

2.5. Dry biomass

Dry biomass values were obtained by filtering samples and drying the mycelia to
constant weight at 100°C.
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2.6. Statistical analysis

A statistical software package [19] with experimental design capabilities was used
to perform the calculations.

3. Resuits and Discussion

In a previous study, five different lignocellulosic residues hydrolysates were tested
as inducers for production of xvlanase by P. jamthinellum in submerged fermentation
systems with corn cob, corn husk, cassava peel, oat husk and sugar cane bagasse. The
highest titles were produced in corn cob and oat husk hydrolysates and the range between
96 and 144 hours was the period of the maximal specific growth rate. Because of this, in
the present work experiments were carried out using these two substrates. The factor levels
for the 2° design were defined on the basis of previous researches that used ‘one-factor-at-a
time’ method and which indicated that agitation, temperature and pH of sugar cane bagasse
hydrolysate influence the growth and enzyme production by P. janthinellum [20,21].

3.1. 2° Experimental design to xylanase production and cellular growth

The process parameters that affect the xylanase production and the values of each
variable at levels are given in Table 1. The full experimental design and the results obtained
in the experiments are shown in Table 2. Xylanase activity values range from 0 to 143
U/mL. Higher than 90 U/mL of xylanase were obtained at the lower levels of agitation and
temperature, and the higher cultivation time (assays 5, 6, 13 and 14). These results suggest
that the studied variables strongly influenced the xylanolytic activity. To determine the
significant factors, we used the Pareto chart, which has been described as a useful tool for
identifying which estimated effects are the most troportant [13]. As it can be seen from
Pareto chart (Fig. 1), all factors were found to be significant for xylanase production by P.
Jjanthinellum. However, the cultivation time had the most important positive effect on

enzyme production followed by temperature, with a negative effect. Therefore, increasing
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the cultivation time and decreasing the temperature of the fermentation should lead to the

enhancement of xylanase production.

As shown in Table 2, the P. janthinellum largest growth occurred at the longest
cultivation time {(assays 5, 7, 13, 15, 16, 31 and 32). The Pareto chart of effects (Fig. 2)

shows that only cultivation time and pH were statistically significant for biomass

production. Therefore, increasing the cultivation time and pH of the fermentation should

enhance the mycelial growth.

areBIE
(Z)AGI‘T}%T%

Fig. 1- Pareto chart of effects for the 2° experimental design for xylanase activity. The
vertical line marks the 95% significance limit.

Effect Estimate
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Table 2- 2° factorial design and results obtained

Run Residue Agitation Time pH  Temperature Xylanase Biomass
number (1) (2} (3 (4 (5) activity (U/mL)  (g/20mlL)
1 -1 -1 -1 -1 -1 4414 0.142
2 +1 -1 -1 -1 -1 544 0.129
3 -1 +1 -1 -1 -1 951 0.048
4 +1 +1 -1 -1 -1 0 0
3 -1 -1 +1 -1 -1 142 .85 0.298
6 +1 -1 +1 -1 -1 97.10 0238
7 -1 +1 +1 -1 -1 81.15 0.331
g +1 +1 +1 -1 -1 0 0
9 -1 -1 -1 +1 -1 4993 0.148
10 +1 -1 -1 +1 -1 25.41 $.098
11 -1 +1 -1 +1 -1 40.67 0.265
12 +1 +1 -1 +1 -1 29.34 0.167
13 -1 -1 +1 +1 -1 138.8 0.293
14 +1 -1 +1 +1 -1 103.02 0.233
15 -1 +1 +1 +1 -1 79.33 0.335
16 +1 +1 +1 +1 -1 71.64 0.2%6
17 -1 -1 -1 -1 +1 0 0
18 +1 -1 -1 -1 +1 0 0
19% -1 +1 -1 -1 +1 433/9.84  0079/0.179
20% +1 +1 -1 -1 +1 698/0 0.066/0
21 -1 -1 +1 -1 +1 7.19 0.025
22% +1 -1 +1 -1 +1 0 0
23% -1 +1 +1 -1 +1 194374799 0.262/0.278
24* +1 +1 +1 -1 +1 2436/0 0.298/0
25 -1 -1 -1 +1 +1 544 0.043
26 +1 -1 -1 +1 +1 8.95 0.035
27* -1 +1 -1 +1 +1 2412/1344 0.170/0.19
28* +1 +1 -1 +1 +1 1686/195 0231/0.193
29 -1 -1 +1 +1 +1 69.28 0.267
30 +1 -1 +1 +1 +1 89.27 0.235
31* -1 +1 +1 +1 +1 61.98/3758 0298/0236
32% +1 +1 +1 +] +1 202775128 0.301/0.307

*Fxperiments carried out in duplicate.
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Fig. 2- Pareto chart of effects for the 2° experimental design for biomass production.

