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Abstract

Background: Pretreated lignocellulosic biomass is considered as a suitable feedstock for the sustainable produc-
tion of chemicals. However, the recalcitrant nature of cellulose often results in very cost-intensive overall production
processes. A promising concept to reduce the costs is consolidated bioprocessing, which integrates in a single step
cellulase production, cellulose hydrolysis, and fermentative conversion of produced sugars into a valuable product.
This approach, however, requires assessing the digestibility of the applied celluloses and, thus, the released sugar
amount during the fermentation. Since the released sugars are completely taken up by Trichoderma reesei Rut-C30
and the sugar consumption is stoichiometrically coupled to oxygen uptake, the respiration activity was measured to

evaluate the digestibility of cellulose.

Results: The method was successfully tested on commercial cellulosic substrates identifying a correlation between
the respiration activity and the crystallinity of the substrate. Pulse experiments with cellulose and cellulases suggested
that the respiration activity of T. reesei on cellulose can be divided into two distinct phases, one limited by enzyme
activity and one by cellulose-binding-sites. The impact of known (cellobiose, sophorose, urea, tween 80, peptone) and
new (miscanthus steepwater) compounds enhancing cellulase production was evaluated. Furthermore, the influence
of two different pretreatment methods, the OrganoCat and OrganoSolv process, on the digestibility of beech wood

saw dust was tested.

Conclusions: The introduced method allows an online evaluation of cellulose digestibility in complex and non-com-
plex cultivation media. As the measurements are performed under fermentation conditions, it is a valuable tool to test
different types of cellulose for consolidated bioprocessing applications. Furthermore, the method can be applied to
identify new compounds, which influence cellulase production.

Keywords: Cellulose, Digestibility, Respiration activity measurement, Trichoderma reesei Rut-C30, Beech wood,

OrganoCat, OrganoSolv, Consolidated bioprocessing

Background

As the world’s most abundant and renewable natural
resource lignocellulosic biomass is a potential feedstock
to replace petroleum in a wide range of fossil-based
products like fuels and chemicals [1]. Lignocellulose is
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the structural component of plant cell walls and mainly
consists of cellulose (35-50 % (w/w)), which is associated
with hemicellulose (20-35 % (w/w)) and interlinked by
lignin (5-30 % (w/w)). Cellulose itself is a linear polymer
built up of B-1,4 linked D-anhydroglucopyranose mole-
cules with a degree of polymerization between 100 and
15,000 molecules. Due to the linear structure of the poly-
mer adjacent cellulose chains align in a parallel fashion
building up a highly ordered crystalline tertiary structure.
The cellulose fibrils possess high tensile strength and low
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accessibility for degrading enzymes and chemicals mak-
ing them difficult to convert. Some parts of the fibrils,
however, are less ordered and referred to as amorphous
regions [2]. As a result, these amorphous regions provide
improved accessibility for an enzymatic breakdown. Due
to its complexity and rigid structure an economic and
efficient enzymatic conversion of the cellulose fraction to
glucose still remains a bottleneck for the use of lignocel-
lulosic biomass [3, 4].

Four processing steps are needed to convert ligno-
cellulosic biomass to a valuable product: biomass pre-
treatment, enzymatic hydrolysis of the carbohydrate
fraction, fermentation of sugars to products and down-
stream processing [5]. The pretreatment mostly includes
a mechanical disintegration step such as hammer or ball
milling followed by a chemical or thermochemical pro-
cess. Examples of chemical steps include alkaline pre-
treatment with sodium or ammonium hydroxide, acid
pretreatment using sulfuric acid, oxalic acid or peracetic
acid, and a combination of organic solvents with acids
as in the OrganoSolv or OrganoCat process [5-7]. The
biomass pretreatment facilitates enzymatic hydrolysis by
removing most of the lignin and in some cases hemicel-
lulose, thus, increasing cellulose accessibility. Further-
more, the degree of polymerization as well as crystallinity
of the cellulose is reduced. In all pretreatment processes
by-products such as weak acids, furans, and phenolic
compounds can be produced [8]. As a result, the type of
pretreatment can influence to a great extent the subse-
quent hydrolysis and fermentation step.

Cellulose is hydrolyzed by a cocktail of different
enzymes called cellulases. For the conversion three dif-
ferent enzymatic specificities are essential: endoglu-
canases (EC 3.2.1.4), cellobiohydrolases (EC 3.2.1.91),
B-glucosidases (EC 3.2.1.21) [9]. The overall hydrolytic
efficiency of the enzyme cocktail depends on the proper-
ties of the individual enzymes and their ratio in the cock-
tail. Furthermore, the substrate properties determine the
rate of hydrolysis. For pure cellulosic substrates the par-
ticle size, degree of polymerization, crystallinity, accessi-
ble surface area, as well as the pore size are regarded as
important characteristics [10]. In pretreated biomass the
hydrolysis is additionally affected by the remaining struc-
tural components lignin (mainly) and hemicellulose. The
exact interconnection of physicochemical properties with
the rate of hydrolysis is still not completely understood
[11, 12].

Cellulases are produced by bacteria like Clostridium
and Actinomycetes species as well as filamentous fungi
belonging to the genus of Aspergillus, Penicillium or
Trichoderma [13]. The mesophilic soft-rot fungus Tricho-
derma reesei secretes the enzymes and is one of the major
microorganisms for cellulase production in academic
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research and the industrial sector [14]. Enzyme produc-
tion is strongly influenced by the kind of carbon source
and culture conditions like aeration, temperature, and pH
value [15-17]. Furthermore, cellulase synthesis is tightly
regulated by induction and product (especially glucose)
inhibition. Cellulase expression is induced by the natu-
ral substrate cellulose but also activated by some of its
hydrolytic products and certain oligosaccharides. Exam-
ples of inducers are cellobiose, lactose, or sophorose [18].

Since enzyme production is a very expensive step in the
conversion of cellulosic biomass, strategies are needed to
decrease its costs [19]. Consolidated bioprocessing (CBP)
offers great potential to substantially decrease costs by
combining cellulase production, hydrolysis, and fermen-
tation of sugars in one reaction step. This can be achieved
by using engineered microorganisms capable of produc-
ing a suitable cellulase cocktail as well as the desired
product. Another strategy is to use a microbial consor-
tium dedicated to the different tasks. Although CBP is a
highly promising approach, examples of successful inte-
gration of the different steps are scarce [20-25]. This is
probably due to the high complexity of the resulting sys-
tem, which is characterized by its enzyme production
as well as cellulose degradation and product formation
characteristics.

As a first step to set up a consolidated bioprocess, the
present study aimed at the development of a method to
evaluate the digestibility of different cellulosic materials
in situ. In this case, the measurements of cellulose diges-
tion have to be performed using the chosen fermenta-
tion conditions, which determine the enzyme production
as well as cellulose hydrolysis. Figure 1 shows a process
scheme of cellulose digestion by T. reesei. The fungus
consumes the sugars glucose and cellobiose to produce
the cellulase cocktail. The sugars do not accumulate
because cellulose hydrolysis is the limiting step during
the whole reaction. Oxygen is taken up by the fungus
and carbon dioxide is released, according to the stoichi-
ometry of the reaction. The solid substrate cellulose is
hydrolyzed by the produced cellulases to yield soluble
sugars. Therefore, the respiration activity is a measure of
the amount of the released sugars, which are produced
by the secreted cellulase cocktail on the used type of cel-
lulose under fermentation condition. After establishing
a suitable cultivation procedure, four commercial cellu-
lose materials were used as substrates to investigate their
effect on the measured metabolic activity and, hence,
their digestibility. The course of respiration activity dur-
ing cellulose conversion was further analyzed by addition
of cellulolytic enzymes and fresh cellulose substrate. Sub-
sequently, the effect of inducers (cellobiose, sophorose),
several media supplements (urea, tween 80 and pep-
tone), and miscanthus steepwater, a possible by-product
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Fig. 1 Process scheme of cellulose digestion by T. reesei. T. reesei
consumes oxygen and the soluble sugars glucose and cellobiose,
producing a mixture of cellulases and CO,. The solid substrate cellu-
lose is hydrolyzed by the produced cellulases to yield soluble sugars,
closing the loop. The dashed line symbolizes the boundary for mate-
rial balances. Oxygen consumption is measured online. This concept
can be used to investigate cellulose digestion because the cellulose
hydrolysis is the limiting step and no soluble sugars accumulate dur-

ing the whole reaction

of a biorefinery, on the respiration activity was assessed.
Finally, differently pretreated substrates, OrganoSolv and
OrganoCat cellulose fractions from beech wood biomass
fractionations, were tested for their suitability as cellu-
losic material for CBP.

