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Abstract

Bioethanol production from sweet sorghum bagasse (SB), the lignocellulosic solid residue obtained
after extraction of sugars from sorghum stalks, can further improve the energy yield of the crop.
The aim of the present work was to evaluate a cost-efficient bioconversion of SB to ethanol at high
solids loadings (16% at pretreatment and 8% at fermentation), low cellulase activities (1-7 FPU/g
SB) and co-fermentation of hexoses and pentoses. The fungus Neurospora crassa DSM 1129 was
used, which exhibits both depolymerase and co-fermentative ability, as well as mixed cultures with
Saccharomyces cerevisiae 2541. A dilute-acid pretreatment (sulfuric acid 2 g/100g SB; 210 °C; 10
min) was implemented, with high hemicellulose decomposition and low inhibitor formation. The
bioconversion efficiency of N. crassa was superior to S. cerevisiae, while their mixed cultures had
negative effect on ethanol production. Supplementing the in situ produced N. crassa cellulolytic
system (1.0 FPU/g SB) with commercial cellulase and S-glucosidase mixture at low activity (6.0
FPU/g SB) increased ethanol production to 27.6 g/l or 84.7% of theoretical yield (based on SB
cellulose and hemicellulose sugar content). The combined dilute-acid pretreatment and
bioconversion led to maximum cellulose and hemicellulose hydrolysis 73.3% and 89.6%,
respectively.
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Introduction

The inevitable oil depletion, energy security concerns and the increasing problem of the CO,
emissions has strengthened the interest in alternative, non-petroleum-based sources of energy.
Sorghum is a promising C4 energy plant because of its high photosynthetic efficiency, high biomass
yield per hectare, increased drought resistance and low production costs (Li et al. 2010; Martinez et
al. 2000; Xu et al. 2011). An approach to utilizing sweet sorghum is processing the harvested plant
into juice and sorghum bagasse (SB), the lignocellulosic solid residue obtained after extraction of
sugars. Sweet sorghum juice contains high concentrations of sugars that could be directly fermented
to ethanol. Because a huge amount of SB will result from the large scale production of sweet
sorghum juice, its utilization is could improve the economy of the global use of the crop (Li et al.
2010).

Ethanol production from lignocellulosic biomass comprises the following main steps: pretreatment,
hydrolysis of cellulose and hemicellulose, sugar fermentation and finally recovery of ethanol
(Cardona and Sanchez 2007; Wyman 2007). One option is to perform the enzymatic hydrolysis
together with the fermentation, implementing a simultaneous saccharification and fermentation
process (SSF). In order to reduce SSF process energy costs, a high substrate loading is required at
the pretreatment step than will lead to high concentration of fermentable sugars and thus ethanol
concentrations for efficient recovery (Alvira et al. 2010; Olofsson et al. 2008a). However, efficient
ethanol production from lignocellulosic agro-industrial residues, such as sugarcane bagasse and
corn stover, is reported mostly on either low solids loadings 2-5 % dry matter (Carrasco et al. 2010;
da Silva et al. 2010; Ewanick and Bura 2011) or required high cellulase activities 15-30 FPU/g
biomass (Carrasco et al. 2010; Mesa et al. 2011; Varga et al. 2004; Zhao and Xia 2009) and using
hexose-only fermenting microorganisms or genetic engineered pentose-fermenting strains.

Our previous work demonstrated that the mesophilic filamentous fungus Neurospora crassa DSM
1129 has the ability to synthesize and secrete high levels of all three enzyme types involved in
cellulose degradation as well as endoxylanase and p-xylosidase activities, when grown on
inexpensive agricultural residues (Dogaris et al. 2009b). In addition, N. crassa has the ability to
convert to ethanol xylose (Rao et al. 1983; Zhang et al. 2008), cellulose and hemicellulose
(Deshpande et al. 1986) and brewer’s spent grain (Xiros et al. 2008). However, our previous
attempts to use N. crassa for the bioconversion of SB to ethanol without prior pretreatment resulted
in low ethanol production (Dogaris et al. 2009b). Nevertheless, applying a hydrothermal
pretreatment was reported to improve the enzymatic digestibility of SB by N. crassa enzyme system
(Dogaris et al. 2009a).

