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Carbon-limited chemostat cultures were performed using different carbon sources (glucose, 10 and 20 g/
L; sucrose, 10 g/L; fructose/glucose, 5.26/5.26 g/L; carboxymethyl cellulose, 10 g/L; and carboxymethyl
cellulose/glucose, 5/5 g/L) to verify the capability of the wild type strain Trichoderma harzianum to
produce extracellular enzymes. All chemostat cultures were carried out at a fixed dilution rate of 0.05
h�1. Experiments using glucose, fructose/glucose and sucrose were performed in duplicate. Glucose
condition was found to induce the production of enzymes that can catalyse the hydrolysis of p-nitro-
phenyl-b-D-glucopyranoside (PNPGase). A concentration of 20 g/L of glucose in the feed provided the
highest productivity (1048 ± 16 U/mol h). Extracellular polysaccharides were considered the source of
inducers. Based on the obtained results, a new PNPGase production process was developed using mainly
glucose. This process raises interesting possibilities of synthesizing the inducer substrate and the induced
enzymes in a single step using an easily assimilated carbon source under carbon-limited conditions.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of British Mycological Society. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Continuous processes provide possibilities for attaining higher
productivity in comparisonwith batch cultures. According to Peebo
and Neubauer (2018), experiments in continuous cultures result in
a steady-state operation that is easier to characterize and can also
have economic benefits. A major advantage of chemostat cultures is
the option of maintaining cells in a producing state for extended
periods, which can lead to high volumetric productivities (Peebo
and Neubauer, 2018).

Carbon catabolite repression (CCR) is one of the mechanisms
that prevent the unnecessary synthesis of cellulase. In this mech-
anism, the presence of an easily assimilated substrate (e.g. glucose)
activates the repression of the production of enzymes responsible
for the degradation of complex substrates (Suto and Tomita, 2001).
During growth under carbon-limited conditions, it is expected that
CCR does not occur due to low substrate concentration. Xiong et al.
logy, Department of Biotech-
rlands.,
otmail.com (L. Gelain).

vier Ltd on behalf of British Myc

ma, J. Geraldo da Cruz Prad
1, Fungal Biology, https://doi
(2014) reported that a transcription factor (vib-1) could repress CCR
under carbon-limited conditions in Neurospora crassa. Apart from
CCR, other mechanisms can be responsible for controlling the
production of enzymes. Catabolite inhibition is also a mechanism
reported to control enzyme production by inhibiting the transport
of the inducer (McGinnis and Paigen, 1969). The latter mechanism
could be more active under carbon-limited conditions.

Beta-glucosidase can be divided into cellobiase, with a high
cellobiose specificity, and aryl-beta-glucosidase, with a high p-
nitrophenyl-b-D-glucopyranoside (PNPG) specificity (Eyzaguirre
et al., 2005). There are also beta-glucosidases that can act on
several substrates and these enzymes are the most commonly
observed (Bhatia et al., 2002). Due to the hydrolytic and synthetic
activities of beta-glucosidases, they can have several biotechno-
logical applications (Bhatia et al., 2002). For efficient saccharifica-
tion of lignocellulosic materials by cellulase, high activity of beta-
glucosidase is needed to prevent inhibition by cellobiose
(Sørensen et al., 2013). Reverse hydrolysis and transglycosylation
reactions performed by beta-glucosidases can be applied for the
synthesis of oligosaccharides aiming at the manufacture of
ological Society. This is an open access article under the CC BY license (http://
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pharmaceuticals, fine chemicals, and food ingredients (Bhatia et al.,
2002).

Glucose, usually reported as a repressor of the synthesis of
cellulase, can be used as the substrate for the production of en-
zymes that can catalyse the hydrolysis of p-nitrophenyl-b-D-glu-
copyranoside (PNPGase) in batch cultivation (J€ager et al., 2001) as
well as in carbon-limited continuous cultures (Strobel and Russell,
1987). The presence of PNPGase during the growth on glucose as
the sole carbon source could be due to a constitutive production.
Another possibility could be the presence of extracellular poly-
saccharides whose fragments, under carbon-limited conditions,
could stimulate the production of enzymes, thus the cells could use
the polysaccharides as another carbon source. Pessoni et al. (2015)
reported that fructose could induce b-fructofuranosidase activity in
Penicillium janczewskii, which could be related to structural
changes in the cell wall (a decrease in the cell wall thickness) when
the carbon source was depleted, indicating that polysaccharides
released from the cell wall could be inducing enzymes.