Results and discussion

Effects of glucose and glycerol on the respiration activity
of T. reesei Rut-C30

The production of cellulases is strongly influenced by
the applied carbon source. If cellulose, a strong natural
inducer of cellulase production, is used as sole carbon
source, the initial spore germination will be strongly
delayed. Therefore, complex compounds like peptone
or yeast extract are often included in the culture broth
to initiate growth [18, 26]. However, to avoid the influ-
ence of lot-to-lot variations of complex compounds dur-
ing process characterization, their use should if possible
be avoided [27]. Instead, two different carbon sources,
namely glycerol and glucose, were tested to minimize the
lag phase of the cultivation. Although glucose is a repres-
sor for the production of cellulases, it is often included
in pre-culture media [15]. In contrast, glycerol does not
influence the production of cellulases [18, 28]. To moni-
tor the growth in shake flasks in presence of a solid
substrate, the respiration activity monitoring system
(RAMOS) was used.

Figure 2a shows the oxygen transfer rate (OTR) and
cumulative oxygen transfer (OT) over time of a T reesei
Rut-C30 culture in a mineral medium with a-cellulose
(345 g L7!) as sole carbon source and a-cellulose
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in combination with glucose (5.0 g L™!) or glycerol
(5.1 g L™Y). The amount of different carbon sources was
adapted to yield the same overall amount of carbon. The
measurements were performed in duplicates and the low
variations prove the excellent repeatability of the cultiva-
tion in one parallel experiment. This is especially remark-
able, as T reesei is a filamentous fungus, which in general
often show a quite variable morphology and behavior.
However, it has already been shown that T reesei can also
be reproducibly cultured in microtiter plates [29]. The
reproducibility of experiments performed at different
time points is lower and is shown in the Additional file 1:
Figure S1. Due to the detected intrinsic variability of the
biological system, comparison of different cultivation
conditions was always performed using only data from
parallel experiments.

The culture containing a-cellulose as sole car-
bon source has the longest lag phase of about 45 h.
Afterwards, the OTR increases to a maximum of
12 mmol L™! h™! after 70 h and then decreases very
slowly over a period of 3—4 days in the further course of
the cultivation. High cellulose consumption (Fig. 2b) and
a steep drop in pH (Fig. 2c) coincide with the increase
in OTR. In contrast, low cellulose consumption and a
decelerated decline in pH can be observed during the
subsequent OTR decrease after 70 h. In comparison, a
culture supplemented with glycerol has a slightly shorter
lag phase, but reaches the same maximum OTR at a
similar time point. The maximum is followed by a short
instantaneous drop and an increase in OTR reaching a
second maximum of about 10 mmol L™ h™! after 80 h.
This is a characteristic course of OTR for diauxic growth
on two carbon sources [30]. The analysis of cumula-
tive oxygen transfer (OT) and the course of cellulose
consumption reveal that cellulose and glycerol are con-
sumed simultaneously. The drop in OTR at about 70 h is
probably caused by the exhaustion of glycerol as carbon
source. The rate of final OTR decrease is similar to that
of the culture with solely a-cellulose. The culture con-
taining glucose has the shortest lag phase and reaches its
first maximum of 10 mmol L™' h™! after 28, 42 h ear-
lier compared to the culture with cellulose as sole car-
bon source. Furthermore, a similar two peak pattern
as with glycerol is observed except for a steeper OTR
decrease between the two maxima reaching a minimum
of 3 mmol L™! h™!, HPLC analysis confirms glucose is
depleted at this local minimum (data not shown). Fig-
ure 2b illustrates that the consumption of cellulose in the
culture with glucose, which is indicated by the second
increase in OTR, does not set in until the initial glucose
is consumed. Nonetheless, cellulose consumption starts
about 10 h earlier compared to the culture supplemented
with glycerol or solely with cellulose.
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Fig. 2 Effects of glucose and glycerol on the respiration activity of T. reesei Rut-C30. T. reesei Rut-C30 was grown on a-cellulose as sole carbon source
(3459 L") and a-cellulose (30 g L") in combination with glucose (5.0 g L™Yor glycerol (5.1 g L. All cultures contained the same molar amount
of carbon. a Duplicates of oxygen transfer rate (OTR) and cumulative oxygen transfer (OT). For clarity only every second measuring point over time
is represented by a symbol; b cellulose and protein content in the culture supernatant; ¢ pH and filter paper activity (FPA). Error bars represent stand-
ard deviation of technical triplicates. Culture conditions: modified Pakula medium, 250 mL flask, filling volume 20 mL, shaking frequency 350 rpm,

shaking diameter 50 mm, inoculum 10° spores mL~", and 30 °C
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The OT of all three cultures reaches a final value of
around 600 mmol L7}, indicating that the same amount
of carbon was taken up. This is confirmed by the fact that
the remaining cellulose concentration is around 4 g L™
in all cultures. Additionally, the same final pH value of
roughly 3.3 is reached.

The main proteins secreted by T. reesei Rut-C30 are cel-
lulases. Therefore, the extracellular protein content cor-
relates with the amount of cellulases produced [31]. As
shown in Fig. 2b, a total protein concentration (Bradford)
between 1600 and 1800 mg L~! were reached in all cul-
tures at the end of the fermentation. The final cellulase
activity measured by the filter paper activity assay was
around 0.7—0.9 filter paper units (FPU) mL~" for all cul-
tures, the culture with glycerol reaching slightly higher
values (Fig. 2c).

The comparison of all three cultures reveals that the lag
phase can be significantly shortened by addition of glu-
cose, which is in good agreement with Zhang et al. [32].
The addition of glycerol influences the lag phase only
slightly. It has to be noted that cellulose and glycerol were
consumed simultaneously in contrast to glucose and cel-
lulose, which were taken up consecutively. The reason for
this might be the repressing effect of glucose on cellulase
production [18]. No significant influence of glucose on
the quantity of enzymes produced by T. reesei Rut-C30
was detected, however, enzyme production started at an
earlier time point. This might be due to the fact that the
addition of glucose results in a higher biomass formation
allowing a faster cellulase production after the depletion
of glucose. This assumption is supported by the earlier
second rise in OTR starting at about 35 h caused by cel-
lulose consumption. Szijarto et al. [33] performed pulse
experiments, adding cellulose to cultures grown on glu-
cose. He suggested to perform two stage cultivations, first
on glucose for biomass formation, and afterwards using
cellulose for enzyme production. The results obtained
in this study suggest that via glucose addition to a cul-
ture containing cellulose, biomass growth and enzyme
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production can be realized in a single stage. Therefore,
further experiments were performed using both glucose
and cellulose as carbon sources to achieve a faster initia-
tion of cellulose consumption.

Digestibility of different commercial celluloses

The physical properties of the utilized celluloses influ-
ence induction of cellulase production as well as the rate
of hydrolysis, thus determining their biological digestion
rate [11, 15].

To evaluate the influence of cellulose with different
physicochemical properties on the respiration activ-
ity of T. reesei Rut-C30, four commercially available cel-
luloses, namely a-cellulose, Sigmacell 101, Sigmacell 20,
and Sigmacell 50, were tested. Their crystallinity as well
as particle size are given in Table. 1. All cultures con-
tained 5 g L™! glucose and 30 g L' cellulose. Figure 3a
depicts the course of OTR over time. As expected, the
observed pattern for the culture containing glucose and
a-cellulose is very similar compared to the results shown
in Fig. 2a. Regardless of the type of cellulose the OTR
profiles exhibit a two peak pattern. The first maximum
of 10 mmol L™! h™!, corresponding to glucose consump-
tion, is reached after 24 h of cultivation for all cultures.
The second peak has a different shape depending on the
type of cellulose investigated. The second increase in
OTR for the culture on a-cellulose (Crl 41.5 %) and Sig-
macell 101 (amorphous) starts simultaneously. However,
the maximum OTR reached on Sigmacell 101 is twice
as high as for the culture on a-cellulose. The OTR maxi-
mum further decreases for Sigmacell 20 (Crl 52.6 %) and
Sigmacell 50 (Crl 56.1 %) to about 8 and 7 mmol L™* h™},
respectively. All in all, at a higher crystallinity of cellulose
the height of the second peak decreases. This observa-
tion indicates that the shape of the OTR curve can be
used to describe the digestibility characteristics of the
applied celluloses. For the tested celluloses no correlation
between the particle size and the shape of the OTR curve
was observed.

