
Chemical Engineering Journal 426 (2021) 131575

Available online 9 August 2021
1385-8947/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Co-cultivation of a novel Fusarium striatum strain and a xylose consuming 
Saccharomyces cerevisiae yields an efficient process for simultaneous 
detoxification and fermentation of lignocellulosic hydrolysates 

Alberto Millán Acosta a,*, Diana Cosovanu a, Pau Cabañeros López b, Sune Tjalfe Thomsen c, 
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A B S T R A C T   

Furfural (FF) and 5-hydroxymethylfurfural (HMF) are furan derivatives commonly generated during the pre-
treatment of lignocellulosic biomass and often considered among the most inhibitory compounds towards the 
sugar fermenting strains due to their acute toxicity and high concentrations. The present study describes the 
simultaneous detoxification and fermentation of lignocellulosic hydrolysates containing high concentrations of 
FF and HMF by a co-culture of a novel Fusarium striatum strain and a xylose consuming Saccharomyces cerevisiae 
strain. The process demonstrates a superior performance than those previously described in the literature, as FF 
and HMF were efficiently transformed into their less toxic added-value alcohol derivatives by F. striatum with 
high yields (99% and 86%, respectively) and the higher detoxification rates reported (0.56 g/L/h and 0.13 g/L/h, 
respectively). There was no sugar consumption by the filamentous fungus during the detoxification process, 
rendering it available for ethanol fermentation by S. cerevisiae, which started immediately after the detoxification 
of the inhibitors. Ethanol productivities were significantly higher when increasing the inoculum size of 
F. striatum, confirming its potential for the detoxification of the lignocellulosic hydrolysate. High ethanol yields 
(0.4 g/g) and productivities (0.46 g/L/h) were obtained in a bench-scale bioreactor (1.5 L) in the presence of 3.5 
g/L HMF and 2.5 g/L FF, a concentration of furan derivatives that completely inhibited the fermentation process 
in the absence of F. striatum. The presented process allows access to lignocellulosic materials and pretreatment 
methods that result in high concentrations of FF and HMF that are currently not feasible, representing a sig-
nificant advance for the lignocellulosic ethanol industry.   

1. Introduction 

Lignocellulosic material, often derived from agricultural or forestry 
wastes, has received significant attention as a potential alternative to 
fossil fuels due to its high sugar content. This has promoted intensive 
research in the biological transformation of different lignocellulosic 
feedstocks into more valuable products such as ethanol, produced after 
fermenting the sugars using yeasts such as Saccharomyces cerevisiae [1]. 
However, despite the significant advances achieved during the last 
thirty years, the recalcitrant structure of lignocellulosic material still 
hinders its utilization at commercial scale. Making the sugars accessible 

for the fermentation requires a pretreatment step where the lignocel-
lulosic material is exposed to high temperatures and/or extreme (acid or 
alkaline) pH [2,3]. This promotes the generation of various compounds 
that inhibit yeast metabolism and reduce the productivity of lignocel-
lulosic ethanol processes [4]. These inhibitors are often classified ac-
cording to their chemical structure as furan derivatives (mainly furfural 
(FF) and 5-hydroxymethylfurfural (HMF)), weak acids (such as acetic-, 
formic- or levulinic acids) and phenolic compounds (such as vanillin or 
p-hydroxybenzoic acid) [4,5]. FF and HMF are sugar dehydration 
products considered among the most inhibitory compounds due to their 
acute toxicity (both inhibit the central carbon metabolism of S. cerevisiae 
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[6,7]) and the high concentrations (reaching up to 6 g/L of HMF [8] and 
7 g/L of FF [9] depending on the feedstock and the pretreatment 
method). Their toxicity towards the cells is increased when both com-
pounds are present simultaneously due to their combined inhibitory 
effects [10]. Upon contact with the inhibitors, S. cerevisiae attempts to 
reduce their concentration by converting them into less inhibitory 
compounds. This detoxification phase extends the length of the 
fermentation and reduces the volumetric productivity. However, if the 
concentration of inhibitors exceeds the detoxification capabilities of the 
cell culture, it can result in severe stress and loss of cell culture viability 
[11]. 

