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ABSTRACT: In the process of producing ethanol from lig-
nocellulosic materials such as wheat straw, compounds that
can act inhibitory to enzymatic hydrolysis and to cellular
growth may be generated during the pretreatment. Ethanol
production was evaluated on pretreated wheat straw hydro-
lysate using four different recombinant Saccharomyces
cerevisiae strains, CPB.CR4, CPB.CB4, F12, and FLX. The
fermentation performance of the four S. cerevisiae strains was
tested in hydrolysate of wheat straw that has been pretreated
at high dry matter content (220 g/L dry matter). The results
clearly showed that F12 was the most robust strain, whereas
the other three strains were strongly inhibited when the
fraction of hydrolysate in the fermentation medium was
higher than 60% (v/v). Furthermore, the impact of different
lignin derivatives commonly found in the hydrolysate of
pretreated wheat straw, was tested on two different enzyme
mixtures, a mixture of Celluclast 1.5 L FG and Novozym 188
(3:1) and one crude enzyme preparation produced from
Penicillium brasilianum IBT 20888. From all the potential
inhibiting compounds that were tested, formic acid had the
most severe influence on the hydrolysis rate resulting in a
complete inactivation of the two enzyme mixtures.
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Introduction

The biodegradation and bioconversion of lignocelluloses
into useful products and the biological alleviation of
pollution from lignocellulose wastes are an enormous
challenge for biotechnology. The utilization of renewable
lignocellulosic resources such as wheat straw for ethanol
production provides a promising mean to decrease the
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greenhouse effect and alleviate the shortage of fossil fuel
energy (Zaldivar et al., 2001). Conversion of lignocellulosic
material to ethanol requires hydrolysis of carbohydrate
polymers to their constituent sugars. Enzymatic hydrolysis is
a common approach to hydrolysis and offers the benefits
of mild reaction conditions and selective hydrolysis
(Philippidis and Hatzis, 1997). Untreated lignocellulose is
only slowly degraded by enzymes since the crystalline
structure of the cellulose notably affects the enzymatic
hydrolysis rate, and the lignin impedes access of the enzymes
to the cellulose chains.

The wet oxidation process was presented in the early
1980s as an alternative to steam explosion which had
become the most widely used pretreatment method (Ahring
et al., 1999). Compared with other pretreatment processes,
wet oxidation has been proven to be efficient for treating
lignocellulosic materials (Bjerre et al., 1996) because the
crystalline structure of cellulose is opened during the process
and the lignin is decomposed to CO2, H2O, and carboxylic
acids (Ahring et al., 1999; Klinke et al., 2002; McGinnis et al.,
1983). Wet oxidation results in a solid fraction, consisting
mainly of lignin and cellulose, and a hydrolysate, which
contains hemicellulose-derived sugars, small amounts of
other carbohydrates, sugar degradation products, lignin
degradation products (aromatic and polyaromatic com-
pounds with a variety of substituents), and other com-
pounds. It is also probable that the solubilization of the
hemicellulose fraction of wheat straw in the pretreatment
step produces potential inhibitors like furans and organic
acids in low concentrations. Such inhibitors can affect
enzymes in the hydrolysis step, reduce glucose and xylose
conversion during fermentation, and decrease the rate of the
fermentation (Palmqvist et al., 1996; Senior et al., 1991;
Sewalt et al., 1996; Yourchisin and van Walsum, 2004).
� 2006 Wiley Periodicals, Inc.