Little information is available i the scientific literature on complete optimization
of fermentation parameters for xylanase production. The environmental parameters appear
to have received smaller attention than culture medium in published studies. Most of the
influence on the fermentation variables was studied by the traditional ‘one-factor-at-a time’
method. Environmental temperature will not only affect growth rates of an organism, but it
¢an also have a marked effect on the levels of formed enzyme, as it was shown for
Penicillium janthinelium P9 [22]. This fungus grew well in the temperature range 22-30°C
with an optimum at 24°C and its chitinase activity showed the same behaviour, thus
confirming Rapper and Thomm [23] previous reports on the thermal preferences of these
species. Fig. 3 shows that highest xylanase production was obtained in the experiments
where the P. janthinellum growth was larger.
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Fig. 3- Plot biomass versus xylanase activity. Full circles indicate the best assays.

The pH is an important environmental factor which significantly affects the
production of xylanase. The experimental design employed here indicated that the enzyme
production by P. janthinellum is influenced by initial pH in the 4.5-6.5 range. The optimum
pH for xylanase production (16 U/mL) by Penicillium funiculosum was 5 in the pH range
from 3 to 7 using cellulose powder and wheat bran [24]. Comparative studies showed an

optimal pH of 4.0 (pH 3-6) for Aspergillus sydowii and at 30°C (20-40°C) for solid state
fermentation on jute stalk [25].

Cultivation of P. janthinellum indicated that 40 rpm was the best agitation rate for
xylanase production {Fig. 1). The effects of shear stresses and mechanical forces on
filamentous fungi, like change in morphology and breakage of hyphae, together with
leakage of intracellular material due to agitation, have been described [26]. Similar adverse
effects of the shear stress pertaining to the yields of xvlanase were reported for
Thermomyces lanuginosus in submerged and solid-state culture [10].

The choice of an appropriate substrate is of great importance for the successful

production of xylanases. The substrate not only serves as a source of carbon and energy,
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but also provides the necessary inducing compounds for the orgamism [26]. Of the two
agricultural residues, oat husk were the best inducer of xylanase by P. janthinellum (Fig. 1).
Dhillon et al. [27] related similar results. They found that oat husk was the most effective

substrate for xylanase production by Bacillus circulans, when compared to corn cob.

The time course of cellular growth, reducing sugar and xylanase activity by 7.
Jjanthinellum in oat husk and corn husk hydrolysates at 25°C is shown in Fig. 4. Enzyme
production increased with time, although in Fig. 4A the specific xylanase activity was
reduced. The enzyme amount increased following the biomass rise, which confirms that
xylanase production by P. janthinellum is growth associated. The highest enzyme activity
was achieved when reducing sugar concentration present in medium was very low. In some

cases, readily metabolizable sugars are suppressors of xylanase synthesis [281.

Besides sugar, the hydrolyzate had high concentrations of acetic acid, furfural and
hydroxymethyi-furfural. These compounds, present in this type of hydrolyzate, act as
inhibitors of microbial growth. Pessoa et al. [29] observed that Candida tropicalis growth
was not inhibited by furfural and hydroxymethyl-furfural. According to the literature [30]
furfural can be assimilated by yeasts or fungi. Acetic acid is the most studied inhibitor. Iis
inhibitory action depends on the concentration of the undissociated form. At acidic pH the
acetic acid can diffuse into cell cytoplasm, where it dissociates and lowers the intracellular
pH. As a result, the proton gradient across the membrane can not be maintained, energy
production is uncoupled and the transport of various nutrients is impaired [31]. This
inhibitory effect of acetic acid could explain why at pH 4.5 P. janthinellum did not grow in
corn cob (Fig. 4D and Table 1), although the initial pH afier sterilization and salt solution
addition was 4.6 and 5.1 and not 4.5 and 6.5. This study demonstrated the advantages of
using experimental designs for increasing enzyme production by P. janrhinellum. The
cnltivation time had the most important effect on cellular growth and xylanase production.
The best xylanase production value (14285 U/mL) represented a 2.58 fold increase
compared to that obtamed previously.
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Capitulo 4

