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Abstract

The filtrate from steam-pretreated poplar was analyzed to identify degra-
dation compounds. The effect of selected compounds on growth and
ethanolic fermentation of the thermotolerant yeast strain Kluyveromyces
marxianus CECT 10875 was tested. Several fermentations on glucose
medium, containing individual inhibitory compounds found in the hydroly-
sate, were carried out. The degree of inhibition on yeast strain growth and
ethanolic fermentation was determined. At concentrations found in the
prehy-drolysate, none of the individual compounds significantly affected
the fermentation. For all tested compounds, growth was inhibited to a lesser
extent than ethanol production. Lower concentrations of catechol (0.96 g/L)
and 4-hydroxybenzaldehyde (1.02 g/L) were required to produce the 50%
reduction in cell mass in comparison to other tested compounds.

Index Entries: Ethanol production; Kluyveromyces marxianus; poplar bio-
mass; inhibitors; fermentation.

Introduction

Conversion of lignocellulosic biomass into ethanol as an alternative to
conventional petroleum transportation fuels is currently under extensive
investigation (1,2). The simultaneous saccharification and fermentation (SSF)
process hasbeen suggested as one of the most promising systems because the
continuous removal of the sugars by the microorganism reduces the end-
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product inhibition of the enzyme complex. Over the past 10 years, our labo-
ratory has selected a thermotolerant strain of Kluyveromyces marxianus
capable of ethanol fermentation of glucose from cellulose in an SSF process
at 42°C with a good ethanol yield (3).

Steam explosion has been proposed as an efficient pretreatment of
lignocellulosic materials and has the advantage of being able to be devel-
oped on a commercial scale (4,5). During steam explosion pretreatment,
some degradation products are formed that may be potential inhibitors
during fermentation of the sugar fraction. After pretreatment, these inhibi-
tors are in the aqueous portion of the pretreatment hydrolysate slurry. In
an environmentally sustainable lignocellulose-to-ethanol process, this
aqueous fraction should be used as fermentation broth to minimize fresh
water requirements and decrease the amount of water waste produced.

Several researchershaveinvestigated thenature of the inhibitors present
in dilute-acid hydrolysates and steam explosion—pretreated biomass (6-9).
Nevertheless, not only does the concentration of the final inhibiting com-
pounds vary greatly with the pretreatment conditions and the raw material
used, but also their effects depend on the nature of the microorganism, as
well as pH and temperature conditions of the fermentation broth.

In the present study, the filtrate from steam-exploded poplar was ana-
lyzed to identify degradation compounds. The effect of selected compounds
onethanol fermentation of the thermotolerant yeast strain K. marxianus CECT
10875 was tested.

Materials and Methods
Chemicals

All chemicals were obtained from Sigma (St. Louis, MO), except for
4-hydroxy-3,5-dimethylbenzyl alcohol (syringyl alcohol), which was
obtained from Lancaster Synthesis (Morecambe, England).

Preparation of Poplar Hemicellulose Hydrolysate

One hundred grams of poplar biomass was subjected to pretreatment
in a steam explosion pilot unitat 210°C and 4 min, operated by batches and
equipped with a 2-L reaction vessel. The plant description and working
methodology were described previously (10). The pretreated material was
suction filtered, and the filtrate was collected (approx 1 L) and analyzed.

Microorganism and Fermentation Conditions

K. marxianus CECT 10875, a thermotolerant strain obtained in our labo-
ratory, was used in fermentation experiments. Active cultures for inocula-
tion were prepared by growing the organism overnight on a rotary shaker
at 150 rpm and 42°C in a growth medium (initial pH 5.5) containing: 5 g/L
of yeast extract, 2 g/L of NH,Cl, 1 g/L of KH,PO,, 3 g/L of MgSO,,;H,0, and
30 g/L of glucose.

