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Resumo

No presente trabalho, o fungo Pycnoporus sanguineus MCA16 foi cultivado em
diferentes substratos lignocelulésicos, por fermentacdo em estado sélido, para
obtencdo de celulases, xilanases e ligninases. Estas enzimas foram
empregadas na sacarificacdo do bagaco de cana-de-acUcar submetido a preé-
tratamento hidrotérmico alcalino realizado na presenca ou auséncia de agentes
oxidantes auxiliares na remocdo da lignina, como KMnOg4, H0,, ZnO e
TiO,com o intuito de auxiliar na remocgédo da lignina e desestruturacdo da
lignocelulose. Além disso, as ligninases produzidas pelo bioprocesso foram
estudadas quanto a degradacdo de compostos fendlicos totais liberados
durante a etapa de sacarificacdo enzimatica a fim de que promova um
tratamento enzimatico. Dentre todos os substratos lignoceluldsicos utilizados, a
mistura de farelo de trigo e farelo de soja levou a uma maior producdo da
maioria das enzimas testadas em 96h a 40°C. ApOs isso as solucdes
enzimaticas foram aplicadas na sacarificacdo enzimatica do bagaco de cana-
de-acucar pré-tratado, tanto hidrotérmico alcalino quanto empregando agentes
oxidantes, utilizando ferramenta de planejamento estatistico para avaliar a
influéncia de diferentes varidveis. Diante de todos o0s agentes oxidantes
avaliados, H,O, destacou-se obtendo as maiores liberacdes de glicose durante
a sacarificacdo enziméatica, com 250 unidades de endoglucanase/g de celulose
com 11% de bagaco de cana-de-agucar pré-tratado com 2,5% de H,O, durante
106 horas a 50°C. A fermentacdo alcodlica do hidrolisado nas condi¢des de
288,3 unidades de endoglucanase/g de celulose com 13,5% de bagaco de
cana-de-acucar sob pré-tratamento hidrotérmico alcalino durante 130 horas a
57°C gerou uma conversao de glicose a etanol de 73,5%. Apdés a sacarificacdo
enzimatica, a concentracdo de compostos fendlicos sofreu uma reducédo de
aproximadamente 90% enquanto que lacase e lignina peroxidase
apresentaram uma ativacdo enzimatica de 145% e 226%, respectivamente.
Além disso, acidos organicos gerados pela degradacao da lignina exerceram

influéncia sobre estas enzimas, ativando-as.

Palavras-chave: celulases, xilanases, ligninases, fermentacdo em estado

sélido, sacarificacdo enzimatica, etanol de segunda geragao



Abstract

In the present work, the fungus Pycnoporus sanguineus MCA16 was grown on
different lignocellulosic substrates by solid-state fermentation to obtain
cellulases, xylanases and ligninases. These enzymes were used in
saccharification of sugarcane bagasse submitted to alkaline hydrothermal
pretreatment carried out in the presence or absence of oxidizing agents such
as KMnQO,, H20,, ZnO and TiO; in order to assist in the lignin removal and
lignocellulose disruption. In addition, the ligninases produced by the bioprocess
were studied for the degradation of total phenolic compounds released during
the enzymatic saccharification step in order to promote an enzymatic treatment.
Among all the lignocellulosic substrates used, the mixture of wheat bran and
soybean meal led to a higher production of most of the enzymes tested in 96h
at 40 °C. After that, the enzymatic solutions were applied in the enzymatic
saccharification of pretreated sugarcane bagasse, both alkaline hydrothermal
and using oxidizing agents, using a statistical planning tool to evaluate the
influence of different variables. In view of all the oxidizing agents evaluated,
H.O, was selected by obtaining the highest glucose releases during the
enzymatic saccharification with 250 units of endoglucanase/g cellulose with
11% sugarcane bagasse pre-treated with 2.5 % H,O, for 106 hours at 50 °C.
The alcoholic fermentation of the hydrolyzate under the conditions of 288.3
units of endoglucanase/g cellulose with 13.5% sugarcane bagasse under
hydrothermal alkaline pre-treatment for 130 hours at 57 °C generated a
conversion of glucose to 73.5% ethanol. After enzymatic saccharification, the
concentration of phenolic compounds decreased by approximately 90% while
laccase and lignin peroxidase showed an enzymatic activation of 145% and
226%, respectively. In addition, organic acids generated by the degradation of

lignin exerted influence on these enzymes, activated them.