The aim of the present work was to evaluate a cost-efficient bioconversion of SB to ethanol at high
solids loadings (16% at pretreatment and 8% at fermentation), low cellulase activities (1-7 FPU/g
SB) and co-fermentation of hexoses and pentoses by the fungus N. crassa DSM 1129. The addition
of dilute-acid at the hydrothermal pretreatment was initially assessed. Pretreatment operating
conditions were chosen so that most of SB hemicellulose fraction was hydrolyzed, while producing
a low concentration of sugar decomposition compounds which may inhibit the ethanol fermentation
step. We applied a SSF process without any separation or detoxification that may lead to additional
process cost as well as possible loss of fermentable sugars (Olofsson et al. 2008a). In order to
further improve ethanol yields and productivity from hexoses, the application of mixed cultures
with S. cerevisiae was also studied.
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Materials and Methods

Microorganisms

The fungal strain N. crassa DSM 1129 was obtained from Deutsche Sammlung von
Microorganismen und Zellkulturen GmbH (DSMZ, Germany). The yeast strain S. cerevisiae 2541
belongs to the culture collection of the Biotechnology Laboratory, School of Chemical Engineering,
NTUA, and has been used in previous works (Lezinou et al. 1995; Mamma et al. 1996). Stock
cultures were maintained on potato dextrose agar slants at 4°C.

Reagents and solid substrates

All chemicals were analytical grade. Wheat straw (WS) and wheat bran (WB) substrates for N.
crassa aerated growth were prepared as described by Dogaris et al. (2009b). Fresh sweet sorghum
stalks were chopped to less than 3mm diameter particles. Sorghum bagasse (SB) was prepared
following double extraction of sugars from sweet sorghum in 15% (w/v) aqueous suspension at 50
°C for 45 min, filtration, extensive washing and drying at 70 °C overnight (Dogaris et al. 2009b).
Commercial cellulase (Celluclast 1.5 L, from Trichoderma reesei ATCC 26921) and S-glucosidase
(Novozyme 188, from Aspergillus niger) were kindly provided by Novozymes Corporation
(Denmark).

Cellulase activity
Total cellulase activity (FPU) was measured against filter paper by the standard IUPAC method, as
described by Ghose (1987). Experiments were carried out in duplicate.

Dilute-acid pretreatment of SB

Microwave digestion equipment (speed wave™ MWS-2, Berghof Instruments GmBH, Germany)
was employed for substrate pretreatment, as described elsewhere (Dogaris et al. 2009a). The
microwave power was set at 700 W. Sorghum bagasse was pretreated at 160, 180, 200, and 210 °C
for 10 min. The SB solids loading was 16% (w/v). For each operating temperature, the following
sulfuric acid was added (g/100g SB): 0, 0.25, 0.5, 1, 2 and 4, (final acid concentrations: 0, 4, 8, 16,
33 and 65 mM, respectively).

After pretreatment experiments, the liquid fraction was separated from solids by filtration (0.45 pm)
and used for sugar and inhibitor content analysis. The solid residue was extensively washed and
dried at 70 °C overnight for subsequent structural carbohydrate analysis. Experiments were carried
out in duplicate.

For the fermentation experiments the pretreatment slurry (both solid and liquid fractions) was
aseptically neutralized with 1M NaOH and transferred to the fungal culture flasks to a final SB
concentration of 8% (w/v).