Previous studies have found that lignocellulosic hydrolysates with a 
total concentration of HMF and FF above 2.5 g/L can reduce the ethanol 
production rate by an order of magnitude [11]. This results in some 
biomass not being sufficiently pretreated to balance the severity towards 
the inhibitor content, thereby reducing the sugar availability. Therefore, 
there is a limited accessibility to lignocellulosic feedstocks and pre-
treatment methods, as only those yielding lower HMF and FF concen-
trations can be efficiently used to produce ethanol. In order to increase 
the fraction of accessible feedstocks, various methods to reduce the 
concentration of inhibitors prior to the fermentation have been proposed 
in the literature [12]. The different detoxification approaches are often 
classified as physical, chemical or biological methods [13]. Physical 
detoxification requires the addition of chemical compounds to extract 
the inhibitors (often using precipitation, liquid–liquid or solid–liquid 
extraction [12,13]), while chemical detoxification takes advantage of 
the instability of the inhibitors at extreme conditions such as pH [13]. 
Even though these methods can efficiently reduce the concentration of 
inhibitors, the costs associated with their implementation are still too 
high to be competitive in the ethanol market [12,14]. Some of these 
methods often result in partial removal of the sugars together with the 
inhibitors, reducing the availability of fermentable sugars [13]. More-
over, high chemical use is associated with fossil inputs, making them less 
sustainable. Biological detoxification methods use specific microbes able 
to handle and remove high concentrations of inhibitors. In contrast to 
the physical or chemical methods, biological detoxification offers sig-
nificant advantages, such as milder reaction conditions, no need for 
chemical addition, fewer side-reactions, and lower energy requirements 
[12]. The potential detoxification of lignocellulosic hydrolysates using 
monocultures of different species of fungi, such as Trichoderma reesi 
[14], Amorphotheca resinae ZN1 [15], Coniochaeta ligniaria [16] or 
Pleurotus ostreatus [17], has been previously studied due to their high 
tolerance towards high concentrations of inhibitors (0.3–3.8 g/L). 
However, one of the main drawbacks of biological detoxification is the 
low conversion rates of the inhibitors. An attractive possibility is the co- 
culture of two different microorganisms to achieve a synergistic effect 
between the different organisms to detoxify the media and to produce 
ethanol. Fungal co-cultures have been previously studied in the ligno-
cellulosic ethanol industry mainly for the production of lignocellulolytic 
enzymes [18]. However, their use in the detoxification of inhibitors has 
received little attention. Yu et al. [19] showed that A. nidulans FLZ10 
was able to remove 0.38 g/L of HMF and 0.02 g/L of FF within 72 h from 
steam-exploded corn stover in a co-culture with S. cerevisiae, obtaining 
productivities 3.25 times higher than that without detoxification. Zhu 
et al. [20] showed that a co-culture of two strains of S. cerevisiae, a 
xylose-consuming and an inhibitor-tolerant strain, degraded 0.7 g/L of 
FF and 0.4 g/L of HMF within 6 and 48 h, respectively. Even though 
these results are encouraging, the tested concentrations of inhibitors and 
the detoxification rates were rather low to represent a significant 
advantage for the lignocellulosic ethanol industry. 

The novel strain of F. striatum UdL-TA-3.335 is an attractive organ-
ism as it displays a high tolerance towards high concentrations of HMF 
(up to 9.5 g/L) while retaining high detoxification rates (0.4 g/L/h). 
Moreover, it can be efficiently grown in bioreactors, making it a prom-
ising biocatalyst for industrial applications [21]. S. cerevisiae is the 
standard microorganism used for ethanol fermentation [22,23]. The 

xylose-fermenting S. cerevisiae CEN.PK XXX strain has the capability to 
ferment both glucose and xylose, which is valuable in the lignocellulosic 
ethanol industry due to the presence of both sugars in lignocellulosic 
hydrolysates [24]. The objective of the present work is to study the 
potential of a co-culture between F. striatum UdL-TA-3.335 and 
S. cerevisiae CEN.PK XXX to promote the simultaneous detoxification of 
HMF and FF and the fermentation of lignocellulosic hydrolysates. The 
capabilities of F. striatum to efficiently detoxify different mixtures of 
HMF and FF and to establish beneficial synergies with S. cerevisiae are 
assessed at various scales using wheat straw hydrolysate spiked with 
different concentrations of the inhibitors. 

2. Materials and methods 

2.1. Preparation of the wheat straw hydrolysate 

Dried winter wheat straw composed of cellulose (34–40%), hemi-
cellulose (20–25%) and lignin (20%) [25–27] provided by TK Energy 
ApS (Denmark) was pretreated using steam explosion and enzymatically 
hydrolyzed at the previously described pilot plant facilities in the 
Department of Chemical Engineering at Lund University (Sweden) 
[28–30]. 

2.1.1. Steam explosion 
Prior to pretreatment, the wheat straw was soaked to secure uniform 

steam penetration. A total of 10 kg of wheat straw were soaked in water 
for 1 h at a biomass-water ratio of 1:10 prior to press filtration at 200 bar 
for 3–5 min (obtaining a dry matter (DM) content of 45 %). The pre-
treatment was done at 200 ◦C, and 16.8 bar on 1.5 kg of moist washed 
wheat straw with a retention time of 10 min, terminated with a rapid 
pressure release enabling explosive decomposition of the biomass 
structure. This procedure was repeated 14 times, producing a total of 
41.4 kg of pretreated wheat straw at 20 %DM, which was stored at 4 ◦C 
until use. 