Keywords: cellulases, xylanases, ligninases, solid state fermentation,

enzymatic saccharification, second generation ethanol



Lista de Figuras

Figura 1. Composicao da lignoCelUlOSe. ...........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiies 20
Figura 2. Composicao da lignoCelUlOSe. ...........uuuuiiiiiiiiiiiiiiiiiiiiiiiies 21
Figura 3. Estrutura quimica da celuloSe. ..........ccoovviiiiiiiiiiiii e, 21

Figura 4. Estrutura da hemicelulose, constituida principalmente por xilana.
AGluc: acido glucurdnico; AF: acido ferllico. .......ccoeeveeeiiiiiiiiiiiiiee e, 23
Figura 5. Representagéo de um fragmento da lignina, destacando as ligagbes
entre os mondmeros de fenilpropandides. (A) B-0O-4, (B) B-B, (C) 4-O-5, (D) B-1,
E) 5-5, (F)A-0-4 € (G) B-5. tiiiieeiiiiiiiiiiiiee ettt 25
Figura 6. Aplicacdes da lignina como recurso renovavel a partir da biomassa. 26
Figura 7. Representacédo esquematica da acao das celulases sobre a celulose.

Figura 9. Representacdo esquematica do mecanismo catalitico da LiP sobre
substrato aromatico NA0-FENGIICO. .........ccevviiiiiiiiiiiiieeee 32
Figura 10. Alcool veratrilico (VA) como um mediador redox na degradacéo da
o a1 = VS 32
Figura 11. Mecanismo de a¢do da lacase em substratos fendlicos. ................ 34
Figura 12. Representacdo esquematica da estrutura do sitio ativo e do ciclo
catalitico da lacase. (a) Modelo catalitico de lacase constituido por quatro
atomos de cobre. (b) Representacdo esquematica do ciclo catalitico da lacase
produzindo duas moléculas de agua a partir da reducdo de uma molécula de
oxigénio molecular e concomitante oxidacéo (cobre T1) de quatro moléculas de
substrato em seus radicais correspondentes. Sub: molécula de substrato; Sub®:
radical do SUbStrato OXIdAdO. ..........uiiieeiiiiiiiiie e 35
Figura 13. Mecanismo de acdo da lacase em substratos ndo-fendlicos através
(0 L= 0 0= 0 =T [0 R RTPUR 36
Figura 14. Mediadores redox de lacase.Mediadores redox de lacase. (a) acido
3-Hidroxi-antranilico (HAA); (b) acido 2,2 -azino-bis-(3-etilbenzotiazolina-6-
sulfénico) (ABTS); (c) N-hidroxi- benzotriazola (HBT); (d) N-hidroxiftaimida
(HPI); (e) acido violurico (VLA); (f) N- hidroxiacetanilida (NHA); (g) metil-éster



de acido 4-hidroxi-3,5-dimetoxi- benzoico (acido siringico); (h) 2,2,6,6-
tetrametilpiperidina-1-iloxi (TEMPO). .......ooiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeee 37
Figura 15. Esquema do mecanismo de acdo da lacase na auséncia (a) e
presenca (b, c) de mediadores redox da lacase.........ccccccceeeeieiieiiiieeiiciien e, 38
Figura 16. Representacdo esquematica de alguns processos de micro-escala
que ocorrem durante o crescimento fingico em processos de FES. Gas (Q);
liquido (I); substrato (s); calor (Q); temperatura (T). ........eevuurrmmmmmmmmminnrrniennnnnnnn. 40
Figura 17. Pycnoporus sanguineus em meio agar com extrato de malte. ........ 45
Figura 18. Pré-tratamento do material lignocelulésico para uso com fins
L2 LT (0T (oo TP PUUPPPPPRRTPT 49
Figura 19. Pré-tratamentos da biomassa lignocelul6sica. Tratamentos fisicos e
(0 10110 ][0 1PN 50
Figura 20. Fragmentos de lignina originados do pré-tratamento hidrotérmico
=1 [>T RPN 52
Figura 21. Fragmentos de lignina e acidos da hemicelulose (cumarico e
ferulico) originados do pré-tratamento hidrotérmico alcalino. .............cccc....e..... 52
Figura 22. Porcéao da hemicelulose (arabinoxilana e acido feralico) que mantém
[IgAGAO COM @ NIGNINAL. ...t 53
Figura 23. Porcao da hemicelulose (4cido cuméarico) que mantém ligacdo com a
o a1 = VS 53
Figure 1. Time course of cellulases, xylanases (a) and ligninases (b) production
by P. sanguineus MCA 16 cultivated by SSF on mixture (1:1 w/w) of wheat bran
and soybean meal, at 40 °C... ..o 86