Aerated growth

For solid state cultivation of N. crassa DSM 1129, a mixture 5:1 of WS and WB was used as carbon
source, ammonium sulfate as nitrogen source, initial culture pH set at 5.0 and initial moisture at
70.5 % (w/w) (Dogaris et al. 2009b). The flasks were incubated at 30 °C for 6 days. S. cerevisiae
2541 cells were grown on (g/l): 5 (NH4);HPO,4, 5 KH,;PO4, 1 MgSQO,4-7H,0 and 5 yeast extract,
supplemented with 10 g/l sucrose (Mamma et al. 1996). The flasks were incubated in a rotary
shaker operating at 250 rpm at 30 °C for 18 h.
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Bioconversion of SB into ethanol

SB was fermented into ethanol applying a two-stage bioconversion, where enzyme production (first
stage) was combined with SSF of the substrate (second stage) by N. crassa DSM 1129, as described
elsewhere (Dogaris et al. 2009b) and presented in Fig. 1. Briefly, at the first stage, fungal cells were
grown aerobically under the optimal conditions found for the production of the cellulolytic and
hemicellulolytic system, as described in “Aerated growth” section. During the second (SSF) stage,
fungal mycelia and the in situ produced cellulolytic and hemicellulolytic enzymatic systems were
aseptically supplemented with citrate-phosphate buffer (50mM; pH 5.0) and SB (neutralized
pretreatment slurry, both solid and liquid fractions) to a final concentration of 8% (w/v).
Fermentation continued in a rotary shaker operating at 30 °C and 80 rpm using 250 ml Erlenmeyer
flasks provided with needle-pierced rubber stoppers, which ensured micro-aerobic conditions and
allowed the release of produced carbon dioxide. Experiments were carried out in duplicate.

In parallel, mixed-culture fermentations were performed using S. cerevisiae 2541 together with N.
crassa, in order to evaluate their effect on ethanol production. Yeast biomass was inoculated in the
beginning of the fermentation at a concentration of 10% v/v.

For external enzyme addition experiments, a mixture 5:1 (v/v) of commercial cellulase (Celluclast
1.5 L) and p-glucosidase (Novozyme 188) was added at the beginning of the fermentation. The
cellulase activity of the added mixture was 6 FPU/g SB.

Analytical methods

Released sugars (glucose, xylose and arabinose), degradation products (5-hydroxymethyl furfural
[HMF] and furfural) and organic acids (formic and acetic acid) formed during dilute-acid
microwave pretreatment of SB were quantified by an HPLC system (Jasco PU987, USA) equipped
with a refractive index detector (Waters 410) and: (@) an Aminex HPX-87P (Bio-Rad, USA)
chromatography column for sugar analysis, or (b) an Aminex HPX-87H (Bio-Rad, USA) for
degradation products and organic acids, according to the NREL protocol (Sluiter et al. 2005a).

The extracellular metabolites pattern (glycerol, xylitol, ethanol and acetic acid) of fungal cells
grown on SB was analyzed by column liquid chromatography (HPLC) as described elsewhere
(Dogaris et al. 2009b).

Structural carbohydrate content (cellulose and hemicellulose) of pretreated and fermented materials
was determined by the NREL protocol (Sluiter et al. 2005b). For each sample, the carbohydrate
content analysis was carried out in duplicate.

Calculations

Removal percentage (%) of each structural carbohydrate (cellulose or hemicellulose) accounts for
the percentage change (loss) from each initial dry content - 40.4% (w/w) for cellulose and 35.5%
(w/w) for hemicellulose - previously estimated for sorghum bagasse (Dogaris et al. 2009b).
Cellulose was described as the estimated glucan percent content, while hemicellulose was estimated
by the sum of xylan, arabinan, galactan and acetate content, based on previous results of structural
carbohydrate analysis of SB (Dogaris et al. 2009a; Dogaris et al. 2009b).

Ethanol production from pretreated SB by N. crassa DSM 1129 could be efficiently described by a
logistic model (Eq. 1), first proposed by Verhulst (1838) for population growth.

