UNIVERSIDADE DE CAXIAS DO SUL

CENTRO DE CIENCIAS BIOLOGICAS E DA SAUDE

INSTITUTO DE BIOTECNOLOGIA

PROGRAMA DE POS-GRADUAGCAO EM BIOTECNOLOGIA

SECRETOMICA E ATIVIDADES ENZIMATICAS DA
LINHAGEM SELVAGEM 2HH E DO MUTANTE S1M29 DE

Penicillium echinulatum

WILLIAN DANIEL HAHN SCHNEIDER

Caxias do Sul

2014



WILLIAN DANIEL HAHN SCHNEIDER

SECRETOMICA E ATIVIDADES ENZIMATICAS DA
LINHAGEM SELVAGEM 2HH E DO MUTANTE S1M29 DE

Penicillium echinulatum

Dissertacdo apresentada ao Programa de Pds-
Graduagdo em Biotecnologia da Universidade de
Caxias do Sul, visando a obtencdo de grau de

Mestre em Biotecnologia.

Orientadora: Profa. Dra. Marli Camassola
Co-orientador: Prof. Dr. Aldo José Pinheiro
Dillon

Caxias do Sul

2014



Dados Internacionais de Catalogaggo na Publicaggo (CIP)
Universidade de Caxias do Sul
UCS - BICE - Processamento Técnico

S359s  Schneider, Willian Daniel Hahn, 1989-

Secretomica e atividades enzimaticas da linhagem selvagem 2HH e
do mutante SIM29 de Penicillium echinulatum / Willian Daniel Hahn
Schneider. — 2014.

143 f. :1l.; 30 cm

Apresenta bibliografia.

Dissertacdo (Mestrado) — Universidade de Caxias do Sul, Programa
de Pos-Graduag@o em Biotecnologia, 2014.

Orientador: Profa. Dra. Marli Camassola ; coorientador: Prof. Dr.
Aldo José Pinheiro Dillon.

1. Penicillium. 2. Fungos. 2. Celulase. 4. Microrganismos. . Titulo.

CDU 2. ed.: 582.282.123.2

Indice para o catalogo sistematico:

1. Penicillium 582.282.123.2
2. Fungos 582.28
3. Celulase 576.3
4. Microrganismos 579.266

Catalogacdo na fonte elaborada pela bibliotecaria
Ana Guimarées Pereira— CRB 10/1460



WILLIAN DANIEL HAHN SCHNEIDER

Secretomica e atividades enzimaticas da linhagem selvagem

2HH e do mutante S1M29 de Penicillium echinulatum

Dissertacdo apresentada ao Programa de Po6s-Graduagio em
Biotecnologia da Universidade de Caxias do Sul visando a
obtenciio do grau de Mestre em Biotecnologia.

DISSERTACAO APROVADA EM 05 DE DEZEMBRO DE 2014.

qrofa. Dra. Marli Camassola
Orientadora

Prof. Dr. [Al ? Jos&,ﬂip.he’i/ro Dillon
C

orientador

Lals b T

Prof. Dr. Edivaldo leeﬁz{s Ferreira Filho

Prof. Dr/ Marcio Antonio Mazutti

&)

)

Profa. Draytloane Malvessi



“Porque ele esta la!”
George Mallory (1886-1924) quando perguntado

0 porqué ele queria escalar o Everest.



Dedico este trabalho aos meus pais

Claudio e Ireni e aos meus irméos Arthur e
Tatiane, pelo companherismo, apoio e admiracéo; e
ao meu avd, Anselmo, que na reta final de sua vida,
orgulha-se em ter a oportunidade de ver seu

primeiro neto tornando-se Mestre.



AGRADECIMENTOS

Deixo aqui meus agradecimentos a todos aqueles que de alguma forma fizeram parte
desta caminhada, que direta ou indiretamente colaboraram com a realizagéo deste trabalho.

A Deus, o arquiteto do Universo, por guiar a minha caminhada, permitindo-me essa
realizacéo pessoal e profissional.

Aos meus orientadores, Profa. Dra. Marli Camassola e Prof. Dr. Aldo José Pinheiro
Dillon, pela orientacéo, dedicagéo e pela confianca depositada no meu trabalho. Em especial,
a Profa. Dra. Marli Camassola, pelos inimeros cafés e chocolate-quente compartilhados no
Laboratorio Nacional de Ciéncia e Tecnologia do Bioetanol (CTBE) entre os intervalos de um
experimento e outro.

Aos professores da banca de acompanhamento, Profa. Dra. Eloane Malvessi e Profa.
Dra. Mariana Roesch Ely, pelas sugestdes e contribui¢es neste trabalho; e aos membros da
banca examinadora, Prof. Dr. Marcio Antonio Mazutti e Prof. Dr. Edivaldo Ximenes Ferreira
Filho, pela correcdo e também contribui¢cdes dadas ao mesmo.

Aos colegas do Laborat6rio de Enzimas e Biomassa pela amizade e companheirismo,
a Dra. Roselei Claudete Fontana, técnica do laboratério e a Me. Laisa dos Reis, pelas dicas e
ajudas oferecidas no desenvolvimento deste trabalho. De forma especial, a Me. Daiane
Menegol e a Biol. Angélica Luisi Scholl, pela parceria até altas horas no laboratorio.

A minha familia, meu porto seguro, que sempre proporcionou o melhor para mim,
estando sempre ao meu lado e acreditando em mim.

Ao apoio estrutural da Universidade de Caxias do Sul e financeiro do CNPq, CAPES e
FAPERGS e FAPESP.

Ao Laboratdrio Nacional de Ciéncia e Tecnologia do Bioetanol, pela oportunidade de
desenvolver grande parte do trabalho préatico e ao pesquisador Dr. Fabio Squina, por aceitar o
desafio de desvendar mistérios escondidos por tras do fungo Penicillium echinulatum.

Aos amigos Thiago Augusto Gongalves e Cristiane Akemi Uchima do CTBE, minha
profunda gratiddo, pela amizade construida, pela parceria neste trabalho e por me acolherem
tdo bem nas estadias em Campinas, tornando a jornada intensa de trabalho, menos cansativa.

E por dltimo, mas ndo menos importante, ao fungo Penicillium echinulatum, com o
qual iniciei a minha vida cientifica e me oportunizou descobertas interessantes e importantes,
tornando minha carreira académica mais prazerosa.

A todos que de alguma maneira contribuiram para o desenvolvimento dessa

dissertagdo de mestrado, meus sinceros agradecimentos.



SUMARIO

LISTA DE FIGURAS. ...ttt ettt e e et e e ae e e s e e e nnt e e e nnaeeenneeeeas I
LISTA DE TABELAS . ...ttt e et e e et e e e s e e e sna e e e nraeeannneeans \Y
NOMENCLATURAS ...ttt et e e e st e e e st e e sbe e e srbe e e snbeeesnaeeans vi
RESUMO ...ttt ettt b et st s et sttt et ne bt ens viii
ABSTRACT ..ottt ettt bbb et st e e b et et e Rt e be st e e Re bt e e ettt neens X
L INTRODUGAO ..ottt es st se st sanaanens 1
2 REVISAO BIBLIOGRAFICA ...ttt e 3
2.1 DeMaNUa ENEITELICA .......ecuveie ettt e ettt e s e teeaesreesteeneeaneenres 3
2.2 Biomassa [IgNOCEIUIOSICA...........ecviiiiiece e 6
2.2. L CRIUIOSE. ...ttt bbbttt b reene e 7
2.2.2 HEMICEIUIOSE. ...ttt te e nnee e 7
A B - o! 11 - TSRS 8

p A I T | T o VUSSP 8

2.3 ENzimas ligNOCEIUIONTICAS .........ccveieiieiec e 9
2.3.1 Enzimas ativas sobre CarbOidratos ..........ccuevveiereereiie e 11
2.3.2 ENZIMas € Proteinas ACESSOTIAS ......cververuirierieeieiesie sttt siesiesieeseesee st i sbe et neeneennes 12
2.3.3 Mddulo de ligagdo ao carboidrato (CBM) ........cccoveiiiiiiiinieienesie e 12

2.4 Caracteristicas e aplica¢Oes das enzimas lignoceluloliticas ..........ccoceveviiiieiieieienen, 13
2.4.1 Caracteristicas e aplicac0es das CEIUIASES .........covvvrvriiiiieieierere e 13
2.4.2 Caracteristicas e aplicagfes das hemicelulases............ccoooviiiiiiiniiiniiiiicen, 16
2.4.3 Caracteristicas e aplicag0es das PECHINASES........ccovererereririieie e 18
2.4.4 Caracteristicas e aplicaces das lIgNINASES ........ccovvrereiiriieiiere e 20

2.5 Mecanismos de indugdo de celulases fUNQICaS.........ccccvvvriiiiiisiieiiere e, 21

2.6 Fontes de carbono para a produgdo de Celulases...........cooovereeiiiiniiniene e 22



2.7 FUNQOS TIHlAMENTOSOS ......eeveeiie ittt ettt et sreeneenes 25

2.7.1 Linhagens de Penicillium echinulatum...........cccoooiiriiieniicee e 25
2.8 Genbmica de linhagens fangicas produtoras de eNZimas ...........ccooererenereseseereereeeen, 27
2.9 Protedmica de fungos filamentoS0S..........ccueiveiiiieii e 29
2.10 Secretdmica de fungos filameNntoSOS .........cccvevuiiieiieie e 31

3MATERIAL E METODOS ..ot ess st ssn s sn s tssena s senen s, 37
3L LINNAGENS. ...ttt bbb bbbt n s 38
3.2 Crescimento e manutengao de lINhAgENS ..ot 38
3.3 ProduGa0 e ENZIMAS .......ccuiiieiieiie ettt e ta e be e sbeeste e e sreenne e 38
3.4 Determinacdo direta do crescimento CelUlar ...........ooveiveieiicie e, 39
3.5 Determinacéo indireta do crescimento Celular ..........ccoovvviieiiiie i, 39
3.6 DeterminagBes ENZIMALICAS .......cccvierieirierieieie e 40

3.6.1 Determinacdo de FPA (Filter Paper ACtiVIty) .......ccccoevveiiiiciiese e, 41

3.6.2 Determinacdo de atividade sobre Avicel®, arabinana, carboximetilcelulose,
debranched arabinana, galactomanana, laminarina, larch arabinogalactana, locust bean

gum, pectina, wheat arabinoxilana, xiloglicano € manana.............cccccevvvevevieeneereseennnn, 42
3.6.3 Determinacdo de atividades sobre liqguenana e B-glucano .........cccocvverviiiinieinnen, 42
3.6.4 Determinacdo de atividades sobre xilana e rye-arabinoxilano ................cccccoeennen. 42
3.6.5 Determinacdo de atividades sobre pNPA, pNPC, pNPG e pNPX.......ccccovvrvinnenne. 43
3.6.6 Determinacéo de atividades sobre feruloil acetato ...........cccccevvveviviieiieiineiesien, 43
3.7 Determinacdo de proteinas SOIUVEIS tOAIS. .......oververieiiiieeeiee e 44
3.8 SDS-PAGE de proteinas totaiS ........c.coveiueiieiiieiie e stiesie ettt 44
3.9 Digestdo de proteinas para analise por espectrometria de massas..........ccccceeveeverveennenn. 45
3.10 Cromatografia liquida e espectrometria de MaSSaS ........c.cccvervrereerieereeriesieseeeeeseeneenns 46
3.11 ANAlLISE A0S FESUIAAOS .....cvvevverieieiieric sttt 47
4 RESULTADOS E DISCUSSAOQ ...ttt es et en s 49

The potential of Penicillium echinulatum strains to the enzymes production for cell wall
hydrolysis and their application in second-generation ethanol technologies ...................... 50



PADSETACT . ...ttt e et te e et a e e ————aaa e e e ——— 50

SR 101 oo [0 Tox 1 To o ISR ORR 51
2. Material and MELNOAS .........ooiiiiie e e s 52
2.1 Growth and maintenance of Penicillium echinulatum strains ............c.ccocvevinininnnn, 52
2.2 Production OF BNZYIMES.........ccveiiiieieeie et ra e 53
2.3 Direct determination of Cell growth ..o, 53
2.4 Indirect determination of Cell growth ..........ccccooiiiiiii i 54
2.5 ENZYME UOSAGES ......veviteeteeieeieeiee ettt ettt b ettt b et e e e 54
2.6 ANAlySiS OF the FESUILS.........oivieie e 55
3. RESUILS AN DISCUSSION .....cvvirieieiieiteitisiestieiee ettt bbbt ne e 55
3.1 Variations in pH and mycelial growth ... 55
3.2 Enzymatic activities in cellulose SUDSIIates ..., 57
3.3 Enzymatic activities in hemicellulose SUDSEIates..........ccccoveveeiieiicci i, 61
3.4 Enzymatic activity in pectin SUDSLIAteS..........ccccvveiieieie e 66
3.5 Feruloyl eSterases aCtiVILy ...........ccueieeiuiiieiicie ettt 68
3.6 AMYIASE ACTIVITY ...t 68
N ©70 o] 101 [ ] o OSSR 69
RETEIBNCES ...ttt bbbt et et et e 69

Secretome analysis of Penicillium echinulatum strains reveals its potential for degradation

Of lIgNOCEIUIOSIC DIOMASS .....veovieciec e 75
AADSITACT. ...ttt ettt bbbt b r et et e e nre s 75
ISR 1011 oo [ Tox 1 oo USSR 76
2. RESUIS ... te e ae e 77
2.1 Electrophoretic profile of P. echinulatum...............cccovviiiiii i 77
2.2 Profiling of the P. echinulatum secretome for lignocellulose degradation................. 79
2.3 Enzymatic analysis of the P. echinulatum Secretome...........ccoccovvveiiiieneeieniie e, 86

3. DSCUSSION ettt e et e e ettt e e e e e e e e ettt e e e e e e e e e e aeeeea e e —————— 98



. CONCIUSIONS ..ottt e ettt e e e e e e ettt e e e e e e e e e e eeeens 103

5. Materials and MEthOUS ........c.ooiiiiiiiiieee s 104
5.1 Growth and maintenance of Penicillium Strains .............ccoooviiiiinniiccee, 104

5.2 Production Of BNZYMES........ccceiiiiiiieie et ns 104

5.3 ENZYME UOSAGES ... vveveerreeriesieeiteetesteesteetesseestaessesseesseesseaseessaesteessessaeseassesseessaesennes 104

5.4 Determination of total soluble Proteins............ccceoeiiiiiiiiic e, 106

5.5 SDS-PAGE Of total ProteinS .......cccoiiiiiiiiiiiicee e 106

5.6 Digestion of proteins for analysis by mass SPeCtromMEetry .........cccveverererinneieenen, 106

5.7 Liquid chromatography-tandem mass SPeCtromMetry.........cccccvevveveieeiesiieseeseeseenes 107
RETEIEINCES ...ttt b et b e 108

5 CONCLUSOES. .....cociueeaeiaeiieeissesses st 122
B PERSPECTIVAS ...ttt bbb b ettt nne e nes 123

7 BIBLIOGRAFIA COMPLEMENTAR......oiii s 124



LISTA DE FIGURAS

Figura 1. Reducgédo na emisséo de gases causadores de efeito estufa, em comparacao
com a gasolina, por etanol produzido a partir de uma variedade de matérias-primas.

Figura 2. Etapas para a producao de biocombustiveis.

Figura 3. llustracdo da distribuicdo da celulose, hemicelulose, pectina e lignina em
uma célula vegetal.

Figura 4. Mecanismo de acao de enzimas que atuam na degradacéo da celulose.

Figura 5. Oxidacdo das cadeias de glicano em celulose pela enzima polissacarideo
monooxigenases (PMOs). A oxidacdo quimica é catalisada pela atividade combinada
de celobiose desidrogenase (CDH) e PMOs, gerando cadeias de glicano clivadas.

Figura 6. Mecanismo de acdo de enzimas que atuam na degradacéo da celulose.

Figura 7. Agdo de diferentes enzimas sobre diferentes estruturas que formam a
pectina.

Figura 8. Modelo de induc¢éo de celulases em P. purpurogenum.

Figura 9. Microscopia eletronica de varredura de Penicillium echinulatum em
cultivo sélido.

Figura 10. Esquema das tecnologias émicas, seus alvos de analise correspondente e
seus respectivos métodos de estudo.

Figura 11: Metodologia empregada na analise do secretoma produzido pela linhagem
selvagem 2HH e mutante S1M29 de Penicillium echinulatum.

Artigo 1: The potential of Penicillium echinulatum strains to the enzymes
production for cell wall hydrolysis and their application in second-generation
ethanol technologies

Fig.1. Variations in pH (A and B) and mycelial growth (C and D) of wild type 2HH
and mutant SIM29 of Penicillium echinulatum in submerged cultures using different
carbon sources.

14

14

17

19

22

26

32

39

56



Fig 2. Enzymatic activities in cellulose substrates of wild type 2HH and mutant
S1IM29 of Penicillium echinulatum in submerged cultures using different carbon
sources.

Fig 3. Cellobiohydrolases (A — B) endoglucanases (C — F) and B-glucosidases (G —
H) secreted by wild type 2HH and mutant SIM29 of Penicillium echinulatum in
submerged cultures using different carbon sources.

Fig.4. Xylanases (A — D), B-xylosidases (E — F) and xyloglucanases (G — H) secreted
by wild type 2HH and mutant S1M29 of Penicillium echinulatum in submerged
cultures using different carbon sources.

Fig.5. Mannanases secreted by wild type 2HH and mutant SIM29 of Penicillium
echinulatum in submerged cultures using different carbon sources.

Fig.6. Pectinases (A-B), arabinnanases (C — F), arabinofuranosidase (G — H) and
esterases (I — J) secreted by wild type 2HH and mutant S1M29 of Penicillium
echinulatum in submerged cultures using different carbon sources.

Supplementary material. Endoglucanases (A — B), xylanases (C — D), mannanases
(E — F), arabinnanases (G — H) and amylase activities (I — J) of wild type 2HH and
mutant SIM29 of Penicillium echinulatum in submerged cultures using different
carbon sources.

Artigo 2: Secretome analysis of Penicillium echinulatum strains reveals its
potential for degradation of lignocellulosic biomass

Figure 1 Electrophoretic profile of Penicillium echinulatum grown on SCB and
cellulose at 96h. On the left (A), 1-D PAGE of wild type 2HH and on the right (B)
1-D PAGE of the mutant strain SIM29. I, 1l and Il refer to triplicate. M — molecular
marker, kDa — molecular weight.

Figure 2 Electrophoretic profile of Penicillium echinulatum grown on glucose
and glycerol at 96h. One replicate for glucose and glycerol was performed and
profiles of wild type 2HH and mutant S1M29 are shown intercalary in the gel above.
M — molecular marker, kDa — molecular weight.

Figure 3 Distribution of proteins identified in secretome of Penicillium
echinulatum strains. The proteins were classified according to CAZy database. The
CAZy families identified in the wild type are representing in (A) and (B)
representing the CAZy families identified in the mutant.

58

61

62

64

67

74

78

78

80



Figure 4 Venn diagram of secretome from Penicillium echinulatum wild type
2HH. Distribution of 147 proteins identified in the secretome of wild type, exclusive
in each carbon source or shared between them. GLU — glucose, GLY — glycerol,
CEL — cellulose and SCB - sugar cane bagasse.

Figure 5 Venn diagram of secretome from Penicillium echinulatum mutant
S1M29. Distribution of 129 proteins identified in the secretome of mutant strain,
exclusive in each carbon source or shared between them. GLU — glucose, GLY —
glycerol, CEL — cellulose and SCB — sugar cane bagasse.

Figure 6 Distribution of GHs families in Penicillium echinulatum secretome. The
proteins were classified according to CAZy database. A- GHs identified in wild type
2HH, B- GHs identified in mutant S1IM29.

Figure 7 Heat map showing the difference between the two strains of the major
lignocellulolytic enzymes identified in the secretome. The color of each enzyme
related to spectra abundance in the different growth conditions (GLU- glucose, GLY
— glycerol, SCB — sugar cane bagasse, CEL — cellulose), varying from a minimum
(red) to maximum (green) abundance.

Figure 8 Specific enzymatic activities of Penicillium echinulatum strains in
submerged cultures using different carbon sources at 96h. The graphs on the left
(A) correspond to the wild type 2HH and on the right (B) correspond to the mutant
strain S1IM29. The hydrolytic potential of the broths of Penicillium echinulatum
strains were tested on different substrates. The names of substrates employed are
described in the section Abreviations of this article.

81

82

83

86

89



LISTA DE TABELAS

Tabela 1. Algumas enzimas fungicas envolvidas na degradacdo da lignocelulose.

Tabela 2. Comparagdo na producdo de celulases empregando diferentes
microrganismos e substratos.

Tabela 3. Anélise protedmica de sistemas enzimaticos lignoceluloliticos produzidos
por fungos ascomicetos.

Artigo 2: Secretome analysis of Penicillium echinulatum strains reveals its
potential for degradation of lignocellulosic biomass

Table 1. Identified cellulose-degradation/modifying enzymes and spectrum count in
different carbon sources by wild type 2HH and mutant S1M29 of Penicillium
echinulatum at 96 h during submerged cultivation.

Table 2. Identified hemicellulose-degradation enzymes and spectrum count in
different carbon sources by wild type 2HH and mutant S1M29 of Penicillium
echinulatum at 96 h during submerged cultivation.

Table 3. Identified pectin-degradation enzymes and spectrum count in different
carbon sources by wild type 2HH and mutant SIM29 of Penicillium echinulatum at
96 h during submerged cultivation.

Table 4. Identified hemicellulose/pectin-degradation enzymes and spectrum count in
different carbon sources by wild type 2HH and mutant S1IM29 of Penicillium
echinulatum at 96 h during submerged cultivation.

Table 5. Identified lignin-degradation enzymes and spectrum count in different
carbon sources by wild type 2HH and mutant SIM29 of Penicillium echinulatum at
96 h during submerged cultivation.

Table 6. Identified starch-degradation enzymes and spectrum count in different
carbon sources by wild type 2HH and mutant S1IM29 of Penicillium echinulatum at
96 h during submerged cultivation.

Table 7. Identified fungal cell wall degradation/modifying enzymes and spectrum
count in different carbon sources by wild type 2HH and mutant S1M29 of
Penicillium echinulatum at 96 h during submerged cultivation.

24

30

90

91

92

93

94

95

96



Table 8. Identified enzymes involved in plant cell wall modifications and spectrum
count in different carbon sources by wild type 2HH and mutant S1M29 of
Penicillium echinulatum at 96 h during submerged cultivation.

Table 9. Comparison between secretomic profile of different Penicillium
echinulatum strains

Additional file 1. Other proteins identified and spectrum count in different carbon
sources by wild type 2HH and mutant SIM29 of Penicillium echinulatum at 96 h
during submerged cultivation.

Additional file 2. Other proteins identified (Miscelaneous) and spectrum count in
different carbon sources by wild type 2HH and mutant S1M29 of Penicillium
echinulatum at 96 h during submerged cultivation.

97

100

114

118



NOMENCLATURAS

Etanol 1G - etanol de primeira geracéo
Etanol 2G - etanol de segunda geragéo
INCT-Bioetanol — Instituto Nacional de Ciéncia e Tecnologia do Bioetanol
CAZy — carboydrate active enzymes

GHs — glicosil hidrolases

GTs — glicosil transferases

PLs — polissacarideo liases

CEs — carboidratos esterases

AAs — atividades auxiliares

CBMs — modulos de ligacdo ao carboidrato
CBDs — dominios ligantes de celulose
PMOs - polissacarideo monooxigenases
CMO - celulose monooxigenase

CDH - celobiose desidrogenase

OS - oligossacarideos

IBGL — B-glicosidase intracelular

CBH - celobiohidrolase

EG - endo-B-1-4-glicosidase

EX — endo-B-1-4-xilanase

XG - xiloglicanase

BX — B-xilosidase

ABF — arabinofuranosidase

AGA - a-galactosidase

AMY — amilase

CHI — quitinase

PEP — peptidase

FPA — atividade sobre papel filtro

pNPC - p-nitrofenil-p-D-celobiosideo
pNPG - p-nitrofenil-p-D-glicopiranosideo
pNPX — p-nitrofenil-B-D-xilopiranosideo
pNPA — p-nitrofenil-a-D-arabinofuranosideo
DNS - acido dinitrosalicilico

Vi



vii

SAB — tampdo acetato de sddio

DMSO - dimetilsulféxido

DMAB - 4-dimetilaminobenzaldeido

BSA — albumina sérica bovina

SDS-PAGE - eletroforese em gel de poliacrilamida — dodecil sulfato de sddio
1DE - eletroforese unidimensional

2DE - eletroforese bidimensional

M — marcador molecular

kDa - kilodaltons

Da — daltons

Mb — megabases

DTT — ditiotreitol

IAA — iodoacetomida

LC-MS/MS - cromatografia liquida acoplada a espectrometria de massas em tandem
Q-Tof — quadrupolo-tempo de voo

FDR - taxa de falsa descoberta

BLAST - Basic Local Alignment Search Tool

dbCAN - DataBase for Carbohydrate-active enzyme ANotation
YLoc — Interpretable Subcellular Localization Prediction
gRT-PCR - PCR quantitativo em tempo real

BCA/SCB - bagaco de cana-de-agucar pré-tratado por exploséao a vapor
CEL - celulose

GLY —glicerol

GLU —glicose

AVI - Avicel®

LIC - liquenana

CMC - carboximetilcellulose

ARAX — rye arabinoxilana

XIL - xilana

MAN — manana

PEC - pectina

FEA — feruloil acetato

PST — amido de batata


http://www.ncbi.nlm.nih.gov/BLAST/

viii

RESUMO

O emprego de enzimas lignoceluloliticas secretadas por microrganismos para a producao de
etanol de segunda geracdo tem motivado pesquisas na area da engenharia de processos
fermentativos, gendmica e secretdmica. Entre os microrganismos com potencial para a
producdo de celulases destacam-se variantes genéticos do fungo filamentoso Penicillium
echinulatum caracterizados por produzirem altos titulos enzimaticos. Neste trabalho, estudou-
se a secretdmica da linhagem selvagem 2HH e do mutante SIM29 de P. echinulatum, em
cultivo submerso, empregando diferentes fontes de carbono: glicose, glicerol, celulose e
bagaco de cana-de-agUcar pré-tratado por explosdo a vapor. Andlises enzimaticas
possibilitaram identificar que P. echinulatum produz celulases, hemicelulases, esterases e, em
menor proporc¢do, pectinases e amilases. Outrossim, 0s maiores titulos enzimaticos para a
maioria das enzimas foram verificados na linhagem mutante. Nos meios formulados com
bagaco de cana-de-aclcar ou celulose verificou-se a inducdo das maiores producdes
enzimaticas para ambas as linhagens. A analise do secretoma por 1D-PAGE seguido de LC-
MS/MS das amostras de 96 horas de cultivo permitiu identificar que em ambas as linhagens
ha predominéncia de enzimas CAZy, sendo celulases, hemicelulases e enzimas degradadoras
de parede celular fangica as mais predominantes. Celobiohidrolases, endoglicanases, B-
glicosidases, xilanases, B-xilosidases e mananases foram identificadas e, em quantidades
menores, ligninases, pectinases, amilases, esterases e solenina, entre outras proteinas (adesao,
chaperonas, oxidoredutases, proteases, peptidases, lipases, glutaminases e hipotéticas). Os
meios elaborados com glicose ou glicerol foram utilizados pelo fungo para a producdo de
amilases, ligninases e enzimas degradadoras da parede celular fungica. Destaca-se a secre¢édo
2 a 3 vezes maior de celulases pela linhagem mutante, sendo que o meio de cultivo elaborado
com bagaco de cana-de-agUcar proporcionou a secrecdo de maiores quantidades de celulases
para o mutante. Nesta condi¢do, o complexo celulolitico da linhagem S1M29 constitui-se de
55% de celobiohidrolases, 38% de endoglicanases e 1% de PB-glicosidases. Estes dados
sugerem que durante 0 melhoramento genético do fungo ocorreram mudancas, embora nédo
direcionais, possivelmente em nivel da regulacdo da expressdo génica, modificacdes pos-
traducionais e alteracfes na capacidade para secretar proteinas extracelulares que tornaram a

linhagem mutante S1M29 com potencial para ser empregada na hidrélise de lignocelulésicos.



ABSTRACT

The use of lignocellulolytic enzymes secreting by microorganisms for the production of
second-generation ethanol has motivated research in the field of fermentation processes
engineering, genomics and secretomics. Among the microorganisms with the potential for
cellulases production are genetic variants of the filamentous fungus Penicillium echinulatum
characterized by produce high enzymatic titers. In this work, it was studied the secretome of
the wild type 2HH and mutant S1IM29 of P. echinulatum in submerged cultivation on
different carbon sources: glucose, glycerol, cellulose and sugar cane bagasse pretreated by
steam explosion). Enzymatic analysis allowed verifying that P. echinulatum produces
cellulases, hemicellulases, esterases, and minor proportion, pectinases and amylases.
Furthermore, the major enzymes titers for most enzymes dosed were verified in the mutant
strain. It was verified in the media formulated with sugar cane bagasse or cellulose the
induction of the highest enzyme production for both strains. The analysis of secretome by 1D-
PAGE followed by LC-MS/MS, of samples collected at 96 hours of cultivation, showed that
in both strains there is a predominance of CAZy enzymes, being cellulases, hemicellulases
and fungal cell wall degrading enzymes the most prevalent. Cellobiohydrolases,
endoglucanases, B-glucosidase, xylanase, endoxylanase, f-mannanases and xylosidases were
identified and, in smaller amounts, ligninases, pectinases, amylases, esterases and swollenin,
among other proteins (adhesion, chaperones, oxidoreductases, proteases, peptidases, lipases,
glutaminases and hypothetical). The media elaborated with glucose or glycerol were used for
producing of amylases, ligninases and fungal cell wall degrading enzymes. Highlights the
secretion of 2-3 times more cellulases by the mutant, being the medium prepared with sugar
cane bagasse afforded the secretion of large cellulases quantities for the mutant. In this
condition, the cellulolytic complex of S1M29 strain consists of 55% cellobiohydrolases, 38%
endoglucanases and 1% p-glucosidase. These data suggest that during the genetic
improvement of the fungus changes occurred, although not directional, possibly at the level of
regulation of gene expression, post-translational modifications and changes in the ability to
secrete extracellular proteins, that have made the mutant SIM29 a potential strain to be

employed in hydrolysis of lignocellulose.



1 INTRODUCAO

Nos ultimos anos, vem ocorrendo um grande esforco no desenvolvimento de
tecnologias para a producdo do etanol de segunda geracdo (etanol 2G), obtido a partir da
fermentacao de acUcares presentes em residuos da producdo de cana-de-acucar, do milho e de
outros residuos lignocelulésicos. A biomassa lignoceluldsica, devido a grande disponibilidade
e baixo custo, torna-se uma contribuigdo relevante para o sucesso da tecnologia do etanol 2G,
com consequente aumento da producao do combustivel, sem aumentar a area cultivada.

A estrutura de carboidratos da parede celular de plantas precisa ser despolimerizada
em acgucares mais simples para a sua aplicacdo em processos industriais, incluindo a producgéo
de etanol. Todavia para o aproveitamento de carboidratos, ha necessidade de pré-tratamento
do material lignocelulésico e a acdo de diversas enzimas — celulases, hemicelulases,
pectinases, ligninases, esterases — visando a liberacdo de acucares para a fermentacédo
alcodlica. O papel das enzimas lignoceluloliticas na degradacao da parede celular da planta é
muito importante e, havendo a disponibilidade de tecnologia de uso de lignocelul6sicos, o
volume necessario destas enzimas sera aumentado consideravelmente.

A capacidade dos fungos filamentosos de secretar um pool de proteinas tem motivado
0 seu emprego para a producdo de enzimas industriais. Entre 0s microrganismos mais
estudados e utilizados para a producdo de enzimas para hidrélise da parede celular vegetal,
estdo as linhagens mutantes de Trichoderma reesei, Aspergillus niger e Neurospora crassa.
Linhagens de Penicillium echinulatum também sdo reconhecidas pela producdo destas
enzimas, visto que mutantes celuloliticos de P. echinulatum apresentam um complexo
enzimatico com estabilidade térmica a 50 °C e uma proporc¢do equilibrada de atividade sobre
papel filtro (FPA) e B-glicosidases, condi¢des relevantes para a hidrolise da celulose. Entre os
mutantes, destaca-se a linhagem S1M29 de P. echinulatum que apresenta as maiores
secre¢des enzimaticas quando cultivado em celulose ou bagaco de cana-de-acucar,
suplementando com farelo de trigo.

A caracterizagdo dos genomas de organismos foi uma das principais contribuicdes da
Ciéncia dos recentes anos 90. Com 0s avangos na area da gendmica associados com 0s
estudos na area da bioinformatica, novas tecnologias de investigagdo ainda mais minuciosas
de microrganismos foram desenvolvidas, denominada de “era pos-gendmica”, o que inclui a
metabolomica, a protedmica, a transcriptomica, a secretdmica, entre outros estudos. A analise
do secretoma de fungos filamentosos auxilia no entendimento da fisiologia do microrganismo

e pode contribuir para o melhoramento de linhagens com fins biotecnoldgicos. Até o presente



momento, um unico trabalho de secretdmica envolvendo a linhagem 9A02S1 de P.
echinulatum foi realizado, sendo que enzimas do complexo celulolitico e outras envolvidas na
conversdo de biomassas em biocombustiveis foram identificadas. Visto o potencial de P.
echinulatum na produgdo de enzimas para etanol 2G, é de suma importancia o
desenvolvimento de estudos de seu secretoma.