Neste capitulo foi estudada a fermentac3o extrativa da xilanase produzida por P.

janthinellum no sistema PEG/polissacarideo da goma do cajueiro. Foram avaliados os
pardmetros: agitagfo, pH inicial, tempo de cultivo, temperatura, residuo agroindustrial e
composi¢io do SDFA. Os fatores mais importantes para a produgdo da enzima foram a
agitacdo e o tempo de cultivo. No sistema PEG 8000/goma obteve-se os maiores valores de

atividade especifica da xilanase, bem como a concentragiio da enzima na fase superior (160,
7 U/mL) e seu rendimento (97%).

O trabalho fo1 submetido para a publicagio no periddice Journal of Biotechnology.
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Xylanase production by Penicillium janthinellum in aqueous two-phase
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Abstract

Cultivation of the fungus Penicillium janthinellum for xylanase production was studied in a
polyethylene glycol/cashew-nut tree gum aqueous two-phase system, using a two-level
fractional factorial design. The parameters studied were initial pH, cultivation time, agro-
industrial residue, agitation, temperature and composition of aqueous two-phase system.
The xylanase produced during fermentation partitioned into the upper phase. The agitation,
cultivation time, temperature and initial pH effects proved statistically significant for
xylanase production. The highest xylanase production in the upper phase and its yield,
about 160.7 U/mL and 97%, were obtained in cultures of 120 hours.

Keywords: Agueous two-phase system; Cashew-nut tree gum; Exfractive cultivation;
Xylanase; Penicillium janthinellum;, Experimental design
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1. Introduction

Aqueous two-phase systems (ATPS) are formed when water solutions of two
different polymers or one polymer and one salt are mixed because of their incompatibilities.
These systems are usually biocompatible because of the high water content of both phases,
and possess partition properties favorable to their application in large-scale enzyme
separation and purification and extractive bioconversion. Extractive fermentation using
ATPS seems especially suitable for integration of fermentation and downstream processing
in cultures where extracellular products are obtained (Albertsson, 1986). The application of
ATPS is feasible when the presence of substrates or products limits the extent of
bioconversion; biocatalysts are partitioned separately from substrates or products in such
systems. ATPS form a relatively mild environment for cells, as compared to water/organic
solvent two-phase systems. They are, furthermore, suitable for extraction of biomolecules
(Sinha et al., 2000).

A number of extractive fermentation processes in aqueous two-phase systems has
been reported so far. Examples include production of B-glucosidase by Aspergillus
phoenicis (Persson et al., 1989), alkaline protease by Bacillus thurigiensis (Hotha and
Banik, 1997), B-galactosidase by Escherichia coli (Kuboi et al., 19935), chitinase from
Serratia marcescens {Chen and Lee, 1995) and pectinase by Polyporus squamosus (Antov
etal, 2001).

The most common systems are polyethylene glycol (PEG)/dextran and PEG/salt.
The properties of these systems are well studied but high cost of fractioned dextran
prevents their use in large-scale processes (Christian et al., 1998). These problems may be
overcome by using PEG/salt systems. However, a high concentration of salts has been
found to be toxic to microbial cells (Sinha et al., 2000).

The utilization of polysaccharides and their derivatives, which provides a
reduction in total production cost of an aqueous phase extraction, may have a large impact
in the development of two-phase systems for large-scale punfication. A number of low-cost
alternatives have been investigated, including cellulose derivatives (Skuse et al,, 1992),
starch derivatives (Venancio et al,, 1993) and arabinogalactan {Christian et al., 1998).
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The gum exudate from Anarcadium occidentale L., the cashew-nut tree gum
largely found in Brazil is a branched acidic heteropolysaccharide, that has been recently
reported as a suitable alternative to fractioned dextran (Oliveira et al., 2002a; Sarubbo et al.
2000). This work reports on a study of the application of the PEG/cashew-nut tree gum
aqueous two-phase system to the extractive cultivation process. The production of xylanase
from Penicillium janthinellum is employed as a case study. The effect of phase forming
polymers, agro-industrial residue, agitation, pH, temperature and incubation time, all of

which can affect xylanase production by P. janthinellum, were examined.

