A UNIVERSIDADE ESTADUAL PAULISTA
OCS “JULIO DE MESQUITA FILHO”

u n eS p - INSTITUTO DE BIOCIENCIAS — RIO CLARO

PROGRAMA DE POS-GRADUACAO EM CIENCIAS BIOLOGICAS
(MICROBIOLOGIA APLICADA)

PRODUCAO, PLJRIFICA(;AO, PROPRIEDADES BIOQUIMICAS E
APLICACAO DE XILANASES DE Aspergillus hortae

JULIANA MONTESINO DE FREITAS NASCIMENTO

Abril - 2017

Tese apresentada ao Instituto de
Biociéncias do Campus de Rio
Claro, Universidade Estadual
Paulista, como parte dos requisitos
para obtencdo do titulo de Doutor
em Ciéncias Biologicas
(Microbiologia Aplicada).



JULIANA MONTESINO DE FREITAS NASCIMENTO

PRODUCAO, PURIFICACAO, PROPRIEDADES BIOQUIMICAS
E APLICACAO DE XILANASES DE Aspergillus hortae

Tese apresentada ao Instituto de
Biociéncias do Campus de Rio
Claro,  Universidade  Estadual
Paulista, como parte dos requisitos
para obtencdo do titulo de Doutor
em Ciéncias Bioldgicas
(Microbiologia Aplicada).

Orientadora: Profa. Dra. Eleonora Cano Carmona

RIO CLARO
2017



547.758 Nascimento, Juliana Montesino de Freitas
N244p Producéo, purificacdo, propriedades bioquimicas e
aplicagdo de xilanases de Aspergillus hortae / Juliana
Montesino de Freitas Nascimento. - Rio Claro, 2017
120f. :il., figs., gréfs., tabs.

Tese (doutorado) - Universidade Estadual Paulista,
Instituto de Biociéncias de Rio Claro
Orientador: Eleonora Cano Carmona

1. Enzimas. 2. Producé&o de xilanases. 3. Aspergillus
hortae. 4. Aplicagdo na panificagdo. 5. Purificagéo e
caracterizacdo. 6. Enzimas halotolerantes. |. Titulo.

Ficha Catal ogréfica elaborada pela STATI - Bibliotecada UNESP
Campus de Rio Claro/SP




Av‘yﬂ UNIVERSIDADE ESTADUAL PAULISTA

unesp™® iR e

CERTIFICADO DE APROVAGAO

TITULO DA TESE: PRODUGAO, PURIFICACAO, PROPRIEDADES BIOQUIMICAS E APLICACAO
DE XILANASES DE Aspergillus hortae

AUTORA: JULIANA MONTESINO DE FREITAS NASCIMENTO
ORIENTADORA: ELEONORA CANO CARMONA

Aprovada como parte das exigéncias para obtengdo do Titulo de Doutora em CIENCIAS
BIOLOGICAS (MICROBIOLOGIA APLICADA), pela Comissdo Examinadora:

RN ¢ SR VRS

Profa. Dra. ELEONORA CANO CARMONA
Departamento de B|oqu1mlca e Microbiologia / IB Rio Claro .

7ERES MELO FURRIEL
NIVERSIDADE DE SAO PAULO

Prof. Dr. RUBENS MONTI
Departamento de Allmentos e Nutrigao / Faculdade de Ciéncias Farmacéuticas - UNESP - Araraquara

Prof. Dr. JOAO ATI T O JORGE
Departamento de Biologia / Universidade de Séo Paulo

n. %fvu ,\?/
Prof. Dr. MICHEL B (6}
Laboratdrio de Caracterizagao de Biomassa / Instituto de Pesquisa em Bioenergia - IPBEN

Rio Claro, 10 de abril de 2017

Instituto de Biociéncias - Campus de Rio Claro -
Av. 24-A no. 1515, 13506900, Rio Claro - Sao Paulo
CNPJ: 48.031.918/0018-72.



Dedico este trabalho a minha mae Ana e

ao meu pai Marcos, amor e gratidao eternos!



AGRADECIMENTOS

A Profa. Dra. Eleonora Cano Carmona, pela orientagio deste trabalho, por tudo que tem me
ensinado, pelo carinho, confianca e amizade.

A amiga Céarol Cabral Terrone por todos os ensinamentos no laboratorio, pela paciéncia e
ajuda nos experimentos, porem mais do que isso por ter tantas vezes me emprestado 0s

ouvidos, pela cumplicidade, bondade e prontid&o.

A Daniela Turati, Gabriela Vieira e Marina Turini por estarem sempre prontas a ajudar, pelo
auxilio profissional e pessoal e pela amizade.

Aos amigos do laboratério Michel e Carol por toda a ajuda.
A Carmen Silvia Casonato de Souza, pela amizade, pelo apoio técnico e paciéncia.

A Profa. Dra. Caroline Joy Steel e a doutoranda Amanda Nogueira pela orientacéo e auxilio
na aplicacdo da enzima.

Ao Prof. Dr. André Rodrigues e o aluno e amigo Danilo Polezel pela identificacdo da linhagem
do fungo e pelo apoio prestado.

A Maria Antonia pela realizagio das analises de toxinas.

A todo corpo docente, técnicos e colegas do Departamento de Bioquimica e Microbiologia e
demais setores da UNESP — Rio Claro.

A CAPES e ao CNPq pela concessédo da bolsa de estudos.

Aos amigos da EJNS: Flavia e Alexandre por todo carinho e aconselhamento, ao Juninho e
familia por terem sido tdo acolhedores e amigos, ao Sérgio pelas piadas e por ter me
apresentado o Thiago, a Renata, Denise, Flavinha, Christopher, Silvania, Andreia, pelo
acolhimento, confianca, amizade e pelos momentos de descontracéo.

Ao Thiago, por todo apoio e companheirismo e por tornar mais completa esta fase final.

Ao0s meus pais, Marcos e Ana por ndo medirem esfor¢os e renunciarem tantas coisas para que
eu chegasse até aqui.

E principalmente a Deus que me envolveu em sua Divina Misericordia me dando forgas para
realizar e contemplar tantas coisas que aos olhos humanos pareciam impossiveis.



“Jesus eu confio em Vos”

(Santa Faustina Kowalska)



RESUMO

Xilanases sdo enzimas que possuem uma gama de aplicagdes biotecnoldgicas, como
hidrolise enzimatica da biomassa lignocelulésica para producéo de etanol, branqueamento de
polpa de papel Kraft, na racdo animal, na industria de alimentos como aditivo para melhorar a
qualidade de pées, na clarificagdo de sucos, entre outras. Essa variedade de aplicacOes deve-se
a atuacdo das xilanases sobre os residuos de xilose da cadeia principal do xilano, o segundo
principal componente da parede celular vegetal, liberando xilooligossacarideos. A amplitude
de aplicacdes confere as xilanases posicdo de destaque econémico e grande exploracao
cientifica, principalmente na busca por xilanases estaveis ou tolerantes a condices fisico-
quimicas mais extremas de temperatura, pH e salinidade. Este estudo mostra, pela primeira vez,
a producao, purificacdo e aplicacdo de xilanases de Aspergillus hortae, um fungo isolado de
lagoas salinas da regido do Pantanal do Mato Grosso do Sul, Brasil. A producdo de xilanases
foi realizada utilizando sabugo de milho como substrato. Apos a realizagdo de um planejamento
experimental, as condicdes 6timas de cultura foram pH 5,36 e 35 °C. As xilanases caracterizadas
no filtrado de cultura apresentaram pH e temperatura 6timos de 6,5 e 55 °C bem como
estabilidade em pH 3,0 a 8,0 e cerca de 70% da atividade ainda estava presente apds 5 h de
incubacéo do filtrado a 50 °C. A aplicagéo do filtrado de cultura na produgéo de paes, resultou
na reducdo da firmeza do miolo, provocando um efeito anti-endurecimento, o que é um fator
positivo quando se considera a vida de prateleira do pdo. O filtrado de cultura foi submetido
aos testes de purificacdo em trocador catidnico e anidnico bem como cromatografias de
exclusdo molecular, resultando na purificacdo de trés xilanases, Xyl I, Xyl 1l e Xyl I1I, com
massas moleculares de 33, 25 e 29 kDa, respectivamente. O pH 6timo das enzimas purificadas
foi em torno de 6,0 a 6,5 e a temperatura 6tima 55 °C, exceto para Xyl 111 que foi a 65 °C. As
trés enzimas apresentaram interessante tolerancia e estabilidade ao NaCl, com destaque para
Xyl I que foi ativada, especialmente a 4 M de NaCl, bem como permaneceram estaveis em
177%, 75% e 58%, respectivamente, quando incubadas a 2 M de NaCl por 3 h a 25 °C. Os
resultados deste trabalho indicam o potencial de aplicacdo destas enzimas em processos
industriais como na panificagdo e também processos que requerem estabilidade em faixas de
pH e salinidade mais extremas, como branqueamento de polpa de papel Kraft e preparacédo de

alimentos derivados de frutos do mar, respectivamente.

Palavras chave: Aspergillus hortae. Producdo de xilanases. Aplicacdo na panificacéo.
Purificacdo e caracterizacdo. Enzimas halotolerantes.



ABSTRACT

Xylanases are enzymes that have a range of biotechnological applications, such as
enzymatic hydrolysis of lignocellulosic biomass for ethanol production, bleaching of Kraft
paper pulp, in animal feed, in the food industry as an additive to improve the quality of breads,
clarification of juices, among others. This variety of applications is due to the action of
xylanases on the xylose residues of the xylan main chain, the second main component of the
plant cell wall, releasing xylooligosaccharides. The range of applications gives xylanases an
outstanding economic position and great scientific exploration, mainly in the search for stable
or tolerant xylanases to extreme physicochemical conditions, such as high temperature, pH or
salinity. This study shows, for the first time, the production, purification and application of
xylanases of Aspergillus hortae, a fungus isolated from saline lagoons in the Pantanal region of
Mato Grosso do Sul, Brazil. The xylanases production was carried out using corn cobs as a
substrate. After an experimental design, optimum culture conditions were pH 5.36 and 35 °C.
The xylanases characterized in the culture filtrate presented optimum pH and temperature of
6.5 and 55 °C as well as stability at pH 3.0 to 8.0 and almost 70% of the activity was still present
after 5 h incubation of the filtrate at 50 °C. The application of the culture filtrate in the bread
production resulted in a reduction of the firmness of the crumb, causing an anti-stalling effect,
which is a positive factor when considering the shelf life of the bread. The culture filtrate
produced under the conditions described above was subjected to purification tests, which
included chromatographic steps in cationic and anionic exchangers as well as exclusion
chromatography, resulting in the purification of three xylanases, Xyl I, Xyl Il and Xyl 111, with
molecular mass of 33, 25 and 29 kDa, respectively. The optimum pH of the purified enzymes
was around 6.0-6.5 and the optimum temperature 55 °C, except for Xyl 111 which was at 65 °C.
The three enzymes presented interesting tolerance and stability to NaCl, especially Xyl I, which
was activated mainly at 4 M NaCl, as well as remained stable at 177%, 75% and 58%,
respectively, when incubated at 2 M NaCl for 3 h at 25 °C. The results of this work indicate the
potential application of these enzymes in industrial processes such as baking and also processes
that require stability in more extreme pH and salinity ranges, such as bleaching of Kraft paper

pulp and preparation of foods derived from seafood, respectively.

Keywords: Aspergillus hortae. Production of xylanases. Application in baking. Purification
and Characterization. Halotolerant enzymes.
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1 INTRODUCAO

A crescente necessidade de tornar os processos industriais mais vantajosos quanto aos
aspectos de rendimento, operacionalidade e, consequentemente, competitividade encontra,
principalmente nos ultimos anos, desafios perante a coeréncia com 0 que € ecologicamente
correto. Sob esta perspectiva, cada vez mais as industrias se interessam nao apenas por metodos
e substancias com implicacdo direta nos parametros que determinardo a produtividade e
lucratividade, mas também pelos métodos de reaproveitamento de residuos ou subprodutos,
principalmente os de origem agroindustriais, oriundos da biomassa lignocelulésica.

Neste contexto, as enzimas microbianas como ferramentas da biotecnologia tém exibido
aplicaces no atendimento dos interesses conjuntos de aprimoramento dos processos
industriais, reaproveitamento de residuos, minimizacdo dos impactos causados pela liberagdo
dos mesmos no ambiente e consequente cumprimento das exigéncias de fiscalizacdo ambiental.

Devido a intensa exploracdo e a gama de aplicacdes dessas enzimas, este mercado tem
apresentado crescimento progressivo. O segmento movimentou em 2014, valores da ordem de
4,2 bilhdes de dblares e espera-se que se desenvolva a uma taxa composta de crescimento anual
de 7% no periodo de 2015 a 2020 para chegar a aproximadamente 6,2 bilhdes de ddlares
(SINGH et al., 2016). O Brasil, por outro lado, apesar da diversidade ambiental e do grande
potencial de bioprospecc¢do e descoberta de microrganismos produtores de enzimas de interesse
biotecnoldgico, tem contribuido com pequena fatia desse mercado (DE GODOY DAIHA et al.,
2016). Segundo BON e colaboradores (2008), o pais contribuiu com apenas 3,7% do mercado
internacional em 2005. A pequena participacdo brasileira e a predominancia das importagdes
indicam uma situacao de desvantagem tecnoldgica e estratégica em termos de producdo e uso
destes biocatalisadores no pais (BON et al., 2008; DE GODQOY DAIHA et al., 2016). Tal
contexto necessita ser revertido, principalmente devido ao grande potencial de bioprospeccéo e
desenvolvimento de patentes através da aplicacdo de enzimas microbianas em processos
industriais. Isso torna de extrema importancia iniciativas governamentais de apoio ao
desenvolvimento dessas tecnologias, como a Politica de Desenvolvimento da Biotecnologia,
que considera em suas diretrizes as enzimas industriais como areas prioritarias (BRASIL,
2007).

As xilanases ou 4-p-D-xylan xylohydrolases (EC 3.2.1.8) sdo amplamente estudadas

pela diversidade de aplicacfes industriais gracas a capacidade de hidrolisar o xilano, o segundo
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principal componente da biomassa vegetal. Dentre as aplicagdes das xilanases, uma delas é na
panificacdo a fim de melhorar os aspectos reoldgicos da massa, volume do péo.

Apesar das inUmeras pesquisas com Xxilanases obtidas a partir do cultivo de
microrganismos em residuos ou subprodutos agroindustriais bem como sua aplicacdo em
diferentes processos industriais, ainda é importante a descoberta de enzimas que sejam
tolerantes a determinadas condi¢cBes de temperatura, pH, salinidade e outras inumeras
propriedades requeridas por uma gama de processos industriais nos quais elas séo empregadas.
Assim, a producdo, purificacdo e caracterizacdo de xilanases termotolerantes, halotolerantes ou
alcalinotolerantes merece destaque, evidenciado pelas inimeras pesquisas e prospecgdo de
microganismos em ambientes extremdfilos. Desta forma, o presente trabalho mostrou, pela
primeira vez, a producdo, purificacdo, caracterizacdo e aplicacdo de xilanases de Aspergillus

hortae isolado de lagoas salinas do Pantanal Mato-Grossense.
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2 OBJETIVOS

2.1 Objetivo geral
Avaliar a producéo de enzimas xilanoliticas de Aspergillus hortae utilizando meios de
cultivo alternativos e estudar a aplicacdo do filtrado na producdo de pdo, purifica-las e

caracteriza-las bioquimicamente.

2.2 Objetivos especificos:
e Avaliar as melhores condi¢cdes de cultivo para producdo de xilanases
extracelulares por Aspergillus hortae;
e Avaliar a aplicacdo do filtrado contendo xilanases na producdo de pdo em
relacdo as caracteristicas reolégicas, volume e efeito anti-endurecimento.

e Purificar e caracterizar parcialmente as principais Xilanases produzidas.
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3 REVISAO BIBLIOGRAFICA

3.1 Biomassa lignocelulésica
3.1.1 Estimativa da geracao de residuos provenientes das principais atividades agricolas e
agroindustriais do Brasil e beneficios do reaproveitamento desta biomassa

A intensa atividade agricola do Brasil, representada especialmente pelos cultivos da
cana-de-acgucar, café e milho, gera anualmente toneladas de residuos sélidos como bagacgo de
cana, casca de café, palha e sabugo de milho.

A cana-de-acucar € uma das culturas mais representativas do Brasil, correspondendo
a 14,76% do total da area plantada no pais, perdendo apenas para a soja e para o0 milho (IPEA,
2012). A intensa producéo agricola também acompanha a intensa geracéo de residuos, sendo
gue para cada tonelada de cana-de-acUcar esmagada e consequente obtencdo de produtos, sdo
produzidos cerca de 100 a 400 kg de torta de filtro, 800 a 1 mil litros de vinhaca e 260 a 280 kg
de bagaco de cana moida (SILVA; GOMES; ALCINA, 2007; IPEA, 2012).

Considerando os dados do relatério apresentado pelo IPEA, “Diagnéstico dos
Residuos Organicos do Setor Agrossilvopastoril e Agroindustrias Associadas”, pode-se
observar que a producao total de cana-de-acUcar foi de 671.394.957 toneladas e que o montante
estimado de residuos gerados, bagaco e torta de filtro, pelo processamento da cana-de-agucar,
foi de 201.418.487 toneladas em 2009 (IPEA, 2012), ou seja, aproximadamente 30% do total
de producdo. Assim, conforme a porcentagem residual citada anteriormente, a producéo total
de 694,54 milhdes de toneladas de cana-de-agUcar destinada a industria estimada para a safra
2016/2017 pode gerar em torno de 222 milhdes de toneladas de residuo (COMPANHIA
NACIONAL DE ABASTECIMENTO - CONAB, 2016).

Com relacdo a geracdo de residuos provenientes da cultura do café, pode-se assumir
uma porcentagem de 50% de residuos sélidos (casca e polpa) sobre a parcela total de café
processado (IPEA, 2012). Desta forma, considerando que o Brasil teve em 2016 uma producao
total de café em gréo da ordem de 2.937.034 toneladas (IBGE, 2016), isso representa uma
estimativa de 1.468.517 toneladas de residuo solido de café gerados neste ano. A quantidade de
casca de café gerada anualmente no Brasil justifica 0 emprego dessa biomassa, tanto para fins
energéticos, como para extracdo de compostos quimicos de alto valor comercial, devendo ser
melhor explorado em pesquisas.

Por fim, o Brasil ocupa a terceira posi¢cdo na produgdo mundial de milho, sendo esta

uma das principais culturas geradoras de residuos no pais. A maior parte da producdo €
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destinada a racdo animal, mas o milho também pode ser transformado em 6leo, farinha, amido,
margarina, xarope de glicose e flocos para cereais matinais. Entretanto, algumas partes da
planta, como palha e sabugo, ndo apresentam utilizacdo economicamente viavel, constituindo-
se muitas vezes em residuos, totalizando um fator residual de 58%, segundo a Associacdo
Brasileira de Inddstrias da Biomassa (ABIB, 2011). A produgdo total de milho no Brasil em
2016 foi em torno de 63 milhGes de toneladas de gréos de milho e, empregando-se o fator
residual da ABIB, pode-se também estimar um montante em torno de 36 milhdes de toneladas
de residuos provenientes desta cultura. Ainda, sabendo-se que para cada 100 kg de grdos de
milho processados sdo gerados aproximadamente 18 kg de sabugo de milho (BAGBY;
WIDSTROM, 1987), um total de aproximadamente 11 milhdes de toneladas de sabugo de
milho foram gerados nesse periodo.

Embora os excedentes da industria de processamento do milho sejam, geralmente,
utilizados como combustivel em caldeiras, racdo ou adubo, nem sempre esta utilizacdo é
economicamente viavel e pode muitas vezes constituir um problema. A utilizacdo desses
residuos, além de possibilitar a reducdo do custo de conversao em produtos de valor agregado,
também vai ao encontro com a Politica Nacional de Residuos Sélidos (PNRS) implementada
pela lei n°® 12.305, de 02 de Agosto de 2010, que salienta a destinacdo final ambientalmente
adequada para residuos soélidos, incluindo a reutilizacdo e o aproveitamento energético
(BRASIL, 2010; INSTITUTO DE PESQUISA ECONOMICA APLICADA — IPEA, 2012).

Sob esta perspectiva, solucGes para aplicacdo destes residuos e subprodutos sao
necessarias e, dentre as possiveis resolugdes, esta a utilizacdo do sabugo de milho e outros
residuos para cultivo de microrganismos e extracdo de enzimas ou sua conversdo em produtos
quimicos de valor agregado como acidos latico e citrico, aclcares e etanol (ASHOUR et al.,
2013). O foco das pesquisas é encontrar formas de aumentar a eficacia no processo de conversao
da biomassa lignocelul6sica oriunda de residuos agroindustriais em produtos de valor agregado
através da otimizacdo da hidrolise quimica ou enzimética deste material (ARORA; BEHERA,;
KUMAR, 2015; LIMAYEM; RICKE, 2012; SINDHU; BINOD; PANDEY, 2016).

Este contexto de conversdo da biomassa lignocelulésica oriunda de residuos
agroindustriais em produtos de valor agregado encontra-se além das pesquisas, manifestando-
se através do conceito de biorefinaria que abrange a transformacao desta biomassa em produtos
com maior valor agregado, principalmente biocombustiveis. Segundo a Empresa Brasileira de
Pesquisa Agropecudria (Embrapa), o conceito de biorefinaria, embora dindmico, compreende
instalagBes que integram processos de conversdo da biomassa em biocombustiveis, insumos

quimicos, materiais, alimentos, rac6es e especialmente energia, através de rotas de conversao
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bioguimicas, microbianas, quimicas e termoquimicas, com a finalidade de melhorar o
aproveitamento da biomassa lignoceluldsica e da energia nela contida, minimizar os efluentes,
maximizando os beneficios e o lucro (EMBRAPA AGROENERGIA, 2011). No Brasil, a
instalacdo de biorefinarias ja € uma realidade, atualmente o pais conta com trés plantas de etanol
2G em operacdo, sendo duas em escala comercial: Granbio (no Estado do Alagoas) e Raizen
(no Estado de Séo Paulo) e uma planta demonstrativa (Centro de Tecnologia Canavieira— CTC)
(POPP et al., 2016).

Considerando a existéncia das biorefinarias, a utilizacdo de subprodutos ou residuos
agroindustriais ricos em celulose, hemicelulose e lignina para producdo de bioetanol e outros
produtos, ou ainda, como substratos para cultivo de microrganismos e producdo de enzimas
com potencial de utilizacdo na etapa de pré-tratamento, hidrélise enzimatica, inddstria de
alimentos, polpa de papel e detergentes, apresenta beneficios tanto do ponto de vista
tecnoldgico, uma vez que reduz o custo de producdo dessas enzimas e permite a viabilizacdo
de sua aplicacdo em diversos processos industriais, como também ambiental e energético
devido a minimizacdo de residuos e possibilidade de producdo de energia renovavel a partir
deste material (ARORA; BEHERA; KUMAR, 2015; IQBAL; KYAZZE; KESHAVARZ,
2013; LIMAYEM; RICKE, 2012).

