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nEsutvtE
Les champignons responsables de la pourriture blanche du bois sont capables de synth6tiser

des enzymes extracellulaires d6gradant des produits chimiques insolubles, comme la lignine et

plusieurs polluants toxiques trds persistants dans l'environnement. Cependant, la production

d'enzymes reste trds couteuse en raison du co0t 6lev6 de la matidre premidre, qui repr6sente

entre 40% et 60% du co0t de production. Dans cette perspective, cette 6tude vise l'utilisation

des d6chets comme matidre premidre pour la production d'enzymes. Ces matidres premidres

ont 6t6 choisies comme substrats de croissance pour la production d'enzymes en raison de leur

pr6sence en trds grande quantit6, leur haute biod6gradabilit6, leur richesse en carbone et leur

6limination de ses propres effets n6fastes sur l'environnement.

Cette 6tude porte sur la production d'enzymes ligninolytiques en se basant sur une fermentation

A l'6tat solide de diff6rents d6chets agro-industriels. Quatre d6chets ont 6t6 test6s (les r6sidus

de poisson, les d6chets de microbrasserie, les d6chets de l'industrie de jus de pomme et les

rejets de I'industrie de pate et papier) afin de cibler le d6chet permettant une meilleure

croissance du microorganisme (Phanerocheate chrysosporium) et une meilleure production des

enzymes ligninolytiques. L'utilisation des d6chets comme matidre premidre a permis de

r6soudre le probldme du co0t 6lev6 de la matidre premidre (40-60% du co0t de production).

Aprds criblage des d6chets, une optimisation des conditions de fermentation (humidit6,

concentration de veratryl alcool et de sulfate de cuivre) dans les fioles a 6t6 r6alis6e en se

basant sur la m6thodologie de surface de r6ponse. Une modification de la m6thode de

quantification de la lignine (remplacer l'6tape d'acidolyse par reflux utilis6e dans la m6thode de

Klason par la digestion par micro-onde) a 6t6 r6alis6e afin de quantifier la lignine plus

rapidement et efficacement. Aprds I'optimisation des conditions de fermentation en fioles, des

exp6riences de fermentation d grande 6chelle (12 L) ont 6t6s r6alis6es, tout en optimisant

I'agitation et I'a6ration dans le fermenteur. En outre, une fermentation en culture liquide en

utilisant la m6me souche a 6t6 faite afin de comparer la production des enzymes en culture

liquide avec celle en culture solide. Puis, les enzymes ont 6t6 extraites puis formul6es en

microcapsules. L'extrait libre et les enzymes formul6es ont 6t6 par la suite test6s dans la

d6gradation d'une eau fortifi6e avec un contaminant 6mergeant, bisph6nol A (BPA) et dans Ia

clarification des jus. Une 6valuation de l'impact environnemental et 6conomique du proc6d6 de

production des enzymes ligninolytiques par fermentation des d6chets solides de jus de pomme

a 6t6 finalement r6alis6e.



Les r6sultats de cette 6tude ont montr6 en premier lieu que les d6chets de jus de pomme (apple

pomace) et les d6chets de microbrasserie (bewery spent grain) sont des excellentes matidres

premidres pour la production des enzymes ligninolytiques. De plus, il a 6t6 confirm6 que

I'addition des inducteurs (veratryl alcool, sulfate de cuivre) dans le milieu de culture a am6lior6 la

production des enzymes ligninolytiques et acc6ldre la croissance de P. chrysosporium. D'aprds

la m6thodologie de surface de r6ponse RSM, les valeurs optimales de MnP, LiP et le Log 10 de

la viabilit6 of P.chrysosporium dans AP ont 6t6 obtenues avec 80 % d'humidit6, 3 mmole/kg VA

et 0.5 mmole/kg de sulfate de cuivre. N6anmoins, la production maximale de LiP dans les

d6chets de microbrasserie a 6t6 obtenue avec 70 o/o d'humidit6, 2 mmole/kg de VA et 1

mmofe/kg de sulfate de cuivre. De m€me, la production maximale de laccase dans apple

pomace et les d6chets de microbrasserie a 6t6 obtenue avec 80 % (p/p) d'humidit6, 3 mmole/kg

de VA et 1.5 mmole/kg de sulfate de cuivre. Aussi, il a 6t6 montr6 que les meilleures conditions

de digestion par microonde obtenues se pr6sentent de la fagon suivante : pression = 30 bar,

temp6rature= 170 'C, temps = 15 min. L'emploi de la micro-onde a r6duit consid6rablement le

temps n6cessaire pour quantifier la lignine dans les d6chets et a am6lior6 la pr6cision de la

m6thode de Klason. En second lieu, les r6sultats de la fermentation d'apple pomace dans un

fermenteur de 12 ont montr6 que la production d'enzymes a 6t6 fortement influenc6e par le d6bit

d'a6ration et le mode d'agitation. Les productions maximales de MnP (1690,3 t 87,6), LiP (387,9

+ 14,3) et de la laccase (898,9 + 53,3 U /gss) ont 6t6 obtenues en utilisant 1,66 WM comme

d6bit d'air et une agitation continue pendant la phase de latence, discontinue pendant la phase

exponentielle et continue pendant la phase stationnaire de croissance. En outre, les activit6s

maximales de MnP, LiP et laccase, obtenues par fermentation en culture liquide de la boue

d'ultrafi ltration (220 U / L,6,5 U / L, 45U lL) ont6t6 de I 'ordre de 10 000,40 000 et6000 fois

plus faibles que les activit6s obtenues dans une culture de d6chets solide de jus de pomme. En

troisidme lieu, la formulation des enzymes dans trois structures d'hydrogel d savoir les r6seaux

semi-interp6n6tr6s de poly (acrylamide) / g6latine (P (AAM) / Gel), poly (acrylamide) / pectine (P

(AAM) / Pec) et poly (acrylamidey CMC (P (AAM) / CMC) a augment6 consid6rablement la

stabilit6 thermique des enzymes ligninolytiques et a emp6ch6 de leur inactivation. En quatridme

lieu, il a 6t6 prouv6 que le traitement du jus de grenade et des fruits rouges par des enzymes

ligninolytiques encapsul6es, a abouti d une r6duction des compos6s polyph6noliques (plus de

60% dans tous les traitements) et d une am6lioration de la clart6 plus significatives (p> 0,05)

que celles obtenues par le traitement par des enzymes libres (45%). ll a 6t6 aussi d6montr6

qu'une forte d6gradation de BPA (diminution de 90% de la concentration initiale) a 6t6 obtenue

aprds 8 h de traitement d'eau fortifi6 par BPA (10 ppm) par des enzymes ligninolytiques



encapsul6es dans un hydrogel de polyacrylamide et pectine. Par contre, la d6gradation du

bisph6nol A par les enzymes libres (diminution de 260/o de la concentration initiale) 6tait

inf6rieure d celle obtenue par des enzymes encapsul6es. Par la suite, I'encapsulation des

enzymes a permis I'am6lioration de la stabilit6 thermique des enzymes et l'augmentation de

leurs activit6s dans la biorem6diation et la clarification des jus. En dernier lieu, une comparaison

des 6missions de gaz d effet de serre durant la fermentation des d6chets solides de jus de

pomme avec celles g6n6r6s par d'autres types de gestion (l'incin6ration, l'enfouissement,

alimentation animale et compostage) a 6t6 6tudi6e. Les r6sultats trouv6s dans cette 6tude ont

montr6 que la production d'enzymes est un proc6d6 moins polluant pour I'environnement en

termes de rejet de GES (906,81 tonnes de COz 6q par ann6e). En comparaison, I'enfouissement

a 6t6 trouv6 comme le proc6d6 le plus polluant (1841 tonnes de COz 6q par ann6e). Ces

r6sultats incitent I'utilisation des d6chets solides de jus de pomme dans la production

d'enzymes, afin de respecter l'environnement et diminuer la production de gaz participant au

r6chauffement de la plandte. Enfin, il a 6t6 prouv6 que I'utilisation des d6chets solides de jus de

pomme comme substrat de fermentation, r6duit le co0t de production des enzymes

ligninolytiques de 32,30 o/o p?r rapport d celui trouv6 en utilisant le milieu synth6tique (son de

bl6) comme milieu de culture.

Ce prolet de recherche a contribu6 d apporter une solution d la probl6matique de gestion des

d6chets agroindustriels et faire d'eux une matidre premidre pour la production des enzymes

ligninolytiques. ll a permis donc la pr6paration d'un produit formul6 d valeur ajout6e d'enzymes

ligninolytiques qui pourra 6tre utilis6 dans la d6gradation des contaminants 6mergeants comme

le BPA et la clarification des jus de fruits.
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enzymes which possess extensive biodegradation properties. These enzymes are able to

degrade several persistent toxic pollutants in the environment and these enzymes have been

employed fro their decontamination. However, enzyme production is very expensive due to the

high cost of raw material, which represents 40-6Qo/o of the cost of production. ln this perspective,

this study aims to use solid and liquid wastea as substratea for the production of ligninolytic

enzymes. Agro-industrial wastes were chosen as growth medium due to their omnipresence,

high biodegradability, and richness in carbon which if left as such would lead to disposal

problems and hence adverse environmental impacts.

This study comprised solid-state fermentation (SSF) to test the production of lignocellulosic

enzymes, namely lignin peroxidase, manganese peroxidase and laccase by Phanerochaete

Chrysosporum using different agro-industrial wastes, such as fishery residues, municipal

dewatered sludge, brewery waste, apple waste (pomace) and pulp and paper industry sludge.

The use of waste as raw material has solved the problem of high cost of raw material (40-60% of

production costs). After the screening of substrates, an optimization of fermentation conditions

(moisture, concentration of veratryl alcohol and copper sulphate) in flasks was performed based

on the response surface methodology. The influence of microwave heating during the mild

acidolysis step to replace traditional refluxing in order to quantify lignin by Klason method was

also investigated to arrive at a simple and rapid analysis method. The enzyme production

process was then scaled up in 12 L fermentor, while optimizing the agitation and aeration

conditions. In addition, liquid culture fermentation using the same strain was carried out to

compare the production of enzymes in liquid culture with that in solid culture. Later, enzymes

were extracted and formulated into microcapsules. Free extract and encapsulated enzymes

were tested in the degradation of an emerging contaminant bisphenol A (BPA) and for the

clarification of juice. An assessment of the environmental and economic impact of the production

process of ligninolytic enzymes by solid state fermentation of apple pomaoe was alos carried

out.

The results of this study have shown that apple pomace and brewery waste are excellent raw

materials for the production of ligninolytic enzymes. Moreover, it was found that the addition of

inducers (veratryl alcohol, copper sulfate) in the culture enhanced the production of ligninolytic

enzymes and accelerated the groMh of P. chrysosporium. According to the response surface

methodology, higher values of manganese peroxidase (MnP), lignin peroxidase (LiP) and

vii



viability of P. chrysosporium on apple pomace (1287.5 U MnP/gds (units/gram dry substrate),

305 U LiP/gds, and 10.38 Log 10 viability) and brewery waste (792 U MnP/gds and 9.83 Log 10

viability) were obtained with 80% moisture, 3 mmol/kg VA, and 0.5 mmol/kg copper. LiP

production in brewerywaste (7.87 Ulgds)was maximal at70o/o moisture,2 mmol/kg VA, and 1

mmol/kg copper. Higher production of laccase in apple pomace (789 U/gds) and brewery waste

(841 U/gds) were obtained with 80% moisture, 3 mmol/kg VA, and 1.5 mmol/kg copper.

Likewise, the best conditions for microwave digestion to extract lignin were obtained as:

pressure = 30 bar, temperature = 170 " C, time = 15 min. The use of microwave has significantly

reduced the time needed to quantify the lignin in waste and improved the precision of the Klason

method. The results of solid state fermentation in 12 L fermenter showed that enzyme

production was strongly influenced by the aeration rate and mode of agitation. The maximum

production of MnP (1690.3 t 87.6), LiP (387.9 ! 14.3) and laccase (898.9 t 53.3 U / gss) were

obtained using 1.66 WM as air flow and continuous agitation during the lag phase,

discontinuous during the exponential phase and continuous during the stationary phase of

growth. fn addition, the maximal activities of laccase (220 Ult), LiP (6.5 U/L) and laccase (45

UiL) in liquid culture were 10000, 40000 and 6000 -folds lower than the activities obtained in

solid culture of apple pomace waste, respectively. The formulation of the three enzymes in

hydrogel structures, namely semi-interpenetrating networks of poly (acrylamide) / gelatin (P

(MAA) / Gel), poly (acrylamide) / pectin (P (AAM) / Pec) and poly (acrylamide) / CMC (P (AAM) /

CMC) significantly increased the thermal stability of ligninolytic enzymes and prevented their

inactivation. lt was also seen that the polyphenolic compound reduction and clarity amelioration

in berry pomegrante juice using encapsulated enzymes treatment (more than 60% in all

treatment) was highly significant (p> 0.05) as compared to free enzymes used for the treatment

(45 o/o). Hence, ligninolytic enzymes (LiP, MnP and laccase) were able to clarify the juice and

this method can replace the traditional ultrafiltration method in order to make the clarification

process more economical for the industries. lt was shown that higher degradation of BPA (90 o/o

of initial concentration of 10 ppm) by ligninolytic enzymes encapsulated on polyacrylamide

hydrogel and pectin after I hour of contact time. The degradation of Bisphenol A with free

enzyme (260/0) was lower when compared with encapsulated enzymes. Thus, the encapsulation

of enzymes has allowed the improvement of thermal stability of enzymes and increased their

activities in bioremediation and the juice clarification of juice. Finally, greenhouse gas (GHG)

emission analysis of apple pomace management strategies, namely incineration, landfill,

composting, solid-state fermentation to produce high-value enzymes and animal feed, using life

cycle assessment (LCA) model was performed. The GHG analysis indicated that, among all the
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apple pomace management sub-models for a functional unit, solid-state fermentation to produce

enzymes was one from the more effective method for reducing GHG emissions and carbon

credit (906.81 tons CO2 eq. per year, 27204 $ of carbon credit taking into consideration an

assumption of $30/ton of CO2 equivalent), while apple pomace landfill resulted in higher GHG

emissions (1841.00 tons CO2 eq. per year, 55230 $ of carbon credit). These results showed

that solid-state fermentation gave positive indications of environmental sustainability for the use

of this strategy to manage apple pomace and other agricultural wastes, particularly in Quebec

and also extended to other countries. Finally, it was shown that the use of apple pomace as raw

material reduced the cbst of ligninolytic enzymes production of 32.30o/o compared with the

synthetic medium (wheat bran).

In this project, an interesting observation that was made was the higher production of valuables

compounds, namely ligninolytic enzymes by the solid state fermentation of pomace which is

othenuise composted or used as animal feed. Moreover, this work is novel in the sense that

there is integrated management of pomace wastes through production of ligninolytic enzymes

that was used in the degradation of emerging contaminants, such as BPA and clarification of

fruit juices, important applications in the field of bioremediation and juice manufacture.
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INTRODUCTION
Le traitement des substances toxiques (perturbateurs endocriniens) par des enzymes possdde

plusieurs avantages d savoir leur grande sp6cificit6 aux substrats, leur utilisation sur une large

gamme de conditions environnementales, leur simplicit6 et la facilit6 de contrOle des proc6d6s

utilisant des enzymes (Ahuja et a1.,2004; Gianfreda et Rao, 2QQ4; Mao ef a1.,2Q11). En

revanche, les proc6d6s de rem6diation moyennant les enzymes possddent quelques limitations

d savoir le co0t 6lev6 de production et de purification des enzymes et la faible stabilit6 de ces

catalyseurs (Aitken et Heck., 1998). Le co0t de production 6lev6 des enzymes est d0 au co0t

6lev6 du milieu de culture utilis6 pour les produire (40-60 % du coOt de production).

ll est d6sormais admis que la fermentation d l'6tat solide (SSF) est le processus le plus

6conomique pour la production d'enzymes ligninolytiques par des champignons (lwashita et al.,

2002). Les champignons de pourriture blanche de bois sont les producteurs d'enzymes

ligninolytiques les plus robustes, qui sont primordiaux pour la d6gradation des compos6s

organiques toxiques (Gianfreda et Rao., 20Q4; Lee ef a\.,2005). Phanerochaete chrysosporium

est I'un parmi les champignons de pourriture blanche de bois les plus 6tudi6s, qui produit surtout

la mangandse peroxydase et la lignine peroxydase (Ashoka et al.,2OO0).

Le bisph6nol A (BPA) est l'un des contaminants 6mergeants qui doit 6tre 6limin6 des eaux

us6es. ll est employ6 dans la fabrication des r6sines 6poxydes et des plastiques. ll est produit d

grande 6chelle et ses utilisations sont r6pandues au Canada. Le BPA est 6galement un

perturbateur endocrinien et les 6tudes ont confirm6 son estrogenicit6 et ses effets sur le

comportement reproductif des animaux et des 6tres humains. Ce compos6 ind6sirable est

lib6r6, consciemment ou inconsciemment, dans le milieu aquatique, ce qui affecte la faune.

Diff6rentes m6thodes d'6limination de ce perturbateur endocrinien sont possibles d savoir les

m6thodes physicochimiques qui utilisent des substances chimiques (ozone, chlore, fer...) ou

des forces physiques (UV, filtration...) et les m6thodes microbiologiques (microrganismes).

Toutefois, de nouvelles strat6gies de biorem6diation bas6es sur la catalyse par des enzymes

ligninolytiques ont 6t6 d6velopp6es ces dernidres ann6es pour le traitement de matrices

environnementales (eau, sol, boues) contamin6es par diff6rents substances chimiques toxiques

(colorants, hydrocarbures aromatiques polycycliques, explosifs, perturbateurs endocriniens

comme BPA).

Dans cette perspective, ce projet de recherche vise d I'utilisation des d6chets comme matidre

premidre pour la production d'enzymes. Les d6chets agro-industriels ont 6t6 choisis comme
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milieu de croissance en raison de leur omnipr6sence, leur biod6gradabilit6 6lev6e et leur

richesse en carbone.

Par cons6quent, notre projet de recherche propos6 adresse quatre thdmes : a) production

6conomique des enzymes dans des cultures solides de Phanerocheate chrysosporium; b)

gestion soutenable des d6chets agroindustrielles, engendrant moins de pollution de

I'environnement ; c) Extraction et formulation des enzymes ligninolytiques. Normalement, les

enzymes produites sont purifi6es et utilis6es pour la rem6diation et pour d'autres buts. D'ailleurs,

la technologie propos6e dans notre projet de recherche traitera de la production d'un cocktail

d'enzymes (brutes) en se basant sur une fermentation d l'6tat solide. Ce cocktail est extrait puis

encapsul6 dans des formulations stables pour diverses applications. Par cons6quent, le co0t

d'enzymes sera sensiblement r6duit ; d) application de I'extrait enzymatique et des enzymes

formul6es dans la d6gradation des contaminants 6mergeants comme le BPA et la clarification

des jus de fruits.
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PARTIE 1. REVUE DE LITTERATURE
1.1 Fermentation en milieu solide

1.1.1.  D6f in i t ion

La fermentation en milieu solide correspond d la croissance de microorganismes a6robies ou

ana6robies sur des particules solides humides en l'absence ou la quasi-absence d'eau libre

(Durand, 2003 ; Gervais et al. 2003; Rahardjo et al. 2Q06). Ces microorganismes croissent sur

une matrice solide d la quelle est li6e une phase liquide et une phase gazeuse est pi6g6e dans

ces particules ou entre elles (Rahardjo et al. 2006). La plupart des proc6d6s de fermentation en

milieu solide implique des champignons filamenteux. N6anmoins, il existe quelques proc6d6s

qui intdgrent les bact6ries et les levures. La fermentation en milieu solide peut impliquer une

culture pure d'organismes, oU la culture de plusieurs souches inocul6es simultan6ment ou

successivement. Le processus de fermentation en milieu solide est pr6sent6 dans la Figure 1. 1.

Les substrats utilis6s dans les processus de SSF sont souvent des produits ou sous-produits de

l'agriculture, de la foresterie ou de la transformation alimentaire. Typiquement, la source

d'6l6ments nutritifs est au sein de la particule, bien qu'il existe quelques cas dans lesquels les

6l6ments nutritifs sont fournis par une source externe. Habituellement, un polymdre permettant

d'obtenir la structure solide ne peut pas 6tre degradee par les micro-organismes pendant la

fermentation. ll existe 6galement quelques cas dans lesquels des supports artificiels ou inertes

sont utilis6s, avec une solution nutritive absorb6e dans la matrice.

d'eau

Plrase gazeuse
contimre

Particules
solides Inutricles

\

Figure 1. I Processus de fermentation solide

1.1.2. Application de la fermentation en milieu solide

G6n6ralement, les applications de la fermentation solide se concentrent sur I'alimentation

humaine (fromages, production de champignons comestibles, choucroute et saucissons secs),

le compostage et l'ensilage, la bio-filtration de gaz malodorants, la production d'aliments riches

Hyphes
forqriques

Biofihn luunicles



en prot6ines pour l 'al imentation animale, la production d'enzymes (amylases, cellulases,

xylanases, etc.) et de m6tabolites sp6cifiques (6thanol, acides organique, citrique, etc.).

Les travaux actuels sur SSF se focalisent sur I'application de ces proc6d6s dans le

d6veloppement de bioproc6d6s d savoir la bioremediation, la biod6gradation des composants

toxiques, la d6toxification biologique des r6sidus agroindustriels, la biopulpage et la production

de produits d haute valeur ajout6e. Ces derniers se composent, d titre indicatif, de m6tabolites

secondaires biologiquement actives incluant les antibiotiques, d'alcaloTdes, biofertilisants,

d'enzymes, d'acides organiques, de biopesticides incluant mycopesticides et de bioherbicides,

biosurfactants, biocarburant, composants aromatiques,... , etc. Durant les d6cennies

pr6c6dentes, les systdmes SSF ont 6t6 utilis6s pour la production de produits d valeur ajoutee d

faible volume et d co0t 6lev6 comme les biopharmaceutiques. Les proc6d6s de SSF offrent des

avantages potentiels dans la biorem6diation et la d6toxification biologique des composants

dangereux et toxiques.

1.1.3. Avantages de la fermentation i l '6tat solide

L'utilisation des proc6d6s de fermentation d l'6tat solide possdde plusieurs avantages. En effet,

ces derniers sont des proc6d6s simples qui ont recours d des technologies simples. lls ne

demandent pas des 6quipements sophistiqu6s et chers pour contr6ler les paramdtres

environnementaux. De plus, les produits de la fermentation en culture solide sont la plupart du

temps concentr6s, ce qui facilite leur purification. En outre, la faible humidit6 du milieu et le

grand volume utilis6s en SSF r6duisent la possibilit6 de contamination par d'autres

microrganismes. Cependant, la majorit6 des bact6ries demandent des taux d'humidit6 6leves

pour survivre. De plus, lors des fermentations solides, contrairement aux fermentations liquides,

il n'y a pas de production de mousses en plus que les volumes des d6chets g6n6r6s sont

faibles. Les enzymes produits lors d'une fermentation solide sont moins sensibles aux

r6pressions cataboliques et aux inductions (Singhania et a\,2009).

Les avantages de la fermentation en culture solide encouragent le recours d ce proc6d6 pour

produire des m6tabolites d haute valeur ajout6e. Par contre, ce type de culture possdde

quelques limitations d consid6rer, en essayant de les minimiser au maximum possible.

1.1.4. Inconv6nients de la fermentation solide

Bien que la fermentation solide possdde plusieurs avantages, ce proc6d6 souffre de quelques

limitations. En effet, la fermentation en milieu solide ne peut €tre effectu6e que par un nombre

limit6 de microorganismes, lesquels peuvent se d6velopper facilement d des basses activit6s
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d'eau et d'humidit6. De plus, dans un milieu solide, le transfert d'oxygdne et de chaleur sont

limit6s, ce qui rend difficile les proc6d6s de cette fermentation d grande 6chelle. Le transfert de

chaleur est ralenti par la faible quantit6 d'eau disponible dans le milieu, ce qui provoque des

probldmes de surchauffe lorsque la fermentation est r6alis6e d grande 6chelle. Cette surchauffe

provoque l'6vaporation de I'eau disponible dans le milieu, limitant ainsi I'utilisation de la

fermentation en culture solide a grande 6chelle. Entre autres, la production de forte

concentration de produits par la fermentation en culture solide peut 6tre accompagn6e par la

production de substances inhibitrices aux microorganismes. Parmi les inconv6nients de la SSF,

on peut aussi soulever la difficult6 de I'estimation de la biomasse et de la croissance des

microorganismes, qui sont fortement fix6s aux substrats. En outre, contrairement d la

fermentation liquide, les paramdtres de la fermentation solide ne sont pas suivis directement.

Ceci est d0 d l'absence de sondes adapt6es au suivi direct des paramdtres de fermentation

solide. ll est pratiquement difficile d'assurer une distribution parfaitement homogdne de

substances ajout6es au milieu de culture. Ceci rend plus difficile le contrOle en ligne des

paramdtres de culture tels que le pH, I'humidit6 et les concentrations des nutriments.

1.2. Les enzymes
1.2.1. D6finition des enzymes

Les enzymes sont des protdines catalysant une r6action biochimique, ayant de forts poids

mol6culaires (10000 a 100000 Dalton). Les enzymes ont pour fonction d'acc6l6rer (catalyser)

les r6actions chimiques dans les organismes vivants. Ainsi, les enzymes catalysent des

r6actions biochimiques hautement sp6cifiques tout en abaissant leur 6nergie d'activation (Figure

1. 3). Lors d'une r6action enzymatique, le substrat se fixe sur le site catalytique de I'enzyme

formant ainsi le complexe enzyme-substrat d l'6tat de transition (Figure 1. 2). Ce complexe

pourra, par la suite, se d6composer pour former les produits. ll existe plus de 3 000 enzymes

connues. Ces enzymes sont produites soit chez les v6g6taux (fdves, soja, pomme de terre,

ananas, papaye,..., etc.) soit pardes cellules animales (organes internes, blancd'@uf, ..., etc.)

et soit par des microorganismes (levures, bact6ries, moisissures). ll y a six classes d'enzymes :

les oxydor6ductases (oxydation du substrat), les transf6rases (transfert d'un groupe (e.9. methyl

ou glycosyl d'un compos6 d un autre), les hydrolases (coupure hydrolytiques de liaisons C-O, C-

C ou C-N), les lyases (coupure de liaisons C-O, C-C ou C-N avec formation d'une double

liaison), les isom6rases (modification intramol6culaire de la structure ou de la g6om6trie) et les

ligases (formation de liaisons C-C, C-N ou C-O).
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Figure 1.2 M6canisme d'action des enzymes
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Figure 1. 3 R6le des enzymes dans la diminution de l '6nergie d'activation des r6actions chimiques

1.2.2. Application des enzymes

Environ 200 enzymes sont commercialis6es dans le march6. Les principales entreprises

productrices d'enzymes dans le monde sont Novozyme, Danisco, Mano. Parmi les 200 enzymes

commercialis6es, 130 sont utilis6es dans des proc6d6s industriels, dont moins de 30

repr6sentent plus de 90 %. ll existe un grand nombre d'enzymes sp6cifiques qui joue un r6le

important dans les processus physiologiques (digestion, conduction nerveuse, synthdse

d'hormones, etc.), ainsi que dans plusieurs processus industriels d savoir ; I'industrie
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agroalimentaire fius, lait, paille, plats
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Figure 1. 4 Application des enzymes
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1 .2.3. Les enzymes ligninolytiques

La lignine est une mol6cule hydrophobe qui se trouve chez toutes les plantes vasculaires. Elle

repr6sente la deuxidme plus grande source de carbone sur terre aprds la cellulose. La lignine

est extr€mement r6calcitrante d la d6gradation d cause de sa structure trds complexe et trds

stable, ce qui est d0 en partie d ses cycles benz6niques, et sert d la r6sistance m6canique du

mat6riau. Ce compos6 est le r6sultat d'une polym6risation de monolignols (monomdre de

lignine). ll existe trois monomdres de lignine, qui sont des alcools: alcool coumarylique, alcool

conif6rylique et I'alcool sinapylique. Ces monomdres peuvent 6tre oxyd6s pour former des

radicaux, se coupler par la suite et former des lignines trds vari6es. Rappelons qu'on ne peut

pas d6finir une composition exacte, car elle est extr6mement h6t6rogdne (Burton et a1.,2010).

La lignine assure la liaison entre les mol6cules de cellulose (Burton et al., 2010), ainsi qu'elle

joue un r6le de protection. En effet, les celluloses et h6micelluloses, compos6es de sucres, sont



trds attractives pour les champignons et les insectes. En r6alit6, la lignine est beaucoup plus

difficile d biod6grader par les microorganismes. Toutefois, il existe en fait certains champignons

qui sont capables de d6grader la l ignine, tels que les champignons de la pourriture blanche du

bois.

Les champignons de la pourriture blanche de bois (White rot fungi WRF) sont des

basidiomycdtes capables de d6grader efficacement la lignine et la cellulose contenus dans le

bois (Kirk et al., 1976). Ces deux mol6cules sont les composants principaux du bois ayant une

structure trds complexe et, par cons6quent, difficile a degrader. Plusieurs souches de

champignons de la pourriture blanche du bois produisent les enzymes ligninolytiques (Tableau

1. 1).Contrairement aux champignons de pourriture brune qui attaquent principalement la

cellulose et ne d6gradent pas la lignine, les champignons de la pourriture blanche d6gradent la

lignine en produisant 4 enzymes extracellulaires: lignine peroxydase (LiP), manganese

peroxydase (MnP), Versatile peroxydase (VP) et laccase. Ces enzymes sont toutefois appel6s

ligninolytiques, leur activit6 est acc6l6r6e par d'autres enzymes accessoires d savoir glyoxal

oxidase (EC 1.2.3.5), aryl alcohol oxidase (veratryl alcohol oxidase; EC 1.1.3.7), pyranose 2-

oxidase (glucose 1-oxidase; EC 1.1.3.4), cellobiose/quinone oxidoreductase (EC 1.1.5.1), et

cellobiose dehydrogenase (EC 1 .1 .99.18) (Martinez et al. 2005; Kersten et Cullen, 2OO7).

Les enzymes ligninolytiques sont capables de d6grader la lignine (une mol6cule trds complexe

et trds difficile d d6grader). Ceci leur permettent de d6grader une large cat6gorie de

contaminants 6mergeants, dont leur 6limination pose un probldme dans les eaux us6es

notamment les perturbateurs endocriniens comme Bisph6nol A.



Tableau 1. 1 Microorganismes utilis6s dans la production des enzymes par fermentation i l '6tat solide

Glassification Microorganisme Enzyme R6f6rences

Champignons

basidiomycdtes

Fomes sclerodermeus

P. pulmonarius

Phanerochaete

Chrysosporuim

Pleurotis Ostresfus

Trametes versicolor

phlebia radiata

panus tigrinus

Trametes trogii

Trametes hursita

Trametes pubescens

Bjerkandera sp.

Laccase. MnP

Laccase

MnP, LiP, laccase

Laccase, MnP

Laccase MnP

perorydase

Laccase MnP

perorydase, LiP

Laccase MnP

peroxydase, LiP

laccase

laccase

LiP,  MnP

Papinutti et

Forchiassin, 2007

D'Souza et al., 2006

Gassara et a|.,2010

Liu et a/., 2009

Couto et Harrara, 2006

Rosales et a1.,2007

Osma ef al.,2007

Mielgo et a1.,2003

Ferraz et al., 2003

Kaneko et al.,2009

Fenice et a1..2003

Laccase endorylanase Levin ef al.,2O08

Mn perorydase

Ceriporiopsis subvermispora MnP, laccase, Beta-

glucosidase, rylinase

La peroxydase

Une peroxydase est une enzyme de type oxydase qui catalyse I'oxydation des compos6s

ph6noliques aux d6pens du peroxyde d'hydrogdne (HzOz). Les peroxydases sont des enzymes

contenant un groupement prosth6tique compose de protoporphyrine uni a un atome de fer



(hdme). Elles sont responsables de l'oxydation de nombreux substrats et utilisent le peroxyde

d'hydrogdne comme accepteur d'6lectron. La figure 1. 5 pr6sente le cycle catalytique g6n6ral de

ces peroxydases. Cette enzyme est largement produite chez les plantes, les microorganismes et

les animaux (Duarte-Vasquez et al. 2003). Les peroxydases sont class6es en deux

superfamilles, enzymes animales et v6g6tales, ayant un poids mol6culaire variant de 30 a 150

kDa (Regalado ef al. 2004). La superfamille des peroxydases v6g6tales est divis6e en trois

classes selon leurs origines. La classe I correspondant aux peroxydases intracellulaires est

constitu6e des peroxydases de cytochrome C produites par les levures, la catalase bact6rienne,

l'ascorbate peroxydase (Passardi et al. 2OQ7). La classe ll correspondant aux peroxydases

fongiques est constitu6e de ligninase ou lignine peroxydase LiP et mangandse peroxydase

MnP. Ces deux peroxydases sont des glycoprot6ines monom6riques impliqu6s dans la

d6gradation de la lignine. Ces deux enzymes sont les seules peroxydases produites dans ce

projet doctoral. La classe lll correspondant aux peroxydases v6g6tales joue plusieurs r6les d

savoir l'6limination de HzOz des chloroplastes et des cytosols, I'oxydation des composants

toxiques, la biosynthdse des parois des cellules des v6g6taux et la fabrication de la lignine. Les

peroxydases les plus connues appartenant d cette classe sont la peroxydase de raifort

(horseradish peroxydase HRP), la peroxydase du navet (turnip peroxidase TP), la peroxydase

de la gourde amdre (bitter gourd peroxydase BGP) et la peroxydase de soja (soybean

peroxidase SBP). Ces peroxydases sont des glycoprot6ines contenant quatre ponts de disulfure

et n6cessitent des ions de calcium pour leur activit6 (Schuller et al. 1996). Ces dernidres

ann6es, de nombreuses recherches ont 6t6s r6alis6es pour d6velopper des processus de

traitement des eaux us6es contamin6s par des contaminants 6mergeants, en se basant sur des

peroxydases fongiques et bact6riennes (Husain, 2006, Husain and Husain, 2008; Akhtar et al.,

2005a, b; Wesenberg ef al., 2003; Mohan et a1.,2005).

* M6canisme d'action des peroxydases

La peroxydase sous sa forme originale, avec son hdme sous la forme ferrique (Fe(lll)), se lie au

peroxyde d'hydrogdne pour former le compos6 l. Ce dernier est appauvri de 2 electrons : l'un

provenant form6 avec un atome d'oxygdne du peroxyde d'hydrogdne. Cette disposition produit

un compos6 radicalaire cationique. C'est le compos6 | qui est responsable de l'oxydation d'une

mol6cule de substrat (ce substrat varie selon le type de la peroxydase). Cette 6tape oxydative

implique le transfert d'un 6lectron et d'un proton et r6sulte en un site catalytique ayant la forme

du compos6 ll. Une seconde mol6cule de substrat est par la suite oxyd6e, ce qui r6sulte en la

production d'une mol6cule d'eau et la r6duction de l'enzyme en sa forme originale (Figure 1. 5).
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Substrat
(Mn2* ou RII)

Produit. radical
(Mn3*ou R'+ H+)

Compos6 III Hzoz
Peroxydase
Compos6 II

H2O2 + 2IJ+ + 2* -> 2 HzO

Figure 1. 5 Cycle catalytique g6n6ral des peroxydases (Wesenberg et aL,2003)

.i. La lignine peroxydase (LiP)

La l ignine peroxydase (1,2-bis (3,4-dimethoxyphenyl) propane-1,3-diol:hydrogen- peroxide

oxidoreductase) est une peroxydase N-glycolys6e d Asn257 et O- glycolys6e d Ser334 et

Thr320 tous regroupes dans la partie superieure du domaine proximal. Les

chaines glucidiques peuvent jouer un r6le dans la protection du peptide C-terminal de la

prot6olyse. Elle possdde une masse mol6culaire entre 38 et 47 kDa et un potentiel redox de

l'ordre de +1450 mV (Wesenberg et al., 2003). La LiP, connue comme ligninase ou diaryl

propane oxyg6nase,6tait report6e pour la premidre fois en 1983. Cette enzyme a 6te

d6couverte chez Phanerocheate chrysosporium, puis a 6t6 trouv6e chez plusieurs autres

champignons de pourriture blanche du bois.

Produit. radical
(Mn3*ou R'+ H

HzO

o
J*
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r' Application de la LiP

La LiP fait la deplym6risation oxydative de la lignine d6pendant du peroxyde d'hydrogdne (Tien

et Kirk, 1983; Hammel ef a/., 1993). Cette enzyme catalyse aussi I'oxydation de nombreux

compos6s aromatiques ph6noliques et nonph6noliques en pr6sence de H2O2 ffalli ef a/., 1990).

La r6action globale est repr6sent6e de la fagon suivante : 1,2-bis (3,4-dimethoxyphenyl)

propane-1,3-diol + HzOz e 3,4 dimethoxybenzaldehyde+1-(3,4 dimethoxyphenyl) ethane- 1,2-

diol + HzO. La LiP est relativement non sp6cifique d ses substrats. Elle est capable de catalyser

les r6actions suivantes : I'oxydation de l'alcool benzylique, le clivage de chaines lat6rales,

I'ouverture de cycles aromatiques, la d6m6thoxylation et la d6chlorination (Gold et Alic, 1993).

La LiP a 6t6 utilis6e dans des applications bio-environnementales pour la min6ralisation de

HAPs et de perturbateurs endocriniens (Mao et al., 2011), les composants aromatiques

recalcitrants (Maciel et al., 2011) et les diph6nyles polychlorin6s (Siripong et al., 2009). L'activit6

enzymatique de LiP est conventionnellement mesur6e en suivant I'augmentation de

l'absorbance d 310 nm. Cette augmentation correspondant d l'oxydation du veratryl alcool en

veratrylalcohol (VA; 3,4-dimethyoxybenzyl alcohol), le substrat le plus favorable de LiP, en

veratraldehyde.

* La manganese peroxydase (MnP)

La Manganese peroxidase (hydrogen-peroxide oxidoreductase, MnP) est la peroxydase la plus

s6cr6t6e par les champignons de la pourriture blanche du bois WRF (Hofrichter, 2002), ayant un

poids mol6culaire se situant entre 32 et 62.5 kDa et un potentiel redox typique de l'ordre de
+1510 mV (Wesenberg et a\.2003). La premidre MnP extracellulaire a 6t6 purifi6e d partir de P.

chrysosporium, dont son expression et sa production sont r6gul6es par la pr6sence de Mn (ll)

dans le milieu de culture (Bonnarme et Jeffries, 1990). Le Mn(ll) contrOle la transcription du

gdne de MnP (Brown et al. 1991). MnP est r6gul6e aussi par le taux de transcription de son

gdne et la pr6sence de HzOz (Alic ef a|.,1997). En plus de l'effet inducteur de Mn(ll), les acides

organiques d savoir glycolate, malonate, glucuronate, 2-hydroxybutyrate, ajout6s aux milieux,

stimulent la production de MnP par les champignons de pourriture blanche du bois (Mester et

Field, 1998).

{ Application de MnP

MnP oxyde le Mn(ll) en Mn(lll) en pr6sence de HzOz 2Mn(ll)+2H++lfrQr=11,,11n(lll)+2H2O (Gold ef

at., 2Q00 ; Hofricheter, 2OO2). Le Mn3* est stabilis6 par des acides organiques comme I'acide

oxalique et le compexe acide organique- Mn3* ainsi form6 agit comme un oxydant puissant
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(Shlosser and Hofer, 2002).ll peut se diffuser facilement dans la structure de la lignine et agir

comme m6diateur redox. Ainsi, cette enzyme est impliqu6e dans la d6polym6risation de la

lignine et peut 6tre utilis6e pour l'oxydation de x6nobiotiques tels que des chloroph6nols, des

colorants, des HAPs, des EDCs, etc. (Hofrichter, 2002: Wesenberg et a1.,2003 ; Tsutsumi et al.,

2001; Hirano et a|.,2000 ; Maciel et al., 2010).

La laccase

Les laccases (benzenediol:oxygen oxidoreductase) sont des m6talloprot6ines contenant

g6n6ralement 4 atomes de cuivre dans leur site catalytique. Ces atomes de cuivre sont

caract6ris6s, entre autres, en fonction de leur action dans ce site. L'atome de cuivre de type 1

est responsable de la capture d'un 6lectron provenant du substrat, l'atome de type 2 du transfert

de cet 6lectron vers son r6cepteur, tandis que les 2 atomes de type 3 sont responsables de la

liaison de l'oxygdne d la prot6ine et du transfert des 6lectrons vers ce r6cepteur. La masse

mol6culaire de ces enzymes N-glycolys6es varie entre 60 et 390 kDa (Call et Mucke, 1997) et

leur potentiel redox entre +500 et +800 mV (Wesenberg et al. 2003). Ces enzymes catalysent

l'oxydation d'une grande vari6t6 de compos6s aromatiques donneurs d'hydrogdne avec la

r6duction simultan6e de l'oxygdne mol6culaire en eau.

L'action de la laccase sur le substrat r6sulte en la formation de radicaux cationiques. Ces

radicaux sont impliqu6s dans des r6actions non-enzymatiques telles que la d6protonation,

I'attaque nucl6ophile par les mol6cules d'eau du milieu, la formation d'oligomdres, la rupture des

liaisons C-C, I'oxydation du C, la d6m6thylation, la d6carboxylation et la d6m6thoxylation (Callet

Mucke, 1997). Cette enzyme est impliqu6e avec les peroxydases dans la biosynthdse de la

lignine chez les plantes. Les laccases fongiques jouent ainsi un r6le dans la coloration des

sopres de champignons, la d6toxification des compos6es ph6noliques produits durant la

d6gradation de la lignine et agissent de fagon synergique avec les peroxydases et d'autres

enzymes. Ces enzymes ont 6t6 utilis6es pour l'6limination de nombreux x6nobiotiques de

diff6rentes matrices environnementales. En ce sens, elles ont 6t6 utilis6es pour 6liminer des

colorants (Wesenberg et al., 2003), des HAPs (Pozdnyakova et al., 2006), des chloroph6nols

(Bollag et al.20Q3), des alkylph6nols (Tsutsumi et a\.2001), des ph6nols (Ryan et al.2Q07), etc.

De plus, ces enzymes ont 6t6 utilis6es pour des fins de production d'6nergie, de blanchiment

biologique (Couto et Herrera, 2006), de clarification de breuvages (Minussi et al., 2002) et

d'analyses (Couto et Herrera, 2006)
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Les laccases possddent des caract6ristiques extremement vari6es selon les micro-organismes

producteurs, et on d6nombre plusieurs isoenzymes par micro-organisme, ayant des propri6t6s

diff6rentes. Un sch6ma du m6canisme d'action de la laccase avec un compos6 ph6nolique:

Bisph6nol A est pr6sent6 dans la figure 1. 6.

tFrs 7:1 Laccase ?H3 /:\Ho-{r / r //-oH ---+ -o{r /)--F( rl-on\____/ c". - 02 \___/ cr" v

F

t BPA
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Figure 1. 6 Voie d'oxydation du BPA par la laccase (Huang et Weber,2005)

Les enzymes ligninolytiques sont des biocatalyseurs tres importants car ils sont capables de

catalyser un nombre important de r6actions et d'agir sur une large gamme de substrats, dont la

d6gradation peut poser un probleme pour l'environnement. En revanche, ces enzymes sont peu

stables et perdent leur activit6 trds vite en pr6sence du substrat. La stabilisation de ces enzymes

s'avdre trds importante.

14



Stabilisation des enzymes ligninolytiq ues

Le probldme le plus important dans l'application des enzymes ligninolytiques est la faible

stabilit6 de ces derniers. Pour cela, plusieurs approches ont 6t6 employ6es pour augmenter la

stabilit6 de la laccase et des peroxydases contre les effets d'inactivation et d'inhibition et pour

am6liorer I'activit6 biocatalytique de I'enzyme. Parmi les approches utilis6es, on cite I'addition

des produits chimiques stabilisants tels que le poly6thyldne glycol (PEG), I'alcool polyvinylique,

le Ficoll ou I'alkyl b6taTne (Kim et Nicell., 2006c ; Modaressi et al., 2005). La deuxidme

approche, employ6e pour la stabilisation des enzymes, est I'addition des m6diateurs.

L'utilisation des substances oxydables de faible poids mol6culaire (m6diateurs) dans le cycle

biocatalytique de la laccase augmente I'activit6 de cette enzyme. Cette oxydation implique deux

6tapes oxydantes. Dans un premier temps, la laccase oxyde le substrat primaire, le m6diateur

agit comme compos6 de transfert d'6lectron. Dans un deuxidme temps, le m6diateur transfdre

l'6lectron d partir de la substance d'int6r6t. Ces m6diateurs sont connus pour augmenter la

gamme de substrat de la laccase (Bourbonnais et Paice, 1996). Les m6diateurs: l'acide 2,2-

azino-bis-(3-ethylbenzthiazoline- 6-sulfonic) (ABTS), I'acide violuric (VLA), le 1-hydroxy-

benzotriazole (1-HBT) et le 2,2,6,O-tetramethoxypiperidinel-oxyl (TEMPO) augmentent et

stabilisent I'activit6 des enzymes ligninolytiques (Tsutsumi et al. 2Q01 ; Suzuki et al., 2003 ;

Saito ef al., 20Q4; Junghanns et a\.,2005 ; Tamagawa et a|.,2006; Kim et Nicell, 2006a; Kim et

Nicell, 2006b ; Cabana et al.,20A7a).

I mmobil isatio n enzym atiq ue

L'immobilisation enzymatique est le processus par lequel des prot6ines sont confin6es

physiquement de fagon synth6tique dans une matrice quelconque afin d'assurer une catalyse

continue. Cette immobilisation permet de g6n6rer des enzymes r6utilisables. En outre, ce

proc6d6 permet d'augmenter la stabilit6 des prot6ines enzymatiques contre la d6sactivation et

I'inhibftion par les constituants de son milieu (solvants organiques, enzymes prot6olytiques)

(O'Fagain, 2003). De ces faits, I'immobilisation enzymatique s'avdre avantageuse pour des

applications bio-environnementales.

Diverses formes d'immobilisation sont possibles. Ces modes d'immobilisation peuvent 6tre

divis6s en fonction du type des liens impliqu6s en deux groupes : physiques et chimiques.
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t lmmobilisation physique

L'immobilisation physique repose sur des proc6d6s qui relient les enzymes d des supports, tout

en faisant intervenir des forces physiques telles que les interactions 6lectrostatiques, les forces

de Van der Waals, les interactions prot6ines-prot6ines (r6sultant d'interactions 6lectrostatiques,

de Van der Waals, hydrophobes, entre ponts hydrogdnes, etc.). De plus, le confinement des

prot6ines dans des matrices d6finies par des proc6d6s tels que le pi6geage enzymatique, sont

69alement des m6thodes physiques d'immobilisation.

Les m6thodes d'immobilisation physiques par pi6geage et adsorption pr6sentent quelques

avantages qui se r6sument de la fagon suivante : ces m6thodes ne perturbent pas beaucoup la

structure tridimensionnelle de la prot6ine et permettent la conservation des propri6t6s

enzymatiques de I'enzyme libre (Zaborsky, 1974). En revanche, les enzymes immobilis6es par

des m6thodes physiques sont moins stables que ceux immobilis6es par des liaisons chimiques

covalentes. C'est pour cette raison que I'immobilisation physique permet une r6g6n6ration du

support utilis6 (Mateo ef a/., 1999).

* lmmobilisation chimique

L'immobilisation chimique repose sur la formation de liens covalents entre les prot6ines ou entre

un groupement fonctionnel pr6sent sur le support solide et les prot6ines. Les m6thodes

d'immobilisation chimique fournissent un attachement stable A I'enzyme et peuvent r6duire le

taux de d6sactivation et alt6rer favorablement les propri6t6s biocatalytiques de I'enzyme. Par

contre, ces m6thodes disposent de quelques lacunes. Premidrement, de telles liaisons

covalentes peuvent aboutir d une diminution de l'affinit6 suite d une modification de la structure

tridimensionnelle (Durante et al., 2004). Deuxidmement, ce type d'immobilisation tend d r6duire

l'activit6 de l'enzyme. Ceci peut 6tre expliqu6 par un probldme de diffusion du substrat vers le

site actif de l'enzyme, r6sultant de l'encombrement st6rique provoqu6 par l'immobilisation.

L'immobilisation des enzymes sur des supports fixes constitue une solution efficace pour le

probldme de I'inhibition des enzymes et leur faible stabilit6. Par contre, ce proc6d6 peut 6tre

accompagn6 par certains probldmes d savoir: probldmes de diffusion au travers des gels,

mauvaise tenue m6canique des gels, probldmes d'encombrement st6rique (inclusion),

probldmes st6riques, mauvaise orientation de l'enzyme et perte d'activit6 (adsorption),

modification de la structure de I'enzyme et perte d'activit6, impossibilit6 de pr6voir le rendement

de greffage, supports pr6sentant de mauvaises propri6t6s m6caniques (greffage, liaisons

covalentes). De plus, l'immobilisation de I'enzyme n6cessite I'ajout d'un support, ce qui

augmente le pdx de production de l'enzyme et rend difficile son utilisation. Pour cela, le recours

16



d d'autres techniques de stabilisation plus efficaces et moins co0teuses est souhaitable. La

formulation des enzymes en nano-6mulsion pourrait 6tre une bonne solution d condition de

minimiser le co0t des additifs de formulation et de maximiser I'activit6 enzymatique.

1.2.4. Utilisation des enzymes dans la biorem6diation

De nouvelles strat6gies de biorem6diation bas6es sur la catalyse enzymatique ont 6t6

d6velopp6es ces dernidres ann6es pour le traitement de matrices environnementales (eau, sol,

boues) contamin6es par diff6rents substances chimiques toxiques (colorants, HAP, explosifs,

perturbateurs endocriniens). Plusieurs raisons peuvent expliquer le recours d ces strat6gies

dans le traitement de solut6s contamin6s par des substances toxiques comme le BPA :

polluants organique de diff6rentes concentrations (Karam et Nicell, 1997) ;

de nombreux effets 6cologiques et sanitaires n6fastes. Ces substances n6cessitent des

m6thodes rapides et efficaces d'6limination d moindre co0t (Karam et Nicell, 1997) ;

conventionnels sont souvent plus toxiques que les produits initiaux. Pour cela, il faut

chercher d'autres m6thodes g6n6rant des produits de d6gradation plus acceptables d'un

point de vue environnementale (Couto et Henera, 2006 ; Ahuja et a1.,2004).

rapide et d moindre co0t d'enzymes (Karam et Nicell, 1997) ;

ind6sirables r6sultant de r6actions paralldles et de proc6d6s physico-chimiques

traditionnels (Ahuja et al. 2QO4; Karam et Nicell, 1997) ;

derniers sont biod6gradables (Karam et Nicell, 1997).

Le traitement des substances toxiques (perturbateurs endocriniens) par des enzymes possdde

plusieurs avantages. En effet, ces prot6ines sont caract6ris6es par la sp6cificit6 aux substrats

qu'elles peuvent utiliser, par leur fonction sp6cifique de catalyseur, par leur capacit6 d'6tre

utilis6es sur une large gamme de conditions environnementales (pH, temp6rature, salinit6,

concentrations, pr6sence de compos6s toxiques), par leur faible sensibilit6 d la pr6sence

d'inhibiteurs et dr la variation des conditions du milieu et par la simplicit6 et la facilitE de contrOle

des proc6d6s utilisant des enzymes (Nannipieri et Bollag, 1991; Karam et Nicell, 1997; Ahuja ef
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al., 2004; Gianfreda et Rao, 2004). En revanche, l'utilisation de ces catalyseurs est limit6e par

diff6rents 6l6ments qui se r6sument du fait que les co0ts associ6s d la production, I'isolement et

la purification de ces enzymes limitent leur utilisation. Cependant, de nouvelles techniques de

g6nie g6n6tique ont 6t6 utilis6es afin de s6lectionner des microorganismes surproducteurs

d'enzymes. De plus, de nouvelles technologies de purification ont 6t6 d6velopp6es pour faciliter

l'isolement et la purification des prot6ines enzymatiques. Toutes ces techniques ont permis de

diminuer le co0t de production des enzymes et de rendre leur utilisation plus facile.

Le traitement bas6 sur les enzymes est plus avantageux que celui bas6 sur les souches pures.

En premier lieu, les enzymes sont dou6es d'une sp6cificit6 plus grande que celle des souches

pures. En deuxidme lieu, les enzymes sont plus faciles d manipuler que les souches pures. En

troisidme lieu, la concentration du catalyseur ne d6pend pas de la concentration bact6rienne

(Aitken, 1993; Nicell et a\.,1995).

1.2.5. Utilisation des enzymes ligninolytiques dans la clarification des jus

Plusieurs fruits comme les grenades et les pommes contiennent de fortes quantit6s de

composants ph6noliques dans leur structure. La partie comestible du fruit contient des quantit6s

consid6rables de compos6s ph6noliques tels que I'acide gallique, I'acide protocat6chique,

I'acide chlorog6nique, l'acide caf6ique, I'acide f6rulique et les acides coumarique, la cat6chine,

la phloridzine et la querc6tine (Poyrazoglu et al., 2002). Les constituants ph6noliques donnent

de la couleur, I'astringence et I'amertume au jus de fruit (Neifar et a1.,2011). Ces compos6s sont

6galement responsables de la formation de I'aspect trouble du jus de fruits, lors de la

concentration et du stockage (Neifar et a1.,2011).

L'objectif principal de la clarification est de r6duire la quantit6 des compos6s ph6noliques et de

diminuer I'astringence du produit (Alper et Acar, 2004,). L'ultrafiltration (UF) est la technique

couramment utilis6e pour stabiliser les jus de fruits (Siebert, 1999). L'inconv6nient majeur de

cette technique est que le jus ultrafiltr6 n'est pas toujours stable et tend d produire une brume

caus6e par l'6limination de compos6s ph6noliques r6actifs par la membrane UF (Stutz 1993).

Une technique de pr6traitement enzymatique hyperoxyg6nation de jus brut par la laccase (p-

diph6nol-oxydor6ductase, EC 1.10.3.2) avant I'UF a 6t6 introduite comme une alternative au

traitement physicochimique (Giovanell i et Ravasini 1993; Maier et a|.,1994). La combinaison du

processus de filtration membranaire et du processus enzymatique pourrait effectivement clarifier

et stabiliser les jus de fruits (Stutz 1993). La clarification des jus de fruits par des enzymes

purifi6es (laccase) ou partiellement purifi6es a 6te d6ja 6tudi6e (Maier et al., 1994, Neifar et al.,

2011). Cependant, le traitement de clarification par un bouillon d'enzymes ligninolytiques n'a pas
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6t6 effectu6 auparavent. Lip, MnP et laccase sont trois enzymes capables de d6grader les

compos6s ph6noliques (Ryan et al., 2007, Hofrichter, 2002). L'utilisation de I'extrait enzymatique

de ces trois enzymes ligninolytiques pourrait 6tre efficace dans la clarification des jus de fruits,

notamment les jus de grenade et pomme.

1 .3. Phanerochaete chrysosporium
1.3.1. Caract6ristiques g6n6rales

Phanerochaete chrysosporium est un organisme eucaryote sans chlorophylle appartenant au

rdgne des mycdtes et d la division des basidiomycdtes. ll s'agit d'un champignon de pourriture

blanche de bois qu'on peut le trouver dans les for6ts de l'Am6rique du Nord, l'Europe et I'Asie

(Budsall, 1985). ll produit diff6rents spores asexuelles. ll y a diff6rentes souches de P

chrysosporium qui sont li6es (BKM-F-1767 (ATCC 24725), PV1, AFTOL-ID 776, KCTC 6728 et

6293 et d'autres trds diff6rentes (P chrysosporium IFM 47494 et IFM 47473). La souche utilis6e

dans notre travail est BKM-F-1767 (ATCC 24725).

1.3.2. M6tabolisme de Phanerochaete chrysosporium

Phanerochaete chrysosporium secrdte des enzymes ligninolytiques a savoir la lignine

peroxydase dont la synthdse est d6pendante de la source de carbone, d'azote et de sulfure

(Kirk, 1985; Hatakka, 1994), la mangandse peroxydase (Palma et al., 1997) et oxydase multi-

cuivre (Larrondo et al., 2007). LiP et MnP sont les principaux enzymes constituant le systdme

ligninolytique de P chrysosporium. En plus des enzymes ligninolytiques, P chrysosporium

produit aussi plusieurs metabolites secondaires qui peuvent d6grader diff6rents compos6s

organiques (veratryl alcool, trichlophenol, pentachlorophenol, toludne, DDT, benzdne, xyldne,

acide humique, pesticides, HAP) et plusieurs autres composants toxiques comme cyanide,

azide, dioxines (Cameron et a|.,2000).

1.3.3. Les gdnes de P chrysosporium responsables de la s6cr6tion des
enzymes ligninolytiques

La structure du g6nome d'un organisme est fortement li6e d sa physiologie et refldte I'ensemble

de ces propri6t6s. Le g6nome de P chrysosporium a 6t6 6tudi6 par plusieurs chercheurs

(Larrondo et a1.,2007; Kersten et Cullen, 2OO7). D'aprds la banque g6nomique-v1.0, le g6nome

de P chrysosporium contient 26 gdnes reli6s d I'activit6 de l'hdme des peroxydases, gdnes

codant pour la production de LiP, 5 g6nes pour MnP et six pour l'oxydase multi-cuivre (Martinez

et al., 2004).ll a 6t6 montr6 aussi que son g6nome contient 160 cytochrome P450s (Martinez ef

al., 2004; Yadav et a1.,2006). Le g6nome montre aussi 4 aryl alcool oxydase (AAO) et une
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pyranose oxydase et un glucose oxydase (Martinez et al., 2004). Ce g6nome contient aussi un

glyoxal oxydase (GLOX) qui catalyse la r6action d'oxydation des ald6hydes en acides

carboxyliques coupl6e avec la r6duction d'O2 en HzOz.Durant la r6action, GLOX est activ6e par

LiP qui a besoin de HzOz pour son m6canisme d'action (Kersten et al., 1995). Le g6nome de P

chrysosporium contient aussi 5 gdnes reli6s d la synthdse de catalase, et permet la d6gradation

de peroxyde d'hydrogdne en cas de stress oxydatif reli6 i une hyper production de H2O2.