2. Materiais and Methods

2.1. Polymers

Polyethylene glycol (PEG) 4000 and PEG 8000 were obtained from Carbowax and
Sigma, respectively. Crude-nut gum was collected as natural exudates from cultivated
Anarcadium occidentale trees {common yellow type) in various localities in Pernambuco,
Brazil. The polysaccharide was isolated via ethanol precipitation, as previously described
(Rodrigues et al, 1993). Precipitation with ethanol allowed the isolation of the
polysaccharide from the monosaccharides and oligosaccharides, which remained in

solution.

2.2. Microorganism

The isolation of the microorganism P. janthinellum from decaying wood was
described by Milagres (1988). It was identified by the Biosystematic Researclh Center of
Canada and depostted in their collection with the designation CRC 87M-115.

2.3. Preparation of agro-industrial residue acid hydrolysate

800 g of dry milled lignocellulosic materials (corn cob and oat husk) was mixed
with 8 L of sulphuric acid solution {0.25%) and sterilized for 45 min at 121°C. The liquid
fraction was separated by filtration and the pH adjusted to 4.5 or 6.5 with NaOH 1M (Table
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1). Comn cob was collected in various localities in Venturosa, Pemambuco State, Brazil. Oat
husk samples were provided by L. Ferenczi Ind Com LTDA (S30 Paulo, Brazil).

2.4. Growth conditions and enzyme production

The fungus was cuitivated at 30°C for 5 days in a medium containing 1% glucose,
0.25% veast extract, 2% (v/v) concentrated complete salt solution based on Vogel's
medium (1956) and 2% agar-agar. The medium was sterilized at 121°C for 15 min. To
obtain the spore inocula, spores were suspended in water and the suspension was filtered
through gauze placed on Erlenmeyer flasks. The final spore concentration was 10° mL™".
The medium for controlling homogeneous cultivation consisted of the above residue
hydrolysate supplemented with 2% (v/v) concentrated salt solution based on Vogel's
medium (1956) and 0.1% yeast extract. ATPS medium contained 9% w/w PEG4000 / 18%
wiw cashew-nut tree gum or 9% w/w PEGS8000 / 16% w/w cashew-nut tree gum, in
addition. The aqueous two-phase fermentation medium was prepared from stock solution of
25% cashew-nut tree gum 1n residue hydrolysate and by dissolving powdered PEG. Salts
and yeast extract were sterilized separately. The medium was then sterilized for 15 min at
121°C. Cultivation was carried out in 60 mL Erlenmeyer flasks containing 20 ml. medium.
The influence of the process parameters on cellular growth and xylanase production by P.
Jjanthinellum was assessed with a 2° fractional factorial design. Table 1 shows the levels of

the variables chosen for this study.

Table 1- Levels of independent variables in the 2% factorial design.

Variables Levels

-1 0 +1
Agro-industrial residue Oat husk - Corn cob
Agqueous two-phase system PEG 4000 - PEG 8000
Agitation (rpm) 40 60 80
Cultivation time (Hours) 96 120 144
Residue hydrolysate pH 45 55 635
Temperature (°C) 25 27.5 30
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2.5. Enzyme activity and protein determination

Extracellular xylanase activity was determined by incubating 0.1 mL diluted
culture filtrate with 0.9 mlL of a ‘Buchwood” xylan suspension (10.0 g/L) in 0.05 M acetate
buffer (pH 5.5) for 5 min at 50°C following Bailey et al. (1992). The reducing equivalents
released were measured by a colorimetric assay (Miller, 1959) using xylose solution as a2
standard reference. Activity units were expressed as micromoles of reducing equivalents
released per minute at 50°C. The amount of total protein was determined according to the
Coomassie Blue method described by Sedmak and Grossberg (1977) using bovine serum
albumin as a protem concentration standard. Enzyme activity and protein were determined
in both phases. The partition coefficient, K, is defined as the enzyme concentration ratio
between top and bottom phases. The phase volumes were measured in a graduated cylinder.

The percentage yield of the enzyme in the top, Y is given by Eq. (1):

Yo 100 M
1 1
I+ —+—
K
T

where V. is the volume ratio between top and bottom phases and K is the partition

coefficient of the enzyme.

