Improving the fermentation performance of Saccharomyces
cerevisiae by laccase during ethanol production from

steamexploded wheat straw at high substrate loadings

Pablo Alvira', Antonio D. Moreno?, David Ibarra'®, Felicia Saéz' and Mercedes

Ballesteros!

ICIEMAT, Renewable Energy Division, Biofuels Unit, Avda. Complutense 40, Madrid
28040, Spain.

2IMDEA Energia, Biotechnological Processes for Energy Production Unit, Avda.
Ramon de la Sagra 3, Mostoles, Madrid 28935, Spain.

*Corresponding author: CIEMAT, Renewable Energy Division, Biofuels Unit, Avda.
Complutense 40, Madrid 28040, Spain. E-mail address: david.ibarra@ciemat.es. Tel.
+34 91 346 6388 Ext. 6388; fax: +34 91 346 0939.

This is the peer reviewed version of the following article:

Alvira, P.; Moreno, A.D.; Ibarra, D.; Saez, F.; Ballesteros, M. Improving the fermentation performance of
Saccharomyces cerevisiae by laccases during ethanol production from steam-exploded wheat straw at
high substrate loadings. Biotechnology Progress 2013, 29:74-82.

which has been published in final form at:

https://doi.org/10.1002/btpr.1666

This article may be used for non-commercial purposes in accordance with Wiley Terms and
Conditions for Use of Self-Archived Versions. This article may not be enhanced, enriched or
otherwise transformed into a derivative work, without express permission from Wiley or by
statutory rights under applicable legislation. Copyright notices must not be removed, obscured or
modified. The article must be linked to Wiley’s version of record on Wiley Online Library and any
embedding, framing or otherwise making available the article or pages thereof by third parties

from platforms, services and websites other than Wiley Online Library must be prohibited."



https://doi.org/10.1002/btpr.1666

Improving the fermentation performance of Saccharomyces
cerevisiae by laccase during ethanol production from steam-

exploded wheat straw at high substrate loadings

Pablo Alvira®, Antonio D. Moreno?, David Ibarral”, Felicia SaéZ and M er cedes

Ballester os®

1CIEMAT, Renewable Energy Division, Biofuels Unit, Avda. Complutense 40, Madrid 28040,
Spain.
2| MDEA Energia, Biotechnological Processes for Energy Production Unit, Avda. Ramén de

la Sagra 3, Mostoles, Madrid 28935, Spain.

*Corresponding author: CIEMAT, Renewable Energy Divison, Biofues Unit, Avda

Complutense 40, Madrid 28040, Spain. E-mail address david.ibarra@ciemat.es. Tel. +34 91

346 6388 Ext. 6388; fax: +34 91 346 0939.



Abstract

Operating the saccharification and fermentation processes at high substrate loadings is a key
factor for making ethanol production from lignocdlulosic biomass economicaly profitable.
However, increasing the substrate loading presents some disadvantages, among them larger
generation of inhibitors, which negatively affect fermentation performance. In this study,
laccase enzymetic treatment was evduated as a method to reduce these inhibitory effects. The
laccase efficiency was andyzed in a presaccharification and smultaneous saccharification

and fermentation process (PSSF) at different high substrate loadings. Water insoluble fraction
(WIS) from seam-exploded wheat straw was used as substrate and Saccharomyces cerevisiae
asfermenting organism Laccase supplementation reduced strongly the phenolics content in
the media, without affecting weak acids and furan derivates. It resulted in an improved yeast
performance during simultaneous saccharification and fermentation process, increasing

ggnificantly ethanol productivity.



1. Introduction

Greenhouse gas (GHG) effects besides depletion of fossl fuds in a near future have
increasing the interest in ethanol as a biofuel, being notably promoted by ambitious
mandatory targets for its introduction into current fuel distribution (IEA). Sugar or starch
biomass has been traditionaly used for ehanol production. However, its sustainability is
questionable, particularly because of the conflict with food supply. In contrast, lignocellulosic
biomass, induding agriculture residues, forest products or energy crops, represents an
interesting dternative for its large abundance, low-cost, and not competing with food
production (Hahn-H&gerdal et al., 2006). In this context, wheat draw is a readily available
candidate for ethanol production, mainly in Europe Kim and Dale. 2003).