Fermentable sugars from the hemicellulose stream of
pretreated wheat straw will essentially be glucose and xylose.
In order to minimize feedstock costs it is very important to
use a microorganism that is able to achieve maximum
substrate utilization and a high ethanol yield. In the present
study, pretreated wheat straw (in a process combining
thermal hydrolysis, wet oxidation, and steam explosion)
supplemented with glucose and xylose, was used as a starting
material for ethanol production by different recombinant
S. cerevisiae strains. The examined recombinant S. cerevisiae
strains of laboratory (CPB.CB4 and CPB.CR4) or industrial
(F12) strain background have genes necessary for xylose
metabolism introduced (Bro et al., 2005; Roca et al., 2003a;
Sonderegger et al., 2004). In the above strains different
approaches have been taken in order to modify the redox
balance in xylose fermenting S. cerevisiae. The fourth
investigated strain FLX contains a NADPH-dependent
nonphosphorylating glyceraldehyde 3-phosphate dehydro-
genase with an ADH1 promotor and it does not harbor the
XYL-genes. The efficiency of glucose and xylose utilization
in the four recombinant S. cerevisiae strains was assessed in
both defined lab medium and wheat straw hydrolysate with
a particular emphasis on the role of the toxic compounds
that are present in the hydrolysate on the growth of the yeast
and the productivity of ethanol.

Furthermore, in a process where S. cerevisiae will be the
fermentation microorganism, the external addition of
enzyme mixtures for the hydrolysis of the biopolymers to
soluble oligosaccharides is necessary. In this study, we also
investigated the nature of enzyme inhibition, using pure
chemical compounds that previous studies have identified as
potential inhibitors present in wet oxidized wheat straw
(Klinke et al., 2001).

Materials and Methods

Pretreated Wheat Straw

Pretreated wheat straw (in a process combining thermal
hydrolysis, wet oxidation, and steam explosion) with an
initial dry weight of 22% was kindly provided by Prof. B.K.
Ahring from EMAB, BioCentrum-DTU.

Yeast Cultivation

Strains and Medium

The strains used in this study were S. cerevisiae CPB.CR4,
CPB.CB4, FLX, and F12 (Table I). The strains were stored at
�808C in glycerol.
Table I. Saccharomyces cerevisiae strains used in the present study

Strain Relevant genotype

CPB.CR4 S. cerevisiae CEN.PK 113–7D MATa SUC2 MAL2-8c pADH-XYL

CPB.CB4 S. cerevisiae CEN.PK 113–7D MATa SUC2 MAL2-8 pADH-XYL1

FLX S. cerevisiae CEN.PK 113–7D pADH1-gapN

F12 S. cerevisiae F HIS3::YIploxZEO overexpressing XR, XDH, and XK

Panagiotou
For the preculture a defined medium containing trace
metal elements and vitamins was used as described
previously (Roca and Olsson, 2003b). A colony taken from
an YPD agar plate was inoculated into 500 mL baffled
Erlenmeyer flask containing 100 mL medium. Glucose
(10 g/L) was used as carbon source and the pH was adjusted
to 6.5. The flasks were incubated at 308C in an orbital shaker
operating at 150 rpm for 20–24 h.
Inhibition of Fermentation

All experiments were performed as batch fermentations
under anaerobic conditions with 10 mL hydrolysate
medium in 30 mL tubes. The tubes were inoculated from
the preculture giving a final biomass concentration of 0.24 g
DW/L in the tubes. The hydrolysate was supplemented with
additional nutrients by adding 10 mL of the defined medium
described above per milliliter of hydrolysate. The pH was
adjusted to 5.0 and it was not controlled during the
fermentation. A test for inhibitory effects of the hydrolysate
medium on the ethanol production by the different
recombinant S. cerevisiae strains was carried out. Hydro-
lysate from pretreated wheat straw was diluted with distilled
water to obtain different concentrations, in the range from
0% to 100% (v/v). Sugars were added in the diluted
hydrolysates, such that the final concentrations were 20 g/L
of glucose and 15 g/L of xylose in all cases. The tubes were
incubated at 308C in an orbital shaker operating at 150 rpm
for 48 h. All cultivations were carried out as triplicate
experiments.
Enzymatic Hydrolysis Experiments

Reagents

Stock solutions containing potential enzyme inhibitors were
prepared in 150 mM citrate-phosphate buffer pH 5 and were
used to determine the relative inhibitory effect on cellulase
and hemicellulase system of two enzyme preparations. All
experiments were performed with commercially available,
reagent grade compounds. Vanillic acid, syringic acid,
acetosyringone, syringaldehyde, furoic acid, succinic acid,
formic acid, and guaicol were obtained from Sigma-Aldrich
(St. Louis, MO). In Table II the examined concentrations of
the inhibitors are summarized.