O objetivo deste trabalho foi avaliar as diferencas nas atividades enzimaticas e no
secretoma da linhagem selvagem 2HH e do mutante SIM29 de P. echinulatum em cultivo
submerso, empregando diferentes fontes de carbono, tendo como objetivos especificos:

- avaliar o pH, o crescimento micelial e as atividades de diferentes enzimas envolvidas
na degradacao de parede celular, a partir de cultivo submerso com a linhagem selvagem e o
mutante de P. echinulatum, empregando bagaco de cana-de-agUcar pré-tratado por explosao a
vapor, celulose, glicose e glicerol como fontes de carbono;

- comparar, através de eletroforese unidimensional, o perfil proteico do secretoma da
linhagem selvagem e do mutante de P. echinulatum, em 96 horas de cultivo, empregando
bagaco de cana-de-agUcar pré-tratado por explosdo a vapor, celulose, glicose e glicerol como
fontes de carbono;

- identificar proteinas dos perfis unidimensionais do secretoma da linhagem selvagem

e do mutante de P. echinulatum, utilizando a metodologia de analise protebmica de shotgun.



2 REVISAO BIBLIOGRAFICA

2.1 Demanda energética

A demanda global por energia vem aumentando rapidamente devido ao crescimento
populacional, ao aumento nos padrdes de vida e ao rapido desenvolvimento industrial nos
paises emergentes (Ohgren et al., 2007). Este rapido desenvolvimento afeta a estabilidade dos
ecossistemas, o clima global, bem como as reservas globais de petréleo, culminando em
impactos ambientais e em aumento no preco do petrdleo (Balat, 2011).

Entre as alternativas mais promissoras para atender a demanda por combustiveis e
reduzir os gases causadores do efeito estufa é a utilizacdo de etanol, que tem atraido a atencédo
mundial devido ao seu potencial como combustivel automotivo alternativo (Takahashi et al.,
2000). Este etanol de primeira geracdo (etanol 1G) € produzido a partir da conversdo dos
monossacarideos provenientes da hidrdlise da sacarose e do amido presentes em culturas
como a do milho, da beterraba e da cana-de-agucar (Trostle, 2009).

Nem todos os combustiveis sdo iguais em termos de beneficios ambientais. Na Figura
1 verificam-se menores emissdes de gases causadores do efeito estufa resultantes da utilizacao
de combustiveis com relacdo a gasolina. Como demonstrado, o etanol produzido a partir do
milho oferece beneficios limitados, uma vez que ocorre uma reducdo desses gases em apenas

18% quando comparado com a gasolina. Em contraste, a cana-de-acucar e o etanol celulésico

(etanol 2G) resultam em emisses 90% inferiores com relacdo a gasolina (Balat, 2011).
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Figura 1. Reducdo na emissdo de gases causadores de efeito estufa, em comparacdo com a gasolina,
por etanol produzido a partir de uma variedade de matérias-primas (Philippidis, 2008).

Levando em consideracdo que o gas carbdnico emitido com a queima de etanol pode

ser reabsorvido pela propria cana-de-agucar ou outros vegetais (Santos et al., 2012), estima-se



que 10% de etanol acrescido a gasolina poderia reduzir a emiss@o de gas carbonico de 3-6%
(Singhania et al., 2010). Assim, para o consumo atual de gasolina, que é em torno de 5
trilnGes de litros por ano, seriam necessarios 500 bilhdes de litros de etanol. No entanto, a
producdo mundial de etanol em 2013 foi de 74 bilhdes de litros (GloboMeter, 2014).

Uma quarta fonte de agucares, os residuos lignocelulosicos, apresentam potencial para
tornarem-se a fonte mais viadvel para atender a atual demanda energética, pois a matéria-prima
é abundante, renovavel e ndo e utilizada na alimentacdo da populagdo e de animais. Nos
ultimos anos, houve um grande esforgo da comunidade cientifica para o desenvolvimento de
NOVOS Processos economicamente viaveis para 0 aproveitamento do componente
lignocelulésico da biomassa, caso dos residuos agricolas (palha e bagaco de cana-de-agUcar,
palha de trigo e residuos de milho), residuos florestais (p6 e restos de madeira) e biomassas
energeéticas, como o capim-elefante, para a producéo de etanol 2G (Santos et al., 2012).

Um relatério do Forum Econdmico Mundial, intitulado “O Futuro das Biorrefinarias”,
conclui que a conversdo de biomassa em combustiveis, energia e produtos quimicos pode
gerar mais de US$ 230 bilhdes na economia global até 2020 e com a expansdo da producéo
das biorrefinarias de larga escala, a dependéncia dos combustiveis fosseis pode se reduzir
drasticamente (Business Wire, 2014).

Nesta perspectiva, a evolucdo global dos combustiveis de segunda geragdo motivou a
construcdo da primeira usina de etanol celulésico do mundo. Iniciativa da Beta Renewables,
lider global em biocombustiveis de segunda geracdo e parte do Grupo Mossi & Ghisolfi, e da
maior produtora mundial de enzimas industriais, a dinamarquesa Novozymes, a usina foi
inaugurada oficialmente em outubro de 2013, perto da cidade de Crescentino, no norte da
Itdlia, com capacidade para produzir 75 milhdes de litros de etanol celul6sico por ano
(UNICA, 2014).

Segundo informag6es do Instituto Nacional de Ciéncia e Tecnologia do Bioetanol
(INCT-Bioetanol), o etanol 2G ¢é a principal aposta nacional para aumentar a oferta do
produto sem que seja preciso elevar a area plantada de cana-de-acucar. 1sso porque o etanol
2G brasileiro sera produzido da celulose obtida da palha e do bagaco de cana-de-agUcar, ou
seja, as sobras do processo atual de producdo de etanol. Recentemente foi inaugurada a
primeira usina de etanol celulésico em escala comercial no Brasil, o que representa um grande
avango para 0 nosso pais porque o coloca entre 0s paises que ja tem planos concretos de
utilizacdo dessa tecnologia. A fabrica de S&o Miguel dos Campos, em Alagoas, tem
capacidade de producdo de 82 milhdes de litros por ano. Até 2020, a GranBio pretende

produzir cerca de 1 bilh&o de litros por ano de etanol 2G no Brasil (BiofuelsDigest, 2014).



Como o Brasil € um dos paises de megadiversidade em nivel mundial, a
disponibilidade de genes em microrganismos, capazes de produzir enzimas que ataquem a
parede celular, é enorme. Uma das metas principais é identificar novas espécies e testar a acéo
de coquetéis enzimaticos e enzimas isoladas sobre a parede celular ou seus polissacarideos
isolados. Outro ponto importante sera 0 melhoramento dessas enzimas, usando técnicas de
biologia molecular para inclusive produzir enzimas multifuncionais (INCT, 2014).

Além do Brasil, diversos paises do mundo vém desenvolvendo estudos na &rea de
prospeccdo de fungos e engenharia de enzimas. Os Estados Unidos iniciou a execugdo do
projeto 1000 Fungal Genome, que agrega diversas instituicdes norte-americanas em torno do
sequenciamento de 1000 espécies de fungos até 2016, justamente em funcdo destes
microrganismos serem 0s principais secretores de enzimas que degradam a biomassa em
acucares que podem ser utilizados para a producdo de biocombustiveis (JGI, 2014).

O processo para a conversao do material lignocelulésico a etanol (Figura 2) requer trés
importantes etapas: (1) deslignificacdo - liberacdo a celulose e a hemicelulose que estdo
associadas a lignina; (2) hidrolise - despolimerizacdo dos polimeros de carboidratos com
liberacdo de acucares livres (glicose e xilose); e (3) fermentacdo - producdo de etanol (Lee,
1997). Portanto, microrganismos que sado capazes de fermentar glicose e Xxilose
simultaneamente, sdo necessarios para uma eficiente bioconversdo da biomassa em etanol
(Liu et al., 2013).

Pré-tratamento fisico,
guimico e enzimatico

Producédo de combustivel pelos
microrganismos

Acucares

Figura 2. Etapas para a producgdo de biocombustiveis. A energia solar é coletada pelas plantas via
fotossintese e armazenada como lignocelulose. A decomposicdo do material celulésico e
hemiceluldsico em pentoses e hexoses é obtida por pré-tratamentos fisicos e quimicos, acompanhados
pela exposicdo das enzimas de microrganismos degradadores de biomassas. Os agUcares simples
podem ser subsequentemente convertidos em biocombustiveis por microrganismos (Rubin, 2008).



2.2. Biomassa lignocelulésica

A matéria vegetal lignoceluldsica é o mais abundante material presente na Terra e €
composta por quatro grandes blocos poliméricos: a polifenol lignina e trés polissacarideos:
celulose, hemicelulose e pectina. Em combina¢do com enzimas associadas a parede celular
vegetal, proteinas estruturais e proteoglicanos, estes componentes formam uma rede intricada
que fornece resisténcia e durabilidade para a parede celular vegetal (Popper et al., 2011).

A celulose, a hemicelulose e a lignina sdo os trés maiores constituintes da parede
celulares dos vegetais, unidas entre si por ligaces covalentes, formando uma rede complexa
resistente a ataques microbianos (Figura 3). Estes trés componentes das paredes celulares
vegetais constituem 97-99% da massa seca dos lignoceluldsicos e as proporcGes podem ser
distintas dependendo do vegetal (Mosier et al., 2005). Outros componentes poliméricos como
amido e pectina estdo presentes em menores quantidades (Martin et al., 2007). A composicao
guimica da biomassa lignocelulosica, geralmente contém 35-50% de celulose, seguido de 20-
35% de hemicelulose, 10-25% de lignina e 1-2% de pectina (Fengel et al., 1989).

Biomassa lignoocaeluldsica
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Figura 3. llustracdo da distribuicdo da celulose, hemicelulose, pectina e lignina em uma célula
vegetal, adaptada de Kondo et al. (1997).




2.2.1 Celulose

A celulose € o polimero natural de maior ocorréncia no mundo. A sua estrutura pode
ser classificada em trés niveis organizacionais. O primeiro é definido pela sequéncia de
residuos B-D-glicopiranosidicos unidos por ligaces covalentes, formando o homopolimero de
anidroglicose com ligagdes B-D (1—4) glicosidicas, de formula geral (C¢H1005),. O segundo
nivel descreve a conformacdo molecular, isto é, a organizacdo espacial das unidades
repetitivas, e é caracterizado pelas distancias das ligacdes e respectivos angulos e pelas
ligacBGes de hidrogénio intramoleculares. O terceiro nivel define a associagdo das moléculas
formando agregados com uma determinada estrutura cristalina. Estes agregados conferem
elevada resisténcia a tensdo, tornando a celulose insolGvel em &gua e em um grande numero
de outros solventes (Santos et al., 2012).

As regides de celulose cristalina, regido mais compacta devido as ligacGes de
hidrogénio e de dificil degradacdo enzimética, sdo separadas por regides de menor
organizacdo, denominadas amorfas. As regides de celulose amorfa apresentam baixa
resisténcia aos ataques quimicos e bioldgicos, sendo, portanto, pontos de degradagdo (Fan et
al., 1980).

2.2.2 Hemicelulose

A hemicelulose é um heteropolissacarideo de baixa massa molecular, compreendendo
30% a 40% dos carboidratos totais das células vegetais, e tem como funcdo ligar as
microfibrilas de celulose (Coughlan & Hazlewood, 1993). Esse polimero apresenta uma
estrutura mais diversificada que a celulose (Karnaouri et al., 2014), sendo estruturalmente
mais semelhante a celulose do que a lignina. Sua estrutura apresenta ramificacbes que
interagem facilmente com a celulose, dando estabilidade e flexibilidade ao agregado.
Comparadas com a celulose, as hemiceluloses apresentam maior susceptibilidade a hidrélise
acida, pois oferecem uma maior acessibilidade aos acidos minerais inorganicos comumente
utilizados como catalisadores. Essa reatividade é usualmente atribuida ao carater amorfo
desses polissacarideos (Santos et al., 2012).

Os componentes hemicelul6sicos da parede celular vegetal incluem uma grande
variedade de heteropolissacarideos com estruturas lineares e/ou ramificadas e geralmente sdo
classificados de acordo com o principal acucar presente na sua composicdo (Glass et al.,
2013). Entre os polimeros constituintes estdo as pentoses (xilose, ramnose, arabinose), as

hexoses (manose, glicose, galactose) e os agucares acidos (acidos urénicos). Esses aclcares



estdo ligados entre si, por ligagdes glicosidicas B-1,4 e B-1,3. Essas ligacdes entre o0s
monodmeros da hemicelulose séo facilmente hidrolisaveis (Pérez et al., 2002).

As xilanas sdo as hemiceluloses mais abundantes e se constituem de
heteropolissacarideos formados por unidades de B-D-xilopiranose unidas por ligacGes do tipo
B-1,4 e, ocasionalmente, por ligagdes do tipo B-1,3, em algas. A xilana se encontra localizada

entre a molécula de lignina e o conjunto de fibras de celulose (Beg et al., 2001).

2.2.3 Pectina

A pectina € um polissacarideo complexo contendo como cadeia principal mondémeros
de &cido D-galacturonico a-1,4 ligados. A pectina é constituida de, no minimo, 65% de acido
galacturonico, segundo a Organizacdo das Nacgdes Unidas para a Alimentacdo e Agricultura e
a Unido Europeia (Canteri et al., 2012). Entre os polissacarideos da parede celular, a pectina
tem a mais alta complexidade estrutural e funcional, com quatro principais classes estruturais:
homogalacturonana, ramnogalacturonana I, xilogalacturonana e ramnogalacturonana Il (Glass
et al., 2013).

A pectina esta localizada na parede celular de vegetais superiores, associada a outros
componentes. Essa parede pode ser dividida em duas camadas denominadas de primaria e
secundaria. Dois modelos estruturais sdo propostos para a parede celular primaria, cuja area
de superficie aumenta durante a expansdo da célula: tipo I, composto principalmente por
celulose, xiloglucanas, extensina e pectina (20-35%) e tipo Il, compreendendo essencialmente
celulose, glicoarabinoxilanas e compostos fendlicos e menor propor¢do de pectina (10%). A
parede secundaria, estrutura complexa adaptada a funcdo da célula, é formada internamente a
parede primaria na diferenciacdo (Canteri et al., 2012).

Entre as paredes primérias de células vizinhas encontra-se uma estrutura denominada
lamela média, formada por molécula de pectina, provavelmente de alta metoxilagdo, unidas
por meio de ligagcdes cruzadas, com camadas de cadeias de homogalacturonana depositadas
subsequentemente em pectinas de células opostas. Os polissacarideos pécticos sdo
importantes no controle da porosidade da parede, na adesdo de células subjacentes, no
controle do ambiente i0nico da parede celular, na aderéncia intercelular e o crescimento

normal em plantas vasculares, bem como na defesa vegetal (Canteri et al., 2012).

2.2.4 Lignina
A lignina pode representar até 25% de toda a biomassa lignocelulésica produzida no

planeta e seu teor nos residuos vegetais pode atingir até 40% da sua massa seca. Depois da



celulose, a lignina é a macromolécula mais abundante dentre as biomassas lignoceluldsicas. E
um heteropolimero amorfo que consiste em trés diferentes unidades de fenilpropanos: alcool
p-cumarico, alcool coniferilico e alcool sinapilico. A estrutura da lignina ndo é homogénea,
possui regibes amorfas e estruturas globulares. Em funcdo dessa propriedade, essa
macromolécula ¢é de dificil degradacdo, quando comparado aos polissacarideos. A
composicao e a organizacdo dos constituintes da lignina variam de uma espécie para outra,
dependendo da matriz de celulose-hemicelulose. No processo de hidrélise enzimética dos
materiais lignocelul6sicos, a lignina atua como uma barreira fisica para as enzimas que podem
ser irreversivelmente capturadas pela lignina e, consequentemente, influenciar na quantidade
de enzima requerida para a hidrdlise, assim como dificultar a recuperacdo da enzima apos a
hidrélise (Santos et al., 2012).

2.3 Enzimas lignoceluloliticas

O estudo das enzimas envolvidas na degradacdo da parede celular vegetal tem sido
intensa desde os anos 1950. A degradacdo de materiais lignoceluldsicos em acUcares
monomeéricos tem grande importancia, uma vez que os agucares fermentesciveis podem ser
utilizados como matérias-primas em inumeros processos biotecnoldgicos, incluindo a
producdo do etanol 2G (Lawford & Rousseau, 2003).

Na natureza, os fungos apresentam um papel central na degradacdo da biomassa de
plantas produzindo um conjunto extensivo de enzimas que degradam carboidratos as quais
sdo especificas na degradacdo de polissacarideos de plantas. Entretanto, esses diferentes
conjuntos diferem entre as espécies de fungos. Por exemplo, T. reesei apresenta um conjunto
de enzimas altamente eficientes na degradacdo da celulose (Martinez et al., 2008) enquanto
que espécies de Aspergillus produzem muitas enzimas para degradar pectina (Martens-
Uzunova & Schapp, 2009).

Comparadas com a maioria das outras enzimas industriais, a maior importancia das
enzimas lignoceluloliticas é a complexidade de sua composicdo (Tabela 1). Com relacdo a
complexidade estrutural e composi¢cdo quimica de materiais lignoceluldsicos, as enzimas
lignoceluloliticas produzidas por microrganismos sdo complexos enzimaticos contendo
diversos tipos de enzimas degradadoras (Liu et al., 2013).

Estas enzimas podem ser classificadas, de forma geral, como hidrolases e oxidases,

que atuam de forma sinérgica na degradacéo da lignocelulose (Sanchez, 2009). Recentemente,
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complexos enzimaticos lignoceluloliticos sdo produzidos principalmente por fungos

ascomicetos na industria (Gusakow, 2011).

Tabela 1. Algumas enzimas fangicas envolvidas na degradacéo da lignocelulose (Liu et al., 2013).

Enzima Codigo da Familia CAZy? Substrato® Produto®
Enzima
Celobiohidrolase EC3.2.1.91 GH6,7 Celulose Celobiose
Endo- B-1-4-glicanase EC3.214 GH5,7,12,45 Celulose Celodextrina, glicose
B-glicosidase EC3.2.1.21 GH1,3 Celodextrinas Glicose
Celulose monooxigenase - - Celulose Celodextrina oxidada
Celobiose monoxigenase EC 1.1.99.18 - Celobiose Celobiono-1,5-
lactona
Expansina - - Celulose Celulose rompida
Endo- B-1,4-xilanase EC3.2.18 GH10,11,30 Xilana Xilo-0OS, xilose
B-xilosidase EC 3.2.1.37 GH3,30,43 Xilo-0S Xilose
Exo-1,5-a-L-arabinase EC3.2.1.- GH43,93 Arabinana Arabino-0S,
arabinose
Endo-1,5- a-L-arabinase EC 3.2.1.99 GH43 Arabinana Arabino-0OS,
arabinose
a-L-arabinofuranosidase EC 3.2.1.55 GH3,43,51,54,62  Arabinana, arabino-OS, Arabinose
arabinoxilana
Endo-1,4-manase EC 3.2.1.78 GH5,26 Manana Mano-0OS
B-manosidase EC3.2.1.25 GH2 Mano-0S Manose
Endo- B-1,4-galactanase EC 3.2.1.89 GH53 Galactana Galacto-0S,
galactose
B-galactosidase EC3.2.1.23 GH2,35 Galactana, xiloglicana Galactose
a-galactosidase EC3.2.1.22 GH27,36 Galactomanana Galactose
Xiloglicanase EC3.2.1.151 GH12,74 Xiloglicana Xiloglicana-OS
Oligoxiloglucano reducing EC 3.2.1.150 GH74 Xiloglicana OS Celobiose (com ou
end- celobiohidrolase sem substituicdo de
especifica xilosil)
Endo-1,3-1,4-glicanase EC3.2.1.6 GH12,16 B-(1—3, 1—4)-glicana Glico-0S
EC 3.2.1.73
a-L-fucosidase EC 3.2.1.63 GH29,95 Xiloglicana Fucose
EC 3.2.1.51
a-glicoronidase EC 3.2.1.139 GH67 Glicuronoxilana Acido 4-O-metil
EC3.2.1.131 glicurdnico
Acetilxilana esterase EC3.1.1.72 CE1,2,3,5,12 Xilana Acido acético
Feruloil esterase EC3.1.1.73 CEl Xilana, arabinana, Acidos
xiloglicana hidroxicinamicos (ex:
acidos cafeico,
ferdlico e p-
CUMAarico)
Glicuronoil esterase EC3.1.1.- CE15 Xilana Acido 4-O-metil
glicurénico
Lacase EC3.1.10.3.2 - Lignina Radicais aromaticos
Lignina peroxidase EC3.1.11.114 - Lignina Radicais aromaticos
Manganés peroxidase EC3.1.11.1.13 - Lignina Radicais aromaticos
Versatil peroxidase EC3.1.11.1.16 - Lignina Radicais aromaticos

4 CAZy, base de dados de enzimas com atividade sobre carboidratos; GH, glicosil hidrolases; CE, carboidrato esterases.

® 05, oligossacarideos.

¢ Classificacdo prévia como GH61 (endo- B-1,4-glicanases).
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Nas ultimas quatro décadas, diversos estudos, incluindo, principalmente mutagénese
de linhagens, otimizacdo de processos e suplementacdo de proteinas desconhecidas foram
realizados para reduzir o custo de producgdo de enzimas lignoceluloliticas por fungos (Merino
& Cherry, 2007). No entanto, o progresso € relativamente lento devido & falta de compreenséo
suficiente do complexo de sistemas enzimaticos e linhagens produtoras de enzimas.

Os genomas de varios fungos produtores de enzimas lignoceluloliticas ja foram
sequenciados nos ultimos dez anos, permitindo estudos sisteméticos de seus sistemas
enziméticos. Com base no aumento de informacBes gendmicas e protedmicas, mais enzimas
foram identificadas para complementar eficientemente os sistemas enzimaticos originais (Liu
etal., 2013).

2.3.1 Enzimas ativas sobre carboidratos

As enzimas ativas sobre carboidratos (do inglés, CAZy, Carboydrate Active Enzymes)
sdo enzimas que degradam biomassa e podem ser organizadas em diferentes familias baseadas
na sua sequéncia de aminoacidos dos moédulos cataliticos estruturalmente relacionados
(CAZy, 2014). Este banco de dados abrange as Glicosil Hidrolases (GHSs), responsaveis pela
hidrolise e/ou rearranjo de ligacGes glicosidicas; Glicosil Transferases (GTs), responsaveis
pela formacdo de ligacBes glicosidicas; Polissacarideo Liases (PLs), as quais realizam
clivagem nao-hidrolitica de ligacGes glicosidicas; as Carboidratos Esterases (CEs): que
hidrolisam ésteres de carboidratos; Atividades Auxiliares (AAs), enzimas redox que atuam
em conjunto com outras enzimas CAZy e Mddulos de ligacdo ao carboidrato (CBMs),
proteinas que promovem a adesdo da enzima ao carboidrato (CAZy, 2014).

As glicosil hidrolases, também conhecidas como hidrolases glicoliticas, sdo enzimas
que quebram a cadeia enquanto outras proteinas, chamadas de acessorias, tais como as
glicosil transferases, expansinas (ou soleninas), carboxilesterases e médulos de ligacdo a
carboidratos auxiliam nas modifica¢fes de polissacarideos (Cairo, 2012).

As glicosil hidrolases sdo enzimas de origens vegetal, microbiana e animal,
responsaveis pela degradacdo de polissacarideos contidos nas paredes celulares dos vegetais,
tais como: celulose, hemiceluloses e pectinas. Essas enzimas sdo conhecidas como celulases,
xilanases, pectinases, entre outras (Minic & Jouanin, 2005), possuindo-se muitos estudos
sobre a funcéo, estrutura, bioquimica e modo de acdo dessas enzimas (Henrissat, 1995).

Apesar das enzimas dentro de uma mesma familia dividirem similaridades em suas
sequéncias, algumas podem conter multiplas atividades. Por exemplo, a familia GH5

apresenta atividades cataliticas de exoglicanases, endoglicanases e endomanases (Dias et al.,
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2004). Alem disso, uma enzima de atividade especifica pode estar presente em muitas
familias CAZy. Isto é importante para a degradacao eficiente dos polissacarideos das plantas,
pois as enzimas de cada familia tém especificidade de substrato muitas vezes
complementares. A anotagdo das enzimas ativas de carboidratos tem sido feita para muitos
genomas de fungos, como Aspergillus oryzae, Aspergillus niger, Penicillium chrysogenum,

Trichoderma reesei e Saccharomyces cerevisiae (Martinez et al., 2008).

2.3.2 Enzimas e proteinas acessorias

Entre as enzimas e proteinas acessorias ativas em polissacarideos destacam-se as
transferases sacaridicas, expansinas e feruloil esterases (carboxilesterases). As transferases,
mais conhecidas como Xxiloglicano transferase sdo responsaveis pelo elastecimento da parede
celular vegetal, permitindo o crescimento da parede secundaria em plantas de porte arbdreo
(Cosgrove, 2005). As expansinas, conhecidas também como soleninas, sdo proteinas que
possuem a capacidade de ligar-se a microfibrila de celulose e enfraquecer as ligacdes de
hidrogénio entre os polimeros antiparalelos de celulose (Lee et al.,, 2001). Essas sao
classificadas em a-expansinas e p-expansinas de acordo com a sua estrutura de aminoacidos
(Jones & McQueen-Mason, 2003). Baker et al. (2000) demonstraram que a adicdo de
soleninas em uma reacdo de sacarificagdo com endoglicanases de T. reesei melhora a
hidrolise da celulose reduzindo o tempo de conversao.

As feruloil esterases sdo enzimas do tipo carboxilesterases, as quais separam a
hemicelulose da lignina através da quebra da ligacdo éster entre o &cido ferlico e a
hemicelulose presente no material lignocelulésico. Estes acidos sdo 0s responsaveis pela
ligacdo dos residuos da hemicelulose, a residuos fendlicos da lignina, servindo de ponte para a
estabilizacdo da parede celular (Koseki et al., 2006). As feruloil esterases também atuam no
rompimento de cadeias laterais da estrutura ramnogalacturonana | presente na pectina (Glass
et al., 2013). Desta forma, esterases sdo de grande importancia para a desestabilizacdo da
biomassa lignocelulosica, permitindo uma maior exposicdo dos polissacarideos as hidrolases

glicoliticas.

2.3.3 Modulo de ligagdo ao carboidrato (CBM)

Muitas enzimas envolvidas na degradacdo da biomassa como as celulases e
hemicelulases, necessitam se associar especificamente a substratos insolGveis para aumentar a
eficiéncia da sua degradacdo (Tomme et al., 1996). Essas enzimas apresentam modulos ou

dominios de ligacdo a carboidratos, que mediam o efeito de aumento de proximidade da



13

enzima ao substrato (Bolam et al., 1998). Sendo assim, a principal funcdo do CBM ¢ a
imobilizacdo da enzima na superficie polimérica aumentando, portanto, a concentracéo local
do substrato e levando a uma catalise mais eficiente (Gill et al., 1999).

Madulo de ligagdo a carboidrato é definido como uma sequéncia continua de residuos
de aminoacidos contidos numa enzima com um discreto dobramento o qual possui atividade
de ligacdo a carboidrato. Os CBMs foram anteriormente classificados como dominios ligantes
de celulose (CBDs) baseando-se na descoberta de varios modulos que ligam celulose.
Entretanto, mddulos adicionais de enzimas com atividade em carboidratos estdo
continuamente sendo descobertos por ligarem outros carboidratos além da celulose e que,
ainda assim, cumprem o critério do CBM, dai a necessidade de reclassificar esses
polipeptideos utilizando uma terminologia mais inclusiva. O termo CBD tem sido usado para
descrever a subclasse de CBMs que ligam especificamente celulose (Boraston et al, 2004).

Os CBMs sdo divididos em familias com base na similaridade da sequéncia de
aminoacidos (Henrissat, 1999). Atualmente estdo definidas 71 familias de CBMs que

possuem uma variagdo substancial na especificidade de ligacédo (CAZy, 2014).

2.4 Caracteristicas e aplicagdes das enzimas lignoceluloliticas
2.4.1 Caracteristicas e aplicacGes das celulases

O complexo enzimatico de celulases constitui-se de um conjunto de hidrolases
glicosidicas, encontradas em secre¢fes de microrganismos, como fungos e bactérias, plantas e
de alguns animais como gastropodes e insetos xil6fagos. Estas enzimas sdo proteinas de
massa molecular entre 20 e 240 kDa, capazes de romper ligagdes glicosidicas do tipo -1,4 de
microfibrilas da celulose, liberando moléculas de celobiose e glicose (Kubicek et al., 2003).

O esquema cléssico de degradacdo da celulose por fungos envolve endo-1,4-B-
glicanases (GH5), que clivam ligagdes internas da cadeia de celulose; exo-1,4-B-glicanases ou
celobiohidrolases (GH7 e GH6) que clivam moléculas de celobiose de extremidades redutoras
e ndo redutoras da fibra de celulose; e B-glicosidases (GH3) que hidrolisam celobiose em duas
moléculas de glicose (van den Brink & de Vries, 2011; Glass et al., 2013).

Na Figura 4 pode-se visualizar o0 modo de acéo sinérgica do complexo enzimatico na

hidrolise da fibra de celulose.
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Figura 4. Mecanismo de acéo de enzimas que atuam na degradacdo da celulose (Cantarel et al., 2009;
van den Brink & de Vries, 2011; Glass et al., 2013).

Essas trés classes de enzimas estdo divididas em oito familias GH (Vlasenko et al.,
2010; De Vries et al., 2011). Aspergillus niger, por exemplo, possui cinco endoglicanases
dentro das familias GH5 e 12, quatro celobiohidrolases nas familias 6 e 7 e treze B-
glicosidases nas familias 1 e 3. Em comparacdo, o fungo mais eficiente de degradacdo da
celulose, o T. reesei, possui cinco celobiohidrolases caracterizadas dentro das familias 5, 7, 12
e 45, duas celobiohidrolases altamente expressas nas familias 6 e 7 e duas B-glicosidases
caracterizadas nas familias 1 e 3 (Martinez et al., 2008; Kubicek et al., 2011). Embora T.
reesei ndo tenha o maior numero de celulases, seu conjunto de enzimas é muito eficiente na
quebra de celulose atuando através de sinergismo.

Contudo, a deconstrucdo da fibra de celulose também depende da acdo das mono-
oxigenases (Figura 5) também conhecidas como polissacarideo monooxigenases (PMOSs)
anteriormente classificadas como endoglicanases (GH61), que catalisam a clivagem oxidativa
da celulose na presenca de um doador externo de elétrons (Quinlan et al., 2011; Beeson et al.,
2012).

OH OH
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OH HO o HO 0
RO o Ho~op Ort2etdHy b OH KO
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1 4 HO (¢]
HO H 0 OH H,0
Figura 5. Oxidacdo das cadeias de glicano em celulose pela enzima polissacarideo
monooxigenases (PMO). A oxidacdo quimica é catalisada pela atividade combinada de celobiose

desidrogenase (CDH) e PMOs, gerando cadeias de glicano clivadas (Li et al., 2012, apud Glass et al.,
2013).
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Embora o mecanismo catalitico especifico das PMOs € um tema de pesquisa atual
(Horn et al., 2012), as enzimas GH61 provavelmente recebem elétrons a partir da acdo das
celobioses desidrogenases (Sygmund et al., 2012). Em Neurospora crassa, a delecdo de um
Unico gene da celobiose desidrogenase reduziu pela metade a atividade total de celulases
secretadas pelo fungo, indicando que um sistema redox ativo é uma parte importante do
mecanismo de celulases (Phillips et al., 2011).

O interesse em utilizar as celulases na industria foi despertado na década de 1960,
quando se descobriu que preparados de enzimas extracelulares do fungo T. reesei eram
responsaveis pela acdo hidrolitica. A ideia de aproveitar estas enzimas na conversao de
residuos celulésicos em produtos de interesse alimentar e energéticos surgiu entre 1973 e
1979 (Bio & Farma, 2009).

Atualmente, as celulases vém sendo empregadas na extracdo de 6leos, esséncias e
pigmentos vegetais, inclusdo na composicdo de racdes animais, produtos estimuladores de
silagens, detergentes de uso domestico, na producdo de sucos, adjuvante para o malte da
cerveja, componente farmacolégico e na producdo de protoplastos vegetais para a
manipulacdo genética (Esterbauer et al., 1991; Bhat, 2000; Han & He, 2010). Também podem
ser empregadas na producdo de xaropes de glicose que podem ser utilizados para diferentes
fins biotecnoldgicos, destacando-se a producdo de etanol por fermentacdo leveduriana
(Kubicek et al., 1993; Martin et al., 2007).