2.6. Microbial growth

Microbial growth was estimated from biomass dry weight.

3. Results and discussion

Polymers and salts used to generate two-phase systems can account for as much as
75% of the total production cost of an aqueous-phase exiraction (Venancio et al., 1993).
For industrial purposes, the ideal systems should have a shorter phase separation fime, a
lower viscosity and little cost. The PEG/cashew-nut tree gum system is a suitable
alternative to PEG/fractionated dextran, because the gum is cheap, and the system presents
a short phase separation time. The PEG/gum system with the lower viscosity, among those
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evaluated, was used in this study. In this system, the top phase is rich in PEG while the
bottom phase is rich in gum (Oliveira et al., 2002b).

Table 2 shows the result obtained in the 2°' design. In a typical extractive
fermentation, the cells partition to one phase, usually the bottom phase. In this work,
however, fungus growth was mycelar and the P. janthinellum cells grew under the top
phase. This fact might be due to the low agitation rate and to the higher viscosity of the
ATPS. The xylanase produced partitioned mainly to the upper phase. To determine the
significant factors, taking as the response the enzyme concentration in the top phase, we
used the Pareto chart, a useful tool for identifying which estimated effects are the most
important {Barros Neto et al,, 2001). The Pareto chart of the effects for xylanase production
is shown in Fig. 1. Four parameters are statistically significant for xylanase production.
Agitation is the most important (with negative effect), followed by cultivation time (with a
positive effect). The effects of the ATPS and agro-industrial residue hydrolysates were
indistinguishable from error. Therefore, xylanase production in the top phase is enhanced
when the fermentation is carried out at 25°C, 40 rpm, pH6.5 and 144h.

Shear stresses and mechanical forces effects on filamentous fungi have been
described (Haltrich et al., 1996). Similar adverse effects of the shear stress pertaining to the
yield of xylanase were found in this work. The xylanase production by P. janthinellum in
the reference system without polymers has been examined (unpublished results). In the
reference system, the agro-industrial residue was also found to be significant for xylanase
synthesis. Nevertheless, the cultivation time had the most important effect on enzyme
production followed by temperature.

P. janthinellum &id not grow in most ATPS at pH 4.5 (Table 2), although the
initial pH after sterilization and salt solution addition was 4.6 and 5.0, not 4.5 and 6.5. This
could be due to the inhibitory effect of the acetic acid formed during the agro-industrial
residue hydrolysis. The acetic acid inhibitory action depends on the concentration of the
undissociated form (Parajo et al., 1998).
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Table 2- Results of the 2% factorial designs

PH ATPS Time Residue Agitate Temperature Xylanase K

Hn @ G 4) &) (6) - (U/mLy’
1# -1 -1 -1 -1 -1 -1 5644 /3878 10.55/9.58
2 +1 -1 -1 -1 -1 +1 61.04 9.41
3 -1 +1 -1 -1 -1 +1 0 -
4% +1 +1 -1 -1 -1 -1 70.62/3039 581/87¢6
5 -1 -1 +1 -1 -1 +1 0 -
6* +1 -1 +1 -1 -1 -1 176.13/162.24 4.95/6.60
7* -1 +1 +1 -1 -1 -1 17469/17121 12.58/12.33
g +1 +1 +1 -1 -1 +1 101.97 18.17
G -1 -1 -1 +1 -1 +1 0 -
10 +1 -1 -1 +1 -1 -1 4204 /6897 9.34/11.63
11 -1 +1 -1 +] -1 -1 886/38.19  2.04/1021
12 +1 +1 -1 +1 -1 +1 33.68 8.00
13# -1 -1 +1 +1 -1 -1 175.65 /15508 30.76/14.63
14 +1 -1 +1 +1] -1 +1 144.52 7.27
15 -1 +1 +1 +1 -1 +1 0 -
16 +1 +1 +1 +1 -1 -1 160.93/13544 11.91/6.79
17* -1 -1 -1 -1 +1 +1 0/0 -
18 +1 -1 -1 -1 +1 -1 7.89 433
19 -1 +1 -1 -1 +1 -1 0 -
20% +1 “+1 -1 -1 +1 +1 4177333 0.47/2.19
21 -1 -1 +1 -1 +1 -1 0 -
22% +1 -1 +1 -1 +1 +1 1064/2095 1.27/3.60
23% -1 +1 +1 -1 +1 +1 6/0 .
24 +1 +1 +1 -1 +1 -1 18.82 143
25 -1 -1 -1 +1 +1 -1 0 -
26* +1 -1 -1 +1 +1 +1 1090 /4.46 1.78/531
27 -1 +1 -1 +1 +1 +1 562/0 220/-
28 +1 +1 -1 +1 +1 -1 7.08 140
29% -1 -1 +1 +1 +1 +1 2981/0 1.88/-
30 +1 -1 +1 +1 +] -1 31.97 0.88
31 -1 +1 +1 +1 +1 -1 0 -
2%+ +1 +1 +1 +1 +1 2879/38.17 282/0.88

