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PRODUÇÃO, PURIPICAÇAO E CARACTER~ZA~ÃO DE XILANASES (EC 

33.1.8) EXCRETADAS POR ISOLADOS AMAZ~NICOS DE Baeillus EM 

CULTIVO SEMI-S~LIDO ' 

Autor: JUo Xandro Heck 
Orientador: Prof. Marca Antonio Záchia Ayub 

RESUMO 

A xihase ( 1 , 4 - ~ - x i h - x i ~ d m l a s e ,  EC 2.2.1 -8) é a principal constituinte do sistema 
enzimático rrilanolftico microbiam. Ela tem sido extensivamente estudada e empregada em 
vários processos biotecnológicos, podendo ser produzida tanto em &v0 semi-sólido 
(CSS) quanto em cultivo submerso (CSm), com prevalência deste iiltimo. No entanto, nos 
úItimos anos o interesse no CSS para produção de enzimas tem aumentado, em virtude das 
inúmeras vantagens econ6micas e de engenharia que este o-. Neste trabab, 
objetivou-se aumentar o conhecimento existente sobre a produção e as aplicações de 
xhases bacterianas. Urna xilanase liwe de ce luks  produzida por um isolado d n i c o  
de Baeillus eoagarlans em CSS utilizando um abunâante resíduo fibroso de soja foi 
identificada e o seu potenciai para biobmnquearnento de polpa Kraft foi demonstrado. 
Outra xilanase produPda em CSS pelo Bacillus eirculans BL 53 também foi identificada. 
AtravCs do emprego de ferramentas de planejamento experimental determbu-se que as 
melhores condições para a pmhqão dessa e m h a  são tempos de cultivo e aeraç8.e~ 
modedas (5 dias e 500 rnL.mK1) e tem* baixas (25T), m as quais foi possivel 
aumentar a produqão da enzima em 2,5 vezes, em relqk ao que era obtido nas cundiç6es 
d o r m e n t e  empregadas. Também investigou-se, atravts de metodologias de 
planejamento m e n t a l ,  as melhores condições para a b q ã o  da xilanase produzida em 
CSS. Os resultados indicam que a exlmqão da enzimér foi máxima quando utilizou-se água 
a 7OC como solvente, por 40 minutos, 1 50 rpm e uma re&?to de sólidosAíquidos de 1 :6, A 
enzima foi purificada h homogeneidade por precipitaqão fiacioda com sulfato de am&nio, 
cromatogdh de troca ~tiônica e gel filtração. Uma p d c a ç ã o  de 428 vezes fói 
alcançada, apmdando uma atividade específica de aproximadamente 37 umg-' de 
proteiaa O peso molecuiar da e& foi determinado por SDS-PAGE, sendo de 
aproxhdamente 38 KDa. A msxima atividade enzim8tica foi determinada d o  um 
planejamexito fatorial 22 e a a i m a  apresentou um ótimo de temperatua entre 40 e 80T e 
de pH entre 5,O e 8,O. Os resultados obtidos sugerem que as xil-s produzidas neste 
trabab apresentam algwnas propriedades imteressaates para futuras aplica@e indu&iais. 

'mese de Doutorado em Biologia Celuhr e Molecular (h de concen$açao 
Biotecm>bgia), Centro de Biotecnologia, Universidade Federal do Rio Grande do Sul 
(146p.), maio de 2005. 



PRODUCTION, PURIPICATION AND CHARACTERIZATION OF XYLANASES 
(EC 3.2.1.8) FROM AMAZON ISOLATED BmiUus ON SOLFD-STATE 

Author: Júlio Xandro Heck 
SupeMsor: Prof. Marco Antonio Záchia Ayub 

ABSTRACT 

Xylanase (1,4-P-xylan xylanohydrokes, EC 3.2.1.8) is tke main constituent of 
microbiai xylanolytic enzyme systems. The y are extensively used in many biotechoIogical 
applications and have been produced in eitha solid-state (SSC) or submerged cultivations 
with the prevalence of the 1st om. However, SSC has gained renewed interest in recent 
years and has o h n  been employed for the production of many enzyrnes due to a nurnber of 
ecomrnical and engineering advantages. In this work, an effort has been made in order to 
increase available knowlsdge about bactmial xylanases. A celluiase-free xylanase produd 
by an amazon Bacillu,s coagulap~s strain on sulid-state cuitivation using an industrial fibrous 
soybean residue as substrate was identified and their biobleaching potential was showed. 
Another xylamse, produced by Bacillus eirculans BL 53 also was identified. A z3 central 
composite design (CCD) was applied to determine the optimal conditions of cultiwtion 
time, aeration and temperature to xylanase production by Bacilhs circulans BL53. The 
results suggest that xylahase production by tkis strain is higher at a moderate cultivation 
time and aeraíion (5 days and 500 m L . e l ,  respectively) and at low temperatures (25'C) 
and following CCD modeled conditions, it was possible to increase 2.5 fold enzyme 
activities previously obtahed and published by our group. The present work also dealt with 
the extmction optimization of xylanases produced in solid state cultivations of Bacilh 
circuluns, with the purpose of reducing enzyme losses in order to obtain crude exúacts as 
concentrated as possible. A 23 fáctorial design was performed to h d  the best conditions of 
time, agitation and sulidlliquid ratio. Maximm recovery was obtained by extmchg in 
water at 7 OC, 40 minutes, 150 rpm and 1 :6 soiidlliquid r&. This xylariase was purified to 
apparent homogeneity b y ammonium sulfate precipitation, cation-exchange 
chromato aphy and gel filtration. A 428-fold purification was achieved, with the purified 
xylanase f avitig a speciftc activity of about 3 7 JU.mg-' protein. The molmlar weight of 
the enzyme is about 38 Kda, as determined by SDS-PAGE. The m e -  sictivity was 
obtained iising a 22 factorial design over a large range of temperam (40 - S K )  and pH 
(5.0 - 8.0). Results strongly suggest that the xylamses produced in this work exhibit some 
intetksting properties for indushd applications. 

'/ Doctor of Science Thesis on Cellular and Molecular Biology (Ara of Biotechnology), 
Centro de Biotecnologia, Universidade Federal do Rio Grande do Sul, Porto Alegre 
(1 46p.), May, 2005. 
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A produ@o de proteína isolada de soja em urna grande indústria da regiao 

metropolitana de Porto Alegre, por exemplo, gera cerca de 20 toneladas por dia de um 

resíduo composto de hemicelulose, celulose, proteínas e açúcares (23, 15, 26 e 14%, 

respectivamente), Este abundante material d o  recebe, normalmente, um destino que 

agregue valor a ele, sendo descartado no ambiente ou subutilizado com aproveitamento 

parcial como raçgo para suínos. A necessidade de agregar valor a este subproduta 

agrícola e de aumentar o Ieque de possiveis aplicações dos materiais lignocelulósicos 

tem estimulado o interesse no desenvolvimento de processos industriais que visem o 

aproveitamento deste resíduo. Em países como o nosso, altamente dependente de 

tecnologias externas, este tipo de solução é condição sine qua non para romper com as 

amarras econômicas e tecnológicas que impedem o nosso desenvolvimento 

verdadeiramente independente e soberano. Ademais, contamos com uma variabilidade 

6nica de recursos genbticos distribuída em nossos sistemas naturais, como a Amdnia ,  

que certamente podem trazer inúmeros beneficias aos vhrios segmentos da sociedade. 

Uma exploraça comercial racional destes recursos pode n& apenas proporcionar o 

surghento de novos produtos e processos amparados nesta biodiversidade, mas 

tam b8m provocar uma nova postura de preservago e conservaçb, 

Neste contexto, os sistemas de cultivo sai-sólido (CSS) podem ser empregados 

satisfatoriamente, em virtude da baixa solubilidade dos substratos e dos baixos níveis de 

investimento exigidos pelo processo. Além disso, este sistema constitui-se em uma 

alternativa nova e promissora, que vem ganhando espaço a cada ano, principalmente 

em países de menor desenvolvimento científico e tecnológico, apresentando-se como 

uma alternativa vihvel no intuito de aproveitar resíduos agroindustriais e produzir, a 

partir deles, metabólitos de interesse comercial. Além disso, j6 est8 comprovado que o 

emprego em larga escala dos processos de CSS 6 perfeitamente possível, desde que seja 

seguido um planejamento racional de equipamentos e processos. 

O potencial biotecnol6gico para a aplicaç80 das xilanases (EC 3.2.1 -8) nos 

diversos segmentos industriais t promissor. As indústrias de celulose e papel, por 

exemplo, estão modificando a maneira de tiritar a matéria-prima, buscando alternativas 

que possam reduzir a carga tóxica de seus efluentes. Nestas indhstrias, o cloro é usado 

como agente químico branqueador, o que acaba por gerar produtos residuais nocivos ao 

ambiente. Neste caso, o emprego de xilanases surge como uma alternativa ao cloro no 

processo de branqueamento da polpa de papel (polpa Kraft), permitindo reduç8es de até 

20% na quantidade utilizada para o branqueamento da polpa. Além disso, as xilanases 



podem ser empregadas na hidrólise de materiais ricos em xilana e o produto desta 

hidrólise, a xilose e outros xilooligassacarídeos, ser convertido, biotecnologicamente, a 

xilitol, um adoçante muito empregado na indústria qufmica, farmacêutica e de 

alimentos. As xilanases podem, ainda, ser aplicadas na indústria de panificação, 

hidrolisando polissacarideos insoliiveis da farinha e que prejudicam o desenvolvimento 

do glúten, e em processos de maceração enzimdtica, hidrolisando a parede celular de 

h t a s  e vegetais e melhorando os processos de extração da polpa. 

Outro aspecto amplamente abordado neste tmbaho e o emprego de ferramentas 

estatísticas para planejamento e análise dos resultados, pois a falta de planejamento 

muitas vezes é a causa do insucesso de uma investigação. Usando planejamentos 

experimentais baseados em princípios estatísticos, os pesquisadores podem extrair do 

sistema em estudo o rn-o de informaç6es úteis, fazendo um número mínimo de 

experimentos. Os métodos empregados nos planejamentos experimentais independem 

da natureza do problema a que são aplicados. Servem tanto para estudar rewes 

quimicas, sistemas biológicos, processos mecânicos ou qualquer outro sistema. E 

tambCm abrangem todas as escalas possiveis de interesse, desde uma única reaçgo numa 

bancada até um processo industrial operando em larga escala. 

Este trabalho teve a intençb de ampliar o montante de conhecimentos sobre 

xilanases bacterianas. Em um primeiro momento, identificou-se uma xilanase Iivre de 

celulases produzida por um Bucillu~ coagulans isolado de ambientes amaz6nicos e 

demonstrou-se o potencial de aplicago da enzima produzida por este microrganismo 

em processos de branqueamento de papel. Em uma segunda etapa, identificou-se outra 

xilanase, produzida pelo isolado 3. circuhns BL53 em CSS e estudou-se a produçb, a 

extragão, a purificqão e a caracterização da mima ,  abrindo perspectivas para 

empregos futuros dessa enzima em processos biotecnológicos e demonstrando a 

aplicabilidade real dos processos de cultivo semi-sólido. 



2.1. Hemiceliiloses e lilamas 

A hemicelulose é o segundo polissacarideo mais abundante na natureza, 

representando cerca de 20-3 5 % da biornassa lignocelulósica (HALTRIC H et ai., 1996). 

6 um polimero de estocagem e t a m b h  um componente estrutural nas paredes celulares 

das plantas (BASTAWDE, 1992). Segundo SAHA (2003), a fração lignocelutósica 

inclui vários ~ s i d u o s  agrícokis (cascas, palhas, bagaços, sementes), madeiras, resíduos 

sólidos municipais e residuos de indústria de papel. Apesar de a composição dessa 

b i o m m  variar muito, geralmente a celulose está presente em maiores quantidades (35- 

50%), seguida pela hemicelulose (20- 35%) e pela lignina (10%). A tabela 1 mostra a 

composição de alguns compostos lignocelulbsicos. 

Tabela 1. Composição aproximada de alguns resíduos lignocelulósicos. Adaptado de 
SAHA (2003). 
- 

Composiçb (% de peso seco) Referência 
I . .  

Material Celulose Hemicelulose Lignina 

Farelo de miho 15 35 8 Saha, 2003 

Palha de arroz 

F a l o  de Trigo 

Bagaço de carari-de-açúcar 

Saha, 203 

25 Saha, 2003 

Fibra de soja 16 23 ND Heck et ai., 2002 

ND- Não Determinado. 



Quimicamente, a hemicelulose 6 um polimero heterogheo de pentoses (xilose, 

arabinose), hexoses (manose, galactose, glicose) e açúcares icidos unidos e m  si por 

limões glicosfdicas do tipo P-1,4 (BASTAWDE, 1992). Ao contrário da celulose, as 

hemiceluloses não são quimicamente homogheas. As hemiceluloses provenientes de 

hardwoods cont&m principalmente xilana, enquanto as provenientes de softwoods são 

compostas principalmente de galactomananas (MCMILL AN, 1 993). 

SUN e CHENG (2002) referem-se ao frito de que nos últimos anos as 

bioconvers8es da hemicelulose têm recebido especial atenção em virtude, 

principalmente, de suas potenciais aplicações em vários processos de conversão da 

biomassa hemicelulósica em combustiveis e outros produtos de interesse. Ressaltam 

ainda que a eficiente hidrólise da hemiceluIose 6 fundamental para a consolidaqão do 

uso de biomassas vegetais para a produ* de etanol. E são vários os resíduos @colas 

lignocelulósicos que podem servir como substrsitos baratos para a produção de e-1 

combustivel. Qualquer hemicelulose hidrolisada gera uma mistura de açucares ap6s um 

tratamento eficiente, que pode ser quimico ou enzimãtico (BOTHAST e SAHA, 1997). 

A mistura c u n t h  xilose, arabinose, glicose, galactose, manose, fucose e ramnose. 

A xilana, por sua vez, é o principal constituinte da hemicelulose e apresenta um 

grande potencial para ser convertida em produtos de interesse comercial (CORTEZ e 

PESSOA, 1999). Nas plantas, ocupa um importante papel na integridade estniairal da 

parede celular, formando interqões covalentes e não covalentes (SAHA, 2000). Possui 

uma cadeia linear compreendida por li~çi5es do tipo p1,4 formada por resíduos de 

xilopimse, que, dependendo da origem, podem ser substituídos por mificações 

contendo principalmente resíduos acetil, arabhsii  e gluconosii (FILHO et ai., 1997). 

Xilmas na0 ramificadas jh foram isoladas, pnricipaimente da semente de guar e do talo 

do tabaco, (KULKARNI et ai., 1999). O grau de polimerimgão da x i l m  B maior nas 

hardwoods do que nas sofhuoods (TOMA et al., 1989; MACKENZIE, 1989) A chieia 

lateral 6 determinante para a solubilidade, a cddforma@o fisicri e a reatividadt! da 

rholécula de xihna com os outros componentes hemicelulbsicos, além de influenbiar 

enormemente o modo e a e x k m b  da clivagem enzimática (KULKARNI et al., 2999). 

A Figura 1 mostra a estrutura química básica de uma heteroxilana. 



Figura 1. Estrutura quimica simplificada de uma heteroxilam (SAHA,2003). 

Na maioria das plantas as x i h m  são, de fato, heteropoIissacarldeos. A 

fieqiiencia e a composiçb das ramificações presentes dependem unicamente da fonte 

da xilana (SAHA, 2003). A xilana de Birch wood (Betula), por exemplo, contém 

aproximadamente 89% de xilose, 1 % de arabinose, 1,5% de glicose e 8,3% de hido 

anidroimr8nico (KORMELMK e VORAGEN, 1993); xilanas de palha de m z  c x i n h  

aproximadamente 46% de xilose, 44% de tirabinose, 6,1% de galactose, 2% glicose e 

1% de Acido ariidroudnico (SHIBUYA e IWASAKI, 1985); e as xilanas de trigo 

contêm cerca de 66% de xilose, 343% de mbinose, 0,1% de manose, 0,1% de 

galatose e 0,3% de glicose (GRUPPEN et aL, 1992). 

2.1.1. Sarririh* e m z h l t i a  h herniceinlose 

Os polissacarideos apresentam uma notável diversidade, como conseqtiencia da 

ampla variedade de monossacarídeos existentes na natureza e das diferentes ligações 

glicosidicas possíveis entre eles (HALTRICH et al., 1996). Portanto, não B surpresa que 

a degradação microbiana dos polissacarideos abranja uma diversidade de hidrolases 

glicosidicas com diferentes especificidades e modos de qb. Estes polissacarídeos se 

apresentam na natureza sob a forma insolúvel. Por isso, os microrganismos que os 

utilizam devem possuir enzimas extraceiulares, livres ou associadas A parede celular, 



para converter os polisacarideos para produtos solhveis que possam ser transpomos 

para o interior da célula ( WARREN, 1 99 1 ). 

As hidrohses glicosidicas são classificadas em mais de 50 famílias de diferentes 

composiqões, em aminoácidos, do sítio catalítico (HENRJSSAT e BAIROCH, 1993). E 

mesmo dentro da mesma família existem enzimas com diferentes especificidades, 

sugerindo que novas especificidades são adquiridas por divergencieis evolutivas 

(DAVIES e HENRISSAT, 1995). As exo-hidrolases glicosídicas removem unidade de 

um ou mais açúcares no final da cadeia polissacarídica, enquanto as endo-hidnilases 

agem randomicamente dentro da d e i a ,  produzindo mais extremidades para a ação das 

exo-enzimas (WARREN, 1991 ). 

As celulases e as hemicelulases (das quais a xiianase t a enzima mais 

importante) são consideradas componentes do sistema de hidrólise de paredes celulares 

de plantas; e os organismos que degradam a celulose normalmente degradam a 

hemicelulose tambtm (BASTAWDE, 1992). A biodegradgão total das xilanas, por 

exemplo, requer endo-~1,4-xilsuiases, P-xilosidases e muitas outras enzimas ~ s s b r i a s ,  

como arabinofuranosidase, glicuronidases e acetil esterases. A tabela 2 apresenta as 

enzimas necesshrias para a completa degradação de uma heteroxilana. 

Muitas xilanases (EC. 3.2.1.8) não clivam ligages glicosidicas entre unidades 

de xilose que estejam substituídas. Nestes cams, a cadeia lateral deve ser clivada antes 

da cadeia de xilam poder ser completamente hidrolisada (BASTAWDE, 1992). Por 

outro M o ,  muitas enzimas acesdrias removem apenas a cadeia lateral dos 

xilooligossrtcarideos e requerem uma hidróiise parcial da xilana antes da d e i a  lateral 

ser clivada (FILHO et ai., 1993). Ainda que a estrutura da xilana seja mais complexa 

que a da celulose e queira  uma quantidade maior de enzimas e com d i k n t e s  

especificidades para a hidrólise completa, estes polisacarideos não formam estruturas 

cristalinas tão firmes como a celulose e, portanto, sk mais acessiveis rio ataque 

enzimhtico (GERBER et al., 1 997). 



Takh 2. Enzirnas envolvidas na degradaqão completa das hetmxilanas (Adaptado de 
SAHA, 2003 e WARREN, 1996). 

Enzima Modo de ação 

Endo-xilanase Hidrolka principalmente ligações P, 1-4 entre xiloses no 

interior da m o l h l a  da x i h  

Hidrolisa ligaç8es 1,4 liberando xilobiose 

Libera xilose a partir da xilobiose e outras cadeias curtas de 

a-arabionofuranosidase Hidrolisa extremidades terminais &-redutoras de a- 

arabionofuranosídeus a partir das arabionoxilanas 

Libera ácido glicur6nico das glicuronoxilanas 

Acetilxilana esterase Hidrolisa ligações acetil-éster em acetil xilanas 

Acido fdlico esterase Hidrolisa ligações fenilico4ster em xihnas 

p h i d o  cumgrico esterase Hidrolisa ligações pum8nco-estér em xilanas 

As xilanases mimbianas sBLo proteh  com apenas uma cadeia polipetídica, 

com massas molares variando entre 8 e 145 KDa (SUNNA e ANTRANIKMN, 1997). 

A temperatura 6tima pata as endo-xilanases bacterianas e fúngicas varia entre 40 e 

60°C. As enzimas flingicas sb geralmente menos termoest8veis que as hckrianas. As 

xilanases são usualmente esthveis em pHs entre 3 e 10, possuindo um pH &timo entre 4 

e 7 (ITO et ai., 1992). O ponto isoeldtrico das xilanases varia de 3 a 10. Normalrnerrte 

as bactérias SKO conhecidas por produzirem xilanases que possuem alta massa molecuhr 

e baixo ponto isoelétrico ou baixa massa molecular e alto ponto isoelétrico. No entanto, 

esta relação não 4 observada em fungos, sendo as xilanases fúngicas, em sua maioria, de 

baixo peso molecular. A composição de minohidos das xilanases indica 

principalmente a presença de ácido aspártico, ácido giutâmico, glicina, serina e treonina 

(HALTRICH et ai., 1996). 

As xihnases de fontes procaribticas, como Clostridizim stereorarium, 

Streptomyces sp. e o termofilico BaciIIus sp. são glicopmteinas (DEY et al., f 992). Os 

carboidratos estão ligados covalentemente proteína ou estão presentes como 

complexos dissocihveis das xilanases. A glicosilaç%o parece estar implicada na 

estabdizaçb da m i m a  em ambientes extremos @H e temperam por exemplo). A 

x i b e  recombinante do termofilico Baeilius sp expressa em Escherkhh mli mostra 



uma menor estabilidade em aitas temperaturas quando comparada com a linhagem 

selvagem, e isto foi atribuído a urna deglicosilação da proteína (KULKARNI et ai., 

1999). 

As xilanases t a m b h  variam na sua atividade diante de vários substratos 

celulbsicos. As xiianases da família I 1 são altamente especificas e hidrolisam apenas 

xilana, enquanto que as tsxilanases da famflia 10, que são maio* hidrolisam xilana e 

tambdm celulose, ainda que as atividades xilanoliticas sejam muitas vezes maiores- que 

as celulolíticas (WARREN, 1996). 

2.13. PrudnçW de xihomim e purifiraflo 

Poucos são os microrganismos que possuem o sistema xilanolitioo completo, ou 

seja, todas as enzimas necessárias para a completa degradaçk das hetmoxilanas. Os 

fungos filamentosos Penicillum capsdatum e o Talnromyces emersorirri sfm dois 

exemplos destes microrganismos (GEMER et ai., 1997). No entanto, as xilanases são 

produzidas por uma greinde variedade de microrganismos, como bactdrias, fungos, rilgris 

e protomslrios (HALTRICH et ai., 1996). A maioria dos fungos e bactdrieis secreta 

xilanases extracelulares que agem no material hemicelul6sico liberando xilose como um 

produto assimillivel, permitindo o crescimento do microrganismo (GEmER et ai., 

1997). As xilanases microbianas são as prefeidas para os pmessos de hidrólise em 

virtude da sua especificidade, das condições suaves de wão, das poucas perdas de 

substrato e da sua biodegradabilidade. No entanto, o custo da hidrblise enzim8tica ainda 

é um importante fátor limitante do processo (BARAZNENOK et al., 1999). 

Para aplicagões comerciais as xilanases devem ser produzidas rapiámente e em 

grandes quantidades, usado substratos simples e baratos (LONSAME e GHILDY AL, 

1999). Neste aspecto, a t h i c a  de cultivo semi-sólido, que será discutida mais adiante, 

oferece algumas vantagens em relação ao cultivo submãso, incluindo economia de 

espaço fisico e, principalmente, a reprodução do ambiente natural dos microrganismos 

(GAWANDE e KAMAT, 1999) AlCm disso, o controle de contaminações B facilitado, 

devido ao baixo teor de umidade do sistema, e não requer rnhuinrt e equipamentos 

complexos e caros (RIMBAULT, 1998). 

O fator bhsico para a produqk de xilanases 6 a escolha de um substrato 

apropriado. Substratos hemiceiulósicos baratos e abundantes, como palha de trigo, palha 

de arroz e outros bagaços têm se mostrado extremamente interessantes para a produçb 

dessa m i m a  (PANAGIOTOU et aL, 2003). A atividade xiholitica C normimente 



maior em fungos do que em bactérias (GERBER et al., 1997) e o maior niimero de 

trabalhos sobre produqão de xilanases C com este tipo de microrganismo. E m  os 

fungos a mhima atividade reportada é de 3350 UlmL, em Trichodemu reesei 

(HAAPALA et al., 1994). No entanto, a produção de xilanases já foi extensivamente 

reportada em bactdrh (TECHAPUN ef aL, 2002; BOCCHIEII e# al., 2002; sA- 
PEREIRA et al.. 2002: NASCIMENTO êt a/., 2002, HECK d al.. 2002). O Bacilliis sp. 

JB-99 foi estudado para a produção de uma xil-e celulase-free termoestável em CSS. 

Dentre os substratos testados, a produçb de xilanases foi maior em farelo de arroz, e a 

impregrqb do substrato com meio mineral favoreceu a produção (VIRWAKSHI et 

aL, 2005). As bactdrias exigem um pH prbximo da neutralidade para crescimento e 

produçb da enzima (BALL e MCCARTHY, 1989), em contraste com os fungos, que 

geralmente exigem condições hcidas. 

De acordo com TECHAPUN et ul. (20031, a pdução de xilanases em cultivos é 

regida por poucos parbetros-chaves, a l h  daqueles normalmente envolvidos no 

processo. Quando o cultivo é conduzido empregando-se substratos heterogêneos, vhios 

fatores apresentam um efeito combinado no nível de expressão da enzima, Entre eles 

incluem-se a acessibilidade ao substrato, taxa e quantidade de libeqão de 

xilooligossacarideos e sua natureza quimica e a quantidade de xilose liberada, a qual 

atua como fonte de carbono para o microrganismo e como inibidor da síntese de enzima 

na maioria dos casos (KULKARNI et aL, 1999). 

GOKHALE et aí. (1998) reporta que as xilanases tendem a Iigar-se fortemente 

ao substrato. Nases casos, uma parte da enzima produzida durante o cultivo 6 perdida 

na forma de enzima ligada ao substrato insolúvel. Além disso, outras enzimsts 

metab6licas, como proteases e transglicosidases, tambem agem sobre a enzima, 

diminuindo a produtividade, Estas d m a s  são normdmente expressas ao final da fase 

exponencial de crescimento do microrganismo. 

