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ABSTRACT

Experimental plans were designed in order to dgvetdid state fermentation (SSF) for in
situ lignocellulolytic enzyme production. The enaymxtract will be used to increase
biodegradation and methane production in downstr@aaerobic digestion (AD). In that
perspective, four lignocellulolytic enzymes wererntlfied of interest: total cellulase (FPase),
carboxymethylcellulase (CMCas@}glucosidase and xylanase. Their corresponding
concentrations or activities were monitored alhgléhe conducted research.

Following an extensive literature review, substtgfe, autoclaving, inoculum type, pH,
moisture and nutrient addition were identified faes factors that impact enzyme production
under SSF conditions at the laboratory scale. Aesdawn of the enzyme activities analytical
methods to 96-well plate test format was howewst firoven necessary. Analysis had to
adapt to large factorial experiments.

Two consecutive sets of experiments were run fogush the development of the SSF
process using three substrates: municipal solidex®$W), paper/cardboard (PC) and
brewer’s spent grain (SG). First the factors impacthe SSF process and their
corresponding ranges were narrowed down using ptral design experimental plan over
a 5-day fermentation period. A full design expentaé plan later optimized the experimental
conditions. Humidity level and pH were the moshgigant impacting factors. Their effect
was non-linear over the tested range. Since thenapenzyme mixture could not be defined,
all three substrates were kept in the differeneexpents.

Using the identified optimal conditions, a folloyp-over two weeks of triplicates of the

different substrates identified the production peodf the four enzymes. The above defined



fermentation time falls well within the optimal g These assays also put forward the
importance of the indigenous microflora which cosidbstitute external inoculum.

Finally, brewer’s spent grain was used as a magsstsate to study the impact of two
enzyme samples, one commercial as a referencéharahzyme extract obtained from SSF
of the three substrates, on methane productiomr@etlab-scale AD systems: single-stage,
two-stage and a percolation system coupled with A{alrolysis results were encouraging
but the impact on methane production using the exgatal setup was shown on the third

tested system. At least a 30% increase of methartigtion can be achieved using enzymes.



RESUMEN

Un proceso de “Solid State Fermentation” (SSF, eatacion en Estado Solido) de residuos
organicos para la produccion de enzimas lignoaalaas y la posterior utilizacion del
extracto enzimatico para aumentar la biodegradiauily la produccion de metano, mediante
digestion anaerobia, de los residuos tratadosdsardllado a escala laboratorio. Un extenso
analisis de la bibliografia existente permitiodantificacion del tipo de substrato, del
autoclavado, del tipo de inoculo, del pH, de la bdad y de la adicion de nutrientes como
los factores clave del proceso que determinanddymcion de enzimas mediante SSF. La
gran cantidad de parametros de proceso hizo nexesaiserio y aplicacion de planes de
experiencia especificamente disefiados para jerangel impacto de cada uno de los
parametros y sus posibles interacciones.

Una de las repuestas mas importantes para evaleéicdcia del proceso es la concentracion
o actividad de las enzimas, medida a lo largo da ta investigacion. Se identificaron cuatro
enzimas de interés: Total Cellulase (FPase), Carbethylcellulase (CMCaséj;

glucosidase and Xylanase. Para adaptar los métodtiicos a los amplios experimentos
factoriales se demostro primordial su “scale-doaiformato de placa de 96 pozos.

Dos planes de experiencia consecutivos fuerorzesids sobre tres substratos diferentes:
Residuo Solido Urbano (RSU), la fraccion papel garadel RSU y residuos sélidos de la
produccion de cerveza (Brewery Spent Grains). ialgarplan experimental, disefio D-
Optimal, permiti¢ afinar los factores y sus randessalores durante un proceso de
fermentacion de 5 dias. El segundo, un Full-Deplgn experimental, optimizo las
condiciones experimentales. Humedad y pH fuerontifisados como los parametros mas

significativos, con un impacto no linear en losgas estudiados.



Las condiciones Optimas identificadas fueron wdias para realizar un experimento, en
triplicado, para definir los perfiles de produccimlas cuatro enzimas a partir de los tres
residuos y por un periodo de dos semanas. Logadsgl pusieron de manifiesto que por una
parte el tiempo de 5 dias utilizado previamentalbestientro del rango éptimo y por otra
parte la importancia de la microflora indigena eage substituir la inoculacién externa.
Finalmente, el proceso global fue evaluado utilitaal residuo de la produccién de cerveza
como substrato modelo. Dos complejos enzimatiaos,comercial como referencia y el
extracto enzimético obtenido por SSF de nuestidues, fueron utilizados para estudiar el
impacto en la hidrdlisis y en la produccién de metan tres configuraciones de digestion
anaerobia: single-stage (una sola etapa), two-gthdpbe etapa, hidrélisis + digestion
anaerobia) y percolacién combinada con digesti@emia. En términos de hidrolisis, los
resultados obtenidos son alentadores. Sin embang@rminos de produccion de metano, y
teniendo en cuenta las condiciones experimentsdés Ja configuracion percolacion
combinada con digestién anaerobia demostré quililEanién de enzimas incrementa en al

menos un 30% la produccién de metano.
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CHAPTER 1

OVERVIEW

1.1. Introduction
1.1.1. Context
Society is facing a number of key socio-economit @mvironmental challenges which
require innovative solutions (Berka and Cherry,@0M®ne major challenge is to re-evaluate
efficient energy utilization or to find alternatiuses for natural and renewable resources,
using clean technologies (Igbal et al., 2013) alet,fa large fraction of the world’s total
energy demands is supported by non-renewable $agsiburces (EIA, 2013). But with the
increasing energy demand and environmental cortbere is an increasing search for energy
production alternatives such as anaerobic dige$A@). In this process, different types of
biodegradable feedstocks have been used but thdiatt has lately shifted towards a huge
reservoir of energy which is the lignocellulosiedistock. This biomass can be a perfect
candidate for producing bioenergy and biobasedymtsdust only considering the part of the
feedstock that does not directly compete with footeed production (Sawatdeenarunat et
al., 2015). It is an abundantly available bioreseuwrith a global yield of over 200 billion dry
metric tons per year (Kumar et al., 2008). Anaaralgestion of lignocellulosic biomass can
therefore provide an excellent opportunity to cohtleese substrates into renewable energy
(Sawatdeenarunat et al., 2015).

Regardless of their source, lignocellulosic mategansist of three main polymers:

cellulose, hemicellulose and lignin (Acharya et 2010; Deswal et al., 2011; Montoya et al.,
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2012). Cellulose is a linear homopolymer of glucosgs; the chains of cellulose tend to
forms microfibrils with alternating crystalline amaagnorphous regions (Lynd et al., 2002;
Jabasingh and Nachiyar, 2011). Hemicelluloses alggn®ers composed of monomeric
components mainly xylose, mannose, galactose,raabiand methylglucuronic acid
(Santoni et al., 2015). Finally, lignin is mainlyane up of guaiacyl and syringyl units to
which phenylpropanoid units can also be cross-tinl&antoni et al., 2015). Therefore for the
complete valorization of this lignocellulosic feenlsk, the bottleneck resides in its complex
chemical structure which is resistant to degradatn@inly under anaerobic processes. The
best option to overcome the limitation is pretrestim

1.1.2. Pretreatment processes

Pretreatment becomes then a crucial process stépef®iochemical conversion of
lignocellulosic biomass. It is required to altee gtructure of cellulosic biomass and make
cellulose more accessible for biodegradation (Masti@l., 2005). It has been recognized as
one of the most expensive processing steps inlgsitubiomass-to-fermentable sugars
conversion (Alvira et al. 2009; Carvalheiro et 2D08; Hendriks and Zeeman, 2008;
Taherzadeh and Karimi, 2008). There are 5 mairgoaites of pretreatment as identified by
Harmsen et al. (2010): mechanical, chemical, theroombined chemical and mechanical
and finally biological.

Mechanical pretreatmert consists mainly of milling or the reduction ofrpele size to
make material handling easier and to increasefMalume ratio. There is also
ultrasonication but it has been mostly investigatethe laboratory scale (Harmsen et al.,
2010). In most cases, mechanical pretreatment & aften followed by another processing
step.

Several sub-categories are found urakemical pretreatment

12



" Acid catalyzed hydrolysis consists of two types.de hand, dilute acid treatment is
one of the most effective pretreatment method$édaocellulosic biomass (Harmsen et al.,
2010). There are two types of weak acid: high teatpee and continuous flow process for
low-solids loading (T> 160 °C, 5-10 wt% substrabve@entration) and low temperature and
batch process for high-solids loading<60°C, 10-40% substrate concentration) (Harmsen
et al., 2010). This type of pretreatment has pratseafficiency but its major drawback is the
degradation of hemicellulose sugars into furfurad &ydroxymethyl furfural, strong
inhibitors to microbial fermentation (Harmsen et 2D10). On the other hand, there is strong
acid hydrolysis. It is very expensive and causgsiicant operational problems (Galbe and
Zacchi, 2002; Sun and Cheng, 2002) mainly equiproembsion problems. It allows
operation and low/medium temperature and pressuradutralization costs hamper its
general use (Carvalheiro et al., 2008).

. Alkaline hydrolysis is divided into two major grostpretreatments that use sodium,
potassium, or calcium hydroxide and others thatamsmonia. In general, alkaline
pretreatment increases cellulose digestibility tigtothe removal of lignin from the biomass
(Harmsen et al., 2010). It also removes acetyhamibus uronic acid substitutions on
hemicellulose that lower the accessibility of tleyme to the hemicellulose and cellulose
surface (Chang and Holtzapple, 2000).

" Organosolv processes use an organic solvent ourexbf organic solvents with
water for removal of lignin before enzymatic hygas of the cellulose fraction (Harmsen et
al., 2010). Common solvents for the process inckttlanol, methanol, acetone, and ethylene
glycol. Temperatures used for the process can hegghasas 200°C although lower
temperatures can be sufficient depending on the ¢yfpiomass and the use of a catalyst

(Ghose et al., 1983). Possible catalysts includegemic or organic acids (Sun and Cheng,
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2002). The solvent itself can be an inhibitor tog €nzymatic hydrolysis and fermentation
step therefore it must be removed prior to fernt@ma

. Oxidative delignification could be achieved usinglfogen peroxide, lignin polymers
are converted into acids among other types carimagids which act as inhibitors in the
fermentation step. Therefore they have to be nkzegrhor removed. It also affects the
oxidation of hemicellulose which will not be furthesed in the sugar production. Ozone is
another option and focuses on lignin degradationeds(Sun and Cheng, 2002).Wet
oxidation however with oxygen or air in combinatieith water at elevated temperature and
pressure (Mcginnis et al., 1983).

= Room Temperature lonic Liquids (RTIL) are salts tr@ in the liquid phase at
temperature as low as room temperature. They ai@lysomprised of an inorganic anion
and an organic cation of very heterogeneous maestiiucture (Van Rantwijk, 2003). At
the time being, there is no industrial applicaonploying RTIL.

Thermal pretreatment includes on one hand liquid hot water processkesé are
biomass pretreatments with water at high tempegatod pressure. For temperatures below
100°C, no hydrolytic effect is expected on the suabs (Abatzoglu et al., 1992), whereas
above 220°C some cellulose degradation can take pEouchard et al., 1990; Torres et al.,
1986). On the other hand, there is steam expldsiocatalyzed or catalyzed). It is considered
as one of the most applied pretreatment processekich high-pressure saturated steam is
injected into a batch or continuous reactor fileth biomass. Limitations of steam
explosion include the formation of degradation mad that may inhibit downstream
processes (Garcia-Aparicio et al., 2006).

Chemical and mechanical combinegbretreatment includes the following:

. In ammonia fibre explosion (AFEX), biomass is teshtvith liquid ammonia at high

temperature and pressure (Teymouri et al., 200BEXAreduces the lignin content and
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removes some hemicellulose while decrystallizinfutese. The cost of ammonia and
especially of ammonia recovery drives the coshefpre-treatment, although ammonia is
easily recovered due to its volatility (Holtzapplkeal., 1994).
" In CO, explosion, high pressure G@ injected into the batch reactor and then
liberated by an explosive decompression.
" Combined mechanical/alkaline pretreatment consiséscontinuous mechanical
pretreatment (e.g. milling, extrusion, refining)ligihocellulosic biomass with the aid of an
alkali. The resulting fractions consist of a sotufyhction (containing lignin, hemicellulose
and inorganic components) and a cellulose-enrisléd fraction. The combination of
alkaline pretreatment with mechanical action insesahe efficiency of the pretreatment
compared to alkaline pretreatment, but the usepémrsive chemicals remain necessary, and
recycling and waste treatment is an important issue

And finally there is théiological pretreatment which involves the use of enzymes. The
main advantage of using those protein catalydts lietter use the raw materials, save water
and energy, and most importantly replace toxic abahprocesses (Berka and Cherry, 2006).
Enzyme-catalyzed reactions take place under relgtivild and ecologically friendly
conditions, are highly specific and greatly accgiethe rates of the reactions in which they
participate (Berka and Cherry, 2006). Therefors tipe of pretreatment can actually
overcome high energy demands and most importamtipitor formation resulting from
chemical pretreatment processes. In large scaleoamvental applications, enzyme
hydrolysis is mainly associated to bioethanol patidun. Few processes have emerged lately
for waste treatment such as REnescience and Hilbgrigcesses.
1.1.3. Enzymes and solid state fermentation
The fact of having large scale processes usingreegymplies that these latter have proven

their efficiency in degrading lignocellulose altlgbutheir use has been limited to industries
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with high value-added products. Their current comumaé production takes place mostly
under submerged fermentation (SmF) conditions wpreisent high operating and capital
costs. SmF occurs in large liquid fermenters, tiesd to be sterile and with a complete
control of the growth factors. In addition to thattraction and refining operations such as
cell disruption, precipitation and solid-liquid seption that lead to the final product add to
the already high production costs.

This is where solid state fermentation (SSF) engeagean interesting alternative for the
in situ production of endogenous enzymes that will be eseshhance the hydrolysis of
lignocellulosic matrices in environmental appliocas. SSF is defined as the aerobic
microbial transformation of solid materials. Itlse process during which microbial growth
occurs on moist solid particles without the preseoicfree water (Pandey et al. 2008a). The
water thus exists in a complex form within the dahatrix or as a thin layer either absorbed
to the surface of the particles or less tightlyrmbwithin the capillary regions of the solid
(Raimbault 1997, Roussos and Pyle 1997).

For the environmental applications, the main dgviorce behind the development of
SSF processes is a serious need for large-scaledswproduction of enzymes. On-site
cellulase production under SSF from lignocelluldsmmass could therefore be a cost-
effective strategy (Hideno et al., 2011). Cellulbsesed strategies can make the biorefinery
processing more economical by increasing commegcizyme volumetric productivity,
producing enzymes using cheaper substrates, pragleazyme preparations with greater
stability for specific processes and producingutafies with higher specific activity on solid
substrates (Kiranmayi et al., 2011). Under SSF ttimmd polymer insoluble substrates
(Raimbault, 1997) and agro-industrial wastes ctadised; this is an interesting alternative
that helps in value-addition of those wastes sglalso their disposal problem (Krishna et

al., 1995; Roussos, 1997). SSF operates underckighose concentration which leads to
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higher enzyme vyields. Other advantages of SSFdedle limited consumption of water and
the absence or near absence of effluent produgioshna, 1999; Pandey et al., 2008b). And
given the nature of the microorganisms used irSIBE process, static conditions are
preferred in order to keep intact the mycelia glowftthe fungi. The aeration through the
spaces between the substrate particles allow tkegiag to be discontinued when necessary
(Roussos and Pyle, 1997). SSF is therefore lesgynensuming and requires low volumes
of the equipment.

SSF process has also its limitations. The mairddeatages are the risk of high
temperature and the removal of excess heat dustediseto the low thermal conductivity of
the solid substrate (Gervais and Molin, 2003). difieculty of parameter control mainly the
control of the pH, and the critical roles of watentent and water activity and sometimes the
need for pretreatment of the solid material adhése limitations (Roussos and Pyle, 1997;
Pandey et al., 2008a).

1.2. Research objectives

The purpose of this work is the use of in situ et enzymes under SSF conditions to
increase biodegradation and methane productioownsdtream anaerobic digestion.

Various research works have been conducted on enpyoauction at the lab-scale
focusing mainly on substrates from the food induskhe current study includes new
substrates of interest based on their represeityatlbbundance and/or environmental interest.
In addition to that, experimental conditions weediked taking into account both economic
and technical limitations of the scaling up procdd$ss is why the main objective of this
research is to define optimal operational condgifor maximal lignocellulolytic enzyme
production under SSF conditions considering thevalmmnstraints or aspects.

Three lignocellulose rich substrates were studéepaper/cardboard mixture is

considered as a standard sample of the lignocsltutmmplex. The remaining matrices are
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municipal solid waste and brewer’s spent grainy waiportant feedstock. The worldwide
annual production of MSW goes up to 1.3 billionggrloornweg and Bhada-Tata, 2012) and
that of spent grain up to 38.6 million tons (Mugsa2014).

Additionally to evaluate enzyme production, an imtant objective was to study possible
correlations that could be established betweenreazactivities used and reducing sugars
produced during the enzymatic hydrolysis of théedént matrices. And finally, brewer’s
spent grain was considered as a model matrix te hdirst- hand overall approach on the
use of enzymes in three different anaerobic treatrmmenfigurations.

1.3. Dissertation layout

This dissertation is divided into a total of eighiapters with an overview in chapter 1 and
conclusions and perspectives in chapter 8.

Chapter 2 reviews operational parameters that ittpacsolid state fermentation (SSF)
process. These include substrate type and pasiizde substrate pretreatment, inoculum,
nutrient supplementation, moisture content, watévidy, pH, aeration, temperature and
mixing. The different research efforts conductethatlab-scale are presented according to
the inoculum source. The objective is to bring fardvthe main challenges that hinder large
scale application of the SSF process.

Chapter 3 focuses on the analytical methods usedzyme activity measurements.
Existing reference methods are chemicals and labemsive and unsuitable for large
factorial experiments. Based on an extensive tiieeareview and on experimental results,
reference and microplate adapted methods were cgechpadefine the most adequate 96-
well plate adapted filter paper, carboxymethyldebe,p-glucosidase and xylanase activity
tests.

The following chapters focus on the lab-scale dgwelent of the SSF process on

municipal solid waste, brewer’s spent grain andep@ardboard fractions using
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commercially available inoculum. Chapter 4 preséimsscreening of the different
operational conditions. Substrate type, autoclavimgculum type, pH, moisture and nutrient
addition were considered in a 46-assay D-optimsigheexperimental plan. After 5 days of
incubation at 30°C, enzymatic activities were anatyand the significance of each tested
parameter measured. Results were used to defirBdthssay full design optimizing
experimental plan presented in chapter 5.

Under optimal operational conditions, chapter Gpngs the follow-up in time of the
enzyme production on the three matrices. Both fatat®n time and the importance of the
inoculum in enzyme production were identified.

Finally, chapter 7 presents the overall approadiudy the impact of using enzymes on
brewer’s spent grain in three lab scale AD systesimgjle-stage, two-stage and a percolation
system coupled with AD. For that purpose, one cerrdgyme mixture produced from a SSF
process and a commercial enzyme mixture were waspretreat the substrate.

This work can be the basis for a technical and econ feasibility study of using

enzymes in waste treatment process.
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CHAPTER 2

Review of solid state fermentation for lignocellultytic enzyme production:
challenges for environmental applications

ABSTRACT

Within the context of increasing environmental cenmg energy production from
lignocellulosic substrates is gaining great intereazymes have proven their efficiency in
the degradation of the lignocellulosic complex thair use remains limited in environmental
applications mainly due to their prohibitive coBterefore, solid state fermentation (SSF)
emerges as an interesting alternative forrsetu production of lignocellulolytic enzymes.
This work first reviews operational parameters thgiact the SSF process. These include
substrate type and particle size, substrate ptetesd, inoculum, nutrient supplementation,
moisture content, water activity, pH, aeration, pemature and mixing. Various research
efforts on the lab scale optimization of SSF asewaésed. They are presented according to
the type of inoculum used in the process: bactandlfungal species under both mesophilic
and thermophilic conditions. Using different subs#s, authors aim at maximizing enzyme
production taking into account one to several ajp@nal parameters. Reviewed research puts
forward major challenges for the scale up phasepfation of the operational parameters,
enzyme production cost and loading, enzyme mixguidity and efficiency and finally

reactor design remain the main challenges for laogde application.

Keywords: lignocellulose, enzyme, solid state fermentatmptjmization, large scale,

environmental
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2.1. Introduction

The field of industrial biotechnology has evolvegidly in recent years as a combined result
of international political desire and important gress in molecular biology research and
tools (OECD 2011). Enzyme production is one impdrtaibject of this field. Its traditional
application markets reside in the food, paper,letpharmaceutical and chemical (mainly
detergents) industries (van Beilen and Li 2002)wehzer, more recently new applications
have emerged aiming environmental applications ip#nmose of biofuel production and
waste treatment. In fact, two of today’s major peots are the increasing generation of waste
with its consequent environmental problems ands#dagch for new sources of energy due to
the increasing demand on energy sources and tloercoabout the remaining amount of
fossil resources. It is within this context that tise of lignocellulosic residues has attracted
significant attention.

Regardless of their source lignocellulosic materansist of three main polymers:
cellulose, a homopolymer @t1,4 linked glucose units; hemicellulose, a hetelyper of
pentoses and hexoses with a backbone built updmgr snonomers like xylose; and lignin, an
amorphous polymer of phenyl propanoid units (Achagiyal. 2010, Deswal et al. 2011).
Cellulose, the main component of lignocellulosgh&s most abundant organic compound. It
is the major constituent of all plant materials &mins about one-third to half of plant tissues
and is constantly replenished by photosynthesisd@®aet al., 2000). It represents 40-60% of
municipal solid waste, and is also abundant in &v&sim forest products, agriculture and
fruit and vegetable processing (Mandels et al. 1974 therefore a huge organic reservoir
on earth and a major renewable source of enerdhul@ee and hemicellulose are
respectively totally and partially biodegradablé main protected and unavailable inside
the lignocellulosic structure. Therefore a hugergetc potential is confined within

lignocellulosic matrices and its expression depanrdthe disruption of the structure.
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Therefore overcoming the recalcitrance of natugadcellulosic materials, which need to be
hydrolyzed to produce fermentable sugars, is a ntaghnological challenge (Kiranmayi et
al. 2011). A pretreatment step is thus requirearder to tap into this energetic pool. Physical
and chemical pretreatments have shown positivdtsdsowever their corresponding
economic, energetic and operational costs presajarmrawbacks. Production of inhibitors
has also been identified as another important daawhs it is the case when applying, for
example, the widely used steam explosion pretraatddvira et al. 2010, Horn et al. 2011).
Biological pretreatment, using enzymes, has alsaalinteresting results but the cost is
prohibitive for environmental applications. In factrrent large scale production of enzymes
is mainly realized under submerged fermentationK5conditions and aimed at the
production of high value-added products in the ptaareutical and food industries.

Solid state fermentation (SSF) emerges as an stiegealternative for then situ
production of endogenous enzymes that will be tgeshhance the hydrolysis of
lignocellulosic matrices in environmental applicas. Although, in certain conditions SSF
was considered as an “in vivo” pretreatment metiooehhance enzymatic saccharification of
lignocellulosic biomass in ethanol production pssss (Alvira et al. 2010).
This paper reviews the principles and operatioaghmeters of the SSF process. It then
presents a wide review of experimental results atiwuproduction of cellulolytic enzymes
using SSF. Finally, the main challenges and sdiemicks that inhibit the application of SSF
in the environmental field at the industrial scate discussed.

2.2. Operational parameters of the SSF process

Solid state fermentation could be defined as thetae microbial transformation of solid
materials. It is the process during which microlgiadwth occurs on moist solid particles
without the presence of free water (Pandey et(l8a). The water thus exists in a complex

form within the solid matrix or as a thin layerhat absorbed to the surface of the particles or
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less tightly bound within the capillary regionstbé solid (Raimbault 1997, Roussos and
Pyle 1997).

This section reviews the important parametersribatl to be considered in order to
properly run a solid state fermentation proces&s€hnclude substrate type and patrticle size,
substrate pretreatment, inoculum, nutrient suppieati®n, moisture content, water activity
(aw), pH, aeration, temperature and mixing (Lynd e2@D2, Pandey et al. 2008b).

2.2.1. Type and particle size of the substrate

The substrate used in the SSF process should bagwaith large surface area per unit
volume to allow microbial growth and proper ainfigRaimbault 1997). It can be either an
inert material (synthetic or natural) within whittte carbon and energy source are adsorbed
or could itself provide these sources (RaimbauftZl®andey et al. 2008b). Its composition
impacts the concentrations and proportions of tierdnt enzymes produced (Pandey et al.
2008b, Camassola and Dillon 2009). It is also tlagomcontributor to the cellulase
production cost (Guowei et al. 2011); thereforeagheaturally occurring lignocellulose

could be used instead.

Not only the substrate type but its particle sizalso essential. In general, small particle
size provides larger surface area for microbiacktut too small a size leads to
agglomeration and interferes with microbial respir@aeration (Zadrazil and Puniya 1995,
Pandey et al. 2008b). In parallel, large particte provides better respiration/aeration
efficiency but limited surface for microbial growtRandey et al. 2008b). It would also
absorb less moisture, swell less and thus by dm@paglly support only a sub-optimal growth
of fungi (Zadrazil and Puniya 1995).

2.2.2. Substrate pretreatment
Substrate pretreatment can be applied upstream S&ferocesses in order to reduce the

recalcitrant nature of lignocellulose. Pretreatmemhostly expected to reduce the
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crystallinity of the lignocellulosic complex (Mandeet al. 1974, Chen et al. 2011, Jabasingh
and Nachiyar 2011) thus increasing the accessilofithe surface area of the cellulose. It is
also thought to affect the pH profile during theF§8ocess (Roussos 1997). Pretreatment
generally includes size reduction (grinding, chogpmilling, cryo-milling...), enzymatic
hydrolysis, dry-pretreatment, thermochemical pedtreent, use of alkaline hydrogen
peroxide, vapor treatment, steam explosion, micvewaadiation...(Raimbault 1997,
Roussos 1997, Pandey et al. 2000, Chen et al. 2011)

2.2.3. Inoculum

During the SSF process, the inoculum develops apdiyges the desired end-product
although other associated enzyme activities cowdys be found in trace amounts (Pandey
et al. 2008b). Bacteria and yeast can be growroba substrates but flamentous fungi
remain the most adapted microorganisms for SSFd@aet al. 2000). The hyphal mode of
growth of fungi as well as their high tolerance lfmw water activity (aw) and high osmotic
pressure makes them competitive for the bioconeersf solid substrates (Gervais and
Molin 2003). Cellulolytic enzymes are known to beguced mostly by both soft rot and
white rot fungi such as Trichoderma, Phanerocha@etpergillus, Pleurotus and Penicillium
(Gokhale et al. 1991, Reddy et al. 2003, Deswal.€2011, Qian et al. 2012, Kiranmayi et al.
2011).