Cmax

U= e

Eq.1
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where C is the ethanol concentration, t is time, k is a constant that determines the curvature of the
production pattern, ty, is the inflection point at which the production rate reaches its maximum value
(Verhulst 1838).

Results

Dilute-acid pretreatment of SB

Sulfuric acid loadings above 1% (g/100g SB) significantly increased SB hemicellulose
solubilization (Fig. 2d) on all pretreatment temperatures tested. SB decomposition seemed to
depend more on temperature when acid loading increased above 1%. Hemicellulose removal
reached 97.4% (based on initial SB hemicellulose content) at the most intense conditions (210 °C;
4g acid /100g SB), while cellulose decomposition was lower on all samples, reaching 26.6% (based
on initial SB cellulose content) (Fig. 2d and 2a, respectively). Consequently, released glucose
concentrations were low (Fig. 2b) while galactose was not detected at the pretreatment liquid. As
far as pentose sugar (xylose and arabinose) release is concerned, a peak concentration of 20.0 g/l at
2% acid loading was followed by decrease in pentoses concentration (Fig. 2e), probably due to their
further decomposition to furfural (Fig. 2f).

The formation of sugar decomposition compounds, such as furfural, 5-hydroxymethyl furfural
(HMF) and formic acid, increased substantially at acid loadings above 1% (Fig. 2f, 2c, and 2h,
respectively). In addition, acetic acid was also released (Fig. 2g), due to de-acetylation of acetyl
groups present in the hemicellulose during the pretreatment process (Palmqvist and Hahn-Hégerdal
2000). Maximum concentrations of inhibitors were measured at the most intense pretreatment
conditions (4 g acid /100g SB; 210 °C; 10 min) and reached 10.08, 2.52, 0.56 and 2.23 g/l for acetic
acid, formic acid, HMF and furfural respectively.

Different SB pretreatment conditions led to different materials in terms of cellulose-hemicellulose
content, sugar release and inhibitor formation (Fig. 2). In order to solubilize most of the
hemicellulose fraction while keeping the formed inhibitor levels low, the sulfuric acid loading was
set at 2% (g/100g SB) and four different pretreatment temperatures (160, 180, 200 and 210 °C) were
applied in the subsequent bioconversion experiments.

Bioconversion of pretreated SB by N. crassa

Pretreated SB (whole slurry, liquid and solids fractions) was subjected to fermentation by N. crassa
DSM 1129, without any separation or detoxification. N. crassa was able to ferment to ethanol all
pretreated SB samples (Fig. 3). Increasing pretreatment temperature along with 2% (g/100g SB)
acid loading resulted in increased ethanol production (Fig. 3b). Maximum ethanol production
reached 8.10 g/l or 24.8% of theoretical yield (based on SB cellulose and hemicellulose sugar
content) after pretreatment at 210 °C and 2% acid loading (Table 1). Ethanol production during
fermentations without sulfuric acid at pretreatment (controls) was at low levels, regardless of the
pretreatment temperature (Fig. 3a).

The production of metabolic by-products (xylitol, glycerol and acetic acid) was kept at low levels.
The initial acetic acid concentration - formed during SB pretreatment - decreased to zero during
fermentation (Fig. 3b). No glucose was present at the end of fermentation step, while the residual
xylose concentrations were higher after bioconversion of SB pretreated at temperatures 200 - 210
°C and 2% sulfuric acid loading (Table 1).
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Inhibiting compounds (HMF, furfural and acetic acid) were not detected on samples pretreated
without sulfuric acid (controls) (Fig. 3a). Monitoring the time course of the bioconversion of dilute-
acid pretreated samples showed that the ethanol production phase starts after the substantial
decrease of inhibitor concentrations (HMF and furfural) in the fermentation broth, especially on
samples pretreated at higher temperatures (Fig. 3b). The formed inhibitors did not seem to affect the
final ethanol production by the fungus but led to increased fermentation times (Fig. 3b) and
therefore low productivity levels.