Figure 2. Pareto chart of effects of the variables solid and enzyme loads........ 89
Figure 3 Response surface using pretreated bagasse and enzyme loads as
variables in the enzymatic saccharification of sugarcane bagasse by the extract
produced by P. sanguineus fungus MCA 16. ...........cccccuumimmmiimiiiniiiiiiiiiniiiinenanns 90
Figure 4. Pareto chart of effects of the variables time and temperature. ......... 92
Figure 5. Fourier Transformed Infra Red (FT-IR) spectroscopies of sugarcane
bagasse under different pretreatments. Hyd: hydrothermal;, AHyd: alkaline
hydrothermal; PP: potassium permanganate; APP: alkaline potassium

permanganate; ZO: zync oxide; AZO: alkaline zync oxide; TO: titanium dioxide;



ATO: alkaline titanium dioxide; HP: hydrogen peroxide; AHP: alkaline hydrogen
PEIOXITE....... e 117
Figure 6. Phenolic compounds present in the liquor obtained after alkaline and
non-alkaline hydrothermal pretreatment, in the presence of oxidizing agents.
Hyd: hydrothermal; AHyd: alkaline hydrothermal; PP: potassium permanganate;
APP: alkaline potassium permanganate; ZO: zync oxide; AZO: alkaline zync
oxide; TO: titanium dioxide; ATO: alkaline titanium dioxide; HP: hydrogen
peroxide; AHP: alkaline hydrogen peroxide. .........cccccvvuviviiiiiieceeeeeeiiceee e 118
Figure 7. Paretto diagram of the estimated effects of the hydrogen peroxide
concentration and enzyme loading variables on saccharification of pre-treated
SUQAICANE DAJASSE. ....cooiiiiiiiiiiiiiiiieeeeeee et 123
Figure 8. Response surfaces generated to the glucose concentration in function
of hydrogen peroxide concentration and endoglucanase load (a); hydrogen
peroxide concentration and sugarcane bagasse load (b); endoglucanase load
and sugarcane bagasse 10ad (C). ....coovvveeeeeeeeeeeeee e 124
Figure 9. Organic acids present in the liquid fractions obtained from alkaline
hydrothermal pretreatments in the presence of different hydrogen peroxide
concentrations. (a) Vanilin and ferulic acids concentrations and (b) syringic and
P-coumMaric acids CONCENTIALIONS. .........uuuuuuuiiiiiiiiiiiiiiiiiiiiiieeiieee e 127
Figure 10. Paretto diagram of time and temperature influence on the enzymatic
SACCNAITICALION. ....cciiiiiiiee e 129
Figure 11. Response surface generated to the glucose concentration obtained
after enzymatic saccharification using time and temperature as variable in the
statistical PlanniNg. ........ooovriii e 130
Figure 12. Scanning electron microscopy of sugarcane bagasse. (a) In natura
500x, (b) in natura 1500x, (c and d) submitted to hydrothermal alkaline
pretreatment 500x and 1500x, respectively, (e and f) submitted to hydrothermal
alkaline pretreatment with hydrogen peroxide (2.5%) 500x and 1500x,
FESPECHVEIY. .ot 133
Figure 13. Scanning electron microscopy of sugarcane bagasse submitted to
alkaline hydrothermal pretreatment 1500x (a) and alkaline hydrothermal
pretreatment with hydrogen peroxide at 2.5% 1500X (b). .......cccvvvvveiviiiiineennnn. 134
Figure 14. Estimated effects by Pareto Diagram of the variables in the laccase
(@), MNP (b) and LiP (C) ACHIVILIES. .....ccuuuiiiiiiiiiieeeeee e 153