2.2.4. Nutrients

Nutrient addition is a parameter that mostly appl@lab-scale experiments. At this level, it
is generally preferred to add nutrients in ordediszard any nutrient deficiency. Several
recipes exist but the elemental composition coreprizesides the carbon source: major
nutrients such as K, P, Mg, S and Ca and traceszgiemsuch Fe, Co, Mn, Zn, Cu. For
example, Deshpande et al. (2008) observed thatlasd complex and xylanase production

by T. reesei was enhanced 2-3 fold by supplemetii@golid substrate with a synthetic

29



medium with whey (40%) and peptone (0.15%). In seases, vitamins and surfactants like
Tween 20 or Tween 80 are added. The surfactanpisosed to affect the permeability of
microbial cell membrane and lead to increasingaeeitular enzyme production (Guowei et
al. 2011).

2.2.5. Moisture and water activity

As in every biological process, moisture is an egakparameter in SSF. Under solid state
conditions, the substrate should possess enougstum®ito support growth and metabolism
of microorganism (Pandey 2003). On one hand, lovem@ontent could help avoid bacterial
contamination since bacteria compete less at lowasture content. But it can also lead to
poor accessibility of nutrients and reduce thelsibty of the lignin and the swelling capacity
of substrate. This eventually causes high watesstand consequently a decrease in growth
and enzyme production (Acharya et al. 2010). Orother hand, high moisture might result
in decreased substrate porosity which preventsexygnetration (Pandey 2003). In all
cases, if no moisture control is applied, watertennhcould significantly decrease during the
SSF process (Roussos and Pyle 1997).

Besides moisture, water activity (aw) is a paramigi@ some researchers consider. aw is
defined as the ratio of the vapor pressure of thtein the substrate to the vapor pressure in
pure water (Pandey et al. 2008b). For pure water@and it decreases as the concentration
of the solutes increases. In general bacteria redngher values of water activity compared
to fungi. Some fungi can grow at aw values as Ievd.&2 while others require a minimum of
0.8 or 0.9 (Raimbault 1997). Unfortunately, thex@d direct measurement of aw. Therefore
in process control, it is mostly moisture thataken into account.

2.2.6. pH
The correct pH is critical for the success of setiate fermentation (Raimbault and Alazard

1980) since along with temperature it influencesttnsport of enzyme across the

30



membrane. In addition to that, extracellular enzyme stable only at a particular pH and
may be denatured rapidly at lower or higher valiié&g pH must then be low enough at the
beginning of the process to avoid bacterial grof®aimbault 1997). But it decreases
gradually during the initial stages of the ferméotadue to mycelial growth and then
increases in the later stages (Roussos 1997) niergle the production of most fungal
cellulases falls in the pH range of 4.5-5.0 (Aclaaey al. 2010).

2.2.7. Aeration and temperature control

SSF is an aerobic process in which oxygen requinémesupplied by the oxygen present in
the gaseous air and the one present in dissolvedifothe water associated with the solids
(Muniswaran et al. 2002). In the SSF bed, the orydjfusion rate depends upon the
transport properties of the bed which shrinks @uaycelial growth. This latter changes the
bed porosity and hence the effective diffusivitye tarbon dioxide traveling in the opposite
direction hampers the oxygen transport into the(Maghiswaran et al. 2002). At lab-scale,
SSF systems are usually flushed with oxygen agwcifit rates but at the industrial scale,
aeration systems vary according to the substrate and also the bioreactor design. Aeration
plays in fact also an important role in heat dig8gn and regulation of the moisture level. In
practice, only air is used for temperature contri@&SF which requires a large quantity of air,
exceeding the amount necessary for microbial ragpir (Gervais and Molin 2003,
Rodriguez-Fernandez et al. 2011).

The SSF process is highly exothermic mainly dudégproduction of C®and
consumption of @ each mole of C@produced during the oxidation of carbohydrates
releases 673 kcal (Raimbault 1997). Pandey (20@3#)jrons that sometimes the
accumulation of heat could lead to temperature®me locations of the bed 20°C higher
than the incubation temperature. For this reasamperature is considered a crucial

parameter that contributes to the success of tirepg&ess.
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2.2.8. Mixing

SSF is characterized by a reduced liquid phasedappately the water holding capacity of
the substrate in the case of the water-liquid phaisé thus presents high viscosity.
Therefore, mixing such media leads to great shwrae$ that drastically injure the microbial
cells (Gervais and Molin 2003). It should thus Bedif it does not adversely affect the
microorganism. But the main advantage of mixindissipating the metabolic heat that is
produced by distributing the cool material througihtive reactor (Ashley et al. 1999). In fact,
if tolerated by the microorganisms, 10-60 mixin@mts per hour or a low rotation speed
mixing (1-15 rpm), can decrease the maximum tenperattained in a packed bed (Ashley
et al. 1999, Pandey et al. 2008a).

2.3. Review of SSF experiments

This section will provide specific examples of thBuence of selecting the SSF parameters
described earlier on the production of lignoceliyic enzymes. Going by theoretical
classification based on water activity, only fuagd yeasts are termed as suitable
microorganisms for SSF. Nevertheless experiencalnasn that some bacterial cultures can
be well managed and manipulated for SSF proceBPsewiéy 2003). The reviewed literature
below thus comprises two main categories basetietype of inoculum used: bacterial
species and fungal species. The latter sectidrers divided into additional two sub-
categories based on the temperature at which tReg8fess is run: thermophilic and the
most widely spread mesophilic conditions. All ravesl results are presented in
chronological order. Table 1 summarizes maximunysagic activities of the reviewed

work below.
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Table 1. Maximum enzymatic activities (FPase, CMca&sp-glucosidase and xylanase) recorded in the revieweebrks

Reference FPase CMCase B-glucosidase Xylanase

Chahal, 1985 326.8 IU/ g dry substrate 402.8 Hgsubstrate 10260 IU/g dry substrate
Deschamps et al., 1985 18 IU/g dry solid 198 Idigsolid

Krishna et al., 1995 29.1 U/g dry solid 74.8 Ulyg dolid

Gessesse and Mamo, 1999
Krishna, 1999

Kalogeris et al., 2003

Lu et al., 2003

Reddy et al., 2003

Kang et al., 2004

Poorna and Prema, 2006
Membrillo et al., 2008
Acharya et al., 2010

Chen et al., 2011

Deswal et al., 2011

Guowei et al., 2011
Jabasign and Nachiyar, 2011
Rodriguez-Fernandez et al., 2011
Dave et al., 2012

Kim and Kim, 2012

Qian et al., 2012

12.5 IU/g dry substrate

2.8 IU/g dry substrate 9.6 IU/g dpstrate

1572 U/g carbon

very low
34.2 1U/g substrate

very low

130 |U/gstuatte

0.18J/g dry weight
13.38 IU/g substrate
194.18 IU/g dry substrate
3.492 1U/ g substrate
92.16 U/g kaji

130193 bubstrate

71.699 bubstrate
377.02 U/g koji

816.5 IU/ g dry sutestra  637.25 U/ g dry substrate

4.87 U/g substrate 124.44 Ubgtsate

6.5 U/g solid

4.5 1U/g dry substrate
101.6 U/g carbon

107 1U/g substrate

26.68 1U/g substrate
155.8 IU/g dry substrate
53.679 IU/g substrate

28.52 U/g substrate

700 1U/g dry substrate

1200 IU/g dry koji
0.1411 U/mg protein
14196 IU/g substrate
21431 IU/g dry substrate
7.59 IU/g dry weight

65.38 U/g dry solid

8.8 U/g solid
508 U/g
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2.3.1. Bacterial species
SSF technique is believed to be unsuitable fordsattcultures although some successful
fermentation experiments have been achieved.

Krishna (1999) used the bacteridacillus subtilis CBTK106, isolated from banana
waste, to produce cellulase under both SSF andc@mdfitions. Several parameters were
considered in the experimental setup to optimizyer production: chemical pretreatment
(hydrolysis with varying acid and base concentregiat 30°C for soaking periods of 6 h to
24 h), autoclaving (at 121°C for 30 or 60 min), store level (55% to 75%), particle size of
the banana fruit stalk (200- 2400 um), pH, tempeeamitrogen addition, additional carbon
source (glucose, lactose, sucrose and cellulasel b6f added inoculum and fermentation
time (0 to 72 hours). For the SSF experimentalseltQ g of dry banana fruit stalk were
moistened with a phosphate, potassium and magndsased nutrient solution in 250-mL
Erlenmeyer flasks. The substrate was later autediasooled to about 30°C and inoculated
before incubation. At the end of the fermentatite, enzyme from the fermented banana
fruit stalk medium was extracted, centrifuged andlyzed for exoglucanase (FPase),
endoglucanase (CMCase) ghdlucosidase (cellobiase) activities. Unfortunathpough
many factors were studied, they were optimizedfan®r at a time (OFAT); this
experimental approach is very criticized sinceagily leads to biased results and
interpretations.

Cellulase production was not affected by eithédia®r basic pretreatment. However
autoclaving was more interesting. As mentioned bByn@ssola and Dillon (2009), pressure
cooking at a controlled pH of plant materials resul greater susceptibility to enzyme
hydrolysis. It is also believed to avoid the formaatof monosaccharaide degradation
products such as furfural and hydroxymethyl furfuvkich can interfere with subsequent

cellulose hydrolysis. Optimal levels of enzyme prottbn were found at 70% moisture level,
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400 pm particle size, 7.0 pH and 35°C. Interesyingptimal reported pH values vary
between 5.5 and 6.0 when using fungi in SSF. Hidsrad. (2011) reports optimal pH as low
as 4.0 using the filamentous funghs emonium cellulolyticus on rice straw. But as it will be
shown later, in SSF processes using bacterial spegtimal pH values are more alkaline.
Krishna (1999) also found that inorganic nitrogearses are more effective that organic
ones and that additional carbon sources did nav shsignificant difference with the control.
Finally, maximal cellulase production occurred a¥dinoculum size (v/w) and highest
enzyme titres were recorded after 72 h of fermentatn fact; since there was no pH control
in the system, the authors believed that after #tielenzymes were denatured and thus the
activity decreased. This hypothesis could be qoerstl since in later reviewed work, the
fermentation process extends longer than the regpdi2 hours. An interesting finding of this
work is the fact that cellulase titre was 12 fdhiigher under SSF than SmF.

Gessesse and Mamo (1999) uBadillus sp. AR-009 for the production of xylanase. For
the experiments, 10 g of wheat bran were plac&bimL Erlenmeyer flasks. They were
mixed with a mineral solution before sterilizatioy autoclaving, cooling down and then
inoculation. Varying levels of moisture content 38 82%) and source addition of different
carbohydrate and nitrogen compounds were testeginMian production of xylanase activity
was observed after 72 h for a total SSF proced9®h and optimal moisture level at 75%.

Finally, Asha Poorna and Prema (2007) uBadllus pumilus for the production of
endoxylanase under SSF conditions. The screeniddfefent substrates revealed that wheat
bran is the one with the highest potential. Temgraf wheat bran were thus mixed and
inoculated in 250-mL Erlenmeyer flasks. Using arADRapproach, particle size, moisture
level, pH, temperature and inoculum size were ogtih Optimal parameter values were

0.5 mm for particle size, 72% moisture, 35°C, 10%culum size (v/iw) and pH 9. Maximum
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enzyme titer was recorded at 72 h during for d totaibation period of 120he medium
retained 93% of its enzymatic activity at 96 h &3@o at 120 h

2.3.2. Fungal species

2.3.2.1. Under thermophilic conditions

Other outliers in the literature review corresptmdhe experiments run by Kalogeris et al.
(2003) and Dave et al. (2012). The authors useddhee specieBhermoascus aurantiacus
under thermophilic conditions (50-60°C) to prodeedlulolytic multienzyme complexes. As
mentioned earlier, most reviewed authors work umaesophilic conditions: mostly 25-30°C
and in few cases 40°C.

In Kalogeris et al. (2003), different carbon sogreesre supplemented with a mineral
solution prior to heat sterilization at 121°C fd@r @in. The SSF was carried out in 100 mL
Erlenmeyer flasks containing 2.5 g of dry carboarse mixed with 10 ml of a mineral
solution. After inoculation, incubation was carried 7 days under static conditions. At the
end of the process, enzymes were extracted wittietiswater by shaking at 50°C. This
temperature is high since usually this step is darmeom temperature (RT) or at 4°C but it
may have been used since the SSF itself was caiteghder thermophilic conditions. After
centrifugation, the clarified supernatant was useaneasuring endoglucanase (CMCase)
andp-glucosidase activities. Kalogeris et al. (2003palsed the OFAT approach to optimize
enzyme production. Several types of carbon sowvbedt straw, rice straw, corn cobs, wheat
bran, oat bran...) were tested and untreated wheat groved to be the most efficient. As
shown in Krishna (1999), enzyme activities were mhigher with inorganic nitrogen
sources; ammonium sulphate at 1% w/v gave the kigtativity values. Optimum
temperature was found at 50°C and optimal pH atid.fact flamentous fungi prefer acidic

environments with optimal at pH 3.8-5.0.
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In Dave et al. (2012)hermoascus aurantiacus was equally used on deoiled Jatropha
seed cake. SSF was carried out in 250- mL Erlennfiagks with 5 g of Jatropha seed cake
as the carbon source in addition to 5 ml of a eatrmineral solution. Both medium and
substrate were sterilized at and then inoculated.flasks were later incubated at 50°C under
stationary conditions for 6 days. The enzyme meiuas harvested, filtered and then
centrifuged. The clear supernatant was purifiedaralyzed for filter paper activity (FPase),
endo$-1,4-glucanase (CMCase) apylucosidase. Using the response surface methoglolog
(RSM) and Box-Behnken design (BBD), four parametezse studied at three different
levels each: initial pH (4, 5 and 6), moistureadtiquid to solid ratio of 1:0.5, 1:1 and 1:1.5),
ammonium sulfate concentration (0.5%, 1.0% and 1 &%d inoculum size (1, 3 and 5
plugs). Results showed that most of the fungalizekes were produced at pH range of 4.0-
5.0. In general, enzyme production was signifigaatfected by the moisture ratio.

Maximum enzyme production was obtained at the |owessture content. Dave et al. (2012)
believe that the reduction in enzyme productiohigih moisture may be due to the reduction
in substrate porosity, changes in the structute@fubstrate particles, reduction in gas
volume and decrease in microbial growth. Ammoniwutfase concentration was not
significantly different for the different enzymesnd the effect of inoculum size was
enzyme-type dependent: maximum filter paper agtiwias obtained at highest inoculum size
while highes$-glucosidase and endb1,4-glucanase were recorded at middle inoculum
size.

2.3.2.2. Under mesophilic conditions

Most of the SSF processes are carried out undevphie conditions. For this reason, this
section is divided into two major subsections basewhether the substrate undergoes or not
a pretreatment step. Autoclaving of the solid matrinevertheless not considered as a

pretreatment.
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2.3.2.2.1. Without substrate pretreatment
2.3.2.2.1.1. Aspergillus sp.
Aspergillus is the most widely used microorganism for the urlaton of the SSF process.

Lu et al. (2003) studied the impact of temperatfrine koji and water activity on the
xylanase production usimgspergillus sulphureus as the inoculum at both lab and pilot
scales. At lab-scale, 18g of wheat bran were mixigld 20 ml mineral salt solution in 500-
mL Erlenmeyer flasks. The mixture was autoclavedjed, inoculated and then incubated
for 72 hours. During the fermentation, both tempewand humidity were controlled
automatically. At pilot-scale, a reactor made upvobden trays with 15 cm gap in between
was used. The total mixture had a weight of 500Tkge medium was autoclaved and then
cooled down to 32°C using microbe-free air. Thestwwe medium was later adjusted by
spraying sterilized water. The parameters werarapéid consequently. Therefore, at lab-
scale, the optimal temperature was found to be3BC gjiven a 50% moisture and 0.5-0.6 cm
depth of the substrate. It was shown that growth & when the temperature was below
23°C and burn out took place at 43°C. Then by gxime temperature, the moisture content
was varied and it was found that in fact 40-50%stuwe is optimal foA. sulphureus; this
moisture corresponds tg af 0.93-0.96.At pilot-scale when tests were ruturaly,
implying no action except ventilation, the temparatat the substrate surface was at 31-
32°C, while it reached 45°C at 1.0-1.2 cm depth.\Bluen the temperature and moisture
were regulated, maximum xylanase activity was alésfhigher in 64 h of fermentation. In
fact, under controlled conditions relative humidifythe air was maintained at 90% by
spraying cooled steam water and turning over thaéiune at an interval of 4h after 24h
cultivation.

Kang et al. (2004) investigated the abilityAspergillus niger KK2 to produce cellulases

and hemicellulases in SSF by using rice straw ameldvbran. For the experiment, 5 g of
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substrate were mixed with a basal medium in 250HErienmeyer flasks and the initial
moisture was adjusted to 65% with distilled waldre mixture was then autoclaved, cooled
and inoculated before running the incubation a28he enzyme extract was assayed for
endoglucanase, filter paper (FPage)glucosidase- xylosidase and xylanase activities.
Kang et al. (2004) considered that the productioretiulases and hemicellulases are
substrate-dependent. Therefore, the choice ofgheogriate inducing substrate is essential
for enzyme production. In this perspective, ratbd:4 to 5:0 of rice straw to wheat bran
were tested to check the impact on enzyme produdiiaximum FPase and xylanase were
recorded on rice straw and maxim@mylosidase under the 1:4 ratio. Interestingly CMd€a
andp-glucosidase activities were similar irrespectiv¢he tested ratio. Maximum enzyme
activities were generally obtained after 5-6 daysmoubation.

In the work of Acharya et al. (2010), no synthetitrient solution was added during the
SSF process. They used anaerobically treatedeligtdpent wash for the production of
cellulases byAspergillus elipticus. Cellulase production was carried out in 250- ml
Erlenmeyer flasks containing 5 g of wheat straihassubstrate and the distillery spent wash
(25 ml) as the medium. The mixture was sterilized #hen inoculated; Tween 80 was added
with the inoculum. Incubation took place at 30°€ 7ad. Crude enzyme mixture was
centrifuged and the clear supernatant was analggdéPase, CMCase affieglucosidase
activities. Using the RSM method, four factorshaee levels each were tested: initial pH of
the effluent (3, 5 and 7), moisture ratio (1:2, &t 1:6), effluent concentration in % v/v (20,
40 and 60) and inoculum size (2.8%10.7x10 and 1.4x1Bspores). Results showed that
maximum enzyme activities occurred at 1.4k4pores inoculum level but varying pH and
effluent concentrations: maximum FPase occurrgrdHat 5 and 60% effluent concentration,
maximumf-glucosidase at pH = 3 and 40% effluent concewinadnd CMCase at pH =5

and 40% effluent concentration.
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Rodriguez-Fernandez et al. (2011) focused mainlgmiimizing aeration conditions for
pectinase and xylanase production via SSF uaspgrgillus niger F3. For that purpose, a
horizontal drum bioreactor was used. It was filath nutrient supplemented 2 kg citrus peel
substrate at 60% initial moisture and pH 5. Saadrair was supplied into the bioreactor via
a compressor and the drum was connected to a sygtbraensors to analyze;@nd CQ
concentration of the gas outlet. SSF was run a€3Uhe fermentation time was fixed at 96 h
and aeration intensity was tested at four levéls@.75, 1 and 1.25 V kg M (volumetric air
flow L air/kg medium/min). First results showed tihh@aximum synthesis of pectinases and
xylanases took place at 1 V kg M. It is importanthbte that only 0.2 V kg M is needed to
oxidize the substrate; this amount is calculateddnsidering the oxygen required to carry
out the total oxidation of the organic materialegant in the medium. But since air plays an
essential role in the removal of the heat generaiethg the oxidation, an additional
intensity is required for the SSF (Gervais and M@003). Under optimal conditions, the rate
of synthesis of the two enzymes was different. iRasé production was at its highest at 72 h
of fermentation while that of xylanase increasddraf2 h. This could be most likely driven
by the reduction of pectin available as the carbmurce in the medium. It also shows that
xylan is a poorer source of carbon for energy aoavth of A. niger.

Finally, Qian et al. (2012) tested the impact oéigional conditions of different carbon
sources offi-glucosidase production and fermentation produgti{itP), defined as the
percentage of dry weight of fermented product eodhy weight of the initial solid substrate.
Experiments were conducted in 250-ml ErlenmeyeakBacontaining 10 g of solid medium
with supplemented nutrient8spergillus niger was added after sterilization and cooling of
the mixture to RT. Five parameters were optimizeidgithe OFAT approach in the
following order: initial moisture content (IMC) &6, 60, 65, 70 and 75% tested at 28°C for

72 h, inoculum level at 2010, 10' and 18 spores/g at 28°C, for 72 h at optimal IMC, initial
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pHat 2, 3, 4, 5, 5.5, 6 and 7 at optimal IMC atQ#®&or 72 h, incubation temperature (24, 28,
30, 32 and 36°C) for 72 h and finally fermentatpariod (12, 24, 36, 48, 60 and 72 h).
Optimal IMC was 70%. Highest FP occurred at inooulavel 1¢ spores/g while highe$t
glucosidase activity was observed af 4fores/g. This implies that maximum growth of the
mycelium does not necessarily coincide with maximamayme production. Optimal pH,
temperature and fermentation time were 6, 28°C7&d, respectively. The two last results
are rather expected since all the optimization bes®d on these two assumptions. Qian et al.
(2012) also studied the effect of the ratio of wh&an/ground corncob and the type of
nitrogen source on enzyme activity and FP. Theyndaihat those latter were highest at 80/20
ratio. This reflects the impact of the solid sugp@heat bran loosens the solid medium and
overcomes the agglomeration of the substrate,itblmng in air diffusion and better oxygen
supply for the growth oA. niger and easier removal of G@nd heat generated during SSF.
However, at very high levels, the substrate in@sagater loss due to quick volatilization
during fermentation and hence inhibits the growitm@roorganism, subsequently declining
the enzyme production. For the nitrogen sourcdgeaiKrishna (1999) and Membrillo et al.
(2008), there was no significant difference betwe@nganic and organic nitrogen sources.
Qian et al. (2012) added also an interesting olagierv regarding the changes in microbial
growth ofA. niger andp-glucosidase production with time during the indidra The authors
divided the fermentation period into: early-stadonphase, logarithmic growth phase, steady
phase and decline phase according to FP and erpygdection. For the beginning of the
fermentation (0-12 h), the germinating spores teduh near 100% FP due to changes in dry
matter weight loss and no enzyme activities. DufiBeB6 hA. niger grew very fast resulting
in a rapid increase of dry matter weight loss that decrease in FP. Wig niger growing
rapidly and FP falling rapidly-glucosidase production was biosynthesized fast.

2.3.2.2.1.2. Pleurotus sp.
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Reddy et al. (2003) tested the growtHPtdurotus ostreatus andPleurotus sajor-caju on leaf
biomass and pseudostems of banana waste. Theiodjeets to produce lignolytic and
cellulolytic enzymes such as laccase, FPase anda®d he authors were mostly interested
in laccase, a lignin modifying extracellular oxidductase, which activity appears to be
regulated by morphogenesis (Reddy et al., 2003)tHeoSSF process, 25 g of each substrate
were placed in 1 L conical flask and moistened wihml distilled water. The flasks were
autoclaved, inoculated and incubated at 25°C. Sasnpére collected from day 10 to day 40
at 5-day intervals. This is a wide range of follagperiod although it is missing the first
period during which most of the other works in literature are based. Bokh ostreatus and

P. sajor-caju grown on either type of tested biomass producgifszant titers of laccase
activity, but very low CMCase and FPase activitidse production of laccase on leaf
biomass was also twice as high as that on pseudssi¢evertheless, the maximum laccase
activity was 16 times lower than that obtained Hyeo researchers with. sajor-caju grown

on rubber tree sawdust (Tan et al. 1997). FPasetgds actually essential to degrade high
ordered or crystalline forms of cellulose actingergistically with CMCase active enzymes.
Given the low values produced of FPase and CMQadéigh titers of laccase, the authors
noted that with this process lignin can be usedanbaving intact the cellulose, making the
banana waste a good source of animal feed (Redaly 2003).

Another work was conducted by Membrillo et al. (8DQsing sugar cane bagasse for the
production of protein and lignocellulolytic enzymegh two P. ostreatus strains (CP-50 and
IE-8). The authors focused on the impact of theganic nitrogen source and substrate
particle size on enzyme production. For the expenits, 250-mL Erlenmeyer flasks were
used with 5 g of the substrate at 80% moisture.nitx¢ure was autoclaved, inoculated and
incubated at 29.5°C for 8 d under static conditiGh®streatus IE-8 showed differences in

mycelium growth due to the N source: the highestiin was observed for wheat straw
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extract, followed by ammonium sulphate and finaltga. The strain CP-50 did not show any
significant difference. For the total protein protdan, the media supplemented with
ammonium sulphate showed the highest levels atrhr@®article size. Surprisingly, there
was no impact of the nitrogen source at particde gwer than 0.92 mm. For the IE-8 strain,
maximum xylanase and laccase activities were obtiavith ammonium sulphate addition
while maximal CMCase and FPase were obtained witiholm general strain CP-50 was less
sensitive and showed less enzyme production. Tiesséts reveal important differences in
the inherent characteristics of every strain winedke generalization difficult even within

the same species of microorganisms.

2.3.2.2.1.3. Trichoderma sp.

Deschamps et al. (1985) compared the solid stétigation of Trichoderma harzianum on
80:20 mixture of straw and wheat bran under bathcsand mixed non-aseptic conditions.
The mixture was milled, mixed with a nutrient sadatand autoclaved. The static incubators
were aerated with water saturated air. The stieadtor tanks were commercial bread
making blender of 65 L capacity. These reactoreweixed occasionally and water was
sprayed to remove excess heat. The pH was comti®ledding correcting solution to the
water supplied during the cooling cycles. For aperiments, cellulase yield and
endoglucanase activity were measured. For the §&#, optimal conditions were found at
30°C, pH 5.8, 74% initial moisture content and &erarate of 6-8 L/h. For mixed SSF
assays, the optimal incubation temperature was34%G, with 65 mL/h spray water rate.
Optimal moisture was found reduced to 69% mostaisbbdue to the mixing. The aeration
rate was increased progressively from 4 to 40 L/muring the experiment the pH decreased
from 5.7 to 5.2 and then increased to 6.3 at 66ihcoibation. The authors consider that the
decrease in pH may be due to the ammonium uptakegdine growth phase while the pH

increase results from the loss of protein due toetiym autolysis. Overall results show that
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during the upscaling test, cellulase yield was ceduoy almost 40% and endoglucanase
activity by 25%.

Using Trichoderma reesei HY07, Guowei et al. (2011) evaluated the impact of
ammonium sulphate , Tween 80, inoculum and tempezain the production of FPase and
CMCase. Enzyme activities were optimized separatelthe cultivation medium, 4 g of corn
stalk and 6 g of wheat bran were mixed with a euatrsolution in a 250 -mL Erlenmeyer
flask. The pH was adjusted to 5 before autoclawogling, inoculating and then incubating
for 5 days. For both enzyme activities, optimal penature was 30°C and the addition of
Tween 80 showed positive results. In fact, thisesant affects the permeability of
microbial cell membrane contributing to an incressenzyme production (Guowei et al.
2011). Nevertheless, optimal addition level of A&wv0.5 and 1.5% for FPase and CMCase,
respectively. Maximal production of CMCase was hegtusing an inoculum addition 60%
lower than that found optimal for FPase.
2.3.2.2.1.4. Other species
This part presents the work of researchers that less widely spread fungal species for the
production lignocellulolytic enzymes through SSF.