Ethanol production from dilute-acid pretreated samples could be efficiently described by a logistic
model (Eqg. 1 and Fig. 4a) and the estimated parameters are shown on Table 2. As it can be seen
from Eq. 1, the ethanol concentration at ty is half of its maximum value, Cnax. Increasing the
pretreatment temperature led to higher initial inhibitor concentrations (furfural, HMF and acetic
acid) and also higher t., values (Fig. 4b), depicting a longer lag phase. At 160 °C furfural and HMF
were not present, while acetic acid concentration was 1.01 g/l and the model parameter t, estimated
at 49 h (Table 2). At higher temperatures, the 2- to 3- fold increase of initial furfural and HMF
concentrations seemed to have a more significant effect on t, than acetic acid, which started
relatively high and elevated at lower rate (Fig. 4b). After statistical analysis, the parameter t,, was
found to have a strong linear correlation with furfural concentrations and less with HMF, present at
the beginning of the fermentation step. So, the parameter t, (time for half Cn,x) could be estimated
from initial furfural concentration by Eq. 2.

tm=149.7 + (587.9 - F) Eq. 2
(R?=0.999, standard error of estimates=1.4, P<0.0001) 4
where ty, is the time when the ethanol concentration is half of its maximum value (as described in
Eqg. 1) and F is the initial furfural concentration (g/l).

The analysis of the fermentation residual solids was conducted in order to evaluate the effect of SB
decomposition performance of the combined dilute-acid pretreatment and bioconversion. Without
acid addition at pretreatment step, total (pretreatment and bioconversion) cellulose hydrolysis
remained below 10% regardless the pretreatment temperature. Increasing the acid loading to 2% led
to higher cellulose hydrolysis by N. crassa cellulases, showing that the SB cellulose structure was
more accessible to enzymatic hydrolysis when pretreated with dilute acid (Table 1). Total
hemicellulose removal also increased at 2% acid loading, by 3-fold at lower temperatures (160 and
180 °C) and by 18% at higher temperatures (200 and 210 °C) by the combined pretreatment and
enzymatic hydrolysis of the in situ produced N. crassa hemicellulolytic system (Table 1).

Effect of mixed cultures with S. cerevisiae and cellulase supplementation

In order to improve the sugar assimilation rate, mixed cultures of N. crassa DSM 1129 with the
yeast S. cerevisiae 2541 were applied with the same bioconversion setup, where SB was pretreated
at 210 °C in the presence of 2% sulfuric acid (g/100g SB) and fermentation was conducted as
described above. The application of mixed cultures of S. cerevisiae with N. crassa had negative
effect on ethanol production (Fig. 5a), leading to almost half ethanol production, 4.5 g/l, compared
to N. crassa single cultures (Table 1). However, less time (48 h) was required for the mixed
microbial system to assimilate or transform furfurals, compared to N. crassa single cultures (96 h)
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(Fig. 3b). Increased residual xylose was present, 5.09 g/I, while no glucose was detected at the end
of fermentation (Table 1).

The single and mixed microbial systems were supplemented with a mixture 5:1 (v/v) of commercial
cellulase and S-glucosidase at low activity (6 FPU/g SB), to elucidate whether the in situ produced
cellulolytic system by N. crassa (1.0 FPU/g SB) is limiting the enzymatic hydrolysis rate.
Enhancing the cellulolytic enzyme load led to significant increase in final ethanol production (Fig.
5b, 5¢ and 5d). The single culture of N. crassa produced more ethanol than the mixed system with
S. cerevisiae, followed by S. cerevisiae single cultures (Table 1). Maximum ethanol production by
N. crassa reached 27.6 g/l or 84.7% of theoretical yield, while S. cerevisiae produced 14.9 g/l or
49.9% of theoretical yield. Some xylitol accumulation was observed in all cellulase-supplemented
cultures, ranging from 1.40 to 2.92 g/l (Table 1). Residual pentose sugars (xylose and arabinose)
were present in all cultures, but lower values were observed during fermentations by N. crassa
single cultures.