2.1.2. Enzymatic hydrolysis 
Prior to the enzymatic hydrolysis, the pretreated material was 

diluted with milliQ water to 10 %DM to facilitate stirring, and the pH 
was adjusted to 4.8 using 50% NaOH. The enzymatic hydrolysis was 
done in 150 L reactors with a working volume of 75 L at 50 ◦C for 72 h, 
with stirring at 300 rpm and with 5000 U of Cellic CTec2 (Novozymes A/ 
S, Bagsværd, Denmark) per kg of slurry (corresponding to an enzyme/ 
cellulose mass ratio of 6%). The resulting slurry was stored in 5 L con-
tainers at − 20 ◦C until use. The slurry contained 36 g/L glucose, 18 g/L 
xylose, 0.55 g/L FF and 0 g/L HMF. 

2.2. Microorganisms 

A volume of 1 mL of glycerol stock of S. cerevisiae CEN.PK XXX 
(background S. cerevisiae CEN.PK 122 MDS with the overexpression of 
XKS1 and the insertion of XYL1 and XYL2 from Scheffersomyces stipites to 
promote the consumption of xylose [24]) (kindly provided by Prof. Carl 
Johan Franzén from the Chalmers University of Technology, Sweden) 
was spread onto a YPX agar plate (yeast extract 10 g/L, peptone from 
casein 20 g/L, xylose 20 g/L, 15 g/L agar) and incubated for 48 h at 
30 ◦C and 180 rpm, and stored in the fridge at 4 ◦C for one month. 

F. striatum (UdL-TA-3.335) was previously isolated from food waste 
by our group [21]. It was maintained by replications on malt extract 
agar (MEA: 20 g/L glucose, 20 g/L malt extract, 1 g/L, peptone from 
soybean, 15 g/L agar) at 4 ◦C. Before fermentation experiments, it was 
activated in MEA for seven days at 28 ◦C. 

2.2.1. Preparation of the inoculums 
A colony of S. cerevisiae CEN.PK XXX grown on an YPX agar plate was 

incubated in a 250 mL shake flask containing 100 mL of liquid YPX 
media for 36 h at 30 ◦C and 180 rpm. The cell culture was then 
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propagated to a 250 mL shake flask containing 100 mL of wheat straw 
hydrolysate supplemented with 5 g/L of yeast extract and 10 g/L of 
peptone from casein to reach an initial inoculum size of 0.5 g/L (dry 
weight). 

F. striatum was transferred to 250 mL shake flasks containing 100 mL 
of liquid ME by the addition of ten 8 mm fungal discs from the agar 
plates and incubated in a rotatory shaker at 30 ◦C and 180 rpm for 5 
days. The cell culture was centrifuged, the supernatant discarded, and 
the cells transferred to a 250 mL shake flask containing 100 mL of wheat 
straw hydrolysate to reach different inoculum sizes ranging from 0.22 to 
10 g/L (dry weight). 

2.3. Competition for fermentable sugars 

S. cerevisiae (0.5 g/L) was inoculated into 100 mL of wheat straw 
hydrolysate containing 0.55 g/L of furfural singly or as a co-culture with 
F. striatum (0.22 g/L). The furfural and ethanol concentrations were 
monitored. 

To compare the glucose uptake by both microorganisms, S. cerevisiae 
(0.5 g/L) and F. striatum (0.22 g/L) were incubated separately as 
monocultures into the wheat straw hydrolysate containing 0.55 g/L of 
furfural and the glucose concentration was monitored. 

2.4. Simultaneous detoxification and fermentation 

A total of 22 different shake flask experiments were done with 
different concentrations of S. cerevisiae, F. striatum, FF and HMF 
(Table 1). All shake flasks contained 100 mL of wheat straw hydrolysate 
with the monoculture of S. cerevisiae or the co-culture with F. striatum, 
and were incubated in a rotatory shaker at 30 ◦C and 160 rpm. HMF and 
FF were spiked to the media at different concentrations ranging from 
0 to 5 g/L (HMF) and 0.55–2.5 g/L (FF) prior to the inoculation of the 
cells (Table 1). 

