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Abstract
Using lignocellulosic raw materials as substrate for biotechnological applications has been a focus of research during the last two
decades. They contain sugars, which can be used in industrial fermentation processes, in from of polysaccharides (cellulose,
hemicellulose). Wheat straw, one representative of lignocellulosic materials, is sustainably and abundantly available, especially
in Europe and North America. However, wheat straw, just like any other lignocellulosic material, needs to be pretreated in one
way or the other in order to generate sufficient quantities of monosaccharides. One widely used pretreatment for lignocellulosic
material is steam explosion combined with enzymatic hydrolysis. In this study, the effects of steam exploding wheat straw in
combination with water are presented. By impregnation with water, saccharide yields from subsequent enzymatic hydrolysis
increased from 18.8 to 22.6 g L−1 for glucose and 13.8 to 16.4 g L−1 for xylose, respectively. Moreover, the basic steam explosion
parameters residence time and temperature were optimized in ranges from 5 to 20min and 180–200 °C. This further optimization
increased the maximum saccharide yield to 41.2 g L−1 for glucose (200 °C, 15 min) and 18.9 g L−1 for xylose (190 °C, 10 min).
Finally, the growth of the intensively investigated biotechnological production host Yarrowia lipolytica on hydrolysates derived
from different steam explosion parameters was evaluated. Y. lipolytica grew well in media containing up to 90% wheat straw
hydrolysate as sole carbon source, demonstrating the potential as substrate for biotechnological processes.

Keywords Steam explosion . Lignocellulose .Wheat straw . Impregnation . Bioconversion . Yarrowia lipolytica

1 Introduction

Our society observes a growing demand for chemicals pro-
duced from sustainable sources. Such bio-chemicals can for
example be produced chemically or biotechnologically from
lignocellulosic waste- or by-products of agro-industrial pro-
cesses [1]. One approach for converting lignocellulosic bio-
mass is by fermentation withmicroorganisms, reviewed in [2].
However, microbial decomposition of the recalcitrant ligno-
cellulosic material is a rather slow process and only a minority
of microorganisms are able to degrade lignocellulosic struc-
tures, especially certain fungi [3–5]. Therefore, many current

biotechnological processes in which lignocellulosic biomass
is fermented rely on pretreatment procedures that disrupt the
raw material’s structure. Once the structure composed of lig-
nin, cellulose, and hemicellulose is disintegrated, it can be
saccharified by purified enzymes or microorganisms them-
selves [6, 7]. Various mechanical (milling, extrusion, or
ultrasonication), chemical (acidic, alkaline, or organic sol-
vents), and physico-chemical (liquid hot water extraction
and ammonia fiber explosion) pretreatment methods that dis-
rupt lignocellulosic structures have been developed, reviewed
in [8, 9]. Another widely used hydrothermal method is steam
explosion. In this process, the raw material is subjected to
steam for a certain time under a certain pressure, followed
by an explosive decompression. As a consequence, the recal-
citrant micro-structure of the fibers is disrupted, and is there-
fore more accessible for subsequent processes, e.g., enzymatic
hydrolysis, which releases fermentable sugars [10, 11].
Clearly, the key process parameters pressure, residence time,
and temperature have a significant impact on the outcome of
the whole procedure and, hence, all subsequent processes
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[12]. To find out optimal combinations of these factors for
various types of raw material, a myriad of experiments would
be necessary. To reduce the number of required experiments,
statistical design of experiment approaches has been
employed [13]. Furthermore, the inter-dependence of these
factors has been described by the severity factor (R0), which
is often used to estimate the intensity of the steam explosion
treatment a priori [14]. The outcome of the process can be
predicted by the general rule: the higher the severity factor,
the more disrupted the structure of the steam-exploded mate-
rial. Hence, the more efficient the subsequent enzymatic hy-
drolysis and saccharide yield [10]. Next to polysaccharides,
substances that can inhibit microbial growth, like furfural,
hydroxymethylfurfural (HMF), acetic acid, and formic acid,
are also created by steam exploding lignocellulosic material.
Higher severity factor treatments favor the generation of such
substances [15]. Besides adjustment of process parameters,
chemical pretreatments of the raw material before steam ex-
plosion, such as acid [16–18] or alkaline [19, 20] impregna-
tion, have been described to be successful techniques that
increase subsequent enzymatic saccharification.