Typicd ethanol production from lignocdlulosic biomass manly conssts of
pretrestment, enzymatic hydrolyss and acoholic fermentation. Pretrestment of biomass is
required to enhance cellulose accessihility to the enzymes and increase the yidds of
fermentable sugars (Alvira et d., 2010). Steam explosion, a process that combines high
pressures and temperatures, is a very gppropiate pretreatment method to disrupt the
lignocdlulose structure (Ballesteros et d., 2006). However, this process leads to a partia
sugars and lignin degradation forming some soluble inhibitory compounds, including furan
derivates, week acids and phenolic compounds. Some of them contaminate the liquid phase
(prehydrolysate) of the pretreated materid, whereas other become embedded in the biomass
and are released during the downstream hydrolysis and fermentation steps (Garcia-Aparicio et
a., 2006). Besdes affecting enzymes in the hydrolyss step, these inhibitors can dso retard
yeast growth and decrease ethanol productivity and yield during fermentation (Pamqvist and

Hahn-Hé&gerdal, 2000a; Klinke et d., 2004; Panagiotou and Olsson, 2007).



Working a high substrate loadings is a key factor in industrid ethanol production. By
increasing subdtrate loading during enzymatic hydrolyss leads to increased sugar content and
higher ethanol concentration after fermentation. This gproach could reduce operationa cost
for hydrolysis and fermentation processes, as aconsequence of lower water consumption and
lower downstream processing cost, and minimize energy consumption during subsequent
digtillation and evaporation stages, making lignocellulosic ethanol production economicaly
feedble (Banerjee et al., 2009). Unfortunately, increasing the substrate loading presents some
disadvantages such as inhibition of celulolytic enzymes by higher glucose and cellobiose
accumulation mixing and mass transfer limitations, and larger amounts of inhibitors
generated during pretreatment (Mohagheghi et a., 1992; Rosgaard et al., 2007; Panagiotou
and Olsson, 2007).

In a smultaneous saccharification and fermentation (SSF) process, where enzymatic
hydrolysis and fermentation are carried out in the same vessdl, the glucose concentration is
congtantly kept low due to its Imultaneous converson to ethanol by fermenting
microorganisms. It can minimize the end-product inhibition dlowing higher subgtrate
loadings (Olofsson et d., 2008). Moreover, enzymatic prehydrolysis prior to SSF makes the
high substrate media more fluid and easer to handle, faciliting the mixing during subsequent
SSF (Ohgren et a., 2007).

Removd of inhibitors generated during pretrestment step is dso an important aspect
for operding & high substrate loadings. Usudly, after sseam explosion pretreatment the
prehydrolysate is separated by filtration from the solid fraction, which is thoroughly washed
prior to enzymatic hydrolyss. Nevertheless, other Strategies have been tested for removing
these inhibitory compounds (PAmqvist and Hahn-Hagerdal, 2000b; Klinke et d., 2004;

Parawira and Tekere 2011), including the use of enzymes such aslaccases (Jonsson et d.,



1998; Larsson et al., 1999; Martin et a., 2002; Chandel et a., 2007; Jurado et a., 2009;
Kayani etd., 2012; Moreno et d., 2012).

L accases are multicopper-containing oxidases with phenoloxidase activity, which
catdyze the oxidation of subgtituted phenals, anilines and aromatic thiols, a the expense of
molecular oxygen (Parawira and Tekere, 2011). Their oxidative cgpabilities towards phenols
make them aauitable method for detoxification of industrid wastewaters with high content of
phenolic compounds, such as pulp and paper production or dive oil industry (Jurado et a.,
2011). This &bility have been aso used for sdective removad of phenolic compounds in whole
durries (Jurado et d., 2009; Kayani et d., 2012; Moreno et d., 2012), prehydrolysates
(Jonsson et d., 1998; Larsson et al., 1999; Chandd et a., 2007), and enzymatic hydrolysates
(Martin et d., 2002; Jurado et a., 2009; Moreno et a., 2012) from different steam-exploded
biomasses, increasing their saccharification yields or enhancing their fermentabilities to
ethanal.

The present work gtudies the use of Pycnoporus cinnabarinus laccase for improving
the fermentability to ethanol of steam-exploded wheat straw. High subgtrate loadings (17—
25% solids loading) and two different hydrolytic enzymes mixtures are adso evduated. For it,
water insoluble fractions from pretreated materia were submitted to presaccharification step,
followed by laccase supplementation and subsequent SSF process. An identification and
quantification of inhibitory compounds was carried out. The laccase efficiency was evauated

on the fermentation performance of Saccharomyces cerevisiae.

2. Methods

2.1 Enzymes



Pycnoporus cinnabarinus laccase was produced by Beldem (Belgium). Activity was
measured by oxidation of 5 mM 2,2’ -azino- bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) to its cation radical (ex36 = 29 300 M*cm) in 0.1 M sodium acetate (pH 5) at 24 °C.