Krishna et al. (1995) usdhanerochaete chrysosporium on soyhull for cellulase
production. In the SSF experiment, 20 g of fresldlfected soyhull were mixed with 40 mL
distilled water in 250-mL Erlenmeyer flask. Aftéeslization, pH was adjusted, nutrients
added and the inoculated substrate incubated day§. Maximum FPase activity was
reached at pH 4 and 25°C. The authors also stuléeedffect of the type of nitrogen source.
Contrary to the results of Gokhale et al. (1991t¢au2% w/w dry soyhull) gave the best
results with an increase of 2.5 folds in the attivi

Anisha et al. (2010) usefireptomyces griseoloalbus to study the impact of aeration

conditions on the production afgalactosidase on soybean flour. For the SSF, $0g o
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soybean flour, moistened with a mineral salt soluat pH 7, were autoclaved before
inoculation. Unlike most authors the moisture cahteas low, around 40%. In fact besides
this work only Lu et al. (2003) used a moistureeleas low as 40-50% and 50% with Guowei
et al. (2011). The authors used a packed bed reattoheat-sterilized vertical glass column
aseptically filled with pre-inoculated soybean flowater saturated air was supplied through
the bottom of the column. Aeration rates were vhfiem 1 to 3 vessel volume/min (vvm)
and fermentation was carried out for 120 h at 3DW@. blanks were run, one in a similar
column but without aeration, and another one i@ L Erlenmeyer flask containing 10 g
of inoculated substrate. The highesgalactosidase activity was reached after 96 hgusin
force aeration of 2 vvm, which corresponded to éntlee yield obtained in flasks. Lower
enzyme yields were observed when the aerationevesrlthan 2 vvm due to inadequate
oxygen supply. At higher rates of aeration, theiotidn ina-galactosidase yield could be
due to reduction in water content of the fermemtedter below the critical level, which
adversely affects the growth and microbial activity

Finally, Deswal et al. (2011) carried out SSF ughmgbrown-rot fungusomitopsis sp.
RCK2010. Five grams of wheat bran were moistenel mineral salt solution (1:3.5
substrate to moisture ratio) at pH 5. Flasks water Isterilized, cooled to RT and inoculated
before incubation at 30°C. Taking one factor atreef Deswal et al. (2011) optimized the
following parameters: pH, substrate to moisturerdd source, amino acid, vitamins and
surfactant addition. Optimal conditions were foagH 5.5 and 30°C for FPase, CMCase
andp-glucosidase after 16 days of incubation.

2.3.2.2.1. With substrate pretreatment

The principal pretreatment used for the substsathe alkaline pretreatment. But as

presented in Krishna (1999), both acidic pretreatraed autoclaving have also been used.
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Chahal (1985) was the first author to use a pretdesubstrate in a SSF process. Two
mutant strains ofrichodermareesel (QMY-1 and Rut-C30) were tested on two types of
substrates: wheat straw (WS) and aspen pulp prepgrehemical-thermomechanical
process (CMTP). The substrates were pretreated ssigium hydroxide at 121°C. The
author specified that this pretreatment was mild di&l not delignify the substrates;
hemicelluloses and lignins were thus solubilized gtained in the medium. Chahal (1985)
believed that the lignin and hemicellulose thatenMezpt in the system played an important
role in the increase of cellulase yield. After peatment, the pH was adjusted to 5.8. For the
production of cellulase, 5 g of substrate were whiwgh 5 ml nutrient solution, autoclaved
and incubated at 30°C with 80% final moisture. @aBe f-glucosidase, and xylanase titres
were measured on the enzyme extracts. Half theeoration of nutrients was sufficient to
reach the optimum cellulase titre as well as caflalyield. Pretreatment was also important
since the two mutants showed a significant decreasezyme production when the
untreated WS was used.

Jabasingh and Nachiyar (2011) also used an alkatgteeatment but on coir pith at
different time intervals. Unlike Chahal (1985), {h@pose of the pretreatment was to
delignify the substrate. For the SSF experimeret stibstrate was mixed with a nutrient
solution, sterilized and inoculated wifispergillus nidulans before incubation for 11 days.
Four independent variables were studied for botheated and NaOH treated coir pith:
amount of coir pith (from 6 to 10 g), moisture camit(between 60 and 70%), pH (from 3 to
7) and temperature (from 20 to 60°C). Results skicivat the use of the pretreatment was
significant; the best results were obtained at ONB#@H since at this concentration the lignin
content was found to be minimal. All parametersenggnificant and maximum cellulose
activity and cellulose yield were obtained at goih of 8 g, 70% moisture content, pH 5 and

40°C. To better represent the changes to whickubstrate is subjected, the authors used
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scanning electron microscopy (SEM) to study théasermorphology, X-ray diffraction
(XRD) to examine the structural properties of stdiss and FTIR spectrophotometry
between 400 and 4000 &mXRD showed that the crystallinity of the samplesreased

from a-cellulose standard, untreated coir pith, pretcbater pith and finally hydrolyzed
pretreated coir pith. FTIR band intensities of ligpeaks (1238 ci) were predominant in

the untreated coir pith. This latter peak shiftétdrahe alkali pretreatment due to the
delignification effect of the NaOH pretreatment atnttally disappeared in the samples after
hydrolysis. Qualitative confirmation in the chargfenorphology was provided by SEM.

Another reference with alkaline pretreatment i tfdim and Kim (2012). The authors
used empty palm fruit bunch fiber (EPFBF) as thestnate for solid state bioconversion and
production of cellulase enzymes uskenicillium verruculosum. Characterization of the
substrate showed that due to the pretreatmenteitoemage of cellulose increased by 18%
and that of hemicellulose decreased by 13%. SShemsrmed in 2-L tissue culture roller
bottles using 150 g of the alkali pretreated EPR&B#& 0.3L minimal medium at 30°C for
8 days. Results showed that avicelase, CMCaseadase activities reached the maximum
at day 6.

Unlike previous references, Chen et al. (2011) dsedhoderma reesei YG3 to study the
biodegradation of fractioned steam exploded camaestin solid-state fermentation. Corn
stover samples were manually separated as ledlf asloecore. Each fraction was then
separated into miscellaneous cells (MC) and fakei@C). SSF was carried out in a Petri
dish which was loaded with 10 g dry weight substntaining 80% steam exploded
fraction, 20% wheat bran and 25 mL inorganic saliitson. The pH of the solution was
adjusted to 4.8 and then the medium was autoclaestled aseptically and well mixed
before incubation at 30°C for 7 days. In geneedf vas the best fermentation substrate with

highest cellulase yield as well as filter paper, Cide angt-glucosidase activities. Chen et
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al. (2011) argued that cellulase is an induced mezthat is when the substrate is not easily
hydrolyzed, the fungus is prone to produce celkilamtinuously and massively. Both
cellulose and hemicellulose are inducers of cedkildut the former is degraded more slowly;
interestingly leaf contained the highest amourtterhicellulose. Regarding weight loss
profile, Chen et al. (2011) indicated that at tkegibhning of the process only a small amount
of dry matter weight was lost. During 3-5 d of ibation,T. reesel YG3 grew fast along with
an increase in cellulase activity and an importegight loss. The highest dry material weight
loss was observed in MC tissue of the leaf andhedaround 29%.

2.4. Challenges of SSF process for environmentak¢ge scale applications

The major challenge of solid state fermentationliadgo environmental processes is the
economical context. Until recently the applicatadrfSSF has been restricted to high value
products that do not include for example anaertb&Eiment of waste to produce methane.
Although it has been previously demonstrated theteinzymatic pretreatment of solid waste
improves the efficiency of its subsequent anaerdlgestion (Berlin et al. 2005, Yang and
Wyman 2006, Gusakov et al. 2007, Lee et al. 2008)cost of commercial enzymes is
currently too high to consider their use as a f@asvaste pretreatment for large-scale
production. The cost of enzymes is a major contirigufactor in the cost of pretreatment. Tu
et al. (2007) indicate that the cost of cellulasé &glucosidase has been estimated to
account for approximately 50% of the cost of thdrblysis process for the production of
ethanol from softwood for example. The high enzyoaglings currently needed to achieve
reasonable rates and yields are other contribd@ictgrs in the high cost (Yang and Wyman
2006). Berlin et al. (2005) indicated that the aufstellulase for hydrolysis of pretreated corn
stover was reduced by 20 to 30- fold from 2001G052due to lowered production costs and
increases in enzyme production. Neverthelessaat Bnother 3-fold reduction is needed for

full scale process commercialization (Berlin et28105).
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In this context, theén situ production of lignocellulolytic enzymes using S@ecesses
could overcome this drawback, but first the SSFE@ss should be adapted to reconcile
appropriate productivity requirements for enzymivaes and lower economic revenues.
2.4.1. Optimal operational parameters
Operational parameters and reactor design arersiiéoicks to deal with for large-scale
processes. On one hand, parameters such as pHeraare and humidity have been
optimized, however autoclaving and inoculum additiemain as major limitations for the
process scale-up. It has been noted that for altdhiewed work, the substrate is autoclaved
in order to create a sterile medium in which neeotnicroorganism can compete with the
desired mycelial growth. However, when SSF needetooupled with an anaerobic digester
(as shown in Figure 1) the overall process becanesomically unfeasible. Moreover, the
type, cost and amount of the inoculum to be added be taken into account. Asha Poorna
and Prema (2007) for example found that the optaddition of the inoculum is at 10%
(v/w); this addition level is impossible for a largcale production. The inoculum, if

necessary, should be carefully chosen based mamig market availability.
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Figure 1. Schematic diagram presenting the integrédn of the SSF process in (a) single-stage AD syste
and (b) two-stage AD system

2.4.2. Reactor design

Industrial equipment is currently available for Simk there is an important need for
engineering and new equipment design under said.sthe SSF process is mostly aerobic
in nature. The suitable bioreactor design shoukt@yme heat and mass transfer effects and
allow easy diffusion and extraction of metaboliteSF fermenters could be either static,
intermittently mixed or continuously mixed, withcawithout forced aeration through the

biomass.
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According to Pandey et al. (2008a), there are gdiyewwo main types, the tray type and
the rotating drum type which could be run with avithout mixing (Figure 2). In addition to
those, column and deep trough type of bioreactave necently emerged but their scaling
poses serious problems (Pandey et al. 2008a).rahé¢ype is most widely represented in the
koji process. Several authors such as Kotwal €18P8) and Wang et al. (2004) have used
it. The major problems in the tray type are thkgisf high temperature and lack of oxygen in
the center that usually arises since the desides lfxced aeration. Packed bed reactors
(Figure 2) on the other hand involve a static bexdizd from the bottom throughout the
fermentation (Ashley et al. 1999, Anisha et al. @01t is thought that they could provide
better process economics and a great deal of mgneléise (Pandey 2003). But Ashley et al.
(1999) indicate that this static configuration abldad to axial temperature profiles with the
highest temperature, sometimes over 20°C higherttimainlet air temperature, occurring at
the top of the bed (Pandey 2003). In order to pretemperature reaching undesirable levels,
two strategies based on an axial heat transfer inoalmely periodic reversing of the
direction of air flow and periodic mixing were paged (Ashley et al. 1999). Despite this
limitation, packed bed bioreactors remain more adegjthan tray fermenters since forced
aeration may partially allow overcoming the tempam control problems although high
temperatures can still be reached next to theudle® It can therefore be noted that some
researchers have started to look into the desigsatints but, additional effort remain to be

invested.

51



Ao Air blower
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Air filter

Battery of columns in water bath

(c)
Figure 2. Schematic diagrams of different types d8SF reactors (a) koji-type tray reactor, (b) rotathg
drum bioreactor and (c) packed column bioreactor sgtem (from Sermanni and Tiso 2008).

2.4.3. Composition and stability of the enzymatimixture

When using commercial enzymes, specific formulagfanainly on the ratio of FPase3to
glucosidase activities have been studied. Most tesgab vary from 1:1.75 to 1:2 since it is
hypothesized thdi-glucosidase improves cellulose hydrolysis by réauyend product
inhibition by cellobiose (Berlin et al. 2005, Yaagd Wyman 2006, Chen et al. 2007,
Rosgaard et al. 2007). However, the enzyme a@s/found in a crude enzyme mixture can

only be manipulated through operational conditialtisough the exact results cannot be
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completely guaranteed. As shown in Table 1, eveenwilsing the same inoculum, enzymatic
yields can very due to small changes in the opmraticonditions.

This brings the attention to the point concernimg ¢fficiency of the produced enzymes.
The objective behind enzyme production is their detneam use in the biodegradation of
lignocellulosic matrices. In the reviewed work, pfdw authors evaluated this efficiency
through saccharification potential tests. Chah@88g) tested the hydrolytic potential of the
cellulase system produced at pH 4.8 and 6.7; theyd that 65% of the hydrolysis occurred
during the first 20 h for both pH levels. After B&f hydrolysis, almost 90% of the
saccharification potential was expressed. In Kaiggat al. (2003), an enzyme
saccharification test of cellulose was also caroetbut interestingly at 60°C; after 48 h only
29% cellulose hydrolysis took place. Another 20%charification was also reported by
Acharya et al. (2010) after 8 h of incubation. Daket al. (2011) compared the enzymatic
hydrolysis of untreated and alkali pretreated sitaw and wheat straw matrices using crude
enzyme extracts. They observed that the alkalirtreat releases lignin moieties and thus
increases the accessibility to cellulose by theyews. Finally, Dave et al. (2012) ran some
saccharification tests at 60°C for wheat strave straw and sugarcane bagasse. Results
showed that the concentrations of reducing sugarsased up to 48 h for wheat straw and
rice straw and only till 36h for sugarcane bagasse.

Finally, in commercial enzymatic solutions chemis@bilizers are added to maintain
the quality of the product. But when considerind=28ide enzyme mixtures, their tolerance
for mainly pH and temperature variations dictateatdeast limits the options of their
downstream use. For this purpose, some authorsstasieed pH stability as well as the
thermostability of their produced crude enzymeaets. In this context, Kalogeris et al.
(2003) determined the stability profile of the emeymixture in a temperature range of 50 to

90°C and pH range of 3 to 11. Results showed hHeaénhtire enzymatic activity was retained
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at pH values of 5 to 8. Focusing mainly at endoghase an@-glucosidase, it was found that
at 70°C their half-lives were respectively 2.5 dndl, but decreased to 42 and 18 min at
80°C. Acharya et al (2010) also tested the aotsiof the same enzymes at temperature
varying between 30 and 80°C for 60 min and pH td 30. The residual activities of both
enzymes remained very high until 60°C but droppebi0® at 80°C. In addition to that,
optimal pH was 4, while 80% of relative activity svabserved at pH 7 and only 30% at

pH 10. Finally, Dave et al. (2012) tested enzynezrtiostability (from 30 to 100°C) and pH
stability (from 3 to 10) and found that relativeiaities at 30°C for end¢-1,4-glucanase and
B-glucosidase were 35% and 10%, respectively, isecap to 100% at 70°C and then
dropped to 60% and 45% at 100°C. In general, ghti@g-glucanase was highly stable in the
pH range of 3 to 6 (relative activities higher qual to 85%) an@-glucosidase showed high
stability in the pH range of 3. to 8 (relative &ittes higher or equal to 90%). Maximum
activity for both enzymes was measured at pH 4.

All these results should be gathered and confirfoediven operational conditions in order
to define how the SSF process can be properlyrnated in an overall waste valorization
process.

2.5. Conclusions

The main driving force behind the development oF $&cesses for environmental
applications is a serious need for low cost larggesproduction of enzymes. Both purchase
and production costs of commercial cellulases douite to a large proportion of the total
costs of bioenergy production. Taking this intoaott, on-site cellulase production under
SSF from lignocellulosic biomass could be consider cost-effective strategy (Hideno et
al. 2011). Within this context, research has bemsrdacted to find optimal operational
conditions for enzyme production at lab-scale. Mindess, major challenges remain for

large scale development in environmental applicati®©perational parameters, mainly
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substrate autoclaving and inoculum, are develop#tbut taking into account the economics
of the change in scale. Very few authors looked the efficiency of the crude enzyme
mixtures and their stability in the process. Lasgale equipment is available for submerged
fermentation but not for the solid state. For S&bd up to the challenge of the new energy
era; future research should be reoriented to anlsatértechnical and economic feasibilities

of large scale applications.
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CHAPTER 3

Scale down of lignocellulolytic enzyme activitiesralysis: developing
microplate-based assays

ABSTRACT

With the increasing use of enzymes in environmeagpalications, there is a need for
analytical methods adapted to large factorial erpants. Existing reference methods are
chemical and labor intensive and unsuitable toyaeah parallel a large number of samples.
Based on an extensive literature review and onraxpeatal results, this work compares
reference and microplate adapted methods to défenenost adequate filter paper,
carboxymethylcellulasg-glucosidase and xylanase activity tests. In treptatl methods,

the total volume of the enzymatic reaction was cedurom 1-1.5 mL to 60-120 pL.
Statistical analysis of the activities measureegonyme mixtures by applying the 96-well
plate reduced methods showed that they were noifisently different to the activities

obtained with reference tests.

Keywords: 96-well plate, filter paper activity, carboxymegltellulase -glucosidase,

xylanase.
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3.1. Introduction

Emerging applications in industrial biotechnologg enultiplying mainly those using
enzymes in biofuel production and waste treatmeéhgoocellulosic matrices. But the three
structural polymers of lignocellulose (cellulosenticellulose and lignin) present a complex
configuration as shown in Figure 1.

Hemicellulose

Microfibril

Hemicellulose

Cellulose
Cellulose

Lignin

Lignin

Figure 1. Schematic diagram of the three components lignocellulose: cellulose, lignin and hemicellose
(Lee et al., 2014).

Cellulose is a linear homopolymer of glucose ufigure 2); the chains of cellulose tend to
forms microfibrils with alternating crystalline amgnorphous regions. It is hydrolysed by
cellulase, a complex of at least 3 groups of enzy(Peswal et al., 2011; Jabasingh and
Nachiyar, 2011): endoglucanase (endofia-glucanase) which acts randomly on soluble
and insoluble cellulose chains, exoglucanase (E4¢-D-glucanase, cellobiohydrolase)
which liberates cellobiose from the reducing and-reducing ends of cellulose chains and
B-glucosidase (cellobiase) which liberates glucosmfcellobiose. Hemicelluloses are
polymers composed of monomeric components mainkysey mannose, galactose, arabinose
and methylglucuronic acid (Figure 2). Xylanasesiavelved in the degradation of
hemicellulose. Similar to cellulases, they cansyaiergistically to achieve hydrolysis.
Predominant enzymes within this system are endoggies which attack the polysaccharide

backbone anfl-xylosidases which hydrolyze short xylo-oligosaaddtes to xylose (Kim and
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Kim, 2012; Montoya et al., 2012). Finally, the cheah structure of lignin is also complex: it
is mainly made up of guaiacyl and syringyl unitgy(ffe 2) to which phenylpropanoid units
can also be cross-linked. Ligninase is a genemeenfor a group of isozymes that catalyze
the oxidative depolymerization of lignin. The mastely known enzymes to degrade lignin

are lignin peroxidase (LiP), manganese peroxidslseg®) and laccase (Montoya et al., 2012).
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Figure 2. Chemical structures of the different monmeric components: glucose of cellulose, syringyl dn
guaiacyl of lignin, xylose, mannose, galactose, diaose and methylglucuronic acid of hemicellulose
(Santoni et al., 2015).

Besides the diversity of enzymes that can be iredylboth operating and capital costs of
using enzymes in environmental applications forethanol or biogas production are very
high. It becomes then essential to follow-up the faf enzymes in the process in terms of
their corresponding enzymatic activity. For thatgmse, reference methods exist but they are
labor-intensive, time consuming, chemical intensar&l most importantly not adapted to
large factorial experiments. Although some redupestocols have been reported in the

literature, they were not necessarily comparetiéae¢ference method.

65



The main objective of this work is to review refece and other existing protocols for
four enzymes: total cellulase or filter paper attiyFPase), carboxymemthylcellulase
(CMCase) B-glucosidase and xylanase. Using enzyme solutassen methods are
experimentally compared. New microplate-based nustlawe proposed when existing
reduced methods do not compare well with the refere

3.2. Materials and Methods

3.2.1. Analytical methods for measuring enzyme awgity
3.2.1.1. Filter paper activity (FPase, total cellase, filter paper cellulase, FP
cellulase, exo-1,4-D-glucanase, exoglucanase)
One Filter Paper Unit (FPU) is defined as the amaifirenzyme that releases one pmol of
glucose per minute in the assay reaction. FPasmatst the total cellulase activity in a
medium. It is generally assayed by measuring thease of reducing sugars in a reaction
mixture containing Whatman No.1 filter paper assstdie in 50 mM sodium citrate buffer
(pH 4.8) at 50°C for up to 60 min. Using three coanoal enzymes (FP1, FP2 and FP3),
three methods were compared. The reference meshiadicated by the International Union
of Pure and Applied Chemistry (IUPAC) and describe@&hose (Ghose, 1987). It is based
on using 50 mg of substrate with a final total tescvolume of 24.5 ml. A 96-well plate
adapted method using 3.4 mg substrate present&thinet al. (Xiao et al., 2004) was also
tested. It follows the same steps described irgference method but at liquid/solid ratio of
28.24; compared to 30 in the reference. Finallypw method (FPase.mod) is proposed based
on the IUPAC reference with a 1/20 reduction inwoé.

Enzyme mixtures were diluted at different concdrars. Table 1 summarizes the

different steps of the three analytical method$HBase analysis.
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Table 1. Summary table of the three compared methadfor FPase analysis with Ghose (1987) as standard
IUPAC, Xiao et al. (2004) and FPase mod.

Ghose (1987) —

reference method 120 etal. (2004)  FPase mod.

Substrate Whatman n°1 paper

Amount of substrate 50 mg 3.4 mg 2.4 mg

Buffer type 50 mM sodium citrate buffer (pH 4.8)

Buffer volume 1ml 0.064 ml 0.048 ml

Sample volume 0.5 ml 0.032 ml 0.024 ml
Liquid/solid ratio 30 28.24 30

Total reaction volume 1.5 ml 0.096 ml 0.072 ml
Incubation at 50°C fol Test tubes in water 96-well microplate 96-well microplate
60 min bath in dry bath in dry bath
Volume of DNS 3ml 0.1 mi 0.144 ml

Color development  100°C for 5 min 95°C for 5 min 100°C for 5 min

Mix 0.16 ml O to Mix 0.196 ml HO
Dilution Add 20 ml O 0.036 ml color to 0.044 ml color
developed mixture developed mixture

Reading wavelength 545 nm 540 nm 545 nm

3.2.1.2. Carboxymethylcellulase (CMCase, Endo-1gtD-glucanase, EC 3.2.1.4)
One unit (U) of CMCase activity is defined as tineoant of enzyme that liberates 1 pumol of
reducing sugar as glucose per minute under thgsisaonditions.

The IUPAC reference method for CMCase was alsoritest by Ghose (1987). Xiao et
al. (2005) presented a protocol adapted to 96-phltes, in which 0.03 ml sample and
0.03 ml of 2% CMC are mixed and incubated for 3@ iati 50°C. After incubation, 0.06 ml
DNS are added and the mixture is heated at 95 6 foin. Later, 0.01 ml of color developed
mixture is transferred for absorbance reading & rov. In addition to the two above
mentioned methods; eight different combinationa ofiodified method (CMCase.mod) were

tested with varying substrate concentrations ahdtsate to sample ratios. All methods were
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compared using two enzyme mixtures CMC1 and CMGhIE 2 summarizes the different

analytical methods used to measure CMCase.

Table 2. Summary table of the ten compared methoder CMCase analysis with Ghose (1987) as
reference, Xiao et al. (2005) and FPase mod. (eigtifferent combinations).

CMCase.mod (8
Xiao et al. (2005) different
combinations)

Ghose (1987) —
reference method

Substrate Carboxymethylcellulose salt (CMC salt)

Buffer 50 mM sodium citrate buffer (pH 4.8)
Substrate 206 CMC in buffer 2% CMC in buffer 222 4% CMCin
concentration buffer

Substrate volume 0.5 ml 0.03 ml 0.03 ml

Sample volume 0.5 ml 0.03 ml 0.03 ml_or 0.06 ml
Total reaction volume 1 ml 0.06 ml 0.06 ml_or 0.09 ml
Incubation at 50°C  Test tubes in water 96-well microplate  96-well microplate
for 30 min bath in dry bath in dry bath
Volume of DNS 3 ml 0.06 ml 0.15 ml and 0.18 ml
Color development  100°C for 5 min 95°C for 5 min 95°C for 5 min
Cooling N/A N/A N/A

Wihout dilution or
Mix 0.2 ml H,O with

Dilution Add 20 ml HO N/A 0.04 ml color
developed mixture
Reading wavelength 540 nm 540 nm 540 nm
3.2.1.3. B-glucosidase §-D-gluside glucohydrolase, EC 3.2.1.21)

Unlike all other three enzymes studied in this w@rlglucosidase test does not require the
use of a dinitrosalicylic acid (DNS) solution. Omeit (U) of B-glucosidase activity is defined
as the amount of enzyme which produces 1 pmolrofrpphenol (pNP) per minute from 4-
nitrophenyla-D-glucopyranoside (pNPG).

The reference method for the enzyme activity wadeed by Kubicek and Pitt (Lopez
Abelairas, 2010). A reaction mixture containing lLah pNPG (1 mM), 1.8 ml of acetate
buffer (pH 4.8) and 0.2 ml of sample was incubate80°C for 30 min. The absorbance was
read at 412 nm. A reduced volume protocol was ptegeby Lopez Abelairas (2010)

although not adapted for 96-well plates. A reactiomxture 0.1 ml of 1 mg/ml pNPG and
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0.1 ml sample was incubated at 50°C for 30 mintaed the reaction was stopped by adding
0.5 ml of 2% NaCOs;. Absorbance was measured at 410 nm. Thereforéhéopurpose of
this work, three modified methods based on thereef®e (BGase.modl) and another

modified (BGase.mod2) based on Lopez Abelairas qROdere tested. Results were

compared using two enzyme mixtures BG1 and BG2leT&8summarizes the different

analytical methods used to measrglucosidase.