Um grande número de pubhcações nos U h o s  anos descreve o isolamento de 

xilanrises de novas fontes, sua produçb, purificagb, clonagem, squenciamerrto, 

mutagênese e d i s e s  cristalográficas. A maioria dessas publicrtções trata do uso das 

xilanases como agente branqueador de polpa Kraft na indiistria de papel (PRADE, 

1995). 

NASCIMENTO et al. (2002) isolaram diversas linhagens de Srreptomyces sp. 

produtores de xilanases de solos do cerrado brasileiro. MEDEIROS e? 01. (2003) 



produziram xilanases com fungos isohdos da floresta maz8nica ~h-PEREIRA et al. 

(2002) relataram a produção de xilanases em meio submerso por um B~lcillacs subtiliis 

isolado de hguas termais em Portugal. Neste trabalho, a máxima produção foi alcançada 

em 18 horas de cultivo com uma temperatura de 60°C. ARCEMNA e 

SATYNARAYANA (1997) relataram a produgão de xil- em cultivo semi-sólido 

por um B. licheniformis A99 usando h 1 0  de trigo como substrato. Os mesmos 

pesquisadores relataram posteriormente a purificação desta xilanase, a qual possui uma 

massa molecular de 45 KDa, determinado por SDS-PAGE, e um ótimo de pH entre 6,0 

e 7.5 e de temperatura de 60°C (ARCHANA e SATYNARAYANA 2003). 

Uma endo-xilrtnase foi pduzida  por Rhizupus oryzae utilizando diversos 

resíduos agmindustriais, como palha de trigo, bagsiqo de algodão e farelo de milho 

como fontes de carbono e bagaço de soja, como fonte de nitrogênio. Uma purificrição 

de 55 vezes foi dançada e o peso rnolecular determinado foi de 22 Da, determinado 

por SDS-PAGE. Os valores ótimos de pH e temperatura foram 4,5 e 55"C, 

respectivamente. (BAKIR et aL, 2001). 

MAGNUSON e CRAWFORD (1997) rebram que uma linhagem de 

Streptornyces viridospormts T7A produziu uma aita atividade de xilanase. A enzima foi 

purificada empregadese troca i6nica (Q-Sepharose) e gel filtrqão (G-75). A enzima 

apresentou um peso molecular de 59 kDa, determinado por eletroforese. A temperatura 

ótima ficou entre 65 e 70°C e o de pH entre 7 e 8. 

O Bacillacs tkmanhmticus, uma bactéria termofilica, produziu uma xilanase 

extracelular, que foi purificada i homogeneidade por gel filtração (Sephacryl S-200). A 

temperatura ótima de atividade foi de 80°C e o pH de 5,5 (LAMA et al., 2004). 

2.13. Mecanismos de ação das xilamm e domúiios de iiga@o h celalose 

Frequentemente é sugerido que o mecanismo catalitico das glicosidases 

assemelha-se ao da lisozima A reação hidrolítica catalisada pelas xilanases, como pelas 

celulaçes, ocorre através de um mecanismo hcido-base envolvendo dois resíduos. O 

primeiro resíduo age como um catalisador geral e pmtona o oxigênio da ligação osídica 

O segundo resíduo age como um nuclebfilo, o qual (a) interage com o oxocarbono 

intermediário ou (b) promove a formação de um íon OK, a partir de uma molkuk de 

hgua (KULKARNI et al., 1999). 

Muitas xilariases e celuhses são conhecidas por possuírem uma estrutura 

modular, compreendida por um dominio cataiítico associado a um dominio de ligação h 



celulose, não cata1Ítico (Cellulose Binding Domain - CBD) (MANGALA et al., 2003). 

Os CBDs são toericontrados não apenas em celulases e xilanases (SADLER et al., 1995) 

mas também em arabinofuranosidases, acetilxilana esterases (FERREIRA et al., 1993) 

e mannanase (STALBRAND et ad., f 995). 

A presenp de CBDs confere um aumento da atividade das celulas~ e xilanases 

contra s u b ~ t o s  recalcitrantes insolúveis, como as paredes celulares de plantas 

(BLACK et al., 1997). E esta deve ser a r& p m  as xilanases conservarem esses 

CBDs durante a evoluqão (KULKARNI et ai., 1999). Ainda que o mecanismo de ação 

dos CBDs das celulases seja bem conhecido (HALL et a]., 1995; COUTINHO et uI., 

19931, o seu mecanismo em outras hidrolases de plantas, como xilanrises, 

arabinofuranosidases e rnananases, ainda não está bem compreendido. Uma hipótese 

sugerida por FERREIRA et ai., (19901, 6 de que os CBDs possam potencializar a 

atividade catalítica das hemicelulases mediante o aumento do contato entre a enzima e a 

parece celular da planta. 

A presença de CBDs em xilanases jh foi relatada em Sfreptumyces 

olivaceuviridis por FUJiMOTO et ai, (2002), em Closíridium Stercorarium por SUN et 

al., (1 9981, em Pseudomorras fiorescens por FERREIRA et ai. (1 9!33), a l h  de outros 

microrganismos. 

2.1.4. Aplicações das xilamjtesi 

Durante a última d h d a  as potenciais apliwões biotecnolbgicas das xilanases 

têm atraído especial atemo dos paquisadores e a maioria das publicações trata do uso 

das xilanases como agente branqueador de polpa Krafi na indústria de papel (GEBBER 

et al, 1997; DHILLON et a]., 2000). 

SUBRAMANIYAN et al. (2001) apontam as xilanases como importantes 

agentes para os processos de branqueamento da polpa Kraft, uma vez que a hidr6Iise da 

x i l m  facilita a liberação da lignina da polpa e reduz a quantidade de cloro utilizada nos 

processos tradicionais. Xilanases produzidas por Trichodermu lurrgibrachiatum e por T. 

harzianum E 58, t2m sido extensivamente testadas para branqueamento de polpa de 

eucaiipto (SUURNAKKI et ai., 1997). Os resultados indicam uma significativa 

diminui* na quantidade de cloro e de peróxido de hidroghio usados no processo. Os 

estudos com xilames fúngicas para branqueamento de papel têm resultado na 

diminuição da quantidade de cloro; entretanto, acontece tam bem, invariavehente, uma 

inaceitáveI diminuição da viscosidade da polpa, possivelmente devido a contaminsiçbes 



das prepam$h de xilanases com celulases (SRMIVASAN e RELE, 1995). Por isso a 
necessidade de obter-se xilamses livres de celulases para este tipo de aplicação. 

DHILLON et al. (2000) empregaram uma xilanase livre de ceIulase produzida pelo 

Bacillus circtrlans AB16 em CSS para branqueamento de papel e reduzirrun em atd 20% 

a quantidade de cloro empregada, sem perdas perceptíveis na qualidade do papel. 

Mo entanto, as x i h s e s  tambdm encontram aplicafles na maceração de 

mat&irts vegetais, na liquefação da mucilagem do cafb, na racuperaçilo de 61eo de r n h  

subterrâneas, na extração de aromas e pigmentos (COUGHLAN e HAZLEWOOD, 

1993) e para aumentar a eficihcia das ensilagens agrícola (sA-PEREIRA et al., 2002). 

SIMS et al. (1993) relataram que a aplicação de uma mistura de xilanases e pectinases 

resultou em uma melhora da cor do suco de cenoura, sem afetar a turbidez típica. A 

melhora da cor foi atribuída h maior extração de carotenos d m t e  a prewgem. 

As xilanases também podem ser aplicadas em panificrtção, uma vez que as 

pentosanas insolúveis pmenks na farinha de triga podem impedir o desenvolvimento 

do glúten e, comequentemente, reduzir o volume e prejudicar a textura do pão. DA- 

SILVA et al. (1994) aplicam uma mistura de xihnases e cuãbinosidases A farinha e 

perceberam uma degradação considerhvel das pentosanas, melhorando o manuseio da 

massa e dando um produto final com maior volume e melhor estrutura do miolo. 

BAYLEY et al. (1995) relataram que uma xi1- purificada de Trichoderma 

viride foi capaz de induzir a biossintese de etileno e de duas outras proteínas 

relacionadas h patogênese no tabaco, sugerindo que as xilanases devem ter um papel na 

induçk dos mecanismos de defesa em plantas. 

Em muitas aplicações das xilanases, a presença de cetulases na mistura não afeta 

o processo e nem o produto, e em alguns casos, as celulases têm um efeito sidrgico, 

aumentando a conversb aos produtos de interesse (GERBER et al., 1997), como C o 

caso da hidr6lise para a produçao de etanol (BOTHAST e SAHA, 1997), do 

processamento de alimentos (MONFORT et al., 1997) e no aumento da digestibilidade 

de alimentos animais (WONG et al., 1988). 

GURGEL et al. (1 995) -aram que os produtos da hiddlise da xilana (xilose 

e xilooligossaicarideos) tarnbdrn têm potenciais aplicações na indiistria de alimentos, 

principalmente como substrato para produção de xilitol, um adoçante de baixo poder 

calórico e com demanda crescente na indústria alimentícia moderna. Para esse fim, ris 

xilanas obtidas de madeiras são ainda as mais utilizadas e a hidrbiise t normalmente 

feita com o emprego de bicidos, mesmo que esse tipo de hidrólise gere mais compostos 



tóxicus para as células e para o ambiente (MEYERHOFF et al., 1997). Isso se deve m 

fato de ainda não terem sido encontradas mimas que possam realizar o processo de 

forma eficiente e econ6mica (HALTRICH et al., 1996). 

Eventualmente, em um futuro prdximo, a xilana e celulose poderão suprir a 

demanda mundial por matérias-primas. As levedum S. cerevisiae e Zylriomonas 

mobilis, por exemplo, podem utilizar a glicose proveniente da hidrólise da celulose para 

produzir etarmol. E as leveduras Pichia stipitis e Cddida shehate possuem a capacidade 

de cm7-erter dose  em etanol eficientemente (SAHA. 2003). SUN e CHENG (2002) 

acreditam que não 4 tão irreal imaginar que dentro de 50 anos o carvao e o bleo possam 

ser substiaiidos por biornassa vegetal, desde que se desenvolvsun tecnologias eficientes 

para estas conwsões. WKHALE et al. (lC998) trataram resíduos agroiadustriais 

(bagaço de cana e farelo de milho) com uma xilanase produzida por levedura e 

obtiveram uma hidr6like de 19,4%, sugerindo que estes resíduos possam ser utilizados 

na produção de etanol. 

22. O ciihivo semi- sólido 

O cultivo semi-sólido (CSS) e seus diversos sinanimos - cultivo em estado 

sólido, cultivo em substrrito dlido, fermeritaç8lo semi-s6lida ou fermentação em estado 

sblido - pode ser definido como o crescimento de microrganismos em substratos 

insolúveis na ausência de hgua uvre (PANDEY, 1992). 

A origem do CSS remonta produção de pães no antigo Egito. O CSS sempre 

foi Iargamente empregado para a produvb de alimentos tradicionais no Oriente e p m  a 

produ* de bebidas alcoólicas: tempeh na Indodsia, licores na China e o tradicional 

saque no Japão. Em virtude dessas aplicações, o CSS sempre ocupou um lugar de 

destaque na indiistria biotecnoliigica oriental (FüMBAULT, 1 998). 

No ocidente, o CSS foi completamente ignorado por muito tempo, devido, 

principalmente, ao grande desenvolvimento das tecnologias de cultivo submerso (CSm) 

para a produção de penicilina e a enorme importância que este antibibtico alcançou 

durante a Segunda Guerra Mundial. Por isso o CSm tomou-se a tecnologia quase que 

única para a produção de compostos por cultivo de microrganismos. Poucos trabalhos 

com CSS foram real idos nesses periodos (PANDEY, 2003). 

No entanto, fermente, nas duas últimas décadas do s&uio passado houve uma 

revigoração dos trabalhos com CSS e um grande n h e r o  de publicilções e patentes t&m 

surgido, bem como um grande desenvolvimento na constniçb de biorreatores, 



industriais e de laboratório. A tabela 3 mostra a evolu@o do número de pubiicaçbs 
com CSS. A grande maioria desses trabdhos refere-se a escalas de laboratório. E muito 

poucos autores tratam dos problemas relacionados h engenharia do cultivo. 

Tabela 3. Número de publicações com os termos "solid-me fermentation andlor 

cultivaiionyy Fonte: Base de dados Science Direct on Line (aproximadamente 1800 

titulas), 

Ano no de pubiicações 

1950 - 1979 O 

1980 - 1989 22 

1990 - 1999 132 

2000 39 

2001 23 

2002 28 

2003 46 

2004 34 

2005 (até abril) 38 

23.1. Sabstratos para CSS 

RIMBAULT (1998) afirma que todos os substratos usados em CSS t&n um 

aspecto em oomum: possuem estrutura macromolecular (celulose, amido, pectina e 

lignocelulose, por exemplo). I? essa estniturri rnacromolecular que confere a 

caracterfstica de substrato para CSS. Em geral, substratos para CSS apresentam uma 

composição kterogenea e sk, normalmente, residuos agmindustriais. Os substrabs 

sblidos são normalmente obtidos a baixos preços e ainda fornecem uma quantidade 

grande de nutrientes para o crescimento microbiano s conseqüente produçflo de 

metabblitos (TENGEIIDY e SZAKACS, 2003). 

O Brasil 6 uma das mais importantes economias agrícolas do mundo, produzindo 

café, cana-dsaçúcar, mmdiocri, soja, milho, frutas, entre outros. Praticamente todos os 

produtos são exportados, contribuindo enormemente para o desenvolvimento da 

economia (SOCCOL e VANDENBERGHE, 2003). No entanto, esta grande produção t 



responsável pela g e r q b  de uma grande quantidade de resíduos, que podem cawru 
problemas ambientriis (PANDEY e SOCCOL, 1 998). Nos ÚEtios anos, tem aumentado 

a preocupaçb em agregar valor a estes resíduos agroindustriais (PANDEY ef ai., 2000). 

Para a sua eficiente utilização, os resíduos agroindustriais devem ser convertidos por 

processos qufmicos ehu biológicos. Neste contexto, a aplicação de técnicas de cultivo 

semi-dlido ocupa um importante papel. Resíduos agrícolas (cascas, bagaços, palhas) 

são particularmente interessantes para este propósito, uma vez que estão disponíveis em 

grandes quantidades (TENGERDY e SZAKACS, 2003). 

Vários residuos agroindustriais, como bagaço de mandioca, borra e polpa de 

café, casca de maçã, residuos de soja e batata têm sido usados em processos de CSS 

com diferentes microrganismos (SOCCOL et al., 1994a; SOCCOL et a]., 1994b; 

VANDENBERGHE et ai., 2000). 

2.23. Ciimcte~c01a e vantsigens do CSS 

Existem muitos aspectos importantes, os quais devem ser considerados para o 

desenvolvimento de qualquer processo de CSS. Estes aspectos incluem a seleçao de 

microrganismos e substratos, a otirniiagão dos parâmetros de cultivo e de extqão dos 

produtos, bem como as formas de purificagb dos metabblitos produzidos (BANERJEE 

e BHATTACHARY YA, 2003). 

Durante o CSS uma grande quantidade calor t gerada, o qual t diretamente 

proporcional A atividade do microrganismo. Os materiais sólidos usados em CSS 

possuem baixa condutividade térmica, o que faz com que a remoção do calor seja muito 

lenta (MITCHELL e LONSANE, 1992). Algumas vezes o aciimulo de calor pode 

desnaairar o produto formado e acumulado no leito. Segundo MITCHELL ef 01. (2003) 

a temperatura, em alguns lugares do biorreator, pode ser atk 20°C maior que a 

temperatura de incubação. Por tudo isso, a temperatura do substrato 6 o aspecto mais 

crítico no CSS, afetando diretamente o crescimento do microrganismo, a fmação e 

germinação de esporos e a formqão do produto. 

Altos teores de umidade resultam numa diminuiçh da porosidade do substrato, 

o que impede a penetração do oxighio. Isso pode favorecer a contaminação por 

bactdrias. Por outro lado, uma baixa umidade pode levar a uma menor disponibiiidade 

dos nutrientes, resultando em um menor crescimento microbiano (CEN e CHIA, 1998). 

A atividade de iigua (a,) do substrito tamW tem influência determinante na 

atividade microbiana. Em geral, o tipo da micropnismo que pode ser empregado em 



CSS C determinado pela sua capacidade de suportar baixas aw (CEN e CHIA, 1998; 

PANDEY, 2003). Embora a baixa a, do CSS indique pela não utilizaq& de c u h  

bacterianas, virios trabalhos mostram que bact&ias podem ser empregadas em CSS 

eficientemente e com vantagens, em alguns casos, em relação a culturas flingicas 

(ADINABAYANA et al., 2003; TECHAPUN et ai., 2002; HECK et a!., 2002; 

NAMPOOTHTRI e PANDEY, 1996). Trabalhos com enzimsts hidrolíticas bacteriansts 

produzidas em CSS, no entanto, esao preliminarmente limitadas principalmente a 

Bacilius sp., o que pode ser devido a sua habilidade de aderir hs partículas do substr& 

para produzir células filrunentosas para pene-o e sua necessidade especifica por 

atividades de @a mais baixas (ARCHANA e SATYNARAYANA, 1997). 

Devido A natureza do substrato, a sierrição tende a requerer menores pressões que 

aquelas necessárias às culturas Hquidas, e ag i twes  vigorosas não s h  requeridas nos 

CSS (SOUZA et aI., 1999). 

O CSS oferece muitas vantagens em rei- aos cultivos submersos (CSm), 

incluindo a economia de espaços necessários para o cuitivo, a simplicidade do meio de 

cultivo, o não requerimento de quipamentos complexos, menores volumes de @a, 

reduzida demanda de energia, menor capital, menores volumes de sohente para 

extraqão, ausCncia de f o r m q b  de espuma, maior facilidade de controle de 

contaminações, devido A menor atividade de do sistema (VINEGRA- 

GONZALEZ eb al., 2003). Além disso, o impacto ambienta1 dos sistemas de CSS 4 

usualmente menor que o do CSm, uma vez que os resíduos usados como substratos são 

exauridos pela biomwa (CONTI eb al., 2001). 

Normalmente 6 destacado por alguns autores que as produtividades tendem a ser 

maiores em CSS do que em CSm. No entanto, isso não pode ser considerado uma 

verdade absoluta, uma vez que uma comparaçb em termos v o l u m ~ c o s  nb é possivel 

entre esses dois tipos de cultivo. Cada caso deve ser analisado independentemente, 

apesar de alguns estudos fazerem comparaQões. SANDBYA et al. (2005), por exemplo, 

realizaram um estudo para a produçk de proteases neutras usando resfduos 

agroiridustnais como substrato para CSS e para CSm. Foram utilizadas sete culturas 

ffingicas de Aspergillus e Penieillum para a produção da emirna e diferentes residuos 

agroindu-s (palha de trigo, casca de arroq palha de milho). A produção da enzima 

em CSS foi, em média, 3,5 vezes maior que em cultivo subrnerso e a palha de trigo foi o 

melhor substrato. 



Outro aspecto importante em CSS t a forma com que se conduz a recupm@o 
dos metab6litos a partir dos sblidos cultivados (CASTILHO et al., 2000) e no que se 

refere a isso poucos estudos sobre a extração de enzimas em CSS t&n sido conduzidos. 

Segundo CASTILHO et al. (1999), na produ* comercial de mimas microbianris, a 

recuperação do produto constitui cerca de 80% dos custos totais. Como em CSS os 

metabólitos produzidos são, via de regra, mais concentrados que os produzidos em 

CSm, os custos de recuperaç8lo dos produto tendem a ser menores (SINGA et ai., 1999). 

Assim sendo, se as operações de recupeyão forem bem feitas, t possível obter um 

extrato bnito concentrado, reduzindo, portanto, os custos dos processos de dawnstream. 

IKASARI e MITCHELL (1 996) estudaram a extração de proteases sob várias 

condições de processo. A temperatura e o tipo de solvente são conhecidos como os mais 

importantes parhetros na extração de solutos a partir de sólidos. N o  entanto, em se 

tratando de enzirnas, é necessário considerar a estabilidade térmica da mesma, a qual é 

imensamente afetada pelo tempo de exposiçh. Portanto, neste caso, tds são os h r e s  

fundamentais: tipo de solvente, temperatura e tempo de contato, além da inter-relaçb 

entre eles. 

Para otimimr as operações de recuperação em CSS, a melhor combinação de 

temperatura de extração, tempo de contato e solvente foram investigados por 

CASTILHO et al. (2000). O tampão acetato (pH 4,4), a temperaaira de 35°C e o tempo 

de 30 minutos permitiram uma melhor muperação. Os resultados demonstram que ri 

otimizaqão do procmso de extmgiio de enzirnas produzidas em CSS t uma forma 

simples de obter emtos enzimhticos mais concentrados. 

De acordo com KUMAR e LONSANE (1987) e RAMADAS et aí. (19951, t 

necesssisio desenvolver técnicas eficientes de ex-o para tornar o CSS aplichvel para 

a produçb de enzimas com alto grau de pureza e capazes de permitir a sua exploraçb 

comercial. 

233. AplimçBa do CSS 

O CSS B amplamente utilizado para a produção de um largo espectro de 

produtos, incluindo enzirnas, hcidos orghicos, antibibticos, alcalóides e também no 

tratamento de resíduos orgânicos tóxicos (PANDEY, 1992). A tabela 4 mostra algumas 

das aplicações atuais das técnicas de CSS. 



Tabela 4. Aplicqões modernas do Cultivo Semi-sólido. Adaptado de RIMBAULT 
(1 998) e PANDEY et al. (2000). 

Produto ou processo Microrganismo Substrato 

Amilase e glicoamilase AspergiIIus niger e A. F a l o  de arroz e de trigo 

Inulinase 

Lipases 

Prokases 

Arabinofuranosidase Trichderma reesei 

Celulase e @giicosidase Aspergillus sp, 

Neurospora sp. 

S~phy~ococcus sp. 

Cmidda sp. 

Aspergillus sp., Bacillus 

s P. 
Aspergillacs sp, Bacillus 

Penicilina 

Saccharomyces sake 

Xanihomonas 

campestris 

Penicillium 

ch rysogenum 

Polpa de beterraba 

Brieços, h 1 0  de trigo, farelo 

de a m z  

F a l o  de trigo, chicbria. 

Farelo de arroz 

Casca de amos fareIo de arras 

farelo de miiho, farelo de trigo 

Farelo de trigo, farelo de soja 

Solo contaminado com 

pentaclomfenol 

Milho 

Resíduos de maltaria 

Atualmente as enzimas lignocelul6sicsis são produzidas principdmente por CSS, 

sendo as principais enzirnas as celulases e as xilanases (PANAGIOTOU et ai., 2003; 

HECK et al., 2002; HALTRICH er ai., 1996). O CSS tem apresentado um enorme 

potencial na produção datas enzirnas, especialmente quando o emto  bruto obtido 

pode ser usado diretamente como fonte de emirnas (TENGERDY, 1998). 

23.4. Biorreatores e emlonamento 

A apii- do CSS t limitada pela falta de critérios e tecnologias de 

escalonamento. Em virtude disso, muitos processos industriais são realizados em escalas 

intermedi8nas e envolvem reatores do tipo bandeja, os quis apresentam uma 

manipula@o extremamente trabalhosa (MITCHELL et al., 2003). 



Os problemas de escalonamento sempre receberam atençb cuidadosa em se 

tratando de CSm. Infelhente esse conhecimento B pequeno quando se trata de CSS, 

em virtude, principalmente, dos fenômenos limimes mrem diferentes. Para CSms 

aerados o principai aspecto limitante 6 a transferencia de oxigênio através da inte- 

líquido-@. 18 para CSS, o crescimento é limitado pela transferência de calor e pelas 

transferências de massa (oxigênio e nutrientes), dependendo da localka@o do substrato 

no leito, do estágio do cultivo e do desenho e operação do biorreator. Como resultado 

disso não existem cri#rios quantitativos para o escalonamento de processos de CSS 

(RAGWAVARAO ef ai., 2003). 

No entanto, nas 6ltimas ddcadas, um significativo aporte de novos biorreatoes 

para CSS tem acontecido. A chave para esse avanço é a aplicaçk de tdcnicas de 

modelagem matem8tim para descrever os fen8menos fisico-químicos e bioquimicos 

envolvidos no CSS (MITCHELL et al., 2000). Estes modelos podem ser usados como 

uma orientaçgo para escaloriamentos. No entanto, ainda não existem trabalhos 

demonstrando a aplicabilidade prática desses modelos. Um modelo matem8tico para o 

crescimento de microt.ganismos em CSS para produçb de tanase foi desenvo1vido e 

testado experimentalmente por LAGEMAAT e PYLE (2005). O modelo descreveu 

comtamente a cinética de crescimento do mo Pmicilliatm glabrum. 

Na maioria dos casos os processos de CSS são aeróbicos e um biorreator 

eficiente n h  deve apresentar as dificuldades de W f d n c i a  de calor e massa e facilitar 

a difusão e a extração dos metabblitos. Reatores do tipo bandeja e tambor são os mais 

estudados ao longo dos anos; no entanto, ultimamente tem crescido o número de 

trabalhos com reatores do tipo leito fixo, que podem ser mais baratos e de mais fkil 

manipulação PANDEY (2003). Um novo e eficiente biorreator para CSS com duas 

opções para entrada de ar (ar pressurizado pulsado e circulação interna de ar) foi 

desenvolvido e testado por CHEN et ai. (2005). Estes sistemas aumentaram a 

transferência de calor e o efetivo controle de temperatura do processo de CSS para 

produção de celulases. 

23. Emprego de metodologhs de planejamento experimental e superfide de 

respoerta em B i o ~ o ~  

Ao contrário do que se pensa normalmente, a estatística não 6 apenas a análise 

dos dados obtidos. Ela 6 também o planejamento dos experimentos em que esses dados 

são coletados. E talvez possa até se dizer que ela C principalmente o planejamento, 



porque sem um planejamento adequado nunca se sabe se o experimento servirá para o 

que se deseja, por mais sofisticada que seja a análise que se &a depois. 

O planejamento fatorial e a MetodoIogia de Superíicie de Resposta (Response 

Surface Methodobgy- RSM) permitem considerar s imubamente  vários fatores em 

diferentes nfveis e as interações entre eles, u t i l h d o  um pequeno número de 

experimentos. E ainda, técnicas de inférhcia estatística podem ser aplicadas para 

estimar a importhxia de fatores individuais, ai sensibilidade da mposta para cada fator 

e a magnitude do erro experimental (NETO et al., 1995). 