The application of mixed cultures N. crassa - S. cerevisiae without external cellulase
supplementation had no significant effect on SB decomposition, as cellulose and hemicellulose
removal were at the same levels as after N. crassa SSF (Table 1). On the other hand, when the
single and mixed cultures were supplemented with external (commercial) cellulases at low enzyme
activity loading (6 FPU/g SB) cellulose hydrolysis was doubled (Table 1). Maximum SB cellulose
hydrolysis was 73.3% and hemicellulose removal 89.6%, after combined pretreatment at 210 °C
with 2% (g/100g SB) sulfuric acid and bioconversion by N. crassa single cultures (Table 1).
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Discussion

The addition of dilute sulfuric acid at the hydrothermal pretreatment of sorghum bagasse led to a
high degree of hemicellulose hydrolysis to its constituent pentose sugars, while the cellulosic
fraction was less affected. Results obtained during SB pretreatment are comparable with those
reported by Chen et al. (2007), where increasing the acid concentration from 0.5 to 2% led to
significant increase in xylan hydrolysis during hydrothermal pretreatment (121 °C; 15 psi; 60 min)
of sweet sorghum straw. Steam pretreatment of forage sorghum in the presence of 2% H,SO, (140
°C; 30 min) led to maximum pentose yield of 93%, while no hexoses were released (Corredor et al.
2009). Increasing the pretreatment temperature and acid concentration leads to increased formation
of inhibitors, such as acetic acid, formic acid, furfural and 5-hydroxymethyl furfural (HMF).
Nevertheless, the concentrations of the inhibiting compounds detected in the present study are lower
than those reported to inhibit the bioconversion of lignocellulosics to ethanol (Martinez et al. 2000).
The applied dilute-acid pretreatment combined with the SSF by N. crassa and the in situ produced
enzymes led to a 3-fold increase in ethanol production compared to our previous results on the same
but untreated substrate (Dogaris et al. 2009b). Monitoring the time course of the fermentations,
ethanol production phase starts after the substantial decrease in inhibitor concentrations (HMF and
furfural) in the culture broth. This pattern indicates that metabolic activity of the fungus N. crassa
halts until furfural levels drop enough, either by assimilating or transforming the inhibitors into less
toxic compounds, such as furfuryl alchohol and furoic acid (Eilers and Sussman 1970), a
phenomenon that has also been observed on fermentations by S. cerevisiae (Almeida et al. 2007,
Almeida et al. 2009). The initial furfural concentrations seemed to account more for the observed
lag phases (as depicted by the model parameter tn,, time for half maximum ethanol production) than
HMF or acetic acid. Palmquvist et al (1996) reported that furfural is more inhibitory to S. cerevisiae
fermentations than HMF. No toxicity levels have been reported so far for N. crassa, while Xiros et
al. (2011) observed that furfural had the most severe inhibitory effects than HMF on growth of the
fungus Fusarium oxysporum F3 and ethanol fermentation is inhibited by 20-50% at concentrations
above 3.0 g/l furfural and 3.2 g/l HMF. Generally, acetic acid is inhibitory to yeast when its
concentration is between 4 and 10 g/l (Cardona et al. 2010). Low acid concentrations (<6 g/l) were
shown to increase the ethanol yield at pH 5.5, whereas the yield decreased at higher concentrations
(Palmqvist and Hahn-Héagerdal 2000). Lower inhibitor concentrations were estimated during the
present study, but synergistic inhibition effects between furfural and HMF have been previously
reported (Taherzadeh et al. 2000).