2.5. Bioreactor 

Bioreactor experiments were carried out in a 3 L bioreactor (Appli-
kon, Delft, The Netherlands). A volume of 1.5 L of the wheat straw hy-
drolysate containing 36 g/L glucose and 18 g/L xylose and spiked with 
3.5 g/L of HMF and 2.5 g/L of FF, was inoculated with a co-culture of 
S. cerevisiae (0.5 g/L) and F. striatum (5 g/L). The fermentations were 
operated at pH 6.0 using 2 M NaOH and 2 M H2SO4 for maintaining a 
constant pH of 6, at 30 ◦C using a heat jacket and a cooling finger, and at 
a stirring rate of 450 rpm using two six-bladed Rushton impellers. A 
control experiment was done with the same experimental conditions 
without the addition of F. striatum (Fig. 1). 

2.6. Chromatography analysis 

A sample of 1.5 mL was withdrawn from the shake flasks or the 
bioreactors at selected fermentation times, filtrated through a 0.20 µm 
cellulose acetate filter (Labsolute, Renningen, Germany) and stored at 
− 22 ◦C until analyzed. 

The concentrations of glucose, xylose, ethanol, HMF and FF were 
determined by an Ultimate 3000 HPLC instrument (Thermo Scientific, 
Massachusetts, USA) equipped with an Aminex HPX-87H column (7.8 
mm x 300; 9 µm, BIORAD, California, USA), 4 UV/VIS channels and a 
refractive index (RI) detector (ERC RefractoMax 520, Prague, Czech 
Republic). A sample volume of 950 µL was acidified with 50 µL of 5 M 

Table 1 
Experimental conditions of the shake flask experiments performed in 100 mL of wheat straw hydrolysate.  

Experiment Inoculum size (g/L) [Glucose] (g/L) [Xylose] (g/L) Inhibitors (g/L) 
S. cerevisiae F. striatum HMF FF 

1  0.5 0.22 36 18 2 1 
2  0.5 0.22 3.5 0.5 
3  0.5 0.22 2 2 
4  0.5 0.22 3.5 2.5 
5  0.5 0.22 5 1.5  

6  0.5 0 36 18 5 1.5 
7  0.5 0.22 
8  0.5 0.67 
9  0.5 1.25 
10  0.5 2.02 
11  0.5 2.30 
12  0.5 2.69 
13  0.5 4.40  

14  0.5 0 36 18 3.5 2.5 
15  0.5 0.22 
16  0.5 0.67 
17  0.5 1.25 
18  0.5 2.02 
19  0.5 2.30 
20  0.5 2.69 
21  0.5 5 
22  0.5 10  

Fig. 1. Diagram of the bioreactors. a) Control, b) Co-culture.  
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H2SO4 prior to the injection. The mobile phase consisted of 5 mM H2SO4 
and the elution was in isocratic mode, with a flow rate of 0.6 mL/min at 
50 ◦C. The method lasted 55 min. 

The concentrations of furfuryl alcohol (FA) and 2,5-di(hydroxy-
methyl)furan (DHMF) were determined by an Agilent 7890 GC (Agi-
lent Technologies, Palo Alto, CA, USA) with an ultra-inert splitless liner 
containing a piece of glass wool coupled to an FID detector. For the 
chromatographic separation, an FFAP column (30 m × 0.25 mm i.d.; 
0.25 µm film thickness) from Agilent was used at a constant flow rate of 
1 mL/min using hydrogen as carrier gas. Injector temperature was 
230 ◦C, and the oven temperature program was started at 100 ◦C (held 
for 1 min), and then increased to 240 ◦C at a rate of 20 ◦C/min (held for 
5 min). The compounds were extracted from the aqueous samples using 
ethyl acetate. 

2.7. Determination of fermentation parameters 

Ethanol yield was calculated as the ratio between the maximum 
ethanol concentration and the initial concentration of fermentable 
sugars (glucose + xylose). Ethanol productivity was calculated as the 
ratio between final ethanol concentration and total fermentation time. 
FF and HMF degradation rates were defined as the quantity of inhibitor 
consumed within the first 3 h. 

2.8. Statistical analysis 

The statistical analyses were assessed using the software JMP Pro 14 
(SAS). The results obtained were subjected to analysis of variance 
(ANOVA). Statistical significance was assessed with the p-value in 
Fisher’s test with a 95% confidence level. Means were compared with 
Tukey HSD test, and significant differences are indicated with different 
letters. All experiments were conducted at least in duplicate, and the 
values are expressed as the means ± standard deviations when 
applicable. 

3. Results 

3.1. Competition for fermentable sugars 

The potential competition for the carbon source between S. cerevisiae 
and F. striatum was assessed by comparing the fermentation profiles of a 
monoculture of S. cerevisiae (used as a control) and the co-culture of 
F. striatum and S. cerevisiae (Fig. 2a). 