In Europe, wheat straw is an abundantly and sustainably
available raw material [21, 22]. As with other lignocellulosic
biomass, efficient pretreatment and conversion strategies are
required to efficiently generate fermentable carbohydrates
from wheat straw [23, 24]. According to literature, wheat
straw contains between 30.4–41.7 g cellulose and 21.3–
32.8 g hemicellulose per 100 g. The amount of monomeric
saccharides generated from that ranges up to 38.8 g glucose
and between 13.4 and 22.8 g xylose, depending on the pre-
treatment [25–29]. Few studies have been performed on steam
explosion parameters of wheat straw in order to improve sub-
sequent saccharification by enzymatic hydrolysis [28, 29].
Further studies found that pretreatment with acid [30, 31] or
impregnation with water, which was then removed before
steam explosion [32], increased saccharide content after sub-
sequent enzymatic hydrolysis. However, only limited amount
of data are available that actually assessed the growth of bio-
technologically relevant microorganisms (other than
Saccharomyces cerevisiae) on wheat straw hydrolysates in
respect to steam explosion parameters.

In the present work, we investigated the effect of im-
pregnating wheat straw with water directly in the reaction
chamber of the steam explosion device, and describe the
optimization of the parameters temperature and residence
time for this approach. The hydrolysates generated by this
method display increased sugar concentrations, while in-
hibitor concentrations remained low. In order to evaluate
the suitability of these hydrolysates as carbon sources in
biotechnological processes, we analyzed growth of the
non-conventional yeast Yarrowia lipolytica, which has
widely been used as a production host in biotechnological
studies over the last few years [33, 34].

2 Materials and methods

2.1 Raw material

Wheat straw was obtained from local farmers in Upper
Austria. It had a relative moisture content of 6.6%. Before
steam explosion, straw was chopped to a particle size of 2–3
cm with an electrical garden shredder (GE260, Viking,
Kufstein, Austria). The dry weight of the wheat straw was
determined using an IR moisture analyzer (Ohaus MB45).

2.2 Steam explosion

Steam explosion was performed, as previously described [35],
in a lab scale reactor (VAM GmbH & Co KG, Linz, Austria).
Briefly, 450 g of dried and chopped wheat straw (6.6% mois-
ture content) was mixed with dH2O at the indicated ratios, and
steam explosion was performed at indicated residence time
and temperature conditions at 1.5 MPa. When ratios and con-
ditions are not specifically stated, we used a 1:1 mixture with
dH2O and 200 °C for 10 min at 1.5 MPa. Subsequently, the
moisture content of steam-exploded wheat straw was deter-
mined using an IR moisture analyzer (Ohaus MB45). In ex-
periments with varying water ratios, dried wheat straw was
mixed with dH2O in ratios 1:1 and 2:1, and steam-exploded
at 180 °C for 20 min at 1.5 MPa. The varying time and tem-
perature values of parameter optimization experiments are
presented in Table 1.

2.3 Enzymatic hydrolysis

For experiments in which steam-exploded wheat straw was
dried before hydrolysis, it was placed for 7 days at 40 °C in
a drying chamber (Binder FD115, Tuttlingen, Germany). In
all other experiments, steam-explodedwheat strawwas hydro-
lyzed immediately after steam explosion. Steam-exploded
wheat straw was hydrolyzed at 10% solids loading. Briefly,
wheat straw was mixed in a 1:10 (dryweight:buffer) ratio in
0.1 M citric acid buffer and the pH was adjusted to 5.0. Then,
0.3 ml Accellerase 1500 (Genencor) per gram dry weight of
wheat straw was added. After incubation at 50 °C and shaking
at 120 rpm for 72 h, larger particles were removed by filtration
in two subsequent steps using 7–12 μm and 2–4 μm filters.
The liquid hydrolysate was sterile-filtered and stored at 4 °C.

2.4 Electron microscopy

To compare the morphological structure of the straw upon
pretreatment with different steam explosion parameters, sam-
ples were taken directly after steam explosion. Samples were
mounted to the pin holder with an electrically conductive
double-sided tape and gold-coated with a sputter coater
(Cressington 108, Tescan, Dortmund, Germany) for 20 s.

1036 Biomass Conv. Bioref. (2023) 13:1035–1046



Images were acquired with a scanning electron microscope
(VEGA 2 LMU, Tescan, Dortmund Germany) with a second-
ary electron detector at 10.00 kV.

2.5 Sugar and inhibitor quantification by HPLC

To analyze saccharides and inhibitory compounds, the sterile-
filtered hydrolysate samples were centrifuged and the super-
natant was used for the quantification by HPLC, using a Jasco
HPLC 2000 plus series (Biolab, Vienna, Austria) with an
Aminex HPX 87H column at 65 °C. H2SO4 (c = 5 mmol
l−1) was used as eluent at an isocratic flow rate of 0.8 ml
min−1. Sugars were detected with a refractive index and or-
ganic acids and inhibitors by a UV detector. Data were ana-
lyzed with ChromPass (Version 1.8.6.1, Jasco Europe, Italy).
For the preparation of standards, chemicals were obtained
from the following suppliers: xylitol from Sigma–Aldrich
(Steinheim, Germany), glucose, xylose, arabinose, acetic acid
and formic acid from Carl Roth (Karlsruhe, Germany), cellu-
lose form Machery-Nagel (Düren, Germany), furfural from
Merck (Hohenbrunn, Germany), and hydroxymethylfurfural
(HMF) from Alfa Aesar (Kandel, Germany). Resulting sac-
charide yields (g) per 100 g wheat straw were calculated as
following:

g½ � saccharide per 100 g wheat straw

¼ g½ � saccharide per L as measured by HPLC*100
%½ � dry mass of wheat straw* g½ � wheat straw loading per L