A aplicacdo potencial de celulases e de B-glicosidases na producéo de etanol a partir
da biomassa lignoceluldsica vem sendo intensamente estudada e, apesar dos esfor¢os, ainda
ndo foi produzido um complexo enzimatico econémico e eficiente, tratando-se de assunto
amplamente conhecido e discutido no meio técnico-cientifico. A exigéncia de grande
quantidade de enzimas no processo de hidrélise e o elevado custo de obtencdo do complexo
enzimatico, que representa cerca de 40% do custo total da producdo de etanol a partir da
biomassa lignocelulésica, limita a producdo do combustivel em larga escala (Ahamed &
Vermette, 2008; Deswal et al., 2011).

Outra aplicacgéo tecnoldgica das celulases que merece destaque € a bioestonagem que
emprega as enzimas em tecidos e roupas de algodao tingidas com indigo, como os blue jeans,
proporcionando maciez e um aspecto desbotado no tecido. Nessa técnica emprega-se 0
complexo de celulases ao invés de pedra pomes em maquinas de lavar industriais para tratar
os tecidos (Bhat, 2000).

As celulases séo a terceira maior enzima comercializada em todo o mundo, em termos

de volume de dolares, devido as suas amplas aplicacGes j& descritas. No entanto, as celulases
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podem se tornar o maior volume de enzima industrial, se o etanol obtido de biomassa
lignocelulosica por via enzimatica tornar-se um importante combustivel para transporte
(Singhania et al., 2010).

As celulases sdo preferencialmente produzidas a partir de fungos basidiomicetos
decompositores de madeira como Phanerochaete chrysosporium, Trametes versicolor,
Trametes hirsute, Ceriporiopsis subvermispora, Agaricus bisporus, Volvariell volvacea e
Schizophyllum commune (Gouvéa, 2013). No entanto, como relatado por Henrissat et al.
(1989), as bactérias Clostridium thermocellum, Erwinia chrysanthemi, Bacillus sp.,
Cellulomona fimi, Streptomyces sp., Pseudomonas fluorescens e Cryptococcus albidus
produzem também celulases em niveis elevados. Fungos filamentosos como T. reesei
(Martinez et al., 2008) e em menor extensdo Aspergillus sp. (Martens-Uzunova & Schaap,
2009), também sdo relatados como produtores de celulases. Recentemente, sistemas
celuloliticos de espécies de Penicillium tem mostrado potencial em aumentar a sacarificacdo

de lignoceluloses (Marjamaa et al., 2013).

2.4.2 Caracteristicas e aplicacdes das hemicelulases

A degradacdo completa da hemicelulose necessita da acdo cooperativa de um
consorcio de enzimas microbianas especificas (Figura 6), como as Xxilanases, que sdo
glicosidases responsaveis principalmente pela hidrolise das ligagdes B-1,4 presentes na Xilana
vegetal (componente da hemicelulose) e apresentam massa molecular entre 8 a 145 kDa.
(Coughlan & Hazlewood, 1993).

A principal enzima na despolimerizacdo da xilana é a endo-p-1,4-xilanases (GH10,
GH11), que clivam aleatoriamente o esqueleto de arabinoxilana, produzindo principalmente
oligossacarideos de xilose (Coughlan & Hazlewood, 1993). As xilanases sdo produzidas por
diversos organismos, tais como bactérias, algas, fungos, protozodarios, gastropodes e
artropodes. Fungos filamentosos produtores de xilanases secretam maiores quantidades de
enzima com relacdo a bactérias e leveduras. Ainda, as xilanases fungicas podem ser
produzidas associadas as celulases (Dekker & Richards, 1976; Sunna & Antranikian, 1997,
Liu et al., 1999; Beg et al., 2001).
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Figura 6. Mecanismo de acdo de enzimas que atuam na degradacdo da hemicelulose (Cantarel et al.,
2009; van den Brink & de Vries, 2011; Glass et al., 2013).

As B-1,4-xilosidases de fungos pertencem as familias GH10 e 11 (Polizeli et al.,
2005). Os dois grupos de endoxilanases diferem um do outro na especificidade do substrato
(Biely et al., 1997). A familia GH10 apresenta uma maior versatilidade catalitica do que as
endoxilanases da familia GH11, sendo capazes de hidrolisar xilanas altamente mais
ramificadas, de forma mais eficiente. Os xilooligossacarideos sdo degradados pela -
xilosidase. Muitas B-xilosidases fungicas pertencem a familia GH3, mas muitas B-xilosidases
putativas sdo atribuidas a familia GH43, como por exemplo, em Penicillium herquei e
Aspergillus oryzae. A xiloglicanase, pertence as familias GH12 e 74. As endomanases,
envolvidas na degradacdo dos polissacrideos mananas, pertencem as familias GH5 e 26.
Entretanto, as endomanases flngicas sdo predominantemente presentes na familia GHS5.
Como muitas outras enzimas de carboidratos ativas, algumas endomananases possuem um
modulo de ligagdo ao carboidrato (chamado CBM1) o qual promove a associacdo da enzima
com o substrato (Pham et al., 2010). A liberagcdo da manobiose e manotriose € realizada ainda

pela enzima fB-1,4-manosidase pertencente a familia GH2 (Ademark et al., 2001).
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Para a completa degradacdo da hemicelulose, todas as suas ramificagdes necessitam
ser degradadas. Isso requer pelo menos nove diferentes enzimas divididas ao longo de pelo
menos doze familias GHs, entre elas as a-L-arabinofuranosidases (GH3, GH10, GH43,
GH51, GH54 e GH62), e quatro familias CE, como por exemplo, as acetilxilana esterases
(CE1-CE7) e feruloil esterases (CE1). As ramificacGes encontradas geralmente sdo compostas
por L-arabinose, D-xilose, L-fucose, D-galactose, acido D-glucorénico, residuos acetil e o0s
acidos p-cumaérico e feralico (Gouvéa, 2013).

As endo-B-1,4-xilanases constituem um grupo de enzimas com aplicagOes industriais,
particularmente na inddstria de alimentos para animais, mas também sao utilizadas nas
industrias de polpa e papel (biobranqueamento) e processamento de alimentos (Xiong et al.,
2005). As formulagbes com xilanases para ragGes animais séo utilizadas, principalmente, para
liberar nutrientes que ndo foram degradados ou liberar nutrientes que permaneceram
bloqueados por fibras. Isto resulta na diminuicdo da viscosidade, possibilitando uma
utilizacdo mais eficiente do alimento (Xiong et al., 2004). Também sdo utilizadas para
melhorar a eficiéncia na produgéo de silagens (Kulkarni et al., 1999).

Na industria de polpa e papel, as xilanases sdo empregadas em formulacGes livres de
celulases para hidrolisar a xilana presente na polpa e facilitar a extracdo da lignina. Ainda, a
utilizacdo destas enzimas reduz o consumo de reagentes toxicos (cloro e perdxido de
hidrogénio) requeridos no processo de branqueamento da polpa (Madlala et al., 2001), além
de possibilitar a obtencdo de um papel com maior resisténcia (Damaso et al., 2002).

No processamento de alimentos, as xilanases sao empregadas na clarificacdo de sucos
e vinhos, em processos de maceracdo de vegetais, na extracdo de aromas e pigmentos, 6leos
vegetais e amido (Biely, 1985; McCleary, 1986; Bhat, 2000), além de serem empregadas na
indUstria de panificacdo para melhorar a qualidade dos produtos (Collins et al., 2006).

Com a crescente pesquisa na area de biocombustiveis, as xilanases vém sendo
empregadas na conversdo de biomassa renovavel em combustiveis (Liu et al., 2013;
Karnaouri et al., 2014).

2.4.3 Caracteristicas e aplicacOes das pectinases

A degradacao das ramificaces da pectina requer glicosil hidrolases e polissacarideos
liases. A grande parte das glicosil hidrolases fungicas envolvidas na degradacdo da
ramificagdo da pectina pertence a familia GH28. Essas enzimas podem ser divididas em
grupos de acordo com a regido especifica em que elas atuam: endo e exo-poligalacturonase

(GH28) clivam a ramificacdo de regides lineares, enquanto que mais intrinseco, as regioes
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ramificadas sdo atacadas pelas enzimas endo e exo-ramnogalacturonase (GH28),
xilogalacturonase (GH28), a-raminosidases (GH78), glicoronil hidrolases insaturada (GH88)
e ramnogalacturona hidrolases insaturadas (GH105). Endo e exo-poligalacturonases da
familia GH28 em geral clivam as ligag¢bes a-1,4-glicosidicas entre os &cidos a-galacturdnico.
Outro importante grupo da familia GH28 sdo as ramnogalacturona hidrolases, as quais estao
empregadas tanto em mecanismos endo e exolitico para clivagem das pontes a-1,2-glicosidico
formadas entre acido D-galacturénico e residuos de L-raminose (Kodof et al., 1994).

Pectina e pectato liases clivam, via 0 mecanismo de B-eliminacéo, a ligacdo a-1,4 dos
residuos de acido galacturdnico dentro das regides lineares da pectina. Atualmente, todas as
pectinas liases pertencem a familia PL1, PL3 e PL9. As estruturas Xxilogacturona e
ramnogalacturona também requerem enzimas acessorias para remover as cadeias laterais e
promover 0 acesso para as enzimas pectinoliticas que hidrolisam a cadeia principal. Algumas
delas como a-arabinofuranosidases (GH51 e GH54), B-galactosidase (GH2 e GH35) e f-
xilosidases (GH3 e GHA43) também sdo necessarias para degradacdo da hemicelulose,
enquanto que endoarabinase (GH43), exoarabinases (GH93), B-endogalactanases (GH53) e
esterases (CE8, CE12 e CE13) sdo especificas para degradacdo da pectina (Gouvéa 2013).

Na Figura 7 é apresentado um complexo de enzimas pectinoliticas envolvidas na

degradacéo de estruturas pécticas.
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Figura 7. Acdo de diferentes enzimas sobre estruturas que formam a pectina (Cantarel et al., 2009;
van den Brink & de Vries, 2011; Glass et al., 2013).
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As pectinases sdo enzimas empregadas em grande proporcao em diversos segmentos
industriais. Sua utilizacdo em escala comercial iniciou-se a partir de 1930 para a preparacao
de sucos e vinhos. Algumas das aplicacfes destas enzimas nas inddstrias de alimentos
incluem amadurecimento de frutas, clarificacdo e reducdo de viscosidade em sucos de frutas,
tratamento preliminar do suco de uva para industrias vinicolas, extracdo de polpa de tomate,
industrias de papel e tecidos, de café e de chas, tratamento de residuos vegetais, nutri¢éo
animal, enriquecimento proteico de alimentos infantis e extracdo de 6leos, entre outras (Santi,
2005).

As pectinases, associadas com outras enzimas hidroliticas como celulases e xilanases,
vém sendo estudadas visando a aplicacdo na extracdo de diferentes 6leos vegetais, como 6leo
de palmeira, de oliva, de soja e de dendé (Kashyap et al., 2001). Outrossim, visando a
producdo de etanol 2G, a pectina presente na biomassa lignocelulésica também precisa ser

hidrolisada, sendo este mecanismo de degradacédo realizado por pectinases.

2.4.4 Caracteristicas e aplicacdes das ligninases

Diferentes espécies de fungos secretam diferentes enzimas extracelulares que
catalisam reacGes que levam a degradacdo da lignina. As mais importantes sdo as ligninas
peroxidases, manganés peroxidase e a lacase, mas algumas outras enzimas como as celobioses
quinona oxidoredutase, celobiose desidrogenase, glioxalato oxidase, glicose oxidase, alcool
veratrilico oxidase e algumas esterases podem participar do complexo processo natural de
decomposicdo da biomassa lignocelulésica (Call et al., 1997).

Fungos de decomposicdo branca sdo bem conhecidos pela habilidade de produzir
enzimas extracelulares oxidativas que iniciam um processo de despolimerizacédo ligninolitica.
Esta capacidade permite estender seu uso para uma série de aplicacdes biotecnoldgicas,
baseadas na degradacdo das estruturas de diversos compostos aromaticos (Mielgo et al.,
2001). Vaérios microrganismos produzem enzimas ligninoliticas, entre estes, 0s géneros
Pleurotus e Trametes sdo os mais amplamente estudados (Majeau et al., 2010, apud Bettin,
2010).

Os processos de obtencdo e clarificacdo de polpas celulésicas e de papel geram
residuos altamente toxicos como cloroligninas, clorofendis e outros organoclorados de baixo
peso molecular, além de substancias derivadas da lignina que dao cor escura aos efluentes.
Ligninases como a lignina peroxidase e manganés peroxidase podem promover a degradacéo

desses compostos e remover a cor se aplicadas ao tratamento dos residuos (Bhat, 2000).
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Fungos ligninoliticos sdo capazes de degradar aerobicamente uma grande variedade de
poluentes organicos recalcitrantes, incluindo varios tipos de corantes como azo-
trifenilmetano, antraquinonona, ftalocianina e corantes heterociclicos, assim como outros
efluentes industriais (Novotny et al., 2001).

As aplicacdes das ligninases ndo se restringem a degradacdo de compostos
recalcitrantes. A implantacdo de genes de Trametes versicolor em Saccharomyces cerevisiae,
permite que a levedura produza lacase, 0 que aumenta sua resisténcia a inibidores fendlicos na
hidrélise lignoceluldsica. Os resultados de um estudo detalhado deste sistema mostram que,
0s compostos fendlicos sdo um importante inibidor da fermentacédo, e que é vantajoso 0 uso
de linhagens de leveduras que expressam lacase na producdo de etanol a partir de compostos
lignocelulosicos (Larsson et al., 2001). Com esta finalidade, a lacase é utilizada na inddstria
vinicola, sendo usada como clarificante de vinhos ao remover fendis de suco de uvas brancas
(Carvalo, 2005).

2.5 Mecanismos de inducdo de celulases fungicas

As celulases fungicas sdo produzidas apenas na presenca de celulose (Mandels &
Reese, 1957). Entretanto, a celulose ndo induz diretamente a producdo das enzimas, por ser
um acucar insolavel. A inducdo s6 é possivel a partir da acdo de celulases basais, que
degradam a celulose a celooligossacarideos sollveis. Estes, por sua vez, conseguem entrar na
célula fangica desencadeando a inducdo (Gong & Tsao, 1979).

A celobiose € o menor celooligossacarideo com ligacdes B-1,4 e sua capacidade de
induzir as celulases ja foi verificada por varios pesquisadores. A celobiose é um indutor
encontrado na maioria dos fungos e provém da hidrolise da celulose por celulases
constitutivas (Gong & Tsao, 1979). A soforose, dissacarideo de glicose com ligagdes B-1,2,
pode induzir 2500 vezes mais a expressdo das celulases que a celobiose em T. reesei
(Mandels et al., 1962). A gentiobiose, dissacarideo de glicose com ligagdes p-1,6, induz 50
vezes mais celulases em Penicillium purpurogenum (Kurasawa et al., 1992), entretanto, tal
indugdo so € possivel apenas na presenga de um inibidor de B-glicosidases (Niwa et al., 1970).

No entanto, a soforose e a gentiobiose ndo compdem a celulose, sdo aglcares raros na
natureza e por isso devem ser formados por um processo conhecido como transglicosilagao.
Neste processo, as B-glicosidases convertem celooligossarideos em soforose ou gentiobiose
(Vaheri et al., 1979; Kurasawa et al., 1992).

Um modelo de inducdo proposto para celulases de P. purpurogenum pode ser

observado na Figura 8. No passo 1, celulases basais degradam a celulose em
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celooligossacarideos e glicose. Em seguida, no passo 2, os dissacarideos entram na célula e a
glicose ¢ assimilada como fonte de carbono. A [-glicosidase intracelular converte o0s
celooligossacarideos em gentiobiose e mais glicose. No passo 3, a gentiobiose induz as
celulases e estas sdo secretadas para fora da célula. Por fim, no passo 4, as celulases
secretadas degradam mais celulose em celooligossacarideos e glicose, dando continuidade ao

ciclo até que a celulose é esgotada (Suto & Tomita, 2001).

Micélio

N T o

Gentiobiose —{3}—» Sintese de celulase

IBGL

Celoligossacarideos -&»Glicose
. :

N o N

Celoligossacarideos Glicose

Celulase Constitutiva Celulase Secretada

Figura 8. Modelo de inducdo de celulases em Penicillium purpurogenum. Os nimeros de 1 a 4
correspondem aos processos de indugdo. Abreviacdo: IBGL: B-glicosidase intracelular (Suto &
Tomita, 2001).

2.6 Fontes de carbono para a producéo de celulases

Além da linhagem, a producéo de celulases € influenciada por diversos fatores, como a
concentracdo do substrato, condices de crescimento, aeracdo, temperatura e pH. Outro fator
importante para obterem-se altos niveis de enzimas € o emprego de linhagens geneticamente
modificadas que apresentem desrepressdo aos acucares (Dillon, 2006; Dillon et al., 2011),
bem como a fonte de carbono utilizada.

As celulases sdo enzimas induzidas e varias fontes de carbono foram estudadas para
identificar os substratos de maior efeito indutor desde Mandels & Reese (1957) e Mandels,
(1975) e estudos mais recentes podem ser encontrados na literatura (Tabela 2). A celulose é
reconhecida como o melhor indutor do complexo enzimatico das celulases, sendo a lactose e a
soforose os outros indutores mais importantes (Mandels et al., 1962; Mandels, 1975;

Harikrishna et al., 2000). Ryu & Mandels (1980) constataram que a inducdo do complexo
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enzimatico pela celulose, celobiose e lactose, s6 € possivel quando estes substratos estdo em
elevadas concentraces no meio de cultivo.

A natureza do substrato é muito importante para o crescimento do microrganismo
celulolitico. Mandels & Weber (1969) estudaram a inducdo de celulases em Trichoderma
viride, cultivando o fungo em varios substratos. Estes autores observaram que fontes
insoltveis de celulose, como Solka Floc® (polpa de celulose), algodao e papel filtro, sdo todas
indutoras de celulases, como também os dissacarideos sollUveis, lactose e celobiose. A
soforose (2-O-B-D-glicopiranosil-D-glicose) é um dissacarideo indutor que proporciona
elevada atividade celulolitica, enquanto o amido e a glicose ndo atuam como indutores dessas
enzimas.

Dillon et al. (2011) verificaram que a produgdo de celulases por P. echinulatum,
linhagem S1M29 ndo é inibida quando o meio de cultivo apresenta na sua composicao, além
de celulose, a sacarose como fonte de carbono. O trabalho também mostrou que um meio
formulado com apenas 0,5% (m/v) de sacarose permite obter um complexo celulolitico
favordvel para a hidrélise da celulose, com maiores atividades de FPA e endoglicanases,
qguando comparado a um meio de 1% (m/v) de sacarose. No entanto, verificaram-se maiores
atividades de B-glicosidases no meio de cultivo contendo 1% (m/v) de sacarose.

Meios de crescimento de T. reesei com concentracfes de glicose superiores a 0,1%
(m/v), inibem a secrecdo de celulases por repressdo catabolica (Abrahdo-Neto, 1995). No
entanto, Domingues et al. (2001) verificaram que concentragdo de glicose entre 0,04% e
0,06% (m/v) presentes no meio de cultivo ja sdo suficientes para inibir a acdo das celulases.
A repressdo catabdlica também pode ocorrer pela celobiose, dissacarideo produto da
degradacdo da celulose visto que é rapidamente hidrolisado. Zaldivar et al. (2001) indicaram
que o complexo celulasico de T. reesei é deficiente em celobiases, 0 que causa acumulacao da
celobiose e posterior limitacdo da sintese e atividade enzimatica pela inibicao pelo produto.

A utilizacdo de glicerol como substrato para producdo de enzimas e o
desenvolvimento de novos produtos com valor agregado, como na industria de alimentos,
bebidas e cosmeticos, torna-se estrategico (Klepacova et al., 2003), uma vez que a crescente
producdo de biodiesel — em todo o mundo e em especial no Brasil — deve levar a uma
producdo de uma grande quantidade de glicerol no mercado. llmen et al. (1997) identificaram
que a fonte de carbono glicerol é considerada “neutra”, ndo apresentando comportamento
indutor ou repressor, mas que, quando utilizada em presenca de celobiose, soforose ou
celulose, induz a sintese de celulases. Zampieri et al. (2013) verificaram que a utilizagdo de

glicerol como fonte de carbono possibilitou a producéo de endoglicanases.
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Na Tabela 2 sdo dispostos dados de atividade enzimatica sobre papel de filtro (FPA)

de diferentes microrganismos, decorrentes da producdo enzimatica em diferentes substratos e

diferentes concentragbes. Os dados foram obtidos em cultivos submersos, empregando

biorreatores com agitagdo mecanica e ou frascos mantidos sob agitagéo.

Tabela 2. Comparacdo na producdo de celulases empregando diferentes microrganismos e substratos

(adaptado de Reis, 2011).

Microrganismo Substrato Magnitude I(:LIJDI/?\mL) Referéncia
Acremonium cellulolyticus Palha de arroz Frascos 10,4 Hideno et al. (2011)
Aspergillus heteromorphus Palha de trigo Frascos 3,2 Singh et al. (2009)
Neurospora crassa Palha de trigo Frascos 1,33 Romero et al. (1999)
Penicillium brasilianum Solka Floc 200® (celulose) Biorreator 0,75 Jorgensen et al. (2005)
Penicillium citrinum Farelo de trigo Frascos 1,72 Dutta et al. (2008)

P. echinulatum 9A02S1 Bagaco de cana-de-agUcar Frascos 0,95 Camassola et al. (2009)
P. echinulatum S1M29 Celuflok E® (celulose) Frascos 2,0 Dillon et al. (2011)

P. echinulatum S1M29 Celuflok E® (celulose) Biorreator 0,9 Reis et al. (2013)

P. echinulatum S1M29 Celuflok E® (celulose) Biorreator 8,3 Reis et al. (2014)

P. echinulatum S1M29 Celuflok E® (celulose) Frascos 0,8 Novelo et al. (2014)

P. echinulatum S1M29 Bagaco de cana-de-agUcar Frascos 0,7 Schneider et al. (2014)
Penicillium janthinellum Bagaco de cana-de-agUlcar Frascos 0,55 Adsul et al. (2004)
Penicillium occitanis Polpa de papel Biorreator 23,0 Belghith et al. (2001)
Penicillium persicinum Solka Floc 200® (celulose) Biorreator 0,80 Jorgensen et al. (2005)
Penicillium pinophilum Solka Floc 200® (celulose) Biorreator 0,28 Jorgensen et al. (2005)
T. reesei RUT-C30 Salgueiro tratado a vapor Biorreator 2,80 Reczey et al. (1996)

T. reesei RUT-C30 Solka Floc 200® (celulose) Biorreator 4,65 Velkovska et al. (1997)
T. reesei RUT-C30 Lactose/glicose Biorreator 4,50 Domingues et al. (2001)
T. reesei RUT-C30 Solka Floc 200® (celulose) Frascos 1,50 Juhasz et al. (2004)

T. reesei RUT-C30 Esterco bovino Frascos 1,72 Wen et al. (2005)

T. reesei RUT-C30 Residuos de papeldo Biorreator 2,27 Szijarto et al. (2004)

T. reesei RUT-C30 Residuo fermentacdo milho  Biorreator 1,90 Ximenes et al. (2007)
T. reesei RUT-C30 Palha de arroz Frascos 1,07 Sun et al. (2008)

T. reesei ZU-02 Residuo sabugo de milho Biorreator 5,48 Liming & Xueliang (2004)
Trichoderma viride Celulose Frascos 4,95 Mandels et al. (1971)
T. viride Bagaco de cana-de-agUcar Frascos 0,88 Adsul et al. (2004)
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2.7 Fungos filamentosos

Os fungos filamentosos abrangem um grupo variado de seres multicelulares,
eucarioticos simples com genomas compactos e estdo amplamente distribuidos na natureza.
Muitas espécies sdo diretamente relevantes para os seres humanos e as atividades humanas,
com algumas espécies desempenhando papeis importantes na industria, agricultura e
medicina. Por exemplo, os fungos filamentosos sdo envolvidos na producdo de metabolitos
primarios e secundarios, incluindo &cidos organicos, enzimas, exopolissacarideos,
antibioticos, entre outros (Meyer, 2008; Gutiérrez-Correa et al., 2012.). Além disso, varias
espécies se tornaram organismos modelo para a compreensdao dos processos bioldgicos
basicos. Além de muitas espécies serem utilizadas na industria biotecnolégica e/ou
farmacéutica, muitos fungos filamentosos sdo também patogénicos em plantas e animais,
incluindo os seres humanos (Fisher et al., 2012).

Na industria biotecnoldgica, os fungos filamentosos sdo utilizados para produzir uma
vasta variedade de produtos que variam de terapéuticas humanas (por exemplo, agentes
bacterianos e antiflngicos) produtos quimicos especiais (por exemplo, enzimas comerciais,
acidos organicos), os quais representam juntos bilhGes de dolares em vendas anuais. Apenas
uma classe de compostos, as estatinas — utilizadas no tratamento de colesterol alto —
representa um mercado de quase US$ 15 bilhdes de dolares por ano nos Estados Unidos (Kim
et al., 2007).

Nos ultimos anos, devido a reducdo da oferta de petréleo e da necessidade de reduzir a
emissdo de carbono, impulsionou-se a busca por inovacdo e métodos eficazes para a producao
de biocombustiveis a partir da biomassa lignocelulésica através do uso de fungos

filamentosos produtores de enzimas lignoceluloliticas (Valencia & Chambergo, 2013).

2.7.1 Linhagens de Penicillium echinulatum

Penicillium echinulatum (Figura 9) esta entre os microrganismos com grande potencial
para a producdo de celulases (Dillon et al., 1999; Dillon et al., 2006; Dillon et al 2011). As
linhagens mutantes utilizadas em estudos para a producéo de celulases sdo provenientes da
linhagem selvagem denominada 2HH isolada de larvas do coledptero Anobium punctatum
(Carrau et al., 1981).

A linhagem mutante 9A02S1 de P. echinulatum foi obtida a partir da linhagem 2HH,
apos vérias etapas de mutagénese, caracterizando-se por ser um mutante parcialmente
desreprimido a glicose (Dillon et al., 2006). Este microrganismo esta depositado no Deutsche

Sammlung von Mikroorganismen und Zellkulturen - DSM 18942.



26

Mutantes selecionados, como é o caso da linhagem 9A02S1, sdo capazes de secretar
celulases com atividade de papel filtro maior do que 2 Ul/mL, empregando 1% (m/v) de
celulose como fonte de carbono, e com valores superiores a 30 U/g massa seca em
fermentagdo no estado sélido, usando bagaco de cana-de-aglcar (Camassola, 2007;
Camassola & Dillon, 2010).

A linhagem mutante S1IM29 de P. echinulatum foi obtida a partir da linhagem
9A02S1, por meio de mutagénese empregando peroxido de hidrogénio e selecdo dos mutantes
em meio suplementado com 2-deoxiglicose (Dillon et al., 2011).

A importancia do complexo enzimatico de P. echinulatum deve-se também ao fato
deste apresentar uma proporcdo equilibrada de atividades de FPA e B-glicosidase, fato
relevante para a hidrolise da celulose (Martins et al., 2008). Adicionalmente, FPA e -
glicosidases de P. echinulatum sdo importantes para hidrélise de celulose, pois as celulases
produzidas apresentam estabilidade térmica entre 50 °C e 55 °C, respectivamente (Camassola
et al., 2004).

- - £

Figura 9. Microscopia eletronica de varredura de Penicillium echinulatum em cultivo sélido. A —
aumento de 1200x, B —aumento de 2700x (Fonte: Camassola, 2008).

Reis et al. (2014) estudaram o efeito do pH na producéo de celulases e xilanases por
Penicillium echinulatum S1M29 em biorreator de bancada e descobriram que valores mais
altos de pH (5.5 — 7.0) favoreceram atividades de endoglicanases, xilanases e FPA, enquanto
que valores mais baixos de pH (4.0 — 6.0) favoreceram a atividade de B-glicosidases. Reis et
al. (2013) também avaliaram a producéo de celulases e xilanases por Penicillium echinulatum
S1M29 em batelada e batelada alimentada e concluiram que esta linhagem produz niveis
elevados de celulases e xilanases em biorreator, em cultivo sob batelada alimentada (Tabela
2).
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Novello et al. (2014), avaliaram a inducdo de enzimas com xilose em cultivos com
diferentes linhagens de P. echinulatum (selvagem 2HH; mutantes 9A02S1 e S1M29),
concluindo que a xilose atua como um indutor para a producdo de xilanases e celulases,
especialmente endoglicanases. Os autores também descrevem maiores titulos enzimaticos
quando a linhagem mutante S1IM29 é empregada.

Schneider et al. (2014) estudaram o efeito de seis diferentes fontes de carbono sobre a
morfogénese e producdo enzimética da linhagem S1M29 de P. echinulatum. Entre as seis
fontes de carbono estudadas, celulose e bagaco de cana-de-agucar foram as mais adequadas
para FPA, endoglicanases, xilanases ¢ B-glucosidases. No que se refere a morfologia de
crescimento de P. echinulatum, observou-se maiores atividades enzimaticas quando o micélio
crescia numa forma dispersa, correlagdo possivelmente explicada devido a uma maior
interacéo entre o substrato e as hifas.

Menegol et al. (2014a e 2014b) realizaram estudos de hidrélise enzimatica de capim-
elefante empregando a linhagem mutante 9A02S1 de P. echinulatum e verificaram que o pré-
tratamento com hidroxido de sodio foi 0 que proporcionou as maiores liberacfes de aglcares
redutores. Os autores também verificaram que o uso de surfacantes como Triton-X100® e
Tween-80® durante a hidrélise enzimatica de capim-elefante, favoreceram um aumento na
liberacdo de acucares redutores quando comparados com o controle sem a adicdo de
surfactantes. Neste mesmo trabalho, os autores verificaram que menores granulomentrias do
substrato capim-elefante (0,075 mm - 0,152 mm) estavam relacionados com maiores
liberacdes de acUcares redutores.

Zampieri et al. (2013) avaliaram e validaram genes de referéncia em P. echinulatum
S1M29 para permitir estudos de expressdo génica usando PCR quantitativo em tempo real
(QRT-PCR) e verificaram que B-actina (actb) foi o gene de referéncia mais estavel expresso
em P. echinulatum.

Recentemente, o sequencimento do fungo P. echinulatum foi realizado. De acordo
com resultados ainda ndo publicados ja € possivel ter uma visao geral sobre o seu genoma. P.
echinulatum possui um genoma correspondente a 30,5 Mb, 8500 genes ja foram mapeados,
sendo 174 pertencentes a familia das GHs e 615 proteinas secretadas preditas (dados nédo

publicados).

2.8 Gendmica de linhagens fungicas produtoras de enzimas
Com o répido desenvolvimento de técnicas de sequenciamento de DNA, as sequéncias

genémicas completas de mais de 100 fungos estdo disponiveis. A pesquisa atual em fungos
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filamentosos destaca a contribuicdo significativa da era genébmica e reconhece que as novas
abordagens avancadas poderdo analisar com eficiéncia os fungos através da aplicacdo da
gendmica funcional e, sem duvida contribuir para a compreensdo e utilizacdo de fungos
filamentosos (Jiang et al., 2013).

A sequéncia do genoma de T. reesei, linhagem selvagem QM®6a, foi
relatada em 2008 (Martinez et al., 2008). O resultado deste trabalho tem facilitado os estudos
dos sistemas bioldgicos deste fungo e verificou-se que T. reesei possui relativamente menos
genes que codificam enzimas lignoceluloliticas do que muitos fungos sequenciados, com
excecao de algumas hemicelulases (Kubicek, 2013).

Genes que codificam celobiose desidrogenases, endo-B-1,4-galactanases, feruloil
esterases, tanases, pectato liases e pectina esterases ndo foram encontrados
no genoma de T. reesei, e podem necessitar serem introduzidos a partir de outras espécies
para melhorar a eficacia de seu sistema enzimatico A sequéncia genémica de Acremonium
cellulolyticus (utilizado como um produtor de celulase por Meiji Seika Pharma Co., no Japao)
e Myceliophthora thermophila (usada por Dyadic Netherlands) também foram sequenciados
(Hinz et al., 2009; Kanna et al., 2011), embora os dados ainda ndo estdo publicamente
disponiveis até o presente momento. M. thermophila foi relatada contendo o triplo de celulose
monooxigenases e 0 quadruplo de proteinas contendo dominio de ligacdo de celulose quando
comparado a T. reesei, 0 que contribui para o melhor desempenho de suas enzimas na
hidrélise da lignocelulose (Visser et al., 2011).

O genoma de Penicillium decumbens, fungo utilizado na industria de celulase da
China, também ja foi sequenciado (Chen et al., 2011). De acordo com o método de screening
usando holocelulose como fonte de carbono, o sistema enziméatico de P. decumbens
demonstra elevadas atividades tanto de celulase como de hemicelulase. O sistema enziméatico
também apresenta relativamente alta atividade de B-glicosidase, o que é favoravel para a
hidrolise de lignocelulose (Shen et al., 2008). Além disso, P. decumbens produz grandes
quantidades de enzimas lignoceluloliticas dentro de um curto periodo de tempo — 3 a 4 dias —
(Cheng et al., 2009), alem de apresentar um maior numero de enzimas lignoceluloliticas,
especialmente hemicelulases, quando comparado ao T. reesei (Liu et al., 2013).