The results show that the final ethanol concentration in the co- 
culture and the control experiments was very similar and no signifi-
cant differences were detected between them (Fig. 2a). The yields and 
productivities obtained were 0.38 g/g and 0.47 g/L/h in both cases, 
suggesting that no competition for the carbon source occurred. More-
over, in both experiments the fermentation only started after FF was 
completely metabolized. This occurred slightly faster in the co-culture 
than the control experiment, arguably due to the increased detoxifica-
tion capability of F. striatum. To further confirm these results, the con-
sumption of glucose by monocultures of both microorganisms in the 
same wheat straw hydrolysate was studied (Fig. 2b). The results show 
that S. cerevisiae takes up glucose at a much faster rate than F. striatum: 
while S. cerevisiae depleted all the glucose within the first 24 h of the 
fermentation, F. striatum only consumed 5% of the initial glucose within 
that time. A similar trend was observed for xylose in a 48 h time frame. 
This indicates a synergistic effect of the co-culture in which F. striatum 
detoxifies FF but does not compete significantly with yeast for 
fermentable sugars due to the different uptake rates between both mi-
croorganisms. Similar synergistic behaviors have previously been 
described for a co-culture of S. cerevisiae and A. nidulans FLZ10 [19]. 
Therefore, a facultative mutualism was observed between both species 
under these conditions, as both benefited from each other’s presence but 
could also perform their tasks separately. 

3.2. Simultaneous detoxification of high concentrations of inhibitors and 
fermentation 

To study the capabilities of the co-culture to detoxify media with 
high concentrations of HMF and FF, a series of five fermentations 
(Table 1 experiments 1–5) of wheat straw hydrolysate spiked with 
different amounts of both inhibitors was conducted. The results of these 
five experiments are shown in Table 2. In all cases, the total concen-
tration of HMF and FF exceeded the 2.5 g/L previously identified as the 
threshold limiting the ethanol production rate [11]. The results showed 
that both HMF and FF were efficiently metabolized when their con-
centration together was equal or lower than 4 g/L (Table 2 experiments 
1–3) with an ethanol yield around 0.4 g/g. However, the productivities 
decreased with increasing concentrations of furan derivatives due to the 
longer detoxification times (Table 2 experiments 1–3). No growth was 
detected when the total inhibitor concentration was above 5 g/L 
(Table 2, experiments 4–5), arguably due to the high toxicity of the 
inhibitors. 

Then, the effect of the inoculum size of F. striatum (ranging from 0 to 

Fig. 2. Competition for fermentable sugars. a) Ethanol fermentation and furfural concentration in wheat straw hydrolysate by the monoculture of S. cerevisiae and 
the co-culture, b) Glucose consumption in wheat straw hydrolysate by the monocultures of both microorganisms. 
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10 g/L) on the detoxification capability of the co-culture was studied in 
the wheat straw hydrolysate spiked with two different combinations of 
HMF and FF in high concentrations (Fig. 3). The first combination of 
inhibitors contained 5 g/L of HMF and 1.5 g/L of FF (experiments 6–13 
in Table 1), and the second combination contained 3.5 g/L of HMF and 
2.5 g/L of FF (experiments 14–22 in Table 1). Note that both cases 
resulted in no growth when the inoculum size was 0.22 g/L (Table 2 
experiments 4 and 5). 

The results of this study showed that S. cerevisiae alone was not able 
to completely detoxify any of the tested inhibitor concentrations, and no 
growth was detected after 120 h of incubation. A partial FF detoxifica-
tion was observed, although ethanol was not produced (Fig. 3, and 
Table 3 experiments 6 and 14). On the other hand, the inoculum size of 
F. striatum had a clear positive effect on the detoxification of HMF and 
FF. The addition of 4.4 g/L of F. striatum resulted in complete detoxifi-
cation of both inhibitors within the first 21 h of fermentation for the first 

Table 2 
Ethanol yields and productivities of the co-culture at different inhibitor concentrations.  

Experiment [Glucose] (g/L) [Xylose] (g/L) [HMF] (g/L) [FF] (g/L) Yield (g/g) Productivity (g/L/h) 

1 36 18 2 1 0.41 ± 0.03 0.40 ± 0.02 
2 3.5 0.5 0.42 ± 0.01 0.31 ± 0.00 
3 2 2 0.40* 0.29* 
4 3.5 2.5 0 0 
5 5 1.5 0 0 

* One replicate. 

Fig. 3. Effect of the inoculum size of F. striatum on the metabolization of inhibitors. a) Initial concentration of inhibitors: 5 g/L HMF + 1.5 g/L FF, b) Initial 
concentration of inhibitors 3.5 g/L HMF + 2.5 g/L FF. 