Table 1 Physical properties of the used types of cellulose and oxygen transfer-based parameters

Crl [%] dp [um] Slope of linear increase Slope of linear decrease Area ratio
[mmolL~"h~?3] [mmolL~"h~?] X/Y [-]
Sigmacell 101 Amorphous® 15.68° 125 —0.70 0.59
a-Cellulose 4152 68.77° 058 —0.20 043
Sigmacell 20 52.6° 20¢ 0.44 —0.14 041
Sigmacell 50 56.1° 50¢ 039 —-0.12 036

The crystallinity index (Crl) and particle size (d,) of the used types of cellulose are listed together with the slope of linear increase, slope of linear decrease as well
as the area ratio of increasing (X) to the decreasing (Y) OTR according to Fig. 4. The values were calculated for a T reesei Rut-C30 cultivation on 5 g L' glucose and

30 g L~ of the corresponding type of cellulose as carbon sources
@ NMR based calculation [62]
b Ref.[54]

¢ According to manufacturer’s data
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Fig. 3 Characteristic growth and enzyme production parameters of T. reesei Rut-C30 on different types of cellulose. T. reesei Rut-C30 was grown
on5gL™ glucose and 30 g L Sigmacell 101 (amorphous)/a-cellulose (Crl 41.5 %)/Sigmacell 20 (Crl 52.6 %)/Sigmacell 50 (Crl 56.1 %). a Oxygen
transfer rate (OTR) and protein content in the culture supernatant. The OTR was measured in duplicates with a maximum mean error of 0.4 mmol
L="h~". For clarity of the depicted average values, only every second measuring point of OTR over time is represented by a symbol; b pH and filter
paper activity. Error bars represent standard deviation of technical triplicates. Culture conditions: modified Pakula medium, 250 mL flask, filling
volume 20 mL, shaking frequency 350 rpm, shaking diameter 50 mm, inoculum 10° spores mL~", and 30 °C

To describe the different shapes of the second OTR
peak, three different parameters are suggested accord-
ing to Fig. 4: the slope of linear increase, slope of lin-
ear decrease, as well as the area ratio of increasing (X)
to the decreasing (Y) OTR. The results are presented
in Table. 1. The absolute value of the slope of linear
increase and decrease, declines with increasing crys-
tallinity of cellulose. It can be assumed that a faster
change in degradation rate of cellulose leads to a higher
amount of released sugar, resulting in a steeper OTR
slope. As shown in the Additional file 2: Figure S2 the
calculated slopes are strongly interlinked with each
other and with the area ratio (X/Y). Therefore, only one

of the parameters is needed to describe the characteris-
tics of the peak.

Weimer and Weston [34] measured the rate of hydroly-
sis of the same types of celluloses applied in this work. The
authors observed the same order in enzymatic digestibility
as is shown using the OTR slopes, except for a-cellulose.
The type of a-cellulose was, however, not specified, which
impedes a comparison of results. Furthermore, it has to be
noted that the cellulose digestion rate in the fermentation
is not only influenced by the rate of enzymatic hydroly-
sis for a given amount of enzyme, but also by the amount
of enzymes produced and their composition. As differ-
ent types of cellulose influence the induction of enzyme



Antonov et al. Microb Cell Fact (2016) 15:164

Linear increase

Linear decrease

Oxygen transfer rate (OTR)
[mmol L™ h]

: 7/

0 24 48 72 96 120 144 168 192 216
Cultivation time [h]

Fig. 4 lllustration of areas of increasing (X) and decreasing (Y)
oxygen transfer rate during cellulose utilization. T. reesei Rut-C30 was
grown on 5 g L~" glucose and 30 g L~" a-cellulose as carbon sources.
As lower threshold value for the calculation of the area of decreas-
ing OTR an OTR = 2 mmol L™" h~" was chosen. The slopes of linear
increase and linear decrease are marked by black lines

production, it is not possible to determine the digest-
ibility of cellulose by an organism simply by performing
enzymatic tests [35]. Additionally, the usually conducted
filter paper assay to determine the overall cellulase activity
is conducted under optimal conditions for the enzymatic
reaction and not under fermentation conditions.

The effect of different enzyme production profiles can
be clearly seen in Fig. 3. The protein content (Fig. 3a) and
the filter paper activity (Fig. 3b) of all crystalline types of
cellulose are quite similar. The highest protein content
and filter paper activity is reached using a-cellulose with
around 1700 mg L™ and 0.9 FPU mL™}, respectively. The
culture with Sigmacell 101, the amorphous cellulose, only
reaches a protein content of about 1200 mg L ™" and a fil-
ter paper activity of 0.6 FPU mL™'. This is probably due
to the fact that amorphous cellulose is easier to degrade,
causing an enhanced glucose supply and, thereby, lead-
ing to repression of cellulase synthesis [36]. Additionally,
the pH value is also an important parameter for cellu-
lase production. The slightly lower pH values of the cul-
ture with Sigmacell 101 could also lead to lower cellulase
production.

Besides the differences in the OTR slopes also the area
ratio of increasing (X) to the decreasing (Y) OTR dur-
ing cellulose utilization was analyzed (Table 1). The area
ratio decreased with increasing crystallinity. In order to
understand this correlation, reasons for the increase and
decrease in OTR are analyzed in the following section.

Identification of crucial factors determining cellulose
digestibility

In a standard fermentation with readily available soluble
carbon sources a steep drop in OTR generally coincides
with the exhaustion of a carbon source [30]. However,
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during the second growth phase on cellulose the OTR
decreases although cellulose is still present. Furthermore,
the decline of respiration activity during the growth on
cellulose is much slower (3—4 days) compared to the
decline correlated with the exhaustion of excessive glu-
cose (2-3 h). To investigate the reasons for the observed
respiration behavior, pulse experiments with cellulolytic
enzymes and cellulose were performed.

Figure 5a depicts the addition of B-glucosidase, Cel-
luclast 1.5 L or the combination of both enzyme solu-
tions at 32 h, shortly after the drop in OTR caused
by the exhaustion of glucose. As a reference, cultiva-
tions without any additives and with addition of 1 mL
0.1 M sodium acetate buffer (pH 4.8), which is con-
tained in the enzyme solutions, are shown. The addi-
tion of sodium acetate leads to an increase in OTR to
about 7 mmol L™! h™! until a sudden drop in OTR at
41 h. Furthermore, the increase in OTR correspond-
ing to the initiation of cellulose conversion is retarded
reaching the second peak 9 h later than for the refer-
ence cultivation. No explanation of this behavior could
yet be found. The addition of B-glucosidases has no
effect on cellulose digestion as the same OTR pattern
is observed as for the addition of sodium acetate buffer.
The injection of Celluclast or Celluclast supplemented
with B-glucosidases leads to a fast rise in OTR reaching
25 mmol L™! h™' and 30 mmol L™! h™, respectively.
This indicates that the time point of increase in OTR
after glucose consumption is determined by the avail-
ability of cellulases.

The same procedure was performed after the second
OTR peak at 65 h (Fig. 5b) of cultivation. The addition of
sodium acetate leads to a peak in OTR corresponding to
the oxidative consumption of the substance. The addition
of Celluclast and Celluclast with B-glucosidases results
in a fast initial OTR increase like in the case of sodium
acetate addition. It is followed by a slower increase in
OTR reaching a maximum of 18 and 21 mmol L'h7,
respectively. This difference in OTR indicates a slight
limitation of the B-glucosidase in the enzyme cocktail
produced by T reesei. It is known that T. reesei Rut-C30
is deficient in B-glucosidases [37]. The increase in OTR
can be attributed to an increased hydrolysis rate by the
added enzymes. Thereby, not only the higher amount of
enzymes might be the reason for the increased hydrolysis
rate, but also the different composition of the commercial
enzyme cocktail could allow a more efficient conversion
of the remaining cellulose. Afterwards, the OTR drops to
the same OTR value like the culture without any supple-
ments. When the enzymes are added even later during
the OTR decrease (at 77 h), no effect of enzyme addition
can be seen at all (see Fig. 5c), as the respiration activity
is equivalent to that of the acetate solution. At this time
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Fig. 5 Addition of cellulases at different time points to the culture

of T. reesei Rut-C30. . reesei Rut-C30 was grown on 5 g L™ glucose
and 30 g L™ a-cellulose. Oxygen transfer rate (OTR) after addition of
61U mL™" of B-glucosidase, 6 FPU mL~" Celluclast or the combination
of both enzymes at 32 h (a), 65 h (b) and 77 h (c). For comparison,
cultures without any addition and cultures with addition of 1 mL

0.1 M sodium acetate buffer (pH 4.8), used as solvent for the enzymes,
are shown. The start of the time axes was set to 12 h to increase

the visibility of the results. Prior to enzyme addition, all curves are
depicted as black circles like the reference cultivation. Addition time
points are marked by arrows. For clarity only every second meas-
uring point over time is represented by a symbol. Culture condi-
tions: modified Pakula medium, 250 mL flask, filling volume 20 mL,
shaking frequency 350 rpm, shaking diameter 50 mm, inoculum

10% spores mL™', and 30 °C

point, the amount of available enzymes is not the crucial
factor limiting the respiration activity of the culture.

The decline in OTR during the fermentation resemble
the decrease in enzymatic cellulose hydrolysis at high
degrees of conversion. Several factors were suggested,
which could play an important role in the detected
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decline of the reaction rate: product inhibition, inactiva-
tion of cellulases, alteration of cellulose accessibility or
reactivity [11, 38, 39]. The physicochemical reason for
the decrease in cellulose accessibility or reactivity is still
a subject of scientific discussions. As no glucose or cel-
lobiose was detected in the supernatant of the cultures,
the first reason was ruled out in the present case. In order
to check the influence of the other factors, fresh cellulose
was added as a substrate at different time points.