Apart from inhibition phenomena, the bioconversion efficiency of N. crassa could be limited by the
rate of sugar assimilation, enzymatic hydrolysis or both. S. cerevisiae is known for its high glucose
assimilation rates. Utilization of co-cultures for ethanol production appears to have advantages over
single culture since there is potential for synergistic action of the metabolic pathways of all
involved strains (Bader et al. 2010). However, the application of mixed cultures of S. cerevisiae
with N. crassa in the present study had negative effect on ethanol production. Pentose sugar
assimilation appeared problematic by the mixed cultures, resulting in increased residual pentose
concentrations and xylitol accumulation. Negative interactions could happen when two
microorganisms compete for the same resource, such as space or a limiting nutrient (Bader et al.
2010).

The bioconversion efficiency of N. crassa DSM 1129 was found superior to S. cerevisiae 2541. N.
crassa fermented both glucose and pentose sugars present in SB cellulose and hemicellulose,
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reaching almost double ethanol production than S. cerevisiae. Ethanol production from SB by N.
crassa (supplemented with cellulase at 6 FPU/g SB) during the present study, 27.6 g/l or 34.5
g/100g SB, was higher than those reported by Ballesteros et al. (2004), 16.2 g/l or 16.2 g/100g SB
with the addition of double cellulase activities. Li et al. (2010) reached higher ethanol concentration
(42.3 g/l) from AFEX pretreated sweet sorghum bagasse by applying separate hydrolysis and
fermentation, but overall yield was 15.9 g/100g bagasse. Xu et al. (2011) reported ethanol
production 21.9 g/l (20 g/100g sorghum) by SSF of sorghum’s both soluble and insoluble sugars at
4% solids loading. In another study by Salvi et al. (2010) ethanol production from dilute-ammonia
pretreated sorghum fibers with high enzyme loadings (60 FPU/g glucan) reached 24 g/l with a
theoretical ethanol yield of 84%. Generally, the yields in the present work were comparable with
SSF processes reported for other lignocellulosic substrates (Olofsson et al. 2008a; Olofsson et al.
2008b).

In the present work we demonstrated an alternative cost-efficient bioconversion of SB to ethanol by
the fungus N. crassa DSM 1129 at high solids loadings (16% at pretreatment and 8% at
fermentation), low external cellulase loadings (6 FPU/g SB) and co-fermentation of hexoses and
pentoses. Although in order to increase the system’s efficiency some process aspects must be
further optimized, such as increasing sugar assimilation rates and inducing a more active
cellulolytic system production which will reduce or remove the need for external cellulases.
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Figures
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Fig. 1 General process scheme for the bioconversion of dilute-acid pretreated SB into bioethanol
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different temperatures. Pretreatment conditions: temperature (®) 160 °C , (<) 180°C, (A) 200°C
and (CJ) 210 °C, 10 min, 2g acid/100g SB. (b) Effect of initial inhibitor concentration on
fermentation time for half maximum ethanol production, as estimated by the logistic model
parameter t,, from Eq. 1 for each dilute-acid pretreated SB fermentations. Error bars: standard error
of two replicates
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Fig. 5 Ethanol, acetic acid and inhibitor concentrations during bioconversion of pretreated SB by N.
crassa and mixed cultures with S. cerevisiae. Total cellulase activity (FPU/g SB): (a) 1.0 (in situ
produced), (b) 7.0, (c) 7.0 (1.0 in situ produced and 6.0 added from commercial enzyme mixture),
and (d) 7.0 (commercial enzyme mixture). Pretreatment conditions: 210 °C, 10 min, 2g sulfuric
acid/100g SB. Symbols: (LJ) ethanol, (M) acetic acid, (M) furfural, (®) HMF. Error bars: standard
error of two replicates
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Table 1 Ethanol production, by-product formation, residual sugars and structural carbohydrates removal percent after bioconversion of
pretreated SB by N. crassa DSM 1129 and mixed cultures with S. cerevisiae 2541