Phanerochaete chrysosporium possdde 184 gdnes responsables de la d6gradation des

x6nobiotiques, ce qui encourage I'utilisation de ce microorganisme dans la d6gradation des

compos6s organiques. Les enzymes ligninolytiques contiennent une hdme dont la biosynthdse

est reli6e d l'expression de 4 gdnes de biosynthdse de ferrochelatase, 6- aminolevulinique acide

d6shydratase, proteheme lX farnesyltransferase, 6- aminolevulinic acide synth6ase avec les

annotations g6n6tiques P.C. 61.39.1, P.C. 75.55.1, P.C. 6.34.1. l l  ya 12 gdnes responsables de

l'activit6 du protoh6me lX farnesyltransf6rase. La production d'enzymes ligninolytiques par P.

chrysosporium d6pend de la pr6sence d'oxygdne dans le milieu. ll existe 2 gdnes responsables

du transfert d'oxygdne. Aprds la production des enzymes ligninolytiques dans les cellules, le

transfert des prot6ines natives vers le milieu extracellulaire est assur6 par un transporteur ABC

(ATP Binding cassete) cod6 par 58 gdnes localis6s dans le g6nome de P. chrysosporium. Les

diff6rents gdnes reli6s d la biod6gradation de la lignine chez P chrysosporium sont pr6sent6s

dans le tableau 1. 2.

La connaissance du g6nome de Phanerochaete chrysoprium est trds importante pour d6chiffrer

les diff6rents catalyseurs produits par ce microorganisme. Cependant, la pr6sence du gdne de

l'enzyme n'indique pas n6cessairement la capacit6 du microorganisme d produire cette enzyme.

L'expression du gdne est primordiale pour la production de I'enzyme correspondante.
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Tableau 1. 2 Gdnes reli6s i la biodGgradation de la lignine chez Phanerochaete chrysosporium (source
Martinez et a|.2004)

Fonction Nombre de gines

Activit6 des peroxydases d hdme

D6gradation des x6nobiotiques

Fenochelatase

6-Aminolevulinic acid dehydratase

Activit6 de protoheme lX farnesyltransferase

d-Aminolevulinic acid synthase

Activit6 d'isocitrate lyase

Activit6 d'alternative oxydase

Activit6 de tranfert de gaz

Activit6 de catalase

Activite du transporteur ABC

184

12

1. 4. Les milieux de cultures utilis6s pour la production des enzymes
ligninolytiques par Phanerochaete chrysosporium
Pour produire une forte quantit6 d'enzymes ligninolytiques, Phanerochaete chrysosporium a

besoin d'une source alternative de carbone et d'6nergie dans son milieu de culture n6cessaire i

sa croissance et la production d'enzymes ligninolytiques (Tien 1985). Cependant, ilest important

de noter que la production des enzymes ligninolytiques se fait quand les cultures de

Phanerochaete chrysosporium sont en m6tabolisme secondaires (limitation de carbone, d'azote

et de soufre). Le pH, la temp6rature et l'agitation sont des facteurs importants qui r6gulent la

production d'enzymes ligninolytiques. La pr6sence de carbone, d'azote, d'acide organiques et

I'oxygdne dissous dans les milieux sont des facteurs critiques de la production d'enzymes. De

plus, la production des enzymes ligninolytiques est influenc6e par la dur6e de production qui est

un paramdtre trds important dans le processus de r6cup6ration des enzymes (Leisola et al.,

1e87).
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1.4.1. Les sources de nutriments

Les conditions du milieu de culture Phanerochaete chrysosporium influencent la production des

enzymes ligninolytiques. Plus les conditions de milieu sont optimis6es, plus la production

d'enzymes par I'organisme est 6lev6e. Dans le mdme contexte, plusieurs recherches ont 6t6

r6alis6es pour optimiser les conditions de milieu de culture favorables d la production d'enzymes

ligninolytiques par Phanerochaete chrysosporium (Dass et al., 1995, Gassara et al., 2011).

D'aprds ces 6tudes, le glucose 6tait la meilleure source de carbone, et le tartrate d'ammonium

6tait la meilleure source d'azote permettant une production maximale d'enzymes. Cependant, le

pH optimal 6tait maintenu entre 4,2 et 6,2. D'autres 6tudes ont montr6 que la temp6rature

optimale est entre 25 et 39'C, alors que l'agitation optimale 6tait entre 0 et 30 rpm (Arora et Gill

2001; Khiyami et a1.,2006). La limitation des sources de carbone et d'azote est trds importante

pour la production d'enzymes ligninolytiques par Phanerochaete chrysosporium. Le maintien de

faibles concentrations de carbone et d'azote acc6ldre la s6cr6tion des enzymes ligninolytiques

dans le milieu de culture. ll a 6t6 report6, de plus, que la limitation de I'azote dans le milieu induit

la production de ces enzyme (Tien et Kirk, 1984). La pr6sence de la lignine dans le milieu de

culture comme la paille induit la s6cr6tion des enzymes par P chrysosporium. Ceci explique

l'utilisation des d6chets agroindustriels riches en lignine comme milieu de culture pour produire

les enzymes lignninolytiques par diff6rents microrganismes.

1.4.2. Utilisation des d6chets agro-industriels dans la production des
enzymes ligninolytiques

Les r6sidus agro-industriels sont g6n6ralement consid6r6s comme les meilleurs substrats pour

les processus de fermentation en milieu solides, afin de produire des m6tabolites d haute valeur

ajout6e notamment les enzymes. Un certain nombre de substrats ont 6t6 utilis6es pour la culture

de micro-organismes pour produire des enzymes ligninolytique, parmi lesquels on cite la

bagasse de canne d sucre, son de bl6, son de riz, son de ma'r's, la paille de bl6, paille de riz,la

paille de l'orge, les d6chets de la banane et les d6chets d'orange (Tableau 1. 3). Le son de bl6

d6tient cependant la cl6 et a 6t6 le plus fr6quemment utilis6 dans la production de divers

enzymes ligninolytiques. Le choix d'un substrat pour la production d'enzymes dans un

processus de SSF d6pend de plusieurs facteurs, qui sont principalement li6s au co0t et d la

disponibilit6 du substrat. Dans un processus de SSF, le substrat solide fournit non seulement les

6l6ments nutritifs d la culture microbienne, mais sert aussi d la fixation des cellules. Le substrat

qui fournit tous les nutriments n6cessaires pour les micro-organismes est consid6r6 comme le

support id6al. Toutefois, certains 6l6ments nutritifs peuvent 6tre disponibles a des

concentrations sub-optimales, voire absents dans les substrats. Dans ces cas, il deviendra
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n6cessaire de les compl6ter par une source ext6rieure. De plus, la complexit6 des d6chets,

notamment les d6chets ligninocellulosiques, n6cessite parfois le recours au pr6traitement

(chimique, m6canique et ou thermique), rendant ainsi les nutriments plus facilement accessible

pour la croissance microbienne.

De nombreux facteurs sont importants pour la croissance microbienne et la production

d'enzymes en utilisant les d6chets agroindustriels. Parmi ces facteurs, on peut citer le choix d'un

substrat et d'un ou plusieurs micro-organismes ad6quats,le pr6traitement du substrat, la taille

des particules (espace inter-particules et la surface) du substrat, I'humidit6 et de l'activit6 de l'

eau, le type et la taille de I'inoculum, le contrOle de la temp6rature et du pH, la dur6e de culture,

le maintien de I'uniformite dans I'environnement du systdme SSF , le taux de consommation

d'oxygdne et le taux d'6volution du dioxyde de carbone. Cependant, I'humidit6, I'activit6 de I'eau

et la taille des particules sont les facteurs les plus importants. G6n6ralement, les petites

particules fournissent un plus grand rapport airlsurface, ce qui favorise la fixation des

microorganismes sur le substrat et, par cons6quent, il s'agit d'un facteur souhaitable. Toutefois,

des particules trop petites peuvent entrainer une agglom6ration du substrat, ce qui peut

interf6rer avec la respiration microbienne/a6ration, et aboutir donc d une faible croissance. En

revanche, les grosses particules fournissent une meilleure respiration et une a6ration efficace

mais fournissent des surfaces limit6es d I'attaque microbienne. Pour cela, une optimisation de la

taille des particules s'avdre n6cessaire. De plus, il demeure commode de fournir un contenu

d'eau optimis6 et de contr6ler I'activit6 de I'eau (a*) au cours de la fermentation. Des

concentrations infErieures ou sup6rieures d'eau affectent n6gativement la croissance

microbienne et la production d'enzymes ligninolytiques.

Tableau 1. 3 Substrats utilis6s pour la production des enzymes ligninolytiques par fermentation a l'6tat solide

Support Microorganisme Type du
r6acteur

Enzyme Production R6f6rence

Bagasse T. versicolor

Son de bf 6 + Pleurotus osfreafus, Fioles
cosse de Phanerochaete
neem chrysosporium

MnP, faccase 5 U/ml de Pal et al.,
laccase 1995

4, '1  U/mlde
Mnp

Laccase, MnP,
LiP

772 Ulg de
laccase

656 U/g de Lip

982 U/g de
MnP

Verma et
Madamwar,
2002
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Support Microorganisme Type du
r6acteur

Enzyme Production R6f6rence

D6chet de
banane

Mais

Son de ble

Son de bl6

Pail le de bl6

Pail le de bl6

Pail le de bl6

Bois

P. chrysosporium

P. chrysosporium

P. pulmonarius

Bjerkandera sp.
sfrain 8OS55

Ceriporiopsis
subvermispora

Phanerochaete
chrysosporium BKM-

fioles

fioles

floles

fioles

fioles

rotating drum
bioreactor

Laccase. LiP

Laccase

Laccase

Laccase, MnP

LiP,  MnP

LiP,  MnP

Laccase

LiP,  MnP

MnP. laccase

MnP

Lip

laccase

Laccase

MnP

Laccase

1,7106 U/mg
de laccase

0,1632 U/mg
de L iP

180 U/mlde
laccase

8,600 U/g

6,3 U g-1de
MnP

220 U g-1 de
laccase

2600 U/L de
LiP, 1375 U/L
de MnP

8,600 U/g
substrate

660 nmol ml-1
min.-1 de LiP
1320 nmol ml-1
min.-1 de MnP

126 U/L de
laccase

50 U/L de
perorydase

(1350 U/l of
MnP

364 U/l of LiP

56 U/l of
laccase

901 Ug-1 de
laccase,

20Ug-1 de
MnP

600 U/Lde
laccase

Reddy ef a/.,
2003

Tychanowicz
et a1.,2006

D'SOUZA et
al.,2006

Papinuftiet
a1.,2003

Castillo ef a/.,
1997

Xu et al.,
2001

D'SOUZA ef
al.,2006

Mester et al.,
1998

Fenazet al.,
2003

Domrnguez el
a1..2001

Levin et a/.,
2008

Rodrrguez
Couto ef a/.,
2003

P. osfreafus, fioles
Pleurotus sajoncaju

Pleurotus
pulmonarius

P. pulmonarius

Fomes
sclerodermeus

fioles

fioles

Bois

Eponge de
nylon

Bois Trametes trogii fioles

R6acteur
(immertion)

Son d'orge Trametes versicolor
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Production R6f6renceTypedu Enzyme
r6acteur

Support Microorganisme

Son d'orge Trametes versicolor Tray reactor 3500 U/L de Rodnguez
laccase Couto ef a/..

2003

Eponge de
nylon

Eponge de
nylon

Eponge de
nylon

Trametes versicolor

Trametes versicolor

Trametes versicolor

lmmersion
reactor

Expanded-
bed reactor

Tray reactor

250-ml
Erlenmeyer
flasks

immersion

229 UlLde
laccase

343 U/L de
laccase

Rodrrguez
Couto et al.,
2003

Rodnguez
Couto ef a/.,
2003

126 U/L de Rodrrguez
laccase Couto ef a/..

2003

nylon P. chrysosporium MnP

Prot6ase

Laccase

510 U dm-3 Cabaleiro ef
de MnP a1.,2002

Son de l'orge P. chrysosporium 987 U/l de Rivela ef a/..
MnP 2000

356 U/l of LiP

1.4.3. Stimulateurs de la production d'enzymes ligninolytiques par
Phanerocheate chrysosporium

Les enzymes ligninolytiques de P. chrysosporium sont produites durant la phase du

m6tabolisme secondaire du microorganisme (Keyser et al., 1978), au cours duquel plusieurs

autres substances sont produites. Ces substances peuvent stimuler ou inhiber la production des

enzymes ligninolytiques par P. chrysosporium. L'addition de certaines substances stimulatrices

augmente la production de ces enzymes. En effet, il a 6t6 rapport6 que l'addition du veratryl

alcool (VA) stimule la production et I'activit6 des enzymes ligninolytiques (Gassara et a1.,2010).

L'addition de 0,4 mM de veratryl alcool dans le milieu de culture augmente la s6cr6tion de ces

enzymes de plus de deux fois (Cancel et al., 1993). ll a 6t6 montr6 aussi que le VA stimule

l'oxydation des composants ligneux par LiP (Valli ef a/., 1990). La stimulation de la production de

LiP est due d la protection de LiP de l'inactivation d6pendante (Valli ef a/., 1990). Le VA joue

alors le r6le d la fois d'un protecteur et d'un stimulateur des enzymes ligninolytiques. Dans le

meme ordre d'id6e, il a 6t6 montr6 que l'ajout du Tween 80 dans le milieu de culture stimule la

production de ces enzymes par P. ghrysosporium (Venkatadri et lrvine, 1990). Cette stimulation
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est due dr la lib6ration des acides gras satur6s et insatur6s suite d la d6gradation du Tween 80

et la protection des enzymes ligninolytiques de l'inactivation m6canique. De m6me, il a 6t6

montr6 que I'addition de PEG dans le milieu de culture augmente I'activit6 des enzymes

ligninolytiques (Grgic et Perdih, 2003). Le PEG est un polymdre soluble dans l'eau,

biocompatible, non toxique aux microorganismes, utilis6 souvent comme additif dans la

formulation des prot6ines pour faciliter leur cristallisation (Kenrin et al., 2002). En g6n6ral, le

PEG cause la redistribution des particules intra-membranaires des cellules, ce qui facilite le

transport actif des enzymes ligninolytiques depuis la cellule jusqu'au milieu de culture (Petkau ef

al., 1975). Dans le m6me contexte, I'ajout des compos6s ligneux stimule la d6gradation de la

lignine et la production de ces enzymes.

Kapich et al. (2Q04) a r6alis6 la production des enzymes ligninolytiques par P. chrysosporium

ME446 dans un milieu de culture contenant (1%) de glucose, 0.3% de peptone, O.1o/o de l iqueur

de mais et 2 o/o de composants lignino-cellulosiques s6par6ment (paille de bl6 finlandais, paille

de bl6 allemand, la paille de bl6 espagnole, de la paille de bl6 d'Afrique du Sud et noyau

ligneux). La paille de bl6 espagnole a permis la production maximale de MnP (585146.5 U/L),

tandis que l'activit6 maximale de LiP a 6t6 obtenue en ajoutant 2o/o de noyau ligneux dans le

milieu de culture (802.3t15.8 U/L). Les r6sultats montrent que la d6gradation des substrats

ligneux am6liore la production des enzymes ligninolytiques. ll y a plusieurs recherches qui ont

soulign6 I'utilisation de diff6rents d6chets agroindustriels comme la paille, le son de bl6, les

d6chets de maTs, les d6chets des sucreries pour produire des enzymes ligninolytiques (Jim6nez

et a\.2007 ; Huang et a\.2008). De plus, il a 6t6 confirm6 que la pr6sence d'acide humique dans

le milieu am6liore la production des enzymes (LiP et MnP) par Phanerochaete chrysosporium

(Dehorter et Blondeau, 1992). Cette stimulation peut €tre due aux propri6t6s surfactives de

l'acide humique, qui peut jouer un rOle essentiel dans la r6gulation des machineries

physiologiques de P chrysosporium, y compris la production des enzymes ligninolytiques.

PARTIE 2 PROBIEIUINQUES
2.1 Probl6matique des contaminants 6mergents
Les contaminants < 6mergents > sont des substances qui existaient dans l'environnement

depuis longtemps, mais leur pr6sence n'avait pas 6t6 d6cel6e auparavant et leur 6tude et

surveillance est relativement r6cente. Parmi ces contaminants 6mergeants dans

I'environnement, on peut citer les surfactants, les produits pharmaceutiques, pesticides, les

m6taux traces ou les hydrocarbures aromatiques polycycliques, les retardateurs des flammes et

les toxines algales. Ces contaminants 6mergents sont d6vers6s dans la nature (air, sol eau) et
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ayant des effets n6fastes multiples sur les organismes vivants, dont deux m6ritent d'6tre

soulign6s ici du fait de leurs ampleurs et de leurs cons6quences: effet carcinogdne et effet

perturbateur endocrin ien.

Le BPA est I'un des principaux contaminants 6mergents dans l'environnement. ll s'agit d'un

compos6 g6n6ralement employ6 dans la fabrication des r6sines 6poxydes et des plastiques. En

raison de la production d grande 6chelle et des utilisations r6pandues au Canada, le BPA est

d6charg6 dans I'atmosphdre par I'air, la terre et I'eau. Les donn6es actuelles indiquent que le

niveau d'exposition au bisph6nolA est en degd de la dose journalidre temporaire admissible,

6tablie par Sant6 Canada. BPA est 6galement un perturbateur endocrinien et les 6tudes ont

confirm6 son estrogenicit6 et ses effets sur le comportement reproductif des animaux et des

organismes aquatique. Les eaux us6es des stations municipales du Canada contiennent de

fortes concentrations de BPA atteignant 91 ,27 ltglkg (Lee ef a\.,2002). De m€me, on a trouv6

des concentrations de BPA atteignant 40 000 pg/kg (poids sec) dans les boues d'6puration des

stations municipales 6chantillonn6es d l'6chelle du Canada (Lee et Peart, 2002). Pour toutes

ces raisons, le BPA doit €tre 6limin6 des eaux us6es et des boues d'6purations.

En revanche, le systdme actuel de traitement des eaux us6es au Canada n'est pas efficace

dans l'6limination totale des contaminants 6mergents comme BPA. Ce systdme est bas6 sur les

m6thodes de traitement physicochimiques qui utilisent des substances chimiques (ozone,

chlore, fer...) ou des forces physiques (UV, filtration...). Ces m6thodes sont incapables

d'6liminer compldtement BPA et provoquent une pollution secondaire du milieu trait6.

Cependant, le traitement biologique offre une solution efficace et fiable d ce probldme.

N6anmoins, la d6gradation enzymatique est le proc6d6 le plus efficace et le plus utilis6. En effet,

ce proc6d6 ne demande pas I'ajout de nutriments pour la croissance microbienne, ainsi qu'il

permet d'6viter I'accumulation de la biomasse. Qui plus est, cette technique est efficace m€me

en utilisant de faibles quantit6s d'enzymes et ne n6cessite pas un processus de contr6le des

conditions de traitement.

2.2 Probl6matique du co0t 6lev6 de production d'enzymes
Bien que I'utilit6 du traitement enzymatique soit de plus en plus approuv6e, le proc6d6 reste trds

couteux d cause du coOt 6lev6 de la matidre premidre et de la faible stabilit6 des enzymes

(Aitken et Heck., 1998). Les microorganismes sont 6quip6s du mat6riel g6n6tique n6cessaire

pour la synthdse des enzymes. Cependant, les champignons sont les producteurs d'enzymes

les plus robustes, en particulier les enzymes ligninolytiques qui sont primordiales pour la

d6gradation des compos6s organiques toxiques (Gianfreda et Rao, 2OO4; Lee ef al., 2005,
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Maciel, 2010). Phanerochaete chrysosporium peut d6grader divers x6nobiotiques tels que les

hydrocarbures polyaromatiques, les compos6s aromatiques chlor6s, et les perturbateurs

endocriniens (Mao et a|.,2Q11).

Normalement, ce mycdte a 6t6 d6velopp6 dans des effluents d'industries de textile ou de pulpe.

Cependant, de nouveaux rdglements stricts organisant la disposition et I'utilisation s0re du

compost des eaux usag6es, ont stimul6 des efforts suppl6mentaires permettant l'utilisation de

ces matidres premidres comme substrats de croissance pour la production d'enzymes.

D'ailleurs, selon le nouveau plan d'action environnemental qu6b6cois, au moins 60 % de pertes

doivent 6tre valoris6es. Par cons6quent, notre projet de recherche propos6 adressera trois

thdmes : a) production 6conomique des enzymes ; b) gestion soutenable des pertes ; c)

d6gradation du bisph6nol-A. Normalement, les enzymes produites sont purifi6es et utilis6es

pour la rem6diation et pour d'autres buts. D'ailleurs, la technologie propos6e dans notre projet

de recherche traitera de la production d'un cocktail d'enzymes (brutes) en se basant sur une

fermentation d 1'6tat solide. Ce cocktail sera extrait et concentr6 par ultrafiltration, puis formul6

sous formes de produits liquides et solides pour diverses applications. Par cons6quent, le coOt

d'enzymes sera sensiblement r6duit.

PARTIE 3. HYPOTHESES ET OBJECTIFS DE LA RECHERCHE
3. 1. Hypothdses
D'aprds la litt6rature en g6n6ral et celle rapport6e aux travaux scientifiques et techniques pour la

production des enzymes ligninolytiques en particulier, on peut poser les hypothdses suivantes:

3.1.1. Hypothdse 1

La pr6sence de la lignine dans le milieu de culture am6liore la s6cr6tion des enzymes

ligninolytiques par P chrysosporium (Kapich et al., 2004). Ceci explique l'utilisation des d6chets

agroindustriels riches en lignine comme milieu de culture pour produire les enzymes

lignninolytiques. Les dEchets solides de jus de pomme sont des d6chets riches en lignine et

cellulose (la lignine provient surtout des 6cailles de riz ajout6s aux pommes broy6s pour faciliter

la filtration par les filtres de presse). De m6me, les d6chets de micro brasserie constitu6s

essentiellement de malte sont trds riches en lignine et cellulose. Dans le m6me contexte, les

boues de I'industrie de p6te d papier contiennent de fortes quantit6s de lignine. L'utilisation de
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ces d6chets comme substrat de fermentation pourrait aboutir i la production de grandes

quantit6s d'enzymes ligninolytiques.

3.1.2. Hypothise 2

L'ajout de Tween 80, Vertaryl alcool et sulfate de cuivre s6par6ment dans le milieu de culture

stimule la production de ces enzymes par P. chrysosporium (Venkatadri et lrvine, 1990). Le

sulfate de cuivre pourrait stimuler la production de la laccase chez P. chrysosporium qui n'est

pas capable de produire naturellement cette enzyme (Gnanamania et al., 2006). L'ajout de

sulfate de cuivre pourrait probablement assurer l'expression du gdne de production de laccase

chez Phanerochaete chrysosporium (Alvarez et a1.,2009). L'ajout des trois composants dans

le milieu pourrait avoir un effet synergique sur la stimulation des enzymes

ligninolytiques.

3.1.4. Hypothise 3

L'utilisation d'enzymes libres dans des applications de biotechnologie environnementale s'avdre

trds limit6e. En effet, une telle approche n6cessite I'utilisation d'une grande quantit6 d'enzymes

libres pour le traitement d'effluents liquides. De plus, ces enzymes, sous leur forme soluble, sont

sensibles i l'effet de diff6rents d6naturants physiques, chimiques et biologiques pr6sents dans

ces effluents r6els. Ainsi, elles s'avdrent impossible d confiner dans un espace restreint de telle

sorte d les utiliser de manidre continue. L'application des enzymes libres dans la d6gradation

des contaminants 6mergents comme le BPA dans l'eau s'avdre non efficace. Pour cela, la

stabilisation de ces enzymes semble 6tre indispensable. La formulation de ces enzymes en

nanoencapsulation pourrait emp6cher I'inactivation des enzymes ligninolytiques et

assurer une meilleure d6contamination des eaux contenant du BPA.

3.2. Objectifs de recherche
En tenant compte des hypothdses ci-dessus et de la synthdse bibliographique, les objectifs

sp6cifiques de ces travaux de recherche se r6sument de la fagon suivante :

L'objectif principal de notre projet de recherche est de d6velopper de nouvelles strat6gies

permettant d'atteindre une rentabilit6 optimale du proc6d6 de production d'enzymes par la

souche fongique (Phanerochaete chrysosporium) et une efficacit6 optimale du proc6d6 de

d6gradation du BPA par ce cocktail d'enzymes d6jd forme et par une formulation sp6cifique

(micro-encapsulation).
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1) Cribler les d6chets assurant une meilleure production des enzymes ligninolytiques : (pomace,

d6chet de poisson, d6chet de microbrasserie, boue municipale, d6shydrat6e, boue de p6te d

papier), la production des enzymes est faite par fermentation en milieu solide ;

2) Optimiser la m6thode d'extraction et du pH du tampon utilis6e pour extraire les enzymes des

diff6rents milieux de culture solide, quantifier la production de prot6ase et 6tudier son effet sur la

production des enzymes ligninolytiques ;

3) Optimiser des conditions de fermentation en utilisant un plan d'exp6riences bas6 sur le plan

composite centr6 : les paramdtres d optimiser sont I'humidit6, la concentration de veratryl alcool

et de sulfate de cuivre ;

4) Evaluer l'effet des paramdtres physicochimiques (taille des particules, l'ajout d'une source

d'azote organique) sur la production de laccase et de peroxydase et la croissance de

Phanerochaete chrysosporium ;

5) Mise en 6chelle du proc6d6 de fermentation : production d'enzymes dans un fermenteur en

milieu solide 15 L ;

6) Comparer la production des enzymes en milieu liquide (boues d'ultrafiltration de l'industrie de

jus de pomme) avec celle en milieu solide ;

7) Tester le bouillon enzymatique produit dans la d6gradation du BPA: I'extrait enzymatique va

6tre test6 d diff6rentes concentrations dans la d6gradation de BPA et faire une formulation de

l'extrait enzymatique par micro-encapsulation : faire une micro-capsule stable et la tester dans la

d6gradation du bisph6nol.

8) Tester le bouillon enzymatique produit dans la clarification des jus de fruits fius de pomme et

de grenade).

9) Evaluer I'effet du proc6d6 de production des enzymes sur l'environnement, surtout en termes

d'6mission de gaz i effet de serre

10) R6aliser une analyse technico-6conomique du proc6d6 de production des enzymes par

fermentation d l'6tat solide de d6chets de jus de pomme (apple pomace).

3.3 Originalit6 du travail
La r6alisation de ce proc6d6 permet d la fois une bonne gestion des d6chets et la production

des enzymes ligninolytiques d faible co0t. En outre, la formulation des enzymes en microgel est

une pratique prometteuse pour stabiliser des enzymes tout en minimisant leur co0t de

production. De m6me, la clarification des jus par un bouillant d'enzymes ligninolytiques est
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nouvellement soulign6e dans ce travail, afin d'enlever les substances ph6noliques qui peuvent

changer la couleur et le goOt du jus.

PARTIE 4. RESULTATS ET DISCUSSIONS
Avant de commencer le projet, il 6tait n6cessaire de faire une revue de la litt6rature approfondie

pour comprendre le m6canisme de d6gradation de BPA par voie biologique. Cette revue est

pr6sent6e en d6tails dans le chapitre ll de cette thdse.

Les r6sultats du travail exp6rimental de ce projet de thdse sont pr6sent6s en cinq parties :

La premidre 6tape du projet 6tait la production des enzymes ligninolytiques par fermentation d

l'6tat solide de d6chets industriels dans des fioles. Cette 6tape comprenait 3 sous-parties

diff6rentes qui 6taient: 1) criblage des milieux de cultures favorables pour la croissance de

Phanerochaete chrysosporium et la production d'enzymes ligninolytiques ; 2) optimisation des

conditions de fermentation notamment la concentration des inducteurs et I'humidit6 du milieu de

culture ; 3) Quantification de la teneur en lignine dans les d6chets agro-industriels. La deuxidme

6tape de ce projet de thdse 6tait la production des enzymes ligninolytiques dans des

fermenteurs. Cette 6tape comprenait deux sous-parties: 1) la mise en 6chelle du proc6d6 de

fermentation dans un fermenteur de 12 L et l'optimisation de I'a6ration et l'agitation dans ce

fermenteur ; 2) Comparaison entre la production des enzymes ligninolytiques par fermentation d

l'6tat solide et celle par fermentation en culture liquide. La troisidme 6tape de ce projet de thdse

6tait la formulation d'enzymes par micro-encapsulation pour augmenter leur stabilit6. La

quatridme 6tape de ce projet 6tait l'application des enzymes ligninolytiques dans la clarification

des jus de fruits et la d6gradation de bisph6nol A. La cinquidme 6tape de ce projet 6tait

l'6valuation de l'effet de ce proc6d6 de fermentation sur I'environnement, en termes d'6mission

de gaz d effet de serre et aussi la r6alisation d'une analyse technico-6conomique du proc6d6.

4.1 Production des enzymes ligninolytiques dans des fioles
4.1.1 Griblage des d6chets agroindustriels assurant une meilleure
production d'enzymes ligninolytiq ues

L'utilisation des enzymes ligninolytiques dans diff6rentes applications, notamment la

bioremediation et les applications agro-industriels, est souvent limit6e en vue de leur co0t de

production 6lev6. Le co0t 6lev6 de ces enzymes est souvent reli6 au co0t du substrat de

fermentation qui repr6sente 40-600/o du coOt de production total (Hacking et al., 1987). Notre

6tude visait d I'utilisation des d6chets agro-industriels comme substrat de fermentation pour la

production d'enzymes ligninolitiques. Ces d6chets ont 6t6 choisis en raison de leur

omnipr6sence, haute biod6gradabilit6 et richesse en nutriments. La production d'enzymes
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ligninolytiques par des cultures d l'6tat solide de Phanerochaete chrysosporium BKM-F-1767

(ATCC 24725) a 6t6 6tudi6e en utilisant les d6chets suivants : les r6sidus de poisson, les rejets

de microbrasserie, les d6chets de jus de pomme (Pomace) et les boues de p6te d papier.

Diff6rents inducteurs enzymatiques, tels que le veratryl alcool, Tween-80 et CuSO+ d des

concentrations de 2 mmole/kg, 0,5% vAA/ et 3 mmole/kg, respectivement, ont 6galement 6t6

test6s. L'addition du veratryl alcool et du Tween-8O a conduit d des activit6s maximales de

mangandse peroxydase (MnP) de 17,36t0,5 U/gss, 540,2 t 5,1 U/gss, 631,25t14 U/gss,

507,5+26,87 U/gss (unit6s/gramme de substrat sec), respectivement, pour les diff6rents

d6chets. Des maximums d'activit6s de lignine-peroxydase (LlP) de 141,38+3,39, 14,1t0,5 U/gss

ont 6t6s obtenus avec les d6chets de jus de pomme et les rejets de microbrasserie,

respectivement. La production de la laccase 6tait n6gligeable dans tous les d6chets. Les

activit6s maximales de MnP obtenus quand le tween-80 et le CUSO+ ont 6t6 ajout6es aux

milieux ont 6t6 17,4!0,6, 291!2,8, 213,5+3 et 213,2+3,2 U/gss dans les r6sidus de poisson, les

rejets de microbrasserie, les d6chets de jus de pomme et les boues de p6te d papier,

respectivement. L'ajout de CuSOa au milieu de culture am6liore la production de laccase. Des

activit6s maximales de laccase de 738,97+9,2,719,97t14,6, 308,8+12,1 , 94,44t1,2 U/gss ont

6t6 obtenues dans les rejets de microbrasserie, les d6chets de jus de pomme, les boues de

p6tes d papier et les r6sidus de poisson, respectivement. Au total, les d6chets de microbrasserie

et de l'industrie de jus de pomme ont servi d'excellentes sources de production de MnP, LiP et

laccases. L'ajout de veratryl alcool a am6lior6 la production des peroxidases (LiP et MnP). De

plus, l'addition de CuSO+a am6lior6 la production de laccase. Ce travail a 6t6 expliqu6 en d6tails

dans le chapitre lll de cette thdse.

4.l.zOptimisation des conditions de fermentation par la m6thode de
surface des r6ponses

Aprds le criblage des substrats assurant la meilleure production des enzymes ligninolytiques

(d6chets de microbrasserie et de jus de pomme). Ces deux d6chets ont 6t6 utilis6s comme

milieu de culture de P. chrysosporium pour optimiser les conditions de fermentation dans des

fioles. L'optimisation de la production des enzymes ligninolytiques, lignine peroxydase (LiP),

mangandse peroxydase (MnP) et laccase a 6t6 r6alis6e moyennant la m6thodologie de surface

des r6ponses RSM. L'effet des trois paramdtres dans la fermentation (les concentrations des

inducteurs veratryl alcool, sulfate de cuivre et I'humidit6) a 6t6 6tudi6. Parmi ces trois

paramdtres, l'humidit6 et la concentration de veratryl alcool ont un effet positif significatif sur la

production de MnP et LiP et la viabilit6 de Phanerochaete chrysosprium dans les d6chets

solides de jus de pomme et les d6chets de microbrasserie (p < 0.05). Toutefois, le sulfate de
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cuivre exerce un effet n6gatif sur ces trois r6ponses. Ceci pourra 6tre d0 d l'utilisation du veratryl

alcool par la LiP comme substrat et sa transformation en veratryl ald6hyde (Gill et Arora, 2003).

De plus, le veratryl alcool peut €tre utilis6 par Phanerochaete chrysosporium, ce qui augmente

sa croissance et stimule son m6tabolisme secondaire. En outre, I'effet n6gatif du sulfate de

cuivre peut 6tre d0 d la toxicit6 du sulfate de cuivre aux champignons, m6me d des

concentrations faibles (Baldrian, 2003). De plus, l'humidit6 et le sulfate de cuivre ont eu un effet

positif significatif sur la production de (p < 0. 05). Par contre, le veratryl alcool a eu un effet

positif non signifiant (p < 0.05) sur la production de cette m6me enzyme. Les valeurs optimales

de MnP, LiP et le Log 10 de la viabilit6 de P.chrysosporium dans les d6chets de jus de pomme

(1287 .5U MnP/gss, 305 U LiP/gss, et 10,38 Log 10 de viabilit6) et les d6chets de microbrasserie

(792 U MnP/gss et 9.83 Log 10 viabilit6) ont 6t6 obtenus avec 80 % d'humidit6, 3 mmole/ kg de

VA et 0.5 mmole/ kg de sulfate de cuivre. La production maximale de LiP dans les d6chets de

microbrasserie (7.87 U/g) a 6t6 obtenue avec 70 % d'humidite 2 mmole/kg de VA et 1 mmole/kg

de sulfate de cuivre. N6anmoins, la production maximale de laccase dans les d6chets de jus de

pomme (789 Uig) et les d6chets de microbrasserie (841 U/g) a 6t6 obtenue avec 8Q o/o

d'humidit6, 3 mmole/kg de VA et 1,5 mmole/kg de sulfate de cuivre. Au final, l'optimisation des

concentrations des inducteurs (veratryl alcool, sulfate de cuivre) et I'humidit6 des substrats a

permis I'augmentation significatif (p <0,05) de la production des enzymes ligninolytiques (MnP,

LiP et laccase), d la fois dans des d6chets solides de jus de pomme et de microbrasserie. De

plus la production totale des enzymes ligninolytiques dans les d6chets solide de jus de pomme

(2381,5 U/gss) est nettement sup6rieure d celle dans les d6ches de microbrasserie (1640,87

U/gss). Pour cette raison, les d6chets solides de jus de pomme seront utilis6s pour la suite des

exp6riences, notamment dans la mise en 6chelle du proc6d6 de fermentation. Les r6sultats

relatifs d ce travail sont pr6sent6s en d6tails dans le chapitre lll.

4.1.g Quantif ication de la teneur en l ignine dans tes d6chets agroindustriels.

L'objectif principal de ce projet de thdse est la production des enzymes ligninolytiques. D'aprds

les r6sultats de la premidre sous-partie de ce projet, les d6chets agroindustriels riches en lignine

(les d6chets solides de jus de pomme et les d6chets de microbrasserie) permettent les

meilleures productions d'enzymes ligninolytiques. Par la suite, la quantification de la lignine dans

les d6ch-ets est une 6tape primordiale dans ce projet. La quantification de la lignine a 6t6 6tudi6e

depuis les ann6es cinquante par diff6rentes m6thodes (Van Soest 1967; Alves et a\.,2009).

Toutefois, les estimations de la teneur de lignine varient largement entre les m6thodes. La

m6thode Klason est la m6thode standard de quantification de la lignine dans le bois et les

diff6rents mat6riaux lignino-cellulosiques (Lai et Sarkanen 1971; Kirk et Obst, 1988). Cette
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m6thode est bas6e sur la quantification de la lignine insoluble dans les acides min6raux. La

lignine est ensuite analys6e par gravim6trie aprds hydrolyse des fractions de cellulose et

d'h6micellulose par I'acide sulfurique. Cette m6thode de quantification de la lignine est

largement utilis6e pour sa pr6cision. Cependant, l'6tape de l'acidolyse des mat6riaux

ligninocellUlosiques utilisant le soxhlet traditionnel est trds lente (4 h). L'objectif principal de

cette 6tape est de remplacer l'6tape d'acidolyse traditionnelle par la digestion d microonde. Ceci

a 6t6 r6alis6 dans une tentative d'augmenter la s6lectivit6 de cette 6tape pour cliver les liaisons

entre la lignine et les carbohydrate (cellulose et h6micellulose) et de r6duire le temps

n6cessaire pour quantifier la lignine. Les conditions de la digestion par micro-ondes (la pression,

la temp6rature et le temps) ont 6t6 optimis6es par la m6thodologie de surface des r6ponses.

Les r6sultats ont montr6 que la temp6rature et la pression ont eu un effet positif significatif (p

<0,05) sur la digestion d micro-ondes et la quantification de lignine. Les meilleures conditions de

digestion se pr6sentent comme suit : pression = 30 bar, temp6rature = 17Q o C, temps = 15 min.

Lorsque les conditions de digestion aux micro-ondes ont 6t6 optimis6es, la teneur en lignine

dans les d6chets solides de jus de pomme a 6t6 (33% p/p) plus 6lev6e que le Klason lignine

(27o/o pi p). La digestion par micro-ondes a 6t6 plus pr6cise (p <0,05) que celle utilisant le reflux

traditionnel. Le travail r6alis6 dans cette partie a 6t6 pr6sent6 en d6tails dans le chapitre lll.

4.2Production des enzymes ligninolytiques dans des fermenteurs
4.2.1 Production des enzymes ligninolytiques dans un fermenteur en
culture solide de 12 L

Aprds la fermentation des d6chets solides de jus de pomme dans des fioles, la mise en 6chelle

du proc6d6 a 6t6 r6alis6e afin d'augmenter la production des enzymes ligninolytiques. Une

optimisation de I'agitation et l'a6ration dans le fermenteur a 6t6 r6alis6e simultan6ment. Cette

optimisation a 6t6 r6alis6e a cause de l'importance de ces deux paramdtres dans la

fermentation d l'6tat solide. En effet, I'agitation au cours de la fermentation permet l'6limination

des produits m6taboliques volatiles, la pr6vention de l'agglom6ration des particules du substrat,

I'am6lioration du transfert de la chaleur et de I'oxygdne et des conditions de fermentation pour la

croissance des microorganismes. De plus, I'a6ration permet de fournir une quantit6 appropri6e

d'oxygdne pour la croissance microbienne et d'6liminer le dioxyde de carbone. Cependant,

I'a6ration assure 6galement une fonction critique dans le transfert de chaleur et d'humidit6 entre

les solides et la phase gazeuse (Shojaosadati et Babaeipour, 2002).ll est essentiel de noter que

I'a6ration excessive peut produire des contraintes de cisaillement (qui a un effet nocif sur la

morphologie champignon filamenteux). La n6cessit6 d'une a6ration suffisante et I'agitation du

substrat r6duit la possibilit6 d'employer le volume maximal de bioreacteurs, ind6pendamment de
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leur conception. Ainsi, I'optimisation de I'agitation et I'a6ration est n6cessaire pour optimiser la

croissance du microorganisme et la production de m6tabolites primaires et secondaires.

L'effet de diff6rents types d'agitation (1: agitation continue (C) 2: agitation continue, discontinue,

continue (C / D / C); 3: agitation discontinue, continue, discontinue (D / C / D) et d'a6ration (0,87,

1,25, 1,66 WM) sur la production d'enzymes ligninolytiques des cultures solides de

Phanerochaete chrysosporium BKM-F-1767 a 6t6 6tudi6. Les productions maximales de MnP

(1690,3 + 87,6), LiP (387,9 t 14,3) et de la laccase (898,9 + 53,3 U /gss) ont 6t6 obtenues aprds

195, 147,219 h de fermentation, respectivement, en utilisant 1,66 WM comme d6bit d'air et (C /

D / C) comme mode d'agitation. La production d'enzymes a 6t6 influenc6e par I'a6ration et les

valeurs les plus 6lev6es ont 6t6 obtenues en utilisant 1,66 WM comme d6bit d'air, suivie par

1,25 WM et 0,83 WM, respectivement. Cette production 6tait 6galement influenc6e par

I'agitation et les valeurs maximales obtenues en utilisant l'agitation C / D / C, suivie par

l'agitation D I C I D et l'agitation continue, respectivement. Le travail r6alis6 dans cette partie a

6t6 pr6sent6 en d6tails dans le chapitre lV.

4.2.2 Production des enzymes ligninolytiques par fermentation a l'6tat
liquide des boues d'ultrafiltaration

Pour comparer la production des enzymes ligninolytiques en culture solide avec celle en culture

liquide, les milieux de fermentation liquides utilis6s ont 6t6 la boue d'ultrafiltration provenant du

proc6d6 de production de jus de pomme et un milieu synth6tique (Tien et Kirk, 1984). Les boues

d'ultrafiltration contiennent 80 g /L de solides totaux. ll s'agit d'un d6chet trds charg6 dont la

gestion pr6sente r6ellement un probldme pour I'entreprise de jus de pomme (LASSONDE, Inc).

Pour cette raison, son utilisation comme milieu de culture riche (assurant le d6veloppement des

microorganismes et la production de produit d valeur ajout6e) constitue un grand d6fit. ll permet

d la fois la r6solution du probldme de la gestion du d6chet et la production d'enzymes i faible

co0t. Cependant, I'objectif majeur de cette partie de ce pro.let de thdse est de comparer la

production des enzymes en milieu liquide avec celle en culture solide.

Diff6rents paramdtres physico-chimiques d savoir la viscosit6, le potentiel z6ta, la taille des

particules et les paramdtres biologiques, tels que la viabilit6 et la production d'enzymes ont 6t6

etudi6s au cours des fermentations des boues d'ultrafiltration et du milieu synth6tique. La

production d'enzymes ligninolytiques 6tait plus 6lev6e dans la boue d'ultrafiltration de

l'entreprise de jus de pomme (45 U / L de laccase,220U / L de MNP et 6,5 U / L de LiP) que

dans le milieu synth6tique (17 U / L de laccase, 37 U lL de MnP et 6 U / L). Ces activit6s

maximales ont 6t6 obtenues pendant la fin de la phase stationnaire et le d6but de la phase
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d6clin. ll a 6t6 6galement constat6 que la production d'enzymes 6tait fortement corr6l6e avec la

viabilit6 P. chrysoporium d la fois dans un milieu synth6tique et la boue d'ultrafiltration. Par

ailleurs, les paramdtres physico-chimiques, tels que la taille des particules, le potentiel z€ta etla

viscosit6 6taient fortement corr6l6es d la viabilit6 de P. chrysosporium et d la production

d'enzymes ligninolytiques. Les activit6s maximales de MnP, LiP et laccase dans la boue

d'ultrafiltration (1,75 U / gss, 0,05 U / gss, 0,37 U / gss) sont 10 000 fois, 40 000 et 6000 plus

faibles que les activitds obtenues dans une culture de d6chets solide de jus de pomme (1287.5U

/ gss, 305 U / gss, 789 U/gss, respectivement). Ces r6sultats peuvent s'expliquer par I'absence

de lignine dans la boue d'ultrafiltration. Par contre, les d6chets solides de jus de pomme (apple

pomace) contiennent les 6cailles de riz (riches en lignine), qui sont ajout6s aux pommes broy6s

pour faciliter le processus de filtration. La teneur plus 6lev6e en lignine dans le milieu de culture

est plus favorable pour la production d'enzymes ligninolytiques. De plus, les milieux de cultures

solides sont plus riches en nutriments que les milieux liquides, ce qui favorise la croissance des

microorganismes et la production des m6tabolites primaires et secondaires. Le travail r6alis6

dans cette partie a 6t6 pr6sent6 en d6tails dans le chapitre lV.

4.3. Formulation des enzymes ligninolytiques
Le probldme majeur de I'application des enzymes ligninolytiques dans la biorem6diation (eau

sol...) et les pratiques agroindustrielles (clarification des jus, bidres...) est leur faible stabilit6,

surtout quant elles sont libres. Pour augmenter la stabilit6 des enzymes, la microencapsulation

est une option pratique.

Les enzymes ligninolytiques (LlP, MNP et la laccase) produites par Phanerochaete

chrysosporium ont 6t6 pi6g6es dans trois structures d'hydrogel d savoir les r6seaux semi-

interp6n6tr6s de poly (acrylamide) / g6latine (P (AAM) / Gel), poly (acrylamide) / pectine (P

(AAM) / Pec) et poly (acrylamidey CMC (P (AAM) / CMC). La stabilit6 thermique et les

propri6t6s physico-chimiques (granulom6trie, le potentiel zdta et de la viscosit6) de ces

formulations ont 6t6 ensuite 6valu6es. Les r6sultats de cette 6tude ont montr6 que le pi6geage

des enzymes a augment6 de fagon significative la stabilit6 thermique des enzymes, d haute

temp6rature (75 'C) et d basse temp6rature (4'C). Lorsque la temp6rature a 6t6 augment6e d

75"C,l 'activit6 maximale a diminu6 jusqu'd Qo/o,7,9o/o,0% pour la laccase, MNP et LIP l ibres,

respectivement, jusqu'd 94, 97,93% pour la laccase, MNP et LiP, pi6g6s dans un hydrogel de P

(AAM) / pectine, 94, 98, 88% pour la laccase, MNP et LiP pi6g6s dans un hydrogel de P (AAM) /

g6latine el d 87o/o, 91, 87o/o pour des laccase, MNP et LiP pi6g6s dans P (AAM) / CMC. 1l a 6t6

6galement d6montr6 que lorsque la taille des particules et la viscosit6 de la formulation
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augmentaient, la stabilit6 des enzymes augmentait. Cependant, il n'y avait pas de relation claire

entre le potentiel z6ta de la formulation et I'activit6 enzymatique. Au final, la formulation r6alis6e

dans notre 6tude a augment6 consid6rablement la stabilit6 thermique des enzymes

ligninolytiques et a emp6ch6 leur inactivation. Ceci est d0 au ph6nomdne de pi6geage qui a

permis d'enfermer les enzymes dans des micro-espaces form6s par les structures matricielles.

De plus, en utilisant cette m6thode, les enzymes ne sont pas li6es chimiquement aux polymdres

des matrices, ce qui leur a permis de pr6server leur conformation tridimensionnelle originale et

prot6ger leurs sites actifs. Le travail r6alis6 dans cette partie a 6t6 pr6sent6 en d6tails dans le

chapitre V.

4.4 Application des enzymes ligninolytiques
4.4.1Clarification des jus de fruits

Les compos6s ph6noliques pr6sents dans les jus de fruits (grenade et fruits rouge), lesquels

sont responsables d la formation du trouble et du brunissement lors du stockage, ont 6t6

6limin6s par un processus enzymatique. Les enzymes ligninolytiques (MnP, LiP, Laccase) libres

et encapsul6es, produites par fermentation de d6chets solides de jus de pommes par

Phanerochaete chrysosporium, ont 6t6 test6es pour clarifier un jus d base de grenade et de

fruits rouge. L'effet de ces traitements enzymatiques sur la teneur en compos6s ph6noliques

totaux, la clart6 et la couleur des jus a 6t6 6valu6. Les r6sultats de cette 6tude ont d6montr6 que

la r6duction des compos6s polyphdnoliques et I'am6lioration de la clart6 du jus de grenade et

des fruits rouges par le traitement avec les enzymes encapsul6es (plus de 60% dans tous les

traitements) ont 6t6 plus significatifs (p> 0,05) que celles obtenus par le traitement par des

enzymes libres (45%). Ainsi, les enzymes ligninolytiques (LiP, MnP et la laccase) sont en

mesure de clarifier les jus de fruits avec succds et peuvent remplacer ou €tre utilis6es avec la

filtration, afin de rendre le processus de clarification plus 6conomique pour les industriels. Le

travail r6alis6 dans cette partie a 6t6 pr6sent6 en d6tails dans le chapitre V.

4.4.2 D6gradation de bisph6nol A

Les enzymes ligninolytiques sont connues par leur capacit6 de d6truire plusieurs compos6s

ph6noliques, comme les contaminants 6mergents (le bisph6nolA, nonylph6nol...) (Hirano ef a/.

2000, Tsutsumi et al., 2001). A titre indicatif, les eaux us6es des stations municipales du

Canada contiennent de fortes concentrations du BPA atteignant 91 ,27 pglkg (Lee ef al., 2002).

C'est pour cette raison que la biorem6diation des eaux fortifi6es par BPA (10 ppm) a 6t6

r6alis6e par un extrait enzymatique libre (MnP, LiP, Laccase) et des formulations d'enzymes
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ligninolytiques (P (AAM) / Gel, P (AAM) / Pec et P (AAM) / CMC). Les r6sultats de cette 6tude

ont montr6 une forte d6gradation de BPA (90% de la concentration initiale de 10 ppm) aprds 8 h

de traitement par des enzymes ligninolytiques encapsul6es dans un hydrogel de polyacrylamide

et pectine. La d6gradation du bisph6nol A par les enzymes libres (260/0) 6tait inf6rieure d celle

obtenue par des enzymes encapsul6es. La pr6sence de pectine dans la formulation des

enzymes a am6lior6 de manidre significative (p> 0,05) I'activit6 des enzymes pour d6grader le

bisph6nol A. L'6tude de la cin6tique de d6gradation de BPA a montr6 que la vitesse maximale

de ddgradation Vm a augment6 consid6rablement, lorsque les enzymes ont 6t6 encapsul6es.

Cependant, La constante de Michaelis Menten Km n'a pas 6t6 chang6e, aprds I'encapsulation

des enzymes. Ainsi, I'encapsulation a prot6g6 les enzymes de l'inhibition non comp6titive. Les

sous-produits probables de la d6gradation de BPA par les enzymes ligninolytiques 6taient le

2,2-methylenediphenol (C13H12O2), le Bis (4- .hydroxyphenyl)methane (CrgHrzO2,) et le 4-

benzylresorcinol. Ces sous-produits de d6gradation sont min6ralis6s selon le m6canisme de

d6gradation sugg6r6 dans cette 6tude. Une 6tude suppl6mentaire est primordiale pour

d6terminer d'une manidre pr6cise le m6canisme de d6gradation de BPA par les enzymes

ligninolytiques. Cette partie a 6t6 pr6sent6e en d6tails dans le chapitre V de ce projet.

4.5 Evaluation de I'impact environnemental et 6conomique du proc6d6
de production des enzymes ligninolytiques

4.5.1 lmpact environnemental du proc6d6 de production des enzymes

Pour 6valuer I'impact environnemental du proc6d6 de production des enzymes, nous avons

estim6 les 6missions de gaz d effet de serre durant la gestion des d6chets solides de jus de

pomme moyennant 5 sc6narios diff6rents. Les sc6narios 6valu6s se pr6sentent de la fagon

suivante: a) incin6ration; b) enfouissement; c) utilisation comme additif dans I'alimentation

animale; d) valorisation en produisant des enzymes ; et e) compostage. Pour d6terminer le bilan

des 6missions de GES, nous avons adopt6 la m6thode de l'analyse du cycle de vie (ACV). Les

r6sultats trouv6s dans cette 6tude montrent que la production d'enzymes (906 tonnes de CO2 6q

par ann6e) et I'alimentation animale (963 tonnes de COz 6q par ann6e) sont les approches qui

g6nerent le moins de GES, suivi de l'incin6ration (1122 tonnes de COz 6q par ann6e), du

compostage (1273 tonnes de COz 6q par ann6e), et de I'enfouissement (1841 tonnes de COz 6q

par ann6e).

Ces r6sultats sont en faveur l'utilisation des d6chets solides de jus de pomme dans

I'alimentation animale et la production d'enzyme, afin de respecter l'environnement et diminuer

la production de gaz participant au r6chauffement de la plandte. Qui plus est, m6me d'un point
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de vue 6conomique, ces deux modes de gestion semblent 6tre plus avantageux que les autres,

d l'instar de l'incin6ration et l'enfouissement. En effet, I'enfouissement des d6chets n6cessite

l'achat de site d'enfouissement, et l'incin6ration consomme beaucoup d'6nergie pour la

combustion des d6chets. Pour cela, une 6tude 6conomique demeure souhaitable, afin de

d6terminer le mode de gestion le plus 6conomique et le plus respectueux de I'environnement.

Le travail r6alis6 dans cette partie a 6t6 pr6sent6 en d6tails dans le chapitre Vl.

4.5.2 Analyse technico-6conomique du proc6d6 de production des enzymes
ligninolytiques

L'analyse technico-6conomique du proc6d6 de production des enzymes ligninolytiques a 6t6

enfin r6alis6e pour expliquer I'int6r6t 6conomique de l'utilisation d'apple pomace comme

substrat de fermentation. Pour cette raison, 4 sc6narios ont 6t6 utilis6s au cours de cette

analyse. Les trois premiers sc6narios tiennent compte de la fermentation de d6chets solides de
jus de pomme. Cependant, la m6thode d'extraction et le tampon d'extraction des enzymes a

chang6 d'un sc6nario d un autre. Dans le cas du sc6nario 1, I'extraction des enzymes a et6

r6alis6 par centrifugation aprds I'ajout du tampon phosphate. Alors que dans le cas du sc6nario

2, l'extraction des enzymes a 6te r6alis6e par filtration aprds I'ajout du tampon phosphate. De

m6me, dans le cas du sc6nario 3, l'extraction des enzymes a 6t6 faite par centrifugation aprds

l'ajout de I'eau. Par contre, le quatridme sc6nario a pris en consid6ration la fermentation du son

de bl6 et les enzymes ont 6t6 r6cup6r6es par centrifugation aprds l'ajout du tampon phosphate.

Ce sc6nario a 6t6 consid6r6 comme sc6nario de r6f6rence. Les r6sultats de cette 6tude ont

montr6 que I'extraction des enzymes par centrifugation permet la r6duction du co0t de

production des enzymes ligninolytiques de 74,6 o/o par rapport d la m6thode d'extraction par

filtration. Cet effet est d0 i I'adsorption des enzymes sur le filtre ce qui emp6che leur extraction.

De plus, I'utilisation d'apple pomace comme matidre premidre r6duit le co0t de production des

enzymes de 19o/o par rapport au proc6d6 de fermentation de r6f6rence, utilisant le son de bl6

comme matidre premidre. L'utilisation de I'eau comme tampon d'extraction des enzymes d la

place du tampon phosphate a engendr6 l'augmentation du co0t de production des enzymes

ligninolytiques de 10 o/o. Ainsi, d'aprds cette analyse technico-6conomique, l'utilisation d'apple

pomace comme milieu de fermentation l'extraction des enzymes ligninolytiques par

centrifugation aprds I'ajout de tampon phosphate, r6duit consid6rablement le co0t de production

des enzymes ligninolytiques, ce qui permet l'augmentation du b6n6fice des industriels. Le travail

r6alis6 dans cette partie a 6t6 pr6sent6 en d6tails dans le chapitre Vl.
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PARTIE 5. CONCLUSIONS ET RECOMMANDATIONS
5.1. Conclusions
Cette 6tude a permis de d6velopper un proc6d6 de fermentation en culture solide de d6chets

agroindustriels pour produire des enzymes ligninolytiques. Les rejets agroindustriels (d6chets

solides de micro-brasserie, de boues d'industrie de pite d papier, les d6chets solides de

I'industrie de jus de pommes, les d6chets de poissons) peuvent causer un probldme de pollution

d l'environnement, suite d une mauvaise gestion d0 aux divers traitements (enfouissement,

incin6ration...).De ce fait, dans le souci de rentabil iser de fagon uti le et 6conomique la

r6utilisation de ces rejets, ces derniers sont recycl6s au cours des travaux de cette thdse

comme produits d haute valeur ajout6e (PAV). En effet, ces rejets, compte tenu de leur potentiel

nutritif 6lev6 et de leurs propri6t6s physiques (humidit6, taille de particules) sont utilis6s comme

source de nutriments pour la production d'enzymes ligninolytiques. La m6thodologie de plan

d'exp6rience a 6te utilis6e pour optimiser les conditions de fermentation (humidit6,

concentrations de veratryl alcohol (VA) et de sulfate de cuivre comme inducteurs) et les

conditions de digestion par microonde (temps, temp6rature et temps) pour quantifier la lignine

dans les d6chets. Le proc6d6 de fermentation a 6t6 r6alis6 aussi dans un fermenteur de 12 L,

dans le quel l'a6ration et I'agitation ont 6t6 optimis6es. Les enzymes ligninolytiques ont 6t6

ensuite formul6es dans diff6rents hydrogels:1) polyacrylamide et pectine; 2) polyacrylamide et

g6latine; 3) polyacrylamide + carboxymethyl cellulose, pour augmenter leur stabilit6. Ces

formulations d'enzymes ont 6t6 test6es pour d6grader un contaminant 6mergeant pr6sent dans

I'eau (BPA) et dans la clarification des jus. L'6tude d'impact de notre proc6d6 sur

I'environnement ainsi qu'une analyse technico-6conomique ont 6t6 enfin r6alis6es. A partir des

r6sultats d6jd obtenus, nous pouvons tirer les conclusions suivantes :

1) Les d6chets de microbrasserie et de I'industrie de jus de pomme ont 6t6 d'excellentes

sources de production pour MnP, LiP et laccases.

2) L'ajout de veratryl alcool a am6lior6 la production des peroxidases (LiP et MnP) et

I'addition de CUSO+a am6lior6 la production de laccase.

3) Aprds optimisation des concentrations des inducteurs (veratryl alcool, sulfate de cuivre)

et l'humidit6 des d6chets, la production totale des enzymes ligninolytiques dans les

d6chets solides de jus de pomme (2381,5 U/gss) a 6t6 nettement sup6rieure d celle

dans les d6chets de microbrasserie (1640,87 U/gss).
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4) Les meilleures conditions de digestion par micro-onde pour quantifier la lignine dans les

d6chets solides de jus de pomme ont 6t6 : pression = 30 bar, temp6rature = 170 o C,

temps = 15 min.