Experiments were carried out in 100-mL Erlenmeyer flasks each con-
taining 25 mL of the growth medium under nonsterile conditions and agi-
tated at 150 rpm. Flasks were inoculated at 4% (v/v).
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To study the effect of the concentration of toxic substances on growth
and ethanol production, different amounts of individual inhibitory com-
pounds were added to the fermentation medium. A culture without toxic
compounds was used as control. After 24 h of fermentation, the flasks were
checked for cell growth and ethanol production.

In experiments with organic acids supplementation, the broth was
adjusted to pH 5.5 with 2 N NaOH. In experiments studying the assimila-
tion profile of aldehydes and glucose fermentation, samples were taken
periodically. All experiments were carried out in triplicate.

Analytical Procedures

Vanillin, vanillyl alcohol, syringaldehyde, syringyl alcohol, 4-hydroxy-
benzaldehyde, 4-hydroxybenzyl alcohol, catechol, guaiacol, 4-hydroxyben-
zoic acid, syringic acid, and vanillic acid analyzes were performed on a
high-performanceliquid chromatography (HPLC) system. An 1100 Hewlett
Packard liquid chromatograph with an Aminex HPX-87H stainless steel
(300 x 7.6 mm) column (Bio-Rad, Hercules, CA) and a 1040A Photodiode-
Array detector was used. The mobile phase was 82% 5 mM H,SO, and 18%
acetonitrile at a flow rate of 0.3 mL/min and temperature of 55°C. For
5-hydroxymethylfurfural (HMF), furfural, and furfuryl alcohol analysis, a
reversed-phase (250 x 4 mm) Lichrosorb RP18 column was employed. The
mobile phase was a mixture of buffer solution of 1.25 g/L of monobasic
sodium phosphate and 1.25 g/L of dibasic sodium phosphate, and metha-
nol in a proportion of 90-10%. A 0.6 mL/min flow rate and 50°C tempera-
ture were used.

Acetic, levulinic, and formic acid analysis was carried out with an
HPLC system with a refractive index detector. Separation was performed
with an Aminex HPX-87H column (Bio-Rad). The mobile phase was 5 mM
H,SO,, at a flow rate of 0.6 mL/min and temperature of 65°C.

Ethanol was measured by gas chromatography using a Hewlett
Packard 5890 Series II apparatus with a flame ionization detector and a
columm of Carbowax 20M (2 m x 32 mm) at 85°C. Injector and detector
temperatures were 150 and 190°C, respectively.

Cell mass was determined by optical density measurements at 600
nm using a Jasco V-530 UV / VIS spectrophotometer, and gravimetrically
by dry weight as follows: culture liquid (5 mL) was filtered (0.45-um HA;
Millipore) and the filter washed with water and dried to constant weight
in a microwave oven for 15 min. Measurements of cell growth were done
in triplicate.

Results
Identification of Degradation Compounds in Hydrolysate

Thehydrolysate from steam explosion pretreatment of poplarat210°C
and 4 min residence time was analyzed. Table 1 shows the quantitative
determination of degradation compoundsidentified. Results are expressed
as milligrams of the compound per liter of filtrate.
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Table 1
Degradation Products Composition of Liquid Fraction
Obtained After Steam Explosion Pretreatment of Poplar

Compound Concentration (mg/L)"
Acetic acid 2100
Formic acid 430
Levulinic acid NQ
Furfural 490
5-HMF 80
4-Hydroxybenzaldehyde NQ
4-Hydroxybenzoic acid 100
Catechol 30
Guaiacol NQ
Syringaldehyde 50
Syringic acid NQ
Vanillin 14
Vanillic acid NQ

‘NQ, not quantified.

Aceticacid (2100 mg/L) and furfural (490 mg/L), from hemicellulose
degradation of hardwood poplar, were the main compounds present in
the hydrolysate. 4-Hydroxybenzoic acid (100 mg/L) and syringaldehyde
(50 mg/L) constituted a large fraction of the lignin-derived compounds in
the hydrolysate.