A standard mixture NS50013 and NS50010, both produced by Novozymes
(Denmark), was employed for lignocellulose saccharification NS50013 isacdlulase
preparation with some xylanase activity, but practicaly no b-glucosdase activity; therefore
extra supplementation with NS50010, which mainly presents b-glucosdase activity, is
typicaly applied in biochemica transformation processes of lignocdlulosic biomass into
ethanal. In addition, anew mixture CTec2 and HTec2, both produced by Novozymes
(Denmark), was employed in a second set of lignocellulose saccharification experiments.
CTec2 isacdlulase preparation which presents higher b-glucosidase activity with respect to
NS50013; therefore no extra supplementation b-glucosidase activity is necessary. HTec2 isa
hemicellulase preparation with endoxylanase activity. Overdl cdlulase activity was
determined using filter paper (Whatman No. 1filter paper strips) and b-glucosidase activity
was measured using cellobiose as substrate (Ghose 1987). Xylanase activity was determined
using birchwood xylan (Baley et d., 1991).

One unit of enzyme activity was defined as the amount of enzyme that transforms 1

mmol of subgrate per minute.
2.2 Raw material and steam explosion pretreatment

Wheat straw, supplied by Ecocarburantes de Cadtilla y Leon (Sdamanca, Spain), was
used as raw materid. It presented the following composition (% dry weight): cdlulose, 40.5;
hemicellulose, 26.1 (xylan, 22.7; arabinan, 2.1, and galactan, 1.3); lignin, 18.1; ashes, 5.1; and

extractives, 14.6.



Prior to steam explosion, wheat straw was milled, usng a laboratory hammer mill, in
order to obtain a chip sze between 2 and 10 mm. Then, the raw materia was exploded ina 10
L reactor at 210°C, 2.5 min. These conditions were selected according to previous
optimization studies based on optimal sugars recovery and enzymatic hydrolyss yied
(Bdlesteros et d., 2006). After pretrestment the whole durry  obtained was vacuum-filtered
and separated into a solid fraction and a liquid fraction or prehydrolysate. The solid fraction
was thoroughly washed with tap water obtaining the water insoluble (WIS) fraction.

Chemical composition of both raw and pretrested materia (WIS fraction) was
determined using the standard Laboratory Andytica Procedures for biomass andysis (LAP-
002, LAP-003, LAP-004, LAP-017 and LAP-019) provided by the Nationad Renewable
Energies Laboratory (NREL, 2007). Sugars and degradation compounds contained in the
prehydrolysate were also measured. Mogt of the sugars present in the prehydrolysate were in
oligomeric form, because of that a mild acid hydrolysis (4% (v/iv) HSO4, 120 °C and 30 min)

was needed for the purpose of obtaining monomeric sugars for andyss.
2.3. Microorganism and growth conditions

Saccharomyces cerevisiae (Fermentis Ethanol red, France) was used for fermentation
in PSSF assays. It is an indudtrid drain used in the fud dcohol industry, which ferment
glucose but not xylose. Active cultures for inoculation were obtained in 100-mL flasks with
50 mL of growth medium containing 30 g/L glucose, 5 g/l yeast extract, 2 g/L NH;Cl, 1 g/L
KH2PO,4, and 0.3 g/lL MgSO, - 7H,0. After 16 h on arotary shaker at 150 rpm and 35 °C, the
preculture was centrifuged at 9000 rpm for 10 min. Supernatant was discarded and cells were
washed once with didtillated water and then dilute to obtain an inoculum level of 1 g/L (dry

weight).

2.4. Presaccharification and simultaneous saccharification and fermentation



WIS was used as a substrate for PSSF assays. All experiments were performed in 100-
m Erlenmeyer flasks agitated on a rotatory shaker a 180 rpm. In afirst set of experiments,
the presaccharification stage was carried out at 17%, 20% and 25% (w/w) of solids content in
50 mM sodium citrate pH 5.5) for 48 h a 50 °C and an enzyme loading of 15 FPU/g
subgtrate of NS50013 (60 FPU/mL and 122 1U/mL of cdlulase and xylanase activities,
respectively) and 15 1U/g substrate of NS50010 (810 IU/mL  of b-glucosdase activity). After
that, the temperature was reduced to 35°C and 1 g/L (dry weight) of yeast was added without
nutrients, which turned the process into SSF. The experiments were run for another 72 h. In a
second set of experiments, the PSSF assays were run as previoudy described but with a
presaccharification stage at 17%, 20% and 25% (w/w) of solids content for 24 h and an
enzyme loading of 15 FPU/g substrate of CTec2 (100 FPU/mL and 3950 IU /mL of celulase

and b-glucosdase activities, respectively) and 57 1U/g substrate of HTec2 (1300 1U/mL).
2.5. Laccase supplementation

Presaccharification broths were supplemented with laccase in two different ways. For
presaccharification experiments of 48 h performed with the standard mixture NS50013 and
NS50010 enzymes, laccase supplementation using 10U/g subdrate of P. cinnabarinus
laccase, was carried out at 36 h of presaccharification After 12 h of laccase supplementation,
the samples were subsequently submitted to SSF process as explained above. For
presaccharification experiments of 24 h performed with the mixture CTec2 and HTec2
enzymes, laccase supplementation using 10U/g subgtrate of P. cinnabarinus laccase, was
carried out at 21 h of presaccharification. After 3 h of laccase supplementation the samples
were subsequently submitted to SSF process as previoudy described. In both set of
experiments, control assays conssted of presaccharification without laccase supplementation

All the experiments were carried out by triplicate.