2.6 Strains and culture conditions

The Y. lipolytica strain W29 used in this study was
gratefully supplied by Dr. Klaus Natter, University of
Graz, Austria. The strains were maintained on YPD-
agar (yeast extract 10 g l−1; peptone from casein 20 g
l−1; glucose 20 g l−1; agar 20 g l−1 all from Carl Roth,
Karlsruhe, Germany). Liquid cultures were prepared in
either YP (yeast extract 10 g l−1; peptone from casein
20 g l−1), YNB (yeast nitrogen base without amino
acids 6.7 g l−1 from Carl Roth, Karlsruhe, Germany)
with glucose 20 g l−1 from Carl Roth, Karlsruhe,
Germany (YPD, YNBD), or hydrolysate (YPH,

YNBDH, YNBH) as carbon source. YPH media were
prepared by adding the indicated amounts of sterile-
filtered wheat straw hydrolysate to 1.5 g L−1 yeast ex-
tract, 3 g L−1 Peptone, 2 g L−1 potassium dihydrogen
phosphate (Carl Roth, Karlsruhe, Germany), 1 g L−1

ammonium sulfate (VWR Chemicals, Fontenay,
France), and 0.5 g L−1 magnesium sulfate heptahydrate
(Carl Roth, Karlsruhe, Germany). YNBH medium was
prepared by adding sterile-filtered wheat straw hydroly-
sate to 10× YNB stock solutions and diluting with
dH2O to yield indicated % (v/v) of wheat straw hydro-
lysate and a final YNB concentration of 6.7 g L−1. For
example, YNBH20 means 20% of dH2O were replaced
with hydrolysate. Liquid cultures were incubated at 28
°C and 170 rpm in an orbital shaker. Yeast growth was
evaluated by optical density measurements with a pho-
tometer (Dr. Lange ION 500) at 600 nm. Yeast yield
was analyzed by centrifugation of 10 ml of stationary
phase (72 h) culture and determination of dry cell
weight (DCW) of the pellet, which was resuspended in
1 ml on an IR moisture analyzer (Ohaus MB15). The
resulting yeast yield (g) per 100 g wheat straw was
calculated as following:

g½ � yeast as measured from 10 ml culture*100*100
%½ �wheat straw hydrolysate in media* %½ � dry mass of wheat straw* g½ � wheat straw loading per L

2.7 Statistical analysis, modelling, and optimization

All experiments were performed at least three times, each time
in triplicates. Statistical analysis was performed with Prism
v8.0.2 - GraphPad Software, San Diego, CA, USA. Outliers
were detected by a Grubbs outlier test and statistical signifi-
cance was calculated via one-way ANOVA followed by
Fisher’s LSD test. Values are displayed as means with stan-
dard deviation of the mean, p < 0.01 = *, p < 0.05 = **, and p
< 0.005 = ***. Modelling, fitting, and optimization was based
on a circumscribed central composite design and was per-
formed using a response surface methodology approach in
Design-Expert 12.0.12.0 (Stat-Ease Inc., Minneapolis,
USA). Optimization of the parameters temperature and resi-
dence time was performed for maximal saccharide yield,
while minimizing inhibitor yield.

Table 1 Overview of applied
steam explosion parameters Parameter no. Severity factor* Temperature (°C) Time (min) Wheat straw (g) Water (ml)

P1 3,66 180 20 500 500

P2 3,64 190 10 500 500

P3 3,64 200 5 500 500

P4 3,94 200 10 500 500

P5 4,12 200 15 500 500

*severity factor calculated according to [14]
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3 Results

In order to broaden the knowledge on steam explosion of
wheat straw and its further use in biotechnological processes,
we employed an approach of soaking dried wheat straw with
dH2O directly before steam explosion in the reaction vessel,
without removing excess water. Then, we analyzed the influ-
ence on subsequent enzymatic hydrolysis, on the release of
free saccharides and inhibitors, and ultimately on growth of
the non-conventional model oleaginous yeast Y. lipolytica.