A Metodologia de Superflcie de Resposta tem sido amplamente utilizada para 

resolver problemas multivariados e otimizar virias respostas em diferentes tipos de 

experimerrtos e tem como base o metodo do planejamento fatorial, que consiste num 

grupo de tdcnicas utilizadas para o estudo das relações entre uma ou mais respostas 

medias analiticamente e um niimero de variáveis de entrada que p o s m  ser 

controladas (FRANCIS et ai., 2003). Recentemente, um número grande de métodos de 

desenho estatistico experimental tem sido empregado para aumentar a produção e a 

atividade de enzimas e ouiros meWlitos (SENTHILKUMAR et al., 2005; GOMES et 

ai., 1994 CHEN etaL, 1992). 

Muitas estratdgks têm sido eficientemente empregadas para aumentar a 

produçb de enzimas pelos microrganismos. Entre elas, a 0timiql.o das condiges de 

cultivo parece ser uma das mais promissoras (PHAM et ai., 1998; BOCCHINI et al., 

2002; TECHAPUN et al., 2002). No entanto, a quantidade de informaçks disponível na 

literatura sobre a completa otimização dos processos ainda 6 pequena. 

Em gemi, a otimizaçk dessas condições é feita pelo tradicional mttudo de 

variar-uma-varihvel-por-vez Este mktodo não 6 apenas demodo,  mas tambdm leva a 

um incompleto entendimento do comportamento do experimento, resultando em dados 

confusos e que M o  terão a capacidade de prever comportamentos futuros (WEJSE et 

aL, 2003; RAO et aL, 2000). BEG et aí. (2003) defendem que parte desses problemas 

pode ser evitada com a aplicação de desenhos experimentais e adequados modelos 

multifatoriais. 

ADINARAYANA e$ ai. (2003) utilizaram a RSM para o t i m w  as 

concentra@es dos nutrientes necewkios para a produção de neomicina por 

Smptomyces marinerisiie em CSS. WEJSE et ai. (2003) relataram um aumerito de 20 

vezes na pmduçk de xilanases bacterknas empregando planej amento s experimentais. 

A produção de xilamses por Bacilius sp. 1-10 18 foi aumentada em 135% quando o 



microrganismo foi cultivado em um meio que foi desenvolvido por aesennos estatísticos 

(PHAM et ai., 1998). Um considerável aumento na produtividade de xilanases também 

foi reportado por GUPTA et al. (2001) e por BOCCHINI er al. (2002) atrav4s da 

realizqão de experimentos multi fatoriais com os constituintes do meio de cultura 



3, OBJETIVOS 

Este trabalho teve por objetivo ampliar o montante de conhecimentos sobre a 

produção, purificação e caracterização de xilames bacterianas produzidas em cultivo 

semi-s6lido utilizando um abundante residuo industrial fibroso de soja como substrato. 

- Explorar recursos microbianos isolados de ambientes da Arndnia para a 

produção de uma xiliiriase beicteriana. 

- Desenvolver metodologias reprodutíveis de cultivo semi-sblido, incluindo a 

otimkagao do processo de extqão  das enzirnas produzidas e o desenvolvimento de 

novos biorreatores para CSS. 

- Estudar a viabilidade e a eficiência da produç%o de xilanases em cultivo smi -  

s6lido usando wmo substrata um abundante residuo agroindustrid, avaliando-se a 

influencia dos parhetros de cultivo do microrganismo, como temperatura, aerqâo e 

tempo de cultivo, visando otimizar a produqilo da xilanase produzida. 

- Desenvolver metodologias pari? hidrólise de resíduos agroindustriais e para 

processos de branqueamento de polpa de papel (polpa Kraft) utiliando emtos 

enzimsticos brutos e purificados. 

- Desenvolver metodologias eficientes e reprodutíveis para a purifica* de uma 

xilanase excretada pelo isolado BacilLus cireulans BL53 cuitivado em CSS. 

- Caracterizar a m i m a  produzida, rio que ser refere ao pH e temperatura de 

atuaçb, estabilidade t h i c a ,  inibidores, ativadores, ~pecificidade e peso molwular. 



4.1. ImtaIa@Jts e reagentes 

O trabalho foi realizado em sua maior parte nos laboratúrios de Biotecnologia I 

(Laboratório 2 12) e Biotecnologia I1 (Laboratbrio 216), do Instituto de Ciencia e 

Tecnologia de Alimentos da Universidade Federal do Rio Grande do Sul. 

Os reagentes químicos utilizados no decorrer do trabalho eram do melhor padrão 

anaiitico disponivel nos laboratórios e a hgua utilizada na preparação de tampões e 

soluções era de qualidade ultm pura proveniente de um sistema de purificaçk da marca 

TKA niodelo LAB - UPW. 

43. Idstrumenta@o e kquipamentos 

Todos os equipamentos, meios de cultura e vidrarias foram esterilizados em 

autoclave vertical (Phoenix Equipamentos / mod. AV. 75/BrasiI) por 1 5 min, a 12 1 "C. 

O cultivo dos thicrorganismos em frascos Erlenrneyer realirnu-se em incubadora do tipo 

"shaker" (Nova T h i c a  Ind. e Com. Ltda/Brasil) com agitação orbital e temperam 

controlada 

As leituras dos ensaios espectrofotomélricos foram feitas em aparelho "Hitachi" 

modelo U-1100 (Japb). 

As detenninaçdes de pH foram realimdas em potemibmetro da marca "Nova 

Tecnica" modelo NT pWBrasi1. 

A concentra980 das amostras se deu em um sistema de liofilizaçb (marca 

HETO, modelo FD 1 ,O). Tarnbbm se fez uso de microcenWugp com velocidade fixa, 

marca "Eppendorf" modelo 54 1 0, que atinge 14.000 rpm, o que corresponde a 12.800 g. 

Para volumes maiores foi usada a centrffuga "Hitachi" modelo Hiaq CR2 1 E, sempre a 



15.000 g, 4°C e 15 minutos. Os rotores empregados foram: R12A3 (6 x 250 mL), 

R22A2 (6 x 35 mL) e E 1 A  (10 x I2 mL). 

43. Mícmrgoinismos 

As linhagens de microrganismos utilizadas neste trabalho - Bacillus circulans 

BL53 e Bacillus coagulans BLú9 - f m  parte de uma coleção de microrganismos 

isolados em ambientes da bacia m a d n i c a  pelo Professor Spartaco Astolfi-Filho, do 

Instituto de Ciências Biológicas da Universidade Federal do Amamnas. Ambos os 

isolados foram selecionados em trabalho anterior (HECK et a/., 2002), em virtude de 

suas atividad~ xilanoliticris. 

As culturas foram mantidas em meio sólido com goma tragacante (0,2%) em 

Meio Mineral Buschnell-Hass (MMBH) e repicadas uma vez por semana. Também 

foram preservadas em glicerol e sob a forma Gofilizada. 

4.4. Substmto para cuitivo 

Empregou-se como substrato básico de cultivo dos microrganismos o resíduo 

industrial fibroso de soja (RIFS), cmteriz.ado em trabalho anterior (HECK, 2001). 

Durante o periodo de realização deste trabalho foram empregados tres lotes diferentes 

de RIFS. Cada lote foi analisado quanto aos teores de açhcares redutores e totais, 

proteína, celulose, h ice lu lose  e umidade. Estes lotes apresentaram pequenas 

diferenças na sua cornposi@o centesimal, apresentando a seguirite cornposiqáo mtdia 

aproximada: q6cares redutores (1,5 * 0,5%), açúcares totais (1 5,5 * 1 %), proteína (29 

* 5%), celulose (16 * I%}, hemicelubse (23 h 4%) e umidade (10 * 5%). No entanto, 

os lotes apresentavam diferenças na capacidade de retenção de água, o que fez com que 

houvesse algumas diferenças rias quantidades de meio mineral empregadas nos cultivos. 

45. Determinam de atividade de xhnaw 

A atividade enzhhtica foi determinada pelo método de libera* de açúcares 

redutores baseado em rnetodologia sugerida por TAVARES et al. (1 997). A 1,O mL da 

solução contendo o substrato (xilana 10mglmL em tampão acetato 100 mM, pH 5,O) 

adicionou-se 1 ,O mL de sobremiante de cultura filtrada. A mistura foi incubada por 30 

minutos a 55°C e os açúcares redutores liberados foram medidos colorimetricamente 

pelo m h d o  DNS. A atividade de xilanase (ü) foi expressa como pnol de açúcares 



redutores liberados por minuto por ml de extrato enzimhtico. A atividade enzimhtica 

especifica foi calculada em função da comentraçk total de proteína no extrato e 

expressada em u.mgl de proteína. 

A curva padrão para açúcares redutores foi elaborada ernpregandex diferentes 

concentrações de xilose. 

4.6. Determinsiflo de atividade de celhse 

Utilizou-se a técnica do papel Fillm (Fikr Paper ActivIty - FPA), desenvolvida 

por MANDELS et al. (1 976) e recomendada pela Comissão de Biotecnologia da 

Internationa1 Union of Pure arsd Applicated Chemistry (IUPAC). Neste método, utiliza- 

se como sribstrato da reaçb enzimhtica papel filtro Whan nO1, aceito como tendo 

95% de a-celulose (GODFREY e WEST, 1996). 

A 50 mg (1 X 6cm) de papel filtro Whatman nOl adicionou-se 1 mL de tamph 

citrato de sódio 50 mM, pH 5,O e 1 mL de sobrdante de cultura filtrado. A mistura 

foi incubada por 1 hora a 55°C e os açúcares redutores libemcios foram dosados como 

equivalentes em glicose, pelo m&do do DNS. A atividade de celulase (UI) foi expressa 

como pmol de qlicares redutores liberados por minuto por mL de extrato enzimhtico, A 

atividade enzimhtica específica foi calculada em função da concentração total de 

proteína no extrato e expressada em UI.rng-' de proteína. 

4.7. Determina@o da atividade proteoiítico1 

Para analisar a atividade proteolitica dos microrganismos durante o CSS, 

realizaram-se ensaios com azocaseina, adaptado de S W T H  et ai. (1989). 

Em tubos de microcentrífuga contendo 250 pL de uma soluç%o-substrato com 

2% de azocaseina em tampão fósfato de ddio 50 mM e pH 7,0 adicionaram-se 150 pL 

de extrato enzimhtico. A mistura foi incubada ri 40°C por 40 minutos e no h1 deste 

período adicionou-se kido tricloroacético (TCA) a 10% (Synth/3rasil) em cada tubo. 

Para cada amostra enzjmática preparou-se um branco, misturando, nesta ordem, &a, 

TCA e substrato auicaseíIia Preparou-se, também, um reagente branco substituindo a 

m i m a  por solução tampKo. Após 15 minutos, necessários para assegumr completa 

precipita@ío de fragmentos maiores de mcaseina, centrifugou-se os tubos a 14000 g 

por 5 minutos. Transferiu-se 1 mL do sobrenadante para um tubo de ensaio contendo 1 



mL de hidrhxido de Mio 1,O M (LteagenlBmil). A absorbbia desta s o l u ~ h  foi 

determinada a 440 nrn em espectmfotômetro. 

Uma unidade de atividade enzimhtica (U) foi definida como a quantidade de 

enzima necessária para produzir, em cuMa de t cm, a variação de uma unidade na 

absorbância, sob as condipões do mdtodo. 

48. DeterminaçSio de açúmres redutores totaia 

Os açUcares redutores totais foram quaritificados pelo método do ácido 

dinitrosdicilico - DNS, conforme CHAPLIN (1 986). 

4.9. Determinaflo de pmteinmi wlf~vel 

A pmteina solhvel em todas as isostrris foi determinada pelo rnbtodo proposto 

por LOWRY et al. (195 1). 

4.10, C a b o  S e m i 4 M o  

4.10.1. CuMvo em Biorresitores Cillndrioos Verti& bt$ticoei 

Para a maior parte dos experimentos foram utilizados Biorreatores Ciiíndricos 

Verticais Estáticos (BCVE) de fluxo ascendente com capacidade de 500 mL (60 mm de 

diâmetro X 170 mm de altura), desenhados em nosso labo~~tóno. O corpo do biorreator, 

conforme figura 2, é feito de vidro e o fundo 6 composto de vidro sinterizado (de 

porosidade G1 ). Na parte superior encaixa-se uma rolha de bomacha com filtro ampIado 

para saida do ar e dos formados durante o cultij-o. Foram montados em conjuntos 

de quatro unidades com distribuidor de ar central, que recebe ar umidificado e esthil 

com vazão controlada por rotâmetro. Os biorreatores foram colocados em estufa para 

permitir o controle de temperatura A figura 3 mostra um conjunto de BCVEs. As zonas 

claras dentro do biorreator são células bacteriams. 



Fignm 2. Desenho simplificado de um Biorreator Cilíndrico Vertical Estático. 

Figum 3. Biomeatores Cilindricos Verticais EstBticos. 



- Pré-in6cub 

A frascos Erlemeyer de 250 mL adicionaram-se 40 mL de Meio Mineral 

Bushnell-Hass e 1,2 gramas de RIFS. Esterilizou-se em autoclave por 15 minutos a 

12 1 "C. Inoculou-se a partir das culturas em placa de goma tragacante. O crescimento foi 

conduzido em incubadora rotatória orbital por 18-20 horas, a de 37°C e 100 rpm de 

agitação. 

- Preparo do Substrato 

De uma forma geral o material foi preparado conforme HECK et ai (2002): em 

um copo de Becker pesavam-se 20 g de RIFS e 120 mL de meio mineral Bushnell-Hass. 

Este material, apbs ser esterilizado em autoclave por 15 minutos a 121T, m b e  

k h e n t e  40 mL do pré-inbculo, com densidade btica (Asm) ajustada com água 

destilada estkril para obter-se uma D.O. de 1,000. Por iiltimo, a mistura é transferida 

assepticamente para os biorreatores. 

- Extrqão da enzima 

A recuperação das xilanases produzidas foi feita adicionando-se um dado 

volume de hgua destilada (esse volume variou no decorrer do trabalho, em virtude do 

que será apresentado no item Resultados 111) ao conteiido total do biorreator. Esta 

mistura foi transferida para frascos Erlemeyer e agitada em placa agitadora orbitiil. Em 

seguida o material &lido foi separado da fase liquida por centrifuga@o a 10000 g, 4°C e 

1 5 minutos. O sobrenadante foi recolhido e utilizado como extrato enzimáiico. 

4.102. Cabo em Biomtoresr CWdricos Horizontais Agitados 

Foram realimdos tambCm alguns experimentos em Biorreatores Cilíndricos 

Horizontais Agitados (BCHA}, desenhados no nosso laboratório exclusivamente para 

este trabalho e construidos por uma metaiúrgica da região metropolitana de Porto 

Alegre. Os reatores foram construidos em aço inoxidhvel e tem volume total de 12 L (20 

cm de diâmetro X 40 cm de comprimento). A r i e q i i o  foi realizada atravCs da injeç&lo de 

ar irmido estéril pelo eixo interno do biorreator e a agitação se deu por p8s conectadas 

ao eixo interno em movimentos radiais, de forma intermitente ou continua, era 

velocidades que variaram entre 2 e 10 rpm. A ternperatm era controlada pela 

circula@ío de @a, proveniente de um banho-maria, pela camisa do biomtor. Na 

Figura 3 pode-se visualim um dos B C m s  usados neste trabalho. 



Figam 4. Biorreator Cilindrioo Horizontal Agitado. 

- ~ ~ c u l o  

A h s c o s  Erlemeyer de 1L adicionaram-se 400 mL MMBH e 10 g de RES. 

Esterilizou-se em autoclave por 15 minutos a 121°C. Inoculou-se a partir das culturas 

em placa de goma tragacante. O crescimento foi conduzido em incubadora rotatória 

orbital por 24 horas, a de 37°C e 1 O0 rpm de agitaqão. 

- Preparo do Substrato 

Ao biorreator eram adicionados 790 g de NFS e 4400 mL de MMBH. Este 

material, após ser esterilizado em autoclave por 15 minutos a 12192, recebeu os 400 mL 

do pré-utóculo, 

- Extração da enzima 

A recuperação das xilanases produzidas foi feita adicionando-se um volume de 

água destilada a uma massa conhecida de material cultivado retirado do biorreator, Esta 

mistura foi transferida para frascos Erlenmeyer e agitada em placa agitadora orbital. Em 

seguida o material s6lido foi separsido da fase liquida por centrifugação a 10000 g, 4°C e 

1 5 minutos. O sobrenadante foi recolhido e utilizado como extrato mzimhtico. 



4.1 1. PuriiicaHo da xilanase 

O processo de purificaçb da enzima envolveu as seguintes etapas: precipi- 

fiacionada com sulfato de arndnio ("salting-out"), seguida por uma etapa de 

cromatografia de troca ibnica e ouira de gel filtraqão. 

- Precipita@ fiacionada com sulfato de arnbnio 

O extrato bruto era filtrado em papel Whatman n042. A precipitação (SCOPES, 

1993) foi realizada em temperatura próxima a 0°C. Após cada adição de sal, feita 

lentamente e sob agitação, o material era deixado por 30 minutos sob agitasão lenta 

antes de ser centrifugado a 10000 g, por 25 minutos, a 4°C. O "pellet" era ressuspendido 

em tampão acetato de sbdio 50 mM pH 5,5 e dialisado contra o mesmo tampão att que 

não mais houvesse sulfato de ambnio no mesmo (3-4 trocas, com 2 litros de volume). 

- Cromahgrafia de Troca i8nica 

A cromatogmfia de troca iBnica foi realida em coluna de 1 x 20 cm (Sigrna- 

Aldrich Corporation) empacotada com a resina CM-Sephamse Fast Flow 

(carbo?q-methyl - trocadora fmca de cátioris - Amersham Bioscience) e quilibrada 

com tampão acetato de s6d& 50 mM pH 5,5. A amostra era oriunda diretamente da 

precipitação de 200 mL de extrato bruto com sulfato de mônio, dialisada. A eluição da 

coluna foi realizada com um gradiente linear crescente de zero a 0,5 M de NaCl com um 

fluxo de 0,8 rnl.rnhi1 . As frsções que apresentarsun atividade enzimgtica foram 

agrupadas e liofiiiias. 

- Gel filtração 

A etapa de gel filtraçb foi redizada em coluna de 1,5 x 55 cm (Sigma-Aldrich 

Corporation) empacotada com a resina Sephacryl S-200 HR ( P h a c i a  Biotech) e 

equilibrada com tampão a m t o  de s6dio 50 mM pH S,5. A amostra aplicada na coluna 

era constituída pelas Erações com atividade e liofilizadas da etapa anterior, 

mssuspendidas no mesmo tampão acetato. A eluição foi feita, por gravidade, a um fluxo 

de 0,4 rnl-min-' . 
Nas etapas de cromritografia líquida utilizou-se um sistema de purificação 

composto por bomba peristáltica modelo "P-1 Peristaltic Pump" (Amersham Pharmacia 

Biotech) e um coletor de frações modelo 9128 Fraction Collector", da Bio-Rad 



Laboratoria. A medida das concentqbes de proteína (Azm) foi realizada em 

espectrofot&metro, cujas especificqões jfi f o m  citadas anteriormente. 

4.12. Eletrofome em gel de poliacrihmida (SDS-PAGE) 

A separação de proteínas por elekoforese em géis de poliacrilamida (SDS- 

PAGE) deu-se em um sistema descontinuo de acordo com a t h i c a  proposta por 

LAEMLI (1970). As amostras f o m  separadas em géis com 10% de poliacrilamida. 

Utilizou-se minigkis de 0,l x 10 x I0,5 cm em um sistema Hoefer miniVE Vertical 

Eletrophoresis e corrente necessária foi fornecida por fonte EPS 30 1 (Pharmacia 

Biotech). 

Para determinaçb do peso molecuhr da enzima foi utilizado o kit de calibração 

"Bio-Rad Brod Range" contendo 7 proteínas de 6.500 a 97.400 Ddtons, em tamanho 

(Arnersham Bioscience). A coloração das bandas de proteína foi realizada através de 

impregnação com prata. 

4.13. Cinética FdmátIca 

Os ensaios de cinktica enzimhtica foram realizados em triplicata, planejados e 

analisados de acordo com PMCE e STEVENS (1989). 

4.14. A n i i I h  W t í s t h a  

Nas anhlises estritisticas dos experimentos empregaram-se os sofiwares Statistic 

5.0 e SANEST. 



5. RESULTADOS 

Os resuitados deste trabalho serão apresentados na forma artigos científicos, 

formato este que é altamente incentivado pelo PPGBCM para orgnniz~ção da tese. Os 

referidos artigos estão apresentados no item RESULTADOS - Resultados I, 11, III, IV e 

V - nos moldes em que normalmente são submetidos aos peri6dicos. 

No primeiro artigo (Resultados I - "Optimization of cellulase-free xylanase 

activity produced by Amazon Bacillu~ coagulans BL69 strain on solid-state 

cultivation"), foram determinadas as melhores condições para atividade e as 

especificidades de ação do extrato xilanolitico livre de celulases produzido pelo isolado 

Bacillzis coaguluns BL69 em cultivo semi-sblido, Este artigo jB está publicado - Process 

Biochemis~ ,  40:107-112.2004. 

No segundo artigo (Resultridos I1 - "Statistical optimization of thermo-tolemt 

xylanase activity íkom Amazon Isolated BaciLlus circulans on Solid-state cultivation"), 

foram determinadas as melhores condições para atividade xilanolitica e as 

especificidades de @o do extrato produzido pelo isolado Baeillus eirculuns BL53 em 

cultivo semi-sólido, demonstrando as potenciais aplicações deste extrato na hidrólise de 

diversos resfduos agroindustriais. Este artigo foi submetido para publicaqão no 

peribdico Bioresource Technology em maio de 2004 e encontra-se em revisão. 

O terceiro artigo (Resultados JlI - "Extmction optimization of xylanases 

obtained by solid-state cultivation of Bacillus circulans BL53")ata do estudo das 

condiqões de extração de x i h e s  produzidas em cultivo semi-sólido pelo B. circudarrs 

BL53. Este 6 um dos primeiros trabalhos da literatura a abordar a otimizaçflo da 

extraçao de emirnas produzidas em CSS e jB foi publicado - Process Biochemiso, 

40:289 1-2895,2005. 



NO quarto rirtigo (Re~uhdos N - "Optimization of xylaraase and mamimase 

pduction by Bacildus circuhns strain BL53 on solid-state cuitivation") foram 

determinadas as melhores condições de produção (temperatura, pH e aemçlio) de 

xilanases e manstnases, outra m i m a  hidrolítica de interesse, pelo Bacildus c i rcuhs  

BL53 em cuitivo semi-&lido. Este artigo está aceito para publca@o - Enzyme uud 

Mjcrobiul Technology, no prelo. 

O quinto artigo (Resultados V - "Purification and properties of a xylahase 

producd by Bacillcs circuhns BL53 on solid-state cultivation") trata da purificaçb da 

xilanase produzida pelo isolado BL53 e da caracteriqao desta enzima, no que se refere 

ii temperatura, pH, ativadores e inibidores, substratos de ação, estabilidade tkrmica, 

parâmetms cindticos e massa molecular. Este artigo foi submetido para publicação no 

periódico Enzyme and Microbial Technology em maio de 2005. 



5.1. R E S U L ~ C M  I. "Optúnization of cellulase-free xylanase actMty 

produced by Amazoh Buciilus coagulam BL69 strairi on solid-state cuitivation" - 
Process Biochemisw, 40:107- 1 12.2004 
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AWract 

A z2 fmrial design was perforrned to find the best pH and temperaaire for xylanolytic 

activity o f cellulase-free Bucillus coagulans isolated b m  the Amazon environment. 

Solid-state cultivation was c&ed out on an inexpensive, abundant agro-irmdustriali 

so ybean residue. The central composite design (CCD) used for the analysis of úeament 

combinations showed that a second order polynomial regtession model was in god 

agreement with experimental results, with It2=0.83 19 (P<0.05). The maximurn activity 

was obtairaed over a large range of temperaáire (45-75°C) and pH (4.5-10.0). Eqmatic 

activity was maintained in heeited exúacts up to 50°C, suggesting that the xylanases of 

B. cougulans are Mo- to le ran t  biocatalysts, being of interests for biobleaching 

processes. The crude enzyme extract hydrolyzed Kraft pulp cellulose and its activity 

was stimulsited by CO'~, ~ n ' ~  and kmercaptoethanol but inhibited by ~ e ' ~ ,  CU'~, ~a+' ,  

~n",  ~ a ' ~ ,  M~'' and b y EDTA . 

Keywords: Cellulase-free xylanase, solid-state cultivation, bioprocess optimization, 

centml composite design, Bacillus coagtclans. 

1. Iutrodnctron 

Large arnounts of agro-industrial residues are genemted every year b m  diverse 

ecoriomic activities. These residues represent one of the most energy-rich resources 

avaihble on the planet and when not pmperly discharged or used, add to the 

environmental pollution [I]. Xylan is the main hemicellulolytic polysaccharide found in 

(') Cwresponding Author: e-mil: mazayul@ufigs.br 



plant ~ e l l  walls and xepresents a significant renewable biomass comprising up to 2& 

3 5% dry weight of agricultura1 wastes. In particular, end-processes o f soybean generates 

a residue composed of approximately 23% hemicelluioses, 16% celluloses, and 28% 

insoluble proteins. It has òeen estimated that approximately 10,000 tons/year of this 

residue are cwrently being produced m d  dischargd [2]. Considering that 

approximately 30 to 40% of production inputs of mmy industrial enzymes rire attributed 

to the substrate (33, the use of sirnple, low-cost substrates, could significantly contribute 

to cost reductions [4]. 

X ylanase (endo-1,4-pxylamse) and kxylosidase (PD-xyloside xy b hydrolase) 

are the main constituents of microbd xylanolytic emyme systems [5J. Interest in 

xylanases increased in recent years, mainly due their applications in papa industries for 

pulp tresrtment, improving the efkctiveness of conventional bleaching [6,7]. They are 

also extensively u d  as food and beverage modifiers, in bakery and in the clarification 

of fruit juices and wines [8]. Most of the literature concerning xylanases are dealt with 

their purification and characterizat ion [9], with very few studies regarding their 

prcxiuction optimization. 