Figure 15. Response surface obtained for pH and temperature effects on
[IGNINASES ACHVILIES. . ..uiieie i 154
Figure 16. Effects of pH (a) and temperature (b) on ligninases stability. ........ 155
Figure 17. Total phenolic compounds concentration and ligninases activities
profiles during the incubation of enzymes solution at 50 °C (a) and 70 °C (b).
Enzyme solution was obtained from P. sanguineus MCA 16 cultivation in the
mixture of soybean meal and wheat bran (1:1 w/v) for 96 hours at 40 °C. All the
enzymatic activities were determined under optimum conditions of pH and
LET 0] 01T = LU PPN 157
Figure 18. Profiles of TPC concentration and ligninases activities during
enzymatic saccharification of sugarcane bagasse submitted to alkaline
hydrothermal pretreatment. Saccharification was conducted at 50 °C and the
enzymes activities were determined under optimum conditions...................... 159
Figure 19. Scanning electronic micrography (SEM) of pretreated sugarcane
bagasse before enzymatic saccharification with 500x (a), after enzymatic
saccharification with 500x (b), before enzymatic saccharification with 500x (c),
before enzymatic saccharification with 1500x (d), after enzymatic
saccharification with 500x (e) and after enzymatic saccharification with 1500x
(D) ettt ettt e e e e e e —r e e e e e e e e a e —raeaaeaaeaaa 162



Lista de tabelas

Tabela 1. Producdo de enzimas celuloliticas e xilanoliticas por fungos
utilizando-se residuos lignoCElUlOSICOS. ........ooviiiiiiiiiiiiee e 43
Tabela 2. Enzimas de degradacéo de lignocelulose produzidas por Pycnhoporus
SANGUINEUS. .ttt e e e e e eeeeeeti e e e e e e e eeeeatba e e e e e eeeeeesaaa s e e eeeeeeeesansn e eeeeeeeeeesnnnnnnes 46
Table 1. Rotational central composite design (RCCD) (2% used in

saccharification of pretreated sugarcane bagasse...........ccccovvvvvvvevvevvivninninnenn 82

Table 2. Face centered central composite design (CCD) (2°) used in the
saccharification of pretreated sugarcane bagasse. ........cccccccvvvviiiiiiiiiiiiinennnnn. 82
Table 3. Cellulases and xylanases activities in the crude enzyme solutions
obtained by cultivation of P. sanguineus MCA 16 on different mixtures (1:1 w/w)
of lignocellulosic substrates by SSF, for 96 hours, at 40 °C. SB: sugarcane
bagasse; WB: wheat bran; RH: rice husk; SM: soybean meal. ........................ 84
Table 4. Ligninases activities in the crude enzyme solutions obtained by
cultivation of P. sanguineus MCA 16 different mixtures (1:1 w/w) of
lignocellulosic substrates by SSF, for 96 hours, at 40 °C. SB: sugarcane
bagasse; WB: wheat bran; RH: rice husk; SM: soybean meal; MnP: manganese
peroxidase; LiP: lignin peroxidase; nd: not detected. .............ccevvvvvvviiiiinneeenn. 85
Table 5. Rotational Central Composite Design (RCCD) model used in the
enzymatic saccharification experiments of pre-treated sugarcane bagasse. ... 88
Table 6. Coded and real values of the face-centered design design (2°) used in
saccharification of sugarcane bagasse submitted to alkaline hydrothermal

pretreatment in the presence of hydrogen peroxide. SB: sugarcane bagasse.

Table 7. Coded and real values of the rotational central composite design
(RCCD) (2%) used in the enzymatic saccharification of the sugarcane bagasse.