Table 3. Summary table of the five compared method®r pB-glucosidase with Kubicek and Pitt (1982)
as reference, BGase.mod1 (three different combinatis) and BGase.mod2

Kubicek and
Pitt (1982)- BGage.m_odl (3 BGase.mod?
reference combinations)
method
Substrate pNPG
Buffer 50 mM sodium citrate buffer (pH 4.8)
Substrate 10 mM pNPG 10 mM pNPG 1 mg/ml pNPG
concentration
Substrate volume 1mi 0.1 ml 0.1 mi
Sample volume 0.2 mi 0.02 mi 0.1 mi
Total reaction volume 1.2 ml 0.12 ml 0.2 ml

. 40°C for 10 40°C for 10 min or o .
Incubation min 50°C for 10 min 50°C for 30 min
0.1lmlof1 M 86 uL of color
Color develooment/ ;mcl:%l;l M NaCOs or Mix developed reaction
. ] % 0.06 ml sample mixture mixed with
Reaction stopping (fo”o‘.’]l’ed by | With 0.15 mlof 2% 214 WL of 2%
centrifugation .
NaCOs Na,CO;
Absorbance reading 412 nm 412 nm 410 nm

3.2.1.4.

Xylanase (1,$4-D-xylan xylanohydrolase EC 3.2.1.8)

One unit (U) of xylanase is defined as the amounemzyme, which produces 1 pumol

reducing sugar as xylose per min in the reactiotturé under the specified conditions.

The reference method was reported by Ghose and@{4887). For the assay, 0.5 ml

sample and 0.5 ml of 1% beechwood xylan prepar&®imM sodium citrate buffer (pH 4.8)

were mixed and incubated at 50°C for 30 min. Aifteubation, 3 ml DNS were added and
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the mixture was put in the boiling water bath fanb for color development. The reaction
was then diluted with 20 ml of @ and the absorbance was determined at 540 nm. The
method presented in Bailey et al. (1992) was astetl since it is the result of an
interlaboratory study. A mixture of 1.8 ml of 1%lag and 0.2 ml sample were incubated at
50°C for 5 min. Three ml of DNS were then added #wedmixture was boiled for 15 min
before a final addition of 10 ml of water. Absorbarwas measured at 540 nm. The protocol
of Cianchetta et al. (2012) was added to the comsmaistudy since it is the only 96-well
adapted protocol found in the literature. The arglapplied a 25-fold reduction of the
reference method. In addition to the methods ptegesbove, 12 different combinations of a
modified method (Xase.mod1l) based on the refereretbod and 2 combinations of another
modified method (Xase.mod2) based on that of Baalegl. (1992) are proposed.

The different analytical protocols were compareidgi$wo enzyme mixtures X1 and X2.

Table 4 summarizes the 17 different analytical ro@sitested to measure xylanase activities.
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Table 4. Summary table of the 17 compared methodsif p-glucosidase with Ghose (1987) as reference,
Bailey et al. (1992), Cianchetta et al. (2012), Xasnod1 (12 different combinations) and Xase.mod2v{o
different combinations).

Ghose and

Bisaria Bailey et Cianchetta Xase.modl (12 Xase.mod?2 (2

(1987) - al. (1992) etal. (2012) combinations) combinations)
reference
method
Substrate 1% beechwood xylan in buffer
Buffer 50 mM sodium citrate buffer (pH 4.8)
Substrate g o) 18ml 0.02ml 0.02mlt00.09 4 og 1
volume ml
Sample o5m  02ml  0.02ml 0.01mlt00.03 5y
volume ml
Total reaction 1ml > ml 0.04 ml 0.06 mlto 0.1 0.1 ml
volume ml
Incubation 50 C_for 50 C_for 5Q C for 20 50°C for 30 min 5Q C for 30
30 min 30 min min min
Volumeof 5 3 ml 0.12 ml 0.18 MIDNSto ¢ 15 1y
DNS 0.06 ml mixture
Color \?vgltlelrnbath Boil for Boil for 15 Boil for 5to 15 Boil for 15
development . 15 min min min min
for 5 min
0.04 ml of
0.04 mi of 0.04 ml of color color
color
developed developed
developed . .
S Add 10 reaction re_act|on . re_act|on )
Dilution 20 ml O . mixture mixed mixture mixed
ml H,O mixture . .
X . with 0.2 ml of  with 0.2 ml of
mixed with .
H,O or without H,O or
0.2 ml of £ :
H,0 dilution without
2 dilution
Absorbance o o 540nm 540 nm 540 nm 540 nm
reading

3.2.2. Protocol for measuring reducing sugars

The 2-hydroxy-3,5-dinitrobenzoic acid most commadkipwn as the dinitrosalicylic acid
(DNS) is very often used for the analysis of redgaugars released during the enzymatic
activity tests. For the DNS solution, 10 g of DN8revdissolved in 500 ml of distilled water
at 50°C. The mixture was then cooled down to roemgerature (RT) before adding 20 ml

of 2 N sodium hydroxide solution and 300 g of Rdlehsalts (potassium sodium tartrate
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tetrahydrate). The volume was finally brought tb With distilled water. The solution was
kept at RT in the dark.

Reducing sugars were analyzed according to Nared. (2010). A mixture of 60 pL
DNS and 60 pL sample was incubated for 10 min &C%hd then cooled down for 5 min at
room temperature. Later 100 pL were transferredataeading plate for absorbance
measurement at 540 nm.

3.2.3. Reading absorbance

In non-reduced analytical protocols, an Uvi LightIX2 spectrophotometer (Secomam,
ALES cedex, France) was used to measure absorlfamc86-well plate adapted tests, a
PowerWave XS2 microplate spectrophotometer (Biohskuments, Inc., Vermont, USA)
with Gen8"™ software was used.

It is important to note that in reduced protocgisen the small volumes used in the
analysis, the plates were always covered with adbegals to reduce evaporative losses.
3.2.4. Calculating enzyme activities
Defining the critical value is the first step befararrying out any unit calculation of the
enzymatic activity. This term was first introdudedshose (1987) as the middle point in the
calibration range. The origin of the middle poineg back to the works of Working and
Hotelling (1929), in which this point was defineslthat with the highest probability in a
trend. Therefore, for the different enzymatic atyicalculations, the critical value should be
first defined based on a specific calibration ranigesn, the corresponding enzyme activity
unit equation was derived. Note that enzyme sanvpége diluted at different concentrations
and at least two dilutions were taken into acctoomterive the enzyme activity; the
corresponding concentration to the critical valnewsd fall between the two chosen enzyme
concentrations.

3.24.1. FPase
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A linear glucose standard curve was constructatuebsolute glucose amounts in mg
plotted against absorbance. Absorbance valuesdfitferent dilutions of the enzyme
mixtures (after subtraction of the enzyme blanksjenthus translated into glucose. The
critical value is defined as.fimg glucose); by plotting glucose against enzyor&entration
(= 1/dilution), the critical concentration releagiR. was defined.

One FPU is 1 pmol of glucose/min which correspdnds 18 mg glucose/min.
Therefore, Eis produced by a given sample volume (ml) in a&gitime (min). This leads to
defining the FPU units as follows:

Fc
0.18 * sample volume * incubation time

critical concentration

FPU =

umol/(min.ml) V units/ml

3.2.4.2. CMCase
The calculations are identical to the FPase uwitsiclering a critical value CThe

enzymatic activity is thus expressed as:

Cc
0.18 * sample volume * incubation time

critical concentration

CMC =

umol/(min.ml) V units/ml

3.2.4.3. B-glucosidase
A linear pNP standard curve was constructed udisglate pNP amounts in pmol plotted
against absorbance. Absorbance values of the eliffelilutions of the enzyme mixtures
(after subtraction of the enzyme blanks) are thausstated into pNP. The critical value is
defined as B(umol pNP); by plotting pNP against enzyme coneiun, the critical
concentration releasing.Bvas defined.

One unit (U) of3-glucosidase activity is defined as 1 pmol pNP/niitmerefore, Bis
produced by a given sample volume (ml) in a giveret(min). This leads to the following
equation:

Bc
sample volume * incubation time

critical concentration

B — glucosidase = umol/(min.ml) V units/ml
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3.24.4. Xylanase
A linear xylose standard curve was constructedguabsolute xylose amounts in pmol
plotted against absorbance. Absorbance valuestivenetranslated into xylose. The critical
value is defined asX{pmol xylose); by plotting xylose against enzym@aentration, the
critical concentration releasing. ¥as defined.

One unit (U) of xylanase activity is defined asrfiql xylose/min. Therefore, Xs
produced by a given sample volume (ml) in a giveret(min). This leads to the following
equation:

Xc
sample volume * incubation time

Xylanase = umol/(min.ml) V units/ml

critical concentration

3.2.5. Statistical analysis

For each enzyme activity method, enzyme mixturegwduted at least at 5 different levels
and three replicates were carried out for evemytidih. All data was then analyzed using the
statistical package XLSTAT (version 2012.6.06). &ralysis of variance (ANOVA)
followed by a Tukey HSD (Honest Significant Difface) at 95% confidence level was run
to determine which test was least significantlyed#nt from the chosen reference protocol.

3.3. Results and Discussion

In each of the following sections, an overviewlod existing analytical methods is first
presented to justify the choice of the tested maito Calibration curves and statistical results
are shown followed by a detailed description ofliket 96-well adapted enzyme activity test.
3.3.1. FPase

Although the IUPAC method is described in Ghose87)9the oldest referenced method for
FPase is that of Mandels et al. (1976). This lattas used by many researchers such as
Chahal (1985) and Krishna (1999). In fact the IUP#Ethod is based on that of Mandels et

al. (1976) but differs with the amount of water edd(20 ml instead of 16 ml) and the
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wavelength at which the absorbance is read (54hstead of 550 nm). It was widely used
by many researchers such as Camassola and Dill@9)2Deswal et al. (2011) and Hideno
et al. (2011). Krishna et al. (1995) and Guoweale{2011) used it as well; however in the
former the Na-citrate buffer is at 100 mM (pH =aid in the latter the incubation takes place
for only 30 min. More recently, Adney and Baker 69 proposed a modified version of the
same method, in which the dilution before readhmegdbsorbance was increased from a water
to color developed mixture ratio of 4.44:1 to 12.5:

For the reduced protocols, Decker et al. (2003ppsed a method with a total reaction
volume of 0.08 ml using 2.67 mg of cellulose powde60 mM citrate buffer. Plates were
incubated at 50°C in custom modified microtitert@lancubators for 60 min. Later 150 pL
DNS reagent were added before incubation at 98f@@anin for color development. After
this stage, 200 pL deionized water were mixed WL color developed mixture before
reading the absorbance at 540 nm. This protocolheagver not tested since it is based on
powdered cellulose as the substrate as compar&dhtaman n°1 paper used in all other
reviewed work. Two additional reduced methods weported by Xiao et al. (2004). In the
first, the enzymatic reaction volume was reduce@dqL (40 pL buffer and 20 pL sample)
and in the second to 96 pL (64 puL buffer and 32gaimple). According to the authors,
statistical analyses of the cellulase activitiesvedd no significant difference between the
different types of tests. For the comparison stubg, protocol based on the larger sample
volume was considered. Finally, more recently Cawlasand Dillon (2012) described
another protocol based on a 1/10 volume reductidhat used by Mandels (1976). The total
reaction volume was thus reduced to 150 pL withn@.DNS addition and then a 2:1
dilution ratio of water to color developed mixtufighe authors reported that according to the
their protocol the results were statistically samito those of Mandels et al. (1976), when

using the method of Decker et al. (2003) the dat@ability was important and the 60-pL
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protocol of Xiao et al. (2004) gave significantligher values. This method was not included
in the comparison but the FPase.mod method is basethe same approach of volume
reduction.

Statistical analysis shows that the proposed meiRatse. mod provides results that are
not significantly different from the reference (T@ab). Results based on the Xiao et al.
(2004) method are lower than those obtained byefezence. This might be explained by the
fact that the ratio of enzyme to substrate is lowleen compared to the other methods; the
amount of enzyme is thus limiting. These intergrets apply to the three tested enzyme
mixtures. Figure 3 shows the calibration linestfa reference method and that of

FPase.mod. Table 5 summarizes the average resttiis different tested protocols wittf R

value of 0.81.
Table 5. Statistical analysis results for FPase (R 0.81)
Average
Tested method (FPU/mL) Groups
Ghose (1987) 59 A
FPase.mod 54 A
Xiao et al. (2004) 43 B

*Groups followed by the same letter are not sigaifitly different (R 0.05)

Ghose (1987) FPase.mod
0.8 0.263 0.8
y =0.265X y =5.861x
0.7 0.7
R2 =0.999 2=
0.6 A 0.6 | =099 e
0.5 0.5
As450.4 / As450.4 /

0.3 0.3

0.2 /./ 0.2 /‘

0.1 'd 0.1 ’ 4

O ./ T T 1 0 ./ T T 1

0 1 2 3 0 0.05 0.1 0.15
Glucose (mg) Glucose (mg)

Figure 3. Calibration curves of glucose in the angkis of FPase activity for the reference method
(Ghose, 1987) and best 96-well plate adapted methffdPase.mod).
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3.3.2. CMCase

The IUPAC reference (Ghose, 1987) has been useddny authors such as Gokhale et al.
(1991), Krishna et al. (1995), Krishna (1999), Caswda and Dillon (2009) and Acharya et
al. (2010). And many other authors have also medift. For example, Kalogeris et al.
(2003) used 4% CMC while Membrillo et al. (2008HdaBuowei et al. (2011) used 1% CMC.
Deswal et al. (2011) used the buffer at pH 5.5,eda et al. (2011) ran the incubation at
45°C and Kiranmayi et al. (2011) used 1.5 ml offéuft pH 5.0 and ran the incubation at
30°C. Finally, Kim and Kim (2012) performed the egans at 30°C for 60 min in 50 mM
Tris-HCI buffer (pH 7.2). A reduced method was dimsd by Konig et al. (2002). A mixture
of 0.03 ml sample was placed in 2-ml Eppendorf sudied pre-incubated for 5 min at 40°C
in a water bath. Later 0.3 ml of 4% CMC was added e mixture was incubated at 40°C
for 20 min. This was followed by an addition of ®thl DNS solution and incubation in
boiling water bath for 10 min. Finally 1.5 ml watgere added before reading the absorbance
at 530 nm. However, the only 96-well adapted mettsothat of Xiao et al. (2005). For
comparison purposes, the reference method anaftbaso et al. (2005) were tested. For the
latter, the authors indicated that their resulestaghly reproducible and accurately measured
the endoglucanase activity compared with the IUPA&hdard method. The eight different
combinations proposed in Table 2 take into accdhbetvariations proposed by the other
authors.

Given the results of the statistical analysis shawhable 6, the protocol of Xiao et al.
(2005) underestimates the enzymatic activitieseBd\scenarios of the CMCase.mod
protocol did not significantly differ from the reence method. However, the best method is
CMCase.mod (#6), which is the least significantedént compared to the reference. Figure 4
shows the calibration curves of both the referearmchosen methods. The chosen protocol

corresponds to a total reaction mixture of 0.06mvhich 0.03 ml of 4% CMC in citrate
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buffer and 0.03 ml of sample were mixed. After ibation at 50°C for 30 min, 0.18 ml DNS
was added and placed at 100°C for 15 min. Befading the absorbance at 540 nm, 40 pL
color developed mixture were mixed with 200 pL idest water.

Table 6. Statistical analysis results for CMCase (R= 0.897)

Tested method Average (U/mL) Groups

Ghose (1987) 3494 A

CMCase.mod (#6) 3249 A

CMCase.mod (#8) 2885 A B
CMCase.mod (#5) 2532 A B C
CMCase.mod (#7) 2447 A B C
CMCase.mod (#1) 2098 B C

Xiao et al. (2005) 2051 B C
CMCase.mod (#2) 1659 C
CMCase.mod (#3) 334 D
CMCase.mod (#4) 289 D

*Groups followed by the same letter are not sigaifitly different (R 0.05)

Ghose (1987) CMCase.mod (#6)
0.35 2
y = 0.294x
0-3 T Re=0.993 Val y = 26.532x ;
0.25 151" Re=10.99 / I
0.2
Asao 015 Asy 1 /{
0.1 /{ 05
0.05 /
0 / ; . 0

0 0.5 1 1.5 0 0.02 0.04 0.06 0.08
Glucose (mg) Glucose (mg)

Figure 4. Calibration curves of glucose in the angkis of CMCase activity for the reference method
(Ghose, 1987) and best 96-well plate adapted meth@@MCase.mod #6).

3.3.3. B-glucosidase

For B-glucosidase, the IUPAC method was described byd\oml Bhat (1988) using
cellobiose as substrate. At the exception of Ch@lt85) who uses a 1% salicine solution,
all other reviewed works refer to pNPG as substiébe this reason the most widely used
method, Kubicek and Pitt (1982) was consideredhasdference method; it was cited in

Wood and Bhat (1988), Christakopoulos et al. (1984harya et al. (2010) and Deswal et al.
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(2011). Some reduced methods are reported butatteeyot adapted to 96-well plates.
Gokhale et al. (1991) reduced the reaction mixtore ml with 0.9 ml of pNPG (1 mg/ml)
and 0.1 ml sample. The mixture was incubated aC66f 30 min. Later 2 ml of 2% sodium
carbonate were added for color development andrlaésoce was measured at 410 nm. With
also 1 ml reaction mixture, Hideno et al. (2011k@ai 0.1 ml of 10 mM pNPG, 0.05 ml
sample, 0.2 ml 50 mM acetic acid buffer (pH 4.8) &r65 ml distilled water. The mixture
was incubated at 45°C for 10 min and the reactias t@rminated by adding 0.5 ml of 1 M
NaCOs Absorbance was measured at 420 nm. Finally in &iah. (2012), the reaction
mixture consisted of 0.4 ml of pNPG (8 mM), 0.4sample and 1.2 ml citrate phosphate
buffer. The mixture was incubated at 45°C for 3@ @md the reaction was stopped by adding
2 ml of cold 0.5 M sodium carbonate buffer. Theatbance of the liberated p-NP was read
at 400 nm.
More recently, Lopez-Abelairas (2010) used in @sction mixture 0.1 ml of 1 mg/ml pNPG
and 0.1 ml sample. This mixture was incubated &50r 30 min and then the reaction was
stopped by adding 0.5 ml of 2% M&0;. Absorbance was measured at 410 nm. For this
protocol, the reaction mixture can fit in the wafla plate but the dilution step was modified
to adapt the final volume. It is important to ndtat Kim and Kim (2012) developed a 96-
well adapted method, in which the enzyme activigswneasured by incubating enzyme
samples with 20mM pNPG in 50mM Tris-HCI buffer diraal volume of 0.2 ml for 60 min
at 30°C. The amount of pNP liberated was determspagtrophotometrically at 420 nm.
Unfortunately no specific details of the method evpublished and therefore, it was not
possible to include it in the comparison study.

As presented in Table 3, the modified methods B@Gas#l and BGase.mod2 take into
account the different variations tested in theditere. Figure 5 shows the calibration curves

of both reference and chosen methods. As showaldeT/, BGase.mod2 overestimates the
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enzymatic activities. Only one modified method liase Kubicek and Pitt (1982) compares
best to the reference method (BGase.mod1 (#3higrdtter, a reaction mixture of 0.1 mL
10 mM pNPG and 0.02 mL sample was incubated at 5°CO min. Later 0.06 ml sample

was mixed with 0.15 ml of 2%N&0O; before reading absorbance at 412 nm.

Table 7. Statistical analysis results fop-glucosidase (R = 0.990)

Tested method Average (U/mL) Groups
BGase.mod1 (#2) 766 A

BGase.mod2 432 B

Kubicek and Pitt

(1982) 237 C
BGase.mod1 (#3) 214 C
BGase.mod1 (#1) 149 D

*Groups followed by the same letter are not sigaifitly different (R 0.05)

Kubicek and Pitt (1982) BGase.mod1 (#3)

0.45 0.25
0.4 y = 8.006x

2 = = 40.634x
0.35 R2 = 0.999 0.2 y 408
0.3
A 025 / R 0.15 /
412 412
0.2 0.1
0.15 /
0.1 0.05
0.05 ;.)' .})'
O T T 1 O T T 1
0 0.02 0.04 0.06 0 0.002 0.004 0.006
PNP (umol) PNP (umol)

Figure 5. Calibration curves of pNP in the analysi®f p-glucosidase activity for the reference method
(Kubicek and Pitt, 1982) and best 96-well plate agr#ed method (BGase.mod #3).

3.3.4. Xylanase

For xylanase, the reference method is describé&himse and Bisaria (1987) and used also in
Gokhale et al. (1991). The protocol proposed bydyaet al.(1992) was also referenced by
Loera and Cordova (2003), Membrillo et al. (2008) £amassola and Dillon (2009).

Besides the two above methods; some reduced pistioaee been also referenced. In Konig
et al. (2002), 0.03 ml sample was pre-incubated fimin at 40°C and then added to 0.3 ml of

1.5% (w/v) xylan equilibrated at 40°C. The mixtuvas incubated at 40°C for 20 min. Later,
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0.15 ml DNS were added and the new mixture wagboil a water bath for 5 min. Before
measuring the absorbance at 530 nm, 1.5 ml of wagez added. In Saha (2002), xylanase
activity was assayed in a reaction mixture of Ol®omtaining boiled oat spelt xylan (1%
w/v), 50 mM acetate buffer and the sample. Aften80 incubation at 50°C, reducing sugars
were measured according to Miller (1959). In Lale{2003), the same approach was
followed by on a reaction mixture of 2 ml of 0.8%/{) oat xylan solution and 2 ml sample
incubated at 40°C for 30 min. It is also the casRodriguez-Fernandez et al. (2011) where
0.5 ml of 1.0% (w/v) birchwood xylan and 0.5 ml sadenwere incubated at 50°C for 10 min
before adding 1 ml of DNS. After heating for 5 nmrboiling water bath, 5 ml of water were
added and absorbance was read at 540 nm. None abtive mentioned protocols were
adapted for the 96-well plate, except that repadote€ianchetta et al. (2012). For this reason
this latter was considered for comparison protochie other proposed protocols in the
comparison study took into account the variatiansfl in the other reviewed methods.

Out of all tested methods, statistical analysidb({@®) shows that both Xase.mod1 (#12)
and Xase.modl (#8) are not significantly differeam the reference. The former is chosen
because the percent difference is less import&at(g. 12%). The method proposed by
Bailey et al. (1992) largely overestimates the ematyc activities and that of Cianchetta et al.

(2012) largely underestimates them.
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Table 8. Statistical analysis results for xylanasgR? = 0.970)

Average
Tested method (U/mL) Groups
Bailey et al. (1992) 15447 A
Xase.mod2 (#2) 9954 B
Xase.mod1l (#6) 9647 B
Xase.mod2 (#1) 9543 B C
Xase.mod1 (#5) 9329 B C
Xase.modl (#11) 9081 B C
Xase.mod1 (#12) 8638 C D
Ghose 8094 D E
Xase.mod1 (#8) 7143 E F
Xase.mod1 (#7) 6662 F
Xase.mod1 (#10) 6361 F G
Xase.mod1 (#9) 6198 F G
Cianchetta 5590 G
Xase.mod1 (#2) 4366 H
Xase.mod1 (#1) 4067 H
Xase.mod1 (#4) 2865 I
Xase.mod1 (#3) 2828 I

In the chosen protocol, 0.08 ml 1% beechwood xiasitrate buffer and 0.02 ml sample
were incubated at 50°C for 30 min. Later 0.18 mDdIS was added before boiling for
5 min. Dilution of 0.04 ml color developed mixture0.2 ml water was performed before
measuring the absorbance at 540 nm. Figure 6 stimacalibration curves of both the

reference and chosen methods.
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Ghose and Bisaria (1987) Xase.mod1l (#12)

9 4
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Figure 6. Calibration curves of xylose in the analsis of xylanase activity for the reference method3hose
and Bisaria, 1987) and best 96-well plate adaptedathod (Xase.mod #12).

3.4. Conclusions

Four enzymes, FPase, CMCas@lucosidase and xylanase, were identified of edeto
degrade the lignocellulosic complex under anaerobialitions. In this context, large
factorial experiments need to be conducted but mxisting measurement protocols of those
enzymes are not adapted. This work identifies thinoextensive and systematic analytical
work microplate-based protocols for these enzyni@sterest: 0.072 mL reaction volume
with Whatman n°1 paper as substrate for FPase,L0&action volume with 4% CMC as
substrate for CMCase, 0.12 ml reaction mixture WidhmM pNPG as substrate for

glucosidase and 0.1 mL mixture with 1% beechwoddrxgs substrate for xylanase.
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CHAPTER 4

Screening of operational conditions of solid stateermentation for the in
situ production of lignocellulolytic enzymes on diferent solid matrices

ABSTRACT

Solid state fermentation emerges as an intereattagnative for the in situ production of
lignocellulolytic enzymes. This work aims at scregndifferent operational conditions to
develop the process on complex matrices such agipahsolid waste, brewer’s spent grain
and paper/cardboard fractions using commercialiylable inoculum. Substrate type,
autoclaving, inoculum type (three Pleurotus ostreatrains), pH (4-6), moisture (60-80%)
and nutrient addition are the factors incorporatea 46-assay D-optimal design. After 5
days of incubation at 30°C, cellulase, carboxymlettiulase -glucosidase and xylanase
activities are measured. For maximum enzyme praalycsubstrate and inoculum types and
tested pH range did not impact significantly theutes. Autoclaving and increase in moisture
content had negative effects while nutrient addiagpositive effect. Maximum enzyme
activities of 0.35, 2.48, 4.58 and 4.70 U/g DM wezeorded for the tested enzymes

respectively.

Keywords lignocellulose, solid state fermentation, D-optirdakign, municipal solid waste,

brewer’s spent grains, paper
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4.1. Introduction

Anaerobic digestion (AD) is an attractive wastatneent process. It is an environmentally
friendly technology to reduce organic waste andreewable source of energy (EU directive
2001/77/CE). Thus it responds to today’s problermofeasing generation of waste and
search for new sources of energy.

Lignocellulose, the major constituent of vegetatganic matter, is mainly composed of
cellulose, hemicellulose and lignin intimately letkin a semi-crystalline structure. Cellulose
is the most abundant organic compound. It is fanrqant materials, wastes from forest
products, agriculture and fruit and vegetable pser® (Mandels et al., 1974). According to
Barlazet al. (1990), municipal solid waste (MSW) for exampleniade up mainly of 51% of
cellulose, 15% of lignin, 12% of hemicellulose, &% of proteins. Interestingly, 73% of the
methane potential in MSW is found in the cellulédéowed by 17% in the hemicellulose.
Cellulose and hemicellulose are respectively tptatid partially biodegradable but remain
protected inside the lignocellulosic structure dgrihe AD process. Therefore despite the
diverse composition of substrates, lignocelluloseld probably be responsible for limiting
degradation (Vargas-Garaghal., 2007). A huge energetic potential is therefonefio@d
within lignocellulosic matrices and its expressa@pends on the disruption of the structure.
The most important technological challenge is thvesrcoming the recalcitrance of natural
lignocellulosic materials (Kiranmayi et al., 201 .this perspective a pretreatment step
should be incorporated otherwise the energetic poohins unavailable for anaerobic
digestion. Physical and chemical pretreatments Bhwe/n positive results however their
corresponding economic, energetic and operatiarsitb@resent major drawbacks.
Enzymatic pretreatment has shown promising resuitshe major inconvenient is the cost of

the enzymes.
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So far the cost of adding commercial enzymes aataha well-controlled process takes
over the added value of the increased methane gtiodwand the possibility of reducing
waste treatment time. Few studies have actualisnattd the total cost of this treatment.
Parmar et al. (2001) approximated the overall tneat of 1 dry ton of sewage sludge at US
100$. As for Jordan and Muller (2007), initial esdites of the cost of enzymes used to treat 1
ton of spent mushroom compost in a liquid-solideysis 803.9€ excluding any mechanical
or operational expenses. The cost of cellulasefagidcosidase has been estimated to
account for approximately 50% of the cost of thdrblysis process for the production of
ethanol from softwood (Tu et al., 2007). Althougle tost of cellulase was reduced over the
last decade, current cost enzyme-catalyzed hydsatgstinues to deter widespread
commercialization. In this context solid state fentation (SSF) could be the best alternative
for in situ production of enzymes that could be incorporateithé waste treatment system.