O conhecimento da composi¢do estrutural dos residuos agroindustriais €
extremamente importante para os processos de conversao em produtos de valor agregado.
Materiais lignocelulésicos como palhas, cascas, caules, talos vegetais e subprodutos do
processamento industrial como bagaco de cana-de-agUcar, bagaco de malte, sabugo de milho,
entre outros, por serem constituidos de componentes da parede celular vegetal, sdo ricos em
celulose, hemicelulose e lignina em porcentagens variadas, dependendo da espécie vegetal e do

tipo de processamento. A Tabela 1 mostra a composi¢do de alguns materiais lignocelulésicos.

3.1.3 Aspectos estruturais e moleculares da biomassa lignocelulésica

A biomassa lignocelulosica compreende o termo utilizado para a biomassa derivada
da parede celular de vegetais, as quais correspondem as paredes primaria, secundaria, terciaria
e lamela média (KUMAR; GAUTAM; DUTT, 2016). Como pode ser observado na Figura 1,
este material possui estrutura complexa e heterogénea caracterizada por polissacarideos como
celulose, hemicelulose e lignina, proteinas estruturais e compostos fenolicos que podem variar
em composicao, dependendo do tipo de planta (GIRIO et al., 2010; GUERRIERO et al., 2016).
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Tabela 1- Composicéo lignocelul6sica de alguns residuos e subprodutos agroindustriais

Composicéo (% de peso seco)

Tipo de biomassa  Celulose Hemicelulose Lignina Referéncias
Palha de banana 53 29 15 SILVEIRA et al., 2008
Palha de cevada 23 21 21 ADAPA et al., 2011
Palha de canola 22 17 20 ADAPA et al., 2011
Fibra de coco 36-43 15-25 41-45 GRAMINHA et al., 2008
Casca de café 18 13 - MUSSATTO et al., 2011b
Gréos de café 9 37 - MUSSATO et al., 2011a
Sabugo de milho 45 35 15 LIMAYEAMA; 2012
Palha de milho 33 25 8 GRAMINHA et al., 2008
Silagem de milho 38-40 28 7-21 GRAMINHA et al., 2008
Talos de algodéo 58 14 22 NIGAM et al., 2009
Semente de uva 7 31 44 GRAMINHA et al., 2008
Casca de nozes 25-30 25-30 30-40 HOWARD et al., 2003
Palha de algodéo 40 27 18 NIGAM et al., 2009
Casca de arroz 22 23 15 MEGAWATI et al., 2011
Palha de arroz 32 24 18 LIMAYEMA; Ricke, 2012
Palha de centeio 38 31 19 NIGAM et al., 2009
Bagaco de sorgo 40 36 4 DOGARIS et al., 2009
Talos de sorgo 27 25 11 GRAMINHA et al., 2008
Palha de sorgo 35 24 - TELLEZ-LUIS, 2002
Talos de soja 35 25 20 NIGAM et al., 2009
Residuo de aglcar 26 19 3 EL-TAYEB et al., 2012
de beterraba

Bagaco de cana 35-45 26-36 11-25 ZHAOQO et al., 2009

Palha de cana 36 21 16 SAAD et al., 2008
Caules de girassol 34 20 17 RUIZ et al., 2008

Palha de trigo 27 21 23 ADAPA et al., 2011

Fonte: Adaptado de KNOB et al., 2014.

Plantas lenhosas como madeiras possuem em torno de 50% de celulose, 25% de lignina
e 25% de hemicelulose. Constituem a maior fonte de carbono dos ecossistemas terrestres e,
consequentemente, uma das mais importantes commodities devido ao potencial biotecnoldgico
de geracgdo de energia. Dessa forma, a biomassa lignocelulésica € extensivamente estudada do
ponto de vista de composicdo estrutural, tanto in natura quanto sob a forma de residuos ou
subprodutos agroindustriais, a fim de encontrar melhores formas de hidrolise, degradagéo da
lignina e producéo de etanol a partir da celulose e hemicelulose (BRIENZO et al., 2015; VAN
KUK etal., 2015).
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Figura 1 - Estrutura da parede celular vegetal.
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Fonte: DE SIQUEIRA et al., 2010.

A lignina é encontrada na parede celular de plantas vasculares associada por ligacdo
covalente a heteropolissacarideos de forma que preenche e une firmemente a lacuna entre e em
torno da celulose e hemicelulose, conferindo rigidez, impermeabilidade e protecdo a ataques
microbianos (RAGAUSKAS et al., 2014). Trata-se de um heteropolimero amorfo e aromatico
composto por unidades de fenil propano. Sua biossintese ocorre a partir do acoplamento de
radicais alcoois como coniferil, sinapil e p-coumaril, dando origem no polimero a subunidades
guaiacil, siringil e hidroxifenil, respectivamente (ZHAO; ZHANG; LIU, 2012; KUMAR;
RAHIKAINEN et al., 2013; GAUTAM; DUTT, 2016).

A celulose consiste de uma cadeia linear de unidades de D-glicose unidas por ligacdo
glicosidica do tipo PB-1,4, sendo portanto um homopolimero. Tal configuragdo confere
estabilidade e permite que as cadeias longas se unam paralelamente por ligacGes de hidrogénio,
dando origem as microfibrilas e essas, por sua vez, as fibrilas de celulose (JARVIS, 2003;
GUERRIERO et al., 2016; WANG; HONG; 2016). Dessa forma, a celulose organiza-se, a partir
de uma unica unidade anidroglucopiranose, em uma estrutura complexa na qual um grande
namero de ligagdes de hidrogénio intra e inter moleculares sdo a base da coesdo entre as
moléculas, conferindo rigidez, sendo referidas como regides cristalinas da celulose
(MEDRONO; LINDMAN, 2015; GUERRIERO et al., 2016). A celulose também apresenta
regides amorfas no espaco entre as microfibrilas em paredes primarias e secundarias que séo
mais facilmente degradadas (KUMAR; GAUTAM; DUTT, 2016). Alguns estudos tém
abordado a questdo da estrutura anisotropica, ou natureza anfifilica da celulose, ou seja, a

presenca de regides na longa cadeia com clara diferenca de polaridade. Estes estudos estéo
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baseados na presenca de trés grupos hidroxil na posicdo equatorial do anel de glucopiranose,
conferindo hidrofilicidade, e ligacdes de a&tomos de carbono e hidrogénio na posicao axial do
anel, conferindo hidrofobicidade (YAMANE et al., 2006; MEDRONHO; LINDMAN, 2015).

Hemiceluloses sdo heteropolimeros muito representativos da parede celular vegetal,
constituindo 20 a 35% do seu peso em massa, dependendo da fonte vegetal. Encontram-se
associadas a celulose por ligagdes de hidrogénio no espaco entre as microfibrilas, e ainda podem
formar ligacGes covalentes com a lignina, favorecendo adeséo e coesdo das fibras e protecdo da
celulose contra celulases (VAN DYK; PLETSCHKE, 2012; SHARMA; KUMAR, 2013;
KUMAR; GAUTAM; DUTT, 2016;). As hemiceluloses sdo polimeros complexos de
carboidratos que apresentam grande variabilidade quimica e molecular. Apresentam uma cadeia
principal composta principalmente por D-xilose, podendo apresentar também outras pentoses
como L-arabinose e também hexoses como D-manose, D-glicose e D-galactose, unidas por
ligagdes glicosidicas B-1,4 (EBRINGEROVA; HEINZE, 2000; KUMAR; SINGH, S; SINGH,
0, 2008; KUMAR; GAUTAM; DUTT, 2016). A cadeia principal pode apresentar ramificacoes
contendo acido urdnico, acido ferulico e pequenas porcoes de outros agucares como arabinose,
galactose, a-L-ramnose, a-L-fucose e grupos hidroxilas de monossacarideos parcialmente
substituidos por grupos acetil (SUNNA; ANTRANIKIAN, 1997). As hemiceluloses
normalmente sdo designadas de acordo com o principal monossacarideo presente como
xiloglucanos (D-xilose e D-glicose), glucomananas (D-glicose e D-manose),
galactoglucomananas (D-galactose, D-glicose e D-manose), arabinogalactanos (D-galactose e
arabinose) e, 0s mais comumente encontrados, os Xilanos (SUNNA; ANTRANIKIAN, 1997;
KIEMLE et al., 2014).

O xilano esta presente na interface entre a lignina e a celulose em plantas como
madeira, gramineas, cereais e ervas como um dos principais constituintes da hemicelulose da
parede celular vegetal, podendo corresponder a aproximadamente 35% da sua composicao
(MOREIRA; FILHO, 2016). E o segundo polissacarideo mais abundante na natureza, depois
da celulose, representando um terco do carbono organico renovavel na terra (COLLINS;
GERDAY; FELLER, 2005; DE SIQUEIRA; FERREIRA; XIMENES, 2010; KUMAR;
GAUTAM; DUTT, 2016;). Além disso, o xilano também pode ser encontrado em algas
marinhas, como Caulerpa, Bryopsis, Bangia, Porphyra, e Palmaria spp., entre outras; nas
algas, os residuos de xilose na cadeia principal do xilano estdo unidos por ligagoes B-1,3,
diferentemente da estrutura comumente encontrada em plantas terrestres (EBRINGEROVA,
2000; MAEDA et al., 2012; UMEMOTO; SHIBATA; ARAKI, 2012).
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Conforme evidenciado na Figura 2, a estrutura geral do xilano em plantas apresenta
uma cadeia principal composta por residuos de D-xilose unidos por ligagdo glicosidica -1,4 e
uma diversidade de substituintes como glucuronopiranosil, 4-O-metil-D-glucuronopiranosil, a-
L-arabinofuranosil, acetil, feruloil ou grupos laterais de p-coumaroil (DODD; CAN, 2009;
PATEL; SAVANTH, 2015; MOREIRA; FILHO, 2016). O xilano de sabugo de milho, por
exemplo, apresenta estrutura constituida por acido 4-O-metil-D-glucurénico, L-arabinose e D-
xilose nas proporc¢des de 2:7:19, respectivamente (SILVA et al., 1998; GARCIA; GANTER,;
CAVALHO, 2000).

Figura 2 - Estrutura geral do xilano mostrando as possiveis ligagdes encontradas na parede
celular de plantas.
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Fonte: DODD; CANN, 2010.

A estrutura do xilano também pode variar em relagdo a diversidade de substituintes
dependendo do tipo de planta, como mostra a Figura 3. O xilano de dicotileddneas é substituido
com &cidos glucurénico, metil-glucurdnico e acetato; podem apresentar substituicdes de
arabinose e ramnose e acido galacturdnico nas extremidades redutoras; em gramineas, o xilano
pode estar substituido com arabinose, xilose, galactose, e acidos ferulico e cumarico (RENNIE;

SCHELLER, 2014). Os xilanos podem ser caracterizados como arabinoxilanos, presentes em
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cereais como o trigo, com grupamentos a-L-arabinofuranosil; glucuronoxilanos que ocorrem
em madeira de folhosas como a faia ou beechwood e a bétula ou birchwood, que apresentam o
acido a-D-glucurénico ou seu derivado 4-O-metil-glucurbnico como substituintes; e 0s
arabinoglucuroxilanos de gramineas, cereais e madeira de coniferas, que contém acido a-D-
glucurdnico e a-L-arabinose (BIELY, 2012; MOTTA; ANDRADE; SANTANA, 2013). A
estrutura do xilano varia também quanto ao grau de polimerizacao, entre 50 e 185 unidades em
gramineas, cereais e madeiras de coniferas, e de 150 a 200 em xilanos de folhosas (GIRIO et
al., 2010; KUMAR; GAUTAM; DUTT, 2016).

Figura 3 - Estrutura dos xilanos de dicotiledéneas e gramineas
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Fonte: RENNIE; SCHELLER, 2014.

A diversidade no padrdo de distribuicdo destes substituintes encontrados na biomassa
lignocelul6sica oriunda de diferentes fontes vegetais determina uma gama de propriedades
como solubilidade, interagdes com outras substancias poliméricas da parede celular,
degradabilidade por enzimas e comportamento em solucdo (EBRINGEROVA; HEINZE,
2000). Tais caracteristicas sdo fundamentais e devem ser consideradas pois interferem nas
etapas de hidrdlise do material lignocelulésico a agucares fermentesciveis (BIELY, 2012;
GUERRIERO et al., 2016).

3.1.4 Hidrolise da biomassa lignocelulésica

No contexto das biorefinarias, metodologias que elucidem formas eficientes de
hidrolise da biomassa lignocelul6sica oriunda de residuos agroindustriais sdo extremamente

necessarias a fim de aumentar o rendimento e reduzir o custo para produgdo de uma gama de



25

compostos quimicos (ULLAH et al., 2015; YANG et al., 2015). A conversdo de celulose e
hemicelulose biologicamente, usando enzimas e microrganismos, requer cinco principais
processos gque iniciam com procedimentos fisicos como o corte e a moagem e prosseguem com
uma etapa fundamental da qual dependera o sucesso da hidrélise, que é o pré-tratamento.
Embora existam diversos tipos de pré-tratamento, esta etapa, no geral, consiste do tratamento
quimico da biomassa, principalmente para remocao da lignina, realizado por &cido ou alcali
para facilitar a reacdo enzimatica no processo de hidrolise enzimatica ou sacarificacao.
Posteriormente, segue-se a sacarificacdo enziméatica a fim de hidrolisar a celulose e
hemicelulose em aglcares monoméricos (aglcares fermentaveis), que devem ser fermentados
e convertidos em combustiveis ou outros produtos quimicos até finalmente a recuperacdo do
produto e purificacdo (LIMAYEM; RICKE 2012; BRIENZO et al., 2015; KIM, S.; LEE; KIM,
T., 2016; KUMAR; GAUTA; DUTT, 2016).

Diversos trabalhos tém apresentado propostas variadas para resolucdo das
problematicas que envolvem as etapas de pré-tratamento e hidrolise (LIMAYEM; RICKE,
2012; KIM, S.; LEE; KIM, T., 2016; KOBAYASHI et al., 2016; SINDHU; BINOD; PANDEY,
2016). Tais propostas, vao desde o estudo de formas de pré-tratamento que proporcione
modificacOes estruturais mais interessantes para expor os polissacarideos do material vegetal a
acdo da hidrolise enzimatica até a otimizacdo do rendimento na fermentacdo de pentoses e
hexoses por microrganismos geneticamente modificados (COLABARDINI et al., 2014).
Atualmente ndo apenas a celulose tem sido o foco destas pesquisas, mas também a hidrélise
das hemiceluloses e o reaproveitamento da lignina (MORALES et al., 2015; KIM, S.; LEE;
KIM, T., 2016; KOBAYASHI et al., 2016). Brienzo e colaboradores (2017) evidenciaram que
a modificacdo da lignina desempenhou fator importane para melhorar a acessibilidade da

celulose do bagaco de cana-de-acUcar.

3.2 Xilanases

3.2.1 Complexo xilanolitico

Para hidrdlise enzimatica eficiente do material lignocelulésico séo necessarias uma
série de enzimas com diferentes mecanismos de a¢do que agem cooperativamente. Quando se
trata da hidrolise do xilano, devido a complexidade quimica e estrutural decorrente da
heterogeneidade dos substituintes da cadeia principal que dificultam a quebra, é necessario um
sistema enzimatico conhecido como complexo xilanolitico para que ocorra a hidrolise

completa. Este complexo enzimatico pode ser encontrado naturalmente como parte do ciclo do
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carbono em microrganismos que secretam uma multiplicidade de enzimas hidroliticas com
diferentes especificidades, responsaveis por diminuir o grau de polimerizacdo do xilano com
formacéo de oligossacarideos soltveis e hidrolise dos substituintes nas cadeias laterais. Dessa
forma, os componentes da parede celular vegetal ndo se acumulam no planeta, mas séo
degradados e reciclados (SHARMA; KUMAR, 2013; GONCALVES et al., 2015; MOREIRA,
et al., 2016). As enzimas que compde o complexo xilanolitico agem cooperativamente e com
diferentes especificidades por substratos, conforme mostra a Figura 4, para a degradacéo do
xilano em pequenos fragmentos como xilose, xilobiose, xilooligosacarideos e heterossacarideos
que contém xilose (KUMAR; GAUTAM; DUTT, 2016; MOREIRA; FILHO, 2016;
TERRASAN; GUISAN; CARMONA, 2016).

Fazem parte do complexo xilanolitico as endo-1,4-B-xilanases (E.C.3.2.1.8), que
catalisam a hidrdlise da cadeia principal do xilano a xilooligossacarideos; as 1,4-p-xilosidases
(E.C.3.2.1.37), que hidrolisam xilooligossacarideos liberando residuos de xilose a partir das
extremidades ndo redutoras; as a-glucosiduronases (E.C.3.2.1.139), que hidrolisam as ligacoes
a-1,2 do acido glucurénico com os residuos de xilose; as a-L-arabinofuranosidases
(E.C.3.2.1.55), que removem o0s substituintes de L-arabinoses; as acetil xilano esterases
(E.C.3.1.1.72), que removem substituintes O-acetil dos residuos de xilose e as esterases dos
acidos ferulico (3.1.1.73) e p-cumarico (3.1.1. ), que hidrolisam as ligacGes ésteres destes
componentes ligados nas cadeias laterais do xilano (DODD; CAN, 2009; JUTURU; WU, 2013;
SHARMA; KUMAR, 2013; MOREIRA; FILHO, 2016) (Figura 4). A taxa de hidrdlise do
xilano depende do comprimento da cadeia e do grau ou tipo de substituicdo (GIRIO et al., 2010;
SHARMA; KUMAR, 2013).

3.2.2 Estrutura, classificacdo e modo de acdo

As xilanases sdo consideradas as principais enzimas do complexo xilanolitico que
atuam na hidrdlise e despolimerizacéo do xilano. Estas enzimas agem na cadeia principal deste
polimero e sdo responsaveis por clivar as ligagdes B-1,4 que unem as unidades de xilopiranose,
liberando xilooligossacarideos (SHARMA; KUMAR, 2013; MOREIRA; FILHO, 2016). De
acordo com a base de dados de enzimas com acgédo sobre carboidratos ou carbohydrate-active
enzyme (CAZy), as xilanases pertencem a classe de enzimas com func¢do na degradacéo de
carboidratos, as glicosil hidrolases (GHSs), ou seja, enzimas que hidrolisam a ligagéo glicosidica

entre dois ou mais carboidratos ou entre uma porc¢éo carboidrato - ndo carboidrato. As GHs sé&o
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representadas pelo codigo EC 3.2.1.x, onde X representa o substrato especifico, mecanismo
molecular ou o tipo de ligacdo (HENRISSAT; DAVIES, 1997; UDAY et al., 2016).

Figura 4 - Perfil de degradagéo do xilano e pontos onde as enzimas atuam.

Simbolo Enzima
1! Endo-1,4-B-xilanase T
iut B-D-xilosidase @  Lanabinose
) a-L-arabinofuranosidase p 4-0-metilacidoglucurdnico

=D a-D-glucuronidase ©  AddoFeriico

=> Feruloil esterase {>  Dgalactose

> a-D-galactosidase ¥ Grupoacetl

> acetil xilano esterase

Fonte: ARO; PAKULA; PENTTILA, 2005.

A diversidade de xilanases existente, proveniente de diferentes fontes como bactérias,
fungos, plantas e insetos, permite classifica-las em diferentes familias, como GH 5, 7, 8, 9, 10,
11, 12, 16, 26, 30, 43, 44, 51 e 62 que apresentam uma variedade de mecanismos de acao,
especificidade ao substrato, atividades hidroliticas e caracteristicas fisico-quimicas
(MOREIRA; FILHO, 2016; UDAY et al., 2016). Esta diversidade pode ser salientada pelo fato
de que algumas destas familias compreendem enzimas bifuncionais, por conter dois dominios
cataliticos de diferentes familias; outras familias, como 9, 12, 26, 30 e 44, possuem atividade
xilanase apenas secundaria ou residual; e nas familias 5, 7, 8, 10, 11 e 43 encontram-se Xilanases
com dominios cataliticos com evidente atividade endo-1,4-B-xilanase (COLLINS, GERDAY,
FELLER, 2005; MOREIRA; FILHO, 2016).
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Uma classificacdo baseada na analise do grupamento hidrofébico do dominio
catalitico e da similaridade da sequéncia de amino&cidos tem colocado xilanases primariamente
nas familias 10 e 11, sendo estas também as GHs mais frequentemente produzidas por fungos
(VERMA; SATYANARAYANA, 2012; IMJONGJAIRAK etal., 2015). Xilanases das familias
10 e 11 diferem em diversos aspectos. Com relagdo a estrutura, xilanases da familia 10 exibem
dominio catalitico cilindrico com configuracdo do tipo barril o/f com arquitetura
octopregueada, enquanto as Xilanases da familia 11, exibem estrutura globular assemelhando-
se a uma mao direita parcialmente fechada. (SEGATO et al., 2014). Diferencas nas
propriedades fisico-quimicas como massa molecular e ponto isoelétrico (pl) também podem ser
observadas entre estas familias; xilanases da familia 10 apresentam massa molecular maior que
30 kDa e pl menor e xilanases da familia 11, massa molecular menor que 30 kDa e pl maior
(SEGATO et al., 2014; MOREIRA,; FILHO, 2016).

Xilanases das familias 10 e 11 apresentam diferencas na especificidade por xilanos;
algumas xilanases da familia 10 s8o menos especificas, apresentando portanto maior
versalidade, sendo capazes de hidrolisar formas substituidas da cadeia do xilano, produzindo
oligossacarideos que carregam substituintes na extremidade ndo redutora do residuo de
xilanopiranose, enquanto que xilanases da familia 11 sdo menos versateis por serem mais
especificas e atuarem sobre regides ndo substituidas do xilano, exclusivamente em substratos
que contém residuos de D-xilose (COLLINS, GERDAY, FELLER, 2005; IMJONGJAIRAK,
2015).

As glicosidases podem atuar, no geral, por dois mecanismos cataliticos diferentes:
aquelas que catalisam a hidrdlise das ligacGes glicosidicas, com inversdo da configuracdo do
centro anomérico, e aquelas que catalisam a hidrélise com retencdo da configuracdo do centro
anomérico, como é o caso das xilanases (COLLINS; GERDAY; FELLER, 2005; SEGATO et
al., 2014). No mecanismo de retencdo ocorre a formacdo de um intermediario (enzima-
carboidrato) via duplo deslocamento (COLLINS; GERDAY; FELLER, 2005; SEGATO et al.,
2014; MOREIRA; FILHO, 2016).