Table 8. Effect of pretreatments on chemical composition of sugarcane

DAGASSE. .. e 114



Table 9. Enzymatic saccharification of sugarcane bagasse submitted to different
pre-treatments. Assays conducted at 50 °C for 24 hours with bagasse and
endoglucanase loads at 3.0% and 100 total units/g cellulose, respectively. .. 120
Table 10. Factorial design of the face-centered type used for the evaluation of
the influence, in the saccharification, of the bagasse and hydrogen peroxide
loads used in the pretreatment, as well as the endoglucanase loading used in
saccharification. An enzymatic extract produced by Pycnoporus sanguineus
MCA 16 was used for cultivation on wheat bran and soybean meal (2:3 w/w) at
40 °C for 96 hours. The tests were kept at 50 °C for 24 hours under 300 rpm.

Table 11. Analysis of the lignocellulosic fractions of sugarcane bagasse
subjected to alkaline pre-treatment in the presence of different percentages of
NYdrogen PEIrOXIAE. .......coie e e e 126
Table 12. Rotational Central Composite Design (RCCD) used in the enzymatic
saccharification experiments of pre-treated sugarcane bagasse.................... 129
Table 13. Analyzes of variance (ANOVA) to enzymatic saccharification of
SUQArCANE DAJASSE. ....coiveieiiiiii e e e e e e aaana 130
Table 14. Coded and real values used in the the 2% type face-centered

performed to study the effect of pH and temperature (°C) on enzymes activities.

Table 15. Coded and real values of the face centered design (2%) used to
evaluate de effect of pH and temperature on laccase and lignin peroxidase
= 03 1)Y= SRR 151
Table 16. Coded and real values of the central composite design (RCCD) used

to evaluate the effect of pH and temperature on manganese peroxidase actyity.

....................................................................................................................... 152
Table 17. Analysis of variance ANOVA of the experimental design for ligninases
ACHIVITIES oo 153

Table 18. Influence of metal ions, organic and inorganic compounds on
IGNINASES ACHVITIES. ...vui i e 156
Table 19. Effect of organic acids on ligninases activities. All the enzymes

activities were determined under optimum conditions of pH and temperature.



Sumario

INEFOTUGEO. ... 18
ReVISA0 BIblIOGIafiCa .......cevviiiii e 20
1.Composicao dos residuos agroindUSEHAIS. ..........uuiiiieeeiiieeiiiee e 20
L. LCEIUIOSE ...t 21
1.2 HEMICEIUIOSE ...t 23
N 1 o | 1 - PP 24
2.Degradacéo enzimética de materiais lignoceluldSICOoS ............cccccveeeiiiiiiiiiiiiiiieeee 26
2.1 CRIUIASES ...ttt 27
2.2.HEMICEIUIASES ...t 29
2.3 LIgNINASES ...ttt 30

3.Residuos lignocelulésicos como substratos para producdo de enzimas
lignoceluloliticas e como fontes de acUcares fermentesciveis...........ccccceeeeeeeeeeeeeeee. 39

3.1. Producéo de enzimas por fermentacdo em estado solido (FES) ...........ccccuuee. 39

3.2. Bagaco de cana-de-agUcar: substrato para cultivo fungico e fonte de energia

=1 0103V 7= Y= PP PPPPPPPP 47
4. Pré-tratamentos da biomassa lignoceluldsica ...........cccoeeeiiiiiiiiiiiiin e, 49
4.1. Pré-tratamento NiArotErMMICO ........uuuuueeiiiiiiiiiiiiiiiiiiii e eeeeeeeeneeeennes 50
4.1.1. Pré-tratamento hidrotérmico em meio alcalinO...............euvuviiiiiiiiimiiiiiiiiiiiinnnns 51
4.1.1.1 Pré-tratamento hidrotérmico na presenca de agentes oxidantes.................. 53
4.2. Uso de hidrolisados enzimaticos para poducao de etanol 2G.............ccccoeeennne 55
Referéncias BibIOGIAfICAS ........oouiiiiiiiiiiiiiie et 57
(©F-T 011 (1] [0 0t AP UPP R PPPPPPPPPPRPR 76

Ligninases, cellulases and xylanases production by Pycnoporus sanguineus MCA 16

and enzymatic saccharification of sugarcane bagasse for ethanol production ............ 76
LUNETOTUCTION ...t e e e e e e e e e e e e e e e aaaees 77
2.Material and MethOdS .........cooiiiiiiii