Two enzymic mixtures were employed; one was a gift
from Novozymes A/S (Bagsværd, Denmark), a mixture of
Celluclast 1.5 L FG and Novozym 188 (3:1) and one crude
enzyme preparation produced from Penicillium brasilianum
Origin/reference

1 pPGK-XYL2pPGK-XKS1gdh1DpPgk-GDH2 Roca et al. (2003a)

pPGK-XYL2 pPGK-XKS1 pTPIp-gapN Bro et al. (2005)

Bro et al. (2005)

Sonderegger et al. (2004)
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Table II. The inhibitory effect of each compound on the hydrolysis of

filter paper and xylan was examined in two different concentrations,

referred to as low concentration level (LC) and high concentration level

(HC)

Inhibitor

Low concentration

(LC) (g/L)

High concentration

(HC) (g/L)

Inhibition

mixture (g/L)

Vanillic acid 0.5 2 0.25

Syringic acid 0.5 2 0.25

Acetosyringone 0.3 0.9 0.11

Syringaldehyde 0.3 0.9 0.11

Furoic acid 0.1 0.5 0.06

Succinic acid 1 4 0.5

Formic acid 4 15 1.8

Guaicol 0.2 0.7 0.09

The synergistic action of these compounds was also tested and the third
column shows the concentration of each compound in the inhibition
mixture.
IBT 20888. The cultivation of P. brasilianum was carried out
on a mixture of Solka-Floc, oat spelts xylan, and birchwood
xylan. The resulting fermentation broth was concentrated by
ultrafiltration (Jørgensen et al., 2005).
Enzyme Assays

As an estimate of the cellulolytic and hemicellulolytic
activity, filter paper activity and birchwood xylan activity,
respectively, were determined, as described previously
(Christakopoulos et al., 1995; Ghose, 1984), in the two
enzyme preparations.
Analyses

Extracellular Metabolites

Xylose, xylitol, glucose, glycerol, acetate, pyruvate, succi-
nate, and ethanol were analyzed by high performance
liquid chromatography (HPLC) as described previously
(Panagiotou et al., 2005).
Oligosaccharide Analysis

Glucose, cellobiose, cellotriose, cellotetraose, cellopentaose,
xylose, xylobiose, xylotriose, xylotetraose, and xylopentaose
concentrations were determined by HPLC with pulsed
amperometric detection (HPAEC-PAD) using a CarboPac
PA1 column (Dionex, Sunnyvale, CA). A gradient system
was used for the separation: solvent A: 40 mM NaOH and
solvent B: 100 mM NaOH, containing 75 mM NaAc, using
the following gradient: 100% A and 0% B (0–15 min), a
linear decrease of A to 0% and a linear increase of B to 100%
(15–40 min), a linear increase of A to 100% and a linear
decrease of B to 0% (40–50 min). The flow rate was 1 mL/
min. The products were quantified, based on peak areas
using standard sugars.
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Biomass Estimation

The biomass content was measured by following the increase
on the optical density at 600 nm using a Hitachi U-1100
Spectrophotometer. The background absorbance caused by
the hydrolysate was substracted (by centrifugation of the
sample) from the measurements.
Results and Discussion