The key objective of this work is screening openaai conditions for the in situ
production of endogenous enzymes through SSF. Peddenzymes through this process will
be used to enhance the hydrolysis of lignocellalosatrices. This concept aims at
significantly increasing the anaerobic biodegralilglof lignocellulosic matrices and the
gain in energy production in the anaerobic treatrstgp. The novelty of this work resides in:
the use of both more complex substrates such agipainsolid waste for example and the
use of commercially available inoculum sources. iftaén concern behind this research is to
participate in the development of the SSF procegpikg in mind economic constraints for a
future successful scale up process.

4.2. Materials and Methods

4.2.1. Matrices of interest
For enzyme production under solid state fermematioree types of matrices are tested:

municipal solid waste (MW fraction), paper/cardlab@C fraction) mixture recovered from
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a sorting facility and brewers’ spent grain (SGfian). Table 1 summarizes the
lignocellulosic composition of the tested matribased on their corresponding Van Soest
fractions: soluble (SOL), hemicellulose-like (HEMEllulose-like (CEL) and lignin and
cutin-like (LIC). All three matrices were dried&@°C until stabilization of the weight and
then grinded using a 1 cm mesh.

Table 1. Van Soest characterization (%) of the saimatrices MW, PC and SG in terms of soluble (SOL),
hemicellulose-like (HEM), cellulose-like (CEL) andLIC (lignin and cutin-like) fractions.

%

Matrix SOL HEM CEL LIC
MW 25.2 14.9 31.9 28
PC 24.6 13.9 40.3 21.2
SG 40.8 36.9 19.1 3.3

4.2.2. Sources and types of inoculum

Three types of inoculum of pure mycelial speciasagr on millet are provided by Sylvan
Inc.: Pleurotus ostreatus var.florida (ETNA), Pleurotus ostreatus KRYOS andPleurotus
ostreatus SPOPPO (sporeless species protected by CPV rigta#sh inoculum is added at
20% wi/w to each substrate before the SSF experiment

4.2.3. Lignocellulolytic enzyme production under alid state fermentation

Solid state fermentation is carried out in 250 nmileEmeyer flasks sterilized by autoclaving
at 121°C for 15 min and later cooled to room terapee. Ten grams of dry substrate are
then moistened with 10 mL of the following minesalution (g/L): NHCI, 15.0; KHPO,,

3.0; MgSQ.7H,0, 0.5; CoCJ, 0.45; MnSQ.H,0, 0.1; ZnSQH,0, 0.1; Cadj, 0.5 and yeast
extract, 5.0. The inoculum is added and mixed withsubstrate using sterilized rods. After
recording the total weightof each flask, they a@ibated at 30°C for 5 d. At the end of the
fermentation process, the total weight is agaionmed to assess the loss in weight during the

SSF process.
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For the extraction of the produced enzymes, 10(hthp water are added. The mixture
is shaken for 1 hr at 180 rpm and then filteredaungcuum through Whatman GF/A type
microfiber filters (pore size 1.6 pm). On one hathe, substrate is dried at 105°C until weight
stabilization. The dried weight is recorded to asdbe dry matter loss through the SSF
process. It is later submitted to a characterinatiothe lignocellulosic fractions. On the other
hand, the filtrate volume is recorded to assessmass. It is later concentrated using
Vivaspin™ 20 (GE Healthcare) sample concentrators with nutdeaveight cutoff (MWCO)
of 10 KD. The concentrated enzyme solutions arayeskfor the following enzymatic
activities: filter paper cellulase (FPase), carbogthylcellulase (CMCasef};glucosidase
and xylanase.

4.2.4. D-optimal design experimental plan

For screening purposes, substrate type (MW, PCS&)d substrate pretreatment (with and
without autoclaving), inoculum type (ETNA, KRYOSABBPOPPO), pH of the medium (4
and 6), moisture (60% and 80%) and nutrient addifwaith and without addition) are
identified as important factors that impact thefpenance of the SSF process. To take into
account those multiple qualitative and quantitataetors with their different corresponding
levels and assess interactions among them, a Drajptiesign (Modde 9.0, Umetrics)
experimental plan is run. The 46-assay matrix Wrassays and 3 central points allows
running less replicates than a classical desiga.fiith matrix of the experimental plan is

presented in Table 2.

Table 2. 46-assay matrix of the D-optimal design ésays 44 to 46 correspond to the triplicate of the
central point).

# Substrate Inoculum Autoclaving pH Moisture (%) uthent
1 PC SPOPPO Yes 4 60 with
2 MW SPOPPO Yes 4 60 with
3 SG KRYOS Yes 4 60 with
4 MW KRYOS No 4 60 with
5 PC ETNA No 4 60 with
6 SG ETNA No 4 60 with
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44-46

PC
SG
SG
MW
SG
PC
PC
PC
MW
PC
MW
SG
MW
PC
PC
SG
SG
MW
MW
SG
PC
MW
SG
MW
PC
PC
SG
SG
PC
MW
MW
SG
SG
PC
PC
MW
SG
SG

KRYOS
ETNA
SPOPPO
ETNA
SPOPPO
KRYOS
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SPOPPO
ETNA
SPOPPO
KRYOS
KRYOS
SPOPPO
KRYOS
ETNA
ETNA
KRYOS
ETNA
SPOPPO
SPOPPO
KRYOS
SPOPPO
SPOPPO
KRYOS
ETNA
SPOPPO
KRYOS
ETNA
SPOPPO
SPOPPO
KRYOS
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KRYOS
ETNA
KRYOS
ETNA
SPOPPO
SPOPPO

Yes
Yes
No
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
No
No
No
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
No
No
Yes
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No
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60
60
60
60
80
80
80
80
80
80
80
80
80
80
80
80
60
60
60
60
60
60
60
60
60
60
60
60
80
80
80
80
80
80
80
80
80
70

with
with
with
with
with
with
with
with
with
with
with
with
with
with
with
with
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without
without

4.2.5. Analytical methods

425.1.

Solid content
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Total solids (TS) and volatile solids (VS) are mead on the solid substrate before and after
SSF. TS correspond to the amount of dry substfegedrying the fresh matter at 105°C till
weight stabilization and VS to the amount of suldistfost after calcination of a dry substrate
at 550°C for 5 h.
4.2.5.2. Characterization of the lignocellulosicamplex
The lignocellulosic complex is characterized inteagbstrate, before and after SSF,
according to Van Soest et al. (1991) using FIWE Ré#ver Extractor from VELP
Scientifica. The protocol identifies four fractior®0L, HEM, CEL and LIC. One gram of
substrate is extracted with 100 mL hot water fon80 followed by extraction with neutral
detergent for 60 min (extraction of the SOL frantioeutral detergent fiber (NDF) residue),
hot acid detergent for 60 min (extraction of theNHEaction, acid detergent fiber (ADF)
residue) and for 180 min in cold, 72% sulfuric a@straction of the CEL fraction, acid
detergent lignin (ADL) residue). The residual mietlecorresponds to the LIC fraction and
may contain lignin and cutin. After each extractstep, the VS content is determined in the
residues. All fractions are expressed as a pergermthtotal VS according to the following
equations: SOL = 100 — NDF; HEM = NDF — ADF; CEIABF - ADL and LIC = ADL.
4.2.5.3. Enzyme activities
For the measurement of the enzymatic activitiesy8b plate adapted analytical protocols
developed in the labs of Veolia Research and Intnmvavere followed. Absorbance were
read using PowerWave XS2 (BioTek Instruments, Mermont, USA) with Gen®'
software.

One filter paper unit (U) is defined as the amanfrégnzyme that releases one pmol of
glucose per minute in the assay reaction. FPasssesyed by measuring the release of
glucose from a mixture containing 2.4 mg Whatmah péper as substrate in 48 uL 50 mM

sodium citrate buffer and 24 pL of enzyme samples mixture is incubated at 50°C for
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60 min. Dinitrosalicylic (DNS) solution is used foolor development and absorbance is read
at 545 nm.

One unit of CMCase activity is defined as the amadfrenzyme that liberates 1 pmol of
reducing sugar as glucose under the analysis ¢onslitA mixture of 30uL of 4% CMC
solution and 30 pL of enzyme sample are incubat&@eC for 30 min. Later 180 pL DNS
are added, followed by dilution with distilled wateefore absorbance reading at 540 nm.

One unit off-glucosidase activity is defined as the amountafyene which produces
1 pumol of p-nitrophenol (pNP) from 4-nitropheryD-glucopyranoside (pNPG). For the
analysis, 100 pL pNPG are mixed with 20 pL enzyara@e and incubated at 50°C for
10 min. The reaction is stopped using 1 M sodiurb@aate solution and absorbance is read
at412 nm.

Finally one unit of xylanase is defined as the amiai enzyme, which produces 1 pmol
reducing sugar as xylose per min in the reactioxture under the specified conditions. A
mixture of 80uL of 1% beechwood xylan solution &tdul enzyme sample is incubated at
50°C for 30 min. Later 180 pL of DNS are addeddwid by dilution with distilled water.
Absorbance is read at 540 nm.
4.2.5.6. Data analysis
All data are statistically analyzed using Moddenl SIMCA from Umetrics.

4.3. Results and Discussion

4.3.1. Defining experimental conditions

An extensive literature review has helped defirtimgyseveral operational parameters of the
experimental plan. This applies mainly for the $rdie pretreatment with autoclaving,
nutrient addition, pH and moisture ranges. Howetgahnical and economic concerns

dictated the choice of the substrate and inocujyped as well as the fermentation time.
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In order to produce lignocellulolytic enzymes, substrate should be rich with this
complex. But since the application should be forader large-scale applications, the
substrate should also be an important feedstoakthi®work, paper/cardboard fractions
might at a first glance not be interesting mairdgéuse the elimination processes of this
feedstock lies mainly in the recycling. But it da@ considered as a representative sample of
lignocellulosic complex. This is not the case fo8W and brewer’s spent grain. According
to Hoornweg and Bhada-Tata (2012), the worldwideuahproduction of MSW goes up to
1.3 billion tons per year and it will double by Z20Zhe annual production of spent grain is
also important; 38.6 million tons per year accogdio Mussatto (2014). Until now spent
grain was mainly used as animal feed but efforgrreasing to divert its use towards
energy production, chemical and biotechnologicatpsses (Mussatto, 2014). In addition to
that, Table 3 shows a list of substrates usedddyme lignocellullolytic enzymes by SSF.
The substrates tested in this work do not appetiraiiterature review; this brings an
additional interest to study their potential.

Table 3. List of substrates used in solid state farentation for the production of lignocellulolytic
enzymes and their corresponding references.

Substrate References

Aspen pulp Chahal, 1985

Banana fruit stalk Krishna, 1999

Banana waste Reddy et al., 2003

Citrus peel Rodriguez-Fernandez et al., 2011
Coir pith Jabasingh and Nachiyar, 2011
Corncob Qian et al., 2012

Corn stalk Guowei et al., 2011

Corn stover Chen et al., 2011

Deoiled Jatropha seedcake Dave et al., 2012

Distillery spent wash Acharya et al., 2010

Empty palm fruit bunch fiber  Kim and Kim, 2012

Rice straw Kang et al., 2004

Soyhull Krishna et al., 1995
Sugarcane bagasse Memobirillo et al., 2008
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Deschamps et al., 1985; Gessesse and Mamo,
1999; Lu et al., 2003; Asha Poorna and Prema,
2006; Deswal et al., 2011; Guowei et al., 2011,
Qian et al., 2012

Deschamps et al., 1985; Kalogeris et al., 2003;
Kang et al., 2004

Wheat bran

Wheat straw

Research studies have shown consistently that limocaddition is essential to produce
enzymes. Different microorganisms have been regon@&inly Aspergillus (Kang et al.,

2004; Acharya et al., 2010; Kiranmayi et al., 2QTt)choderma (Chahal, 1985; Deschamps
et al., 1985) an®leurotus species (Membrillo et al., 2008). At lab-scale itieculum cost is
not discussed. But in this work, the solid statenfentation process is proposed upstream
other environmental applications such as anaeripgstion. Therefore, the inoculum is
carefully chosen to meet the following three regunents: commercially available in large
scale production, easy to handle and rapid mycgt@hth. In this context, fungal mycelia
produced commercially by Sylvan Inc. were used.séh@oducts target food grade
mushroom production. This implies that they are safd will not present any health or
environmental risk.

Finally, the SSF process is run for 5 d althoutgndture data shows fermentation times
ranging from 66 h (Deschamps et al., 1985) to P2hhhal, 1985). But going back to the
large scale application, the SSF process shouiddhgded in an overall waste treatment
process. It is thus more comparable to a pretredtstep; this is why a short process time of
5 d was considered.

4.3.2. Physical and chemical changes through SSF

The substrate in the SSF process is the sourcariobe that is essential for enzyme
production. Following the changes that it undergih@sng SSF is important to better control
the process. Not only that but once the enzymepraciiced, this substrate should be treated

and thus its characterization is important fodisvnstream disposal.
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The distribution of the collected data on %TS 186¥,S loss and % water loss is shown

in Figure 1. During the 5-day SSF process, TS aBddgses for all tested assays were 10.3
and 16.4% on average respectively. During SSFsubstrate is partially degraded leading to
loss in the solid matter but the growing myceliuvantigipates in the formation of new matter.
However, since the mycelium is intimately attackethe substrate the actual matter loss of
the substrate cannot be determined. But it can lomlgssumed that the degradation of the
initial substrate is more important than the meadwalues. In all cases, the VS loss is
important and impacts subsequent biological degi@uaFor example if the substrate is to

be degraded anaerobically, the methane potentialdize less important.
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Figure 1. Scattergrams for %TS loss, %OM loss and %vater loss for all tested matrices in the 46 assay
during the SSF process.

Water loss was measured at 4.6% on average. Taigeiatively low value which if
translated at an upper scale implies that theme iseed for humidity control during the short
SSF period Interestingly the scattering of the wiates data is much less important than

those of %TS and VS losses.
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Figure 2. Box plots of the % loss in the four van &est fractions of the matrices MW, PC and SG: (a)
soluble fraction (SOL), (b) hemicellulose-like fration (HEM), (c) cellulose-like fraction (CEL) and d)
lignin and cutin-like fraction (LIC).

Box plot representations of the % loss in the alisatontent of the different Van Soest
fractions are presented in Figure 2. In general highest losses correspond to the SOL
fraction: 59, 47 and 30% on average for MW, PC @@drespectively. These results are
expected since what is soluble and most readililabla should be used by the growing
microorganisms in the medium. For HEM loss, 29a8@ -2% are recorded for MW, PC and
SG respectively. Interestingly SG is very rich enhcellulose (Table 1) but during the SSF
this fraction remains almost intact while its CE&adtion is mostly degraded (48% loss). The
LIC loss for SG is reported at - 35%; as shownabl€& 1; lignin content in SG is very low

(3.3%) therefore the error margin could explaindgbeve result. Finally, MW and PC have
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opposite trends regarding CEL and LIC losses. Tlresels cannot be explained at this level
because in the experimental plan format no re@gate run besides the central points.
4.3.3. Physical and chemical changes through SSF

The main objective of this work is to achieve aary screening of the operational
parameters that control SSF processes to prodyreeckellulolytic enzymes.

4.3.3.1. Enzyme activities produced

Four types of enzymes are targeted in the SSF gsoE€ase, CMCagg.glucosidase and
xylanase. Figure 3 presents the Box plot distrdyutf the enzyme activities measured in the
D-optimal design. An average production of 0.08 thig matter (DM) is recorded for FPase
with a maximum of 0.35 U/ g DM on SG. This valueually twice the activity reported by
Memobirillo et al. (2008) usinBleurotus ostreatus on sugarcane bagasse. For CMCase,
average production is calculated at 0.65 U/g DMhwitmaximum at 2.48 U/g DM on MSW
although other comparable results were also obdaanePC. These levels could not be
compared to literature data since udhheurotus ostreatus andPleurotus sajor-caju, Reddy

et al. (2003) only indicated that very low levet<GMCase were produced using banana
waste. Unfortunately, fgs-glucosidase no literature data was reported usaidper the
substrates tested nBleurotus species. Average enzyme production was 0.62 U/gnixil a
maximum recorded at 4.58 U/g DM on MSW. Finallyeege xylanase was found at

1.1 U/g DM with a maximum at 4.70 U/g DM on PC. Reet al. (2003) reported 0.14 U/mg
protein on banana waste and Membrillo et al. (2@0&)aximum of 7.59 U/g DM on

sugarcane bagasse.
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Figure 3. Box plots of the measured FPase, CMCageglucosidase and xylanase activities in the diffen¢
assays of the D-optimal design plan.

Figure 4 shows scattergrams of the different FRab#;ase 3-glucosidase and xylanase
activities reported in the literature on differsabstrates. Average values of 128, 161, 110
and 5375 U/g DM were recorded for the four enzyofasterest respectively. But what is
important to note is that the range of values &mheenzyme is very important: 0.2 to 817, 7
to 637, 5 to 402 and 8 to 21430 U/g DM for FPasd(Oase f-glucosidase and xylanase
respectively. These important variations are maiig to the different analytical methods
used to measure the corresponding enzymatic gctimd would actually explain the very
high enzymatic activities reported by certain auhé&nother reason could be due to the
different matrix used to produce the enzymes. ¢t tiae carbon source is known to affect the
concentrations and proportions of different enzymesmixture that is produced (Pandey et
al., 2008Db). In all cases, as shown earlier, enzyotigities reported in this work compare
well with literature data in which experimental dittons were more strictly controlled

mainly in terms of inoculum.

102



900 700 + 450 + 25000 +

800 1 ® 600 | 400 ¢ = .
(]

_. 700 + = 2 350 = 20000 |
2 @ 500 | 3 &
£ 600 g S 300 - 3
2 500 | 3 400+ 2 250 3 1°9%07a
) 2 2 2
S 400 | 2 300 L Q200 + 2 .
= . @ g @ 10000 |
@ 300 | 3 % 150 | ® g
o g 200 - m S 3

200w O g o Wo-E 2 5000

100 + *O7e T 50w

o | olm 0.l m W |

Figure 4. Scattergrams of reported literature dataof FPase, CMCasep-glucosidase and xylanase
activities

4.3.3.2. Significance of operational parameters agnzyme production

The main objective of the experimental plan isefirte the significance of the different
tested factors. Correlation studies assess thédéaecuracy at which the equation proposed
by the regression analysis can predict the obseta&dpoints; it is defined by the coefficient
of determination R As shown in Figure 5, Rralues of 0.516, 0.855, 0.861 and 0.760 were
found for FPase, CMCasiglucosidase and xylanase respectively. Althoudi 5h.6% of

the data could be explained by the model for FPatdeast 76% is predicted for the other

three enzymes.
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Since R values are encouraging the second step is toifnokhe impact of each factor
on the specific enzyme production. All results stitewn in Figure 6. Each graph shows the
significant factors per enzyme in decreasing oad@mportance. In certain cases, some
interactions are identified; an interaction mednat the effect of one independent variable or
factor depends on the value of another indepengsigble. Going by the order of factors
identified earlier, the substrate MW showed a passiimpact for-glucosidase production
(Fig. 6¢). SG showed a negative effect for ptiucosidase and CMCase, negative
interactions with nutrient addition f@rglucosidase and xylanase, another negative
interaction with inoculum ETNA also f@-glucosidase and finally a positive interactionhwit

autoclaving for CMCase.
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Autoclaving the matrix has a negative impact ondeP&MCase anglglucosidase
production. Negative interaction is found betweetoalaving and nutrient addition for both
FPase and xylanase productions.

There was no significant impact of the inoculumetym any of the enzyme productions;
besides the negative interaction of ETNA with S@paitive interaction of KRYOS with
nutrient addition is shown for CMCase (Fig.6b).

The correct pH is critical for the success of setate fermentation (Raimbault and
Alazard, 1980) since it impacts the transport afyeme across the membrane. It also affects
the stability of extracellular enzymes. It mustitne enough at the beginning of the process
to avoid bacterial growth (Raimbault, 1997). Acangito Roussos (1997), pH decreases
gradually during the initial stages of the ferméotadue to mycelial growth and then
increases in the later stages. In general, theuptamh of most fungal cellulases falls in the
pH range of 4.5-5.0 (Acharya et al., 2010; Kim &meh, 2012; Qian et al., 2012). This is
why at this level of the work the tested rangeo(#)}did not show very clear answers: a
negative effect on FPase, a positive effech-@htucosidase and two interactions shown in
Fig.6b and 6¢ were only measured.

For the moisture range, some very low levels 068% were used in Lu et al. (2003) and
Guowei et al. (2011) but most other SSF experimeete run at higher moisture levels that
reach up to 83% (Acharya et al., 2010). This fat@ctually very substrate dependent but
since process development is aimed for larger sggdécations, then factor values should be
found as average values that could apply to widbstsate types. Therefore, increasing
moisture from 60 to 80% has shown clear negatiyeots on FPase, CMCase and xylanase
productions. Two negative interactions are showhign 6b and 6¢ and two positive ones is

Fig. 6c¢.
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Finally nutrients were added at the lab-scale sgalid any nutrient deficiency especially
that the matrices used for enzyme production waegl&nd grinded in order to make sure
that the samples are homogeneous and represerghthe actual matrix. Results showed
that adding the nutrient solution has a positivpant in all enzymes excefpiglucosidase for
which the factor was not significant. Several pesiand negative interactions were recorded
in Fig. 6a to 6d.

Based on the data discussed above, it can be clatcthat for further process
optimization of the SSF process, nutrient addisbould be included, no autoclaving is
necessary and any inoculum from the three tesfeestgould be used for mycelial growth
and further enzyme production Nevertheless, thegmge could not be further narrowed at
this level of experimental work. It is also the €dsr the substrate type because as mentioned
earlier only the spent grain substrate had somativegmpacts while the two others did not
show clear significant effects. In addition to tlas essential to note that when judging the
impact of an enzyme mixture, all enzymes shoulthken into account. Since at this level
the quality of the best enzyme mixture is not ided, if a factor does not present systematic
impact, it cannot be taken out from further reskeakenally, it would also be interesting to
decrease the range of the moisture levels.

4.4. Conclusions

FPase, CMCas@;glucosidase and xylanase enzymes were identifigterest for
lignocellulose anaerobic degradation. Their productinder SSF conditions was studied
taking into account six factors with a 46-assaygdbiroal design: substrate type and
autoclaving, inoculum, pH, moisture and nutriendiidn. Screening results showed that
nutrients are necessary but not autoclaving. Noifsignce difference was noted among the

three inocula although SPOPPO showed the bestseBuok further process optimization, pH
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range of 4-6 should be kept along with the thrdessates MW, PC and SG. Finally,

moisture range could be shifted to lower values{6%).
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CHAPTER 5

Optimizing lignocellulolytic enzyme production through solid state
fermentation for downstream hydrolysis of differentsolid matrices

ABSTRACT

This work aims at optimizing operational conditidnglevelop solid state fermentation on
municipal solid waste, brewer’s spent grain andep@ardboard matrices. Substrate type, pH
(4-6) and moisture (50-70%) were taken into accauat30-assay full design. Pleurotus
ostreatus SPOPPO from a commercially availableceowas used as inoculum. After 5 days
of incubation at 30°C, cellulase, carboxymethyldake -glucosidase and xylanase
activities were measured. For maximum enzyme prtoolycoH and moisture showed non-
linear impacts. Maximum enzyme activities were 0290, 12.00 and 15.20 U/g DM for the
tested enzymes respectively. Enzyme efficiencyagaayed by using all crude enzyme
extracts to hydrolyze the three matrices at 5% Yabstrate load at 35°C. Maximum
glucose concentrations of 37.6, 7.6 and 89.9 mg/gubstrate were measured for municipal
waste, spent grain and paper/cardboard respectivielglly, high correlation coefficients

were found between applied enzyme load and releglsedse.

Keywords: solid state fermentation, lignocellulolytic enzgniull design, hydrolysis,

municipal solid waste, brewer’s spent grains, paper
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5.1. Introduction

Lignocellulose is mainly composed of cellulose, femtulose and lignin. All fractions are
intimately linked in a semi-crystalline structur&iah limits its degradation in anaerobic
digestion processes. Due to this structure, an itapbenergetic potential remains locked
within lignocellulosic matrices. Its expressionngdact the most important technological
challenge (Kiranmayi et al., 2011). In this pergpecenzymatic hydrolysis of lignocellulose
has shown very promising results although the majuotation is its corresponding high cost.
Recent studies have shown that enzyme cost canratdor 50% of the total cost of
hydrolysis in certain ethanol production systems €T al., 2007).

Within this context, solid state fermentation (S8F)erges as an alternative fowsitu
production of lignocellulolytic enzymes in orderdeercome the cost of commercial
enzymes; these latter targeting essentially highevadded products such as pharmaceutical
industries. It would then be possible to integtaeeSSF process within a waste treatment
facility to improve biodegradation of the recalaitt lignocellulose and increase biogas and
subsequently methane production. It is the incrgasnvironmental concern and the search
for new sources of renewable energy that rendehnanetan interesting target.

In this perspective, previous work was conductescteen the impact of different factors
on the enzyme production: substrate type, substtateclaving, inoculum type (three
Pleurotus ostreatus strains), pH (4-6), moisture (60-80%) and nutrigedition. Using a D-
optimal experimental design plan, results showatlfttr maximum enzyme production,
substrate and inoculum types and tested pH ramgeadihave significant impact. In addition
to that, negative effects were found for autoclg\and increasing moisture content and a
positive effect for nutrient addition.

The key objective of this work is therefore optim operational conditions for the in

situ production of endogenous enzymes through 8&Rg into account the results of the
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screening tests. Produced crude enzyme extradtbewilsed on the different matrices
through hydrolysis or saccharification tests. Besidsing novel and complex substrates such
as municipal solid waste and commercially availatbeulum, this works aims at looking

into the efficiency of the SSF enzymes. It sheadlitfht on the load and composition of
hydrolytic enzymes which are most often left outha literature. The final goal of this
research is increasing the anaerobic biodegratabfliignocellulosic matrices while taking
into account technical and economic factors ofriiscale up.

5.2. Materials and Methods

5.2.1. Matrices of interest

Three matrices were used for enzyme productionrnsualal state fermentation conditions:
municipal solid waste (MW fraction), paper/cardlab@C fraction) from a sorting facility
and brewery’s spent grain (SG fraction). Table hsarizes the composition based on the
Van Soest characterization: soluble (SOL), hemitedle-like (HEM), cellulose-like (CEL)
and lignin and cutin-like (LIC) fractions. For tperpose of this work, all tested matrices

were dried at 80°C until stabilization of the weigind then ground using a 1 cm mesh.