3.1 Effect of combining wheat straw with dH2O for
steam explosion

First, we examined the influence of the presence of various
ratios of dH2O while steam exploding wheat straw. We per-
formed steam explosion experiments (180 °C, 20 min) with
dried wheat straw without adding dH2O, and with dried wheat
straw mixed with dH2O in the ratios of 1:1 and 2:1.
Subsequently, the resulting polysaccharides were enzymati-
cally hydrolyzed to monosaccharides, which were analyzed
by HPLC.

Steam explosion of dried wheat straw, with a relative mois-
ture content (see Supplemental Fig. S1) of 6.6 ± 0.1%, yielded
18.8 ± 1.3 g L−1 glucose and 13.8 ± 1.9 g L−1 xylose; see Fig.
1a. Combining dried wheat straw with dH2O in a ratio of 2:1
slightly increased the amount of glucose 20.0 ± 1.7 g L−1,
while the amount of xylose was not significantly changed
13.3 ± 2.0 g L−1. When combining wheat straw with dH2O
in a ratio of 1:1, the values of monosaccharides were again
significantly increased. In this setting, the highest levels of
both glucose (22.6 ± 0.4 g L−1) and xylose (16.4 ± 1.0 g
L−1) were detected after enzymatic hydrolysis.

Besides saccharides, also compounds that can inhibit mi-
crobial growth are released by steam explosion of lignocellu-
losic biomass. Therefore, we also analyzed the presence of the

most common growth inhibitors, acetic acid, formic acid, fur-
fural, and HMF. Steam explosion of dried wheat straw with-
out mixing with dH2O yielded 3.1 ± 0.7 g L−1 acetic acid, 2.1
± 0.2 g L−1 formic acid, 145.0 ± 6.0 mg L−1 furfural, and 223.0
± 210.0 mg L−1 5-HMF; see Fig. 1b. Combining dried wheat
straw with dH2O in a ratio of 2:1 yielded 3.0 ± 0.5 g L−1 acetic
acid, 1.8 ± 0.3 g L−1 formic acid, 144.0 ± 5.0 mg L−1 furfural,
and 25.0 ± 2.0 mg L−1 5-HMF. The values for inhibitors when
combining wheat straw with dH2O in a ratio of 1:1 were as
follows: 3.2 ± 0.2 g L−1 acetic acid, 2.3 ± 0.1 g L−1 formic
acid, 100.0 ± 23.0 mg L−1 furfural, and 30.0 ± 3.0 mg L−1 5-
HMF, detected after enzymatic hydrolysis. Regarding the in-
hibitory compounds, statistically significant differences could
only be detected for formic acid, which was slightly but sig-
nificantly lower at a 2:1 ratio of straw to dH2O, and furfural,
which was significantly lower at a ratio of 1:1 compared to the
other ratios.

3.2 Effect of drying wheat straw before enzymatic
hydrolysis

We investigated the effect of thermally drying steam-
exploded wheat straw before hydrolysis on saccharide and
inhibitor yields Since a wheat straw to dH2O ratio of 1:1 led
to the highest amounts of monosaccharides, the following
experiments were performed under these conditions. When
hydrolysis was performed after drying the steam-exploded
wheat straw for 7 days, significantly less glucose (20.8 ±
1.7 g L−1 vs. 24.0 ± 3.2 g L−1) and slightly less xylose (13.6
± 2.8 g L−1 vs. 15.3 ± 2.7 g L−1) were detected as compared to
hydrolyzing directly after steam explosion; see Fig. 2a.
However, after 7 days drying, also significantly less acetic
acid (1.7 ± 0.2 g L−1 vs. 3.2 ± 0.2 g L−1) was detected.
Before drying, 92.0 ± 27.0 mg L−1 furfural and vs. 28.0 ±
3.0 mg L−1 HMF was detected, while after drying these two
substances could not be detected at all; see Fig. 2b. Since the

Fig. 1 Effect of combination of
wheat straw with various dH2O
ratios in steam for explosion on
saccharide and inhibitors
concentrations. HPLC analysis of
a saccharides and b inhibitors in
hydrolysates generated by steam
explosion of wheat straw without
additional dH2O, or mixed with
dH2O in ratios of 1:1 or 2:1.
Displayed are mean values ± SD
(n = 2) in g L−1
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amount of fermentable monosaccharides was highest when
steam-exploded with a wheat straw to dH2O ratio of 1:1 and
direct enzymatic treatment after steam explosion, all subse-
quent experiments were performed under these conditions.