Xilanases das familias 10 e 11 compreendem enzimas com hidrolise estereoseletiva do
xilano, através do mecanismo de duplo deslocamento, envolvendo um intermediario covalente
glicosil - enzima, o qual é formado e hidrolisado, normalmente com auxilio catalitico
acido/base, envolvendo o aminoéacido glutamato (Figura 5). Dois residuos do &cido carboxilico
do glutamato, convenientemente localizados no sitio ativo, estdo envolvidos na formagéo do
intermediério: 0 Glu 172 age como catalisador &cido-base, por protonagdo do oxigénio

glicosidico do substrato, e 0 Glu 78 realiza ataque nucleofilico, o que resulta na quebra da
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ligagdo glicosidica e formacdo do intermediério (inversdo B para a). O primeiro grupo
carboxilato agora funciona como base, aceitando um proton de uma molécula de agua
nucleofilica, o qual ataca o carbono anomeérico; isto leva a uma segunda substituicdo, no qual o
carbono anomeérico novamente passa por um estado de transicéo, para originar um produto com
configuracdo P (inversdo o para ) (HENRISSAT, 1995; MOTTA; ANDRADE; SANTANA,
2013; SEGATO et al., 2014).

Muitas enzimas que degradam o xilano agem via mecanismo de duplo deslocamento
e sdo geralmente descritas como endo-enzimas, ou seja, enzimas que clivam ligacoes
glicosidicas internas em posicdes aleatorias ou especificas, e exo-enzimas que hidrolisam
ligagdes glicosidicas terminais e liberam residuos de aglicar (SEGATO etal., 2014; MOREIRA,;
FILHO, 2016).

Figura 5 - Mecanismo de reacdo das xilanases.
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(@) estrutura em hélice do xilano € posicionada no sitio ativo da enzima entre o Glul72
(catalisador acido-base) e o Glu78 (nucledfilo); (b) a xilobiose se liga no Glu78, sendo que
este intermediario permanece no sitio ativo da enzima durante a reacdo de transglicosilacéo;
(c) adgua desloca o nucleofilico; (d) ocorre dissociagdo da xilobiose do sitio ativo, permitindo
um movimento enzimatico para uma nova posi¢do do substrato. Fonte: JEFFRIES,1996.
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3.2.3 Regulacéo da producéo de xilanases
Microrganismos sobrevivem selecionando a fonte de carbono mais favoravel

energeticamente a fim de suportar rapido crescimento e desenvolvimento para colonizacéo de
diversos habitats. A inducéo da producdo de enzimas Xilanoliticas por microrganismos depende
das condi¢des metabdlicas da célula que séo influenciadas por aspectos nutricionais e condi¢des
de cultivo como substrato, umidade, aeragéo, pH e temperatura, podendo resultar em maior ou
menor expressdo destas enzimas (BEG et al., 2001; RAVICHANDRA et al., 2016; SINDHU,;
BINOD; PANDEY, 2016). No geral, a producdo de xilanases é induzida quando os
microrganismos sdo cultivados em substratos contendo hemicelulose, como xilano (MOTTA,;
ANDRADE; SANTANA, 2013). Este mecanismo de inducdo inicia-se quando o
microrganismo em contato com o substrato polimérico que, por ser muito grande, é incapaz de
penetrar na célula microbiana, secreta no meio pequenas proporcdes de Xilanases constitutivas.
Estas enzimas constitutivas degradam a estrutura polimérica do xilano, liberando no meio
pequenas moléculas como xilooligossacarideos e xilobiose que uma vez absorvidas pela célula

funcionam como indutores (Figura 6). Esses sinais provocam a ativacao de genes da transcri¢éo

Figura 6 - Esquema hipotético da regulacdo do complexo xilanolitico envolvendo
endoxilanase e B-xilosidase.
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Fonte: POLIZELI et al., 2005.
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de xilanases extracelulares, como xInA, xInD e XInR (HRMOVA, PETRAKOVA; BIELY,
1991; POLIZELLI et al., 2005; JUTURU; WU, 2014; RIES et al., 2016), possibilitando a
producdo de xilanases em maior quantidade bem como melhor degradacdo do substrato
polimérico. No entanto, a medida que a hidrélise vai ocorrendo, esses produtos se acumulam e
podem atuar como repressores da producdo da enzima, por repressdo catabdlica
(COLABARDINI et al., 2012; KOBAKHIDZE et al., 2016).

A repressao catabolica pode ocorrer quando o microrganismo esta em contato com
fontes de carbono facilmente assimilaveis pela célula, como a glicose, a fim de economizar
energia e tempo para rapida colonizagdo do meio, atraves da selegdo da fonte de carbono mais
simples (HRMOVA, PETRAKOVA; BIELY, 1991; RUITER; VISSER 1997,
COLABARDINI et al., 2012; KOBAKHIDZE et al., 2016). Em fungos filamentosos, como
Aspergillus, por exemplo, a repressdo é mediada a nivel transcricional, pela proteina regulatoria
CreA. Esta proteina atua na repressdo catabolica pela ligacdo especifica as sequencias do
promotor de muitos genes alvo, inibindo a transcricdo (TAMAYO et al., 2008; RIES et al.,
2016).

Um fator que também pode estar relacionado a producéo de diferentes xilanases, bem
como quantidades variadas das mesmas por um mesmo fungo, € a menor necessidade da enzima

que exerce hidroélise de ligacbes nao frequentes na fonte de carbono empregada no cultivo.

3.2.4 Multiplicidades de xilanases em microrganismos

A expressdo de multiplas xilanases pode ser observada em diversos microrganismos,
sendo reportados de 3 a 30 xilanases em bactérias e fungos (SUBRAMANIYAN; PREMA,
2002). Em fungos, a multiplicidade é observada em diversos géneros: Silva e colaboradores
(2015) purificaram duas xilanases a partir do filtrado de cultura de Trichoderma inhamatum,
Michelin et al. (2014) encontraram trés xilanases em Aspergillus ochraceus; Seis Xilanases
foram purificadas do filtrado de Jonesia denitrificans BN-13 (BOUCHERBA et al., 2014) e de
Simplicillium obclavatum (ROY et al.,, 2013) e 10 xilanases foram produzidas por
Myceliophthora sp. (BADHAN et al., 2004). Em bactérias, a multiplicidade também ocorre em
varias espécies; a analise de zimograma do filtrado de Providencia sp. mostrou a presenca de
sete xilanases quando cultivado em farelo de trigo (RAJ et al., 2013). Multiplas xilanases sdo
raramente encontradas em leveduras (WONG; TAN; SADDLER, 1988) e raras exceg0es sdo

exibidas na literatura, como ADSUL e colaboradores (2009) que purificaram duas xilanases de
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Pseudozyma hubeiensis NCIM 3574 totalmente distintas quanto ao modo de agéo, o pH, a
temperatura 6tima, estruturas secundarias, e outros parametros cinéticos.

Muitos questionamentos ja foram feitos a respeito da real funcionalidade da ocorréncia
de multiplas xilanases em um Unico microrganismo bem como da sua origem. Wong (1988)
apontou algumas funcGes para essa multiplicidade: a ocorréncia de varias xilanases seria devido
a necessidade de hidrolise de ligacGes especificas do substrato e inacessiveis por uma Unica
xilanase; ou ainda, a multiplicidade seria uma adaptacdo de microrganismos saprofiticos, para
a utilizacdo de uma gama maior de substratos lignocelulésicos.

Os estudos de caracterizacdo de mdaltiplas xilanases bem como dos produtos de
hidrélise de diferentes substratos por estas enzimas permitiram a elucidagdo de alguns destes
questionamentos. E consenso que, devido & natureza complexa e heterogénea do xilano, a
acessibilidade das xilanases as ligaces xilosidicas € dificultada, havendo a necessidade de
multiplas xilanases com funcdes especializadas e propriedades bioquimicas diversas, para
hidrélise efetiva do heteropolimero (WONG; TAN; SADDLER, 1988; COLLINS; GERDAY;
FELLER, 2005; LIAO et al., 2015).

No geral, um Unico gene codifica varias xilanases e, na realidade, a multiplicidade
pode surgir a partir das modificagdes pds-traducao, tais como glicosilacdo, auto-agregagédo
e/ou digestdo proteolitica reguladas por propriedades do cultivo como tipo de substrato, sua
concentragéo e disponibilidade (JUTURU; WU, 2012; ROY et al., 2013; RAVICHANDRA
et al., 2016). A glicosilacdo contribui com diversas funcdes da proteina, como estabilidade,
multiplicidade e, em poucos casos, atividade enzimatica (JUTURU; WU, 2014; SILVA,
TERRASAN; CARMONA, 2015).

A multiplicidade de xilanases em microrganismos também pode ser causada pela
redundancia na expressdo do gene ou processamento diferencial do mRNA, resultando em
uma gama diversificada de xilanases, que diferem nas suas propriedades fisico-quimicas,
estrutura, modo de acgéo e especificidade pelo substrato (COLLINS; GERDAY; FELLER,
2005; ADSUL; BASTAWDE; GOKHALE, 2009). Vérias endo-xilanases também podem ser
expressas por alelos diferentes de um mesmo gene ou por genes completamente diferentes. Se
maultiplas xilanases dentro de cada categoria sdo produtos de genes distintos, também € possivel
que elas tenham funcdes relativamente similares ou tenham derivado de genes relacionados
(WONG; TAN; SADDLER, 1988). Dentro dessa multiplicidade, em relagdo aos seus niveis de
expressdo, existem xilanases que s@o secretadas em quantidades maiores e aquelas que sdo
produzidas em menores quantidades, sendo estas ultimas de dificil caracterizacdo, devido ao

baixo rendimento na purificacdo. Xilanases presentes em menores quantidades podem ter


http://link.springer.com/article/10.1007/s12355-014-0357-7#CR11
http://link.springer.com/article/10.1007/s12355-014-0357-7#author-details-1

33

funcdes que ndo sdo necessarias em grandes quantidades, como a hidrolise das ligacGes que
ocorrem com pouca frequéncia no substrato (WONG; TAN; SADDLER, 1988). Além disso,
em muitos casos, observa-se que algumas espécies de microrganismos produzem maultiplas
formas de xilanases, no geral, uma &cida e outra basica, com maior e menor peso molecular,
respectivamente.

Silva e colaboradores (2015) purificaram duas xilanases do filtrado de Trichoderma
inhamatum e concluiram que provavelmente seriam produtos diferenciados do mesmo gene
devido a similaridade das propriedades hidroliticas e fisico-quimicas e que a glicosilagcdo pode
explicar, em parte, as diferencas na massa molecular, na capacidade de aderir a DEAE e na
estabilidade térmica. ROY e colaboradores (2013) observaram seis isoformas de xilanases com
diferentes valores de pl e pH 6timo produzidas durante cultivo em estado solido utilizando
farelo de trigo como substrado e apenas uma xilanase sob fermentacdo submersa. RAJ e
colaboradores (2013) encontraram sete xilanases produzidas por Providencia sp. cultivado em
farelo de trigo e apenas duas xilanases de 33 kDa e 44 kDa quando cultivadas em xilano de
birchwood. Por outro lado, enquanto a analise de zimograma mostrou que diferentes fontes de
carbono causaram expressdo diferencial de multiplas isoformas de xilanase em Scytalidium
thermophilum, as mesmas isoformas foram expressas por Sporotrichum thermophile,
independentemente da fonte de carbono utilizada (JOSHI; KHARE, 2012).

Apesar de existirem muitos microrganismos que expressam uma diversidade de
xilanases, poucos estudos se dedicaram a aprofundar sobre as propriedades ecofisioldgicas e a
origem desta multiplicidade (LIAO et al., 2015). Recentemente LIAO (2015) investigou a
diversidade funcional e propriedades de oito xilanases produzidas por Penicillium oxalicum e
verificou seis xilanases geneticamente diferentes pertencentes as familias das glicosil hidrolases
10, 11 e 30 e duas xilanases com 0 mesmo gendtipo e peso molecular diferente (LIAO et al.,
2015). E interessante observar a ocorréncia de xilanases com massa molecular mais elevada,
intermediaria e baixa, podendo indicar uma adaptacdo para melhor degradacdo do xilano,
especialmente a necessidade de xilanases de menor peso molecular para melhor penetragéo no
substrato.

Além disso, LIAO (2015) observou diferentes temperaturas e pH étimos para as 4
xilanases caracterizadas, bem como mostrou que as enzimas possuiam diferentes
especificidades por xilano, propriedades e parametros cinéticos, demonstrando que a produgéo
de maltiplas xilanases pelo microrganismo em questdo pode ser atribuida a redundancia
genética e modificacbes pos-traducionais, fornecendo informagdes sobre a multiplicidade de

xilanases com alta complementaridade das atividades enzimaéticas e especificidade para a
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degradacéo eficiente da complexa estrutura do xilano (LIAO et al., 2015), confirmando o

sugerido ha quase 30 anos atras por Wong e colaboradores (1988).

3.2.5 Recentes abordagens na aplicagdo de xilanases

Dentre as principais enzimas microbianas comerciais que tem contribuido para as
solucdes dos processos industriais estdo amilase, lipase, protease, fitase, celulase e xilanase,
sendo que esta Ultima tem assumido lugar de destaque. Este fato pode ser comprovado pela
existéncia, em 2005, de 468 patentes e pelo fato de ocupar 20% do mercado mundial de enzimas
(COLLINS, GERDAY, FELLER, 2005; POLIZELI et al., 2005). A amplitude de aplicacdes

(Tabela 2) bem como o sucesso dos resultados confere as xilanases posicdo de destaque

econdmico e grande exploracéo cientifica.

Tabela 2 - Recentes pesquisas na aplicacao de xilanases.

Microrganismo Aplicagao Referéncia
Potencial energético

Aspergillus terreus Biorefinaria KAMAT et al., 2012

Aspergillus sp. Bioetanol THOMAS et al., 2016

Colletotrichum graminicola
Penicillium chrysogenum
Bacillus licheniformis

Sacarificacdo
Sacarificacdo
Sacarificacdo

ZIMBARDI et al., 2013
ZHANG; SANG, 2015
ZAFAR etal., 2016

Industria de Papel

Trichoderma longibrachiatum

Aspergillus niger

Penicillium meleagrinum var.
viridiflavum

Despigmentacao de
residuo de papel
Despigmentacao
de jornal velho

Brangueamento de
polpa de bambu

CHUTANI et al., 2016
DESAI; IYER, 2016

BORUAH et al., 2016

Industria de Alimentos

Aspergillus niger
Bacillus pumilus
Aspergillus terreus
Streptomyces halstedii

Trichoderma
Fusarium verticilloide,
Aspergillus Clavatas
Trichoderma reesei

Clarificagdo de sucos e
melhora do rendimento

Producéo de
xilooligossacarideos

Melhoramento da absorcéo de
nutrientes
da ragéo

PAL; KHANUM, 2011
NAGAR; MITTAL;
GUPTA, 2012
AHMED et al., 2016

ARAGON et al., 2013
CHEN; WANG, 2016

NDOU et al., 2015

Fonte: autor
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As aplicagdes mais estudadas das xilanases sdo na hidrolise enzimética da biomassa
lignocelulosica derivada de residuos ou subprodutos agroindustriais, especialmente cana-de-
acucar para producao de etanol (ZIMBARDI et al., 2013; GARG, 2016; KUMAR; GAUTAM,;
DUTT, 2016; THOMAS; PARAMESWATAN; PANDEY, 2016; WOOD, 2016), no
branqueamento de polpa de papel Kraft, a fim de minimizar a utilizacéo de produtos quimicos
(MURTHY; NAIDU, 2012; BUZALA et al., 2016; KAUR; BHARDWAJ; SHARMA et al.,
2016), na alimentacdo animal (SWIATKIEWICZ et al., 2016) e como aditivos na indudstria de
alimentos com vistas a melhoria das propriedades tecnoldgicas e organolépticas de alguns
produtos (KUMAR et al., 2014; ELGHARSBI et al., 2015).

A hidrolise da biomassa lignocelul6sica a agucares redutores bem como fermentagéo
destes acucares a bioetanol, certamente é o principal foco das pesquisas com aplicacdo de
enzimas lignoceluloliticas na atualidade. O contetido de lignina e hemicelulose da biomassa
afeta a hidrolise da celulose, e produgdo do etanol, pois dificulta o acesso de celulases e
consequentemente reduz a eficécia da hidrélise. Processos de pré-tratamento com ligninases e
hemicelulases auxiliam nesta problematica e melhoram o rendimento da hidrolise
(McMILLAN, 1994). Nesse contexto, as xilanases apresentam bom potencial para pré-
tratamento da biomassa visando posterior producéo de etanol (SUN et al., 2002; AMORE et
al., 2015; GASPAROTTO et al., 2015).

A atuacgdo da xilanase adicionada no processo de branqueamento da polpa de papel
ocorre pela quebra da cadeia de xilano e das ligacdes entre a lignina e a celulose da polpa de
papel, promovendo ou facilitando a remocdo da lignina nos estdgios quimicos de
branqueamento subsequentes e reduzindo a percentagem de didxido de cloro necessario para
este mesmo fim. Dessa forma, este segmento industrial evita o tratamento com diéxido de cloro
utilizado no branqueamento e a formacdo de compostos organoclorados, que em muitos paises
sdo liberados como efluentes em corpos d'agua, criando uma série de problemas ambientais
(SHARMA et al., 2014; BUZALA et al., 2016).

Xilanases também sdo utilizadas na racdo animal, como aditivo alimentar para
promover reducdo da viscosidade dos derivados de xilano que comp®e a ragdo e consequente
melhoria na absorcdo intestinal dos nutrientes pela microflora intestinal do animal, como
reducéo de E. coli e aumento do nivel de bactérias do acido lactico no ileo (BELOVA et al.,
2014; CHEN; LI; WANG, 2016).

Alguns pardmetros da qualidade de bebidas também podem ser melhorados pela
adicéo de xilanases. Na clarificagdo de sucos de frutas, estas enzimas auxiliam na estabilizagé&o
da polpa e nos parametros de viscosidade (NAGAR; MITTAL; GUPTA, 2012; KUMAR et al.,
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2014). Também podem atuar na diminuicdo da viscosidade da cerveja e melhoramento de seu
aspecto, devido a hidrolise de arabinoxilanos a oligossacarideos (DERVILLY et al., 2002).
Também s&o utilizadas na producéo de probidticos (DAMEN et al., 2012; REDDY; KRISHAN,
2016) e na industria da panificacdo a fim de melhorar as caracteristicas reoldgicas da massa,
aumento do volume e maciez do miolo do pdo (AHMAD et al., 2012; McPHILLIPS etal., 2014;
ELGHARBI et al., 2015; CARVALHO et al., 2017).

3.2.6 Aplicacéo de xilanases na producgéo de pao

Segundo dados da Associacdo Brasileira da Inddstria de Panificacdo e Confeitaria
(ABIP), o setor de Panificacdo no Brasil estd entre os maiores segmentos industriais do pais
com uma participacéo de 36,2% na industria de produtos alimentares (ABIP, 2009). Devido a
esta significancia e também a demanda pelo melhoramento tecnoldgico de produtos de
panificacdo frente aos apelos do consumidor por produtos com maior vida de prateleira, melhor
aparéncia e textura e menor uso de quimicos como bromato, a adi¢do de enzimas, em especial,
xilanases a este produto se faz necessaria no atendimento a esses apelos bem como eficaz em
sua resolucdo (BUTT et al., 2008). Existem diversas xilanases comerciais utilizadas na
producdo de pdo que contribuem no melhoramento dos aspectos reoldgicos da massa, aumento
do volume especifico, reducdo da firmeza do miolo (HARRIS; RAMALINGAM, 2010) e no
aumento da vida de prateleira.

Um dos aspectos mais importantes da panificacdo € o resultado de um balanceamento
positivo entre producéo de gas carbdnico (CO>) e a sua perda para a atmosfera. O gluten é capaz
de formar uma ampla rede visco-elastica ao longo da massa que retarda a taxa de difusdo do
CO. para fora dela. Ele sustenta o filme liquido que cerca as bolhas de CO2 na massa que esta
crescendo, e é capaz de expandir sem ruptura, quando a pressdo dentro das bolhas de gas
aumenta. Quando ha ruptura, ocorre coalescéncia e a retencao de gas é diminuida. Dessa forma,
é evidente que as caracteristicas da farinha em geral, e a qualidade do gliten em particular,
influenciam na qualidade da massa e consequentemente na qualidade do pédo. O
desenvolvimento do glutén inicia-se no processo da mistura, quando as proteinas sdo
umedecidas e interagem, formando a rede do gluten. Dessa forma, 0 emprego de aditivos como
as endoxilanases exercem influéncia nos parametros da massa ou da pasta como elasticidade,
extensibilidade, viscosidade, tendéncia a retrogradacéo, entre outros, que podem culminar na
producdo de pdes com maior volume, maciez e menor tendéncia ao envelhecimento
(COURTIN; DELCOURET, 2002).
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Figura 7 - Funcionalidades de endoxilanase na producéo de péo

\ Aumento forneamento
‘ i Aumento volume
Melhora estrutura do
miolo

(b)

Forneamento padrdo
Volume padrio
Estrutura do miolo padrdo

Dimuicao do forneamento
Diminuigo do volume
Estrutura do miolo ruim

(a) controle, sem adicdo da enzima. (b) quando é adicionada endoxilanase com seletividade para WU-
AX. (c) quando endoxilanase com seletividade para WE-AX é adicionada.
Fonte: COURTIN; DELCOURET, 2002.

A farinha de trigo utilizada para a producdo de pdes € composta principalmente por
proteinas (12%), amido (60%), lipideos (2%), minerais (2%) e carboidratos ndo amilaceos
(10%) (GOESAERT etal., 2005). Os granulos de amido sdo estruturas semicristalinas formadas
pelo arranjo da amilose e amilopectina. Nas temperaturas entre 54 °C e 63 °C, os granulos de
amido tem sua estrutura rompida como consequéncia da gelatinizacdo e a amilose € lixiviada.
Esse processo exerce grande influéncia no envelhecimento do péo, pois ap6s o forneamento,
algumas moléculas de amido agregam-se novamente e retornam a forma cristalina, resultando
no endurecimento do miolo (SLUIMER et al., 2005).

Com relacdo aos carboidratos ndo amilaceos que compde a fariha de trigo, esta fracéo
é constituida por celulose, lignina e hemicelulose. A por¢do hemicelulésica é composta
principalmente por arabinoxilanos que se originam das paredes celulares do endosperma e
farelo do trigo e estdo presentes na forma solGvel em agua, conhecida como water extrable
arabinoxylan (WE-AX) ou na forma insolivel water unxtrable arabinoxylan (WU-AX)
(COURTIN; DELCOUR, 2002). A porcetagem tanto dos componentes da farinha de modo
geral como da fracdo soluvel e insoltvel dos arabinoxilanos varia dependendo do cultivar do
trigo e da regido. Na Europa, por exemplo, as farinhas sdo mais fracas do que na América, pois

apresentam maior conteido de WU-AX do que WE-AX, dando origem a massas mais viscosas
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e elésticas e que consequentemente podem apresentar melhores resultados na panificacdo
quando adicionadas de xilanases (COURTIN; DELCOUR, 2002).

Figura 8 - Classificacéo do arabinoxilano da farinha de trigo de acordo com a solubilidade em
agua.