Evaluation of the Inhibition of Pretreated Wheat
Straw on Growth and Ethanol Production by
Saccharomyces cerevisiae
To investigate whether the presence of potential inhibitors
in pretreated wheat straw hydrolysate has a measurable
effect on the rates of fermentation, the following experi-
mental procedure was used. The hydrolysate of the
pretreated wheat straw was used as fermentation medium,
and it was diluted with distilled water to give final
concentrations, based on % hydrolysate, of 100%, 80%,
60%, 40%, 20%, and 0% (v/v) whereas the final concentra-
tion of the carbon source in all cases was 20 g/L of glucose
and 15 g/L of xylose. The ratio of glucose to xylose in
the fermentation medium mimics an industrial process
where the pretreated wheat straw (hemicellulose stream and
solid fraction) is directly used for fermentation (Bjerre et al.,
1996; Garde et al., 2002; Nigam et al., 2001; Thygesen et al.,
2003). The growth and the ethanol production by the four
different recombinant S. cerevisiae strains during fermenta-
tion of pretreated wheat straw hydrolysate were investigated
(Fig. 1).

The strains CPB.CR4 and FLX were the most inhibited
strains as they were unable to utilize glucose when the
concentration of the hydrolysate in the fermentation
medium was more than 60% (Fig. 1). In contrast, during
the fermentation by the strains CPB.CB4 and F12, a
significant biomass production was observed, even at the
highest concentrations of hydrolysate, and of the two strains
F12 was the most tolerant strain (Fig. 1).

The results for all the strains clearly showed that when the
hydrolysate concentration in the fermentation medium was
in the range of 20%–40% the glucose concentration
decreased faster, than in the fermentation without hydro-
lysate (0%) (data not shown), and the specific growth rate
and final biomass concentration were also higher or similar
with the control fermentation (Fig. 1). The maximum
biomass concentration, for all the strains, was observed after
48 h with 20% hydrolysate as fermentation medium, and it
was 3.3, 3.2, 4.1, and 2.7 g/L for CPB.CB4, CPB.CR4, F12,
and FLX, respectively. S. cerevisiae F12 was the most
inhibitor tolerant strain, and it reached the highest biomass
concentration. Also in another strain comparison F12 has
been shown to be the most tolerant strain (Sonderegger
et al., 2004). FLX is not capable of utilizing xylose, and
therefore a lower biomass concentration resulted.
DOI 10.1002/bit



Figure 1. Time course of growth and ethanol production of Saccharomyces cerevisiae CPB.CR4, CPB.CB4, F12, and FLX cultivated on increasing concentration of pretreated

wheat straw hydrolysate (0%–100%) in the fermentation medium. The initial concentrations of glucose and xylose were 20 and 15 g/L, respectively, in all cases. Values are the mean

of three determinations and vertical error bars represent SD (all variations are less than 10%).
Several other researchers have reported problems with
microbial inhibition when utilizing aspenwood hydrolysate
or birch hemicellulose liquor obtained by different
pretreatment techniques, such as steam explosion and acid
hydrolysis, even if the concentration of the hydrolysate was
very low (Perttunen et al., 1996; Preziosi-Belloy et al., 1997).
The fact that in our study the presence of 20% hydrolysate in
the fermentation medium had no inhibition effect on the
yeast growth is hardly surprising, since during wet oxida-
tion low amounts of toxic compounds such as furfural and
Panagiotou
5-hydroxymethyl-furfural are produced (Ahring et al., 1996;
Schmidt and Thomsen, 1998).

Ethanolic production by S. cerevisiaeCPB.CB4 at different
concentrations of hydrolysate was also inhibited in a similar
way as the growth was (Fig. 1). The maximum ethanol
concentration when 100% and 80% of hydrolysate were
used, were 7.2 and 7.9 g/L, respectively, and the volumetric
productivity was 0.15 and 0.16 g/L/h, respectively, after 48 h
of fermentation. The presence of an increasing amount of
inhibiting compounds delays significantly the onset of
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fermentation in all the strains (Fig. 1). Comparing all the
strains that we examined in this study, the highest ethanol
concentration, 12.8 g/L, and volumetric productivity, 0.27 g/
L/h, were reached by CPB.CB4 during the fermentation of
20% hydrolysate (Fig. 1).