A. Millán Acosta et al.                                                                                                                                                                                                                         



Chemical Engineering Journal 426 (2021) 131575

6

combination of inhibitors (Fig. 3a, and Table 3 experiment 13), while 
the second combination of inhibitors required an initial inoculum size of 
10 g/L to be metabolized within the initial 25 h (Fig. 3b, and Table 3 
experiment 22). 

Glucose and xylose were efficiently fermented once HMF and FF 
were completely metabolized (Fig. 4). Final yields and productivities for 
the different F. striatum inoculum sizes and inhibitor concentrations are 
shown in Table 3. 

A minimum F. striatum inoculum size of 1.25 g/L was needed to 
detoxify the concentration of HMF and FF present in the first combi-
nation of inhibitors (Table 3 experiments 6–13) while a minimum 
F. striatum inoculum size of 2.30 g/L was needed for the second com-
bination of inhibitors (Table 3 experiments 14–22). Both furan de-
rivatives were co-metabolized, although there was a preference for FF 
metabolization and an increase of the HMF detoxification rate once FF 
was completely consumed. These findings suggest a stronger toxic effect 
coming from FF, which has been pointed out previously [10]. 

The fermentation of sugars was only possible after detoxifying both 
inhibitors, which happened only in the presence of F. striatum. The 
ethanol yields were not significantly different when increasing the 
inoculum size (Table 3) and they were very similar to the ones obtained 
without the spiking of inhibitors (0.38 g/g), indicating that there was no 
competition for the sugars even when increasing the inoculum of 
F. striatum. The detoxification of furan derivatives with negligible 
glucose consumption by filamentous fungi was also observed for 
A. nidulans FZL10 and A. resinae ZN1 under lower concentrations of both 
inhibitors [15,19], arguably due to the inhibition of glycolysis enzymes 
in the presence of FF and HMF [10,31–33]. Moreover, there was a sig-
nificant increase of productivity when the inoculum size was increased, 
confirming the synergistic effect of the co-culture and the potential of 
F. striatum for the detoxification of HMF and FF in lignocellulosic hy-
drolysates. Therefore, an obligatory mutualism was observed between 
both species under conditions with high concentrations of HMF and FF, 
as S. cerevisiae could not metabolize the inhibitors and ferment the 
sugars when incubated alone under the same conditions. 

3.3. Bioreactor 

The simultaneous detoxification of furan derivatives and ethanol 
fermentation was scaled up to a bench-scale bioreactor with 1.5 L of 
working volume. The media was spiked with the most toxic combination 
of inhibitors previously assayed, which corresponded to a HMF and FF 
concentration of 3.5 and 2.5 g/L, respectively (Table 4). 

3.3.1. Ethanol fermentation and sugar consumption 
Fig. 5 shows the profile of the fermentation for both the monoculture 

of S. cerevisiae and the co-culture. In the absence of F. striatum, 
S. cerevisiae was not able to perform the fermentation due to the toxicity 
effect of both HMF and FF, and high concentrations of sugars were 
present after 72 h of incubation. When both microorganisms were 
inoculated together in the media, the ethanol yield achieved was 0.4 g/ 
g, similar to the yield obtained in shake flasks. Based on a theoretical 
ethanol yield of 0.51 g ethanol/g of sugars, an ethanol yield of 78.4% 
was obtained. It is worth noting that the maximum ethanol yields on 
xylose are usually lower than the theoretical (around 0.40 g ethanol/g 
xylose) [34,35], which can also be observed in Fig. 5. This leads to lower 
ethanol yields when considering xylose in the calculation. 

The ethanol productivity obtained at 47 h was 0.46 g/L/h, which is 
well comparable with other reported results in the literature considering 
the higher concentration of inhibitors assayed in this work (Table 5). 
Ethanol productivities are greatly affected by the presence of FF and 
HMF in the lignocellulosic hydrolysates [8]. Therefore, the high pro-
ductivity obtained under high concentrations of FF and HMF confirms 
the feasibility of this process. Moreover, both glucose and xylose were 
fermented and considered to calculate the productivity. As shown in 
Fig. 5, xylose is consumed at a much slower rate than glucose by this 
strain, leading to lower ethanol productivities when xylose is considered 
for the calculations. The productivity obtained in the bioreactor was 
higher than the one obtained in shake flasks for the same inoculum size 
and concentration of inhibitors (0.32 g/L/h, Table 3). This indicates that 
the co-culture had no problems growing in the bioreactor and that the 
bioreactor provided a better environment for simultaneous detoxifica-
tion and fermentation. The improved fermentation performance in the 
bioreactor can arguably be due to the better mixing obtained in the 
bioreactor, the anaerobic growth of the cells (which indicates that 
F. striatum is able to detoxify the inhibitors growing anaerobically), and 
the control of the pH throughout the fermentations (which was kept at 
6). Weak acids typically present in lignocellulosic hydrolysates, like 
acetic or formic acid, have inhibitory effects when they are in their 
undissociated form. This can be alleviated by keeping the pH above the 
pKa value of the weak acids [36]. 