Effects of Degradation Compounds on Growth and Fermentation

The inhibitory effect of various concentrations of toxic compounds on
growth and ethanol fermentation of K. marxianus CECT 10875 was investi-
gated. Cultures of yeast strain were grown in a glucose-containing medium
and supplemented with varying initial concentrations of degradation com-
pounds identified in the hydrolysate. Dose-response curves for ethanol
production and growth at24 h were determined for all compounds. Results
of growth and ethanol concentration were expressed as percentage of the
control (one hundred percent of the control growth and ethanol production
is equivalent to 3.4 £0.1 g/L and 12.3 £ 0.5 g/L, respectively). Results for
acetic acid, furfural, 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, and
catechol are shown in Fig. 1. Experiments using formic and levulinic acids
showed results similar to acetic acid assays, results obtained using 5-HMF
were similar to 5-furfural, and those using syringaldehyde were similar to
4-hydroxybenzaldehyde (data not presented).

In all cultures, growth inhibition was more intensive than ethanol pro-
duction. Dose-response curves for growth in cultures supplemented with
4-hydroxybenzaldehyde and furfural exhibited a sigmoidal pattern, while
catechol followed almost a linear pattern. No total inhibition of both ethanol
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Fig. 1. Effect of degradation compounds produced in steam explosion pretreatment
of poplar biomass on growth and ethanol production of K. marxianus CECT 10875 after
24 h. SDs are represented by error bars. One hundred percent control equivalent to
growth = 3.45 g/L, and ethanol production = 12.3 g/L.

production and growth was observed at the highest 4-hydroxybenzoic acid
concentration (4 g/L) assayed.

Ethanol production was not affected by the presence of acetic acid at
the concentrations tested. At the highest acetic acid concentration (10 g/L),
growth was 53% of the control (one hundred percent of the control growth
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Table 2
Concentration of Toxic Compounds Required
to Inhibit 50% of Growth and Ethanol Production
of K. marxianus CECT 10875 at 24 h

Inhibitory concentration (g/L)
Growth  Ethanol

Furfural 2.53 2.60
5-HMF 4.01 4.20
Vanillin 2.55 2.67
Syringaldehyde 2.86 3.50
4-Hydroxybenzaldehyde 1.02 1.24
Catechol 0.96 1.19
Guaiacol 1.43 1.75
4-Hydroxybenzoic acid 3.10 3.86

isequivalentto 3.4+ 0.1 g/L). Dose-response curves for ethanol production
followed a sigmoidal pattern for all compounds except acetic acid (Fig. 1)
and formic and levulinic acids (data not shown).

To facilitate comparison of toxicity for the compounds assayed, the
concentrations of the test agents that caused 50% inhibition of growth and
ethanol productionare givenin Table 2. Catechol and 4-hydroxybenzalde-
hyde showed the highest inhibitory effect. An initial concentration of
these compounds closeto1g/L caused 50% inhibition of both growth and
ethanol production processes. Furfural was more toxic than 5-HMF, and
a twofold higher concentration of HMF was necessary to reach the 50%
level of inhibition.

Effect of Initial pH on Toxicity of Organic Acids

Considering that the initial pH of the fermentation medium has a
marked effect on toxicity of acids, the influence of the different acids
found in the hydrolysates on ethanol production was examined, indi-
vidually, at two different pHs (Fig. 2). The toxic effect of all acids tested,
ata concentration of 5 g/L, decreased with increasing pH. At pH 5.5, the
addition of 5 g/L of organic acids had almost no effect on ethanol produc-
tion. However, at pH 4.0, the presence of 5 g/L of levulinic, formic, or
vanillic acid, individually, blocked ethanol production (Fig. 2). Less inhi-
bition was observed for 4-hydroxybenzoic and syringic acid (30 and 75%
of the control, respectively).