Xylanases have been produced in either solid-steite (SSC) or submerged 

cultivations with the prevalence of the Iat one [SI. However, SSC has gained remwed 

interest in recent y m  and has ofien been employed for the production of many 

enzymes due to a riumber o f economicsil and ergheering advantages [ 1 O]. For instame, 

productivity in SSC is usually much higher than h t  of submerged cultum [ll], with 

lower operation costs, simpler plant and equipment projects and lower energy 

requirements [12]. 

In order to improve enzyme production, c~inventionai methods based on the 

"chringeone-factor-at-a-time" in which one independent variable is studied while fixing 

a11 others at it specific level, may lead to unreliable results and inaccurate conclusions 

[I 31. This experimental procedure is also expemive and time-consuming for large 

numbers of variables. To overcome these Ihitations, response surface methodology 

(RSM) a d  experimental factoriri1 design can be employed to optimize enzyme activity 

[ 1 41, perfoming a minium nurnber of eirperiments [9]. 

In this work, we ernptoyed RSM for the planned statistical optimization of 

xylanase activity by an Amazon environment isolated strain of B. coagularas grown in 

SSC, using an indwbial fibrous soybean residue as substrate. 



2. Materiais and methods 

2.1. Micmiganiiem 

Bacillus c0c1guIuns BL69 was isofated from the aquatic mbient of the Amazon 

environment, in Breizit It has been selected due to its xyIandegrading properties [2]. Its 

identification wsis performed by biochemical and morpho1ogical methods by two 

independent certifid laboratories (the Microbiology Department of The Federal 

University of Rio Grande do Sul, Porto Alegre, RS, Brazil, armd The Tropical 

Foundation, Campintis, SP, Brazil). Isolates were maintained at 4OC on selective agar 

plate containing 0.1 % (wlv) Tragamnth gum in basic liquid medium. 

2.2. Subsmte, medium und pre-inocultrm 

Industrial fibrous soy residue (IFSR), chemically defined elsewhere 121, was used as 

solid substrate for culhires. Basic liquid medium, used as pre-imculurn, had the 

following composition (g.~-I): 0.2 MgSOd, 1.0 KH2P04, 1.0 K2HP04, 1 .O N&N03, 

0.02 CaC12, and 0.05 FeC12. Pre-inocula for ali experiments in SSC bioreactor were 

prepare! in 250 mL Erlenmeyer flasks containing 1.2 g of IFSR and 40 mL of basic 

liquid medium. Flasks were inoculated from a single colony from agar plates md 

incubated for 18 h, 37°C and 125 rpm. 

2.3. Bioreactor and earltivution conditiuns 

Bioreactor experiments were carried out in a 500 mL cylindrical biomctor (60 mm 

diameter; 1 70 mm height) designed and constructed in our laboratory. Bioreactors were 

loaded with 18.8 g of dry IFSR soaked in 120 mL of basic liquid medium and 50 g of 

irregular stones with a mean diameter of 5 mm, as inert suppoh Cultura were run at 

37OC for 72 hours. Dwhg cultivation, wet sterile air was supplied at a coristant flow of 

500 ml-min-'. 

2.4. Enzynie exfraetion 

Enzymes extraction from cultivated medium was performed by the addition of 160 mL 

of distilled wakr with agitation at 250 rpm, 45 min. The enzymatic extract was then 

centri fuged at 10,600 g, 20 min. The supernatmt was used as the source of enzymes. 



2.5, Xyhnase acdfvitp w a y  

X ylanase activity was assayed hydrolyzing Birchwood xylan (Sigma, USA) as 

subsaate. Liberateci reducing sugars were quantified by the dinitrosstilicylic method 

[15]. A unit of enzyrnatic activity was defined as arnount of enzyme pmducing 1 pmol 

the xylose per minute. Specific activity was expressed as Wlmg proteim 

2.6. Protein derermination 

Protein concentration was determine- according to the Lowry assay [16], against a 

standard curve of bovine serum atburnin, fraction V (Sigma, USA). 

2.7. Tkermal stbbWy of the eiyym arfrnc1 

The temperature stability o f enzyme extract was determined by incubation ai 50,60,70 

and 80°C. Aliquots were withdrawn at intervds of 0, 5, 10, 20 and 30 min, and the 

residual enzyme activity measured. 

2.8. Effects of hhibitors on e q m e  activiry 

Xylanolytic activity inhibition was tested by incuhting enzymatic exttãcts in the 

presence of ImM solutions of ~ e ' ~ ,  CU", CO'', Mn+2, caf2, ~n", ~ a " ,  M~", EDTA 

and P-mercaptoethsuiol for 1 5 min before the reaction with the substrsite. 

2.9. Experimen&l dssign 

Central composite design (CCD), with k=2, was used in order to generate 1 1 treatment 

combhtions, with pH and temperature as independent variables. Five levels of each 

variable were chosen, the upper and lower lirnits of them, set to be in the range 

described in the literature. In the statistical model, Y denotes units of xylanase activity 

and the coded settings were defined as folIows: X I= (temperature - 60)120; Xz= @H - 

7.0)13 .O. 

Table 1 shows the actual levels corresponding to the coded settings, the treatment 

combinatioris and responses. This design is represented by a second order polynomial 

regression model, equation 1, to generate contout plots: 



The test factors were coded according to the following regression equation: 

where xj is ihe eoded value and Xt is the actual value of the ith independent variable, Xo 

is the actual value at the center point, md M i  is the step change vahe. S W c  5.0 

software (StatsoR, USA) was used for regression and graphical analysis of the data. The 

significance of the regression coefficients was determined by Student's t-test; the 

second order model equation was determined by Fisher's test. The d a n c e  explained 

by the model is given by the multipre coeficient of determination, R~. 

Table 1. Pmcess variables ussd in the CCD, showing the treatment combinrttions and 

the mean experimental responses, 

Treritment Coded setting levels Actual levels X ylanase activity 

Xi= T; XF pH Xi= T: XF pH (Iülmg protein) 

3. Res* and discussion 

3.1. Xylariase activiy opbimizatio~~ 

Based on previous studies, temperature and pH were identified as the major fáctors 

affecting xylanase activity of Bacillus spp. [9]. Therefore, CCD was used to obtain the 



best wnditions for xylanase activity from Bacillus eougsilans BL69, a previously not 

studied strain. The experimental design and results for enzyme activity are shown in 

Table 1. Treatments 5 to 7 ((central points) and 10 showed the highest levels of xylanase 

activity (1 28, 1.47, 1.45, and 1.26 W/mg proteh, respectively). Thae resuks suggest 

that the xylamse from B. coagulam BL69 has a higher enzyme active at a relatively 

high temperature md neutral pH. The higkst activity (1.47 IU/mg of proteiq obtained 

at 60T, pH 7-01, experimentally obtained according to the CCD, was 2,2 fold higher 

than the activity obtained under oonditions usually described in the litedure (0.68 

IUlmg at 55OC armd pH 5.0). Cellulase activity in the &e extracts was never detected 

(results not shown), thmfore, B. coagulans BL69 must be a cellulase-Çee strain. 

The analysis of variance (ANOVA) wris employed for the determination of 

significrint parameters and to estimate the specific xylanrise activity as a function of 

temperame and pH. Data are shown in Table 2. The computed F-vdue (1 1.56) was 2.7 

fold higher than the F-value in statistic tables 1171. indicating t h t  the model n-as 

significant at high confidente leve1 (95%), with ~ ~ 4 . 8 3  19, thus 83.19% of the total 

variation is explained by the model. This suggests a s a t i s a r y  representation of the 

process model [l 1. Also, there was a good correlation between the experimental rind 

predict values. 

Ta ble 2. Analysis of variance (ANOVA) for the model regressioa 

F-value in 
Source SS DF MS F-value 

Statistic table 

Model 1.3466 3 0.4488 11.56 4.35 

Residual 0.27205 7 0,0388 

Lack of fit 0.2508 5 0.0501 

Pure Error 0.02 125 2 0.0106 

Total 1.6187 10 

R' = 0.8319; Stsindd emr of estimate = 0.010; SS, Sum of Squares; DF, 

Degrees of Freedom; MS, M m  Square. Significanoe leve1 = 95%. 

Table 3 shows the significance of coefficients determined by Student's t-test and 

P-values. Significance of coeficients have been reported to be directly proportional to t- 

value and inversely to P-vdue [IS]. In our work, T arsd pH, are significant ody at 

second-order model (PT.T<0.02 and Pw.&0.008), which indicates that they can act as 
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limiting factors and even small variations in their values will alter xylanase activity to a

considerable extent [14], but the interaction between them have an insignificant effect

on xylanase activity. Whenever possible, the model was simplified by the elimination of

statistically insignificant terms. However, the term T (PT<0.168) was maintained in the

model because of its magnitude. We proposed then that the quadratic model should be

reduce to:

Y =1.4046 + 0.07710 T - 0.2665 T2 - 0.4598 pH2 (3)

where Y is the xylanase activity (UI/mg of protein), Tis the temperature and pH is the

pH as coded settings. To confirm the applicability of the model, xylanase activity was

determined at 60°C, pH 7.0, which are the optimum values suggested by it. In this case,

the coded settings of the tested variables were T=O,pH=O, respectively, with the model

predicting enzymatic activity of 1.40 IU/mg. Experimentally, 1.11 IU/mg of enzymatic

activity was obtained, confirming the closeness ofthe model to the experimental results.

* Statistically significant at 99% of confidence leveI.

** Statistically significant at 95% of confidence leveI.

Figure 1 shows that the shapes of contour curves are independent of the others.

Contour plot indicates an optimum enzyme activity in the range ofpH 4.5 to 10.0 and T

45 to 75°C. This is extremely interesting because for use in biobleaching processes,

xylanases should not only be cellulase-ftee, but also active at high temperatures. They

also should be thermostable and alkalophilic [19]. The use of xylanases for

~ -- ---~------

Table 3. Coefficient estimates by the regression modeI.

Independent Coefficient Standard error Significant value
t-value

variables (parameter) (J3) (J3) (p-value)

Intercept 1.404 0.059 23.60 0.001

T 0.077 0.036 2.11 0.168

pH 0.005 0.036 0.14 0.896

T.T** -0.265 0.043 -6.12 0.025

T.pH 0.071 0.051 1.38 0.300

pH . pH* -0.459 0.043 -10.60 0.008



delignification in the paper industry has been p r e v m  by the lack of large-scale 

availability of enzpw t h t  are active at around 60°C and above pH 8, which are the 

prevalent conditions in many biobleaching processes [ZO]. 

Figa= 1. Contour plot for the effects of T armd pH on xylanolytic activity of B. 

coagrrlans BL69. 

Under optirnhd conditions (60°C and pH 7-01, xylanases from B. cmgulans 

BL69 presented good abiiity to hydrolyze kraft pulp, liberating 2.5 mg of reducing 

sugars from 10 mg of this substrate. It also converted 1.7 mg o f xylan (from 10 mg) to 

reducing sugars. This conversion indicates an elãensive depolymerization of 

hemicellulose, condition that is needed to alter the interfa~e between cellulose and 

lignin, facilitating the removal of the lignin-aswiated hemicellulolytic friiction with 

minirnal damage to the pulp [SI. 

3.2. Eflect of various addiiives on xyhase extract activities 

Xylmse activity was assayed in the presence or not of ImM solutions of severa1 

cations, EDTA and pmercaptoethmoi, a protein dissulphide reducing rigent. As can be 

seen in Table 4, a considerable decrease on rictivities were observed in the presence of 

C$', ~ n ' ~ ,  ~ a ' ~ ,  M ~ "  and EDTA, while ~ e + ~  and C U + ~  produced discrete inhibitions. 

This effect pwcludes the use of this enzyme in industrial processes that present these 

chem icals in relevant concen&atiom. Stimulatory effects were, however, obtained with 

CO" and ~ n " .  The high increase on xylanase activities by these cations were also 

reported by Saha [2 11 and Pmagioutou et al. [22]. These results suggest that the 

xylanases from B. couguhns are metalloproteins, probably with C O + ~  or ~ n + ~  at the 



active site, ~mercaptoethanol enhanced activity, presumably by counterwting the 

oxidation effects of S-S linkage of cysteine residues, thus stabilizing x y l m s .  This 

effect has been previously reported for other micmbial xylanases [23]. 

Table 4. Effect of the addition of chemicals upon xylanase activity. The final 

concentration in the reaction mixture was 1 mM. Relative activiíy is expressed as a 

percentage of control. 

Relative activity 
Compound 

("/o) 

3.3. Themal s tabi l i~ of enzymes 

Thermal stability is a very important aspect when intending the industrial appliation of 

enzymes. The pmfiles of thermal stability of xylanase at 50, 60, 70 and 80°C are 

represented in figure 2. Xylanase from B. maguiatas BL69 is relatively stable at 50 T, 

decreasing sharply above 60°C. It kept approximately 34% of its activity when 

incubated at 70T, 5 min and 20% at 80°C. Under storage conditions of 7'C for 7 days 

and -20°C for 30 days, no detectable loss of activities were observed (results not 

shown). 



Time of Incubatiou (min) 

4. Condusions 

Although many researches regarding xylanase production have bem reported, little 

information on the optimization of this enzyme activity is available. In this work, we 

demonslrated that the CCD and regression analysis rnethods were effective to find 

optimized temperature and pH conditions for xylanase exafact activity of B. coagulans 

BL69, a newly isolated strain, growing over a not previously used, cheap and abundant, 

substrate. The maximum activity was obtained over a large range of ternperature (45 to 

75°C) and pH (4.5 to 10.0). At optimal conditions, the activity predicted by the model 

agreed very well with experimental data, confirming the validity of it, with a 22-fold 

increase on xylanase activity achieved by optimization of the parameters. Our results 

strongly suggest that the cellulase-free xylanase extract from B. coagulans BL69 may 

present interesting properties for industrial applications on puiping and bleaching 

process. Further studies are uder way to c h c t e r i z e  individually these enzymes and 

optimize SSC bioreactor production. 
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5.1.1. Comside2ãçih finais sobre os trsihdhos com o h h d o  1. ooagrrlans 

BL69 

Apesar de os resulbdos obtidos com esse isolado serem extremamente 

interessantes, conforme apresentado no manuscrito, e acenarem com uma possibilidade 

concreta de aplicação da enzima produzida, os trabalhos com o isolado BL69 foram 

prematuramente suspensos (ao final do primeiro semestre de Doutorado) em virtude de 

algumas dificuldades apresentadas: 

- Este micror@smo apresentou um crescimento consideravelmente mais lento 

que os outros isolados estudados anteriomerrte. Para se ter uma idtia, com o isolado 

Bacillus eirculms BLS3 atinge-se uma densidade btica (Aazo) de 1,000 em 6 - 8 horas, 

quando cultivado em meio nutritivo. Jb com o isolado BL69 são necessárias 

aproximadamente 24 horas para atingir-se esta mesma concentração celular. Quando 

cultivados em meio liquido com fibra de soja como única fonte de carbono (mmo 

acontece nos p r 8 - i u l o s  do CSS) a duplicaç2lo celular parece ser ainda mais lenta Isso 

faz com que a concentração celular no pré-inbculo seja baixa e, como 6 sabido, t 

fundamental em CSS o emprego de pré-in6culos vigorosos. 

- Quando inoculado nos biorreatores de CSS este comportamento se repete. O 

tempo necessário para visdizar-se crescimento t longo (mais de 48 horas), contra 12 

horas do isolado BL53. Isso faz com que a probabilidade de contaminação do cultivo 

seja aumentada, uma vez que as condições de manipula@o do CSS não são 

completamente as&pticas. Para cada dez biomatores inoculados com o isolado BL69, 

cerca de oito acabavam contaminados, 

- Um dos objetivos do trabalho era um escalonamento gradativo dos biorreatores 

empregados, visando aumentar o volume de extrato enzimhtico produzido e, também, 

contribuir para o desenvolvimento de novas tecnologias e processos de CSS. Para isso, 

foram desenhados e construidos dois biorreatores do tipo cilindrico horizontal agitado. 

Neste tipo de biomtor o isolado BL69 apmentou crescimento e produção de xilanases 

insignificantes. Em vários experimentos, com diferentes condições, não foi verifica& a 

produção da enzima. Possivelmente a configuraç%o do bioneator, que permite uma 

maior aeração, melhor transfdncia de calor e massa e uma distribuição do substrato 

mais homogenea &o foram satisfatórias para este isolado. 



53. RESULTADOS 11. "Statistical optimization of thermo-tolerant xy lanitse 

activity from Amazon Isolated Baeillus circuhs on Solid-state cultivation" submetido 

para publica@o no periódico Bioresource Techlogy em maio de 2004. 
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Abstract 

A 22 fzictorid design was performed to find the best conditions of pH and temperafure 

for xylonolityc activity of Baeillus c i rcuhs  BL53 isolated from the Amazon 

enviroment. Solid-*te cultivation was carried out on m inexpensive, abundant agro- 

indusíriai soybean residue. The central composite design (CCD) used for the analysis 

of treatment combinations showed that a second order polpmial  regression model 

wris in good agreement with experimental results, with lI2=0.9369 (F4.05). TtK 

maxirnum activity was obtained at a high temperam (80 T) and over a Iwge pH 

range (4.0 - 7.0). Enzymatic activity was maintained in heated exm~ts  up to 50°C, 

suggesting that the xylanases of B. circulans BL53 are thermo-tolemt biocatalysts, 

being of hterests for industrial processes. The mude enzyme exbact hydrolyzed ria 

straw, sugar cane bagasse and soybean fiber and its aciivity was stimulated by CO", 

~ e ' ~ ,  and &mercaptoethanol but inhibited b y ~ n ' ~ ,  CU'~, C$', ~ n ' ~ ,  ~a~~ and M ~ ' ~ .  

Keywords: xylanase, enzyme technology, optimbtion, bioconversion, sohd-state 

cultivation, bioprocess design. 

1. Introductioa 

Large amourrts of agro-industrial residues are generated every year from diverse 

economic activities. These residues represent one of the most energy-rich resources 

available on the planet and when not properly dischged or used, add to tfae 



enviromnental pollution (Francis et al., 2001). Xylan is the main hemicellulosic 

polysaccharide found in plant cell walIs. It is composed of a hkbone chain of f3-1,4- 

linked xylosyl residues and short side chains of arabionosyl, glucoronosyl and acetyl 

residues (Bocchini et aL, 2002). In particuh, end-processes of soyban generates 

residues composed of approximately 23 % hemicelluloses, 16% celluloses, and 28% 

insoluble proteins. It has bem estimated that approximately 10,000 todyear of this 

residue are currently being produced and discfiarged with low or no dded value (Heck 

et al., 2002). 

Xylanase (do-1,4-kxylanase) and Pxylosidase (B-D-xyloside xylohydrohse) 

are the main enzymes of microbial xylanolytic systems (Ghosh et al., 193).  These 

enzymes are useful in severa1 industrial applications. They are extensively used in pre- 

treatment of forage crops mil other 1ignoceIluIosic biomass; added to swine and poultry 

cereal-based diets to irnprove nuaient utilization; flour modification for bakery 

products; sricchari fication of agriculturai, industrial and municipal wastes (%-Pereira et 

al., 2002). Most of the literare concerning xylanases are dealt with their purification 

and characterimtion, with very few studies regarding their production optimization 

(Bocchini et al., 2002). 

Xylanases have been pmduced in either solid-state (SSC) or submerged 

cultiwtiom with the prevalence of the last one (Techapun et al., 2003). However, SSC 

h gained renewed interest in recent years and has often been employed for the 

production of many enzymes due to a number of economical, and engineering 

advantages (Pandey et al., 1999). 

The classical m e h d  of une-wriable-ot-a time bioprocess design may be effective 

in some situations, but fails to consider the combined effects of a11 involved factors 

(Silva a d  Roberto, 2001). Factorial design optimktion and response surface analysis 

fulfills this quirement. Response surface metiiodology (RSM) is a collection of 

mathematical and statistical techniques widely used to determine the efFects of severa1 

variables and to optimize different biotechnological processes (Rao et al., 2000). 

It is acknowledge that bioprocess technology benefits from the use of new strairtç 

of mimoorganisms isolated from environments pooriy or never studied before. It is dso 

known thai biodiversity has a huge poknhl  as a suurce for new biocataiysts. In this 

work, we empIoyed RSM for the pla~med statistical optimization of xylanase activity o f 

a B. circuhs strain isolated from an aquatic Amazon environment, grown in solid-state 

cultivation, using an industrial fibrous soybean residue as substmte. 



2. Materiais and methods 

2.1. Microorgaiibm 

Bacilius circulans BL53 was isolated from the aquatic arnbient of the Amazon 

environment, in Brazil. It has been selected due to its xylakdegrading properties (Heck 

et al., 2002). its identification was performed by biochemical and morphological 

methods by two independent certi fied labofâtories (the MicmbioIogy Department of 

The Federal University of Rio ürande do Sul, Porto Alegre, RS, Brrizil, and The 

Tropical Foundation, Campinas, SP, Brazil). Isolates were maintained at 4'C on 

selective agar phte contriining 0.1 % (wlv) Tragacanth gum in basic liquid medium. 

2.2. Substrute, medium md pre-irtocarium 

Industrial fibrous soy residue (IFSR) was chernically defined elsewkre (Heck et al., 

2002) and was used as solid substrate h r  cultures. Basic liquid medium, used as pre- 

inoculum, had the following composition @L-'): 0 2  MgS04, 1 .O KHzP04, 1 .O K2HP04, 

1 .o N W O 3 ,  0-02 CaC12, md 0.05 F&í2. Pre-inoculum for ali experiments iri SSC 

bioreactor were prepared in 250 mL Erlenmeyer flasks containing 1.2 g of IFSR and 40 

mL of basic liquid medium. FIasks were inoculated from a single colony Çom agar 

plates and incubated for 18 h, 37 "C and 125 rpm. 

2.3. Biareactor and çukivation conditbns 

Bioreactor experiments were carried out in a 500 mL cylindrical bioreactor (60 mm 

diameter; 170 mm hei@) designed and constnicted in our laboratory. Bioreactors were 

loaded with 18.8 g of dry IFSR soaked in 120 mL of basic liquid medium arad 50 g of 

irregular stones w ith a mean diameter o f 5 mm, as inert support. Cuhres were run at 37 

"C, 72 k During cultivation, wet sterile air was supplied at a constarrt flow of 500 

m~.rni f ' .  

2.4. Enzyme extructwn 

Enzymes extraction from cultivated medium was performsd by the addition of 160 mL 

of  distilled water with agitation at 250 rprn, 45 mia The enzymatic extract was then 

centrifuged at 10,600 g, 20 min. The supernatant was used as the source of enzymes. 



2.5. Xyhasc a&@ mmy 

Xyfanase activity was assayed using Bkhwood xylan (Sigma, USA) as substrate. 

Reducing sugars liberlited by hydrolysis of this substrate were quantified by the 

diniitrossalicylic method (Chaplin, 1986). A umt of enzymatic activity was defined as 

the amount of enzyrne prmlucing 1 pmol of xylose per minute. Specific activity was 

expressed as IUImg protein, 

2.6. Protein determination 

Proteh concentration was deterrnined according to the Lowry assay (Lowry et al., 195 1 )  

against a standard curve of bovine serum albumin, fraction V (Sigma, USA). 

2.7. Thermal s tabi l i~ of the enzyme exíract 

Temperature stability of enzyme extracts was detmined by incubation at 50, 60, 70 

and 80 "C. Aliquots were withdrawn at intervals of 0, 5, 10, 20 md 30 rnin, and the 

residual enzyme activity measured. 

2.8. Efects of inhib itors on enzyme activi9 

Xy lanol ytic activity inhibition was tested by iricubating enzymatic extracts in the 

presence of 1 mM solutions of ~ e ' ~ ,  eu", CO'~, ~ n + ~ ,  ~ a " ,  ~n", ~ a ' ~ ,  M~", EDTA 

and P-mercaptoethanol for 15 min before the reaction with the substrate. 

2.9. Experimental design 

Central composite design (CCD), with k=2, was used in order to generate 1 1 treatment 

combinations, with pH and ternperature as independent variables. Five levels of each 

variable were chosen, the upper and lower limits of them, set to be in the range 

described in the literature. In the statistical model, Y denotes units of xylanase activity 

and the coded settings were defmed as follows: Xi= (temperaaire - 60)/20; Xz= @H - 

7.0)/3.0. Table 1 shows the actuaí levels corresponding to the coded sdhgs,  the 

treatment combinations and responses. This design is represented by a secorad order 

polynomial regression model, equation 1,  to generate contour plots: 

Y = ~ , ~ ~ , X , + ~ , X , + ~ , X , ~ + ~ , , X , ~ + ~ , , X , X , + E  (1) 

Tfie test factors were coded according to the followhg regression equation: 



where xi is the coded value and Xi is the actuul value o f the ith indepemient variable, Xo 

is the actual value at the center point, md AXi is the step change value. Statisiic 5.0 

sofhvme (Strrtsoft, USA) was used for regression and graphical rinalysis of the data. The 

significance of the regression coeficients was determined by Student's t-test; the 

second order model equaiion was determined by Fisher's test. The variance explained 

by the model is given by the multiple coeffcient of determination, R~. 

Ta bk 1. Process variables used in the CCD, showing the treatment combinations and 

the m m  experimental responsw. 

Treatment Coded setting levels Actud levels Xylanase activity 
Xi= T; XF pH Xr= T; XF pH (IUImg protein) 
Xl Xz Xl x2 

3. Rmults and diwussion 

3.1. Xylanase actntity optimimtion 

Results for experimental design for enzyme activity are s h o m  in Table I .  Treatments 2 

and 10 showed the highest levels of xylanase activity, 0.95 (80 "C, pH 4.0) and 0.85 

(88 *C, pH 7.0) Whng protein, respectively. These results suggest that the xylrinrise 

fiom B. cimthns BL53 has a higher enzyme active at high temperatures and 



acididneutral pH. T he highest activity experimentally obtained accordhg to the CCD 
was 2-fold higher than the activity obtained under conditions usually described in the 

literature (0.50 TUImg at 55 "C and pH 5.0) (Saha, 2002). 

The analysis of variance (ANOVA) was employed for the determination of 

significant parameters and to estimate the specific xylanase activity as a function of 

temperam and pH. Data are shown in Table 2. The computed F-value (22.27) was 4 9  

fold higher than the F-value in statistic tables (Box strad Wihn, 195 I), indicating that 

the mode1 was significant at high confidence Ievel (95 %), with ~'=0.9369, thus 93.69 

% of  the total variation is explained by the modeL This suggests a satisfactory 

representation of the process model (Francis et al., 2003) Also, there is a good 

correlation W e e n  the experimental and predict values. 