P20 o o ) o = g1 L] o PP 78

2.2.Influence of solid state fermentation (SSF) conditions on the enzymes

010 o 18 Tox 1o ] £ P PPR 78



2.3. Determination of eNzymes actiVIties .........cooveeeiiiiiiiiiiiai e 79

2.4. Sugarcane bagasse hydrothermal alkaline pretreatment...............cccccvvvvvinnnnnns 80
2.5. Enzymatic saccharification of pretreated sugarcane bagasse..............cccevvvnees 80
2.5.1. Influence of enzyme and bagasse 10ads................uuuviriiiiiiiiiiiiiiiiiiiis 81
2.5.2. Influence of time and tEMPErature ................uuuueeemmirimriiiiiiii s 82
2.6. Analytical MEthOAS .........ooiiiiie e 82
2.7. AIcOhOliC FErMENTALION ........eiiiiiiiic e 83
3.RESUILS @Nd AISCUSSION ...ttt 84
3.1. Enzymes production by solid-state fermentation..............ccccoeeeiiieiiiiiiiiienn e, 84
3.1.1 Influence of lignocelluloSiC SUDSEIatES.............uuuuiiiiiiiiiiiiiiiieees 84
3.1.2. Influence of cultivation time on the enzymes production ................ccccevevvennns 86
3.2.1. Influence of solid and enzyme 108dS...............uuuuuiiiiiiiiiiiiieaees 87
3.2.2. Influence of time and tEMPErature .................ueuuueimriiiiiiiiiiieeeees 91

3.3. Comparative enzymatic saccharifications using filter paper or xylan as

SUDSTTALES ...t 94
3.3. Analysis of total phenolic compounds (TPC) ......ceiiiiiiiiiicci e, 94
3.4. Analysis of fermentation INhIDItOrS ............cooiiiiiiii e, 95
3.5. AlCONOIIC FEMENTALION ...ccoiiiiiiie e 95
AL CONCIUSIONS ...ttt ettt e e e e e et e e e e e e e e et reaeens 96
5. AKNOWIEAGEMENLS ....oeviiiiiii e e e e e e et e e e e e e e e eaeraaaaas 96
B.REFEIENCES ... 97
(071011 (1] [0 T2 PR PR PPPPPPPP 106

Use of oxidizing agents in the hydrothermal alkaline pretreatment of sugarcane

bagasse, enzymatic saccharification and cellulosic ethanol production..................... 106
N 1 To [ o 1o T o PSPPSR 107
2. Material and Methods ... 108
2.1, SUQAICANE DAJASSE ...ceieiiiiiiiei e et e e e e eraa s 108
2.2. Hydrothermal Pretreatment ..........ooooiiiiiiiii e 109
2.2.1. Use Of OXIdIZING QENLS ....uuiiiiiii i e e et e e e e e e e et e e e e aea e e eees 109

A T |V o] o o {0 = 1 01 o 109



2.4. Enzymes production by solid-state fermentation (SSF) .............ccccccviiiiiiinnnns 109

2.5. ENdOQIUCANASE GCHIVILY ... .evueiiiiiiiiiiiiiiiiiiiiiie e 110
2.6. Enzymatic saccharification of pretreated sugarcane bagasse................cc....... 110
2.6.1 Optimization of enzymatic saccharification conditions ..................ccceeeevvnnnnnn. 111
2.7. ANAIYLICAI METNOUS .....eiiiiiiiiiiiie b eennenne 112
2.8. Scanning electroN MICIOSCOPY ... cceviiviriiiiiiieeeee e eeiiae e e e e e e e et e e e e e eeaneans 113
3. RESUItS aNd AISCUSSION ......uuiiiiiiiiiiiiiiiie e 114
3.1. Analysis of sugarcane bagasse lignocellulosic fractions...........cccccccceeeenennn. 114
3.2.Enzymatic saccharification of pretreated sugarcane bagasse...............c.......... 119
3.2.1. Influence of the oxidizing agents used in the hydrothermal pretreatment..... 119

3.2.2. Influence of hydrogen peroxide concentration, sugarcane bagasse and

ENZYME JOBUING ...ttt 120

3.2.3. Influence of hydrogen peroxide concentration on pretreatment on the

COMPOSItioN Of SUJAICANE DAJASSE ......uuuvrrrriiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeaeeeeeereeereeeeeeeeenees 125