In this work, the production of cellulase and PNPGase were
measured in carbon-limited chemostat cultures employing the
wild strain Trichoderma harzianum using different carbon sources.
This study shows the potential of this microorganism to produce
PNPGase continuously and suggests that the optimization of the
operating conditions as well as the strain could lead to a promising
enzyme production process using mainly glucose.

2. Materials and methods

2.1. Microorganism

A wild type strain, T. harzianum P49P11, was used in this study.
The strain was isolated from the Amazon forest (Delabona et al.,
2012). The microorganism was grown on plates (potato dextrose
agar) at 29 �C and after 5e7 d, the spores were harvested with
sterilized water, distributed into vials of 1 mL and stored at �80 �C.
Each vial was used to inoculate one shake flask (250 mL of
medium).

2.2. Culture conditions

Spores from T. harzianum were used to inoculate 500 mL shake
flasks containing 250 mL of medium: 10 g/L of glucose (carbon
source), 2 g/L of KH2PO4, 5 g/L of (NH4)2SO4, 0.3 g/L of MgSO4.7H2O,
0.3 g/L of CaCl2.2H2O,1 mL/L of trace elements solution, and 1 g/L of
peptone. Trace elements solution: 15 g/L of Na2EDTA.2H2O, 4.5 g/L
of ZnSO4.7H2O,1 g/L of MnCl2.4H2O, 0.3 g/L of CoCl2.6H2O, 0.3 g/L of
CuSO4.5H2O, 0.4 g/L of Na2MoO4.2H2O, 4.5 g/L of CaCl2.2H2O, 3 g/L
of FeSO4.7H2O, 1 g/L of H3BO3, 0.1 g/L of KI. The medium was
sterilized at 121 �C for 20 min. The shake flasks were incubated in
an orbital shaker for 24e48 h at 29 �C and 200 rpm before inocu-
lating the bioreactor (10 % v/v).

Different limiting carbon sources were applied to evaluate the
production of the enzymes in continuous cultures: 10 g/L of glucose
(G101 and G102), 10 g/L of sucrose (S1 and S2), 5.26 and 5.26 g/L of
fructose and glucose (FG1 and FG2), 10 g/L of carboxymethyl cel-
lulose (CMC), 5 and 5 g/L of carboxymethyl cellulose and glucose
(CMCG). The medium composition was the same as described for
shake flasks, only peptone was not added to the feed medium.
Additionally, 20 g/L of glucose was also tested in the feed (G201 and
G202) with the following modifications to the medium composi-
tion: 3 g/L of KH2PO4; and 6 g/L of (NH4)2SO4. These alterations
were made to keep the same residual concentrations of these
compounds in the effluent as for the condition using 10 g/L of
glucose. All chemostat cultivations with glucose, sucrose and
fructose/glucose as the carbon sources were performed in
2

duplicate. The medium composition used for the batch phase,
preceding the chemostat phase, was the same as used for the shake
flasks cultivations, except for the first batch experiment in which
20 g/L of sucrose was used as the carbon source. Glucose con-
sumption was faster than sucrose in the batch phase, thus sucrose
was replaced by glucose for the next experiments. The media for
the batch and chemostat phase were sterilized by filtration using a
filter 0.2 mm.

2.3. Chemostat system

The experiments were performed using a 7 L bioreactor
(Applikon, Delft, the Netherlands). The mass of the cultivation
medium was controlled through a pneumatic system connected to
a control unit, which opened the valve at the bottom of the
bioreactor and started an effluent pump when it was needed to
maintain a constant broth mass of 4 kg.