Table 2. Analysis of variance (ANOVA) for the model regmsion. 

F-value in 
MS F-value 

Statistic table 

Model 0.40 1 7 4 0.101 1 22.27 4.53 

Residual 0.0272 6 0.0045 

Lack of fit 0.0262 4 0.0065 

Pure Emr 0.001 0 2 0,0005 

Total 0.43 1 2 10 

lI2 = 0.9369; Staradard error of estimate = 0.0005; SS, Sum of Squares; DF, 

Degrees of Freedom; MS, Mean Square. Significance leve1 = 95%. 

Table 3 shows the sigriificance of coefficients determined by Shiderrt's t-test and 

P-values. Significance of coefficients has been reported to be directly proportiona1 to t- 

value and inversely to P-value (Akhnazaronva and Krifámv, 1982). In our work, T, pH 

and second-order pH were highly significant (PT<O.OO~, Pp,,Q3.003 and Pw..&.003). 

The high significame of pH second-order model indicates that this can act as lhiting 

factor and even small variatiom in its values will alter xy- activity to a 

considerable extent (Adinarciyana et al., 2003). The model clerirly reveals significant 

intemtions between T and pH (p41.026). Therefore, treating them separately may not 

reflect their real influente on the xylariase activity (e.g., optimum T activity changes 



along with pH). This interaction is mentia1 and it wouId be of ciiicuit solution using 

the one-variable-atd-time approach (Wejse et al., 2003). Whenever possible, the mdel  

was simplified by the elimination of statistically insignificant terms. We proposed then 

that the qudratic m d e l  should be reduce to: 

Y=0.748+0.110~-0.131~~-0.156p~~ -0.068pH*T (3) 

where Y is the xylstmse activity (UYmg of protein), T is the temperam and pH is tk 

pH as coded settings. To confirm the applicability of the modei, xylanstse activity was 

determined at 80 T, pH 4.0, which are the optirnum values suggested by it. In this case, 

the coded settings of the teskd vmiables were T=l, pH=-1, respectively, with the mode1 

predicting enzymatic activity of 0.91 iülmg (range b m  0.87 to 0.94) in the confidence 

level of 95 %. Experimentally, 0.93 Wlmg of enzymatic activity was obtained, 

c o h i n g  the closeness of the model to tk experimental results. 

'rsrble 3. CoeEcient estimates by the regression model. 

Iadependent Coeficient Standard emr Signif~cant value 
t-value 

variables (parameter) (p) (P) ( ~ v d u e )  

Intercept 0.748 0.012 57.62 0.000 

T** 0.1 10 0.007 13.89 0.005 

pH** -0.13 1 0.007 -16.47 0.003 

T.T 0.009 0.009 0.97 0.432 

T. pH* -0.068 0.01 1 -6.04 0.026 

pH . pH** -0.153 0.009 -16.21 0.003 

* Statistically significant at 99% of confidence level. 

Statisticaliy significant at 95% o f confidence level. 

Figure 1 shows contour shapes. Contour plot indicates an o p h u m  enzyme 

activity h tRe range of pH 3.0 to 7.0 and T over 80 "C. This is extremely interesting 

becarise most xylamses known to date are optimally active at temperatures below 50 "C 

and few xylanases are reported to bt active and stable at high temperature (S &-Pereira et 

al., 2002). Souza et al. (1 999) reported thai the use of xylenases in many processes has 

been prevented by the lack of large-scale availability of enzymes that are active at 

around 60 "C. 



The potentisll of enzymatic treatments of agricultural residues has been asçessed 

and the processes have proved successful (Bajpai, 1999). Under optimized conditions 

(80 "C, pH 4 .O), xylanases from B. circuhns BL5 3 presented good ability to hydrolyze 

rice stmw, sugar cane bagasse and soybean fiber, liberating 1 -1, 0.53 and 0.45 rng of 

reducing s u g a  mpectiveiy, from 10 mg of each substrãte. Comparatively, it also 

converted 0.8 mg of xylan (h 10 mg) to reducing sugars. This conversion is very 

important since inexpensive agro-industrial by-products rich in cellulose and 

hemicelluloses, are the main poteaial substrates for producing useful biomolecules, 

including chemicals and organic solvents (Kmg et a]., 2004). The increasing interest in 

biotechnological processes employing lipcellulosic residues is quite justifiable 

because these materiais are cheap, renewable and a widespread source of suga 

(Roberto et al., 2003). 

Eigare 1. Contour plot for the effects of T and pH on xylamse activity of B. circaclans 

BL53. 

3.2. Efecf of varioirs additives on xylanase extract activities 

Xylanase activity was assayed in the presence or absence of 1 mM solutions of severai 

cations, EDTA and pmercaptoethanol, a protein dissulphide reducing agent. As can be 

sem in Table 4, considerable decreeises on activities were observd in the preseme of 

CU'~, ~ n + '  and ~ a ' ~ ,  while ~ a ' ~ ,  ~ n "  and M ~ ' ~  produd  discrete inhibitions. These 

effects might preclude the use of this enzyme in industrial processes where these 

chemicals are present in relevant concerrtrations. Stimulatory effects were, however, 

obtained with ~ e + ~  and CO". The increase on xylanase activities by cd2 also was 



reported by Saha (2002) d Pmgioutou et ai. (2003). Time resuits suggest that the 

xylanases from B. cuugsihs are metallopmteins, pmbably with CO+' or ~ e + *  at the 

active site. P-mercaptoethanol enhanced rictivity, p~sumably by counteracting the 

oxidation effects of S-S Iinkrige of cysteine residues, thus stabiliing xylariases. This 

effect has been previously reported for other microbial xylanases (Sh-Pereira et d., 

2002). 

Table 4. Effect of the addition of chemicals upon xylanase activity. The final 

concentration in the reaction mixture was 1 mM. Rehtive activity is expressed as a 

percentage of control. 

Retative activity 
Compound 

("/.I 
c o m 1  100.0 

~ g + ~  

EDTA 

3.3. nermal stability of enzymes 

Thermal stability is a very important aspect of industrial enzyrnatic biorewtors. Profiles 

of themal stability of B. eoagarlans BL53 xylanase at 50,60,70 and 80 "C are presented 

in figure 2, showing stabiiiiy up to 50 T. Above this temperaaire, its activity sharply 

decreases, stabilizing at approxirnately 20 %, even when hubaied at 80 "C, irrespective 

of time. Tkse resuh are similar to t h s e  reported by $4-Pereira et al. (2002) for B. 

subtilis, and Nascimento et d. (2002) for Streptomyces sp. xylanases, although our 



strain still kept some wtivity above 70 "C. Under storage conditions of 7 "C for 7 days 

and -20 'C for 30 days, no considemble 10s of activities were observeti (results not 

shown). 

. , 

O 10 20 30 

Time of Incabation (min) 

Figure 2. Thermd stability of B. eirculans BL53 xylariases. ( O ) 50°C, ( O ) 60°C, ( A ) 

70°C, ( + ) 80°C. Results are the mean of 3 experirnents. 

4. Concbsioos 

Although mmy researches regarding xylanase prduction b v e  been reporte., little 

information on the optimization of this enzyme activity is available. In this work, we 

demonstrated that the CCD and regmsion analysis methods were effective to find 

optimized temperature- and pH conditions for xylanase exmct activity of B. circuhs 

BL53, a new ly isolated strain, growing over a not previously used, cheap ancl abundant, 

substrate. me maximum activity weis obtained at high temperatures (80 - 88 "C) and at 

large pH range (4.0 - 7.0). At optimal conditions, the activity predicted by the model 

agreed very well with experimental data, confirming the vdidity of it, with a 2-fold 

increase on xylanase rictivity achieved by optimizrition of tk parameters. Our results 

strongly suggest that the xylanase extract b m  B. eir&ns BL53 may present 

interesting pmperties for industrial applications. 
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Abstract 

The present work dealt with ttie extraction optimization of xylanases prcxiuced in solid 

state cultivations of a strain of BaeiUus cimluns recently isolated from Amazon basin, 

with the purpose of reducing enzyme losses in order to obtain crude extracts as 

concentrated as possible. Substrate for growth md enzyme production was a industrial 

fibrous soy residue, rich in protein and hemicellulose. Severa1 extraction solvents md 

ternperatures were tested. A z3 factoria1 design was performed to find the best 

conditions of time, agitation and solidíiiquid ratio. Maximum recovery was obtained by 

extracting in water at 7 "C, 40 minutes, 150 rpm and 1 :6 solidfiquid ratio. The central 

composite design (CCD) used for the analysis of treatment combinations showed that a 

second ordet polynomial regression model was in good agreement with experimental 

results, with ~ ~ - 0 . 9 0  (P4.05). Our mults s b w  that optimization of the errtrsaction 

conditions is a simple way of obtaining concentrstted enzyme exmds from solid state 

cultivation of industrially important microorganisms. 

Keywords: Solid sbte cultivation; extraction optimization, Baeillus eirerrlans; 

xylanases; industrial fibrous soy residue. 

IotrodaEtion 

Xylanase (endo- l,4-fbxy lanase) and kxylosidase (PD-xyloside xylo hydrolase) are the 

main constituents of microbial xylanolytic enzyme systems [ 1 1. They are extemivel y 

used in pre-treaiment of forage crops and other lignocellulosic biomass, in addition to 

pig and pouitry cereal-based diets, to improve nutrient utilktion, in flour hprovement 

for bakery products, in saccharification of agriculturai, industrial and municipal wastes 



[2]. Xylanases have been produced in eitfier solid-state (SSC) or submerged cultivations 
with the prevalence of the last one 131. However, SSC heis gimd renewed interest in 

recent years and has often been employed for the production of many metabolites due to 

a number of economical and engineering advantages [4]. Additionally, these processes 

are of special economic interest for countnes with abundance of biomass and 

agroindustrial residua, as these can be used as cheap mw materiais [5] .  

S SC represents an interesting alternative for the production o f technid enzymes 

used in the food industry where costs are a critical factor detemining the economic 

feasibility of their applications. In SSC, microorganisms produce the mehbolites in a 

concentrated way, when compwed with submerged cultures [6]. If the recovery 

operations are done in adequate conditions, it is possible to obtain concentrateci crude 

extracts and, consequently, reduce the downstream processing costs [7]. Ramadas et al. 

[8] refer to the need for studies in this area, in order to make SSC applicable for the 

production of high-purity enzymes. In spite of this, only a few systematic studies are 

available dealing with elãraction of enzymes in SSC [5 ] .  

In order to improve xylanase extraction, conventional methods based on the "change- 

one-factor-iit-a-time" in which one independent variable is shrdied while fixing a11 

others can led to umliable results and bccumte comlusions [9]. This experimental 

procedure is also expensive and timsconsuming for large numbers of variables. To 

overcome these limitations, response surface methodology (RSM) and experimental 

factoria1 design can be ernployed to optimize enzyme extmction [IO] performing a 

rninimum number of experiments [l 11. 

In this work we employed RSM for the planned statistical optimization of 

xylruiase extraction of a stmin of B. cimians isolated fmm the Amamn environment 

grown in SSC system using an industrial fibrous soybm residue as substrate. 

2. Materiais and metbods 

ibfktoo@~il&iri 

Bacillus cirearlans BL53 was iso1ate.d from the aquatic ambient of the Ammn 

environment, in Brazil. It has been selectsd due to its xylan-degrading properties [12]. 

Its identification was performed by biochemical and morphological methods by two 

independent certifid laboratories (the Microbiology Department o f The Federal 

''I Corresponding mthor. Tel. +55 5 1 33 166685; mamyub@ufrgabr 



University of Rio Grande do Sul, Porto Alegre, RS, B d i ,  and The Tropical 

Foundation, Campinas, SP, Brazil). Isolates were maintained at 4 OC on selective agar 

plate containing 0.1 % (wlv) Tragacanth gum in basic liquid medium. 

2.2. Substrate, medium md pre-inoculum 

Industrial fibrous soy residue (IFSR}, chemicrilly defrned elsewhere [12], was used as 

solid substmte for cuhures. Basic liquid medium, used as prs-inoculum, had the 

fóllowing composition (g.~-I): 0.2 MgS04, 1.0 KH2P04, 1.0 KzHP04, 1.0 Nm03, 

0.02 CaC12, and 0.05 FeCi2. Pre-inocu1um fór d l  experiments in SSC b i o m t o r  were 

preprired in 1 L Erlenmeyer flasks containhg 10 g of IFSR and 400 mL of brisic liquid 

medium. Flasks were inoculated from a single colony from agar plates and incubated for 

24 h, 37 OC armd 125 rpm. 

2.3. Bioreacfor a d  cultivation condiiions 

Bioreactor experiments were crirried out in a 12 L horizontal rotated dnim bioreactor 

(20 crn diameter; 40 cm height) designed md constructed in our laboratory. Bioreactors 

were loaded with 790 g of dry IFSR soaked in 4.4 L of bsisic liquid medium. Cultures 

were run at 37 "C for 96 hours. During cultivation, wet sterile air was supplied at a 

constant flow of 4 ~.min-'. 

2.4. Infiumce of extraction parameters on the recovey of xyEanases 

Five solvents (water, 50 mM Tris-HCI buffer pA 8, 50 mM -te buffer pH 5, 10 % 

solution of ethanol and 10 % solution of glycerol) pre-incuba4 at preset teinperaaire 

(7, 25, 45 "C) were added to Erlenrneyers flasks containing the cultivated solids at 

solidfliquid ratio o f 2 g initial substrate (dry basis)/20 mL of solvent. The m i a r e  was 

mechanically stirred for 40 min at room temperaaire and 1 50 rpm. Subsequently, solids 

were sepmted h m  the extract by centrifugation at 10,000 g by 15 minuta. The exkract 

was filtered through a Whatman No, 1 f i h r  paper to obtrUn a clear extract md assayed 

for xylanase activity. Data were analysed by ANOVA procedure and comparisons 

between means were perfomed by Tukey's test [ 131. 

To determine the influente of extraction parameters a central composite design 

(CCD), with k3, was used in order to generate 1 7 treatment combinations, with time of 

extmction, agitation and solidlliquid ratio as independent variables. Five levels of each 



variable were chosen, ttie uppe~ md lower limits of them, set to be in the range 

described in the literslture. In tfie stdistical modei, Y denotes units o f xylanstse activity. 

Table 1 shows the actual levels corresponduig to the coded settings, the 

treatment wmbinations sumd responses. This design is representai by a secomi order 

polynomid regression modei, equation 1, to generate contour plots: 

Y = b ,  + b ,  X, +b,  X, +b ,X ,  + b , ~ , ' . s b , , ~ , ~  cb , ,X ,X ,  +b,,X,,  +b,,X,X, + E  

The test factors were coded according to the follow ing regression equation: 

where xi is the coded value md Xi is the aciual vdue of the ith independent variable, Xo 

is the a W  value at the center point, and Mi is the step c h g e  value. Statistic 5.0 

sohare (Statsoft, USA) was used for regression and graphical d y s i s  of the data The 

significance of the regression coefficients was determined by Student's t-test; the 

second order model quation was determine. by Fisher 's test. The variance explained 

b y the model is given by the multipie coefficient of determbtion, R'. 



Tatile 1. Process variables use. in the CCD, showing the treatment combinations and 

the mean experimental responses. Results are the mean of three experiments. 

Xylanase Activity 

Treahnerrt C o d d  setting levels Actual Ievels (IU r n ~ - '  of extract) 

Xi Xa X3 XI  X2 X3 

+1 20 

+1 60 

-1 20 

-1 +1 60 90 111 1 3.60 

+1 +1 20 210 1114 2.45 

+1 +I 60 210 1114 2.65 

O O 40 150 1/11 4.39 

O O 40 150 1/11 4.33 

O O 40 150 1/11 4.3 1 

O O 5 150 1/11 1.42 

O O 75 150 1111 4.25 

-1.682 O 40 50 1/11 2.49 

t1.682 O 40 250 1/11 3.65 

16 O O -1.682 40 150 1 16 7.86 

17 O O t1.682 40 150 1/16 4.01 

X i= time (minutes); Xz=agitation (rpm); Xgsolidniquid ratio 



2.5. Xyhasc assay 

Xylanase activit y was assayed hydrolyzing birc hwood xylan (Sigma, USA) as substrate. 

Realeased reducing sugars were quantified b y the diriitrosalicylic method [ 141. A unit of 

erizymatic activity was defined as the amount of enzyme producing 1 m o 1  of xylose 

per minute. Enzyme was expressed as volumetric activity (IU m~'' extract). 

R a u b  and d k d o n  

Initially, a comparison between agitated and static (fixed bed) extraction was made in 

order to determine the effect of agitation upon extraction of xylanases h r n  the 

cultivated material. Although fixed bed system produced a clear enzyme extmct, 

making umecessary ri centrifugation step, the recovery of xylanase activity was 20 % 

lower than in agitated system (data not shown). Ramakrishna et ai, [I53 verified that 

amyloglucosidase recovery efficiency from moldy cultivations was 8.5% higher in 

agitrited system w hen compared to static bed The higher leaching of the enzyme in 

agitated system is probably related to a more efficient contact of the solute with solvent, 

availability of a greater surface area of ihe solute for efficient mass transfer md 

enhanced diis ion of the solvent into the solid particles [16]. Based on the present 

results, stirred extraction was employed in the next steps of this work. 

The ideal solvent would exúact ihe enayme selectively and completely at íoom 

temperaúire, with minimal contrict time d, preferably, at the pH of the cultivated 

substrate [17]. Among the solvents tated {Table Z), water and acetsite buffer showed tbe 

best results for extrriction of xylanases (7.76 and 7.12 IU r n ~ - '  at 7 and 25 "C for water, 

7.19 IU m ~ - '  at 45 "C, for the buffer). Soares et al [18] also demonstrated that water was 

the best solvent for transglutamiriase extraction on solid state cultivrition. In mmy 

works on solid-state pmduction of xylanases, the solvent used has been either acetate 

buffer, pH around 5.0 [19,20] or water [12,21]. Water has a higher dielectric comtmt 

compared with organic solvents. When the dielectric constant is decreased, the 

intemction forces between xylanase and solvent mrty inc-, therefore, 105s of 

enzymes would increase. Tunga et al. [22] verified an increase in protease extraction 

when ethanol and glyceml were used as solvents. In contrãst, we obtained opposite 

results in our work, probably due to inhibitory effects of ethanol and glycerol on 

xylanase activity. Subsquent extractions with any of the solvents did not have any 

significant increase on enzyme activity. Hence, only one extraction step was adopted. 



Table 2. Selection of extsaction solvent and tempemture. Means followea oy utrrerent 

letters are statisticdly different (Pc0.05). Results are the mean of four experiments. 

Xylanase Activity (IU mL") 

Solvent 7°C 25 "C 45 OC 

Writer 7.76AB 7 . 1 2 ~ ~  3.71H 

Tris Buffer 50 m M  pH 8.0 6.68BC 5.69DE 5 . 0 7 ~  

Acetate buffer 50 m M  pH 5.0 4.64FG 7.1 9AB 

10 % E m 0 1  4.1 tjGH 2.97H 

10 % Glycerol 6.56" 4.69'" 

Treatments 4 and 16 (table I )  showed the highest levels of xylanase extraction 

(6.45 7.86 IU r n ~ - ' ,  respectively). These resuhs suggest that the xylanase exlmction 

from 3. circulans BL53 was increased at higher time of extraction, modemtehigh 

agitation and 10 w solidtliquid d o .  The highest extraction (7.86 iU mL", obtained ai 40 

minutes, 150 rpm and 1 :6 solidJliquid ratio), experimentally obtained according to the 

CCD, was airnost 2-foid higher than the exüaction obtained under conditions u s d l y  

described in the literature (4.33 TCJ mL" at 40 mulutes, 150 rpm and 1:11 solid liquid 

ratio). This is extremely important because concentrated cmde extrricts ease 

downstream processes, mainly the purification steps, reducing time and costs of 

enzymes recovery [5] .  

The analysis of vziriance (ANOVA) was empIoyed for the determination of 

significrult parameters and to estimate the xylanase extraction as a function o f  time of 

extraction, agitation and soliâ/liquid ~atio. Data are shown in Table 3. The computed F- 

value (8.78) was 2.5-fold higher than the F-value in statistic iables, indicating that the 

model was significant at high confidente leve1 (95%), with ~ ~ = 0 . 9 0 ,  thus 90% of the 

total variation is explahed by the model. This suggests a satisfactory representation of 

the process rnodel [23], Also, there was a good correlation between the experimental 

and predict values. 



Table 3. Analysis of vmismce (ANOVA) for the model remsion. 

F-vrdue in 
Some SS DF MS F-value 

Statistic table 

Model 40.5636 8 5.0704 8.78 3 -44 

Residual 

Total 

R' = 0.90; $S. Sum of Squares; DF. Degrees of Freedom; MS. Mean Squm. 

Significance level = 95%. 

Table 4. Coefficient estimates by the regression modei. 

Indepermdent Coefficient S t a d a d  m r  Significant value 
t-value 

variables (parameter) (P) (p) ( P V ~ U ~ )  

x i .x3 

x2.x3 - 1.249 0,2857 -2.1863 0.0650 

Statistically significimni at 99% of confidence level. 

** Statistically significant at 95% of oonfidence level. 

Table 4 shows the significance of coefficients determined by Student's t-test and 

P-voilues. In our work, time and solidniquid ratio and second-order time and agitation 



was highly significant (P4.0045, P(mi<0.0078, Pp.~<O.0270 alld ~(A,~)<o.033 8). The 
high signifime of time and agitation on second-order model indicates that they can 

act as lirniting factors and even small variations in their values will alter xylanase 

extraction to a considerable extent [10], but h interztction between them have a mal1 

effect on xylanase extraction. Whenever possible, the model was simplified by the 

elirnination of statistically insignificant terms. However, the tem agitation (PA<0.0S9S), 

second-order solid-liquid rãtio (P~S,JL~.(~~<~. 1582), time-solidlliquid ratio interaction 

(Ps(=)<0.2765) and agitation-solid/liquid ratio (PkIsn)<0.0650) were maintained in the 

modef because of their magnitude. Some authors indeed keep a11 variables in the model 

equation [10], whíle others will elect some wriableç with P> 0.05 [ll], as it is  our case, 

in order to allow for a more flexible model since, in biological systems, we Iack the 

slccuracy of chemical reactions. We proposed then that the quadratic model should be 

reduce to: 

whwe Y is the xylanase activity recovery (IU m~"), T is the time, A is the agitation and 

(S/&) is the solidlliquid mtio as coded settings. To c o n h  the ripplicability of the 

modei, xylanase extraction was determiried at 40 mimites, 150 rpm and 1 :6 soEd liquid 

ratio, which are the optima values suggested by it. In this case, the coded settings of the 

tested vanables were T=O, A*, and (a)=-1.68, respectively, with the model 

predicting em-matic activitj- recol-ery of 9.24 iü a'. EsperimentaIl>-. 8.23 IU d-' 

of enzymatic activity recovery was obtained, c o h i n g  the closeness of the model to 

the experimental results. 

Figure la  shows the shapes contour of time against agitation. A time of 

extraction lower tfian 30 min seems not to be enough for total solubilization of enzymes 

pmmt in the cultivated solids. Contour p1ot indicates an optimum enzyme extraction in 

the mge of time 30 to 75 minutes and agitation between 90 to 250 rpm, According to 

Ghildyal et al. [16] prolonged periods of time could cause losses of enzyme activity due 

to the prolonged mechanical agitation or to a greater extraction o f dena-t agents, but 

this was not observed in our work. 



Figure I b shows contour plot of time against solidniquid ratio and figure lc 

show s contour of agitation against solidlliquid ratio. The solidtliquid ratio investigsited 

was 1:6 to 1:16. Maximal enzyme extraction was obtained at lower solidlliquid ratio. 

Extrrict volume neihirrilly increrised with extractant volume. As both enzyme activity and 

protein content (data not show) varied at nearly similar rates, specific and volumetnc 

activity showed similar variations along the exprimem. The use of small volumes of 

solvent for extraction of a quired metabolite greatly reduces the energy requirements, 

equipment sizes and pollution problems [17]. This characteristic of the SSC system over 

submerged cultivations needs to be maintained during the extmtion of cultivated 

solids for the recovery of products, since a diluted extra& wou1d eliminate this 

econornical1y important advantage (161. However, inadequate lower ratios could i d  to 

unsatis factory recoverieq since a significant fraction of the solution could be retained in 

the cultivated mass [17]. In our saidy, ideal low solidniquid ratios presented the best 

xylanases extmction. 



Fígiire 1. Contour plot for the effect of (a) Time x Agitation, (b) Time x SolicULiquid 

ratio, and (c) Agitation x Solid/Liquid d o  on xylanolytic activity recovery. Not plotted 

varirtble is fixed at zero leve1 in a11 of the three graphs. 

C o n c l ~ ~ s  

In the preserit work, severa1 exbaction parameters were studied, airning at an 

impmvement of the extraction of xylanases produced in solid state cultivations of a 

newly isolated strain of Bacilius circuhns h m  the Amrunn enviromerit. The 

extraction step was optimized by studying the combined inftuence of solvent nature, 

temperatum, time of contact, agitrition and so1idAiquid ratio. The most concentmted 



crude extracts were obtained emplo ying water at 7 T b y 40 minutes, 150 rpm and 1 :6 

solid/liquid ratio, indicating the optimization of the exttaction parameters. The results 

show tRat optimization of enzyme extraction from SSC is an important to01 aiming to 

tmiuce costs of downsiream processing. 

The authors ackmwledge fimcial assistance from CNPq, CAPES and FAPERGS for 

this work. 

Referena 
[I] Ghosh M, Arnitabha D, Misha AK, Nanda G. Aspergiilus Nowwi MG 49 is a 

strong produecer of thermostable xylanolytic enzymes. Enzyme Microbiol 
Technol1993;15:703-09. 

[2] %-Pereira P, Mesquita A, Wiarte JC, Barros MRA, Costa-Ferreira M. Rapid 
production of thermostable cellulaspfree xylanase by a strãin of Baeillws swbtiijs 
and its properties. Enzyme Micro biol TecRnol2002;30:924-3 3. 

[3] Techapun C, Poosaran N. W a t a d x  M, Sasaki K. Thermostable md alkaline- 
tolerant microbial cellulase h e  xylariases produced Çom agricultura1 wastes and 
the properties required for use in pulp bleaching biopnicess:a review. Process 
Biochem 2003;38:1237-340. 