5) La production d'enzymes a 6t6 influenc6e par I'a6ration et I'agitation. Les valeurs les plus

6lev6es ont 6t6 obtenues en utilisant 1,66 WM comme d6bit d'air, suivie par 1,25 WM

et 0,83 WM, respectivement. Les valeurs maximales de production ont 6t6 obtenues en

utilisant I'agitation Continue / Discontinue / Continue, suivie par I'agitation Discontinue /

Continue / Discontinue et I'agitation continue, respectivement.

6) Les activit6s maximales de MnP, LiP et laccase en milieu liquide : la boue d'ultrafiltration

(220 U / L, 6,5 U / L, 45 U lL) sont 10 000, 40 000 et 6000 fois plus faibles que les

activit6s obtenues dans une culture de d6chets solide de jus de pomme (1287.5U / gss,

305 U / gss, 789 U/gss, respectivement).

7) La formulation a augment6 de fagon significative la stabilit6 thermique des enzymes d

haute temp6rature (75 'C) et d basse temp6rature (4'C).

8) Les enzymes ligninolytiques (LiP, MnP et la laccase) sont en mesure de clarifier les jus

de fruits avec succds et peuvent 6tre remplac6es ou 6tre utilis6es avec la filtration, afin

de rendre le processus de clarification plus 6conomique pour les industriels.

9) L'encapsulation des enzymes a am6lior6 leur activit6 pour d6grader le bisph6nol A et

clarifier les jus de fruits

10) De tous les proc6d6s 6tudi6s, la production d'enzymes (906,81 tonnes de COz 6q par

ann6e) est le proc6d6 le moins polluant de l'environnement en termes de rejet de GES,

suivi par I'alimentation animale (963,38 tonnes de COz 6q par ann6e), I'incin6ration

(1122,10 tonnes de COz 6q par ann6e), le compostage (1273,78 tonnes de COz 6q par

ann6e), et l'enfouissement (1841 tonnes de COz 6q par ann6e).

11)L'utilisation des d6chets solides de jus de pomme comme matidre premidre, r6duit le

co0t de production des enzymes de 32o/o par rapport au proc6d6 de fermentation de

. r6f6rence, utilisant le son de bl6 comme matidre premidre.

5.2. Recommandations
Les prochaines recherches sur la bioconversion des d6chets solides de jus de pomme en

enzymes ligninolytiques et leur formulation et application dans la biorem6diation et la
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degradation des contaminants 6mergeants pourraient avantageusement tenir compte des

recommandations suivantes :

1) Remplacer les inducteurs de production d'enzymes ligninolytiques comme le veratryl

alcool par d'autres inducteurs moins couteux comme le guaiacol et la lignine ;

2) Am6liorer la production d'enzymes lignonlytiques par la co-cultivation de P.

chrysosporium et Trametes verscolor (am6liorer I'assimilation des d6chets lignino-

cellulosiques et la production des enzymes) ;

3) Tester d'autres hydrogels dans la formulation des enzymes : le polypropyldne glycol

pourra 6tre test6 d la place du polyacrylamide afin de minimiser le co0t de formulation

des enzymes ligninolytiques ;

4) Etudier plus en d6tails le m6canisme de d6gradation de bisph6nol A et 6valuer la toxicit6

des diff6rents sous-produits ;

5) Produire des enzymes ligninolytiques a 6chelle industrielle et assurer leur

commercialisation ;

6) Analyser les 6missions de gazd effet de serre par des analyseurs de gazd la sortie des

fermenteurs install6s en industrie.
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nEsunttE

La pr6sence des substances toxiques dans l'eau peut avoir des effets n6fastes sur les

organismes vivants, d la suite d'une exposition directe ou indirecte des organismes d ces

substances. Bisph6nol A (BPA) est un parmi les produits chimiques qui sont pdriodiquement

d6charg6s dans les eaux us6es. Ce produit est un pr6curseur industriel primaire dans la

fabrication de polycarbonates et de r6sines 6poxy. Ce compos6 est d6charg6 dans

I'environnement (eau, sol et air) par diff6rentes voies lors des processus de fabrication (en

particulier pendant le chauffage, la manipulation et le transport des produits). Plusieurs types de

traitement (physique, chimique et biologique) sont employ6s afin de d6grader le BPA pr6sent

dans les eaux us6es. Cette revue met I'accent particulidrement sur sa d6gradation par des

proc6d6s biologiques. Ces m6thodes sont plus efficaces que les proc6d6s physicochimiques.

En effet, le traitement biologique offre une solution efficace et fiable pour l'6limination du BPA

pr6sent dans les eaux us6es sans pollution secondaire. La d6gradation enzymatique est le

proc6d6 le plus efficace et le plus utilis6 ainsi qu'il ne demande pas I'ajout de nutriments pour la

croissance microbienne. De plus, il permet d'6viter une accumulation de biomasse. En outre,

cette technique est efficace m6me en utilisant de faibles quantit6s d'enzymes, et ne n6cessite

pas un processus de contr6le des conditions de traitement. Bien que I'utilit6 du traitement

enzymatique soit de plus en plus approuv6e, le proc6d6 reste trds couteux compte tenu du prix

6lev6 de la matidre premidre et de la faible stabilit6 des enzymes. Dans ce contexte, la

recherche d'une solution permettant la production des enzymes d un co0t 6conomique s'avdre

indispensable afin d'assurer l'6limination compldte du BPA des eaux us6es.

Mots cl6s : Bisph6nolA, traitement enzymatique, traitement microbien, eaux us6es, enzymes,
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ABSTRACT

The presence of toxic substances in water lead to varied adverse impacts on living organisms

through direct or indirect exposure. Bisphenol-A (BPA) is a toxic chemical which has been

periodically discharged into the wastewater treatment plants. BPA is an industrial precursor used

for the manufacture of polycarbonates and epoxy resins. This compound has been discharged in

the environment (water, soil and air) by various means during the manufacturing processes (in

particular during heating, handling and transport of products). Several treatment methods, such

as physical, chemical and biological have been traditionally used to ensure higher removal of

BPA from wastewater, albeit with lower removal or secondary pollution. ln this context, this mini-

review is an attempt to explore different aspects of research in the field of biological removal of

BPA from wastewater. The biological treatment is generally more effective than the physico-

chemical treatment as the former causes lower secondary pollution. Of various biological modes

of treatment, enzymatic degradation is the most effective as it does not require addition of

nutrients for the microbial growth. Thus, it prevents the accumulation of biomass in water.

Moreover, this technique is effective even while using small quantities of enzymes and it does

not require a process control of the treatment conditions. Although the utility of the enzymatic

treatment is approved more and more, the process remains highly expensive due to the higher

cost of the raw material and lower stability of enzymes. In this context, there is a need to find a

solution for the economical production of enzymes to ensure the complete removal of BPA from

wastewater in an eco-friendly manner.

Keyrords: Bisphenol A, biological treatment, enzymes, removal, wastewater
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INTRODUCTION
Les eaux us6es et les boues d'6puration contiennent une grande vari6t6 de compos6s dissous

min6raux et organiques. La majeure partie de ces polluants est 6limin6e par pr6cipitation,

coagulation - floculation, adsorption ou biod6gradation. Cependant, il semble que certains

produits pharmaceutiques et de soins ne sont pas 6limin6s par les filidres classiques de

traitement des eaux d potabiliser et d'6puration des eaux us6es. Parmi ceux-ci, les perturbateurs

endocriniens sont retrouvds dans divers milieux. Ces compos6s semblent avoir un effet n6gatif

important sur I'homme et l'environnement en g6n6ral. En effet, il est constat6 que ces mol6cules

g6ndrent des cancers, des probldmes de reproduction et de d6rdglements hormonaux pouvant

aller jusqu'd la f6minisation d'espdces. Parmi ces perturbateurs endocriniens, on cite le

bisph6nol A (BPA) dont les 6tudes ont confirm6 ses effets ostrog6niques ainsi que ses effets sur

le comportement reproductif des animaux et des organismes aquatiques. BPA est un compos6

g6n6ralement employ6 dans la fabrication des r6sines 6poxydes et des plastiques. En raison de

sa production d grande 6chelle et des utilisations r6pandues au Canada, le BPA est d6charg6

dans I'atmosphdre par I'air, la terre et I'eau. Les donn6es actuelles indiquent que le niveau

d'exposition au BPA est en degd de la dose journalidre temporaire admissible 6tablie par

Sant6 Canada. Les eaux us6es des stations municipales du Canada contiennent de fortes

concentrations de BPA atteignant 91 ,27 1:glkg (Lee ef al. 20A\. Des concentrations de BPA

atteignant 40 OOO pg/kg (poids sec) ont aussi 6t6 relev6es dans les boues d'6puration des

stations municipales 6chantillonn6es d l'6chelle du Canada (Lee et Peart 2002). Pour toutes

ces raisons, ce compos6 doit €tre 6limin6 des eaux us6es et des boues d'6purations. Diff6rentes

m6thodes d'6limination de ce perturbateur endocrinien peuvent €tre employ6es. Premidrement,

le BPA a 6te 6limin6 par des m6thodes physicochimiques utilisant des substances chimiques

(ozone, chlore, fer...) ou des forces physiques (UV, filtration...) pour d6grader ou 6liminer le BPA

pr6sent dans le milieu trait6. Ces m6thodes sont incapables d'6liminer compldtement ce produit

et provoquent une pollution secondaire du milieu trait6. Deuxidmement, le BPA peut 6tre 6limin6

par des m6thodes biologiques faisant intervenir des microorganismes (bact6ries, champignons,

levures) ou directement par des enzymes. Cette revue pr6sente les diff6rentes m6thodes de

ddgradation biologique du BPA pr6sent dans les eaux us6es tout en signalant leurs avantages

et leurs d6savantages.
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DEGRADATION MIGROBIENNE DU BPA PRESENT DANS LES
EAUX USEES
Bact6ries
Le traitement microbiologique est l'un des proc6d6s les plus utilis6s dans le traitement de

matrices environnementales (eau, sol, boues) contamin6es par diff6rents produits chimiques

toxiques (colorants, HAP, explosifs, etc.). Plusieurs raisons peuvent expliquer le recours d ce

traitement. D'abord, ll existe de nombreuses bact6ries capables de d6grader des produits

chimiques. Ces microorganismes sont largement pr6sents dans le milieu aquatique, le sol et les

boues (lke ef al.2000). Ensuite, ce traitement facile ne n6cessite pas trop d'investissement, car

les bact6ries sont omnipr6sentes dans le milieu naturel. Enfin, les bact6ries utilis6es sont

g6n6ralement non sp6cifiques, ce qui leur permet d'agir sur plusieurs substances toxiques d la

fois. En revanche, leur utilisation est toutefois limit6e par diff6rents 6l6ments. D'une part, les

bact6ries sont sensibles aux conditions environnementales (pH, temp6rature, salinit6,

concentrations, pr6sence de compos6s toxiques), ce qui n6cessite un contrOle rigoureux du

proc6d6. D'autre part, la non sp6cificit6 de ces bact6ries, permet de favoriser la production de

compos6s <ind6sirables>>, r6sultant des r6actions paralldles des proc6d6s physico-chimiques

traditionnels. De plus, les compos6s form6s par biocatalyse peuvent s'av6rer plus toxiques que

les produits initiaux (Yoshihara et al.2Q02).

L'int6r6t de la d6gradation microbiologique des perturbateurs endocriniens s'est accru durant

ces dernidres ann6es. Dans cette optique, le BPA est I'un des perturbateurs endocrinien qui

possdde une grande activit6 ostrog6nique (Krichman et al. 1993) et une toxicit6 6lev6e

(Alexander et al. 1988). C'est pour cette raison que la d6gradation de ce compos6 est devenue

de plus en plus importante. Dans le m6me contexte, plusieurs 6tudes ont identifi6 des bact6ries

capables de d6grader BPA (lke et al. 2000; Kang et Kondo 2002a; Sasaki et al. 2005; Sakai ef

al. 20Q7; Lobos et al. 1992; Spivack et al. 1994). Cela a rendu possible I'utilisation du proc5d6

microbien dans le traitement des eaux us6es et des boues d'6puration contamin6es par ce

perturbateur endocrinien. Le tableau 2.1 pr6sente en d6taille les souches bact6riennes pures

utilis6es dans la d6gradation du BPA dans les eaux us6es.

Streptomyces sp

Streptomyces sp est une bact6rie isol6e de l'eau de rividre, des sols..Elle est dou6e d'une

activit6 de d6gradation de BPA en conditions a6robiques. Kang et konodo, 2004 ont r6alis6 une

d6gradation du 1mg/l de BPA par une suspension de Streptomyces sp a 30'C durant 10 jours.
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La demi-vie du BPA est de 3 dr 4 jours et son taux de d6gradation est sup6rieur d 90 % aprds 10
jours.

D'aprds cette 6tude, Streptomyces sp est une des rares bact6ries isol6es de I'eau de rividre,

poss6dant une forte activit6 de d6gradation de BPA. Toutefois, cette activit6 est limit6e pour des

concentrations 6lev6es de ce contaminant. De plus, la d6gradation du BPA, par cette bact6rie,

reste un traitement trds lent et peu efficace. De fait, on ne peut pas utiliser cette souche toute

seule pour la purification de l'environnement aquatique contamin6 par BPA.

Sphingomonas paucimobil is FJ-4

Sphingomonas paucimobilis FJ4 est isol6e d'une boue obtenue du traitement des eaux us6es

d'une industrie de fabrication d'6poxy r6sine. Selon lke ef al. 2Q00,l'incubation de 87 pM de

BPA avec cette souche, durant 14 jours, permet la d6gradation de 100Yo de la mol6cule initiale.

Cependant, cette souche d6grade uniquement 70 a 80% du carbone total d6riv6 du BPA et

synth6tise deux produits qui ne peuvent pas 6tre d6grad6s, m6me si on prolonge la dur6e de

d6gradation d'un mois. Ces deux m6tabolites sont le 2,3-bis (4-hydroxyphenyl)-1,2-propanediol

et le p-hydroxyphenacyl alcohol. La voie de d6gradation du bisph6nol A par la souche

Sphingomonas paucimobilis FJ-4 est pr6sent6e en d6tails dans la figure 2. 1.

Au total, Sphingomonas paucimobitis FJ-4 est dou6e d'une grande activit6 de d6gradation du

BPA. N6anmoins, cette activit6 est insuffisante pour m6taboliser les produits interm6diaires de

d6gradation, qui ont tendance d s'accumuler et d provoquer une pollution secondaire du milieu

de d6gradation. A cette fin, le recours d d'autres bact6ries capables de d6grader les produits

d'accumulation, demeure indispensable. Qui plus est, le proc6d6 de d6gradation faisant

intervenir cette souche reste trds lent. De ce point de vue, l'utilisation de Sphingomonas

paucimobilis FJ-4 dans le traitement des eaux us6es contamin6es par BPA est un projet non

rentabfe. La figure pr6sente en d6taille la voie de d6gradation du BPA par Sphingomonas

paucimobilis FJ-4.

Pseudomonas sp. et Pseudomonas putida

Pseudomonas sp et Pseudomonas putida sont deux bact6ries isol6es de plusieurs origines,

l'eau de rividre, les sols (Kang et Konodo,2002a).... . Ces deux souches sont dou6es d'une

forte activit6 de d6gradation de BPA (100% aprds contact de 15 jours). Toutefois, ces deux

souches sont inhib6es par de fortes concentrations de BPA. En plus, cette m6thode est lente

m6me dans le traitement de faibles concentrations de BPA. Par cons6quent, une eau

contamin6e par de fortes quantit6s de BPA sera intraitable par ces deux souches.
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Sphingomonas sp. strain AOI

Sphingomonas sp. strain AO1 est une nouvelle espdce bact6rienne caract6ris6e par une

homologie de s6quence ADNr 163 et une hybridation ADN-ADN au niveau du g6nome. Cette

souche isol6e d'un sol situ6 d Tsu kuba au Japon (Sasaki et al. 2005), peut se d6velopper dans

un milieu contenant la mol6cule du BPA et s'en servir comme une source de carbone.

Sasaki et al. 2005 ont 6valu6 la capacit6 de cette espdce d d6grader BPA, le m6canisme de

d6gradation et les enzymes impliqu6es dans ce m6canisme. D'aprds ces auteurs, cette souche

est capable de d6grader compldtement 1 15 pg ml-1 de BPA, au bout de 6 heures. lls ont montr6

que les produits de d6gradation sont les m6mes que ceux trouv6s par d'autres bact6ries d6jd

6tudi6es (Mv1, Pseudomonas paucimobilis FJ-4 . ). La voie de d6gradation est montr6e dans la

figure 2. 1. Cependant, le m6canisme de d6gradation du BPA, d travers cette espdce, implique

le systdme cytochrome P450 (un systdme d'enzymes induit dans l'hydroxylation, l'halog6nation

et l'6poxydation des x6nobiotiques) dans la premidre 6tape de d6gradation. La voie de

d6gradation du bisph6nol A par la souche Sphingomonas sp. strain AO1 est pr6sent6e en

d6tails dans la figure 2.2.

Sphingomonas sp. strain AO1 est une bact6rie qui peut 6tre utilis6e avec succds dans les

proc6d6s d'6puration des eaux us6es. En effet, ce microbe est capable de d6grader

compldtement le BPA sans accumulation de produits de d6gradation, contrairement aux autres

bact6ries poss6dant une activit6 insuffisante pour mener une d6gradation compldte de la

mol6cule. De plus, le proc6d6 de d6gradation bas6 sur cette espdce, est I'un des plus rapides

de tous les traitements bact6riens du BPA.

Sphingomonas sp. strain BP7

Sphingomonas sp. strain BP7 est I'une des rares bact6ries isolEes de l'eau de mer, pr6sentant

une activit6 de d6gradation du BPA. Elle est capable d'utiliser cette mol6cule comme seule

source de carbone n6cessaire pour son 6nergie.

En se r6f6rant d Sakai et al. (2007) et Yamanaka et al. (2008),I'incubation de 876 pM de BPA,

avec cette souche, pendant 30 jours, A 27'C, permet la d6gradation de 95% de la mol6cule

initiale. Les principaux produits de d6gradation sont le HAP et le p-hydroxybenzoic acid (HBA).

Le HBA est min6ralis6 plus rapidement que HAP, et qui tend d s'accumuler dans le milieu et

participe d I'inhibition de la croissance de la souche. La voie de degradation du BPA par

Sphingomonas sp. strain BP7 est pr6sent6e en d6tails dans la figure 2. 3.
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L'utilisation de Sphrngomonas sp. strain BP7 dans la d6gradation du BPA, pr6sente plusieurs

avantages. En effet, cette souche est dou6e d'une activit6 importante de d6gradation de ce

compos6. De plus, ce microorganisme possdde une membrane imperm6able aux substances

chimiques, qui lui permet de r6sister d la toxicit6 du BPA. En revanche, I'utilisation de cette

souche souffre de quelques limites. D'un c6t6, elle est incapable de d6grader compldtement le

BPA et d'un autre c6te le proc6d6 de d6gradation bas6 sur cettg souche est trds lent. Dans ce

cas, et pour acc6l6rer la d6gradation, on peut utiliser d'autres bact6ries en paralldle avec

Sphingomonas sp. strain BP7. ll est aussi possible d'ajouter des nutriments qui acc6ldrent la

d6gradation de 4-HAP, caract6risant l'6tape limitante de d6gradation.

Bact6rie gram-l souche MVI

La souche Mv1 est un bacille gram n6gatif a6robie qui se d6veloppe sur le BPA comme source

unique de carbone et d'6nergie. Cette souche est isol6e d'une boue obtenue d'une station de

traitement des eaux us6es d'une industrie de fabrication de plastique (Lobos et al. 1992;

Spivack et al. 1994). Le BPA est m6tabolis6 par la souche Mv1, grdce d une voie mettant en jeu

diff6rents r6arrangements oxydatives du groupement m6thyle aliphatique de la mol6cule.

D'aprds Lobos et al. 1992; Spivack et al. 1994,le contact de 1,5 mM de BPA avec la souche

Mvl, pendant trois heures, permet la d6gradation de 80 a 90 % du BPA initial.

L'analyse du carbone total issu de la d6gradation du BPA montre que 60% du carbone est

min6ralis6 en CO2, 2Oo/o 6tant associ6 aux cellules bact6riennes et 2Q o/o 6tant transform6 en

substances organiques solubles. Les r6sultats pr6sent6s sur la figure 2. 4 montrent que la part

la plus importante du BPA est dissoci6e en acide 4-hydroxybenzolQue et en 4- hydroxy

ac6toph6none qui sont directement min6ralis6s en COz ou bien consomm6s par les cellules

bact6riennes.

L'utilisation de la souche Mv1 dans la biod6gradation du BPA, pr6sente plusieurs avantages.

D'abord, cette souche est largement pr6sente dans les stations d'6puration des eaux des

industries de fabrication de plastique, ld ou le BPA est rejet6 en quantit6s importantes. Ensuite,

d'aprds la voie de d6gradation propos6e par Spivack et al. 1994, il n'ya pas d'accumulation de

produits pr6sentant un danger pour la sant6 et l'environnement. Enfin, cette souche est dou6e

d'une activit6 importante de d6gradation du BPA, par rapport aux autres souches.

En revanche, I'utilisation de cette bact6rie est limit6e par diff6rents 6l6ments. Premidrement, la

souche Mv1 est incapable de d6grader compldtement le BPA. C'est pour cette raison que le

traitement de ce perturbateur endocrinien, par cette souche Mv1, ne peut pas 6tre employ6 dans
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l'6puration des eaux us6es. Par contre, on peut utiliser cette bact6rie en paralldle avec d'autres

souches ou un proc6d6 chimique, afin d'assurer une 6limination compldte du BPA et de son

activit6 ostrog6nique. Deuxidmement, la biod6gradation du BPA, par cette bact6rie, est

accompagn6e d'une accumulation de plusieurs analogues de BPA et qui sont, par la suite,

partiellement d6grad6s par Mv1. Ces analogues peuvent constituer une source de pollution

secondaire des milieux naturels. Troisidmement, I'isolement de cette souche est accompagn6

par quelques difficult6s qui se manifestent, surtout, du fait que Mvl est fragile d la toxicit6 des

produits chimiques (BPA) pr6sents dans le milieu (Sakai et al.20Q7). La voie de d6gradation du

bisph6nol A par la souche Mv1 est pr6sent6e en d6tails d la figure 2.4.

Achromobacter xylosoxidans B-1 6

Achromobacter xylosoxidans B-16 est une bact6rie isol6e r6cemment d partir d'un compost de

d6chets solides municipaux d'un r6acteur de format de laboratoire. ll s'agit d'une bact6rie gram

n6gatif qui peut se d6velopper sur le BPA, comme source unique de carbone, en a6robie.

Zhang et al. 2007 ont 6tudi6 la capacit6 de cette souche d d6grader le BPA et l'effet des

conditions environnementales sur cette d6gradation. Selon ces auteurs, une incubation de 88pM

de BPA, avec cette souche, pendant 4,5 jours, a 30'C et d pH 7, permet l'6limination de 25 o/o

de la mol6cule de d6part. La d6gradation est influenc6e par plusieurs facteurs (la taille de

I'inoculum, la concentration du substrat, la temp6rature et le pH). Les principaux produits de

d6gradation, pr6sent6s dans la figure 2. 5 sont l'acide p-hydroxybenzolque, le p-hydroquinone et

le p-hydroxybenzald6hyde.

Achromobacter xylosoxidans 8-76 est dou6e d'une activit6 de d6gradation du BPA. N6anmoins,

cette activit6 est insuffisante pour d6grader compldtement ce contaminant. De plus, I'activite de

d6gradation et la croissance cellulaire de cette souche sont inhib6es par de fortes

concentrations de ce compos6. En outre, l'op6ration de d6gradation est trds lente et n6cessite

trop de contrOle des conditions environnementales. Pour toutes ces raisons, cette souche ne

peut pas 6tre utilis6e dans l'6puration des eaux us6es et des boues contamin6es par le BPA. La

figure 2.5 pr6sente en d6tails la voie de d6gradation du BPA par Achromobacter xylosoxidans B-

16.

Champignons
L'int6rdt scientifique pour I'utilisation des champignons et de leurs enzymes dans des

applications environnementales bio6nerg6tiques, analytiques et de synthdse, s'est accru de

fagon remarquable au cours de ces dernidres ann6es (Couto et Herrera 2006). Cet int6r€t est

motiv6 par la pr6sence de ces microorganismes dans un. grand nombre d'environnements
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naturels, par le systeme d'enzymes oxydatives unique s6cr6t6 par ces champignons de fagon

constante et par leur croissance rendue possible en utilisant des substrats peu on6reux

(Gianfreda et Rao 2004). Dans le mdme contexte, l'6limination des substances chimiques

perturbatrices du systdme endocrinien par les champignons et leurs enzymes a 6t6 pr6sent6e

dans de nombreuses 6tudes. Ces substances chimiques peuvent avoir des effets n6gatifs sur la

sant6 des organismes pr6sents dans les milieux r6cepteurs. Cet effet est d0 d la capacit6 de ces

substances chimiques d imiter les hormones endogdnes des 6tres vivants. Les perturbateurs

endocriniens de type alkylph6noliques (nonylph6nol, bisph6nol..), les esters d'acide phtalique

(dibutylphtalate, diethylphtalate et le di-(2-6thylhexyl) phtalate), les oestrogdnes naturelles et

synth6tiques (17-estradiol, estriol et le 17-6thynylestradiol) et les phytoestrogdnes (sitost6rol et

la g6nist6ine) ont 6t6 6limin6s par diff6rentes souches fongiques. Diff6rents champignons ont

d6montr6 une grande efficacit6 d'6limination de ces substances dans des solutions aqueuses et

dans des sols, via des systdmes lignolytiques et non-lignolytiques. La transformation de ces

polluants, par ces souches fongiques et leurs enzymes, est stimul6e par des connaissances

6mergentes en biochimie et en physiologie microbienne, relatives d ces organismes et aux

propri6t6s biocatalytiques de leurs enzymes. Finalement, compte tenu de la diversit6 de

conditions pouvant 6tre rencontr6es dans des matrices environnementales r6elles et ce,

comparativement aux conditions test6es en laboratoire, il est imp6ratif de d6velopper des

biotechnologies robustes et fiables se basant sur ces souches fongiques et leurs enzymes, pour

le traitement de ces matrices contamin6es par des perturbateurs du systdme endocrinien.

Stereum hirsutum et Heterobasidium insulare

Deux basidiomycdtes d6gradant la lignine Stereum hirsutum et Heterobasidium insulare ont 6t6

utilis6s par Lee et al. (2005), pour d6grader du BPA. Ces deux souches fongiques.ont 6t6

incub6es dans une solution aqueuse contenant 200 ppm de BPA a 30 "C pendant 14 jours. Les

r6sultats obtenus suggdrent que les deux souches r6sistent au BPA, et leur structure micellaire

est compldtement d6velopp6e aprds 8 jours. ll faut une dur6e de 7 d 14 jours pour d6grader

compldtement BPA. L'activit6 oestrog6nique des produits de degradation est beaucoup plus

faible que celle du BPA. Selon Lee ef al. 2Q05,la pr6sence de BPA n'a pas induit la s6cr6tion

d'enzymes lignolytiques LMEs dans les milieux de culture de Stereum hirsutum et

Heterobasidium insulare, sugg6rant que d'autres enzymes puissent 6tre impliqu6es dans la

transformation de BPA. Cette observation a 6t6 corrobor6e par I'identification des m6tabolites

produits pendant la fermentation. Les produits d6tect6s, les plus abondants, dtaient I'acide 2-

hydroxy-3-phenyl propanoic, 1-ethenyl-4-methoxybenzene, I'acide ph6nylac6tique et son d6riv6

hydroxyl6 d la position C2. Ces compos6s sont obtenus d partir de la partie ph6nolique de BPA
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d travers, respectivement, une dehydroxylation, une carboxylation, et une hydroxylation sur la

chaine lat6rale. Ces m6tabolites n'ont 6t6 jamais d6tect6s en utilisant les enzymes lignolytiques.

L'activit6 oestrog6nique de l'effluent contenant le BPA trait6, a 6t6 suivie en utilisant I'analyse

d'E-6cran qui est bas6e sur la prolif6ration des cellules Mcf-7 (Soto et al. 1995). Avec S.

hirsutum, une r6duction de 40o/o de I'activit6 oestrog6nique a 6t6 obtenue aprds une incubation

d'un jour dans une solution contenant 100 pM de BPA. Toute I'activit6 ostrog6nique a 6t6

6limin6e aprds 3 jours. Par contre, toute I'activit6 ostrog6nique de la m6me solution a 6t6

enfev6e aprds une culture d'un jour avec H. insulare (Lee ef al. 2005).

Pleurotus ostreatus O-48

Pleurotus ostrfatus est une souche fongique caract6ris6e par sa capacit6 d d6grader la lignine.

Cette souche d6grade 6galement des hydrocarbures polycycliques (fluor6ne, anthracdne,

Pyrdne).

Hirano et al. (2000) ont r6alis6 une d6gradation du BPA, en faisant croitre des myc6liums d'un

basidiomycdte (Pleurofus osfr6afus) dans un milieu contenant 0,5% de glucose, O,2o/o de

peptone, O,O1o/o d'extrait de levure et 0,4 mM de BPA. Une d6gradation de 80% de BPA a 6t6

observ6e au bout de l2jours. Les principaux produits de d6gradation sont 4-isoph6nylph6nol, 4-

isopropylph6nol et I'hexestrol.

La d6gradation du BPA, par ce champignon, est suivie de l'accumulation d'un produit

poss6dant une activit6 oestrog6nique plus 6lev6e que celle du BPA, dont l'6limination est

indispensable. Cette souche ne peut donc pas 6tre Utilis6e seule dans le traitement des eaux

us6es et des boues d'6puration; elle doit €tre accompagn6e d'une autre souche, ou d'un

traitement physicochimique qui d6truit les produits de d6gradation toxiques. La voie de

d6gradation du BPA par Pleurotus osfr6afus est pr6sent6e en d6tails dans la figure 2. 6.

Phanerochaete chrysosporium ME-446 et Trametes versicolor IFO-6482

Phanerochaete chrysosporium ME-446 et Trametes versicolor IFO-6482 sont deux

champignons d6gradant la lignine et produisant deux enzymes ; une laccase et une mangandse

peroxydase. Tsutsumi et a1.,2001, ont 6tudi6 la d6gradation du BPA par un m6lange de deux

champignons . Phanerochaete chrysosporium ME-446 et Trametes versicolor IFO$482 ont 6t6

incub6es dans une solution contenant 220 1tM de BPA pendant 7 jours. Les r6sultats obtenus

montrent que les deux champignons r6sistent au BPA et se d6veloppent normalement. De plus,

une d6gradation compldte du BPA a 6t6 observ6e apr6s 7 jours.
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Algues
Les microalgues sont des microorganismes qui ont 6t6 utilis6s dans des processus de

traitement d'6limination de I'azote et du phosphore pr6sents dans les eaux us6es (Oswad

1988). Elles peuvent 6tre utilis6es 6galement dans l'6limination de diff6rents polluants, comme

les m6taux lourds (Nagase et al. 1997; Nagase et a|.2001). Certaines espdces de microalgues

sont capables d'6liminer les ph6nols toxiques comme BPA sans addition d'aucune source de

carbone. Ces espdces peuvent se d6velopper phototrophiquement sur le BPA et utiliser le COz

comme source de carbone.

Hirooka et al. (2003) ont 6tudi6 la capacit6 d'une espdce d'algues Chlorella fusca d 6liminer le

BPA e des concentrations standards de rejet dans l'environnement (a0 pM) dans des conditions

phototrophiques. Les r6sultats trouv6s montrent que cette algue est capable de d6grader 85o/o

de BPA, aprds une dur6e d'incubation, en pr6sence de la lumidre de 120 min. Par contre, le

taux de d6gradation est beaucoup plus faible en absence de lumidre (22t3oh). Ceci prouve bien

que cette espdce n6cessite la lumidre pour d6grader le BPA.

lshihara et Nakajima (2003) ont 6tudi6 l'6limination des polluants marins, notamment le BPA, en

utilisant des algues marines. Les r6sultats montrent que I'incubation de 24 pM de BPA, avec 0,5

g d'algues de Nannochloropsis sp, pendant 6 jours, it 2oo/o, est accompagn6e par l'6limination

de 87o/o du BPA initial (53% accumul6 dans les cellules d'algues et 34o/o d6grad6). Le traitement

de la m€me quantit6 de BPA dans les m€mes conditions que pr6c6demment par 0,5 g de

Chlorella gracilis a permis l'6limination de 66% du BPA initial (25% accumul6 dans les cellules

d'algues et 41% d6grad6). Les deux espdces d'algues sont capables d'6liminer le BPA en

l'accumulant durant la p6riode d'incubation.

La d6composition du BPA, en utilisant les algues, est l'une des m6thodes possibles de

d6gradation. En effet, les algues sont capables d'6liminer BPA pr6sent dans l'eau tout en

utilisant le COz comme source de carbone, contrairement aux bact6ries qui n6cessite I'ajout

d'une source de carbone organique pour maintenir la croissance et la capacit6 d'6liminer les

composants ph6noliques, comme le BPA. Par contre, cette m6thode possdde quelques

limitations. Premidrement, elle n6cessite beaucoup de temps pour 6liminer compldtement le

BPA. Deuxidmement, le BPA 6limin6 du milieu est transf6r6 aux cellules algales. Par

cons6quent, la toxicit6 du BPA persiste, elle est uniquement transf6r6e d'un milieu d un autre.

Culture mixte de microorganismes
Les enzymes lignolytiques sont des enzymes capables de d6grader le BPA et plusieurs autres

contaminants 6mergeants (Huang et Weber, 2005, Cajthaml et al. 2009). Ces enzymes
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lignolytiques sont produites par les champignons de la pourriture blanche de bois (Erkurt et al.

2010, Gassara et al. 2010). La co-culture des microorganismes permet l'am6lioration de la

production de ces enzymes d6gradant le BPA.

La culture mixte des microorganismes consiste a faire croitre deux ou plusieurs

microorganismes sur le m€me milieu de culture et dans les m6mes conditions de croissance. Ce

type de culture possdde plusieurs avantages. Une culture mixte de champignons peut assurer

une assimilation plus efficace du substrat, une augmentation de la productivit6 des m6tabolites

souhait6s, une meilleure adaptation d l'6volution conditions environnementales, et une plus

grande r6sistance d la contamination par des micro-organismes ind6sirables (Salmon et Bull,

1984). Les avantages des cultures mixtes sont plus importants dans les cultures solides. En

effet, la culture mixte des microorganismes sur des milieux solides facilite la colonisation des

microorganismes, la p6n6tration et la d6gradation du substrat. La d6gradation du substrat se fait

par une association symbiotique o0 chaque espdce constitue sa propre niche pour la culture et

la d6gradation des substrats en produisant ces propres enzymes et agit en synergie avec les

enzymes produites par I'autre espdce. Dans le cas des d6chets lignocellulosiques, la complexit6

du substrat pr6conise I'incorporation d'un certain nombre d'enzymes produits par diff6rents

micro-organismes pour permettre au processus de biod6gradation de se produire.

La culture mixte des microorganismes est un moyen d'am6liorer I'hydrolyse des r6sidus

lignocellulosiques. Plusieurs tentatives ont 6t6 faites pour am6liorer la production des enzymes

lignolytiques par culture mixte des champignons. La production de la laccase par T. versicolor a

6t6 augment6e en cultivant cette souche avec Trichoderma harzianum et des bact6ries

(Baldrian, 2004). De plus, il a 6t6 report6 que la fermentation submerg6e de son de bl6 par des

monocultures C. unicolor produit 98U ml-l de laccase alors que les monocultures de P. robusfus

ne produit que 5U ml-1 d'activit6 enzymatique. Cependant, la culture mixte de ces deux

champignons dans les mdmes conditions de culture a produit presque 2 fois plus d'activit6 de

laccase. En outre, I'induction de nouvelles enzymes a 6t6 observ6e dans les co-cultures de

Pleurotus osfreafus avec Trichoderma longibrachiatum (Yelazquez-Cedeno ef al. 2004) et les

co-cultures de Trametes. sp AH28-2 avec une souche de Trichoderma (Zhang ef al. 2QOG). La

Laccase a 6t6 considdrablement stimul6e dans la co-culture de P. osfreafus avec Ceriporiopsis

subvermispora. Alors que l'activit6 de la mangandse peroxydase a 6t6 fortement stimul6e dans

les co-cultures de P. ostreatus avec C. subvermispora ou avec Physisporinus rivulosus (Chi ef

d. 2AA7). Phanerocheate chrysosporium a 6t6 cocultiv6 avec Pleurofis osfreafus sur des
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d6chets de son de bl6 et cosse de margousier (neem). Cette culture mixte des microorganismes

sur des d6chets lignocellulosiques a permis de produire de grandes quantit6s d'enzymes

lignolytiques (772 U/g de laccase, 982 U/g de manganese peroxidase et 656 U/g de lignine

peroxidase) (Verma et Madamwar,2002). La production d'enzymes lignolytiques dans la culture

mixte est deux d trois fois plus que celle dans la monoculture. L'am6lioration de la production

d'enzymes lignolytiques au cours de la culture mixte de P. osfreafus et P. chrysosporium a

indiqu6 le r6le de synergie des microoraganismes dans la d6gradation des d6chets

lignocellulosiques (Sutherland ef a/. 1983).

La culture mixte des microorganismes semble 6tre utile pour une surproduction d'enzymes

lignolytiques. La surproduction des enzymes permettra une bonne d6gradation des

contaminants 6mergeants par I'action de plusieurs enzymes lignolytiques d savoir: la Lignine

peroxydase, mangandse peroxydase, laccase, versatile peroxydase parmi d'autres qui peuvent

travailler ensemble en synergie et d6grader convenablement les contaminants 6mergeants

comme bisph6nolA.

oEcnaDATIoN ENZYMATIQUE DU BPA PRESENT DANs LEs
EAUX USEES
G6n6ralit6s
De nouvelles strat6gies de biorestauration bas6es sur la catalyse enzymatique ont 6t6

d6velopp6es ces dernidres ann6es pour le traitement de matrices environnementales (eau, sol,

boues) contamin6es par diff6rents substances chimiques toxiques (colorants; HAP, explosifs,

perturbateurs endocriniens...). Plusieurs raisons peuvent expliquer le recours d ces strat6gies

dans le traitement de solut6s contamin6s par des substances toxiques comme BPA: en effet,

l'augmentation de l'utilisation de ces biocatalyseurs dans des proc6d6s d'6limination de

polluants organiques de diff6rentes concentrations (Karam et Nicell 1997). En plus, la pr6sence

de plusieurs substances toxiques dans I'environnement peut avoir de nombreux effets

6cologiques et sanitaires n6fastes. Ces substances n6cessitent des m6thodes rapides et

efficaces d'6limination d moindre co0t (Karam et Nicell 1997). En outre, les produits

interm6diaires de d6gradation sont souvent plus toxiques que les produits initiaux. Pour cela, il

faut chercher d'autres m6thodes g6n6rant des produits de d6gradation plus acceptables de

point de vue environnemental (Couto et Herrera 2006; Ahuja et al.2004). De plus, la cr6ation de

techniques r6centes de g6nie g6n6tique permet une production plus rapide et d moindre co0t

d'enzymes (Karam et Nicell 1997). Ainsi, la sp6cificit6 de ces catalyseurs permet de limiter la

production de compos6s ind6sirables r6sultants des r6actions paralldles des proc6d6s physico-
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chimiques traditionnels (Ahuja et al.2Q04; Karam et Nicell 1997). De mdme, le traitement par

ces catalyseurs 6vite la pollution secondaire du milieu trait6, car ces derniers sont

biod6gradables (Karam et Nicell 1997).

Le traitement des substances toxiques (perturbateurs endocriniens) par des enzymes possdde

plusieurs avantages. En effet, ces prot6ines sont caract6ris6es par la sp6cificit6 aux substrats

qu'elles peuvent utiliser, par leur fonction sp6cifique de catalyseur, par leur capacit6 d'6tre

utilis6es sur une large gamme de conditions environnementales (pH, temp6rature, salinit6,

concentrations, pr6sence de compos6s toxiques), par leur faible sensibilit6 d la pr6sence

d'inhibiteurs et d la variation des conditions du milieu, et par la simplicit6 et la facilit6 de contr6le

des proc6d6s utilisant des enzymes (Ahuja et al. 2004; Gianfreda et Rao 2004; Karam et Nicell

1997; Nannipieri et Bollag 1991). En revanche, l'utilisation de ces catalyseurs est toutefois

limit6e par diff6rents 6l6ments qui se r6sument par les co0ts associ6s d la production,

l'isolement et la purification de ces enzymes limitant leur utilisation. De plus, de nouvelles

technologies de purification ont 6t6 d6velopp6es pour faciliter I'isolement et la purification des

prot6ines enzymatiques. Toutes ces techniques ont permis de diminuer le co0t de production

des enzymes et de rendre leur utilisation plus facile.

Le traitement bas6 sur les enzymes est plus avantageux que celui bas6 sur les souches pures.

D'une part, les enzymes sont dou6es d'une sp6cificit6 plus grande que celle des souches pures.

D'autre part, les enzymes sont plus faciles d manipuler que les souches pures. Enfin, la

concentration du catalyseur ne d6pend pas de la concentration bact6rienne (Nicell ef a/. 1995;

Aitken 1993).

Enzymes impliqu6es dans la d6gradation du BPA
ll existe plusieurs systdmes enzymatiques dou6s d'une activit6 de d6gradation du BPA. Ces

systdmes enzymatiques sont d'origines diff6rentes: bact6rienne, v6g6tale et fongique.

Toutefois, les principales enzymes impliqu6es dans les proc6d6s d'6limination des substances

chimiques toxiques, notamment le BPA, sont les enzymes lignolytiques (LMEs). Ces enzymes

forment un systdme oxydative unique ayant la capacit6 d'oxyder la lignine s6cr6t6e par des

champignons responsables de la pourriture blanche du bois (white rot fungi, WRF). La lignine

est un polymdre h6t6rogdne, complexe et stable. La structure h6t6rogdne de la lignine prouve

que les enzymes lignolytiques possddent la capacit6 d'oxydoreduction des substrats de

structures chimiques vari6es poss6dant des potentiels redox 6lev6s. Cette capacit6 oxydative

non-sp6cifique ainsi que leur potentiel redox 6lev6 repr6sentent des caract6ristiques
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intrinsdques de ces prot6ines, favorisant leur utilisation dans des biotechnologies

environnementales.

Ce systdme enzymatique est g6n6ralement constitu6 de deux peroxydases, la lignine (LiP) et la

mangandse (MnP) peroxydase et d'une ph6noloxydase, la laccase (Pointing 2001). Le tableau

2. 2 pr6sente en d6taille les WRF et leurs enzymes utilis6es dans la d6gradation du BPA

pr6sent dans les eaux us6es.

La peroxydase

Les peroxydases sont des enzymes contenant un groupement prosth6tique compos6 de

protoporphyrine poss6dant un atome de fer (hdme). Elles sont responsables de l'oxydation de

nombreux substrats et elles utilisent le peroxyde d'hydrogdne comme accepteur d'6lectron. La

figure 2.7 presente le cycle catalytique g6n6ral de ces peroxydases. La peroxydase, sous sa

forme originale, avec son hdme sous la forme ferrique (Fe(lll)), se lie au peroxyde d'hydrogdne

pour former le compos6 L Ce dernier est appauvri de 2 6lectrons : l'un est form6 avec un atome

d'oxygdne du peroxyde d'hydrogdne. Cette disposition produit un compos6 radicalaire

cationique. C'est ce compos6 | qui est responsable de I'oxydation d'une mol6cule de substrat

(ce substrat varie selon le type de la peroxydase). Cette 6tape oxydative implique le transfert

d'un 6lectron et d'un proton et r6sulte en un site catalytique ayant la forme du compos6 ll. Une

seconde mol6cule de substrat est par la suite oxyd6e, ce qui r6sulte en la production d'une

mol6cule d'eau et la r6duction de l'enzyme en sa forme originale.

La lignine peroxydase (LiP) est une peroxydase N-glycolys6e poss6dant une masse mol6culaire

entre 38 et 47 kDa et un potentiel redox de I'ordre de +1450 mV (Wesenberg et al. 2003). Cette

enzyme catalyse l'oxydation de nombreux compos6s aromatiques ph6noliques. La LiP est

capable de catalyser les r6actions suivantes: l'oxydation de I'alcool benzylique, le clivage de

chaines lat6rales, l'ouverture de cycles aromatiques, la d6m6thoxylation et la d6chlorination

(Gold et Alic. 1993). La LiP a 6t6 utilis6e dans des applications bio-environnementales pour

l'6limination de HAPs et des perturbateurs endocriniens (Gianfreda et Rao 2004; Kimura ef a/.

2004)

La mangandse peroxydase (MnP) est la peroxydase la plus s6cr6t6e par les WRF (Hofrichter

2002), ayant un poids mol6culaire se situant entre 32 et 62,5 kDa et un potentiel redox typique

de l'ordre de +1510 mV (Wesenberg et al.2Q03). Cette enzyme oxyde le Mn(ll) en Mn(lll). Le

Mn3* ainsi form6 est un oxydant puissant. ll peut diffuser facilement dans la structure de la

lignine et agir comme m6diateur redox. Ainsi, cette enzyme est impliqu6e dans la

d6polym6risation de la lignine et peut 6tre utilis6e pour l'oxydation de x6nobiotiques tels que des
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chloroph6nols, des colorants, des HAPs, des EDCs, etc. (Hofrichter 2QO2; Wesenberg ef a/.

2003; Tsutsumi et a\.2001; Hirano et a\.2000).

La laccase

Les laccases sont des m6talloprot6ines contenant g6n6ralement 4 atomes de cuivre dans leur

site catalytique. Ces atomes de cuivre sont caract6ris6s, entre autres, en fonction de leur action

dans ce site. L'atome de cuivre de type 1 est responsable de la capture d'un 6lectron provenant

du substrat, I'atome de type 2 du transfert de cet 6lectron vers son r6cepteur tandis que les 2

atomes de type 3 sont responsables de la liaison de l'oxygdne d la prot6ine et du transfert des

6lectrons vers ce r6cepteur. La masse mol6culaire de ces enzymes N-glycolys6es varie entre 60

et 390 kDa (Call et Mucke 1997) et leur potentiel redox entre +500 et +800 mV (Wesenberg ef

al., 2OO3). Ces enzymes catalysent I'oxydation d'une grande vari6t6 de compos6s aromatiques

donneurs d'hydrogdne, avec la r6duction simultan6e de l'oxygdne mol6culaire en eau.

L'action de la laccase sur le substrat r6sulte de la formation de radicaux cationiques. Ces

radicaux sont impliqu6s dans des r6actions non-enzymatiques telles que la d6protonation,

I'attaque nucl6ophile par les mol6cules d'eau du milieu, la formation d'oligomdres, la rupture des

liaisons C-C, I'oxydation du C, la d6m6thylation, la d6carboxylation et la d6m6thoxylation (Callet

Mucke 1997).

Ces enzymes ont 6t6 utilis6es pour l'6limination de nombreux x6nobiotiques de diff6rentes

matrices environnementales. En ce sens, elles ont 6t6 utilis6es pour 6liminer des colorants

(Wesenberg et al. 2003), des HAPs (Pozdnyakova ef al. 2006), des chloroph6nols (Bollag et a/.

2003), des alkylph6nols (Tsutsumi et al.2001), des ph6nols (Ryan et a\.2007), etc. De plus, ces

enzymes ont 6t6 utilis6es pour des fins de synthdse chimique (Burton 2003), de production

d'6nergie (Tayhas et Palmore 2004), de blanchiment biologique (Couto et Herrera 2006), de

clarification de breuvages (Minussi et al. 2002) et d'analyses (Couto et Herrera 2006).
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Proc6d6s de d6gradation enzymatique
D6gradation du BPA par des enzymes libres

D6gradation du BPA par des enzymes lignolytiques d'origine fongique

Afin de d6terminer I'impact des enzymes lignolytiques (LMEs) s6cr6t6s pendant la fermentation

de WRF en pr6sence de BPA, MnP et laccase ont 6t6 employ6s in vitro pour le traitement de ce

produit chimique cible. Le traitement de BPA a 6t6 en effet r6alis6 in vitro en utilisant le MnP

s6cr6t6 par le WRF P. osfreafus O-48. On a 6limin6 BPA d'une solution de concentration 0,4

mM en uti l isant 10 U. ml-1 de MnP, 2 mM de MnSO+ et 2 mM de HzOz d un pH de 4,5 et d

temp6rature ambiante (Hirano et al. 2000). Remarquablement, l'6limination de cet ECD a 6t6

accentu6e par la modification des spectres UV de la solution contenant BPA aprds un traitement

d'une heure.

MnP partiellement 6pur6 de Phanerochaete chrysosporium Me-446 et a 6t6 employ6 pour

l'6limination de BPA d'une solution de 0,22 mM (Tsutsumi ef al.2Q01). Le traitement aqueux, qui

s'est produit d pH 4,5 et e 30' C en uti l isant 100 U. l-1 de MnP et 50 pM de MnSO4, a eu comme

cons6quence une transformation compldte de BPA aprds une heure. De m€me que MnP,

I'action de la laccase libre a 6t6 6tudi6e pour l'6limination de BPA in vitro. Des laccases de

plusieurs souches de WRF ont 6t6 examin6es pour l'6limination de BPA : Trametes Versicolor,

Trametes villosa,la souche l-4 isol6e d'un sol et Coriolopsis polyzona (Cabana et at. 2007a;

Tsutsumi et al.2Q01; Kim et Nicell 2006a; Fukuda et al.2OO4; Saito et a|.2003). Ces diff6rentes

pr6parations de laccase ont 6t6 employ6es pour 6liminer BPA des solut6s de concentrations

allant de 0,022 d 2,2 mM, ces concentrations sont plus 6lev6es que celles des effluents des

stations de traitement d'eaux us6es, mais pourraient 6tre repr6sentatives des niveaux en aval

d'une unit6 de production d6chargeant BPA. Des transformations rapides de BPA ont 6t6

r6alis6es en utilisant 1O a 1500 U. l-1 de laccase. Selon les conditions de traitement, tout le BPA

pr6sent dans les solutions test6es pourrait 6tre enlev6 aprds un temps de contact de 4 h. On a

6valu6 la sp6cificit6 enzyme /substrat (affinit6) repr6sent6e par Km et l'efficacit6 catalytique

repr6sent6e par k.4 des laccases produites par Tramefes v//osa et la souche l-4. La laccase de

la souche l-4 possdde une efficacit6 catalytique et une sp6cificit6 enzyme /substrat pour BPA

plus importantes que celles de Trametes villosa (Fukuda et al. 2004: Saito et al. 2003). BPA a

6t6 6limin6 en utilisant la laccase libre de C. polyzona et de T. versicolor (Cabana et al. 2Q07;

Kim et Nicell. 2006a). En conclusion, un criblage 6tendu de vingt fluides contenants des

enzymes de diff6rentes cultures de WRF a 6t6 effectu6 en vue de leur capacit6 d'6liminer les
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perturbateurs endocriniens (EDCs) (BPA, NP, DEHP, E1, E2 et E3) (Fujita et al. 2003). Les

auteurs n'ont pas rapport6 les activit6s enzymatiques d6tect6es et les concentrations en

enzymes pour les pr6parations utilis6es. Le criblage a 6t6 effectu6 pour un temps de contact

sup6rieur ir 24 h. La conversion de BPA la plus 6lev6e a 6t6 r6alis6e avec des cultures de WRF

de hirsuta 1567 et de Pycnoporus coccineus 866. La voie de d6gradation du BPA par la laccase

libre est pr6sent6e en d6tails dans la figure 2. 8.

Finalement, on peut dire que malgr6 les r6sultats encourageants, l'utilisation d'enzymes libres

dans des applications de biotechnologie environnementale s'avdre trds limit6e. En effet, une

telle approche n6cessite l'utilisation d'une grande quantit6 d'enzymes libres pour le traitement

d'effluents liquides. De plus, ces enzymes, sous leur forme soluble, sont sensibles d I'effet de

diff6rents d6naturants physiques, chimiques et biologiques pr6sents dans ces effluents r6els, et

s'avdrent impossibles d confiner dans un espace restreint pour pouvoir les utiliser de manidre

continue.

Plusieurs approches ont 6t6 employ6es pour augmenter la stabilit6 de la laccase contre les

effets d'inactivation et d'inhibition, et pour am6liorer I'activit6 biocatalytique de I'enzyme. Parmi

les approches utilis6es, on cite I'addition des produits chimiques stabilisants tels que le

poly6thyldne glycol (PEG), I'alcool polyvinylique, le Ficoll ou I'alkyl b6talne (Kim et Nicell. 2006c;

Modaressi et al. 2OO5). Toutes ces substances augmentent la conversion de BPA, dans des

conditions non-d6naturantes ; par cons6quent, on aura une diminution de la quantit6 de laccase

n6cessaire pour r6aliser la m€me conversion de BPA. Cette conversion accrue est due d deux

ph6nomdnes distincts renforgant l'activit6 des enzymes et augmentant leur stabilit6 (Modaressi

et al. 2005). La pr6sence de PEG n'a pas am6lior6 les paramdtres cin6tiques de la laccase de

T. versicolor. Ceci indique que I'augmentation de l'6limination de BPA en pr6sence de PEG a

6t6 li6e d la protection de l'enzyme et d I'association BPA-PEG (Kim et Nicell 2006c; Modaressi

et a|.2005). Kim et Nicell 2006c ont amplifi6 le taux de transformation de BPA en utilisant PEG

comme agent protecteur de I'activit6 de I'enzyme. L'utilisation des substances chimiques

stabilisantes est accompagn6e d'une pollution secondaire du milieu trait6 par ces substances.

La deuxidme approche, employ6e pour la stabilisation des enzymes, est I'addition des

m6diateurs. L'utilisation des substances oxydables de faible poids mol6culaire (m6diateurs)

dans le cycle biocatalytique de la laccase augmente I'activit6 de cette enzyme. Cette oxydation

implique deux 6tapes oxydantes. Dans un premier temps, la laccase oxyde le substrat primaire,

le m6diateur et les actes de cette substance, comme compos6 de transfert d'6lectron. Dans un

deuxidme temps, le m6diateur transfdre l'6lectron d partir de la substance d'int6r6t. Ges
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m6diateurs sont connus pour augmenter la gamme de substrat de la laccase (Bourbonnais et

Paice 1990). L'action des m6diateurs I'acide 2,2-azino-bis-(3-ethylbenzthiazoline- 6-sulfonic)

(ABTS), I'acide violuric (VLA), le 1-hydroxy-benzotriazole (1-HBT) et le 2,2,6,6-

tetramethoxypiperidinel-oxyl (TEMPO) a 6t6 examin6 dans le traitement de BPA (Junghanns ef

al. 2005: Cabana et al. 2007a; Tsutsumi et al. 2001; Kim et Nicell 20OGa; Kim et Nicell 2006b;

Suzuki et al. 2Q03: Tamagawa et a\.2006; Saito ef aL 2A0Q.

Les r6sultats sont fonction de la source de laccase, de la concentration du BPA et de la

concentration du m6diateur. Par exemple, en utilisant des solutions de m6diateur de 100 pM,

l'action de la laccase de T. versicolor pour l'6limination de BPA a 6t6 am6lior6e par l'addition

d'ABTS et de VLA, alors que I'action correspondante de la laccase de P. osfreafus 6tait

am6lior6e par l'ajout de 1-HBT (Tsutsumi et a\.2001; Kim et Nicell 2006a). D'autre part, parmi

plusieurs m6diateurs examin6s d une concentration de 10 pM, I'ABTS est le seul m6diateurqui

ait augment6 de manidre significative la transformation de BPA par la laccase de C. polyzona

(Cabana et a|.2007a).

Degradation du BPA par des enzymes d'origine bact6rienne

BPA est 6limin6 efficacement par polym6risation et pr6cipitation bas6es sur l'utilisation d'une

peroxydase de Coprinus cinereus.

Sakurai et al. (2001) ont 6tudi6 la d6gradation de 100 mg/l de BPA pr6sent dans une solution

liquide contenant H2O2 (H2Oz|BPA= 1,1) de pH 7 et d une temp6rature de 25"C par une

peroxydase de Coprinus cinereus de concentration 1 ,5 U /ml. Les r6sultats ont montr6 que BPA

est compldtement d6grad6 aprds 30 min. La figure 2. 9 prouve que les produits de d6gradation

ne pr6sentent pas d'activit6 ostrog6nique. L'efficacit6 et la rapidit6 du traitement peuvent 6tre

am6lior6es par une optimisation des conditions initiales. La d6gradation du BPA bas6e sur cette

enzyme est une m6thode trds efficace, et rapide, qui peut €tre employ6e dans le traitement des

eaux us6es contamin6es par BPA. N6anmoins, il faut bien choisir les conditions initiales de

traitement, afin d'optimiser la rentabilit6.

D6gradation du BPA par des enzymes d'origine v6g6tales

BPA peut 6tre 6limin6 des eaux us6es par une polym6risation utilisant des enzymes d'origine

v6g6tale. Parmi ces enzymes impliqu6es dans la d6gradation du BPA, on mentionne la

peroxydase de raifort: Horseradish Peroxydase (HRP) (Cooper et Nicell 1996; Dec et Bollag

1990; Klibanov et a/. 1983; Nicell et al. 1992; Tatsumi ef al. 1994; Vasudevan et Li 1996;

Sakuyama etal.2003) et la peroxydase de soja:soybean peroxidase (SBP) (Caza etal. 1999;

Flock et al. 1999).
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La peroxydase de raifort HRP est une enzyme qui catalyse la r6duction de H2O2 en H2O en

pr6sence de donneurs d'hydrogdne comme les ph6nols. Cette prot6ine est form6e d'une seule

chaine polypeptidique poss6dant 308 r6sidus aminoacides, un groupement prosth6tique, 2 ions

Ca2* qui maintiennent la conformation de l'enzyme. Sakuyama et al. (2003) ont 6tudi6

l'oxydation de BPA par HRP de (Amoracia rusticana) et I'activit6 oestrog6nique des produits de

d6gradation. Les r6sultats montrent que le traitement de 2 mM de BPA par 66,7 U /ml de HRP a

pH 8 et a 20'C permet la disparition totale du produit initial aprds une heure et de l'activit6

oestrog6nique aprds 2 heures. La figure 2. 10 montre que les produits de d6gradation sont des

polymdres de 4-isoprop6nylph6nol. Ces r6sultats confirment que cette m6thode de d6gradation

est efficace et rapide, ce qui suggdre la possibilit6 de I'utilisation de cette peroxydase dans le

traitement des eaux us6es contenant BPA.