*Experiments carried out in duplicate. ' Xylanase activity in upper phase.
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Fig. 1- Pareto chart of effects for xylanase production by P. janthinellum. The vertical line
marks the 95% significance limit.
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In biotechnological processes the productivity might not be the most important
factor determiming the effectiveness of the process. Of much greater importance mught be

the final product concentrations. If improved productivity is gained at the expense of 2
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dilute product stream, the cost of concentrating the product may be the limiting factor in
overall process economics. In this extractive fermentation with PEG/ gum systems, the
highest xylanase productions correspond to the highest partition coefficient, as can be seen

in Fig. 2. These fermentations were carried out at 25°C, 40 rpm, pH 6.5 and 144 h.

Figs. 3a, b and ¢ show respectively: cell growth, xylanase production by P.
Jjeamthinellum and specific xylanase activity in the reference system without polymers and in
the ATPS at 25°C, 40 pm and pH 6.5. Cell growth is similar in all ATPS (Fig. 3a).
Compared to the reference system, cell concentration increased by a factor of 1.6 (oat husk)
and 1.8 (corn cob) in the media containing PEG 8000/gum and PEG4000/gum,
respectively. The enzyme production kinetics was similar in both systems, but the enzyme
copcentration in ATPS was higher than that m reference system (Fig. 3b). Maximum
enzyme activities of 1692 U/mL for oat husk and 170.5 U/ml. for corn cob i PEG
4000/gum ATPS were respectively 1.7 and 12 times higher than the activity m the
reference system. Cell growth and enzyme production were also faster in the ATPS than in
the control system. Similar results were reported by Antov et al. (2001) in an ATPS
composed of PEG 4000 and crude dextran with the fungus Polyporus squamosus, for
pectinase production. The studies on B-glucosidase production by Aspergillus phoenicis
showed an increase in enzyme yield of 32.5% i a PEG 1550/dextran ATPS over the
control medium (Persson et al., 1989).

Specific xylanase activity in the ATPS was higher than in the reference system
{Fig. 3¢), and the highest specific activity was observed with PEG 8000. Protein partition in
ATPS is a very complex phenomenon and depends on various factors such as ionic
composition, pH, size of protein molecules and concentration and molecular weight of the
two-phase-forming polymers (Albertsson, 1986). During the cultivation of P. janthinellum
changes occurred in the medium components and pH, as well as, the production of various
metabolites that mught affect xylanase partition. During fermentation, the volume ratio for
the PEG/gum systems had a tendency to decrease, while the pH value increased (Table 3).
The PEG 8000/gum system had higher volume ratio values than PEG4000/gum. Since the
volume ratio should be large to increase the top phase yield, the PEG 8000/gum system
using oat husk hydrolysate gave the highest yield, with partition coefficient and phase
volume ratio of 18.72 and 1.73, respectively (Table 3). This system also had the highest
specific xylanase activity on the 5 ® cultivation day (Fig. 3c).
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Fig. 3- Tune course of P. janthinellum cultivation i ATPS and reference system. (a)
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Conventional fermentation (0), PEG 4000/gum () and PEG 8000/gum (A). Each
experiment was repeated two times.
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Table 3. Production of xylanase by P. janthinellum at 25°C and 40 rpm in agueous two-