The temperaturewas controlled by awater bath at 29 �C, and pH
5 was controlled by the addition of 2 M KOH and 2 M H2SO4. Sterile
air was supplied via a mass flow controller (Brooks 58505, cali-
bration at 0 �C and 1 bar). The gas outflow was passed through a
condenser at 4 �C and a Nafion dryer before the volume fraction of
oxygen and carbon dioxide were measured by the NGA 2000 off-
gas analyser. An overpressure of 0.2e0.3 bar was applied.

2.4. Operating conditions

All chemostat experiments were started in batchmode and after
a sharp drop of the CO2 production, observed after 22e24 h, the
process was switched to carbon-limited continuous cultures with a
dilution rate of 0.05 ± 0.003 h�1.

For the batch phase, the stirring speed was kept between 200
and 400 rpm. The stirring speed was dependent on the values of
dissolved oxygen to guarantee an excess of oxygen in the growth
medium. For the continuous culture, it was changed to a constant
stirring speed of 600 rpm. Airflow of 1 L/minwas used, and only for
the condition using 20 g/L of glucose, the airflow was 1.5 L/min. A
constant antifoam addition (Basildon BC antifoam 86/013) of
approximately 7 mL/min was used. The achievement of the steady-
state was assumed when the CO2 production and mycelium con-
centration were constant for at least 6 residence times as well as a
constant PNPGase activity for at least 4 residence times.

Samples for quantification of the mycelium concentration and
enzyme activities were taken before the steady-state for some
conditions to observe the profiles, and at steady-state for all the
conditions to also estimate the concentration of residual sugars,
total organic carbon (TOC) and total nitrogen (TN). For sugar anal-
ysis, the samples were frozen in liquid nitrogen right after the
filtration by 0.45 mm filter (Millex-HV durapore PVDF membrane)
and stored at �80 �C. The experimental errors calculated corre-
spond to the population standard deviation.

2.5. Enzymatic activity

The enzymatic activity corresponds to enzyme units per volume
of medium and was performed according to Gelain et al. (2015).
Enzymatic activity of cellulase was determined using the filter
paper activity (FPA) assay (Ghose, 1987). The scale was 10 times
reduced to minimize time and reagents. Filter paper activity was
assayed by incubating the diluted enzymes (50 mL) with 100 mL of
50 mM sodium citrate buffer (pH 4.8) containing the filter paper
WhatmanNo.1 (5mg). The reactionmixturewas incubated at 50 �C
for 60 min and stopped by adding 300 mL of DNS reagent. Reducing
sugars were measured by the DNS method (Miller, 1959). The so-
lution was placed in a water bath at 95 �C for 5 min and, after
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cooling, 2 mL of water was added and the measurement was made
at 540 nm in the spectrophotometer.

The method for the estimation of the PNPGase activity was
adapted from Zhang et al. (2009). The activity was measured using
p-nitrophenyl-b-D-glucopyranoside (PNPG) as the substrate. The
reaction mixture was composed of 80 mL of 1 mM substrate diluted
in 50 mM citrate buffer (pH 4.8), and 20 mL of the diluted enzyme
extract. After 10 min at 50 �C, the reaction was stopped by the
addition of 100 mL of 1 M sodium carbonate. The measurement was
made at 400 nm.

2.6. Sugar analysis

Glucose, sucrose and fructose were measured. For this analysis,
the samples were dilutedwith 1MNaOH to precipitate the proteins
that could interfere with the analysis. Subsequently, the precipitate
was removed by centrifugation (2000�g, 10 min). The samples
were analysed using high-performance anion-exchange (HPAE)
Dionex ICS-5000 with PAD detector (Rohrer et al., 2013).

2.7. Total organic carbon (TOC) and total nitrogen (TN)

For the determination of the TOC and TN, 3 mL of supernatant
was filtered by 0.45 mm membrane (Millex-HV durapore PVDF
membrane) and analysed with a Shimadzu TOC-L analyser using
the differencemethod for the TOC estimation and the total nitrogen
unit (TNM-L) for TN estimation.