A andlise gendmica destes fungos industriais possibilitou esclarecimentos genéticos
para futuras investigacfes. Até o momento, ndo foi identificado nenhum fungo que possua
todos 0s genes que codificam todas as enzimas lignoceluloliticas conhecidas. Se uma enzima
de importancia ndo é codificada pelo genoma de um fungo, a sua auséncia pode ser

confirmada por ensaio enzimatica, e entdo a enzima pode ser suplementada por meio de
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expressao heter6loga. Assim sendo, 0 sequenciamento de genomas ajudara a identificar

enzimas lignoceluloliticas ndo reconhecidas (Liu et al., 2013).

2.9 Protedmica de fungos filamentosos

A protedmica € definida como a andlise sistematica do proteoma, que segundo Mark
Wilkins (1994), trata-se do conjunto de proteinas expressas por um genoma, célula ou tecido
em uma condicdo especifica. A protedmica permite identificar e quantificar o nimero de
proteinas que influenciam diretamente a bioquimica celular e prover uma analise do estado
celular, ou mudancas que ocorrem durante o crescimento, desenvolvimento ou resposta a
fatores ambientais, mostrando-se como uma tecnologia Util no estudo de sistemas bioldgicos
altamente dindmicos e complexos (Gomez-Mendoza, 2009).

Diferentes técnicas sdo empregadas numa andlise protedbmica (Ahrens et al., 2010). De
maneira geral, as metodologias empregadas em protedmica podem ser classificadas nos tipos
bottom-up ou top-down. O primeiro, também denominado shotgun, inclui separacdo por
cromatografia liquida dos peptideos obtidos apds digestdo triptica de solucbes proteicas
complexas, seguida de andlise por espectrometria de massas (MS). O topdown, ao contrério, é
um processo no qual as proteinas intactas (e ndo os peptideos) sdo submetidas a andalise por
MS. As abordagens bottom-up (shotgun) possuem muitas vantagens, como sensibilidade e
reprodutibilidade, mesmo para proteomas complexos como os de soro e lisados celulares.
Entretanto, as respostas obtidas sdo fragmentos de um todo e, embora seja possivel a
identificacdo de uma proteina com base em alguns peptideos, as modificacbes pos-
traducionais ndo sdo reconhecidas. Além disso, um peptideo pode ser perdido durante a
cromatografia ou ndo gerar espectros de massas adequados (Barbosa et al., 2012). Contudo, a
metodologia de shotgun ainda é reconhecida pela sua eficiéncia em identificar peptideos com
precisdo por MS e sequencia-los por MS/MS. Hoje esta metodologia €, sem ddvidas, a mais
utilizada em trabalhos de metaproteémica (Burnum et al., 2010).

Apesar de uma centena de genes que codificam enzimas lignoceluloliticas podem ser
previstos em um fungo, o perfil protebmico de secretomas sob condicdes especificas de
crescimento € necessario. Eletroforese bidimensional (2DE), Cromatografia liquida (LC) com
base em tecnologias proteémicas foram utilizadas para analisar os componentes de sistemas
de enzimas lignoceluloliticas de diversos fungos (Tabela 3).

Uma alta diversidade de proteinas estdo presente nos proteomas de fungos
filamentosos, heterogeneidade proporcionada pelo surgimento de multiplas modificagdes pos-

traducionais, como glicosilacéo, fosforilagéo, sulfonacgéo, acetilacdo e metilacdo, entre outras,



Tabela 3. Anélise protedmica de sistemas enzimaticos lignoceluloliticos produzidos por fungos ascomicetos (Liu et al., 2013). 30

Organismo Fonte de Carbono Método® de separacéo Principais proteinas no secretoma” Referéncia
(Proteina/Peptideo)
T. reesei’ - 2DE CBH, EG, BG, XYN Fryksdale et al. (2002)
T. reesei RUT-C30, CL847 Lactose; xilose com lactose 2DE, 2DE-LC CBH, EG, XG, BG, proteinas de ligacdo a Herpoel-Gimbert et al. (2008)
celulose, CIPI, CMO, ABF
T. reesei RUT-C30, Palha de milho pré-tratada SDS-PAGE-LC RUT-C30: CBH, XG, EX; Nagendran et al. (2009)
linhagem modificada® (RUT-C30) Spezyme CP: CBH, EG, XG, proteina ligada
a celulose CIPI
T. reesei RUT-C30 Xilose com 4cido acético com 2DE, 2DE-LC BX, CBH, PEP, XYN Jun et al. (2011)
L-arabinose com galactose; lactose
T. reesei QM6a, QM9414, Carboximetilcelulose SDS-PAGE-LC AMY, CBH, EG, ABF Adav et al. (2011)
RUT-C30, QM9114MG5

T. reesei QM6a, RUT-C30 Celulose; palha de milho, serragem  SDS-PAGE-LC - Adav et al. (2012)
T. reesei, Aspergillus spp., etc’ - LC NS22002: CBH, XYN,BG, EG; Chundawat et al. (2011)
NS50010, NS50029, Novozyme 188: AMY;;
NS50012: PEC;
NS50013, NS50053: CBH, EG;
Spezyme CP, Depol 670L: CBH, EG, XG;
Xilanase: XYN, XG;
Pectinase: ABF, PEC;
Acelerase 100: CBH, EG, BG.

N. crassa FGSC 2489 Miscanthus; celulose LC CBH, EG, BG, XG, arabinase, XYN Tian et al. (2009)

N. crassa FGSC 2489 Celulose LC CBH, CMO, EG, BG, celobiose Phillips et al. (2011)
desidrogenase

Aspergillus oryzae RIB40 Farelo de trigo 2DE, LC-SDS-PAGE Cultivo em estado-sdlido: AMY, PEP, BG; Oda et al. (2006)
Cultivo liquido: AMY, XYN

Aspergillus niger AB1.13 Xilose 2DE, SDS-PAGE-LC XYN, feruloil esterase, EG Lu et al. (2010)

Aspergillus fumigatus Fresenius Palha de arroz 2DE-LC CBH, BX, B-manosidase, ABF, hemolisina Sharma et al. (2011)

Aspergillus nidulans A78 Palha de sorgo SDS-PAGE-LC XYN, BG, CBH, CHI, PEP Saykhedkar et al. (2012)

A. niger, A. nidulans, Ustilago Farelo de trigo mais maltose SDS-PAGE-LC A. niger: AMY, ABF, EX, feruloil esterase; Couturier et al. (2012)

maydis, T. reesei CL847 A. nidulans: CHI, PEP, EX;

U. maydis: ABF, AGA, EX, GMC
oxidoredutase;
T. reesei: CBH, EG, EX, XG, BG

Penicillium funiculosum 8/403 Celulose com milhocina 2DE, LC-SDS-PAGE, LC CBH, XYN Guais et al. (2008)
Penicillium echinulatum 9A02S1 Celulose; bagaco de cana LC CBH, EG, solenina, BG Ribeiro et al. (2012)

P. decumbens 114-2 Celulose com farelo de trigo 2DE AMY, CBH, PEP, CMO, EG, XYN Liu et al. (2013)
Fusarium verticillioides 7600 Farelo de trigo com glicose SDS-PAGE-LC BG, AMY, a-fucosidase, AGA, BX Ravalason et al. (2012)

2DE, eletroforese bidimensional; SDS-PAGE, eletroforese em gel de poliacrilamida — dodecil sulfato de sédio; LC, cromatografia liquida; MS, espectrometria de massas; MS/MS, espectrometria de massas em tandem.

CBH, celobiohidrolase; EG, endo-B-1-4-glicosidase; CMO, celulose monooxigenase; EX, endo- B-1-4-xilanase; XG, xiloglicanase; BX, p-xilosidase; ABF, arabinofuranosidase; AGA, a-galactosidase; PEC, pectinase; AMY, amilase; CHI, quitinase;
PEP, peptidase.

°Enzima comercial LAMINEX, da Genencor.

Enzima comercial Spezyme CP, da Genencor.

*Apenas relagdes de proteinas entre diferentes amostras foram reportadas.

Enzimas comerciais da Novozymes, Genencor e Biocatalysts.
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que sdo extremamente importantes porque determinam a funcéo, estabilidade e localizacao
das proteinas (Kim et al., 2007).

Os ensaios baseados em eletroforese bidimensional geralmente identificam menos
proteinas do que os ensaios baseados em cromatografoa liquida, mas apresentam vantagens na
analise de modificacBes pos-traducionais em proteinas (Herpoel-Gimbert et al., 2008) e na
identificacdo de complexos multienzimaticos (Gonzalez-Vogel et al., 2011). As extensas
modificacbes pds-traducionais em proteinas secretadas tem tornado a identificagdo de
proteinas através de impressdes digitais massa peptideo (Fingerprint) dificil (Oda et al.,
2006), e, assim, a identificacdo de proteinas através de espectrometria de massa em tandem é
recomendada.

O método de espectrometria de massas (Chundawat et al., 2011) e outros métodos
precisos baseados na relacdo proteina/peptideo (Adav et al., 2012) apresentaram resultados
satisfatorios na analise dos sistemas de misturas enzimaticas. Complexos enzimaticos
produzidos por T. reesei foram frequentemente analisados nos ultimos anos. Elevadas
quantidades de celobiohidrolases (50% a 80%), endo-p-1,4-glucanases (15% a 20%) e
xiloglucanases (1% a 10%) tém sido detectadas nesses complexos (Chundawat et al., 2011;
Herpoel-Gimbert et al., 2008).

2.10 Secretdbmica de fungos filamentosos

Devido a alta complexidade dos proteomas, uma estratégia comumente adotada é o
estudo de fracdes especificas do proteoma total, ou seja, os subproteomas (Figura 10). Como
exemplos de subproteomas podem ser citados subproteomas de organelas (mitocéndria,
nucleo), glicoproteomas (proteinas glicosiladas), fosfoproteomas (proteinas fosforiladas) e
secretoma (conjunto de proteinas secretadas por um organismo) (Kim et al., 2007).

Considerando como uma fragdo do proteoma total do organismo, ou seja, um sub-
proteoma, esta o secretoma, que segundo a definicdo dada por Tjalsma et al. (2000) € o
conjunto de enzimas e demais proteinas secretadas por um determinado tipo celular ou por um
conjunto de células, assim como a maquinaria responsavel pela secrecdo destas proteinas.

A secrecdo de proteinas em fungos filamentosos tem um papel importante
principalmente na nutricdo dos mesmos. Muitas das proteinas e enzimas que séo secretadas
recebem atencdo pelo potencial por serem utilizadas em processos industriais, estimulando
pesquisas relacionadas a genética e mecanismos de secrecdo das enzimas (Gomez-Mendoza,
2009).



32

Células

o X {
\ J
e Comparagéo do genoma

I’ J Avalicdo das cépias de DNA 4 hibridizado para DNA microarrays ..
I ’ Gendmica ‘ e Sequenciamento de DNA Secretomica
|

| '
/ Screening das mutades n; elizqgc(t)rometna de massas baseada ‘
/-\\\~ Z g 1p
— %
- N
~——

e Mutacdes especificas-PCR
Cromossomos

4%
N I S S S S S . .

) m— o — oy,

— 7 s ol .

:@ ' - ” .;}J?" Lipideos

; —_ < Ng%, Lipidomica
.;N ‘
Metaboldémica \; I
' .| Perfil metabolomico I

Carboidratos . Al
.. \ Espectrometria de massas i’ |
Glicomica \ ) :
|
= e I
e A Aminoacidos
Transcriptbmica mRNA |
l Perfil de express&o { o DNA microarrays | Proteina Perfil protedmico '1 » Espectrometria de massas |
- ¢ Multiplex PCR . I
Perfil de expressdo de micro- 1 * DNA microarrays | Protedmica _ J * Espectrometria de massas
| e Multiplex PCR Perfil apds imunoprecipitacio com |
\ fosfoprotedmico ‘ fosfotirosina-anticorpos /
\ especificos
7’

i S e

Figura 10. Esquema das tecnologias 6micas, seus alvos de andlise correspondente e seus
respectivos métodos de estudo. DNA (gendmica) € primeiramente transcrito a mMRNA
(transcriptémica) e traduzido a proteinas (protedmica) que catalisa reagdes, originando metabolitos
(metabolémica), glicoproteinas e carboidratos (glicomica) e varios lipidos (lipidémica). Ao conjunto
de produtos secretados por um microrganismo da-se 0 nome secretdmica (adaptado de Sawyers,
2008).

Avancos na analise protebmica tém auxiliado os estudos sobre secretémica de fungos
filamentosos, principalmente porque eles podem elucidar vias de secre¢do, bem como genes
para delecdo ou co-expressao, para melhorar linhagens para fins biotecnolégicos. Além disso,
estudos de secretdbmica estdo sendo direcionados ndo somente para o entendimento do papel
dos fungos filamentosos como saprofitos onipresentes na natureza, mas também como uma
espécie de maquinaria celular capaz de secretar quantidades consideraveis de proteinas. No
caso de fungos celuloliticos, a secretdbmica foca na identificacdo de glicosil hidrolases e
componentes acessorios envolvidos na degradacdo de polissacarideos da parede celular de
plantas (Ribeiro et al., 2012).

Os secretomas de muitas espécies de fungos foram investigados nos ultimos anos.
Trichoderma reesei, conhecido como o mais eficiente fungo produtor de celulases, teve seu

secretoma revelado. Estudos envolvendo linhagens de T. reesei empregando diferentes fontes
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de carbono (Jun et al., 2011), diferentes pHs (Adav et al., 2011), foram realizados. Um
trabalho conduzido por Adav et al. (2012a), envolveu o secretoma da linhagem selvagem
QM6a e o mutante RUT-C30 de T. reesei crescidos em meios contendo celulose, palha de
trigo e serragem. Os autores concluiram que as enzimas lignoceluloliticos no secretoma de
ambas as linhagens de T. reesei sdo dependentes de fontes de carbono lignoceluldsicas. A
classificacdo funcional destas proteinas quantificadas revelaram 31,3, 17,9, 13,4, 22,0, 6,3,
3,3, e 5,6% de celulases, hemicelulases, proteinas de degradacdo de lignina, peptidases,
quitinases e fosfatases, transporte e proteinas hipotéticas, respectivamente. Nos trabalhos
envolvendo T. reesei, entre as enzimas encontradas nos secretomas, celulases correspondem o
grupo majoritario.

Silva et al. (2012), realizaram estudos com o secretoma de Trichoderma harzianum
crescido em bagago de cana, por meio de andlise de Blue native-PAGE e a analise do
secretoma revelou a acdo de celulases e hemicelulases agindo como complexos
multienzimaticos, o que é um tanto incomum para fungos filamentosos, ja que estes
normalmente secretam enzimas hidroliticas de forma individual que agem sinergicamente na
degradacdo de polissacarideos. Na analise do secretoma, foram identificadas
celobiohidrolases 1 e I, alfa-L-arabinofuranosidase, xilana-p-1,4-xilosidase, acetilxilana
esterases, cutinases, endo-B-1,4-xilanase, solenina, proteinas putativas, entre outras.

Em estudos posteriores de Gomez-Mendoza et al. (2013), o secretoma de T.
harzianum crescido em diferentes substratos provenientes da biomassa vegetal (glicose,
celulose, xilana e bagaco de cana) foi analisado por meio de atividades enzimaticas e
protedmica usando 2-DE/MALDI-TOF e gel free shotgun LC-MS/MS. Neste estudo
verificou-se que maiores atividades celuloliticas e xilanoliticas foram induzidas com o bagaco
de cana. A anélise de amostras por LC-MS/MS identificou 626 grupos diferentes de proteinas,
incluindo enzimas ativas em carboidratos e acessorias, nao-cataliticas e proteinas associdas a
parede celular. Embora o secretoma induzido pelo bagaco de cana tenha apresentado as
maiores atividades celuloliticas e xilanoliticas, ele ndo correspondeu a maior complexidade do
proteoma porque o secretoma induzido por carboximetilcelulose foi significativamente mais
diversificado. Entre as proteinas identificadas, 73% eram exclusivas a uma condi¢do, embora
apenas 5 % estavam presentes em todas as amostras.

O género Aspergillus tambem ¢é referido na literatura como produtor de enzimas
relacionadas com a degradacdo da biomassa e a secretoma de espécies diferentes foram
estudados. Um desses estudos envolve a analise protedmica de proteinas extracelulares de

Aspergillus oryzae cultivado em farelo de trigo em regime submerso e em estado sélido (Oda



34

et al., 2006). Proteinas diferentes foram encontradas em diferentes condi¢des de cultivo. No
estado solido, condicdo em que o fungo secreta mais proteinas, a maioria delas refere-se a
glicoamilases e peptidases B; no estado submerso, glicoamilases A, xilanases e quitinases
foram identificados. Em ambos os cultivos, a-amilase, B-glicosidase e xilanase foram
encontrados.

Aspergillus niger é relatado como produtor de pectinases. Em estudo empregando
diferentes fontes de carbono (glicose, glicerol, sorbitol, pectina, xilana e locust bean gum), de
aproximadamente 60 genes identificados no genoma de A. niger previstos para codificarem
enzimas pectinoliticas, a expressdo de 46 foi detectada, sendo que um grande nimero de
enzimas que degradam pectinas tem sido experimentalmente identificado por espectrometria
de massas (Tsang et al., 2009).

Outro estudo, realizado com o Aspergillus fumigatus avaliou a produgéo de glicosil
hidrolases em meio contendo palha de arroz (Sharma et al., 2011). Este estudo identificou a
presenca de trés B-glicosidases e cinco isoformas de celobiohidrolases | e endoglicanases em
seu secretoma, demonstrando o potencial de producdo destas enzimas, em particular (-
glicosidase, caracteristica reconhecida em espécies de Aspergillus.

Muitos estudos conduzidos com o fungo Neurospora crassa, outro produtor de
enzimas envolvidas na degradacdo da parede celular, ttm sido descritos Sun et al. (2012)
revelaram que N. crassa é capaz de expressar uma grande variedade de enzimas que
degradam a hemicelulose, e relatam que tanto xilana como celulose podem induzir a
expressao de genes de hemicelulase. Um estudo recente de Benz et al. (2014), buscou
compreender como N. crassa responde em funcdo dos trés principais polissacarideos da
parede celular: celulose, hemicelulose e pectina. Esta andlise forneceu provas de que N.
crassa, cultivado em meios contendo xilana, pectina ou casca de laranja em pd, usa seu
complexo enzimatico de forma mais eficiente para a degradacdo de pectina. Ainda, Phillips et
al. (2011) verificaram que o secretoma de N. crassa cultivado em celulose continha grandes
quantidades de celulose monooxigenases (14,6%), o que é relevante para a completa
degradacéo de celulose.

Enzimas envolvidas na hidrolise de biomassa lignocelulésica, especialmente
ligninases, foram identificadas numa analise protedmica quantitativa do basidiomiceto
Phanerochaete chrysosporium (Adav et al., 2012b) em diferentes biomassas lignocelulosicas
(palha de milho, feno, serragem, bagaco de cana-de-acucar, farelo de trigo e de aparas de

madeira).
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Os secretomas de varios outros fungos ja foram descritos sendo melhores na hidrolise
lignocelulolitica quando comparados ao secretoma de T. reesei (Gusakov, 2011). A analise
protedmica destes secretomas tém fornecido informagdes importantes para o desenvolvimento
de coquetéis enzimaticos altamente eficientes para a degradacdo de biomassa.

Entre os secretomas estudados, Guais et al. (2008) caracterizaram um coquetel
enzimatico chamado "RavobioTM Excel® produzido por Penicillium funiculosum
empregando diferentes técnicas de andlise protedbmica e foram encontradas em maiores
quantidades endoglicanases, celobiohidrolases e xilanases.

Outra especie de Penicillium, P. chrysogenum, apresenta um secretoma voltado
principalmente para a producdo de enzimas relevantes para a industria de alimentos, como
glicoamilases e sulfidril oxidases. No entanto, 12% de seu secretoma esta envolvido na
producdo de enzimas de degradacéo de parede celular, sendo encontradas pectinases e feruloil
esterases (Jami et al., 2010).

Penicillium decumbens também teve seu secretoma estudado e foi verificado que o
mesmo apresenta um sistema enzimatico lignocelulolitico mais diverso que T. reesei,
particularmente para proteinas de dominio de ligacdo a carboidrato e hemicelulases (Liu et al.,
2013).

Assim como outros do género Penicillium, um trabalho de protedmica envolvendo o
fungo Penicillium echinulatum foi conduzido por Ribeiro et al. (2012). Este estudo realizado
com a linhagem mutante 9A02S1 de P. echinulatum, revelou um perfil predominante de
enzimas do complexo celulolitico (endoglicanases, celobiohidrolases e B-glicosidases).
Membros da familia das glicosil hidrolases foram identificadas, incluindo endoglicanases
GHS5, 7, 6, 12, 17 e 61, P-glicosidases GH3, xilanases GH10 e GH11l, bem como
hemicelulases de GH43, GH62 e CE2 e pectinases de GH28.

Numerosos secretomas fungicos com véarias composicfes foram testados
a fim de avaliar seus efeitos sinérgicos com o sistema enzimatico de T. reesei. Se a sinergia é
detectada, o sistema de enzima pode ser ainda fracionado para encontrar o(s) componente(s)
sinérgico(s) ativo(s) (Liu et al., 2013).

O avango mais notavel nesta &rea é a descoberta das celuloses monooxigenases,
anteriormente classificados como GH61 - endo-B-1,4-glicanases (Ziféakova & Baldrian,
2012). Pelo método do screening de diversos fungos celuloliticos, pesquisadores da
Novozymes primeiramente verificaram que o secretoma de Thielavia terrestris atua

sinergicamente com o sistema enzimatico de T. reesei na hidrolise de palha de milho. Entéo, o
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secretoma de T. terrestris foi separado em diferentes fracbes e a importante funcdo das
proteinas GH61 na sinergia foi detectada (Merino & Cherry, 2007).

Além de T. terrestris, outros fungos, especialmente alguns patdgenos de plantas e
espécies decompositoras de madeira, tém exibido sinergia entre seus secretomas e o sistema
enzimatico de T. reesei. Ensaios enzimaticos e analise protedmica desses secretomas
fornecem informac6es para compreender a sinergia observada. Por exemplo, o secretoma de
Fusarium verticillioides é rico em [-xilosidase, a-L-arabinofuranosidase e pectinases
(Ravalason et al., 2012), e o secretoma de Ustilago maydis é rico em hemicelulases e glicose-
metanol-colina-oxirredutases (Couturier et al., 2012). Levando em consideracdo que 0s mais
sinérgicos sistemas enzimaticos sdo ricos em enzimas ndo-celuloliticas, o secretoma de
Trametes gibbosa mostrou oito vezes mais atividade especifica em celulose cristalina do que
T. reesei (Berrin et al., 2012).

A atividade sinérgica de proteinas também é afetada por glicosilacdo. Ja foi
encontrada uma glicoforma nédo-hidrolitica de celobiohidrolase I purificada de P. decumbens
exibindo notavel sinergia com preparacoes de celulase comercial na hidrdlise palha de milho
pré-tratados (Gao et al., 2012). Entretanto, a sinergia ndo é observada quando as outras trés
glicoformas codificadas pelo mesmo gene foram testadas. Portanto, a expressao eficiente da
forma necesséaria das proteinas sinérgicas deve ser considerada na engenharia de linhagens
para 0 melhoramneto da sinergia de sistemas lignoceluloliticos enzimaticos. Entre as
possiveis estratégias de engenharia de linhagens flngicas para aumentar sua produtividade
enzimatica estd a engenharia da via de secre¢do (Liu et al., 2013).

Analises do secretoma de fungos filamentosos sdo indispensaveis para conhecer a
identidade e funcdo do arsenal de enzimas hidroliticas extracelulares que participam da
degradacdo de compostos lignoceluldsicos e outros biopolimeros em resposta a diferentes
fontes de carbono e nitrogénio, visando uma aplicacdo biotecnoldgica de tais enzimas (Bouws
et al., 2008).
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Neste capitulo, € descrita a metodologia empregada no presente estudo. Um

fluxograma contendo os procedimentos realizados para a analise do secretoma das linhagens

de Pencillium echinulatum empregadas é apresentado na Figura 11.

Crescimento micelial

2HH e S1IM29 (1x10° por mL)

[ Penicillium echinulatum

-

0,2 g peptona

MEIOQO:
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0,1 g de Tween 80®
5 mL solugdo de sais minerais
1 g fonte de carbono
Agua destilada: volume final 100 mL

~N T

|

Glicerol

Glicose
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(0,24, 48, 72, Bagaco de cana-
%6e120h) \ | | de-acucar pré-
tratado por
180 rpm — 28°C — 120 h explosao a vapor
Coleta de sobrenadante pH
(0, 24, 48, 72, 96 € 120 h)
Atividades Proteinas totais 1D/ SDS-PAGE Espectrometria de massas:
enzimaticas: (48, 96 e 120 h) (96 h) LC-MS/MS (Q-TOf UItlma)

23 substratos
(48,96 € 120 h)

|

Analise de dados:

Mascot, Scaffold e demais

ferramentas de bioinformatica.

Figura 11: Fluxograma representando a metodologia empregada na anélise do secretoma da linhagem

selvagem 2HH e do mutante S1M29 de Penicillium echinulatum.
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3.1 Linhagens

Para a producdo de enzimas foram utilizadas a linhagem selvagem 2HH e o mutante
S1M29 de Penicillium echinulatum. As linhagens pertencem a cole¢do de microrganismos do
Laboratdrio de Enzimas e Biomassa do Instituto de Biotecnologia da Universidade de Caxias
do Sul.

3.2 Crescimento e manutengéo de linhagens

A linhagem selvagem 2HH e mutante S1M29 foram crescidas e mantidas em 100 mL
de agar-celulose (C-agar), consistindo de 40 mL de celulose intumescida, 10 mL de solugéo
mineral; 0,1g proteose peptona (Oxoid L85%); 2 g de 4gar e 50 mL de agua destilada. As
linhagens foram crescidas em tubos inclinados com C-agar por 7 dias a 28 °C até a formacéo
de conidios e entdo estocadas a 4 °C, conforme Dillon et al. (2006). A suspensédo de celulose
intumescida (2,5 g em 100 mL) foi autoclavada e, apds, permaneceu sob agitacao a 180 rpm
por 7 dias. Esta suspensdo foi armazenada a 4 °C até o momento do uso. Foi utilizada celulose
Celuflok E® (Celuflok Celulose e Amidos Ltda, Cotia, SP).

3.3 Producéo de enzimas

O meio de cultivo para a producdo de enzimas consistiu de 0,2 g de peptona; 0,05 g de
Prodex®; 1 g da fonte de carbono; 0,1 g de Tween 80®; 5 mL da solugdo mineral de Mandels e
Reese (1957) e agua destilada para completar o volume final de 100 mL. A solucdo mineral
de Mandels e Reese (1957) foi composta por: KH2PO4 (4 g); (NH4)2SO4 (2,6 g); CO(NH2),
(0,6 9); MgS04.7H20 (0,6 g); CaCl, (0,6 g); FeS04.7H,0 (0,1 g); MnSO4.H,O (0,03 g);
ZnS0,4.7 H,0 (0,029 g); CoCl,.6 H,0 (0,004 g). Estes sais foram dissolvidos em 1000 mL de
agua destilada, sendo a solucdo autoclavada e armazenada a 4°C.

Frascos Erlenmeyer de 500 mL, contendo 100 mL do meio de producéo, foram
inoculados com uma suspenséo de conidios 1x10° por mL, mantidos a 28 °C, em agitacdo
reciproca de 180 rpm, durante 120 horas. O experimento foi realizado em triplicatas e as
coletas foram realizadas a cada 24 horas. As amostras foram conservadas sob refrigeracéo
com azida sddica 0,02% (m/v).

Com o objetivo de avaliar o efeito de diferentes fontes de carbono na secretbmica da
linhagem selvagem e mutante de P. echinulatum, foram empregados como fonte de carbono:
celulose Celuflok E®, bagaco de cana-de-agUcar pré-tratado por explosdo a vapor (BCA),
glicose (PA) e glicerol (PA).



39

As amostras de BCA foram obtidas na usina Vale do Rosario, Fazenda Invernada,
Morro Agudo/SP. Nesta usina se utiliza descompressdo subita com descarga integral do
reator. A operacao € realizada em ciclos com carga de 840 kg de bagaco de cana-de-agUcar
50% umidade sem prévio tratamento. A operacdo utiliza vapor saturado (25 kg/cm?) com
injecdo automatica (rampa de 1 minuto), de modo que o reator opera a 16 kg/cm? durante
cerca de 7 minutos. Apos este periodo, o reator é descarregado através de uma véalvula de

cunha e 0 BCA é enviado a um silicone, onde ocorre a expansao e coleta.

3.4 Determinacdo direta do crescimento celular

O crescimento micelial dos meios contendo glicerol ou glicose como fontes de
carbono foi determinado através da massa seca fingica, de acordo com o método de Rapp et
al. (1981). Para tanto, 100 mL da cultura foi centrifugada por 9600 x g por 20 minutos, ap6s a
retirada do sobrenadante, os pellets foram lavados trés vezes com agua destilada (10 mL) e

apos secagem a 40 °C, até peso constante.

3.5 Determinagéo indireta do crescimento celular

A biomassa fangica dos meios contendo celulose ou BCA como fontes de carbono
foi determinada indiretamente pela hidrolise enzimatica da quitina da parede celular
(Bittencourt et al., 2002). Para tal metodologia, 1 mL da amostra foi centrifugada com 5 mL
de &gua destilada por 20 minutos a 9600 x g. Este procedimento teve como objetivo remover
acucares que podem interferir na metodologia. Ap6s a retirada do sobrenadante, foi
adicionado 3 mL de tampao citrato de sodio (pH 4,8; 0,05 mol/L) e as amostras foram tratadas
em ultrassom por 60 min. Em cada amostra foi adicionado 2 mL de uma solu¢do 30% (v/v) de
enzima (Viscozyme L®) diluida em tampéo citrato de sodio, por 24 horas a 45°C. Apés este
periodo, as amostras foram fervidas por 10 minutos para inativacdo da enzima. As amostras
foram resfriadas e centrifugadas 9600 x g.

Para a determinacdo do teor de N-acetil-D-glicosamina resultante da hidrélise da
quitina foi utilizada a metodologia segundo Aidoo et al. (1981). Em tubos contendo 1 mL da
amostra hidrolisada e centrifugada foi adicionado 1 mL da solugédo de acetilacetona (0,75 mL
de acetilacetona e completar para 25 mL de uma solugédo de carbonato de sodio 1,25 mol/L).
As amostras foram fervidas por 20 minutos. Apds o resfriamento, adicionou-se 6 mL de
etanol e 1 mL de 4-dimetilaminobenzaldeido (DMAB) (3,2 g de DMAB em 20 mL de etanol
e 20 mL de HCI). Os tubos foram incubados a 65 °C por 10 minutos e a absorbancia lida a
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530 nm. As concentracBes de N-acetil-D-glicosamina foram obtidas a partir de curva padréo

construida com concentracdes de N-acetil-D-glicosamina entre 0,5 a 1 mg/mL.

3.6 Determinagdes enzimaticas

Foram realizados ensaios de atividades enzimaticas dos sobrenadantes coletados em
48, 96 e 120 horas de cultivo, empregando-se um conjunto de 23 substratos diferentes
(Megazyme - Wicklow, Ireland e Sigma-Aldrich - St. Louis, MO, USA), a fim de mensurar
celulases, hemicelulases, pectinases, amilases e esterases. Os horarios de coleta foram
baseados nos resultados obtidos por Schneider et al. (2014).

As determinac@es enzimaticas, bem como os experimentos referentes a secretdmica de
P. echinulatum foram realizados no Laboratério Nacional de Ciéncia e Tecnologia do
Bioetanol (CTBE), em Campinas, SP, Brasil.

Os substratos empregados para a determinacdo de atividades foram os seguintes:

e Determinacao de celulases
- Totais: FPA ¢ B-glicano;
- Exoglicanases ou celobiohidrolases: Avicel® e p-nitrofenil-p-D-celobiosideo
(PNPC);
- Endoglicanases: carboximetilcelulose, laminarina (de Laminarina digitata) e
liguenana (de Cetraria islandica);

- B-glicosidases: p-nitrofenil-p-D-glicopiranosideo (pNPG).

e Determinacéo de hemicelulases
- Xilanases: xilana (de beechwood), rye arabinoxilana, wheat arabinoxilana,
xiloglicano, p-nitrofenil-p-D-xilopiranosideo (pNPX);
- Mananases: manana, galactomanana, locust bean gum (de sementes de Ceratonia

siliqua).

e Determinacéo de pectinases
- Pectinases totais: pectina (de frutas citricas).
- Arabinanases: larch arabinogalactana, debranched arabinana, arabinana (de

beterraba sacarina) e p-nitrofenil-a-D-arabinofuranosideo (pNPA).
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e Determinacéo de amilases
- Amido de batata.

e Determinacao de esterases

- Feruloil esterases: feruloil acetato.