Assimilation Profiles of Aldehydes

Analysis of culture media extracts supplemented with inhibitors over
the course of fermentations by K. marxianus CECT 10875 showed that acids
and alcohols were not metabolized by the yeast, and that their concentra-
tion remained constant during fermentation (data not shown).
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Fig. 2. Effect of organic acids (5 g/L concentration) on ethanol production by
K. marxianus CECT 10875 at differentinitial pHs. Ac, aceticacid; Hb, 4-hydroxybenzoic
acid; V, vanillic acid; Fo, formic acid; Le, levulinic acid; Sy, syringic acid.

In the case of furfural, 5-HMF and aromatic aldehydes, the microor-
ganism had the ability to assimilate these compounds. In Fig. 3 the assimi-
lation profiles for several aldehydes are shown at two different initial
concentrations.

Ataconcentrationof 1 g/L (Fig. 3A), furfural was completely metabo-
lized in the first 4 h of fermentation. 5-HMF, vanillin, and syringaldehyde
were also metabolized by the yeast strain, but their assimilation rates were
slower. The concentration of these compounds decreased during fermen-
tation and they became undetectable after 8 h of fermentation. The assimi-
lation of 4-hydroxybenzaldehyde was significantly slower; thus after 8 h
of fermentation, only 0.1 g /L of this compound had been assimilated. After
24 h, however, no 4-hydroxybenzaldehyde remained in the medium.

At an initial aldehyde concentration of 2 g/L (Fig. 3B), furfural and
5-HMF were completely assimilated after 8 h incubation, and vanillin and
syringaldehyde were assimilated after 16 h. K. marxianus CECT 10875 only
assimilated 30 % of the 4-hydroxybenzaldehyde after 24 h of incubation.

Effect of Aldehydes on Glucose Fermentation

Fermentation profilesin the presence of 2 g /L of furfural, vanillin, and
syringaldehyde, and 1 g/L of 4-hydroxybenzaldehyde are presented in
Fig. 4. The initial aldehyde concentration was selected according to the
maximum concentration that allows the yeast to reach a final ethanol con-
centration similar to control (12.3 g/L).

As canbe seen in Fig. 4A, furfural was completely reduced to furfuryl
alcoholin the first 8 h of fermentation. No ethanol production was observed
when furfural was present in the medium. A final ethanol concentration of
12.1 g/L was reached after 20 h of fermentation.
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Fig. 3. Assimilation profiles for K. marxianus CECT 10875 of (A) 1g/L and (B) 2 g/L
of different aldehydes obtained in hydrolysate after steam explosion pretreatment of
poplar. (M) Furfural; (@) 5-Hydroxymethylfurfural; (A) Vanillin; (V) Syringaldehyde;
(®) 4-Hydroxybenzaldehyde.

Fig. 4. (opposite page) Conversion of aldehydes and ethanol production during glu-
cose fermentation by K. marxianus CECT 10875. (A) Furfural, (B) Vanillin, (C)
Syringaldehyde, and (D) 4-Hydroxybenzaldehyde.
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Ethanol production in the presence of 2 g/L of vanillin (Fig. 4B) and
syringaldehyde (Fig. 4C) followed a similar pattern. These compounds
were metabolized completely by the microorganism after 16 h of fermen-
tation. As observed with furfural, the reduction of toxic aldehydes to their
corresponding alcohols was necessary for ethanol production to proceed.
Final ethanol concentrations close to 12 g/L were obtained in both experi-
ments after 24 h of fermentation.

The results of Fig. 4D show that K. marxianus had the ability to reduce
1 g/L of 4-hydroxybenzaldehyde after a lag period of 8 h. The reduction
rate was significantly slower in comparison to the other aldehydes tested,
so the microorganism needed an incubation period of 24 h to metabolize all
the4-hydroxybenzaldehyde. Atthis time only 0.76 g/L of 4-hydroxybenzyl
alcohol was obtained. A final ethanol concentration of 12 g /L was achieved
after 30 h of fermentation.