3.3 Optimization of time and temperature parameters
for steam explosion of wheat straw

After optimizing dH2O and drying parameters, we continued
with the adaptation of the two basic steam explosion parame-
ters, temperature and residence time. It has previously been
demonstrated that steam explosion of overnight impregnated
wheat straw was most effective at 200 °C with a residence
time of 10 min [32]. This corresponded to a severity factor
of 3.64, calculated according to [14]. For our approach with
mixing wheat straw and dH2O directly in the reaction vessel,
we also applied lower and higher severity factors, correspond-
ing to lower temperatures and different residence times. For an
overview of the applied parameters, see Table 1. As can be
seen in Supplemental Fig. S1, the relative moisture content of
wheat straw after steam explosion with the various parameters
was 81.1 ± 2.0% for P1, 78.2 ± 1.4% for P2, 77.1 ± 2.2% for
P3, 78.6 ± 1.5% for P4, and 77.7 ± 1.5% for P5.

We analyzed monosaccharides present in hydrolysates gen-
erated from wheat straw steam-exploded at indicated parame-
ters and a water ratio of 1:1. Figure 3a shows that higher sever-
ity factors P4 and P5 yielded significantly higher levels of glu-
cose (36.0 ± 5.8 g L−1 and 41.2 ± 9.6 g L−1, respectively) than
the lower severity factor treatments P1, P2, and P3 (26.5 ± 2.6 g
L−1, 25.8 ± 1.2 g L−1, and 30.6 ± 7.3 g L−1, respectively). The
parameter P3 also yielded significantly higher quantities of glu-
cose than P1 and P2. Concerning xylose, the 180 °C parameter
P1 (15.8 ± 1.1 g L−1) resulted in significantly lower amounts
than parameters P2 and P3 (18.9 ± 0.3 g L−1 and 17.7 ± 3.3 g
L−1, respectively), although all share the same severity factor
R0. The higher R0 parameter P4 resulted in slightly less xylose

(15.5 ± 2.7 g L−1), although not significantly different from P2
and P3. The highest R0 parameter P5 (11.3 ± 1.4 g L−1) yielded
significantly less xylose than P2, P3, and P4.

In line with our previous analyses, we also analyzed the
amounts of growth inhibitory compounds for these parame-
ters. Here, we could not detect statistically significant differ-
ences due to large standard deviations. However, as can be
seen in Fig. 3b, the trend shows that especially for acetic acid,
but also furfural and HMF, the higher the severity factor, the
more inhibitors are produced. Concerning formic acid, al-
though P3 yields the lowest value (0.5 ± 0.4 g L−1), no clear
trend regarding the severity factor can be observed. The only
statistically significant difference is between P2 vs. P4 (1.5 ±
0.03 g L−1 vs. 1.6 ± 0. 03 g L−1). To get a more detailed insight
on the effects of the different severity factors on the micro-
scopic structure of the raw material, wheat straw steam-
exploded with the parameters differing in severity factor (P3,
P4, and P5) was analyzed by electron microscopy. As can be
seen in Supplemental Fig. S2, the microscopic structure of the
straw was efficiently disrupted by the steam explosion treat-
ment. Especially, the higher severity factor parameters effec-
tively ruptured the fibers of the straw.

Based on these data, the optimal parameter combinations
(residence time and temperature) for maximizing saccharide
yields while minimizing inhibitor yields were modelled. The
model was based on a circumscribed central composite exper-
imental design (shown in Table S3) to which a response surface
methodology (RSM) was applied. The effects of temperature
and residence time on saccharide yields were described by a
quadratic function (p < 0.0001 for glucose and p = 0.02 for
xylose). Acetic acid (p = 0.08) and formic acid (p = 0.23) were
described by a 2-factor interaction function. The corresponding
3-D response surface plots are shown in Fig. 4a. Based on the
desirability function, the optimal parameters were found to be a
combination of 200 °C and 9.2-min residence time. The corre-
sponding desirability plot is depicted in Fig. 4b.

Fig. 2 Effect of drying of wheat
straw steam before enzymatic
hydrolysis on saccharide and
inhibitors. HPLC analysis of a
saccharides and b inhibitors in
hydrolysates generated directly
after steam explosion or after 7
days drying of steam-exploded
wheat straw. Displayed are mean
values ± SD (n = 5) in g L−1
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3.4 Evaluation of wheat straw hydrolysate as carbon
source in yeast growth media

Taken together, we observed a clear correlation of steam ex-
plosion severity factor with the amount of monosaccharides
generated by subsequent hydrolysis and at least to some extent
also inhibitors. In order to investigate the influence of the

pretreatment parameters on the suitability of the subsequently
generated hydrolysates as component of growth media, the
growth of the yeast Y. lipolytica in liquid cultures containing
steam-exploded wheat straw hydrolysate was evaluated. For
these growth evaluation experiments, only hydrolysates gen-
erated from parameters P1 to P4 were used, because of the low
amount of xylose and higher levels of inhibitory compounds

Fig. 3 HPLC analysis of wheat
straw hydrolysate. Amounts of a
sugars and b inhibitors in
hydrolysates generated by 72 h
enzymatic hydrolysis of steam
explosion of wheat straw with
parameters P1–P5. Displayed are
mean values ± SD (n = 3) in g L−1.
#Statistical significance for
glucose in a: p < 0.001 for all
mean values, except where n.s. is
stated