Todas as atividades enzimaticas foram realizadas em triplicatas. A metodologia
empregada para a determinacéo das atividades enzimaticas foi realizada de acordo com Cota
et al. (2011) com modificacbes, exceto para FPA, que foi realizada de acordo com as
metodologias propostas por Ghose (1987), com as adaptaces conforme Camassola & Dillon
(2012). A determinagéo de esterases foi realizada de acordo com Koseki et al. (2006).

As unidades de enzimas com atividade sobre os polissacarideos foi assumida como a
quantidade de enzima capaz de liberar 1 umol de agucar redutor por minuto. Unidades de
enzimas com atividade nos substratos p-nitrophenyl foi assumida como a quantidade de
enzimas capaz de liberar 1 pmol de p-nitrophenyl por minuto. Feruloil esterases foram
assumidas como a quantidade de enzima capaz de liberar 1 umol de a-naphthyl acetato por

minuto.

3.6.1 Determinacéo de FPA (Filter Paper Activity)

Foram utilizadas placas de polipropileno de 96 pogos (com volume individual de 1,5
mL). Em cada poco da placa foi adicionado 30 pL de solug¢do enzimatica ¢ 120 puL de tampao
citrato de sddio (0,05 mol/L - pH 4,8). Entdo, a placa foi colocada em banho a 50 °C. Logo
apos, foram adicionados a cada pogo 5 mg de papel filtro (Whatmann n° 1) em tiras de 1 cm x
0,6 cm, mantendo-os por 60 minutos em banho a 50 °C. Em seguida, a reacdo foi
interrompida com a adicdo de 300 pL da solu¢do do reagente DNS (Miller, 1959) e,
posteriormente, a placa foi colocada em banho a 100 °C por 5 minutos.

Apos resfriamento em temperatura ambiente, foram adicionados 100 puL de amostra
em placa de poliestireno cristal de 96 po¢os (com volume individual de 0,4 mL) e adicionados
200 pL de agua destilada sendo a absorbancia medida em espectrofotdmetro a 545 nm.

A determinacgéo das atividades sobre papel filtro presentes nas amostras foi realizada
através de curva de calibracdo construida com solugfes de glicose com concentracfes de 0,
0,25; 0,5; 1,0; 1,5 e 2,0 mg/mL, por meio de regressao linear, utilizando o programa
Microsoft Office Excel 2010.
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3.6.2 Determinacdo de atividade sobre Avicel®, arabinana, carboximetilcelulose,
debranched arabinana, galactomanana, laminarina, larch arabinogalactana, locust bean

gum, pectina, wheat arabinoxilana, xiloglicano e manana

Para a dosagem das enzimas ativas sobre o0s substratos citados acima foram utilizadas
placas de polipropileno de 96 pocos (com volume individual de 100 pL). Em cada poc¢o da
placa, foi adicionada 46 uL de solugdo enzimatica, 4 uL. de tampao citrato de so6dio 1 mol/L,
pH 4,8. Entdo, a placa foi colocada em um termociclador a 50 °C. Logo apds, foram
adicionados a cada poco 50 pL da solugdo do respectivo substrato (0,5% m/v do substrato em
agua), mantidas em termociclador por 30 minutos. Em seguida, a reacédo foi interrompida com
a adicdo de 100 pL da solugdo do reagente DNS (Miller, 1959) e a placa foi colocada
novamente no termociclador a 100 °C, por 5 minutos. A leitura, em espectrofotdmetro, e a

determinacéo das atividades foi procedida tal como para FPA.

3.6.3 Determinacdo de atividades sobre liquenana e B-glicano

Na dosagem das enzimas ativas sobre 0s substratos citados acima também foram
utilizadas placas de polipropileno de 96 pogos (com volume individual de 100 pL). Porém, a
determinacdo das atividades foi realizada de forma distinta para as diferentes fontes de
carbono empregadas. Para as amostras contendo celulose ou BCA, em cada poco da placa, foi
adicionada 10 pL de solugdo enzimatica, 4 pL de tampéo citrato de sodio 1 mol/L e 36 uL de
agua destilada. Para as amostras contendo glicose ou glicerol como fontes de carbono,
procedeu-se tal como para o item 3.6.2. Entdo, a placa foi colocada em um termociclador a 50
°C. Logo apos, foram adicionados a cada poco 50 uL da solu¢do do respectivo substrato
(0,5% m/v do substrato em agua), mantidas por 10 minutos (para celulose e BCA) e 30
minutos no termociclador (para glicose e glicerol). Em seguida, a reagéo foi interrompida com
a adicdo de 100 puL da solucdo do reagente DNS (Miller, 1959) e a placa foi colocada
novamente no termociclador a 100 °C, por 5 minutos. A leitura, em espectrofotbmetro, e a
determinacéo das atividades sobre os substratos descrtitos acima foi procedida tal como para
FPA.

3.6.4 Determinacéo de atividades sobre xilana e rye-arabinoxilano
A determinacdo das atividades também foi realizada de forma distinta para as
diferentes fontes de carbono empregadas. Somente para as amostras da linhagem mutante

contendo celulose ou BCA, em cada poco da placa, foi adicionada 10 puL de solugdo
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enzimatica, 4 puL de tampao citrato de sodiol mol/L e 36 uL de agua destilada. Para as
amostras da linhagem selvagem contendo celulose ou BCA, e as amostras de ambas as
linhagens crescidas em glicose ou glicerol, procedeu-se tal como para o item 3.6.2. Entéo, a
placa foi colocada em um termociclador a 50 °C. Logo apo6s, foram adicionados a cada pogo
50 uL da solucdo do respectivo substrato (0,5% m/v do substrato em agua), mantidas por 30
minutos no termociclador, com excecdo das amostras da linhagem mutante contendo celulose
ou BCA (10 minutos). Em seguida, reacdo foi interrompida com a adi¢do de 100 pL da
solucgéo do reagente DNS (Miller, 1959) e a placa foi colocada novamente no termociclador a
100 °C, por 5 minutos. A leitura, em espectrofotbmetro, e a determinacédo das atividades sobre

0s substratos descrtitos acima foi procedida tal como para FPA.

3.6.5 Determinacéo de atividades sobre pNPA, pNPC, pNPG e pNPX

Em cada pogo das placas de polipropileno (com volume individual de 100 pL) foi
adicionada 46 pL de solugdo enzimatica ¢ 4 uL de tampao citrato de sodio. Na dosagem das
enzimas ativas sobre pNPG e pNPC, somente para 0s meios contendo celulose ou BCA como
fontes de carbono, em cada poco da placa foi adicionada 20 pL de solugdo enzimatica, 30 puL
de tampéo citrato de sodio 1 mol/L diluido, pH 4,8. Para os meios contendo glicose ou
glicerol, bem com a dosagem das enzimas ativas sobre pNPA e pNPX, procedeu-se tal como
o0 item 3.6.2. Entédo, cada placa foi colocada em um termociclador a 50 °C. Logo apds, foram
adicionados a cada poco 50 pL da solugdo do respectivo substrato (0,5% m/v do substrato em
agua), mantidas por 30 minutos. Em seguida, a reacdo foi interrompida com a adicdo de 100
uL de uma solugdo 10% (m/v) de carbonato de sodio.

A leitura das amostras foi estimada espectrofotometricamente por leitura da
absorbancia de pNPA, pNPC, pNPG e pNPX a 405 nm e a determinacdo das atividades foi
realizada através de curva de calibracdo construida com solugdes de p-nitrofenil com
concentracdes de 2,0 mmol/L, por meio de regressdo linear, utilizando o programa Microsoft
Office Excel 2010.

3.6.6 Determinacéo de atividades sobre feruloil acetato

Para as amostras contendo celulose ou BCA, em cada pogo da placa, foi adicionada 5
uL de solugdo enzimatica, 20 puL de tampao acetato de sodio (SAB) 100 mmol/L, pH 5,5 e 15
pL de agua destilada. Para as amostras contendo glicose ou glicerol como fontes de carbono,

em cada poco da placa, foi adicionada 20 pL de solugdo enzimatica ¢ 20 uL de tampdo SAB
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100 mmol/L, pH 5,5. Entdo, foram adicionados a cada po¢o 10 uL do substrato (solugédo 50
mmol/L em Dimetilsulfoxido — DMSO), incubados a 40 °C num termociclador, por 30
minutos. Em seguida, a reagdo foi interrompida com a adi¢do de 100 pL da solucdo do
reagente Fast Garnet (0,1% m/v do reagente e 15% SDS m/v em DMSO) e placa foi mantida
a temperatura ambiente por 10 minutos. Por dultimo, foi realizada a leitura, em

espectrofotbmetro, sendo a absorbancia medida a 545 nm.

3.7 Determinacao de proteinas sollveis totais

Para a determinacdo quantitativa das proteinas solGveis no secretoma de P.
echinulatum selvagem e mutante, foi empregado o método de Bradford (1976), utilizando
Bio-Rad Protein Assay. Foi construida uma curva de calibracdo, utilizando-se 80 pL de
solucBes padréo de albumina sérica bovina (BSA) com concentracdes entre 0 e 25 pg.mL™ e
20 uL do reativo de Bradford. A quantificacdo de proteinas das amostras do secretoma de P.
echinulatum foi feita com 20 pL do reativo de Bradford e 80 pL de amostra. A reacdo foi
incubada por 10 minutos a temperatura ambiente e posteriormente lida em espectrofotdmetro
a 595 nm.

3.8 SDS-PAGE de proteinas totais

De acordo com os resultados obtidos nas analises enzimaticas, as amostras de 96 horas
do secretoma de P. echinulatum foram submetidas a analise do perfil proteico, uma vez que
este periodo de cultivo correspondeu a maior parte dos picos enzimaticos. As amostras
contendo celulose ou BCA foram realizadas em triplicatas, enquanto as amostras contendo
glicose ou glicerol foram realizadas em uma replicata.

Para a determinacdo da massa molecular das celulases foi realizada eletroforese em gel
de poliacrilamida contendo 0,1% (m/v) de dodecil sulfato de sédio (SDS-PAGE). O gel
separador foi preparado a 12% (m/v), enquanto o gel empilhador foi preparado a 4% (m/v),
segundo metodologia descrita por Laemmli (1970). Padronizadas as amostras, foram
aplicados 11 pg de amostra em cada canaleta do gel para a corrida eletroforética em cuba
vertical Bio Rad Mini Protean System Cell a 110 V por aproximadamente uma hora e trinta
minutos. O marcador molecular utilizado foi PageRuler™ Unstained Protein Ladder.

A revelacdo das bandas do gel foi realizada com a incubacdo do gel durante 30
minutos em uma solucdo de 0,2% (m/v) de Coomassie Brilhant Blue G 250, 50% (v/v) de

etanol e 10% (v/v) de acido acético. Apods o gel foi lavado com agua destilada e imerso em
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uma solucdo de 50% (v/v) de etanol e 10% (v/v) de acido acético por 30 minutos. Todo o
processo de revelagdo foi realizado sob agitacéo reciproca de 50 rpm, até que bandas fossem

visualizadas.

3.9 Digestao de proteinas para analise por espectrometria de massas

O processo de digestdo de proteinas para analise por espectrometria de massas foi
realizado em duas etapas. Primeiramente, cortaram-se as bandas do gel (cada lane do gel foi
dividido em oito partes e, na sequéncia, cada parte foi cortada em pedacos ainda menores, em
torno de 1 mm). A fim de remover o SDS, as bandas foram descoloridas com a adi¢do de 0,5
mL da solucdo de descolaracdo (1mL de metanol + 50 mL &cido acético + 950 pL de agua
miliQ) e posteriormente incubadas por duas horas a temperatura ambiente.

Transcorridas as duas horas de incubacdo, a solucéo foi removida e foram adicionados
novamente mais 0,5 mL da mesma solucdo e incubada por uma hora a temperatura ambiente.
Em seguida, a solucéo de descoloracdo foi removida cuidadosamente com uma pipeta e o gel
foi desidratado, adicionando-se 200 pL de acetonitrila e incubando por 5 minutos. Na
sequéncia a acetonitrila foi removida e esta etapa foi repetida, sendo que o restante de
acetonitrila foi evaporado em speed vac, durante 2 a 3 minutos. Entdo, as bandas foram
reduzidas com 30 pL de uma solucdo de ditiotreitol (DTT) 10 mmol/L (1,5 mg de DTT em 1
mL de bicarbonato de aménio 100 mmol/L), incubadas por 30 minutos a temperatura
ambiente e posteriormente o DTT foi removido com auxilio de uma pipeta.

Em seguida, a alquilacdo das bandas foi feita com a adi¢do de 30 puL da solugéo de
iodoacetamida (IAA) 50 mmol/L (10 mg de IAA em 1 mL de bicarbonato de aménio 100
mmol/L), incubadas por 30 minutos a temperatura ambiente e protegido da luz e
posteriormente, foi removida a solucdo de IAA. Entdo, as bandas foram lavadas com 100 pL
de bicarbonato de am6nio 100 mmol/L (158 mg de bicarbonato de aménio em 20 mL de 4gua
miliQ) por 10 minutos e, logo apds, a solucao foi removida.

Posteriormente, o gel foi desidratado com 200 pL de acetonitrila, incubando por 5
minutos a temperatura ambiente. A acetonitrila foi removida e as bandas reidradatas com 200
pL de bicarbonato de amoénio 100 mmol/L por 10 minutos. Na sequéncia, 0 bicarbonato de
amonio foi removido e o gel foi desidratado com 200 pL de acetonitrila, incubando-o por 5
minutos a temperatura ambiente. Ent&o, a acetonitrila foi removida e o processo repetido. O
restante de acetonitrila foi evaporado em speed vac, durante 2 a 3 minutos.

Dando sequéncia ao protocolo, foram adicionados 30 pL da solucdo de tripsina

Promega® (20 pg de tripsina solubilizada em 1000 pL de bicarbonato de amdnio 50 mmol/L
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gelado) em cada microtubo de reacdo com gel, para reidratar por 30 minutos em banho de
gelo. Transcorrido o0 tempo necessario, as amostras foram homogeneizadas, o excesso de
solugéo de tripsina removido e adicionados 10 pL de bicarbonato de amdnio para cobrir o gel.
As amostras permaneceram em overnight a 37 °C.

No segundo dia, foram adicionados de 10 pL a 30 pL da solucdo de extracdo 1 (&cido
formico 5% (v/v) em agua miliQ) em cada microtubo (de acordo com o tamanho do gel),
incubados por 10 minutos a temperatura ambiente, dado um spin rapido em centrifuga e o
sobrenadante foi coletado e transferido em outro microtubo. Entéo, foram adicionados 12 pL
da solucdo de extracdo 2 (&cido formico 5% (v/v) em acetonitrila 50 % (v/v)) em cada
microtubo, novamente mantidos por 10 minutos a temperatura ambiente, dado um spin rapido
em centrifuga e entdo o sobrenadante foi coletado e transferido para o tubo que foi
previamente separado e ja contem o extrato do passo anterior. Este passo foi repetido mais
uma vez.

Por fim, as amostras foram evaporadas no speed vac de forma que restasse
aproximadamente 1 pL de amostra. As amostras foram armazenadas a - 20 °C até serem
transferidas para a espectrometria de massas.

3.10 Cromatografia liquida e espectrometria de massas

Para a aplicacdo das fracBes tripsinizadas no LC-MS/MS cada amostra foi
ressuspendida com 12 pL de acido férmico 0,1% (v/v), e uma aliquota de 4,5 uL da mistura
de peptideos foi injetado no cromatégrafo RP-nanoUPLC (nanoAcquity, Waters). A
cromatografia foi realizada em coluna C18 (100 pum x 100 mm) equilibrada com tampé&o de
0,1 % (v/v) de acido férmico. O gradiente de eluicao foi de 2% a 90% de acetonitrila (v/v) em
0,1% (v/v) de &cido férmico. Todo o sistema operou com a velocidade de 0,6 puL/min. A
medida que os peptideos eram eluidos da coluna, os mesmos eram injetados no espectrdmetro
quadrupolo-tempo de voo Q-Tof (Ultima Mass Spectrometer, Waters) com fonte de ionizagéo
do tipo elétron spray durante 60 minutos. O instrumento foi operado no modo “top three - MS
e MS/MS”, onde para cada espectro de MS adquirido, os seus trés peptideos nao
monocarregados (precursores) mais abundantes eram selecionados para posterior
fragmentacdo (gerando séries y e b) e sequenciados gerando um espectro MS/MS de cada
peptideo.

Os espectros foram adquiridos usando o software MassLynx v.4.1 (Waters - Milford,
MA, USA) e os dados brutos foram convertidos para o formato “peak list format (mgf)”, pelo

software Mascot Distiller v.2.3.2.0, 2009 (Matrix Science Ltd.). Estes resultados foram
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processados pelo software Mascot v.2.3.01 engine (Matrix Science Ltd.), utilizando o banco
de dados do sequenciamento do genoma das linhagens 2HH e M29 de P. echinulatum (2HH:
8504 sequéncias, 4286814 residuos; M29: 8552 sequéncias, 4298942 residuos) para a
digestdo e geracdo dos espectros de MS/MS téoricos. Os seguintes parametros foram usados
nesse processamento: carbamidometilacio como uma modificacdo fixa, oxidacdo da
metionina como modificacdo variavel, um erro de clivagem para a tripsina e erro maximo
permitido na massa do peptideo de 0,1 Da. Somente peptideos com no minimo 5 aminoacidos
e com score dentro da probabilidade de ndo ser um evento aleatério p<0,05 foram
selecionados como um produto de clivagem peptidica (ou seja, sdo parte de uma proteina). O
peptideo foi considerado Unico quando o mesmo difere em pelo menos um aminoacido de
outro ou ainda quando difere em modifica¢bes covalentes (incluindo elongacdes de N- ou C-

teminais).

3.11 Analise dos resultados

Anaélise dos dados referentes ao cultivo foram realizados no software PrismGraphPad
(versdo 5.0.1.334) e Microsoft Excel. Os resultados, quando necessario, foram analisados pela
variancia e pos-teste de Tukey para p < 0,05 e Teste-t (Student’s test) para p < 0,05.

Quanto a analise de dados de espectrometria de massas, empregou-se uma série de
ferramentas de bioinformatica para construir uma tabela de secretdmica. Para validacdo dos
dados da secretémica foi utilizado o software Scaffold 4 Proteomic (versdo 4.3.2 20140225).
Condicdes definidas para aceitar a identificacdo de uma proteina foi uma probabilidade acima
de 99%, com o minimo de dois peptideos diferentes para a identificacdo da proteina, cada um
com 95% de certeza. Os resultados da pesquisa mantiveram a taxa de falsa descoberta (FDR)
dos peptideos e das proteinas igual a zero.

A fim de verificar se as sequéncias das proteinas anotadas dos genomas das linhagens
2HH e S1M29 com identificacbes diferentes tratavam-se das mesmas, foi realizado o
alinhamento das proteinas, empregando o software Clustal Omega (Multiple Sequence
Alignment — EMBL-EBI) [62].

Verificadas as sequéncias de proteinas, as mesmas foram identificadas, empregando o
software BLAST (Basic Local Alignment Search Tool) [63]. Os parametros utilizados para
fazer a escolha das proteinas foram: e-value < e™°; identidade > 40% e query cover > 80%.

Com o objetivo de encontrar proteinas ativas sobre carboidratos (CAZymes), bem
como a presenca ou ndo de modulos de ligacdo a carboidratos, empregou-se o software

dbCAN (DataBase for Carbohydrate-active enzyme ANotation).


http://www.ncbi.nlm.nih.gov/BLAST/
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A presenca ou ndo de peptideo sinal foi realizada empregando-se os softwares SignalP
(versdo 4.1 — Server-CBS), SecretomeP (versdo 2.0) e YLoc (Interpretable Subcellular

Localization Prediction).
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4 RESULTADOS E DISCUSSAO

Nesta secdo sdo apresentados e discutidos os resultados das atividades enzimaticas e
secretbmica da linhagem selvagem 2HH e mutante SIM29 de P. echinulatum. Os seguintes
resultados e discussdes foram organizados em dois capitulos, os quais representam dois

artigos a serem submetidos a periodicos.

1. The potential of Penicillium echinulatum strains to the enzymes production for cell
wall hydrolysis and their application in second-generation ethanol technologies. Willian
Daniel Hahn Schneider, Thiago Augusto Gongalves, Cristiane Akemi Uchima, Laisa dos
Reis, Roselei Claudete Fontana, Fabio Marcio Squina, Aldo José Pinheiro Dillon, Marli

Camassola. — Artigo original submetido ao periddico Biomass & Bioenergy.

2. Secretome analysis of Penicillium echinulatum strains reveals its potential for
degradation of lignocellulosic biomass. Willian Daniel Hahn Schneider, Thiago Augusto
Gongcalves, Cristiane Akemi Uchima, M. Brian Couger, Rolf Prade, Fabio Marcio Squina,
Aldo José Pinheiro Dillon, Marli Camassola. — Artigo original a ser submetido ao

periodico Biotechnology for Biofuels.
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Highlights

e Glycerol acts as an inducing source for avicelases.

e Sugar cane bagasse is an efficient inducer for cellulolytic and hemicellulolytic
enzymes better than cellulose;

e Penicillium echinulatum produces high titers of esterases.

e The mutant strain produces enzyme complex with the greatest potential for enzymatic

hydrolysis.

Keywords
CAZymes, Penicillium echinulatum, enzyme production, carbon sources.

Abstract
One of the current challenges to produce second-generation ethanol is to obtain an

efficient enzyme complex for hydrolysis of lignocellulosic biomass. Genetic improvement of
lignocellulolytic fungi has helped to obtain strains that secrete higher enzymatic titers. This

article analyzes the enzymatic profile of two strains of Penicillium echinulatum, wild type
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2HH and mutant SIM29, grown on different carbon sources (sugar cane bagasse pretreated by
steam explosion, cellulose, glucose, and glycerol) at different cultivation times. To determine
enzyme activities, 23 substrates were used. P. echinulatum showed potential to produce
cellulases, hemicellulases, esterases, and in minor proportions, pectinases. The mutant strain
showed the highest enzymatic titers to most enzymes considered. This study broadened the
understanding of the enzyme complex of this fungus and the importance of future studies with

the mutant strain for its use in the production of second-generation ethanol.

1. Introduction
In recent years, the interest in reducing the dependence on fossil fuels and increasing

the amount of renewable raw materials in the energy supply chain has grown, due to
environmental and economic concerns. The lignocellulosic residues are a promising
alternative that can be effectively hydrolyzed into fermentable sugars for the production of
second-generation ethanol and integrated in the context of a biorefinery without competing
with the food supply chain [1-3].

Lignocellulosic biomass is the most abundant natural material present on Earth [4] and
is composed of four major polymer blocks: the polyphenol lignin and three polysaccharides:
cellulose, hemicellulose, and pectin. In combination with enzymes associated with plant cell
wall, structural proteins, and proteoglycans, these components form an intricate and
connected network that provides strength and durability to the plant cell wall [5]. The
deconstruction of lignocellulosic biomass requires an efficient enzyme complex, mainly
produced by fungal and bacterial genera [6], that enables the release of fermentable sugars
[7].

To degrade cellulose fiber, homopolysaccharide, formed by units of B-glucopyranose
(D-glucose) joined by B-1,4 glycosidic bonds, endoglucanases are necessary. These adhere to
internal bonds of the cellulose chain; exoglucanases or cellobiohydrolases, which adhere to
molecules of cellobiose from reducing and non-reducing ends of cellulose fiber; and -
glucosidases, which hydrolyze cellobiose into two glucose molecules [8].

Hemicellulose comprises a diverse group of polysaccharides; therefore, it is
considered to be a heteropolysaccharide composed mainly of xylan, but may also include
arabinoxylan, xyloglucan, mannan, glucomannan, and galactomannan. Its hydrolysis requires
the action of xylanases, xyloglucanases, B-xylosidases, endomananases, mannosidases,

arabinofuranosidases, and other enzymes [9].
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Arabinan, galactan, and arabinogalactan do not fit the classification of hemicellulose
and can be grouped with pectins [10]. Pectin, a complex polysaccharide containing the
primary chain of D-galacturonic acid, consists of four major structural classes:
homogalacturonan, rhamnogalacturonan I, xylogalacturonan, and rhamnogalacturonan 11 [11].
For hydrolysis of the structure, polygalacturonases, rhamnosidases, pectin lyases,
arabinanases and others are necessary.

The function of esterases in the hydrolysis of lignocellulosic material includes
breaking bonds between the main part of the hemicellulose and many kinds of lateral chains
[9]. Feruloyl esterases separate hemicellulose from lignin by breaking the ester bond between
ferulic acid and hemicelluloses [12]. Feruloyl esterases also act to disrupt lateral chains of
structures in the pectin [11].

The ability of filamentous fungi to secrete a pool of proteins has motivated their
intensive use in the production of industrial enzyme cocktails [13]. Mutant strains of
Trichoderma reesei and Aspergillus niger are among the most studied and used
microorganisms for the production of enzymes for hydrolysis of plant cell wall. However,
many species of Penicillium have been reported to produce enzyme systems with higher
performance than T. reesei and A. niger [14]. Among the species of Penicillium, P.
echinulatum has been the focus of attention because of its potential to produce high enzyme
titers of cellulase and is considered a promising strain for the second-generation ethanol
industry [15, 16].

Therefore, it is very important to study secretomics involving strains of P.
echinulatum, because the evolutionary process of such strains and the changes that occurred at
the enzymatic level are unknown. The aim of this study was to determine and evaluate
activities of different enzymes involved in the degradation of lignocellulosic material of
broths obtained from wild type 2HH and mutant SIM29 of P. echinulatum in submerged
culture, using sugar cane bagasse pretreated by steam explosion, cellulose, glucose, and

glycerol as carbon sources.

2. Material and methods

2.1 Growth and maintenance of Penicillium echinulatum strains
The wild type 2HH and mutant SIM29 strains of P. echinulatum were grown and

maintained in 100 mL of cellulose agar (agar-C) consisting of 40 mL of swollen cellulose, 10

mL of mineral solution, 0.1 g of proteose peptone (Oxoid L85®), 2 g of agar, and 50 mL of
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distilled water. The strains were grown in inclined tubes on C-agar for 7 days at 28 °C until
the formation of conidia and then stored at 4 °C as in Dillon et al. [17].

All mutant strains of P. echinulatum used in studies for the production of cellulases
are decedents of the wild type called 2HH isolated from Anobium punctatum beetle larvae. A
mutant strain 9A02S1 of P. echinulatum was obtained from the 2HH strain, after several steps
of mutagenesis, characterized as a mutant partially derepressed by glucose. This
microorganism is deposited in the Deutsche Sammlung von Mikroorganismen und
Zellkulturen - DSM 18942. The mutant S1M29 strain of P. echinulatum was obtained from
the 9A02S1 strain, through employing hydrogen peroxide mutagenesis and selection of

mutants in medium supplemented with 2-deoxyglucose [16].

2.2 Production of enzymes

The culture medium for enzyme production consisted of 0,2 g peptone, 0,05 g Prodex®

1 g carbon source, 0,1 g Tween 80°, 5 mL mineral solution [18] and distilled water to
complete a final volume of 100 mL.

Then, 500 mL Erlenmeyer flasks, containing 100 mL of the production medium, were
inoculated with a suspension of 1x10° conidia per mL and kept at 28 °C, in a reciprocal
agitation of 180 rpm for 120 h. The experiment was performed in triplicate and samples were
collected every 24 h to measure the mycelial growth. Supernatants of 48, 96, and 120 h of
cultivation were separated for enzymatic analysis, following the study of Schneider et al.
2014 [23]. The samples were kept under refrigeration and sodium azide for a final
concentration of 0,02% (w/v).

To evaluate the effect of different carbon sources on the production of enzymes by the
wild type and mutant P. echinulatum, were employed: cellulose Celuflok E® (Celuflok
Comercial Ltda, Cotia, SP, Brazil), sugar cane bagasse pretreated by steam explosion (SCB)
(Usina Vale do Rosério, Morro Agudo, SP, Brazil), glucose (Quimidrol - Joinville, SC,
Brazil), and glycerol (Sigma-Aldrich - St. Louis, MO, USA).

2.3 Direct determination of cell growth
The mycelial growth on the media containing glycerol or glucose as carbon sources

was gravimetrically determined. For this, 100 mL of culture were centrifugation at 9600 g for
20 min. After removal of supernatant, pellets were washed three times with distilled water (10
mL) and dried at 40 °C under reduced pressure until a constant weight.
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2.4 Indirect determination of cell growth
The fungal biomass of media containing cellulose or SCB as carbon sources was

determined indirectly by the enzymatic hydrolysis of chitin from the cell wall, as described by
Novello et al. [19].

2.5 Enzyme dosages
The enzymatic activity of the collected supernatants was tested using a set of 23

different substrates (Megazyme - Wicklow, Ireland and Sigma-Aldrich - St. Louis, MO, USA)
in order to measure the activity of cellulases, hemicellulases, pectinases, esterases and
amylases.

To determine the cellulases, the following substrates were employed: Filter paper, -
glucan, Avicel®, carboxymethylcellulose (CMC), laminarin (from Laminaria digitata),
lichenan (from Cetraria islandica), p-nitrophenyl-p-D-cellobioside (pNPC), and p-
nitrophenyl-p-D-glucopyranoside (pNPG).

The following substrates were employed to determine the hemicellulases: xylan, rye
arabinoxylan, wheat arabinoxylan, xyloglucan, p-nitrophenyl--D-xylopyranoside (pNPX)
mannan, galactomannan, and locust bean gum (from Ceratonia siliqua seeds).

Pectinases were measured using pectin substrate (from citrus fruits), larch
arabinogalactan debranched arabinan, arabinan (from sugar beet), and p-nitrophenyl-a-D-
arabinofuranosidase (pNPA). Feruloyl esterases were determined with feruloyl acetate and
amylases were dosed with potato starch substrate.

All enzymatic activities were performed in triplicate. The methodology employed to
determine enzymatic activities was performed according to Cota et al. [20] with
modifications, where 50 pL of substrate solution (0.5% w/v of the substrate diluted in water)
were added to 46 pL of enzyme solution and 4 pL of sodium citrate buffer 1 mol/L, pH 4.8.
The mixture was incubated at 50 °C for different periods depending on the substrate. The
reaction time of cultivation was 30 min for potato starch, Avicel®, arabinan, CMC,
debranched arabinan, galactomannan, laminarin, larch arabinogalactan, locust bean gum,
mannan, pectin, wheat arabinoxilan, xyloglucan, pNPA, pNPX, pNPC, and pNPG (for the
latter two, 20 mL of enzyme solution, 30 uL of sodium citrate buffer 1 mol/L dilute to the
samples containing cellulose or SCB). The reaction time of 10 min was used for lichenan and
B-glucan for samples containing SCB or cellulose (10 uL enzyme solution, 4 pL sodium
citrate buffer, and 36 pL distilled water); 10 min for xylan and rye arabinoxilan for samples of
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the mutant strain grown in SCB or cellulose (10 uL enzyme solution, 4 uL sodium citrate
buffer, and 36 uL distilled water). The Filter Paper Activity (FPA) was determined according
to the methodology described by Camassola and Dillon [21].

The reactions with filter paper and the remaining polysaccharides were stopped by
adding 300 pL and 100 pL of DNS reagent solution, respectively. The reactions carried out
with pNP substrates were stopped by adding 100 pL of sodium carbonate 10% (m/v).

The activity of feruloyl esterases was determined according to the methodology
described by Koseki et al. [12]. For the samples containing cellulose or SCB were used 5 pL
of enzyme solution, 20 pL of sodium acetate buffer (SAB) 100 mmol/L, pH 5.5, and 15 pL
distilled water was added. For samples containing glucose or glycerol as carbon sources, 20
uL of enzyme solution and 20 puL of 100 mmol/L SAB buffer were used. Then, 10 uL of
substrate (50 mmol/L solution in Dimethyl sulfoxide — DMSQO) was added, incubated at 40 °C
in a thermocycler for 30 min. Next, the reaction was stopped by adding 100 uL solution of
Fast Garnet reagent (0.1% w/v Fast Garnet and SDS 15% w/v in DMSO) and kept at room
temperature for 10 min.

The units of enzymes with activity on the polysaccharides were assumed as the
amount of enzyme capable of releasing 1 umol of reducing sugar per min. Units of enzyme
with activity on the p-nitrophenyl substrates were assumed as the amount of enzyme capable
of liberating 1 umol of p-nitrophenyl per min. Feruloyl esterases were assumed as the amount
of enzyme capable of liberating 1pumol of a-naphthyl acetate per minute.

2.6 Analysis of the results
The analysis of data regarding to pH, cell growth and enzyme activities were

performed in PrismGraphPad (version 5.0.1.334) software. The results, when necessary. were
analyzed by variance and Tukey's post-test for a p<0.05 and T-test (Student’s test) for a
p<0.05.

3. Results and Discussion

3.1 Variations in pH and mycelial growth
The variations in pH in both the culture with the wild type 2HH and the mutant

S1M29 strains of P. echinulatum were similar (Figs. 1A-1B). The pH oscillated in a range of
2.4 - 7.8 in cultures with both strains using the four different carbon sources. Fluctuations in

pH were similar in both studied strains. Minor variations of pH were observed in the culture
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media formulated with SCB or glycerol. The media formulated with glucose or cellulose
showed decreased pH value after 24 and 48 h (for 2HH strain) of culture, respectively,
suggesting that these carbon sources, which are constituted by the free or grouped hexoses,
provided the greatest fungal metabolism. Smaller decreases in pH values may be due to the
more complex constitution of the sample, as SCB, containing different substances that
contributed to the buffering of the medium. Glycerol, a molecule of low and simple molecular
weight compared to the SCB, is possibly consumed by routes that do not cause or reduce the
production of organic acids or H" ions that are released into the medium.
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Fig.1. Variations in pH (A and B) and mycelial growth (C and D) of wild type 2HH and
mutant S1M29 of Penicillium echinulatum in submerged cultures using different carbon

sources.