Arabinoxilano

(AX) 1,5-2,5% -
Extracao
|L{ com
| | dgua
Arabinoxilano Arabinoxilano
extraivel em agua ndo extraivel em
(WE-AX) agua (WU-AX)
0.4-0.8% 1.1-1.9% Extragdo
i{ alcalina ou
[ | enzimatica
Arabinoxilano
solubilizado por WU-AX
alcali (AS-AX) ou i residual
enzima (ES-AX)
1,2-2,0% : (0.2-0,5%]
l 1
Soldvel em agua Insoltivel em agua

Indicativo % refere-se a porcentagem sobre o0 peso da farinha
Fonte: Adaptado de COURTIN e DELCOUR, 2002.

O sucesso da atuacdo destas enzimas no melhoramento dos aspectos tecnoldgicos da
fabricacdo do pédo se deve, além de outros aspectos de estabilidade da enzima, ao fato das
xilanases atuarem como pentosanases, um grupo de enzimas que decompdem 0s componentes
da matriz da parede celular vegetal, como os arabinoxilanos WE-AX e WU-AX do trigo que
compde a farinha. Alguns estudos reportam uma correlacdo negativa entre as caracteristicas
gerais da massa e a porcentagem de WU-AX no total de AX na massa. As xilanases auxiliam
nessa problematica, pois propiciam a solubilizag&o do WU-AX com consequente redistribuicéo
da &gua ligada para outros componentes da farinha como o glaten, aumentando sua
extensibilidade (COURTIN; DELCOURET, 2002; McPHILLIPS et al., 2014).

Estas enzimas atuam na clivagem da cadeia de WU-AX, diminuindo seu grau de
polimerizagdo e com isso permitem que este componente da parede celular, antes insoluvel,

absorva agua, transformando-se em fragmentos de arabinoxilano solubilizado pela enzima ou
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enzyme solubilized arabinoxylan (ES-AX), aumentando a viscosidade da fase aquosa da massa
do pdo (GRUPPEN; KORMELINK; VORAGEN, 1993; ROUAU; EL-HAYEK; MOREAU,
1994), bem como a estabilidade da massa. A medida que estes fragmentos também séo
degradados e que 0 WU-AX vai perdendo a capacidade de retencéo de agua, ocorre novamente
diminuicdo da viscosidade e enfraquecimento da massa. Os WE-AX nativos também séo
hidrolisados, levando a redugdo da sua massa molecular e também diminuigéo da viscosidade
(ROUAU, EL-HAYEK, MOREAU, 1994). A extensiva hidrolise dos arabinoxilanos (AX),
proporciona a redistribuicdo da d&gua do AX para o glaten e para a fase de amido. Isso deixa a
massa do pdo mais macia e fécil de bater, bem como atrasa a formacg&o do miolo, permitindo o
crescimento da massa e aumento de volume (ROUAU, EL-HAYEK, MOREAU, 1994,
CAMACHO; AGUILAR, 2003; BUTT et al., 2008). Além disso, os produtos liberados na
massa como arabinoxilooligosacarideos (AXOS) podem ter efeitos benéficos a salde
(POLIZELI et al., 2005).

O sucesso ou nédo da aplicacdo de xilanases no melhoramento das propriedades que
determinam a qualidade dos produtos de panificacdo como volume, textura e firmeza do miolo
pode depender, além das caracteristicas bioquimicas da enzima, do contetido de pentosanas da
farinha. Sabe-se que o conteildo de pentosanas totais, WE-AX e WU-AX, em trigo depende do
genotipo do vegetal e do ambiente (LEMPEREUR, ROUAU, ABECASSIS, 1997; LI,
MORRIS, BETTGE, 2009). Apesar da farinha de trigo refinada possuir baixo teor de
pentosanas, estas sao determinantes para as propriedades de panificacdo a absorcéo de agua e
formacdo de gluten (COURTIN; DELCOURET, 2002; WANG et al., 2002; WANG, VAN
VLIET, HAMER, 2005). Por outro lado, a habilidade que diferentes tipos de xilanases ou
xilanases produzidas por diferentes microrganismos, podem apresentar na especificidade e
capacidade de solubilizar WU-AX e degradar WE-AX também € determinante. Por exemplo,
xilanases de Bacilus subtilis clivam preferencialmente a cadeia principal do arabinoxilano em
regides sem substituicdes, enquanto xilanases de Aspergillus niger podem agir em regides de
ramificacdes, produzindo unidades menores do que xilanases de B. subtilis (BIELY et al.,
1997).

Se a endoxilanase possuir especificidade por WU-AX, ela contribuira para a
estabilidade da massa pela hidrolise do WU-AX a ES-AX, que possui elevada massa molecular
(Figura 7b). Além disso, se esta enzima possuir tal especificidade a ponto de deixar WE-AX e
ES-AX ilesos, efeitos benéficos sobre o volume do pao poderdo ser observados (COURTIN;
GELDERS; DELCOUR, 2001). Porém, se a degradacdo do WU-AX for excessiva ocorre

diminuicdo da capacidade de retencdo de agua da massa, efeito que, a uma baixa concentracao
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de enzima, é resultado da maior viscosidade proporcionada pelo ES-AX, e altas doses de enzima
forma massas frouxas e pegajosas apds a mistura, sendo um parametro limitante da qualidade
dos pées (McPHILLIPS, 2014).

Quando endoxilanases com seletividade para WE-AX e ES-AX sdo utilizadas na
panificacdo, a solubilizacdo do WU-AX é precedida pela intensa degradacdo do WE-AX nativo
e do ES-AX a moleculas de menor peso molecular, que podem ocasionar efeitos negativos no
volume do péo quando em baixa concentracdo de enzima (Figura 7c). Isso € superado com altas
doses da enzima devido a degradacdo minima do WU-AX, porém tem pouco efeito e ndo forma
massas tdo boas, quando comparado a endoxilanase com seletividade & WU-AX. Assim,
endoxilanases 6timas para panificacdo sdo aquelas que liberam seletivamente ES-AX do WU-
AX, numa taxa de hidrolise minima, e que tem pouca ou nenhuma afinidade por WE-AX e ES-
AX, bem como sdo resistentes a inibidores dessas xilanases (COURTIN, GELDERS,
DELCOUR, 2001). Além disso, a dosagem da enzima também pode influenciar nos aspectos
da qualidade da massa e do pdo. Quando alta dose de xilanase é adicionada para a producao do
pdo, pode ocorrer excessiva liberacdo de dgua e a massa formada pode se tornar frouxa e
pegajosa. Isto esta relacionado a uma significante solubilizacdo do WU-AX, e degradacéo do
ES-AX e WE-AX. Tal efeito também pode ser neutralizado pela diminuicdo do contetdo de
agua da massa (ROUAU, EL-HAYEK, MOREAU, 1994; COURTIN, GELDERS, DELCOUR,
2001).

Diversos estudos mostram os efeitos da adi¢do de xilanases na fabricacao do péo (Tab.
3), melhorias nas caracteristicas reoldgicas da massa, aumento do volume e maciez do miolo
do pdo puderam ser observadas. Para 0 sucesso da adi¢cdo da enzima na promocdo das
qualidades da massa e do péo, é necessario, além dos aspectos de especificidade e dosagem ja
discutidos, que a enzima também seja estavel a altas temperaturas. Uma das vantagens do uso
de xilanase termoestavel consiste em sua a¢do continuada, mesmo apds a temperatura de

gelatinizacdo do amido.
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3.3 Planejamento Experimental como ferramenta na otimizacao da producéo de xilanases

Para que exista possibilidade de aplicacdo de enzimas microbianas em processos
industriais, um bom rendimento deve ser obtido. Diversos fatores relacionados as condicoes de
cultivo influenciam o rendimento da producdo enzimatica como pH, salinidade, fontes de
carbono e nitrogénio, agitacdo entre outros. O procedimento experimental em que se realiza
variacfes em um desses parametros de cultivo, fixando-se as demais variaveis envolvidas no
processo é denominado one-at-a-time, ou seja, envolve o estudo de uma variavel por vez.
Embora tenha sido muito utilizado para otimizacdo da producdo de enzimas com a finalidade
de caracterizacdo de enzimas microbianas, ha alguns anos este método tem sido substituido por
técnicas sistematicas de planejamento de experimentos baseados em testes estatisticos e
matematicos que possibilitam a avaliacdo das interacfes e dos efeitos sinérgicos entre as
variaveis estudadas. Trata-se da metodologia de planejamento fatorial e superficie de resposta,
com o para planejamento composto central rotacional (DCCR), uma técnica introduzida na
década de 50 para a modelagem de diversos processos industriais, que permite o estudo das
interacOes das variaveis dependentes com diversos fatores ou variaveis independentes. Assim,
é possivel determinar a influéncia das variaveis sobre as respostas, quantificar os efeitos e até
predizer, por inferéncia estatistica e validacdo experimental, os parametros que se encontram
na faixa de maior rendimento enzimatico (RODRIGUES; IEMMA, 2005).

Em termos praticos, a execucdo do DCCR pode partir de variaveis sobre as quais o
pesquisador tenha alguma informacéo experimental ou bibliografica acerca do seu efeito na
resposta desejada ou mesmo nenhuma informacéo. Independente de qual for o caso, o DCCR
utiliza pelo menos dois niveis (valores) para cada um dos fatores. Primeiramente é realizada a
montagem da matriz de experimentos que, em um DCCR 22 com dois fatores, por exemplo pH
e temperatura, pode possuir 4 niveis, sendo os valores codificados: -1,41, -1, +1, +1,41 e um
ponto central, para o qual se realizam repeticbes (RODRIGUES; IEMMA, 2005).

Em um fatorial completo, o representa a distancia do ponto central ao ponto axial e é
calculado de acordo com a Eq. 1, na qual k representa o0 nimero de fatores estudados, por
exemplo pH e temperatura, entdo o=1,41. Para calcular os valores reais para cada fator, segue-
se como mostra a Eg. 2, substituindo-se os valores (RODRIGUES; IEMMA, 2005). A
montagem das matrizes fatoriais, bem como os tratamentos estatisticos e preditivos, geralmente
sdo realizadas em softwares especificos como STATISTICA e MINITAB. A partir disso, um

modelo € gerado (Eg. 3) e pode ser testado quanto a sua eficacia e predicdo da resposta, no qual
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Y € a variavel resposta (atividade de xilanase); x, e x, representam as variaveis independentes

em valores codificados. S, 81, B2, B12 Sa0 constantes e coeficientes de regressdo do modelo.

« = [28*] (&g 1)

Avalor codificado _ Avalor codificado

"
Avalor real Avalor real (Ea-2)

Y =B+ P1x1 + Parxy + Praxixy + lef + Bzx% (Eq. 3)

Assim, metodologias de DCCR e superficie de resposta sdo muito eficientes ndo
apenas na determinacédo das condi¢Ges 6timas de cultivo para obtencdo de melhor rendimento
de enzimas microbianas, mas também na caracterizacdo destas enzimas, para verificacdo da
possibilidade de aplicacdo em diversos processos industriais, principalmente no que se refere a
parametros de pH e temperatura, visto que nesses processos existe uma interacdo entre os niveis
de tais pardmetros o que, na metodologia de “um fator por vez” isso poderia ndo ser
identificado, e a acdo deles sob a atividade da enzima poderia estar longe do seu nivel 6timo ou
de melhor estabilidade (RODRIGUES; IEMMA, 2005).

3.4 Fungos produtores de xilanases, condic@es de cultivo e propriedades destas enzimas

Os microrganismos possuem um aparato enzimatico complexo e diversificado que
possibilita a reciclagem do carbono na natureza a partir da degradacdo de materiais
lignocelul6sicos, corroborando com a manutencgdo dos ciclos biogeoquimicos e ecossistemas.
Entre estas fontes microbianas, os fungos filamentosos sejam os fitopatogénicos, micorrizicos
ou saprofiticos sdo especialmente interessantes por produzirem niveis de xilanase mais elevados
do que bactérias e leveduras e serem capazes de secretar as enzimas produzidas para 0 meio
extracelular, o que facilita sua extracdo para fins biotecnolégicos (KUES, 2015; MIYAUCHI,
etal., 2016).

A degradacédo da hemicelulose ocorre essencialmente de forma extracelular, uma vez
que os componentes deste material como, por exemplo, o xilano devem primeiramente ser

hidrolisados até compostos menores, como xilose, xilobiose e xilooligossacarideos,
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possibilitando o transporte pela membrana celular fingica e 0 metabolismo intracelular (BEG
etal., 2001, SHALLOM; SHOHAM, 2003; SINDHU, BINOD; PANDEY, 2016).

Estudos de caracterizacao de xilanases mostram que suas propriedades fisico-quimicas
podem diferir substancialmente. No geral, xilanases de origem fungica apresentam massa
molecular variavel, entre 8 e 145 kDa, pH 6timo em torno de 4,5 a 7 e estabilidade em pH entre
3 e 10 e temperatura 6tima entre 45 e 60 °C (SHARMA; KUMAR, 2013; SHAHI et al., 2016).
No entanto, tanto a linhagem fangica como o procedimento de cultivo utilizados para producéo
de enzimas podem influenciar os niveis e o perfil bioguimico das proteinas produzidas.
Diversos fatores de cultivo como tipo de substrato, pH, temperatura, umidade, entre outros
influenciam na expressao e producdo de xilanases.

A biosintese de xilanase pode ser induzida pelo tipo de substrato, especialmente
aqueles que possuem elevado contetudo de xilano, como sabugo de milho e farelo de trigo.
Coelho (2003) verificou que a maior producdo de xilanases de Aspergillus giganteus ocorreu
em substratos como xilano, xilose, bagaco de cana de acgucar e sabugo de milho,
respectivamente. Mukherjee e colaboradores (2015) testaram diferentes fontes de carbono para
producdo de xilanase e encontraram maiores quantidades da enzima quando foi cultivado em
farelo de trigo, p6 de semente de tamarindo e sabugo de milho.

Dentre os tipos de cultivos mais conhecidos estdo a fermentacdo em estado solido
(FES), onde o cultivo é realizado em substrato sélido e com umidade controlada, e a
fermentacao submersa (FSm) que é realizada na presenca de agua (IRFAN et al., 2016). Ambos
processos apresentam vantagens e desvantagem do ponto de vista de producdo em larga escala
e rendimento. A FES é considerada como sendo mais econdmica e de maior rendimento do que
a fermentacdo submersa, que, por sua vez, possibilita maior facilidade na recuperacdo de
enzimas extracelulares e também no controle de varidveis do processo como pH e temperatura.
(TERRASAN; CARMONA, 2015; MANSOUR et al., 2016).

A umidade do cultivo influencia na producéo de xilanases inclusive por uma mesma
linhagem de fungo ou até pelo mesmo microrganismo. Um estudo fez uma anélise do secretoma
de Trichoderma reesei e Aspergillus niger e comparou as proteinas secretadas quando
cultivados em fermentacdo sélida e sequencial. A analise dos resultados, especialmente para
Aspergillus niger, permitiu observar que, em alguns casos, para 0 mesmo microrganismo
diferentes genes para xilanase sdo expressos quando se considera os dois tipos de fermentagédo
analisados e que muitas xilanases sdo expressas somente em fermentacdo submersa e outras

apenas em fermentagéo sequencial (FLORENCIO et al., 2016).
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Com relacdo ao efeito do pH na producéo de xilanases, Carmona (2005) verificou que
em diferentes faixas de, pH 5.8 e 6.5, as duas xilanases expressas, xilanase 1 e 2, eram
produzidas em quantidades diferentes. Em pH 5,8, xilanase 1l € produzida em menor quantidade
do que em pH 6,5, o contrario do observado para xilanase | (CARMONA et al., 2005). Maior
producdo de xilanase também foi observada em pH 6,5 para Penicillium janczewskii
(TERRASAN et al., 2013). XIONG e colaboradores (2004) também observou a dependéncia
do perfil das xilanases purificadas pelo pH de cultivo, sendo que em pH de cultivo baixo, pH
4, o fungo produziu um tipo de xilanase, xilanase | mais ativa em pH baixo (4-4,5), e em pH de
cultivo mais elevado, pH 6,0, outra xilanase foi secretada, xilanase Ill, ativa em pH mais
elevado (6-6,5) bem como massa molecular (XIONG et al., 2004).

A temperatura também influencia na producéo e até perfil de expressao de xilanases.
Um estudo realizado com uma espécie de Aspergillus niger verificou que uma temperatura de
incubacdo mais elevada favoreceu o crescimento da biomassa e temperatura mais baixa
favoreceu a biossintese de xilanase, obtendo-se maior rendimento (YUAN et al., 2005). Além
disso, na maioria dos casos observa-se que fungos capazes de crescer em temperatura mais
altas, produzem enzimas mais termoestaveis (LASA; BERENGUER, 1993; RIZZATI et al.,
2004). Rizzati e colaboradores (2004) observaram que a temperatura de cultivo de 42°C,
xilanases de Aspergillus phoenicis exibiram aumento na termoestabilidade de 50 para 55°C
quando comparada com a enzima produzida a 25°C e também um aumento na atividade
especifica em até 5 vezes quando produzida a maior temperatura, sugerindo que diferentes
temperaturas de cultivo, induziram a producédo de xilanases distintas.

Considerando o acima exposto, a bioprospeccao de fungos em ambientes extreméfilos
é estimulada pela possibilidade de encontrar microrganismos que, adaptados a tais ambientes,
produzam enzimas mais estaveis em condicGes extremas de pH, temperatura, salinidade, entre
outros, que é a realidade de muitos processos industriais nos quais estas enzimas sdo
empregadas (MAHESHWARI; BHARADWAJ; BHAT, 2000; WANG; CEN; ZHAO, 2015;
ZHOU et al., 2016). A estabilidade em altas temperaturas é muito interessante do ponto de vista
industrial (SHARMA; KUMAR, 2013; KUMAR; MARIN-NAVARRO; SHUKLA, 2016),
fungos termofilicos podem ser bons produtores de xilanases termoestavel e tem ganhado
destaque na literatura cientifica nos ultimos anos (SINGH; KAPOOR; KUMAR, 2012; TAIBI
et. al, 2012). Uma variedade de xilanases tolerantes as altas temperaturas tém sido encontradas
em diversos fungos, incluindo Aspergillus (HE et al., 2015; MATSUZAWA; KANEKO;
YAOI, 2016). A natureza termofilica ou termoestavel das xilanases pode ser explicada por uma

série de fatores que estabilizam a estrutura da molécula, como a existéncia de pontes dissulfeto,
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anéis aromaticos, glicosilagdo (FONSECA-MALDONADO et al., 2013; ZHOU et al., 2016),
nacleo hidrofébico bem embalado, interacbes favoraveis de cadeias laterais carregadas com
dipolos hélice e a presenca de prolinas no N-terminal de hélices que diminuiu a liberdade
conformacional da molécula de proteina (MAHESHWARI; BHARADWAJ; BHAT, 2000;
WANG,; CEN; ZHAO, 2015).

Atualmente diversos estudos tem investigado a sequéncia e estrutura de Xxilanases
termoestaveis para melhor entendimento do seu aspecto funcional bem como trabalhado estes
achados na engenharia de proteinas para melhorar as propriedades de enzimas mesofilicas
(SONG; TSANG; SYLVESTRE, 2015; IRFAN et al., 2016), como realizado por Zhou e
colaboradores (2016) que introduziram por mutagénese dirigida pontes dissulfeto no dominio
N-terminal de xilanase de Aspergillus niger e obtiveram melhoria consideravel na

termoestabilidade em comparacdo com a enzima nativa.

3.5 Microrganismo de estudo: Aspergillus hortae, primeiro relato da espécie como
produtora de xilanases

O género Aspergillus é conhecido como bom produtor de xilanases. Um estudo testou
21 especies de fungos e observou que os mais elevados niveis destas enzimas foram produzidos
por Aspergillus terreus em meio contendo residuos agroindustriais como fonte de carbono (DE
SIQUEIRA; FERREIRA; XIMENES, 2010).

Aspergillus sdo fungos filamentosos imperfeitos pertencentes a classe dos
Deuteromicetos ou dos Ascomicetos quando se trata de formas perfeitas (sexuais). Cerca de
200 espécies de Aspergillus sdo conhecidos, dos quais vinte estdo envolvidos em patologias
humanas, como A. carbonarius, A. flavus, A. fumigatus, A. ochraceus, A. parasiticus, entre
outros. Algumas espécies do género produzem muitas micotoxinas e podem estar envolvidas
em doencas conhecidas como aspergiloses. Outras espécies, porem, sdao amplamente utilizadas
para producdo de enzimas de interesse industrial utilizadas na industria de alimentos e bebidas,
de detergentes, polpa e papel e biorefinarias. As coldnias deste género crescem rapidamente,
apresentam aspecto de p6 ou felpudo e geralmente exibem cores brilhantes. O talo hialino tem
um micélio compartimentado, tendo varios conididforos eretos com uma extremidade vesicular

chamado de "cabeca do Aspergillus”, capaz de produzir até 104 esporos. Os conidios
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globulares, geralmente 2 a 3, sdo produzidos a partir das fidlides que estdo agrupadas no topo
ou ao redor das vesiculas, com ou sem metula intermediéria.

Aspergillus hortae foi descrito pela primeira vez em 1922 por Langeron a partir de
amostras de orelha humana, no Rio de Janeiro. Em 1935, Dodge notou semelhanca do fungo de
Langeron com Aspergillus e em 1965 Raper e Fennell consideraram como sindnimo de
Aspergillus terreus, porém analises filogenéticas multilocus mostraram que A. hortae deve ser
considerado uma espécie distinta de A. terreus (SAMSOM et al., 2011). As duas especies
apresentam uma semelhanca morfologica forte como cabecgas conidiais colunares e de
tonalidade castanho a marrom (Figura 9), bem como perfil distinto de metabdlitos secundarios.
Ambos séo fungos cosmopolitas, frequentemente isolados de regides tropicais e subtropicais,
de solos de florestas, desertos, planicies, pilhas de compostagem sendo que A. hortae também
é isolado de contaminantes de produtos como milho, cevada e amendoim (SAMSON et al.,
2011).

Figura 9 - Aspergillus hortae. Da esquerda para a direita: Coldnias incubadas a 25 °C por 7 dias em
meio CYA, conidiéforos, conidios (Adaptado de SAMSON et al., 2011) e conidi6foros e conidios do
microrganismo de estudo

Fonte: Adaptado de SAMSON et al., 2011

Existem poucos estudos com A. hortae em comparagdo a espécie anteriormente citada,
mas sabe-se que é conhecido pela producdo de uma variedade de metabolitos secundarios,
alguns dos quais tém propriedades valiosas que podem ser utilizadas em drogas redutoras de
colesterol e antitumorais. Embora ndo existam trabalhos relacionados, nossos estudos
mostraram pela primeira vez que uma linhagem termotolerante de A. hortae isolada de solo de
lagoas salinas de uma regido do Pantanal Mato Grossense conhecida como Nhecoléncia (Figura
10) apresenta propriedades promissoras na producdo de algumas enzimas lignoceluloliticas,
especialmente xilanases.