Table 1. Van Soest characterization (%) of the testl solid matrices municipal waste (MW), paper and
cardboard fraction (PC) and spent grain (SG) in tems of soluble (SOL), hemicellulose-like (HEM),
cellulose-like (CEL) and LIC (lignin and cutin-like) fractions.

%
Matrix SOL HEM CEL LIC
MW 25.2 14.9 31.9 28
PC 24.6 13.9 40.3 21.2
SG 40.8 36.9 19.1 3.3

5.2.2. Source and type of inoculum
Pleurotus ostreatus SPOPPO (sporeless species protected by CPV rig¥ds)provided by
Sylvan Inc. as mycelium grown on millet. It was addit 20% w/w to each substrate.

5.2.3. Lignocellulolytic enzyme production underalid state fermentation
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Solid state fermentation was carried out in 250Enkenmeyer flasks sterilized by
autoclaving at 121°C for 15 min and later cooledotmm temperature. Ten grams of dry
substrate were moistened with the following nutrssiution (g/L): NHCI, 15.0; KHPO,,
3.0; MgSQ.7H,0, 0.5; CoCJ, 0.45; MnSQ.H,0, 0.1; ZnSQH,0, 0.1; Cad), 0.5 and yeast
extract, 5.0. The inoculum was added and mixed thighsubstrate using sterilized rods. The
total weight of each flask was recorded and thask#, closed using cotton plugs, were
incubated at 30°C for 5 d. At the end of the fertaBan process, the total weight was again
recorded to assess weight loss during the SSF$80ce

For the extraction of the produced enzymes, 10(@hthp water were added. The
mixture was shaken for 1 hr at 180 rpm and theer&d under vacuum through Whatman
GF/A type microfiber filters (pore size 1.6 um).€rsolid residue was dried at 105°C until
weight stabilization to assess dry matter lossufihahe SSF process. It was later
characterized through Van Soest fractionation. filtrate volume was recorded to assess
water loss. It was later concentrated using VivaSpR0 (GE Healthcare) sample
concentrators with molecular weight cutoff (MWCQ)10 kD. Concentrated enzyme
solutions were assayed for the following enzymatitvities: filter paper cellulase (FPase),
carboxymethylcellulase (CMCas@}glucosidase and xylanase.
5.2.4. Full design experimental plan
Substrate type (MW, PC and SG), pH (4, 5 and 6)maaigture (50, 60 and 70%) were
considered as significant factors that impact t8& $rocess. To define the optimal
conditions and assess the significance of all facod possible interactions, a 30-assay full
design (Modde 9.0, Umetrics) experimental plan mas Detailed description of all tested

conditions is presented in Table 2.
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Table 2. Matrix of the 30-assay full design experiental plan for the three tested factors: substratéype,
pH and moisture level.

# Substrate pH Moisture level (%)
1 PC 4 50
2 MW 4 50
3 SG 4 50
4 PC 5 50
5 MW 5 50
6 SG 5 50
7 PC 6 50
8 MW 6 50
9 SG 6 50
10 PC 4 60
11 MW 4 60
12 SG 4 60
13 PC 5 60
14 MW 5 60
15 SG 5 60
16 PC 6 60
17 MW 6 60
18 SG 6 60
19 PC 4 70
20 MW 4 70
21 SG 4 70
22 PC 5 70
23 MW 5 70
24 SG 5 70
25 PC 6 70
26 MW 6 70
27 SG 6 70
28 SG 5 60
29 SG 5 60
30 MW 5 60

5.2.5. Saccharification tests

To test the efficiency of the produced enzymes;lsatfication tests were run. In 15-mL
glass tubes were mixed 0.5 g of solid substrate jd5of the crude enzyme mixture and

10 mL of citrate buffer. All tests were run in figates along with blanks at 35°C for 24 h. At
the end of the tests, supernatants were recoverkdliered at 0.45 um to measure reducing
sugars.

5.2.6. Analytical methods

5.2.6.1. Solid content
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Total solids (TS) and volatile solids (VS) were m@&d before and after SSF. TS
correspond to the amount of dry substrate aftendrthe fresh matter at 105°C till weight
stabilization and VS to the amount of substratedfter calcination of a dry substrate at
550°C for 5 h.
5.2.6.2. Characterization of the lignocellulosicamplex
Each substrate was characterized, before and3fiey according to Van Soest et al. (1991)
using FIWE Raw Fiber Extractor from VELP Scien@#icThe protocol identifies four
fractions: SOL, HEM, CEL and LIC. One gram of suést is extracted with 100 mL hot
water for 30 min followed by extraction with nedtdgtergent for 60 min (extraction of the
SOL fraction, neutral detergent fiber (NDF) resijumet acid detergent for 60 min
(extraction of the HEM fraction, acid detergenefifADF) residue) and for 180 min in cold,
72% sulfuric acid (extraction of the CEL fractiactid detergent lignin (ADL) residue). The
residual material corresponds to the LIC fractiaod enay contain lignin and cutin. After each
extraction step, the VS content was determinefierrésidues. All fractions were expressed
as a percentage of total VS according to the follgvequations: SOL = 100 — NDF; HEM =
NDF — ADF; CEL = ADF - ADL and LIC = ADL.
5.2.6.3. Enzymatic activities
For the measurement of the enzymatic activitiesy8b plate adapted analytical protocols,
developed in the labs of Veolia Research and Intnmvawere followed. Absorbance was
read using PowerWave XS2 (BioTek Instruments, Mermont, USA) with Gen®'
software.

One filter paper unit (FPU) is defined as the amaienzyme that releases one pumol of
glucose per minute in the assay reaction. FPasasgayed by measuring the release of
glucose from a mixture containing 2.4 mg Whatmah péper as substrate in 48 uL 50 mM

sodium citrate buffer and 24 pL of enzyme sample mixture was incubated at 50°C for
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60 min. Dinitrosalicylic (DNS) solution was used fmlor development and absorbance is
read at 545 nm.

One unit of CMCase activity is defined as the amadfrenzyme that liberates 1 pmol of
reducing sugar as glucose under the analysis ¢onslitA mixture of 30uL of 4% CMC
solution and 30 pL of enzyme sample was incubat&@eC for 30 min. Later 180 pL DNS
were added, followed by dilution with distilled veatbefore absorbance reading at 540 nm.

One unit off-glucosidase activity is defined as the amountafyene which produces
1 pumol of p-nitrophenol (pNP) from 4-nitropheryD-glucopyranoside (pNPG). For the
analysis, 100 pL pNPG were mixed with 20 puL enzygammple and incubated at 50°C for
10 min. The reaction was stopped using 1 M sodiarbanate solution and absorbance was
read at 412 nm.

Finally, one unit of xylanase is defined as the am@f enzyme, which produces 1 pmol
reducing sugar as xylose per min in the reactioxture under the specified conditions. A
mixture of 80uL of 1% beechwood xylan solution a2d pL of enzyme sample was
incubated at 50°C for 30 min. Later 180 uL of DNS8revadded followed by dilution with
distilled water. Absorbance was read at 540 nm.
5.2.6.3. Reducing sugar analysis
Reducing sugars were analyzed according to Nawred. (2010). For that purpose, 60 pL
DNS and 60 pL sample were mixed and incubated@anih at 94°C. The mixture was then
cooled down for 5 min at room temperature. Latéd 1Q were transferred to a reading plate
for absorbance measurement at 540 nm.

5.2.6. Data analysis
All data are statistically analyzed using Moddenfl &IMCA from Umetrics.

5.3. Results and Discussion

5.3.1. Defining experimental conditions
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Based on previously conducted work, only substrgie, moisture and pH were taken into
account as impacting factors of the SSF processigifr the full design experimental plan
detailed in Table 2. The remaining experimentalditbons were set taking into account the
limitations of a probable scale-up process. Theeef®ISW and spent grains, important
worldwide feedstock, were tested (Hoornweg and BRBata, 2012; Mussatto, 2014). The
paper/cardboard fraction was considered as a nmoaleix of lignocellulose. The inoculum,
Pleurotus ostreatus SPOPPO, was chosen based on its commercial aliyladasiness of
handling and rapid growth. It is also of food gragelity without any identified health or
environmental risks. Finally, the fermentation timas set at 5 d to enable the integration of
the process in existing waste treatment facilities.

5.3.2. Physical and biochemical changes through BS

During the SSF process, the carbon in the substratsed to enable mycelial growth. The
process is maintained until the carbon is depleteghen the enzyme production is low and
does not compensate engaged operational costsrthieess, this substrate should be
treated. Therefore, following the changes thahdargoes will shed more light on
understanding the process and the substrate’s d@anstreatment.

During the 5-day SSF process, TS and VS lossedllftested assays were 17.2 and
23.4% on average respectively. These values dezti%7.8 and 42.7% higher than those
obtained during the screening tests (10.3 and 18e$¥ectively). This implies that substrate
degradation and mycelial growth are more importemter these factors; observations that
are rather expected under narrower tested rangeses$tingly, water loss was on average
2.7%, 40% lower than under screening conditionss Tbuld probably be due to the fact that
the tested moisture range is lower. Nevertheletis tecorded values, under screening and

optimizing conditions, remain low and do not imglying of the substrate.
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Box plot representations of the % loss in the alisatontent of the different Van Soest
fractions are presented in Figure 1. In general highest losses correspond to the SOL
fraction: 28, 45 and 48% on average for MW, PC @@drespectively. For HEM loss, 35, 19
and 18% are recorded for MW, PC and SG respectiydiijough under screening conditions
SG showed almost no loss in the hemicelluloseitractinder the new experimental
conditions an interesting level of hemicelluloseslas measured. This implies that the tested
conditions are more favorable for this fractionégcadation. The CEL fraction evolution
does not however show the same trend: for both M&RC an important increase in the
degradation level (13 and 47% respectively) is messbas opposed to a drop from 48 to
19% for SG. Finally, LIC fraction losses were atifficult to interpret: 20%, -13 and -246%
for MW, PC and SG respectively. The low LIC contehSG could partly explain the results
however the corresponding PC loss could be duditaitation of the Van Soest test itself
when applied to these types of matrices. For futests, it would be interesting to test the
NREL method for the determination of structuralocdrydrates and lignin in biomass (Sluiter

et al., 2012).
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Fig. 1. Box plots of the % loss in the four van Seéfractions of the matrices MW, PC and SG : (a)
soluble fraction (SOL), (b) hemicellulose-like fration (HEM), (c) cellulose-like fraction (CEL) and d)
lignin and cutin-like fraction (LIC).

5.3.3. Enzyme production through SSF

The main objective of this work is to define averagptimal conditions to produce
lignocellulolytic enzymes under solid state coratis from three different substrates.
5.3.3.1. Enzyme activities produced

Four types of enzymes are targeted in the SSF gso0E€ase, CMCagg.glucosidase and
xylanase. Figure 2 presents scattergram distribsitod the enzyme activities measured in the
full experimental design and Table 3 includes ayer@nd maximum activity values reported

in both D-optimal (screening conditions) and fudsgyn (optimization conditions) tests. An

average production of 0.34 U/g dry matter (DM)asarded for FPase with a maximum of
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0.99 U/ g DM on SG. Interestingly the average vakported in this work was the highest
found during the screening tests. And the maximataevis 5.5 times higher than that
indicated by Membrillo et al. (2008) usiRleurotus ostreatus on sugarcane bagasse. For
CMCase, average production is calculated at 2.89084 with a maximum at 5.50 U/g DM
on PC although other interesting results were abthon MW. FoB-glucosidase, average
enzyme production was 4.77 U/g DM with a maximueorded at 12.00 U/g DM on MW.
Finally, average xylanase was found at 7.63 U/g\Dith a maximum at 15.20 U/g DM on
SG with other interesting, but lower, results othddW and PC. Unfortunately, no results
were found in the literature to compare both CMGCas#3-glucosidase data, but maximum

xylanase was twice as that reported by Membrillal e2008) on sugarcane bagasse.
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Fig. 2. Scattergrmas of the measured FPase, CMCageglucosidase and xylanase activities in U/mL for
the different assays of the full design plan

Table 3. Average and maximum enzyme activities fdFPase, CMCasep-glucosidase and xylanase in U/g
DM reported under both screening and optimization ests.

U/g DM
FPase CMCase pB-glucosidase Xylanase
Average Max Average Max Average Max Average Max
Screening 0.08 035 0.65 248 0.62 4.58 1.10 4.70

Optimization 0.34 0.99 289 550 477 12.00 7.63 15.20
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As shown in Table 3, average enzyme activitieaiabt during optimization tests are
4.3,4.4, 7.7 and 6.9 times higher for FPase, CM(Jaglucosidase and xylanase than those
of the screening tests. Maximum values are only23 2.6 and 3.2 times higher for the
same enzymes. This is encouraging since the obgectithis work is to define better
operational conditions. But it was also interestmgheck the evolution of the same
experimental points over time. Unfortunately onlgdnts coincided between the two series
of tests. While looking into the amount of enzymesduced, all data did not match. Some
points differed significantly in certain enzymeig could be actually explained by the fact
that the comparison is done between single datagand that no replicates were run. The
tested biological system is based on the developofenycelial growth of its inherent
microflora. Since no control system was imposedhenprocess, differences can exist among
different points in time. It would be importantdcompare the evolution of average values.
5.3.3.2. Impact of operational conditions on enzyenproduction
Before looking into the impact of each tested facto enzyme production, statistical data
analysis provides regression equations that preti&trved data. In that perspective a
coefficient of determination @Ris proposed: when all data points could be ptediby the
model then R=1. R values of 0.495, 0.567, 0.931 and 0.676 were fdan&Pase, CMCase,
B-glucosidase and xylanase respectively (Figur€8mpared to the screening tests, slight
decrease is noted for both FPase and xylanased(40f respectively) and a slight increase
in accuracy foB-glucosidase (8%). But the 34% decrease in accdoacyMCase could not
be explained. These coefficient values, under xipe@mental conditions and for biological

systems, are satisfactory enough to develop thistgtal analysis.
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Figure 4 shows the statistical analysis resulthefthree different tested factors for the
four enzymes. Each graph shows the significanbfagter enzyme in decreasing order of
importance. Significant effects are shown in blatliereas non-significant effects in grey. In
certain cases, some interactions are identifiednt@naction means that the effect of one
independent variable or factor depends on the w@lamother independent variable.

Interestingly, although maximum FPase and xylaaasgities were produced on SG
sample, results show that SG has a positive impagton xylanase production (Fig. 4d) and
negative effects on all remaining three enzymesaduttion to that, the effect of the SG
substrate is the only significant factor on botlag®and CMCase productions (Fig. 4a and

4b). Substrate MW has also a negative effect optbeéuction of3-glucosidase (Fig. 4c).
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Increasing moisture from 50 to 70% has a negathgmact or3-glucosidase production.
Its interactions with SG and MW are both positivetlbe same enzyme production but all the
remaining significant interactions are negativee Tiiteraction moisture*moisture is negative
and significant foB-glucosidase and xylanase and not significant Rage and CMCase .
This type of result implies a non-linear impactlué tested factor on enzyme production: at
50% moisture the enzyme production is low, it iases at 60% and decreases again at 70%.
Figure 5 shows an illustration of the non-linedeeff of moisture on all four enzyme
activities for the three tested matrices. In {6686 moisture is relatively low since average
values in the literature are around 70% moistueepik40-50% reported in Lu et al. (2003)
and Guowei et al. (2011) as well as 60% reportdgadriguez-Fernandez et al. (2011).

Increasing pH from 4 to 6 shows a significant neganteraction on xylanase and a non-
significant one on FPase production. As it is thgecfor moisture, this implies a non-linear
impact is illustrated in Figure 6 for the three neats. A pH value of 5 is thus the optimal
reference. This agrees with the findings of sevau#thors that recommend a range of 4.5 to
5.0 for optimal enzyme production (Kim and Kim, 2Q0Qian et al., 2012).

Based on the data discussed above, it can be dattthat spent grain might not be an
interesting substrate for enzyme production. Ferdifferent substrates, incubation at 60%
moisture and pH 5 along with nutrient addition $od are the optimal conditions for

lignocellulolytic enzyme production under SSF pissss.
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5.3.4. Efficiency of produced enzymes

Crude enzyme extracts produced are applied indhastream biodegradation of
lignocellulosic matrices. In the current work, 8@ different enzyme extracts from the full
design plan were used to degrade the three testgttes. Therefore, a total of 270
saccharification tests (all tests were run in icgtles) were performed. Results (Figure 7)
show that the spent grain matrix is more pronenzymatic degradation when compared to
municipal solid waste and paper/cardboard fractidhss could be explained by its low

lignin content (3.3%) as compared to the othertvadrices (Table 1). These findings agree
with those of Mussatto et al. (2008) in which higgkicose concentrations were found for
delignified brewer’s spent grain (BSG) after enzyimhydrolysis as compared to the control.
With the removal of both lignin and hemicellulotigg cellulose crystallinity is reduced and
the material porosity and the accessible surfaga are increased favoring the enzyme attack
(Mussatto et al., 2008). On average 9.4, 3.3 anai@@lucose /g DM were detected in the

medium for MW, PC and SG respectively.
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Figure 7. Stacked area chart for glucose producedr(g/g DM) during the hydrolysis tests on the
three matrices MW, PC and SG.

In fact; to assess the efficiency of the above maert results, Table 4 summarizes the
findings of several authors using different enzyguoerces for the hydrolysis of various solid

matrices. Some experimental conditions of the Hydre differ significantly from the
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conducted research. First, in Table 4, it is fotlvat the temperature at which hydrolysis
takes place varies between 45 and 60°C, whileathtdie current work is 35°C. In fact,
enzymes will be used downstream in the anaerobiestion which can be either mesophilic
(at 35°C) or thermophilic (at 50°). But since tloenfier is more widely applied, it was
decided to select mesophilic conditions althougs ihought that lignocellulolytic enzymes
can be more efficient at 50°C. Second, the duraifadhe hydrolysis varies between 8 and
96 h; therefore the 24 h contact time used inwlugk is to the lower end of that range.
Nevertheless, Chahal (1985) indicated that up t6%é6of the hydrolysis occurred in the first
20 h; in his corresponding work hydrolysis was foma total of 96 h. Finally, the substrate
load varied from 2 to 15% (w/v) as compared to B%his research. This substrate level was
considered as it compares with conditions foundehanaerobic digesters. It is however
important to mention that lower substrate ratiols @nable a better contact between the

enzymes in the liquid phase and the solid substrate
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Table 4. Summary of different enzymatic hydrolysisexperiments in terms of substrate type, enzyme sote and load, experimental conditions and hydrolytic
efficiency.

Hydrolysis experimental

Reference Matrix Enzyme sourc&nzyme load . Results
conditions
Chahal Delignified wheat Crude enzyme 20 FPU/g 96 h Total sugars (g/L) of 99.75 at pH
(1985) straw extract substrate 6.7 and 86.14 at pH 4.8
Kalogeris et Crude enzvme ggdo IucanaselS% substrate (w/v) in citrate 29% hydrolysis with 3% (w/v)
9 Cellulose y dog phosphate buffer incubated at  glucose and 4.3% TRS (total
al. (2003) extract units/g o .
60°C, 200 rpm for 48h reducing sugars)
susbstrate
Pretreated winter . Sugar yield of 49% for winter
Petersson et rye, oilseed rape an(%:ellubrlx L 30 FPU/g 2% substrate at 50°C and pH 4.8rye, 58% for oilseed rap and
al (2007) commercial) DM
faba bean straw 43% for faba bean straw
100 ml mixture with citrate buffer L .
: o 81.2% hydrolysis yield with 64.1
cellulase from 20 FPU and (pH 48) incubated at 50°C and IU(;JOS}é/L y y
ignified mai - 10- 150 rpm for 48h 99
Chenetal. Delignified maize T.reesel and . P
(2008) straw cellobiase from glu_c05|dase 2L reactor (110 g/L final substrat L .
A ni units/g . T81883.3% hydrolysis yield with 89.5
- niger substrate concentration at pH 4.8) at 50°C

Mussatto et
al. (2008)

Acharya et al.
(2010)

Deswal et al.
(2011)

Brewer's spent grain

(BSG): untreated,
cellulignin and
cellulose pulp

Wheat bran

Alkali pretreated
wheat straw and ric
straw

Celluclast 1.5L 45 FPU/g
(commercial) substrate

Crude enzyme 15 FPU/ g
extract substrate

Crude enzyme 25 FPU/ g

eextract substrate

for 72 h. g TRS/L and 56.7 g/L glucose

Glucose concentrations (g/L) of
2% substrate (w/v) incubated in 0.84 for untreated BSG, 5.65 for
buffer at 45°C, 100 rpm for 96 h cellulignin and 17.21 for
cellulose pulp

0 e
4% substrate (w/v) in citrate buffe%zoS/oSZar(r:l(;h;:glgsgo(; 235;32@)

TRS mg/g substrate of 214.044
for pretreated wheat straw and
157.16 for rice straw

2% substrate w/v in citrate buffer
at 50°C and 150 rpm for 24 h
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Alkali pretreated 6.7% substrate (w/v) in sodium Reducing sugar (mg/g susbtrate)

Dave etal. sugarcane bagasse,Crude enzyme . o~ Of 291 for wheat straw, 294 for
(2012) wheat straw and riceextract 20 FPU/g %Credtgtﬁ buffer incubated at 60°C rice straw and 301 for sugarcane
straw bagasse
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Enzyme load is an important criterion for companisio reflects the efficiency of the
enzyme system that is applied and determines itegmonding cost. Unfortunately, most of
the authors focus only on the expression of tha trdllulase or filter paper units (FPU) to
express the enzyme load. Table 4 shows an enzysagewarying between 15 to 25 FPU
per gram of substrate. Only Kalogeris et al. (20@&sented the endoglucanase units
(CMCase units) and Chen et al. (2008) supplemdtgdePU withB-glucosidase units. It is
indicated thag-glucosidase improves cellulose hydrolysis by réamend product inhibition
by cellobiose, while xylanase activity increases dlcessibility of cellulose to cellulases
(Berlin et al., 2005). In this work, enzyme loadgerms of FPU were much lower than seen
in the literature: maximum of 0.10, 0.10 and 0.F3Jig DM were applied for MW, PC and
SG respectively. Highd¥-glucosidase loads were applied: 0.27, 0.27 angl @/§ DM for
the three matrices.

But the enzyme load cannot be interpreted withaking into account the corresponding
released glucose. In fact, highest recorded glucoseentrations were 37.6, 7.6 and 89.9 mg
glucose/g DM or 1.9, 0.4 and 4.5 g glucose/L on MRE,and SG respectively. These values
are very encouraging because in the first placetizgme load used is 100 to 250 times
lower than the literature. And if only untreatedbswates are considered from Table 4,
Acharya et al. (2010) reported a sugar concentratf®5.52 mg/g substrate and Mussatto et
al. (2008) 0.84 g glucose/L. Therefore, despitddidiydrolysis temperature, higher contact
time and higher enzyme loads, the results of tlugkvare more interesting. Therefore, the
enzymatic hydrolysis rate of a substrate is notessarily directly proportional to the enzyme
load. As mentioned earlier, some authors such as €hal. (2008) have emphasized the role
of other enzymes such Agglucosidase. Nevertheless CMCase and xylanasg alih other
accessory enzymes could play an important roleerdegradation and the definition of

proper hydrolytic enzyme dosage.
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Finally, data on total glucose released in thelsagfication tests and the corresponding
amounts of enzymes added were combined to studihetha possible correlation can be
found. No correlation was found when all data poimere combined however when the
database was split based on the type of subssatkin the hydrolysis, interesting
correlation data was found. Figures 8a throughh®evsthe correlation results with observed
versus predicted total glucose per type of malilixstrations within each graph are also split
based on the type of substrate used to producenthgne in the SSF process. Results show
that important correlations can be identified ae tlata transformations were necessary.
For MW, enzyme activities were transformed intoresponding logarithmic values while
glucose remained in mg; arf Ralue of 0.8047 was obtained. For PC, enzymeitieBwvere
transformed into their corresponding logarithmitues and glucose into its square rodt; R
was found at 0.9101. Finally data transformatiandG was identical to that of MW but with
the highest recorded?®f 0.9187. In addition to the coefficients it igéresting to note that
enzymes produced on SG induced the highest glums=entrations on both MW (Figure
6a) and PC (Figure 6b) while enzymes produced on &d/PC induced highest glucose
concentrations on SG (Figure 6c¢). This is in faetfirst step towards identifying proper
enzyme formulations for the optimal hydrolysis afigen substrate.
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Figure 8. Correlation results with observed versusneasured total glucose (mg) per type of hydrolyzed
matrix: MW (a), PC (b) and SG (c).

5.4. Conclusions

FPase, CMCas@;glucosidase and xylanase are enzymes of inteyeghocellulose
anaerobic degradation of MW, PC and SG matricesirfinoduction under SSF conditions
was optimized in a 30-assay full design taking extoount three factors: substrate type, pH
and moisture. Results showed that both pH and oreistave non-linear effect on enzyme
production and spent grain was the least advantsgadostrate. Produced crude enzyme
extracts were used to hydrolyze the three matriéesy interesting glucose concentrations
were obtained given the low enzyme loads appliegh ldorrelation coefficients were finally

found between enzyme load composition and relegisedse.
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CHAPTER 6

Effect of treatment time and addition of inoculum a lignocellulolytic enzyme production under solid tate
fermentation

ABSTRACT

Solid state fermentation is an interesting altevedbr in situ enzyme production, especially whiesing lignocellulosic substrates. Three
matrices, municipal solid waste, brewery’s speatrgand paper, were tested at 30°C and 60% humidibg Pleurotus ostreatus. For total
cellulase, carboxymethylcellulageglucosidase and xylanase production, maximum eezyehivity values of 2.3, 12.5, 33.0 and 67.3 U D
were recorded. Interestingly control tests, withootulum, showed higher enzyme production (2.89,114.6 and 86.3 U/g DM for the above
mentioned enzymes respectively) and validatiorstegér time confirmed those observations. Howebermain limitation of SSF without
inoculum is its lower reproducibility.