Caza et al., 1999 ont 6tudi6 la d6gradation du BPA par la peroxydase de soja (SBP) tout en

r6alisant une optimisation des conditions du traitement. Les r6sultats montrent que SBP est

capable d'6liminer efficacement BPA en pr6sence et en absence de Hzaz,le pH optimal est de

6,5, le rapport H2O2IBPA optimal est de 1,2.

La d6gradation de BPA par des enzymes v6g6tales possdde plusieurs avantages. En effet, cette

m6thode a une efficacit6 et une viiesse de conversion 6lev6es. De plus, ces enzymes sont

largement pr6sentes chez les v6g6taux (soja, raifort, pois). En revanche, l'utilisation de ces

enzymes cache quelques insuffisances. Premidrement, les enzymes v6g6tales sont rapidement

inactiv6es par les produits de d6gradation de BPA. Ceci prouve la n6cessit6 d'ajout d'additifs qui

stabilisent ces enzymes ou le recours aux techniques d'immobilisation. Deuxidmement, les

proc6d6s de production et d'isolement de ces enzymes sont couteux. Finalement, les

peroxydases v6g6tales possddent des propri6t6s variables avec le climat, ce qui d6courage

I'utilisation industrielle de ces enzymes.

Biod6gradation du BPA par des enzymes immobilis6es

Afin d'augmenter I'utilit6 industrielle des laccases pour le traitement des eaux r6siduaires, y

compris la possibilit6 de leur r6utilisation et l'am6lioration de leur stabilit6, des efforts ont 6t6

d6ploy6s afin d'immobiliser I'enzyme sur des supports solides tout en se basant sur des

m6canismes chimiques et physiques (Duran et a\.2002).

La conversion de BPA pr6sente dans une solution aqueuse a 6t6 catalys6e par une laccase de

Trametes sp. immobilis6e sur un support en verre d'alkyl amine de porosit6 contr6l6e dans un

r6acteur d lit garni d l'6chelle de laboratoire (lda et at.2002). Les d6bits entre 0,25 et lmlmin-1
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ont eu comme cons6quence une 6limination proportionnelle au temps de s6jour hydraulique (lda

et al. 2003).

Pour un d6bit de 2 ml l-1 ,la conversion 6tait 1 ,7 fois moins que celle observ6e aux d6bits faibles.

Ceci est probablement d0 aux limitations de transfert de masse. Aucune perte apparente

d'activit6 n'a 6t6 exhib6e aprds cinquante injections de BPA, par la colonne emball6e (lda et al.

2003), ce qui prouve que l'utilisation de laccase immobilis6e est beaucoup plus avantageuse

que celle de la forme libre de I'enzyme. Le m6me groupe de japonais a coupl6 un dispositif

d'6lectrolyse pour fournir I'oxygdne additionnel au systdme, s'assurant que ce substrat n'a pas

limit6 la conversion de BPA par la laccase immobilis6. L'accouplement du dispositif

d'6lectrolyse, avec la colonne laccase-immobilis6e, a augment6 de manidre significative la

conversion de BPA (lda ef al.2002). Ce d6placement plus 6lev6 pourrait 6tre d0 i l'enldvement

de la limitation en I'oxygdne, ou a une transformation additionnelle par oxydation

6lectrochimique des compos6s phEnoliques (Comninellis et Pulgarin 1993). En outre, I'unit6

d'6lectrolyse a fourni la flexibilit6 au systdme grdce d sa r6ponse pr€te aux chocs de charges

de BPA (lda ef al.2OO3).

La laccase de T. versicolor immobilis6e sur une membrane de Nylon-poly (glycidylmethacrylate)

a 6t6 utilis6e dans un r6acteur non-isotherme pour traiter I'eau pollu6e par le BPA (Diano ef a/.

2007). Les conditions non-isothermes ont profond6ment affect6 les propri6t6s catalytiques de

l'enzyme par la variation des paramdtres cin6tiques de Michaelis-Menten, menant d un

perfectionnement global du taux de transformation de BPA. En se basant sur les valeurs de k,,

il a 6t6 montr6 que I'affinit6 de la laccase au BPA dans les conditions non-isothermes est

supErieure d celle dans des conditions isothermes. En outre, I'affinit6 pour le BPA a augment6

quand la diff6rence entre les c6t6s chauds et froids de la membrane a augment6. En conclusion,

les valeurs de K, (dans des conditions isothermes ou non-isothermes) ont diminu6 avec

l'6l6vation de la temp6rature moyenne du bior6acteur (Diano et al.2007). Ces r6sultats ont 6t6

expliqu6s par une augmentation du flux de BPA par la membrane dans des conditions non-

isothermes.

Une technique consistant d emprisonner de I'enzyme dans une matrice physiquement d6finie

telle qu'un tube de dialyse a 6t6 d6velopp6e,. afin d'utiliser les enzymes de manidre continu

sans perte d'activit6 La laccase de C. versicolor IFO 4937, un WRF, a 6t6 confin6e d I'int6rieur

d'un tube de dialyse d diff6rents diamdtres de ports (Hoshino et al. 2003). Ce systdme a permis

le r6tablissement de I'enzyme pour d'autres applications et l'6limination des produits chimiques

de haut poids mol6culaires produits par I'action de la laccase sur le BPA. Les r6sultats obtenus
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par Hoshino et al. (2003), ont d6montr6 I'influence du diamdtre des ports de la membrane sur le

taux de conversion de BPA. ll est bien connu que, pour une pression donn6e, le flux de I'eau d

travers un tube de dialyse soit influenc6 par le diamdtre des ports de la membrane (Kilduff et

Weber 1992). Dans ce contexte, l'optimisation du diamdtre de la membrane de dialyse s'avdre

6tre obligatoire afin de maximiser la d6gradation de BPA et garder I'activit6 de I'enzyme.

En outre, pour surmonter I'inconv6nient de I'immobilisation des enzymes sur un support

(rapport: poids enzyme/support trds bas), la laccase de C. polyzona a 6t6 insolubilis6 en

formant des agr6gats r6ticul6s d'enzymes (CLEA). Ceux-ci ont 6t6 employ6s dans un r6acteur d

lit fluidis6 pour l'6limination de BPA pr6sent dans une solution contenant 5 mg l-1 de ce compos6

d pH 5 et d temp6rature ambiante (Cabana et al.2007b). Aprds un temps de s6jour hydraulique

de 150 minutes, une conversion de 90% de BPA a 6t6 r6alis6e. Ce systdme a eu une affinit6 au

BPA plus 6lev6e que celle des laccases de la souche l-4 et de T. villosa libres (Fukuda ef a/.

2004; Saito ef al. 2OO3).

L'immobilisation des enzymes sur des supports fixes constitue une solution efficace pour le

probldme de I'inhibition des enzymes et leur faible stabilit6. Par contre, ce proc6d6 peut 6tre

accompagnl par certains probldmes d savoir: probldmes de diffusion au travers des gels,

mauvaise tenue m6canique des gels, probldmes d'encombrement st6rique (inclusion),

probldmes st6riques, mauvaise orientation de I'enzyme et perte d'activit6 (adsorption),

modification de la structure de l'enzyme et perte d'activit6, impossibilit6 de pr6voir le rendement

de greffage, supports pr6sentant de mauvaises propri6t6s m6caniques (greffage, liaisons

covalentes). De plus, l'immobilisation de I'enzyme n6cessite I'ajout d'un support, ce qui

augmente le prix de production de I'enzyme et rend difficile son utilisation. Pour cela, le recours

d d'autres techniques de stabilisation plus efficaces et moins co0teuses est souhaitable. La

nano-encapsulation des enzymes pourrait 6tre une bonne solution car elle fournit un rapport air/

surface par unit6 de volume 6lev6, augmentant ainsi l'efficacit6 de la d6gradation de BPA par

les enzymes nano-encapsul6s. De plus, quand les enzymes sont encapsul6s, il y aura moins

d'effet sur leur stabilit6 d cause de la d6charge lente des enzymes qui minimise leur exposition

aux conditions environnementales n6fastes.

D6gradation enzymatique du BPA dans un milieu organique

Les solvants organiques sont souvent n6cessaires pour dissoudre des concentrations 6lev6es

de perturbateurs endocriniens, gr6ce d leur hydrophobicit6 6lev6e. Cependant, les enzymes

ligninolitiques (LMES) pr6sentent une faible activit6 et une faible stabilit6 dans les milieux

organiques (Rogalski et a/. 1995). Pour surmonter cette limitation, des micelles renvers6es (RM)
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ont 6te employ6es comme v6hicule des enzymes ligninolytiques. Ces v6hicules enzymatiques

rendent I'utilisation de enzymes ligninolytiques dans les matrices organiques possible. La

pr6sence d'une couche aqueuse autours du LME et d'une couche d'agent tensioactif protdge le

enzymes ligninolytiques contre I'inactivation par la phase organique du milieu (Shipovskov et al.

2003).

Un systdme d'6mulsion de micelles renvers6es (RM) contenant les laccases de WRF

C.versicolor ou de Trametes. ps a 6t6 pr6par6 par une 6quipe de chercheurs japonais en

utilisant des solutions de bis (2-ethylhexyl) sulfosuccinate de sel de sodium (AOT) en isooctane

(Okazaki et al. 2002; Michizoe et al. 2005). Les conditions de formation de RM (degr6

d'hydratation, nature du solvant organique) ont affect6 la conversion de BPA (Okazaki et al.

20Q2; Michizoe et al. 2005). Le nouvel environnement entourant la laccase a modifi6 les

propri6t6s biocatalytiques de I'enzyme. Par exemple, le pH optimal pour la conversion de BPA,

qui 6tait 3 dans le milieu aqueux devient 5 dans le systdme de RM (Okazaki et al.2OO2). Les

auteurs ont expliqu6 la variation du pH optimal par I'attraction des protons par le champ potentiel

n6gativement charg6 de I'agent tensio-actif d'AOT (Okazaki et al. 2002). Ce faisant, ils ont

r6alis6 une d6gradation du BPA par le systdme laccase de C. versicolor-RM en pr6sence du

m6diateur 1-HBT, les r6sultats obtenus prouvent que I'ajout du m6diateur ne pr6sente aucun

int6r€t (Okazaki et a|.2002).

Le m€me groupe japonais a 6tudi6 I'oxydation des solutions de 0,1 mM de BPA dans des

milieux organiques en utilisant la lignine peroxydase (LlP) de P. chrysosporium dans un systdme

de RM (Okazaki et a|.2004). Les auteurs ont employ6 des conditions de traitement (100 mM

d'AOT, 0,1 p M de HzOz, une teneur en eau de 50%, 3 pM de LiP, un pH de 5, une

temp6rature de 40" C, solvant organique : isooctane) permettant d'avoir une activit6 optimale de

LIP dans l'6limination du BPA. En utilisant ces conditions, une transformation de 50% de BPA a

6t6 obtenue aprds un temps de traitement de 2 h. Michizoe et a/. (2005) ont obtenu un

d6placement complet de BPA, en utilisant la m6me concentration de laccase dans un systdme

de RM.

D6gradation du BPA par combinaison de I'action de la laccase et des boues
activ6es

En raison de son efficacit6 6lev6e d6montr6e pour l'6limination de BPA, la laccase a 6t6

employ6e dans un processus complexe de traitement des eaux us6es. Par exemple, la laccase

a permis l'6limination de BPA de I'effluent d'une unit6 de production. Cette conversion a pu

am6liorer I'efficacit6 globale du bio traitement de I'effluent. Bas6 sur cette logique, I'impact de
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l'action de la laccase de Trametes sp, en combinaison avec les boues activ6es, a 6t6 6tudi6

dans un traitement d'6limination de BPA (Nakamura et Mtui 2003). Les traitements bas6s sur

I'action d'une seule composante (laccase ou boues activ6es) n'ont pas fourni une r6duction

significative de la demande chimique d'oxygdne des effluents. Cependant, quand le traitement

de la laccase et le traitement de boues activ6es ont 6t6 combin6s, une 6limination consid6rable

de la demande chimique d'oxygdne a 6t6 obtenue (Nakamura et Mtui 2003). Ces r6sultats

6taient en fonction du temps de traitement de la laccase. Par exemple, aprds une incubation de

3h en boues activ6es, des taux d'6limination de la demande chimique d'oxygdne de 20o/o, de

25o/o et de 65% ont 6t6 atteints pour des traitements pr6paratoires avec la laccase de 1, de 2 ou

de 6 h respectivement (Nakamura et Mtui 2003). Le processus bas6 sur la combinaison laccase/

boue activ6e est prometteur pour le traitement de BPA de vrais effluents industriels.

Evaluation de la toxicit6 des produits de d6gradation
Afin d'accomplir cet apergu du d6placement de BPA catalys6 par des enzymes, il est important

d'6valuer l'activit6 oestrog6nique des produits de ddgradation obtenus aprds des traitements par

MnP et par la laccase. Tous les travaux qui ont port6s sur la variation de I'activit6 oestrog6nique

des solutions contenant le BPA trait6es par la laccase, pr6cisent que l'6limination du BPA est

corr6l6 avec la r6duction de I'activit6 oestrog6nique de la solution trait6e, sugg6rant que les

m6tabolites produits par le processus bas6 sur la laccase possddent une activit6 ostrog6nique

faible ou absente (Cabana et a\.2007a; Tsutsumi et al.2OO1; Tamagawa et al. 2006; Tamagawa

et al. 2005; Fukuda et al. 2004). Par contre, Tsutsumi et al. (2001) ont d6montr6 que

l'6limination de I'activit6 ostrog6nique d'une solution contenant 0,88 mM de BPA par MnP, n'est

pas directement li6e d l'6limination de I'EDC et ont ajout6 que les produits chimiques de

d6gradation possddent une activitE ostrog6nique. Globalement, ces r6sultats peuvent refl6ter la

perte de similitudes structurales des produits chimiques avec des estrogdnes : par exemple, en

raison de leur volume, ils ne pourraient plus agir avec des r6cepteurs d'hormone (figure 2. 11).

Effet des conditions de traitement sur I'efficacit6 de la biod6gradation
L'attention a 6t6 6galement port6e aux conditions de la r6action de transformation de BPA, en

utilisant la laccase disponible dans le commerce de T. versicolor et les laccases s6cr6t6es par

T. villosa et C. polyzona (Cabana et al. 2007a; Kim et Nicell 2006a; Kim et Nicell 2006b;

Fukuda et al. 2004; Kim et Nicell 2006c; Kim 2004). Parmi les conditions de pH et de

temp6rature examinEs, les meilleurs r6sultats ont 6t6 obtenus d un pH entre 5 et 6 et une

temp6rature entre 45 et 60' C. La divergence entre l'6limination de BPA d6pendante du pH et

de la stabilit6 de laccase suggdre que les changements de I'efficacit6 de la conversion soient
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principalement dus aux variations des interactions entre le site catalytique de la laccase et BPA

(Kim et Nicell 2006a).

Effet du substrat et des constituants du milieu de d6gradation sur
I'enzyme
Plusieurs travaux ont 6tudi6 l'action du BPA sur les enzymes catalysant sa r6action de

d6gradation. ll a 6t6 d6montr6 que la laccase libre de T. versicolor a perdu son activit6 plus

rapidement, en r6agissant avec le BPA compar6 d la m6me laccase incub6e en absence de

d6clencheur de la r6action. Cette inactivation est li6e d I'interaction des radicaux bis ph6nolique

avec I'enzyme (Kim et Nicell 2006a).

Ces r6sultats diffdrent des autres donn6es indiquant que la stabilit6 de la laccase avait 6t6

am6lior6e par la pr6sence de produits chimiques phdnoliques qui pourraient 6tre oxyd6s par la

laccase, mais qui sont des substrats pauvres (Mai et al. 2000). ll pourrait €tre int6ressant de

d6terminer I'effet stabilisateur potentiel de BPA sur la laccase dans des conditions non-r6actives

(par exemple en I'absence de I'oxygdne); il est bien connu que les substrats normaux des

enzymes et de leurs analogues structuraux pourraient agir en tant que stabilisateurs (Agathos et

Demain 1986).

Concernant I'impact des compos6s g6n6ralement pr6sents dans les eaux us6es sur la laccase

catalysant la r6duction de BPA, les anions r6ducteurs tels que nitrites, de sulfite, de sulfure et de

thiosulfate tendent d diminuer la conversion de BPA par la laccase de T versicolor (Kim et Nicell

2006a). Les anions sulfite et sulfure ont agi en tant que concurrents d la laccase pour la

consommation de I'oxygdne dissous. Le m6thanol organique d6natur6 (5 et 10o/o plp),I'ac6tone

(5 et 10% p/p) et le formald6hyde (1 et 2 o/o p/p) ont diminu6 de manidre significative la

conversion de BPA. Cette r6duction de I'efficacit6 d'6limination peut 6tre due aux interactions

hydrophobes entre les compos6s et les r6sidus organiques d'acides amin6s, ayant pour r6sultat

la d6naturation de la laccase.

R6ciproquement, le ph6nol, le caprolactame et l'isoprdne aux concentrations de 1000 p M et

l'ur6e d une concentration de 50 pM n'ont pas influenc6 la conversion de BPA (Kim et Nicell

2006a). La pr6sence des ions m6tal Fe3* et Cu2* a 6galement diminu6 de manidre significative

la conversion de BPA. Ces m6taux pourraient interrompre le transport d'6lectron dans le site

catalytique de la laccase et emp€cher ainsi, la conversion de BPA (Torres et al. 2QQ3). Les

chlorures de calcium, de cobalt et de zinc ont eu un impact n6gatif sur la laccase catalysant la

transformation de BPA, ce fait est probablement d0 d I'effet chao tropique de ces sels (Cabana

et al.20Q7b).
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Le cyanure, un r6actif souvent utilis6 dans les industries de plastiques, a 6galement diminu6 la

conversion de BPA par la laccase, en tendant d dissocier I'ion de cuivre de I'emplacement

catalytique qui a comme cons6quence la d6naturation de l'enzyme.

Pour rendre le proc6d6 enzymatique 6conomiquement faisable, on peut diminuer I'inactivation

de l'enzyme par l'ajout de m6diateurs qui permettent de stabiliser l'enzyme et d'am6liorer son

rendement, ou bien i travers l'immobilisation de l'enzyme. De m6me, on peut agir d la baisse

sur le coOt de production, par le recours aux techniques de g6nie g6n6tique permettant de

s6lectionner des souches surproductrices d'enzyme et le co0t d'isolement, grAce d l'utilisation

des nouvelles techniques de purifications.

CONCLUSION
Des 6tudes ont confirm6 que le Bisph6nol A (BPA) est un perturbateur endocrinien ayant des

effets oestrog6niques sur le comportement reproductif des animaux et des organismes

aquatiques. Pour cela, son 6limination de l'environnement est primordiale. Diff6rentes m6thodes

ont 6t6 appliqu6es pour la d6gradation de ce produit chimique.

Premidrement, le BPA a 6t6 6limine par des m6thodes physicochimiques qui utilisent des

substances chimiques (ozone chlore fer...) ou des forces physiques (UV, filtration...) pour

d6grader ou 6liminer le BPA pr6sent dans le milieu trait6. Ces m6thodes sont simples, rapides

et 6conomiquement faisables. Par contre, ce type de traitement n'est pas trds s6lectif en termes

de nombre de polluants 6limin6s lors du traitement. De plus, I'oxydation chimique devient trds

couteuse lorsqu'il s'agit de fortes concentrations de BPA. En outre, ce type de traitement est

souvent accompagn6 par une pollution secondaire du milieu provoqu6 par la substance

chimique employ6e dans le traitement (ozone, chlore, K2FO4 ... ).

Deuxidmement, le BPA peut €tre 6limin6 par un traitement microbien qui utilise des souches

pures de bact6ries, de champignons ou d'algues. Ce proc6d6 est facile et ne n6cessite pas

beaucoup d'investissement, puisque les souches pures sont largement pr6sentes dans

I'environnement (eau de rividre, boues, mer, eaux us6es). En revanche, cette m6thode manque

d'efficacit6 et de rapidit6. Elle n6cessite trop de contrOle des conditions environnementales qui

influencent la croissance des souches et leur capacit6 d d6grader le BPA. Les produits de

d6gradation issus de ce type de traitement sont parfois plus toxiques que le BPA (Par exemple

l'hexestrol issu de la d6gradation de ces compos6s par Pleurotus osfreafus O-48).

Finalement, le BPA a 6t6 6limin6 par des enzymes de diff6rentes origines (bact6rienne,

fongique, v6g6tale...). La catalyse enzymatique est le traitement le plus rapide et le plus efficace
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des trois types de proc6d6s. En effet, les enzymes possddent une sp6cificit6 au BPA plus

grande que celle des traitements physicochimique et microbien. De plus, elles sont plus faciles d

manipuler que les souches pures de microbes, et la concentration de l'enzyme ne d6pend pas

de la croissance bact6rienne. En outre, les produits de d6gradation issus de cette m6thode sont

plus acceptables du point de vue environnemental que ceux obtenus par les deux autres types

de traitement. Toutefois, la catalyse enzymatique est limitee parce que d'une part, les enzymes

sont rapidement inactiv6es par les substances toxiques pr6sentes dans le milieu et que d'autre

part les proc6d6s d'isolement et de production d'enzymes sont trds couteux, ce qui d6courage

leur utilisation d l'6chelle industrielle. Pour r6soudre ce probldme, la recherche d'une solution

permettant la production des enzymes d un co0t 6conomique s'avdre indispensable afin

d'assurer l'6limination compldte du BPA des eaux us6es.
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Table 2. 1 D6gradation du BPA dans les eaux us6es par des souches bact6riennes pures

Type de Taux de Paramitres de Commentaires RSf6rences
traitement d5gradation proc6d5s

xylosoxrdans B-16

Pseudomonas sp 100o/o

Pseudomonas 100%
putida

Sphlngornonas sp. 100%
strain AO1

[BPA[=$Q{PfYI=1 15
lg ml-'

Sphlngomonas sp.
strain BP7

Bact6ries gram-1
souche MVl

Sphingomonas
paucimobilis

FJ-4

Sfrepfornyces sp

S. yanoikuyae
B P - 1 1 R

t = 6 h
T= 30'C
Milieu L

95 o/o BPA= 876pM
t = 40 jours
T= 27'C

80 - 90% IBPAI=1,5t14
t = 3 h
T= 30'C

BPA=87trM
t = 14 jours
T=28"C

100o/o

t =4 ,5 jours
T= 30'C ; pH=7
BPA=0,871.rM
t = 15 jours
T= 3"C

BPA=O,87UM
t = 10 jours
T= 30"C

BPA=4,38UM
t = 10 jours
T= 30'C

BPA=300 mg/l
t = 6 0 h
T= 30"C

M6thode efficace de
d6gradation du BPA,
mais son efficacit6
d6pend du milieu

La d6gradation du BPA
par cette souche peut
€tre am€lior6e par l'ajout
de certains nutriments ou
d'un autre
microorganisme qui a
une action synergique
Taux de d6gradation
6lev6e malgr6 la
concentration initiale
6lev6e du BPA
D6gradation totale du
BPA mais accumulation
de deux autres
m6tabolites, dont
l'6valuation de leur
toxicit6 est n6cessaire
pour juger I'efficacit6 du
traitement
C'est une m6thode lente
mdme pour des
concentrations faibles de
BPA

Sasaki etal.2O05

Sakai ef a|.2007

Lobos efal. 1992;
Spivack et al. 1994

lke ef a/. 2000

Kang ef a|.2004

Yamanaka et a|.2008

efficace

M6thode efficace pour Kang et Kondo,2002a
des faibles
concentrations de BPA.
mais lente
M6thode efficace pour Kang et Kondo,2002a
des faibles
concentrations de BPA,
mais lente

90%

100o/o
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Tableau 2. 2 Elimination du BPA des eaux us6es par les WRF et leurs enzymes lignolytiques

Souchefongique Type de

traitement

Goncentration Matrice

du BPA

Taux Taux
d'6limination du d'6limination

BPA de l'activit6
ostrog6nique

du BPA

commentaires r6f6rence

Coriolopsis

polyzona

Laccase
libre

4 0 o / o : 1 h

10oo/o  :4h

35olo : t h

95o/o: 4 h

5 mg l-1 aqueux - D6termination des conditions optimales de la
r6action:

Temp6rature et pH.

- Le systdme laccase/ABTS augmente
significativement le taux de transformation du
BPA

- ldentification de produits de r6action de haut
poids mol6culaire.

Cabana
et  a l . ,
2007

Corlolopsls

polyzona

Enzyme 5 mg l-1
immobilis6e
CLEA

aqueux 50%:40 min

90%: 150 min

Km :constantO.23 mM

Kcat: constant pmol s-1 mg-1.

Jones,
2007

Coriolus

versicolor

Laccase /

Micelles
renvers6s

100  pM Solvant 50%:60  m in

80%: 140 min

- D6termination des conditions optimales de la Okazaki
r6action: temp6rature et pH. et al.,

- L'uti l isation du m6diateur HEBT n'amdliore 
2OO2

pas le taux de conversion du BPA.

Coriolus

versicolor

Laccase

immobilis6

2 m M aqueux 50 - 90o/o:24h

1 0 0 % : 9 6  h

Emprisonnement de l 'enzyme dans une Hoshino
matrice physiquement d6finie : tube de dialyse et al.,

2003

Coriolus

versicolor

Laccase
libre

3 pmolg-1 de
terre

80o/o-1O0o/o:

5jours

sol Tanaka et
a l . , 2000

Heterobasidium

insulare

200 mg l-1 aqueuxmicelles de
WRF

77o/o t3j

1O0o/o:14j

10Oo/o :1 j R6sistance 6lev6e des souches de WRF au
BPA (plus que100 mgl-1).

Lee et al.,
2005
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Phanerochaete

chrysosporium

MnP libre 0.22mM 90o/o:30 min

100%:60min

40o /o :4h

90%:6  h
d'incubation
avec 0.88 mM
de BPA.

aqueux Tsutsumi
et al . ,
2001

Phanerochaete

chrysosporium

LiP I

Micelles
renvers6s

0 .1  mM Solvant 40%:30 min

50%: 120 min

D6termination des conditions optimales Kimura et
d'action de LiP:pH, temp6rature, type du a1.,2004
solvant organique, concentrations d'AOT, LiP
etH2O2.

Pleurotus

ostreafus

micelles de
WRF

0.4 mM aqueux 8Oo/o :12 j

85o/o:21j

Hirano et
a l . , 2000

Pleurotus

osfreatus

MnP libre 0.4 mM aqueux 1 0 0 % :  t h Hirano et
a l ;2000

Pycnoporus

coccineus

Laccase
libre

3 pmol g-1 de sol sol 1 5 % : 5  h Tanaka et
a l . ,2OO1

Stereum

hirsutum

micelles de 200 mg l-1
WRF

aqueux 6 8 % : 3 j

100o/o:14 j

4oo/o:  1 j

100%:3 j

Resistance 6lev6e des souches de WRF au
BPA (p lus que100 mg l -1) .

Lee et al.,
2005

Trametes spp Laccase /

Micelles
renvers6s

200 pM Solvant 40-95%: t h

50 -100%:3h

Michizoe
et  a l . ,
2005

Trametes spp Combinaiso 5 - 100 mg l-1
n Laccase /
Boues
activ6e

aqueux L'efficacit6 du traitement d6pend de la dur6e Nakamur
initiale du traitement par la laccase et de la a et Mtui,
dur6e du contact avec les boues activ6es. 2003

Trametes spp Laccase
immobilis6

0 . 1  - 3 m M aqueux 134 pg de

BPA aprds

30minutes.

l ida et al.,
2003; l ida
et al.,
2002
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Trametes spp Laccase
libre

3  pmo lg -1  so l sol -85% 5 h dans
un tube

-90% aprds 2 h
dans un r6acteur

-100% :8  h  dans
un r6acteur

Tanaka et
a1.,2001

Trametes

versicolor

Laccase
libre

O.22mM aqueux -50% :30 min

-70% :60 min

-  40o /o :1h

- 6 0 % : 6 h

avec 0.88 mM
de BPA

- L'uti l isation du m6diateur HEBT am6liore le Tsutsumi
taux de conversion du BPA et le taux et al.,
d'dfimination de I'activit6 ostrog6nique du BPA 2001

Trametes

versicolor

Laccase
libre

120 pM aqueux - D6termination des conditions optimales de la Kim et
r6action; tempdrature et pH, m6diateur. Nicel,

-D6termination de l'effet des constituants de 
2006a

l'eau us6e sur la transformation du BPA

Trametes villosa Laccase
immobilis6

0 - 5 m M aqueux -lmmobilisation de l 'enzyme par une membrane Diano et
de Nyfon-poly (glycidyl aL,2007

methacrylate) utilisee dans un bior6acteur non
isothermique.

-Les paramdtres de la cin6tique de Michaelis-
Menten Km et Vmax varient respectivement de
0.10 -  1.20 mM et  1.8 -  3.4 pmol  min-1 en
fonction de Tav et de delta T.

Trametes villosa Laccase
libre

2.2mM aqueux -100% aprds un Les produits de
contact de 3h d6gradation ne
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RESUME

La production d'enzymes ligninolytiques par des cultures solides de Phanerochaete

chrysosporium BKM-F-1767 a 6t6 6tudi6e en utilisant diff6rents d6chets agro-industriels,

tels que les r6sidus de poisson, les d6chets de microbrasserie, les d6chets solides de

jus de pomme (apple pomace) et les boues de pdtes et papiers. Diff6rents inducteurs

enzymatiques, telles que le veratryl alcool, le tween-8O et le CuSO4 a des

concentrations de 2 mM, 0,5% v /p et 3 mmole / kg, respectivement ont 6t6 6galement

test6s. L'utilisation du veratryl alcool et du Tween-8O conduit d un maximum d'activit6 de

mangandse peroxydase (MnP) de 17,36 + 0,5 U /gss, 540,2 + 5,1U/gss,631,25t14U I

gss, 507,5 + 26,87 U i gss (unit6s / gramme de substrat sec), respectivement, pour les

diff6rents d6chets. L'activit6 maximale de LiP obtenue a ete 141,38 t 3,39, 14,1 + 0,5 U

/ gss avec les d6chets solides de jus de pomme et les boues de pdtes et papiers,

respectivement. L'activit6 de laccase a 6t6 n6gligeable dans tous les d6chets test6s.

Par contre, I'addition de Tween-8O et CuSO4 abouti d des valeurs d'activit6 de MnP de

17,4 + 0,6, 291 t 2,8, 213,5 t 3 et 213,2 t 3,2 U / gss dans les d6chets de poisson, les

d6chets de microbrasserie, les d6chets solides de jus de pomme et les boues de pdtes

et papiers, respectivement. L'ajout de CuSO4 a am6lior6 I'activit6 de laccase dans les

diff6rents milieux de culture. Des activit6s maximales de laccase de 738,97 t g,2,

719,97 ! 14,6,308,8 + 12,1,94,44 + 1,2 U /gss ont 6t6 obtenues dans les d6chets de

microbrasserie, des d6chets solides de jus de pomme, les boues de p6tes et papier et

les d6chets de poisson, respectivement. Les d6chets de microbrasserie et les d6chets

solides de jus de pomme ont servi d'excellentes sources pour la production de MnP, LiP

et de laccase.

Mots-cl6s: enzymes Ligninolytique, d6chet agro-industriel, inducteurs, Phanerochaete

chrysosporium
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ABSTRACT
Ligninolytic enzyme production by solid-state cultures of Phanerochaete chrysosporium

BKM-F-1767 was investigated by employing different agro-industrial wastes, such as

fishery residues, brewery waste, apple waste (pomace) and pulp and paper industry

sludge. Different enzyme inducers, such as veratryl alcohol, Tween-80 and CuSOa at

concentrations of 2 mM, 0.5 o/o v/w and 3 mmole/kg, respectively were also tested. Use

of veratryl alcohol and Tween-8O resulted in maximum manganese peroxidase (MnP)

activity of 17.36t0.5 U/gds, 540.2t5.1Ulgds, 631.25t14 U/gds, 507.5t 26.87 U/gds

(units/gram dry substrate), respectively, for different wastes. Maximum lignin peroxidase

(LiP) activity of 141.38+3.39, 14J!0.5 U/gds was attained with pomace and pulp and

paper, respectively. Laccase activities were found to be insignificant for all wastes.

Addition of Tween-8O and CuSO+ resulted in highest values of MnP activity of 17.4+0.6,

291*'2.8, 2135*3 and 213.2t3.2 Uigds for fishery waste, brewery waste, pomace and

pulp and paper industry sludge, respectively. Addition of CuSO+ to the culture medium

enhanced laccase activity. Maximum laccase activities of 738.9719.2, 719,97t14.6,

308.8t12.1 ,94.44+1.2 U/gds were obtained for brewery waste, pomace, pulp and paper

industry sludge and fishery waste, respectively. Brewery wastes and pomace served as

excellent sources for production of MnP, LiP and laccases.

Keyrords: Ligninolytic, enzymes, agro-industrial wastes, inducers, Phanerochaete

chrysosporium
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1. INTRODUCTION

Over the past decade, the white rot fungi by virtue of production of ligninolytic enzymes

have been studied for their ability to degrade recalcitrant environmental pollutants, such

as sulfonphthalein [1], DDT, lindane, dioxin and benzopyrene [2]. Among these white rot

fungi, the basidiomycete, Phanerochaete chrysosporium has become the most

commonly used organism due to its ability to produce ligninolytic enzymes, fast groMh

and easy handling during culturing techniques [3].This microorganism has now become

a model for many studies on bioremediation of pollutants, such as polynuclear aromatic

hydrocarbons [4]. P. chrysosporium is also used for production of several extracellular

enzymes, such as manganese peroxidase (MnP), lignin peroxidase (LiP) and laccase

that are capable of degrading lignin [5].

Conventionally, the production of enzymes is very expensive and raw material translates

into 40-60% of the production cost [6]. lt is now accepted that solid-state fermentation

(SSF) is the most economical process for ligninolytic enzyme production by fungi [7]. In

this perspective, this study was aimed at utilization of wastes as groMh substrates for

the production of enzymes. Agro-industrial wastes were chosen as growth medium due

to their omnipresence, high biodegradability, and rich in carbon as othenuise there would

be disposal problems leading to adverse environmental impacts. Literature is replete

with use of many agro-industrial wastes as raw materials for diverse value-added

products.

Apple pomace has been used for the production of organic acids, protein-enriched

feeds, edible mushrooms, ethanol, aroma compounds, natural antioxidants and

enzymes, such as pectinases, pectin methylesterase, lignocellulolytic enzymes, among

others [8]. Brewery waste was used for polyphenol extraction, enzymes production,

mushrooms and actinobacteria cultivation [9]. Villas-B6as et al. [10] utilized Candida

utilis to produce ligninolytic enzymes (pectinase, manganese-dependent peroxidase,

cellulase and xylanase) by using apple pomace under solid-state conditions. The study

reported low yield of manganese-dependent peroxidase activity at 19.1 U/ml. Fishery

wastes were also used for value-added products production, namely proteases, biofuels

and other compounds [11]. Pulp and paper wastes were used for the production of lactic

acid, among other compounds [11]. As per the published literature so far to the best of

our knowledge, there is no study reported on the production of ligninolytic enzymes by P.
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chrysosporium using brewery and fishery waste. Further, the present study will

investigate the production of ligninolytic enzymes using pomace under SSF conditions

with improved yield. Pulp and paper wastes, although investigated in detail for

production of laccase, MnP and LiP, it was used as a reference in this study to compare

with other wastes. In Canada, residues and by-products derived from juice, beer

production and pulp and paper industries are abundant sources of organic matter, which

were used in this study.

This study comprised solid-state fermentation (SSF) to test the production of

lignocellulosic enzymes, namely lignin peroxidase, manganese peroxidase and laccase

by Phanerocheate chrysosporium, while using different agro-industrial wastes, such as

fish residues, municipal dewatered sludge, brewery waste, apple waste (pomace) and

pulp and paper industry sludge.

2. MATERIALS AND METHODS
2. 1 Fungi and spores collection
The P. chrysosporium (ATCC 24275) strain was selected as a suitable organism for bio-

processing of SSF for its potential for higher enzyme production. Phanerochaete

chrysosporium was maintained on potato-dextrose-agar (PDA) medium at 4 t 1"C. The

culture of P. chrysosporium was grown on PDA petri plate and incubated at 37 t 1"C.

The spores were harvested from the sporulation medium plates and inoculated into

sterile distilled water contained in test tubes and stored in the freezer, until use. The

fermented broth was initially filtered through glass wool to remove mycelial

contamination and recover only spores.

2. 2 Solid-state fermentation
Forty grams of solid substrate (60% w/w of moisture and pH 4.5), in a 500 ml

Erlenmeyer flask were thoroughly mixed and autoclaved at 121 "C for 30 min. The

substrates were inoculated with spore suspension of 2.5 x 106 spores/gds. After

thorough mixing, the inoculated substrate was incubated in a shaker at 37+ 1"C for 14

days. Unless specified othenruise, these fermentation conditions were maintained

throughout the study.

2. 3 Solid substrates types
Different agro-industrial biomass, such as fish residues (SAUM-MOM inc., Montreal,

Canada), municipal dewatered sludge (CUQ, Ville de Quebec, Quebec, Canada),
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brewery waste (LA BARBERIE, Quebec, Canada), pomace apple industry waste from

(Lassonde lnc., Rougemont, Montreal, Canada) and pulp and paper industry sludge

(Kruger Wayagamack Inc., Trois-Rivieres, Quebec, Canada) were used as solid

substrates to evaluate their suitability for production of manganese peroxidase (MnP),

lignin peroxidase (LiP) and laccase. The physical-chemical characterization of these

alternative solid substrates is given in Table 3. 1. The most suitable solid substrate was

used for optimization experiments study.

2. 4 Effect of inducers on laccase and peroxidase production
P. chrysosporium, a well-known lignin degrader fungus was initially thought to produce

LiP, MnP and protease only and not phenol oxidase (laccase) 1121, it was also found that

this fungus was able to produce laccase under environmental stress conditions and in

the presence of some potent inducers. Therefore, it was imperative to study the effect of

inducers on P. chrysosporium for laccase production. For this, copper sulphate (3

mmole/kg) and Tween-80 (0.5 o/o vlw), veratryl alcohol (2 mmole/kg) and Tween-8O (0.5
o/o vlw), were chosen as potential inducers. The pH of the substrates were adjusted to

4.5 and 40 g was distributed to each 500 mL Erlenmeyer flask with appropriate inducers

and sterilized at 121 t 1"C for 30 min in an autoclave. After autoclaving, a spore

suspension of 2.5 x106 spores/gds of P. chrysosporium was added to all the flasks. The

inoculated substrate was placed in a shaker at 37 t 1'C and then incubated for 14 days.

Enzymes were extracted by filtration and laccase and peroxidase (LiP and MnP)

activities were assayed for up to 14 days after inoculation. Each experiment was carried

out in duplicates and the standard error was calculated.

2. 5 Enzyme extraction
The efficacy of different extraction methods were compared by measurement of

enzymes in 9- day old fermented broth:

2. 5. 1 Extraction by centrifugation

One gram of sample was taken from each flask and mixed with 50 mM sodium

phosphate buffer (1011: v/w) at pH 6.5. The mixture was placed in a shaker at 150 rpm

for one hour. lt was then centrifuged at 7000 x g for 20 min. The supernatant collected

was analyzed for enzyme activity. The enzyme activity was expressed as activity per

gram of dry culture by measuring the optical density. The dry weight of culture was

determined by measuring the sample moisture content using a moisture analyzer (HR-83

Halogen, Mettler Toledo, Switzerland).
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2.5.2 Extraction by fi l tration

The enzymes were extracted with 50 mM sodium-phosphate buffer at pH 6.5 (10/1: v/w).

The mixture was placed in a shaker at 150 rpm for one hour. lt was then filtered through

Whatman filter G6 (q 1.5 pm) and the filtrates were analyzed for enzyme activity.

2.6 Enzyme assays
2.6.1 Lignin peroxidase (LiP)

LiP activity was determined by monitoring the conversion of veratryl alcohol to veratryl

aldehyde at 25'C by hydrogen peroxide at 310 nm [13]. The final reaction mixture

contained 1.5 ml of 0.1 M phosphate-citrate buffer (pH 3.0), 1.0 ml of 10 mM veratryl

alcohol, and 0.4 ml enzyme sample. The reaction was initiated at 25x 1'C by 0.1 ml 10

mM H2O2. One unit of enzyme activity was defined as the amount of the enzyme which

can produce 1 pmol veratryl aldehyde from the oxidation of veratryl alcohol per minute

1141.

2.6.2 Laccase activity

Laccase activity was measured with 2,2-azino bis(3-ethylbenzthiazoline-6-sulphonic

acid) (ABTS) in 0.1 M phosphate-citrate buffer at pH 4. Oxidation of ABTS was

determined by the increase in A420 (e420 = 36 mM/cm) [15]. One unit of laccase activity

was defined as the amount of enzyme required to oxidize 1 pmol of ABTS per min.

2.6.3 Manganese peroxidase (MnP)

MnP activity was measured as described by Fujian et al. 1161. The reaction mixture

contained 1.70 ml of citrate-phosphate buffer(pH 3; 0.1 mol/l),0.05 ml of MnSO+(0.40

mol/l), 0.2 ml of enzyme and 0.05 ml of H2O2 (0.016 mol/l). One unit of MnP activity was

defined as 10% of OD24O (optical density) nm increase/minute.

2.7 Yiability assay
Viability assay was used as an indicator or measure of the amount of living fungal

biomass in solid-state cultivation. Viability of broken fungal mycelium in samples

containing mycelium and residual substrate was assayed with most probable number

(MPN) method 1171. A sample of 1.5 g of fungal-colonized substrate was first diluted in

100 ml sterile water. Aftenrvards, it was homogenized with Ultra-Turrax for 20 s.

Adequate dilutions were made for these samples. At least five different dilutions per

sample were used for the analysis. Each dilution (6pl x 10pl) was aseptically pippetted

on an agar plate at six different spots. Two plates per dilution were seeded. The plates
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were incubated for 1 day, after which the growing spots on the plates were calculated.

While calculating the results, the first dilution, where all the pippetted spots did not grow,

and the last dilution, where at least one pippetted spot grew, and all the samples

between these, were taken into account. The results in colony forming units (cfu's) were

calculated according to the following formula:

MPN= P/ (N" a N*) o'u

Where, P = number of positives in all the accounted series

Nn = amount of sample in the negative parallels (g).

/Vk = amount of sample in all the accounted series (g).

ln the screening studies, the growth was detected only visually.

2. 8 Statistical analysis
Data means were analyzed with individual Student's t-tests to distinguish differences

among treatments (for example, with inducers, without inducers, pH variations, among

others). The test was performed at the level of P-value < 0.05 to determine the

significance of the difference between treatments to produce ligninolytic enzymes [18].

Standard errors and error bars presented in the tables and figures, respectively were

calculated using untransformed data in ANOVA. Standard error for a single proportion

was estimated as described by [19].

3. RESULTS AND DISCUSSION
3.1 Effect of inducers on laccase and peroxidase production
The effect of inducers of laccase and peroxidase activity, namely copper sulfate (3

mmole/kg) and veratryl alcohol (2 mmole/kg) was investigated. lt was found that

inducers play a significant role in enhancing the production and activity of laccase and

peroxidase. Table 3. 2 illustrates the role of inducers in laccase and peroxidase

production. lt has been shown that the addition of copper sulfate (3 mmole/kg) to the

culture medium had significant effect on laccase production (P < 0.05). Copper sulfate

as enzyme inducer resulted in maximum laccase activities of 738.97+9.2,719.97+14.6,

308.8112.1 , 94.44+1.2 U/gds obtained in brewery waste, pomace, pulp and paper

industry sludge and fish waste, respectively. On the other hand, when no inducer is

added or only veratryl alcohol is added to the culture medium, laccase activities were

found to be insignificant in all waste materials (h 0.05). The inability of P.
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chrysosporium to produce laccase without inducer has been reported in the literature

[12]. Furthermore, veratryl alcohol does not induce laccase production and is only known

as established inducer of LiP [2O].These results cleady showed the positive effect of

copper sulphate as an inducer of laccase activity. Thus, the results were in agreement

with [21]. The authors reported that the addition of 2 mM copper sulfate stimulated

laccase production by Trametes pubescens MB 89 grown on synthetic medium under

liquid-state conditions. The results of this study were also well correlated with Rosale et

al. l22l where an increase in laccase (by Trametes hirsuta grown on ground orange

peelings under solid-state conditions) activity by adding 1mM copper sulfate was

reported. Addition of copper sulfate probably led to expression of the gene encoding

laccase production in P. chrysosporium. Alvarez et al. (2009) [23] investigated the effect

of copper addition on gene expression encoding the ligninolytic enzymes, laccase and

MnP in Ceriporiopsis subvermispora. They isolated and characterized an ACE1-like

transcription factor from C. subvermispora (Cs-ACEI ) essential for laccase induction on

copper addition. Therefore, further research is required to isolate and characterize

transcription factor from P. chrysosporium essential for laccase induction with copper

addition. Laccases belong to the group of blue copper oxidases and contain four copper

atoms per molecule, distributed in three different copper-binding sites [24]. Hence,

copper presence in the media is important for laccase production. Copper sulphate (3

mmole/kg) was added to the raw materials in order to induce laccase production. The

extraction of enzyme was carried out with 50 mM sodium phosphate (Alllvlw). Thus,

the concentration of copper sulphate was around (0.3 mM /L, 47.8 mg /L) and thus the

concentration of copper was 11.94 mgil which is above the environmental norm.

However, when copper sulphate was added as inducer, it was used by the fungus to

produce laccase that contains 4 copper atoms per molecule. The final concentration of

copper in the extracted broth after extraction will be typically less than 11.94 mgll.

Additionally, the optimization of the inducer concentration will bring down the

concentrations of copper sulphate used. In fact, preliminary studies have demonstrated a

concentration of 1 mmol/kg to be an optimal concentration (further reproducibility studies

are being performed to ascertain the actual value). Further, during application of these

enzymes in the real world situation, about 5-10 o/o w/w and v/v will be applied per unit

target medium, be it wastewater sludge or other medium so that the overall

concentration of copper in the medium will be actually very low respecting environmental

norms
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When veratryl alcohol (2 mM) and Tween-8O (0.5 Yo vlw) were used as enzyme

inducers, maximum MnP activities of 17.36 t 0.5, 540 t 5, 631 t 14, 507 t 26. U/gds

(units per gram dry substrate) were obtained for fish residue, brewery waste, pomace

and pulp and paper industry sludge, respectively. Maximum LiP activities of 141 + 3,

14.1*:0.5 U/gds were obtained with pomace and pulp and paper, respectively, whereas it

was insignificant for other substrates (P 0.05). The stimulatory nature of veratryl alcohol

for lignin peroxidase in P. chrysosporium [20] has also been reported earlier. The

increase in enzyme production in the presence of veratryl alcohol has been attributed to

the protection of the enzyme from HzOz dependent inactivation [20].

Addition of CuSO+ as an inducer and/or the absence of inducer compound do not result

in LiP activities in different wastes. The absence of LiP in the extracts of P.

chrysosporium (ATCC 24275) in samples could be due to the limitation of LiP assay. LiP

was detected using veratryl alcohol assay which interferes with phenolic compounds and

other typical aromatics in the lignocellulose compounds present in substrates [25].
Nevertheless, the production of LiP in all cases may not be that higher. The brown color

imparted by these substrates to the culture media led to strong absorbance at 310 nm

making the assay procedure ineffective t201. The interference due to aromatic

compounds can be eliminated by using another substrate such us, azure B to evaluate

LiP, which is under progress.

A decrease in the maximum of MnP activities in all wastes by adding 3mM copper

sulfate or without adding any inducer, which is about 2 fold lower than the values

obtained when veratryl alcohol is used as inducer was observed. These results clearly

showed that veratryl alcohol particularly enhanced MnP production by Phanerochaete

chrysosporium. lt showed that it is possible that MnP can use veratryl alcohol as

substrate and transform it to veratryl aldehyde. These results are in accordance with the

findings of Gill and Arora [26].

High values of laccase and peroxidase (LiP and MnP) detected with pomace were

probably due to insoluble carbohydrates, such as cellulose, hemicellulose, and lignin

content of the apple [8] which can stimulate laccase and peroxidase (LiP and MnP)

production by Phanerocheate chrysosporium. The yields of lignin and cellulose in the

different wastes were given in the table 3. 1. High activities of laccase and MnP with

brewery waste were observed. This could be due to the high content of lignin and

cellulose in brewery waste [27], which might stimulated laccase and MnP production. In
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addition, high concentrations of carbon (49.8, 45.7o/o w/dw) and nitrogen (2.64, 6.420/o

w/dw) contained in dry pomace and brewery waste, respectively can act as important

parameters to enhance laccase levels. Therefore, there is an enormous potential of

pomace and brewery wastes as a low cost substrate for laccase and peroxidase

production, which is an important industry in Canada and significant producer of low cost

wastes. Municipal dewatered sludge was tested for ligninolytic enzyme production.

However, no significant groMh of Phanerocheate chrysosporium was detected and there

was no production of ligninolytic enzyme. This was probably due to the presence of

inhibitory compounds (chemical polymers used to facilitate sludge decantation and

insufficient amount of nutrients in the dewatered sludge. Hence, municipal dewatered

sludge was not considered for further studies.

3.2. Etfect of extraction methods and buffer pH on peroxidase
recovery
Table 3. 3 presents the effect of extraction conditions on peroxidase recovery. The

values of MnP and LiP activities obtained after extraction of enzymes by centrifugation

are higher than those obtained after extraction by filtration. Filtration would have led to

the adsorption of enzymes on the filter which was the case as subsequent washing of

the filter with the buffer resulted in enzyme activity. Generally, the enzymes can be

recovered by centrifugation which separates the solid phase and the supernatant,

followed by filtration [28]. However, in the present case, the filtration after centrifugation

was not required as the supernatant obtained was clear. There was a loss of the

enzymes in the solid phase (< 7 o/o).Therefore, extraction by centrifugation was used in

this study to optimize the production of ligninolytic enzymes. The effect of extraction

buffer pH on the recovery of enzymes was also tested. However, Table 3. 3 showed that

there is no significant difference between the activities of MnP and LiP obtained after

extraction with a sodium-phosphate buffer pH 5 and those obtained after extraction with

the same buffer at pH 6.5. These observations were inconsistent with previous research

[25] which indicated that pH is an important factor to control the activity of MnP and LiP.

The authors reported that pH 5 is a pH optimum for the recovery of MnP, while pH 6

increases the activity of proteases [25] and decreases LiP and MnP activities. The

function of proteases produced by white-rot fungi is to release nitrogen from the

substrate or to recycle extracellular proteins by autolysis mechanism [29, 25]. The

present study showed that the pH of the extraction buffer had no significant effect on the

recovery of lignolytic enzymes (P 0.05). Moreover, the proteases produced by these
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fungi are not active at pH 5 and 6.5 (confirmed by independent experiments) and

therefore, resulted in no effect of pH in MnP and LiP activities. The literature reports that

about 60% of proteases produced by P.chrysosporium were found to be acidic proteases

[2e].

3. 3 Viability assay
The direct determination of fungal biomass in solid substrate is complex as direct

weighing of the biomass is not practical. Many indirect methods, e.9., determination of

ergosterol content, are in use but most of them have limitations. In this study, the living

fungal mycelium as a relative measure of active biomass was used. MPN method suits

well for fungal cultivations but is not very widely used.

Viabilities of P. chrysosporium cultivated on wastes material (Pomace, brewery waste,

fish waste, pulp and paper industry sludge) without inducer, with inducer (CuSOa and

veratryl alcohol) are shown in Figs. 3. 2,3.3 and 3. 4, respectively. Viability varied with

the cultivation medium. The results showed that the viability of P. chrysosporium

increased during the incubation time in all substrates tested except the fish waste until a

maximum viability was followed by a drop in viability (Fig. 1 and 2). This drop in viability

was due to the depletion of the substrate which caused cell death. When copper sulfate

was added to the culture media to induce the production of enzymes, the maximum

viability was found after 8 days as seen in Fig 3. 2. However, fishery waste behaved

differently and the maximum was obtained at 14 days (due to medium complexity

causing poor groMh). The copper sulfate addition at this concentration could inhibit

P.chrysosporium growth and prolongs the duration to obtain maxima. Free copper ions

as well as the production of a toxic compound could result in oxidative stress at an

advanced stage of fungal growth and could also be responsible for late transcriptional

induction [30]. These results were in accordance with [31]. The researchers reported that

copper concentrations > 1 mM inhibited Trametes trogii grov,tth but did not affect laccase

secretion. In the case of veratryl alcohol as seen in Fig 3. 3, the maximum was obtained

only after four days. These results could be due to the fact that veratryl alcohol was used

as carbon source for P.chrysosporium and accelerate its groMh. Additionally, the

viability in all media except fishery waste stabilized after 4 d. This trend can be attributed

to the easy availability of nutrients in these media and also supplementation of nutrients

by veratryl alcohol acting as a potential carbon source.

l l 3



The maximum viability in pomace, pulp and paper waste, brewery waste induced by

copper sulfate were 5x10s, 1x108, 5x106 cfu/g respectively. Maxima in the same media

induced by veratryl alcohol were around 2 x106, 2x108, and 2 x 106 cfu/g, respectively.

Maximum viability obtained in. the three media could be explained by high levels of

cellulose and lignin content in apples, beer grain and pulp and paper sludge that can

induce the groMh of P. chrysosporium. Fishery wastes do not contain cellulose and

lignin which justifies the poor groMh of P. chrysosporium. Moreover, the fishery waste is

more complex and nutrients in this medium are non-available. The pre{reatment of

fishery waste may increase the availability of nutrients and can promote the groMh of

this fungus, which is under progress in our laboratory. GroMh maxima obtained with

inducers were always higher than the groMh maxima obtained without inducer addition.

Thus, the inducer not only induces enzyme production, but also stimulates microbial

groMh.

White-rot fungi commonly produce MnP, LiP and laccase when they grow on solid

lignocellulose containing media, such as brewery waste, apple waste (pomace), pulp

and paper industry sludge. The inducer and the cultivation media used greatly affect the

production of MnP, LiP and laccase. Copper sulfate addition at specific concentration

increased laccase production in all the tested media. Veratryl alcohol addition increased

LiP production. Based on our results, the expression of LiP, MnP and laccase seemed to

be growth dependent. When the enzyme activity results were compared to viability

measurements, it was observed that the enzyme activities surged during declining phase

of growth.

4. CONCLUSION
In view of the results obtained for solid-state fermentation of different agro-industrial

wastes using P.chrysosporium to produce ligninolytic enzymes, following conclusions

can be drawn:

1) Ligninolytic enzymes production (without inducer) using pomace and brewery wastes

was 1.5 to S-folds and 3.7-folds, respectively higher than the fishery and pulp and paper

industry sludge.

2) Veratryl alcohol addition enhanced LiP and MnP production and accelerated P.

chrysosporium growth. Copper sulfate was an excellent inducer of laccase activity.
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3) Extraction buffer pH did not have any impact on the peroxidase recovery, however,

centrifugation enhanced the recovery when compared to simple filtration.

4) The viability results correlated well with ligninolytic enzyme production, even with or

without inducer. MPN method is a rational method to evaluate the growth of

P.chrysosporium.

5) Promising results found with brewery wastes and apple wastes suggest the

application of these substrates to large-scale processes in order to produce high

amounts of ligninolytic enzyme, which would subsequently be utilized to degrade

different recalcitrant compounds.

ABBREVIATIONS
ATCC: American type culture collection

cfu: Colony forming unit

gds: Gram dry substrate

LiP: Lignin peroxidase

MnP: Manganese peroxidase

MPN: Most probable number

OD: Opticaldensity

PAP: Pulp and paper industry sludge

PDA: Potato dextrose agar

SSF: Solid state fermentation

U/gds: Units per gram dry substrate

w/dw : Weight per dry weight

w/v: Weight per volume

ACKNOWLEDGEMENTS
The authors are sincerely thankful to the Natural Sciences and Engineering Research

Council of Canada (Discovery Grant 355254, Canada Research Chair), FQRNT (ENC

115



125216) and MAPAQ (No. 809051) for financial

expressed in this article are those of the authors.

The views or opinions

l l 6



REFERENCES
t1l R, Shrivastava, V. Christian, B.R.M. Vyas, Enzymatic decolorization of

sulfonphthalein dyes, Enzyme Microb Technol. 36 (2005) 333-337.

t2l J.A. Bumpus, M. Tien, D. Wright, S.D. Aust, Oxidation of persistent
environmental pollutant by a white rot fungus, Science. 228 (1985) 1434-
1436.

[3] C.D. Barclay, R.L. Legge, G.F. Farquha, Modelling the growth kinetics of
Phanerochaete chrysosporium in submerged static culture, Appl. Environ.
Microbiol. 59 (1993) 1887-1892.

l4l N. Moredo, M. Lorenzo, A. Domrnguez, D. Moldes, C. Cameselle, A.
Sanroman, Enhanced ligninolytic enzyme production and degrading
capability of Phanerochaete chrysosporium and Tramefes yersicolor, World
J. Microbiol. Biotechnol.l9 (2003) 665-669.

tsl A. Hatakka, Lignin modifying enzymes from selected white-rot fungi:
production and role in lignin degradation, FEMS Microbiol. Rev.13 (1994)
125-135.

[6] AJ. Hacking, Economic Aspects of Biotechnology, Cambridge: Cambridge
University Press; 1987, p. 317.

[7] K. lwashita, Recent Studies of Protein Secretion by Filamentous Fungi, J.
Biosc. Bioeng. 94 (2002) 530-535.

[8] F. Vendruscolo, P.C.M. Albuquerque, F. Streit, E. Esposito, J.L. Ninow, Apple
pomace: a versatile substrate for biotechnological applications, Crit. Rev.
Biotechnol. 28 (2008) 1-12.

19] S. l. Mussatto, Biotechnological potential of brewing industry by-products, in:
P. S. Nigam, A. Pandey (Eds.), Biotechnology for Agro-lndustrial Residues
Util isation, Springer Netherlands., 2009, pp. 313-326.