[4] Pandey A, Selvakumar P, Soccoi CR, N i p n  P. Solid state fermentation for the 
production of industrial enzymes. Curr Sci 1999;77: 14962. 

[SI Castilho LR, Medronhob RA, Alves TLM. Production and exbaction of pectinases 
obtained by solid skak fermentation of agroindustrieil residues with Aspergillus 
niger. Bioresource Technol2000;7 1 :45-50 

161 Ikasari L, Mitchell DA. Leaching and characterization of Rhizops oIigosporus 
acid pmtease from solid-state fermentation Enzyme Microbial Technol 
1996;19:171-175. 

173 Castilho LR, Alves TLM, Medronho RA. Recovery of psctolytic enzymes 
produced by solid state culture of Aspwgiih riiger, Process Biochem 1999; 
34:181-186. 

[8] Ramadas M, Holst O, Mattiasson B. Elrtraction and purification of 
amy~oglucosidase pduced by solid state fermentation with A. niger. Biokchriol 
Techniques 1995;9:90 1-906. 

[9] Oh S, Rheern S, Sim J, Kim S, Baek Y. Optimising the conditions of 
Lactobacillus casei YIT 9018 in tyrtone-yeast extmct-glucose medium by using 
response surface methodology. Appl Environm Microbiol 1 995;6 1 (1 1):3809-8 14. 

1101 Adinarayana K, Ellaiah P, Srhivasulu B, Devi RB, Adinarayana G. Response 
surface methodofogical ap pmach to optimize the nutritional paranteters for 
neorn ycin production by $h-eptom~es marinensis under solid-strite fermentation. 
Process Biochem 2003; 38:1565-572. 

[ l l ]  Bocchini DA, Alves-Prado W, Baida LC, Roberto IC, Gomes E, Da-Silva R. 
Optimization o f xylanase production by Bacillus circulans D 1 in submerged 
fmentation using respome surface methodology. Process Biochem 2002;38:727- 
31. 



[12] Heck JX, Hertz PF, Ayub MAZ. Cellulase and xylamse production by isolated 
amazon Bacillus strains using so ybean industrial residue based solid-state 
cuitivation. Bmz J Microbiol2002;33: 21 5-20. 

[13] SAS Institute (Cary NC). SAS usefs guide: Statistical Analysis Sistem, Release 
6.12 - 1998. 

[14] Chaplin MF. Monosaccharides. In Carbohydrate Analysis, ed. Chaplin MF and 
Kennedy JF. IRL Press, Oxford, i 986, pp. 1-3. 

C151 Ramaknshna SV, Suseela T, Ghildyal NF, Jaleel SA, Prema P, Lonsane BK, 
Ahmed SY. Recovery of amyloglucosidase from moldy bran. Indian J Technol 
1982;20:47ó-í80. 

[16] Ghildyal NP, Ramakrishna M, Lonsane BK, Karanth NG. Efficient and simple 
extmtion of mouldy b m  h ri pulsed column eximctor for recovery of 
amyloglucosidase in concentrated forrn. Process Biochm 1 99 1 ;26:23 5-241 . 

[17] Singh SA, Raniakishnti M, Rao AGA. Optimisation of dowmmeam processing 
parameters for the recovery of pectinase from the fermented bran of Aspergillw 
carbo~arius. Process Biochem 1999;35 :4 1 1 4  17. 

[18] Soares LHB, Assmann F, Ayub MAZ. Production of tranglutaminase from 
Bacillus cirearlans on solid-state and submerged cultivatiom. Biotechnol Lett 
2003;25:2029-2033. 

[I91 SOU= MCO, Roberto IC, Milagres AMF. Solid-strite fermentation for xylmse 
production by Thermoascus aurunticw using respome surface methodology. Appl 
Microbiol Biotechnol 1999;52:768-772. 

1201 Silva CHC, Puls J, Souza MV, Ferreira-Filho EX. Purification and chactwization 
of a low molecular weight xylanase fiom solid-shte cultures of Aspegillus 
fimigabus fmenius, Revista Microbiol 1999;30:114-119. 

1211 Liu W, Zhu W, Lu Y, Kong J, Ma G. Production, partia1 purification and 
characterization o f xylanase from Trichosporon cutuneun SL409. Process 
Biochem 1998;33:33 1-336. 

[22] Tunga R, Banerjee R, Bhattacharya BC. Some saidies on optimization of 
extraction process for protease production in SSF. Biopmess Eng 1999;20:485- 
489. 

[23] Francis F, Sabu A, Nampoothiri KM, Ramachandram S, Ghosh S, Szakrics G, 
Pandey A. Use of response s-e methodology for optimizing process 
parametem for the production of a-amylase by Aspergiilus orizue. Biochem Eng 1 
2003;15:107-15. 



54.  RESULTADOS IV. "Optimhtion of xylanrise and mrtnrianase production by 

Bacillus circulans strain BL53 on solid-siate cultivation" - Eptzyme and Microbial 

Technologv - in press. 



Optimizrition of xylanase and manuanase pmduction by 

Buciüus circrrlans strain BL53 on solid-síate c n b t i o n  

Júlio Xandro Heck, Luis Henrique de B m s  Soares, Marca Antdnio Záchia Ayub* 

Food Science and Technology Institute, Federal University of Rio Gmde do Sul, Av. 

Benta Gonçalves, 9500, P. O. Box 15090, ZIP 91 501 -970, Porto Alegre, RS, Brazil. 

* Corresponding author. Tel. +55-5 1-3 3 1 66685 

E-mil address: rn&q-db@uhjs.br (M. A. 2. Ayub) 

Abstract 

A z3 central com$osite design (CCD) wris applied to determine the optimal conditions of 

cultivatidh titiie, m t i o n  and temperatwe to xylanase and rnanmme production by 

Bacilius biwulms BL53, a strain isohkd h m  the Amamnian environment. The results 

suggest ihat xylanase production by B. coaguhns BL53 is higher at a moderate 

cultivation aeration and at low temperaaires and following CCD modeled conditions, 

we were able to increase 2.5 fold enzyme activities previously obtained and published 

by our group. For mannanase, the results showed that production was increased at 

higher aemtion rate, and lower temperam. The highest enzymatic activity 

experimentdly obtained according to the CCD was 3.7-foId higher than previous 

conditions employed. The predicted optimal parmeters were tested in the laboratory 

and the final xylanase and mamianase activities obtained were very dose to the 

pdicted wlue (0.928 U mgpl, predicted; 0.953 U mgp', tested, and 0.544 U mg-', 

predicted; 0.540 U mg-', tested, respectively). Our resufts s b w  that optimbtion of the 

emymes production is an useful way of obtaining concentmted enzyme e m &  frorn 

solid-sbte cultivation of industrially important microorganisms. 

Keywrds: Xy Ianase; Mamanase; Bioprocess ophization; Solid-state cultivation; 

Bacihs c~cuhns, Arnazonian biodiversity. 

Running hdl ine:  Xylanase and mamamse optimiion in solid-state cultivation. 



1. Xatrodacthn 

Hemioeltuloses form a eompiex p u p  of branched and linear polpeeharides, stroxrgfy 

bound to lignin and dIu1ose in highet plant c41 wdls [I]. E n d o - f 3 - l , 4 - x y ~  (EC 

3.2.1.8) are erizyines h t  hydroiyze xylarr, & themm m-1 rompo- of ~ W ~ W O O ~  

c& i~-alls. lhe groj-iing uitemi in xylanase production for industd apphtiom is dw 

to its importante in tk bioconversion of agro-indwbid midues, as w d  as food and 

bevemge improvers, in bakery products or for the clitrificatim of wines and fruit juices 

1243. Edo-f%l y 4 - m ~  (EC 3.2.1.78) random1y hydm1yze the main cietin of 

hetero-mmnans, the major softwood hemi~11ulose. M~~ h v e  bem useful 

tested in s e v d  industrial processes, such ris the erbraction of vegetab1e oib from 

leguminous s d s  and viscosity reduction of th eximts during the man- of 

instant coffee (51. In the paper indmtry, both e m p e s  hâve a synergistic ation in tfie 

biobleaching of ihe wood pulp, signifieantly ducing the mount of chemicals used [h- 

71. 
Xylstnase and manrransise have been pduced in either solid-state (SSC) or 

submerged cultivations with the prevdence of the Iater [8-101. However, SSC h 

gained renewed interest in recent years ruid has o fien been employed, chiefly with fungi 

species, for the productim of many eiizymes [i 1-1 21. This cuitivatim technique offers 

distinct didvaritages over submerged liguid cuitimtiom, imluding equipment d 

instalhtions econumy, greater product yields and provisim of easer growth conditions 

C1 31. 
Severaí different sstrategies in order to mhance eaqme production by 1-arious 

microorgmisms have been successfully described [3,8-9,14-151. In general, culture 

conditions optirnipition by the Witionai 'one-hbr-ait-to-time' tschnique are used. 

This m e k d  is not only time consuming but dso oftm leads to an incomplete 

understanding of the system behavior, resulting in a b&iement and f&ilure of predictive 

respnse. To o v m m e  tttese Iimitations, response surfiace methodology (RSM) and 

experimental factoria1 design can be employed to ophize  emyme activity, pedorming 

a minimum number of experiments [lq. 
Tfiis work integrated statktical experimental designs to optirniae the w w t h  

conditions for enzyme production, with the use of a cheap byproduct b m  the soy 

protein industry as the main substmte, aiming at th pduction of xylanase and 



mannanase by Bacillus circulan~ BL53, a newly isolated strain b r n  the Amazonian 

environment. 

2. Materiais siod methodii 

2.1. Micmu~ganism 

BacilZus circulms BLS3 was isolated b m  the aquatic ambierrt of the Amazonian 

environment, in Brazil. It has been selected due to its xyleui-degrmiiig and m m m -  

degrading properties. The bacterium was c h t e r i z e d  and identified in a previous work 

of our group [14]. Isolates were maintained at 4 DC on selective agar picite containing 

0.1 % ( w h )  tragacanth gum and 0.1% (wlv} locust bem gurn in basic liquid medium. 

2.2. Subsírate, media and irioculum 

Industrial fibrous soy residue (IFSR), chemically defined elsewhere 1141 was used as 

solid substrate for cultures. Bstsic liquid medium, used as bculum, had the followhg 

composition (g f '1: 0.2 MgS04, 1.0 K b P 0 4 ,  1 .O Kd4P04, 1.0 NH4N03, 0.02 CaC12, 

md 0.05 FeC12. The inocula for a11 experiments in SSC bioreactor were prepared in 500 

ml Erlemeyer flasks containing 200 rnl of Luria-Bertani (LB) medium, Flasks were 

inaculated h m  a single colony from agar plates and incubated for 18 h, 37 "C md 

125 rpm. 

2.3. Bioreuctor cultivalion conditions 

Bioreactor experiments were camied out in a 500 m1 cylindrical bioreactor (60 mm 

diameter; 170 mrn height) designed and constructed in our laboratory. Bioreactors were 

loaded with 20 g of dry IFSR soaked in 100 mL of btisic liquid medium md imicuhted 

with 20 ml of inocula which had its OD adjusted to 1 .O. 

2.4. Experimental design 

A z3 full factoria1 centrrtl composite design for three idependent variables, each one at 

five levels with six star points arad three replicates rit the central point, was employed to 

fit a secorad order polynomial model in which 17 experiments were required for this 

procedure. The test variables chosen in this study were cultivation time, aeration and 

tempemture. The upper and lower h i t s  of them were set to be in the range described in 

the literature. h the statistical model, Y denotes either units of xylanase or rnmmase 

activity and the coded setting were defined as follows: 



Xi= (cultivation time - 5)D; Xz= (aemtion - 500)/300; Xj= (temperam - 37)n. 

Table 1 shows the actual levels corresponding to the coded settings, the 

ixatment combinations and responses. This design is represented by a semnd order 

polynomial regression model, equation 1, that generates the contour plots: 

The test factors were coded according to the following regression equation: 

where xi is the codad value and Xj is the acbatal value of the ith independent variable, Xo 

is the actual value at the center point, and AXi is the step change value. Statistica 5.0 

softwrtre (Statsoft, USA) was used for regression and graphical analysis of the data. The 

significance of the regression coefficients was determined by Student's t-test; the 

second order model equation was determined by Fisher's tesi The variance explained 

by the rnodel is given by the multiple coeficient of detemination, R ~ .  



Tsible 1. Process variables used in the CCD, sfiowing the tre&ment combinations and 

the mean experimental responses, Results are the mean o f three experiments. 

Xylanase Activity Manrianase Activity 

Treatment Coded setting levels Actual levels (U mg-' of protein) (ü mgT' of pmtein) 

I -1 -1 -1 3 200 30 0.602 0.340 

2 +1 -1 -1 7 200 30 0.748 0.410 

3 -1 +l -1 3 800 30 0.645 0.400 

4 +1 +1 -1 7 800 30 0.668 0.560 

5 -1 -1 +I 3 200 44 0.302 0.490 

6 +1 -I  +I  7 200 44 0.292 0.230 

7 -1 +1 +l 3 800 44 0.384 0.4 1 O 

8 +1 +1 +I 7 800 44 0.266 0.450 

9 O O O 5 500 37 0.483 0.180 

10 O O O 5 500 37 0.407 0.130 

11 O O O 5 500 37 0.429 0.120 

12 -1.68 O O 2 500 37 0.639 0.440 

13 +1,6S O O 8 500 37 0.422 0.260 

14 O -1.68 O 5 O 37 0.452 O. 190 

15 O +1.68 O 5 1000 37 0.484 0.500 

16 O O -1.68 5 500 25 1 .O37 0.350 

17 O O +1.68 5 500 49 O. 193 0.430 

X r= time (days); X2=aemtion (ml mh-'1; X3= temperature ("C) 

2.5. Enslipres extractjon 

Enzyrnes recovery fmm cultivated medium was performed b y the addition of 120 ml of 

disti1Ie.d water with agitation at 250 rpm and 40 min. The enzymatic e-t was then 

centrifuged at 10,000 g for 15 min The supermtant was used as the source of both 

enzymes. 



2.6, Eiizyma assays 

Xylanase activity was assayed hydrolyzing a suspension of 1 % (w/v) of birchwood 

xylm in 20 mM and pH 5.0 acetate buffer as substrate 1171, Mannanase activity was 

measured by using a suspension of locust bean gum 0.5% (wlv) in 50 mM citrate buffer 

pH 5.3 [18]. The relerised reducing sugars were quantifid by the dinitrossalicylic acid 

method [I9]. One unit of enzyrnatic activity was defined as the mount of enzyme 

liberating 1 p o l  of xylose or mannose respectively per minute. Specific activities were 

expressed as U mg-' of proteh. 

2.7. Protein determination 

Soluble protein concentration was determined according to the Lowry assay [20], 

against a standard curve of bovine serum alburnin, fraction V (Sigma, USA). 

3. Ranlts and disciission 

Based on previous studies, cultivaiion time, aeration and tempemture were identified as 

the major factors affecting xylanase and mannanase production o f Baciilus sp. 12 1 1. In ri 
previous work we were able to demonstrate that initial culture pH had no important 

effect on enzymes production by B, circukms BL53. lt was dso noted a strong bufiring 

characteristic of IFSR as substrate, with final cultivation pH always close to 7.0 (results 

not shown), which has been described as the best pH for xylanase and mamianase 

production by Kansoh et al. [22]. Therefore, Central Composite Design (CCD) was u s d  

to obtain the best condiiions of time nim of cultivation, temperature and d o n  for 

xylriririse and mannanase production by Bacillus eireulans BL53 on SSC. Experimental 

design matrix and results obtained from it for enzymes activities are shown in Table 1. 

3.1 Xylanase production 

Treatment 16 showed the highest xylanase activity (1.037 U mg-' of protein). This 

pductivity was obtained at a moderate aeration rates (500 ml m g ' ,  which corresponds 

to 25 vmm) and at bw temperature (25 "C). This strikingly low temperature contmsts 

strongly with results obtained for 3. mbrilis growing in submerge- cultures, where 

highest enzyme rictivity was achieved at 60 T (231, and for Streptomyces sp. that 

showed maximum xylanase production at 50 "C, both temperatum predicted by central 

composite design [SI. The time for highest xylanase activity (5 days) corresponds to 

mid-stationary growth phase (results not shown), in this case in agreement with findings 



by Bocchini et al. [21], who reported optimum cultivation time for xylanase activity of 

B. cireulans D1 in submerged cultures of 48 h. The highest activity eqeriinentally 

obtained according to the CCD was 2.5-fold higher than the activity obtained under 

conditions previously used in our laboratory (0.437 U mg-' of protein at 5 days, 500 ml 

mh-' and 37 "C). An interesting result is thai temperature was the only significant 

variable to protease production and at 25 *C pmtase activity was completely inhibited 

(data not staown), therefore wntributing to avoid xylanase degradation in culture. 

The mults of the secund order response surface model fitting in the fom of 

analysis of 1-ariance (ANOVA) are gil-en in Table 2. The anal~sis of rariance 

(ANOVA) of the regression model demonstrates that ttie model is highf y significant, as 

is eviderrt from the Fisher's F-test. The computeú F-value (10.56) is much higher than 

the tabular F-value Tabuhr (3.68 at the 5% levei), indicating that the differen~es in 

treatment are highly significant, with ~ ~ - 0 . 9 3 ,  thus 93% of h total variation is 

explained by the model. This suggests a satisfactory representation of the process model 

[24]. Also, there was a gmd correlation between the experimental md p d i c t  vdues. 

Table 2. Analysis of variance (ANOVA) for the model regression for optimization of 

xylanase production. 
-- - . 

Source SS DF MS F-value F-value in 

Model 0.647 9 0.072 10.56 3 -68 

Residual 0.048 7 0.007 

Lack of fit 0.045 5 0.009 

Pure Emr 0.003 2 0.002 

Total 0.694 16 

= 0.93; SS, Sum of Squares; DF, Degrees of Freedom; MS, Mean Square. 
Significrince leve1 = 95%. 

The Student's t-test and P-values were used as a tool to check the significame of 

=h coefficient (Table 3), which, in turn, are necessary to understand the patterns o f the 

mutual interactions between the test variables [25]. The larger magnitude of the t-vrilue 

and smaller the P-value, the more significant is the corresponding coefficient [26]. This 

implies that the quadratic main effects of all factors are insignificant, whereas the first 

order main effect of temperature is highly significmt as is evident from its P-value (P< 



0.002). By applying multiple regression analysis on the experimental data, the 

experimental results of the CCD design were fitted with a second-order polynomial 

equation. The modeI was simplified by the elimination of statistically insignificant 

tenns. However, the t tem (Pt<0.152), ? (Pa<O.231), T~ (P+0.051), t.A (PLA<0.170) 

and t.T (Pt.T<0.119) were maintained in the model becawe of its magnitude. We 

proposeâ then tfiat the quadratic model should be reduce to: 

where Y is the specific xylanase activity produced (U mg-I), t is the cukivation time, T 

is the temperature and A is the aeration as coded settings. A validsition of the model is 

given in Figure 1, which shows the cultivation o f  B. circarlans BL53 for the xylanase 

production uder optimal conditioris of 500 ml min-' and 25 "C. The maximal xylanase 

activity obtained was 0.953 U mg-' in five days. In this case, the coded setting of tk 

tested vanabks were t = O, A = O, T = -1.68, respectively, with the model predicting 

xylanase activity of 0.928 U mg-' in five days. The experimental value was found to be 

2.7 % higher than the predicted value, confumhg the closeness of the model to the 

experimental result. 



Table 3. Coefficient estimates by the regression model for optimhtion of xylanase 

production. 

Independent Coeficient Standard emr Significant value 
t-value 

variables (parameter) (8) (p) (p-vdue) 

* Statistically significa at 99% of confidente level. ** Statistically significant at 95% 

of coddence level. Xi = time (days); X2=aeration (m~.mh-I);  X3= tempemture (T). 

Time dcuhtbn (doip) 

Figure 1. Xylanase and mannanase production profde under the optimal coraditions 

suggested by the model. Xylanase (e), A = 500 ml min-' ruid T = 25 "C; mamamse (o). 

A = 800 ml mif' and T = 30 "C. 



Figure 2 shows contour shapes. &h contour curve represents an infinite 
numbr if combhations of two test variables with the other maintained at their 

respective zero level. These plots demomtmted that tk pduction of x y l m  can be 

increased either by extending time of cultivrttion d e r  moderate aeration or, at 

increased xrrition rate, reducing the cultivation time (Figure 2a). This phenomena could 

be explained due to the fact that aeration t e d s  to remove media moisture that is 

essential for cell growth as we demonstrated elsewhere [27]. Ternperature affwted more 

dhctiy the amount of xylmase produced (Figure 2b and 2c). The non-elliptical nature 

of &se contour plots depicts that there is m mutual interaction between temperam 

and each of the other two vrinabies [26]. 



Fígure 2. Contour plot for the effect of (a) Agitation x Time, (b) Temperam x 

Aeration and (c) Tempmlure x Time on xylanolytic activity production. Not p1otted 

variable is k e d  at zero leve1 in a11 o f the three graphs. 



3,2 Mannanase produetion 

Treatment 4 shows the highest level of mannanase activity production (0.560 U 

mg-' of protein). These results suggest that the mannanrise production by B. cireulnns 

BL53 was inmased at h i g h  cultivation time and aeration rate and lower temperature. 

The highest enzymatic activity experimentally obtained according to the CCD was 3.7- 

fold higher than that obtained under conditions previoiisly employed in our laboratory 

(0.150 U mgP1 o f  protein at 5 days, 500 ml mh-' of air flow and 37 "C). 

The ANOVA was employed for the detemination of significant p m e t e r s  and 

to estimate the mannanase pruduction as a function of cultivation time, aeration and 

temperaaire. Data are shown in Table 4. The computed F-value (5.99) was 1 -7-fold 

higher than the F-value in statistic tables (3.58), indicating that the model was 

significant at high confidente level (95%), with ~'-0.88. 

Tiible 4. Amlysis of varimce (ANOVA) for the model regression for optimization of 

mannanase production. 

Statistic table 

Model 0.264 9 0.0293 5.99 3.68 

Residual 0.034 7 0.0048 

Lack of fit 0.029 4 0.0072 

mire Emr 0.005 3 0.0017 

TOM 0298 16 

= 0.88; SS, Sum of Squares; DF, Degrees of Freedom; MS, Mean Square. 

Significance level = 95%. 

Table 5 shows the significance of coefkients determined by Student's t-test ruid 

P-values. In our work, second-order cultivation time, second-order aeration and second- 

order tmperature were highly significant (Ptt<0.007, PA,~<0.008 and P~.~<0.007). The 

high significance of veiriables on seco&-order m d e l  indicates that they can act ris 

limiting factors rmd even small variations in their values will alta marmanase 

production to a considerable extent [28]. The model clearly reveals significant 

interactions between t and A (Pd.046) and t and T (P-4.032). Therefore, treahg them 

sepmtety may not reflect their real influence on the mamamse production (e.g., 



optimum cultivation time production c hanges along with aeration). T his interliçtion is 
essential and it would be of dificult solution using the one-variable-at-u-time approach 

[15]. Whenever possible, the model was simplified by the elimination of statistically 

insignificant tams. We proposed then that the quadrãtic model should be reduce to: 

where Y is the specific manrianase activity produced (U mg-I), t is the cultivation time, 

T is the temperature and A is the aeration as coded settings. To confirm the applicability 

of the model mannanase production was determined at diffmnt times, 800 ml m i f l  of 

aeration and 30 "C that are the optimum values suggested by it. The maximal 

mmanase activity obtained was 0.540 U mg-' in seven days (Figure 1). Ln this case, 

the coded settings of the tested variables are t = 1, A = I ,  T = - 1 , respectively, with the 

model predicting mannanase activity of 0.544 U mg-I in five days. The experimental 

value was found to be 0.7 % lower than the p d i c t e d  value, c o n h i n g  the closeness o f  

the model to the experimental results. 



Table S. Coeffi~ient estimaia by the regression model for optimization of rnannanase 

production. 

Independent Coefficient Standard emr Significant value 
t-value 

variables (parameter) (I3 (P) (P-vdue) 

optirnum cultivation time production changes along with aemtion). This intetation is 

essential and it would be of difficuit solution using the one-wrirrb1e-at-a-tinse approach 

[15]. Whenever possible, the model wrtç simplified by the elimination of statistically 

insignificant terms. We proposed then that the q u h t i c  m d e l  should be reduce to: 

where Y is the specific rnmmmse activity produced (U mg-'), t is the cultivation time, 

T is the temperature and A is the aeration as coded setting. To confim the applicability 

o f  the model mamanase production was determined at d i h n t  times, 800 ml rniril of 

aeration and 30 "C that are the optimum values suggested by it. The maximal 

mmanase activity obtained was 0.540 U mg-' in seven days (Figure 1). In this case, 

the coded settings of the tested variables are t = 1, A = 1, T = -1,  ~spectively, with the 

model predicting mamanase activity of 0.544 U mg-I in five days. The experimental 

value wits found to be 0.7 % lower than the predicted value, confiming the closeness of 

the mdel  to the experimental results. 



xylan Çaction and higher xylanolytic activity in five days, whereas mamanase peak was 

ody observed &r seven days of cultivation, during stationary growth phase. 

E"igure 3. Contour plot for the effect of (a) Agitation x Time, (b) Temperature x 

Aeration and (c) Temperature x Time on mannanase activity production. Not plotted 

varia& is f ~ e d  at zero leve1 h a11 of the three gmphs. 



Conclusions 
In this work it was possible to determine the optimal growth conditions for the 

production of xylanase and mannanase by B. circulam BL53 in SSC using the method 

of experimental factorial design and response surface methodology. The maximal 

amount of enzyrne pduced was 0.953 U mg-' (2-fold inc-) and 0.540 U mg-' (3.6- 

fold) for xylanase and mannanase, respectively, when the optirnized conditions were 

empioyed. The enzyme activity predicted by the model at o p h l  conditioris agreed 

fittingly with experimental data, thus confming the model validity. The resuits 

obtained in this study are satisfactory, as tk gain in enzymes production achieved will 

greatly facilitate further work on the purification of the xylanase and manraanase 

pmducsd by B. circatlans BL53. 
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Abstrmict 

Xylanase from amazon isolate B. circulms BL53 grown on solid-state cultivation was 

purified to apparent homogeneity by ammonium sulfate fiactioning, catiorrexchmge 

and gel filtration chrornatography. A purhcation factor of 428-fold \\-as ache\-ed. n-ith 

the purified enzyme presenting a specific activity of about 37 U mgp' pmtein. The 

xylanase molecular weight was calculated as 38 kDa by SDS-PAGE. Determiriation of 

pW and temperature for the maxirnum activity wris obtained using a 2' factoria1 design 

over an extensive range of pH (5.0 - 8.0) and tempemtum (40 - 80 "C). The enzyme 

follows Michaelis-Menten kinetics with KM and V- vdues of 9.9 mg xylan m~-' and 

25.25 pnoies min-', respectively. The purified enzyme hydrolyzes soybean hull, 

soybean fiber, rice strriw, gmpe skin and sugar cane bagasse. Its activity w a  stimulated 

by CO'~, ~ n ' ~  and protein disulphide reducing reagents, but strongly inhibited b y 

ions and SDS. 