Figura 10 - Mapa de Iocallzagao da regido da Nhecolandla.
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4 CAPITULO 1: Production, physical-chemical properties and breadmaking application
of Aspergillus hortae xylanases
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4.1 ABSTRACT

This research reports the first investigation of an Aspergillus hortae strain producing
hemicellulosic enzymes. The work focused on xylanase production in submerged cultures
utilizing corn cobs as carbon source and used a 22 complete factorial design to optimize enzyme
production. The results showed optimum culture conditions at pH 5.36 and 35 °C, yielding
21.75 U/mL of enzyme activity. The filtrate showed optimum activity at pH 6.5 and 55 °C, a
wide range of pH stability with around 80 % of residual activity from pH 3.0 to 8.0 and
remained 67 % of activity at 50 °C for 5 h. The bread produced with xylanase influenced the

decrease in firmness and anti-staling action.

Keywords: Xylanases. Aspergillus hortae. Enzyme production. Experimental design. Bread
making application.
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4.2 INTRODUCTION

Hemicellulose, the second main component of lignocellulose materials, is an insoluble
polymer and a potential source of fermentable sugars (xylans, mannans or galactans). Xylan is
the most common hemicellulosic polysaccharide and has a complex structure with a main chain
composed by B-D-xylopyranosyl units, linked by p-(1-4)-glycosidic bonds. Lateral substituents
as 4-O-methyl-a-D-glucuronopyranosyl units, a-L-arabinofuranosyl, acetyl groups that gives
partial solubility in water and others may exist (POLIZELI et al., 2005).

The complete breakdown of xylan requires a xylanolytic system including mainly
endo-B-1,4-xylanase (B-1,4-D-xylan-xylanohydrolase, EC.3.2.1.8), B-xylosidase (4-B-D-xylan
xylohydrolase, EC 3.2.1.37) and accessory enzymes. Xylanases are responsible for xylan
depolymerization by cleavage of the internal glycosidic linkages of the backbone, liberating
oligosaccharides. Many microorganisms, especially fungi, have the ability to secrete these
enzymes into the extracellular medium and promote xylan hydrolysis. The Aspergillus genus is
known as a good producer of xylanases. A study tested twenty-one fungal species and observed
that the highest yield of xylanase activity was produced by Aspergillus terreus when grown in
liquid media containing an agro-industrial residue as the carbon source (DE SIQUEIRA et al.,
2010).

For a long time, an Aspergillus strain named Aspergillus hortae was considered as a
synonym of Aspergillus terreus, but it has recently been elucidated through phylogenetic
analysis that it is a distinct specie. Furthermore, A. hortae shows a strong morphological
resemblance to A. terreus, but has a distinct extrolites profile (SAMSON, PETERSON,
FRISVAD; VARGA, 2011). The specie is known from the ex-type isolate and soil isolates from
the Galapagos Islands and Florida (USA) and is now reported in our study, for the first time, as
a xylanase producer isolated from saline lakes of Nhecolandia, State of Mato Grosso do Sul,
Brazil.

Xylanases have many biotechnological applications in various industrial processes:
clarifying fruit juices, improving wine aroma, food processing, breadmaking, improvement of
the nutritional properties of agricultural silage, poultry feed, degumming of plant fibers, paper
pulp or textile industries and increase of the extraction yield of vegetable oils. Despite their
well-known biotechnological potential, the challenge is to find enzymes that have the tripod for
large-scale applications: low production cost, high yield and high activity in required industrial

conditions (temperature, pH and others). For this reason, bioprospecting in extremophile
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environments has gained considerable interest in researches to find microorganisms that secrete
enzymas that may present these desired industrial characteristics.

Among the various industrial processes in which the enzyme can be employed, endo-
B-1,4-xylanase from fungi has been successfully used to enhance the breadmaking process
quality: improving rheological characteristics of the dough and increasing volume and crumb
softness of bread (SHA; MADAMWAR, 2006; JIANG et al, 2010; AHMAD et al., 2012).

In the bread manufacturing process, mixing wheat flour with water forms a dough with
a gluten network and other components such as starch and non-starch polysaccharides.
Amongst the latter, wheat hemicellulose, which contains different arabinoxylans, competes
with the water necessary for the development of the gluten network, in the form of water-
unextractable arabinoxylans (WUAX), and impacts bread volume negatively. If xylanase with
appropriate characteristics is used, the enzyme acts solubilizing the WUAX, improving dough
viscosity and allowing increased hydrogen bonding with dough proteins and starch
(McPHILLIPS et al., 2014). Overall, it seems interesting to investigate cheaper ways of
production, optimization and the enzyme features, such as pH and temperature, which may be
of good applicability in the breadmaking process.

Thus, the aim of this study was to investigate the influence of culture conditions on
the production of xylanase by A. hortae, biochemically characterize enzyme activity in the
crude filtrate obtained under optimized conditions and verify its potential for breadmaking

application.

4.3 MATERIAL AND METHODS

4.3.1 Microorganism

The thermotolerant fungi A. hortae was isolated from saline lakes of Nhecolandia,
Mato Grosso do Sul, Brazil and maintained in our laboratory using Castellani's method with
distilled water, and cultured periodically on VVogel solid medium, with 1.5 % (w/v) wheat bran,
at 40 °C, during 7 days for conidia production.

4.3.2 Culture conditions and preparation of crude extracts

The standard inoculum size (2-5.10" conidia.mL™) was inoculated in 125 mL
Erlenmeyer flasks containing 25 mL of the Vogel medium supplemented with 1 % of corn cobs
obtained at RASUL Ind. and Com. of Ingredients for Feed Ltda, PR, Brazil. Cultures were
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carried out in static conditions at 40 °C during seven days, except when indicated. After that,
the crude extracts were vacuum filtered with Whatman No. 541 filter paper and these crude

filtrates were used as sources of extracellular enzymes.

4.3.3 Effect of carbon source

The influence of carbon sources on xylanase production were assayed in submerged
culture. Vogel medium was supplemented with 1.0 % (w/v) of each substrate, such as pure
carbohydrates (Avicel, carboxymethylcellulose, glucose, oat spelts xylan and xylose) and
natural carbon sources (brewer’s spent grain, cassava peel, corn cobs, corn cobs and corn stover,

rice husk, rice straw, sugarcane bagasse, oat bran and wheat bran).

4.3.4 Xylanase assay

The xylanase activity was determined by incubation of the culture filtrate with 1 %
beechwood xylan (Sigma) in Tris-HCI buffer, pH 7.0, at 50 °C, except when indicated. At 5 and
10 minutes, the reaction was stopped by the addition of the 3,5-dinitrosalicylic acid reagent
(DNS) for reducing sugars determination (MILLER, 1959), using xylose as standard. Assays
were performed in triplicate. One enzyme activity unit was defined as the amount of enzyme
required to release 1umol of reducing groups per min/mL of sample. Specific activities were

expressed as enzyme units per milligram of protein.

4.3.5 Protein determination

The protein concentration determination was perform by the method of Lowry,

Rosebrough, Farr and Randall (1951), using bovine serum albumin as standard.

4.3.6 Effect of culture time and agitation on xylanase production

The experiments to observe the effect of culture time in static and agitation conditions
followed the culture conditions and extract obtainment already mentioned in 4.3.2. The cultures
were analyzed for 15 days; triplicate samples were filtered every day and analyzed according
to xylanase activity (U.mL™) and specific activity (U.mg™). In agitation condition, the flasks

were maintained at 120 rpm.
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4.3.7 Effect of pH and temperature on xylanase production

A Central Composite Rotatable Design (CCRD) of two factors (22) with replicates at
the central point was used to optimize the fermentation parameters for enhancing xylanase
production. This strategy aimed to find information on the response variable (xylanase activity),
the estimation of the optimal condition and validation. The dependent variable selected was
enzymatic activity (U.mL™) and the independent variables were pH and temperature of
cultivation. As we used a full factorial design, then o was calculated according Eq. 1 and k=2
factors (pH and temperature), so that a=1.41.

o« = [2%/*] (&g 1)

The data were treated with STATISTICA 8 from Statsoft Inc (2325 East 13 th Street,
Tulsa, OK, 74 104, USA) analyzed by multiple regression analysis according to Eq. 2 and
analysis of variance (ANOVA).

Y = Bo + Pix1 4 Baxy + Praxaxy + Pixf + Poxi (Eq.2)

Where Y is the measured response variable (xylanase activity); x; and x, represent the
independent variables in coded values. B,, 81, B2, B12 are constant and regression coefficients

of the model.

4.3.8 Optimum pH and temperature and stability of crude filtrate from A. hortae

The optimum pH was evaluated in the reaction medium by incubation of enzyme
preparations at 50 °C using the substrates with different buffer solutions of different pH values:
0.05 M glycine-HCI (3.0 and 3.5), 0.05 M sodium acetate (4.0 to 5.5), 0.05 M imidazole (6.0
and 6.5), 0.05 M Tris-HCI (7.0 to 9.0), Sorensen (9.5 and 10.0) and Mcllvaine (3.0 to 8.0).
Optimum temperature was determined by performing the reaction from 30 °C to 75 °C in 0.05
M imidazole buffer pH 6.5

Stability at different pH values was determined as residual activity after enzyme
incubation, without substrate, in 2:1 (v/v) solution with buffers of different pH values for 24 h
and at 4 °C. The buffers utilized were 0.05 M glycine-HCI (3.0 and 3.5), 0.05 M sodium acetate
(4.0 to 5.5), 0.05 M imidazole (6.0 and 6.5), 0.05 M Tris-HCI (7.0 to 8.5), Sorensen (9.0) and
Mcllvaine (3.0 to 8.0). Thermal stability was analyzed by determining the residual activity after
incubation for 300 min, withdrawing aliquots in different periods at temperatures ranging from
40 to 70 °C. After incubation, the samples for both stability parameters were assayed by DNS
in imidazole buffer, pH 6.5, and at 55 °C.
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4.3.9 Breadmaking application

4.3.9.1 Ingredients

The ingredients used to produce pan breads were wheat flour enriched with iron and
folic acid (Anaconda Mill, Sdo Paulo, Brazil), sugar (Santa Isabel, Novo Horizonte, Brazil),
palm fat (Cargill, Mairinque, Brazil), milk powder (Itambé, Belo Horizonte, Brazil), vital gluten
(Roquette, Lestrem, France), salt (Finosal, Natal, Brazil), instant dry yeast (AB Brasil,
Pederneiras, Brazil) and calcium propionate (AB Brasil, Pederneiras, Brazil). Wheat flour
presented moisture, protein (N x 5.7), fat and ash contents of 13.20 + 0.12 g/100 g, 9.05 £ 1.61
0/100 g, 1.14 + 0.03 g/100 g and 0.58 + 0.01 g/100g, respectively. The wet and dry gluten
contents, gluten index and Falling Number were 23.70 £ 0.12 g/100 g and 8.22 + 0.28 g/100 g,
99.09 £ 0.44 and 370 £+ 12 s, respectively.

4.3.9.2 Rheological properties

The pure refined wheat flour (RWF), as well as mixtures of this flour with added
xylanase enzyme, were analyzed as to their rheological properties in a Farinograph (Model
810130, Brabender, Duisburg, Germany), according to AACCI method 54-21.02 (2010); an
Alveograph (Model MA 95, Chopin, Villeneuve-la-Garenne, France), according to AACCI
method 54-30.02 (2010); and a Rapid Visco Analyzer (Model 4500, Perten Instruments,
Warriewood, Australia), using the TCW 3.15.1.255 software, according to ICC method 162
(1996).

4.3.9.3 Xylanases extract preparation

The crude xylanases preparation to be added in the bread formulation followed the item
4.3.2, but at the otimizated culture conditions pH 5.36 and 35°C. The concentrate filtrate was
dialyzed and analyzed for aflatoxin and ochratoxin A according to Soares and Rodas-Amaya

(1989) and no mycotoxin was detected (data not shown).

4.3.9.4 Bread formulation

Two pan bread formulations were produced, one denominated control, i.e. without the
addition of the enzyme and the second with added xylanase (1063 U per 100 g of flour). The
basic formulation for both assays was: RWF (100.0 %), water (64.0 %), sugar (4.0 %), palm fat
(4.0 %), milk powder (4.0 %), gluten (1.5 %), salt (1.8 %), instant dry yeast (1.3 %) and calcium
propionate (0.2 %), flour basis.
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4.3.9.5 Preparation of breads

The breads were prepared in duplicate through the modified straight dough method, in
which the ingredients were mixed in a mixer (Model SP111, VMI, Montaigu, France) for 3 min
at low speed (vat: 20 rpm/blade: 100 rpm) and for 5 min at high speed (vat: 20 rpm/blade: 220
rpm).

The dough was then divided into portions of 200 + 1 g, which were rounded manually,
molded in a molding machine (Model MR500, Pratica Technipan, Pouso Alegre, Brazil), put
in baking tins (8 cm width x 17.5 cm length x 5 cm height) and taken to a proofing chamber
(Model CF10V2, Klimaquip, Pouso Alegre, Brazil) with temperature (33 = 1 °C) and relative
humidity (85 £ 5 %) control. The doughs were proofed for approximately 60 min and baked in
an electric oven (Model HPES8O, Praica Technipan, Pouso Alegre, Brazil) for 20 min at 160 °C.

4.3.9.6 Evaluation of the breads

The breads were characterized on the day after processing in relation to their specific
volume, according to AACCI method 10-05.01 (2010).

On the first and fifth days after processing, the crumb was evaluated for: moisture
content, according to AACCI method 44-15.02 (2010); water activity using a digital AqualLab
apparatus (Model CX-2, Decagon, Pullman, United States); instrumental color, through the
CIELab system (Minolta, 1994); and instrumental texture, according to AACCI method 74-
09.01 (2010), using a TA-XT?2 texture analyzer, with a load of 50 kg (Stable Micro Systems,
Surrey, England), and a P/25 cylindrical aluminum probe, being only the crumb compressed.
Two slices of bread (1.25 cm each) were superimposed and arranged parallel to the platform
and the following parameters were set: test mode and option = measure of strength in
compression; pre-test speed = 1.0 mm/s; test speed = 1.7 mm/s; post-test speed = 10.0 mm/s;
distance = 40 %.

All analyses were performed in triplicate, except instrumental texture, which was

performed in eight repetitions.

4.3.9.7 Statistical analysis

The results of bread quality parameters were evaluated by analysis of variance and
mean comparisons by the Tukey test (o < 0.05), using the Statistica 7.0 software (Statsoft, Tulsa,
United States).



57

4.4 RESULTS AND DISCUSSION

4.4.1 Influence of the carbon source on xylanase production

In order to optimize xylanase production by A. hortae, different carbon sources were
tested (Table 1). Among pure carbohydrates, xylan exhibited the highest specific activity (65.11
U.mg 1) and carboxymethylcellulose did not exhibit any detectable activity. In general, xylan

Table 1 - Effect of different carbon source on xylanase production by A. hortae.

Carbon source (1% w/v) Extracelular Specific activity
enzimatic activity (U/mg extracellular
(U/mL) protein)
Avicel 0.41+0.06 ND*
Carboxymethylcellulose ND* ND*
Glucose 0.30 £ 0.05 1.50+0.29
Xylan (oat spelts) 17.21 £ 1.47 65.11 + 2.55
Xylose 3.41+0.58 8.92+6.31
Brewer’s spent grain 13.71 £ 0.22 29.84 + 0.60
Cassava peel 0.48 £0.04 3.45+0.35
Cassava peel (mashed) 2.02£0.05 14,95+ 0.88
Corn cobs 23.00 +0.62 44,43 +1.88
Corn cobs and corn stover ~ 4.08 +0.81 13.25 + 2.08
Oat bran 1.60 £ 0.22 3.42+0.61
Rice husk 3.00+0.36 14.47 +1.48
Rice straw 0.74£0.13 2.83+0.21
Sugarcane bagasse (1-0.35) 9.87 £1.82 20.94 £ 6.56
Sugarcane bagasse (2-1) 4.08 +0.14 13.77+1.19
Wheat bran (comercial) 12.14 £ 0.75 27.80 £ 2.94
Wheat bran (wild) 10.28 + 1.57 23.14 £ 3.17

Medium Voguel with 0.25% of carbon source, pH 6. Culture of 7 days at 40°C. Activities
were assayed at 50°C with 1% xylan in 0.05M Tris-HCI buffer pH 7.0. *not detectable at

assay conditions.
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substrates provide an important role in xylanase induction and comprise the highest xylanase
activities (SHAH; MADAMWAR, 2005; SUDAN; BAJAJ, 2007). The low xylanase activity
observed with more simple or more available substrates, such as glucose (1.5 U.mg?) and
xylose (8.92 U/mg), confirms the inducible character of these xylanase, showing a forty-fold
increase in activity when using xylan, in comparison to glucose, and an increase of seven-fold
when comparing with xylose.

Among the agroindustrial carbon sources, corn cobs showed the highest xylanase
activity (23 U.mL™, 44.43 U.mg™). This can be explained due to their high xylan content around
40 % (KNOB et al., 2014). Low activity levels were obtained with cassava peel, rice straw and
oat bran, corresponding to 0.48 U.mL? (3.45 U.mg?), 0.74 UmL™? (2.83 U.mg?) and 1.60
U.mL? (3.42 U.mg?), respectively. These low levels and the different production levels
observed among the lignocellulosic materials are probably related to differences in composition
of these substrates. Rice straw xylose content consists of 14.8 to 23 g/100 g of dry material
while in corn cobs it is around 28 to 35.4 g/100 g of dry material (GIRIO et al., 2010).

Although the highest specific activity was observed with oat spelts xylan and this could
be important for further purification studies, corn cobs is a cheaper carbon source and an
important by-product from the food industry. So further studies were carried out with this
substrate at 1 % concentration (w/v).

4.4.2 Optimization of culture conditions

4.4.2.1 Time course of xylanase production by A. hortae in static and shaking conditions

The figure 1 shows the time course of xylanase production by A. hortae in submerged
culture and static conditions reach the maximum on the eleventh day (23.30 U.mL?; 25.31
U.mg?) and on the last day analyzed still showed an interesting activity (16.70 U.mL™ and
16.16 U.mg™). The most common time required by Aspergillus species as A. fumigatus, A.
niveus, A. awamori, A. oryzae and A. tamarii xylanase production is between 3 and 5 days (DE
CARVALHO PEIXOTO-NOGUEIRA et al., 2009). High xylanase production from A. foetidus
was achieved after 4 days of cultivation (SHAH; MADAMWAR, 2005) and a peak of xylanase
production on the fifth day was reported with A. niveus (SUDAN; BAJAJ, 2007). Besides the
atypical behavior compared to most Aspergillus species, a very long period of cultivation, as
observed in our study, was also shown by an A. fumigatus xylanase produced with wheat bran
carbon source during 11 days (ABDEL-MONEM; EL-BAZ; SHETAIA; EL-SABBAGH,

2012). It would appear that the maximum enzyme production stage is largely dependent upon
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the type of microbial strain as well as on cultural and environmental conditions during the

growth of the organism.

Figure 1: Time-course of xylanase production by A. hortae
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liquid with corn cobs (1%), pH 7.0, 40 °C. Activities were assayed in 0.05 M
sodium acetate buffer pH 5.5 with 1% xylan, at 50 °C.
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The xylanase production by A. hortae in shaking conditions (120 rpm) had a peak
earlier than that presented in static cultures, on the ninth day (10.5 U.mL™?), but was lower than
that found in stationary cultures. Furthermore, the specific activity (7.75 U.mg™?) in shaking
conditions was found to be much lower than in static culture conditions. Less xylanases from
Penicillium janthinellum were found being produced at higher agitation rates, suggesting that
the shearing forces causing hyphal disruption and influencing on xylanase production, or
xylanase activities could decrease with increases in oxygen concentration probably due to
inhibition by oxygen (PALMA; DE MANCILHA, 1996).

According to the results presented, stationary culture conditions for 11 days exhibited

the best xylanase activities and were selected for the subsequent experiments.

4.4.2.2 Response surface methodology (RSM) for optimizing xylanase production

A 2% experimental design with two factors and five levels, including three replicates at
the central point (totalizing 11 experimental runs) was used to obtain a second-order model in
order to predict the xylanase production as a function of pH (x1) and temperature (x2). The
coded levels of the input variables and the real pH and temperature values are exhibited in Table
2. The highest xylanase activity (20.02 U.mL™) was observed for run 5, in which the factor pH
was employed at a lower level (pH 4) and temperature at an intermediary level (35 °C). The
lowest xylanase activities were observed for runs with pH at high levels (runs 4 and 6) and for
run 8 that had high temperature.

Table 2 - Experimental design and results of the 22 factorial design
Coded Levels (real levels)  Xylanase activity (U.mL?)

Run number X1 X2 Observed Predicted
1 -1 (4.88) -1(27.9) 10.54 10.45
2 1(9.12) -1(27.9) 9.52 6.83
3 -1 (4.88) 1(42.1) 15.11 16.36
4 1(9.12) 1(42.1) 2.28 0.92
5 -1,41 (4) 0 (35) 20.02 18.90
6 1,41 (10) 0 (35) 2.86 5.43
7 0(7) -1,41 (25.0) 6.97 5.11
8 0(7) 1,41 (45.0) 1.81 5.11
9 0(7) 0 (35) 19.54 18.43
10 0(7) 0 (35) 18.13 18.43
11 0(7) 0 (35) 17.63 18.43

X1 and X; are the coded and real values of pH and temperature
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According to the regression analysis, all quadratic terms for pH and temperature were
significant (p<0.1), but the linear term for temperature was not significant (p>0.1), so it was

eliminated from the model (Table 3).

Table 3 - Regression analysis of the 22 factorial design

Term Coefficient  T-statistic P-value
Intercept 18.43333 13.25446  0.000011
X1 -4.76474 -5.59476 0.001388
X12 -3.13479 -3.09255 0.021318
X2? -6.65979 -6.57006 0.000596

X1 . X2 -2.95250 -2.45142 0.049695

X1: pH; X2: temperature (°C). p < 0.1

A second-order polynomial equation to predict xylanase production as a function of
pH and temperature was obtained (Eq. 3) and the R-squared was 0.93 indicating that 93 % of
the variability in the observed response values for xylanase production can be explained by the
experimental factors and their interactions and only 7 % of the total variation cannot be

explained by the model.

Xylanase Activity = 18.43 — 4.76x; — 3.13x{ — 6.66x5 — 2.95x, X, (£q. 3), Where:
x1: pH and x2: temperature.

ANOVA was used to evaluate the adequacy of the fitted model (Table 4); the model
is predictive because the calculated F-value (20.49) was 6 times higher than the listed F-value
(3.18), at 90 % confidence level. The low p-values obtained also indicate the significance of
the model. Therefore, the coded model in Eg. 3 was used to generate the response surface (Fig.

1a) and contour plot (Fig. 1b) to optimize culture requirements for xylanase production.