[10] S. G. Villas-B6as, E. Esposito, M. M. Mendonca, Novel lignocellulolytic ability
of Candida ufiTrs during solid state cultivation on apple pomace, World J.
Microbiol. Biotechnol. 18 (2002) 541-545.

[11] P. S. Nigam, A. Pandey, Biotechnology for Agro-lndustrial Residues
Util isation, Springer Netherlands, 2009.

[12] A. Gnanamania, M. Jayaprakashvel, M. Arulmani, S. Sadulla, Effect of
inducers and culturing processes on laccase synthesis in Phanerochaete
chrysosporium NCIM 1197 and the constitutive expression of laccase
isozymes, Enzyme Microb Technol. 38 (2006) 1017-1021.

t13l M. Tien, T.K. Kirk, Lignin-degrading enzyme from Phanerochaete
chrysosporium: purification, characterization, and catalytic properties of a
unique H2O2-reQuiring oxygenase, Proc Natl Acad Sci U S A.81 (1984)
2280-2284.

[14] J. Sealey, A.J. Ragauskas, Residual lignin studies of laccase-delignified kraft
pulps, Enzyme Microb Technol. 23 (1998) 422-426.

117



[15] P.J. Collins, A.D.W. Dobson, Regulation of laccase gene transcription in
Trametes versicolor, Appl. Environ. Microbiol. 63 ( 1 997) 3444-3450.

[16] X. Fujian, C.H. Zhang and L. Zuohn, Solid-state production of lignin
peroxidase (LiP) and manganese peroxidase (MnP) by Phanerochaete
chrysosporium using steam exploded straw as substrate, Biores. Technol.
80 (2001 ) 149-151.

[17] H.A. Thomas, Bacterial densities from fermentation tube tests, J. Am. Water
Work Assoc. 34 (1942) 572-576.

[18]SPSS 1999. SPSS Base 10.0 Application Guide. SPSS, Chicago, lL.

[19] N.J. Gottelli, AM. Ellison, A Primer of Ecological Statistics, Sunderland,
Massachusetts: Sinauer Associates; 2004.

l20l D.S. Arora, P.K. Gill, Comparison of two assay procedures for lignin
peroxides, Enzyme and Microb Tech. 28 (2001) 602-605.

l21lC. Galhaup, H. Wagner, B. Hintertoisser, D. Haltrich, lncreased production of
laccase by the wood-degrading basidiomycete Trametes pubescens,
Enzyme Microbiol. Technol. 30 (2002) 529-536.

l22l E. Rosale, S. R. Couto, A, Sanrom6n, Increased laccase production by
Trametes hirsuta grown on ground orange peelings, Enzyme Microb
Technol. 40 (2007) 1286-1290.

[23] J.M, Alvarez, P. Canessa, R.A. Mancilla, R.Polanco, P.A. SantibS-nez, R.
Vicu-na, Expression of genes encoding laccase and manganese-dependent
peroxidise in the fungus Ceriporiopsis subvermispora is mediated by an
ACE1-like copper-fist transcription factor, Fungal Genet Biol. 46 (2009) 104-
'11'l .

l24l E.l. Solomon, U.M. Sundaram, T.E. Machonkin, Multicopper oxidases and
oxygenases, Chem. Rev. 96 (1997) 2563-2605.

[25] E.M. Silva, S.F. Martins, A.M.F, Milagres, Extraction of manganese
peroxidase produced by Lentinula edodes, Bioresource Technol.99 (2008)
2471-2475.

[26] P.K. Gill, D.S. Arora, Effect of culture conditions on manganese peroxidase
production and activity by some white-rot fungi, J. lnd. Microbiol. Biotechnol.
30 (2003) 28-33.

l27lD. Wang, A. Sakoda, M. Suzuki, Biological efficiency and nutritional value of
Pleurotus osfreafus cultivated on spent beer grain, Bioresource Technol. 78
(2001) 293-300.

[28] L. Li, X.Z. Li, W.Z. Tang, J. Zhao,Y.-B. Qu, Screening of a fungus capable of
powerful and selective delignification on wheat straw, Lett. Appl. Microbiol.
47 (2008) 415-420.

[29] D.R. Cabaleiro, S.R. Couto, A. Sanroman, M.A. Longo, Comparison between
the protease production ability of ligninolytic fungi cultivated in solid state
media, Process Biochem. 37 (2002) 1017-1023.

[30] J. Fernandez-Larrea, U. Stahl, lsolation and characterization of a laccase
gene of Podospora anserine, Mol. Gen. Genet. 252 (1996) 539-551.

l l 8



[31] L. Levin, F. Forchiassin, A. M. Ramos, Copper induction of lignin-modifying
enzymes in the white-rot fungus Trametes trogii, Mycologia,94(2002) 377-
383.

[32] S. G. Villas-B6as, E. Esposito, M. M. Mendonca, Bioconversion of apple
pomace into a nutritionally enriched substrate by Candida utilis and
Pleurotus osfreafus, World J. Microbiol. Biotechnol.l9 (2003) 461467.

[33] S. L Mussatto, G. J. M. Rocha, l. C. Roberto, Hydrogen peroxide bleaching
of cellulose pulps obtained from brewer's spent grain, Cellulose. 15 (2008)
641449.

[34] M. J. Jackson, M. A. Line, Organic Composition of a Pulp and Paper Mill
Sludge Determined by FTIR, 13C CP MAS NMR, and Chemical Extraction
Techniques, J. Agric. Food. Chem. 45 (1997) 2354-2358.

n9



Table 3. 1 Physical-chemical characteristics of wastes

trepresents standard error calculated using duplicate sets

Parameters
Apple waste

(pomace)
Brewery waste

Pulp and paper

industry sludge
Fishery waste

Moisture o/o (wlw)

Suspended solids (g/l)

Total solids (g/kg)

Volatile solids (g/kg)

TotalCarbon (g/kg)

Total Nitrogen (g/kg)

Sulfur (g/kg)

Lignin

(W dry weight)

Cellulose

(W/ dry weight)

84.3r 0.5

202! 1.3

257! 1.3

231! 1.8

127.9

6.8

0.6

23,5r

7 .2 '

76.61 0.3

162.7! 1.5

234 .4 !2 .1

216t2.3

106.9

15 .0

1 . 3

27.8 t03+

16.8 r  0.8+

78r 0.3

302.61!2.2

273!2.4

27.421f

57.0gTT

65.61 0.4

419.65!2.5

515L2.7

442.6!2.9

288.9

25.6

1 . 6

'lgzl
*[gs]
ff[s+]

N.B.: Fishery waste does not contain lignin andicellulosic material
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Table 3. 2 Effect of inducer on MnP, LiP and laccase production , ND: not detectable; trepresents standard error
calculated using duplicate sets; shaded cells represent maximum values

ilnP (Urg&) Lscc... (U/gd!) LIP Lrcc$. (U/gd6)
Inducer Time

(day) Pomace Fishery pomace
waste

Brewery Pulp and Fish
waste paper waste

h---- Brewery ::'J Fishromace waste 
;';:, 

waste
Brewery
waste

Pulp and
paper

ND
ND
ND
ND

ND

ND
ND
ND
ND

ND
ND
ND
ND

14.1!
0.5
ND
ND
ND
ND

ND 141..41 3.4 ND

ND ND ND ND ND ND
ND ND ND ND ND ND
ND ND ND ND ND ND
ND ND ND ND ND ND

ND
ND
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

ND ND ND ND

ND ND ND ND
4.2 !01  ND ND ND
17t 0.5 ND ND ND

ND ND ND ND

Veratryl o
alcohol

1 2
1 3
1 4
1 6

1 73.31 0
2 17.9!0
5 29.3!1.1
7 14.3t3.2

301.5r2.5

258.1!2.4
468.7r5.1
631.25i14

5610.6

14.9r0
14.5!0.4
39.7!1.2
65r0.7

301.5+8.3

254.12!4.7
344.2t4.9
540.2!5.1

44r0.8

12.2!O
1.310

78.7lO.7
26!0.1

308.1r8

7.610.1
507.5t12
487.5r0
28.3r0

Copper
sulphate

2!0
2.6r0

10.4r0.1
213.5i3.1

24t0.1
198.2r1.9
72.0!1.2

6.1 l0
ND

20.85!1.1

0.3r0
3.6r0

27.9x1.2
22.2!1.4
41.25!1.5
50.5j1.9
17.8r0.9
291!2.8
8.1 r0
ND

1.710
6.3r0.3

213.2t3.2
39.611.2
34.311.3
26.3!1.2

4.7lO
22.8*0;8
10.5f0.5

ND

0.610
ND
ND

9.6+0.5
17.410.6

ND
ND
ND
ND
ND

0.0175
2 .1 !0 .1
23.2!0.8
40.4!1.2

719.9r14.6
334.8!7.2
231.4!6.1
211.2x6.1
200.4t5.2
198.215.9

5.2t0.4
11 .610 .1

166.816.2
133.515.3
738.9*9,2
709.118.7
500.4!9.2
387.2!4.5
105.1!2.1
78.1!1.4

3.86r0.2
86.5r0.9
72.6!1.4
26.6r0.9

308.8r12.1'
235.1110.8
198.2!10.2
' t75.3!11.1
173.1r7.9
167.3+6.6

5.5r0
9.2r0.1
67.1!1.2
45.0r0.8
7',|.4!0.9
6+.+,tt.z
31 .1 i0 .5
22.1!0.4
14.5r0.5
10.9r0.4

ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

1
2
3
4
8
I
1 0
1 1
1 4
1 5

ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND
ND ND ND

ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND

1
5
6
7
1 0
1 1
1 2
1 3
1 4

Without
inducer

ND
ND
ND
ND
510

19.610.4
170.616.1
24t.7*5:3
3.125i.0

ND
ND
ND

17.3125
58.75

54
108.75

175.
17.25

ND
ND
ND
ND
ND

18.811.7
135*1;7
16410.9

ND

ND
ND

10.611
26.9r0.9
10.3r0.1

6.810
,ii.+*u,g

ND
ND
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Table 3. 3 Effect of extraction methods and buffer pH on peroxidase and laccase recovery

ND: not detectable; trepresents standard error calculated using duplicate sets

Enzymes

activities

wastes Effect of extraction method Effect of Buffer pH

Filtration Gentrifugation p H 5 pH 6.5

MnP (lU/gds)

LiP (lU/sds)

Laccase(lU/gds)

Pomace

Brewery waste

Pulp and paper

sludge

Fishery waste

Pomace

Brewery waste

Pulp and paper

sludge

Fishery waste

Pomace

Brewery waste

Pulp and paper

sludge

Fishery waste

17.5 i0.8

24.6!2.7

14.7lO.3

4 .2 !O .1

93.61 1.2

ND

0.45

301.5r2.5

301.518.3

308.8r12.1

8.75r 0.3

141.3r  3 .3

ND

14.1 i0 .5

0 .1

ND

ND

ND

299,67t2.6

285.43!4.5

303.518

43,2!0.9

139,614,7

ND

13,9+1

0.957

ND

ND

ND

301,5r2.5

301 t8.

308,1r12

41,3125!1.6

141.3 i  3 .3

ND

14.1!O.5

1.02

ND

ND

ND

0.957

ND

ND

ND

NDND NDND
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Figure 3. 1 Viability of P. chrysosporiurn cultivated on wastes (Pomace, brewery waste, fishery
waste, pulp and paper industry sludge: P A P), without inducer. Viability was determined using MPN
method.
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Figure 3. 2 Viability of P. chrysosporium cultivated on wastes (Pomace, brewery waste, fishery
waste, pulp and paper industry sludge: P A P), inducer (copper sulphate, 3 mM). Viability was
determined using MPN method.
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RESUME

La production de mangandse et de lignine peroxydase (LiP, MnP) et de laccase par

Phanerocheate chrysosporium dans les d6chets solides de jus de pomme (apple

pomace) et de microbrasserie a 6t6 optimis6e par la m6thodologie de surface de

r6ponse, L'effet de l'humidit6 et des concentrations de sulfate de cuivre et de veratryl

alcool (VA) sur la production d'enzymes a 6t6 6tudi6e. L'humidit6 et VA ont exerc6 un

effet positif important sur la production de MnP, LiP et la viabilit6 de P. chrysosprium (p

<0,05). Par contre, le sulfate de cuivre a produit un effet n6gatif sur ces trois paramdtres.

Toutefois, le sulfate de cuivre et I'humidit6 ont eu un effet positif significatif (p <0,05) sur

la production de laccase, mais VA a eu un effet positif insignificatif (p <0,05). Des

valeurs maximales de MnP, LiP et de la viabilit6 de P.chrysosporium dans les d6chets

solides de jus de pomme (1287,5 U de MNP / gss (unit6s / gramme de substrat sec),

305 U LiP i gss, Log 10 viabilit6 =10,38) et les ddchets de microbrasserie (792 U MnP /

gss, log 10 viabilit6 = 9,83) ont 6t6 obtenues en utilisant 80% d'humidit6, 3 mmol / kg de

VA et 0,5 mmole / kg de cuivre. La production maximale de LiP dans les d6chets de

microbrasserie (7,87 U /gss) a 6t6 obtenue en utilisant une humidit5 de 70o/o,2 mmole /

kg VA et 1 mmole/kg de sulfate de cuivre. De plus, la production maximale de laccase

dans les d6chets solides de jus de pomme (789 U / gss) et les d6chets de

microbrasserie (841 U / gss) a 6t6 obtenue en utilisant 80% d'humidit6, 3 mmole / kg de

VA et 1,5 mmole / kg de cuivre. Ainsi, l'optimisation de I'humidit6, les concentrations de

VA et de sulfate de cuivre a 6t6 pertinente pour am6liorer la production d'enzymes

ligninolytiques et la viabilit6 de P. Chrysosporium.

Mots cl6s: enzyme ligninolytiques, Phanerocheate chrysosporium, surface de r6ponse,

humidit6, inducteurs
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ABSTRACT
Lignin and manganese peroxidase (LiP, MnP)and laccase production by Phanerocheate

chrysosporium was optimized by response surface methodology for brewery waste and

apple pomace. The effect of moisture, copper sulphate and veratryl alcohol (VA)

concentrations on enzyme production was studied. Moisture and VA had significant

positive effect on MnP and LiP production and the viability of P. chrysosprium (p<0.05)

and copper sulphate produced a negative effect. However, moisture and copper

sulphate had a significant positive (p<0.05) effect on laccase production, but VA had an

insignificant positive effect (p< 0.05). Higher values of MnP, LiP and viability of

P.chrysosporium on apple pomace (1287.5U MnP/gds (units/gram dry substrate), 305 U

LiP/gds, and10.38 Log 10 viability) and brewery waste (792U MnP/gds and 9.83 Log 10

viability) were obtained with 80% moisture, 3 mmol/kg VA and 0.5 mmol/kg copper. LiP

production in brewery waste (7.87 Ulgds) was maximal at70o/o moisture, 2 mmol/kg VA

and l mmol/kg copper. Higher production of laccase in apple pomace (789 U/gds) and

brewery waste (841 U/gds) were obtained with 80% moisture, 3 mmol/kg VA and 1.5

mmol/kg copper. Thus, moisture along with VA and copper sulphate was pertinent for

the production of ligninolytic enzymes and increased cell viability.

Key words: Ligninolytic enzyme, Phanerocheate chrysosporium, response surface,

moisture, inducers.
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1. INTRODUCTION
Research on production of ligninolytic enzymes has experienced a leap in the last two

decades to respond to potential applications, such as food, wastewater treatment,

bioremediation and nano-biotechnology 11,21. White rot fungi are mass producers of

ligninolytic enzymes with the most common fungus being Phanerochaete chrysosporium

[3]. This microorganism has been widely employed in the bioremediation of pollutants,

such as polynuclear aromatic hydrocarbons as they produce extracellular enzymes,

such as manganese peroxidase (MnP), lignin peroxidase (LiP) and laccase [4,5].
Conventionally, the production of enzymes is very costly and raw material constitutes

40-600/o of the production cost [6]. The use of agro-industrial waste as raw material can

reduce the cost of enzyme production. Large amounts of agro-industrial waste produced

worldwide represent a serious environmental problem and value-addition has been seen

as a recent approach to overcome the challenge [7, 8].

Recently, solid state fermentation (SSF) has gained much popularity in the production of

primary and secondary metabolites with high productivity in a relatively low cost process

by using agro-industrial residues as substrates. SSF encompasses several advantages,

such as reduction of the production costs, high volume productivity, relatively higher

concentration of the products, less effluent generation, requirement for simple

fermentation equipments and improved product recovery are outstanding [9]. The main

problems of SSF processes to produce enzyme are the changes in fermentation

conditions and the effect of inducers that differ amongst fungi and substrates. Veratryl

alcohol is a secondary metabolite secreted by the white-rot fungus, Phanerochaete

chrysosporium [10] and its nutrient media has been reported to exert a positive effect on

the synthesis of ligninolytic enzymes [11]. lt is also shown that copper ions induce

laccase production by some basidiomycetes [12]. Hence, the optimization of the

concentrations of these inducers is very important to maximize ligninolytic enzymes

production. Moreover, moisture represents a key parameter in SSF [13], which should

be optimized.

The application of statistical methodologies is helpful in defining the effects and

interactions of the physiological factors that play a role in biotechnological processes,

such as microbial enzyme production. Response Surface Methodology (RSM) is a
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collection of statistical and mathematical techniques useful for developing; improving

and optimizing processes. There are different types of RSM designs, such as 3-level

factorial design, central composite design (CCD) (14), Box-Behnken design [15], and D-

optimal design [16]. RSM has been successfully utilized to optimize the compositions of

microbiological media and improving solid state fermentation process [17].

The aim of the present study is to evaluate the influence of variable fermentation

parameters (moisture, veratryl alcohol and copper sulphate concentration) on the

production of ligninolytic enzyme by Phanerocheate chrysosporium. As per the

published literature so far to the best of our knowledge, there is no study reported on the

coordinate influence of moisture and the two inducers on ligninolytic enzymes production

by P. chrysosporium using brewery and apple pomace under solid state conditions.

Optimization of the production of ligninolytic enzymes was performed using an

experimental design and it was analyzed by the response-surface method.

2. MATERIALS AND METHODS
2. 1 Organism and inoculum preparation
The microorganism used in this study was P. chrysosporium (ATCC 24275). This strain

was maintained and periodically sub-cultured on potato-dextrose-agar (PDA) medium

at 4 + 1"C. The culture of P. chrysosporium was grown on PDA petri plate and incubated

at 37 + 1"C. The spores were harvested from the sporulation medium plates and

inoculated into sterile distilled water contained in test tubes and stored in the freezer at -

20oC, until use. To recover fungal spores devoid of mycelial contamination, filtration of

fermented broth was carried out by using glass wool.

2. 2 Solid-state fermentation
Experiments were carried out at 37 t I'C for 14 days using 500 mL Erlenmeyer flasks

containing 40 g of the two solid substrates (apple pomace and brewery waste) along

with 0.5 o/o vlw Tween 80 (in duplicate). This medium was inoculated with spore

suspension of 106spores/g and incubated at 37t1'C for 14 days. Two solid substrates

used in this study were screened for maximum ligninolytic enzyme production based on

our earlier study [18]. The solid substrates comprised brewery waste (LA BARBERIE,

Quebec, Canada) and apple pomace (Lassonde Inc., Rougemont, Montreal, Canada).

There was not much variability in the composition because apple pomace is obtained

from the same industry, and same source of apples. Likewise, the spent grain in brewery
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waste is derived from the same source of malt grain. The physical-chemical

characteristics of these substrates have been already presented in details in our earlier

publication (201 0) [1 8].

2. 3 Experimental design and optimization

The design used in this study is Central Composite Designs (CCD) which is a first-order

(2N) design augmented by additional centre and axial points to allow estimation of the

tuning parameters of a second-order model. ln order to identify the significant factors

that affect the responses, an attempt was made to improve the composition of the

medium by comparing different levels of several factors that were found to have more

influence on four dependant variables: LiP production, MnP production, laccase

production and the groMh of Phanrocheate chrysosporium. The impact of three

independent quantitative variables, including moisture (Xr), veratryl alcohol (X2) and

copper sulfate (X3), was evaluated by a factorial central composite design (CCD) to find

the optimal concentrations of these three factors.

A study of determination of the provisional optimal values of these independent variables

was carried out by using the steepest ascent method and was found to be significant. In

this regard, a set of 2O experiments including, six center points (0,0,0) and six axial

points (o = 1.68) and 8 points corresponding to a matrix of 23 which incorporates 8

experiments including 3 variables (+1, -1, 0), were carried out. Each variable was

studied at two different levels (-1, +1) and center point (0) which is the midpoint of each

factor range. The minimum and maximum range of variables investigated and the full

experimental plan with respect to their actual and coded values are listed in Tables 4. 1

and 4. 2, respectively. A multiple regression analysis of the data was carried out by

STATISTICA 6 of STATSOFT Inc. (Thulsa, U.S.) by surface response methodology and

the second-order polynomial equation that defines predicted responses (YtJ in terms of

the independent variables (Xt, Xt, and X3):

Yi = boi + blXt + b2Xz + b3n{. + b11Xz+ b22Xz + b33.Xz +b12XtXz + b23XzXs +

b13x1h (1)

Where, Yi - predicted response, bo; is intercept term, b1i, b2i, b3i linear coefficients,

b11i, b22i, b33; squared coefficients and b12i, b23i, b13; are interaction coefficients and i
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refer to the response. Combination of factors (such as X1X2) represents an interaction

between the individual factors in the respective term. There are 4 different responses,

groMh (viability), MnP, LiP and laccase production. These responses are a function of

the level of factors. The response surface graphs indicate the effect of variables

individually and in combination and determine their optimum levels for maximal, groMh,

MnP, LiP and laccase production.

2. 4 Enzyme extraction and moisture measurement
One gram of fermented sample was obtained and mixed with 50 mM sodium

phosphate buffer (10/1: v/w) at pH 6.5. The mixture was later centrifuged at 7000 x g for

20 min. The supernatant collected was analyzed for respective enzyme activity (by

measuring optical density) expressed as activity per gram of dry culture. The dry culture

weight was measured using a moisture analyzer (HR-83 Halogen, Mettler Toledo,

Switzerland) by taking into account initial and finalweights.

2.5 Enzyme assays
LiP activity was assayed spectrophotometrically at 25 t 1'C using veratryl alcohol as a

substrate and monitoring the formation of veratryl aldehyde by hydrogen peroxide at 310

nm [19]. One unit of LiP activity (U) is defined as the amount of enzyme which produces

1 pmol of veratryl aldehyde per min under the assay conditions.

Laccase activity was assayed spectrophotometrically at 45 t 1.C using 2,2-azino bis(3-

ethylbenzthiazoline-G-sulphonic acid) (ABTS) as a substrate and monitoring the

formation of ABTS" at 420 nm (e420 = 36 mM/cm) (20). One unit of enzyme activity (U)

is defined as the amount of enzyme which produces 1 pmol of product per min under the

assay conditions.

MnP activity was measured spectrophotometrically at 38t 1 'C using MnSOr as a

substrate and monitoring the formation of Mn 3* as described by Fujian et al. (2001) (21).

The reaction mixture contained 1.70 ml of citrate-phosphate buffer (pH 3; 0.1 mol/l), 0.05

ml of MnSO4 (0.40 mol/l), 0.2 ml of enzyme and 0.05 ml of HzOz (0.016 mol/l). One unit

of MnP activity was defined as 1Q o/o of ODzm (optical density) nm increase/minute.

2. 6 Viability assay
In order to measure the amount of living fungal biomass in solid-state cultivation, viability

assay was used as an indicator. Modified most probable number (MPN) method was
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used to determine the viability of broken fungal mycelium in samples containing

mycelium and residual substrate 1221. A fungal-colonized substrate was first diluted in

sterile water. Afterwards, adequate dilutions were performed for these samples after

homogenization. At least five different dilutions per sample were used for the analysis.

Each dilution was aseptically pipetted on an agar plate at six different spots.

Experiments were carried out in duplicates. The growing spots on the plates were

calculated after the incubation of plates for 1 day. While calculating the results, the first

dilution, where all the pippetted spots did not grow, and the last dilution, where at least

one pippetted spot grew, and all the samples in between these combinations were taken

into account. Finally, the results were calculated in colony forming units (cfu's).

3. RESULTS AND DISCUSSION
3. 1 Effects of variables on peroxidases production and the
viability of Phanerocheate chrysosporium
The central composite design was used to find the suitable values of the variables on

ligninolytic enzymes production by Phanerocheate chrysosporium by using brewery

waste and apple pomace as solid substrates. The results of CCD experiments consisted

of experimental data for studying the effects of three independent variables; moisture,

veratryl alcohol and copper sulfate on ligninolytic enzymes production and the viability of

Phanerocheate chrysosporuim and are presented in Table 4. 2. Enzymes production

and viability exhibited different responses in the two media assayed, namely brewery

waste and apple pomace. The data were fitted into a second-order polynomial function

(Eq. (1)). Linear, quadratic and interaction coefficients of variables under study that were

found to be significant at p < 0.05 were retained in reduced models. Data were best fitted

by a first-order polynomial equation, as it can be inferred from the good agreement of

experimental data with those predicted by the model. The quality of the model fit was

evaluated by the coefficient R2 and its statistical significance was determined by an F-

test. R2 represents the proportion of variation in the response data that can be explained

by the fitted model. High R2 was considered as an evidence for the applicability of the

model in the range of variables included. lt should be noted that a R2value greater than

0.75 indicates the aptness of the model. The coefficients of determination (R2) are

presented in Table 3. ln all models, R2 higher than 0.84 indicated that the model fitted

well into the experimental results. The analysis of variance (Table 3) indicated that the

model terms of X1(moisture), X2 (veratryl alcohol) had significant positive effect on MnP
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and LiP production and the viability of Phanerocheate chrysosprium (p < 0.05) using

both brewery wastes and apple pomace. This could be explained by the fact that in solid

state fermentation (SSF), the fermentation was carried out in the absence of free water,

however the substrate must possess enough moisture to support the growth and

metabolism of microorganisms [13]. Moreover, veratryl alcohol particularly enhanced LiP

and MnP production by Phanerochaete chrysosporium. This is due to the possibility of

use of veratryl alcohol by LiP as substrate and its transformation to veratryl aldehyde

[23]. Furthermore, veratryl alcohol can be used as a carbon source by Phanerochaete

chrysosporium to increase its growth and enhance its secondary metabolism. The

results shown in Table 4. 3 indicated the absence of interactive effects of variables on

MnP, LiP production and viability of Phanerochaete chrysosporiuln grown on apple

pomace and brewery waste. However, veratryl alcohol concentration had a significant

positive interactive effect with moisture on MnP production in apple pomace (p < 0.05).

On the contrary, copper sulphate had a significant negative interactive effect with

moisture and veratryl alcohol on MnP in apple pomace (p < 0.05). MnP production may

have been triggered by stress conditions (low oxygen transfer) and toxicity due to high

copper concentration (in contrast to other essential metals, copper is toxic to most fungi

even at very low concentrations) [24].

The interactive effect of moisture, veratryl alcohol and copper concentration on MnP

production has not been described earlier in literature. As the moisture increased, the

availability of the two inducer compounds, namely, copper sulphate and veratryl alcohol

increased too. The increase in VA led to a positive effect on viability, LiP, MnP and also

to some extent on laccase. Meanwhile, increase in copper sulphate decreased the

viability and thus MnP and LiP decreased and only laccase increase was prominent.

This translates to the fact that increase in viability is related to MnP and LiP production

and not laccase production.

It is shown in Table 4. 3 that the linear term of models Xs (copper sulfate) had a

significant negative effect on MnP and LiP production and the viability of Phanerocheate

chrysosprium (p > 0.05) using both brewery wastes and apple pomace. These results

could be due to the deliberate addition of copper sulphate which also furnishes a heavy

metal, Cu that might affect the growth of Phanerocheate chrysosprium, the decrease of

fungal growth rate is sometimes accompanied with a prolonged lag phase. lt was shown
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that Cu2* inhibited the groMh of Ganoderma lucidum at concentrations less than 1 mM,

while 150 ppm of Cu2* decreased the growth rate of P. chrysosporiuml24l.

3.2 Effects of variables on laccase production
The results shown in Table 4. 3 indicated that the linear term of model X1 (moisture) and

X3 (copper) had a significant positive effect on laccase production. This is due to the

induction of laccase production by copper ions that are distributed in three different

copper-binding sites in the laccase molecule. Copper has been reported to be a strong

laccase inducer in several species, including P. chrysosporium [25] and T. versicolor

[20]. lt is known that copper induces both laccase transcription and activity [20], and the

increase in activity is proportional to the amount of copper added. Addition of copper

sulfate probably led to expression of the gene encoding laccase production in P.

chrysosporium. Alvarez et al. [12] investigated the effect of copper addition on gene

expression encoding the ligninolytic enzymes, laccase and MnP in Ceriporiopsis

subvermispora. They isolated and characterized an ACEI-like transcription factor from

C. subvermispora (Cs-ACEI ) essential for laccase induction on copper addition.

Moisture also plays an important role in the groMh of microorganim under solid-state

condition. lt increases the oxygen transfers to microorganism and the availability of

nutrients in media. Hence, when moisture content is high, the groMh of microorganism

is prominent and the production of secondary metabolites is higher too.

The 3-D response surface plots are the graphic representation of the regression

equation for MnP, LiP, laccase production and Log10 viabil ity (Fig.a. 1; Fig.4. 2;Fig.4.

3,; Fig 4. 3). The effect of pair wise interaction of the parameters is prominently depicted

in the 3-D graphs in which the third parameter is kept constant. The results shown in

Table 4. 3 also indicated the fact that interactive effects of variables were insignificant on

laccase production and viability of Phanerochaete chrysosporium in both apple pomace

and brewery waste. Veratryl alcohol was shown to have positive effect (Table 4. 3) on

laccase production which was insignificant (p> 0.05). Aromatic alcohols, such as VA (a

secondary metabolite produced by ligninolytic cultures of white-rot fungi, and known to

be a cofactor involved in the degradation of lignin and xenobiotic pollutants by LiP),

which themselves are not substrates for laccases, but induce laccase production [26]. In

a previous study using RSM to optimize laccase production by the ascomycete
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Botryosphaeria 1271, VA concentration was among the main factors increasing enzyme

production; however, in the range assayed it did not significantly influence laccase

production by Phanerocheate chrysosporium.

3.3 Determination of optimal conditions and optimal responses
Using the method of experimental factorial design and response surface analysis, the

optimal conditions to obtain a high enzyme yield were determined. The validity of the

model was proved by fitting different values of the variables into the model equation and

by carrying out the experiment at those optimized/ model values of the variables .The

best conditions for the production of MnP and the viability of P. chrysosporium in apple

pomace and brewery waste were: 80% moisture, 3mmol/kg VA and 0.5 mmol/kg copper

(Table 4. 2).

However, the best conditions for the production of LiP in apple pomace were 80%

moisture, 3 mmol/kg VA and 0.5 mmol/kg and in brewery waste were 70o/o moisture 2

mmol/kg VA and 1 mmolikg copper. ln the apple pomace, higher LiP, MnP production

and viability for P. chrysosporiurn were 305 U LiP/gds, 1287.5U MnP/gds and 10.38 Log

10 viability, respectively. Likewise, in brewery waste higher MnP production and viability

were reported to be 792U MnP/gds and 9.87Log 10 viability, respectively. Meanwhile,

LiP production in brewery waste was very low in all tested conditions and the maximum

obtained was 7.87 U/gds. Lower production of LiP in brewery waste suggested that

either the fungus produced no significant levels of this enzyme in brewery waste or that

its production required different growth conditions, such as moisture and inducer

concentrations. The best conditions for the production of laccase in apple pomace and

brewery waste (80% moisture, 3 mmol/kg VA and 1.5 mmol/kg copper) are different

than the ones for MnP, LiP production and the viability of P.chrysosporium. This medium

rendered highest laccase production in apple pomace (789 U/gds) and in brewery waste

(841 U/gds). Extracellular ligninolytic enzymes (laccase) are regulated by heavy metals

at the transcription level as well as during their catalytic action 124!. Cu2. has been

reported to be a strong laccase inducer in several species, examples being T.

pubescens [28] and T. versicolor 1291. Production of additional laccase isoenzymes not

present under natural conditions was observed after Cu2. addition in P. chrysosporium

[25] and Marasmius quercophilus [30].
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Productivity of ligninolytic enzymes in SSF of selected agro-residues (combination of

neem hull and wheat bran wastes) and by co-cultivation of Pleurotus osfreafus and

Phanerochaete chrysosporium reached a maximum production of laccase of 772 U/gds

and manganese peroxidase of 982 U/gds [31]. In this work, very high activity of laccase

(841 U/gds), accompanied by MnP activi$ (287.5U /gds) and LiP (305 Uigds), were

obtained on a simple media without pre-treatment, that does not contain aromatic toxic

inducers and is routinely used for stimulating ligninolytic enzymes synthesis. No addition

of expensive media is required and the use of inexpensive agro-industrial wastes will

have important economic and environmental advantages. The application of cheap

crude enzyme mixtures can be more efficient than isolated enzymes, in cases where

high substrate specificity is not required [32]. Therefore, these media could be an

attractive and alternative source of these enzymes, which have gained renewed interest

in recent years, mainly due to their applications in paper industries for pulp treatment,

waste water treatment and many other fields. Further, the agro-industrial wastes are

either incinerated or used as cheap animal feed which can be transformed into value-

added thus mitigating greenhouse gas emissions and contributing in the effort to protect

climate change.

The principal aim of our study is the optimization of the production of combination of

MnP, LiP and laccase as these three enzymes will be applied together for their end-use

i.e. bioremediation and/or juice clarification. The maximal production of MnP and LiP in

apple pomace was obtained under following conditions: 80% moisture, 3 mmol/kg VA

and 0.5 mmol/kg copper. However, the maximal production of laccase in the same

medium was obtained under different conditions: 80% moisture, 3mmol/kg VA and 1.5

mmol/kg copper. Likewise, the maximal production of LiP, MnP and laccase was also

obtained under different conditions in brewery wastes. ln order to evaluate the same, we

calculated the f value for the three enzymes activities (MnP, LiP and Laccase) (Table

2). The results indicated that the maximal production of f value for the three enzymes in

apple pomace was obtained with 80% moisture, 3mmol/kg VA and 0.5 mmol/kg copper.

However, the optimal production of f value of the three enzymes in brewery waste was

obtained with 80% moisture, 3mmol/kg VA and 1.5 mmol/kg copper. Thus, the maximum

production of f value of the three enzymes depends on the type of medium. This may

be due to the difference in the composition of the medium and also the initial
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concentration of copper that was contained in apple pomace and brewery waste prior to

copper addition.

4. CONCLUSION

The results of central composite experimental design indicated that moisture and veratryl

alcohol had significant positive effect on MnP and LiP production and the viability of

Phanerocheate chrysosprium grown on apple pomace and brewery waste (p < 0.05) and

copper sulphate had a negative effect. Meanwhile, moisture and copper sulphate had a

significant positive effect on laccase production, but veratryl alcohol had a positive effect

which was not significant (p > 0.05). The interactive effect of moisture, veratryl alcohol

and copper concentration on MnP production and laccase production was significant (p

< 0.05). In all, the best conditions for the production of MnP, LiP and viability of

P.chrysosporium in apple pomace (1287.5U MnP/gds, 305 U LiP/gds, and10.38 Log 10

viability) and brewery waste (792 U MnP/gds and 9.83Log 10 viability) were: 80 o/o

moisture, 3 mmol/kg VA and 0.5 mmol/kg copper except LiP production in brewery

waste (7.87 Ulgds) that is higher with 70 % moisture, 2 mmol/kg VA and lmmol/kg

copper. The best conditions for the production of laccase in apple pomace (789 U/gds)

and brewery waste (S41 U/gds) were: 80 % moisture, 3 mmol/kg VA and 1.5 mmol/kg.
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Table 4. 1 Experimental range of the three variables studied using CCD in terms of actual and coded
factors

Variables Symbol Coded levels

-1.682 Low (-1) Mid (0) High (1) +1 .682

Moisture (o/owlwl

Veratryl alcohol

(mmole/ kg)

Gopper sulfate

(mmole/ kg)

53 .18

0.32

0 .16  0 .5 1.84

80

3

1 . 5

70

2

60

1

Xr

Xz

86.82

3.68
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Table 4. 2 Results of experimental plan by central composite design for pomace and brewery waste, shaded cells represent maximum value

145

Trial X't Xz Xt MnP (U/sds) LiP (U/sds) Laccase (U/gds) f enzyme values
activities (U/sds)

Log10 viabil ity

Brewery
waste

Pomace Brewery
waste

Pomace Brewery
waste

Pomace Brewery
waste

Pomace Brewery
waste

Pomace

1 60 1 0.5 2 1 7 88.75 o.44 45.47 26 1 2 243.44 146.22 6.61 5.38
2 60 1 1 . 5 192 't91.87 o . 1 4 4.96 267 254 459.14 450.83 5.38 4.61
3 60 3 0.5 336.87 297.50 0.58 141.34 64 32 401.45 470.84 7.80 6.61
4 60 3 1 . 5 191.87 106.87 1 .38 5.098 398 354 591.25 465.968 5.38 5.38
5 80 1 0.5 647.50 475 3.93 81 .98 172 132 823.43 688.98 9.04 10.04
6 80 1 1 . 5 630 412.50 4.72 50.94 638 597 1272.72 1060.44 6.38 8.38
7 80 3 0.5 7Sit, fuoT,ull , 4.24 ll0c.{8' l 175 187 971.24 ll7g.sil: s.u7 l0r38 ,
8 80 3 1 . 5 605 471 .24 4.78 187.20 !{1 780 1ll50.7[ | 1447.44 7.O4 8.04
I 53 .18 2 1 126.06 32.02 0.35 0.35 1 8 7 144.41 39.37 4.79 4.32
1 0 86.82 2 1 618.12 410.71 3.71 40 203 197 824.83 647.71 6.38 8.38
1 1 70 0.32 1 370.83 207.5 1 .60 25.08 448 435 820.43 667.58 5.50 5.24
12 70 3.68 1 0 743 600 5.07 201.61 498 454 1246.07 1255.61 9.01 9.94
Trial Xt Xz Xe MnP

(U/sds)
L iP
(U/gds)

Laccase
(U/sds)

I
enzyme
values
activities
(U/ods)

Log10
viability

Trial Xt Xz Xg MnP
(U/gds)

Brewery
waste

Pomace Brewery
waste

Pomace Brewery
waste

Brewery
waste

1 3 70 2 0 . 1 6 590 632.50 3.73 74.372 298 321 891.73 1027.872 7.50 8.24
1 4 70 2 1.84 420.83 550 3.33 28.67 574 543 998.16 1121.67 5.72 5.91
1 5 70 2 1 612 612 5.89 219.98 478 483.33 1095.89 1315.318.23 9.72
1 6 70 2 1 668.33 683.33 7.07 223.11 424 463 1099.4 1369.44 8.04 9.80
1 7 70 2 603.33 643.60 7.60 235.66 413 443 1023.93 1322.268.32 9.61
1 8 70 2 1 696.66 726 6.53 209.33 457 429 1 1 6 0 . 1 9 1364.33 8.04 9.72
1 9 70 2 1 756 661.33 6.53 249.33 365 397 1127 .53 1307.66 8.30 9.80
20- 70 2 603.33 639.73 7.AT l 226.26 476 455 1087.2 1320.998.01 9.61



Table 4. 3 Model coefficients estimated by central composite design and best selected prediction models; Where, M is Moisture, V A is Veratryl alcohol
and GS is Copper sulfate

Coefficient MnP (U/gds) LiP (U/gds) Laccase (U/gds) Log10 viability

waste waste waste waste
Constant

Linear
Xr
Xz
X:

Interactions
Xrx Xz
X r x X t
X z X X r

Quadratic
Xt

657.12

375.53*
126.69*
-96.50*

-0.063
-8.625

-72.375

-207.84*

-77 .16
-113 .57

0.93

660.15*

380.48*
242.38*
-'161.82"

186.87
-197.81
-261.87

-299.70*

-170.74*
-38 .16

o.92

225.63*

72.55*
110.22*
-59.01*

65.93
6.85

-45.74

-124.84*

-58.96"
-102.69.

0.91

435.87*

202.40-
67.232
317.96*

9.25
139.25
73.25

-234.62*

21.70
-4.46

0.89

445.84*

201.00-
58.43

293.53*

31.75
125.75
54.25

-252.84-

-10.66

-19.50

0.88

Xz
Xs

R-sqr

6.92*

3.04*
1  .10*
0 . 1 6

-0.26
0 . 1 9
0.21

-3.53*

-2.61*
-2.47"

0.93

8 .13*

1.43*
1.25*
-1 .77*

0.07
-0.46
-0.34

-1.47 ' ,

-0.30

-0.75

0.85

9.69*

3.17"
1.45"
-1 .45"

-0.50
-0.50
-0.29

-2.16*

-1 .29*

-1 .64*

0.92

Roduc€d equatiom for enzyme prcduc{on: b€st s€lected mod€lsr MnP (Brer /ery waste) = 660.14 + 38o.4ai(r +2423axr - .5oX1-207.84 xr'- 113.57Xf;MnP

(Pomacs)= 657 + 375.53 Xr + 126.699 & - 6.50&- 299.70x"-17o.z4o&'z*ra6.azXrx)Q-197.81 X1x)G- 170.74& xX?;LiP (Br€w€ry wast€) = 6.92 +

3.04&+1.10&-3.53X12-2.61 ^2a -2.47 Na i Lip (pomac€) = 225.63 + 72.55 X1+ 110.22 & - 59.01 )G - 124.84x1'z- 58.96 )Q'?- 102.68 )G'?i Laccas€ (Brew€ry

waste) = 445.84 + 202.4 Xr + 3'l7.96 Xs - 234.62 Xr2; Laccase (Pomace) = 445.34 + 201 X1+ 293.53 & - 252.84 X'; Log10 vlabllMBrsw€ry waste) = 8.13+ 1.43

\-1.77y.€+1.25x2-1.47X1';Logtovlabl l l ty(Pomec€)=9.69+3. ' t7X+i.45)Q-1.45X3-2.16X1'-1.za/9" ' - ' t .u^"" ' ;

-Signific€ (p< 0.05).
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Figure 4. I Response surface of MnP production obtained by varying: concentration of copper
sulfate (Xr) and lhe concentration of veratryl alcohol (Xz) and keeping the moisture (Xr) constant=
70% (wlw) a) : carse of brewery waste; b) apple pomace; Negative values on z :axis are taken to
demonstrate the actual contour of the plot, otherwise they do not carry any significance
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Figure 4.2 Response surface of LiP production obtained by varying: moisture (Xl) and the
concentration of veratryl alcohol (X2) and keeping the concentration of copper sulfate (X3) constant=
1 mmol/kg a) case of brewery waste); b) apple pomace.
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Figure 4. 3 Response surface of laccase production obtained by varying: moisture (Xl) and the

concentration of copper sulfate (X3) and keeping the concentration of veratryl alcohol (X2) constant
= 2 mmol/kg a) case of brewery waste); b) apple pomace.
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Figure 4. 4 Response surface of Log10 viability obtained by varying: moisture (Xr) and the
concentration of veratryl alcohol (Xz) keeping the concentration of copper sulfate ()G) constant =1
mmol/kg a) case of brewery waste); b) apple pomace
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RESUME
La quantification de la lignine dans les d6chets solides de jus de pomme a 6t6 r6alis6e

en utilisant le systdme d micro-ondes. La digestion par micro-ondes a 6t6 utilis6e pour

remplacer le reflux traditionnel pendant l'6tape d'acidolyse. Ceci a 6t6 r6alis6 afin

d'augmenter la s6lectivit6 de cette 6tape afin d'assurer le clivage des liaissons entre la

lignine et les carbohydrates (cellulose et h6micellulose) et r6duire le temps n6cessaire

pour quantifier la lignine. Les conditions de la digestion par micro-onde comme la

pression, la temp6rature et le temps ont 6t6 optimis6es, en utilisant la m6thodologie de

surface des r6ponses et les r6sultats ont 6t6 compar6s avec la teneur en lignin obtenue

par la m6thodologie de Klason tradutioneelle. Les r6sultats ont montr6 que la

temp6rature et la pression ont exerc6 un effet positif significatif (p <0,05) sur la digestion

par micro-onde et la d6termination de lignine. De plus, les meilleures conditions de

digestion obtenues ont 6t6 : pression = 30 bar, temp6rature = 170 "C, temps = 15 min.

Lorsque les conditions de digestion par micro-onde ont 6t6 optimis6es, la teneur en

lignine dans apple pomace trouv6e (33% p/ps), a 6t6 plus 6lev6e que la teneur obtenue

par la m6thodologie de Klason tradutionelle que (27o/o plps). La digestion par micro-onde

a 6t6 plus pr6cise (p <0,05) que celle utilisant le reflux traditionnel.

Mots-cl6s: quantification de lignine, digestion par micro-onde, Klason lignine, apple

pomace
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ABSTRACT
Lignin quantification in apple pomace residues was carried out using microwave system.

Microwave digestion was used to replace traditional refluxing during the mild acidolysis

step. This was carried out in an attempt to augment the selectivity of this step towards

cleaving lignin-carbohydrate bonds as well as reducing the overall intensity of this step

towards inducing changes in the lignin structure and reduce the time needed to quantify

lignin. The conditions of digestion using microwave,.such as pressure, temperature and

time were optimized by response surface methodology and the results were compared

to the Klason lignin methodology. The results showed that temperature and pressure

had a significant positive effect (p

determination. However, time showed a significant effect (p < 0.05) on lignin

quantification. The best conditions of digestion were:pressure= 30 bar, temperature
=17Q oC, time = 15 min. When the microwave digestion conditions were optimized, lignin

content in apple pomace was (33 %) higher than Klason lignin (27o/o wldw). The

digestion using microwave was more accurate (p < 0.05) than the one using traditional

refluxing.

Keywords: Lignin quantification, microwave digestion, Klason lignin, apple pomace
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INTRODUCTION
Lignin is a complex biomacromolecule composed of methoxylated phenol units linked by

ether and carbon bonds. lt is the most abundant renewable source of aromatic polymer

in nature, and its decomposition is indispensable for carbon recycling. lt is chemically

recalcitrant to breakdown by most organisms because of the complex, heterogeneous

structure. This complex is present in all vascular plants, in fruits and vegetables.

Vegetable and fruit processing in Canada and around the world produce large quantities

of agro-industrial solid wastes that are rich in lignin. Apple pomace is one such solid

residue containing lignin which is generated in large quantities in Canada and especially

in Qu6bec (16209 tons in 2007 in Qu6bec) (Gassara et al. 2011). The presence of lignin

in apple pomace favors its utilization in the production of many value products, such as

organic acids, protein-enriched feeds, edible mushrooms, ethanol, aroma compounds,

and enzymes, such as pectinases, pectin methylesterase, and lignocellulolytic enzymes,

among others (Vendruscolo et a|.2008). Hence, the quantification of lignin in this waste

and other ligninocellulosic wastes is very important. There are several methods known in

literature to quantify lignin in wood and ligninocellulosic materials (Van Soest 1967;

Alves et al. 2009). However, lignin concentration estimates vary widely among methods.

Meanwhile, Klason lignin is the standard method of analysis for wood and

ligninocellulosic materials (Lai and Sarkanen 1971; Kirk and Obst 1988). As long as

lignin is insoluble in mineral acids, it can be analyzed gravimetrically after hydrolyzing

the cellulose and hemicellulose fractions with sulphuric acid.

In an effort to further improve the yield and purity of the Klason protocol and reduce the

time of digestion, a microwave reactor was used with the aim of replacing the traditional

lengthy refluxing usually applied during the mild acidolysis step. This was performed in

the anticipation that the lignin-carbohydrate bonds may be more severely cleaved, thus

affording lignin in higher yield and purities (Guerra et al. 20QG). Microwave irradiation

has been successfully applied in many fields, such as organic chemistry (Lindstrom et

al. 20Q1) with reported rapid reaction speeds, higher yields under milder reaction

conditions, and improved product purities (Lindstrom et al. 2001; De la Hoz et al.2Q05;

Dallinger and Kappe 2007). Traditionally, organic synthesis at elevated temperatures is

carried out by conductive heating with an external heat source (such as, an oil bath,

sand bath, or heating jacket). This is a comparatively slow and inefficient method for

transferring energy into a system as it depends on the thermal conductivity of various
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materials that must be penetrated and results in the temperature of the reaction vessel

being higher than that of the reaction mixture. In contrast, microwave irradiation

produces efficient internal heating (in core volumetric heating) by direct coupling of

microwave energy with the molecules (e.9. solvents, reagents, catalysts) that are

present in a reaction mixture. The digestion is normally performed in reaction vessels

typically made of (nearly) microwave transparent materials, such as borosilicate glass,

quartz, or Teflon, supplying an inverted temperature gradient as compared to

conventional thermal heating results. Efficient internal heat transfer results in lower

digestion time and accurate quantification of lignin in wood, forage and agricultural

wastes such as, apple pomace waste. The dielectric heating is generated by two major

mechanisms: a dipolar polarization mechanism and a conduction mechanism. The

possibility of performing reactions within a very short time period by the direct interaction

of microwave energy with the reaction mixture as opposed to indirect energy transfer

(using an oil bath or similar device) offers potentially reduced energy consumption and

time savings, but, most significantly, increased efficiency and specificity of reactions. In

this study, we have explored the influence of microwave heating during the mild

acidolysis step to replace traditional refluxing in order to quantify lignin by Klason

method. The conditions of digestion by microwave were optimized using response

surface methodology. The use of microwave to perform the acidolysis of samples will

decrease the time of treatment and increase the accuracy of this standard method

widely used.

MATERIALS AND METHODS
Lignin quantification
Apple pomace waste was dried and its lignin content was quantified using standard

Klason method (Hatfield et al. 1994) and with modified Klason method (traditional

refluxing was replaced by microwave treatment to carry out the acidolysis). Traditional

Klason lignin was determined as the ash-free residue from the two stage HzSOa

hydrolysis (Theander and Westerlund 1986; Hatfield et al. 1994). About 15 ml HzSO+

(13.5 M) was added to 1 g (W1) dried apple pomace, held for 2h at room temperature,

transferred to a 1000 ml Erlenmeyer flask, diluted to 0.56 M acid concentration and

t56



reff uxed for 4 h and for different time intervals of 15, 25 and 35 min at various pressures

(20, 30 and 75 bar) and temperature (130, 150 and 170"C) by microwave (power =1000

w). After acidolysis, the hydrolyzate was filtered and the filtrate (placed in crucible) was

dried at 105 t 3'C for 2h or until constant weight was obtained. lt was later cooled in the

desiccator and weighed (Wz). The crucible and contents were placed in a muffle furnace

and ignited at 575 + 25"C for a minimum of 3 h, or until all moisture and volatile solid

were removed. Finally, the crucible and contents was cooled in the desiccator and

weighed (W3). Percentage acid-insoluble lignin was calculated using Equation 1.

o/o acid-insoluble lignin (Yr): 
\|L 

xlX}o/o

where:

Wr = initial sample weight;

Wz = weight of crucible, acid-insoluble lignin, and acid-insoluble ash;

We = weight of crucible and acid-insoluble ash

Experimental design and optimization

Response surface methodology (RSM) was used to determine the optimum conditions

for lignin quantification and cellulose and hemicellulose degradation. The experimental

design and statistical analysis was performed using Statistical0 of STATSOFT lnc.

(Thulsa, U. S. A). The experiments were based on a Box-Behnken design with a

quadratic model in order to study the combined effects of three independent variables

(temperature, pressure and time). Table 5. 1 presents a l2trial experimental design,

where each variable was tested in three different coded levels: low (-1), middle (0) and

high (+1). The coded values correspond to temperature: -l (130"C),0 (150'C), +1

(170'C);  Pressure:  '1 (20),0 (30),  +1 (75);  Time. -1 (15 min),0 (25 min),  +1 (35 min).

( 1 )
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Once lignin content (% w/dw) was measured, a second-order polynomial model was

fitted into the response data obtained from the design. The polynomial Equation 2 was

obtained in the following form:

Yi = bo + brXr + bzXz+ bsXs + brrXr2 + bzzXz2 + bgsXs2 (2)

where, Y, = predicted respons€, bs is intercept term, b1, bz, be linear coefficients , br, b22,

b33 sQUsr€d coefficients and I refers to the response. There was one response (lignin

content) which is a function of the level of factors. The response surface graphs

indicated the effect of variables individually and in combination to determine their

optimum levels for best lignin quantification.

Energy consumption

Electrical energy consumed during traditional refluxing and microwave digestion is

determined by the Equation 3, but initial temperature was 25+1"C and final temperature

was 100t1'C and the t ime was 4 h.

D  P x t
D = -

1000

where:

E: electric energy consumed for boiling (reflux digestion) (kJ)

P: power in (w), the power of the instrument used for heating the reflux was 800 w,

P=1000 w for the microwave

t: time (seconds), 4h,14400 s in the case of traditional refluxing, t= 15 min, 900 s in the

case of the microwave

Statistical analyses of data

(3)
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Factorial analysis of variance (ANOVA) was used to determine the effects of various

experimental variables (treatment time, pressure and temperature) examined in this

work based on the yield of lignin in apple pomace waste (StatisticalO of STATSOFT Inc.

(Thulsa, U.S.)).

RESULTS AND DISCUSSION

Comparison of lignin yield from apple pomace usang microwave

digestion and Klason method

The optimal conditions for accurate quantification of lignin in apple pomace using the

microwave (power = 1000 w) were: temperature=170"C; pressure=7S bar and time=15

min (Table 5. 1). Under these conditions, lignin content in apple pomace waste was 33%

(w/w) (Table 5. 1). This yield was higher than that obtained by the traditional Klason

method (27Yo wlw). The results were much higher than even those of Villas-B6as ef a/.

(2002) who found the lignin content in apple pomace by Klason method to be 24 o/o

(w/w). The variation in results may be due to the quantity of rice husk added to apples to

facilitate juice extraction which varies from one industry to another and affects the overall

lignin content in apple pomace. In any case, lignin content in apple pomace using

microwave digestion during acidolysis was higher than the traditional Klason method.

These results may be explained by microwaves can liberating lignin efficiently from

lignin-carbohydrate complexes that preclude lignin isolation in higher yields (Guerra ef

al. 2006). These data support the hypothesis that the concerted effect of cellulolytic

action and mild acidolysis allowed effective isolation of lignin fragments which are not

accessible by traditional Klason procedure.
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Effect of time, temperature and pressure on lignin quantification

Box-Behnken design was used to find the suitable values of the variables on lignin

quantification using microwave during acidolysis step. The data were fitted into a

second-order polynomial function (Eq. 2), as it can be inferred from the good agreement

of experimental data with those predicted by the model (Fig 5. 1). In this model, R-

squared value was 0.97 which indicated that the model fitted well into the experimental

results. The analysis of variance (Table 5. 2) and response surface of lignin content (Fig

5. 2 and Fig 5. 3) indicated that the model terms of X1 (temperature), X2 (pressure) had

significant positive effect on lignin content (p < 0.05). This could be explained by the fact

that high pressure and temperature ameliorate the process of acidolysis and the

isolation of lignin from carbohydrate further improving its quantification. Time used in

traditional process was 4 h as compared to microwave process (15,25,35 min). Hence,

pressure and temperature must be high to achieve an efficient isolation and

quantification of lignin. Lignin-carbohydrate linkages existing in ligninocellulosic materials

of the benzyl ester, benzyl ether and phenyl glucoside types (Fengel ef a/. 1989). Such

interactions between lignin and carbohydrates preclude the isolation of lignin in high

yields and purities. All lignin-carbohydrate bonds are, however, susceptible to acid

hydrolysis. Under the conditions used for lignin isolation, the complete cleavage of the

phenyl glucoside bonds has been shown to occur on model compounds, whereas

nonphenolic benzyl ether structures were found to be more stable under similar

conditions (Lawoko et a\.2006). The rates of these reactions may actually be affected at

different degrees under microwave conditions, especially pressure and temperature.

Meanwhile, according to the results of response surface of lignin content (Table 5. 2,
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Fig. 5. 2and 5. 3), time showed a significant negative effect on lignin content (p < 0.05).

This could be due to the alteration of lignin structure when digestion time was increased.

The use of high pressure and high temperature for longer time will allow efficient

isolation of lignin from carbohydrate but could also damage the structure of lignin.

Hence, lignin content in apple pomace will automatically decrease. According to the

results in Fig. 5. 2 and 5. 3, when pressure and temperature were low, the increase in

time increased the lignin content which shows an interaction between the effects of

variables.

Hence, it is possible to estimate the Klason lignin content by microwave method that

replaces traditional refluxing. The optimal conditions of acidolysis using microwave were

170t1oC,70 bar and 15 min. However, the acidolysis using traditional refluxing is

achieved in 4 h. Hence, the use of microwave decreased the acidolysis duration and

increased the lignin liberation efficacy. Energy consumption during acidolysis by

traditional refluxing and microwave were calculated using Equation 3 and the values

obtained were 11520 kJ and 900 kJ, respectively. The energy consumed during lignin

quantification will decrease considerably using microwave method which can encourage

the use of this methodology in lignin quantification in many materials and wastes. lt will

also encourage the use of microwave in lignin separation and purification from wood and

ligninocellulosic materials.