3.3.2. Detoxification of the inhibitors 
The detoxification of the inhibitors was significantly faster in the 

bioreactor inoculated with the co-culture. S. cerevisiae alone could not 
metabolize the inhibitors, while in the presence of F. striatum FF was 
completely metabolized within 9 h and HMF within 21 h (Fig. 6), with 

Table 3 
Ethanol yields and productivities at different inhibitor concentrations and F. striatum inoculum sizes.  

Experiment [HMF] (g/L) [FF] (g/L) Inoculum size (g/L) Yield (g/g) Productivity (g/L/h) 

6 5 1.5 0 0 0 
7 0.22 0 0 
8 0.67 0 0 
9 1.25 0.36* 0.17* 
10 2.02 0.39 ± 0.00a 0.20 ± 0.00d 

11 2.30 0.41 ± 0.01a 0.28 ± 0.01c 

12 2.69 0.39 ± 0.00a 0.31 ± 0.00b 

13 4.40 0.37 ± 0.01a 0.42 ± 0.01a  

14 3.5 2.5 0 0 0 
15 0.22 0 0 
16 0.66 0 0 
17 1.25 0 0 
18 2.02 0 0 
19 2.30 0.39 ± 0.01a 0.16 ± 0.00c 

20 2.69 0.38 ± 0.01a 0.19 ± 0.01c 

21 5 0.41 ± 0.01a 0.32 ± 0.01b 

22 10 0.37 ± 0.01a 0.35 ± 0.01a 

* One replicate. 
Means with different letters are significantly different (Tukey HSD test, p < 0.05). 
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degradation rates of 0.56 g/L/h for FF and 0.13 g/L/h for HMF. The 
highest degradation rates reported in the literature of FF and HMF 
present in lignocellulosic hydrolysates are 0.54 g/L/h and 0.12 g/L/h, 
respectively (Table 5). However, in that study, the concentrations of FF 
and HMF evaluated were 1.7 and 0.4 g/L, almost 3 times lower than the 
concentration evaluated in this work [3]. Moreover, the detoxification 
and fermentation steps were performed separately [3]. The degradation 
rates are significantly lower in other studies found in the literature, 
while also using lower concentrations of inhibitors (Table 5). Therefore, 
F. striatum gave the highest degradation rates yet reported (to the best of 
our knowledge), considering the higher concentration of inhibitors 
evaluated, and with the advantage that the detoxification and fermen-
tation were performed simultaneously. Note that the HMF degradation 

rates are higher in the presence of 5 g/L HMF and 1.5 g/L FF (Table 5), 
which confirms the higher toxicity of FF towards the cells. 

Additionally, furfuryl alcohol (FA) and 2,5-di(hydroxymethyl)furan 
(DHMF), the added value alcohol derivatives of both inhibitors 
[42–44], were quantified in high concentrations in the fermentation 
broth (Fig. 6). Their presence did not interfere with the fermentation 
process, confirming their lower toxicity when compared with their 
precursors [32,45]. The production of these compounds with high yields 
(99.4% for FA and 86.0% for DHMF) is an advantage compared with the 
complete metabolization of the inhibitors, as they can be recovered from 
the fermentation broth [21,46,47]. This would potentially add value to 
the lignocellulosic hydrolysates by benefiting from both the furan de-
rivatives and the sugars present [42], transforming the problem of the 

Fig. 4. Effect of the inoculum size of F. striatum on the glucose depletion and ethanol production. a) Initial concentration of inhibitors: 5 g/L HMF + 1.5 g/L FF, b) 
Initial concentration of inhibitors 3.5 g/L HMF + 2.5 g/L FF. Xylose is not included for clarity purposes. 

Table 4 
Ethanol yields and productivities in the bioreactor.  

Experiment [HMF] (g/L) [FF] (g/L) Inoculum size (g/L) Yield (g/g) Productivity (g/L/h) 