3.2.4. Influence of time and tEMPErature ..............ccccouuuuiummiiiiiiiiiieeeeeeeees 128

3.3. Alcoholic fermentation iNNIDItOrS .............uuuiiiiii e 131

3.2.5. Scanning electron microscopy of sugarcane bagasse .............cccccuvvvveevennnnns 132
B.CONCIUSIONS ...ttt e e e e et e e e e e e eeeeeas 134
7. AKNOWIEAGEMENLES ....oeiiiiiii e e e e e e e e e e e e e e esreaaaaans 135
8. REFEIENCES ...ttt e e 135
(O 011 (01 [0 10 TS UUPPPROTRR

Degradation of phenolic compounds by ligninases from Pycnoporus sanguineus MCA

16 during enzymatic saccharification of pretreated sugarcane bagasse.................... 142
LUNEOAUCTION ... 143
2. Material and Methods ... 145
2.1. LIgNOCEIIUIOSIC SUDSIIALES. ... .uuuiiiiiiiiiiiiiiiiiiiiiitieiiieieibebbbbeeeeeeeeeeeeeeeeeeeeeeeeeeeenes 145
2.2. LIQNINASES ACHVITIES .......uveeieiiiriiiiiiiiiiteiieeeeeeeeeeaeeeeeesaebeseseesseeaseeesseeeeeeeeeeenennnes 145
2.3. Ligninases physico-chemical characterization ...............cccciiiiini i, 146
2.3.1 Effect of pH and temperature on enzyme activity and stability ...................... 146

2.3.2. Effect of glucose, ions, organic and inorganic compounds......................en... 147



2.4. Sugarcane bagasse hydrothermal alkaline pretreatment................cccccvvvvnnnns 148
2.5. ENZYMES PrOQUCTION .....ueiiitiiiiiiiiiiiiiiieee et 148
2.6. Degradation of phenolic compounds by ligninases in the enzymatic extract... 148
2.7. Enzymatic saccharification of pretreated sugarcane bagasse................cc....... 149

2.8. Action of ligninases on phenolic compounds during enzymatic saccharification

.............................................................................................................................. 149
2.9. Analytical MethodS .........cooviiiii et 149
2.10. Scanning electroN MICIOSCOPY ......cvvurruuiiieeeeeiieetiiae e e e e e e e et eeaeeeeereaas 150
3. ReSUILS @Nd AISCUSSION ......uuiiiiiiiieiiiiiie et 150
3.1. Ligninases physico-chemical characterization ..............ccccceeeeiieieiiviiiiiiee e, 150
3.2. Effect of chemical compounds on ligninases activities.............cccoevvvvviiieeneennn, 156

3.3. Degradation of phenolic compounds by the ligninases in the enzyme solution156

3.4. Degradation of phenolic compounds by the ligninases during pretreated

sugarcane bagasse enzymatic saccharification..............ccceevviiiiiiie e, 158

3.5. Morphological analysis of sugarcane bagasse after enzymatic saccharification

B 0] [ [§ 1] 0] 1
5.AKNOWIEAGEIMENTS ... 163

B R B BINCES ..o e 163



18

Introducao

A producao de celulases, xilanases e ligninases microbianas visando a
utilizacdo em processos de obtencdo de etanol de segunda geracdo tem
despertado o interesse da comunidade cientifica nos ultimos anos. Tais
enzimas podem ser produzidas por microrganismos, especialmente fungos
filamentosos, quando cultivados em residuos lignocelulosicos (agroindustriais,
florestais e urbanos) como substratos (MORETTI et al., 2014; PEREIRA et al.,
2015; PEREIRA et al., 2016a; PEREIRA et al., 2016b; MARQUES et al., 2018;
OLIVEIRA et al. 2018). Entre os diversos residuos empregados com esta
finalidade estdo o bagaco de cana-de-acucar, o farelo de trigo, o sabugo e a
palha de milho, a palha e a casca de arroz, o farelo de soja, a cevada e a casca
de café e a casca de frutas como maracuja entre outros (FERRAREZI et al.,
2014; MORETTI et al.,, 2012; PEREIRA et al., 2014). Estes residuos sao
abundantes no Brasil, especialmente o bagaco de cana-de-aglcar,
constantemente gerado em grande volume pela industria sucroalcooleira.