Fig. 4 Optimization of steam explosion parameters. a 3-D response sur-
face methodology plots, based on modelling of the central composite
design via quadratic (glucose and xylose) and 2-factor interaction

functions (acetic acid and formic acid); b desirability plot based on opti-
mization of the central composite design’s space for maximized saccha-
ride and minimized inhibitor yields
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in P5.When 20% hydrolysate of either P1, P2, P3, or P4
were used as sole carbon source in yeast media
(YPGH), Y. lipolytica grew to the highest OD600 (14
and 13) with hydrolysates generated from wheat straw

that was steam-exploded using parameters P3 and P4, as
shown in Fig. 5a.

To get a better insight on the effect of hydrolysates on
growth of Y. lipolytica, we prepared growth media consisting
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of minimal medium (YNB) with 20 g L−1 glucose as carbon
source, and added various concentrations of hydrolysate (20–
50%), generated with parameter P4. Addition of hydrolysate
to minimal media containing glucose (YNBD) results in
YNBDH media, which enhances growth in a concentration
dependent manner, as can be seen in Fig. 5b. The more hy-
drolysate is added, the better the growth. While addition of
20% hydrolysate did not significantly affect growth compared
to minimal medium (OD600 of 15 vs. 16 after 72 h), addition
of 40% and 50% hydrolysate resulted in significantly higher
growth (OD600 of 20 and 22 after 72 h).

Finally, hydrolysates were tested for their ability to substi-
tute glucose as sole carbon source also in minimal media.
Additionally, the influence of elevated concentrations of hy-
drolysate in YNBH media on growth was analyzed.
Therefore, hydrolysates generated with parameter P4 were
used for the preparation of growth media containing up to
90% hydrolysate as the sole carbon source. As can be seen
in Fig. 5c, the higher the concentration of hydrolysate in the
growth media, the higher the OD600 of Y. lipolytica after 72 h.
At a hydrolysate concentration of 20%, Y. lipolyticawere only
able to grow to an OD600 of around 10, while concentrations
of 40% and 50% allowed them to grow to OD600 above 20.
The highest optical densities could be reached at hydrolysate
concentrations of 70, 80, and 90%. This corresponds to 12.4 ±
0.6 g yeast dry cell weight per 100 g wheat straw (initial input
for steam explosion) after 72 h growth in YNBH90.

4 Discussion

The study presents strategies for improvement of steam explo-
sion of lignocellulosic raw materials, in particular wheat
straw. One general issue with lignocellulosic raw materials
is the heterogeneity in the chemical composition of agricultur-
al rawmaterials in different countries. Thus, the precise values
for saccharides and growth inhibitory substances might slight-
ly vary in different publications. Interestingly, the wheat straw
we used had the same moisture content (around 6%, see
Supplemental Fig. S1) as compared to previously published
values from other European countries. These previous studies
impregnated wheat straw in water (150 g in 1.5 L) overnight.
Then, excess water was removed and the remaining raw ma-
terial was used for steam explosion. These authors observed
higher overall saccharides yields from steam-exploded wheat
straw when it was impregnated with water overnight before
[30, 32]. We followed a slightly different and simplified ap-
proach, which is impregnation of the raw material with water
directly in the reaction chamber of the steam explosion device.
As can be seen in Fig. 1, mixing wheat straw with water for
steam explosion yielded significantly higher amounts of sac-
charides after enzymatic hydrolysis (Fig. 1a), while the
amounts of inhibitory substances (Fig. 1b) were mostly

unchanged or even slightly lower. The absolute quantities of
saccharides we obtained from steam explosion with parameter
P4 (200 °C, 10 min) were slightly higher to those that have
previously been reported [32] for overnight impregnation
using the same parameters (35.4 vs. 35.8 g/100 g straw for
glucose and 11.7 vs 15.4 g/100 g straw for xylose). Due to the
higher levels of xylose obtained by our approach, we conclude
that especially hemicelluloses were more efficiently hydro-
lyzed from wheat straw steam-exploded in the presence of
dH2O. Probably the presence of water facili tates
autohydrolysis-like processes of hemicelluloses [36] in the
early phase of the steam explosion reaction [37–39].
Likewise, when impregnated with water, softwood showed
enhanced breakdown upon steam explosion with similar se-
verity factors [40]. The fact that we could not detect signifi-
cantly higher amounts of inhibitors at higher severity treat-
ments led us to hypothesize that dH2O impregnation provides
a protective effect. Buffering effects from neutral pH during
steam explosion have been observed previously [41–43].