The fact that in our investigation, the ethanol productiv-
ity was higher in the hydrolysate, compared to the results
when the reference medium (0% of hydrolysate) was used, is
not unique, since in similar studies, the ethanol yield has
been found to be enhanced when a more concentrated
hydrolysate was used as fermentation medium (Klinke et al.,
2002). Acetate, present in the hydrolysate, has earlier been
shown to reduce the cell mass production, lowering the
formation of glycerol and increasing the ethanol yield in
S. cerevisiae (Palmqvist et al., 1999; Taherzadeh et al., 1997).

In contrast to the growth characteristics of CPB.CB4, the
growth of S. cerevisiae F12 strongly depended on the
hydrolysate concentration, whereas the ethanol productivity
did not strongly depend on the hydrolysate concentration.
The volumetric ethanol productivity after the 48 h of
fermentation was 0.2–0.22 g/L/h in the range of 80%–20%
hydrolysate concentrations. Even though that lignocellulosic
hydrolysates are far from ideal substrates, S. cerevisiae F12
was able to achieve a final ethanol concentration of 8.8 g/L
using 100% hydrolysate as fermentation medium.

The other two strains, CPB.CR4 and FLX, which were
used in the present study, were according to the fermenta-
tion tests more sensitive to the inhibition at concentrations
of the hydrolysate between 60% and 100% (Fig. 1). The
maximum ethanol volumetric productivity was 0.19 and
0.16 g/L/h for CPB.CR4 and FLX, respectively, during the
fermentation of a medium containing 20% hydrolysate
whereas the final ethanol concentration was 8.8 and 7.5 g/L,
respectively.

CPB.CB4 showed higher maximum ethanol yield
compared to CPB.CR4 and F12. Overexpression of GAPN
affects both redox and energy metabolism. The introduction
of GAPN leads to the production of less NADH in glycolysis,
and therefore less NADH needs to be reoxidized via glycerol
production. Hence carbon is redirected from glycerol
towards ethanol. In addition, less ATP is produced since
the GAPN reaction partially by-passes the reaction carried
out by the homologous ATP-producing 3-phospho-glyce-
rate kinase. A reduced ATP production leads to reduced
biomass as has been experimentally shown and the addi-
tional excess carbon can be further directed towards ethanol
(Bro et al., 2005).

In our study, a hydrolysate of wheat straw pretreated at
high dry matter content was found to be fermentable,
however, the degradation products from pretreatment of
wheat straw caused a decrease in the volumetric ethanol
productivity. Phenol aldehydes, compounds that are usually
present in wet oxidized wheat straw (Klinke et al., 2002) are
degraded by a special group of enzymes, the oxidoreduc-
tases. The oxidoreductases require an electron acceptor
cofactor such as NADH or NADPH that must be
regenerated (De Wulf et al., 1986) and that can cause
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alterations in the cellular redox reactions. The cellular
conversion of phenol aldehydes to alcohols leads to an
increasing demand for cofactor regeneration in the cell. It
has been shown that the reductive capacity of NAD(P)þ in
S. cerevisiae is strain-dependent (Pereira, 1995) and
consequently different strains will differ in their capability
to convert compounds by redox reactions (Brandberg et al.,
2004). In agreement with that, the recombinant strains
which were used in our work performed differently under
the same cultivation conditions. Whereas the CPB.CB4,
CPB.CR4, and FLX strains have a more favorable redox
balance, the F12 is not a redox manipulated strain, and this
was reflected on the ethanol and biomass production.