Prior to SSF process, laccase treated samples from presaccharification broths were
taken, centrifuged and the supernatants analyzed with the purpose to evaduate the effect of
laccase on inhibitory compounds. For it, an identification and quantification of inhibitory
compounds was performed. Moreover, glucose and xylose concentrations were aso
determined. In the same way, samples from laccase treatments submitted to SSFwere
periodicdly withdrawn, centrifuged and the supernatants andyzed for glucose consumption

and ethanol concentration.
2.6. Analytical methods

Ethanol was andyzed by gas chromatography, usng a 7890A GC System (Agilent
Tecnology) equipped with an Agilent 7683B series injector, a flame ionization detector and a
column of Carbowax 20 M at 85 °C. Injector and detector temperature was maintained at 175
°C.

Sugar concentration was quantified by high-performance liquid chromatography
(HPLC) in a Waters chromatograph equipped with a refractive index detector (Waters,
Mildford, MA). A CarboSep CHO-682 carbohydrate andysis column (Transgenomic, San
Jose, CA) operated at 80 °C with ultrapure water as a mobile-phase (0.5 mL/min) was
employed for the separation.

Furfurd, 5-hydroxymethylfurfurd (5-HMF), benzaldehyde, vanillin and
syringaddehyde were andyzed by HPLC (Agilent, Wddbronn, Germany), usng an Aminex
ion excluson HPX-87H cation-exchange column (Bio-Rad Labs, Hercules, CA) at 65 °C
equipped with a 1050 photodiode-array detector (Agilent, Wadbronn, Germany). As mobile
phase, 89% 5 mM H,SO4 and 11% acetonitrile at a flow rate of 0.7 mL/min were used.

Formic acid, acetic acid, p-coumaric acid and ferulic acid were andyzed by HPLC

(Waters) using a 2414 refractive index detector (Waters) and a Bio-Rad Aminex HPX-87H



(Bio-Rad Labs) column maintained at 65 °C with a mobile phase (5 mmol/L H2S0O4) at a
flow rate of 0.6 mL/min.

The totd phenolic content was analyzed in the supernatants after presaccharification
and laccase supplementation according to adightly modified verson of Folin-Ciocalteau
method (Folin and Ciocdteau, 1927; Zhang et a., 2006). Load 20 puL of each sample solution
and the seriad standard solution on a 96-wel microplate. Add 12 pL Folin-Ciocalteu reagent
and 88 L, mix wel and wait 5 min. Add u80 L of 7.5% sodium carbonate solution and mix
well. Cover the plate and leave it in the dark a room temperature for 2 h. Measure absorbance

a 765 nm with a spectrophotometric microplate reader (Anthos Zenyth 200rt).

3. Results and discussion
3.1Pretreatment

After steam explosion pretrestment, durry obtained presented a tota solid content of
34%, with a WIS content of 17.4%. Table 1 summarizes WIS a prehydrolysate composition.
As shown, pretrestment at selected conditions increased the cellulose proportion of WIS
(51.1%) in relation to untreated raw materia (40.5%). It is due to the solubilization of the
hemicellulose fraction, as reflected the high xylose content (38.9 g/L) in the prehydrolysate.
Furthermore, the prehydrolysate aso showed a significart proportion of sugars degradation
products. Among them, acetic acid, formic acid, furfurd and 5-HMF were the most abundant.
Acetic acid is produced because of the solubilization on acetyl groups present in the
hemicdlulose. Formic acid derives from furfurd and 5-HMF degradation, which results from
xylose and glucose degradation, respectively (PAmagvist and Hahn-Héagerdal, 2000a). In
addition, some phenolic compounds were aso detected in the prehydrolysate. On the one

hand ferulic acid and p-coumaric acid, both derived from cinnamic acids. They are



characteristic of herbaceous plants forming cross-linkages between lignin and hemicdlulose
(Sun et d., 2002). On the other hand 4-hydroxybenzaldehyde, vanillin and syringadehyde, dl

of them derived from lignin degradation (Garcia-Aparicio et al., 2006).
3.2 Presaccharification

The WIS fraction resulting from filtration and washing of steam-exploded wheat straw
was submitted to presaccharification prior to SSF. High substrate loadings, 17, 20 and 25%
(w/w), and two different hydrolytic enzymes mixtures were used. The production of higher
ethanol concentratiors is closdy related with higher subdrate loadings in the SSF broths.
However, the high viscosty of most lignocdlulosic materids a high solids content implies
mass transfer limitations and mixing difficulties (Rosgaard et a., 2007). In this context,
presaccharification makes the media more fluid and easer to handle, facilitating the mixing
during fermentation, and consequently making the process possible at higher substrate
loadings. Furthermore, prehydrolysis enables to hydrolytic enzymes to act at their optima
temperatures (Ohgren et al., 2007).