Lignocellulosic materials can be detoxified from inhibitory
substances by several methods, reviewed in [44]. One of them
is evaporation. In order to see whether drying of steam-
exploded wheat straw before hydrolysis has an effect on the
amount of saccharides and inhibitory substances, we com-
pared hydrolysates generated from steam-exploded wheat
straw that has been dried for 7 days with hydrolysates obtain-
ed from straw that has been hydrolyzed directly after steam
explosion. Other studies found that drying of lignocellulosic
material significantly affected pore size; however, it did not
have a substantial effect on saccharide yield after enzymatic
hydrolysis [45–47]. When applying our approach, drying the
straw resulted in lower amounts of most inhibitors (Fig. 2b),
except formic acid, but as well, dried straw yielded less sac-
charides (Fig. 2a). While we detected slightly less acetic acid,
formic acid amounts were even slightly higher in hydrolysates
from dried straw. Furfural and HMF were below the levels
that have been described to actually have inhibitory effects on
yeast [48–51]. Therefore, we concluded that drying straw is
not worth the additional time, effort, and energy, at least not
when using our approach.

Subsequently, we optimized the steam explosion parame-
ters residence time and temperature for our approach. Because
it yielded the highest amount of fermentable sugars, we used
wheat straw to dH2O ratios of 1:1, and directly hydrolyzed
after steam explosion for all subsequent experiments. Overall,
the higher severity factor parameters yielded higher amounts
of glucose (Fig. 3a). Likewise, wheat straw impregnated over-
night with dH2O yielded more glucose when steam-exploded
at higher temperatures, while xylose yields were reduced at
higher severity factor treatments. The authors detected the
highest quantities of xylose in hydrolysates from wheat straw
steam-exploded at 190 °C for 10 min [32]. Also, in our exper-
iments, xylose quantities were highest with the parameters

1042 Biomass Conv. Bioref. (2023) 13:1035–1046



190 °C for 10 min (P2), while the highest severity factor
parameter P5 yielded significantly less xylose; see Fig. 3a.
Overall, parameter P4 (200 °C, 10 min) resulted in the highest
total saccharide yield after enzymatic hydrolysis. This param-
eter combination has proven to result in the highest glucose
yield also for the overnight impregnation approach [32].
Similar relations between steam explosion temperatures and
glucose and xylose yields were observed previously [52].

Concerning inhibitory compounds, we found the higher the
severity factor treatment, the higher the amount of acetic acid,
furfural, and HMF. For formic acid, no clear trend can be
observed. However, the lowest value was detected when ap-
plying parameter P3; see Fig. 3b. When applying parameter
P4, we detected slightly lower quantities of acetic acid, HMF,
and furfural, but slightly higher values for formic acid than
reported for overnight impregnation [32]. Obviously, higher
severity factor treatments allow the straw to be more efficient-
ly hydrolyzed. This can also be inferred from the modelled 3-
D RSM plots. As illustrated in Fig. 4a, glucose is more effi-
ciently hydrolyzed from straw that was treated with higher
severity factor conditions. With one limitation, glucose yield
from 200 °C treatments diminished when applied for longer
than 15 min. Similar to what has been described by the exper-
imental data, xylose showed a less trivial response to treat-
ment severity also in the model. Treatments at temperatures
and times at the borders of the design space spectrum (low as
well as high severity factors) yielded reduced amounts of xy-
lose than moderate severity factor treatments. The highest
amounts of xylose could be generated from short treatments
at high temperatures, moderately long residence times at mod-
erate temperatures, or long treatments at lower temperatures
(Figs. 3a and 4a). Also, other authors found that xylose could
be most efficiently hydrolyzed fromwater-impregnated wheat
straw when steam-exploded at moderate conditions (190 °C,
10min) [32]. Based on the covered design space, RSM did not
allow applying a quadratic model to the inhibitors.
Consequently, inhibitors were predicted most reliably by a
2-factor interaction function. Due to rather large variations
of the experimental data, the models for the inhibitors were
not statistically significant, but still showed a reasonable in-
terpolation of the data (Figs. 3b and 4a). The optimal combi-
nation of parameters (200 °C, 9.2 min) was found by the
desirability plot (Fig. 4b), and is close to the experimentally
applied parameter P4 (200 °C, 10 min), which was also sug-
gested by the optimization calculation with only a slightly
smaller desirability value.

A widespread understanding is that higher severity factors
disrupt the straws physical integrity more. Consequently, cel-
lulose and hemicellulose might be more easily accessible for
enzymatic hydrolysis [10, 31]. This observation can also be
inferred from our electron microscopic images of (steam-
exploded) wheat straw in Supplemental Fig. S2. While un-
treated wheat straw shows an organized and compact

structure, the surface of steam-exploded wheat straw became
scattered and porous, due to the destruction of the lignin-
cellulose-hemicellulose complex’s integrity. Other authors
observed similar changes in wheat straw’s morphology and
structure caused by various pretreatments when imaging with
a scanning electron microscope [24, 53]. Due to significantly
lower amounts of sugars and, hence, limited suitability for
yeast growth experiments, as shown in Fig. 5a, conditions
P1 and P2 were not analyzed in more detail by electron
microscopy.