In our study we investigated in detail the response of four
different recombinant S. cerevisiae strains to compounds pro-
duced or released during the pretreatment of wheat straw;
however, the exact biochemistry involved in the inhibition
or toxicity is not yet fully understood and investigated.
Degree of Inhibition on Cellulolytic and
Hemicellulolytic Activity

To investigate the influence of potential inhibitory
substances on the enzymatic hydrolysis, experiments using
single chemical components were performed. A set of
hydrolysis experiments was carried out in the presence of
two concentration levels of vanillic acid, syringic acid,
acetosyringone, syringaldehyde, furoic acid, succinic acid,
formic acid, and guaicol, respectively (Table II). The
potential synergism was also investigated adding the entire
pool of chemicals under the same conditions as for the indi-
vidual inhibitory experiments. The range of the examined
concentrations was based on previous studies on the
characterization of degradation products produced by wet
oxidation of 60 g/L wheat straw (Klinke et al., 2003).

A second series of experiments was also carried out in
order to study the direct influence of the hydrolysate
obtained after the pretreatment of the wheat straw, on the
enzymatic hydrolysis rates.

The mechanism of inhibition of the commercial enzyme
mixture of CelluclastþNovozyme (referred from now on in
the text as enzyme preparation CN) in a ratio 3:1 (Tengborg
et al., 2001) and the crude enzyme mixture of P. brasilianum
(referred from now on in the text as enzyme preparation Pb)
was studied in two different ways. First, the inhibition effects
were investigated by filter paper and xylan assays (as
described inMaterials andMethods), which were performed
in the presence of different inhibitors, individually and in
a combination or in the presence of hydrolysate. Second,
the inactivation effect was investigated by measuring the
remaining cellulolytic and hemicellulolytic activity of the
enzyme mixtures CN and Pb after preincubation at 308C for
24 h with the same concentration of the inhibitory
compounds or hydrolysate. In all the experiments a
reference without the addition of any chemical compound
was used.
DOI 10.1002/bit



Effects on Cellulolytic Activity

Figure 2A and B show the relative amount of glucose which
was produced when the different inhibitory compounds
were added during the filter paper assay. With the exception
of formic acid, most of the examined inhibitors did not
reduce the filter paper activity of the preparations CN and
Pb, even at the high inhibitor concentrations. However, the
presence of formic acid during the hydrolysis of filter paper
had a strongly negative effect on the released glucose. The
addition of 4 g/L formic acid caused a 20% reduction in the
glucose concentration whereas an addition of 15 g/L almost
totally inactivated the enzymes of the cellulose complex
(Fig. 2A and B). Klinke et al. (2002) quantified the degrada-
tion products in the hemicellulose liquid fraction of wet
oxidised wheat straw (60 g/L) and the concentration of formic
acid was found to be 4.7 g/L. However, due to that higher
dry matter content has been used pretreating the wheat
straw (220 g dry matter/L) in the hydrolysate investigated
here, higher concentrations of formic acid could be expected
in the hydrolysate. The observed formic acid inhibition of
enzymatic cellulose digestion is in agreement with previous
studies where the hydrolysis of pretreated poplar wood by
commercial available enzymes was strongly inhibited by the
presence of 11.5 g/L formic acid (Cantarella et al., 2004). The
combined effect of the addition of all the potential inhibitors
was investigated and the experimental results presented in
Figure 2A and B seem to exclude the presence of factors such
as synergism and cumulative inhibitory effects. However,
when the enzymatic assay performed in the presence of the
Figure 2. Investigation of the inhibition of filter paper and xylan hydrolysis. Panels (

respectively, after addition of different compounds during the enzymatic assay. Panels (C) an

after addition of the same compounds during the enzymatic assay. The results are expresse

compared to the release of glucose or xylose in the enzymatic assay including the respective

the inhibitors, (Mixture) the entire pool of the inhibitors.
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pretreated wheat straw hydrolysate, a 34% and 36% decrease
on the hydrolysis rates for the CN and Pb mixtures,
respectively, was observed (data not shown).