Table 4 - Analysis of variance (ANOVA) for the second order polynomial models

Source of variation Sum of squares Degrees of freedom Mean square F calculeted F listed

Regression 475.50 4 118.88 20.49 3.18
Residual 34.81 6 5.80
Lack of fit 19.54 3 6.51 1.28 9.16
Pure error 15.27 3 5.09
Total 510.32 10

R?=0.93178.
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As can be seen in the response surface (Fig. 2a) and contour plot (Fig. 2b), the
conditions in the dark red region can be considered the optimum region for xylanase production.
Included in this region the best conditions for xylanase production found in our experiments:
pH 4 and 35 °C (run 5). However, even better production conditions can be predicted if we use
levels closer to the central region of the surface or plot. This region was calculated and
corresponds to the coded value for pH -0.76 and real value of 5.36 and for temperature the
values are in the central point (coded 0 and real 35 °C). Thus, using these improved production
conditions coded values in Eq. 3, the predicted activity obtained is 20.25 U.mL™ and the

observed activity in the experimental validation was 21.75 U.mL™, showing that the model is
valid.

Figure 2 - Response surface curve (a) and contour plot (b) of the combined effects of pH and
temperature on the xylanase prodution by A. hortae.
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Activities were assayed in 0.05 M sodium acetate buffer pH 5.5 with 1% xylan, at 50 °C

Commonly, the best yields for xylanase production by Aspergillus spp. are seen in pH
range of 4 to 7. Hood and co-workers (2014) observed that the highest xylanase activity from
Aspergillus brasiliensis was produced at pH 6.5 (39.57 U.mL™). On the other hand, Ahmad
(2012) achieved lower xylanase activity at these pH (11.97 U.mL!) and higher at pH 5.5 (37.93
U.mL™Y). Other studies showed that xylanase production was maximum around pH 5
(MILAGRES, LACIS; PRADE, 1993) as well as our study verified it for A. hortae.

Lower xylanase activity was observed when the initial pH of the medium was set to
alkaline conditions, especially if in combination with high temperatures. The activity dropped
considerably, as shown in run 4: pH 9.12 and 42 °C (2.28 U.mL) and in run 6: pH 10 and 35
°C (2.86 U.mL™). However, when cultivated at pH 9.12, but under lower temperature (27.9 °C),
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the xylanase activity was considerably higher (9.52 U.mL™). Several studies also showed that
low xylanase activity was observed in alkaline pH medium (GUPTA, GAUR, YADAVA;
DARMWAL, 2009; HOOD; HO, 2014). It could indicate that the fungi was not able to grow at
experimental high alkaline condition and hence, xylanase was not synthesized.

Regarding temperature of the culture medium, it is a very important parameter to reach
the best xylanase yield in submerged culture. If it were higher than the optimum, it could affect
factors such as availability of nutrients for the culture and enzyme inhibition or denaturation.
On the other hand, low temperature may lead to lower metabolic activity. Several studies
indicated that maximum fungal xylanases production occurred at 30 °C (DUENAS;
TENGERDY; GUTIERREZ-CORREA, 1995; ZIMBARDI ET AL., 2013) and Hood and co-
workers (2014) obtained the best production at 30 °C (38.53 U.mL?) with A. brasiliensis.
Lakshmi and coworkers (2009) noticed that the maximum Xxylanase production was observed
at 35 °C with A. terreus under solid state fermentation and Fang (2007) also achieved optimal
cultivation conditions predicted for xylanase from A. carneus at 35.08 °C.

In our study, the maximum xylanase yield was achieved at 35 °C, and at temperatures
close to 30 °C (27.9 °C), the yield decreased to half (run 1). Instead, Gupta et al. (2009) noted
maximum xylanase production from Fusarium solani (60 U.mL™)at 30 °C and a decrease at 35
°C (40 U.mL™). Although there are studies showing that higher temperatures favor the growth
of fungi and lower temperatures lead to higher yields of xylanase, Lenartovicz (2002) showed,
as evidenced in our work, a higher xylanase yield (57 U.mL™) at high temperature (42 °C) than
that observed at 30 °C (54 U.mL™). It was also evidenced by Rizzatti (2004), who worked with
Aspergillus phoenicis, and mentioned that xylanase was strongly stimulated at the higher

temperature.

4.4.3 Properties of the xylanases present in crude extract

4.4.3.1 Optimum pH and temperature

The best pH for xylanase activity of the crude extract was 6.5 (Fig. 3a). Several studies
verified that the most suitable pH value for xylanase activity was within the acid region
(MILAGRES, 1993). Furthermore, in studies with Aspergillus spp., a commonly found
optimum pH is pH 5.0 (SHAH; MADAMWAR, 2005; DE CARVALHO PEIXOTO-
NOGUEIRA et al., 2009; ZIMBARDI et al., 2013). Souza (2012) demonstrated optimum
xylanase activity at pH 6.0 for filtrate culture from Aspergillus fumigatus. Sudan (2007) showed

optimum pH for xylanase from Aspergillus niveus at the neutral region (pH 7.0), but in our
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study the relative activity dropped to 54 % in this region when using Tris HCI buffer and to 50
% with Mcllvaine buffer in the reaction medium. Other Aspergillus spp. Xylanases are
alkalophilic (POLIZELI et al., 2005), but in this pH range we had less than 50 % of xylanase
activity.

The optimum temperature was 55 °C (Fig. 3b), greater than that found for most other
fungal xylanases that exhibit an optimum temperature at 50 °C (SHAH; MADAMWAR, 2005;
SUDAN; BAJAJ, 2007), but in accordance with that exhibited by xylanase from A. niveus (DE
CARVALHO PEIXOTO-NOGUEIRA et al., 2009). Jin and co-workers (2012) also showed

Figure 3 - Influence of pH (a) and temperature (b) on the xylanase activity and pH (c) stability
and thermoestability (d) of crude filtrate from Aspergillus hortae.
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Activities were assayed at 50 °C in Mcllvaine buffer (A) and others buffers solutions (e): glycine-HCI
(3.0 and 3.5), sodium acetate (4.0 to 5.5), imidazole (6.0 and 6.5), Tris-HCI (7.0 to 8.5), Sorensen ( 8.5
to 10.0) and Mcllvaine (3.0 to 8.0) in (a) and in imidazole buffer pH 6.5 in (b); Samples were incubated
at 4°C for 24 h in buffer solutions: glycine-HCI (3.0 and 3.5), sodium acetate (4.0 to 5.5), imidazole (6.0
and 6.5), Tris-HCI (7.0 to 8.5) and Sorensen (9.0) and in Mcllvaine buffer (pH 3.0 to 8.0) and activities
were assayed at 55°C in imidazole buffer pH 6.5 in (c). Samples were incubated at 40 °C (o), 50 °C (m),
60 °C (), 70 °C ( A) and assayed at 55°C in imidazole buffer pH 6.5 in (d).
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optimum temperature at 55 °C with xylanase from A. niger when cultivated in solid state
fermentation using wheat straw and corn cobs. Higher xylanase optimum activities were noticed
by Zimbard (2013) with Colletotrichum graminicola (66.91 °C) and, although less common,
some Aspergillus spp. exhibited the same optimum temperature observed for thermophilic fungi
as that noticed by De Carvalho Peixoto-Nogueira and co-workers (2009), that presented
optimum activities at 70 °C for xylanase from A. fumigatus.

4.4.3.2 pH and temperature stability

Thermal and pH stability are important properties for many industrial applications.
The pH stability of crude xylanase from A. hortae is shown in Fig. 3c. It was noted that xylanase
relative activity was kept above 80 % of its original activity after 24 h over a broad range of pH
evaluated (from 3.0 to 8.0) when incubated with Mcllvaine buffer. However, with other buffers
analyzed, the relative activity was not very stable, exhibiting activity less than 20 % in acid pH
(from 3.0 to 5.5) and between 52 % and 69 % around pH 6.0 to 9.0.

The reports regarding pH stability present wide variation in literature, even for
Aspergillus sp. De Carvalho Peixoto-Nogueira and co-workers (2009) observed a xylanase
from A. fumigatus more stable in pH from 6.0 to 8.0 while xylanase from A. niveus was more
stable in pH range 4.5 to 6.0. Despite the variation in the literature on pH stability, it is most
common to find a good stability at pH 4.5 to 9.0. The good stability (99 %) observed using
Mcllvaine buffer at pH 3, as found in our study, is not common in literature.

Regarding thermostability, xylanase relative activity at 40 °C remained above 89 %
and at 50 °C remained above 67 % for a period of 5 h (Fig. 3d). The half-life times at 40 °C and
50 °C were around 7 h and 8 h, respectively. At 60 °C, the half life was around 15 min and at
70 °C it was around 2 min. Xylanase produced by A. niger remained stable after incubation at
50 °C for 30 min (JIN et al., 2012). Our study also verified a similar result at 50 °C, but whereas
the xylanase of the mentioned study retained 64 % of its original activity after incubation at 60
°C for 30 min, we obtained around half this activity (30 %) in the same conditions.

On the other hand, Rizzatti (2004) verified that a crude xylanase from A. phoenicis
was stable up to 60 min at 50 °C, but a significant decrease was obtained at 60 °C, as also
evidenced in our study. After 120 min at 60 °C, a crude xylanase from A. fumigatus retained
only 10 % of its activity and xylanase from A. niveus maintained 30 % of its initial activity (DE
CARVALHO PEIXOTO-NOGUEIRA ET AL., 2009), whereas we observed 25 % of relative

activity at 60 °C after the same time.
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Other studies showed xylanases with high thermostability, especially from
thermophilic fungi. Souza (2012) related an endoxylanase from A. fumigatus that retained
around 40 % of its activity after 120 min at 60 °C. Stability at even higher temperatures was
observed by Jin (2012) that reported a xylanase with a stability of 55 % at 85°C for 30 min.
Although in our study the crude filtrate does not seem stable at very high temperatures, as in
the mentioned studies, it had the required temperature for breadmaking application and had a
property much required in some industrial processes as the maintenance of stability for a long

period.

4.4.4 Breadmaking application

4.4.4.1 Rheological properties

The results obtained in the farinographic, alveographic and pasting properties analyses
are shown in Table 5. The farinographic parameters of the dough were altered with the addition
of the xylanase enzyme, except water absorption. The dough with added xylanase had lower
arrival and dough development times, as well as reduced stability in relation to the control
(without enzyme).

A greater mixing tolerance index (MTI) value for the dough was also observed, which
together with the previous results, shows a tendency to a reduction in consistency (that could
be interpreted as weakening) of the dough with the addition of the xylanase. Jiang and co-
workers (2005) also observed this weakening, once they obtained decreased water absorption,
development time and stability when using thermostable recombinant xylanase. Steffolani and
co-workers (2010) obtained a difference between control and xylanase added doughs only for
stability, noting a slight decrease of this parameter with the enzyme addition, which is also due
to this weakening of the dough. Despite the changes observed, these values are suitable for the
production of bread (POMERANZ, 1988).

The alveographic parameters showed no difference between the control and xylanase
containing dough for any of the parameters, indicating that maybe a smaller effect would be
observed during resting and proofing than during mixing. At concentrations of 0.006 %,
Steffolani and co-workers (2010) did not observe any influence of the enzyme on the same

parameters.
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Table 5 - Farinographic and alveographic parameters and pasting properties of the control

formulation (wheat flour) and of the xylanase added formulation (xylanase + wheat flour)

Parameters

Control formulation

Formulation with

added xylanase

Farinographic

WA (%) 55.7 +0.3\° 55.8 + 0.2NS
AT (min) 0.9+0.1 0.6 0.0
DDT (min) 14.5 + 0.5 12.5+1.1°

S (min) 20.3 £0.8° 16.5 + 1.4°
MTI (BU) 40.7 +1.2° 46.7 + 1.5°
Alveographic

P (mm) 111.7 £ 10.1NS 101.5 + 4.3\
L (mm) 40.8 £ 6.7\ 453 + 2.5\
P/L 2.8 +0.7N8 2.2 +0.0N

W (104J) 181.7 + 11.2N 187.7 + 10.3\S

Pasting properties

Pasting temperature (°C) 68.5 + 0.8NS 69.1 + 0.4NS
Peak viscosity (cP) 1887.3 +36.7NS 1812.7 + 34.3NS
Breakdown (cP) 1019.3 +28.4NS 1014.3 +26.6 NS
Final viscosity (cP) 1987.0 + 23.6° 1845.0 + 26.0°

Setback (cP)

1119.0 £ 18.5°

1046.7 + 18.9°

Mean + standard deviation; WA = water absorption; AT = arrival time; DDT = dough development
time; S = stability; MTI = mixing tolerance index; BU = Brabender units; P = overpressure; L =
abscissa at rupture; W = deformation energy. Means with different letters in the same row are
statistically different (p<0.05); NS = not significant.

Regarding pasting properties, the addition of xylanase caused a decrease in final
viscosity and setback (retrogradation tendency), in relation to the control. It is known that
xylanase acts on the insoluble arabinoxylans, turning them into soluble arabinoxylans, probably
causing changes in viscosity (ROUAU et al., 1994; COURTIN; DELCOUR, 2001). According
to Courtin and Delcour (2001), xylanases degrade water-extractable arabinoxylans to lower
molecular weight compounds, thereby lowering viscosity inducing properties and partially
impairing gelling capacity. A decreased setback can be described as a lower tendency of
amylose to retrograde after diffusing outside the starch granules during the cooking stage
(ROJAS et al., 1999). Apparently, xylanase contributed to the reduction of setback, possibly
contributing to decrease the firmness of breads.

4.4.4.1 Evaluation of the breads
Among the parameters analyzed, the texture of the crumb of the breads was affected

by adding the xylanase (Table 6). It is also possible to observe that the breads with added

xylanase presented higher moisture content on the first day of storage, but differences were not
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significant on the fifth day of storage. The small or no influence on moisture and water activity
of the bread, respectively, can be derived from the farinographic water absorption, which was

not affected by the enzyme.

Table 6 - Technological parameters of the loaves

Breads
Analyses Days Control formulation Formulation with added
xylanase
SV (mL/g) 1 3.42+0.17" 3.50+0.18"
Aw 1 0.956 + 0.001™A 0.956 + 0.002" A
5 0.951 + 0.002"® 0.949 + 0.001"B
. 1 38.5+0.1°A 38.9 +£0.1%A
Moisture (%) g 36.4 + 0.47B 36.2 + 0,378
Firmness (N) 1 896.90 + 125.13%B 814.49 + 92.65"B
5 1345.83 + 133.95%A 1190.80 + 115.08°~
Lx 1 82.44 + 0.66™A 82.85 + 0.35™A
o 5 81.40 +0.61™B 82.04 + 0.64™B
2 N 1 1.89 + 0.10™NS 1.86 + 0.09" NS
o @ a
S E 5 2.02 +0.20™NS 1.95 + 0.11"NS
°f 1 21.27 £ 0.59™E 20.87 + 0.48™F
e 5 22.13 +0.72™A 21.77 £ 0.57™A

Mean + standard deviation; SV = specific volume; Aw = water activity. Means with different lowercase
letters in the same line and different uppercase letters in the same column for the same parameter differ
statistically (p<0.05); ns or NS = not significant.

Although no influence of the xylanase was seen on the specific volume of the loaves,
in the literature, some effects of xylanases in bread have been reported. For example, regarding
the specific volume, several authors have reported its increase with the use of xylanase
(STEFFOLANI; RIBOTTA; PEREZ; LEON, 2010; JAEKEL; SILVA; STEEL; CHANG,
2012; McPHILLIPS et al., 2014). However, Damen and co-workers (2012) also did not observe
the influence on volume, as in our study. These different results can be explained by different
factors, such as the enzyme type and concentration used or the pentosan content of the wheat
flour, that can vary from one flour to another (COURTIN; DELCOUR, 2001). Another
parameter, the color of breads did not change, which is very positive, since this is an important

quality attribute and affects acceptance by consumers.
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Figure 4 - Control bread (a) and bread added xylanase (b).

Regarding the firmness of the crumb, several authors also observed a decrease with
the addition of different types of xylanase (JIANG et al., 2005; STEFFOLANI et al., 2010;
JAEKEL; SILVA; STEEL; CHANG, 2012; ELGHARSBI et al., 2015). It is known that
xylanases have an anti-staling action during bread storage but their action is not clear (HARQOS;
ROSELL; BENEDITO, 2002). According to Haros and co-workers. (2002), the effect of
xylanase on bread texture can be linked to the specific volume, because generally a lower initial
firmness is due to a greater volume. However, in our study, we observed a decrease in firmness
without the volume having been altered, demonstrating the direct anti-staling action. Xylanase
probably transforms water-insoluble hemicellulose into the soluble form, which binds water in
the dough, therefore decreasing dough firmness, increasing volume and creating finer and more
uniform crumbs (ROUAU et al., 1994; ELGHARBI et al., 2015). This anti-staling effect can
be confirmed by a reduction of the hardening rate of 33.3 to 31.6% for the control bread and
the bread with added xylanase, respectively, i.e., lower firmness was maintained until day five.

In addition, the texture may have been influenced by the reduction of amylose
retrogradation (as seen in the pasting property response of a decrease of setback), which is also
responsible for the firming of the crumb of breads during the first hours after baking (HAROS
etal., 2002).

Regarding the evaluation of bread quality parameters during the storage period, the
changes were small and as expected for breads, with the xylanase added sample maintaining its

firmness lower when compared to the control.
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4.5 CONCLUSION
Aspergillus hortae is a good xylanase producer when using corn cobs as carbon source

cultured at optimal conditions, pH 5.36 and 35 °C. The crude xylanase presented optimal
activity at pH 6.5 and 55 °C, stability in a broad range of pH (from 3.0 to 8.0) and high thermal
stability at 40 and 50 °C, retaining more than 80 % of its activity. The crude filtrate from A.
hortae containing xylanases can be applied in breadmaking to promotes a significant anti-
staling effect. Despite the xylanase having promoted a small weakening in the dough, it caused
no changes that could greatly interfere in the process. However, the decrease in the final
viscosity and the setback may have influenced the decrease in firmness and anti-staling action,

which can be confirmed by the reduced crumb firmness, both on day 1 as on day 5 of storage.



5 CAPITULO 2: Halotolerant xylanases of Aspergillus hortae isolated from saline
environment: purification and partial characterization

71



72

5.1 ABSTRACT

The xylan is composed by a main chain of D-xylose residues linked by glycosidic
bonding B-1,4 commonly with branching. Endo-1,4-p-xylanases (E.C.3.2.1.8) catalyze the
xylan backbone hydrolysis to xylooligosaccharides. This work describes, for the first time, the
purification of three xylanases from an Aspergillus hortae strain isolated from saline
enviroment. The Xyl I, Xyl Il and Xyl 111 molecular mass stimated by SDS and gel filtration
were 33 and 26 kDa, 25 and 20 kDa, 29 and 28 kDa, respectively. The enzymes activities were
optimum on pH 6.0 for Xyl I and pH 6.5 for Xyl Il and Xyl I1l. The optimum temperature
displayed by Xyl I and Xyl Il was 55°C whereas Xyl 111 presented optimum activity at 65°C as
well as stability over a wide pH range from 3.0 to 10.0. The Kn and Vmax on oat spelts xylan
for Xyl I, Xyl 11 and Xyl 111 were 2.19 U/mL and 0.45 mg/mL, 2.28 U/mL and 546.00 mg/mL
and 16.08 U/mL and 79.70 mg/mL, respectively. For beechwood xylan, Xyl I, Xyl 1l and Xyl
111 showed Km and Vmax of 5.34 U/mL and 0.19 mg/mL, 1.27 U/mL and 308.80 mg/mL and
1.64 U/mL and 22.22 mg/mL, respectively. Xyl | was activated in all analysed NaCl
concentrations, especially at 4 M and remained fully activated after 3 h incubation at 25°C in 2
M NaCl concentration. Xyl Il and Xyl I11 showed high tolerance to NaCl, displaying 85% and
58% of activity at 2 M, respectively as well as remained with 75% and 58% of activity after 3
h incubation at 25°C in this concentration. These results indicate possible employment of such
enzymes in some industrial processes, which require activity in elevated temperature and

stability in alcaline or saline conditions.

Palavras chave: Aspergillus hortae; xylanases purification; halotolerant; thermostable
enzymes.
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5.2 INTRODUCTION

Xylanases are enzymes belonging to the class of glycosyl hydrolases and are
responsible for the xylan hydrolysis. The structure of xylan is composed of a main chain of p-
1,4 linked glycosidic D-xylose residues and branches with different substituents as well as
degrees of polymerization, depending on the nature of the material (LIAB, et al., 2000; DODD;
CAN, 2009; PENA, et al., 2016). The corn cobs xylan, for example, has a structure consisting
of 4-O-methyl-D-glucuronic acid, L-arabinose and D-xylose in proportions of 2: 7: 19,
respectively (SILVA et al., 1998; GARCIA; GANTHER; CARVALHO, 2000). Endo-1,4-B-
xylanases (E.C.3.2.1.8) catalyzes the hydrolysis of the xylan backbone to xylooligosaccharides.
Other accessory enzymes act cooperatively in the degradation of xylan substituents into small
fragments such as xylose heterodimers, glucuronic acid, arabinose and xylooligosaccharides
(KORMELINK; VORAGEN, 1993; RAHMAN et al., 2003; BIELY; SINGH; PUCHART,
2016; SUEB et al., 2017).

Xylanases have great biotechnological application, which has reflected the researches
on optimized forms of production, purification and characterization. This applications are also
due to the fact that its main substrate, hemicelullose, is the second most abundant biomass
component of the planet after cellulose (NINAWE; KAPOOR; KUHAD, 2008;
DEUTSCHMANN; DEKKER, 2012) being also found as residue in several industries.
Xylanases have been extensively used in order to promote the delignification of the pulp
cellulose and paper bleaching or paper waste depigmentation (TERRASAN et al., 2013,
BORUAH etal., 2016; CHUTANI; SHARMA, 2016), to cooperating in the pre-treatment stage
and hydrolysis of sugarcane bagasse (ZIMBARDI et al., 2013; ZAFAR et al., 2016), for ethanol
production (THOMAS et al., 2016), as additives in animal feed to promote better absorption of
nutrients (NDOU et al., 2015; CHEN; LI; WANG et al., 2016) and in food industries to improve
juice clarification, bread quality parameters, improve filtration efficacy in brewing industry and
xylooligosaccharides production (JAEKEL et al., 2012; ARAGON et al., 2013; AHMED et al.,
2016; WANG et al., 2016; YEGIN, 2017).

Bioprospecting of fungi in extremophile environments has been stimulated by the
possibility of finding microorganisms that, adapted to such environments, produce more stable
enzymes under extreme conditions of pH, temperature, salinity, among other parameters that
represent the reality of many industrial processes in which these enzymes are employed
(COLLINS, GERDAY; FELLER, 2005; LITTLECHILD, 2015; DHAKAR; PANDEY, 2016;
MOUBASHER et al., 2016).
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Fungi are extensively exploited for the production of xylanases, with emphasis on
genera Aspergillus and Trichoderma as the most studied (HERANDEZ- DOMINGUEZ et al.,
2014). These microorganisms generally secrete xylanases into the culture medium, which
facilitates their obtaining, avoiding the need for cell lysis. Thermotolerant or halotolerant
fungus can be good producers of xylanases thermostable and halostable and has gained
highlight in the scientific literature of recent years (TAIBI et al., 2012; ZHU et al., 2012;
SINGH; KAPOOR; KUMAR et al., 2012; YEGIN, 2017).