phase systems PEG/gum and conventional medium

Time (Day) PEG 4000 Control
Sugar

Qat husk K V; Y pH Upper Bottom  pH Sagar

0 - 1.51 - 5.03 1988 2733 495 26.95

4 8.15 1.44 92.15 5.14 994 2439 542 17.10

35 1058  1.51 9411 6.15 5.75 1865 653 9.37

6 577 143 89.19 6.75 4.88 1793 695 7.37

Com cob

0 - 1.51 - 498 1881 2438 506 23.11

4 1049 156 9424 527 783 2074 502 15.24

5 15.60 149 95.88 595 567 1585  6.58 7.10

6 1097 145 94.09 6.5 359 1468 714 324
PEG 8000

Qat husk

0 - 2.00 - 5.00 19.64  26.38

4 7.28 1.96 93 .45 5.18 962 2531

5 1872 173 97.00 6.30 5.05 19.34

6 10.22  1.61 9427 6.70 4.65 16.30

Comn cob

0 - 2.20 - 7.97 1831 2358

4 1156 219 96.20 527 690  20.62

5 1319 182 96.00 5.94 6.11 16.29

6 9.35 1.73 94.18 6.54 3.42 12.85

Each value represents a mean of two repeats.
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The increase of enzyme concentration achieved in the present investigation could
be due to the higher mycehal growth in ATPS (Fig. 3a) and to partition of reducing sugars
to the bottom phase (Table 3), because the excess readily metabolizable sugars are
suppressors of xylanase synthesis (Haltrich et al., 1996). Similar results were obtained for
extractive fermentation of chitinase by Serrafic marcescens cammied out in PEG
2000/dextran system {Chen and Lee, 1995). This enzyme’s activity in the ATPS was 3.1
times higher than in regular medium. The increase in chitinase production was the result of
maintaining the inhibitory metabolite, N-acetylglucosamine, at a low concentration by

removing it from the upper phase where the microorganism grown (Chen and Lee, 1995).

Recently, partitioning of xylanase produced by P. janthinellum {Costa et al., 2000)
and Bacillus pumilus (Bim and Franco, 2000) in PEG/phosphate ATPS was reported. In
these works the enzyme accumulated i the top phase. An extractive cultivation of
recombinant Escherichia coli cells to produce xylanase using PEG/phosphate was
developed by Kulkarmi et al. {(1999). These authors obtained partition coefficient and

xylanase recovery in the top phase of approximately 3.6 and 85%, respectively.

In this work a very promising aqueous two-phase system was developed m which
higher xylanase and biomass were produced, when compared to reference system. The
partition coefficient and xylanase recovery in the top phase were 187 and 97 %,
respectively. This system could be an alternative to PEG/dextran systems. Further

investigation, however, it is need confirm its usefulness.
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CONCLUSOES

Os estudos realizados neste trabalbo permitiram as seguintes conclusdes:

» O sabugo de milho ¢ a casca de aveia hidrolisados, dentre os cinco residuos estudados,
foram os melhores indutores da produgdo de xilanase (55 U/mL) pelo P. janthinellum. A
produgéio da xilanase foi associada ao crescimento do fungo, nos quatro residuos onde
houve produgdo da enzima. As maiores produgdes de biomassa foram obtidas com a casca

de mandioca e casca de grio de milho.

» Todos os fatores estudados foram significativos para a produgdc de xilanase pelo 7.
Jjanthinellum na fermentagio convencional. O tempo de fermentagdo e a temperatura foram
as varidveis mais importantes, seguidas pelo pH micial do meio, agitacdio e residuo agro-
industrial. A maior produgio de xilanase foi obtida com a aveia, a 25°C e 144 horas (142.85
U/mL). Para a produgio de biomassa na fermentagfo convencional, apenas o tempo de

fermentagdo e o pH micial foram significativos.

> Para a fermentagio extrativa, os fatores mais importantes foram a agitagdo e o tempo de
cultivo, seguidos pela temperatura e pH inicial do meio. Os valores dos efeitos do sistema
de duas fases aquosas ¢ do residuo agroindustrial ficaram dentro da variagdo do erro
experimental. A xilanase produzida concentrou-s¢ na fase superior ¢ o crescimento do
fungo foi na superficie desta.

» Os maiores valores da produgfio de xilanase e rendimento na fase superior foram 160,7
U/mL e 97% no sistema PEG8000/polissacaridec da goma do cajueiro. Neste sistema
obteve-se também um maior valor de atividade especifica para a xilanase, portanto, uma
maior pré-purificacdo. A maior produgdo da enzima no SDFA foi obtida um dia antes em

relagdo a fermentagdo no meio controle.
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