Filter paper activity of the enzyme mixtures CN and Pb
was determined after preincubation of the enzyme
preparations with phenols, acids, and furans for 24 h to
quantify the direct inactivation of these compounds on the
cellulase enzyme system. None of the individual phenol or
acids appeared to significantly effect the saccharification of
filter paper either when the commercial enzyme mixture
(CN) or the enzyme mixture Pb was used. The substance
with the greatest inactivation effect was again found to be
formic acid. However, preincubation with all the potential
inhibitors was detrimental to cellulose hydrolysis, resulting
in minimal filter paper activity. Similar inactivation effect of
mixed lignin derivatives on commercially available cellulase
has been reported earlier (Sewalt et al., 1996). In order to
further investigate which of the enzymes of the cellulase
system was most affected, the samples were analyzed by
HPAEC-PAD. During the analysis no cellobiose was
detected (data not shown) and these data indicate that
the enzymatic system contains sufficient b-glucosidase to
cleave almost immediately all of the cellobiose produced. No
accumulation of cellotriose, cellotetraose, and cellopentaose
was observed indicating that the enzyme load was enough to
efficiently convert lignocellulosic raw material to glucose
and cellobiose.

While preincubation of the enzyme preparations CN and
Pb with the mixture of the inhibitor compounds had fatal
results in their activity, the preincubation with the wheat
A) and (B) show the hydrolysis of filter paper using the enzyme solutions CN and Pb,

d (D) show the hydrolysis of xylan using the enzyme solutions CN and Pb, respectively,

d as percent of the glucose or xylose released in the control (no addition of inhibitors)

inhibitors. (&) low concentration level of the inhibitors, ( ) high concentration level of
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straw hydrolysate decreased the glucose production 49%
and 64% for CN and Pb, respectively (data not shown).
Effects on Hemicellulolytic Activity

In order to evaluate the possible inhibition on xylanases
caused by inhibitory compounds that are usually present in
the hemicellulose hydrolysate, the same set of experiments as
in the last chapter was carried out using the xylanase assay.
In our work, the xylanase activity by the CN enzyme
preparation was inhibited when assayed in the presence of
different potential inhibitor compounds (Fig. 2C). The
inhibition level ranged between 40% and 60% for most of
the examined inhibitors and the inhibition level was not
dependent on the concentration level of the inhibitor, with
the exception of formic acid. The inhibition effects in our
study were more severe than the xylanase inhibition of
Novozym 188 when lignin preparation (soluble lignin
compounds eluted from the pulp) from spent sulfite liquor
was added during the enzymatic assay (Senior et al., 1991).
This divergence could be due to the different inhibiting
compounds that are present in the two hydrolysates. No
oligosaccharides of higher degree of polymerization
(xylotriose, xylotetraose, xylopentaose) were observed in
any of these hydrolysis experiments (data not shown).

In contrast, the enzyme mixture Pb was less inhibited in
the presence of syringic acid, syringaldehyde, and furoic acid
than the CN-enzyme cocktail was (Fig. 2D). In the presence
of 0.5 g/L vanillic acid strong inhibition was observed and
4 g/L of formic acid totally inactivated the hemicellulolytic
enzyme system in Pb (Fig. 2D). However, the addition of
0.9 g/L acetosyringone or 0.7 g/L guaicol had a positive effect
to the released xylose (Fig. 2D). The results from the analysis
of the oligosaccharide profile indicated an activation of
b-xylosidase in both cases resulting in higher concentration
of xylose. In previous studies, Pecarovicova et al. (1989)
have shown that several phenolic compounds have a similar
activating effect on the xylanases from Cryptococus albidus
and on the cellulases from Trichoderma reesei QM 9414.

When the xylan digestion was studied in the presence of
the entire pool of the inhibiting compounds, a 60% and 80%
decrease on the hydrolysis rates for the CN and Pb mixtures,
respectively, was observed (Fig. 2C and D), whereas an 85%
decrease in the xylose production was obtained in the
presence of wheat straw hydrolysate for both enzyme
preparations (data not shown). This difference between the
entire pool of chemicals and the wheat straw hydrolysate on
the inhibition level indicates that more compounds with
inhibitory action could be present in the hydrolysate.