Extracellular metabolites

Residual sugar

Removal % after

SB pretreatment Cellulase Ethanol concentrations (g/I) concentrations (g/I) pre_treatment' and
. . - yield bioconversion
Microbial . loading
Acid (% of
system Temperature loading (FPU/g theoretical) .
(°C) (9/100g SB) * Cethan Cacet Caiye Coyiit Cyylo Cara Cellulose  Hemicellulose
SB)
160 8.7+0.0 3.44+0.0 0.03+0.00 n.d. 0.04+0.02 n.d n.d 5.9+0.3 22.0+0.4
180 10.4+0.0 4.1+0.0 0.01+0.00 n.d. 0.08+0.03 n.d n.d 7.5+£0.6 24.84+1.2
N. crassa 0 1.0?
200 9.5+0.2 3.7£0.1  0.02+0.00 n.d. 0.04+0.02 n.d n.d 6.7+0.4 66.1£1.2
210 9.84+0.3 3.8+0.1 0.03+0.00 n.d. 0.01+0.00 n.d n.d 7.0+1.1 67.6+2.3
160 14.840.0 4.844+0.01 0.03+0.00 n.d. 0.18+0.00 0.91+0.10 0.59+0.09 20.7+0.5 69.5+£3.5
180 15.2+40.3 4.96+0.09 0.03+0.00 0.04+0.00 0.14+0.01 0.79+0.10 0.61+0.01 18.6+5.0 77.8+£0.9
N. crassa 2 102
200 20.5+0.1 6.69+0.27 0.32+0.06 0.30+£0.07 0.49+0.01 1.88+0.18 0.63£0.00 30.2+3.2 80.2+1.6
210 24.8+0.4 8.10+0.12 0.40+0.10 0.32+0.01 0.83+0.14 2.67+0.34 0.54+0.08 33.5+0.3 81.5+1.0
Nég:sjis:i‘a'es' 210 2 10°  13.0408 45403 140+0.10  nd. 0.97£0.02 5.0940.17 0.55+0.03  40.4+0.4 75.4+1.6
N. crassa 210 2 7.0° 84.7+2 .4 27.6£0.8 1.08+0.05 0.46+0.02 1.40+0.07 1.16£0.06 0.70+0.03 73.3+2.4 89.6+0.9
N'Cgrr‘e"‘\ffs"’i‘a;es' 210 2 70°  59.4+40 19.4+0.6 2.48+0.08 0.45+0.03 2924021 3.23+0.19 0.39+0.01  68.7+0.4 87.5+1.4
S. cerevisiae 210 2 7.0° 49.9+3.9 14.9+1.2 3.7+0.4 0.15£0.05 1.40+0.40 4.13+0.43 0.89+0.04 72.9+0.3 75.1+£2.1

#in situ produced cellulase activity,
® total in situ produced and added cellulase activity,
* based on initial SB sugar content in cellulose and hemicellulose.

n.d. - not detected, ethan - ethanol, acet - acetic acid, glyc - glycerol, xylit - xylitol, xylo - xylose, ara — arabinose
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Table 2 Regression (Eq. 1) statistic analysis and parameters estimation of fermentation of dilute-acid pretreated SB to ethanol by N. crassa DSM
1129.

SB pretreatment Crax K t
conditions (9/) () ")
160 °C; 10 min; 4.6237 0.0444 48.6912

acid 29/100g SB (R?=0.9554, Standard Error of Estimate = 0.5878, P=0.0446)

180 °C: 10 min: 4.6453 0.0388 55.2557

acid 2911009 SB (R?=0.9564, Standard Error of Estimate = 0.5745, P=0.0436)

200 °C; 10 min; 6.4800 0.0395 69.7973

acid 2g/100g SB (R2:0.9857, Standard Error of Estimate = 0.4680, P=0.0143)

210 °C; 10 min; 9.2522 0.0238 131.7412

acid 29/100g SB (R?=0.9785, Standard Error of Estimate = 0.5822, P=0.0005)

Crax K and t,, - as described in Eq. 1
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