Presaccharification of WIS with the standard NS50013/ NS50010 enzymes mixture
resulted in higher glucose concentrations as the substrate loading increases (Table 2),
obtaining the highest glucose concentration (100.5 g/L) at 25% (w/w). In dl the loadings
assayed, the mgjor degree of glucan converson was achieved within the firsg 24 h of the
hydrolysis (Table 2), in accordance with previous studies Kristensen et d., 2009; Manzanares
et a., 2011). After that, only at 25% (w/w) of subgtrate loading adight glucose release was
observed after 48 h of hydrolysis (Table 2). The glucan converson decreased with increasng
ubstrate loadings (congtant enzyme to substrate ratio), obtaining the lower converson vaue
(53.7%) at 25% (w/w) (Table 2. These results are in line with other reported on different

steam-exploded lignocellulose (Garcia-Aparicio et a., 2011; Lu et al., 2010; Manzanares et



a., 2011). The mechanism behind the decreasing converson has been attributed to different
factors, including end-product inhibition or inhibition by degradation products, changes in
substrate reectivity during enzymatic hydrolyss, mass trandfer limitations, and un-productive
adsorption of enzymes (Rosgaard et a., 2007; Kristensen et a., 2009).

Taking into account the results described above for the sandard enzymes mixture,
where the mgor degree of glucan converson was achieved within the first 24 h of the
hydrolysis, the presaccharification step using the CTec2 / HTec2 enzymes mixture was not
prolonged more than 24 h. Compared to the standard NS50013 / NS50010 enzymes mixture,
the use of both CTec2 and HTec2 enzymes increased the glucose concentration of broths,
particularly at 20% and 25% (w/w) (Table 2). In both cases, glucan converson increased,
from 59.8% with the standard mixture to 66.4% with CTec2 and HTec2 enzymes a 20%
(w/w); and from 49.9% with the standard mixture to 55.2% with CTec2 and HTec2 enzymes
at 25% (w/w). These improvements could be explained by the high xylanase activity
contained in the CTec2 / HTec2 enzymes mixture, provided mainly by HTec2 enzyme.
Addition of xylanases is being largdy studied to increase enzymatic hydrolyss yields
(Garcia-Aparicio et d., 2011; Alvira et al., 2011). They can improve the accessibility of
cdlulose to cdlulases due to xylan remova (Berlin et al., 2007). In this sense,
presaccharification of WIS at 20% (w/w) with the CTec2 / HTec2 enzymes mixture showed
higher xylose concentration (11.2 g/lL) after 24 of hydrolyss than that obtained (8.7 g/L) with
the standard mixture. In addition, the xylan remova can lead to anindirect deignification
(Kumar and Wyman 2008), which can also promote the accesshility of cdlulose to cdlulases.

As observed for the standard enzymes mixture, the glucan converson also decreased
as the subgtrate loading increased when both CTec2 and HTec2 enzymes were used for

presaccharification of WIS (Table 2).



3.3 Laccase supplementation

Inhibitor compounds, including week acids, furan derivates and phenolic compounds,
were determined and quantified after 48 h and 24 h of presaccharification with the standard
and CTec2 / HTec2 enzymes mixtures, respectively (Table 3 and Fig. 1). In spite of the
filtration and washing steps performed on steam-exploded whesat straw prior to
presaccharification successful operations in removing large quantities of inhibitory
compounds (Garcia-Aparicio et a., 2006), enzymatic hydrolysis of WIS fraction released
agan inhibitors to the media (Table 3 and Fig. 1). In addition to mix the WIS fraction into the
presaccharification buffer, releasng inhibitory compounds trapped within solid fraction
(Gurram et d., 2011), the action of hydrolytic enzymes can dso cause the inhibitors relesse.
In this sense, certain activities, such as xylanase, acetyl esterase and phenolic acid eterase,
are especialy involved in the release of acetic acid and phenolic acids compounds (Thomsen
et a., 2009). The inhibitors concentrations were higher as the subdtrate loading increases
(Table 3 and Fig. 1).