In filamentous fungi cultures with uncontrolled pH, a decrease in pH occurs during
growth on carbohydrate substrates, and after depleting the carbon source, an increase in pH is
observed [22]. Therefore, the decrease in pH occurs due to consumption of ammonia present
in the production medium in the form of ammonium sulfate with the release of H ions into
the medium.

Similar behaviors were seen by Schneider et al. [23] who used six different carbon
sources and found changes in pH in the culture with P. echinulatum, S1M29 strain, in

medium formulated with glucose or sucrose, two carbon sources, which are easy and rapidly
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assimilated by the fungus. The rapid metabolism in the medium with glucose as carbon
sources may also have occurred in parallel with the fastest rise in pH. These data are in
agreement with studies of Sternberg and Dorval [24], who also found that pH can be a
indicative parameter of the intensity of metabolism, compared to growth, analyzing the
fungus kinetics growth in glucose for both strains.

All the carbon sources were used for both strains; however, the amount of mycelial
mass varied in the strains during the 120 h of cultivation for all the tested carbon sources
(Figs. 1C-1D). There was notable increase in mycelial mass after 24 h of cultivation for all
carbon sources and for both strains. It was observed a small decrease in pH in cellulose
medium with de wild type, but mycelial mass increase was observed in both strains in media

formulated with cellulose.

3.2 Enzymatic activities in cellulosic substrates

Different substrates were used to dose cellulases. Activities by the SIM29 strain on f3-
glucan and filter paper substrates were the highest of all (Fig. 2). For p-glucan substrate the
culture media formulated with SCB or cellulose peaked at 6.7 £ 1.037 IU/mL and 4.97 £
0.777 1U/mL, respectively, at 96 h cultivation (Fig. 2B). When the 2HH strain was used, the
mediums with SCB or cellulose showed the best results again, but did not reach 1 IU/mL (Fig.
2A), which demonstrates a greater potential of the enzyme broth secreted by the mutant strain
S1M29.

For activity on filter paper in all carbon sources tested with the 2HH strain, the
enzymatic activities were not greater than 0.05 1U/mL (Fig. 2C) while the culture medium
using the S1M29 strain reached 0.23 + 0.018 IU/mL and 0.06 = 0.027 1U/mL when SCB (120
h) or cellulose (96 h) were used as carbon sources, respectively (Fig. 2D). Medium using
glucose or glycerol with the SIM29 strain had a small increase of activity at 120 h of
cultivation.

Regarding to avicelase activities profile, the wild type strain 2HH presented the
greatest activity when the fungus was grown in glycerol (Fig. 2D). The S1M29 strain had
similar activity peaks for all carbon sources tested (Fig. 2F). The maximum activities were
detected in SCB medium at 120 h of cultivation, which were around 0.073 1U/mL (no
statistical differences were observed between the carbon sources, according to Tukey’ test,
p>0.05). The culture medium using the 2HH strain showed a similar profile to SIM29, except
with the medium formulated with glycerol, which showed significantly higher enzyme
activity (0.114 TU/mL) (Student’s test p<0.05) at 96 h of cultivation. Thus, it is evident that
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the production of avicelases showed no major differences between the strains employed when
the determination is made using this enzyme and done with microcrystalline cellulose Avicel®

as substrate.
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Fig 2. Enzymatic activities in cellulose substrates of wild type 2HH and mutant S1IM29 of

Penicillium echinulatum in submerged cultures using different carbon sources.

3.2.1 Cellobiohydrolases

Cellobiohydrolases were measured using pNPC substrate (Figs. 3A-3B), which found
major differences in the production of this enzyme. For this substrate, the mutant strain
showed the highest secretion of these enzymes. The highest activities were around 0.1 1U/mL
for the medium formulated with SCB and 0.15 IU/mL for the medium formulated with
glucose, both at 120 h.
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3.2.2 Endoglucanases

The activity of endoglucanases clearly showed the difference in the production of this
enzyme between the two strains (Fig. 3). When the substrate lichenan was used (Fig. 3D), the
highest activities were detected in the medium with cellulose (1.93 IU/mL) and in the medium
with SCB (1.33 IU/mL). Despite being three times lower, liquenanase activities of the 2HH
strain (Fig. 3C) followed a similar profile as SIM29; however, the activities were increased
with enzyme peaks at 120 h of cultivation.

When CMC was used as the substrate for determining the activity of endoglucanases,
the maximum activity of the 2HH strain was 0.26 1U/mL of endoglucanases produced when
grown in SCB medium at 48 h (Fig. 3E). The medium formulated with SCB or cellulose
grown with the S1IM29 strain reached peaks of 0.69 = 0.066 IU/mL and 0.53 £ 0.008 1U/mL,
respectively, both at 96 h of cultivation (Fig. 3F). Statistical differences were observed in
SCB activities for both strains comparing to another carbon sources (p<0.05). The increased
activity for medium formulated with glucose or glycerol was noteworthy at 120 h with the
S1M29 strain, reaching peaks of 0.46 + 0.199 IU/mL for glucose and 0.21 + 0.035 1U/mL in
glycerol, showing statistical differences. When the laminarin substrate was used
(supplementary material), there was little difference between the enzymatic activity and

smaller endoglucanases activities were detected for all substrates for this enzyme dosage.

3.2.3 p-glucosidase

The activities of B-glucosidase on pNPG substrates were reduced (Fig. 3). In cultures
performed with both 2HH and S1M29 strains, the activities were lower than 0.06 1U/mL.
Cellulose provided the highest activities for 2HH (Fig. 3G) (0.053 £+ 0.007 1U/mL), while
media formulated with glucose or cellulose allowed the highest activities of B-glucosidase in
culture with S1M29 (0.043 + 0.003 1U/mL), both at 120 h (Fig. 3H). No statistical differences
were observed between activities in cellulose (2HH) and glucose (S1M29) at 120 h (p>0.05).
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Fig.3. Cellobiohydrolases (A — B) endoglucanases (C — F) and B-glucosidases (G — H)

secreted by wild type 2HH and mutant S1IM29 of Penicillium echinulatum in submerged

cultures using different carbon sources.

The activities of cellulases obtained in this study corroborate the results obtained by

Schneider et al. [23], who found higher activities of cellulases in medium formulated with

SCB or cellulose, when the SIM29 mutant strain was employed and 1% (w/v) of carbon

sources were used. Likewise, Novello et al. [19] also detected higher enzyme titers of FPA

and endoglucanases when the S1IM29 strain was used, in the same conditions, in medium
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prepared on cellulose, than when other carbon sources were used, such as glucose or xylose in
the culture or with other strains of P. echinulatum.

Juhész et al. [25] tested different carbon sources on production of cellulases of T.
reesei Rut-C30 and found that the maximum FPA activities (1.2 1U/mL) were obtained using
Solka Floc® cellulose at 168 h of cultivation. llmen et al. [26] verified insignificant levels of
cellulases production with glucose, fructose and glycerol. According to the authors, glucose
caused catabolite repression in T. reesei QM9414. This possibly explains the low enzymatic
activities of P. echinulatum in medium formulated with glucose, in most substrates employed
to characterize the enzyme pool of P. echinulatum, i.e. glucose is not an inducing source of
cellulase. However, cellulose and SCB acted as inducers of cellulase in this study. Delabona
et al. [27] reported obtaining higher activities of FPA (0.78 1U/mL) using SCB treated by
steam explosion. That study used the P49P11 strain of Trichoderma harzianum, and the
evaluated carbon sources were SCB, sucrose, glycerol, lactose and fructooligosaccharides.

The results obtained for cellulase activity are consistent with the data obtained by
Mandels and Reese [18], who suggested that the expression of cellulase does not occur on
carbon sources that promote rapid growth as glucose and glycerol, but from more complex
sources such as cellulose or disaccharides like cellobiose or lactose. However, the statement
does not explain the enzymatic profile observed when the 2HH strain was grown in a medium
containing glycerol when the avicelase activity was higher. Therefore, it is suggested that the
medium formulation for the production of enzymes for hydrolysis of lignocellulosic be
performed using glycerol by product from the biodiesel as a soluble inducing carbon source.

It’s possible that the highest cellobiohydrolase activity in the medium prepared with
glucose, at 120 h, be related to the fact that P. echinultaum has produced this enzyme to
hydrolyze carbohydrates present in the fungal cell wall, occurring a cell lysis process.
Another possible explanation is that the substrate pPNPC may have been degraded by another

enzyme secreted by the fungus in glucose medium.

3.3 Enzymatic activities in hemicellulose substrates
3.3.1. Xylanases

High enzymatic activities were detected using rye arabinoxylan as substrate and again
the media formulated with SCB or cellulose showed values of enzyme activity higher for the
S1M29 strain (Fig. 4B). In fact, the activities using the mutant strain were relatively higher to
the wild type (Fig. 4A) reaching 3.22 + 0.164 IU/mL with SCB and 2.41 + 0.001 IU/mL with

cellulose, in 120 and 96 h, respectively. Again, the enzymatic activities of the medium



62

prepared with glucose or glycerol were low. The substrate xylan from beechwood also

provided elevated enzymatic activity (Figs. 4C-4D), but only when the enzyme broths

produced by the S1IM29 strain grown on cellulose or SCB were used. The produced xylanases
were in the range of 2.81 £+ 0.035 IU/mL when SCB was used in 120 h of cultivation, and

2.56 + 0.205 IU/mL when cellulose was used as a carbon source, for 96 h (Fig. 4D).
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However, when other substrates for measurement of xylanases were used, including
pNPX (Figs. 4E and 4F) and wheat arabinoxylan (supplementary material), lower activities
were achieved. The activities of wheat arabinoxylan obtained at 120 h were 0.21 IU/mL when
SCB was used, and 0.13 IU/mL for the cellulose using the SIM29 strain. The enzyme broths
secreted by 2HH and S1M29 demonstrated B-xylosidases activity on the substrate pNPX
lower than 0.1 IU/mL, where the mutant strain again produced the highest titer of this
enzyme. The enzymatic peaks of B-xylosidases were detected when both strains were grown
in culture medium formulated with SCB, at 120 h cultivation.

3.3.2. Xyloglucanases

Activities using xyloglucan as substrate were detected at low levels. The medium
formulated with cellulose reached of 0.38 IU/mL of xyloglucanase activities in 96 and 0.37
IU/mL in SCB, at 120 h of cultivation when the S1IM29 strain was employed (Fig. 4G). The
wild type strain produced 0.19 1U/mL and 0.13 1U/mL xyloglucanases, in medium with SCB

or cellulose, respectively (Fig. 4H).

3.3.3 Mannanases

Mannanase activities were measured using mannan, galactomannan, (Fig. 5) and
locust bean gum (supplementary material) as substrates. The highest enzymatic titers were
achieved when the mannan and galactomannan substrates were employed, verifying that
medium formulated with cellulose or SCB were again more efficient when compared with
glucose and glycerol. The enzymatic peaks using mannan as substrate were achieved in
medium with SCB or cellulose in 120 h of cultivation and were around 0.55 1U/mL with the
S1M29 strain (Fig. 5B) and 0.35 IU/mL with the 2HH strain (Fig. 5A). No statistical
differences were observed in wild type and mutant between activities at 96 and 120 h in SCB,
according Student’s test (p>0.05). The maximum activity of the mannanases in the mutant
strain on the galactomannan substrate was 0.51 + 0.012 IU/mL and 0.46 = 0.040 IU/mL, at
96 h of cultivation, when cellulose or SCB were used, respectively, with statistical differences
(p<0.05) (Fig. 5D). When glucose or glycerol was employed, no activities were detected on
the galactomannan substrate. The same happened with the broths produced by the 2HH strain
(Fig. 5C); maximal activity of the mannanases in the medium formulated with cellulose was
0.21 £0.035 IU/mL and SCB was 0.13 + 0.031 1U/mL, which is less when compared with the

S1M29 strain, showing no statistical differences (p>0.05). But, significant differences were
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observed for activities in cellulose comparing both strains at 96 h. Following the same
enzymatic profile, the activity of the mannanases on the locust bean gum substrate was lower

compared to mannan and galactomannan substrates.
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Fig.5. Mannanases secreted by wild type 2HH and mutant S1IM29 of Penicillium echinulatum

in submerged cultures using different carbon sources.

The analysis of the enzymatic profile of secreted hemicellulases demonstrates once
again the difference between the production of these enzymes on the used strains, confirming
that the mutant strain produces more hemicellulases than the wild type.

Novello et al. [19] in a study involving three strains of P. echinulatum, a wild type
and two mutant strains, showed different levels of xylanase expression with different carbon
sources for the different strains employed. They found evidence for a change in transcription
and translation in relation to the expression of xylanases in the tested strains, because the
mutant strains secreted more Xxylanolytic enzymes. Although xylanolytic activity was
identified when cellulose was used as a carbon source, higher enzymatic activities were
achieved when xylose was used as the carbon source, showing the importance of the inducing
source.

Some hemicellulolytic enzymes worth mentioning in this work, such as certain
xylanases determined on the rye arabinoxylan and beechwood xylan substrates, were

produced in high titers when S1IM29 strain was employed. Schneider et al. [23] also detected
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higher xylanase activity when cellulose or SCB were used as a carbon source compared with
glucose and glycerol. Similar data were reported by Zampieri et al. [29] for the 9A02S1 strain
of P. echinulatum and by Seyis and Aksoz [30] in the fungus T. viride in medium formulated
with glucose, indicating a possible constitutive production of xylanase. Other studies
associated with constitutive xylanolytic activities in Trichoderma sp. [31] showed that basal
levels of xylanolytic activity correspond to the activity of xylanase xyn 2, whose transcription
was not affected by the presence of glucose in the culture medium, but which had increased
levels of expression in the presence of xylan, xylobiose and sophorose. On the other hand, the
production of xylanase xyn 1 was subjected to full repression when only glucose was present
in the medium as a carbon source.

Although low activities of xyloglucanases, PB-xylosidases and mannanases were
detected, the presence of these enzyme activities is import in the enzymatic hydrolysis of
lignocellulosic biomass. Because the cellulose fibers are linked with other types of
polysaccharides, accessory enzymes are needed to ensure the exposure of the cellulose.
Among these polysaccharides is the xyloglucan, which is intimately connected to these fibers.
Xyloglucanases are required to facilitate the access of cellulases. The B-xylosidases are
important when the complete hydrolysis of xylan is required, for removing B-xylosyl residues
at the nonreducing terminal region of xylobiose and Xxylooligosaccharide, which is an
essential process to minimize the inhibition by the final product of endoxylanases for the
complete hydrolysis of xylan. The group of enzymes belonging to the mannanases act mainly
on structures called mannans and galactomannans. The f-mannanases (endo-1,4-B-
mannanases) attack internal glycosidic bonds of the structural chains of mannan, generating
short-chain B-1,4-mannooligosaccharides. Meanwhile, -mannosidases generate mannose as
part of oligosaccharides, cleaving mannobiose in units of mannose [32].

In the literature, Trichoderma reesei is cited as one of the best secreting
hemicellulases, producing high concentrations of most hemicellulases already described for
microorganisms [33]. In A. niger and T. reesei, exposure to xylose induces the genes for
hemicellulases, as well as enzymes involved in the utilization of xylose (xylose reductase and
D-xylulokinase), although levels above 1 mmol/L have the opposite effect [34].

The results obtained in this work for celluloses and hemicellulases are in agreement
with the results obtained by Ribeiro et al. [35], who assessed the secretome of the mutant
9A02S1 in SCB. In that study, the authors found that the enzymatic repertoire of P.
echinulatum is primarily to produce enzymes of the cellulose complex (endoglucanases,

cellobiohydrolases, and B-glucosidases). In addition, other important glycosyl hydrolase for
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strategies to convert biomass to biofuels were identified, including xylanases, hemicellulases

and pectinases.

3.4 Enzymatic activity in pectin substrates
3.4.1 Pectinases

The data presented in Fig. 6 show that P. echinulatum has pectinase activity; however,
compared with other enzymatic activities, pectinase activities were reduced. With the pectin
substrate, enzyme titers did not exceed the range of 0.2 IU/mL at 120 h of cultivation, when
the SIM29 strain was grown on SCB (Fig. 6B). Culture with the 2HH strain showed similar
activity to the mutant strain, and the medium prepared with glycerol was better than the

others, achieving greater enzymatic titers at 48 and 96 h cultivation (Fig. 6A).

3.4.2 Arabinnanases
Activities of arabinnanases (Fig. 6), enzymes involved in pectin side chains structures

such as rhamnogalacturonan |, detected in broths secreted by the strains used in this study,
were also low. Analyzing the substrates debranched arabinan (Figs. 6C — 6D) and arabinan
(supplementary material) used, the maximum activities are detected in a range between 0.017
and 0.020 IU/mL (for S1M29 strain) and between 0.009 and 0.012 IU/mL (for 2HH strain)
when both strains were grown in SCB.

The enzyme broths of 2HH and S1M29 provided inefficient hydrolysis of larch
arabinogalactan substrate (Fig. 6E-6F). The highest enzymatic activity for that substrate was
0.009 IU/mL for the SIM29 strain and 0.005 1U/mL for 2HH, when both strains were grown
in SCB.

When the substrate pNPA was employed, the variation in production of
arabinofuranosidase between strains is visible. The enzymatic broth produced by the 2HH
strain showed no activity (Fig. 6G). However, the enzymes produced by the S1M29 strain
showed increased activity on the substrate when SCB was used as the carbon source, reaching
0.074 £ 0.008 IU/mL. The culture medium with cellulose also showed higher activities,
around 0.04 £ 0.006 1U/mL, but at 48 h of cultivation (Fig. 6H).

The strains of P. echinulatum used in this study were less efficient in degrading pectin.
Studies should be conducted with this species of fungus using other carbon sources to induce
pectinases, which may present higher enzymatic bonds. The fungus A. niger is reported as a

good producer of pectinolytic enzymes. Martens-Uzunova and Schaap [36] found that 60 of
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the genes identified in the genome of A. niger are predicted to encode pectinolytic enzymes,
and the expression of 46 was detected. Similar studies were conducted [37] with Aspergillus
flavipes FP50, using different carbon sources to produce pectinolytic enzyme, and found that
some pectinase were produced at basel level in sources such as glucose, glycerol, and xylose,
while others only in the presence of specific inducers such as citrus pectin and
polygalacturonic acid.

In the process of degrading plant cell walls, the action of supplementary enzymes such
as a-L-arabinofuranosidases is essential because cleave a-L-arabinofuranosidic bonds and act
synergistically with other hemicellulases and pectic enzymes for complete hydrolysis of
hemicelluloses and pectins [38]. loannes et al. [39] in a study conducted with Penicillium
purpurogenum, detected the highest titers of a-L-arabinofuranosidase (1.0 1U/mL) when L-
arabitol was used as carbon source. The enzymatic titers of a-L-arabinofuranosidase secreted
by P. echinulatum were low when compared to the work cited, showing a deficiency in

production of the enzyme, at least when grown on cellulose based substrates.

3.5 Feruloyl esterases activity

The S1IM29 strain secreted feruloyl acid esterase around 2.14 + 0.626 1U/mL and 1.94
+ 0.461 IU/mL with cellulose or SCB as carbon sources, respectively, at 96 and 120 h of
cultivation (Fig. 6J), with no statistical differences (p>0.05). Lower feruloyl esterase activity
were detected in media with glucose or glycerol in relation to media formulated with cellulose
or SCB, in culture with both 2HH and S1M29 strains. In culture with the 2HH strain, the
activities were low in all used culture medium (Fig. 61).

In the literature, many microorganisms are reported as producers of feruloyl esterases;
however, species of the genus Aspergillus are the most active producers of this enzyme. Ou et
al. [40], in a study involving the production of feruloyl esterases by A. niger in solid-state
culture with wheat bran supplemented with corn bran and ammonium sulfate, detected 7.68
mU/g of activity this enzyme in 72 h. In this context, the S1IM29 strain of P. echinulatum
shows promise for the production of feruloyl esterases, since the activities achieved when

cellulose was used as carbon source at 96 h were relatively high.

3.6 Amylase activity
The activities of amylase detected in this work were significantly reduced

(supplementary material). In both strains assays, the activities were below 0.15 IU/mL, with

the exception the S1IM29 strain grown in the medium formulated with glucose, which had a
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peak detected of 0.93 + 0.182 IU/mL at 48 h of cultivation, suggesting that amylolytic system

of this fungus is constitutive.

4. Conclusion
This study showed that the enzyme complex of P. echinulatum, mainly from S1M29

strain, has various hydrolases including esterases that are involved in the degradation and
modification of various polymers, thus forming an enzymatic complex with the potential to
hydrolyze lignocellulosic complexes. The culture medium prepared with cellulose or SCB in
most of the used substrates had higher enzymatic activities, except for Avicel® and pectin,
where the greater activity was in glycerol, and laminarin, with higher activity in glucose,
when the 2HH strain was employed. Laminarin, pNPC, pNPG and starch substrates lead to
the highest enzymatic activity when the S1IM29 strain was grown on glucose. In general, it
was verified that have not direct correlation between the mycelial mass and enzymatic

activities.
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Abstract
Background
The enzymatic degradation of lignocellulosic materials by fungal enzyme systems has been

extensively studied due to its effectiveness in the liberation of fermentable sugars for
bioethanol production. Recently, Penicillium echinulatum has been described as a great
producer of cellulases and considered promising strain for the bioethanol industry.

Results
P. echinulatum, wild type 2HH and its mutant strain S1IM29, were grown on different carbon

sources: cellulose, sugar cane bagasse pretreated by steam explosion, glucose and glycerol
during 120 hours. Samples of 96 hours were collected for enzymatic measurement and
secretome analysis by 1D-PAGE LC-MS/MS. A total of 165 proteins were identified and
more than one-third of the proteins belong to CAZy families. Glycosyl hydrolases (GHSs) are
the most abundant group, being represented in larger quantities by GH3, 5, 17, 43 and 72.
Cellobiohydrolases, endoglucanases, p-glycosidases, xylanases, endoxylanases, 3-xylosidases

and mannanases were found and, in minor quantities, pectinases, ligninases and amylases.
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Swollenin and esterases were also identified. In addition, many proteins related to the
degradation of fungal cell wall were found in the secretome of P. echinulatum, such as

chitinases, glucanases, phospholipases and some proteases.

Conclusions
Our study revealed differences in the two strains of P. echinulatum in several aspects in which

the mutation improved the production of enzymes related to biomass deconstruction.
Considering the spectral counting, the mutant strain SIM29 was more efficient in the
production of enzymes involved in cellulose and hemicellulose degradation. Moreover,
S1M29 produces more protein on SCB than on cellulose, relevant information when
considering the production of cellulases using raw materials at low cost. Glucose, and
especially glycerol, were used mainly for the production of amylases, ligninases and fungal

cell wall degrading enzymes.

Keywords
Lignocellulosic biomass, biofuels, Penicillium echinulatum strains, secretome, CAZymes.

1. Introduction

One of the global priorities is the development of an alternative energy sources other
than fossil fuels and the use of cellulosic biomass has the potential to contribute to meeting
the demand for liquid fuel [1]. Lignocellulose is the most abundant natural material present on
earth and is composed of the polyphenol lignin and three polysaccharides, cellulose,
hemicellulose, and pectin. In combination with plant cell wall-associated enzymes, structural
proteins, and proteoglycans [2], these components are strongly intermeshed and chemically
bonded by non-covalent forces and covalent crosslinkages, forming an intricately linked
network that provides strength and durability to the plant cell wall [3].

However, saccharification and bioproduct manufacturing from lignocellulose biomass
are complex and lengthy process [4]. One approach to depolymerization of plant cell wall
polysaccharides involves using hydrolytic enzymes produced by some species of bacteria and
fungi [5]. The degradation of lignocellulosic materials into monomeric sugars is of major
importance, since the fermentable sugars can be used as raw materials in many
biotechnological processes, including the production of second generation ethanol [6]. In
nature, fungi perform a major role in the degradation of plant biomass, producing an extensive
set of a carbohydrate degrading enzymes specifically dedicated to breakdown plant cell wall

polysaccharides. However, these different sets differ between the species of fungi and the
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carbon sources employed. For example, while Trichoderma reesei has a set of highly efficient
enzyme in the degradation of cellulose [7, 8], Aspergillus species produce many enzymes for
degrading pectin [9].

Penicillium species have been reported to produce enzyme systems with higher
performance than T. reesei and A. niger [10]. Among the species of Penicillium, P.
echinulatum has been focus of attention because of its potential to produce high titers of
cellulases and has been considered a promising strain for the industry of second-generation
ethanol [11-18]. All the mutant strains used for the production of cellulases are from the wild
type called 2HH that was isolated from larvae of coleoptera Anobium punctatum. A mutant
strain of P. echinulatum 9A02S1 was obtained from the strain 2HH, after several steps of
mutagenesis, characterized by being a mutant partially derepressed by glucose. This
microorganism is deposited in the Deutsche Sammlung von und Mikroorganismen
Zellkulturen - DSM 18942. The mutant strain S1IM29 of P. echinulatum was obtained from
9A02S1 strain through employing hydrogen peroxide mutagenesis and selection of mutants in
medium supplemented with 2-deoxyglucose [12].

In this context, it is important to study the secretome of P. echinulatum strains, since
the genetic improvement process of these organims are unknown. In this paper, we searched
to shed light to this question through the secretome level. This paper presents the first study of
wild type 2HH and mutant S1IM29 secretomes of P. echinulatum in submerged cultivation
using sugar cane bagasse pretreated by steam explosion (SCB), cellulose, glucose and
glycerol as carbon sources. To supplement this study, an enzymatic analysis using a set of
substrates was conducted in order to further validate and describe the enzymatic repertoire

available to degrade plant biomass by P. echinulatum.

2. Results
2.1 Electrophoretic profile of P. echinulatum

The analysis of the gels (1-D PAGE) of total proteins secreted by both strains of P.
echinulatum grown on SCB, cellulose, glucose and glycerol, after 96 h of culture, shows the
diversity of molecular masses of proteins (Figure 1-2). It’s possible to see differences in the
level of some proteins that appear in greater quantity in the mutant strain SIM29 (Figure 1B)
than in the wild type 2HH (Figure 1A) when grown on cellulose or SCB, which is evidenced
by proteomic data. On the other hand, protein bands of higher molecular weight (~ 120 kDa)
are displayed only in the wild type.
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Figure 1 Electrophoretic profile of Penicillium echinulatum grown on SCB and cellulose
at 96h. On the left (A), 1-D PAGE of wild type 2HH and on the right (B) 1-D PAGE of the

mutant strain SIM29. I, 1l and Il refer to triplicate. M — molecular marker, kDa — molecular
weight.
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Figure 2 Electrophoretic profile of Penicillium echinulatum grown on glucose and
glycerol at 96h. One replicate for glucose and glycerol was performed and profiles of wild
type 2HH and mutant S1M29 are shown intercalary in the gel above. M — molecular marker,
kDa — molecular weight.
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The analysis of electrophoretic profiles of both strains of P. echinulatum grown on
glucose or glycerol (Figure 2) also reveals a significant number of bands with different
molecular weights. However, the bands do not appear so intensely when compared with SCB
or medium formulated with cellulose, which clearly indicates that the secretion of proteins

varies according to the carbon source.

2.2 Profiling of the P. echinulatum secretome for lignocellulose degradation

The set of proteins found in secretome of both strains have a molecular weight in the
range between 11 and 123 kDa. In the secretomic analysis of wild type 2HH and mutant
S1M29 from P. echinulatum 165 proteins were found. In total, 36 proteins are exclusive from
wild type, 18 proteins are exclusive from the mutant and 111 are common in both strains
Using bioinformatics tools to predict signal peptide, it has been found that 117 proteins (71%)
of the identified proteins are predicted to contain signal peptide and are secreted.

The main objective of this work was to find enzymes involved in the degradation of
lignocellulosic biomass. From 147 proteins found in the wild type, 63 proteins (~ 43%)
belonged to families described in the CAZy database [19]. Similarly, 57 proteins (~ 44%)
from 129 proteins found in the mutant, belonged to families in the CAZy database.

Among the proteins found in the secretome of the wild type and mutant, cellulases,
hemicellulases and fungal cell wall degradation enzymes were the majority enzymes,
accounting for over 50% of the identified proteins (Figure 3A-B). However, cellulases

correspond to enzymes that were more expressed, according to the spectral counting analysis.



80

uCellulose
wHemicellulose
wPectin
uHemicellulose-pectin
uLignin

Others

proteins wPlant cell wall modifications

35%

uFungal cell wall degradation

uStarch

uCellulose

uHemicellulose

uPectin

W Hemicellulose-pectin

uLignin

Others

proteins Plant cell wall modificati
35% ) ) -

u Fungal cell wall degradation

u Starch

Figure 3 Distribution of proteins identified in secretome of Penicillium echinulatum
strains. The proteins were classified according to CAZy database. The CAZy families
identified in the wild type are representing in (A) and (B) representing the CAZy families
identified in the mutant.
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Regarding the secretome profile found in wild type 2HH of P. echinulatum the largest
number of proteins were found in the medium formulated with cellulose (102 proteins, 15
exclusive), followed by glycerol (85 proteins, 14 exclusive) SCB (80 proteins, 10 exclusive)
and glucose (41 proteins, 11 exclusive). Of the 147 proteins found in the secretome of wild

type, 13 were found in all four different culture media (Figure 4).

GLY CEL

Figure 4 Venn diagram of secretome from Penicillium echinulatum wild type 2HH.
Distribution of 147 proteins identified in the secretome of wild type, exclusive in each carbon
source or shared between them. GLU — glucose, GLY — glycerol, CEL — cellulose and SCB —
sugar cane bagasse. The venn diagram was prepared by means of tool Venny

(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

In secretome profile of mutant strain S1IM29 of P. echinulatum, the larger number of
proteins was found again in the medium formulated with cellulose (76 proteins, 15 exclusive).
Glycerol appears in the sequence with 73 proteins identified and it has the greatest number of
exclusive proteins (29). The medium formulated with SCB comes in third place (41 proteins,
5 exclusives), followed by glucose (36 proteins, 14 exclusives). Of the 129 proteins found in
the secretome of the mutant strain, five were found in all four different culture media (Figure
5).
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GLY CEL

Figure 5 Venn diagram of secretome from Penicillium echinulatum mutant S1M29.
Distribution of 129 proteins identified in the secretome of mutant strain, exclusive in each
carbon source or shared between them. GLU — glucose, GLY — glycerol, CEL — cellulose and
SCB - sugar cane bagasse. The venn diagram was prepared by means of tool Venny

(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Among 36 proteins found only in the wild type secretome, some have glycosyl
hydrolase (GH) function, such as exo-B-1,3-glucanase (GH5), p-1,3-glucanase (GH17), that
were found exclusively in glucose, and chitinase (GH18) that was found only in glycerol
(Table 7). In addition, endo-B-1,4-glucanase (GH5) (Table 1) and B-xylosidase (GH43) were
found in cellulose or SCB (Table 2), and exo-a-L-1,5-arabinanase (GH93) that was present
only in cellulose (Table 3). Carbohydrate acetyl esterase (CE16) (Table 8) and cellulose
monooxygenase (AA9) were also detected (Table 1). Some hypothetical and adhesion
proteins, proteases, lipases, among others were also found in the secretome of P. echinulatum
wild type (additional file 1).

Concerning the mutant strain secretome, 18 exclusive proteins were identified, among
these also enzymes with GH function, such as a-L-arabinofuranosidase (GH62), found only in
SCB and cellulose (Table 4) and B-1,6-glucanase (GH30) (Table 7). Esterases, such as acetyl
xylan esterase (CE1) (Table 2), and enzymes related to the depolymerization of lignin (Table
5) were identified. The other exclusive proteins found refer to ribosomal, hypothetical and
adhesion proteins, lipases and proteases/peptidases (additional file 1).Most of the proteins
identified as exclusives in the secretome of the wild type 2HH and the mutant strain S1IM29
have a low number of spectral countings, which generates some bias analyzes maybe due to
differences in length of protein, the molecular weight and ionization efficiency [20].
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Among the proteins belonging to the CAZy database in the wild type 2HH, it was
found 45 proteins grouped in 24 different families of GHs (Figure 6A), amongst, with the
largest number of spectra are cellobiohydrolases | and 1l (GH7 and GH6), endoglucanases
(GH5 and GH7) and xylanase (GH10). These enzymes were basically identified only in the
media formulated with SCB or cellulose. In the secretome profile of the mutant S1IM29, 57
proteins belong to CAZy families and once again, GHs were the most abundant (41 proteins

grouped into 25 families), as can be seen in Figure 6B.
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Figure 6 Distribution of GHs families in Penicillium echinulatum secretome. The proteins
were classified according to CAZy database. A- GHs identified in wild type 2HH, B- GHs
identified in mutant SIM29.
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Among CAZymes found in common with the wild type, there were a greater number
of spectra found in the mutant comparing with the wild type, as can be seen especially in
Table 1 and 2. It happened with cellobiohydrolase I and Il (GH7 and GH6), endoglucanase 1
and Cel5C endoglucanase (GH5), xylanase (GH10). In addition, these enzymes have been
found with a higher number of spectra in SCB and cellulose. B-glucosidase | (GH3) was
identified with a greater number of spectra in glycerol medium, being this number also larger
in the mutant strain (Table 1). However, another protein related to B-glucosidase was found in
the wild type with considerable amount of spectra in cellulose.