CONCLUSION

Acidolysis using microwave protocol has been shown to offer higher lignin yield and

purity from apple pomace wastes as compared to traditional Klason method. Using Box-

Behnken, a set of recommended conditions were optimized as follows: temperature:
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170'C, pressure: 70 bar and time: 15 min. The use of microwave reduced heating time

and energy consumption. lt is likely that this form of direct energy transfer in the reflux

medium increases the rate of hydrolysis of the lignin-carbohydrate linkage via an ion

conduction mechanism exerted on the acid by the magnetic field. Thus, microwave

digestion is an efficient replacement of Klason method offering following advantages: 1)

shorter analysis time; 2) higher yield; and 3) relatively higher purity.
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Table 5. l Results of experimental plan by Box-Behnken design for acidolysis of apple pomace waste using
microwave, shaded cells represent maximum value

Trial Temperature ("C) Pressure (bar) Time (min) Lignin (%w/dw)
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Table 5. 2 Model coefficients estimated by Box-Behnken design and best selected prediction
models; where, X1 is temperature, X2 is pressure and Xg is time

Coefficient Values

Constant 18.48

Linear

Xr 1 3

Xz 8

Xg -5

Quadratic

X.2 -6.6

Xz2 4.45

Xs2 -3.6

R-sqr 0.973
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Figure 5. 1 Parity plot showing the distribution of experimental vs. predicted values of lignin content
in apple pomace waste
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SOLID STATE FERMENTATION OF APPLE POMACE

WASTE BY A WOOD DECAY FUNGUS
..PHANEROCHAETE CHRYSOSPORIUM'' TO PRODUCE
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RESUME
L'effet de diffErents types d'agitation (1 : agitation continue (C) 2 : agitation continue,

d iscont inue,cont inue(C/D/C) ;  S :ag i ta t iond iscont inue,cont inue,d iscont inue(D lC l

D)) et d'a6ration (0,87, 1,25, 1,66 WM) sur la production d'enzymes ligninolytiques et

l'6xtraction de compos6s polyph6noliques des cultures solides de Phanerochaete

chrysosporium BKM-F-1767 a 6t6 6tudi6 en utilisant des d6chets solides de jus de

pomme. Les activit6s maximales de MnP (1690 t 87 U/gss), LiP (387 t 14 U/gss) et de

laccase (898 t 53 U i gss) et la lib6ration maximale de compos6s polyph6noliques

totaux (allant de 12,22 * 1,1 a 30,12 + 0,88 mg GAE / gss) ont 6t6 obtenues aprds 195,

147, 219 et 204 h de fermentation, respectivement. Cette production maximale

d'enzymes ligninolytiques, accompagn6e par une lib6ration maximale de compos6s

polyph6noliques a 6t6 obtenue en utilisant 1,66 WM comme d6bit d'air et (C / D / C)

comme mode agitation. La production maximale des enzymes et le contenu total en

polyph6nols ont 6t6 influenc6s par I'a6ration. Les valeurs les plus 6lev6es ont 6t6

obtenues en utilisant 1,66 wm comme d6bit d'air, suivi par 1,25 wm et 0,83 wm,

respectivement. lls ont 6t6 6galement influenc6s par l'agitation et les valeurs maximales

ont 6t6 obtenues en utilisant C / D / C, suivie par D I C I D et I'agitation continue,

respectivement.

Mots-clds .' I'a6ration, l'agitation, fermentation en milieu solide, les enzymes

ligninolytiques, polyph6nol
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ABSTRACT

The effect of different types of agitation (1: continuous agitation (C) 2: continuous,

discontinuous, continuous agitation (C/D/C); 3: discontinuous, continuous, discontinuous

agitation (D/C/D) and aeration (0.87, 1.25,166 wm) on ligninolytic enzyme production

and polyphenolic compounds extraction by solid -state cultures of Phanerochaete

chrysosporium BKM-F-1767 was investigated by employing apple pomace. Higher

production of MnP (1690.3t 87.6), LiP (387.91 14.3) and laccase (898.9t53.3 U/gds)

and liberation of total polyphenolics (ranging from12.22t1.1 to 30.12t0.88 mg GAE/ g

DW) were obtained after 195, 147, 219 and 204 h of fermentation, respectively, using

1.66 wm as air flow and (C/D/C) agitation mode. Maximal enzymes production and total

polyphenolic content were influenced by aeration and higher values were obtained using

1.66 wm as air flow rate, followed by 1.25 wm and 0.83 wm, respectively. They were

also influenced by agitation and maximal values were obtained using ClDlC, followed by

DICIO and continuous agitation, respectively.

Keyrvords: aeration, agitation, solid state fermentation, ligninolytic enzymes, polyphenol
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1. INTRODUCTION
Agro-food industries generate large quantities of liquid and solid wastes which must be

suitably managed before being directly discharged to the environment. Apple pomace is

a solid residue containing high moisture content (70Yo-75Yo) and biodegradable organic

load (high BOD and COD values) [1]. This residue is left after juice extraction and

constitutes about 25-35o/o of the weight of fresh fruit and contains 12.3o/o (WeighVfresh

weight) fermentable sugar [2]. There are large quantities of agro-industrial solid wastes

(apple pomace) produced round theworld, including 16209 tons in 2007 in Qu6bec [3].
ln Quebec, this waste is mainly used as a source of crude animal feed by the farmers.

Often only 20o/o is retrieved as animal feed and the rest 80% goes to landfill or

composting sites which can cause environmental problems [4]. Thus, efficient strategy

should be devised to manage agro-industrial wastes, such as apple pomace. Value

addition of agricultural and food by-products has become one of the major issues in the

modern world. There are many reports on efficient utilization of agro-industrial residues

and by-products for the production of enzymes, bioactive compounds, and different

types of biomolecules using economical substrates, such as apple and grape pomace,

orange and pineapple waste, among others. Apple pomace has been used for the

production of organic acids, protein-enriched feeds, edible mushrooms, ethanol, aroma

compounds, and enzymes, such as pectinases, pectin methylesterase, and

lignocellulolytic enzymes, among others [5]. Recently, solid state fermentation (SSF) has

gained much popularity in the production of primary and secondary metabolites with high

productivity in a relatively low cost process by using agro-industrial residues as

substrates. SSF encompasses several advantages, such as reduction of the production

costs, high volume productivity, relatively higher concentration of the products, less

effluent generation, requirement for simple fermentation equipments and improved

product recovery are outstanding [6]. Solid-state fermentation (SSF) is shown to be

particularly suitable for the production of enzymes by filamentous fungi, more so the

agro-residues, as they provide the conditions under which the fungi grow naturally [7, 8].

In fact, potential of apple pomace as a substrate for production of ligninolytic enzymes

and release of polyphenols has been already investigated at flask level [9, 10].
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It has been found that agitation facilitates the removal of volatile metabolic products,

prevents the formation of agglomerates, enhances heat exchange, protects the medium

against local desiccation or excessive moistening, and improves the conditions for

microbial growth [11]. Agitation enables a more effective distribution of the spore

suspension, of water required for moisture control, or of any other nutrient solutions if

necessary [12]. Another benefit of agitation is a more evenly distributed airflow in the

medium. The primary objective of aeration is to supply an appropriate amount of oxygen

for microbial groMh and to remove carbon dioxide. However, aeration also performs a

critical function in heat and moisture transfer between the solids and the gas phase [13].

It is essential to note that excessive aeration can produce shear stress (which has a

harmful effect on the filamentous fungus morphology) [13]. The need for sufficient

aeration and agitation of the substrate reduces the possibility of employing the maximum

volume of bioreactors, irrespective of their design. Thus, optimization of agitation and

aeration is required to optimize the growth of the microorganism and the production of

primary and secondary metabolites.

In the present study, the effect of different culture conditions, such as agitation and

aeration on growth of Phanerochaete chrysosporium in SSF for ligninolytic enzymes

production and co-extraction of polyphenols was investigated.

2. MATERIAL AND METHODS
2. 1 Microorganism and inoculum preparation
P. chrysosporium (ATCC 24275) strain was selected as a suitable organism for bio-

processing of solid state fermentation for its potential for higher enzyme production. P.

chrysosporiuln was maintained on potato-dextrose-agar (PDA) medium at 4!1 "C. The

culture ol P. chrysosporium was grown on PDA Petri plate and incubated at 37+1'C. The

spores were harvested from the sporulation medium plates, inoculated into sterile

distilled water contained in test tubes, and stored in the freezer until use. The fermented

broth was initially filtered through glass wool to remove mycelial contamination and

recover only spores. The concentration of spore suspension used in the experiments

was 2.5x106 spores per gram of solid.

2. 2 Solid state Fermentation
The fermentation was carried out in 12-L solid-state fermenter of rotating drum type,

Terrafor (lnfors HT, Switzerland). The sterilized medium containing 4.5 kg was
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transferred into the sterilized bioreactor in an aseptic condition. For the fermentation,

apple pomace was treated with inducers, such as copper sulfate (2 mmol/kg), veratryl

alcohol (2 mmole/kg), and Tween-8O (0.1Yo v/v), and the pH was adjusted to 4.5.The

inoculation was done with the spore suspension. The fermentation was carried out in a

controlled environment at 37t1"C, rotating speed of 2 rpm and aeration rate of 2 wm.

The fermentation was carried out for 10 days, and the sampling was done periodically

(6h in the initial cycle and 12 h later). During this study, moisture content was analyzed

and relative humidity was measured using the hygrometer.

2.3 Enzyme assays
2.3. 1 Lignin peroxidase (LiP)

Lignin peroxidase (LiP) activity was routinely assayed spectrophotometrically at 25t1'C

using veratryl alcohol as a substrate and by monitoring the formation of veratryl

aldehyde 254 by hydrogen peroxide at 310 nm [14]. One unit of LiP activity (U) is

defined as the amount of enzyme which produces 1 pmol of veratryl aldehyde per min

under the assay conditions.

2.3.2 Laccase activity
Laccase activity was assayed with 2,2-azino bis(3-ethylbenzthiazoline-G-sulfonic acid)

(ABTS) in 0.1M phosphate-citrate buffer at pH 4. The transformation of ABTS to ABTS+

was determined by the increasein A420 (e420 = 36mM/cm) t15l.One unit of enzyme

activity (U) is defined as the amount of enzyme which produces 1 pmol of product per

min under the assay conditions.

2.3.3 Manganese peroxidase (MnP)

The analysis of MnP activity was based on the transformation of Mn2* to Mn3* as

described by Fujian et al. [16]. The reaction mixture contained 1.70 ml of citrate-

phosphate buffer (pH 3; 0.1 mol/l), 0.05 ml of MnSO4 (0.40 molll),0.2 ml of enzyme and

0.05 ml of HzOz (0.016 mol/l). One unit of MnP activity is defined as the amount of

enzyme which results in 1Oo/o of OD2ae (optical density) nm increase/min.

2. 4Viability assay
Viability assay was used as an indicator or measure of the amount of living fungal

biomass in solid-state cultivation. Viability of broken fungal mycelium in samples

containing mycelium and residual substrate was assayed with most probable number
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(MPN) method as described by Gassara et al. (2010) tgl. Briefly, fermented broth was

first diluted in sterile water. Later, adequate dilutions were performed for these samples

after homogenization. At least five different dilutions per sample were used for the

analysis. Each dilution was aseptically pipetted on an agar plate at six different spots.

Experiments were carried out in duplicates. After the incubation of plates for 1 day, the

growing spots on the plates were calculated. While calculating the results, the first

dilution, where all the pippetted spots did not grow, and the last dilution, where at least

one pippetted spot grew, and all the samples in between these combinations were taken

into account. Hence, the results were calculated in colony forming units (cfu's).

2. 5 Extraction of polyphenolic compounds
The samples were accurately weighed to 10 g and 20 mL of 80% acetone and 80%

ethanol was added as solvents. The samples were placed in an ultrasonication bath

(Elma Hans Schmidhauer GmbH & Co. KG, Germany). The ultrasonic extraction was

performed for 30 min at 40+1"C. The mixture was later centrifuged at 7000 x gfor 2Q

min. The supernatant collected was analyzed for polyphenolic content and antioxidant

activity.

2. 6 Estimation of total phenolic content
The content of total polyphenolics in the phenolic extract of sample was determined by

the method of Swain and Hills (1959) [17]. The absorbance was recorded at725 nm.

Gallic acid was used as a standard. The content of total polyphenolics in the extract was

expressed as gallic acid equivalents (GAE) in mg/ liter of the samples.

2. 7 Physico-chemical parameters
Five grams of solid medium orfermented product was dried to constant weight at 105

t1oC, and the dry weight was recorded. The moisture content was calculated using

Equation 1:

Moisture content of solid medium or fermented product = weight of solid medium or

fermented product - dry weight) / (dry weight)) *100 (1)

pH of the medium was measured using ten milliliters of distilled water into 1.0 g of

medium, and then it was shaken on a magnetic stirrer before measuring the pH.

Samples with different moisture content were placed in a sealed container at 25+1 "C

and water activity was determined by a hygrometer [18].
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2. 8 Statistical Analyses
All the experiments were assayed in replicates, and an average of replicates was

calculated along with the standard deviation. Database was subjected to an analysis of

variance (ANOVA). One-way ANOVA followed by student test was used to determine

significant differences among treatment groups. For all analysis, differences were

considered to be significant at P < 0.05 [9].

3. RESULTS AND DISCUSSION
3. 1 Enzyme production

3. 1. 1 Agitation rate optimization

Different modes of agitation were evaluated in order to identify the best type of agitation

for the production of ligninolytic enzymes and polyphenol co-extraction. Three types of

agitation was used: 1: continuous (C) agitation during all the fermentation process (2

rpm); 2: continuous agitation during lag phase, discontinuous (D) agitation during

exponential phase, continuous agitation during stationary phase and lag phase (ClDlC

agitation); 3: discontinuous dgitation during stationary phase, continuous agitation during

exponential phase, discontinuous agitation during stationary phase and lag phase

(D/C/D agitation). The results of MnP, LiP and laccase production during the

fermentation of apple pomace in fermenter using different types of agitation is presented

in Figure 6. 1, Figure 6. 2, and Figure 6. 3. The results showed that agitation mode

influenced ligninolytic enzymes production. During apple pomace fermentation using

CIDIC agitation, higher production of MnP, LiP and laccase was 10301 45, 2625t 23.2

and 312.5t30.4 Ul gds, respectively. MnP, LiP and laccase production was obtained

after 240, 228, 252 hour of fermentation, respectively. During apple pomace

fermentation using DICID agitation, higher production of MnP, LiP and laccase was 845+

8.9, 1 17.5t 7.6 and 300t22J U/ gds, respectively. MnP, LiP and laccase production

was obtained after 171, 195,219 hour of fermentation, respectively. During apple

pomace fermentation using continuous fermentation; highest production of MnP, LiP and

laccase was 479.1! 31.2,33.11 1.7 and 92.5!4.9 U/ gds, respectively. MnP, LiP and

faccase production was obtained after 242, 266,266 h of fermentation, respectively.

These results showed that the maximal enzyme production was obtained using CIDIC

agitation, followed by DICID agitation and continuous agitation, respectively. Hence, the

absence of agitation during exponential phase of Phanerochaete chrysosporium groMh
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increases ligninolytic enzymes production. This may be due to the fact that the agitation

during the exponential phase can break mycelia and cause the alteration of the

secondary metabolism of Phanerochaete chrysosporium. Mixing allowed the addition

and distribution of water in the system and also enhanced efficient conductive heat

transfer via the wall. However, mixing during SSF can have some negative effect on the

groMh of the microorganism especially during the exponential phase of groMh.

Mechanical action leads to change in the development of the morphology of the fungus

and the breakage of hyphae [19,20]. Some reports have indicated thatthe bed of solid

substrate can be mixed continuously without detrimental effects. For example, Oostra et

al. (2000) [21] found that continuous mixing did not impede spore formation of

Coniothyrium minitans cultivated on oat grain. Nagel et al. (2001) t22l studied

continuously mixed SSF with A. oryzae cultivated on wheat grain in a paddle mixer.

They concluded that continuous mixing improves process control, because it allows

addition and distribution of water during fermentation, reduces gradients in the bed, and

improves heat transfer to the fermenter wall. They also concluded that continuous mixing

does not have a negative impact on the fermentation by showing that respiration rates

were comparable to those in unmixed cultures. Nagel et al. (2001)1221also observed

that the fungus grew primarily inside the wheat grain during continuously mixed SSF;

hardly any mycelium was observed on the grain surface and the amount of aerial

mycelium was negligible (F. J. L Nagel, personal communication). In contrast, Han et al.

(1999) [23] investigated the effect of intermittent mixing on enzyme production during

cultivation of Rhizopus on soybeans and concluded that intermittent mixing may

negatively affect enzyme production. Compared with the work of Nagel et al. (2001) l22l
there are four differences: the morphology of the fungus; the structure and firmness of

the solid substrate; the fermenter layout; and the mixing regime. Hence, mixing during

SSF is beneficial, but it should be discontinuous rather than continuous. Our results

clearly showed that the alternance between discontinuous and continuous agitation

during SSF of Phanerocheate chrysosporium cultivated on apple pomace significantly

increased (p> 0.05) the activity of ligninolytic enzymes, specially CIDIC mixing mode.

3.1 .2. Aeration optim ization

After the optimization of the agitation mode, different air flow rates (0.83,1.25, 1.66

WM) were evaluated in order to identity the best aeration for the production of the
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highest enzyme activities. During the optimization of aeration, the optimized agitation

mode was used.

MnP, LiP and laccase production during the fermentation of apple pomace in fermenter

using different types of aeration are presented in Figure 6. 1, Figure 6. 2, and Figure 6.

3, respectively. These results showed that the level of aeration influenced ligninolytic

enzymes production. During apple pomace fermentation using 0.83 wm as air flow rate,

higher production of MnP, LiP and laccase was 324.6!21.2, 10.4t 0.8 and 49.4!3.4

U/gds, respectively. MnP, LiP and laccase production was obtained after 219 h of

fermentation in all cases. During apple pomace fermentation using 1.25 wm as air flow

rate, higher production of MnP, LiP and laccase was 1030+ 45, 262.5+ 23.2 and

312.5!3Q.4 U/gds, respectively. MnP, LiP and laccase production was obtained after

240, 228, 252 h of fermentation, respectively. During apple pomace fermentation using

1 .66 vvm as air flow rate, higher production of MnP, LiP and laccase was 1690.31 87.6,

387.91 '14.3 and 898.9t53.3 U/gds, respectively. MnP, LiP and laccase production was

obtained after 195, 147 and 219 h of fermentation, respectively. These results showed

that the maximal enzymes production was obtained using 1.66 wm as air flow rate,

followed by 1.25 wm and 0.83 wm, respectively. When increasing aeration, ligninolytic

enzyme production increases and Phanerochaete chrysosporium incubation duration

needed to obtain activity of enzymes decreases. The aeration is normally a very

important parameter in solid state fermentation of aerobic microorganisms. Aeration of

solid state culture plays four functions, namely to maintain aerobic conditions, the

elimination of carbon dioxide, the regulation of temperature in culture and the ;'egulation
of water content 1241. Aeration in liquid state culture is often the limiting factor for

microbial groMh because of the low solubility of oxygen in the water. Aeration during

solid state fermentation is easier than in liquid fermentation because on the one hand,

the rapid diffusion of oxygen in the wet film surrounding the particles substrate, and also

because too large contact surfaces between the gas phase, the substrate and aerial

mycelia. Typically, oxygen is not a limiting factor in solid state fermentation when the

substrate is particulate. However, it was shown in this study that the increase of air flow

rate increases secondary metabolites production such as ligninolytic enzymes and

increases the activity of Phanerochaete chrysosporium. The lack of aeration decreases

the heat and mass transfer in solid state cultures [13, 25]. Thus, at 0.83 wm of aeration,
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the ligninolytic enzymes production was not higher. During this study 1.66 wm gaves the

highest production of ligninolytic enzymes

3. 2 Liberation of polyphenolic compounds
3.2. 1 Agitation optimization

The liberation of polyphenolic compounds during the solid state fermentation with

different agitation modes is provided in the Figure 6. 4. The total polyphenolic

compounds during fermentation of apple pomace with continuous agitation, C/D/C

agitation, DICID agitation ranged from 12.22t0.1 to 20.5610.5 mg GAE/ g dry weight;

12.2t1.1 to 28.9t0.64 mg GAE/ dry weight 12.2t1.1 to 24.8x0.72 mg GAE/ dry weight

with maximum total polyphenolic content at 192,19 and 180 h of fermentation. The

maximum liberation of polyphenolic compounds was observed during apple pomace

fermentation with C/D/C agitation, followed by D/C/D agitation and continuous agitation,

respectively. The liberation of polyphenolic content followed the same trend of

production of enzymes such as MnP, LiP and laccase during the fermentation as

described earlier. The absence of agitation during exponential phase of Phanerocheate

chrysosporium groMh increases enzymes production which in turn affects the liberation

of total polyphenolic content. The polyphenol content increased with increase in

fermentation period and after a maximum level; there was decline in the polyphenolic

compounds. The increase in polyphenolic content during the first phase of fermentation

may be due to the release of free phenolic compounds by the action of carobohydrate

metabolizing enzymes. Later decrease in the polyphenolic content may be due to the

polymerization of the phenolics which in turn make them hydrophobic and decrease their

solubility [10, 26]. Earlier, it was found that the total phenolics content for the tray and

fermentor methods was significantly higher than flask fermentation [10]. lt was reported

that extracellular enzymes produced from the white-rot fungi, such as lignin-peroxidases,

Mn-peroxidases, and laccase, play an important role in the removal of phenols from olive

residues and other waste waters rich in polyphenols 1271.

3. 2. 2 Aeration optimization

The liberation of polyphenolic content during solid state fermentation of apple pomace

with different aeration rates are given in Figure 6.4. The results demonstrated that the

rate of aeration influenced the enzyme production and liberation of polyphenolic content.

During apple pomace fermentation using 0.83 WM as air flow rate, the total polyphenol
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content ranged from 12.26t 0.1 to 24.54 t 0.5 mg GAE/9 DW of apple pomace and the

maximum polyphenolic content was obtained at 192 h of fermentation. During apple

pomace fermentation using 1.25 WM as air flow rate, the polyphenol content was in the

range of 12.24! 1.1 to 27.96 t 0.64 mg GAE/ g DW and liberation of polyphenol content

was maximum at 192 h of fermentation. During apple pomace fermentation using 1.66

WM as air flow rate, the higher liberation of polyphenolic content was found a|204 h of

fermentation and was in the range of 12.22!1.1 to 30.12t0.88 mg GAEi g DW of apple

pomace. The maximal liberation of enzymes production and liberation of total

polyphenolic content was obtained during fermentation using 1.66 WM as air flow rate,

followed by 1.25 WM and 0.83 WM respectively. When increasing aeration, enzyme

production increases and which in turn affects the liberation of polyphenolic content.

3. 3 Viabil ity
The results of Phanerochaete chrysosporium viability during the fermentation of apple

pomace in fermenter using different types of aeration and agitation are presented in

figure 6. 5. These results showed that the level of aeration influenced the viability of

Phanerochaete chrysosporium. During apple pomace fermentation using 0.83 WM as

air flow rate, higher viability of Phanerochaete chrysosporium (2.10 x 108 CFU/g) was

obtained afler 147 hour of incubation. During apple pomace fermentation using 1.25

WM as air flow rate, higher viability of Phanerochaete chrysosporium (3.08 x 1010

CFU/g) was obtained after 144 hour of incubation. During apple pomace fermentation

using 1 .66 WM as air flow, higher viability of Phanerochaete chrysosporium (1.11 x 1010

CFU/g) was obtained after 147 hour of incubation. When changing the level of aeration,

the duration needed to obtain the maximum of viability was not changed. However, while

increasing the level of aeration, viability value increased. Thus, aeration has a strong

influence on Phanerochaete chrysosporium viability while increasing the air flow from

0.83 WM to 1.66 WM. The higher viabil i ty (1.11 x 1010 CFU/g) of Phanerocheate

chrysosporium using 1.66 WM as air flow was lower than the viability (3.08 x 1010

CFU/g) produced using 1.25 as airflow. Thus, the growth of P. chrysosporiun decreased

when using 1.66 WM as air f low. In fact, an air f low higher than 1.66 WM was not

chosen to prevent the decrease of aeration and eventually lower the enzyme production.

The use of excessive aeration can produce shear stress (which has a harmful effect on

the filamentous fungus morphology) [13] and can decrease the production of ligninolytic

enzymes.
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The results of Phanerochaete chrysosporium viability during solid state fermentation

using different agitations modes showed that the agitation mode influenced the viability.

During apple pomace fermentation using CIDIC agitation, higher Phanerochaete

chrysosporium viability (3.08 1010 CFU/ gds) production was obtained after 144 h of

fermentation. During apple pomace fermentation using DICID agitation, higher

Phanerochaete chrysosporium viability (1.10 1010 CFU/ gds) production was obtained

after 147 h of fermentation. During apple pomace fermentation using continuous

fermentation, higher Phanerochaete chrysosporium viability (2.43 x t010 CFU/ gds;

production was obtained after 180 h of incubation. These results showed that maximal

viability was obtained faster using C/D/C agitation, followed by DICID agitation and

continuous agitation, respectively. Hence, the absence of agitation during exponential

phase accelerates the growth of Phanerochaete chrysosporium. This may be due to the

fact that the agitation during the exponential phase can break mycelia and decelerate

the growth of Phanerochaete chrysosporium. Hence, continuous agitation decelerates

the growth of the microorganisms. These results were in agreement with the results of

Han et al. (1999) [23] that showed that intermittent mixing during the cultivation of

Rhizopus on soybeans negatively affected microorganism groMh and enzyme

production. However our results were in contrast with the results of Nagel et al. (2001)

[22]who concluded that continuous mixing improves process control and does not have

a negative impact on the fermentation by showing that continuous mixing allows the

addition and distribution of water during fermentation and improves heat transfer to the

fermenter wall. Our results clearly showed that the alternance between discontinuous

and continuous agitation during SSF of Phanerocheate chrysosporium cultivated on

apple pomace increased significantly (p> 0.05) the viability, activity of ligninolytic

enzymes specially during CIDIC mixing mode. Therefore, further research is required to

show clearly the effect of mixing on the growth of Phanerochaete chrysosporium and

ligninolytic enzyme production.

3. 4 Physicochemical parameters
The results of physico-chemical parameters using different types of aeration and

agitation, water activity, the pH and moisture content of the fermented medium were

evaluated and are presented in Figure 6.6 and table 6.1. The level of aeration influenced

the variation of water activity, pH and moisture content during fermentation. During apple
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pomace fermentation using different air flow rates, following first order rate equation of

water activity profile were obtained:

0.83 wm: water activity= - 0.0003 * (incubation time) + 9.6 (2)

1.25 wm:. -0.0005 * (incubation time) + 0.817 (3)

1.66 wm: water activity= -0.001 * (incubation time) + 0.81 (4)

During all fermentation modes, water activity decreased considerably from the beginning

to the end of fermentation. Changes in water activity may be due to evaporation caused

by metabolic heat, substrate hydrolysis and metabolic water production. The water

activity corresponds to the available water for microbial activity and it is different than the

water bound to the substrate that is unavailable to microorganisms. During solid state

fermentation, the available water is consumed by microorganisms to sustain its groMh

and metabolism which explains negatives slopes of water activity profiles during. When

increasing the level of aeration, the slope of water activity profile decreased and water

activity decreased faster during fermentation. This is due to the fact that aeration

performs a critical function in heat and moisture transfer between the solids and the gas

phase [13]. Normally, when water activity is higher, the growth of microorganism will be

enhanced and enzymes production will be more. In this study, when air flow increased,

water activity decreased faster, but Phanerocheate chrysosporium was higher and

enzyme production was also higher (f igure 6.1,6.2,6.3, 6.5, 6.6). Water activity is very

important parameter in solid state fermentation that affects microorganism growth and its

metabolism. However, in this study, the effect of aeration on enzyme production was

more significant than the effect of water activity (p> 0.05).

During apple pomace fermentation using different agitation modes, following equations

of water activity profile were obtained:

CIDIC agitation: water activity= - 0.0005 * (incubation time) + 0.81

DICID agitationwater activity=- 0.0001 * (incubation time) + 0.78

(5)

(6)

Continuous mode: water activity= - 0.0008 * (incubation time) + 0.80) (7)

The water activity decreased faster using continuous agitation followed by D/C/D

agitation and CIDIC agitation, respectively. Continuous agitation accelerated the

reduction of water activity. This is due to the fact that evaporation increased due to heat

produced during agitation. Using this type of agitation, water activity decreased faster,
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Phanerocheate chrysosporium viability and ligninolytic enzyme production were not

higher (f igure 6.1,6.2,6.3, 6.5). Hence, agitation and water activity had an important

effect on ligninolytic enzymes.

pH (4 to 4.5) (Table 6.1) showed small variation during fermentation. Variations in pH

result from substrate consumption (e.9. protein hydrolysis) and/or metabolite production

(e.9. organic acids). They are indicators of changes in metabolic activity [29] (Bellon-

Maurel et al., 2003). ln SSF, no existing electrode can record pH in the solid medium

because of the lack of free water [30].

Moreover, during apple pomace fermentation using 0.83 WM as air flow rate, the

moisture content was almost constant (75 Yo w/w). While, during apple pomace

fermentation using 1.25 WM as air flow rate, moisture content decreased from 75 o/o

(w/w) in the beginning of fermentation to 70 o/o (w/w) at the end of fermentation.

Likewise, during apple pomace fermentation using 1.66 WM as air flow, moisture

content decreased from 75 o/o (wlw) in the beginning of fermentation to 60 % (w/w) at the

end of fermentation. These results showed that when the level of aeration increased, the

moisture content decreased faster during fermentation. The heat produced by aeration

increased evaporation and caused faster decrease of moisture content t131.
Furthermore, moisture content of the fermented medium was influenced by agitation

modes. During apple pomace fermentation using C/D/C agitation, moisture content

decreased from 75 Yo (wlw) in the beginning of fermentation to 70 Yo (wlw) at the end of

fermentation. During apple pomace fermentation using DICID agitation, moisture content

decreased from 75 To (wlw) in the beginning of fermentation to 64 o/o (wlw) at the end of

fermentation. During apple pomace fermentation using continuous fermentation,

moisture content decreased from 75 % (wlw) in the beginning of fermentation to 70 %

(wiw) at the end of fermentation. These results showed that the presence of agitation

during exponential phase accelerates the decrease of moisture. This may be due to the

fact that during the exponential phase of growth, microorganisms multiplied, they needed

more water to sustain its metabolism and agitation during this phase increases the heat

transfer and increases the evaporation. Hence, the consumption of water was more

important due to the metabolism of microorganism and also the evaporation caused by

heat that was generated by mixing. The evaluation of physicochemical parameters

during solid state fermentation of apple pomace cultivated by Phanerochaete
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chrysosporium using different modes of agitation and aeration showed that the variation

of agitation and aeration affected considerably the water activity and moisture content in

the medium. However, this variation did not have a significant affect (p>0.05) on the pH

of the medium.

4. CONCLUSION
ln view of the results obtained for solid-state fermentation of apple pomace by P.

chrysosporium to produce ligninolytic enzymes and extract polyphenolics compounds

using different types of agitation and aeration following conclusions can be drawn:

(1) Maximal enzyme production and total polyphenolic content obtained using C/D/C,

followed by D/C/D and continuous agitation, respectively.

(2) Maximal enzymes production and liberation of total polyphenolic content were

obtained using 1.66, followed by 1 .25 and 0.83 wm as air flow, respectively.

(3) Water activity, moisture content and viability were influenced by agitation and

aeration types and the maximal viability was obtained using CIDIC agitation and 1.25

wm as air flow rate.
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ABBREVIATIONS
WM: Volume per Volume per Minute

COD: Chemical oxygen demand

BOD: Biochemical oxygen demand

ATCC: American type culture collection;

cfu: Colony forming unit;

gds: Gram dry substrate;

LiP: Lignin peroxidase ;

MnP: Manganese peroxidase;

MPN: Most probable number;

OD: Opticaldensity;

PDA: Potato dextrose agar;

SSF: Solid state fermentation;

U/gds: Units per gram dry substrate;

gdw : Gram dry weight
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Table 6. 1pH and moisture content variations during solid state fermentation of apple pomace using different modes of agitation and aeration; t
represents standard error calculated using triplicate sets

Continuous agitation G/D/C agitation, 1.25
WM

D/G/D agitation Aeration 1.66 WM Aeration 0.83 WM

Time pH Moisture
content
(o/owlwl

pH Moisture pH Moisture pH Moisture pH Moisture
content content content content
(olowlwl (o/owlwl (%wlwl (ohwlwl

0
1 2
24
36
48
60
72
80
98
105
123
133
147
17',l
195
219
243
250
288
300

4r0.01
4.02!O.O1
4.01t0.02
4.03r0.02
4.02!0.01
4.02r0.03
4.0410.01
4.0410.01
4.05r0.02
4.07t0.03
4.O7!O.O2
4.24t0.04
4.18i0.01
4.12!0.01
4.06i0.03
4.08+0.02

4r0.03

75.3t1.2
75.6+1.5
76.5!1.7
7 ' , | ,15!1.3
76.911.5
74.5!2.1
79.811.9
73.2!1.7
70.9!2.3
78.8t1.4
70.4!',1.7
74.4x1.2
72.2!2.1
71.24!1.9
70.28!1.7
70.16!2.2
75.311.9

4+0.01
4.02t0.1
4.0210.02
4.0510.01
4.02+0.03
4.04!0.02
4.05r0.02
4.05t0.01
4.07r0.03
4.08r0.02
4.06+0.03
4.21l.0.04
4.13r0.02
4.02!0.02
4.02!0.01
4.O2!O.O2

4i0.01

74.12t1.9 4t0.O1 74.17!1.8 4.45!0.02 74.3!',t.9 4.56*:0.12 75.13r1.9
7416t0.9 4.0810.02 73.49!2.1 4.4310.05 75.2!1.7 4.4910.09 74.8!21
74.22t1.7 4.0610.01 73.72!1.8 4.3910.06 74.1!1.9 4.43t0.07 74.9!1.8
74.24!2.3 4.0710.03 73.23!1.6 4.46!0.04 73.9!2.1 4.4610.13 75.1x1.7
74.28!1.4 4.0510.02 74.16!1.4 4.52!0.1 73.7!1.9 4.47!0.21 74.7!2.4
73.4611.6 4.0310.01 72.96t1.6 4.51t0.12 73.6!1.7 4.45i0.06 74.6t2.4
71.12!1.5 4r0.02 70.88t2.4 4.4310.08 72.7!1.8 4.41*0.05 74.9!1.6
76.42t1.9 4.0710.03 71.94!1.9 4.3610.09 72.5!2.3 4.4910.09 75!1.7
76.12!1.8 4.0610.04 72.97!2.2 4.3810.1 71.8!3.1 4.3810.13 74.8!2.3
74.18t2.1 4.0410.03 74.8t1.9 4.2910.05 71t2.2 4.4310.08 74.7t1.8
72.48!1.9 4.0810.02 73.6511.7 4.2310.05 67.611.9 4.3910.09 74.6!1.6
76.12!1.9 4.0510.03 74.17!1.8 4.25!0.07 66.511.8 4.41!1.2 74.5!2.3
76.82!1.7 4.210.05 69.312.1 4.',17!O.1 65.2!1.7 4.5110.09 74.7!1.8
72.42!1 .9 4j5t0.02 67 .2!1 .7 4.1 910.08 64.311 .6 4.43!1 .3 75!1 .7
71.46!1.8 3.910.03 65.0611.5 4.13r0.13 6311.8 4.39!1.2 74.3!2.3
70.18!1.7 3.8310.01 64.36!1.2 4.110.09 62.7t1.7 4.4',t 74.1!1.9
74.12!2.1 3.810.02 64.72!1.4 4.45+0.08 60.311.7 4.56 73.911.8

74.2!1.6
73.8!2.3
73.7!1.9
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RESUME
La production des enzymes ligninolytiques et I'extraction simultan6e des compos6s

polyph6nolique par fermentation d l'6tat liquide de Phanerochaete chrysosporium (ATCC

24275) ont 6t6 6tudi6es en utilisant la boue d'ultrafiltaration de jus de pomme et un

milieu synth6tique. Diff6rents paramdtres physico-chimiques et biologiques d savoir la

viscosit6, le potentiel z6ta, la taille des particules, la viabilit6 et la production d'enzymes

ont 6t6 6tudi6s. La production d'enzymes ligninolytiques 6tait plus 6lev6e dans la boue

d'ultrafiltration de jus de pomme (45 U / L de laccase, 220 U / L de MNP et 6,5 U / L de

LiP) que dans le milieu synthetique (17 U / L de laccase, 37 U lL de MnP et 6 U / L).

Ces activit6s maximales ont 6t6 obtenues d la fin de la phase stationnaire et d6but de la

phase de d6clin de P. chrysoporium. ll a 6t6 6galement constat6 que la production

d'enzymes 6tait fortement corr6l6e avec ta viabilit6 de P. chrysoporium dr la fois dans le

milieu synth6tique et la boue d'ultrafiltration de jus de pomme. Par ailleurs, les

paramdtres physico-chimiques tels que la taille des particules, le potentiel z6ta et la

viscosit6 6taient fortement corr6l6es d la viabilit6 de P. chrysosporium et d la production

d'enzymes ligninolytiques. Une augmentation de la teneur en polyph6nols extraits par

l'ac6tone (383 a 720 mg GAE / litre) a 6t6 observ6e lors de la fermentation de la boue

d'ultrafiltration de jus de pomme. De plus, il a 6te constat6 que la teneur en polyph6nols

extraits d l'6thanol a augment6 de 1,5 fois jusqu'd 67 heures de fermentation et a

diminu6 par la suite. On a remarqu6 ensuite que I'activit6 antioxydante est pass6e d

35%, puis a finalement baiss6 vue les changements dans la teneur en polyph6nols.

Mots-cl6s: enzymes ligninolytiques, polyph6nols, marc de pomme de boues, liquides de

fermentation
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ABSTRACT
Ligninolytic enzyme production and polyphenolic compound extraction by liquid-state

culture of Phanerochaete chrysosporium ATCC 24275 was investigated by employing

apple pomace sludge and synthetic medium. Different physico-chemical and biological

parameters namely viscosity, zeta potential and particle size, viability and enzyme

production were investigated. The ligninolytic enzyme production was higher in apple

pomace sludge (45 U / L of laccase, 220 UIL of MnP and 6.5 U/L of LiP) than in

synthetic medium (17 Ul L of laccase, 37 U/L of MnP and 6 U/L). These maximal

activities were found during the stationary and decline phase. lt was also found that

enzyme production was strongly correlated with P. chrysoporium viability in both

synthetic medium and apple pomace sludge. Moreover, physico-chemical parameters,

such as particle size, zeta potential and viscosity were strongly correlated to the viability

of P. chrysosporium and to the ligninolytic enzyme production. An increase in polyphenol

content extracted by acetone (383 to 720 mg GAE/Litre) was observed during

fermentation of apple pomace and it was found that the polyphenol content extracted by

ethanol increased - 1.5 fold until 67 hours of fermentation and later it decreased. lt was

found that antioxidant activity increased to 35% and eventually decreased based on the

change in the polyphenol.content.

Keywords: Ligninolytic enzymes, polyphenol, apple pomace sludge, liquid fermentation

204



1. INTRODUCTION
White-rot basidiomycetes can degrade lignin, cellulose and hemicelluloses into low-

molecular-weight compounds that can be assimilated for fungal nutrition. The

degradation of cellulose, hemicelluloses and lignin is carried out by specific extracellular

hydrolytic (cellulases and hemicellulases) and oxidative (ligninolytic) enzymes [1]. The

ligninolytic enzyme complexe of white-rot fungi differ in their composition. These fungi

secrete extracellular enzymes that are essential for lignin degradation: lignin peroxidase,

Mn-dependent peroxidase, and a copper-containing phenoloxidase, laccase. Ligninolytic

enzymes have shown high potential in industrial application, such as pulp and paper

delignification [2], dye decolorization, wastewater and contaminated soil treatment [3] as

well as in organic synthesis [4], biosensor applications [5] and inhibition of HIV-1 reverse

transcriptase [6]. However, a major limitation for extensive industrial application of fungal

enzymes is their high cost often associated with the raw materials. Thus, it is mandatory

to search for inexpensive substrates as an alternative to high cost raw materials to

reduce the production cost of ligninolytic enzymes. Recently, considerable interest has

been focused on agro-industrial wastes for the production of enzymes, bioactive

compounds, and different types of biomolecules using inexpensive substrates, such as

apple and grape pomace, orange and pineapple waste, cassava bagasse, coffee husk,

rice, and wheat bran l7-, 9]. Apple pomace and apple pomace sludge are important

waste sources in many countries, and globally, several million tones of apple pomace

and apple pomace sludge are produced annually in Canada [10]. In Canada, thousands

of tons of apple pomace and apple pomace sludge are produced by apple processing

industries. In 2008-2009, out of wodd's total apple production (69603640 tones),

Canada contributed 455, 361 tones (more than 25o/o in Quebec alone) [10]. During the

apple juice production processing, about 25-3Qo/o w/w apple pomace and 5-1lYo wlw

apple pomace sludge is produced [11]. These wastes contain fermentable sugars and

proteins which can lead to putrefaction necessitating a rapid management method.

Apple pomace sludge (total carbon 51.9 g/ l, total nitrogen 2.94 gll, carbohydrates 66.0 +

1.7 gll,lipids 5.9 t 0.32 gll, protein 33.8 t 2.0 gl\ is a lucrative alternative for the apple

processing industries [11]. Hence, this waste can be used as fermentation substrate to

produce many high value products, such as citric acid [11]. Apple processing byproducts

are also found to be a rich source of polyphenols, and antioxidants [12]. The

polyphenolic compounds in apple pomace have shown many health benefits, such as
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anti-viral properties [13]. Recently, it was reported that enrichment of apple pomace with

polyphenolic antioxidants can be carried out by solid-state fermentation by using white

rot fungus, Phanerochaete chrysosporium (P. chrysosporium) 1141.

The aim of the present study is bio-production of ligninolytic enzymes using apple

pomace sludge as a novel substrate through submerged fermentation by P.

chrysosporium with simultaneous extraction of the polyphenolic compounds from

fermented apple pomace sludge.

There has been no study reported in literature so far to the best of our knowledge

dealing with: (1) utilization of apple pomace sludge for ligninolytic enzyme production; (2)

influence of physico-chemical parameters (viscosity, zeta potential and particle size) on

ligninolytic enzymes production under submerged culturing conditions and; (3)

comparison of production of ligninolytic enzymes in apple pomace sludge with synthetic

med i um i ncorporating sim ultaneous extraction of polyphenolic com pounds.

2. MATERIALS AND METHODS
2. 1 Media
Apple pomace ultrafiltration sludge (Lassonde lnc., Rougemont, Montreal, Canada) was

selected as fermentation medium due its nutrient enrichment I to produce ligninolytic

enzymes and simultaneously extract polyhenolic compounds. Apple pomace sludge

refers to liquid sludge obtained after the ultrafiltration of crude juice. Before performing

fermentation, the pH of the medium was adjusted to 4.5 t 0.1.

Another liquid state fermentation was carried out using a synthetic medium as described

by Tien and Kirk [15]. The synthetic medium was used as control to compare the

enzyme production with apple pomace sludge.

2. 2 Microorganism and inoculum preparation
P. chrysosporium (ATCC 24275) strain was selected as a suitable organism for bio-

processing of liquid state fermentation for its potential for higher enzyme production. P.

chrysosporiuln was maintained on potato-dextrose-agar (PDA) medium at 4x1 "C. The

culture of P. chrysosporium was grown on potato-dextrose-broth (PDB) medium,

incubated at37!1.C. This medium was used as inoculum for liquid state fermentation of

apple pomace sludge and synthetic medium. The inoculum was transferred aseptically

to 7.5 L fermenter after 48 h of incubation in flasks.
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2.3. Fermentation
A fermenter of 7.5 L capacity (lnfors AG, Switzerland) with 4L working volume was used

separately for synthetic medium and apple pomace sludge (sterilized at 121t1'C for 30

min) to produce extracellular ligninolytic enzymes. The medium was inoculated with 10

Yo (vlv) inoculum. Temperature and pH of the fermentation medium was controlled at

37+1"C and 4.5t0.'1, respectively. To maintain dissolved oxygen concentration above

20o/o saturation (critical oxygen concentration), the medium was initially agitated at a

speed of 200 rpm and finally increased up to 600 rpm and the air flow rate was

controlled automatically using a computer controlled system. Samples were withdrawn

from the fermenter at 12 h intervals for the analysis of viability, ligninolytic enzyme

activity, polyphenol extraction, viscosity, zeta potential, and particle size until the

depletion phase of P. chrysosporium growth and maximal enzyme production.

2. 4 Enzyme assays
The analysis of lignin peroxidase (LiP) activity was based on the transformation of

veratryl alcohol to veratryl aldehyde as described by Tien and Kirk (1984) t161.

Laccase activity was assayed using 2,2-azino bis(3-ethylbenzthiazoline-6-sulfonic acid)

(ABTS as described by Collins and Dobson (1992) [17].

The analysis of manganese peroxidase (MnP) activity was based on the transformation

of Mn2* to Mn3* as described by Xu et al. (2001 ) t181.

2. 5 Viability assay
Viability assay was used as an indicator of the amount of living biomass in the fermented

medium. Viabil i ty of broken fungal mycelium in samples containing mycelium and

residual substrate was assayed with most probable number (MPN) method as described

by Gassara et al. 2010 [7].

2.6 Extraction of polyphenolic compounds
The samples were accurately weighed to 10 g and 20 mL of 80% acetone and 80%

ethanol was added as solvents. The ultrasonic extraction was performed for 30 min at

40+1'C in an ultrasonication bath (Elma Hans Schmidhauer GmbH & Co. KG,
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Germany). The mixture was later centrifuged at 7000 x g for 20 min and supernatant

was used for the measurement of polyphenolic content and antioxidant activity.

2. 7 Estimation of total phenolic content and free radical
scavenging activity of polyphenolic extracts
Total polyphenolics in the phenolic extract of sample was determined by the method of

Swain and Hills (1959) [19]. The free radical scavenging activity of polyphenolic extracts

was determined as described by Ajila et al [14].

2. 8 Physico-chemical parameters
2.8.1Viscos i ty

During fermentation, the rheological properties (viscosity) of fermented broth were

measured at 12 h and 24 h interval using a rational viscometer (Cole-Palmer lnc.,

Toronto, Canada).

2.8.2 Part icle size
Particle size analysis of the fermented medium was performed using Fritsch Laser
particle sizer analysette 22 (Fritsch GmbH, Germany). These tests can measure the

average diameter of 10o/o,43o/o,SQo/o and 90 % part icles (D10, D43, D50, and D90) in

the range of0.1 to 1000 pm. The particle size analysis was performed to establish a

relationship with the viability of P. chrysosporium, production of MnP, LiP and laccase in

apple pomace sludge at different time intervals.

2.8.3 Zeta potential

The zeta potential analysis was studied to establish the relationship between the particle

charge of the fermented broth, viability of the microorganism and production of

ligninolytic enzymes. Particle charges and interaction between them are strongly

influenced by particle size and pH of the medium. The zeta potential was analyzed using

a zetaphoremeter (Zetaphoremeter lV and Zetacompact 28000, CAD Instrumentation,

Les Essarts King, France) taking into account an average of 10 measurements.

2.9 Statistical Analyses
All the experiments were assayed in replicates and an average of 3 replicates was

calculated along with the standard deviation. Database was subjected to an analysis of

variance (ANOVA) using statistical Analysis System Software (STATGRAPHICS

Centurion, XV trial version 15.1.02 year 2006, StatPoint, Inc., USA) was used to carry
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out multiple range tests among data and the results which have P<0.05 were considered

as significant.

3. RESULTS & DISCUSSION
3.1 Production of ligninolytic enzymes and viability of
Phanerocheate chrysosporium during liquid state fermentation
of apple pomace sludge and synthetic medium
Ligninolytic enzymes production (MnP, LiP, laccase) and profile of viability of P.

chrysosporium during liquid state fermentation of apple pomace sludge and synthetic

medium were studied and are presented in Fig. 7.1 and Fig. 7.2, respectively. The lag

phase of this fungus was longer in synthetic medium (66 h) compared with apple

pomace sludge (30h). The exponential phase was longer in apple pomace sludge (more

than 50 h) than in the synthetic medium (Figure 7.2). This can be explained by the

availability of nutrients (especially, sugar) in apple pomace sludge. Furthermore, the

viability of Phanerochaete chrysosporium in apple pomace sludge showed a maximum

(3.08 x rc7 UCFI mL) similar to that obtained in synthetic medium (7.25 x 108 CFUi mL).

The viability study was carried out to verify the correlation with ligninolytic enzymes

production. According to this study, the viability of the microorganism was strongly

correlated with enzyme production (Figure 7.1,7.2). ln addition, overall maximal

activities of the ligninolytic enzymes (LiP, MnP, and laccase) were obtained during the

stationary phase and decline phase of the growth of microorganism. This proves the fact

that ligninolytic enzymes were produced during the secondary metabolism of

Phanerochaete chrysosporium. The analysis of the enzymes activities produced by P.

chrysosporiuln grown on apple pomace sludge showed that the maximum activities of

laccase, LiP and MnP were 45 UlL,6.5 U / L and 22Q Ulml respectively. These activities

were obtained after 84 h, 102 h and 102 h of fermentation, respectively. These maximal

activities were obtained at the beginning of the decline phase of P. chrysosporium

growth (from 88 h to 1 14 h) (Fig. 1). This is explained by the fact that ligninolytic

enzymes are secondary metabolites secreted by white rot fungi in wood. Secondary

metabolite production occurs often upon entering the stationary phase of microbial

groMh. In addition, the maximal activities of laccase, LiP and laccase obtained in liquid

culture are 10000 times, 40000 times (305 U/L) and 6000 times (1287.5U / gds) lower
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than the activities obtained in a solid culture of apple pomace waste (305 U/gss,

1287.SUlgds, respectively) [20]. Furthermore, ligninolytic enzymes production in this

culture was lower than the values obtained by Xu et al. (2001) [18] (2600 U/L of LiP,

1375 Ull of MnP) while using the same strain in a medium (containing steam-exploded

wheat straw). The enzyme production in this study was lower than these of other many

studies used in literature using different strains cultivated on wastes such as wood, corn

cob, barley straw 121, 22} The lower values could be attributed to the absence of lignin

in apple pomace sludge and lack of all nutrients in this sludge, especially nitrogen

source. Apple pomace waste contained rice husk, rich in lignin that has been used in the

juice extraction process to facilitate filtration process. The higher lignin content in solid

apple pomace, barley straw, corn cob, wheat slraw makes theim more favorable for

ligninolytic enzymes production unlike apple pomace sludge that contains lower quantity

of lignin. The addition of nutrient source and ligninolytic enzyme inducer, such as veratryl

alcohol and copper sulfate can improve laccase, MnP, LiP production by P.

chrysosporium in apple pomace sludge 123,241.

Maximal laccase, MnP, LiP production in the synthetic medium used in this study were

17 UlL,6 U/L and 37U/L, respectively (Figure 7.1). These activities were obtained after

156 h, 132 h, 120 h of fermentation. Hence, the maximal enzymes production in the

synthetic medium was obtained during the stationary phase of P. chrysporiurn (Figure

7.2) and remained stable until the end of fermentation. Enzyme production in synthetic

medium was lower than apple pomace sludge. This was due to the absence of lignin in

the synthetic medium that induces the ligninolytic enzyme production by white-rot fungi.

3. 2 Gomparison of physico-chemical parameters
The physico-chemical properties of the medium are known to affect the product of

fermentation. The viscosity, particle size and zeta potential were studied and are

presented in figure 7.3a, 7.3b, and 7.3c. The parameters are correlated to the viability

and ligninolytic enzyme production. When microorganisms grew and the mycelia were

synthesized, the viscosity increased (from 11 1.58 mPa.s at 55 h to32.58 mPa.s at 114 h

of fermentation in APS, from 1.34 mPa.s to 13.31 mPa.s at 96 h in SM), particle size

increased (from (D43= 35.67 Um D50=20.32 pm D90=79.65 D10=2.83 pm) at 38 h to

(D43=467.64 pm, D50= 574.04, D90= 681.80 pm, D10=42.61 pm) at 60 h) increased

and zeta potential increased (from -14.34 Mv at 60 h to -21.9 mV at the end of
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fermentation of apple pomace sludge). This was related to microorganism growth and

mycelial synthesis which made the liquid medium more and more viscous 1251.
Moreover, when viscosity decreased in apple pomace sludge due to higher agitation

(900 rpm) to increase the dissolved oxygen above 20o/o, parlicle size decreased and

zeta potential decreased despite the increase of viability. This decrease can be also

attributed to the production of cellulase by P. chrysosporium that could decrease the

viscosity of the medium [26]. Higher viscosity in the medium decreases the oxygen

transfer to microorganism that will automatically affect its groMh and product synthesis.

Thus, when there was an increase in viscosity after 60 h of fermentation in apple

pomace sludge when the aeration and agitation of the medium was increased to improve

the oxygen transfer. Furthermore, when particle size of the medium increase, the air

surface decreases and the growth of microorganisms decreases resulting in poor

product synthesis. Generally, smaller particles provide greater air / surface which

promotes the binding of microorganisms on the substrate and, therefore, it is a desirable

factor. However, very small particles can cause agglomeration of the substrate, which

can interfere with microbial respiration thus resulting in lower groMh. The zeta potential

usually depends on particle size and pH of the medium. During fermentation, pH was

maintained constant at 4.5, the zeta potential was then related to the particle size of the

medium. There was a relationship between these values as shown in figure 3b and 3c.

Hence, zeta potential must not be very high to conserve the particle size that facilitates

the groMh of microorganisms and enzyme production.

3. 3 Liberation of polyphenolic compounds during fermentation
and evaluation of its antioxidant activity
The polyphenol content in the acetone and ethanol extracts from apple pomace by liquid

fermentation are given in Figure 4a and the polyphenol content was higher in acetone

extract than alcohol. lt was found that the polyphenol content in acetone increased from

383 to 720 mg GAE/litre of samples during liquid fermentation and the polyphenol

content in ethanol increased from 408 to 639 mg GAE/ litre samples. The polyphenol

content in apple pomace slowly increased - 1.5 fold until 67 h of fermentation. After 67 h

of fermentation, the polyphenol content decreased from 720 to 617 mg GAE/ L and 639

to 508 mg GAE/L in acetone and ethanol extract of fermented apple sludge. The

increase in polyphenol content during the exponential phase may be due to the release

of free phenolics caused by the production of carbohydrate metabolizing enzymes, such
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as B-glucosidase l27land the decrease in total polyphenol content during the stationary

phase may be due to the polymerization and lignification of the released polyphenolics

by the lignifying and tannin forming peroxidases and enzymes produced by the

P.chrysosporium 114, 281. The total phenolics content significantly (P < 0.05) changed

during fermentation from 24 h onwards.

The radical inhibition capacity was measured by DPPH scavenging activity and was

higher at 67 h and correlated with the increase in the total polyphenolic content (Figure

4b). A significant difference (P<0.05) in the free radical scavenging activity was observed

in the ethanol and acetone extracts indicating that most of these antioxidants having

radical quenching capacity were acetone extractable. A rapid decrease in free radical

scavenging activity may be due to polymerization and degradation of polyphenolic

compounds by ligninolytic enzymes during the later stages of groMh. lt has been

reported that the enrichement of polyphenol can be achieved by solid state fermentation

of apple pomace [19]. In liquid state fermentation, the polyphenol content slowly

increased - 1.5 fold until 67 h of fermentation followed by a decrease.

4. CONCLUSTON
Ligninolytic enzymes production using apple pomace sludge (45 Ul L of laccase, 220

UIL of MnP and 6.5 U/L of LiP) was higher than the synthetic medium (17 Ul L ot

laccase, 37 UIL of MnP and 6 U/L). P.chrysoporium grov,tth correlated well with

ligninolytic enzyme production in both apple pomace sludge and synthetic medium.

Viscosity, particle size and zeta potential affected the oxygen transfer, the growth of the

microorganism and ligninolytic enzymes production. An increase in polyphenol content

was observed during liquid state fermentation of apple pomace and the polyphenol

content slowly increased - 1.5 fold until 67 h of fermentation and later showed a

decreasing trend.
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ABBREVIATIONS
ATCC: American type culture collection

cfu: Colony forming unit

LiP: Lignin peroxidase

MnP: Manganese peroxidase

MPN: Most probable number

OD: Optical density

PDA: Potato dextrose agar

U/ml: Units per mL of medium
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Table 7. 1 Physico-chemical composition of apple pomace sludge

Gomponents

pHt0.1

Total solids (TS)(S/l)

Total volatile solids (TVS) (g/l)

Suspended solids (SS) (g/l)

Totalcarbon (Ct)

Totalnitrogen (Nt)

Carbohydrates (g/l)

Lipids (g/l)

Protein (g/l)

Al(mg/ks)

Ca (ms/ks)

Cd (ms/ks)

Cr (ms/kg)

Cu (mg/kg)

Fe (ms/ks)

K (ms/ks)

Pb (ms/kg)

S (ms/ks)

Zn (mg/kg)

Na (mg/kg)

3.310.1a

1 15r5.0

38t2.4

41.5!2.0

44.3 gil

2.2 gll

56.211.3

5.1t0.2

28.8!1.2

259.4!5.2

912.2!58

0.0210.01

0.57r0.03

13.4!1.2

333.1t45

6825.3130

0.3r0.02

2200!128

18.1!2.5

405.2t3
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Figure 7. 1 Ligninolytic enzymes production during liquid state fermentation of apple pomace sludge
and synthetic medium. Values are expressed as means of three replicates t standard deviations.
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Figure 7. 3 Physicochemical properties of liquid medium during liquid state fermentation of apple
pomace sludge and synthetic medium
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nEsuurE

La stabilit6 thermique, les propri6t6s physico-chimiques et I'effet sur la clarification du
jus, des formulations en hydrogel d'enzymes ligninolytiques, produites par

Phanerochaete chrysosporium ont 6t6 6valu6s. Les r6sultats ont montr6 que

l'encapsulation a augment6 significativement (P<0,05) la stabilit6 thermique des

enzymes a 75 " C et d 4 " C.A 75' C, l 'activit6 de laccase, MnP, LiP, l ibre a diminu6
jusqu'd non d6tectable, 7,9o/o, non d6tectable, respectivement. Cependant, I'activite d

75" C de laccase, MnP, LiP pi6g6s dans les micogels de polyacrylamide / pectine,

polyacrylamide / g6latine et polyacrylamide / CMC a dimuni6 jusqu'd : (94o/o de laccase,

97o/o de MnP, 93% de LiP), (94o/o de laccase, 98% de MnP, 88% de LiP) et (87% de

laccase, 91o/o de MnP, 87% de LiP) respectivement. ll a 6t6 trouv6 que l'augmentation

de la taille des particules et la viscosit6 de la formulation a am6lior6 la stabilit6 des

enzymes lignonolytiques. La r6duction des compos6s polyph6noliques et l'am6lioration

de la clart6 du jus de grenade et de fruits rouges ont 6t6 plus significatives (p> 0,05) en

utilisant des enzymes encapsul6es. Ainsi, le traitement enzymatique peut offrir une

solution efficace et 6conomique pour la clarification des jus de fruits, qui peut remplacer

la m6thode traditionnelle d'ultrafiltration.