Presaccharification broths were supplemented with P. cinnabarinus laccase at 36 h
and 21 h of the enzymatic prehydrolysis performed with the standard and CTec2 / HTec2
enzymes mixtures, respectively. After finishing laccase suplemented presaccharification step,
inhibitor compounds were determined and quantified (Table 3 and Fig. 1). Compared to
presaccharification without laccase supplementation, the results showed that P. cinnabarinus
laccase reduced strongly the tota phenalic content of the enzymatic hydrolysates in dl the
loadings assayed (Fig. 1), in agreement with previous studies Martin et a., 2002; Jurado et
al., 2009; Moreno et a., 2012). At higher subgtrate loading the efficiency of laccase for
reducing the tota phenols diminished, observing atota phenols remova from 79% at 17%

(w/w) to 65% a 25% (w/w) for presaccharification with the standard enzymes mixture; and



from 60% at 17% (w/w) D 53% at at 25% (w/w) for presaccharification with the CTec2 /
HTec2 enzymes mixture. It could be due to the high viscosity of the medium as the substrate
loading increases, which difficult the blending of laccase with the materid.  On the other hand,
the laccase supplementation did not alter the concentration of weak acids and furan derivates
(Table 3). This subgtrate-specific reaction of P. cinnabarinus laccase towards phenols has
dready been reported by several authors (Larsson et al., 1999; Martin et d., 2002; Chandd et
al., 2007; Moreno et al., 2012).

Laccases catalyze the oxidation of phenols generating unstable phenoxy radicas that
lead to polymerization into less toxic aromatic compounds (Jonsson et a., 1998; Jurado et a.,
2009). Fig. 2 shows the performance of laccase on the different individua phenolic monomers
identified in the presaccharification broths obtained with the sandard enzymes mixture,
Whilgt syringadehyde, p-coumaric acid and ferulic acid decreased completely, together with
other phenols no identified, vanillin was only dightly affected by laccase and 4
hydroxybenzaldehyde remained congstant. Smilar laccase performance was observed in the
presaccharification broths obtained with the CTec2 / HTec2 enzymes mixture
(chromatograms not showed). Kolb et d., (2012) described the same effects with Trametes
versicolor laccase on the phenolic monomers contained in the prehydrolysate of liquid hot
water pretrested wheat straw. They observed a complete removal of syringaldehyde, p-
coumaric acid and ferulic acid by laccase within one hour. The removd of vanillin was
dower, being completely removed within one day. Findly, no sgnificant effect of laccase on
4-hydroxybenzaldehyde was described within a 1 week reaction time. These reectivity
differences of the different phenols towards laccase depend largely on their structura
characteristics (Kolb et a., 2012; Moreno et d., 2012). Laccase activity towards phenols is

enhanced by the presence of eectron-donating substituents at the benzene ring that decrease



their eectrochemica potentid. In this sense, an additiond methoxy-group (the structurd
difference between vanillin and syringaldehyde) increase the affinity of the phenolic
compounds towards laccase. Moreover, the presence of ethylene groups in para-substituted

phenals, such as p-coumaric acid and ferulic acid, increase the activity of laccases.
3.4 SSF

Presaccharification broths at different high subdrate loadings, with or without laccase
supplementation, were submitted to SSFusng S cerevisiae asfermenting organism and
without nutrients addition The process was performed during 72 h, taking samples at
different times for glucose consumption and ethanol production andyss.

Fig. 3 shows time courses for glucose consumption and ethanol production during SSF
of presaccharification broths obtained with the standard enzymes mixture and no laccase
supplementation. Despite no nutrients addition to the media, a complete fermentation  without
glucose accumulation was obtained within 72 h of SSF in dl the loadings assayed, attaining
the highest ethanol concentration (48.2 g/L) a 25% (w/w) (Table 4). Jargensen et d., (2007)
aso showed successfully fermentation of pretreated wheeat straw at high subgtrate loadings in
SSF with no nutrients addition. As seen in the figure, S cerevisiae showed dower glucose
consumption and ethanol production rates as the subdtrate loading increases, especidly at
25% (w/w) with a marked drop in the ethanol volumetric productivity vaue (Table 4). Garcia-
Aparicio et d., (2011) and Linde et d., (2007) reported smilar performances on steam-
pretreated barley straw with Kluyveromyces marxianusand S. cerevisiae, respectively. This
phenomenon is due to the extenson of the yeast lag phase, period that the microorganism uses
to adapt to the fermentation conditions. Its duration is related with different factors, among
them the inhibitory compounds type and their concentrations play a decisive role (Pamavist

and Hahn-Hagerdal, 2000a; Klinke et a., 2004). Moreover, the ethanol yieds decreased, from



0.32 g/g a 17% (w/w) t0 0.25 g/g a 25% (w/w) (Table 4), according with previous studies
(Garcia-Aparicio et d., 2011; Linde et d., 2007). These negative effects observed could be
explained by the increments of degradation compounds as subgtrate loadings increase (Table
3 and Fig. 1), which could affect negatively the yeast fermentation performance by
cumulative concentration of them. Nevertheless, probably inhibition by synergistic effects
between different degradation compounds could also occur (PaAmqgvist and Hahn-Hégerdal,
2000a; Klinke et a., 2004).