The number of spectra for exo-B-1,3-glucanase (GH17) in both strains cultivated in
glucose is relatively much larger than have been identified in other carbon sources, especially
in wild type (Table 7), and is related to the degradation of the fungal cell wall. Other GHs
found in the wild type with larger spectra in glucose and glycerol than in SCB and cellulose
which are also related to the degradation of the fungal cell wall (Table 7) were chitin
glucanosyltransferase (GH16), chitosanase (GH75) and B-N-acetylhexosaminidase (GH3).
The presence of lysophospholipase phospholipase B (additional file 1) with more number of
spectra in the wild type, especially in medium prepared with glucose or glycerol, is a further
indication of the arsenal of enzymes produced by the wild type for the degradation of fungal
cell wall.

Other enzymes with GH function found in both strains, however, with a reduced
number of spectra were putative endoxylanase (GH30), a-mannosidase (GH47), with the
largest number of spectra in glycerol; B-1,4-mannanase (GH5), found in SCB and cellulose;
B-xylosidase (GH3), found only in the media formulated with cellulose, in both strains (Table
2). Distinct endoglucanases (GH5 and GH12) were expressed differently in the culture media,
GHS5 with more spectra in glucose, whereas GH12 in SCB and cellulose (Table 1).

The presence of enzymes related to starch degradation were also found in both strains,
although with a lower number of spectra, as the case of a-amylase (GH13), a-glucosidase
(GH31) and two glucoamylases (GH15), being the latter identified only when glucose or
glycerol was used as carbon source (Table 6).

Six carbohydrate esterases were identified in both strains, with reduced number of
spectra, grouped in four different families, including carboxylesterases (CE10), homoserine
acetyltransferase (CE1), carbohydrate acetylesterase (CE16) (Table 8) and acetyl xylan
esterase (CE1 and CE5) (Table 2).

The same families of auxiliary redox enzymes which act together with the CAZymes,

such as cellulose monooxygenase (AA9), were also found. While in the wild type cellulose
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monooxygenase Cel61A (AA9) was present only in the medium prepared with SCB, in the
mutant strain it appeared with a greater number of spectra in the medium prepared with
cellulose as well. However, the secretome analysis of wild type indicates another possible
candidate for cellulose monooxygenase, again identified only in SCB.

It was verified the presence of only one polysaccharide lyase, the pectin lyase (PL1)
and one exo-arabinanase (Table 3). Arabinofuranosidase were also found in less quantity
(Table 4).

The secretome analysis has shown that approximately 30% of the identified CAZymes
have carbohydrate-binding module (CBMs). It was identified 8 different CBM families, being
the CBM1 the most abundant. In the case of endoglucanase Cel5C (GH5), two CBMs were
found attached to the same CAZyme, CBM46 and CBML, and also two CBMs for swollenin,
CBM63 and CBML1 (Table 1).

The presence of xylose reductase in both strains grown in SCB and cellulose indicates
the potential of these broths for enzymatic production of xylitol and/ or to facilitate the
conversion of xylose to ethanol by other microorganisms (additional file 1). Xylulose
reductase was also found (Table 2), but this enzyme doesn’t participate to conversion of
xylose to xylulose for ethanol production [21].

Some enzymes involved in the degradation of lignin were detected. In the secretome
of mutant strain, isoamyl alcohol oxidase (AA7) was found in a large number of spectra in
glucose and glycerol. GMC oxidoreductase (AA3), enzyme which acts both in cellulose and
lignin — possibly related to cellobiose dehydrogenase [22, 23] — was found in the medium
with glycerol (Table 1). Manganese superoxide dismutase and glutathione S-transferase
(additional file 2) were also identified.

In Figure 7 is presents the main differences between the secretome of wild type and
mutant, regarding the identification of key proteins in the lignocellulosic biomass
degradation. In the figure it is clearly shown that difference, i.e., the expression of many of
these enzymes, particularly by the mutant. The expression of cellobiohydrolases,
endoglucanases and xylanase reveal the mutant SIM29 potential for biomass hydrolysis.

In the medium elaborated with SCB and cellulose, the mutant strain SIM29 showed
the highest spectra numbers of enzymes related with the cellulose (GH5, GH6 and GH7) and
hemicellulose (GH10) degradation. These enzymes were identified with higher percentage in
the medium elaborated with SCB (~77%) than cellulose (~29%).

However, for the wild type, it is noted that the medium prepared with cellulose was

better inducer of cellulose and hemicellulose degrading enzymes than the SCB medium. For
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cellulose it was verified ~39% of enzymes belonging to CAZymes, while for SCB, it was

found ~26% of these enzymes.

2HH S1M29
GLU GLY SCB CEL GLU GLY SCB CEL

Cellobiohydrolase I
Cellobiohydrolase 11
Endoglucanase 1
Endoglucanase Cel5C
Endoglucanase I
Endoglucanase Il
B-glucosidase |
Cellulose monooxygenase
Swollenin

Xylanase
Endo-g-1,4-xylanase
B-1,4-mannanase
Isoamyl alcohol oxidase

Figure 7 Heat map showing the difference between the two strains of the major
lignocellulolytic enzymes identified in the secretome. The color of each enzyme related to
spectra abundance in the different growth conditions (GLU- glucose, GLY — glycerol, SCB —
sugar cane bagasse, CEL — cellulose), varying from a minimum (red) to maximum (green)

abundance.

2.3 Enzymatic analysis of the P. echinulatum secretome
To further validation of proteomic data, the hydrolytic potential of enzymatic broths
from wild type 2HH and mutant S1M29 strains were assessed using 13 different substrates.

Some results of Figure 8 are shown in another work, in the form of absolute enzymatic
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activity (unpublished data). However, due to proteomic analysis, part of these data is
presented here in specific enzymatic activity form.

The highest activity of p-glucosidases (Figure 8A-B), using the substrate p-
nitrophenyl-p-D-glucopyranoside (pNPG) was found for both strains, in the media elaborated
with glucose or glycerol, what is according to the proteomic data. The largest number of
spectra for cellobiohydrolases were found in the media formulated with SCB or cellulose,
mainly in mutant broths (Table 1). However, the activity of cellobiohydrolases, dosed with p-
nitrophenyl-p-D-cellobioside (pNPC) (Figure 8A), did not show this difference, since for the
wild type strain the highest activity was detected in the medium prepared with glycerol,
whereas in the mutant (Figure 8B), the activity of glycerol is similar to SCB and cellulose; i.e.
the results of this specific activity are not in accordance with the spectra found in these carbon
sources. This can be explained by the proteomic approach performed in media prepared with
glucose or glycerol has one replicate.

It may also explain the high activity endoglucanases in medium containing glucose or
glycerol when the substrate carboxymethyl cellulose (CMC) was used. However, when the
substrate lichenan has been employed, the specific activity was higher in media prepared with
SCB or cellulose, for both strains, which agree with proteomics data (Figure 8C-D).

Still, taking into account that different endoglucanases were found and the substrates
used for its determination were not specific for each of them. In the case of lichenan substrate,
the third highest activity found in both strains was in the media prepared with glucose. By
analyzing the proteomics table (Table 1), an endo-B-1,4-glucanase was found in the secretome
of P. echinulatum, with a number of spectra in glucose higher than in other medium
employed.

The specific activity of xylanase, dosed with xylan from beechwood substrate (Figure
8E-F), was higher in medium formulated with SCB or cellulose, especially for mutant strains,
which stood out with respect to the wild type, as can be seen in Table 2. The presence of f3-
xylosidases found in both strains with more spectra in SCB and cellulose also showed specific
activity in these medium. However, again, B-xylosidases activities were detected in medium
elaborated with glucose or glycerol, since that spectra were not found in these medium.
Higher specific activities of hemicellulases in media prepared with cellulose can be explained
by the characterization of carbon sources used. The cellulose used in this work consists of
12.19% xylose, while SCB employed consists of 6.57% xylose (data not shown).

The specific activity of pectinases was lower when compared with activities of

cellulases and hemicellulases, which corroborate the data obtained in proteomics (Figure 8G-
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H), must be noted that the enzyme pectin lyase identified in proteomic analysis (Table 3) was
produced in higher level by the mutant and the spectra were found only in the medium
elaborated with glucose, while in the wild type, the enzyme was detected only in cellulose.
The low arabinofuranosidase activities, determinated with pNPA (Figure 8A-B), in both
strains are in accord with the low expression of this enzyme in the proteomic analysis. The
absence of arabinose in media prepared with cellulose and the low amount of this sugar in the
media prepared with SCB (~2%), corroborate these results.

Different esterases were found in both strains, most part with more spectra in
cellulose, such as CE1, CE5 and CE10. The highest specific activity for both strains was also
displayed in the medium elaborated with cellulose (Figure 8G-H). The specific activity in
starch from potato was also higher when the mutant strain was used (Figure 81-J). In both
strains, the highest activity was detected in the medium prepared with glucose, followed by
glycerol. However, there were limitations to establish some relationships between enzyme
activities with the results obtained in secretomic broths. Possibly this is due to synergistic

interactions between enzymes.
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Figure 8 Specific enzymatic activities of Penicillium echinulatum strains in submerged
cultures using different carbon sources at 96h. The graphs on the left (A) correspond to the
wild type 2HH and on the right (B) correspond to the mutant strain S1M29. The hydrolytic
potential of the broths of Penicillium echinulatum strains were tested on different substrates.

The names of substrates employed are described in the section Abreviations of this article.
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Table 1 Identified cellulose-degradation/modifying enzymes and spectrum count in different carbon sources by wild type 2HH and mutant
S1M29 of Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count®

c = | =
% = Identified proteins CAZyme Organism S| 2HH SIM29

8 3 2 | g

<= S | 3 Glu Gly SCB Cel | Glu Gly SCB Cel
g2773 Cellobiohydrolase | GH7 (CBM1) Penicillium decumbens 5 |'Y 0 0 81 107 0 2 202 80
08068 Cellobiohydrolase 11 GH6 (CBM1) Penicillium decumbens 49 | Y 0 0 16 4 0 0 46 62
08473 Endoglucanase 1 GH5 (CBM1) Penicillium echinulatum 44 |'Y 0 0 19 27 0 1 75 59
g5809 Endoglucanase Cel5C GH5 (CBM1, CBM46) Penicillium decumbens 69 |Y]| O 1 28 30 0 1 56 58
02788 Endoglucanase | GH7 (CBM1) Penicillium decumbens 50 | Y 0 0 5 4 0 0 14 10
g2291 Endoglucanase Il GH5 (CBM1) Penicillium decumbens 4 |'Y 0 0 4 4 0 0 13 7

02659 Endo-B-1,4-glucanase GH5 (CBM1) Penicillium oxalicum 52 | Y | 27 0 0 3 49 1 0 6

03996 Endo-B-1,4-glucanase GH12 Penicillium oxalicum 26 | Y 0 0 9 10 0 0 12 8

g7274 Endo-B-1,4-glucanase GH5 Penicillium oxalicum 55 | N 0 0 5 1 0 0 0 0

06766 B-glucosidase | GH3 Penicillium decumbens 93 | Y 0 7 2 1 1 17 2 0

08479 Related to B-glucosidase GH132 Colletotrichum gloeosporioides | 46 | Y 0 2 0 22 4 0 0 0

03303 | Cellulose monooxygenase Cel61A AA9 Penicillium oxalicum 26 |Y 0 0 3 0 0 0 20 11
08342 Cellulose monooxygenase AA9 Penicillium oxalicum 45 | Y 0 0 3 0 0 0 0 0

05167 Swollenin CBM1, CBM63 Penicillium oxalicum 52 |'Y 0 0 1 4 0 0 9 6

01074 GMC oxidoreductase AA3 Neosartorya fischeri 70 |Y 0 0 0 0 0 1 0 0

03947 GMC oxidoreductase AA3 Penicillium roqueforti 67 | N 0 4 0 0 0 0 0 0

#Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or
glycerol (one replicate).
®The secretion of each protein was verified by the software SignalP, SecretomeP and YLoc.
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Table 2 Identified hemicellulose-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant S1M29
of Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count?

c < |4

% é Identified proteins CAZyme Organism \9, é 2HH S1M29

g 3 S | g

<= = | %Gy Gy SCB Cel | Glu Gly SCB  Cal
02645 Xylanase GH10 (CBM1) Penicillium decumbens 4 |'Y 0 0 1 10 0 0 21 27
g1025 Endo-p-1,4-xylanase GH10 Penicillium oxalicum 40 |Y 0 0 12 21 0 0 0 1

03831 Endo-B-1,4-xylanase GH30 Penicillium oxalicum 53 | Y 0 0 5 11 0 0 0 2

05166 Endo-B-1,4-xylanase GH11 (CBM1) Penicillium oxalicum 31 |Y 0 0 0 2 1 0 2 5

03240 B-xylosidase GH43 Penicillium oxalicum 64 |Y 0 0 0 8 0 0 0 0

g1531 B-xylosidase GH43 Penicillium oxalicum 38 |Y 0 0 8 0 0 0 0 0

g2200 B-xylosidase GH3 Penicillium oxalicum 8 |Y 0 0 0 1 0 0 0 15
g5735 a-mannosidase GH47 Penicillium oxalicum 5 | Y 0 14 7 3 0 16 0 3

0395 Exo-a-1,6-mannosidase GH125 Sphaerulina musiva 56 | N 0 12 0 2 0 7 0 0

05829 B-1,4-mannanase GH5 (CBM1) Penicillium oxalicum 47 |'Y 0 0 7 8 0 2 0 12
g8513 Sorbitol/xylulose reductase GH99 Aspergillus clavatus 28 | N 0 13 6 22 0 2 1 1

0315 Acetyl xylan esterase CEl (CBM1) Penicillium oxalicum 41 |Y 0 0 0 0 0 0 1 1

g2707 Acetyl xylan esterase CE5 Penicillium oxalicum 24 |'Y 0 0 0 5 0 0 1 2

#Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or

glycerol (one replicate).

®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.
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Table 3 Identified pectin-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant S1IM29 of

Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count®

C o /CU\ QC
% 3 Identified proteins CAZyme Organism 2 | oHH S1M29
~ D
& E > | 5
(&) =z [<B]
< = | 9| Glu Gly SCB Cel | Glu Gly SCB Cel
04880 Pectin lyase PL1 Penicillium oxalicum 40 | Y 0 0 0 1 12 0 0 0
03609 Exo-a-L-1,5-arabinanase GH93 Penicillium oxalicum 4 |'Y 0 0 0 2 0 0 0 0

Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or

glycerol (one replicate).

®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.



93

Table 4 Identified hemicellulose/pectin-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant
S1M29 of Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count?
S 5 5%
E: Identified proteins CAZyme Organism < % 2HH S1IM29
(<5
S 3 2 | g
<< S | & Glu Gly SCB Cel | Glu Gly SCB Cel
g1097 a-L-arabinofuranosidase GH62 (CBM1) Penicillium oxalicum 41 |'Y 0 0 0 0 0 0 1 3
g7308 a-L-arabinofuranosidase GH43 Penicillium oxalicum 34 |Y 0 2 2 0 0 0 1 0
01098 a-L-arabinofuranosidase GH43 (CBML1) Penicillium oxalicum 62 | Y 0 0 0 1 0 0 0 1

Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or

glycerol (one replicate).
®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.



Table 5 Identified lignin-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant S1M29 of

Penicillium echinulatum at 96 h during submerged cultivation.
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Spectrum count?®

C o ’a _QC

% é Identified proteins CAZyme Organism \9/ % 2HH S1M29

[<5]

S 3 2 |3

<< S | B[ Glu Gly SCB Cel | Glu Gly SCB Cel
01557 Isoamy! alcohol oxidase AAT7 Talaromyces stipitatus 66 | Y | 11 2 6 0 35 31 3 4
01100 Isoamy! alcohol oxidase AAT7 Arthroderma benhamiae | 58 | Y 2 0 0 2 0 0 0 1
05086 Isoamy!l alcohol oxidase AAT7 Aspergillus flavus 67 | Y 0 0 0 1 0 0 1 2
06365 | Related to Isoamyl alcohol oxidase AAT7 Fusarium fujikuro 69 | Y 0 1 3 3 18 11 0 3
g7414 FAD dependent oxidoreductase AAT7 Aspergillus clavatus 54 |Y 0 2 2 1 0 10 0 0
05776 6-hydroxy-D-nicotine oxidase AAT7 Aspergillus kawachii 54 |Y 3 4 2 2 5 6 0 2

Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or

glycerol (one replicate).
®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.
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Table 6 Identified starch-degradation enzymes and spectrum count in different carbon sources by wild type 2HH and mutant S1IM29 of
Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count?

S 5 . . . g |%
‘2 9 Identified proteins CAZyme Organism = = 2HH STM29

& £ 2 £
<2 = 7

?I'Glu Gly SCB Cel | Glu Gly SCB

04201 a-amylase GH13 Penicillium oxalicum 74 |Y 0 2 2 1 0 1 0 6
05478 Glucoamylase Amy15A GH15 (CBM20) Penicillium oxalicum 66 | Y 1 0 0 9 10 0 0

036 Glucoamylase GH15 (CBM20) Penicillium oxalicum 68 | Y 1 0 0 0 14 0 0 0
07292 a-glucosidase GH31 Penicillium oxalicum 108 | Y 0 7 0 0 0 1 0 0
gl651 a-trehalase GH65 Penicillium oxalicum 119 | Y 0 0 0 0 0 23 0 0

Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or

glycerol (one replicate).
®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.
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Table 7 Identified fungal cell wall degradation/modifying enzymes and spectrum count in different carbon sources by wild type 2HH and
mutant S1M29 of Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count?®

c T | ==
% g Identified proteins CAZyme Organism % % 2HH S1M29
S

<z S | #[Glu Gly SCB Cel | Glu Gly SCB  Cel
g7097 Chitin glucanosyltransferase GH16 Penicillium oxalicum 39 | Y| 41 11 12 13 32 0 9 10
01080 Chitinasel GH18 Penicillium oxalicum 49 |Y 1 25 0 1 0 105 0 1

08496 Chitinase 1, class 5 CBM50 Grosmannia clavigera 37 | Y| 16 0 0 0 0 0 0 0

01258 Exo-B-1,3-glucanase GH17 Penicillium oxalicum 47 | Y | T2 5 4 4 15 10 1 3

04052 B-1,3-glucanosyltransferase GH17 Penicillium oxalicum 33 |Y 9 8 3 15 4 9 1 4

g284 B-N-acetylhexosaminidase GH3 Penicillium oxalicum 38 | Y| 29 19 7 3 0 10 0 0

g244 B-1,3-glucanosyltransglycosylase GH72 Penicillium oxalicum 49 |Y 0 9 7 6 0 11 1 6

03495 Chitosanase GH75 Penicillium oxalicum 37 | Y| 30 12 3 3 1 2 0 2

05309 Exo-B-1,3-glucanase GH5 Penicillium oxalicum 45 |'Y 0 3 5 8 0 0 0 0

06946 Chitin glucanosyltransferase GH16 (CBM 18) Penicillium oxalicum 47 |'Y 5 6 5 2 0 3 1 2

0980 B-1,6-N-acetyl glucosaminidase GH20 Penicillium oxalicum 67 |'Y 0 4 4 2 0 4 0 1

02799 [3-1,3-glucanosyl transglycosylase GH72 Penicillium oxalicum 5 |Y 0 0 2 1 0 0 0 1

01191 [3-1,3-glucanosyl transglycosylase GH72 (CBM 43) Penicillium oxalicum 57 |'Y 2 0 1 0 0 0 0 1

03950 Exo-B-1,3-glucanase GH5 Penicillium oxalicum 46 | Y 0 1 0 0 0 3 0 0

06368 Chitinase GH18 Penicillium oxalicum 47 | Y 0 3 0 3 0 0 0 0

04641 B-1,3-glucanase GH17 Penicillium oxalicum 68 | N 3 3 0 0 0 0 0 0

05953 B-1,6-glucanase GH30 Penicillium oxalicum 52 |'Y 0 0 0 0 0 0 1 0

08051 a-1,3-glucanase GH71 (CBM24) Penicillium oxalicum 114 | Y 7 0 0 2 0 0 0 5

®Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or
glycerol (one replicate).
®The secretion of each protein was verified by the software SignalP, SecretomeP and YLoc.
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Table 8 Identified enzymes involved in plant cell wall modifications and spectrum count in different carbon sources by wild type 2HH and
mutant S1M29 of Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count®

% E Identified proteins CAZyme Organism _;3 Qé 2HH S1M29

& z |5

<= S | #[Glu Gly SCB Cel | Glu Gly SCB  Cel
g1590 Carboxylesterase, type B CE10 Penicillium roqueforti 62 |Y 9 1 0 2 0 1 0 5
g7004 Carbohydrate acetyl esterase CE16 Penicillium oxalicum 331Y 0 0 0 5 0 0 0 0
g5807 Homoserine acetyltransferase CEl Talaromyces marneffei 37 | N 0 0 1 1 0 0 0 0
gl708 Carboxylesterase, type B CE10 Penicillium roqueforti 61 | Y 0 0 0 1 0 0 0 1

Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or

glycerol (one replicate).
®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.
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3. Discussion

Microbial cellulase and hemicellulase production is dependent on the carbon source [24].
The substrates used in this study have provided a high heterogeneity of secreted proteins due to the
substrate and the protein profile related to each strain. Proteins and enzymes related to degradation
of biomass, in particular the CAZymes, were found in P. echinulatum and the enzyme control
change according to the different carbon source. Also it is possible to confirm that both strains have
potential for hydrolysis of cell wall, highlighting the specificities of the mutant strain.

The data indicate that the mutant is more suitable for production of enzymes to hydrolyze
the plant cell wall in comparison with the wild type, especially when the mutant strain was grown in
culture medium formulated with SCB. This information is relevant for the production of enzyme
complexes of lower cost, since there is a greater amount of proteins secreted by the mutant to
degrade lignocellulosic wastes that are less costly and more complex.

In the production of second generation ethanol, the cost of the enzyme is one of the major
bottlenecks and the cost of the substrate for the enzyme production can contribute decisively this
value, once that a ton of cellulose used for the cellulases production costs around US$ 1000 per ton,
while the steam explosion SCB, is commercialized for US$ 40 a ton (unpublished data).

The results obtained in this work suggest that, in the genetic improvement process of this
fungus performed by mutagenesis employing different mutagens [11,12] numerous changes,
possibly at the level of regulation/gene expression, post-translational modifications and alterations
in the capacity to secrete extracellular proteins occurred with the mutant. These doubts will be
elucidated in the future with a conjunct analysis of the secretome, transcriptome and genome data.

Few data related to genetics of this fungus have been published until now. Rubini et al. [25]
isolated, cloned and expressed one endoglucanase egl 1 of the mutant P. echinulatum 9A02S1 and
found high hydrolytic activity in medium formulated with CMC. Endoglucanasic activity is a
feature of P. echinulatum which remained in S1M29 strain and it is according to the higher
cellulolytic activities detected in this strain, as can be seen in Table 1 (protein g8473), showing that
it is well expressed.

The use of different carbon sources for the production of cellulases and hemicellulases by P.
echinulatum was already previously reported by Novello et al. [17] and Schneider et al. [18].
Novello et al. [17] studied the production of endoglucanases, B-glucosidases and xylanases by
strains 2HH, 9A02S1 and S1M29 of P. echinulatum, employing cellulose, glucose and xylose as
carbon sources and reported that xylose acts as an inducer for the production of xylanases and
cellulases, in particular, endoglucanases. The authors also found higher enzyme titers in cultures
performed with mutant strains 9A02S1 and S1M29 than with the wild type 2HH.
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Schneider et al. [18] studied the effect of six different carbon sources (sucrose, glucose,
glycerol, cellulose Celuflok®, untreated elephant grass, and sugar cane bagasse pretreated by steam
explosion) in the production of enzymes by the mutant strain S1IM29 of P. echinulatum, in the same
conditions. Among the six carbon sources, cellulose and SCB were the most suitable for the
production of filter paper activity, endoglucanases, xylanases and B-glucosidases. However, sucrose
and glucose showed B-glucosidase activities similar to those obtained with the insoluble sources.
The presence of these enzymes, especially -glucosidase, in the work of Schneider et al. [18], with
more activity in 96 h (at the end of the cultivation process), justify the choice of 96 h for proteome
analysis in the present study.

Some enzymes detected, as B-1,3-glucanase (GH17, table 7) have not secretion signal and
may be related to a possible indication of cell wall autolysis at 96 h of cultivation, as reported by
Vaheri et al. [26] and Fontaine et al. [27]. Many others fungal cell wall degrading enzymes, as
chitinases (GH18, table 7), exo-B-1,3-glucanase (GH17, table 7) and others already cited
(chitosanase, B-N-acetylhexosaminidase, lysophospholipase) may be also related to cell lysis,
however, they have a secretion signal. All these enzymes can be induced simply by the same sugars
than the other CAZymes and may be an indication that 2HH responds worst to stress that S1IM29,
and thus produces a smaller amount of enzymes which actually contribute to the degradation of
biomass. From the analysis of the mycelial growth on glucose (data not shown), it has been found in
wild type a higher concentration of biomass with relation to mutant until 96 hours of cultivation.
Therefore, the greater growth of wild type on carbon sources of facilitated uptake, such as glucose,
may be providing the production of these enzymes related to degradation of fungal cell walls,
whereas the mutant makes use of more complex carbon sources for the production of enzymes
related to degrading biomass.

The only secretome work of P. echinulatum done so far, was conducted by Ribeiro et al. [4],
employing the intermediate mutant 9A02S1. In this study, the secretome profile of P. echinulatum
after grown on integral sugar cane bagasse, microcrystalline cellulose and three types of pretreated
sugar cane bagasse was evaluated using shotgun proteomics. The study revealed that the enzymatic
repertoire of P. echinulatum is geared mainly toward producing enzymes from the cellulose
complex (endoglucanases, cellobiohydrolases and B-glucosidases). Glycoside hydrolase family
members, important to biomass-to-biofuels conversion strategies, were identified, including
endoglucanases GH5, 6, 7, 12, 17 and 61, B-glycosidase GH3, xylanases GH10 and GH11, as well
as debranching hemicellulases from GH43, GH62 and CE2 and pectinases from GH28.

These results agree with the information obtained in the present study, conducted with 2HH

and S1M29 strains, which was verified in media formulated with cellulose or SCB (in our study,
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pretreated by steam explosion) a larger amount of spectra in most enzymes relating to degradation
of biomass, such as cellobiohydrolases | and 1l (GH 6 and 7), endoglucanases 1 and Cel5C (GH5)
and xylanases (GH10), demonstrating the potential of producing these enzymes especially by
mutant strain S1IM29. However, more proteins were identified in our study and the mutant S1IM29
secretes greater diversity of glycosyl hydrolases when compared to the mutant 9A02S1, e.g. GH15,
16, 30, 31, 72, 75, 99, 125 and 132, as well as other CAZy enzymes (Table 9). In addition, the
database employed in our work refers to the sequencing of P. echinulatum strains, another aspect
that makes this proteomic analysis more consistent.

Table 9 Comparison between secretomic profile of different Penicillium echinulatum strains.

Penicillium echinulatum strains

Comparative Mutant 9A02S1 Wild type 2HH Mutant S1M29
parameters (Ribeiro et al., 2012) (This work) (This work)
Proteomic approach Shotgun Shotgun Shotgun
LC-MS/MS 1D-PAGE/LC-MS/MS  1D-PAGE/LC-MS/MS
Sugar cane bagasse and Sugar cane bagasse, Sugar cane bagasse,
Carbon sources cellulose cellulose, glucose and cellulose, glucose and
glycerol glycerol
Proteins identified 99 147 129
Glicosil hidrolases 16 24 25

- Cellobiohydrolases
- Endoglucanases

- B-glucosidases

- Xylanases

- Debranching
hemicellulose/pectin

- Cellobiohydrolases
- Endoglucanases

- B-glucosidases

- Xylanases

- Debranching
hemicellulose/pectin

- Cellobiohydrolases
- Endoglucanases

- B-glucosidases

- Xylanases

- Debranching
hemicellulose/pectin

Major proteins found”

- Pectinases - Pectinases - Pectinases

- Swollenin - Swollenin - Swollenin
- Cellulose - Cellulose
monooxygenases monooxygenases
- Ligninases - Ligninases

“In this work, the major proteins were found with a larger spectra number in sugar cane bagasse and cellulose, with
exception of pectinases and ligninases.

Many species of filamentous fungi have their secretome described in the last ten years,
between them, Penicillium species. Interesting, P. decumbens [28] secretome showed a more
diversified system of lignocellulolytic enzymatic than Trichoderma reesei, particularly for cellulose

binding domain-containing proteins and hemicellulases. Moreover, the proteomic analysis of P.
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decumbens revealed that the production of lignocellulolytic enzymes is greater in media containing
cellulose and wheat bran than in glucose, which agrees with part of our studies.

Some proteomic studies involving the more efficient producer of cellulases known, i.e., T.
reesei, have also been performed [29-32] and some results of these studies can be comparable to P.
echinulatum. For example, in these studies involving the wild type QM6a and the mutant RUT-C30
of T. reesei grown in media containing cellulose, corn straw and sawdust, the authors concluded
that lignocellulolytic enzyme in the secretome of both strains of T. reesei are dependent of
lignocellulosic carbon sources [29]. Moreover, the functional classification of these biological
quantified proteins revealed that 31,3 and 17,9% corresponds to cellulases and hemicellulases,
respectively, similar data with the amount of these enzymes, especially hemicellulases, in P.
echinulatum secretome (Figure 5).

Other similar study was conducted with Trichoderma harzianum grown on glucose,
carboxymethyl cellulose, xylan and sugar cane bagasse [30]. The characterization of T. harzianum
secretome revealed that sugar cane bagasse induced greater cellulolytic and xylanolytic activity
when compared to the other substrates. The secretome analysis identified a wide range of proteins,
including CAZymes. Despite the secretome induced by sugar cane bagasse have the greatest
cellulolytic and xylanolytic activities, it does not correspond to a higher complexity of proteins,
since the induced secretome by carboxymethyl cellulose was significantly more diverse.

For P. echinulatum, sugar cane bagasse also induced a greater diversity of proteins being
cultivated with the mutant strain, while cellulose was best for the wild type. As can be seen in Table
1, the highest amount of cellulases enzymes spectra were even checked in the sugar cane bagasse
medium, suggesting that the genes related to degradation of lignocellulosic biomass are potentially
transcribed during the cultivation of the fungus, but the relative proportions of the expressed
proteins may vary widely depending on the growth medium and the cultivation conditions [31]. For
instance, the extracellular cellulolytic system of T. reesei in response to 1 mmol/L sophorose is
composed of 70% cellobiohydrolases, 30% endoglucanases and only 1% of B-glucosidase [32]
while in our study, when P. echinulatum grows in sugar cane bagasse, which proved to be ideal for
production of cellulases by the mutant strain, it cellulolytic complex consists of 55%
cellobiohydrolases, 38% endoglucanases and 1% B-glucosidases, being that the mutant secretes
approximately 2-3 times more cellulases compared to the wild type, as has also been suggested to T.
reesei [31].

These data lead to note that P. echinulatum presents a cellulolytic complex similar to T.

reesei. However, as reported by Martins et al. [33], P. echinulatum show higher relations between
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B-glucosidases and filter paper activity than T. reesei. This can be seen when glucose or glycerol are
used as carbon sources for B-glucosidases production (Figure 8).

The genus Aspergillus is also reported in the literature as a good producer of enzymes
related to degradation of biomass and the secretome of different species have been studied [34-36].
One study conducted with A. fumigatus evaluated GHs production by the fungus grown in medium
containing rice straw as a carbon source [34]. This study identified the presence of three B-
glucosidases, while in P. echinulatum in this work, two B-glucosidases were found; and five
isoforms of cellobiohydrolases I/ endoglucanases in the secretome, demonstrating the potential
production of these enzymes, in particular B-glucosidase, feature recognized in Aspergillus species.

A time course analysis of the extracellular proteome of Aspergillus nidulans growing on
sorghum stover was also studied [35], finding in the secretome several proteins identified in P.
echinulatum; moreover, mainly hemicellulases, followed by cellulases, polygalacturonases,
chitinases, esterases and lipases. Other important enzymes to reduce the recalcitrance of the
biomass to hydrolysis, as cellobiose dehydrogenase and feruloyl esterase, were found in great
abundance.

Aspergillus niger is also reported as an excellent producer pectinases [36]. Although
pectinases have been identified in P. echinulatum secretome, their diversity and amount is
considerably smaller in comparison with other lignocellulolytic enzymes found.