Mots cl6s : enzymes ligninolytiques, gel de polyacrylamide, encapsulation d'enzymes,

clarifiaction des jus
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ABSTRACT

The thermal stability, physico-chemical properties and effect on juice clarification of

hydrogel formulations of ligninolytic enzymes from Phanerochaete chrysosporium were

evaluated. The results showed that enzyme entrapment significantly increased (P<0.05)

the thermal stability of enzymes at 75'C and 4"C. At 75 "C, maximum activity decreased

down to non detectable, 7.9 o/o, non- detectable for free laccase, MnP, LiP respectively;

to 94, 97, 93o/o for laccase, MnP and LiP entrapped into Polyacrylamide/ pectin, 94, 98,

88 % for laccase, MnP and LiP encapsulated respectively into Polyacrylamide/ gelatine

and to 87o/o,91,87 o/o for for laccase, MnP and LiP entrapped, respectively into

polyacrylamide/CMC. When particle size and viscosity of the formulation increased,

enzyme stability increased. The polyphenolic reduction and clarity amelioration in berry

pomegrante juice was more significant (p> 0.05) using encapsulated enzymes treatment

than free enzymes. Hence, enzymatic treatment is more economical for the juice

clarification than traditional ultrafiltration method.

Key words: ligninolytic enzymes, polyacrylamide gel, enzyme encapsulation, juice

clarifiaction

226



1. INTRODUCTION
Recent advances in enzyme biochemistry, material science, and computational

technology have promoted the study of chemical and biological modification of enzymes

to obtain enhanced stability and catalytic performance against adverse conditions that

deactivate the enzyme. The incorporation of enzymes into polymeric nanostructures

(Kim et al., 2008) is particularly promising method as the flexibility in designing

structures of the polymers offers immense possibilities for tailoring enzymes for various

applications, such as nonaqueous catalysis, bionanodevices, intelligent molecular

machines , and artificial cells (Borner, 2009). Nanosize hydrogels (nanogels) have

attracted growing interest especially in relation to their biomedical applications. In

general, chemically cross-linked nanogels are synthesized by microemulsion

polymerization or a crosslinking reaction of intramolecularly associated polymer

molecules (Kabanov & Vinogradov, 2009). lt has been reported that a self-assembly

method for preparation of physically crosslinked nanogels by controlled association of

hydrophobically modified polymers in water (Akiyoshi & Sunamoto, 1996). For example,

hydrophobized polysaccharides self-assembled in dilute aqueous solutions and formed

monodisperse nanogels in which the association of hydrophobic groups provided

crosslinking sites. In particular, nanogels of polyacrylamide interact with different protein

and molecules, such as enzymes (Nishikawa, Akiyoshi, & Sunamoto, 1994). These

features enable polyacrylamide nanogel to be utilized as a protein-carrier (Ayame,

Morimoto, & Akiyoshi, 2008). Polyacrylamide nanogel/protein complexes are already in

use in clinical trials as cancer vaccines (lkuta et al., 2002).

Bioconjugation is a useful method for modifying the function of proteins and enzymes for

pharmaceutical, biotechnological and agroindustrial applications. Chemical conjugation

of proteins with synthetic polymers enables their colloidal stability or thermal stability to

be enhanced, and their enzyme activity to be controlled (Treetharnmathurot &

Ovartlarnporn, 2008). However, chemical conjugation has the difficulties that the

synthesis is not always easy, and conjugation sometimes induces a decrease in the

activity of the proteins (Treetharnmathurot & Ovartlarnporn, 2008). The supramolecular

approach to bioconjugation has the advantages of easy preparation and versatility for

various proteins (Yuan, Harada, Yamasaki, & Kataoka, 2005). Biological polymers have

certain advantages, such as low cost, nontoxic and biocompatible property, easy

interactions with enzymes through their functional groups. Hydrogels of natural
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polymers, such as gelatin, alginate, chitosan, pectin, carboxy methyl cellulose, xanthan,

and aQarose have been conveniently used in both wet and dried states, although these

supports suffer from low mechanical strength and ease of microbial degradation (T

Tumturk, Demirel, Altinok, Aksoy, & Hasirci , 2008). Mechanical strength of the

corresponding hydrogels can be enhanced by preparing interpenetrating polymer

networks (lPNs) or semi-interpenetrating polymer networks (semi-lPNs) (Demirel,

Ozcetin, Sahin, Tumturk, Aksoy & Hasirci, , 2006). lPNs have been defined as

combination of two polymers, each in network form, at least one which has been

synthesized and/or cross-linked in the presence of the other. Semi-lPNs can be

prepared by dissolving a preformed linear polymer in hydrophilic monomer and cross-

linking agent mixture which is subsequently polymerized. In this way, a synthetic network

is formed around primary polymer chain which is modifying the behavior of the hydrogel.

Ligninolytic enzymes are complexes of enzymes degrading lignin. The enzymes are

produced extracellularly by white-rot fungi. The essential extracellular enzymes that are

essential for lignin degradation: lignin peroxidase, Mn-dependent peroxidase, and a

copper-containing phenoloxidase, laccase. Ligninolytic enzymes shows high potentialfor

application in different industries, such as pulp and paper delignification, dye

decolorization, waste water, and contaminated soil treatment, as well as uses in organic

synthesis, biosensor applications, inhibition of HIV-1 reverse transcriptase (Sarnthima,

Khammuang, & Svasti, 2009) and juice clarification (Neifar et al.2010). The main

purpose of the juice clarification is to reduce the amount of phenolic compounds and

decrease the astringency of the product (Alper & Acar, 2004). Ultrafiltration (UF), which

removes all substances larger than the membrane molecular weight cutoff (MWCO), is

commonly used to stabilize fruit juices (Siebert, 1999). One disadvantage of this

technique is that ultrafiltered juices are not always stable, but rather tend to produce

pronounced subsequent haze, caused by reactive phenolic compounds that cannot be

retained by the UF membrane (Stutz, 1993). An enzymatic pretreatment technique,

hyperoxidation of raw juice with laccase (p-diphenol-oxidoreductase, E.C. 1.10.3.2)

(Maier, Frei, Wucherpfennig, Dietrich, & Ritter, 1994) and pectinase (Lieu Abdullah,

Sulaiman, Aroua, & Megat Mohd Noor, 2007) prior to UF has been introduced as an

alternative to treatment with physical-chemical adsorbents. In these studies, enzymatic

pretreatments to clarification of fruit juices have been investigated by free enzymes,

such as pectinase and laccase and several factors affecting the clarification such as
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incubation time, incubation temperature and enzyme concentration have been studied

using by response surface methodology (RSM).

The main purpose of this study is to prepare new matrices for the encapsulation of

ligninolytic enzymes and investigate alternative usage of these encapsulated enzymes in

juice clarification.

In the present study, hydrogel of of P(AAm/ Gel, P(Mm/ Pec and P(AAm/CMC were

prepared. Different concentrations of gelatin, pectin and CMC were tested. Ligninolytic

enzymes (MnP, Laccase, LiP) were encapsulated in these hydrogels by entrapment as

this process takes place under mild conditions and do not cause any significant damage

to the native structure of the enzyme. Stability, pH, viscosity, zeta potential of these

hydrogels were examined. These hydrogels were used for juice clarification to select the

best formulation.

2. MATERIALS AND METHODS
2. 1 Solid state fermentation

Ligninolytic enzymes were produced using solid state fermentation of apple pomace by

Phanerochaete chrysosporium. The fermentation was carried out in 12-L solid-state

fermenter of rotating drum type, Terrafor (lnfors HT, Switzerland). The sterilized medium

containing 4.5 kg was transferred into the sterilized bioreactor under aseptic conditions.

For the fermentation, apple pomace was treated with inducers, such as copper sulfate (2

mM), veratryl alcohol (2 mM), and Tween-8O (0.1o/ovlv), and the pH was adjusted to

4.5.The inoculation was carried out using the spore suspension. The fermentation was

carried out in a controlled environment at 37t1"C, rotating speed of 2 rpm and aeration

rate of 2 wm. After fermentation, the enzymes were extracted by centrifugation after

adding 50mM sodium-phosphate buffer (1011, v/w) at pH6.5.

2.2. Enzyme form u lation
Different formulations were produced which depended on the type of process involved.

The polyacrylamide gel was suspended in phosphate buffer solution (M, pH 7.2) with

different concentrations (0.1o/o,0.2o/o and 0.5%) while stirring. The suspensions were

sonicated for 15 min at room temperature using a probe type sonicator (Sonifier 250,

Branson Co., Ltd., CT, USA). After sonication, the suspensions were filtered through
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0.45 pm (vinylidene fluoride) (PVDF) filters (Millex-HV, Millipore Co., Ltd., MA, USA) to

remove dust. Finally, clear suspensions were obtained. The next step involved

complexation between PA Nanogel and ligninolytic enzymes. For complexation, an

appropriate amount of ligninolytic enzyme solution was co-incubated for t h at 25 "C

with nanogel in phosphate buffer containing gelatin, CMC, pectin (6mg/mL-1) and PA

nanogel (5-6mg /mL). The mixture was incubated for t h at 25 "C and PA nanogel-

enzyme complex was obtained.

After incubation, different analyses of micro-encapsulated enzymes, such as particle

size, enzyme stability, and zeta potentialwere performed.

2.3 Enzyme assays
2.3.1 Lignin peroxidase (LiP)

Lignin peroxidase (LiP) activity was routinely assayed by spectrophotometer at 25!1"C

using veratryl alcohol as a substrate and by monitoring the formation of veratryl

aldehyde by hydrogen peroxide at 310 nm (Tien & Kirk, 1984). One unit of LiP activity

(U) is defined as the amount of enzyme which produces 1 pmol of veratryl aldehyde per

min under the assay conditions.

2.3.2 Laccase activity

Laccase activity was assayed with 2,2-azino bis (3-ethylbenzthiazoline-6-sulfonic acid)

(ABTS) in 0.1M phosphate-citrate buffer at pH 4. The transformation of ABTS to ABTS+

was determined by the increase in 4420 (e420 = 36mM/cm) (Collins & Dobson, 1997).

One unit of enzyme activity (U) is defined as the amount of enzyme which produces 1

pmol of product per min under the assay conditions.

2.3.3 Manganese peroxidase (MnP)

The anatysis of MnP activity was based on the transformation of Mn2* to Mn3* as

described by Xu, Chen, & Li (2001). The reaction mixture contained 1.7 ml of citrate-

phosphate buffer (pH 3; 0.1 mol/l), 0.05 ml of MnSO4 (0.40 mol/l), 0.2 ml of enzyme and

0.05 ml of HzOz (0.016 mol/l). One unit of MnP activity is defined as the amount of

enzyme which results in 10o/o of ODz+o nm increase/min.
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2.4. Physico-chemical parameters of enzymes formulations
2.4.1. Viscosity

After the entrapment of enzymes into different hydrogels, the viscosities of these

formulations were measured using a rational viscometer (Cole-Palmer Inc., Toronto,

Canada). The viscometer spindle diameter was 1 .2 cm, with a gap size of about 2.5 mm

between the spindle and the walls of the reservoir. Three different spindles were used

during this study - LV1 , lV2 and ultra-low centipoise adapter. The viscosity study was

carried out in order to establish a relationship between stability and the activity of

ligninolytic enzymes and viscosity of the formulation.

2. 4.2 Particle size analysis

Particle size analysis of the different formulations was performed using Laser Scattering

Particle Size Distribution Analyser LA-950 HORIBA (Edison New Jersey, USA). The

principle is based on the difraction of laser beams to measure the particle size ranging

from 0.01 to 3000 microns. This measurement is carried out in 60 seconds, with high

reliability and reproducibility. This method is based on the principles of Fraunhoffer

diffraction and Mie scattering. During entire analysis, ultrasonic function was switched off

to avoid breakage of apple pomace sludge particle. The stirrer speed and recirculation

pump speed were kept moderate at 250 rpm and 500, respectively to minimize the

breakage/damage of apple pomace sludge particles. During the analysis, each sample

was diluted approximately 250-fold in tap water, before being analyzed 3 times (for each

sample). The average result was then calculated to determine the particles size

distribution of fermented broth. These tests can measure the average diameter of 10o/o,

43o/o,5Oo/o and 90 % particles (Dro, D+g, D50 and D90). The results can be expressed as

s/s (surface areas of particles having a specific diameter out of the total surface area of

particles); n/n (number of particles having a specific diameter out of the total surface

area of particles) and percent v/v (volume of particles having a specific diameter out of

the total volume of particles). In this case, the particles are assumed to have a spherical

shape. This instrument can measure the size of particles ranging between 0.1 to 1000

pm. The particle size analysis of formulations was performed out in order to establish a

relationship between stability and the activity of ligninolytic enzymes and particle of the

formulation.
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2. 4.3 Zeta potential

After enzyme encapsulation, the zeta potential of different hydrogels was studied in

order to establish the relationship between this chemical parameter and enzyme stability

inside hydrogels. Particle charge and interaction between them are strongly influenced

by particle size and pH of the medium. For this reason, establishing a correlation

between the size of particles, their charge, and the growth of microorganisms is

important.

The zeta potential was determined after diluting the samples with filtered deionized

water at room temperature (200 pl of each sample in 250 ml of deionized water). The

zeta potential analysis was performed using a zetaphoremeter (Zetaphoremeter lV and

Zetacompact 28000, CAD Instrumentation, Les Essarts King, France). The zeta

potential values were obtained after taking the average of 10 measurements.

2. 5 Statistical Analyses
All the experiments were assayed in 3 replicates, and an average of replicates was

calculated along with the standard deviation. Database was subjected to an analysis of

variance (ANOVA). Statistical Analysis System Software (STATGRAPHICS Centurion,

XV trial version 15.1.02 year 2006, StatPoint, Inc., USA) was used to carry out multiple

range tests among data and the results which have P<0.05 were considered as

significant. Fisher's least significant difference procedure was used to discriminate

among the means.

2. 6 Juice treatment by enzymes
For each experiment, about 4 ml juice (Oasis, berry pomegranate antioxia, Lassonde

Inc., Rougemont, Montreal, Canada) was subjected to different enzymatic treatment.

2.6.1. Physico-chemical analyses of juice

The content of total polyphenolics in the juice before and after enzyme treatment was

determined by the method of Swain & Hills (1959). The absorbance was recorded at725

nm. Gallic acid was used as a standard. The content of total polyphenolics in the juice

was expressed as gallic acid equivalents (GAE) in mg/ liter of the samples. The clarity

of the juice before and after treatment with enzyme was studied by measuring the

absorbance at 650 nm) and color was detected by measuring the absorbance at 420

nm.
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2. 7 Stability of the native enzyme and enzyme nanogel at high
temperatures
The thermal stability of the native enzyme and the enzyme nanogel was determined by

incubating the enzyme formulations at different temperatures (from 4 to 75 .C) for a

given period of time (3 h). After the incubation, ligninolytic enzyme activities (MnP, LiP,

laccase) were analyzed.

3. RESULTS AND DISCUSSION
3. 1 Effect of temperature

The effect of temperature on the activities of free and encapsulated enzymes were

investigated within temperature range of f75' C and the obtained relative activities are

presented in Fig.s 8.1,8.2 and 8.3. The optimum temperatures for all systems (enzymes

and different formulations) were found to be 40 "C, 20,40'C for MnP, LiP and laccase

respectively (Fig. 8.1, Fig. 8.2 and Fig. 8.3). However, between 20 and 40 'C, the

entrapped MnP, LiP and laccase activities were higher than 90%. Entrapment creates a

kind of protection for the encapsulated enzymes causing higher stability in the activities

compared to free enzyme, against temperature changes. This property of encapsulated

ligninolytic enzymes make the systems suitable for industrial applications working in the

mentioned temperature ranges. For free laccases, optimum temperatures have been

also reported as 40 "C by other researchers (Dodor, Hwang, & Ekunwe, 2004). On the

other hand, optimum temperatures for laccases immobilized by adsorption and covalent

binding have been reported as 45 oC (Hu, Zhau, & wang, 2007) and 50 'C (Hublik, &

Schinner, 2000), respectively. As the temperature was increased to 75 oC, maximum

activity decreased down to non detectable for free laccase; to g4 o/o for P(AAm/ pectin,

94, 89, 87 o/o for P(AAm)/ gelatin at concentrations of 0.01 , 0.02 and 0.05 % Mv

respectively and 0.87,82,73o/ofor P(AAm)/CMC at concentrations of 0.01, 0.02 and

0.05 % Mv. In the case of MnP, when the temperature increased to 75 "C, maximum

activity decreased down to 7.9 o/o for free MnP; to 97 o/o tor P(AAm)/ pectin (0.01% w/v),

98 o/o for P(AAm)/gelatin (0.02o/o w/v) and 91 o/o for P(AAm/CMC. However, when

temperature increased to 75 'C, maximum LiP activity decreased to 0 % for free MnP; to

93 o/o for P(AAm)/ pectin (0.01% w/v), 88 o/o for P(AAm/gelatin (0.02% w/v) and 87 o/o for

P(AAm/CMC (0.02o/o w/v). Entrapment involves physical enclosure of the enzyme in
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micro spaces formed in the matrix structures. In this method, enzymes do not chemically

bond to polymeric matrices. Therefore, it is expected that the enzyme would preserve its

original three-dimensional conformation while the active sites having no interaction with

the polymeric matrices upon encapsulation and optimum parameters (pH and

temperature) of the encapsulated enzyme are comparable to the free enzyme (Han, &

Juan , 2000). In this study, laccase was entrapped into P(AAm)/Pec, P(AAm)/Gel and

P(AAm)/CMC matrices, where these support materials were prepared under moderate

conditions forming high water containing biocompatible hydrogel structures. All these

formulations were more stable than free enzymes in high temperature (60 and 75' C)

and low temperature (4'C). However, ligninolytic enzymes entrapped into P(AAm/Pec

are more stable than the ligninolytic enzymes entrapped in other hydrogels. Hence,

pectin with polyacrylamide gives higher protection of ligninolytic enzymes from

inactivation at high temperatures. Laccase activity stability in all formulations was higher

when compared to Yamak, Kalkan, Altinok, Aksoy & Hasirci (2009). In this study, when

temperature increased to 70'C, maximum activity decreased down to 12.2o/o for free

laccase; to 29.60/o, 62.50/o and 64.70/o for P(AAm-NIPA)/AIg-L, P(AAm-NIPA)-L and

P(AAm/Alg-L, respectively. Hence, the formulation increased the stabilization of

ligninolytic enzymes by preventing them from inactivation.

3.2 Physico-chemical analyses of different formulations
3.2. 1 Particle size

The particle size analysis of all formulations formed by enzymes entrapped into

P(AAm)/Pec, P(AAm/Gel and P(AAm)/CMC) are presented in Fig. 8.4. The mean size

of the particles of all formulations was between 7 and 800 pm. When the concentration

of polymer was increased, particle size of the formulation increased due to the

agglomeration of enzymes and polymer. Thus, particle size of the formulation containing

pectin and gelatin was higher than the formulation containing CMC. The activities of the

enzymes inside the hydrogels containing pectin and gelatin were higher than with the

formulation containing CMC. Hence, when particle size of the formulation increased,

enzyme stability increased. When particle size increased due to the agglomeration by

polymer, enzyme will be well entrapped preventing its inactivation and increasing its

thermal stability.
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3. 2.2 Viscosity

The viscosity of different liquid formulations formed by enzymes entrapped into

P(AAm/Pec, P(AAm/Gel and P(AAm)/CMC) were studied and are presented in Fig. 8.

5. The viscosities of all formulations were higher than the viscosity of free enzyme

solution. This is due to the polymer addition in enzymes solution. When the polymer

concentration changed (0.01o/o,0.02o/o,0.05% w/v), the viscosity of the formulation did

not change. Viscosity of formulation did not change as stirring intensity and mixing were

increased when the concentration of polymer increased to homogenize the formulations.

However, the viscosities of the hydrogels containing pectin and CMC were higher than

the viscosity of the formulation containing gelatin. The thermal stability of the formulation

containing pectin was higher than the formulation containing gelatin and CMC,

respectively. Hence, there is no significant difference (p<0.05) between the viscosities of

the different formulations and the concentration of various polymers did not have a

significant effect (p<0.05) on the viscosity of the formulations.

3.2.3 Zeta potential

The zeta potential of different liquid formulations formed by enzymes entrapped into

P(AAm/Pec, P(AAm)/Gel and P(AAm/CMC) was studied and is presented in Fig. 8. 6.

There was no relationship between enzyme inactivation and zeta potential profile.

However, zeta potential of all formulations expect P(AAm)/Gel (0.02%) were higher than

that of the free enzyme. This can be due to the polymer addition than can flocculate

some protein present in enzyme solution and increase the zeta potential. lt is well known

that some biological polymers, such as gelatin have been used as flocculants in some

agro-industries, such as juice industry. Clarification of apple juice with gelatin and

bentonite is a common industrial practice (Benitez & Lozano, 2007). These fining agents

work either by sticking to the particles, or by using charged ions to cause particles to

stick to each other, in any case making them heavy enough to sink to the bottom by the

action of gravity.

3. 3 Application of formulations in juice clarification
3. 3. 1 Polyphenolic compounds quantification

The content of total polyphenolics in the juice before and after enzyme treatment was

determined and is presented in Fig. 8. 7. The different formulations of ligninolytic

enzymes produced were used to treat berry pomegranate juice for 5 h at ambient
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temperature. Polyphenolic compounds with relatively low molecular weights were found

to be responsible for the physico-chemical deterioration of fruit juices during storage

(Maier, Frei, Wucherpfennig, Dietrich & Ritter, 1994). Ligninolytic enzymes, especially

laccase treatment was important in the removal of polyphenols, converting them into

oligomers and polymers that were easily removed by membrane filtration or other

separation means (Alper & Acar, 2004} In this case, separation was performed using

centrifugation. Fig. 8.7 shows the effect of treatment by free ligninolytic enzymes and

different formulations (ligninolytic enzymes entrapped into P(AAm/Pec, P(AAm)/Gel and

P(AAm)/CMC) with different polymer concentration (0.01 , 0.02 and 0.05 % w/v) on

polyphenols content of the berry pomegranate juice. The polyphenolic compound

reduction using encapsulated enzymes treatment (more than 60% in all treatment) was

more significant (p> 0.05) than using free enzymes (45 o/o). The most important reduction

in polyphenol content was found using ligninolytic enzymes entrapped into P(AAm)/CMC

(0.05 %) (81.5%) followed by enzymes entrapped into P(AAm/Gel (0.02 oh) (79o/o) and

P(AAm)/ Pec (0.01 o/o) (73.60/0) respectively. The enzymes entrapped into P(AAmyCMC

and enzymes entrapped into P(AAm/Gel were more effective in the juice clarification

than enzymes entrapped into P(AAm)/ Pec. This was due to the presence of

carboxymethylcellulose and gelatin which are good flocculant agents (Benitez & Lozano,

2007, Hebeish, Higazy, El-Shafei & Sharaf, 2010) and hence would have increased the

clarification of fruit juice.

The use of formulated enzymes increased its activities in juice clarification and

polyphenols compounds elimination. The encapsulation prevents the inactivation of

enzymes related to the presence of some compounds and conditions (such as pH,

temperature) that affect the activity of these enzymes. The efficacy of polyphenolic

compounds removal depended on the type of polymer contained in the hydrogelthat can

increase the flocculation of some particles and considerably ameliorate the polyphenolic

compounds removal from berry pomegranate juice. The juice clarification by enzymes

can be ameliorated by increasing the temperature that has a positive effect on the rate of

enzymatic treatment for clarification process as the temperature is below the

denaturation point.
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3.3.2 Juice c lar i ty study

The clarity and the color of the juice before and after enzyme treatment was determined

and is presented in table 8.1. Clarified juice is a natural juice that is pulpless and does

not have a cloudy appearance (Lieu Abdullah, Sulaiman, Aroua & Megat Mohd Noor,

2007). The phenolic compounds present in the raw fruit juices are responsible for the

formation of cloudy appearance of juices during storage (Spanos & Wrolstad, 1992).

Throughout the enzymatic treatment, ligninolytic enzymes catalyze the oxidation of juice

phenols to o-quinones, which are highly reactive compounds. They undergo

spontaneous polymerization to produce high molecular weight compounds (brown

pigments) (Oszmianski & Lee, 1990). These compounds could be discarded by

centrifugation, whereas low molecular weight phenols (oligomers) remain in the

supernatant and can lead to brown and cloud juice characterized by high absorbance

values at 420 and 650 nm, respectively. Berry pomegranate juice treated by formulated

enzymes was clearer than the one treated by free enzymes. Hence, the formulation

prevented the enzyme from inactivation, improved its stability and efficacy to clarify the

juice.

In this study, it was shown that ligninolytic enzymes (LiP, MnP and laccase) are able to

clarify successfully the juice and can replace the conventional ultrafiltration process in

order to make the clarification process more economical for the juice manufacturing

industries.

4. CONCLUSTON
In view of the results obtained for ligninolytic enzymes (LiP, MnP and laccase) from

Phanerochaete chrysosporium encapsulation into three hydrogel structures, namely

semi-interpenetrating networks of poly(acrylamide)/ gelatin, P(AAm)/Gel

poly(acrylamide)/pectin and poly(acrylamide) CMC P(AAm/CMC and berry pomegrante

juice treatment by enzymes formulations, following conclusions can be drawn:

(1) All enzyme formulations were more stable than free enzymes at high temperature (60

and 75' C) and low temperature (4"C).

(2) Ligninolytic enzymes entrapped into P(AAm)/Pec were better stable than the

ligninolytic enzymes entrapped in tow other hydrogels. Pectin with polyacrylamide

protects more ligninolytic enzymes from inactivation at higher temperatures.
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(3) When particle size and viscosity of the formulation increased, enzyme stability

increased. However, there was no clear relationship between the zeta potential of the

formulation and enzyme activity.

(a) The most important reduction in polyphenol content was found while using ligninolytic

enzymes entrapped into P(AAmyCMC (0.05 %) (81.5o/o) followed by enzymes entrapped

into P(AAm)/Gel (0.02 o/o) (79%) and P(AAm)/ Pec (0.01 %) (73.6Yo), respectively.

(5) The use of formulated enzymes increased its activities in juice clarification and

polyphenols compounds removal.
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Table 8. 1 Golor and clarity studies during juice treatment by different ligninolytic enzymes
formulations

Polymer

concentration
Free enzyme

0.01o/o

Gfarity (oD o'o2o/o

650 nm) 
o.os%

0.66

0.72

0.65

2.7

2.91

3.24

1.07

0.87

1 . 6

0.87

0.58

0.49

3.05

2.98

2.44

3.07

2.57

3.76

1 .91

Color (OD

420 nm)

0.01o/o

0.02o/o

0.05%

4.7
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RESUME
Plusieurs perturbateurs endocriniens, tels que bisph6nol A (2,2-bis (4-bydroxyph6nyl)

propane; BPA) sont utilis6s aujourd'hui et lib6r6s dans I'environnement d fortes doses.

Les proc6d6s actuels utilis6s dans les stations de traitement des eaux us6es sont

incapables de d6grader BPA compl6tement. Une des alternatives possibles pour

d6grader efficacement les perturbateurs endocriniens est bas6e sur I'utilisation de

I'action oxydante des enzymes fongiques extracellulaires. Le but de ce travail est

d'6tudier la capacit6 des enzymes libres et formul6es (MNP, LiP et la laccase) d

d6grader BPA dans I'eau. Les r6sultats de cette 6tude ont montr6 une forte d6gradation

de BPA (90% de la concentration initiale de 10 ppm) apres 8 h de traitement par des

enzymes ligninolytiques encapsul6es dans un hydrogel de polyacrylamide et pectine. La

d6gradation du BPA par les enzymes libres (260/0) 6tait inf6rieure d celle obtenue par

des enzymes encapsul6es. La pr6sence de pectine dans la formulation des enzymes a

am6lior6 de manidre significative (p> 0,05) I'activit6 des enzymes pour d6grader

ligninolytiques bisph6nol A. L'6tude de la cin6tique de d6gradation de BPA a montr6 que

la vitesse maximale de d6gradation Vm a augment6 consid6rablement, lorsque les

enzymes ont 6t6 encapsul6es. Cependant, la constante de Michaelis Menten Km n'a

pas 6t6 chang6e, aprds l'encapsulation des enzymes. Ainsi, I'encapsulation des

enzymes les a prot6g6es de I'inhibition non comp6titive. Les sous-produits probables de

la d6gradation de BPA par les enzymes ligninolytiques d6tect6s, avaient un poids

mol6culaire de 200,17 g / mol.
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ABSTRACT

Many endocrine disruptors, such as bispbenol A (2,2-bis(4-bydroxypbenyl)propane;

BPA) are used today and released into the environment at low doses but they are barely

degraded in wastewater treatment plants. One of the potential alternatives to effectively

degrade endocrine disruptors is based on the use of the oxidative action of extracellular

fungal enzymes. The aim of this work is to study the ability of free and formulated

enzymes (MnP, LiP and laccase) to degrade Bisphenol A. Higher degradation of BPA

(90 % of initial concentration of 10 ppm) by ligninolytic enzymes encapsulated on

polyacrylamide hydrogel and pectin after 8 h was obtained. The degradation of

bisphenol A with free enzyme (260/0) was lower than the value obtained with

encapsulated enzymes. The presence of pectin in enzymes formulation significantly

(p>0.05) enhanced the activity of ligninolytic enzymes to degrade bisphenol A. Kinetics

study of BPA degradation showed that V, increased considerably and K, remained

constant when enzymes were encapsulated. Hence, encapsulation protected the

enzymes from non-competitive inhibition. The by-product of BPA degradation by

ligninolytic enzyme possessed a weight of 200.17 glmol.
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1. INTRODUCTION

Phenolic compounds are one of the major classes of organic pollutants generated

through various sources such as pesticides and phenol-containing products such as

slimicides, plastics, disinfectants, antiseptics and medicinal preparations (De Araujo et

al. 2006). Bisphenol A (BPA) is one of toxic organic compounds discharged to water

and wastewater and must be removed. Conventional processes for removal of phenols

from industrial wastewaters include extraction, adsorption on activated carbon, bacterial

and chemical oxidation, electrochemical techniques, irradiation,etc. (Liu et al. 2002;

Bratkovskaja et al. 2004. All of these methods suffer from serious shortcomings such as

high costs, incompleteness of purification, formation of hazardous by-products, low

efficiency and applicability to a limited concentration range (Liu et al. 2002; Regalado et

al.2004).

The degradation of toxic substances (endocrine disrupter compounds, EDCs) by

enzymes has several advantages: high specificity to substrates, use on a wide range of

environmental conditions, simplicity and ease of process control using enzymes (Ahuja

et al., 2004; Gianfreda and Rao, 2004). However, the remediation methods using the

enzymes has some limitations, such as higher cost of production and purification of

enzymes and lower stability of these catalysts (Aitken and Heck, 1998). The higher

production cost of enzymes is attributed to the substrates used to produce them (40-

60% of production cost). lt is well known that solid-state fermentation (SSF) is the most

economical process for the production of ligninolytic enzymes by fungi (lwashita, 2002).

White rot fungi in wood are higher producers of ligninolytic enzymes which are essential

for degradation of toxic organic compounds (Gianfreda and Rao, 2004, Lee et al., 2005).

Phanerochaete chrysosporium is one among the most studied white rot fungi, which

mainly produces manganese peroxidase and lignin peroxidase (Pandey et al., 2003).

The ligninolytic enzymes, lignin peroxidase (LiP), manganese peroxidase (MnP), and

laccase. Due to the complex structure of lignin, its biodegradation system is considered

highly non-specific. Ligninolytic enzymes, therefore, have attracted attention as possible

degraders of environmental pollutants that structurally differ (Dec and Bollag, 1994). The

usefulness of these enzymes in the environmental clean-up of EDCs through oxidative

degradation has been reported. BPA is known as one of endocrine disruptors and has
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an acute toxicity to aquatic organisms in the range of 1-10 pgiml for freshwater and

marine species (Staples, et al., 1998). BPA is a high-volume production chemical, with

over 2 million metric tons global production in 2003 (Burridge, 2003). From 2003 to

2006, the global BPA consumption increased at an average annual rate of about 10 %

and the demand for BPA is expected to grow at annual rate of 7-8o/o during 2006-2011

(SRl, 2007). BPA is widely used as a material for the production of epoxy resins, phenol

resins, polycarbonates, polyacrylates, polyesters and lacquer coatings on food cans

(Burridge, 2003). BPA was discharged to environment through a number of routes,

including discharge of wastewater and washwater generated from BPA production

facilities, discharge of effluent from wastewater treatment plant, leaching from consumer

products containing BPA at hazardous waste landfill sites and others. ln October 2008,

the Government of Canada prohibited the importation, sale, and advertising of

polycarbonate baby bottles that contain BPA (CDEH, 2008). Therefore, BPA must be

removed from water before it can be used for domestic applications.

The principal aim of this study was the degradation of BPA in contaminated water by

encapsulated ligninolytic enzymes. Ligninolytic enzymes will be produced by solid state

fermentation apple pomace waste by P chrysosporium. Ligninolytic enzymes will be

extracted from fermented solid wastes and encapsulated in order to increase the stability

of these enzymes. These enzymes will be used to treat the contaminated water (fortified

with 10 ppm of BPA).

2. MATERIALS AND METHODS

2. 1 Solid state fermentation
Ligninolytic enzymes were produced using solid state fermentation of apple pomace by

Phanerochaete chrysosporium. The fermentation was carried out in 12-L solid-state

fermenter of rotating drum type, Terrafor (lnfors HT, Switzerland). The sterilized medium

containing 4.5 kg was transferred into the sterilized bioreactor in an aseptic condition.

For the fermentation, apple pomace was treated with inducers, such as copper sulfate

(2 mmoll kg), veratryl alcohol (2 mmol/ kg), and Tween-80 (0.1o/o v/w), and pH was

adjusted to 4.5.The inoculation was carried out using the spore suspension. The

fermentation was carried out in a controlled environment at 37t1"C, rotating speed of 2

rpm and aeration rate of 2 wm. After fermentation, the enzymes were extracted by

centrifugation after adding 50 mM sodium-phosphate buffer (1Ol1vlw) at pH 6.5.
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2. 2 Enzymes formulation
Different formulations were produced. The polyacrylamide (PA) gel was suspended in

phosphate buffer solution (pH 7 .2) at different concentrations (0.1 o/o, 0.2o/o and 0.5% w/v)

with stirring. The suspensions were sonicated for 15 min at room temperature using a

probe type sonicator (Sonifier 250, Branson Co., Ltd., CT, USA). After sonication, the

suspensions were filtered through 0.45 pm (vinylidene fluoride) (PVDF) filters (Millex-HV,

Millipore Co., Ltd., MA, USA) to obtain clear suspensions. The next step involved

complexation between PA hydrogel and ligninolytic enzymes. An appropriate amount of

ligninolytic enzyme solution was co-incubated for t h at 25 'C with hydrogel in

phosphate buffer containing gelatin, carboxy methyl cellulose and pectin (6 mg/ml) and

polyacrylamide (PA) hydrogel (5-6 mg/ml). The presence of a crosslinked polymer

(gelatin, carboxy methyl cellulose and pectin) in the mixture of enzymes may lead to

physical entrapment of the protein and impractically slow diffusion rates. The mixture

was incubated for t h at 25t1 "C and PA nanogel-enzyme complex was obtained.

2. 3 Extraction of bisphenol from the matrix
To degrade BPA, enzymes encapsulated in hydrogel were added to contaminated water.

When the contaminated water was treated with the encapsulated enzyme

(polyacrylamide gel and polymer as pectin, gelatin and carboxy-methy-cellulose, the

separation of BPA was not complete and the other contaminant present in the samples

also suppressed the signal of BPA in LDTD chromatogram. In order to overcome the

challenges of signal suppression, solid phase extraction (SPE) method was used for

clean-up and pre-concentration of extract. Glass cartridges (OASIS HLB Scc 200 mg LP)

were fitted in to the vacuum manifold (Welch, USA) which was connected to a vacuum

pump (Welch Rietschle Thomas, USA) to dispense samples through the cartridges.

Cartridges were pre-conditioned by passing 7 mL of methanol and 3 mL of water at a

flow rate of 1 mUmin. Water extract (100 mL) was passed at a flow rate of 5 mUmin.

After pre-concentration, the sorbents were dried by using a vacuum system set at (- 15)

psi. The elution was performed by adding 2.4 mL of methanol/dichloromethane (3:1, v/v)

mixture to the cartridge at a flow rate of 1mL min-1 and giving it a wait time of 10 min in

order to give enough duration of contact between the solvent and the adsorbed

compounds. The extracts were later evaporated to dryness with a gentle stream of
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nitrogen and reconstituted with methanol to a final volume of 1 mL prior to LDTD-APCI

analysis.

2. 4 Bisphenol A degradation and quantification in water
The degradation of BPA was carried out at 25t1"C with agitation (100 rpm). In all

treatments, BPA was degraded by 60 U/L of MnP, 50 U/L of laccase and 5 Ui L of LiP.

After extraction of enzymes from solid subtrates, ligninolytic enzyme activities in the

extractwere measured (Tien and Kirk 1984; Coll ins and Dobson, 1997; Xu etal,2001),

The enzyme extract was diluted to obtain the enzyme activities used in this study.

Laser diode thermal desorption (LDTD) is a new approach to analyze emerging

contaminants, such as BPA, where the entire sample is introduced in the mass

spectrometer by a rapid laser thermal desorption process and is ionized by atmospheric

pressure chemical reactions (LDTD-APCI). LDTD combines the ultra-fast thermal

desorption of a dry sample with the ionization of the produced neutral molecules in the

gas phase without solvent, mobile phase or external matrix. A low sample size thermal

desorption and APCI in "dry" environment provides LDTD its tremendous analytical

speed and analytical performance. LDTD ion source works with less than 10 pL of

sample (typically 2 pL) and it has the option of simultaneous analysis of 96 samples. The

analytical method is in agreement with the environmental concentrations as low as ng

kg_1. Quantification of BPA was performed by the internal standard method based on

peak areas and relative retention time using BPA d16 as internal standard. Working

standard BPA solutions of 0.05-20 pg/ml were prepared by diluting aliquots of the stock

solution (10p9/ml) in methanol. About 2 prl volume of the standard BPA solution was

injected into the LDTD-APCI system. Calibration curves for concentrations (0.05-20

pg/ml) were obtained from a linear regression program. The correlation coefficients of

peak height to concentration was >0.998.

2. 5 Statistical Analysis
All the experiments were assayed in 3 replicates, and an average of replicates was

calculated along with the standard deviation. Database was subjected to an analysis of

variance (ANOVA). One-way ANOVA followed by student's t-test was used to determine

significant differences among treatment groups. For all analysis, differences were

considered to be significant at P < 0.05 (Gassara et al., 2010).
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3. RESULTS AND DISCUSSION
3. 1 Bisphenol A degradation by ligninolytic enzymes
Enzymes were produced by solid-state fermentation of apple pomace and the

encapsulation in different hydrogels containg polyacrylamide and gelatine, pectin or

carboxymethyl cellulose was carried out. The degradation of BPA by free and

encapsulated ligninolytic enzymes was studied and is presented in Figure 9. 1. The

ligninolytic enzymes were able to remove BPA from water. When the incubation duration

increased, the degradation of BPA increased in all enzyme tests. The maximal

degradation of BPA with free enzyme, hydrogel containing pectin, gelatin and CMC were

26 o/o,90, 87, 86%, respectively. Higher degradation of BPA was obtained after 8 h of

incubation with encapsulated enzymes in hydrogel of polyacrylamide and pectin. Lower

degradation of BPA was obtained using free enzyme. The encapsulation of enzyme

increased the enzymatic activity and protected them from inactivation by substrate and

by-products of degradation. The presence of pectin in enzyme formulation significantly

(p>0.05) enhanced the activity of ligninolytic enzymes to degrade BPA. Pectin is the best
polymer that protects ligninolytic enzymes from inactivation by covering the catalytic

sites of enzymes when it was added to polyacrylamide gel. The results were in

agreement with literature studies that showed that the stabilization of ligninolytic

enzymes by the addition of stabilizer products, such as polyethylene glycol (PEG) and

Ficoll (Modaressi et al. 2005; Kim et Nicell. 2006c) increased the activity of degradation

of BPA. The immobilization of enzyme also increased the activity of ligninolytic enzymes

to degrade BPA (Diano et al 2007). In fact, immobilization of enzymes on fixed support

is an effective solution to the problem of inhibition enzymes and their low stability (Diano

et al2007 , Cabana et al., 2007 b). However, this process presents some problems, such

as difficulty of enzyme diffusion through gels, steric problems, misdirected enzyme and

loss of activity (adsorption), change in structure of the enzyme and loss of activity and

unable to predict the performance of grafting. In addition, enzymes immobilization

requires the addition of a support, which increases the cost of production of the enzyme

and makes it difficult to reuse. At this juncture, encapsulation could be a good solution

to stabilize the enzyme and increase their activity. This type of entrapment offers a high

surface area per unit volume, thus increasing the efficiency of the enzymes to degrade

BPA. ln addition, when enzymes are encapsulated, there will be less effect of substrates

on stability due to the slow discharge of enzymes that minimize their exposure to
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detrimental environmental conditions. Moreover, the micro-encapsulation provided

minimizes of cost of formulation additives and maximize the enzyme activity.

3. 2 K^and Vm determination
In order to express the disappearance rate of BPA by ligninolytic enzymes, Michaelis

Menten equation (1) was used:

Vm *^t
Km

Where, V, Vr, K.' and S represent reaction rate, maximum reaction rate, Michaelis

constant and substrate concentration, respectively. Linweaver-Burk plots between rates,

V and BPA concentrations, S using different treatments with free and encapsulated

enzymes were carried out and are presented in Figure 9. 2.

Straight correlations between 1N and 1/S were confirmed in all the treatment of BPA by

free enzyme and the different formulation and Vm and Km were determined directly from

Fig 9.2. The values of 1/Km were 0.096, 0.075, 0.064 and 0.91 (ppm-t) in the treatment

by free enzymes, pectin encapsulation, CMC encapsulation and gelatin encapsulation,

respectively. The values of 1A/m were 22.7, 0.89, 0.86, 0.96 in treatment by free

enzymes, pectin encapsulation, CMC encapsulation and gelatin encapsulation,

respectively. When enzymes were encapsulated, 1A/, decreased and V, increased.

This was due to the inactivation of free enzyme that will decrease the rate of degradation

of BPA. There was no difference between K, of the reactions carried out by free

enzymes, pectin encapsulation and CMC encapsulation. According to the study of

Michaelis Menten, when V, decreased and K. was constant, the mechanism of inhibition

is non-competitive. Hence, the encapsulation of ligninolytic enzymes protected them

from inactivation by non-competitive inhibitor. The half-life of BPA using free enzyme,

hydrogel containing pectin, hydrogel containing gelatin and hydrogel containing CMC

were 19.8 h, 1.4 h, 2.3 h and 1.8 h, respectively. These results were in agreement with

the results of final degradation that showed that the encapsulation of enzyme increased

the enzymatic activity and the presence of pectin in enzyme formulation significantly

(p>0.05) enhanced the activity of ligninolytic enzymes to degrade BPA.

(1 )

V
^s
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3. 3 By-products of bisphenol A by ligninolytic enzymes
When the degradation of BPA was investigated by ligninolytic enzymes, there was

formation of one predominant product as seen in Figure 9. 3. The by-product weight was

200.18 g/mol. Earlier studies have investigated the degradation of BPA by ligninolytic

enzymes, such as laccase (Huang and Weber, 2005) and MnP (Sakurai et al. 2001) and

the possible pathway of degradation of BPA by these enzymes. This study demonstrated

that the final by-product was 4,5 bisphenol-o-quinone (PM = 242 g/mole). ln this pathway

of degradation, there was no by-product with molecular weight of 200.1758 g/mol.

Huang and Weber (2005) showed that the final by-products of degradation of BPA by

laccase were 4-isopropenyl phenol and 4-isopropyl phenol, however this by-product was

not present in the degradation pathway of BPA. Some probable compound names were

derived from Spectral Database for Organic Compounds (SDBS), such as 2,2-

methylenediphenol (C13H12O2), Bis(4- hydroxyphenyl)methane (CrsHrzO2, biphenol F)and

p-(benzyloxy)phenol(CrgHrzOz).. A possible pathway of BPA degradation by

encapsulated ligninolytic enzymes is given in figure 9. 4. According to the portnial

products, the possible pathway of degradation BPA will lead to complete mineralization

to water and carbon dioxide. Further study is required to identify the chemical structure

of by-products and prove the complete mineralization of BPA using enzymes.

4. CONCLUSION
In view of the results obtained for BPA degradation by free and encapsulated ligninolytic

enzymes produced by solid-state fermentation of apple pomace by P. chrysosporium,

following conclusions can be drawn:

(1) The maximal degradation of BPA with free enzyme, hydrogel containing pectin,

gelatin and CMC were 260/o,90, 87, 86%, respectively.

(2) The presence of pectin in enzymes formulation significantly (p>0.05) enhanced the

activity of ligninolytic enzymes to degrade BPA.

(3) The encapsulation stabilized the enzymes and protected them from inactivation by

non-competitive inhibitor.

(4) The by-product of BPA degradation obtained after analysis by LDTD-APCI

possessed a molecular weight of 200.1758 g/mol with probable names of 2,2-
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methylenediphenol (CrgHrzOz) Bis(4- hydroxyphenyl)methane (C13H12O2),

benzyf resorcinol and/or p-(benzyloxy)phenol(C .;,HtzOz).
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nEsuutE
Les industries de transformation des fruits g6ndrent des quantit6s 6normes de d6chets

solides qui repr6sentent 35 d 40o/o du poids sec du total des fruits. Les d6chets solides

g6n6r6s de la transformation des pommes en jus, nomm6s (Apple pomace) possddent

une humidit6 6lev6e (70-75o/o) et charge organique biod6gradable 6lev6e (valeurs de

DBO et DCO 6lev6es). Pour cette raison, ces d6chets doivent €tre g6r6s

covenablement. Au cours de la gestion de ces d6chets par les diff6rentes strat6gies

comprenant, l'incin6ration, l'enfouissement, le compostage et la fermentation solide pour

produire des enzymes et I'alimentation animale, il ya une 6mission de gaz d effet de

serre (GES) qui doit 6tre prise en compte. Dans cette perspective, cette 6tude est la

premidre, qui traite de I'analyse des 6missions de GES au cours de la gestion des

d6chets agro-industriels (en particulier des d6chets solides de jus de pomme) par

diff6rentes strat6gies de gestion des d6chets. De plus, les r6percussions de la

valorisation de ces d6chets en enzymes sur l'environnement ont 6t6 6tudi6es en utilisant

la m6thode de l'analyse du cycle de vie (ACV). Les r6sultats de l'analyse indiquent que,

parmi toutes les strat6gies de gestion des d6chets solides de jus de pomme, la

fermentation d l'6tat solide pour produire des enzymes a 6t6 la m6thode la plus efficace

pour r6duire les 6missions de GES (906,81 tonnes de CO2 6q. Par an). Par contre,

I'enfouissement de ces d6chets a entrain6 une hausse des 6missions de GES (1841

tonnes de COz 6quivalent par an). Les r6sultats de cette 6tude encouragent I'utilisation

de la fermentation, pour g6rer les d6chets solides de jus de pomme et d'autres d6chets

agricoles, particulidrement au Qu6bec et 6galement dans d'autres pays. Les valeurs des

diff6rents paramdtres utilis6s dans cette 6tude ont 6t6 tir6es de diverses approches

analytiques et sources de donn6es. Comme certaines donn6es sont abscentes dans la

litt6rature, certaines hypothdses ont 6t6 pos6es afin de calculer les 6missions de GES.

Ainsi, des 6tudes compl6mentaires exp6rimentales seront trds utiles pour calculer les

coefficients d'6missions de GES durant la gestion des d6chets agro-industriels.

Mots-cl6s = gazd effet de serre, apple pomace, enzymes, incin6ration, compostage
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ABSTRACT
Fruit processing industries generate tremendous amount of solid wastes which is almost

35-40o/o dry weight of the total produce used for the manufacturing of juices. These solid

wastes, referred to as, "pomace" contain high moisture content (70-75%) and

biodegradable organic load (high BOD and COD values) so that their management is an

important issue. During the management of these pomace wastes by different strategies

comprising incineration, landfill, composting, solid-state fermentation to produce high-

value enzymes and animal feed, there is production of greenhouse gases (GHG) which

must be taken into account. In this perspective, this study is unique that discusses the

GHG emission analysis of agro-industrial waste management strategies, especially

apple pomace waste management and repercussions of value-addition of these wastes

in terms of their sustainability using life cycle assessment (LCA) model. The results of

the analysis indicated that, among all the apple pomace management sub-models for a

functional unit, solid-state fermentation to produce enzymes was the most effective

method for reducing GHG emissions (906.81 tons COz eq. per year), while apple

pomace landfill resulted in higher GHG emissions (1841.00 tons COz eQ. per year). The

assessment and inventory of GHG emissions during solid-state fermentation gave

positive indications of environmental sustainability for the use of this strategy to manage

apple pomace and other agricultural wastes, particularly in Quebec and also extended to

other countries. The analysis and use of parameters in this study were drawn from

various analytical approaches and data sources. There was absence of some data in

literature which led to consideration of some assumptions in order to calculate GHG

emissions. Hence, supplementary experimental studies will be very important to

calculate the GHG emissions coefficients during agro-industrialwaste management.

Keyrords: greenhouse gases, apple pomace, enzyme, incineration, composting
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I .  INTRODUCTION
Agro-food industries generate large quantities of liquid and solid wastes which must be

suitably managed before being directly discharged to the environment. ln Canada, the

majority of fruit processing industries are concentrated in Quebec (about 35 o/o

contribution), Southern Ontario, and British Columbia [1]. One third of the total apple

production in Canada (449,190 toniyear, 20o/o contributed by Quebec) is processed to

produce juices, flavors and concentrates [2]. The end result of an apple processing

industry is a solid residue containing high moisture content (70o/o-75o/o) and

biodegradable organic load (high BOD and COD values) [3]. These wastes have low

nutritional value and their high biodegradability causes environmental problems. A

typical apple processing industry generates 30-40o/o apple pomace and 5-11% sludge

(liquid waste obtained after clarification). There are large quantities of solid wastes

(apple pomace) produced round the world, including 16200 tons in 2007 in Qu6bec [1].
Apple pomace waste produced in Quebec was selected as the case study. These solid

wastes being highly biodegradable, their disposal represents a serious environmental

problem and presents many challenges [4, 5]. In Quebec, this waste is mainly used as a

source of crude animal feed by the farmers. Often only 20o/o is retrieved as animal feed

and the rest 80% goes to landfill or composting sites which results in release of

enormous quantity of greenhouse gases. Composting Council of Canada reported about

38o/o of Canada's methane emissions coming from organics decomposition in landfills

[6]. Other modes of management of apple pomace comprise landfilling, composting,

incineration and the innovative option of utilization of the apple pomace as a sole raw

material for production of high value-added products, such as enzymes, organic acids,

ethanol, among other products. ln fact, the option of high value-added products

formation by solid-state fermentation has been tested as a resourceful option in our

laboratory as it is able to generate new bio-products and at the same time result in

value-addition and management of the wastes [7]. Apple pomace studied in this work

has been procured from a reputed juice transformation industry in Quebec. The distance

between this industry and management sites was considered to be 25, 2Q0, 100 and 200

km in the case of landfill, incineration, composting, and enzyme production, respectively.

Meanwhile, in the case of animal feed, 20o/o of farmers were situated at 80 km distance

from the apple juice industry and 80% of farmers were situated at 50 km from the juice

industry.
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The management of wastes is a significant source of GHGs [8]. The contribution of the

waste management and'disposal sector amounts to 4o/o of the various anthropogenic

GHG emissions [9]. Various stages of the management of solid wastes including,

collection, transportation, and disposal is generally followed by the release of GHG

gases, such as carbon dioxide, methane, and Nz O. These gaseous components by

virtue of their physical properties contribute to the GHG effect. Meanwhile, the increase

in the concentration of these gases contributes to the global warming phenomenon.

In fact, there are various means to manage domestic or industrial wastes, where by the

GHG emissions vary according to the consumption of energy, transportation, and

technologies used for the process management [10]. To quantify The GHG emissions

during waste management by different strategies, the best way is to conduct a

comparative analysis through streamlined application of life-cycle assessment (LCA)

model [11]. LCA is an analytical framework for understanding the material inputs, energy

inputs, and environmental releases associated with manufacturing, usage, and disposal

of a given material [11].

Many studies on environmental performance, especially with regard to GHG emissions,

of various waste management strategies have been implemented for most developed

countries and some developing countries 112, 13, 14]. To the best of our knowledge,

there is no study reported till date which discusses the GHG emission analysis of agro-

industrial waste management strategies, especially apple pomace waste management.

The assessment and inventory of GHG emissions during solid-state fermentation was

carried out for the first time in this study to evaluate the repercussions of value-addition

of these wastes in terms of environmental sustainability. In the present study, LCA of

apple pomace management by different strategies was conducted with an impact

assessment limited to GHG emissions. Five apple pomace waste management

strategies were used in the present study, namely, apple pomace incineration, landfill,

composting, solid-state fermentation to produce high-value enzymes and animalfeed.

The main objectives of this study were to develop the inventory of apple pomace

management scenarios (incineration, landfilling, composting, animal feed and enzyme

production) with details in methods section to assess and compare the environmental

impacts of related management scenarios and determine environmentally most

respectful scenarios of the environment.
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2. METHODOLOGY
2.1 Ltfe cycle assessment
Environmental assessment of a product (apple pomace waste) over its entire lifecycle

can indicate the extent of the manufacturer's environmental responsibilities beyond the

boundaries of its own facilities, and it can help to identify appropriate management

options. Life cycle assessment (LCA) is a technique for assessing the environmental

aspects and potential impacts associated with a system (product system or service

system) by:

(i) compiling an inventory of relevant inputs and outputs of the system;

(ii) evaluating the potential environmental impacts associated with those inputs and

outputs; and

(iii) interpreting the results of the inventory analysis and impact assessment phases in

relation to the objectives of the study [15].

This methodology has been already used in many studies to evaluate the

environmental impact during the management of different wastes such as municipal

waste, agriculturalwaste paper, glass, metal, and plastic materials 112, 16,171.

2.2The goal and scope
The goal of this study is to evaluate GHG emissions of the existing apple pomace

management systems based on life cycle perspective. Specifically, GHG emissions are

considered in this study as climate change is a priority area in Quebec particularly for

policy making.

2. 3 Systems boundaries and function unit
The system boundaries include collection and transportation of apple pomace from its

source (Apple juice industry) to be treated by various management methods in each

scenario. lt should be noted that equal amount of the apple pomace waste (16209 tonsi

year) of the same composition are treated in all scenarios. Besides, direct processes

relating to waste management systems, other relevant processes interacting with the

waste management systems are also included. Production of energy, i.e., electricity and

diesel are also included as such energy is directly used in waste management systems

and background systems. In animalfeed scenario, the management of manure was not
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taken in account. The system was considered until enteric fermentation related to animal

feed. The energy recycling was taken into account only in the case of incineration as this

practice is more popular in Quebec for this scenario. Enzyme production system was

considered only until fermentation. Similarly, the composting system was considered

until composting process and the compost landfilling was not taken into consideration.

The functional unit (FU) providing a reference to which the inputs and outputs are related

is defined as "the total production of apple pomace in Qu6bec at2007 of 16209 tons"

2. 4 Emission categories
The GHGs from apple waste management using different scenarios are of distinct origin

which has been considered for the present study as follows:

(a) Transportation and collection of waste

(b) Landfilling of waste

(c) Composting of waste

(d) Incineration

(e) Animalfeed

(f) Solid-state fermentation to produce enzymes

For the above waste treatment practices, the principal basis was for each 16209 tons of

apple waste produced (equivalent to total apple pomace production in Quebec in 2007).

For the selection of GHG types, the gases COz, CH+ and N2O which directly influenced

the greenhouse effect were selected for assessment. As each GHG differed in the

strength of their heat-trapping potential, the heat-trapping potential of COz was used as

the basis to show the level of relative contribution to global warming of each gas. The

heat trapping potential of CH+ and N2O are about 21 and 310 times more powerful than

carbon dioxide on a per molecule basis, respectively. The different scenarios of

management of apple pomace waste are presented in details in Figure 10. 1.

2.4.1GHG emissions from the waste collection and transportation

GHG emissions from the waste collection and transportation mainly came from COz

generated by the transport vehicles during usage of fuel. The actual emissions varied

with the vehicles' engine model, fuel type (petrol and diesel), size and load [18]. The

total emissions could also be derived from the total mileage or fuel usage. In the case of
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animal feed, 20o/o of farmers were situated at 80 km distance from the apple juice

industry and 80% of farmers were situated at 50 km from apple juice industry. To

transport apple pomace from the industry to farmer, the vehicles used were 3 axle semi-

trailer. This type of vehicle was used to transport apple pomace waste in all

management scenarios. These semi-trailers generally transport 14.1 tons of

merchandise in Canada [19]. The different emission coefficients of GHGs relative to

various vehicles in Canada are presented in Table 10. 1. Further, the distance between

management sites and apple juice industry was considered to be 25, 20Q, 100 and 200

km in the case of landfill, incineration, composting, and enzyme production, respectively.

For GHG calculation, the number of vehicles transporting 16209 tons of apple pomace

was calculated. The vehicles used for transportation of apple pomace consumed 35 L of

diesel/100 km [20].

All calculations were carried out in Excel spreadsheet programme. The collection and

transportation component of GHG emissions during solid waste management was

therefore calculated using Equation 1:

E t -
NxDxC .. (Cror*C*r.o x 3l0t Crro x 2l)

100

Et =GHG carbon equivalence from

equivalenUyear);

N = number of vehicles

1000

collection and transportation

(1 )

of waste (kg COz

D= distance between the industry and management site

C= fuel consumption/100 km= 35 U100 km

Ccoz= COz emission coefficient (g of CO2lt of fuel);

Ccn+= CHa emission coefficient (g of CHy'L of fuel);

Cruzo= NzO emission coefficient (g of NzO/L of fuel);

310 = heat trapping potential of NzO / heat trapping potential of COz

21= heat trapping potential of NzO / heat trapping potential of COz

279



2. 4.2 Production of enzymes

When assessing GHG emissions during the use of apple pomace waste as substrate to

produce value-added products (enzymes) by Phanerocheate chrysosporium using solid

state fermentation method [24], three emission sources must be considered: (1) GHGs

emissions are primarily produced during the transportation of apple pomace from the

industry to the fermentation installation, these emissions were calculated as indicated in

the section 2.4.1, the distance between juice industry and the fermentation installation

was 200 km; (2) CO2 produced during fermentation, 02 w?S converted to COz in the case

of aerobic fermentation; (3) GHG emissions related to consumption of electricity to

maintain the conditions of fermentation such as, temperature, agitation...