Laccase supplementation enhanced the yeast fermentation performance in dl the
loadings assayed. As seen in Fig. 3, S cerevisiae shorted its lag phase, observing faster
glucose consumption and ethanol production rates, and higher volumetric productivity vaues
(Table 4). Moreover, laccase supplementation aso enhanced dightly the ethanol yields (Table
4). The action of P. cinnabarinus laccase, removing phenols specifically, demondrates the
inhibitory effects of the phenolic compounds on the yeast during ethanol production from
steam-exploded wheset-straw at high subgtrate loadings. Phenols produce yeast cdls damage
and direct interferences with biologicd membranes, which affect their ability to serve as
sective bariers and enzyme matrices (PAmagvis and Hahn-Héagerdal, 2000a; Klinke et d.,
2004). Despite the laccase supplementation, both the ethanol production yields and volumetric
productivity values decreased as the subdtrate loading increased (Table 4). Thus the presence
of wesk acids and furan derivates, no affected by the action of laccase, dso shows negative
effects on the yeast performance. Weak acids produce a disruption of intracellular pH by its
accumulaion in the yeast cdls while furan derivates inhibit directly both glycolytic and non
glycolytic enzymes of the yeast (PAmqvis and Hahn-Hégerdal, 2000a; Klinke et al., 2004).

In addition, both high initid sugars and high find ethanol concentrations, riSng as substrate



loadings increase (Table 3 and 4), dso affect the performance of S cerevisiae (Jargensen et
a., 2007).

Complete fermentation without glucose accumulation was also obtained at 17% and
20% (wiw) within 72 h of SSF usng presaccharification broths obtained with the CTec2 /
HTec2 enzymes mixture and no laccase supplementation (Fig. 4). In both subdtrate loadings,
higher ethanol concentrations were obtained, 42.5 g/L with CTec2 and HTec2 enzymes
compared to 37.1 g/L with the standard mixture at 17% (w/w); and 51.1 g/L with CTec2 and
HTec2 enzymes compared to 40.0 g/L with the standard mixture at 20% (w/w) (Table 4). On
the other hand, the fermentation was not completed at 25% (w/w) within 72 h of SSF studied
(Fig. 4), being necessary 24 h more to finish the fermentation (58.2 g/L). Longer lag phases
and lower volumetric productivity vaues were aso observed as the substrate loading
increased (Table 4 and Fig. 4). These negative effects were specidly pronounced at 25%
(wiw), observing a lag phase of 48 h (Fig. 4c) with a barley volumetric productivity value
(0.09g/L/h) and a very low ethanal yidd (0.14 g/g). As previoudy described for
presaccharification broths obtained with the standard enzymes mixture, laccase
supplementation enhanced the yeast fermentation performance, observing faster glucose
consumption and ethanol production rates (Fig. 4), and both higher volumetric productivity
vaues and ethanol yields (Table 4). These enhancements were very marked at 25% (w/w),
increasing drongly the ethanol volumetric productivity vdue, from 0.09 g/L/h with no laccase
supplementation to 0.73 g/L/h; the ethanal yield, from 0.14 g/g with no laccase

supplementation to 0.29 g/g; and obtaining the highest ethanol concentration (58.6 g/L).

4. Conclusion



High ethanol concentrations in a short fermentation time are an economicaly relevant
factor in indudtria ethanol production. As indicated by the results, phenols release during
PSSF of steam-exploded wheat straw at very high substrate loadings affected negatively the
peformance of S cerevisiae, extending its lag phase and lowering the ethand yidds. The
laccase integration into the process, supplementing the presaccharification step, removed the
mgor part of phenals. It led to improve the fermentation performance of S cerevisiae,
shortening its lag phase and enhancing the ethanol yields. Moreover, the addition of other
hydrolytic enzyme activities to conventional cellulase and b-glucosdase, such as xylanase,

resulted in higher glucose release and, therefore, higher find ethanol concentrations.
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Table captions

Table 1. Composition of steam-exploded wheat straw.

Table 2. Summary of presaccharification assays.

Table3. Inhibitory compounds compaosition of hydrdysates after laccase supplementation.

Table 4. Summary of SSF assays.



Figure captions
Figure 1. Tota phenol content determined by Fdlin-Ciocalteau method of hydrolysates resulting from
presaccharification with the standard NS50013 / NS50010 enzymes mixture (a) and with the CTec2 /

HTec2 enzymes mixture (b). Without (black bars) and with laccase supplementation (gray bars).