In Fig. 6 the OTR of pulse experiments performed dur-
ing growth on crystalline a-cellulose (a) and amorphous
Sigmacell 101 (b) are shown. All experiments performed
in duplicates confirm the excellent repeatability of the
results. The corresponding type of cellulose was added
during the increase or decrease in OTR of the second
OTR peak, respectively. The addition of 10 g L™! cellu-
lose after 51 h for a-cellulose and 45 h for Sigmacell 101
has nearly no immediate influence on the OTR curve.
However, the increase in OTR ceases later and a higher
second OTR maximum is reached, as more cellulose is
present in the medium. Thus, it can be concluded, that
at this stage before the OTR maximum enough well
digestible substrate is present and the conversion is lim-
ited by the amount of cellulases available (see Fig. 5). In
contrast, the addition of cellulose after the second OTR
maximum causes an immediate strong increase in OTR
from 5 mmol L™' h™! to 14 (Fig. 6a) or 15 mmol L™' h™!
(Fig. 6b), respectively. After the fast strong increase, a
slow decrease follows reaching a similar OTR value like
the culture without any additions. In Fig. 6¢ and d the
corresponding cumulative oxygen transfers (OT) of the
cultures are shown. Irrespective of the time point of
addition of cellulose, the same OTs were measured after
96 h of fermentation for the same type and amount of
cellulose used. In total, the digestion of the amorphous
cellulose leads to a slightly higher OT after 96 h of culti-
vation (500 vs 440 mmol L") indicating a higher degree
of conversion.

The immediate reaction upon cellulose addition after
the second OTR peak rules out the inactivation of cel-
lulases to be the reason for the decrease in OTR when
cellulose is still present (Fig. 6). Furthermore, the results
reveal that besides the available amount of carbon source,
no other nutrients in the culture medium are limiting.
The reason for the OTR drop might be a change in cellu-
lose accessibility due to a limitation of free binding sites,
which might lead to the so called jamming effect among
cellulases [40, 41]. This hypothesis is supported by the
higher absolute level of OTR decrease of the cultures
supplemented with additional cellulose during their OTR
increase compared to the cultures without any additions.
Therefore, the phase of increasing OTR is character-
ized by easily digestible cellulose utilization, so that the
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Fig. 6 Addition of fresh cellulose at different time points to the culture of T. reesei Rut-C30. T. reesei Rut-C30 was grown on 5 g L' glucose and
30 g L7! cellulose. a Duplicates of oxygen transfer rate (OTR) and € cumulative oxygen transfer (OT) during growth on a-cellulose. 10 g L™
a-cellulose was added after 51 and 72 h of cultivation to different shake flasks; b duplicates of oxygen transfer rate (OTR) and d cumulative oxygen
transfer (OT) during growth on Sigmacell 101. 10 g L' Sigmacell 101 was added after 45 and 62 h of cultivation to different shake flasks. The start
of the time axes was set to 12 h to increase the visibility of the results. Prior to cellulose addition, all curves are depicted as black circles like the
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Culture conditions: modified Pakula medium, 250 mL flask, filling volume 20 mL, shaking frequency 350 rpm, shaking diameter 50 mm, inoculum
10° spores mL™", and 30 °C

enzyme amount limits cellulose conversion. The subse- Figure 7a illustrates the respiratory activity of a culture
quent phase of decreasing OTR is most probably caused  without any supplements and with addition of cellobiose
by a decreased substrate accessibility. As substrate acces-  or sophorose. In comparison to the reference cultivation,
sibility is influenced by the crystallinity of cellulose, this  the addition of cellobiose causes a reduction in time of
could be the reason for the correlation observed between 4.5 h between the peaks corresponding to glucose con-
the area ratio of increasing (X) to the decreasing (Y) OTR  sumption and the peak of cellulose digestion. The same
and the crystallinity of the substrate (see Table 1). The amount of sophorose (0.7 mM) has an even stronger
area ratio might provide information about the easily influence reducing the time by 7 h. The faster metabolic

digestible and hardly accessible cellulose part. shift can also be observed considering the elevated OTR

minimum between the two peaks. At the same time, the
Influence of complex and non-complex compounds further course of the OTR over time is not influenced.
on cellulase production The addition of inducers does not significantly change the
Cellulase production is influenced by a variety of media  overall amount of oxygen consumed, as shown in Fig. 7c.
compounds. In the first instance, cellulase inducers were In Fig. 7e the filter paper activity and the protein con-

added to the fermentation broth to evaluate the effect of tent of the corresponding approaches are shown after
enhanced cellulase production on the respiration activity. 168 h. The protein content is quite similar for all cul-
As inducer compounds, a weak inducer (cellobiose) and a  tures. The measured filter paper activity is significantly
strong inducer (sophorose) were chosen. increased for the culture containing sophorose.
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Fig. 7 Addition of different cellulase inducers and media supplements to the culture of . reesei Rut-C30. T. reesei Rut-C30 was grown on 5 g L'
glucose and 30 g L' a-cellulose. Oxygen transfer rate (OTR), cumulative oxygen transfer (OT), filter paper activity and protein content in the culture
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ity and the protein content in the culture supernatant were measured after 168 h. The OTR was measured in duplicates. As the maximum mean
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Cellobiose has been considered to be a poor inducer, the OTR profile. Sophorose is the most potent cellulase
especially when it is available at high levels causing cat-  inducer [43]. Thereby, an effect on the final filter paper
abolite repression [28, 42]. Although the final amount activity and the OTR curve is explained.
of enzymes produced is not influenced, the effect of an Besides substances, which directly influence the regu-
earlier cellulase production can be clearly seen based on  lation of cellulase production on transcriptome level,
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the addition of some media supplements can lead to an
increase in cellulase production. The influence of urea,
tween 80, peptone and the combination of all three com-
pounds on the OTR as a function of time is depicted in
Fig. 7b. The addition of urea and tween 80 causes a nega-
tive shift of the second peak by 3 and 5 h, respectively,
similar to the cellulose inducers cellobiose or sophorose.
The final OT is quite similar among the culture with-
out any additions and the cultures supplemented with
urea and tween 80 (Fig. 7d). The measured protein
content rises from 1950 mg L~! for the reference cul-
ture to 2270 mg L™! for the culture containing urea and
2520 mg L' for the culture supplemented with tween
80 (Fig. 7f). However, the measured filter paper activity
in the culture supernatant after 168 h of cultivation does
not follow this trend. The filter paper activity of the cul-
ture with tween 80 is lower (1.2 FPU mL™!) compared
to the culture with urea (1.4 FPU mL™!). Furthermore,
tween 80 is not significantly increasing the filter paper
activity compared to the control. Tangnu et al. [37] also
observed the positive effect of urea on enzyme produc-
tion. The higher non-cellulolytic protein content in the
supernatant of the culture supplemented with tween 80
was expected as tween 80 is supposed to increase the
permeability of the cell membrane [37].

The supplementation of the culture medium with pep-
tone leads to a 10 h shorter lag phase and a faster tran-
sition phase from glucose consumption to cellulose
digestion. Furthermore, the second OTR maximum with
a value of 15 mmol L™ h™' is 5 mmol L™ h™! higher
compared to the culture without any additions. Thereby,
a protein content of 2170 mg L™ is reached correspond-
ing to a filter paper activity of 1.6 FPU mL™'. The cul-
ture containing all three compounds shows a similar lag
phase like the culture with peptone, but the metabolic
shift from glucose consumption to cellulose digestion is
much quicker. Only a slight drop in OTR is visible after
the depletion of glucose. An even higher second OTR
maximum of 20 mmol L™! h™! is reached. The compari-
son of the OT reveals a higher overall oxygen consump-
tion for the cultures containing peptone compared to
the reference cultivation. However, the difference can
be attributed to the oxidative conversion of peptone.
The positive effect of peptone on cellulase production is
widely excepted and was analysed by Ilmén et al. [18].

As a cheap natural supplement, the influence of mis-
canthus steepwater on the cultivation of 7. reesei Rut-C30
was tested. Miscanthus is a fast-growing perennial sweet
grass also growing on marginal land. It is, therefore, suit-
able as a feedstock for a biorefinery. However, concerns
were raised for the use of miscanthus, as the liquid waste
after washing of miscanthus showed an inhibitory effect
on the growth of seedlings (Winzer, University of Bonn,
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Germany, personal communication). Furthermore,
an antimicrobial effect on Pseudomonas strains and
Clostridium beijerinckii was detected [44, 45].