Keywords: solid state fermentation, time, lignocellulolygozymes, inoculum, reducing sugars.
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6.1. Introduction
Enzyme production is an important subject of indakbiotechnology that, in recent years, has epeed a shift towards environmental
applications such as biofuel production. The magu$ has been regarding the valorization of ligholose, a major worldwide feedstock with
a complex chemical structure. The major challemghis process is mostly the need for a large-doatecost production of enzymes since this
latter contributes to a large proportion of thekabst of bioenergy production (Jordan and MuR&Q7; Tu et al., 2007). Therefore enzyme
production under solid state fermentation (SSHnftignocellulosic biomass could be a cost effecstrategy (Hideno et al., 2011). In fact,
enzymes are currently produced under submergecefaation (SmF) conditions in which substrates ahelde (Raimbault et al., 1997). The
cost of the chemicals used in SmF is an importeawback of the process (Chahal, 1985) whereasiadtstrial wastes could be an interesting
alternative in SSF. This approach could help imngaddition of those agro-industrial wastes sohatsp their disposal problem (Krishna et al.,
1995; Roussos, 1997). In general, cellulose-basatbgies can make the biorefinery processing racoeomical by increasing commercial
enzyme volumetric productivity, producing enzymesg cheaper substrates, producing enzyme prepasatiith greater stability for specific
processes and higher specific activity on solicsgabes (Kiranmayi et al., 20113ble 1: Reported literature data based on substrat type, SSF range
and optimal duration and maximum enzyme activitiegFPase, CMCasep-glucosidase and xylanase)

SSF duration Maximum enzyme activities
Reference Substrate Range Optimdl FPase CMCase B- Xylanase
glucosidase
326.8 1U/ g 402.8 IU/g 10260 IU/g
Chahal, 1985 Wheat straw, aspen pulp 5 to 3082d DM - DM DM
Deschamps et al., 1985 Straw, wheat bran Oto 666h | 18 1U/g DM 198 IU/g DM - -
Gessesse and Mamo, 0to 700 1U/g
1999 Wheat bran 108h 72h - 12.5 1U/g DM DM
Lu et al., 2003 Wheat bran 0to 72h72h i i 1200 1U7g
dry koji
Reddy et al., 2003 Banana waste 0 to 40d.0d very low very low - O.l;lrﬁeLiJn/mg
Kang et al., 2004 Rice straw, wheat bran 0 to 7d-6d5 34.2 IUfg 130 1U/g 1071U/g = 14196 1U/g
substrate substrate substrate  substrate
Asha Poorna and Prema, 0to 21431 IU/g
2006 Wheat bran 120h 72h - DM
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Chen etal., 2011

Deswal et al., 2011

Rodriguez-Fernandez e
al., 2011

Kim and Kim, 2012

Qian et al., 2012

Corn stover

Wheat bran

Citrus peel

Empty palm fruit bunch fibg

14

Wheat bran, ground corng

Oto7d
O to 17d16d
Oto
120h 96h
ar - 08d 6d
dbto 96h  72h

7

)

194.18 1U/g ) 155.8 1U/g
DM DM
3.4921U/g 71699 1Ulg 3679
IU/g
substrate substrate
substrate
- 6.5 U/g solid -

65.38 Ulg
DM

8.8 U/g solid
508 U/g
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Various research works have been developed aathsdale with the objective of
producing the maximal amount of enzyme. For thas, @ssential to identify the enzyme
production profile over time; this is first objeati of this work. This will allow help in
identifying the optimal fermentation time. As showrTable 1, this parameter is substrate
and operational parameters dependent. It is traen&al to identify it especially when with
the current research focusing on new matricesinidignocellulose: municipal solid waste
(MW) and brewer’s spent grain (SG) in addition &per/cardboard (PC) fractions. Besides
their novelty, the worldwide annual production leé$e matrices is very important: 1.3 billion
tons per year for MW (Hoornweg and Bhada-Tata, 2@h2 38.6 million tons for spent
grain (Mussatto, 2014). Therefore, studying nevoraation methods can lead to significant
environmental and economic impacts in waste treatfiaeilities.

In order to improve Keeping in mind the concerrihef process scale-up, it was also
decided to look into the role of the indigenousnmilora in the enzyme production. In
general, bacteria and yeast can be grown on adliistiates but filamentous fungi remain the
most adapted for SSF and more specifically basigoetes, the preferred choice for enzyme
production and protein enrichment (Pandey et D02 In general, cellulolytic enzymes are
known to be produced by both soft rot and whitefuagi such as Trichoderma,
Phanerochaete, Aspergillus, Pleurotus and Penmil(iReddy et al., 2003; Deswal et al.,
2011; Kiranmayi et al., 2011). Therefore, an inoculwas always added to the SSF system
and almost no reference can be found in, what eadelined by Pandey et al. (2008b) as,
natural indigenous SSF. The current work tries tloesssess the impact of not using an
external inoculum as it is the case for exampleomposting and ensiling.

The work will be thus divided into the follow-up thitime of enzyme production,
comparison with control tests without inoculatiordavalidation tests for the impact of the

inoculum. Various research works have been devdlapéhe lab-scale with the objective of
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producing the maximal amount of enzyme. For thas, @ssential to identify the enzyme
production profile over time; this is first objeati of this work. This will allow help in
identifying the optimal fermentation time. As showrTable 1, this parameter is substrate
and operational parameters dependent. It is traen&al to identify it especially when with
the current research focusing on new matricesinidignocellulose: municipal solid waste
(MW) and brewer’s spent grain (SG) in addition &per/cardboard (PC) fractions. Besides
their novelty, the worldwide annual production leé$e matrices is very important: 1.3 billion
tons per year for MW (Hoornweg and Bhada-Tata, 2@h2 38.6 million tons for spent
grain (Mussatto, 2014). Therefore, studying nevoraation methods can lead to significant
environmental and economic impacts in waste treatfiaeilities.

In order to improve Keeping in mind the concerrihef process scale-up, it was also
decided to look into the role of the indigenousnmilora in the enzyme production. In
general, bacteria and yeast can be grown on adliistiates but filamentous fungi remain the
most adapted for SSF and more specifically basigoetes, the preferred choice for enzyme
production and protein enrichment (Pandey et D02 In general, cellulolytic enzymes are
known to be produced by both soft rot and whitefwagi such agrichoderma,

Phanerochaete, Aspergillus, Pleurotus andPenicillium (Reddy et al., 2003; Deswal et al.,
2011; Kiranmayi et al., 2011). Therefore, an inoculwas always added to the SSF system
and almost no reference can be found in, what eadelined by Pandey et al. (2008b) as,
natural indigenous SSF. The current work tries tloesissess the impact of not using an
external inoculum as it is the case for exampleomposting and ensiling.

The work will be thus divided into the follow-up thitime of enzyme production,
comparison with control tests without inoculatiordavalidation tests for the impact of the
inoculum.

6.2. Materials and Methods
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6.2.1. Matrices

For enzyme production under solid state fermematioree types of matrices were tested:
municipal solid waste (MW fraction), paper/cardlab@C fraction) mixture recovered from
a sorting facility and brewery’s spent grain (S&ctron). Figure 1 presents the volatile solid
(VS) content of each substrate in addition to themresponding lignocellulosic composition
based on the Van Soest fractions: soluble (SOlgpi¢elulose-like (HEM), cellulose-like
(CEL) and lignin and cutin-like (LIC). All three rtr&ces were dried at 80°C until

stabilization of the weight and then grinded thrioagl cm mesh.

MW (VS=73%) PC (VS=84%) SG (VS=79%)

OSOL (%VS) OHEM (%VS) @CEL (%VS) @LIC (%VS)

Figure 1. Pie chart representation of the Van Soestharacterization (%VS) of the solid matrices MW, IC
and SG in terms of soluble (SOL), hemicellulose-l&k(HEM), cellulose-like (CEL) and LIC (lignin and
cutin-like) fractions.

6.2.2. Lignocellulolytic enzyme production throughsolid state fermentation

Solid state fermentation was carried out in 250Enknmeyer flasks sterilized by
autoclaving at 121°C for 15 min and later cooledoimm temperature. Ten grams of dry
substrate were moistened with 15 mL of the follaywnutrient solution (g/L) in which the pH
is adjusted to 5.0: NI, 10.0; KHPO,, 2.0; MgSQ.7H,0, 0.33; CoCj, 0.3; MnSQ.H,0,
0.07; ZnSQ.H;0, 0.07; CaCl 0.33 and yeast extract, 3Beurotus ostreatus SPOPO

(sporeless species from Sylvan Inc. grown on millets added at 20% (w/w) and mixed
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with the substrate using sterilized rods. The tatight of each flask was recorded and then
flasks, closed using cotton plugs, were incubate&3DeC.

6.2.3. Crude enzyme extraction

For the extraction of the produced enzymes, 10mfthp water were added. The mixture
was shaken for 1 hr at 180 rpm and then filteredburacuum through Whatman GF/A type
microfiber filters (pore size 1.6 um). The solidickie was dried at 105°C until weight
stabilization to assess dry matter loss througtStBE process. The filtrate volume was
recorded to assess water loss. It was later camatedtusing VivaspinTM 20 (GE
Healthcare) sample concentrators with moleculagtetutoff (MWCO) of 10 KD.
Concentrated enzyme solutions were assayed fdolibg/ing enzymatic activities: filter
paper cellulase (FPase), carboxymethylcellulase@@sé) -glucosidase and xylanase.
6.2.4. Experimental setups

Two sets of experiments were run. To study theilerof enzyme production over time, SSF
was started using the three inoculated matrices (M@/and SG) in triplicates. Sampling
points were collected at days 3, 4, 5, 7, 11 andCbétrol points, without inoculum, were
also run in triplicates with sampling events orlylays 5 and 14.

To assess the impacts of both inoculum and indigenaicroflora, a second setup of 90 tests
was run: triplicates of non-inoculated MW, PC artal i8atrices with and without substrate
autoclaving. Sampling events were fixed at 0, § dnd 14 days.

6.2.5. Measuring total and volatile solids

Total solids (TS) were measured before and aftér. $S correspond to the amount of dry
substrate after drying the fresh matter at 105t@éight stabilization. Volatile solids (VS)
were measured in order to run the Van Soest fraation. VS correspond to the amount of
substrate lost after calcination of a dry substaat®50°C for 5 h.

6.2.6. Van Soest fractionation
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Lignocellulosic characterization was run accordimyan Soest et al. (1991) using FIWE
Raw Fiber Extractor from VELP Scientifica. The ool identifies four fractions: SOL,
HEM, CEL and LIC. One gram of dry substrate wasaeted with 100 mL hot water for

30 min followed by extraction with neutral detergér 60 min (extraction of the SOL
fraction, neutral detergent fiber (NDF) residueyt &cid detergent for 60 min (extraction of
the HEM fraction, acid detergent fiber (ADF) resgland for 180 min in cold, 72% sulfuric
acid (extraction of the CEL fraction, acid deterigégnin (ADL) residue). Therefore the
residual material corresponds to the LIC fractiad enay contain lignin and cutin. After each
extraction step, the VS content was determinefierrésidues. All fractions were expressed
as a percentage of total VS according to the follgvequations: SOL = 100 — NDF; HEM =
NDF — ADF; CEL = ADF - ADL and LIC = ADL.

6.2.7. Measuring enzyme activities

For the measurement of the enzymatic activitiesy8b plate adapted analytical protocols,
were followed (Mansour et al., 2015 submitted t@ktical Biochemistry). Absorbance was
measured using PowerWave XS2 (BioTek Instruments, Yermont, USA) with Gen5TM
software.

One filter paper unit (FPU) is defined as the am@firenzyme that releases one pmol of
glucose per minute in the assay reaction. FPasasgayed by measuring the release of
glucose from a mixture containing 2.4 mg Whatmah péper as substrate in 48 uL 50 mM
sodium citrate buffer and 24 pL of enzyme sample mixture was incubated at 50°C for
60 min. Dinitrosalicylic (DNS) solution was used fmlor development and absorbance is
read at 545 nm.

One unit of CMCase activity is defined as the amadfrenzyme that liberates 1 pmol of

reducing sugar as glucose under the analysis ¢onslitA mixture of 30uL of 4% CMC
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solution and 30 pL of enzyme sample was incubat&@eC for 30 min. Later 180 pL DNS
were added, followed by dilution with distilled veatbefore absorbance reading at 540 nm.
One unit off-glucosidase activity is defined as the amountnalyene which produces

1 pmol of p-nitrophenol (pNP) from 4-nitrophenyD-glucopyranoside (pNPG). For the
analysis, 100 pL pNPG were mixed with 20 puL enzygammple and incubated at 50°C for
10 min. The reaction was stopped using 1 M sodiarbanate solution and absorbance was
read at 412 nm.

Finally, one unit of xylanase is defined as the amt@f enzyme, which produces 1 pmol
reducing sugar as xylose per min in the reactiorture under the specified conditions. A
mixture of 80uL of 1% beechwood xylan solution &@dul of enzyme sample was incubated
at 50°C for 30 min. Later 180 pL of DNS were adé@dbbwed by dilution with distilled
water. Absorbance was read at 540 nm
6.2.8. Measuring reducing sugars
Reducing sugars were analyzed according to Nawetrral. (2010). A mixture of 60 pL
dinotrosalicylic acid solution (DNS) and 60 puL sdenwas incubated for 10 min at 94°C and
then cooled down for 5 min at room temperatureet.&00 pL were transferred to a reading
plate for absorbance measurement at 540 nm.

6.3. Results and Discussion

6.3.1. SSF follow-up with time for inoculated matices

6.3.1.1. Total solid and water content losses

SSF could be defined as the aerobic microbial toamstion of solid materials. It is the

process during which microbial growth occurs on shepolid particles without presence of
free water (Pandey et al., 2008a). Water existsimihe solid matrix or as a thin layer either
absorbed onto the surface of the particles ortlghly bound within the capillary regions of

the solid (Raimbault, 1997; Roussos and Pyle, 198 grefore it was decided to look first at
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the evolution of both total solids and water conhtehthe different matrices during the
process.

Ten grams of dry substrate were added to each ithea#tdition to two grams of
inoculum. On one hand, it is important to note thatmycelium of P. ostreatus is grown
directly on the millet and could not be separatedhfthe support; therefore the exact amount
of mycelium added was not determined. Some teclesigere reported in the literature such
as the measurement of ergosterol content, whiatc@mponent of fungal cells (Regner et al.,
1994). However, its determination is sometimesalift because other sterols from the
vegetal biomass can interfere in its determinatiotine fungal growth is significant, another
parameter that could indicate fungal growth isitteeement of protein content (Pena et al.,
2012). On the other hand, during SSF the myceliulhfwvther grow on the substrate: there
is an increase in the solid content due to the halgrowth and a decrease of the solid mass
due to the degradation of the substrate itselfla¢h an important limitation of SSF is the lack
of reliable methods for growth characterizatiordgts (Favela-Torres et al., 1998). The
direct determination of biomass growth is veryidifft since the fungal hyphae penetrate
into and bind the mycelium tightly to the substr@aimbault, 1997). The heterogeneity and
complicated nature of the materials used as sigfatcgrowth interfere with the accurate
determination of process parameters. This is whylth loss expressed in his work
corresponds to an overall weight loss. Figure 2avshithe evolution with time of the %TS:
most of the solid loss occurs within 5 to 7 dayseotibation and then the rate of degradation
decreases. After 7 d of incubation, TS losses pfl®4nd 29% are recorded for MW, PC and
SG as compared to 12, 23 and 38% after 14 d. Tdrehi %TS loss is thus measured for SG
and the lowest for MW. Chen et al. (2011) repoPtedeight loss varying from 16 to 28%
after 7 d for different corn stover fractions usadsubstrate to produce cellulase under

SSF.Therefore the values reported in this workalogare with literature data.
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Figure 2. % total solids (TS) (a) and moisture loss (b) over time for the matrices MW, PC and SG
inoculated with P. ostreatus

In biological systems, water plays two fundamefiakttions (Gervais and Molin, 2003).
It has a solvent function at the level of the organas well as the cell; it provides nutrients
and scavenges wastes or metabolites under thel\didsimorm. It also provides a structural
function implicated in the stability and functiofh the biological structures organized at the
molecular and cellular levels. Under SSF, watett@aincould decrease due to this biological
activity. Moisture control might become essential drder to keep the substrate at the
adequate moisture content that can support gromthnaetabolism of the microorganisms

(Pandey, 2003). At this scale of work, no moistaoatrol was applied and as shown in
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Figure 2b until day 7 of incubation, water lossctesd 7.1, 6.2 and 5.9% for MW, PC and SG
respectively. Highest values were obviously measafter 14 d: 15.6, 13.2 and 13.2%. In Lu
et al. (2003), after 68 h incubation moisture ler@pped from 60 to 25% for SSF carried out
on pilot scale without any control and from 55 bmast 30% when temperature and humidity
levels were adjusted. The data of this researdbwisr than the reported literature since the
scale is smaller and therefore the heat generateduch less important. With 10 g of
substrate in 250 mL flasks aeration is enough wotaltow an important increase in
temperature whereas Lu et al. (2003) reported testyoe increasing from 20 to 60°C.
6.3.1.2. Lignocellulolytic enzyme production

Regardless of their source lignocellulosic materansist of three main polymers: cellulose,
hemicellulose and lignin (Acharya et al., 2010; Walset al., 2011; Montoya et al., 2012).
Cellulose is a linear homopolymer of glucose uritis;chains of cellulose tend to forms
microfibrils with alternating crystalline and amabiqus regions. It is hydrolyzed by
cellulases, a complex of at least 3 groups of emzyrandoglucanase, exoglucanase
(CMCase) angt-glucosidase (Lynd et al., 2002; Jabasingh and iaci2011). Their

overall activity is expressed as filter paper attior FPase. Hemicelluloses are polymers
composed of monomeric components mainly xylose nmos@, galactose, arabinose and
methylglucuronic acid (Santoni et al., 2015). Xyaes are involved in the degradation of
hemicellulose. Finally, the chemical structureighin is also complex: it is mainly made up
of guaiacyl and syringyl units to which phenylprapal units can also be cross-linked
(Santoni et al., 2015). The most widely known eneggrto degrade lignin are lignin
peroxidase (LiP), manganese peroxidase (MnP) awdd¢a (Montoya et al., 2012).

In this work, four enzymes will be measured overeti FPase, CMCasg;glucosidase and

xylanase.
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The profile of enzymes activities should follow tlsé the mycelial growth. An
interesting description was provided by Qian e{2012) regarding the changes in microbial
growth ofA. niger andp-glucosidase production with time during a 96-huipation. The
authors divided the fermentation period into: egthtionary phase, logarithmic growth
phase, steady phase and decline phase accordegentation productivity (FP) which
corresponds to % of the dry weight of the fermemextiuct to the dry weight of the initial
substrate and enzyme production. For the beginmiitige fermentation (0-12h), the spores
that were germinating resulted in near 100% FPtdwhanges in dry matter weight loss and
no enzymes activities. During 12-36%,niger grew very fast resulting in a rapid increase of
dry matter weight loss that is a decrease in FRhW/iniger growing rapidly and FP falling
rapidly, B-glucosidase production was biosynthesized fasgdoh its peak value. This was
also reported earlier in Reddy et al. (2003) wHtn¥eed different enzyme activities for over
40 d of incubation. In that perspective, Figurd8vgs the evolution of the four enzymes over
time on the three tested matrices. The trend de=tarlier could actually be found for MW
and PC however it is much less obvious for SG eddoepts correspondin@-glucosidase
production (Figure 3c). This difference could bieilatited to the relatively different
lignocellulosic composition of spent grains: higls€L fraction and very low LIC fractions
as compared to MW and PC (Figure 1). Thereforerms of rate of mycelial growth,
brewery’s spent grains are less advantageous thaicipal waste and paper/cardboard

fractions.
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Figure 3. Evolution over time of enzyme activitiesPase (a), CMcase (bj-glucosidase (c) and xylanase (d) for inoculated rtrices MW, PC and SG
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The observation above is also reflected into time tat which maximum enzyme activity
is measured. For MW, maximum activities are recoraleday 4 for FPase and CMCase, day
5 for xylanase and day 7 fprglucosidase. For PC, maximum values correspowuiays 5
for FPase and CMCase, 4 for xylanase and BHglucosidase. For SG however, maximum
reported values within the experimental period €gpond to day 11 for FPase dhd
glucosidase and day 14 for the remaining two ensynmefact, literature data regarding SSF
optimal duration (Table 1) is mostly around an agerof 4 d despite some extreme values
such as 10 d for Reddy et al. (2003), 16 d for Re®wval. (2011) and 22 d for Chahal
(1985). Therefore, MW and PC would correspond ntorghat can be found on average in
the literature.

To assess the efficiency of the SSF processmbist important to look at the amount of
enzymes produced. Maximum activities of 1.8, 1.8 213 FPase U/g DM, 10.5, 10.6 and
12.5 CMCase U/g DM, 8.9, 10.6 and [3§lucosidase U/g DM and finally 50.5, 45 and
67.3 xylanase U/g DM were recorded for MW, PC a@dr8&spectively. As compared to the
data presented in Table 1, these efficienciescavebut they do compare with some findings
in which the substrate was autoclaved before iradmn in order to limit any competition
with indigenous flora. Therefore in this reseaitlean be concluded that the production is
very important given the experimental conditionss lalso important to add that for enzyme
activity measurement, the analysis protocol may waaking it difficult to compare certain
results.

6.3.2. SSF follow-up with time for control assaym first experimental plan

In the first experimental setup, control assaysavgampled only at days 5 and 14. A total of
24 points can be compared to see the impact otilnotaddition. Interestingly for only 5
data points (CMCase for MW and PC at day 5 an&férat day 14 and xylanase for SG at

days 5 and 14) enzyme activity is higher for thmglas with inoculum. Detailed results for
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these points are shown in Table 2. These finding®wever reported in the literature. They
actually imply that the indigenous microflora irettifferent substrates can, under proper
operational conditions, allow a competitive enzywneduction. Therefore in scale-up tests, if
this result can be validated, an important openaficost, that of the inoculum, could be cut
out.

6.3.3. Impact of the substrate’s indigenous micrédra

Given the above results, it was decided to runva@erimental setup with 90 assays. Half
of the flasks were used with autoclaved substiatesder to validate the importance of the
native microorganisms. Sampling events were sgtandlays 0, 3, 4, 5 and 14. In fact to
integrate this SSF process in a treatment fagilis/more interesting to have a short
fermentation period.

6.3.3.1. Comparing results over time for assays thiout inoculum

Sampling points at days 5 and 14 were repeatedtower(first and second experimental
plans) and thus will be used to assess the repitmtitycof the tests. Table 2 shows the
results with their corresponding standard deviatidower losses for both TS and water
occur in the validation tests and this applieslitdata points. Regarding enzyme activities,
xylanase data are systematically higher for thalatibn tests for all three matrices although
for the remaining enzymes most of the results @fittst experimental tests are higher.
Interestingly enough, regardless of the experiméess, assays without inoculum present
higher enzymatic activities. Therefore, the obseonag made earlier can be validated,;
however the reproducibility of the tests cannotbefirmed. This would be mainly due to the
fact that the enzyme production system dependsywheutoclaving and no inoculum, on a
dynamic system of native species. Therefore theeadnays a risk in assessing the exact

amount of enzyme produced but a proper contrdh@fperational conditions might help in
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defining a range of production. This should be taikéo account when assessing technical

and economic feasibilities of the process.
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Table 2: Control points data for MW, PC and SG afte 5 and 14 days incubation in terms of % TS loss, %vater loss and enzyme activities in U/g DM (FPase,
CMCase, B-glucosidase and xylanase): firt experimental plaf#1) and second experimental plan (#2)

MW PC SG
Day 5 Day 14 Day 5 Day 14 Day 5 Day 14
% TS loss 16.7+05 239+1)7 232+19 31.92[1352+0.9 42.7+0.1
% water 10ss 85+03 136+1)8 75+07 12BE| 62+11 131210
FPase (U/g DM) 21+03 2.0t01 | 2801 1.8%01 18202 2602
#1 CMCase (U/g DM) 6.8+0.0 11.3+15 93+07 1408| 6.0+06 108+1.3
gﬁﬂ')ucos'dase (Ulg 14+32 36+10| 146+04 124+03 57+1.0141%02
Xylanase (U/g DM)  68.4+2.0 314+15 86.3+3.1402+4.4| 458+11 66.9+2.0
% TS loss 102+13 168+44 17028 258%|1236+0.2 382+1.6
% water 10ss 47+05 95+13 59201 86k0 44+01 67+13
FPase (U/g DM) 22+03 1.7+04 26+03 103 | 14+02 21+02
#2 CMCase (U/lg DM) 13509 98+11 165+28 ¥55| 80+06 55+04
g&';‘cos'dase Ue 50409 87+04| 67%26 91+0[ 1.9+02 0.21+3.0
Xylanase (U/lg DM)  179.6+9.3 86.0+111 225989 61.8+9.9 191.8+11.4153.1+1.0
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6.3.3.2. Impact of autoclaving on TS and water Isgs in second experimental plan
Figure 4 presents the % weight and water lossethéocontrol assays with and without
substrate autoclaving. Results show that totatidoises are relatively higher for the
substrate without autoclaving. This can be exptaioe a higher biological activity through
substrate degradation and mycelial growth. Theilpsobf the curves vary also between the
substrates in Figure 4a whereas data points fordnwd/PC overlap when autoclaved. In
Figure 4b, data points for water loss are comparakl this scale of work, humidity change

could be mainly due to evaporative losses.
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TS loss (%)

Water loss (%)

Figure 4. Evolution over time of % TS and water loses during SSF of matrices MW, PC and SG without daclaving (a and c) and with autoclaving (b and d).
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6.3.3.3. Lignocellulolytic enzyme production withand without inoculum

Evolution of the different enzyme profiles are simaw Figure 5. No enzyme activities were
recorded for most of the assays in which the satests autoclaved; therefore all presented
data correspond only to assays without substratekaving. In fact for most data points,
enzyme activities are higher without inoculum aspared to inoculated tests. A non-
sufficient inoculum level might partially explaihgse observations however the indigenous
microflora of the substrates plays also an impantale. In fact, given the results, it will be
most probable that inoculation has a negative etfieenzyme production. The inoculum
creates a competition in the medium that advensgbacts the SSF process.

Interestingly peak enzyme activities for MW and &npare well with and without
inoculum mainly for FPase, CMCase and xylanasepryucosidase since the data point at
day 7 is missing, the enzyme profile cannot beipted. This is also the case for SG for both
enzymes FPase afelucosidase in which data point at day 11 is mggskor the remaining
enzymes, CMCase and xylanase, peak values for 8&aapt day 5 as compared to day 14

with inoculum.
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Figure 5. Evolution over time of enzyme activitief-Pase (a), CMcase (bjB-glucosidase (c) and xylanase (d) for control mattes MW, PC and SG.
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6.3.4. Reducing sugar release in crude enzyme extts in second experimental plan
SSF is not only a way to produce enzyme but it3s a pretreatment process for
lignocellulosic substrates. Maximum enzyme acigtivere defined to help stop the process
at the proper time otherwise the enzymes will besamed in situ. This is why reducing
sugars were measured in the different enzyme dgtodiche validation tests. Figure 6 shows
the evolution of the glucose concentration oveetior MW (Figure 6a), PC (Figure 6b) and
SG (Figure 6c¢). Regardless of the SSF substratacieg sugar concentration profiles are
similar. For autoclaved matrices, at varying comcions at day 0 (13, 20 and 80 g/L for
MW, PC and SG respectively), reducing sugars dseredth time until they reach almost
zero. A biological activity must therefore be ongpior the sugar to be consumed. This is
possible since despite autoclaving the substresés tvere not run under aseptic conditions
which do not exclude a risk of contamination. Hoeewithout autoclaving, sugar
concentration decreases but then gets to an infigpoint given the high concentration
measured at day 14. According to Qian et al. (20th® should correspond to the stage
where the mycelium has stopped growing and enzyreessed to degrade the organic

matter.
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Figure 6. Evolution of glucose concentrations (g/Lpver time in crude enzyme extracted from control
tests of MW (a), PC (b) and SG (c) with and withousubstrate autoclaving

6.4. Conclusions

At 30°C and 60% humidity, highest lignocellulolyBazyme activities were mostly found
between 4 and 5 d of incubation under solid set@éntation conditions. Interestingly
indigenous microflora can have a very interestmgact on the enzyme production under
appropriate operational conditions. No autoclaxangd no inoculum addition are necessary
for the substrate to properly run the SSF proddsaiever, the main limitation is the
reproducibility of the data. At a higher scale,diiemical changes may induce waste settling
which alters aeration and thermal exchange andmdiepg upon the source of the substrate
the indigenous flora differs. All these parametdrsuld be taken into account while up-

scaling the process.
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CHAPTER 7

Evaluating the impact of enzyme addition in three aaerobic digestion
systems treating brewer’s spent grain

ABSTRACT

Anaerobic digestion (AD) is an excellent treatmaigrnative to convert brewer’s spent grain
(BSG) into methane, a renewable energy. But thisolcellulosic substrate requires
pretreatment to improve its biodegradation. Onelerenzyme mixture from a solid state
fermentation (SSF) process and a commercial enzyixieire were used to pretreat BSG.
Their impact is studied on three lab scale AD systesingle-stage, two-stage and a
percolation system coupled with AD. There was npant on methane production in neither
single nor two-stage AD. But in the latter, up & %48 and 116% increases in soluble COD,
glucose and acetate levels were observed respgdtiviae hydrolysis step. Nevertheless,
30% increase in soluble COD was observed duringéhneolation phase and up to 65%

increase in methane production due to the use Bfed3ymes.