Many studies involving the fungus Neurospora crassa, as reported another producer of
proteins involved in cell wall degradation, have been described [37-40], despite its secretome shows
more differences compared to P. echinulatum. A study by Sun et al. [38] reveals that N. crassa is
able to express a wide variety of enzymes that degrade hemicellulose, and both xylan and cellulose
induce the expression of hemicellulose genes. A recent study by Benz et al. [39], sought to
understand how N. crassa responds in action to three main cell wall polysaccharides: cellulose,
hemicellulose and pectin. This analysis provided evidence that N. crassa uses a "toolbox" for the
degradation of pectin.

In A. niger and T. reesei, the xylose exposure induces hemicellulase genes and enzymes
involved in the utilization of xylose (xylose reductase and D-xylulokinase), although levels above 1
mmol/L have the opposite effect [40, 41]. Secretomic information found in the wild type 2HH of P.
echinulatum, for example, the presence of D-xylose reductase and sorbitol/xylulose reductase found
with larger spectra in 2HH suggest that in the mutagenic process, these enzymes due to still
unknown factors, decreased its presence in the mutant strain. In the context of enzymatic hydrolysis
of plant cell wall and ethanol production from the sugars released this, it is concluded their

importance for the context of biorefineries.
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The presence of non-hydrolytic protein like swollenins, proteins similar to plant cell wall
expansins, which can realize the disruption of the crystalline parts of the cellulose chains, was
observed only in the medium formulated with SCB or cellulose, for both strains (Table 1), however,
more expressed in the mutant strain. Swollenins contain a carbohydrate binding domain (CBM) and
have been proposed to disrupt cellulose structure via nonhydrolytic mechanisms [42], although the
biochemical action of these proteins remains to be fully elucidated [43]. As substrate accessibility is
one key issue in plant cell wall degradation, accessory proteins are likely to enhance the efficiency
of this process [44]. However, in some cases, the presence of a CBM in an enzyme may also
prevent that it act at different points on a substrate.

The presence of some enzymes involved in the degradation/depolymerization of lignin, such
as isoamyl alcohol oxidase [45], manganese superoxide dismutase [46] and glutathione S-
transferase [47] showed the first evidence of these enzymes production by the fungus P.
echinulatum. This is more a characteristic of the genetic evolution of the fungus, since the
secretome analysis of mutant 9A02S1 [4], strain before SIM29 mutant, failed to identify lignin
proteins, such as extracellular oxidase.

The lignin peroxidase, manganese-peroxidase and laccase were generally considered as
lignin degrading enzymes. However, according to Blanchette et al. [48] they are too big to penetrate
plant cell wall. Hence, to get accesses microbes initially activate easily diffusing several oxidases,
reactive radical generating enzymes, and quinine reducing enzymes [49, 50]. The spectral count of
isoamyl alcohol oxidase, flavin adenine dinucleotide (FAD) oxidoreductase and superoxide
dismutase indicated that P. echinulatum degrade lignin through oxidases. In addition, this study also
quantified expressions of glutathione-S-transferase, another enzyme important on the mechanism of

lignin degradation.

4. Conclusions

In this study, among the 165 proteins identified in the secretome of both strains,
approximately 40% were proteins with CAZy function. The glycoside hydrolases were the most
abundant. The secretome of P. echinulatum presents a potential for degradation, mainly of cellulose
and hemicellulose. Pectinases were found in minor amounts; however, for the first time, proteins
related to lignin degradation were found. Although cellulose and SCB were the carbon sources
inducing for cellulolytic and hemicellulolytic enzymes production, glucose and glycerol inducing
others proteins, as fungal cell wall degrading enzymes, enzymes related to lignin degrading and the
presence of B-glucosidase found more in glycerol than in any other carbon source. Differences in

the proteins expression through enzymatic activity and by analyzing the number of spectra
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generated by proteomics data show the distinction existing in the secretome of wild type 2HH and
mutant S1M29, in which the mutant toolbox is more focused on the cellulases production than the
wild type. These findings allow us to conclude the potential of strains of P. echinulatum, in
particular, the mutant, for lignocellulosic biomass degradation.

5. Materials and methods
5.1 Growth and maintenance of Penicillium strains

The wild type 2HH and mutant S1M29 strains of P. echinulatum were grown and
maintained in 100 mL of cellulose agar (agar-C) consisting of 40 mL of swollen cellulose, 10 mL of
mineral solution, 0,1 g of proteose peptone (Oxoid L85®), 2 g of agar, and 50 mL of distilled water.
The strains were grown in inclined tubes on C-agar for 7 days at 28 °C until the formation of

conidia and then stored at 4 °C as in Dillon et al. [11].

5.2 Production of enzymes

The culture medium for enzyme production consisted of 0,2% (w/v) peptone; 0,05% (w/v)
Prodex®; 1% (w/v) carbon source; 0,1% (v/v) Tween 80®; 5% (v/v) mineral solution and distilled
water to complete a final volume of 100 mL.

Erlenmeyer flasks (500 mL), containing 100 mL of the production medium, were inoculated
with a suspension of 1x10° conidia per mL and kept at 28 °C, in a reciprocal agitation of 180 rpm
for 120 h. The experiment was performed in triplicate and supernatants of 48, 96, and 120 h of
cultivation were separated for enzymatic analysis and protein quantification. The samples were kept
under refrigeration and sodium azide for a final concentration of 0,02% (w/v).

To evaluate the effect of different carbon sources on the production of enzymes by the wild
type and mutant P. echinulatum, employing: cellulose Celuflok E® (Celuflok Comercial Ltda, Cotia,
SP, Brazil), sugar cane bagasse pretreated by steam explosion (Usina Vale do Rosério, Morro
Agudo, SP, Brazil), glucose (Quimidrol - Joinville, SC, Brazil), and glycerol (Sigma-Aldrich - St.
Louis, MO, USA).

5.3 Enzyme dosages
The specific enzymatic activity of the collected supernatants was tested using a set of 13
different substrates (Megazyme - Wicklow, Ireland and Sigma-Aldrich - St. Louis, MO, USA) in

order to measure the activity of cellulases, hemicellulases, pectinases, esterases and amylases.
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To determine the cellulases, the following substrates were employed: Avicel®,
carboxymethyl cellulose (CMC), lichenan (from Cetraria islandica), p-nitrophenyl-p-D-
cellobioside (pNPC), and p-nitrophenyl-p-D-glucopyranoside (pNPG). The following substrates
were employed to determine the hemicellulases: rye arabinoxylan, xylan from beechwood, p-
nitrophenyl-B-D-xylopyranoside (pNPX) and mannan. Pectinases were measured using pectin
substrate (from citrus fruits) and p-nitrophenyl-a-D- arabinofuranosidase (pNPA). Esterases were
determined with feruloyl acetate and amylases were dosed with potato starch substrate.

All enzymatic activities were performed in triplicate. The methodology employed to
determine enzymatic activities was performed according to Cota et al. [51] with modifications,
where 50 uL of substrate solution (0,5% wi/v of the substrate diluted in water) were added to 46 uL
of enzyme solution and 4 pL of sodium citrate buffer 1 mol/L, pH 4.8. The mixture was incubated
at 50 °C for different periods depending on the substrate. The reaction time of cultivation was 30
min for potato starch, Avicel®, CMC, mannan, pectin, pNPA, pNPX, pNPC, and pNPG (for the
latter two, 20 mL of enzyme solution, 30 uL of sodium citrate buffer 1 mol/L dilute to the samples
containing cellulose or SCB). The reaction time of 10 min was used for lichenan, for samples
containing SCB or cellulose (10 uL enzyme solution, 4 uL sodium citrate buffer, and 36 pL distilled
water); 10 min for xylan and rye arabinoxylan for samples of the mutant strain grown in SCB or
cellulose (10 puL enzyme solution, 4 uL sodium citrate buffer and 36 pL distilled water). The
reactions with filter paper and the remaining polysaccharides were stopped by adding 300 pL and
100 pL of dinitrosalicylic acid reagent solution (DNS), respectively [52]. The reactions carried out
with pNP substrates were stopped by adding 100 pL of sodium carbonate 10 (w/v) [53].

The activity of esterases was determined according to the methodology described by Koseki
et al. [54]. For the samples containing cellulose or SCB were used 5 uL of enzyme solution, 20 uL
of sodium acetate buffer (SAB) 100 mmol/L, pH 5.5, and 15 pL distilled water was added. For
samples containing glucose or glycerol as carbon sources, 20 puL of enzyme solution and 20 pL of
SAB buffer were used. Then, 10 pL of substrate (50 mmol/L in Dimethylsulfoxide solution —
DMSO) was added, incubated at 40 °C in a thermocycler for 30 min. Next, the reaction was stopped
by adding 100 uL solution of Fast Garnet reagent (0.1% w/v and SDS 15% wi/v in DMSQ) and kept
at room temperature for 10 min.

The units of enzymes with activity on the polysaccharides were assumed as the amount of
enzyme capable of releasing 1 umol of reducing sugar per min. Units of enzyme with activity on the
p-nitrophenyl substrates were assumed as the amount of enzyme capable of liberating 1 pmol of p-
nitrophenyl per min. Esterases were assumed as the amount of enzyme capable of liberating 1umol

of a-naphthyl acetate per minute.
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5.4 Determination of total soluble proteins

For the quantitative determination of soluble proteins in the secretome of P. echinulatum
wild type and mutant strain, we employed the method of Bradford [55] with Bio-Rad Protein Assay.
A calibration curve was constructed using 80 pL bovine serum albumin (BSA) standard solutions
with concentrations between 0 and 25 pg.mL™ and 20 pL of Bradford reagent. The protein
quantification of P. echinulatum secretome samples was made with 20 pL of Bradford reagent and
80 pL of sample. The reaction was incubated for 10 minutes at room temperature and then read in a
spectrophotometer at 595 nm.

5.5 SDS-PAGE of total proteins

Samples of 96 h from P. echinulatum were subjected to analysis of protein profile. Samples
containing cellulose or SCB were carried out in triplicate, whereas the samples containing glucose
or glycerol were taken in a replicate.

To determine the molecular weight of proteins, electrophoresis was performed in
polyacrylamide gels containing 0,1% (w/v) sodium dodecyl sulfate (SDS-PAGE). The separating
gel was prepared in 12% (w/v) while the stacker gel was prepared 4% (w/v) according to the
methodology described by Laemmli [56]. After standard the samples, 11 pg of sample were applied
to each slot to electrophoresis running in vertical cube Bio Rad Mini Protean System Cell at 110 V
for approximately one and a half hour.

The revelation of bands from the gel was performed incubating the gel for 30 minutes in a
solution of 0,2% (w/v) Coomassie Brilhant Blue G 250, 50% (v/v) of ethanol and 10% (v/v) of
acetic acid. After, the gel was washed with distilled water and immersed in a solution of 50% (w/v)
ethanol and 10% (w/v) acetic acid for 30 minutes. The entire development process was performed

under stirring of 50 rpm until bands were visualized.

5.6 Digestion of proteins for analysis by mass spectrometry

The digestion of proteins for analysis by mass spectrometry was performed in two steps,
performing them in two successive days, according to Gongalves et al. [57]. First we cut of 8 gel
bands per lane. SDS was removed with 500 pL of a destain solution during 2 h and the bands were
dehydrated for 5 min with 200 pL acetonitrile, reduced during 30 min with 30 pL dithiothreitol
(DTT) solution and alkylated with 30 pL of iodoacetoamide (IAA) solution, also for 30 min. Then

the bands were washed with ammonium bicarbonate 100 mmol/L (for 10 min). A new dehydration
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with acetonitrile and rehydration with sodium bicarbonate was performed. Protein digestion was
carried out with 30 pL of trypsin solution (Img/mL) in ammonium bicarbonate at 37 °C overnight.
On the second day, was added 10 — 30 pL of extraction solution 1 (5% (v/v) of formic acid)
in each microtube (depending on the size of the gel), incubated for 10 minutes at room temperature,
given a quick spin in a centrifuge and the supernatant was collected and transferred to another
microtube. Then, were added 12 pL of the second extraction solution (5% (v/v) formic acid in 50%
(v/v) acetonitrile) in each microtube, and after 10 minutes, the supernatant was collected and
transferred to a tube which was previously separated and already contains the extract from the
previous step. This step was repeated one more time. Finally, the samples were evaporated in the
speed vac so was left approximately 1 yuL of sample. The samples were stored at -20 °C until being

transferred to the mass spectrometer.

5.7 Liquid chromatography-tandem mass spectrometry

For the application of trypsinized fractions in the LC-MS/MS each sample was resuspended
with 12 pL of 0,1% (v/v) formic acid and aliquot of 4,5 pL of the peptides mixture was injected
into the chromatograph RP-nanoUPLC (nanoAcquity, Waters). Chromatography was performed on
C18 (100 nm x 100 mm) equilibrated with 0,1% (v/v) formic acid column buffer. The elution
gradient was 2% (v/v) to 90% (v/v) acetonitrile in 0,1% (v/v) formic acid. The whole system
operated at the speed of 0,6 puL/min. As the peptides were eluted from the column, they were
injected into the spectrometer quadrupole-time of flight Q-Tof (Ultima Mass Spectrometer Waters)
with a source of ionization electron spray, for 60 minutes. The instrument was operated in the "top
three - MS and MS/MS mode", where each MS spectrum acquired, its three peptides not
monoloaded (precursors) most abundant were selected for further fragmentation (generating y and b
sets) and sequenced generating a MS/MS spectrum for each peptide.

The spectra were acquired using MassLynx v.4.1 software (Waters - Milford, MA, USA)
and the raw data were converted to the format "peak list format (mgf)" by Mascot Distiller software
v.2.3.2.0, 2009 (Matrix Science Ltd.). These results were processed by Mascot v.2.3.01 engine
(Matrix Science Ltd.) software against the genome sequencing database of P. echinulatum strains
(2HH: 8504 sequences, 4286814 residues; M29: 8552 sequences, 4298942 residues) for digestion
and spectra generation of MS/MS theoretical. The following parameters were used in this process:
carbamidometilacdo as a fixed modification, oxidation of methionine as a variable modification,
one error of trypsin cleavage and maximum allowable error in the peptide mass of 0,1 Da. Only
peptides with at least five amino acids and score within probability to be not a random event p<0.05

were selected as a peptide cleavage product (i.e. they are part of a protein). The peptide was
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considered only when it differs by at least one amino acid for another or when differs in covalent
modifications (including elongations of N- or C-terminal).

Bioinformatics tools were used to build a secretome table. To validate the proteomic data
was employed the Scaffold 4 Proteomic software (version 4.3.2 20140225), where the database of
proteins from the two strains of P. echinulatum (2HH and S1M29) were crossed. Conditions
configured to accept the identification of a protein were: protein probability thresholds greater than
99%, with a minimum of two different peptides for protein identification, each one with 95%
certainty. The search results remained false discovery rate (FDR) of peptides and proteins equal to
zero.

In order to verify if the sequences of proteins annotated from the genomes of 2HH and
S1M29 strains with different identification were the same, the alignment of the proteins was
performed using the Clustal Omega software (Multiple Sequence Alignment - EMBL-EBI) [58].

Verified the proteins sequences, the BLAST (Basic Local Alignment Search Tool) [59]
software was employed. The parameters used to make the choice of protein were: e-value < e™;
identity > 40% and query cover > 80%.

With the aim of finding proteins active on carbohydrate (CAZymes), as well as the presence
or absence of carbohydrate-binding modules, the software dbCAN (DataBase for Carbohydrate-
active enzyme ANotation) was used [60].

The presence or absence of signal peptide was carried out using the SignalP software
(version 4.1 - Server-CBS) [61], SecretomeP (version 2.0) [62] and YLoc (Interpretable Subcellular

Localization Prediction) [63].
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Abreviations
1D - PAGE: One dimensional polyacrylamide electrophoresis; LC-MS/MS: Liquid

chromatography-tandem mass spectrometry; CAZy/CAZymes: Carbohydrate active enzymes; SCB:
Sugar cane bagasse pretreated by steam explosion; CEL: Cellulose; GLY: Glycerol; GLU: Glucose;
GHs: Glicoside hydrolases; CEs: Carbohydrate esterases; PLs: Polysaccharide Lyases; AAs:
Auxiliary activities; CBMs: carbohydrate-binding module; pNP: p-nitrophenyl; pNPC: p-
nitrophenyl-B-D-cellobioside; pNPG: p-nitrophenyl-p-D-glucopyranoside; pNPX: p-nitrophenyl-p-
D-xylopyranoside; pNPA: p-nitrophenyl-a-D-arabinofuranoside; AVI: Avicel®; LIC: Lichenan;
CMC: Carboxymethyl cellulose; ARAX: Rye arabinoxylan; XIL: Xylan; MAN: Mannan; PEC:
Pectin; FEA: Feruloyl acetate; PST: Potato starch; DNS: Dinitrosalicylic acid; SAB: Sodium
acetate buffer; DMSO: Dimethyl sulfoxide; BSA: Bovine serum albumin; DTT: Dithiothreitol;
IAA: lodoacetoamide; SDS: Sodium dodecyl sulfate; UPLC: Ultra performance liquid
chromatography; Q-Tof: Quadrople time of fligth; FDR: False discovery decoy; BLAST: Basic
local alignment search tool; dbCAN: Database for carbohydrate-active enzyme annotation; YLoc:

Interpretable subcellular localization prediction.
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Additional file 1: Other proteins identified and spectrum count in different carbon sources by wild type 2HH and mutant S1IM29 of
Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count®

S5 g | . S |%

2 g Identified proteins Organism X 5 2HH S1M29

g2 % & ["Glu Gly sSCB Cel | Glu Gly SCB Cel
Adhesion proteins

05908 Filamentous hemagglutinin/adhesin Beauveria bassiana 26 | Y 23 21 18 40 0 15 8 5

91204 GPI anchored cell wall protein Neosartorya fischeri 23 | Y 39 8 4 6 11 10 2 6

g4263 GPI anchored cell wall protein Aspergilus oryzae 4 1Y 0 18 7 13 0 3 0 0

g8160 GPI-anchored cell wall protein Aspergillus ruber 42 |Y 8 1 2 1 4 8 0 3

0120 Mannose-binding lectin Penicillium roqueforti 50 | Y 0 0 0 0 0 15 0 3

05107 IgE-binding protein Aspergillus oryzae 24 | N 18 5 2 9 5 0 17 0

05607 IgE binding protein Penicillium digitatum 23 | Y 0 0 0 0 42 0 0 0
Oxidoreductases

01768 D-xylose reductase Aspergillu fumigatus 36 | N 0 0 80 23 0 0 15 8

g992 | Malate dehydrogenase, mitochondrial precursor Aspergillus terréus 36 | N 0 7 2 10 0 0 0 0

g2710 Nitroreductase family protein Penicillium digitatum 29 | N 0 0 9 0 0 0 1 0

05742 Manganese superoxide dismutase Penicillium chrysogenum | 20 | N 0 10 0 8 0 3 0 1

06048 Formate dehydrogenase Byssochlamys spectabilis | 45 | N 0 6 0 3 0 0 0 0

05493 Cu,Zn superoxide dismutase SOD1 Neosartorya fischeri 18 | Y 0 0 41 0 0 0 0 0
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97218 Mannitol-1-phosphate 5-dehydrogenase Penicillium roqueforti 44 | Y 0 1 0 3 0 0 0 0
02794 Aldehyde dehydrogenase Penicillium roqueforti 54 | N 0 2 0 0 0 0 0
Proteases and peptidases
05859 Aminopeptidase 2 Aspergillus terréus 99 N 0 21 19 12 0 22 2 0
06527 Aspartic endopeptidase Aspergillus fumigatus 13 Y 0 6 11 7 0 16 2 4
g3775 Tripeptidyl peptidase A Neosartorya fischeri 6 Y 28 0 3 0 87 0 0 4
g592 Prolidase Penicillium digitatum 52 | N 0 2 9 2 0 15 0 1
g2787 Yapsin Talaromyces marneffei 53 | Y 3 0 0 0 0 0 0 8
05496 Vacuolar serine protease Penicillium oxalicum 5| Y 0 1 0 2 0 6 0 4
02636 Carboxypeptidase CpyA/Prcl Neosartorya fischeri 64 | Y 0 1 2 1 0 3 0 1
g7745 Aspartyl aminopeptidase Penicillium digitatum 56 | N 0 7 4 6 0 6 0 0
08551 Tripeptidyl-peptidase sedl Penicillium digitatum 70 | N 10 0 0 0 0 0 0 0
02785 Aspergillopepsin Neosartorya fischeri 28 | Y 16 0 0 0 0 0 0 6
04035 y-glutamyltranspeptidase Penicillium roqueforti 63 | Y 0 2 0 1 0 2 0 0
g7131 Probable dipeptidyl peptidase 3 Penicillium roqueforti 79 | N 0 1 2 1 0 1 0 0
06667 Aminopeptidase Penicillium digitatum 99 | N 0 2 0 0 0 1 0 0
g708 Aspartic protease pepAc Aspergillus niger 47 | Y 3 2 0 0 0 0 0 0
05823 carboxypeptidase S1 Talaromyces marneffei 52 | Y 1 1 0 0 0 0 0 0
0989 Probable leucine aminopeptidase 2 Penicillium roqueforti 5 | Y 0 1 0 0 0 1 0 0
03656 Serine peptidase Byssochlamys spectabilis | 58 | Y 1 0 0 0 0 1 0 0
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02790 Penicillopepsin Penicillium janthinellum | 41 | Y 0 0 0 0 0 0 0 1
05790 Peptidase S10, serine carboxypeptidase Penicillium roqueforti 63 | Y 0 2 0 0 0 0 0 0
04250 a/B-hydrolase Penicillium roqueforti 38| Y 0 0 0 0 0 0 0 1
01378 Peptidase S9, prolyl oligopeptidase Penicillium roqueforti 81 | Y 0 43 10 10 0 40 1 5
04879 Amidase Aspergillus oryzae 64 | Y 6 9 0 0 0 8 0 0
Lipases
01946 Lipase Penicillium roqueforti 30 Y 0 1 0 2 0 39 4 19
g347 Lysophospholipase phospholipase B Penicillium chrysogenum | 69 | Y 34 24 2 2 33 7 1 5
01420 Lipase, class 2 Penicillium roqueforti 29 0 0 0 9 0 0 0 0
Glutaminases
06338 Glutaminase A Byssochlamys spectabilis | 75 0 3 5 3 2 11 0 5
46870 Glutaminase Penicillium digitatum 93 0 2 0 19 0 4 0 0
05109 Glutaminase Aspergillus niger 75 0 0 0 0 0 0 2
Chaperones
06709 Heat shock protein Penicillium digitatum 70 | N 0 2 0 1 2 1 0 0
g7547 Mitochondrial Hsp70 chaperone (Ssc70) Penicillium digitatum 72 | N 0 1 0 0 0 4 0 0
04939 Tubulin-specific chaperone Rbl2 Neosartorya fischeri 13 | N 0 0 0 0 4 0 0 0
g351 ATP-dependent molecular chaperone HSC82 Arthroderma otae 80 | N 0 0 0 0 2 0 0 0
Hypothetical proteins
93760 Hypothetical protein PDE_06089 Penicillium oxalicum 18 | Y 27 26 0 3 5 5 0 11
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05020 Hypothetical protein PDE_06797 Penicillium oxalicum 25 | Y 0 46 0 0 0 0 0 0
07861 Hypothetical protein PDE_02536 Penicillium oxalicum 19 | Y 3 2 0 2 0 7 0 1
02722 Hypothetical protein PDE_02180 Penicillium oxalicum 123 | Y 28 0 0 0 0 0 0 0
08113 Hypothetical protein PDE_01252 Penicillium oxalicum 16 | Y 0 26 43 0 0 5 0 0
02258 Hypothetical protein PDE_04474 Penicillium oxalicum 33| Y 0 1 1 4 0 1 0 1
02829 Hypothetical protein PDE_00925 Penicillium oxalicum 2 |Y 8 0 0 0 2 0 1 0
02294 Hypothetical protein PDE_00503 Penicillium oxalicum 17 | Y 0 21 0 0 0 4 0 0
03357 Hypothetical protein PDE_05699 Penicillium oxalicum 109 | Y 39 0 0 0 18 0 0 0
g1259 Hypothetical protein PDE_03110 Penicillium oxalicum 19 |'Y 0 0 0 14 3 0 0 30
05510 Hypothetical protein PDE_02988 Penicillium oxalicum 34| Y 6 3 1 0 0 0 1 1
06328 Hypothetical protein PDE_01808 Penicillium oxalicum 11 | N 19 0 11 2 2 0 0 0

®Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or
glycerol (one replicate).

®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.
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Additional file 2: Other proteins identified (Miscelaneous) and spectrum count in different carbon sources by wild type 2HH and mutant

S1M29 of Penicillium echinulatum at 96 h during submerged cultivation.

Spectrum count?

c . ~ | =
% é Identified proteins Organism § é 2HH S1M29
§ = % E Glu Gly SCB Cel | Glu Gly SCB Cel
04278 Ubiquitin-40S ribosomal protein Aspergillus oryzae 18 | N 7 0 13 13 93 0 0 30
05678 Extracellular serine protein Aspergillus fumigatus 87 | Y 0 18 4 2 0 0 5 3
04533 Nucleoside diphosphate kinase Penicillium roqueforti 17 | N 0 4 21 5 0 2 21 7
05115 6-phosphogluconolactonase Aspergillus kawachii 45 | Y 0 13 0 4 0 11 0 0
01883 Glucose-6-phosphate isomerase Penicillium roqueforti 62 | N 0 2 3 5 0 1 0 0
g5494 Transaldolase Aspergillus flavus 35 | N 0 2 2 3 1 0 0 2
03663 Aldose /Glucose-6-phosphate 1-epimerase Penicillium roqueforti 50 | N 0 2 3 1 0 3 0 1
g7606 Aminotransferase, class V Byssochlamys spectabilis | 66 | N 0 2 3 0 2 0 0
92745 2,3-dihydroxybenzoate decarboxylase Penicilium roqueforti 39 | N 0 2 5 0 0 0 0
92426 Elongation factor 1 y-domain Aspergillus oryzae 46 | N 0 14 2 17 0 14 0 0
92400 Actin Penicillium oxalicum 37 | N 0 2 7 69 3 0 0 0
08382 Cytidine deaminase Penicillium roqueforti 15 1Y 0 0 11 0 0 1 0 7
g7675 Fumarylacetoacetase Penicillium roqueforti 47 | N 0 1 1 0 0 0 0
01374 Phytase Aspergillus nidulans 57 | Y 4 3 0 0 0 2 0 0
g50 Ribonuclease T2 Penicillium roqueforti 28 | Y 0 1 0 0 0 3 0 2
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03158 5-methyltetrahydropteroyltriglutamate Aspergillus clavatus 86 | N 0 0 5 0 0 0 0 0
homocysteine S-methyltransferase
g153 HIT domain protein Aspergillus kawachii 15 | Y 0 0 6 4 0 0 0 0
g3795 Glutathione S-transferase Penicillium digitatum 26 | N 0 0 3 3 0 0 1 0
g7872 Enolase/allergen Asp F 22 Aspergillus clavatus | 47 | N 0 5 0 0 0 2 0 0
409 Cyanate hydratase Aspergillus nidulans 18 | N 0 0 10 5 0 0 11 0
g
260 Cytochrome b5 Aspergillus oryzae 14 | N 0 0 4 2 0 2 0 3
g
Nuclease PA3® Cordyceps militaris 36| Y 0 3 0 2 0 3 0 0
g7391
2296 Phosphoesterase Penicillium roqueforti 120 | N 0 0 1 0 0 3 0 0
g
Necrosis- and ethylene-inducing protein 2 Botrytis tulipae 26 | Y 0 0 0 0 0 1 0 2
98122 precursor
Cyclophilin-like peptidyl prolyl cis-trans Aspergillus niger 21 | Y 0 4 0 17 0 0 0 0
9597 isomerase
02491 HAD superfamily hydrolase Aspergillus oryzae 28 | N 0 1 0 5 0 0 0 0
g7753 Inorganic pyrophosphatase Penicillium roqueforti 33 | N 0 1 0 5 0 0 0 0
06008 Purine nucleoside permeasse Penicillium roqueforti 43 | N 1 0 0 0 3 0 0 0
04614 Pyridoxine biosynthesis protein pyroA Penicillium digitatum 32 | N 0 1 0 0 0 3 0 0
g608 Allergen Asp F4 Neosartorya fischeri 36| Y 0 0 0 1 1 0 0 0
g371 Actin-binding, cofilin/tropomyosin type Penicillium roqueforti 50 | N 0 0 0 0 0 0 0 1
g1092 Conidial hydrophobin Hyp1l/RodA Aspergillus kawachii 15| Y 0 0 0 5 0 0 0 0
04522 Conidial pigment biosynthesis oxidase Aspergillus oryzae 67 | Y 0 2 0 0 0 0 0 0
Arb2/brown
g7764 | Glutamine amidotransferase-like protein, class | Sphaerulina musiva 26 | Y 0 6 0 0 0 0 0 0
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07393 Putative DNA repair exonuclease SIA1 Aspergillus oryzae 46 | N 0 0 0 0 0 1 0 0
03371 Actin-binding, cofilin/tropomyosin type Penicillium roqueforti 25 | Y 0 0 0 5 0 0 0 0
08197 60S ribosomal protein L22 Talaromyces stipitatus 14 | N 0 0 0 0 2 0 0 0
08526 Dynein light chain Aspergillus niger 15| Y 0 0 0 0 2 0 0 0
g1652 Catalase B Penicillium roqueforti 80 | Y 0 0 0 0 0 1 0 0

®Secretomic analysis based on spectral counting. An analysis was conducted for samples grown on cellulose or SCB (mean of triplicates) and for samples grown on glucose or
glycerol (one replicate).

®The secretion of each protein was verified by the software SignalP, SecretomeP and Y Loc.
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5 CONCLUSOES

Diante dos resultados obtidos no presente trabalho pode-se concluir que:

- linhagem selvagem 2HH e mutante S1M29 de P. echinulatum metabolizam fontes de
carbono como celulose, bagaco de cana-de-acucar, glicose e glicerol e secretam uma diversidade de
enzimas lignoceluloliticas em cultivo submerso;

- nas condicBes testadas, enzimas celuloliticas, hemiceluloliticas e esterases foram
produzidas em quantidades maiores pela linhagem mutante S1IM29;

- maiores atividades enzimaticas sdo verificadas em 96 e 120 horas de cultivo em meios
elaborados com BCA ou em celulose, para a maior parte dos substratos utilizados;

- 0 uso de glicerol proporcionou a maior producdo de avicelases e pectinases pela linhagem
selvagem 2HH, enquanto que glicose proporcionou maiores produgdes de laminarinases por ambas
as linhagens;

- celobiohidrolases, B-glicosidases, arabinanases e amilases sdo secretadas em maiores
quantidades quando a linhagem mutante SIM29 é crescida em glicose;

- 0 secretoma de P. echinulatum é constituido principalmente por enzimas CAZy, sendo
encontradas glicosil hidrolases, carboidrato esterases, pectina liases, enzimas auxiliares, bem como
maodulos de ligagdo a carboidratos;

- P. echinulatum secreta uma grande variedade de glicosil hidrolases, sendo as GH3, GH5,
GH17, GH43 e GH72 as mais abundantes;

- celobiohidrolases e endoglicanases sdo as enzimas majoritarias secretadas por P.
echinulatum, visto que a linhagem mutante SIM29 secreta quantidades maiores destas enzimas,
guando comparada com a linhagem selvagem 2HH,;

- B-glicosidases, xilanases, endoxilanases, B-xilosidases e mannanases também foram
identificadas e em menores quantidades, pectinases, ligninases e amilases;

- fontes de carbono complexas como celulose e bagaco de cana-de-aclcar foram utilizadas
por P. echinulatum, especialmente pela linhagem mutante, para a producéo de enzimas relacionadas
a degradacdo de biomassa, principalmente celulases;

- fontes de carbono mais simples como glicose e glicerol foram utilizadas pelas linhagens
para a producdo de enzimas relacionadas a degradacdo de lignina e amido, bem como enzimas
relacionadas com a degradacgdo da parede celular fungica e proteinas de adesao;

- apesar da linhagem selvagem 2HH secretar uma diversidade maior de proteinas exclusivas,
a linhagem mutante S1IM29 secreta uma maior quantidade de proteinas sendo estas, em sua maioria,

enzimas degradadoras de material lignocelul6sico.
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6 PERSPECTIVAS

Como perspectivas para a continuidade de pesquisas relacionadas a este trabalho, sugerem-
se:

- realizar estudos de secretdmica em diferentes tempos de cultivo (24, 48, 72 e 120 horas) e
empregando outras fontes de carbono, como xilana e pectina;

- determinar a acdo de outras enzimas presentes no secretoma das linhagens de Penicillium
echinulatum, empregando substratos para mensurar ligninases e enzimas envolvidas na degradacéo
de parede celular fingica, como quitinases;

- aprofundar os estudos empregando glicerol nos meios de cultivo, uma fonte de carbono
solvel e, a0 mesmo, um residuo da industria de biocombustiveis, contribuindo para a producédo de
enzimas de hidrélise de parede celular vegetal a fim reduzir as interferéncias na reologia dos meios
de producéo, tanto em cultivos conduzidos em frascos como em biorreatores;

- realizar estudos de transcriptomica de P. echinulatum cultivado em diferentes fontes de

carbono.
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