Keywords: Xylanase; Hemiceilulose; Solid-date cultivation; Bacillus circulam. 

Raonhg beridline: Purification of a Bacillus circulans xylanase. 

Intmdnction 

Xylsns are a complex group of hemicelluloses composed of a xylose-based backbone 

with a variable degree of side substitutions. Xylans are environmentally importarit in the 

recycling cicles of vegetal biomass since they constitute up to 30 % of the plant cell 



wall çomponents in hardwoods and annud crops. For the majority of bioconversion 

processes, the xylctns must be first be converted to xylose units or xylo- 

oiigosaccharides. Tk core chain hydrolysis is accomplished by the action of xylanases 

(1,4-kxylan xylanohydrolases, EC 3 .2.1.8), whic h release xy looligosaccharides of 

different sizes [I 21, Xylanases have recently found original applications in hcilitating 

the bleaching of h f t  pulps, as additives in poultry feeding, in wheat flour for dough 

handling and quality improvement of baked products, in combination with pectinases 

and ceiiulases for h i t  juices clarifícation and in the recoven- of fermentable sugars 

from hemicelluloses [3-51. 

Xylanases have been produd  in either solid-state (SSC) or submerged 

cultivations with the prevaience of the last one [5] .  However, SSC has gained renewed 

interesk in recent years for the production of many enzymes due to lower operation costs 

and energy requirements, and simpler plant and squipment projects when compared to 

submerged micmbial cultures. [6]. 

The aim of this study was to purify and biochemically charactmize an 

extracellular xy lanase produced by the amazon isolate Bacillus circulans BL53 gro wn 

on solid-state cultivation using an industrial fibmus soybean residue as the sole 

substrate for carbon and nitrogen sources. 

Materiais and methods 

2. I .  Mieroorganism 

Bacillus circularas BL53 was isolakd k m  the Arnazon envhnment, in Brazil, as part 

of a program for the study of biodiversity potentials for new p d u c t s .  This isolate has 

been extensively shrdied elsewhere and has been seleckd due to its xylan-degrading 

properties [7]. Isolatw were maintained at 4 "C on selective agar plate containing 0.1 % 

(w/v) of gum tragacanth in basic liquid medium. 

2.2. Substrate, medium and imculum 

Industrial fibmus soy residue (IFSR) was chemically defirted elsewhere [7] and used as 

the sole solid substrate for mltivations. Basic liquid medium, usd  ris inoculum, had the 

following composition (g r'): 0.2 MgS04, 1 .O KHzp0.1, 1.0 &mo,,  f .O NH4N03,0.02 

CaC12, and 0.05 FeC12. Inocuia for a11 experiments in SSC bioreactor were prepared in 

250 mL Erlenmeyer ffasks containing 1.2 g of IFSR md 40 mL of bmic Iiquid mediuni. 



Flasks were inoculated with a single colony from agw plates and incubateci for 18 h at 

37 "C and 125 rpm. 

2.3. Bioreactor and cultiwtiori condirions 

Bioreactor experiments were carried out in a 500 mL cylindricd bioreactor (60 mm 

diameter; 170 mm height) designed md constructed in our laboratory. Bioreactors were 

loaded with 1 8.8 g of dry IFSR soaked in 120 mL of basic liquid medium. Ideal process 

conditions \\-me established in our prwious rwrk 161. and set as 25 "C. 120 hours and 

500 mL mir-' of sterile aeration. 

2.4. Enqme extraction 

Enzyme extraction from cultiveited medium was performed by addition of 100 mL of 

distilled water at 7 "C, with agitation at 150 rpm for 40 min, which were the best 

conditions established in a previous work [8]. The enzymatic extract was then 

centrifuged at 10,000 g for 20 min. The supernatant was used for the subsequent 

purification steps. 

2.5. Xylarzuse aetiviify assay 

Xylanase activity was stssayed using Birchwood xylan in 100 mM acetate buffer pH 5.0 

as the substrate. Reducing sugam fred by enzymatic hydrolysis were quantified by the 

dinitrosalicylic acid method [9]. One unit of enzymatic activity was defined as the 

amount of enzyme producing 1 pnoi of xylost per minute. Specific xtivity was 

expressed as U mg-' protein. 

2.6. Protein determination 

Protein conceníration was determined according to the Lowry assay [10] against a 

standard curve o f bovine m m  albumin, hction V (Sigma, USA). 

2.7. Purificatiora procedures 

The purification steps were dl performed at room temperature since previous 

experiments showed no difference in enzyme stability at 4 or 22 OC. Fhtly, proteins 

were precipitated between 20 and 80% of  arnmonium sulphate saturation and 

centrifuged at 15,000 g for 30 min The pellet was resuspended in 50 mM sodium 

acetate buffer pH 5.5 and dialyzed for 18 h against this bufir.  The solution was applied 



to a CMSepharose FF wlumn (1.0 x 20.0 cm) previously equilibmted with the above 
mentioned buffer at a flow rate of 0.8 mL mh-'. The pmteins were eluted with a NaC 1 

gradient (O - 0.5 M) in the sarne buffer. The active xylanases fractions were collected 

and concentrated by liofilization. The concentrated -e solution was further purified 

by gel filtration on a Sephacryl $200 HR column (1.5 x 55 cm) equilibmted with 50 

mM a c a t e  buffer pH 5 -5. The flow rate was 0.4 mL mifl. The highly active xylanase 

fractions were pmled and used as the purified enzyrne for subsequent studies. 

2.8. Optimal temperature and pH for enzyme activiry, arzd thmal  s&bility 

A c e m 1  composite design (CCD), with k = 2, was used in order to generate I 1 

treatment combinations for enzyme slctivit y, with temperature and pW as independent 

variables. In the statistical model, Y denotes units of xylsnase activity and the coded 

settings 11-ere denreed as follo~vs: X1 = (temperahire 60) 20: XZ = (pH 7.0) 3.0. Table 1 

shows the actual levels corresponding to the coded settings, the treaúnent combinations 

and responses. This design is represented by a second-order polynomial regression 

model, Eq. (1 ), to generate the contou plots: 

The tested factors were coded according to the foilowing regression equation: 

where xi is the coded value and X, is the actuul value of the ith independent variable, Xo 

is the m a l  value at the central point, and AXi is the step change va1ue. Statistica 5.0 

sofhare (Statsoft, USA) was used for regression and graphid analysis of the data. The 

significance of the regression coefficients was detemined by Student's t-test; the 

second order model equation was determined by Fisher's test. The varhnce explained 

by the model is given by the multiple coeficient of determination, p. The thermal 

stability of purified xylanase was determined by incubation at 50, 60, 70 and 80 "C. 

Aiiquots were withdmwn &r 0, 10,20, 30 and 60 min of incubation, and the residual 

enzyme activity measured. 



Table 1. Pmcess variables used in the CCD, showing the treatment combinations and 

the mean experimental responses. 

Treaiment Coded setting levels Actual levels Xylanrrse activity 

10 1.41 O 88 7 12.8 

1 1  O 1.4 1 60 10.4 8.3 

X1= temperature ("C): XF pH 

2.9. E&t of inhibitors and activutors on purified danase  aetiviry 

The effect of various compounds on xylanase activity was determined by incubating the 

purified enzyme in the presence o f 2 mM solutions o f each compound for 1 5 min before 

the reaction with the substrate. Residual activity was expresse. as the percentage of the 

activity observed by the stmdard assay described above. 

2.1 0. Kirretic parameters 

The effect of substrate concentration, ranging fiorn 2.0 to 20 mg m~-', on xylanase 

activity was evduated under optimal assay conditions (60 "C and pH 7.0). Xylan 

preserrts low solubility, so higher mncentrations could not be used. Tk kinetic 

parmeters of Michaelis-Menten constant, KM, and maximal reaction velocity, V,, 

were estimated by linear regression according to the Lineweaver and Burk double- 

reciprocal plot. 

2.1 1. Hydrolysis of agro-industrial residues 



In order to assess the enzyme ability to hydrolyze severa1 different  industrial 
residues, raction rnixtures containing 1 mL (40 pg) of purified enzyme solution armd 50 

mg dry weight of selected agro-industrial residues (soybean hull, soybean fiber, rice 

straw, grape skins, sugamne bagasse and k d l  pulp cellulose) susperaded in 100 mM 

acetate buffer pH 5.0 were hcubated fbr 1 h at 60 'C and 100 rpm. The reaction was 

stopped by placing tte mixhue h boiling water for 5 min, rind then cemifuged at 5,000 

g for 10 min. Reducing sugars liberated by hydrolysis of these substmtes were 

quantified by the dinitrosalicylic acid method. 

2.12. Cellulose Binding Domain (CBD) assay 

Binding assays were cmied out in 1 mL metate buffer (50 mM, pH 5.0) containing 

2 mg of insoluble microcrystaline cellulose and 40 pg of  enzyme. The mixture was 

stirring incubated at 4 OC for 30 min CMC was sedimented by cenírifbgntion at 1 2,000 

rpm for 5 min. The amount of enzyme bound to the insoluble polysaccharides wris 

determined by mewuring the enzyme concentration in the supernatant. These assays 

were carried out in triplicates. 

2.13. Elec~ophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed on a 10 % slcrylamide gel [l 11, and protein bands were revealed by silver 

staining. Broad range molecular weight standards were used as size markers. 

Results and dim&n 

3.1. Purification 

The supernatant obtained by extmtion of a five day solid-state cultivation was used as 

crude extract, rutd the enzyrne purification was perfonned by ammonium sulfate 

precipitation ( 2 M O  % saturation), cation-exchmge chromatography and gel filtration 

(Tatib 2). Although the salting-out produre yielded only 16 % of enzyme recovery, it 

was considere. a critical step in our work because 3. cireuluns BL53 produces m exo- 

polysaccharide that modifies the medium viscosity and makes chromatographic 

pmessing more difficult The elution profile of xyl- activity in CM-sepharose at 

pH 5.5 is shn~n h Figure 1. Xylanase acti-vity \\-as detected in fmtions 32. 33 aad 34 

and the specific activity o f the pmled fiactions m h e d  13.1 5 U mg-' with no cellulase 

and pmtease activities observed. Figure 2 shows the results of gel fdtration, which 



albwed xylanase purificaiion to protein homogeneity. Although rendering low movery 

yields of 5.7%, this was an efficient strakgy to purify the enzyme, resulting in high 

specific activity, which increased h m  0.087 U mg-' in the exErBct to approximately 

37.22 U mgL1, equivalent to a puiification factor of 428-fold. 

TabIe 2. A summary o f xylanase purification b r n  B. circulans BL53. 

Total Activity Total protein Specific Activity Purifmtion Recovery 

Steps (v) (mg) (U mgml protein) (fold) (%I 
Cnide extrcict 286.17 3296.5 1 0.087 1 .O0 100.0 

Ammonium suíphate 46.20 110.91 0.417 4.79 16.1 

CM-sepharose 28.45 2.16 13.152 151.18 9.9 

Gel filtration 16.38 0.44 37.222 427.83 5.7 

Figure 1. Elution pmfile of xylanase on CM-Sepharose. ( - ) xylanrise activity. (-0-1 
Absorbance at 280 nm, (---I NaCl. Fmction volume of  3 mL. 



Figure 2. Elution profile of xylanase activity ( - ) and absorbrmce at 280 nm (+h in a 

Sephacq-i HR 5-200 column Fraction volume of 2 mL. 

3.2. Biachemical properties of 3. circuluns qdanase 

SDSPAGE of the purified protein revealed a single b d ,  suggesting that xylanse 

h m  3. c i r c u h  BL53 is a monomeric polypeptide with an estimated molecular mass 

of 38 ma (Figure 3). M q  ?r!-lanases produced h- the Bacillits gmus are in the range 

of 22 to 45 kDa [12-151. 

Kinetic parameters that reflect the effect of substrate concentmtion on the 

reaction velmity are depicted in the double reciproca1 plot in Figure 4. The values for 

KM and V- are of 9.9 mg m~-' and 25.25 pmoles mine', respectively. These values are 

consistent with the reported mge  of KM vaiues for microbial xylanases (0.27-14 mg 

m~-') [16]. 



m r e  3. SDS-PAGE of xylanase purifiation steps. Lane 1: malecuhr weight 

shdards; Isne 2: mde e m p e  e m ;  laae 3: &r ammonium s d k k  pmipitahn; 

lme 4: afim cation-exchan~ c~matography on CM-Sepharose; Iam 5: a f k  gel 

filtratbn on Sephacql S-200 IW. b t e h  W s  were s b k d  with &lm. 



Figure 4. Lineweaver-Burk plot for the purified E. circularis BLS3 xylanase. Enzyme 

activity was measured at 60 "C and pH 7.0. 

3.3. Uptimal temperature and pH, and thermal stability 

Treatments 5,  6 md 7, which correspond to the central points in the experimental 

design, showed the highest xylanase activities of 68.9, 70.9 md 72.1 U mg-' protein, 

respectively (Table 1). These results suggest that the xylanase h m  B. c i r m h s  BL53 

has an optimal enzyme activity at bmad tempemture (40 - 80 T) and pH (5 - 8) mges 

(Figure 5). The optimal temperature and pH vdues of purified xylanase were within the 

range reported for many xylanases fiom Bacillus [15,17]. However, the wide 

temperaaire and pH range of maximal activity might be an advsntage of this enzyme for 

different applications. The highest activity experirnentally obtained according to the 

CCD was 14-fold higher than the activity obtained under conditioris usually dwribed 

in the literature (54.4 U mg-' at 55 T md pH 5.0) E1 81. The analysis of variance 

(ANOVA) was used for the determination of significant pmmeters and to estimate the 

specific xylanase activity as a function of temperature and pH. The computed F-value 

(10.63) was 2.0-fold higfier than the tabled F-value, indicating that the mode1 was 

sigmificant at high confidente leve1 (95 %), with ~ ~ = 0 . 9 2 ,  thus 92 % of the total 

variation is explained by the modeL This suggests a satisfactory reprcsentation of the 

process model [19]. Also, there is a good correiatiori between the experimental and 

predicted values, and a significame of coefficients determined by Student's t-test and P- 



values (not sho wn). In this work, T, pH md second-order T md pH were significmt at 

wnfiderice leve1 of 95% (P~<0.001, Fm.<0.0004, P~.T4).002 md PpH.pH<0.05), but tk 

interaction between them have no significant effect on xylana~e activity. We proposed 

then that the quadmtic model for pH and ternperature irrteractions on enzyme activity 

should be reduce to: 

where Y is the specifíc xylanase activity (U mg-I), T is the ternperature, and pH is the 

pH as coded settings. 

Tbrmal stability of xylanase was detenriined by heating the purified enzyme at 

different temperatures up to 60 minutes. Data presented h Figure 6 show that the 

enzyme was stable at 60 "C following a rapid loss of activity above 70 "C. No activity 

Ioss was observed after one month at 4 T  or -1 8T. 

Figure 5. Contour plot for the effects of temperature and pH on purifíed xylanase 

xtivity of B. circulans BL53. 
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Figure 6. Thermd stability of purified B. circuhs BL53 xylame. ( + ) 50 "C, ( O ) 

60 'C, ( x ) 70 'C, ( o ) 80 'C. Results are the mean of 3 experiments. 

3.4. Efect ofpotmtial inhibitors and netivators on purified x y h s e  activity 

The effect o f potential inhibitors or activators on punfied xylanase is shown in Table 3. 

Results show that H$+ and SDS were strong inhibitors of enzyme activity, whiie pbf2, 

~ a ' ~ ,  CU'~, fe", ~n+*, M ~+* and ~ a ' ~  had a slight inhibition effect on activity. The 

inhibition of the enzyme wss generalIy ob-d with ions that reacted with sulphydryl 

groups such as ions, suggesting that there was an irnportant cysteine residue in or 

close to the active site of the enzyme [2]. Inrictiveition of xylamses by had also 

b e m  reportd h- other authors 1201. PfIMB p d u d  tom- inbibition. suggesting the 

presence of a relative hydrophobic pocket at the catalytic site 1141. Stimuhtory effects 

were, however, obtained with C O + ~  and ~n". The high increase on xylanase activities 

by these cations were also reported elsewhere [18,21]. The purified xylanase activity 

was also stimulakd in the pmence of the protein disulphide reducing reagents, 

mercaptoethanol and DTT, confmning the presence of a reduced thiol group of cysteine 

in the enzyrne 1221. The addition of EDTA did not aEect activity, suggesting that tRis 

enzyme has no metallic cation on its active site. 



Table 3. E f k t  of the addition of chemiwls on xylanrise activity. The fml 
concentration in the reaction m h t m  was 2 mM. Relative activity is expressed as a 

percerrtage of control. 

Reagent Relative Activity 

H~+= 

m+ ' 
~ n + *  

cu+* 
~ e ' ~  

~ b + ~  

~ g + ~  

ca+= 

PHMB 

DMSO 

SDS 

&mercaptoethanol 

EDTA 

DTT 

3.5. Hydroiytic abilities 

Hydrolysis experiments using severa1 agro-indusirial residues were carried out rit 

optimal conditioris (60 "C ruid pH 7.0) using the puriiied enzyrne. In this experiment, 

purified xylanase released 78.0 mg of ducing sugars per g of xylan (which works as a 

control), 29.5 rng g-l of soybean hull, 21.5 mg g-I of soybean fiber, 14.0 mg g-l of ice 

straw, 1 3 mg r' of grape skins, 4.8 rng g-l of sugar cane bagasse. However, no sugr 

was released h m  Krafl pulp. These conversion abilities are very importmt since 

inexpensive agro-industrid by-products, rich in cellulose and hemiceiiuloses, are the 



main potentiril substraks for the production o f useful biomolecules, including chemicals 

and organic solvents. The incming interest in biotechnologid processes emp bying 

lignocelldosic residues is quite justifiable beause these materiais are cheap, renewable 

and a widespread some of sugrirs [24,23]. 

3.6. Bhdirig qerinsents 

Xylanase b m  3. cirmlans BL53 presented no CBDs, which are nomatdytic domains 

h t  to increase the affinity of ceIiu1ase.s and hemicellulases by recalcitrant insoluble 

substrates, such as th plant cell wall, and are present in some o f the bacterial and funga1 

xylanases previously described 1253. 

C o ~ ~ i o m  

In this work we were able to purify to homogeneity ri xylanase pmduced by B. cirm lans 

BL53 isolated from the Amazon region, which was successfully grown on sofid-state 

cultivation, using a cheap and abundant industnai fibrous residue as substrate. This 

enzyme exhibits some propties that suggest its potential for future application. 

Reducing sugars were released from ri11 h five lignocellulosic materhls, soybean huli, 

soybean fiber, rice straw, grapes skin and sugar cane bagasse, with application in the 

recovery of fermentilbk sugars from hemicelluloses. The rnaxhal enzyme activity was 

obtained using a 22 factoria1 design over a large range of temperature (40 - 80°C) md 

pH (5.0 - 8.0). At optimd wnditions, the activity predicted by the model agreed very 

weH with exprimerital data, confmning the validity of it, with a 14-fold increase on 

xylanase activity achieved by optimimtion of the v e t e r s .  
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5.5.1. Figura nHo incluída no manuscrito original 

Flgurii 1. Precipitação hcionada com suIfato de amônio do e m t o  bruta produzido 

pelo isolado B. circulms BW3 em CSS. 



5.6.1. Comparativo da produ@o de xilaoase e atividade metabólica em 

Biorreatores Ciiindricos Vertiais lEst$ticus e Biormtow Cilindrkm 

Horizontais Agitados 

É sabido que um leito sólido é extremamente mais dificil de ser homogeneizado 

eficientemente do que um meio iíquido e, como conseqU4ncia disso, o suprimento de 

oxigênio e a remoção do calor metabólico são operações extremamente restritivas em 

Cultivo Semi-sólido (MARSH et al, 1998). Os estudos referentes A compmçh entre 

sistemas de CSS em leito fixo e em leito agitado são escassos na literatura, 

principalmente quando bacthrias são os microrganismos estudados. Neste projeto, 

foram realizados alguns experimentos prospectivos, comparando-se a produç50 de 

xilaristses em biorretores de leito fixo (aqui denominados de Biomatores Ciliradricos 

Verticais Estáticos - BCVE) e biorreatores de leito agitado (aqui denominados de 

Biomahres Cilfndricos Horizontais Agitados - BCHA). As metodoiogias de cultivo, 

para ambos os sistemas. foram detalhadas nos Materiais e Métodos. 

Os resultados obtidos sugerem que a aliridade metabolica do B. cir~~ilans BL53 

foi maior durante os cultivos nos BCHA. Isto pode ser envidencido pela maior 

atividade enzimhtica (Figura 1)  e maiores concentrações de proteina e açúcares 

redutores no meio (Figuras 2 e 3), os quais são indicadores de atividade enzimática 

(glicosidicas e proteolíticas) e conseqüentemente de crescimento celular (MITCHELL e 

LOMSANE, 1992). 



Figursi 1. Atividade Específica (xilanase) ao longo de cultivos sai-sblidos em (e) 

BCHA e em (") BCVE (os resultados expressam a mMia de 3 experimentos, com os 

respectivos desvios padrões), 

Fígiira 2. Açbcares Redutores Totais (ART) ao longo de cultivos semi-dlidos em (*) 

BCHE e em (") BCVA (os resultados expressam a mMia de 3 experimentos, com os 

respectivos desvios padrões). 



Figura 3. Proteína total ao longo de cultivos semi-sblidos em (m) BCHA e em (O) BCVE 

(os resultados expressam a média de 3 experimentos, com os respectivos desvios 

padrões). 

Uma causa possível para a menor atividade metabblica nos BCVE pode ser o 

achuio  de gás carbbnico em algumas regiões destes biormtores (STUART ef aI., 

1999). Ademais, a homogeneização constante do substrato nos BCHA faz com que este 

seja colocado constantemente em coniato com a parede do bmrreator, o que melhora a 

dissipaçb do calor metabólico e permite que os microrganismos sejam expostos 

constantemente a substratos menos exauridos (MITCHELL e LONSANE, 1 992). Em 

CSS com biorreatores de leito fixo o superaquecimento é o priracipal problema. Ao 

passar atravks da coluna e remover calor do substrato, o ar tende a ser aquecido 

conforme atravessa o leito. Com isso se forma um gradiente de temperatura, com a 

região mais quente encontrandu-se próximo da saída do biorreator. Portanto, a aeração 

requerida nesses biorreatores deve não apenas suportar o microrganismo com oxigênio, 

mas tarnbern impedir o superaquecimento das regifie da parte mais aita da coluna 

(MARSH et al, 1998). Por este motivo, as aerações neste tipo de biorreator, tendem a 

ser maiores do que nos biorreatores de leito agitado (MITCHELL e LONSANE, 1 992). 

O efeito da de rotago na perfmanw dos cultivos semi-sólidos tem recebido 

especial atençao, ern especial a extensão do efeito da agitação em biorreatores do tipo 

tambor é controversa. Em alguns estudos (KARGI e C U M E ,  1985) a rotação reduz a 



produtividade ou a esponilação, presumivehnente devido ao efeito deleterio da agitaçb, 

principdmente com fungos filamentosos (STüART et aL, 1999). No entanto, outros 

estudos mostram que a produtividade pode ser aumentada quando se utiliza agitaqão no 

biorreator. AIDOO et al. (1984) sugerem que o fato de a remoção do d o r  ser mais 

eficiente nos cultivos agitados C a chave para o sucesso dos cultivos em biomtores do 

tipo tambor. STUART et ai. (1999) e A1D00 et al(1984) afimiam que a dissipaçh do 

calor metabólico acaba sendo o fator mais limitante em CSS, principalmente com 

biorreatores estBticos e relataram que pode haver diferenças de ate: I O T  entre a 

temperatura desejada e o substrato, neste tipo de biormtor. Nos nossos experimentos a 

temperatura do substrato nos BCVE foi, em mCdia, 1°C maior que a temperatura da 

estufa e ws BCHA a temperatura do substrato foi idêntica a do banho-maria que 

controiava a temperatura (dados não mostrados), demonstrando a eficaz transfednciri de 

calor no nosso sistema 

A manutenção das condições de umidade do substrato durante o cultivo semi- 

sólido é outro aspecto fundamental para o desenvolvimento microbiano (PANDEY et 

ai., 2000), pois o teor de umidade afeta diretamente a transfdncia de calor no meio e 

q d o  acontecem perdas considerhveis de umidade a transferhcia do calor 6 

prejudicada (MARSH et al, 1998). Os resultados apresentados na figura 4 sugerem que 

n b  houve perdas considedveis de umidade em decorrência da evaporaqâo da &ya do 

meio em nenhum dos dois sistemas. Aldm disso, os multados suprem também que a 

adição de ar iimido permitiu que a água formada pelo metabolismo microbiano fosse 

ret ida  praticamente na mesma razão em que o ar úmido foi adicionado ao biomtor, 

ao contrário do que foi verificado por STUART et ai. (1999X que coristarrirn um 

aumento de umidade durante os períodos de maior metabolismo microbiano em um 

biorreator do tipo tambor horizontal agitado. 



Figura 4. Perfil de umidade ao longo de cultivos semi-sblidos em (m) BCHA e em ("1 
BCVE (os resuhados expressam a maia de 2 experimentos). 

Por h, Fica evidente o quanto o desenho e a operação do biorreator podem 

afetar as camcteristicas ambientais do cultivo (tempemtum, oxighio, disponibilidade de 

nutrientes), tendo coriseqfi4ncias diretas no desenvolvimento microbiano e afetando a 

produtividade da enzima Portanto, estudos posteriores sobre os fen6menos de 

transporte de massa e calor envolvidos nesses biomtores são fundamentais, além de 

avaliar-se as possiveis alterações na a, do substrato durante o cuItivo. 