Discussion
Degradation Compounds in Hydrolysate

All compounds found in the liquid fraction obtained from steam
explosion pretreatment of poplar biomass have been previously identified
in otherhardwood hydrolysates (6-9). Aceticacid from hydrolysis of hemi-
cellulose and furfural from degradation of xylose were obtained as a con-
sequence of the high xylan contentin hardwood. Vanillin, which is formed
by degradation of guaiacylpropane units of lignin and syringaldehyde,
which are formed in turn by the degradation of syringyl propane units, has
been reported in hydrolysates from other hardwoods such as poplar (6,7)
and red oak (8). 4-Hydroxybenzoic acid constitutes a large fraction of lig-
nin-derived compounds in hydrolysates from the hardwoods poplar (7)
and willow (9).

Effect of Degradation Compounds on Growth and Fermentation

The effect of toxic compounds generated in the pretreatment of ligno-
cellulosic biomass has been examined in different microorganisms such as
prokaryotes (11-15), xylose-fermenting yeasts (16,17), and Saccharomyces
cerevisiae (17-23). However, no studies of the inhibitory effect on growth
and ethanol production of these compounds have been reported for the
thermotolerant yeast K. marxianus.

To interpret the results in the literature, it should be kept in mind that
the solubility of these compounds is limited. Thus, when a high concentra-
tion of a compound is tested, it is possible that, in fact, the microorganism
is exposed to a lower concentration (24).

At the concentrations tested, growth inhibition was observed for all
compounds examined. Cell growth was generally more influenced than
ethanol production for all conditions assayed.

Results from dose-response curves of the different compounds tested
showed that catechol and 4-hydroxybenzoic acid inhibit the growth of the
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yeast strain in a near linear pattern, indicating that the inhibition of growth
is closely related to the initial concentration of these molecules. However,
aldehydes exhibited a sigmoidal inhibition with a shoulder at low concen-
trations. Bacteria and yeasts have been shown to metabolize furans (20-22),
and aromatic aldehydes (15,17-19), although enzymes involved in the
metabolic pathways remain unknown in most cases. In our study the
assimilation of furfural, HMF, vanillin, syringaldehyde, and 4-hydroxy-
benzaldehyde by K. marxianus was demonstrated. The strain exhibited
higher assimilation rates for all aldehydes compared to what has been
reported for other glucose-fermenting microorganisms such as Klebsiella
pneumoniae (15), Saccharomyces cerevisiae, and Zymomonas mobilis (17).
According to Delgenes et al. (17), S. cerevisiae exhibited a lag assimilation
period of 24 and 30 h at an initial concentration of 2 g/L of furfural and
vanillin, respectively. K marxianus, however, required only 8 and 16 h,
respectively, to completely assimilate these compounds.

The reduction of furfural to furfuryl alcohol at the beginning of fer-
mentation has been observed by other investigators (21,24), and is gener-
ally believed to be catalyzed by NADH-dependent alcohol dehydrogenase
(16). Furfural is a strong inhibitor of ethanol fermentation of K. marxianus.
A total conversion of furfural to the corresponding alcohol is needed to
start ethanol production. The conversion of furfural to furfuryl alcohol and
furonic acid has been reported for a number of yeasts such as S. cerevisiae
(20-22), Pichia (16), Turolopsis, and Rhodotorula (25). We have found furfuryl
alcohol as the only metabolite from furfural assimilation.

Likewise, vanillin and syringaldehyde were metabolized by
K. marxianus in the fermentation process and totally converted into their
corresponding alcohols. In experiments with 4-hydroxybenzaldehyde,
however, although all the aldehyde was assimilated by the tested strain, it
was only partially transformed to 4-hydroxybenzyl alcohol (76%), and an
unidentified compound was detected by HPLC analysis.