The water for the preparation of the culture medium
was replaced by miscanthus steepwater to differ-
ent degrees (10—100 % (v/v)), to test its influence on T.
reesei growth and cellulase production. According to
Fig. 8a the addition of miscanthus steepwater for all
tested concentrations resulted in a decrease of the lag
phase by 5 h. Thus, the steepwater contains substances
which have a positive effect on the germination of T.
reesei spores. Furthermore, the time span between the
two OTR peaks was reduced by 5 h, indicating an ear-
lier start in enzyme production. The minimum between
the two OTR peaks depends on the concentration of the
miscanthus steepwater. From 10 to 50 % (v/v) of the mis-
canthus steepwater the OTR minimum increased con-
tinuously. Above 50 % only small differences between
the different approaches were detected. The com-
parison of the OT (Fig. 8b) reveals that the addition of
miscanthus steepwater increases the overall oxygen con-
sumption from around 440—474 mmol L™! for the cul-
ture containing 10 % (v/v) and approx. 520 mmol L™
for all other concentrations of the miscanthus steep-
water. In order to understand the influence of the mis-
canthus steepwater on the oxygen consumption of
T. reesei Rut-C30, the liquid was analyzed by high pres-
sure ion-exchange chromatography as well as liquid
chromatography-mass spectrometry. The spectra were
very complex and only few compounds could be identi-
fied. The glucose concentration was 0.3 and 0.03 mg L™
xylose was detected. As these amounts are too low to
explain the increase in OT, the total organic carbon was
measured to reveal the overall potential of oxidizable
substances. The total carbon content was 49 mg L™". This
value corresponds well with previously published data
for a variety of natural surface waters [46]. However,
the theoretical oxygen demand to oxidize this amount
of carbon is around 9 mmol L' and, therefore, too low
to explain the increase in OT of 80 mmol L. This sug-
gests that more cellulose is consumed within 120 h when
the fermentation medium is prepared with miscanthus
steepwater. As shown in the Additional file 3: Figure S3,
the presence of fluorescent substances like those found
in natural surface waters, belonging to the class of poly-
hydroxy-methoxy-carboxylic acids and quinones, was
detected by 2D fluorescence spectra [46]. It can be specu-
lated that these substances may have triggered a higher
cellulase production and cellulose digestion. However,
this explanation definitely requires further proof. In
Fig. 8c the corresponding filter paper activity is shown.
The filter paper activity increases continuously reach-
ing 1.3 FPU mL™! in a culture where the water in the
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volume 20 mL, shaking frequency 350 rpm, shaking diameter 50 mm,

inoculum 10° spores mL~", and 30 °C

medium is fully replaced by the miscanthus steepwater.
Although the OTR changes between 50 and 80 % (v/v) of
miscanthus steepwater are small, a big influence on the
cellulolytic activity was detected. Surprisingly, despite the
observed inhibitory effect on the growth of seedlings and
Pseudomonas strains the use of miscanthus steepwater
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showed a positive effect on growth and cellulase produc-
tion of T reesei.

Evaluation of digestibility of pretreated cellulosic
substrates
For the economic production of cellulases at indus-
trial scale it is not possible to use purified cellulose [47].
Therefore, the production of cellulases on pretreated
plant waste material and pretreated lignocellulosic mate-
rial is necessary. This aspect was addressed by several
studies [36, 47, 48]. In contrast to these approaches, the
aim of the current study was to monitor the digestion of
cellulose and, hence, the amount of released sugars to
estimate the potential of the substrates for consolidated
bioprocessing. Thus, the digestibility of beech wood saw
dust, pretreated by the OrganoCat and OrganoSolv pro-
cess, respectively, was tested and compared to a culture
containing a-cellulose. The media supplements (urea,
tween 80 and peptone) showing a positive effect on cel-
lulase production were added to the fermentation media.

As shown in Fig. 9a, the replacement of a-cellulose
by the pretreated lignocelluloses cause a slight delay of
the lag phase by 4 and 6 h for OrganoSolv and Organo-
Cat cellulose, respectively. This effect was previously
observed on pretreated biomass and can be attributed to
the production of inhibitory compounds during the pre-
treatment process [49]. The second peak, corresponding
to the phase of cellulose digestion with OrganoSolv cellu-
lose, is very similar compared to the peak for a-cellulose.
Therefore, the amount of released sugars should agree
quite well in both cases. A different behavior is observed
for the culture containing OrganoCat cellulose. After
the decrease in OTR caused by glucose exhaustion, the
OTR drops rapidly to 3 mmol L' h™! and increases only
slightly to about 4 mmol L™ h™! in the further course of
the fermentation. No distinct second peak is observed.
Therefore, the conversion of OrganoCat cellulose is
rather inefficient. This was confirmed by measuring the
remaining cellulose content at the end of the fermenta-
tion. The culture with a-cellulose contained a residual
amount of 1.7 g L™! cellulose, the OrganoSolv approach
contained 2.1 g L ™! cellulose, and the cellulose content in
the OrganoCat culture was 11.2 g L™! (data not shown).
In Fig. 9b the pH profile of the three cultures is shown.
The course of the pH exhibit higher values for the culture
with OrganoSolv cellulose compared to the culture with
a-cellulose. The reason for this difference is not clear as
a similar cellulose consumption was observed. The pH
of the culture containing OrganoCat cellulose decreases
slowly and reaches a value of 4.0 similar to the pH value
of the culture with OrganoSolv cellulose.

In addition to online analysis, the protein content and
the filter paper activity were determined. The protein
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content as well as the filter paper activity of the culture
with a-cellulose increased throughout the fermentation
reaching a protein content of 3200 mg L™ and a filter
paper activity of 2.4 FPU mL™" after 240 h, respectively.
Thereby, most of the protein was produced during the
OTR decrease. The decreased substrate accessibility
causes carbon source limiting conditions enhancing cel-
lulase production [50]. Although the OTR profile of the
culture with OrganoSolv cellulose is quite similar, the
measured protein content and filter paper activity are
very different. Although the amount of proteins produced

is 2.8 times lower, the measured filter paper activity is just
1.5 times lower. Therefore, the protein specific enzyme
activity is higher for OrganoSolv and OrganoCat cellu-
lose comparted to a-cellulose. This agrees quit well with
findings by Doppelbauer et al. [51], who have shown that
pretreated lignocellulosic substrates can cause a decrease
in the observed filter paper activity. The enzyme pro-
duction on OrganoCat cellulose sets in later, compared
to the culture on OrganoSolv cellulose. Nevertheless, at
the end of fermentation an equal amount of protein and
the same filter paper activity is measured. Therefore, the
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results suggest that OrganoCat cellulose is more difficult
to hydrolyze for the cellulolytic enzymes compared to
OrganoSolv cellulose. To test this, as a next step, hydroly-
sis experiments have to be performed.

The experiment affirmed again that the regulation
of cellulase production is very complex. It is difficult to
predict the resulting filter paper activity and the over-
all amount of proteins produced. Furthermore, there is
no clear correlation between the amount of cellulases
produced and the digestibility of the substrate. There-
fore, in contrast to the enzyme activity, the measure-
ment of the respiration activity allows to estimate the
amount of sugars converted. This information is most
valuable to choose a suitable substrate for consolidated
bioprocessing.

Conclusions

In the current study, the respiration activity monitoring
system (RAMOS) was applied to evaluate the digest-
ibility of different celluloses by 1. reesei Rut-C30 under
consolidated bioprocessing conditions. The digestibility
of commercial celluloses with different physicochemi-
cal characteristics was ranked using the OTR slopes and
the area ratio of increasing (X) to the decreasing (Y)
OTR during cellulose utilization. Analysis of the respira-
tion activity revealed the existence of two phases during
cellulose digestion, an enzyme and a cellulose-binding-
sites limited phase. To test the presented method, the
effects of common cellulase inducers (cellobiose and
sophorose) and further substances increasing cellulase
production (urea, tween 80 and peptone) were ana-
lyzed. Furthermore, miscanthus steepwater was evalu-
ated as a new media additive showing a positive effect on
the growth and cellulase production of T. reesei. Finally,
two non-commercial cellulosic substrates, OrganoCat
and OrganoSolv cellulose, were analyzed regarding their
digestibility. Although nearly the same amount of cellu-
lases was produced on both sources, OrganoSolv cellu-
lose was easier to metabolize than OrganoCat cellulose.
Surprisingly, the respiration activity on OrganoSolv cel-
lulose was similar to that of the pure cellulosic substrate
a-cellulose.

The measurement of oxygen transfer rate was estab-
lished as a valuable tool to determine cellulose digestibil-
ity under fermentation conditions for CBP applications.
It can be applied to evaluate and optimize lignocellulose
pretreatment methods regarding their digestibility by a
specific microorganism producing its particular cellulase
cocktail. If the type of cellulose is fixed, the presented
tool can be used to screen for the most suitable cellulose
degrading microorganism. Pulse experiments using dif-
ferent specific enzymes would reveal the limiting enzyme
activity, providing new targets for genetic improvement
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of the applied microorganism. Furthermore, the fermen-
tation medium for such an application could be improved
by online monitoring the effect of enzyme production
enhancing compounds on cellulose digestibility.