Despite the existence of numerous xylanases described and characterized, the
researches with these enzymes are still important due to the relevance of its applications,
currently with more use in lignocellulosic materials bioconversion to fermentable sugars and
generation of biological fuels, and also by the need to find xylanases with the required industrial
parameters of resilience to the process as well as found optimal purification strategies since the
low yield in the purification process makes the final product honerous (YEGIN, 2017). These
aspects still stimulate the research by the production, purification and characterization of
xylanases of new fungal strains, especially thermotolerant, alkalitolerant or halotolerant fungi,
in order to better know their biochemical characteristics and application advantages. Our study
shows, for the first time, the purification and partial characterization of xylanases from a specie
identified as Aspergillus hortae isolated from saline lakes of Mato Grosso do Sul, Brazil that

presents interesting properties for industrial application.

5.3 MATERIALS AND METHODS

5.3.1 Fungal identification

A new Aspergillus hortae strain was isolated from saline lakes of Pantanal of
Nhecolandia, Mato Grosso do Sul, Brazil, an interesting region composed of innumerable lakes
with varied properties such as salinity and alkalinity. The fungus was deposited in the
Environmental Studies Center Collection, CEA/UNESP, Rio Claro, Brazil.

The specie identification was performed by analysis of macro and micro
morphological characteristics, followed by the sequencing of molecular markers. The genomic
DNA was extracted by cetyltrimethylammonium bromide method according to Rodrigues and
co-workers (2009). The amplification regions were the internal transcribed spacer (ITS), ITS5¢
e ITS4; (WHITE et al., 1990), B-tubulin, pt2ar e Pt2br (GLASS; DONALDSON, 1995) and
calmodulin Cmd5¢ and Cmd6, (HONG et al., 2005). Polymerase chain reactions (PCR) were
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conducted with 25 uL final volume consisted of: 0.2 mM of each dNTP, 10X KCI buffer, 10
mg.mL* of BSA, 1.5 mM of MgCly, 0.5 uM of each primer and 1U of Taq polymerase enzyme
(Promega). PCR conditions varied according to each marker, namely: ITS: 94 °C for 3 min,
followed by 35 cycles at 94 °C for 1 min, 55 °C for 1 min and 72 °C for 2 min (WHITE et al.,
1990), Cmd: 94 °C for 10 min, followed by 35 cycles at 94 °C for 1 min, 55 °C for 1 min and
72 °C for 2 min (SERRA et al., 2006) and B-tubulin: 94 °C for 5 min, followed by 35 cycles at
94°C for 1 min, 55 °C for 1 min and 72°C for 1 min (SAMSON et al., 2004).

The reaction products were electrophoresed on 1% agarose gel and visualized under
UV after staining with GelRed ™ (Biotium). Once the amplicons were confirmed, they were
purified with the Wizard® SV Gel and PCR Clean-Up System (Promega). The purified
amplicons were quantitated in NanoDrop® (Thermo Scientific), thereafter, 20 ng.uL™ of DNA
were prepared for sequencing using BigDye Terminator® v. 3.1 Kit (Life Technologies)
according to the manufacturer's protocol. The products were sequenced in ABI 3500 (Life
Technologies). Both forward and reverse sequences were generated and compiled into contigs
using BioEdit v. 7.0.5.3 (HALL, 1999). The identification was made by search for homologous
sequences to the contigs obtained in International Gene Bank (National Center for
Biotechnology Information — NCBI), using the MegaBLAST application (ZHANG et al., 2000;
MORGULIS et al., 2008) and CBS (www.cbs.knaw.nl).

5.3.2 Culture conditions and filtrate obtention

In our laboratory, the fungus was maintained by Castellani Method on Vogel solid
medium slants with 1.5% (w/v) wheat bran, at 4 °C and cultured periodically. In order to conidia
production, the cultures were inoculated in the same medium and incubated during 7 days at
40°C. After that, conidia were harvested on sterile water and suspension of 3.107 conidia per
milliliter were inoculated in 250 mL Erlenmeyer flasks containing 25 mL liquid medium. The
culture parameters were previously optimized and the best conditions for xylanase production
was defined using corn cobs as substrate (1% w/v) with Vogel's liquid medium at pH 4.0 and
maintained in static conditions at 35 °C, for 11 days. The crude enzyme filtrate free of mycelium

was obtained by vacuum filtration in an ice bath and frozen prior to use.
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5.3.3 Enzyme assay

The xylanase activity was determined from the crude filtrate or purified enzyme by the
quantification of reducing sugars using 3,5-dinitrosalicylic acid (DNS) method (MILLER,
1959). Unless otherwise quoted, the reaction was conducted at 50 °C for 0 min (blank), 5 min
and 10 min, using beechwood xylan 1% (w/v) as substrate (Sigma, USA; xylose residues >90%)
preparated with 0.05 M imidazole buffer solution pH 6.5. The reaction was stopped with 3,5
dinitrosalicylic acid (DNS) by addition of 250 puL of DNS reagent and boiled for 5 min
following the addition of 2.5 mL of distilled water. The absorbance of the solutions was
measured at 540 nm against the blank. The quantifying activity was carried out from a standard
curve of xylose from 0 to 1,000 mg.mL™. Enzyme activity was expressed in U.mL™ and one
unit of enzyme activity was defined as the amount of enzyme capable to release 1 pumol of
reducing sugar at assay conditions per min. All the experiments were done in triplicate and the
results are expressed as mean and respective standard deviation. Specific activities were
expressed in U per mg of protein and refers to the relation between enzyme activity and protein

content.

5.3.4 Protein and carbohydrate determination

The amount of protein in samples was determined by Lowry method (LOWRY, 1951)
using bovine serum albumin as the standard. The protein contained in the samples of
chromatographic steps were monitored for reading absorbance at 280 nm. Total carbohydrate
was determinated by the phenol sulphuric acid method (DUBOIS, 1956), with glucose as
standard.

5.3.5 Purification

5.3.5.1 General procedures

In each purification step the samples were assayed for xylanase activity, specific
activity and protein content in order to express the data and analyze the purification factor and
yield of each purification step. All steps were carried out at 4 °C and 3.0 mL fractions were
collected. The dialyze procedures were performed for 8 h, with buffer changes each 2 h, in

order to eliminate small molecules or obtain a buffered solution.
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5.3.5.2 Chromatography steps

The concentracted crude enzyme filtrate (200 mL) was dialyzed against 0.05 M
sodium acetate buffer pH 4.5. The dialyzed sample was applied to a cation exchanger CM-
Sephadex C-50 column (2.8 x 19.0 cm) equilibrated with 0.05 M sodium acetate buffer, pH 4.5
at 54 mL/h flow rate. The elution procedure was performed by a linear NaCl gradient (0-1 M)
in the same buffer and flow rate.

The first and the second eluted peaks showing considerable xylanase activity were
separately pooled, dialyzed against amonium acetate buffer pH 4.5, lyophilized, re-dissolved in
a small volume (2.0 mL and 3.5 mL, respectively) of the same buffer and applied to size
exclusion chromatography on a Sephadex G-75 (1.8 x 60.0 cm) column flowing at 16.2 mL/h.

The no retained fractions on CM-Sephadex C-50 column were pooled, dialyzed against
0.05 M sodium acetate buffer pH 5.5 and submitted to anion exchange chromatography on a
DEAE Sephadex A-50 column (1.1 x 17.0 cm), previously equilibrated with the same dialysis
buffer at 50 mL/h flow rate. The elution with NaCl gradient (0-2 M) was on the same buffer
and flow rate. The eluted fractions were pooled and dialyzed against amonium acetate buffer
pH 5.5, lyophilized, re-dissolved in a small volume (2.0 mL) of the same buffer and applied to
size exclusion chromatography on the same conditions already mentioned. Aliquots

representatives of each purified enzymes were submitted to electrophoresis (SDS-PAGE).

5.3.6 Biochemical characterization of purified xylanases

5.3.6.1 Molecular mass determination

To determine the xylanase molecular mass through gel filtration chromatography, the
column was calibrated using blue dextran for the void volume determination and ribonuclease
(15.4 kDa), chymotrypsin (25.0 kDa), ovalbumin (43.0 kDa) and bovine serum albumin (67.0
kDa) (Sigma, USA) as standards. The molecular weight of xylanase was estimated from a
regression curve (R% = 0.993), by plotting log of the molecular weights of the standards against

the ratio between elution volumes of the standards and the void volume of the column.

5.3.6.2 Electrophoresis

SDS-PAGE was performed in 8-18% (w/v) gradient gel using a Mini-PROTEAN®
Electrophoresis System (Bio-Rad, USA). Resolved protein bands were visualized after staining

with 0.1% (w/v) coomassie brilliant blue R-250 dissolved in methanol, acetic acid, and distilled
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water (4:1:5; v/v/v). The standard proteins (Sigma, USA) phosphorylase B (97 kDa), bovine
serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa), trypsin inhibitor
(20 kDa), and a-lactalbumin (14.2 kDa) were used to determine the molecular mass through

plotting the standard curve log of molecular mass against relative mobility of the proteins.

5.3.6.3 Optima pH and temperature, thermal and pH stability

Optimum pH values were evaluated by assaying xylanase activity at 55 °C (Xyl I and
Xyl 1) and 65°C (Xyl 11) in pH from 4.0 to 10.0 with the following buffers: sodium acetate
(4.0 to 5.5), imidazole (6.0 and 6.5), Tris-HCI (7.0 to 8.5), Sorensen (9.0 and 10.0). Optimum
temperatures were determined by assaying xylanase activity from 20 °C to 70 °C.

The pH stability was determined as residual activity after incubation the purified
enzymes for 24 h at 4 °C in 2:1 (v/v) solution with the following buffers: Mcllvaine buffer (pH
3.0 to 7.5); Tris-HCI (8.0 and 8.5) and glycine-NaOH (pH 9.0 to 10.0). Thermal stability was
performed by assaying the remaining activity after incubation of each purified enzyme without
substrate at different temperatures from 30 to 70 °C for 300 min withdrawing aliquots on
different periods. After incubation, the samples for both stability parameters, pH and

temperature, were assayed by DNS in imidazole buffer, pH 6.5 and at 55 °C.

5.3.6.4 Effect of ions and substances on xylanase activity

Effect of ions and substances on Xyl Il and Xyl 111 was evaluated by assaying xylanase
activity in the optimum conditions with a variety of compounds dissolved in reaction medium,
as glycerol, zinc, magnesium and manganese sulfates, barium, calcium, cobalt, mercury,
ammonium and sodium chlorides, sodium dodecyl sulfate (SDS), phenylmethylsulfonyl
fluoride (PMSF), Tween 20 and 80, 1,4-dithiothreitol (DTT), lead acetate, B mercaptoethanol,
tetrasodium ethylenediaminetetraacetate (EDTA). The final concentrations of additives in the
reaction mixture was 2 mM and 10 mM. The results were compared with the control without

the additives and showed in terms of relative activity (%).

5.3.6.5 Effect of NaCl on xylanase activity and stability

The enzymes activities were evaluated regarding NaCl concentration from 0.5 M to

4.0 M, assaying xylanases activities on pH 6.5 and at 55 °C. The xylases stabilities were
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evaluated regarding NaCl at 2 M and 4 M; after incubation for 3 h at 25 °C, the xylanases were

assayed on pH 6.5 and at 55 °C and the data were expressed as relative activity.

5.3.6.6 Substrate specificity and kinetic parameters

The specificity of Xyl I, Xyl 1l and Xyl Il for commercial substrates as beechwood
xylan, birchwood xylan, oat spelt xylan and carboxymethyl cellulose (CMC) was verified at a
substrate concentration of 1.0% (w/v) in 50 mM imidazole buffer. The reaction was performed
at pH 6.5 and 55 °C, the xylanase activity was measured by DNS and expressed as relative
activity.

The Kinetic parameters were evaluated by incresing the concentration of the substrates
beechwood xylan and oat spelts xylan from 1.0 to 30 mg.mL™and measured Xyl I, Xyl 1l and
Xyl 111 activities on their optimum conditions. Km and Vmax were determined through GraphPad
Prism 5.0 software (GraphPad Software Inc., La jolla, CA, USA) using nonlinear regression

analysis.

5.3.6.7 Hydrolysis products

The hydrolysis products of purified xylanases on 1% (w/v) of oat spelt xylan were
investigated by thin-layer chromatography (TLC) on silica gel G-60 plates (10x15 cm), as
described by Fontana and co-workers (1988) using as mobile phase ethyl acetate/acetic
acid/formic acid/distilled water (9:3:1:4; v/v/v/v) and a revelation solution of 2% (w/v) orcinol
in sulfuric acid/methanol (1:9, v/v). The samples were incubated in imidazole buffer pH 6.5, at
55 °C. After each incubation period, 10 min, 30 min, 2 h and 24 h, aliquots were withdrawn,
the enzyme activity was stopped by heating, centrifuged, freezing and the samples were applied
on TLC plates. The products of the enzymatic hydrolysis were evaluated by relative mobility
to xylose (FONTANA et al., 1988).

5.4 RESULTS AND DISCUSSION

5.4.1 Fungal identification and phylogenetic analysis
Identification of the fungus was carried out on light microscopy, based on the colony

morphologies and structural characteristics as showed in Fig. 01, presenting columnar conidial
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heads or conidiophores with brownish tonality with vesicle and phialides, tipical of Aspergillus

section Terrei species (SAMSON; PETERSON; FRISVAD; VARGA, 2011).

Figure 01 - Macro and micro morphological characteristics of Aspergillus hortae
isolated from saline lakes of Nhecolandia, Mato Grosso do Sul, Brazil.
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A: characteristics of the colony cultured in PDA at 25 °C for fie days in the dark. B-C:
conidiophores presenting vesicle and phialid. Scale bars = 10 pm.

For phylogenetic analysis, the B-tubulin, ITS and Cmd contigs were compared with
the homologous sequences gerated by Samson and co-workers (2011) deposited in GenBank.
After retrieved the sequences from the database (Supplementary material 01), the final dataset
included 28 partial B-tubulin, ITS and Cmd sequences (526 bp, 484 bp and 576 bp,
respectively). Alignments were performed separately for each marker using MAFFT v.7
(KATOH; STANDLEY, 2013).

The alignments of B-tubulin, ITS and Cmd were concatenated with Winclada v.1.00.08
(NIXON, 2002) and the final file presented a total of 1586 bp. To reconstruct the phylogenetic
tree was used Bayesian analysis in MrBayes v.3.2.2 (RONQUIST et al., 2012). The nucleotide
substitution model HKY +1 +G was selected in jModelTest 2 (DARRIBA et al., 2012) for -
tubulin, ITS and Cmd, using the Akaike information criterion with 95% confidence interval.
An analysis with a Markov Chain Monte Carlo sampling (MCMC) of 100.000 generations was
performed, which was sufficient to reach values of standard deviation of division frequencies
below 0.01. Finally, the first 25% of the MCMC generations were discarded as burn-in. Two
species of Aspergillus (Aspergillus niveus NRRL 4751 and Aspergillus niveus NRRL 5505)
were selected as external group. The final tree (Fig. 02) was edited in FigTree v1.4.0
(http://tree.bio.ed.ac.uk/software/figtree/) and Adobe Illustrator CS6 (Adobe Systems) and
showed the sample grouped with three Aspergillus hortae strains with 99% confidence.
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Figure 02 - Phylogenetic tree of Aspergillus species and the fungus under study denoted in
the bold clade.
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The tree was generated from Bayesian analysis of three different markers: B-tubulin, ITS and Cmd.
Sequences of other species of Aspergillus were used as external group. Access numbers in crop
collections and accession numbers on GenBank follow the names of the Aspergillus species.

5.4.2 Purification of Aspergillus hortae xylanases

Three xylanases (Xyl I, Xyl Il and Xyl I11) were purified from the filtrate of A. hortae.
Multiple xylanases in microorganisms are relatively common and seems envolved in more
efficient degradation of the xylan and mainly controlled by the transcript level (LIAO et al.,
2015; MOREIRA; FILHO, 2016).

A summary of chromatographic procedures is presented in Table 01. Xyl |
corresponding to the not retained peak in CM Sephadex C-50 chromatography (Fig. 03). It was
pooled, applied to an anion exchanger DEAE Sephadex A-50 column (Fig. 04) and thereafter



Table 01 - Purification steps of xylanases from A. hortae
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. Specific )
Purification steps Act'il;/c;:al L) Tota(lrrﬁ)r;Jteln activity \E:; I)d Fold
y g (U/mg) 0

Crude filtrate 71424.0 1759.8 40.6 100.0 1.0

Xyll  CM Sephadex C-50* 5290.9 453.6 11.6 7.4 0.3
DEAE Sephadex A-50 1032.8 12.1 85.4 1.4 2.1
Sephadex G-75 492.0 15 328.0 0.7 8.1

Xyl Il CM Sephadex C-50* 29225.8 39.9 7325 40.9 18.0
Sephadex G-75 19520.3 14.7 1327.9 27.3 327

Xyl 1l CM Sephadex C-50* 12509.5 198.1 63.1 175 16
Sephadex G-75 3185.7 6.7 475.5 45 117

Same chromatographic step (*)

Figure 03 - Elution profile of A. hortae xylanases from CM Sephadex C-50 column
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CM Sephadex C-50 column equilibrated with 50 mM sodium acetate buffer pH 4.5. The flow rate
and fraction size were 54 mL/h and 3.0 mL, respectively. (o) Ao, (m) Xylanase activity, (-) saline
gradient 0-1M and pooled fractions: 09 to 80 (Xyl 1), 155 to 160 (Xyl 11) and 165 to 195 (Xyl I1I).
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Figure 04 - Elution profile of A. hortae Xyl | xylanase from DEAE Sephadex A-50 column
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DEAE Sephadex A-50 column equilibrated with 50 mM sodium acetate buffer pH 5.5. The flow rate
and fraction size were 54 mL/h and 3.0 mL, respectively. (o) Az, (m) Xylanase activity, (-) saline
gradient 0-2 M and pooled fractions: 221 to 226.

Figure 05 - Gel filtration on Sephadex G-75 of the Xyl | from A. hortae

0.3

0.25+

25

-20

T
[
N

A
=)
Xylanase activity (U/mL)

1
n

I

20

0 60 80
Fraction number

100

T

120

The column was equilibrated and eluted with 50 mM ammonium acetate buffer pH 5.5. The flow rate
and fraction size were 15.6 mL/h and 3.0 mL, respectively. (®) Azso, (m) xylanase activity and pooled

fractions: 58 to 77.
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subjected to a molecular exclusion chromatography on Sephadex G-75 (Fig. 05). After that,
Xyl | presented a purification factor of 8.4 and a yield of 0.7%. The low yield presented by Xyl
I can be explained by its strongly adherence to the DEAE Sephadex, not being completely
eluted in this step. This fact was observed at the end of the chromatography, after column
disassembly to verification of xylanase activity in the DEAE- Sephadex. For this reason, in one
of the DEAE chromatographies tests performed, a 2 M NaCl gradient was used, but it not caused
changes in the chromatographic profile compareted with 0-1M NaCl gradient tested (data not
shown).

The two peaks in CM Sephadex C-50 chromatography (Fig. 03) corresponding to the
eluted fractions with xylanase activity, the highest and the smaller peak were later denoted as
Xyl 11 and Xyl 111, respectively. These fractions were poolled separately and applied each one
on Sephadex G-75 column (Fig. 06 and Fig. 07). In the final process, Xyl Il represented the
most abundant xylanase produced by A. hortae, with a yield of 27.3% and was purified 32.7
fold and Xyl 111 had a purification factor of 11 fold and a yield of 4.5%. Several works purified
multiple xylanases and also found xylanases in different proportions. Commonly, the type less
abundant is produced in small quantities and possibly it is responsible for the hydrolysis of less
frequent bonds in the substrate (MOREIRA et al., 2013).

Figure 06 - Gel filtration on Sephadex G-75 of the Xyl Il from A. hortae.
0.7 ~ 1,000
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The column was equilibrated and eluted with 50 mM ammonium acetate buffer pH 5.5. The flow rate
and fraction size were 16.2 mL/h and 3.0 mL, respectively. (®) Azso, (m) xylanase activity and pooled
fractions: 786 to 101.
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The yield determine the sucess and applicability of the purification methodology for
large-scale use (YEGIN, 2017). The number of steps required to purify an enzyme usually
implies in the final recovery percentage. There are few studies that succeeded purify in a single
step (SORGATTO et al., 2012; KOCABAS; GUDER; OZBEN, 2015; YEGIN, 2017). A
purified xylanase from A. caespitosus presented sucess in recovery showed 61.7%, favored
results by achieving purification in a single step, just by Sephadex G-100 (SANDRIM et al.,
2005). Most of the works needed two or more steps to purify xylanases as ionic exchange and
molecular exclusion chromatographies and few are those which had a yield higher than 50% as
reported by Moreira and co-workers (2013) that showed a total yield of 80% and by Sorgato
(2012) that obtained a yield of 67%.

Considering the above, our results seems reasonable with a total yield of 32.5% being
higher than others found in the literature as those displayed by purified xylanases from
Aspergillus niger: 38.9% (PAL; KHANUM, 2011), 20.7% (KRISANA et al., 2005) and 16.0%
(HMIDA etal., 2012) or by xylanases purified from other Aspergillus species as A. oryzae with
ayield of 8.2% (HE et al., 2015), A. ochraceus, 22.0% (MICHELIN et al., 2014), A. fumigatus,
13.9% (YANG et al., 2015) and 3.4% (DESHMUKH et al., 2016), A. flavus, 22.3%
(BHUSHAN et al., 2015) and A. terreus, 0.6% (CHIDI et al., 2008).

Figure 07 - Gel filtration on Sephadex G-75 of the Xyl Ill from A. hortae
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The column was equilibrated and eluted with 50 mM sodium acetate buffer pH 5.5. The flow rate and
fraction size were 15.6 mL/h and 3.0 mL, respectively. (®) Ao, (m) xylanase activity and pooled
fractions: 62 to 86.
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5.4.3 Physico-chemical characterization of xylanases from A. hortae

5.4.3.1 Molecular mass
The SDS-PAGE allowed the visualization of a single band for Xyl I, Xyl Il and Xyl

I11 after the purification steps (Fig. 08) and the molecular weight estimation according to their

Figure 08 - SDS PAGE of purified xylanases from Aspergillus hortae.
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Xyl I, Xyl Il and Xyl 11l are the purified xylanases from A. hortae. S: standard
proteins phosphorylase B (97 kDa), bovine serum albumin (66 kDa), ovalbumin (45
kDa), carbonic anhydrase (29 kDa), trypsin inhibitor (20 kDa), and a-lactaloumin
(14.2 kDa).
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apparent mobility of 33, 25 and 29 kDa, respectively. The mass by molecular exclusion
chromatography was 26 kDa for Xyl I, 20 kDa for Xyl Il and 28 kDa for Xyl Ill. In general,
xylanases from Aspergillus presents molecular mass between 20 and 30 kDa, however
xylanases with 32 kDa and 35 kDa also were described (FIALHO et al., 2004; SORGATO, et
al., 2012; ELGHARBI, et al., 2015; DESHMIKER et al., 2016; MOREIRA et al., 2016).
Michelin and co-workers (2014) purified three xylanases from A. ochraceus, with molecular
mass of 25 kDa, 28 kDa and 32 kDa similar to those found in our study. The small difference
between the molecular masses of the electrophoresis and gel filtration analyzes may indicate
glycosylation, as confirmed by the carbohydrate analysis that showed 15%, 5% and 8% of
carbohydrate for Xyl I, Xyl Il and Xyl 111, respectively. This difference may also be related to
the protein conformation or tertiary structure that may interfere with its elution in a gel filtration
chromatography (SCOPES, 1994).