4-Hydroxybenzaldehyde was the most toxic aromatic aldehyde for
K. marxianus. At low concentration (1 g/L), the yeast exhibited a lag period
of 8 h, but after prolonged incubation (24 h), this compound was completely
reduced. However, at a higher concentration (2 g/L), only 25% of the initial
4-hydroxybenzaldehyde was metabolized after 24 h of incubation.

The conversion of vanillin (15,19) and syringaldehyde (15) to their
corresponding alcohols by microorganisms has been previously observed.
By contrast, Nishikawa et al. (15) found that microbial metabolism of van-
illin and syringaldehyde led to the production of other compounds. In the
metabolism of vanillin, besides vanillyl alcohol, veratrole and several uni-
dentified self-condensation products were detected. Analogously, in the
metabolism of syringaldehyde a multitude of minor products, none domi-
nating, was observed.

Several potential mechanisms for the toxicity of aldehydes have been
suggested (11), including damage from chemical reactivity, direct inhibi-
tion of glycolysis and fermentation, and plasma membrane damage.
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Zaldivar et al. (11) suggested that the toxic effects on growth and fermen-
tation owing to aromatic aldehydes and HMF appear similar. Previous
studies (26) have suggested that the mechanisms for inhibition by these
compounds were cell damage and direct interference with biologic mem-
branes, which affect their ability to serve as selective barriers and enzyme
matrices. Furfural, however, appears to have a direct effect on either the
glycolytic or fermentative enzymes (11).

It is worthwhile to mention that K. marxianus CECT 10875, a strain
selected for resistance to temperature, also exhibits higher resistance to
aromatic compounds and HMF, but not to furfural, in comparison with
other microorganisms (11). Since there is evidence in the literature that
temperature can change fatty acid composition, the composition of plasma
membrane of the thermotolerant K. marxianus strain could be the basis for
its resistance to aromatic aldehydes and HMF.

The decrease in biomass formation when aliphatic acids were added
to the fermentation medium has been previously reported in S. cerevisiae
(27). Concentrations of acid that inhibited growth by 50% caused only
modest inhibition of ethanol production. However, we did not find in-
creased ethanol yield with the addition of alow concentration of aceticacid
to the fermentation medium. Differences in pH have a pronounced effect
on the toxicity of acids but not aldehydes or alcohols. The increase in or-
ganic acid toxicity at reduced pH is consistent with the mechanism ob-
served for other microorganisms: uncoupling and intercellular ion
accumulation (28).

Conclusion

Growth and alcoholic fermentation of glucose by K. marxianus CECT
10875 was significantly affected by the presence of biomass decomposition
products. The results showed that growth is more affected than ethanol
production. The degree of inhibition caused by the toxic compounds greatly
depended on the nature and concentration of inhibitor. At inhibitor con-
centrations found in the hydrolysate of steam-exploded poplar biomass, no
single inhibitor completely inhibited growth or fermentation.

4-Hydroxybenzaldehyde and catechol were the most powerful inhibi-
tors of growth and ethanol production. Many of the aldehydes were me-
tabolized by the microorganism to their corresponding alcohols, which
resulted in the removal of the toxic compounds and partial recovery of both
growth and ethanol production.

K. marxianus CECT 10875, a strain selected for resistance to tempera-
ture, exhibited resistance to aromatic compounds and HMF. The yeast
strain showed higher aldehyde assimilation rates in comparison with other
fermentation microorganisms.

References

1. Lynd, L.R.,Wyman, C.E. and Gerngross, T.U. (1999), Biotech. Prog. 15, 777-793
2. Sun, Y. and Chen, J. (2002), Bioresour. Technol. 83, 1-11.

Applied Biochemistry and Biotechnology Vol. 105-108, 2003



Degradation Compounds from SE on Fermentation 153

3.

Al

© XN

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.

23.
24.
25.
26.

27.
28.