Methods

Microorganism and fermentation conditions

The hypercellulolytic mutant strain 7. reesei Rut-C30
(ATCC® 56765"") was obtained from the American
Type Culture Collection (ATCC, Manassas, USA) and
the spore suspension was stored at —80 °C in 20 % (v/v)
glycerol. For inoculum preparation, spore suspension
was sub-cultured every 4 weeks using potato extract glu-
cose agar plates (Roth, Karlsruhe, Germany) incubated
at 30 °C for 7-10 days until sporulation occurred. After-
wards, the agar plates were kept at 4 °C and harvested
when needed using 10 mL 0.9 % (w/v) sodium chlo-
ride solution. The spore concentration was determined
in a Neubauer-Improved counting chamber (Superior
Marienfeld, Lauda-Konigshofen, Germany).

All cultivations were performed in 250 mL shake
flasks without baffles with a filling volume of 20 mL at
30 °C while shaking at 350 rpm with a shaking diam-
eter of 50 mm in a Kuhner shaker ISF1-X (Kithner AG,
Birsfelden, Switzerland). The culture was inoculated
with a spore suspension to a final concentration of 10°
spores mL ™1,

Media and solutions

All cultures were conducted in a modified Pakula
medium [50] with the following composition: (NH,),SO,
7.6 g L7, KH,PO, 2.6 g L™, MgSO,-7H,0 0.5 g L™,
CaCl,-2H,0 0.23 g L™}, NaCl 0.05 g L', PIPPS 33 g L™*
(0.1 M), trace element solution 2.5 mL L™, cellulose sus-
pension 200 mL L~!, The pH-value of the medium with-
out trace elements and cellulose was adjusted to pH 5.5
using 5 M NaOH. The trace element solution contained:
citric acid 180 g L™}, Fe,(SO,); 2.29 g L™}, ZnSO,-7H,0
16 g L7}, CuSO, 2.05 g L}, MnSO,-7H,0 1.6 g L7},
H,BO, 0.8 g L', CoCl,-6H,0 2.71 g L™". The cellulose
suspension contained 150 g L™! cellulose unless other-
wise specified. Additionally, the following substances
were added to the medium as stock solutions at given
final concertation when stated: glucose 5 g L™}, glycerol
5.1 g L7}, Celluclast® 1.5L 6 FPU mL™!, B-glucosidase
6 IU mL™}, cellobiose 0.24 g L', sophorose 0.24 g L1,
urea 0.3 g L™}, peptone ex casein 2 g L™! (Roth, Karlsruhe,
Germany), tween 80 0.1 % (v/v). All substances except for
the enzymes were diluted in water. The enzymes were
diluted in 0.1 M sodium acetate solution (pH 4.8). For
cellulose pulse experiments 0.2 g cellulose were added
separately to each shake flask as heat—sterilized powder.
All chemicals were of analytical grade and the solutions
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were sterile-filtered using 0.2 um cut-off filters. Cellulose
suspensions were heat sterilized at 121 °C and 1 bar over-
pressure for 20 min.

As commercial cellulosic substrates a-cellulose (BioRe-
agent), Sigmacell 101, Sigmacell 20 and Sigmacell 50 pur-
chased from Sigma-Aldrich (St. Louis, USA) were used.
Their physical properties like crystallinity index (CrI) and
geometric mean particle size (d,) are shown in Table. 1.
OrganoCat cellulose was kindly provided by Philipp M.
Grande (ITMC, RWTH Aachen University, Aachen,
Germany). The fractionation process was performed
using beech wood (particle size of 0.5-0.8 mm, loading
in aqueous phase 100 g L™!) in a biphasic water/2-MTHF
(1:1 (v/v)) system with 0.1 M oxalic acid (in total liquid
volume) at 140 °C for 3 h [6]. OrganoSolv cellulose was
provided by the Fraunhofer Institute for Chemical Tech-
nology (Pfinztal, Germany) prepared by using 8 % (w/w)
of beech wood in a water/ethanol (35:65 (w/w)) mixture
under sulfur-free conditions at 220 °C and a residence
time of 3.3 h [52]. The residual lignin content of the cel-
lulose pulp is the main impurity and was roughly esti-
mated from literature to be 10 % (w/w) [53]. The amount
of applied OrganoCat and OrganoSolv cellulose pulp was
adapted to provide the same amount of carbon as with
commercial celluloses.

Prior to the use of the enzymes, Celluclast® 1.5L
(Novozymes, Bagsveerd, Denmark) and [-glucosidase
from Aspergillus niger (Sigma Aldrich, St. Louis, USA)
were purified and rebuffered by column chromatography
with an Akta FPLC (GE Healthcare, Little Chalfont, UK)
as previously described by Jager et al. [54]. For rebuffer-
ing and subsequent dilutions 0.1 M sodium acetate solu-
tion (pH 4.8) was used.

Miscanthus steepwater was produced using 100 g L™}
dried miscanthus saw dust provided by Felix Winzer
(INRES, Universitat Bonn, Bonn, Germany) by steeping
in deionized water while stirring for 4 h with a magnetic
sitrrer. Subsequently, a 4-layered gauze bandage (DIN
61607-FB8, Amicus®, Germany) was used to remove
the solids. To investigate effects on cellulase produc-
tion, the deionized water during medium preparation
was replaced by 10-100 % (v/v) with the miscanthus
steepwater.

Respiration activity monitoring system (RAMOS)

The respiration activity was monitored with an in-house
constructed RAMOS. It uses oxygen partial pressure sen-
sors and differential pressure sensors to calculate the oxy-
gen transfer rate (OTR) and the carbon dioxide transfer
rate (CTR) [30, 55]. A commercial version of the device
is available from Kihner AG (Birsfelden, Switzerland) or
HiTec Zang GmbH (Herzogenrath, Germany).
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To evaluate cellulose conversion by the enzyme cocktail
produced by T. reesei, several characteristic parameters
of the second peak of the oxygen transfer rate were calcu-
lated. The slope of linear increase and linear decrease as
well as the area ratio of increasing (X) to the decreasing
(Y) OTR are marked in Fig. 4.

Sample analytics

During cultivation, samples were taken from cotton plug-
sealed shake flasks cultivated in parallel to the RAMOS
flasks under identical culture conditions to avoid disrup-
tion of respiration activity measurement. The pH-value
of culture broth was measured with a CyberScan pH 510
device (Eutech Instruments, The Netherlands). To deter-
mine the cellulose content, a method from Updegraft [56]
adapted by Ahamed and Vermette [26] was applied. The
method is based on the selective acidic hydrolysis of the
fungus and gravimetric determination of the remaining
cellulose content. The protein content of culture superna-
tant was analyzed using the Bradford assay [57] with Brad-
ford Reagent (Sigma-Aldrich, St. Louis, USA) and bovine
serum albumin as a standard, according to the manufac-
turer’s protocol (Thermo Scientific, Waltham, USA).

To determine glucose and cellobiose concentration in
the filtered culture supernatant (0,2 pm cut-off), the sam-
ples were analyzed via HPLC (Dionex UltiMate 3000,
Thermo Scientific, Waltham, USA) equipped with an
organic acid-resin column (250 x 8 mm, CS-Chroma-
tographie Service, Langerwehe, Germany) and a Shodex
RI-101 detector (YMC Europe GmbH, Dinslaken, Ger-
many). As mobile phase 5 mM H,SO, was used at a flow
rate of 0.8 mL min~! and a temperature of 60 °C.

The overall cellulase activity in the culture superna-
tant was determined using the filter paper assay (FPA)
according to Ghose [58], using the procedure of Xiao
[59], who adapted the assay to a 96 pL reaction volume in
microtiter plates. The assay was performed using 0.1 M
sodium acetate buffer (pH 4.8) incubated in a condi-
tioned water bath at 50 °C for 1 h. Afterwards, the reduc-
ing sugars were determined with the p-hydroxybenzoic
acid hydrazide (PAHBAH) assay with glucose as a stand-
ard [60]. Each sample was measured in at least two dilu-
tions each as triplicate. To perform the PAHBAH assay
the working reagent was prepared by mixing solution A
(p-hydroxybenoic acid hydrazide 5 g, HCI (37 % (w/w))
5 mL ad 100 mL deionized water) and solution B (triso-
dium citrate 12.5 g, CaCl,, 1.1 g, NaOH 20 g ad 1 L deion-
ized water) in a ratio of 1:9 directly prior to use. 100 pL
working reagent was mixed with 50 pL enzyme solution
after the FPA assay and incubated at 100 °C for 10 min.
After cooling to room temperature, the absorbance was
measured at 410 nm in a microplate reader Synergy 4
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(Biotek, Winooski, USA). B-glucosidase activity was
measured using the p-Nitrophenyl-B-p-glucopyranoside
Assay according to Parry et al. [61]. 0.1 M sodium acetate
(pH 4.8) was used as buffer.