Figure 2 Comparison of HPLC profiles of hydrolysates resulting from presaccharification with the
standard NS50013 / NSB0010 enzymes mixture at 20% (w/w). Without (top) and with laccase
supplementation (botton). Identified pesks. 1, 5-HMF; 2, furfurd; 3, 4-hydroxybenzadehyde, 4,

vanillin; 5, syringaldehyde; 6, p-coumaric acid; and 7, ferulic acid. " Phenols no identified.

Figure 3. Time course for ethanol production (filled symbols and continuous lines) and glucose
consumption (open symbols and discontinuous lines) during SSF of hydrolysates resulting from

presaccharification with the standard NS50013 / NS50010 enzymes mixture. Symbols used: Without

1, ?); and with laccase supplementation (?, ?). Substrate loadings at 17% (a), 20% (b) and 25%

(w/w) (c).

Figure 4. Time course for ethanol production (filled symbols and continuous lines) and glucose

consumption (open symbols and discontinuous lines) during SSF of hydrolysates resulting from

presaccharification with the CTec2 / HTec2 enzymes mixture. Symbols used: Without (} , ?); and with

laccase supplementation (?, ?). Substrate loadings at 17% (@), 20% (b) and 25% (w/w) (c).



Table 1.

WIS Prehydrolysate
Component \%)eDgrh); Monosaccharides gL Inhibitors gL
Cdlulose 51.1 Glucose 7.13 Furfural 2.45
Hemicellulose 7.8 Xylose 38.8 5-HMF 0.68
Lignin 30.E Arabinose 172 Acdic acid 8.22
Galactose 2.07 Formic acid 6.59
Mannose 0.70 Benza dehyde 0.007
Vanillin 0.065
Syringaldehyde 0.018
p-Coumaricacid  0.C22
Ferulic acid 0.C38




Table 2.

NS50013 / NS50010 CTec2/ HTec2
% WIS (w/w) Sample Presaccharification (Glu g/L) Presaccharification (Glu g/L)’
24h 48 h 24 h 48 h
17 C 76.2 (67.8) 77.2 (68.7) 78.4 (69.7) nq
L 77.2 (68.7) 76.7 (68.2) 78.6 (69.9) nq
20 C 84.1(59.8) 84.3(60.0) 93.4 (66.4) nq
L 85.5(60.9) 84.7 (60.3) 94.6 (67.3) nq
25 C 935(499) 100.5(53.7) 103.4 (55.2) ng
L 954 (50.9) 100.1(534) 101.9 (54.9) nq

C, without laccase supplementation; L, with laccase supplementation; Glucan conversion (%) is galculated
as the hydrolyzed glucan (glucose content in the media) by the glucan content in the WIS; = Glucose
contribution of the CTec2 / HTec2 enzymes mixture does not consider; nq, not quantified.



Table 3.

% WIS (w/w) Sample Inhibitors (g/L)

Furfurd 5-HMF Acetic acid Formic Acid

NS50013 / NS50010

17 C 0.209 0.069 1913 0.841
L 0.218 0.067 1.740 ng

20 C 0.275 0.092 2.225 1.005
L 0.261 0.083 2.140 ng

25 C 0.290 0.100 2.494 1.078
L 0.279 0.089 2.407 ng

CTec2/ HTec2

17 C 0.229 0.076 1.731 0.371
L 0.238 0.074 1.850 ng

20 C 0.286 0.104 2.098 0.515
L 0.274 0.097 1.945 nq

25 C 0.295 0.106 2.330 0.575
L 0.274 0.097 2.309 ng

C, without laccase supplementation; L, with laccase supplementation; ng, not quantified.



Table4.

NS50013 / NS50010 CTec2/ HTec2
% WIS (w/w) Sample Fermentation Fermentation
EtOHM YE/G QE EtOHM YE/G QE
(9L) (99) (9L h) (9L) (99 (@Lh)
17 C 37.1(64.7) 032 087 425 (68.2) 034 0.72
L 37.5(65.5) 033 117 444 (71.3) 036 144
20 C 40.0 (55.8) 028 0.89 51.1 (66.0) 033 055
L 41.0(57.2) 029 132 51.7 (66.8) 034 139
25 C 48.2 (50.4) 025 045 30.0(29.2) 014 0.08
L 49.0 (51.3) 026 090 58.6 (56.9) 029 0.73

C, without laccase supplementation; L, with laccase supplementation; EtOHy, maximum ethanol
concentration after 72 h of SSF; Yg/g, ethanol yield based on total glucan content in the WIS fraction; (%),
theoretical ethanol yield assuming ethanol yields on glucose by S. cerevisiae of 0.51 g/g; Qg, volumetric

ethanol productivity calculated at 24 h of SSF.



Figure. 1
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Figure. 2
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Figure. 3
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Figure. 4
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