Os basidiomicetos destacam-se entre os fungos filamentosos produtores
de enzimas de degradacdo da biomassa vegetal, especialmente por serem
capazes de produzir, além das celulases e hemicelulases, as ligninases
(SIGOILLOT et al., 2012), Tais enzimas sdo importantes no contexto de
obtencdo de etanol de segunda geracdo, uma vez que removem a lignina
residual presente no material lignocelulésico pré-tratado, favorecendo o acesso
das enzimas sacarificantes aos seus substratos. Além disso, podem remover
os compostos fenodlicos presentes nos hidrolisados, gerados durante o
processo.

Dentre os varios tipos de pré-tratamentos empregados com a finalidade
de desorganizar/remover a lignina do material lignoceluldsicos citados na
literatura esta o hidrotérmico alcalino. Neste pré-tratamento, o uso de hidréxido
de sddio leva & remocdo da lignina, solubilizando-a, além de promover o
enturgescimento da celulose nativa resultando em uma celulose menos
cristalina, com baixo grau de polimerizacdo e com maior area de superficie, o
que facilita a sua exposicdo e acessibilidade as celulases (HABIBI; LUCIA;
ROJAS, 2009; LEE; HAMID; ZAIN, 2014; SANTOS et al., 2012; TALEBNIA;
KARAKASHEV; ANGELIDAKI, 2010).
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Para facilitar a degradacao da lignina, o uso de agentes oxidantes como
0 permanganato de potassio, 6xido de zinco, diéxido de titanio e perdxido de
hidrogénio, pode complementar o processo de pré-tratamento hidrotérmico
alcalino. Tais agentes tém sido empregados em processos de tratamento de
aguas residuarias e de detoxicacdo de ambientes, sendo citados como
vantajosos pela eficacia de conversdo de compostos organios em inorganicos
(DASH; PATEL; MISHRA, 2009; KADLA; CHANG, 2001; KHAN; NAJEEB,;
TUIYEBAYEVA, 2014; MA et al.,, 2015; XU et al.,, 2005; YU et al.,, 2015;
ZHANG, 2013).

Dentro deste contexto, o presente trabalho objetivou utilizar solugcbes
enzimaticas produzidas pelo fungo Pycnoporus sanguineus MCA 16, a partir de
cultivos em diferentes substratos lignocelulésicos, na sacarificacdo enzimatica
do bagaco de cana pré-tratado. Os pré-tratamentos utilizados foram
hidrotérmicos alcalinos com e sem o0 uso de agentes oxidantes. As
sacarificacdes enzimaticas foram realizadas empregando-se ferramentas de
planejamento experimental, tendo como resposta a liberacdo de glicose nos
hidrolisados.

As ligninases produzidas pelo fungo foram avaliadas quanto a eficacia
no processo de remocdo de compostos fendlicos presentes nos hidrolisados,
visando diminuir a influéncia dos mesmos sobre as celulases, bem como
visando a obtencdo de hidrolisados menos tdxicos aos microrganismos
fermentadores. Os resultados de todas as analises foram separados em
capitulos, sendo o primeiro sobre a producdo das enzimas, sacarificacdo e
fermentacao alcodlica, o segundo sobre uso de agentes oxidantes sob o pré-
tratamento hidrotérmico alcalino e sacarificacéo e, por fim, o terceiro avaliando

a acdo das ligninases sobre os compostos fendlicos totais.



163

4. Conclusions

Ligninases of enzyme solution from P. sanguineus MCA 16 cultivation were
able to degrade total phenolic compounds after enzymatic saccharification step.
Lacase and LiP showed activation during the enzymatic saccharification,
demonstrating that the degradation of total phenolic compounds is probably
exerted by these enzymes. Another important aspect was the morphological
structure of sugarcane bagasse after the bioprocess. As enzymatic
pretreatment, the enzymes present in the enzymes solution promoted a greater
disorganization of the lignocellulosic fiber and pores were generated and

facilitating the access of the enzymes on the sugarcane bagasse.
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