Keywords: anaerobic digestion, brewer’s spent grain, skstgge, two-stage, percolation,

enzyme, hydrolysis.
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7.1. Introduction

Brewer’s spent grain (BSG) is a by-product of tieerdbrewing process. It is very rich in
sugars and proteinkdrefore its main and quickest alternative for glation has been
animal feed (Mussatto et al., 2006; Xiros et &00&). More recently interest has grown in
this substrate du® its low price, large availability throughouetlyear and valuable
chemical compositioh Its annual production is estimated at 38.6 millions according to
Mussatto (2014). It is a lignocellulosic biomasatttioes not directly compete with food
production. Therefore within the context of incliegsenvironmental concern and economic
incentives, efforts of diverting its use towardsdrergy and bioethanol processes (Beldman
et al., 1987; Bochmann, 2007) have multiplied i st decade.

Anaerobic digestion (AD) of lignocellulosic biomga®vides an excellent opportunity to
convert abundant bioresources into renewable en&awyatdeernarunat et al., 2015). But
where cellulose is a major constituent of the femas its hydrolysis is rate-limiting in
overall AD(Noike et al., 1985). According to van Lier et@008) this is mainly due to the
lack of sufficient and specific extracellular enasnHydrolysis becomes therefore the
bottleneck of the bioconversion process (Xiros @hdstakopoulos, 2009).

Hydrolysis can actually be achieved through physiod chemical pretreatments. This
work however focuses on the use of biological eratyerpretreatment. In fact, emerging
applications in industrial biotechnology, mainlp#e using enzymes, are multiplying in
biofuel production and waste treatment of lignadeic matrices. Two different sources of
enzymes are tested: a crude enzyme extract prodicerach lab-scale solid state
fermentation (SSF) system and a commercial enzyime main objective is to compare the
impact of using those enzymes throughout threestatbe anaerobic digestion systems:
traditional single-stage mesophilic AD, two-stageswphilic AD and a percolation system

coupled with AD system.
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7.2. Materials and Methods

7.2.1. Matrix characterization

Fresh BSG were recovered from a local brewery amn€e. Wet BSG had an initial moisture
content of 24.3% and a volatile solids (VS) con&f5.7% of TS. It was dried at 80°C until
weight stabilization and stored in sealed containkeignocellulosic fraction was
characterized according to Van Soest et al.(199hgu-IWE Raw Fiber Extractor from
VELP Scientifica. The protocol identifies four ftams: soluble (SOL), hemicellulose-like
(HEM), cellulose-like (CEL) and lignin and cutirké (LIC) expressed as % VS. SOL, HEM,
CEL and LIC fractions were measured at 28, 44,MPP6VS respectively.

7.2.2. Enzyme sources

Solid state fermentation was carried out in 250HEnkenmeyer flasks. Ten grams of dry
substrate were moistened with 15 mL of the follgyumutrient solution (g/L) in which the pH
was adjusted to 5.0: N@I, 10.0; KHPQ,, 2.0; MgSQ.7H,0, 0.33; CoCJ, 0.3;

MnSO,.H20, 0.07; ZnSQH,0, 0.07; CaCl 0.33 and yeast extract, 3Beurotus ostreatus
SPOPO (sporeless species from Sylwamn grown on millet) was added at 20% (w/w) and
mixed with the substrate. After 5 d of incubatiar3@°C, 100 mL of tap water were added
and the mixture shaken for 1 h at 180 rpm. Theerrmtzyme was obtained after filtration
under vacuum through Whatman GF/A type microfillezrs (pore size 1.6 um).

For the purpose of this work, three crude enzynhgtisns obtained from SSF using
municipal solid waste, paper/cardboard fractiord BSG were mixed. They were
concentrated using VivaspinTM 20 (GE Healthcare)@a concentrators with molecular
weight cutoff (MWCO) of 10 kD. The final product Wbe referred to as SSF enzyme. It
presented the following enzymatic activities: @2,, 4.5 and 19.7 U/L for total cellulase or
filter paper activity (FPase-glucosidase, carboxymethylcellulase (CMCase) aiaitase

respectively.
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The commercial enzyme source presented the follpaativities: 188.2, 75.0, 524.2 and
700.4 U/mL for the same enzymes above.
7.2.3. Experimental setups
Three different AD systems were assessed andsédl weere run in triplicates. For the single-
stage mesophilic AD, an automatic methane potetgstlsystem (AMPTS) from Bioprocess
control was used to assess the biochemical metphatential (BMP). A total volume of
400 mL mixture was prepared using 1 g VS of BSGe Troculum used was a mixture of
digestates from a municipal wastewater treatmearit@nd a co-digestion plant treating agro-
industrial substrates. Mineral and oligo-elemeniutsans were added into the reaction
mixture and the inoculum to substrate ration (&}¥ fixed at 2 (Angelidaki et al., 2009). All
bottles were placed in a 35°C water bath with cadus agitation. The AMPTS system
registers biogas production online. Only methaneerded since the gas flux is passed
through a 3 M sodium hydroxide solution that acsaecarbon dioxide trap. For tests with
enzyme addition, 200 pL SSF enzymes or 100 pL cawiadleenzymes were added at the
beginning of the tests. These enzyme solution vekicorrespond to 0.04, 0.62, 0.89 and
3.94 U/g DM for FPasei-glucosidase, CMCase and xylanase activities reéispécfor SSF
enzymes and 19, 98, 52 and 70 U/g DM for commesnalyme system. Follow-up was kept
until stabilization of methane production.

For the two-stage AD system, 1 g VS of BSG weregaan 25 mL glass and mixed with
20 mL 0.05 M sodium acetate buffer (pH 4.8). Tulvese kept at 35°C in an incubator with
agitation at 180 rpm. After 24 h, some samples weliected to measure soluble COD,
volatile fatty acids (VFA), reducing sugar concatiobns and enzyme activities. To assess the
methane potential in the anaerobic stage, the nbotether tubes were transferred to the
AMPTS system. For this configuration enzymes welded in the hydrolysis stage at the

same concentrations as in single-stage AD.
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For the last configuration, only SSF enzymes weegun triplicate besides the triplicate
controls. For the percolation system, 1.5 kg fi8SItc were placed in 5 L pilots (Figure 1) at
room temperature. A total of 8 L sodium carbonatidr (with or without added enzymes)
was used for organic matter extraction at a rateloh. SSF enzymes were added at a rate of
2, 26, 37 and 165 U/g DM for FPageglucosidase, CMCase and xylanase activities
respectively. During 7 d, a follow-up of pH, totdkalinity (TA), CODs, VFA, reducing

sugars and enzyme activities was achieved. BS@edellulosic fraction was also
characterized at the end of the experiment. Touad@lmethane production, 100 mL of

percolate were transferred to the AMPTS system.

& Peristaltic
pump

Percolation

pilot

Figure 1. Schematic diagram of the 5 L percolatiomilot.

7.2.4. Enzyme activities

For the measurement of the enzymatic activitiesy8b plate adapted analytical protocols,
developed in the labs of Veolia Research and Intmvawere followed. Absorbance was
measured using PowerWave XS2 (BioTek Instruments, Vermont, USA) with Gen5TM

software.
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One filter paper unit (FPU) is defined as the amt@firenzyme that releases 1 pmol of
glucose per minute from Whatman n°1 paper as saatbs®ne unit of CMCase activity is
defined as the amount of enzyme that liberates al phreducing sugar as glucose with 4%
CMC solution. One unit db-glucosidase activity is defined as the amountnafyene which
produces 1 pmol of p-nitrophenol (pNP) from 4-minenyla-D-glucopyranoside (pNPG).
And one unit of xylanase is defined as the amot@iehayme, which produces 1 pmol
reducing sugar as xylose per min from 1% beechwxytah.

7.2.5. Analysis

All liquid samples were filtered before analysisaigh 0.2 um fiber glass filters. COD and
TA were measured using corresponding testing kits fHach Lange. The speciation and
concentration of volatile fatty acids (VFA) were asered using a GC with flame ionization
detector 7890A (Agilent) with hydrogen as carrias @nd crotonic acid as internal standard.
Finally reducing sugar analysis was prepared acogitd Navarro et al. (2010). For that
purpose, a mixture of 60 pL dinitrosalicylic acmlgion (DNS) and 60 pL sample was
incubated for 10 min at 94°C and then cooled dawvrbfmin at room temperature. Later
100 pL were transferred to a 96-well reading plateabsorbance measurement at 540 nm.

7.3. Results and Discussion

7.3.1. Enzyme activities in the medium

Lignocellulosic substrates consist of three mailyipers: cellulose, hemicellulose and lignin
(Acharya et al., 2010, Deswal e al, 2011; Montayal . 2012). Cellulose is a linear chain of
glucose units which forms microfibrils with altetimey crystalline and amorphous regions. It
is hydrolyzed by cellulases, a complex of at I@agtoups of enzymes: endoglucanase,
CMCase an@-glucosidase (Lynd et al., 2002). Their overaliatyt is expressed as filter
paper activity or FPase. Hemicelluloses are polgmiemposed of monomeric components

mainly xylose, mannose, galactose, arabinose atiayfgkicuronic acid (Santoni et al.,

175



2015). They are degraded by xylanases. Finallgjdipas a complex chemical structure
mainly made up of guaiacyl and syringyl units taethphenylpropanoid units can also be
cross-linked (Santoni et al., 2015). The most widelown enzymes to degrade lignin are
lignin peroxidase (LiP), manganese peroxidase (Mm)laccase (Montoya et al., 2012).
Only FPase, CMCasf;glucosidase and xylanase are measured in this.work

When added to any biological system, enzyme as/dre expected to decrease and this
is translated by a decreased rate of hydrolysis diservation could be attributed not to a
change in substrate reactivity but rather struttatacles retarding the activity of the
enzyme or non- productive adsorption of cellulasdgynin via hydrophobic bonding
(Rosgaard et al., 2006). Other mechanisms suchessisg and thermal inactivation of the
enzymes and end product inhibition of the cellulem®plex were also reported (Mussatto et
al., 2008). Most research has focused on redubmgon-specific binding phenomenon.
Yang and Wyman (2006) were successfully able tacedboth cellulase arfdglucosidase
binding on lignin by adding bovine serum albumirs@ prior to introducing the enzymes.
And Chen et al.(2008) added the non-ionic surfaciareen 80 to decrease this unproductive
adsorption of the enzyme to the lignin part of shbstrate.

In the current work, enzyme activities were not sugad in the single-stage AD because
the AMPTS setup does not allow sampling withouty®ing the biological system. At the
end of the hydrolysis step of the two-stage AD yemz activities were measured. Given the
original enzyme concentrations added, 100, 52 484d lbsses were calculated for FPdse,
glucosidase and xylanase activities respectivalytie SSF enzymes. No loss was found for
the CMCase. Higher losses were recorded for theemsygswith commercial enzymes: average
losses of 84, 75, 87 and 86% for FP#sglucosidase, CMCase and xylanase respectively.
These results are interesting since commercialreazayixtures are usually chemically

stabilized, it would be expected that they be nmesgstant in the biological medium. But
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commercial enzyme to SSF enzyme ratios decreasedZd to 430 before hydrolysis to 7 to

9 after hydrolysis. This implies a certain advaetégenzymes produced under SSF
conditions and a confirmation that when enzymesiaesl, they should be added on a regular
basis to take into account the losses.

In the percolation stage, samples were collectma the buffer tank on days 0, 1, 2, 5, 6
and 7. In all the following results, pilots P1 thgih P3 correspond to control pilots and pilots
P4 through P6 are pilots with added SSF enzymgsir&2 presents the different enzymatic
activity profiles over time. Data showed that ottoe crude enzyme mixture was added to the
buffer tank (day 0), there was an important lossrnaymatic activities: 69, 91, 92 and 89%
loss for FPase, CMCaggglucosidase and xylanase respectively. In facpthéncrease for
the enzymes from 5 (in the crude enzyme mixturé) tspon mixing with the sodium
carbonate may have led to inactivation of the pnsteThis can also explain why at day 1 the
enzyme activities are higher than at day 0. Buyerezactivities are relatively stable over the
first 3 sampling days; xylanase activities remaabke for over 6 days of percolation (Figure
2d). After 7 days, 40, 49, 45 and 33% enzyme dgtlosses are calculated for FPase,
CMCasep-glucosidase and xylanase respectively from dayh@se values are very
encouraging especially when compared to the lagsesded during the hydrolysis system

earlier.
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Figure 2. Evolution of enzyme activities in U/mL wth time during the percolation phase for FPase (a)cMCase (b),p-glucosidase (c) and xylanase (d).
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7.3.2. Impact of enzymes on the hydrolysis step

The hydrolysis step is identified in the two-st#de and the percolation phase. Several
parameters were measured in this work but interglstmost literature data focuses mainly
on the amount of sugars released during hydrolysisaur knowledge, no data were found
on soluble COD or VFA levels. Going by chronologiiceder, Beldman et al. (1987) used
several commercial enzyme preparations to hydrd3&é at 10% (w/w) suspension.
Incubation took place in succinate buffer (pH 448);C for 70 h. To inhibit microbial
growth, 0.01% sodium azide and 0.2% sodium suNgee added. Results showed that
reducing sugar concentrations varied between (414r6 g/100 g BSG after alkaline or
acidic pretreatment and 8.4 and 13.7 g/100 BS@ efteymatic pretreatment. When both
pretreatments were combined, reducing sugar coratiEms were reported between 12.4 and
34.2 g/100g BSG. More recently, three differentrferof BSG, original (untreated),
pretreated by dilute acid (cellulignin), and pratezl by a sequence of dilute acid and dilute
alkali (cellulose pulp), were hydrolyzed using akdke (Mussatto et al., 2008). Substrate at
2% (w/v) concentration was mixed with sodium cerbtffer and the 25-mL reaction
mixture was supplemented with sodium azide to iminiicrobial contamination. Incubation
took place in a rotary shaker at 100 rpm, 45°Qth. Glucose concentrations of 1, 5.5 and
17 g/L were recorded for untreated, cellulignin aetlulose pulp respectively. And finally in
White et al. (2008), BSG was first autoclaved & °2for 15 min before undergoing
enzymatic pretreatment. Hydrolysis took place imd0reaction volume at 10% (w/v)
substrate concentration, pH between 5 and 6, 50ffCagitation at 130 rpm for 18 h. Sugar
concentrations were recorded at 9.2 g/100 g BS@#control and 29.2 to 39.4 g/100 g

BSG after different acid pretreatments.
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Figure 3. Soluble COD (g/L), glucose (g/L) and acate (g/L) levels measured at the end of the 24-h
hydrolysis step in the two-stage AD for BSG contrglhydrolysis with SSF enzymes and hydrolysis with
commercial enzymes.

For two-stage AD, Figure 3 summarizes the resat€€ODs, glucose and acetate
concentration only since no other VFA was deteatdtie supernatant. Enzymatic
pretreatment increases CODs by 1.5 and 1.6 tingseetate by 2.2 and 1.5 times for SSF
and commercial enzymes respectively when compardtetcontrol. Glucose concentrations
of 1.7, 1.9 and 4.2 g glucose/L were recordedHerdontrol, BSG with SSF enzymes and
BSG with commercial enzymes respectively. Theseestorrespond to 3.4, 3.8 and 8.4 g
glucose/100 g BSG. When compared to the literahase results are very encouraging since
comparable data points would correspond to 8.4-43100 g BSG in Beldman et §.987),

1 g/L in Mussatto et al. (2008) and 9.2 g/100 g B&®/hite et al. (2008). In fact higher
glucose levels were recorded when another typeatfgatment is combined to the enzyme
addition. Acid pretreatment was most advantagealttspugh other authors such as Xiros et
al. (2008) recommended alkali pretreatment and Netral. (2012) milling to increase
carbohydrate solubilization. In addition to thag &applied pretreatment is very mild

compared to what has been reported elsewhere. hg\&taal. (2015) for example,
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thermochemical pretreatment was applied at 90°CQo&hd0.7 followed by three different
enzymatic treatment with varying temperatures (602 and decreasing pH (8 to 4.5) for a
total of 28 h. Higher initial solids concentratismould also produce hydrolysate with higher
sugar concentration (White et al, 2008) and theetiiiwork is operated at 5% TS content as
compared to 15-20% in White et al. (2008). Regayr@nzyme levels in the hydrolysis
Beldman et al. (1987) used 1 to 2% (w/w) enzymeceatration, Mussatto et al.(2008)

45 FPase units/g substrate and White et al. (2008) 250 and 500 U/g substrate for total
cellulaseB-glucosidase and xylanase respectively. These otrat®ns are significantly
much higher. In addition to that, hydrolysis tengteres were higher (40-50°C) and in White
et al. (2008) BSG was autoclaved before enzymeiaddirhese reasons combined could
actually explain the differences observed.

During the 7-day percolation stage, a follow-upraw@e was achieved for pH, TA,
glucose, CODs and VFA. All samples were collectedifthe buffer tank. The sodium
carbonate buffer was at average pH value of 8 aOdar all pilots. With time, pH decreased
more importantly in the first 3 d for pilots P4 ¢kuigh P6 but settled at an average of 6.6 for
all reactors at day 7. The same trend was obsdovadA: it decreased from 4.3 g CagO
to an average of 1.93 g CaglDat day 7. BSG is rich in sugars, therefore aasé in
glucose is measured at day 1 even in P1 to P3y(lL.§lucose on average). At day 5, glucose
levels are null for P1 to P3 and settle around @/Q5or P4 to P6 until day 7. Figure 4
presents the evolution of soluble COD in glQover time for the six percolation tests.
Presented data of pilots P4 to P6 are correcteg sire crude enzyme mixtures contained
additional COD that was most probably releasedndutie extraction phase after SSF.
Nevertheless, the difference between the two tesiafigurations is significant. In fact, 82
and 81% of the CODs was released from controlgpdats with added SSD enzymes in the

first 2 days of percolation. However the most intaot difference between the two setups
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was observed at day 5 with 43% difference. Thise@lecreased to reach 30% at day 7. This
implies that when using enzymes in a percolati@tesy, the recirculation period could be
significantly decreased with an increase in the GQMaction from the system given that the

collected percolate is sent to the anaerobic treatrsystem.
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Figure 4. Evolution in time of the soluble COD (g@L) for the six percolation pilots during the 7-d
recirculation (P1 to P3 are control pilots and P4a P6 are pilots with added SSF enzymes).

The impact of enzymes is also reflected in the \&ralysis. Only acetate and butyrate
were found in the different percolates. Figure évehthe evolution of these two VFA over
time. For acetic acid, the concentration increasgaificantly from 0 to 1360 ppm on day 2
for P4 to P6 and then decreased slightly to reacivarage of 980 ppm on day 7. For P1 to
P3 the rate of increase was slower: 515 ppm orageevn day 2 and 1039 ppm on day 7. In
all cases, the concentration of acetate remairieehiigpr enzymatically treated BSG as shown
in Bochman et al. (2007). No butyric acid was dietédn any pilot in the first 2 days
however starting day 5, 435 and 1129 ppm were nneddar control and enzyme pilots
respectively. It is for these latter that the conation was highest at day 7: 3398 ppm versus

1638 ppm for the controls.
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Figure 5. Evolution in time in ppm of acetic acid &) and butyric acid (b) for the six percolation pibts
during the 7-d recirculation (P1 to P3 are controlpilots and P4 to P6 are pilots with added SSF enzyem).

Finally at the end of the percolation phase, BSG kgaovered from the different pilots.
Most hydrolysis parameters were measured in thedighase so it was decided to look at the
changes in the solid matrix due to liquid recirtiola. Figure 6 shows the Van Soest
fractionation of the lignocellulosic fraction of BS all fractions are expressed in %VS. The
composition of BSG agrees in fact with reportecadat Xiros et al. (2008). When comparing
control and enzyme pilots, soluble and lignin fraes do not significantly differ but this is
not the case for HEM and CEL fractions. Enzymethérecirculation system did, as
expected, degrade some of the hemicellulose ahdasa fractions present in the BSG

matrix.

183



BSG initial BSG from control pilots BSG from pilots with enzymes

OSOL @HEM @CEL mLIC

(a) (b) (©)
Figure 6. Pie chart representation of the Van Soestharacterization (%VS) of initial BSG sample (a),
BSG after percolation in control pilots (b) and BSGafter percolation using SSF enzymes (c) in termd o
soluble (SOL), hemicellulose-like (HEM), cellulosdike (CEL) and LIC (lignin and cutin-like) fraction s.

Values with the same superscript are not significaty different at 95% confidence level

7.3.3. Impact on methane production

Methane production in AMPTS system was followedlwtabilization. Figure 7 shows the
total methane produced for the single-stage AD;stage AD and the percolation system
coupled with AD. The methane potential for untrdaB&SG is on average 237 L GKg VS
which is slightly higher than the 205 L G/Kg VS reported by Wang et al. (2015). Although
the latter value is obtained from a continuous apen of a 5-L continuously stirred tank
reactor (CSTR). Bochman et al. (2015) reported31QCH,/kg VS potential. These
differences result from the differences in composithat exist among different sources of
BSG. In fact, ranges in g/100 dry BSG of 9.0-2%#4dellulose, 19.0-40.2 for hemicellulose

and 11.5-27.8 for lignin have been reported inlitkeature(Xiros et al., 2008).
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Figures 7a and 7b show that there are no signifiddierences between control and the
two enzyme pretreated configurations. Importarfedences were reported in the hydrolysis
step: up to 56% increase in CODs, 148% increagiitose concentration and 116%
increase in acetate concentration. Nevertheleses thias no impact on the methane
production. This could be due to the experimeregtds itself. The difference in COD
concentration in the hydrolysis step is on averdge9 g/L. But the added volume to the
AMPTS is only 20 ml which corresponds to a finahcentration difference of 0.24 g/L.
Given that the residual CODs in the system at tiiead BMP test is 0.5 g/L. This implies
that the amount of COD added initially is very land its impact on the methane production
would thus be negligible. The contact time in tgdrolysis step could also be increased:

24 h at 35°C are the mildest conditions observefadt, Bochman et al. (2007) reported that
methane production was only slightly higher forynatically treated BSG as compared to
the control. In general, for the single-stage ARyene addition should be increased in terms
of frequency but here again the conditions of &% did not allow it.

Results were different for the percolation-AD systieom which 100 mL percolate were
added for the measurement of the methane poteAftal. 16 d, 191 and 315 mL Ghivere
produced for the control and enzyme added systepeogively. This corresponds to 65%
increase in methane production. This differencesry important but does not take into
account the methane potential due to the CODs btandy the crude enzyme extract. To
estimate the difference between the two configanati calculation can be made based on the
CODs difference at day 7. Ifthe 2.2 g CODs/L warewerted to methane, this would
correspond to 77 77 and not 124 mL £Hhe increase in methane production would then
become 40%. The use of enzymes in a percolatidersyassociated with a downstream AD
of the percolate remains very interesting. It sbamportant to note that although the

methane equivalent of the enzyme extract is suletlao see only the effect of enzyme
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addition; on an actual large-scale plant with S8&grated system, this methane potential is
an actual increase that cannot be dissociatedtleroverall energy production balance.

7.4. Conclusions

Enzymes are efficient in the hydrolysis of brewap&nt grain in two-stage AD and
percolation system associated downstream with AdDesy for the percolate. The methane
potential test did not show the impact of enzymenfither single nor two-stage systems.
However, for the percolation system an increasgbéb6 methane was measured. This is a
very encouraging result especially that most cotetlicesearch processes remain
economically unattractive. Breakthroughs are atilhited for and they include among others
effective pretreatment, operation at high solidgliog under non-aseptic conditions and
efficient fermentation (Weimer et al., 2009). Thisrk makes a first step towards a simpler

pretreatment that can make the economics of agratd AD process less questionable.
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CHAPTER 8

Conclusions and Perspectives

The data herein reported sustain that solid seatedntation can be operated as a
biostimulation concept. This implies that indigeaanicroorganisms are diverse
enough to achieve lignocellulolytic enzyme prodocton complex matrices such as
municipal solid waste, brewer’s spent grain andep@ardboard. The applied
experimental conditions were simpler than thosesgdly reported in the literature,
mainly no substrate pretreatment and no inoculudeddNevertheless when
compared to other research works, the performahtteegrocess was as efficient.

The scale down of the analytical methods of theyeres of interest, FPase,
CMCasep-glucosidase and xylanase, was successfully cordpetk reference
methods and facilitated the analytical follow-ughe different experimental plans.
These adapted methods are now available to bealsedhere to make the
comparison of different research works possible.

This work also shed the light on the behavior efénzymes in both their culture
SSF medium and their reaction medium. Althoughwibek has been conducted at a
laboratory scale, the collected data clearly pouttthe trend that can occur at the
industrial-scale. The fate of enzymatic activitytive system can define the rate and
frequency of application of those catalysts in otdeachieve higher yields.

The correlation study between enzyme activitiesratehsed reducing sugars in
the hydrolysis system was not complete since indidallow us to draw general
conclusions regarding the “adequate enzyme recige.correlation however within

the optimization plan yielded high correlation farst indicating an interesting



research perspective. In addition to that, datashas/n that the impact of adding
enzymes is not linear.

Finally the application of enzymes in the differé&i systems proved its success
at the hydrolysis level where high levels of orgamiatter solubilization were
observed. In terms of methane production, onlyetiperimental setup with
percolation associated with AD showed a highly siggnt positive impact with
more than 30% increase on methane production.iifipbes two very important
conclusions, the AD system configuration is a kaggmeter for enzyme application
and enzymatic pretreatment of lignocellulosic féeds enhances energetic
valorization of this type biomass.

The main remaining challenge of the SSF process sxale-up. The data
obtained in this work could be used as base feaailbility study that will provide

reliable economics of using enzymes with an intiegt&D process.