Ballesteros, 1., Oliva, ]J.M., Ballesteros, M. and Carrasco, J. (1993), Appl. Biochem.
Biotechnol. 39/40, 201-211.

Mason, W.H. (1929), U.S. patent no. 1,655,618.

Higuchi, T. (1988), in Biomass Handbook, Hall, C.W. and Kitani, O., eds., Gordon &
Breach, New York, NY pp. 470-474.

Luo, C., Brink, D. L., and Blanch, H. W. (2002), Biomass Bioenergy, 22, 125-138.
Ando, S., Arai, I, Kiyoto, K., and Hanali, S. (1986), J. Ferment. Technol. 64, 567-570.
Tran, A. V. and Chambers, R., P.(1985), Biotechnol. Lett. 7, 841-846.

Jonsson,L. ., Palmqvist, E., Nilvebrant, N. O., and Hahn-Hégerdal, B. (1998), Appl.
Microbiol. Biotechnol. 49, 691-697.

Carrasco, J.E., Martinez, ]J. M., Negro, M. ]., Manero, J., Mazén, P., Sdez, F., and
Martin, C. (1989), in 5th EC Conference on Biomass for Energy and Industry, vol. 2,Grassi,
G., Gosse, G., and Dos Santos, G., eds., Elsevier, Essex, England, UK, pp. 38—44.
Zaldivar, J., Martinez, A., and Ingram, L. O.(1999), Biotech. Bioeng. 65, 24-33.
Zaldivar, J., and Ingram, L., O.(1999), Biotech. Bioeng. 66, 203-210.

Zaldivar, J., Martinez, A., and Ingram, L. O.(1999), Biotech. Bioeng. 68, 524-530.
Klinke, H. B., Thomsen, A. B., and Ahring, B. K. (2001), Appl. Microbiol. Technol. 57,
631-638.

Nishikawa, N. K., Sutcliffe, R.,and Saddler, J. N. (1988), Appl. Microbiol. Biotechnol. 27,
549-552.

Weigert, B., Klein, K., Rizzi, M., Lauterbach, C., and Dellweg, H. (1988), Biotechnol.
Lett. 10, 895-900.

Delgenes, J. P., Moletta, R., and Navarro, J. M.(1996), Enzyme Microbiol. Technol. 19,
220-225.

De Wulf, O., Thornat, P., Gaignage, P., Marlier, M., Paris, A., and Paquot, M. (1986),
Biotechnol. Bioeng. Symp. 17, 606—616.

Larsson, S., Quintana-Sainz, A., Reimann, A., Nilvebrant, N. O., and Jonsson, L.
J.(2000), Appl. Biochem. Biotechnol. 84-86, 617-632.

Palmqvist, E., Grage, H., Meinander, N. Q., and Hahn-Hagerdal, B. (1999), Biotech.
Bioeng. 63, 46-55.

Villa, G. P. (1992), Acta Biotechnol. 12, 509-512.

Taherzadeh, M., Gustafsson, L., Niklasson, C., and Liden, G., (2000), ]. Biosci. Bioeng.
87,169-174.

Diaz de Villegas, M.E, Villa, P., Guerra, M., Rodriguez, E., Redondo, D., and Martinez,
A. (1992), Acta Biotechnol. 12, 351-354.

Palmqvist, E. (1998), PhD Thesis, Lund University, Sweden.

Morimoto, S., Hirashima, T., and Matutani, N. (1969), J. Ferment. Technol. 47, 486-490.
Heipieper, H. J., Weber, F. J., Sikkema, J., Kewelo, H., and de Bont, J]. A. M. (1994),
Trends Biotechnol. 12, 409-415.

Taherzadeh, M. J., Niclasson, C., and Liden, G. (1997), Chem. Eng. Sci. 52, 2653-2659.
Russel, J. B. (1992), ]. Appl. Bacteriol. 73, 363-370.

Applied Biochemistry and Biotechnology Vol. 105-108, 2003