In order to calculate the GHG production during fermentation, which is primarily carbon

dioxide, the experimental set-up comprised of solid state fermentation under aerobic

conditions as illustrated in Fig. 10. 2. During the fermentation, there was continuous

production of COz. To quantify CO2 production, COzwas captured in 22Q ml NaOH (5M).

CO2 reacted with NaOH throughout fermentation to form NazCOs. Consequently, at the

end of fermentation, unreacted residual NaOH solution was titrated against HCI (1M)

solution to quantify COzformed during fermentation. Quantified CO2corresponded to 409

of pomace. Thus, we were able to determine the emissions of COz corr€sponding to

16209 tons pomace disposed per annum. This GHG emission corresponded to 684.83

tons of CO2lyear.

The electrical energy consumed in in-vessel composting varies between 9 and 65 kwh

ton-1 waste 129,30, 31, 321. The electrical energy consumed during fermentation of

apple pomace was about 37 kWh/ton of waste. The quantity of pomace produced per

year is 16209 tons. Hence, the electrical energy consumed during fermentation of

pomace translates to 599733 kWh. The indirect emission factor due to consumption of

electricity is 0.0014 kg COzequivalenUkwh [33]. Thus, indirect GHG emissions related to

the consumption of electrical energy during fermentation of apple pomace was

calculated. All these calculations were performed in Excel spreadsheet programme.

2 .4 .3  An imal  feed

The use of apple pomace for animal feed is one of the waste recycling categories. Apple

pomace, rich in sugar when fed as cattle feed becomes significant source of CH+ and

NzO. When assessing GHG emissions by using apple pomace waste as cattle feed, two
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emission sources must be considered: (1) enteric fermentation in cattle; (2\

transportation from the industry to farmers, these emissions were calculated as indicated

in the section 2.4.1, the distance between juice industry and 80% of farmers was 50 km,

while 20 % of these farmers were situated 80 km from Lassonde, inc (Juice industry)

t28} In this study, manure management was not taken into consideration. GHG

emissions produced during transportation were calculated as explained in part 2.2.1.

Each cattle could digest approximately 1 kg apple pomace waste each day. lf 16209

tons of apple pomace were produced each year, the apple pomace waste could feed

around 44408 cattle a year. Apple pomace was considered to be supplemented with

other kind of diet each day to the cattle (Table 10.2).

Thus, apple pomace also resulted in the production of methane during enteric

fermentation of cattle. The contribution of pomace was calculated by taking into account

percentage of carbon present in pomace and percentage of carbon contained in the feed

ration of fattening cattle. For this calculation, the quantity of corn and soya was

calculated which was necessary to replace them by one kg of pomace in a standard

ration given to the fattening cattle comprising maize, soybean oil cake, mineraland urea.

The replacement was based on percentage of carbon and nitrogen in the feed. Table

10.2 represents the contributions of carbon and nitrogen in various feeds present in the

standard diet of fattening cattle. The standard ration corresponded to ration A and the

ration containing pomace referred to as ration B. Different emission coefficients of GHGs

during enteric fermentation of fattening cattle are presented in Table 10.3. These

coefficients were multiplied by the number of cattle fed per annum and the incorporation

of pomace, to determine GHG emissions during enteric fermentation. The number of

cattle was calculated by taking the ratio of quantity of pomace disposed per annum

(16209 tons) over 365 days.

2.  4.4lncinerat ion

In Quebec, the majority of solid wastes are incinerated. As per the general incineration

process trends in Quebec, the collection trucks dump apple pomace waste in the waste

pit which is further crane lifted to be placed in the mouth of the four furnaces (boilers).

Calculation of GHG emissions during the incineration of apple pomace was carried out

using the method of Tchobanoglous et al. (1993) [21] prescribed in the Canadian

inventory of green house gases (1990-2002) I22\GHGs produced during incineration
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were mainly COz and NzO [23]. The calculations for the incineration GHG factors

included: (1) emissions of GHGs during transportation from the industry to incinerators,

these emissions were calculated as indicated in the section 2.4.1, the distance between

juice industry (Lassonde, inc) and the nearest incinerator was 200 km; (2) emissions of

NzO; (3) CO2 produced while generating power instead of utilities; and (4) reduction in

emissions caused by energy consumption due to the recovery of non-combustible

metals for use in manufacturing. The efficiency of energy recovery during incineration

was considered to be 90 %.

COz emissions during incineration were calculated by using Equations 2-5 as given

below:

Cavairabre(v) = (wasteTlpe) 
"  

(1-%Humidity) 
"%C*u,,"r*"  

(2)

where:

Cavairabre (y) = available carbon by type of waste for a province y, in time t (year)

Waste type = quantity of the type of incinerated waste, in time t (year)

% humidity = percentage of moisture content by type of waste

7o C*aste type = percentage of carbon contained in fossil fuels for each type of incinerated

waste

% C in pomace: 14.3 % l24l

Quantity of pomace: 16209 tons

('
vavailable -

16209 x14.3= 2317.888 t
100

(3)

Cavairable(v) PM".,, 23 17.888 44
v L ^ ^ ^ LUr-ruu/(Y, Mr",r, PM. 16209 12

=0.52433 t of CO, / t of incinerated pomace

(4)

where:

CEcoz-zoot(vt= coefficient of CO2 emission in 2007 for the incineration of waste for a

province y, in time for CO2lton of incinerated waste

Cavairabre (y) = available carbon by type of waste for a province y, in time t (year)
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Mrnc(y) = total mass oi incinerated waste in 2007 for a province y, in time t (year)

PMcoz = molecular weight of CO2, 44Ut-mol tons/ tons of moles

PM6 = molecular weight of carbon, 12 Vt-moles

(6)

Oro, = Gsy12.sry7 
" (I\,{*,.'***)= O.nnZ x 16209= 8498. 91 tons of@r1s;

Emissions of NzO

Nitrous oxide emissions were calculated using

Tchobanoglous et al. (1993) [21].

NrO emissions = IWi x EFi

Equation 6 used in the method of

where:

N2O Emissions = emissions of Nz O in the year of inventory, tons/year

lWi = volume of waste type i incineratediburnt in free oxygen, tons/year

EFi = emission factor of NzO (kg N2O/Gg of waste) for waste of the type i

The emission factor for the solid waste of pomace was equated to paper waste and it

was taken as 10 g of N2O per ton of waste [25]. This factor was taken into account as

nitrogen content of the paper waste was similar to that of apple pomace.

2. 4. 5 Composting

GHG emissions during composting are of two types, CHa and N2O. CO2 is produced

during windrow composting while turning the rows and also during transportation of the

waste to the composting site. GHG emissions during transportation were calculated as

indicated in the section 2.4.1, the distance between juice industry and the fermentation

installation was 100 km. Moreover, we did nottake into consideration the production of

CHa during composting, as waste is generally maintained in aerobic medium, with a

small amount of oxygen leading to aerobic decomposition of materials. For this reason,

the release of methane gas was neglected. Production of NzO was also taken into

account. The emissions of N2O originating from composting were calculated using the

method suggested by GIEC [34]. Apple pomace was transported to a composting site

with a capacity of 38534 m3lyear. The emissions produced by the retournor of windrow

composting were calculated using the consumption of diesel. The composting unit uses
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an automated turner for piles requiring a power of 75 kW consuming 12 L of diesel per

hour. The composting site is in operation for 261 days/year for a working period of

8h/day, considering an operation efficiency of g0%. The consumption of diesel is thus

equivalent to 0.6 L of diesel per cubic meter of composted solids. The quantity of

pomace to be composted is 16209 tons per year. This solid waste has a density of 444

kgim3. Thus, the volume of apple pomace to be composted per year is equal to

36506.75 m3. The quantity of diesel consumed to turn over the apple pomace during

composting is thus equal to 21904L per year. Coefficients of emissions of GHG related

to the combustion of diesel by tractors l2l are 2730 glL of CO2, A12 glL of CH+ and 0.1

g/L of NzO. Eventually, the total emissions are calculated.

2 .4 .6  Landf i l l

Landfilling is a mode of waste management where the wastes are stored under soil

which is almost deprived of oxygen. The anaerobic storage of waste is accompanied by

the decomposition of organic residues thus producing methane gas, which is 21 times

superior to COz in terms of greenhouse gas effects. The transportation of wastes from

the industry to the landfill site requires the use of fuel which inevitably produces GHGs,

in particular, CO2. The calculations for the landfilling GHG factors included: (1) emissions

of GHGs during transportation from the industry to landfill site, these emissions were

calculated as indicated in the section 2.2.1, the distance between juice industry and

landfilling site was 25 km; (2) emissions during the process of landfilling resulting from

decomposition of organic residues.

To calculate the GHGs produced during landfilling of pomace, a first-order-decay (FOD)

model was used [26]. The first-order-decay (FOD) model is generally recognized as

being the most widely used approach, as it is recommended by the Intergovernmental

Panel on Climate Change [18]. Landfill gas (LFG) formation from a certain amount of

waste is assumed to decay exponentially in time. The FOD model has been applied to

other developed models, such as Palos Verdes Model, Sheldon- Arleta Model, Scholl

Canyo Model and First-Order Model TNO (The Netherlands Organization of Applied

Scientific Research) used in this study. The first order model Netherlands (TNO), can be

described mathematically by the Equation 7. The TNO model is derived assuming the

amounts of degradable organic carbon. For the best results, preferably the same waste

composition should be used when using this model to predict LFG production on other
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sites. lt makes the model less dependent on errors during estimates of waste

composition. To calculate methane production, the LFG production obtained with the

TNO model is multiplied with the methane concentration of 50% and volumetric mass of

714 g CH+.rx-3. This model enables calculation of GHG emissions in m3/year. The landfill

gases make up to 50% of CHa and 50 o/o of COzl27l.ln order to calculate the quantity of

each gas in kg, it is necessary to multiply half of the gas volume by COz density and

second half by methane density. The total emissions are thus calculated in kg equivalent

of COz.

CHG(I)  = f  x  1 .87xAxCoxk,r . "  
* t " t

Where;

GHG = production of landfill gas, at a given time, t (m3 GHG/year)

f = factor of dissimilation (0.58)

1.87 = conversion factor (m3 of landfill gas/kg C degraded)

4 = quantity of wastes loaded into the incinerator (1000 kg)

Cs = quantity of organic carbon in the waste (kg C/1000 kg of wastes)= 498 kg/1000 kg

of pomace

kr = cor'rstant of degradation, 0.094 (per annum)

t = time elapsed since the waste deposit (year)

Composition of landfill gases was taken as 50% of CH+ and 50 o/o of COz [27]with the

density of each of the gases being:

Density of CHa = 714 g.m-3.

Density of COz =1870 g.m-3.

2.5 Major limitations
The analysis and use of parameters in this study was drawn from various analytical

approaches and data sources. These approaches have their research limitations.

Additionally, the analyses and assessment in this model framework is based on some

major assumptions. The major limitations in the study and various assumptions are listed

below:

. The net GHG pollutants produced by the incineration of waste can be reduced through

improvement in the efficiency of the incineration system.

(7)
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. The pollutant emissions from composting depended on the type/quantity of supporting

material as well as the temperature, water content and supply of oxygen during the

composting process. This led to a wide range of emission volumes. Hence, for the

analysis of emissions, it was considered that there was no production of CH+ during

composting as the compost was properly returned and aerated.

. The landfill analysis was based on GHG inventory of Quebec (1990-2002) [35], the

coefficients used were that of municipal waste considering the fact that characterization

data were same. There was no data available for apple pomace waste or fruit waste or

even any other agro-industrial or agricultural wastes. Lack of relevant data on CHa

emissions from the landfill surface and carbon storage meant there were a large number

of uncertainties involved.

. During the use of apple pomace as animal feed for cattle, the emissions of NzO during

manure management were not taken into consideration as there was no data on NzO

emission by cattle in Quebec, unlike swine.

. The analysis of COz emissions during fermentation were carried out in lab scale

fermentation system. The results could be changed during scale-up of the process by

carrying out fermentation using large scale fermentor where carbon dioxide analysis can

be performed automatically by using gas analyzer. In fact, it is assumed that at large

scale, the fermenters will produce less CO2 due to optimal environmental conditions.

3. RESULTS AND DISCUSSION
GHGs produced during different modes of waste management of apple pomace can be

quantified by taking the sum of the results obtained during transportation and during the

actual management process. The net GHG emissions from various apple pomace waste

management options are presented in details in Figure 3 and GHG emissions during

different steps of each management scenario are presented in details in Table 4. The

total GHG emissions (Figure 10.3) were 1122; 1841; 906; 1273; and 963tons of COz eq

per annum during incineration, landfilling, fermentation, composting and animal feed,

respectively.

As seen in Table 4, all scenarios considered during the course of evaluation of different

waste management options generate GHG emissions. The production of enzymes and
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animal feed were the least polluting scenarios of the environment in terms of release of

GHGs, followed by incineration, composting and landfilling.

3. 1 Production of enzymes
As per the results of life cycle analysis, the fermentation method to produce ligninolytic

enzymes is the most environmentally sustainable process (906.81 tons of CO2 eq)

(Figure 10.3). This is due to the aerobic mode of fermentation. During aerobic

fermentation, the microorganisms use oxygen and transform the solid biomass into COz

contrary to the anaerobic digestion where there is production of CH+. The global

warming potential of COz is 21 times less than CHa. This very well proves the lower

emissions of GHG during fermentation. In addition to the environmental sustainability,

fermentation seems to be the most economic process for waste management as there is

a possibility of production of high-value products which encompass huge commercial

value. On the other hand, all other methods of waste management encumber high

process costs. For example, landfill needs the presence of landfill sites that are very

costly in contrary to solid state fermentation that can be performed in a simple tray

without sophisticated equipment.

3. 2 Animal feed
Lower GHG emissions were observed during apple pomace waste transformation usage

as animal feed (963.38 tons of COz eq) (Figure 10.3). This fact may be related to the

point that management methods for manure produced by the cattle during the use of

pomace in animal feeds (NzO and CHa gases produced) were not taken into account.

The management of manure was not taken into account as there was no literature data

for the coefficients of emissions of N2O and CHa related to the management of manure

produced by cattle as compared to the management of manure by_ swine (Quebec

lnventory on GHGs, 2004) [35]. The consideration of GHG emissions during

management of manure will increase the total assessment of GHG emissions as global

warming potential of NzO is 310 higher than COz. In other words, if the management

manure during this strategy was taken into account, the animal feed scenario will

become the most polluting with higher release of GHGs.

3. 3 lncineration
The total GHG emissions during incineration were 1122 tons of COz eq per year (Figure

10.3). Inspite of the recycling of COz produced during the process, incineration was the
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third most polluting management strategy. lf the recycling of COz was not taken into

account, it will become the most polluting with higher release of GHGs. This can be

explained by the fact that incineration mode of management completely destroys the

waste which is transformed into ash and gases. On the other hand, other modes of

waste management transform the waste into other products which is a simple

transformation and not complete destruction. Meanwhile, in the literature [36, 37], it has

been demonstrated that incineration is the most environmentally sustainable mode of

waste management. This can be explained by the fact that there will be value-addition of

burned wastes, in particular within the framework of the urban heating, similar to the

assumption fixed in this study. Chen and Lin [30] estimated that the total GHG emissions

produced were much higher in the case of animal feed as compared to incineration

which is contrary to the results produced in our study. This is explained by the fact that

the GHGs produced during management of manure produced by the cattle was not

taken into account as its management would lead to production of GHGs, such as CHa

and N2O.

3. 4 Composting
GHG emissions during composting of apple pomace waste were 1273.00 tons of CO2 eq

per annum (Figure 10.3). These emissions were much lower than those produced during

landfilling. This may be due to the fact that only small quantity of N2O was produced

during composting, which was related to lower nitrogen content present in pomace

waste. In addition, CHr emissions during composting have been neglected as the

process has been considered under strict aerobic conditions.

3. 5 Landfill
According the results of life cycle analysis shown in Figure 10.3, landfilling as a mode of

apple pomace waste management resulted in higher GHG releases. Other studies,

which were carried out to take into account the greenhouse gas balance for the

management of municipal solid wastes [36, 37] also demonstrated that landfilling was

the most polluting strategy leading to release of GHGs at elevated rate and hence global

warming. Higher GHG emissions during landfilling were necessarily due to landfill gases

produced during anaerobic digestion of apple pomace. During the landfill process,

wastes are disposed in a site by burial. In the landfill site, organic wastes are

decomposed by microorganisms in the absence of oxygen, this decomposition causes
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the production of a gas which is composed primarily of methane, a greenhouse gas

contributing to climate change. The global warming potential of CH+ is 21 times higher

than that of COz. This gives explanation for elevated GHG emissions as equivalent of

CO2 during landfilling of apple pomace waste. There is another aspect of GHG

production during landfilling that GHGs produced during landfilling could be reduced if

CHa is trapped and further used for heating and production of electricity. According to

Spokas (2006) [38] and Bahor et al. (2009) [39], the efficiency of trapping of landfill GHG

gases can be between 35% and 85%. For this reason, if the value-addition of landfill

gases is taken into account, the total GHG assessment during landfilling will drop

considerably. The value-addition of the process was not considered during this study as

this mode will considerably increase the cost of management. At some landfills, it is

cost-effective to install gas recovery wells throughout the landfill and recover the gas for

its energy value. In addition to the wells that may be constructed along the landfill

perimeter for migration control, wells are placed in a gdd pattern to recover gas that

might otherwise escape through the landfill cover. Thus, the cost of the process will

increase if the landfill gas will be trapped. A comprehensive techno-economic analysis

will be necessary to identify the most economic method of management of apple

pomace waste in this case.

The LCA of apple pomace management by different strategies: incineration, landfill,

composting, solid-state fermentation to produce high-value enzymes and animal feed

clearly showed that solid state fermentation is the most efficient strategy in terms of

greenhouse gas emission reduction. The results of the assessment during animal feed

showed lower values of GHG emissions unlike the results found in literature as

management methods for manure produced by the cattle during the use of pomace in

animal feeds (N2O and CH4 gases produced) were not taken into account. Thus, value-

addition of apple pomace by fermentation gave higher environmental performance in

terms of lower GHG emissions than animalfeed.

The contribution to GHG emissions made by apple pomace waste management policy

can be clearly quantified through life-cycle assessment. The assessment and inventory

model used in this case can not only provide a reference for the central and local

government of Quebec in their waste management policy but also can be used by apple

juice industry to select the policy producing less greenhouse gases. Waste management
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strategy in Quebec has mostly favored incineration due to local considerations (difficulty

of land acquisition) and a policy of promoting energy recovery through maximizing

extraction of calorific value from waste. The results from the assessment indicated that

the fermentation of apple pomace waste to produce high value-products constituted a

new and efficient management method to reduce GHG emissions.

4. CONCLUSIONS

The greenhouse gases emissions produced during apple pomace waste management

were evaluated by taking into account five different scenarios. The different scenarios

evaluated were: a) incineration; b) landfill; c) animal feed; d) enzyme production by

fermentation and; e) composting. To determine the balance of GHG emissions, life cycle

analysis method (LCA) was adopted. The results obtained in this study showed that

enzyme production (906 tons of COz equivalent per year) and animal feed (963.38 tons

of COz equivalent per year) were the least polluting options of the environment in terms

of GHG emissions followed by incineration (1122 tons of COz equivalent per year),

composting (1273 tons of COz equivalent per year) and landfill (1841 tons of COz

equivalent per year).

The assessment and inventory model used in this study can provide not only a reference

for apple pomace waste in their management policy but also can be used to select the

best management policy to manage other kind of organic wastes, in particular agro-

industrial wastes.
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Table 10. 1 GHG emission coefficients related to the combustion of fuels by semi-trailers

Coefficients of emissions by heavy commercial vehicles: Govemment of Canada

Use

Coefficients of emission

COz

gll gasoline

CHr

g/L gasoline

NzO

g/L gasoline

Gasoline Vehicles

Diesel Vehicles

- 3-way catalytic converter

- Non-catalytic system

- No cleansing system

- Sophisticated cleansing system

- Cleansing system of average efficiency

- No cleansing system

2 360

2 360

2 360

2730

2730

2730

o . 1 7

0.29

049

0.12

0. ' t3

0 . 1 5

0.046

0.08

0.08

0.08

0.08
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Tabf e 10. 2 Feed rations of cattle and carbon and nitrogen contributions of different nutrients

Nutrition carbon % nitrogen% Ration A Ration B

Corn

ensilage

Hay

Maize

Soya

Minerals

Urea

Pomace

43.8

40

44

42

14 kg

1 k g

5 k g

0.3 kg

0.100 ks

0.050 g

o k g

14 kg

1 k g

4.862 kg

0.107 kg

0.100 kg

0.050 kg

1kg

1 . 0

2.5

1 . 4

6

46

1 . 1

20

't4.3
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Table 10. 3 Coefficients of emissions of GHr for enteric fermentation - for bovine cattle from 1990 to
2006 (adopted from Boadi et a1.,20041

Coefficients of emission, or CElsey' in kg CHo per animal, per year

year Milking
cows

Dairy

cattle

Heifers

for

slaughter cattle

48.360.467.075.384.892.9135.2
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Table 10. 4 GHG emissions during different scenarios of apple pomace management

Scenario

(tons of CO2 ee per year)
Animalfeed Landfil l

Enzvme
lncineration

production
Composting

GHG emissions during

transportation

COz emissions

CH+ emissions

62.15 27.75

not considered 201.13

901.23 1612.69

221.98

8498.91

not considered

221.98

684.83

not

considered

not

considered

not

considered

1 10.99

57.79

not considered

not considered

NzO emissions

Energy recovery

not considered not considered

not considered not considered 7649.01

1 105
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CHAPITRE VI

PARTIE 2

ANALvSE TEcHNrco-EcottouteuE DU pRocEoE oe
PRODUCTION DES ENryMES LIGNINOLYTIQUES PAR
FERMENTATToN DE oEcners soLtDEs DE JUs DE
POMME (APPLE POMACE)





1. DESCRIPTION DES SCENARIOS DE SIMULATION
EMPLOYES POUR L'ANALYSE TECHNICOECONOMIQUE
DE LA PRODUCTION DES ENZYMES LIGNINOLYTIQUES
Dans le cadre de cette 6tude, l'6valuation de I'int6r6t technico-6conomique de la

production des enzymes ligninolytiques a 6t6 r6alis6e d partir d'une s6rie de 4

sc6narios. Les quatre sc6narios sont pr6sent6s en d6tails dans la figure 11.1. Les trois

premiers sc6narios tiennent compte de la fermentation de 10000 tonnes de d6chets

solides de jus de pomme. Ce substrat d6tient une humidit6 qui est de 72o/o plp.

Cependant, le quatridme sc6nario tient compte de la fermentation de 10000 tonnes de

son de bl6 (humidit6 72o/o p/p). Ce sc6nario est consid6r6 comme un sc6nario de

r6f6rence car le son de bl6 est un milieu semi-synth6tique tres utilis6 dans la production

des enzymes ligninolytiques par Phanerocheate chrysosporium. Aprds la fermentation

du substrat, l'extraction des enzymes a 6t6 r6alis6e par centrifugation aprds ajout de

tampon de sulfate de sodium (10/1 v/p) (sc6nario 4 et 1) ou de I'eau (1 011 vlp) (Sc6nario

3). Par contre, l'extraction des enzymes a 6t6 r6alis6e par filtration aprds I'ajout du

tampon phosphate (1011 vlp) dans le sc6nario 2. Les paramdtres d'op6ration et les

hypotheses de base utilis6s dans les 4 sc6narios ont 6t6 pr6sent6s en d6tails dans le

tableau 11.1 et 11.2.

Tableau 11.1 Paramdtres d'op6ration de base

Sc5nario 1 Sc6nario 2 Sc6nario 3 Sc6nario 4

Substrat de

fermentation

M6thode

d'extraction

Tampon

d'extraction

Apple pomace

Centrifugation

Apple pomace

Filtration

72 o/o (mlm)

4,5

Humidit6 du milieu 72o/o (mlm)

Tampon phosphate Eau

pH 6,5

Apple pomace

Centrifugation

Son de bl6

Centrifugation

Tampon phosphate Tampon phosphate

pH 6,5 pH 6,5

72 o/o (mlm) 72 o/o (mlm)

4,5 4,5pH du mi l ieu 4,5
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Tableau 11. 2 Les simplif ications uti l is6es dans les diff6rents Sc6narios (Gassara et al., 2010 ;
Gassara et al., 2011)

Sc6narios Activit6 Capacit6 de
enzymati production
que U/g A MU/an CAP

P6riode
d'op6ration
parjour P

Facteur
d'efficacit
6
d'op6rati
on (%) F

Taux de Dur6e de Temps entre les
r6cup6ratio fermentat p6riodes de
n des ion D fermentation I
enzymes T (jours)

1 : Extraction
par
centrifugation
(Proc6d6 de
r6f6rence)

2: Extraction
par filtration

2900
U/gss (3)
812U19

812000 MU 350
lan

1 090

1 02590350

0,25

0,25

0,25

0,25

722 Ulgss 202000
(1) 2o2
lU/s

3: Extraction
par I 'eau

4 :
Fermentation
du son de bl6

2410
U/gss

674,8 U/g

2610
U/gss (3)
8 1 2 U l g

lU/an

730800 MU 350
lan

674800 MU 350
Ian

1 0

1 0

90

90

90

90
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Scenario 1 Scenario 2
Scenario 3

Adreminement
dddrets

St6rilisation pr
autodane

Enrymes
formuldes <

S o n d e b l 6  ' - - )

Scenario 4

Formulation

Fermentation

CuSOo

Tween 80

guaiaol

Tampon

Centrifugation

Scenario I

Scenario 4

(Eq 1)

(Eq 2)

Dimension du fermenteur(m') =

Q=(cm)/ ( rxaxFxr )

Avec

d : densit6 de apple pomace =0,44 Kg/L, densit6

densit6 du son de ble (72o/o d'humidit6)=Q,53
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Adreminement
animale dddrets

Figure 11. lSc6narios utilis6s dans I'analyse technico4conomique

2. DIMENSIONNEMENT DES EOUIPCMENTS
Des calculs ont 6t6 effectu6s pour le dimensionnement et la d6termination de la capacit6

des principaux 6quipements impliqu6s dans la chaine de production des enzymes

ligninolytiques, la quelle comprend la fermentation, I'extraction, la r6cup6ration des

enzymes et la formulation.

Le dimensionnement du fermenteur a 6t6 r6alis6 en se basant sur les 6quations 1 et 2,

et les r6sultats ont 6t6 pr6sent6s dans le tableau 11. 3 :

Q  " ( I+D)x  
1 ,2

du son de bl6sec =0,24 Kg /L, la



I : Temps entre les p6riodes de fermentation en jours

D : Dur6e de fermentation (jours)

CAP : Capacit6 de production MU/an

A: Activit6 enzymatique U/g

F : Facteur d'efficacit6 d'op6ration (%)

T : Taux de r6cup6ration des enzymes (%)

P: P6riode d'op6ration par jour

Le dimensionnement de I'unit6 d'extraction des enzymes par centrifugation a 6t6 fait en

se basant sur I'eq 3 et les r6sultats obtenus ont 6t6 pr6sent6s dans le tableau 3.

Taille de la centrif (L/h) = Qxl}x( I+ D)x 1000 (Eq3)

Tableau ll.3 Dimensionnement du fermenteur et de la centrifugeuse, utilis6s dans les quatre sc6narios

Sc6nario 1 Sc6nario 2 Sc6nario 3 Sc6nario 4

Volume du 98,4

fermenteur m3

Tail le de la 45100

centrifugeuse L/h

98,4 98,4

451 00

81 ,69

451 00

3. COUTS EN CAPITAUX
L'investissement total appel6 aussi co0ts fixes en capitaux comprend le montant

d'investissement de base (co0ts directs), les frais d'ing6nierie et de supervision ainsi que

les d6penses de construction (co0ts indirects), de m6me que les frais de gestion et de

construction et les frais contingents.
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3. 1 Les co0ts directs
Les coOts directs en capitaux comprennent les d6penses dues d I'acquisition et

l'installation des 6quipements (achat et transport, installation et isolation, instrumentation

et contrOle, conduites et tuyauterie, systdme 6lectrique), des bdtiments de proc6d6s et

services, | 'acquisition et | 'am6nagement du terrain, ainsi que les facilit6s et services.

Dans le cadre d'une 6valuation pr6liminaire, I'estimation des co0ts en capitaux est

bas6e sur les le concept des facteurs de Lang (Castilho et a1.,2000). Le point de d6part

de tous les estim6s de cette technique est la pr6paration de la liste de tous les

6quipements majeurs requis, incluant le co0t d'achat et de transport. Les co0ts

d'acquisition (achat et transport) des diff6rents 6quipements ont 6t6 d6termin6s en se

basant sur diff6rentes sources (Alibaba. Com Castilho et al., 2000, Zhuang et al., 2007)

et ont ete mod6lis6s de manidre d pouvoir 6tre estim6s, par apport d diff6rentes

conditions d'exploitation de I'usine de production des enzymes ligninolytiques. Les

facteurs de Lang utilis6s dans cette 6tude sont pr6sent6s dans le tableau 11.4.
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Tableau 11. 4 Estimation du capital total par ann6e d'une entreprise produisant des enzyme par
fermentation i I'etat solide : Facteurs de Lang (Castilho et a1.,20001

Pourcentage du co0t des

6quipements

Couts directs

Equipement achete livr6

Installation des 6quipements

I nstrumentation et contr6le

Tuyauterie

b6timents (incluant les services)

Electricite (incluant installation)

Am6liorations

Services et facilit6s

Tene si achet6

Total des couts directs

Couts indirects

Ing6nierie et supervision

d6penses de construction

Total des couts indirects

Frais de I'entrepreneur

Contingence

Total des investissements en capital fixe

Le fonds de roulement

Total des investissements de capitaux

310

100

39

1 3

31

29

1 0

1 0

55

6

293

32

34

66

1 8

36

413

74

487

Le coOt des 6quipements a ete d6termine en fonction de leurs capacit6s. Le co0t d'achat

a 6t6 augmente de 5% pour tenir compte des frais de transport. Les coOts aussi ont 6t6

transform6s en dollars canadiens (Taux de change | 1,02 $US/$Can)). L'6quation 4 a

6t6 utilis6e pour d6terminer le co0t d'acquisition des 6quipements (Remer et Chai.,

1eeo).

Co0t = X. (CAP)Y x MSECU MSECIo Eq4

X : Constante de co0t pour l'6quipement consid6r6

Y : Facteur de mise d l'6chelle

MSECI" : Valeur actualis6e de l'indice Marshall and Swift Equipment Cost lndex

MSECI9: Valeur d I 'origine de I ' indice Marshall and Swift Equipment Cost Index



Les co0ts d'acquisition des diff6rents 6quipements sont pr6sent6s dans le tableau 11. 5.

Tableau 11. 5 Go0ts d'acquisition des diff6rents 6quipements

Appareil lage Capacit6
I  ln i r6  da  lq

[ ' i t" 
'-Nombre

Cout ($ canadien)

Solid state fermentor

Sterilizing drum

Scenario 1 Apple pomace ;Sterile conveyor
Extraction des enzymes par_
centrifugation centruTugeuse

Mixing tank
storage medium tank
Co0t total
6quipements
Solid state fermentor

Sterilizing drum

Scenario 2 : Appre pomace,st^"'""-:ll":Y:l
Extraction des enzymes parrorary orum rllter

filtration Mixing tank
storage medium tank
Co0t total
6quipements
Solid state fermentor
Sterilizing drum

Scenario : 3 Apple pomace Sterile conveyor
Extraction des enzymes Parcentrifugeuse
I'eau Mixing tank

storage medium tank
Co0t total
6quipements
Solid state fermentor
Sterilizing drum
Sterile conveyor
centrifugeuse
Mixing tank
storage medium tank
Co0t total
6quipements

98,4

98,4

5

45100
100
100

des

98,4
98,4
5
5,32
100
100

des

98,4
98,4
5
45100
100
100

des

81 .69
81 .69
5
451 00
100
100

des

m'

m3

M

L/h

m'

1 , 3  M
1
1
1
1

331 885

12208

45716

568089
316598
40223

331 885
12208
45716
311728
31 6598
40223

331 885
12208
45716
568089
316598
40223

289795
61 53
45716
568089
31 6598
40223

m-
m-
M
m'
m-

Scenario 4 :
Fermentation du son de bl6

m'
m'
M
L/h
m3

mt

m'
M
L/h
m'

1 ,05  M
1
1
1
1
1
1

1 , 3  M
1
1
1
1
I
1

1,27 M

3. 2 Les co0ts indirects
Les coOts indirects des coOts en capitaux comprennent les frais associ6s d l'ing6nierie et

la supervision des travaux, ainsi que les d6penses de construction. Ces deux 6l6ments

sont estim6s d I'aide d'un facteur multiplicatif appliqu6 sur le co0t total d'acquisition des

6quipements. Les coOts d'ing6nierie et de supervision comprennent les frais

administratifs d'ing6nierie, les co0ts d'ing6nierie de proc6d6s, les frais d'architecture de
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communications de reproduction, les frais de consultations externes, le frais de voyage

et de repr6sentation ainsi que les co0ts de supervision et d'inspection.

D'autre part, les d6penses de construction tiennent compte des co0ts de construction,

d'op6ration et d'entretien des facilit6s temporaire des bureaux, des routes, des aires de

stationnement, du systdme 6lectrique d'appoint, de communication et d'installation

temporaire de clOtures. De plus, cet item comptable prend en consid6ration le coOt des

outils et 6quipements de construction, les frais de supervision de la construction, les

frais d'achat et d'exp6dition, les frais de s6curit6 m6dical des personnels ... .

Pour les besoins de cette 6tude, un facteur de 32o/o a 6t6 utilis6 pour les frais

d'ing6nierie et de supervision et un facteur de 34 o/o pour les d6penses de construction.

lls correspondent aux facteurs de Lang employ6s couramment pour estimer ces deux

6l6ments 6conomiques dans le cas d'usine de production d'enzymes par fermentation d

l'6tat solide (Castilho et al.,2Q0Q).

3. 3 Frais de gestion de construction et frais contingents
Les autres items comptables d consid6rer pour l'6tablissement des coOts en capitaux

comprennent les honoraires de gestion de construction (frais de l'entrepreneur), ainsi
que les frais contingents. ll faut noter que les fonds de roulement ont 6t6 pris en

consid6ration lors de la pr6paration du flux mon6taire d'exploitation de I'entreprise. Les

facteurs d'estimation de Lang (Castilho et al., 2000) pour d6terminer les frais de

I'entrepreneur, les frais contingents et les fonds de roulement. Les co0ts en capitaux ont

6t6 calcul6s et pr6sent6s en d6tails dans le tableau 11.6.
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Tableau 11. 6 Go0ts en Capitaux

Item Sc6nario 1 Sc6nario 2 Sc6nario 3 Sc6nario 4

Equipement
achet6livr6

Installation des
6quipements

Instrumentation et
cont16le

Tuyauterie

B6timents
(incluant les

services)
Electricite
(incluant

installation)

Am6liorations

Services et
facilites

Terre si achet6

Total des co0ts
directs

Ing6nierie et
supervrsron

D6penses de
construction

Total des coOts
indirects
Frais de

I'entrepreneur

Contingence

Total des
investissements
en capital fixe

Le fonds de
roulement

Total des
investissements

de caoitaux

1314722

512741

1 7091 3

407564

381 269

131472

131472

723097

78883

3852138.06

420711

447005

867717

236650

473300

5429805

972894

6402700

Co0ts directs

1 058362

412761

137587

328092

306925

105836

105836

582099

63501

31 01 001
Co0ts indirects

338675

359843

698519

190505

381 01 0

4371 036

7831 88

5154224

1314722

512741

1 7091 3

407564

381269

131472

131472

723097

78883

3852138

420711

447005

867717

236650

473300

5429805

972894

6402700

1 266576

493964

164654

392638

367307

126657

126657

696617

75994

3711070

405304

430636

835940

227983

455967

5230962

937266

6168229
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4. COUTS DE PRODUCTION
L'6valuation des co0ts de production comprend les co0ts directs d'exploitation, les co0ts

indirects, les coOts g6n6raux, les frais de financement (int6r6t sur le capital investi),

I'amortissement sur le capital et les royaut6s.

Les coOts directs englobent les frais et d6penses li6s d la production des enzymes

ligninolytiques comme les produits chimiques, la main d'@uvre d'op6ration, la main

d'@uvre de supervision et de bureau, les utilit6s (vapeur 6lectricit6, eau de proc6d6,

disposition des d6chets), I'entretien et la r6paration des installation et des 6quipements,

les mat6riaux courants et les frais du laboratoire.

Les co0ts indirects de production englobent les frais g6n6raux de l'entreprise, les taxes

et les assurances. Par contre, les co0ts g6n6raux tiennent en consid6ration les

d6penses de I'administration, de la recherche et d6veloppement et la distribution des

ventes. D'autres 6l6ments ont 6t6 consid6r6s dans nos calculs. Ces 6l6ments sont les

frais de financement, I'amortissement du capital fixe investi ainsi que les royaut6s
payables.

4.1. La consommation de produits chimiques n6cessaires
La consommation de produits chimiques n6cessaires d I'op6ration du proc6d6 de

fermentation constitue une fraction notable du coOt de production. Le tableau 11.7

repr6sente la consommation et les co0ts des produits chimiques utilis6s dans les

diff6rents sc6narios.
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Tableau 11.7 Consommation des produits chimiques

Matiire premiire
consommation g/kg

ml/kg $/tonne prix total ($)

Fermentation

Son de bl6

Apple pomace

CuSO+ 2 mmole/kg

Veratryl alcool 2 mmole/kg

Tween 80 0,1 % v/w

Tampon phosphate de sodium 50mM pH 6,5

NaOH 4 M (en poudre) 55 ml/4,5 kg

Formulation

Gelatine en poudre

PPG

tampon phosphate de sodium pH7,2 O,2o/o

Prix total des produits chimiques sc6nario 1

Prix total des produits chimiques sc6nario 2

Prix total des produits chimiques sc6nario 3

Prix total des produits chimiques sc6nario 4

0 ,319

0,049

1

96,97

1,955

100

1000

20

1400

1  100

1 000

620

200

1000

2600000

4466

546.92

1 0000

601214

391 0

260

1 ,5

620

1 000000

1 5000

1 , 2 M

1 , 8  M

1 , 8  M

1 , 2 M

4,3 M

4. 2 Estimation des co0ts li6s d la production
Tous les coOts li6s a la production des enzymes ligninolytiques (coOts directs

d'exploitation, les co0ts indirects, les co0ts g6n6raux, les frais de financement (int6r6t

sur le capital investi), l'amortissement sur le capital et les royaut6s) ont 6t6 d6termin6s

en se basant sur des facteurs fournis par une entreprise de production d'enzymes par

fermentation d l'6tat solide (Castilho et a\.,2000). Ces facteurs ont 6t6 pr6sent6s dans le

tableau 11. 8. Tous les coOts l i6s d la production d'enzymes ligninolytiques par les

diff6rents sc6narios sugg6r6s ont 6t6 pr6sent6 en d6tails dans le tableau 11. 8. La part
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de diff6rents 6l6ments d savoir les 6quipements, les produits chimiques, la main

d'@uvre et le total des investissements en capitaux a 6t6 pr6sent6e en d6tails dans la

figure 11.2. D'aprds les r6sultats pr6sent6s dans la figure 11.2,le co0t de la matidre

premidre (son de bl6) repr6sentait 21 o/o du co0t de production des enzymes dans le

sc6nario 4 (sc6nario de r6f6rence). Cependant, l'utilisation des d6chets solides de jus de

pomme comme matidre premidre dont le co0t est nul, permet la r6duction du coOt de

production. Ceci encourage I'utilisation des d6chets agricoles comme matidre premidre

pour produire des produits d valeur ajout6e comme les enzymes, acides organiques,

biopesticides, alcool...

Tableau 11. 8 Facteurs utilis6s pour I'estimation des co0ts de production

Item

Co0ts de production directs

Main-d'euvre n6cessaire d I 'op6ration

Main-d'euvre de supervision

Utilites

Entretien et r6paration

Mat6riaux courants

Les frais de laboratoire

royaut6s

Charges fixes

Amortissement

Taxes locales

Assurance

Frais g6n6raux

Co0t de production total

Co0ts g6n6raux

Administration

Distribution et vente

Recherche et d6veloppement

Financement

Co0ts g6n6raux

Co0ts total des produits

15% du total des inveslissements de capitaux

17,5o/o de la main-d'euvre n6cessaire d I 'op6ration

15% du capitaltotal

6% du total des investissements en capital fixe

0,75olo du total des investissements en capital fixe

15% de la main-d'euvre nEcessaire d I 'op6ration

3olo du total des investissements de capitaux

10% du total des investissements en capital fixe

2,5 du total des investissements en capital fixe

0,7 du total des investissements en capital fixe

10% du total des investissements de capitaux

4 o/o du total des investissements de capitaux

11 o/o du total des investissements de capitaux

5 % du total des investissements de capitaux

5 % du total des investissements de capitaux
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Tableau 11. 9 Co0ts de production totaux des enzymes ligninolytiques

Item Scenario 1 Sc6nario 2 Sc6nario 3 Sc6nario 4

Co0ts de production directs

Produits chimiques

Main-d'euvre ndcessaire d I'operation

Main-d'euvre de supervision

utilit6s

Entretien et r6paration

Mat6riaux courants

Les frais de laboratoire

royaut6s

Charges fixes

Amortissement

Taxes locales

Assurance

Frais g6n6raux

CoOt de production total

Couts g5n6raux

Administration

Distribution et vente

Recherche et d6veloppement

Financement

CoOts g6n6raux totaux

Co0ts total des produits ($)

1759137

960405

1 68071

960405

325788

40724

144061

192081

542981

135745

38009

640270

5907676

256108

704297

291 031 8

3201 35

4190858

1 0098534

1759137

773134

1 35298

773134

262262

32783

1 1 5970

154627

437104

109276

30597

515422

5098744

2061 69

566965

2342829

257711

3373674

8472418

1157923

960405

1 68071

960405

325788

40724

144061

192081

542981

135745

38009

640270

5306462

2561 08

704297

291 031 8

3201 35

41 90858

9497320

43591 37

925234

1 6 1 9 1 6

925234

31 3858

39232

1 38785

185047

523096

130774

3661 7

616823

835s754

246729

678505

2803741

30841 1

4037387

12393141
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49.77 o/o

I Substrat de fermentation

I Autres co0ts

tr Maind'euvre

19'03 % oro,"ldes investissements
de capitaux

Figure 11.2 Digramme de la participation des diff6rents paramitres dans le cout de production des
enzlrmes (Sc6nario 4 : Sc6nario de r6f6rence)
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Figure 11.3 Co0t de production de 1 MU d'enzymes ligninolytiques (g) en utilisant diff6rents
sc5narios

D'aprds les r6sultats trouv6s dans la figure 1 1. 3 et le tableau 1 1. 9, I'extraction des

enzymes par centrifugation permet la r6duction du coOt de production des enzymes

ligninolytiques de 70,36 o/o par rapport i la m6thode d'extraction par filtration. Cet effet

aurait d0 etre expliqu6 6tant I'adsorption des enzymes sur le filtre, ce qui emp6che leur

extraction. Par la suite, le rendement d'extraction par filtration est faible, ce qui va

diminuer la capacit6 de production des enzymes et augmenter leur coOt de production

des enzymes. De plus, L'utilisation des d6chets solides de jus de pomme comme

matidre premidre r6duit le co0t de production des enzymes de 32,30o/o par rapport au
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proc6d6 de fermentation de r6f6rence utilisant le son de bl6 comme matidre premidre.

L'utilisation de I'eau comme tampon d'extraction des enzymes d la place du tampon

phosphate a permis I'augmentation du co0t de production des enzymes ligninolytiques

de 4 o/o. Ceci est d0 au rendement d'extraction par I'eau, qui est plus faible que celui

obtenu par le tampon phosphate. L'utilisation de I'eau comme milieu d'extraction a

diminu6 la productivit6 annuelle d'enzymes ligninolytiques engendrant ainsi une

I'augmentation de leur co0t de production. Au final, d'aprds I'analyse technico-

6conomique r6alis6e, I'utilisation des d6chets solides de jus de pomme comme milieu

de fermentation et l'extraction des enzymes ligninolytiques par centrifugation aprds

I'ajout de tampon phosphate reduit consid6rablement le coOt de production des enzymes

ligninolytiques.
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ANNEXE 1
Table A. 1. 1 Viability of P. chrysosporium cultivated on wastes (Pomace, brewery waste, fishery
waste, pulp and paper industry sludge: P A P), inducer (copper sulphate, 3 mM). Viability was
determined using MPN method.

Viabil ity (UFC/g)

Time (days) Pomace Brewerywaste P A P Fishery waste

0.0E+00 0.0E+00 2.1E+04 0.0E+00

2.1E+04 1.0E+05 1.0E+07 0.0E+00

5.3E+06 1.1E+08 0.0E+00

5.3E+05 4.1E+05 5.3E+07 5.3E+02

41E+O4 4.1E+03 5.3E+05 0.0E+00

Table A. 1. 2 Viability of P. chrysosporium cultivated wastes (Pomace, brewery waste, fishery waste,
pulp and paper industry sludge: P A P), inducer (veratryl alcohol, 2 mM). Viability was determined
using MPN method.

Viabil ity (UFC/g)

Time (days) pomace Brewerywaste P A P Fishery waste

0.0E+00 0.0E+00 0.0E+00 0.0E+00

5.2E+04 5.3E+04 2.4E+03 1.7E+07

1.1E+05 1.1E+05 1.2E+03 3.2E+07

1 .1E+06 1.1E+06 3.2E+03 5.3E+07

2.4E+06 1.7E+06 3.2E+03 1.7E+08

1 .1E+06 1.1E+06 0.0E+00 5.3E+07

5.3E+09

t4

L7

1 1
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Table A. 1. 3 Viability ol P. chrysosporium cultivated on wastes (Pomace, brewery waste, fishery
waste, pulp and paper industry sludge: P A P), without inducer. Viabil ity was determined using MPN
method.

Viabil ity (UFC/g)

Time (days) pomace Brewerywaste PAP Fishery waste

0.0E+00 0.0E+00 0.0E+00 0.0E+00

5.2E+04 5.3E+04 2.4E+04 0.0E+00

1 . 1 E + 0 5 1 . 1 E + 0 5 1.2E+05 0.0E+00

1 0 5.3E+05 7.2E+05 6.0E+07 6.0E+03

12 5.3E+04 5.7E+05 5.3E+07 5.5E+03

1 3 5.3E+04 5.3E+05 1.0E+07 0.0E+00
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rabte A. 2. I MnP production during sotid state fermentation ., 
"rlT:::=-i 

rrerent modes or asitation and aeration

MnP production (U/gds)

c/d/c agitation d/c/d

aeration 1.66 WM

Gontinious

cldlc aeration 0.83 WM

Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype

0

t2

24

36

48

60

72

84

96

L20

t32

0

0

0

0

0

0

7.25

9.5

15

27.5

48.75

0

0

0

0

0

0

0

0.5

L.2

1.6

2.5

0

0

0

0

0

0

0

0.5

7 .2

0

0

0

0

0

0

0

0

0

2 .2

4.7

0

0

0

0

0

0

0

0 .L

0.3

720

240

360

480

600

72 L6.25

80 20

98 22.5

105 27.5

723 88.75

00

t20

240

360

480

80 26.88

98 44

105 to3.7

L23 444.6

000

0L20

0240

0360

0480

00

0L2

o24

036

048 0

0600

72 74

0060

0.8 L20 83.3333333 4.7 72

1.s 1s5 83.3333333 5.6 80

2.9 L92 304.766667 L7.8 98

7.9 242 479.766667 3L.2 105

26.8 266 468 29.L L23

1.6

2 .5
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744

156

168

180

L92

204

2L6

228

240

252

264

276

288

63.75

9L.25

150

287.5

4L2.5

600

6s0

762.5

1030

1018.75

1013.75

1003.75

1000

4.3

7.3

L7

18

32

37

39

50

133 L66.25

L47 800

L7L 845

195 844.33

279 845.7

243 843

250 843.5

7 800

4.3 133 675.3

7.3 t47 1245.7

8.9 77L 1678.9

L7.2 195 1690.3

72.3 279 1540.3

L4 243 1,634.7

72 250 7637.3

7.3 747 t245.7

37.2 300

87.6 747

98.3 77L

87.6 195

702.3 2L9

92.5 243

87.9 2s0

87.6 747

470

7245.7

1678.9

1690.3

1640.3

7634.7

L637,3

7245.7

29.7 133

87.6 L47

98.3 t7t

87.6 195

702.3 2L9

92.5 243

87.9 250

87.6 288

32.4 2.3

55.5 5.2

767.7 L7.2

246.2 76.2

324.6 2t.2

322.6 79.2

323.9 18.3

325 16.5
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Table A. 2.2LiP production during solid state fermentation of apple pomace using different modes of agitation and aeration

Gontinuous agitation C/D/C agitation, 1.25 WM D/C/D agitation Aeration 1.66 WM Aeration 0.83 WM

Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype

1 2 0
24 15.59139

8
48 18.83960

6
60 16.24103

I
7216.24103

I
120 12.99283

2
144 22.73745

5
156 17.54032

3
168 15 .59139

8
180 18 .18996

4
19212.34319

216 23.38709
7

228 16.24103
9

230 14.16218
6

24218.83960
6

254 16.24103
I

000
1200

2400

3600

4800

6000

72 1.375 0

84 2.625 0.1

96 3.75 0.2

120 6.125 0.3

132 12.5 0.5
144 32.5 1.4

156 52.5 3.1

168 91.25 7.6

180 103.75 8.2

192  150  11 .3

0
0

1 .3

1 .2

0.9

1 .2

0.8

1 .2

1 .2

0.9

0.6

0.8
1 .4

1 .1

0.9

1 .1

0.8

0
12

24

36

48

60

72

80

98

105

123
133

147

171

195

219

0
0

0

0

0

1 .75

6125

12.5

18.75

25

27.5
31.25

37.5

43.75

117.5

116.25

0
0

0

0

0

0

0

5.3

87.4

122 .5

154.9
167.9

387.9

385.45

382.9

382.3

0
0

0

0

0

0

0

0

0 .1

0.2

0 .3
0.5

1 .4

3.1

7.6

8.2

00
012

o24

036

048

060

072

o.4 80

3.9 98

8.6 105

10.2 123
11.4 133

14.3 147

18.2 171

16 .9  195

17.6 219

0
12

24

36

48

60

72

80

98

105

123
133

147

171

195

219

1 2 0
2415.59139

8
48 18.83960

6
60 16 .24103

I
7216.24103

I
120 12.99283

2
144 22.73745

5
156 17.54032

3
168 15 .59139

8
180 18 .18996

4
19212.34319

216 23.38709
7

22816.24103
I

230 14.16218
6

24218.83960
6

254 16.24103
I
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266 33.13172 't.7 204 2n 17.3 243 116.875 11.3 243 3U 16.S 243 266 33.13172
300 32.44207 | .8 216 262.5 23.2 2n f6.25 1 0.3 250 Mj 17 .a 2W 300 32.4F.207

228 250 21
240 243.75 19.5
252 237.5 19.9
264 237.5 18.9
276 231.25 21.1

288

300
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Table A. 2. 3 Laccase production during solid state fermentation of apple pomace using different modes of agitation and aeration

Laccase production (U/gds)

Continuou3 agitatlon CrD/G .elt.tlon, 1.25 WI DrCID tgitation A.r.tlon l.66wlt A€ratlon 0.63 vvM
Tim€ Moyenne Ecartype Time Moyenne Ecsrtype Tim€ Moyenne Ecartype Time Moyenne Ecartype Time Moy€nn€

0

1 2

24

36

48

60

72

84

96

120

132

144

1 5 6

204

228

0

0

0

0

0

0

0

0

0

0

0

0

0

19.90

37.03

0

1 2

24

36

48

60

72

84

96

120

132

144

156

168

180

0

0

0

0

0

0

1 . 2 5

1 . 5

1 .875

3

3.625

12.5

16.25

1 5

37.5

0

0

0

0

0

0

0

0.01

0 . 1

0 . 1 8

o . 1 2

0.9

0.8

,|

2 .1

0

1 2

24

36

48

60

72

80

98

105

123

133

147

't7'l

195

0

0

0

0

0

0.5

0.75

0.875

1

1 1 2 5

1 . 2 5

16.25

1 5

62.5

112.5

0

0

0

0

0

0

0

0.01

0.1

0 . 1 8

0 . 1 2

0.9

0.8

1

1 2 . 1

0

1 2

24

36

48

60

72

80

98

105

123

133

147

171

195

0

0

0

0

0

0

0

0

4.6

12.3

18.9

89.6

187.7

297.3

689.3

0

0

0

0

0

0

0

0

0.2

0.8

1 . 5

6.7

11.4

15.5

43.2

0

1 2

24

36

48

60

72

80

98

105

123

133

147

171

195

0

0

0

0

0

0

0

0

0

0.7

1 . 2

3.9

9.7

14.4

36.2

0

0

0

0

0

0

0

0

0

0

0.1

o.2

o.4

0.9

2.',|
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2N 91.M 1m 162.s 12.1 219 300 22j 219 838.9 56.3 219 4s.4 3.4

242 86.41 201 225 11.1 243 293.75 11.1 243 8€1.2 54.1 213 48.7 3.2

254 09.50 21A 250 23.1 250 2A7.5 23.1 250 8,137.7 49.3 2il 4a.A 2.9

286 92.59 22A 262.5 1a.2 28 46.4 3.1

300 9'1.(X 24O 300 27.3 3O0 46.8 3.4

252 312.5 30.4

264 297.5 25.4

276 292.5 21.1

288 29 16.7
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ANNEXE 3
Table A. 3. 1 Ligninolytic enzymes production during liquid state fermentation of apple pomace
sludge and synthetic medium. Values are expressed as means of three replicates t standard
deviations.

laccase Ecartype MnP Ecartype EcartypeLiP

0 0

1 8  0

2 4 0

30 5.55555556

38 10.6666667

55 8.88888889

60 9.72222222

67 22.2222222

78 31.9444444

84 43.0555556

88 38.8888889

96 33.3333333

108 36.111111' l

114 31.9444444

0

0

0

0.3

0.76

o.7

0.56

2.54

4.3

4.2

2.6

3.32
't.2

1 . 4

0

0

0

46.25

73.75

111.25

66.25

80.625

100.625

1 1 0

121.25

201.25

166.25

156.875

0

0

0

10.6066017

1 7.6776695

10.6066017

8.83883476

2.65165043

0.88388348

3.53553391

1.76776695

8.83883476

5.30330086

9.72271824

0

0.95497312

1.03293011

0.98420699

1.04267473

1.00369624

0.98420699

1.06216398

2.04637097

2.24126344

4.96975806

6.04166667

3.9952957

3.70295699

0

0.02756196

0.02756196

0.01378098

0.09646685

0.04134294

0.1 51 59077

o.12402881

0.1 3780979

0.1 3780979

0.1 3780979

0.27561958

0.1 3780979

0.27561958

Table A. 3. 2 Particle size analysis during liquid state fermentation of apple pomace sludge and
synthetic medium.

D50 median
size D10 D90

D43 mean
size

0

1 8

24

30

38

55

60

67

78

84

88

96

108

114

54.064

57.79

36.31

30.66

20.32

76.129

547.04

532.2

453.24

3 1 2 . 1 3

279.12

178.56

168.89

143.56

1 2 . 1 1

12.22

4.91

2.93

2.83

12.26

42.61

37.1

34.4

25.71

2 1 . 1

18.14

14.83

12.34

125.006

165.132

96.39

84.76

79.65

524.',t97

681.805

598.5

579.3

512.13

413.87

376.12

361.34

324.56

86.2

74.71

44.92

39.97

35.67

178.31

467.64

420.14

387.14

321.54

235.56

212 .7

1 98.1 3

176.98
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ANNEXE 4
Table A. 4. 1 Thermal stability of MnP inside different hydrogelformulations

Temperature
('c) 20 40 50 60 75

free enzyme

pec 0.01%

pec 0.02o/o

pec 0.05%

g e l 0 . 0 1 %

ge l0 .02%

gel0.05%

cmc 0.01%

cmc 0.02olo

cmc 0.05%

404

514

532

477

496

523

5 1 3

384

232

172

512.5

525

537.5

487.5

500

525

512.5

387.5

250

175

500.1

524

537

487

498

523

509.3

385

249

174

4 1 2

523

536

476

495

521

508

381

247

169

239

512

5 1 8

471

491

517

505

370

236

1 6 1

32.1

501

504

465

482

5 1 3

501

254

2 1 2

154

Table A. 4. 2 Thermal stability of LiP inside different hydrogelformulations

Temperature
("c) 20 40 50 60 75
free enzyme

pec 0.01olo

pec0.02o/o

pec 0.05%

g e l 0 . 0 1 %

gel0.02olo

gel0.05%

cmc 0.01%

cmc 0.02%

cmc 0.05%

36

48

53

37

49

43

37

42

35

31

50.67

49.50

53.40

38.19

50.28

45.60

42.48

47.16

37.80

33.91

47

49

53

38

49

45

42

46

36

33

32

48

52

36

48

43

38

45

34

31

7

47

49

34

45

41

35

42

32

28

0

46

48

32

43

40

34

41

32

27
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Table A. 4. 3 Thermal stability of laccase inside different hydrogelformulations

free enzyme

pec 0.01%

pec 0.02o/o

pec 0.05%

ge l0 .01%

gel 0.O2o/o

gel0.05%

cmc 0.01%

cmc 0.02%

cmc 0.05%

79 .1  6

88.88

79 .1  6

77.77

87.5

81.944

80.27

58.33

44.44

29.16

69

86

76

75

86

81

79

56

43

28

68.4

88.2

79

76

87

81

79

56

43

29

34.8

87.5

78

75

86.5

80

78

54

42

27

1 3

86

76

74

84

75

73

49

39

25

0

84

74

73

82

73

70

48

39

23

Table A. 4. 4 Polyphenol reduction during juice treatment by different ligninolytic enzymes
formulations

oectin selatin cMc Free enzyme Juice

57.2052402 65.2838428

79.0393013 52.1834061

59.1703057 81.5502183
4.58

0.01o/o 73.580786

0.02o/o 61.1353712

0.05% 62.2270742

46.5065502

Table A. 4. 5 Particle size analysis during juice treatment by different ligninolytic enzymes
formulations

pectin gelatin cMc
53.33

6.03

6.67

0.01%

0.02o/o

0.05%

51 .08

59.92

802.93

7.2

443.64

622.55

331