The different compounds were also added to enzyme
incubations, either separately or as a mixture, and the extent
of the xylan hydrolysis was then evaluated. It was found that
all the tested compounds had an inactivation effect on the
hemicellulase system of the enzyme mixture CN. The
decrease on the production of xylose ranged from 40% to
100% supporting Sanderson et al. (1965), which showed
256 Biotechnology and Bioengineering, Vol. 96, No. 2, February 1, 2007
that phenols might inactivate enzymes by causing their
denaturation and precipitation. Oligosaccharides of higher
degree of polymerization (xylobiose, xylotriose, xylote-
traose, xylopentaose) were also observed in all cases, in lower
concentrations than the control, indicating an inactivation
of the total hemicellulolytic activity (data not shown).
Xylose:xylooligosaccharides ratio was highest in the control
indicating a greater inactivation of b-xylosidase activity than
xylanase activity.

However, the influence of compounds on the enzyme
mixture Pb was significantly different from the effects on
enzyme mixture CN. Preincubation with low concentration
of vanillic acid, syringaldehyde, and furoic acid resulted
in higher concentration of xylose during the hydrolysis of
xylan than the control. However, the results from the
oligosaccharides analysis showed that higher concentrations
of xylotetraose and xylopentaose were produced compared
to the control, whereas less xylobiose was detected (data not
shown).

There have been several reports of compounds present in
complex substrates that exert inhibitory effects on sacchar-
ifying enzymes. The phenolic monomer p-coumaric acid has
been found to inhibit the xylanase from Bacteriodes
succinogenus. In contrast, ferulic and vanillic acid had
activating effects on the same xylanase when used at
concentrations of 0.15 and 0.10% (w/w), respectively
(Martin and Akin, 1988). Unidentified compounds pro-
duced during enzymatic hydrolysis of Eucalyptus regnans
pulps have been found to have an inhibitory effect on the
b-glucosidase of T. reesei C30, but not on the b-glucosidase,
b-xylanase, or b-xylosidase enzymes from Aspergillus niger
(Dekker, 1988). The aforementioned results of these
previous investigations support the conclusions of this
work that the inactivation of xylanases, when incubated in
the presence of different compounds, varied dramatically
depending on the source of the enzyme and the type of
inhibitors involved.

Preincubation of the enzyme preparations CN and Pb
with the mixture of the inhibitor compounds resulted in
their complete deactivation as also did preincubation with
the wheat straw hydrolysate (data not shown).
Conclusions

In order to investigate whether the pretreatment of wheat
straw at high dry matter content (220 g/L) by a combination
of thermal hydrolysis, wet oxidation, and steam pretreat-
ment produces a suitable substrate for different recombi-
nant S. cerevisiae strains, a set of experiments was carried out
using increasing concentrations of hydrolysate. S. cerevisiae
F12 was found to be the most robust strain, whereas strong
inhibition was observed on the growth and ethanol
production of the strains CPB.CR4, CPB.CB4, and FLX
when the concentration of the hydrolysate exceeded 60% in
the fermentation medium. These results indicate that the
toxicity is dependent not only on the concentration of the
DOI 10.1002/bit



inhibitors, but also on the tolerance of the strain employed.
The striking differences between different strains in terms of
growth and ethanol production in the hydrolysate show that
the choice of strain is of utmost importance when designing
a process for the fermentation of wheat straw hydrolysate.

Furthermore, the addition of three major groups of
potential inhibitors, furans, phenols, and low molecular
weight acids, during enzymatic digestion of filter paper and
xylan, provides evidence that some of these compounds
exert a strong negative effect on the cellulolytic and
hemicellulolytic activity. Indeed, just the presence of formic
acid was capable to cause a decrease at the level of hydrolysis
or totally inactivate the enzyme mixtures, pointing out that
the selective removal of one or two compounds may be
sufficient to yield a hydrolysate that can be efficient
degraded by enzymes.
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