6. CONCLUSÕES GERAIS 

Neste trabalho foram apmfundados os conhecimentos sobre uma sdrie de 

aspectos referentes a xilana.ses bacteriams, no que se refere, principalmente, h 

produçh, purificaçilo e aplica@es dessa e h a ;  e também sobre ris diversas operwes 

envolvidas nos processos de cultivo serni-sólido de bactérias e ao aproveitamento de 

resíduos agroindustriais para qlicaições biotecnolbgicas. 

Em um primeiro momento estudou-se a p d u ç b ,  em Biorreatores Cilindricos 

Verticais Estáticos, e aplicação de uma xiIanase produzida pelo Baciilus coaguhns 

BL69 e que apresentou propriedades importantes, sendo a principal o fato de o extrato 

bruto ser completamente livre de qualquer atividade celulolitica Microrganismos 

capazes de produzir xilanases sem pduz ir ,  paralelamente, celulases são relativamente 

raros. Por isso o isolado B. coagulans BL69 é extremamente interessante e 

potencidmente apto a produzir xilanases para serem aplicadas em operações de 

branqueamento da polpa de papel (polpa Krd).  Aldm disso, a xi1- produzida por 

esse isolado demonstrou faixas ampliadas de temperatura (45-75T) e pH (4,5 a 10,Q) 

para sua atividade btima, o que 6 fundamental para aplicações industriais. No entanto, 

neste projeto, os trabalhos com o isolado B. coagulmis BL69 foram suspensos 

prematuramente em virtude das razões expostas no item 5.1 .l. 

Em segurado momento direcionaram-se todas as atenções xilanase produzida 

pelo isolado B. circuluns BL53 em CSS. Uma série de estudos sobre a oümil;ição da 

produção e da recuperação dessa emirna foram extensivamente realizados. 

Ainda que muitos pesquisadores tenham realizados estudos sobre a produção 

dessa enzima, pouca informaçh sobre a otimiaaçb dos processos de produção e 

recuperação est& disponíveis na literatura. E acreditamos que parte dessa lacuna possa 



ser preenchida wm os nossos mu1EEidos. Foram deteminadas as condiqões 6timas de 

produção das wlanases em CSS empregando-se metodologias de planejamento 

experimental e de superficie de resposta. Os resultados obtidos foram extremamente 

satisfatbnos e possibilitaram um aumento na produção da m i m a  de 0,437 umg-' de 

proteína, nas condições antigas, para 1,037 U-mg*' de proteína, nas condiç6w 

otimhdas. Também foi eficientemente ohizada a extração da x i W  produzida, 

novamente empregando-se metodologias estatísticas, para determinar as melhores 

condiç6es de temperatura, agita*, tempo de extração, relagão s6lido-liquido e o 

solvente empregado. A otimizaçb dessas duas operações 6 extremamente importante 

em processos biotecnoI6gicos industriais, pois tende a reduzir os custos e facilitar as 

operações de p d c a ç ã o  da enzima 

Por fim, a xilanase produzida pelo isolado BL53 foi p d c a d a  a homogeneidde 

e bioquimicamente caracterizada A enzima exibiu algumas propriedades que s u g m  

seu potencial para fbtms aplicações, urna vez que açúcares redutores f o m  liberados 

quando mima foi incubada com diversos resíduos agroindwtriais, indicando que a 

xihmse possa ser empregaâa na hidrSlise de residuos hemiceluibsicos para o btençb de 

açúcares fementesciveis, além de ter apresentado amplos intervalos de temperriaira e 

pH para sua atividade btima. 

Em concIusão, 6 importante ressaltar que os estudos aqui realidos apontam 

firmemente para a viabilização do emprego de processos de Cultivo Semi-s6lido e do 

aproveitamento de resíduos agroindustriais baratos e abundantes na Biotecnologia 

moderna, principalmente em países carentes de recursos financeiros, como é caso do 

Brasil. Ademais, também ficou evidente que a explora#& da diversidade m i c r o b h  de 

ambientes ainda inexplorados (ou pouco explorados) pode revelar microrganismos e 

mimas com aplicações práticas importantes, como foi o caso dos 3. coagulans BL69, 

do B. circuiúns 3L53 e das xihmes produzidas por eles. 



7. PERSPECTIVAS 

Este trabalho demonstrou a possibilidade de utilizar formas alternativas de 

produção de metabóutos de interesse, empregando um substrato de cultivo bmto e 

abundante em um sistema de cultivo de microrganismo extremamente simples e que 

ainda é pouco emprepdo. Isso abriu a possibilidade de que outros projetos fossem 

elaborados ufdizando-se dessas alternativas, inclusive duas dissertaçijes de Mestrado jB 

concluídas (uma sobre a produção de proteases e a outra sobre a produção de goma 

xmtana em CSS). 

Outra perspectiva aberta por este trrtbaiho e tamb6m jh colocada em prática em 

um projeto de P6sdoutoramento é a busca por novas enzimas ligrioceluloliticas, como 

maoaiiases, produzidas pelo isolados B. circulans BL53. 

Além disso, evidenciou-se a aplicabilidade do emprego de férimentas 

estatísticas e de planejamento experimental em processos biotecnol6gicos, permitindo 

que se alcance o mlurimo rendimento de cada etapa envolvida (produção, extmgb, 

atividade enzimhtica e hidr6Iise) e resultando em uma melhora gbbal do processo. Isso 

contribui para consolidar essas metodologias como ferramentas &is e importantes p m  

a Biotecnologia, abrindo a possibilidade de que o seu emprego possa se tomar comente 

entre os biotecnologistas. 

O acalonamento dos processos biotecreolbgicos utilizados C um campo de 

pesquisa que pmisa e merece ser considerado em trabaihos futuros, principalmente 

quando se objetiva a transposição da produção e do emprego dris enzimas da escal de 

labomthrio para uma escala industrial. Para -to, não se pode deixar de considerar 

também a necessidade de estudos de mdelagem matembtica, pois esses podem 



contribuir efetivamente para um maior conhechento dos fenômenos fisicos, quimicos e 
biol6gicos envolvidos nos processos em questão. 

Outra perspectiva, que d o  deixa de ser uma necessidade neste caso, é a busca 

por formas eficientes e reprodutfveis de determinação de biomassa bacteriana nos 

cultivos semi-sblidos. Este t, sem dhvida, o grande dewf~o que se impõe aos 

pesquisadores desta área, principalmente aos que utilizam-se de bactérh em seus 

experimentos. Para tanto, acreditamos que o emprego de técnicas de cromatogmfm 

gasosa, que permite a rnensuraçáo da atividade metab6lica da bactéria, possa ser uma 

soIuç& concreta para esse problema e, nesse sentido, esforços jB estão sendo 

conduzidos. 

E por último, não se pode deixar de aventar a perspectiva de estudos de 

manipulação genética com vistas B clonagem e wacteriza@o dos genes das x i h s e s  e 

sua expressão em sistemas mais eficientes. 
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ABSTRACT 

In B d ,  a large amwnt of a fibrous residue ia generaied as result of poybean ( G b h e  mar) pmein productim. 
This materi4 which is rich in hemiceiiulose and celhilcise. mn be used in wlid seate cultivations for the 
pduction of valaable metabolites and enzymes. In this work, we d i e d  the bioconversion of this resictge 
by k t w l a  strains isolated h m  water and soil collected in the Amazon region. Five stmins among 87 i s o W  
bacteria s e W  for their abiiity to pr&ce eithã.ce1uibe or xylsnases w& cuitivabed cai the afwwnentioned 
residne. From stmb BLB2, identificd as BacUIus srrbtilis, it was obcamed a p q a m i m  dmwing the biw 
specific cellulase activity, 1.08 Ulhng protein wiibin 24 hom of growth. Ca&ming xylana&, the isolate 
BL53, dilsci identified as BaciiIw dTuis ,  showd the iiighest specific activity for this enyme, 5-19 Wmg 
proteín within 72 hours of cultivatim. It has also be& ob&ed the promiction of proteases that wek 
associated with the loss of cellulw and xylanaw activities. These d t s  hdicated that the selected 
microorganisms, d the cultintion prows, h v e  great biotechnological potential. 

Key words: Soiid-Siak cultivatim, cellulõse, xylaaasc, soykan resídue, Amazon biodivcrsity 

A great deal of resemh on tfie enymatic degradatiou of 
ceilulose and hernicellulose has been developed in the last 30 
ywrrs (1 8). Organic wasoes h r e n d l e  forest and agridturai 
residues are rich m of celiulose, hemicelhilose and lignin, 
in m average ratio of 4:3:3 (3) although the e m t  percentage of 
t b e  cmqnments varies fmm soirrce to 5ome (24). 

Cellnlose, L e  largest renewable carbon s o m e  avdable 
(approximately 150 billion tons of organic material is 
photosynthesized annually), is frequently forind in dose 
d o 1 1  with otber tmnpmaS, such as hemicelhilose, lignin 
and o t h e r p o l ~ ~ e s ,  wbich makes i& bioconversim more 
a d t  (17). Cefiulose is an mbmched glucose polymer, 
compwred of anhydro-D-glucose units linked by 1,4-&D- 
glucoside bmds, which can bt hydrolyzed by cellulolytic 
enymes (1 8) produced by both bacmia and fugi. Celkiloiytic 
bmtmh include aerobic p i e s  such as Pseudomonas and 

Actynomicetes, facultative anaembes such as Bacilirrs and 
(7elIulowwitas, and strict anaerobes snch as Clastrrdiiarr. The 
commewiaipsibility of using celhilase prepmlions to pmiuce 
ghicose, alcohol and protein from cellulose is under intensive 
snidy(l1). 

Hemiddose is lhe secomi most a b d m t  p h t  M o n  
av&Ie in nature. It is a stomge poiymer in se& being dso a 
~oompmmtofcellwaIlsinwoodyphts.Waste~ 
wntaín up to 40% hemicelhiloses formed by pentm sugsirs 
(1 2). The mwomers of vmious hemicelhiloses are useful in the 
promic t íono fd i f faen t~hbo lF ,d feed , chemica l  
qe&iIties and fueis (26). Xylm is tbe mosi abdant  of lhe 
hemicelldoses. It tm a bear backbme compnsed of 1,4-hkd 
D-xyloppnwie miidms, which, d e p d q  m tfie ongin, may 
~ESUI~ xamifications containing maMy W, arabksyl and 
gluconosyl residues (9). There is a g r d  intmst in the uqmaic 
hydrolysis of xylan dne to W b l e  appiicatio118 in feedstock, 
f i m e l m d ~ p m r k a c t i o a , m d p a p e r m m ~ ( 6 ) .  

Correspooding author. Mailinp addrem: htituto de CiênFias o Tecwhgia de A ~ t o s ,  -rio de Biotscnologia. Av. Bento ~cuiplves,  9500, 
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Solid state cultivation (SSC) can be defined as the microbial
cultivation process in the absence or near absence of free water
in the substrate (15). However, there must be enough moisture
present to support cell growth (16). As bacteria, yeasts and
filamentous fungi can grow on solid substrates SSC has been
used ín bíoprocesses (19). Besídes, SSC has some advantages
over submerged cuItivation, includíng condítions that are similar
to those of the natural habitat of the microorganisms, lower
costs and ímproved enzyme stability (9). SSC has been used
for the production of cellul01ytic and xylanolytic enzymes. At
the end of the cultivation, enzymes can be extracted from the
substrate by símply percolatíng the bíoreactor wíth
appropriated buffers which is an easy, economical operation
(17).

Brazíl ís the second largest soybean (G/ycine max) world
producer. The industrial processing of this seed, to obtaín
isolated protein, generates a large amount of fibrous resídues.
Thís material is maínly composed of23% hemícellulose, 16%
cellulose, and 28% ínsoluble protein (dry basis). It has been
estimated by our studies that approximately 10,000 tn/year of
thís rich by-product are currently beíng produced, whích ís
partially used for anímal feedíng complement or ís símply
disposed off in the environment (10).

The aims of thís research are to study the bíoconversíon of
soybean fibrous resídue ínto value-added índustrial products,
such as enzymes, usíng SSC, and the selection of new bacteria
strains from the Amazon regíon bíodiversíty for bíoprocess
applications.

MATERIALS AND METBODS

Industrial fibrous soybean residue
Industrial fibrous soybean residue (IFSR), a by-product from

soybean processíng for proteín isolatíon, was used as the
cultívation substrate. IFSR composítíon was deterrnined
according to the method ofVan Soest and Robertson for cellulose
and hemícelIulose (27). Sucrose and proteín contents were
determined by Fehlíng and Kjeldahl methods respectively (1).

Microorganisms
The five strains of Baci/lus used ín this study were isolated

from samples of soíl and water of the Amazon region, and
kíndly províded by Prof. Spartaco Astolfi-Fílho. They were
selected accordíng to their cellulolytic and xylanolitíc activities.
Strains were maíntained on agar medium containing 0.1%
tragacanth gum and 0.1% carboxymethyl cellulose. Bacteria
were ídentified according to standard bíochemícal methods
(22).

Medium

A basic liquid míneral medium showing the following
composition (g 1,1):0.2 MgS04, 1.0 KH2P04, 1.0 K2HP04, 1.0
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N~N03, 0.02 CaCh, and 0.05 FeCh was used for both inoculum
preparation and SSC. SSC inoculum was prepared in 200 mL
Erlenmeyer flasks containíng 1.2 g of IFSR and 40 mL ofbasíc
líquid mineral medium. Flasks were inoculated wíth a single
colony from an agar plate culture and incubated for 18- 20 h at
37°Cunderagítation (125 rpm).

Bioreactor and Cultivation Conditions

Bíoreactor experiments were carried out using a 500 mL
cylindricalbioreactor( 60mm díameter, 170mm height) designed
and built ín our laboratory. SSC medíum was prepared with 20 g
of dry IFSR and 50 g of inert support (írregular stones with
approx.5mm of diameter)soakedin 120mL ofthe liquídmedium.
Bioreactors filled with the substrate and the ínert support, were
sterilízed in autoclave at 121°C for 15 min. After inoculation

with the entire content of an Erlenmeyer flask, cultivation
proceeded at 37°C for 72 hours. During cultivation, humidified
sterile aír was supplied at a constant rate of 150 mL min'l.

Enzyme Extraction
Enzymes were extracted from the entíre bioreactor content

usíng eight volumes of water (160 mL) and by shaking this
mixture at 150rpm for 30 minoSeparation of solid-líquid phase
was accomplíshed by centrifugatíon at 10,600 g for 20 mino

Sugar content
Total reducing sugar was measured by the dínitrosalicylíc

method (DNS)(4).

Soluble Protein

Soluble proteín was measured by the Bradford (2) procedure,
using bovíne albumin as the standard.

Enzymes Assays
Cellulase activity was deterrnined by filter paper activíty

(FPA), according to Mandels et a/. (13). Xylanase activíty was
measured according to Tavareset a/. (25). Cellulase and xylanase
activities were expressed as mícromoles of glucose equivalent
líberatedperminute permL of enzyme solutíon(IU/mL). Specific
activítíes were expressed as ID/mg proteín.

Proteolytic Activity Assay
Proteolytíc actívíty was measured by the azocasein method,

accordíng to Sarath et a/. (21). One enzymatíc activíty unit (U)
was defined as the amount of enzyme needed to produce, using
a 1cm cuvette, the change ín one unit of absorbance under the
conditions ofthe method. Specífic activíty was expressed as DI
mg protein.

Statistical Analysis
Data were analysed by ANOVA procedure (20) and

comparisons between means were perforrned by Tukey's test.



RESULTS AND DISCUSSION 

~ i l i c y t o ~ * c e ~ ~ ~ x y ~ ~ b o t h ~ :  
BL 15 md BL 62 pmduced botb mqmes; BL 53 and BL 69 
p r o d u c e d x y ~ d S t r a i n B L  1 6 ~ c e d c e l h i l ~  BL53 
and BL 62 were idwtified as Baciiius mbtih, whereas BL 15, 
BL 16 and BL 69 were identified as Bacillus sp. 
The time come of bioreaetor SSC dtivations is shown in 

Figure 1. Strriins BL 16, BL 62, and BL69 presented similar 1 3 - 
behvior towards reducing sugar libemticm and consumption 
(Fig. la), as a peak of sugar concenlm4ion was observed in 24 
hom of cultivation, followedby sharp dectine, which indicates 

I ' I ' 3 ' 1 ' 1 ' t '  
w h  sonrce cmamption. BL 53 stmm showed an antici- O 12 24 36 48 60 72 
sugar liberation peak within 12 hours followed by a second 
pmk of sugar liberation at the end of tbe mn, prohbly due to 
de now enqme synhesis necessary to die hydrolysis of the 
wbshate. BL 15 strain fiberated the lowest a m m  of ~ducing 
sugar whose wncenmtion remained constaat up ta the end of 
the process. Fig. I b shows fhe m I $  for protein coneenhtion. 
With the exception of atrain BL 69, which showed very littk 
proteinPniriationduriagcuitivatim,do~~aninitiaI 
decreoise of mhible prooein, indimting cmmmption of avdable 
nítrogen soorces. Durmg a lata stage of gmwth, these cultures 
showed increaaed p i n  I ~ ~ o n  into the medium, indica- 
proteolytic activity. To confirm tbis hypothesis, we bave asa 
the proteolytic activity of cultures (Fig. 2). We obmined a very 
high enymatic activity for a11 isolates, except for BL 69, 
confinning their ability to hydrolyne the residual soy protein. O 12 24 36 48 60 72 

Cell lyms, ausing th liiberstion of basic a m h  %i& and 
intothemednnn, w e r e p b a b l y ~ i b l e f o r a ~  8.5 

pH variation of niltam. The higb values of pH owned  at the 
end of cultivations for the degradation of IFSR, shown in Fignre 8.0 
I c, contrasted with results obtamed for the biod-tion of 
d e r  celluiosic mkrial, as described by Cen and Xia (9, who 
reportedah@iybrrfferingproperty, withpH ptaying mbetween 7.5 

5.5 and 7.0. Our redts point ta the need of pH control during 
cultivatiw ofBacilIus over IFSR when enzymatic actMties may = 7.0 
be Wkd by h*@ pH values. 

6.5 
C e U b  and xyb.sc  iEaviiia 

Wttb the exception of strain BL69 and BL53 that showed 6.0 
very low cellulolytic activity, the other iwlaks presented 
wnsidemble celhdaw activity, benig its maximum at 24 hours O 12 24 38 48 60 72 
of cultivation as it is shown in Fi. 3a. StPdies with cellnlolytic Time (houn) 
b d  saggest that prokaryotic celhilases may present very 
d i f f m t  a h  fnnn of fungi with h t  temPerm and Figure 1. Cultivatim time coame for biommr SSC at 3 7 T  
p H ~ m o n g t h e m . T h e r e f o r e , c o r n p a r i ~ n i n ~ s o f  a n d 1 5 0 m L a i r f m m . ( a ) W ~ s u g r i r ; ( b ) s o h i b k ~  
atyme actMty is dífnnilt to (8). To 0-e (c) pH. Sbowhg data for -m- BmciIh sp. BL 15, -m- BacuIw 
1 W o n ,  and a- at to c o m w  the enzYmes pro- b~ sp BL16, -A- ikdIwsfl&3hBL53, -V-&rcillw& BL62, 
the strains investigated in this wo* to cmmercid enzpe -0- Bacilhs sp BL69. Resula represent the average of two 
preparabons (Table I), we m m m d  enyme specific activity e m  
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O 12 24 38 48 W 72 
Time (hours) 

Fipre 2. Specific proteolytic activity throughwt SSC of IFSR 
at 37'C and 150 mL a i r h  Showing data for -B- B u c i i i ~  sp. 
BL 15, -8-Baciliw spBL16, -A-BaciUicssiibiilisBL53,-V- 
BaciUus dfih BL62, -0-Baedlw sp BL69. Resuits repriesent 
the average of two experiments. 

Tablc 1. Specific enzyme activities of commercial prepamtions 
and e m y n d c  exhcts obtaiued in this work. Activity repmmts 
the higher value obtained dnring cultivation. Enzyme 
aoncenfmtion of commamia1 prtpmtiom was eqnivdeni to 
1 % (wh) of c& powder. Meam followed by differeat l e m  
on column are statisticalty different (P0.05). 

Cellulase Xyianasr 
Ezyme Specific Activity Specific Activity 

( UVmg ptotein) (UUmg ptotein) 
Prozyn* 0.87" ND 

ACX6000-P** ND 1.37.' 
1 IBC-Sm* ND 1.03"' 

ButiIIu~ sp. S L 15 0.72" 1.758 
Baci1Iu.s sp. i3 L 16 0.89" 0.88" 

Bucilits~ suhtilis BL53 0.23b S.19u 
E d i t a  .~llbtili.s BL62 I .08c 4.W 

BuciIIu~ sp. BL69 0.06" 1.28" 

Commercial Cellulase - Novo Nordisk; ** Commmial 
hemice11uhse - Trigotec Ltda.; ND - Not determinated. 

for both cases. Rmults shown that isolam BL 15, BL 16, and 
BM2 have similar celluiase qecific activity as shown by 
Prozynm. a widely used industrial m e .  Conceming the 
production of x y b ,  d l  strains pmmted some activiíy but 
profiles varied mmg them as dmwn in Figme 3b. The isolate 
BL53 preseated the highest xylanase actívity within 72 h m  of 
ciiltivation (5.19 UYmg protein). BL62, which m t e d  the 

Figure 3. Sptcific enzyme activities of (a) Cellulase, and (b) 
Xyla- h g t i o u t  SSC of IFSR at 37'C md 150 mL &hin. 
Showing data for -a- &tciIItu sp. BL 15, -C B&iIw sp. BL16, 
-A- BaciIIus mbtilh BL53, -V- BaeiIlus subtilis BL62, -0- 
BaeUlus~BL69.ReaiI$representtheavaageoftwoexperiments. 

highest cellulase activiiy, also showed a reasonable x y h e  
pruduction (4.07 UUmg protein) but, in contrast with BL53, i& 
p& was at the initial phase of cdtivation, 12 hours. This 
difference might h related to the ability of stmim in initially 
using c a r h  swirces other than cellulose md hemieeilulose 
that are present in IFSR The complete analysis of the SSC 
snhatt residue showed 17% (dw) contentou sngars such as 
~ O S C ,  shchyose, md arabinose, which may be uaed or no2 
depending ou the metabolic q~b i l i t i e s  of simina. Protein 
prepdons  obtair~ed fmm stmins BL53 and BL62 wmpaxed 
favombly to wmme1cia1 xylmses, as down in Tabfe 1, with 
actmties being four to five times highet. Silva et ale (23) 

SSC pduction of xylanase by Aspgi'ihfMoigahcs 
F m d u s  growing for seven day. The maximum prodrictinty 
obtained in their work was of 6.27 Wmg prooein, a& to h t  
forBLS3 w h h  72 h m  of dtivation. 



Acoording to Moo-Young (14), the actions of c e i l u k  
and x y h e s  are synerghc over substrate, especiaiiy for 
micrmrganims iwlated k m  enviromnents where wood and 
apresiduas are biodegded In our work, most of the strains 
w m  cripab1e of producing boíb enaymes, conãrming these 
observations. Another important aspect for industrial 
applications of enzymes is lhe need for reduced costs of 
pmdwion (17). Gwrsesse and Mamo (7) paulate th& the great 
advmtages ofusing SSC over sribmerged cziltivation for mqme 
production are &e lower water content of emymdic ex- 
easy of conírol. lower probability of concamination, among 
others. The selection of b e m  solvem for enzyme extraction 
fhm the medinm is another impor~ant point of research whm 
selecting SSC as a biotechnological sy-. 

CONCLUSIONS 

h tbis work we demonsted that m e  bmt& m as g d  
producers of cel- and xylrinase as fungi are. Afiou@ is 
not common to use &teria as rnic~~orgmisms in SSC, in our 
work, the &lates from Amamiau enviroment proved to be 
excellent biological systems, showing some adwmtage over 
filarnentous fimgi, such as faster growth and lower p h b i l i t y  
of coataminations. Yet, recovery of exmcehh enzymes is 
e.a$ed by the simpliciiy of ttie pn>cess. The use ofagm-mWal  
residues as substmte for microbid growth algo pnwd to be 
possible, with good perspectives for mling up. Moreover, 
rwrults obtained m tbis work p e t  to the strong necessity of 
bmer unâedmdiug af tbe microbial diversity of Ammm region, 
one of the largesrt ccosystems on eartIi. 

The authors whisb to thrink Professor Sparkm AstoIfi-Filho 
of Universidade Federai do Amazonas, for tbe süams and to 
CNPq, CAPES zind FAPERGS for their h a n d  support 

ProdnçIo de celulase e xfhaase por cepas de Baciilns 
boiadas da AmuBnia em ciUvo iembsúiido itilizaado 

resíduo da indástrii d r  soja 

No Brasil, uma grande quantidade & resíduos fibrosos de 
soja (Giycine max) são gerados no processo de produção de 
proteína de soja. Estes materiais, ricos em celulose e 
hemictlulose, podem ser usados como substratos para cultivos 
microbianos visando a produç2lo de valiosos metiibblitos e 
emhis.  Neste trabalho, estudou-se a prodnção de mimas, 
utilizando estes resíduos, por bactérias isoladas da água e do 
solo da região d M c a  Cinco q a s ,  dmtre 87 iniciais, foram 
selecionadas e crescidas em cultivo semi-dlido (CSS). 

Pieparações obtidas do isolado BL 62, identificado como 
Bacillw subtilis, apmentmm a maior atividade e c a  
para celulase, 1 ,OS W mg & proteína, em 24 horas de cultivo. 
No que xe refere As xilanases, preparações obtidas do isolado 
BL 53, tambbrn identificado como Bacillus subtilis, 
apresenmam a maior atividade especifica para esta enzima, 
com um valor de 5,19 W mg de proteína, em 72 horas de 
cultivo. Tambhn foi demonstradu a produção s i m u l h  de 
proteases, o que pode ser e a d o  h perda das atividades 
de c e h h c  e x i h  h t e  o cultivo. Os mdtadcis indicam 
que os micmgmimos selecionados e o prowso de cultivo 
empregado utilizando residuo da soja apresentam grande 
potencial b i o ~ o l 6 g i c o .  

Palrvns&ave: Cultivo semi-86líd0, celulases, xilanases, 
nsidm de soja, W v e i 3 W  d i c a .  
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