5.4.3.2 Effect of pH and temperature

The optimal pH exibited for both purified xylanases Xyl Il and Xyl 11l was 6.5 and for
Xyl I was 6.0. Most of the xylanases showed optimum pH between 5.0-5.5 and there are few
reports of xylanases with optimal pH above 6.0. Carmona et al. (1998), Bankeeeree et al.
(2014), Chutani et al. (2015) and Terrasan et al. (2016) found pH 6.0 as optimal for xylanase
from Aspergillus vesicolor, Aureobasidium pullulans, Trichoderma longibrachiatum and
Penicillium janczewskii, respectively. A review showed some properties of purified xylanases
from Aspergillus sp. and for 26 xylanases analyzed, only 4 showed an optimum pH of 6.5 or
greater, that were xylanases from A. giganteus, A. nidulans and A. sydowii (ABDEL-SATER,;
EL-SAID, 2001).

Optimum activity for Xyl I and Xyl 11 was observed at 55 °C and Xyl I11 seems present
an thermostable profile, with an optimum activity at 65 °C and retained 55% of the activity at
70 °C (Fig. 09b). There is a great variation on the optimum temperature between Aspergillus
xylanases, most of them between 45 °C and 60 °C and the majority at 50 °C. Optimum
temperatura above 60 °C is more rare to be found in xylanases from Aspergillus. Xylanases with
optimum temperature above 60 °C were found for xylanases from Aspergillus oryzae (HE et
al., 2015).

Regarding the pH stability, the enzymes presented heterogeneous profile after
incubation for 24 h at 4 °C (Fig. 10). Xyl I showed stability more than 50% at pH 4.5, 5.5 and
8.0 and above pH 8.0 the enzyme showed stable until pH 10.0. Xyl 1l and Xyl 111 also were
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stable from pH 8.0 to 10. Xyl 111 was stable in more than 70% in the pH range from 3.0 to 10.0.
The thermostability of the purified xylanases are presented in Fig. 11. Xyl | retains more than
50% of the activity at 55 °C for up to 20 min and loses around 80% of the activity in the first
2.5 minutes when incubated at 65 °C. Xyl Il retained more than 50% of activity at 55 °C and
14% at 65°C until 20 min. Xyl 11l remains stable in 77% when incubated at 55 °C for 3 h and

retained 38% of the enzymatic activity at 65 °C for 10 min.

Figure 09 - Influence of pH and temperature on the activity of xilanases from A. hortae.
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Influence of (a) pH and (b) temperature on the activity of Xyl I (e), Xyl Il (m) and Xyl 111 (¢)
from A. hortae. Assay conditions: (a) 1% (w/v) birchwood xylan in Mcllvaine buffer pH 3.0-
8.0, Tris HCI pH 8.5-9.0, Glycine NaOH pH 9.0-10.0, at 50°C. (b) 1% (w/v) birchwood xylan
in 0.05 M imidazole buffer pH 6.5
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Figure 10 - Stability on different pH of xylanases from A. hortae.
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were assayed with 1% (w/v) birchwood xylan in 0.05 M imidazole buffer pH 6.5
at 55C.

5.4.3.3 Substrate specificity and kinetic parameters

Xylanase was assayed against different substrates (1%; wi/v): birchwood, beechwood,
oat spelts xylans and carboxymethyl cellulose (CMC). As shown in Table 02, the three enzymes
showed no activity on CMC, suggesting that they do not hydrolyze the B-(1—4)-D-
glycopyranose from cellulose, hydrolyzing exclusively xylans substrates. Xyl | and Xyl Il
activities were respectively, 13.6% and 16.2% greater for oat spelts xylan, an arabinoxylan,
when compared with beechwood xylan, indicating the preference by branched xylan. On the

other hand, Xyl Il presented activity 8.6% higher for beechwood xylan than oat spelts xylan.

Table 02 - Substrate specificity of xylanases from A. hortae.
Substrate Xyl I (UmL?Y) Xyl 11 (U.mL?Y) Xyl HHITH(U.mLY)

BEWX 8.96+0.10 38.96+0.10 40.85+2.18

OSX 10.37+0.37 35.60+0.00 48.73+1.65
BWX 7.47+0.15 33.59+0.90 31.49+2.97
CMC 0 0 0

BEWX: beechwood xylan; BWX: birchwood xylan; OSX: oat spelts xylan;
CMC: carboximetilcelulose. Activities were assayed with 1% (w/v) of xylan
substrates in 0.05 M imidazole buffer pH 6.5 and at 55°C.
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Figure 11 - Thermostability of xylanases from A. hortae.
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Thermostability at 65 °C of Xyl I, Xyl 1l and Xyl from A. hortae. Activities were assayed with
1% (w/v) birchwood xylan in 0.05 M imidazole buffer pH 6.5.

The main factors that influence the hydrolysis rate of xylan are the chain length and
degree of substitution (GONCALVES et al., 2012). Xylan from birchwood is composed of more
than 90% xylose residues in the B-(1—4) type bond. Beechwood xylan exhibits more than 90%

xylose residues, and also arabinose in its few branches. The composition of oat spelts xylan is
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more varied. It shows approximately 70% xylose, 15% glucose and 10% arabinose, being the
most branched of these xylans (Sigma-Aldrich).

The Table 03 shows the kinect parameters of the purified xylanases, km and Vmax were
respectively 2.194 mg.mL and 0.4537 U.mL™ for Xyl I in xylan from oat spelts. In beechwood
xylan, these enzyme were less specific showing km of 5.336 mL™ and Vmax of 0.1924 mg/mL.
However, Xyl Il and Xyl 111, were more specific in beechwood, with a km and Vmax of 1.273
mg.mL?, 308.8 U/mg and 1.642 mg.mL™?, 22.22 U.mL™, respectively than oat spelt xylan in
which Xyl 11 exibited km of 2.281 U.mL™ and Vmax of 546 mg.mL and Xyl 111 presented K of
16.08 mg.mL* and Vinax of 79.7 U.mL™.

Table 03 - Kinect parameters of xylanases from A. hortae

Substrate pa'él'rr:]eeiters Xyl 1 Xyl 11 Xyl 11
BWX  Km(mgmLD) 53362020 1.273:0.10 1.642+0.11
0SX 2.194+0.08 2.281+0.07 16.08+1.20
BWX  Vmax (UmLD) 0.1924+0.015 308.8£12.20 22.22+1.70
0SX 0.4537+0.028 546.0+10.10 79.7+15.90

BWX: beechwood xylan; OSX: oat spelts xylan. Activities were assayed with
in 0.05 M imidazole buffer pH 6.5 and at 55°C.

5.4.3.4 Effect of metallic ions and substances

The effect of metallic ions and substances on Xyl Il and Xyl 111 activities are presented
in Table 04. Several ions and substances stimulated Xyl Il at 2 mM, especially MnSOa, CuCly,
BaClz, ZnSO4 and glycerol which showed approximately twice the activity compared to the
control. These ions also stimulated Xyl 11, except CuCl; that inhibited in both analysed
concentrations and glycerol that presented a slight decrease of activity of 5%. At concentration
of 10 mM, there was a decrease in activity, when compareted with 2mM, except for DTT,
Tween 80 and B-mercaptoetanol which stimulated Xyl 11 and Xyl 111 activities and for NH4Cl,
MgSQ4, DTT, EDTA, B-mercaptoetanol and (NH4)2SO4 that increased Xy Il activity at 10
mM. The others ions still showed greater than or close to the Xyl Il control activity, except
Pb(CH3COO0),, PMSF, HgCl, and CuCl> that showed relative activities of 60.94%, 56.14%,
7.80% and 13.62% at 10 mM, respectively. Xyl 11l activity showed great inibition by CaCly,
SDS and HgCl, at 2 mM and 10 mM. Several studies related the strong inhibitor effect of Hg?*
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Table 04 - Effect on ions and substance on Xyl 1l and Xyl 111 activity

lons and substances Xyl 11 activity (%) Xyl 111 activity (%)
Control 100.00+0.9 100.00+0.7

2 (Mm) 10 (mM) 2 (Mm) 10 (mM)

Glicerol 199.4+29 113.8+1.2 94.3+12.1 69.3+2.5

CuClz 1479436  13.6%0.0 0.7+0.5 0.4+0.0
ZnS0Oq 208.1+0.9 133.0£0.32 162.842.3  152.6+13.2
MnSO4 2145+0.4  90.5%1.9 237.7£18.8  102.7+£0.8
BaCl. 211.0£1.7 128.4+0.5 154.4+17.3  149.0+13.7
CaCly 133.6£2.01 99.0+1.4 28.2+2.7 20.9+0.4
NH4CI 180.9+0.4 135.3+0.1 121.0+£2.0 147.0+5.3

SDS 143.6+0.4 114.44+0.7 27.142.2 0.1+0.1

PMSF 127.7£1.3 56.1+1.1 108.1+0.1 94.2+0.3
MgSO4 133.4+£0.4 112.3+2.2 114.0+3.8 160.5+9.1
DTT 1245+0.9 149.1+1.4 127.442.2 188.1+3.6

HgCl: 139.5+1.6 7.8+0.0 12.9+0.2 0.3+0.1

Pb(CH3COO0): 106.4+1.2  60.9+0.9 93.65.2 69.1+3.3
EDTA 137.8+0.2 109.7+0.8 114.840.4  126.7+12.7
B-mercaptoetanol  121.9+1.1  123.8+0.5 116.0+3.6 153.8+2.3
(NH4)2S04 142.4+1.4 127.9+0.4 105.1+2.2 138.045.3
Triton 133.56£6.7 129.6%£2.7 141.6£4.0 143.5£6.4
Tween 20 131.8+0.1 128.2+1.3 122.9+0.6 150.5+2.8
Tween 80 117.6+0.3 144.3+1.1 146.1+4.2 133.545.9

on xylanases even at 2 mM ou lower (SANDRIM et al., 2005), suggesting the presence of a
cysteine residue as part of the enzyme active site or nearby. In our study Xyl Il activity was
stimulated by HgCl> in this concentration, presenting 139.53% and inhibited in 92.2% at 10
mM in comparison with other studies that showed complete inhibition of activity at this
concentration (TEIXEIRA, 2010; SOUZA, 2013) or with a xilanase from A. caespitosus that
presented a inhibition of 88.7% in lower concentration of this ion (SANDRIN et al., 2005).
With 10 mM SDS inhibited xylanase from A. fumigatus in 78.8% (YANG, 2015) whereas in
our study it completely inhibited Xyl 111, and actived Xyl Il presenting a relative activity of
114.37%. The Mn?" at concentrations of 5 mM inhibited xylanase from A. niger in 45.8%
(ELGHARBI et al., 2015). In our study this ions caused less inhibition of Xyl Il activity
presenting 9.5% with the double concentration of ions and Xyl Il was stimulated in these

conditions.
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5.4.3.5 Effect of NaCl on xylanases activities and stability

The activities of the purified xylanases in different NaCl concentrations was analysed
(Tab. 05). Xyl I was activated by NaCl and the activity increment as the concentration
increased, displaying 162% at 4 M of NaCl, which indicate a halophilic character of this
enzyme. Xyl Il and Xyl 11 showed tolerance by NaCl. Xyl Il presented 85% of the activity at
2 M and at 4 M the enzyme still exhibited almost 60% of activity. Xly I11 showed 58% and 41%
of the activity at 2 M and 4 M of NaCl, respectively. Regarding NaCl stability, Xyl I showed
higher activity in NaCl, presenting 177% at 2 M, whereas Xyl Il and Xyl Il retained 75% and
58% of the activity in this concentration. With NaCl at 4 M, Xyl | presented a large decline of
its activity, exhibiting only 46% activity after incubation for 3 h at 25°C. For Xyl Il and Xyl 111
at 4 M NacCl, the activity was reduced by 42% and 34%, respectively.

Our results seem interesting since salt-tolerant or halophilic enzymes or halophilic
xylanases have been rarely reported (BAl et al., 2012). In general, most enzymes are negatively
affected by high salt concentrations, suffering aggregation and precipitation. This is due to the
competition of the salt ions by water molecules that, in non-salt conditions, contribute to the
maintenance of the native protein structure through interaction with the water polar groups and
water ordering around the hydrophobic groups of the enzyme, balancing the electrostatic
interactions between amino acid residues (MEVARECH; FROLOW; GLOSS, 2000; ORTEGA
etal., 2011; CARLI, 2016).

Halophilic or halotolerant enzymes have been found usually from bacteria, mainly of
Bacillus genera, as WEJSE (2003) which purified two halotolerant xylanases from a halophilic
bacterium, one of them presented 54% of activity between 1 and 2 M and 31% from 2 to 5 M.
Wang and co-workers (2010) found a xylanase from Bacillus sp. active over a concentration
range of 0 to 20% NaCl, with about 30% of activity at 20% NaCl and retained 46% of its activity
after 4 h. Kumar et al. (2013) also showed a halostable xylanase from Bacillus halodurans that
retained about 100% activity in concentrations of NaCl ranging from 0 to 20 %. Another
halotolerant xylanase from Bacillus sp., exhibited more than 62% activity at 3-30 % (w/v) of
NaCl (ZHOU, 2014).

Compared to the cited works, our results seems promising since Xyl | was activated in
all analyzed NaCl concentrations and showed excellent stability after 3 h at 25°C in 2 M NaCl
as well as Xyl Il and Xyl 111, presenting more tolerance or stability to NaCl than cited studies
and are few reports of halotolerant or halophilic xylanases isolated from fungi, being one of the
latest reported a halophilic xylanase from Aureobasidium pullumans (YEGIN, 2017) and from

Colletotrichum graminicola (CARLI, 2016). In the latter work cited, the xylanase studied
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maintained 85% of activity at 0.5 M NaCl and 50% of activity at 3 M (CARLI, 2016).
Comparatively, in our study Xyl I and Xyl Il showed higher activity with 0.5 M NacCl, although
xylanase from Colletotrichum graminicola was shown to be more stable when incubated at high
NaCl concentrations.

Although the halotolerance mechanism for xylanases is not very well elucidated in the
literature and requires more work at the structural level (BAl et al., 2012), it has been reported
that species under conditions of environmental stress, such as salinity, can bias their amino acid
composition due to their desired chemical characteristics, being that the relationship between
acid amino acids (Glu and Asp) and basic amino acids (Lys, His and Arg) may be indicative of
adaptation to salinity, being observed in general a high composition of acidic amino acids
(MEVARECH; FROLOW; GLOSS, 2000; RHODES et al., 2010; YIN et al., 2015).
Halotolerant enzymes have an expressive surface charge, generally reported in the literature as
negative charge, which is neutralized mainly by strongly bonded water dipoles, making them
more soluble and flexible at high salt concentrations (MEVARECH; FROLOW,; GLOSS,
2000). Furthermore, the requirement of high salt concentration for the stabilization of halophilic
enzymes occurs because of the low affinity binding of the salt to specific sites on the surface of
the folded polypeptide, stabilizing the active protein conformation (MEVARECH; FROLOW,;
GLOSS, 2000).

These characteristics are in good agreement with the strongly fluctuating salinities

occurring in the Nhecolandia lakes where the fungus was isolated.

Table 05 - Xylanases activities and stability on NaCl of xylanases from A. hortae
Relative activity (%)

NaCl concentration (M)

Xyl | Xyl 11 Xyl 11

Effect on 0 100+4.6 100+7.1 10045
xylanase 0.5 133+4.6 94+2.9 80+1.1
activity 1 135+12.7 84+0.5 85+0.4
2 136+2.4 85+2.5 58+0.2

4 162+1.2 58+0.5 41+4.1

Effect on 0 100+2.7 100+0.9 100+1.4
xylanase 2 177+2.1 75+1.7 58+0.2
stability 4 46+0.6 42+0.8 34+1.1

Activities were assayed with in 0.05 M imidazole buffer pH 6.5 and at 55°C. Stability to NaCl
was evaluated after incubation the enzyme with the salt for 3 h at 25 °C.



95

5.4.3.6 Hydrolysis products
The main hydrolysis products of oat spelts xylan by the purified enzymes were

identified using thin-layer chromatography (Fig. 12) and analysed according to their relative
mobility to xylose (FONTANA et al., 1988). Xyl I, Xyl Il and Xyl Il releases xylobiose and
other larger xylooligosaccharides, being therefore classified as endoxylanases. Until 2 h
incubation, Xyl I released only large oligosaccharides and a low concentration of xylotriose and
xylotetrose that increases from 2 h, whereas xylobiose only was evident after 24 h of incubation.
For Xyl 11, xylobiose was not observed within 10 minutes of incubation, with evidence of only
xylooligosaccharides with higher polymerization degree. From 30 min of incubation, Xyl Il
released xylobiose in small concentrations, with evident increase after 24 h as well as
xylooligosaccharides mainly xylotriose and xylotetrose. Unlike the other enzymes, Xyl Ill
released xylobiose from beginning of incubation, and there was a prodominance of xylotriose
throughout the incubation period as well as xylobiose from 2 h. Besides that, hydrolysis profile
shows that Xyl 1l starting xylose production from 2 h of incubation and incresead xylose
concentration until 24 h. The xylose production is not common in xylanases and can be
explained by a transglicosidase activity or by a contamination with a 3-xylosidase not evidenced
in the electrophoresis gel.

Figure 12 - Thin-layer chromatography of the hydrolysis products of oat
spelts xylan by xilanases from A. hortae.
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Lanes 1, 4, 7 and 10 show the xydrolysis products of Xyl | after 10 min, 30 min, 2 h
and 24 h of incubation, respectively; lanes 2, 5, 7, 8 and 11 show the xydrolysis
products of Xyl Il after 10 min, 30 min, 2 h and 24 h of incubation, respectively; ;
lanes 3, 6, 8, 9 and 12 show the xydrolysis products of Xyl 111 after 10 min, 30 min,
2 h and 24 h of incubation, respectively. Glu, Xly, X, and Ara are the standards:
glucose, xylose, xylobiose and arabinose, respectively.
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5.5 CONCLUSION

This work corresponding to the first report about the purification and
properties of xylanases from Aspergillus hortae. The crude filtrate presented three xylanases
that were purified with considerable yield. These enzymes presented optimum temperature at a
level higher than that commonly found in the literature for Aspergillus xylanases, especially
Xyl 111. Also were stable over a wide range of pH and presents excellent stability at basic pH,
mainly Xyl Il that retained 80% of activity at pH 9.5. The enzymes also exhibited great
tolerance and stability on NaCl and Xyl | showed a halophilic profile until 2 M NaCl.
The results indicate possible employment of such enzymes in some industrial processes,
which require activity in elevated temperature and stability in alcaline or saline

conditions.

5.6 SUPPLEMENTARY MATERIAL

Suplementary material 01 - Aspergillus species used in the
phylogenetic analysis composition.

Isolate Colection culture code
A. neoafricanus CBS 130.55" = NRRL 2399
NRRL 4609
IBT 13121
A. alabamensis IBT 12702

WB 1920 = IBT 22563
DTO 15-F8 = IBT 29084
DTO 15-F9 = IBT 29086
UAB 15
UAB 20T
NRRL 29810 = IBT 29081
A. aureoterreus CBS 265.81
CBS 503.65" = NRRL 1923
A. floccosus CBS 116.37" = WB 4872 = IBT 22556
A. hortae CBS 124230" = NRRL 274 = IBT 26384
IBT 16744
IBT 16745
IBT 6271
A. niveus CBS 115.27" = NRRL 5505
NRRL 47517
A. pseudoterreus CBS 123890 = NRRL 4017
A. terreus CBS 601.65" = NRRL 255
NRRL 260
NRRL 1913
IBT 6450
IBT 14590 = UAMH 4733
IBT 24859
NRRL 680 = CBS 594.65 = IBT 6252
CBS 117.37 =WB 4873
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6.0 CONSIDERACOES FINAIS

A primeira parte deste trabalho compreendeu a otimizacdo da producéo de xilanases
por uma espécie de fungo isolada de lagoa salina da regido da Nhecolandia, no Mato Grosso do
Sul, a qual foi posteriormente identificada como Aspergillus hortae. A producéo de xilanases
foi avaliada em diferentes fontes de carbono, especialmente residuos agroindustriais, sendo o
sabugo de milho, o melhor substrato analisado. A caracterizacgdo do filtrado de cultura, mostrou
atividade 6tima em pH 6,5 e 55 °C, estabilidade em pH 3,0 a 9,0 bem como boa estabilidade a
50 °C, mantendo mais de 67% da atividade por 5 horas. O filtrado de cultura contendo xilanases
foi aplicado na producdo da massa panificada, as sutis melhorias observadas com a adi¢cdo do
filtrado de cultura contendo xilanases na producéo de péo, podem ser devido ao tipo de farinha
empregado ou ainda ao fato de que, como evidenciado no capitulo 02, as xilanases presentes
no filtrado, apresentaram atividade 6tima em pH nao muito acido bem como temperatura 6tima
mais elevada quando o ideal para aplicacdo em pao seria a utilizacdo de xilanases mais acidas
e com temperatura 6tima em torno de 35 °C que é a temperatura de preparacdo da massa do
pdo. A segunda parte do trabalho mostrou, pela primeira vez, a purificacdo das xilanases
presentes no filtrado de cultura de A. hortae, bem como a caracterizacdo de suas principais
propriedades fisico-quimicas. Foram purificadas trés xilanases, Xyl I, Xyl Il e Xyl Il em
poucas etapas cromatograficas. As caracteristicas bioquimicas destas enzimas, pH étimo
levemente acido, a temperaturas 6timas mais elevadas 55-65°C bem como estabilidade em
ampla faixa de pH e termoestabilidade a 55°C por longo periodo indicam potencial de aplicacédo
em diversos processos industriais. Além disso, as enzimas apresentaram halofilicidade e
halotolerancia, caracteristica pouco reportada na literatura para enzimas produzidas por fungos.
A atividade de Xyl I foi ativada em todas as concentracfes de sal analisadas, 0,5 M a4 M, e
Xyl 11 e Xyl 11l apresentaram 85% e 58% de atividade a 2 M de NaCl. Por fim, as enzimas
produzidas e purificadas a partir do filtrado de A. hortae podem apresentar diferentes aplicaces
industriais, como na composicdo de alimentos derivados de frutos do mar, no processo de
sacarificacdo da biomassa com possibilidade reaproveitamento de aguas devido ao fato da
enzima ser estavel a diversos ions bem como condi¢6es de salinidade, ndo necessitando de agua

purificada para permanecer ativa.
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