Wheat straw pretreated by miscellaneous methods has been
used as a substrate for various kinds of microorganisms in order
to biotechnologically produce biofuels [23, 54], microbial oils
[51], other value-added chemicals [55–57], or enzymes [58,
59]. In recent years, Y. lipolytica has emerged as a popular host
to produce a broad variety of substances by fermentation pro-
cesses [33, 60]. However, literature on using wheat straw as a
substrate for growth of Y. lipolytica is sparse. Therefore, we
aimed to analyze the suitability of the wheat straw hydrolysate
generated by our approach as components of yeast growth
media, in which they serve as sole carbon source for growth
of Y. lipolytica. As shown in Fig. 5a, the yeast Y. lipolyticawas
able to grow in liquid media with 20% hydrolysates (v/v) from
parameters P1–P4 as the sole carbon source. Hydrolysates from
wheat straw steam-exploded with parameters P3 and P4 en-
abled the highest growth, which was photometrically measured
as optical density. Due to significantly lower amounts of
sugars, especially glucose, hydrolysates from parameters P1
and P2 resulted in reduced yeast growth. P5 was not included
in the yeast growth studies, because of higher amounts of in-
hibitory substances, especially acetic acid.

In order to examine whether higher concentrations of hy-
drolysates act inhibitory for yeast growth, we added various
amounts of P4-derived hydrolysates to synthetic media that
already contained 20 g L−1 glucose as carbon source. As can
be seen in Fig. 5b, replacing dH2O in media with hydrolysates
did not negatively affect yeast growth. In contrast, adding
hydrolysates next to glucose as co-substrate even increased
overall yeast growth. Apparently, addition of hydrolysates
provides more sugars, which results in higher OD600.
However, above a certain percentage of hydrolysates, even
addition of extra glucose as supplementary carbon source
did not have a beneficial effect on yeast growth anymore.
When comparing the 50% curves from Fig. 5b and c, both
have a nearly similar OD600 after 72 h. Hence, when hydroly-
sates equal 50% (v/v) or more of media, hydrolysates can fully
substitute glucose as sole carbon source in minimal media.

More hydrolysate does not only meanmore saccharides but
also higher levels of inhibitory compounds. Therefore, we
tested how much hydrolysate is needed and at the same time
tolerated for optimal growth. To do so, Y. lipolytica was
grown on media constituting of various amounts of hydroly-
sates as sole carbon source. As demonstrated in Fig. 5c,
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Y. lipolytica was able to grow well in media composed of
up to 90% wheat straw hydrolysate (YNBH90 media) as
sole carbon source. YNBH90 basically is a concentrated
solution of salts, vitamins, trace elements, and ammonium
sulfate as inorganic nitrogen source added to pure hydro-
lysate. Similarly, Y. lipolytica was able to grow on agave
bagasse hydrolysate in concentrations up to 86% [61] and
50% corn stover hydrolysate [62]. When grown in high
hydrolysate concentrations (especially in YNBH90 me-
dia), we could observe marginally slower growth in the
early growth phase, which indicates that the yeasts had to
adapt to this very high hydrolysate concentration.
However, after 48–72 h, yeasts grown in YNBH80 and
YNBH90 media reached the highest overall optical den-
sities. When grown on wheat straw hydrolysate generated
by the approach presented here , the maximum
Y. lipolytica biomass yield after 72 h corresponded to
12.4 g dry cell weight L−1. Others found a maximum
biomass of 7.4 g L−1 (reached after 144 h) for
Y. lipolytica grown on wheat straw hydrolysate [51].
Conversely, when grown for 120 h on rye straw hydroly-
sate, it was 3.35 g L−1 [63]. Concluding, our results sug-
gest that wheat straw pretreated by the strategy developed
in our study could be efficiently bio-converted into valu-
able platform chemicals or biofuels.

5 Conclusions

Impregnation of wheat straw with water in a 1:1 ratio for
steam explosion improves total saccharide yield of subsequent
enzymatic hydrolysis, while keeping the amount of inhibitory
substances low. Generally, optimal parameters for this ap-
proach were modelled to be 200 °C for 9.2 min.
Experimental data demonstrated that, of all parameter combi-
nations tested, steam explosion at 200 °C for 10 min resulted
in the most-desired saccharide and inhibitor yields.
Hydrolysates prepared by this approach are a suitable growth
substrate for the biotechnologically used yeast Y. lipolytica.
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