To characterize the miscanthus steepwater, the total
organic carbon amount was measured with the pho-
tometric Spectroquant TOC Cell Test 14878 (Merck,
Darmstadt, Germany). To detect further unknown
substances 2D-fluorescence measurements were per-
formed in a quartz cuvette (10 x 10 mm Suprasil
quartz, Hellma GmbH & Co. KG, Miillheim, Germany)
using the fluorescence spectrometer Fluoromax-4
(HORIBA Jobin-Yvon GmbH, Unterhaching, Ger-
many). A 2D-spectrum from 290 to 700 nm was
measured with an excitation and emission slit set to a
bandwidth of 4 nm.

Additional files

Additional file 1: Figure S1. Complete set of reference cultivations of
T. reesei Rut-C30 generated during this work. Oxygen transfer rate (OTR) of
T. reesei Rut-C30 cultivations on 5 g L™ glucose and 30 g L' a-cellulose.
Culture conditions: modified Pakula medium, 250 mL flask, filling volume
20 mL, shaking frequency 350 rpm, shaking diameter 50 mm, inoculum
10° spores mL™", and 30 °C. The lag phase was adapted as stated in the
legend.

Additional file 2: Figure S2. Oxygen based parameters of a T. reesei
Rut-C30 cultivation. Slope of linear increase and decrease of oxygen
transfer rate over area ratio (X/Y) in a culture of T reesei Rut-C30 on 5 g L
glucose and 30 g L~ a-cellulose as carbon sources is evaluated according
Fig. 4.

Additional file 3: Figure S3. Fluorescence spectrum of 100 % (v/v) mis-
canthus steepwater. Experimental conditions: quartz cuvette, 2 mL filling
volume, spectral range of 290-700 nm with an increment of 2 nm.

Abbreviations

CBP: consolidated bioprocessing; Crl: crystallinity index; FPA: filter paper activ-
ity; FPU: filter paper unit; OTR: oxygen transfer rate; OT: cumulative oxygen
transfer; RAMOS: respiration activity monitoring system; T. reesei: Trichoderma
reesei.

Authors’ contributions

EA designed the study, performed the cultivation experiments, analyzed the
data and drafted the manuscript. SW and TG performed the cultivation experi-
ments and participated in data analysis. IS participated in data interpretation
and assisted in drafting the manuscript. MR, LR and JB supervised the study,
participated in data interpretation and assisted in drafting the manuscript. JB
initiated the project. All authors read and approved the final manuscript.

Author details

! AVT-Biochemical Engineering, RWTH Aachen University, Worringerweg 1,
52074 Aachen, Germany. ? Institute of Applied Microbiology, RWTH Aachen
University, Worringerweg 1, 52074 Aachen, Germany.

Acknowledgements

We would like to thank the Fraunhofer Institute for Chemical Technology
(Pfinztal, Germany) and Institut fur Technische und Makromolekulare Chemie
(Aachen, Germany) for providing OrganoSolv and OrganoCat, respectively.

Competing interests
The authors declare that they have no competing interests.

Page 16 of 17

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article and its additional files.

Funding

The Cluster of Excellence “Tailor-Made Fuels from Biomass’, which is funded
by the Excellence Initiative by the German federal and state governments, is
gratefully acknowledged for financial support.

Received: 26 August 2016 Accepted: 22 September 2016
Published online: 29 September 2016

References

1.

Howard R, Abotsi E, Van Rensburg EJ, Howard S. Lignocellulose biotech-
nology: issues of bioconversion and enzyme production. Afr J Biotechnol.
2004,2:602-19.

Zhang YH, Lynd LR. Toward an aggregated understanding of enzymatic
hydrolysis of cellulose: non complexed cellulase systems. Biotechnol
Bioeng. 2004;88:797-824.

Lynd LR, Laser MS, Bransby D, Dale BE, Davison B, Hamilton R, Himmel M,
Keller M, McMillan JD, Sheehan J. How biotech can transform biofuels.
Nat Biotechnol. 2008;26:169-72.

Dashtban M, Schraft H, Qin W. Fungal bioconversion of lignocellulosic
residues; opportunities & perspectives. Int J Biol Sci. 2009;5:578-95.
Menon V, Rao M. Trends in bioconversion of lignocellulose: biofuels,
platform chemicals & biorefinery concept. Prog Energy Combust Sci.
2012;38:522-50.

Stein T, Grande P, Sibilla F, Commandeur U, Fischer R, Leitner W,
Dominguez de Maria P. Salt-assisted organic-acid-catalyzed depolymeri-
zation of cellulose. Green Chem. 2010;12:1844-9.

Zhao X, Cheng K, Liu D. Organosolv pretreatment of lignocellu-

losic biomass for enzymatic hydrolysis. Appl Microbiol Biotechnol.
2009;82:815-27.

Kumar P, Barrett DM, Delwiche MJ, Stroeve P. Methods for pretreatment
of lignocellulosic biomass for efficient hydrolysis and biofuel production.
Ind Eng Chem Res. 2009;48:3713-29.

Beldman G, Searle-Van Leeuwen MF, Rombouts FM, Voragen FGJ. The
cellulase of Trichoderma viride. Eur J Biochem. 1985;146:301-8.

Hall M, Bansal P, Lee JH, Realff MJ, Bommarius AS. Cellulose crys-
tallinity—a key predictor of the enzymatic hydrolysis rate. FEBS J.
2010;277:1571-82.

. ArantesV, Saddler J. Cellulose accessibility limits the effectiveness of

minimum cellulase loading on the efficient hydrolysis of pretreated
lignocellulosic substrates. Biotechnol Biofuels. 2011;4:3.

Mosier N, Wyman C, Dale B, Elander R, Lee Y, Holtzapple M, Ladisch M.
Features of promising technologies for pretreatment of lignocellulosic
biomass. Bioresour Technol. 2005;96:673-86.

Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS. Microbial cellulose
utilization: fundamentals and biotechnology. Microbiol Mol Biol Rev.
2002,66:506-77.

Peterson R, Nevalainen H. Trichoderma reesei RUT-C30—thirty years of
strain improvement. Microbiology. 2012;158:58-68.

Chahal PS, Chahal DS, André G. Cellulase production profile of Tricho-
derma reesei on different cellulosic substrates at various pH levels. J
Ferment Bioeng. 1992;74:126-8.

Merivouri H, Tornkvist M, Sands JA. Different temperature profiles of
enzyme secretion by two common strains of Trichoderma reesei. Biotech-
nol Lett. 1990;12:117-20.

Bannari R, Bannari A, Vermette P, Proulx P. A model for cellulase produc-
tion from Trichoderma reesei in an airlift reactor. Biotechnol Bioeng.
2012;109:2025-38.

lImén M, Saloheimo A, Onnela ML, Penttild ME. Regulation of cellulase
gene expression in the filamentous fungus Trichoderma reesei. Appl
Environ Microbiol. 1997;63:1298-306.

Klein-Marcuschamer D, Oleskowicz-Popiel P, Simmons BA, Blanch HW.
The challenge of enzyme cost in the production of lignocellulosic biofu-
els. Biotechnol Bioeng. 2012;109:1083-7.


http://dx.doi.org/10.1186/s12934-016-0567-7
http://dx.doi.org/10.1186/s12934-016-0567-7
http://dx.doi.org/10.1186/s12934-016-0567-7

Antonov et al. Microb Cell Fact (2016) 15:164

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

Jin M, Balan V, Gunawan C, Dale BE. Consolidated bioprocessing (CBP)
performance of Clostridium phytofermentans on AFEX-treated corn stover
for ethanol production. Biotechnol Bioeng. 2011;108:1290-7.

Liu Y-K, Yang C-A, Chen W-C, Wei Y-H. Producing bioethanol from cellu-
losic hydrolyzate via co-immobilized cultivation strategy. J Biosci Bioeng.
2012;114:198-203.

Argyros DA, Tripathi SA, Barrett TF, Rogers SR, Feinberg LF, Olson DG,
Foden JM, Miller BB, Lynd LR, Hogsett DA, Caiazza NC. High ethanol titers
from cellulose by using metabolically engineered thermophilic, anaero-
bic microbes. Appl Environ Microbiol. 2011,77:8288-94.

Olson DG, McBride JE, Joe Shaw A, Lynd LR. Recent progress in consoli-
dated bioprocessing. Curr Opin Biotechnol. 2012;23:396-405.

Minty JJ, Singer ME, Scholz SA, Bae C-H, Ahn J-H, Foster CE, Liao JC, Lin
XN. Design and characterization of synthetic fungal-bacterial consor-

tia for direct production of isobutanol from cellulosic biomass. PNAS.
2013;110:14592-7.