S. cerevisiae F. striatum 

Control 3.5 2.5  0.5 0 0 0 
Co-culture  0.5 5 0.40 0.46  
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presence of excessive quantities of inhibitors into an advantage. 
The biodetoxification of inhibitors in lignocellulosic hydrolysates by 

microorganisms can be approached in two different ways. In the first 
one, the inhibitors are removed from the solid pretreated lignocellulose 
in a solid-state fermentation before the hydrolysis step; in the second 
one, they are removed from the diluted pretreated hydrolysate. Signif-
icant advances have been made in the last years in the detoxification of 
the solid pretreated material [48,49], achieving complete conversions of 
5.5 mg/g DM of FF and 2.3 mg/g DM of HMF in 36 h using a hetero-
zygous diploid structure of A. resinae ZN1 [50]. However, little progress 
has been achieved in the detoxification of inhibitors in lignocellulosic 
hydrolysates. As discussed above, the reported biodetoxification ap-
proaches suffer from being able to handle only low inhibitor concen-
trations, show low degradation rates, require separate biodetoxification 
and fermentation steps, result in incomplete conversion of the in-
hibitors, and/or consumption of the sugars in the biodetoxification 
process. Therefore, the process described in this work is superior to those 
reported in the literature. Moreover, it meets the requirements needed 
for a feasible and efficient microbial detoxification of lignocellulosic 
hydrolysates, as it is performed at pH 6, 30 ◦C, within 21 h, and with an 
inoculum size ≤5 g/L [51]. 

4. Conclusions 

The co-culture of F. striatum and S. cerevisiae has proven to be a 
feasible solution for substrates containing high concentrations of HMF 
and FF for several reasons: i) there is no competition for sugars, and 
therefore the sugars are completely available for ethanol fermentation 
by S. cerevisiae; ii) there is a synergistic effect of the co-culture in which 
F. striatum enhances the degradation rates of the inhibitors and 
S. cerevisiae excels in the fermentation; iii) the simultaneous detoxifi-
cation and fermentation shortens the process, increasing the ethanol 
productivity; iv) added-value derivatives are formed with high yields 
from HMF and FF and could be recovered from the fermenting broth, 
adding more value to the lignocellulosic hydrolysate; and v) the process 
can be efficiently scaled-up in a bioreactor. The co-culture allowed the 
production of ethanol with a high yield and productivity in the presence 
of 3.5 g/L HMF and 2.5 g/L FF, a concentration of furan derivatives that 
resulted in the loss of cell culture viability in the absence of F. striatum. 
Moreover, the presented process demonstrates a superior performance 
than those previously reported in the literature, as it is able to handle 
significantly higher inhibitor concentrations with higher degradation 
rates. This allows access to unprecedented lignocellulosic materials and 

Fig. 5. Fermentation profile in the bioreactors.  

Table 5 
Comparison of FF and HMF degradation rates in lignocellulosic hydrolysates with literature results.  

Microorganism Total detoxification 
time (h) 

Concentration 
(g/L) 

Degradation rate 
(g/L/h) 

Ethanol productivity 
(g/L/h)c 

Simultaneous detoxification and 
fermentation 

Ref. 

FF HMF FF HMF 

C. ligniaria 
NRRL30616 

17  1.26 0.30a  0.074  0.015  – No [37] 
22  1.31a 0.35a  0.048  0.007  – No [38] 
24  3.22a 0.42a  0.13  0.009  – No [16]  

Bordetella sp. BTIITR 16  0.42 1.03  0.026b  0.064b  – No [10] 
20  0.60 1.30  0.063b  0.088a,b  – No [39] 

Enterobacter sp. 
FDS8 

3  1.70a 0.40a  0.54  0.12  – No [3] 

A. nidulans FLZ10 72  0.02 0.38  0.0002  0.005  0.35b,d Yes [19] 
S. cerevisiae 48  0.70 0.40  0.12b  0.025b  0.42b,d Yes [20] 
S. cerevisiae 24  1.50 0.40  0.15  0.017  0.51 Yes [40] 
S. cerevisiae PE-2 16  1.40 0.30  0.28b  0.013a,b  0.56b Yes [41] 
F. striatum 21  2.50 3.50  0.56  0.13  0.46 Yes This work 

(Bioreactor) 
21  1.50 5  0.50  0.22  0.42 Yes This work (Exp. 

13)  

a Not completely metabolized within the total detoxification time showed. 
b Estimated from a figure. 
c Final productivity. 
d Simultaneous hydrolysis and fermentation. 

Fig. 6. Transformation of the inhibitors into their less toxic derivatives by the 
co-culture in the bioreactor. 
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pretreatment methods that result in high quantities of FF and HMF. 
Although a moderate inoculum size (5 g/L) was needed for the efficient 
detoxification of high concentrations of inhibitors, this approach can 
also be used in substrates containing a lower concentration of inhibitors, 
in which the inoculum size can be significantly decreased while still 
achieving excellent ethanol productivities. Further, the production of FA 
and DHMF with high yields during the detoxification represents a novel 
significant advance in the valorization of the lignocellulosic waste. 
Finally, this process meets the requirements needed for a feasible and 
efficient microbial detoxification of lignocellulosic hydrolysates, as it is 
performed at pH 6, 30 ◦C, within 21 h, and with an inoculum size ≤5 g/ 
L. 
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