Noda S, Kawai Y, Tanaka T, Kondo A. 4-Vinylphenol biosynthesis from
cellulose as the sole carbon source using phenolic acid decarboxylase-
and tyrosine ammonia lyase-expressing Streptomyces lividans. Bioresour
Technol. 2015;180:59-65.

Ahamed A, Vermette P. Culture-based strategies to enhance cellulase
enzyme production from Trichoderma reesei RUT-C30 in bioreactor
culture conditions. Biochem Eng J. 2008;40:399-407.

Diederichs S, Korona A, Staaden A, Kroutil W, Honda K, Ohtake H,

Blchs J. Phenotyping the quality of complex medium components

by simple online-monitored shake flask experiments. Microb Cell Fact.
2014;13:1-14.

Vaheri M, Vaheri MO, Kauppinen V. Formation and release of cellulolytic
enzymes during growth of Trichoderma reesei on cellobiose and glycerol.
Eur J Appl Microbiol Biotechnol. 1979;8:73-80.

Giese H, Kruithof P, Meier K, Sieben M, Antonov E, Hommes RWJ, Biichs J.
Improvement and scale-down of a Trichoderma reesei shake flask protocol
to microtiter plates enables high-throughput screening. J Biosci Bioeng.
2014;118:702-9.

Anderlei T, Biichs J. Device for sterile online measurement of the oxygen
transfer rate in shaking flasks. Biochem Eng J. 2001;7:157-62.

Saloheimo M, Pakula TM. The cargo and the transport system: secreted
proteins and protein secretion in Trichoderma reesei (Hypocrea jecorina).
Microbiology. 2012;158:46-57.

Zhang Q, Lo C-M, Ju LK. Factors affecting foaming behavior in cel-
lulase fermentation by Trichoderma reesei Rut-C30. Bioresour Technol.
2007;98:753-60.

Szijarto N, Szengyel Z, Liden G, Reczey K. Dynamics of cellulase
production by glucose grown cultures of Trichoderma reesei Rut-C30

as a response to addition of cellulose. Appl Biochem Biotechnol.
2004;116:115-24.

Weimer PJ, Weston WM. Relationship between the fine structure of
native cellulose and cellulose degradability by the cellulase complexes
of Trichoderma reesei and Clostridium thermocellum. Biotechnol Bioeng.
1985,27:1540-7.

JuhaszT, Szengyel Z, Réczey K, Siika-Aho M, Viikari L. Characterization of
cellulases and hemicellulases produced by Trichoderma reesei on various
carbon sources. Process Biochem. 2005;40:3519-25.

Esterbauer H, Steiner W, Labudova |, Hermann A, Hayn M. Production of
Trichoderma cellulase in laboratory and pilot scale. Bioresour Technol.
1991;36:51-65.

Tangnu SK, Blanch HW, Wilke CR. Enhanced production of cellulase, hemi-
cellulase, and B-glucosidase by Trichoderma reesei (Rut-C30). Biotechnol
Bioeng. 1981,23:1837-49.

Holtzapple M, Cognata M, Shu'Y, Hendrickson C. Inhibition of Tricho-
derma reesej cellulase by sugars and solvents. Biotechnol Bioeng.
1990,36:275-87.

Converse AO, Matsuno R, Tanaka M, Taniguchi M. A model of enzyme
adsorption and hydrolysis of microcrystalline cellulose with slow deacti-
vation of the adsorbed enzyme. Biotechnol Bioeng. 1988;32:38-45.
Yang B, Willies DM, Wyman CE. Changes in the enzymatic hydrolysis rate
of Avicel cellulose with conversion. Biotechnol Bioeng. 2006;94:1122-8.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

Page 17 of 17

. Bommarius AS, Katona A, Cheben SE, Patel AS, Ragauskas AJ, Knudson

K, Pu'Y. Cellulase kinetics as a function of cellulose pretreatment. Metab
Eng. 2008;10:370-81.

Fritscher C, Messner R, Kubicek CP. Cellobiose metabolism and cellobio-
hydrolase I biosynthesis by Trichoderma reesei. Exp Mycol. 1990;14:405-15.
Mandels M, Parrish FW, Reese ET. Sophorose as an inducer of cellulase in
Trichoderma viride. ) Bacteriol. 1962;83:400-8.

Bruno GL, De Corato U, Rana GL, De Luca P, Pipoli V, Lops R, Scarola L,
Mannerucci F, Piscitelli L, Cariddi C. Suppressiveness of white vinegar

and steam-exploded liquid waste against the causal agents of Pleurotus
eryngii yellowing. Crop Protect. 2015;70:61-9.

Agu CV, Ujor V, Gopalan V, Ezeji TC. Use of Cupriavidus basilensis-aided
bicabatement to enhance fermentation of acid-pretreated biomass
hydrolysates by Clostridium beijerinckii. J Ind Microbiol Biotechnol.
2016;43:1215-26.

Ghassemi M, Christman R. Properties of the yellow organic acids of natu-
ral waters. Limnol Oceanogr. 1968;13:583-97.

Réczey K, Szengyel Z, Eklund R, Zacchi G. Cellulase production by T. reesei.
Bioresour Technol. 1996,57:25-30.

Szengyel Z, Zacchi G, Varga A, Réczey K. Cellulase production of Tricho-
derma reesei Rut-C30 using steam-pretreated spruce. In twenty-first sym-
posium on biotechnology for fuels and chemicals: Proceedings of the
twenty-first symposium on biotechnology for fuels and chemicals held
May 2-6, 1999, in Fort Collins, Colorado. Edited by Finkelstein M, Davison
BH. Totowa: Humana Press; 2000: 679-691.

Kim'Y, Ximenes E, Mosier NS, Ladisch MR. Soluble inhibitors/deactiva-
tors of cellulase enzymes from lignocellulosic biomass. Enzyme Microb
Technol. 2011;48:408-15.

Pakula TM, Salonen K, Uusitalo J, Penttild M. The effect of specific growth
rate on protein synthesis and secretion in the filamentous fungus Tricho-
derma reesei. Microbiology. 2005;151:135-43.

Doppelbauer R, Esterbauer H, Steiner W, Lafferty RM, Steinmdiller H. The
use of lignocellulosic wastes for production of cellulase by Trichoderma
reesei. Appl Microbiol Biotechnol. 1987;26:485-94.

Schmied! D, Endisch S, Pindel E, Riickert D, Reinhardt S, Unkelbach U,
Schweppe R. Base catalyzed degradation of lignin for the generation of
oxy-aromatic compounds—possibilities and challenges. Erdgol Erdgas
Kohle. 2012;10:357-63.

Michels J, Wagemann K. The German lignocellulose feedstock biorefinery
project. Biofuels, Bioprod Biorefin. 2010;4:263-7.

Jager G, Wulfhorst H, Zeithammel EU, Elinidou E, Spiel3 AC, Blichs J.
Screening of cellulases for biofuel production: online monitoring of the
enzymatic hydrolysis of insoluble cellulose using high-throughput scat-
tered light detection. Biotechnol J. 2011,6:74-85.

Anderlei T, Zang W, Papaspyrou M, Buichs J. Online respiration activ-

ity measurement (OTR, CTR, RQ) in shake flasks. Biochem Eng J.
2004;17:187-94.

Updegraff DM. Semimicro determination of cellulose in biological materi-
als. Anal Biochem. 1969;32:420-4.

Bradford MM. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem. 1976,72:248-54.

Ghose T. Measurement of cellulase activities. Pure Appl Chem.
1987,59:257-68.

Xiao Z, Storms R, Tsang A. Microplate-based filter paper assay to measure
total cellulase activity. Biotechnol Bioeng. 2004;88:832-7.

Lever M. A new reaction for colorimetric determination of carbohydrates.
Anal Biochem. 1972;47:273-9.

. Parry NJ, Beever DE, Emyr O, Vandenberghe |, Van Beeumen J. Bio-

chemical characterization and mechanism of action of a thermostable
B-glucosidase purified from Thermoascus aurantiacus. Biochem J.
2001;353:117-27.

Park S, Baker JO, Himmel ME, Parilla PA, Johnson DK. Cellulose crystallinity
index: measurement techniques and their impact on interpreting cel-
lulase performance. Biotechnol Biofuels. 2010;3:1.



	Efficient evaluation of cellulose digestibility by Trichoderma reesei Rut-C30 cultures in online monitored shake flasks
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	Effects of glucose and glycerol on the respiration activity of T. reesei Rut-C30
	Digestibility of different commercial celluloses
	Identification of crucial factors determining cellulose digestibility
	Influence of complex and non-complex compounds on cellulase production
	Evaluation of digestibility of pretreated cellulosic substrates

	Conclusions
	Methods
	Microorganism and fermentation conditions
	Media and solutions
	Respiration activity monitoring system (RAMOS)
	Sample analytics

	Authors’ contributions
	References