2.8. Dry cell weight concentration

For the estimation of dry cell weight, 5 mL of sample was
withdrawn from the bioreactor. The weight of the samples was
measured and then they were poured on a 0.45 mm filter of known
mass (Pall membrane filter, Supor). Subsequently, the cells were
filtered and washed with Milli-Q water. The filter was placed in a
70 �C oven for one day and cooled down in a desiccator before the
measurement of the weight.

2.9. Qualitative analysis of polysaccharides

From supernatant samples filtered through 0.45 mm pore size
membrane filters (Millex-HV durapore PVDF membrane), qualita-
tive analysis of polysaccharides was performed using ethanol pre-
cipitation whereby 1 mL of sample was mixed with 3 mL of pure
ethanol. Then, after centrifuging at 2000�g for 5 min, the precip-
itate was solubilized with water (1 mL) and precipitated again with
ethanol (3 mL), followed by a second centrifugation step, where-
after the precipitate was freeze-dried. Fourier-transform infrared
spectroscopy (FT-IR) was performed placing 2e5 mg of precipitate
on a universal attenuated total reflectance accessory (PerkinElmer
spectrum 100).

2.10. Carbon recovery, by-products and specific rates

For all chemostat experiments, the carbon balances were
calculated to verify the production of by-products. Carbon recovery
(Cr , %) is described by Equation (1), considering the carbon dioxide
production rate (RCO2

, Cmol/h), cell production rate (RX , Cmol/h),
carbon from by-product formation (Rbyp, Cmol/h) and carbon
consumption rate (RC , Cmol/h).

Crð%Þ¼
�
RCO2

þ RX þ Rbyp
RC

�
100 (1)

By-products were estimated using the total organic carbon
3

analysis (CTOC , Cmol/kg) by Equation (2). For the carbon balance, all
the carbon from the feed was considered to be consumed due to the
low concentration of residual sugars (Csugars, Cmol/kg) in the liquid
outflow (Foutl , kg/h). Carbon present in the proteins was not
considered due to the low concentration and unknown
composition.

Rbyp ¼ Foutl

�
CTOC �Csugars

�
(2)

Because no elemental composition analysis of this microor-
ganism was performed, the carbon fraction in the cells was
assumed as being the same as Trichoderma reesei QM9414 (Ross
et al., 1983): CH1.8O0.71N0.143 þ 9.4 % of ashes.

Specific production and consumption rates (qi, mol/mol h) were
defined as described by Equation (3), where i is the component
analysed, Ri (mol/h) is the production or consumption rate, CX
(mol/kg) is the cell concentration and Ml (kg) is the mass of liquid.

qi ¼
Ri

CXMl
(3)
3. Results and discussion

3.1. Enzyme production using different carbon sources

Previous experiments in batch mode with different initial
concentrations of sucrose (Fig. 1) demonstrated that T. harzianum
was able to synthesize PNPGase. The culture and operating con-
ditions used were similar as reported in section 2.2 for batch
mode, with the addition of 0.15 g/L of urea. For this reason, sucrose
was used as the carbon source in carbon-limited chemostat cul-
tures to verify whether the synthesis of PNPGase would also occur
in this condition. Cellulase activity was also analysed for all the
conditions studied in this project, however, these enzymes were
not present in the supernatant according to the analytical
methods employed.

The chemostat cultivation of T. harzianum was initiated by first
performing batch cultivation using 20 g/L of sucrose as the sole
carbon source. After the batch phase was finished, the culture was
switched to chemostat mode, using 10 g/L of sucrose in the feeding
medium (S1) (Fig. 2). During the first six d of chemostat cultivation,
corresponding to approximately seven volume changes, the dry cell
weight concentration decreased from close to 10 g/L to a steady-
state concentration of 4.5 ± 0.2 g/L. Thereafter, there was a
decrease in the measured PNPGase activity in the supernatant until
achieving a steady-state value of around 0.1 U/mL, which corre-
sponded to specific productivity of about 1 U/g (cells) h. This value
was significantly lower than the specific productivity calculated
from the batch culture data (Fig.1), whichwas approximately 6.7 U/
g (cells) h from 12 to 48 h during the carbon excess phase with an
initial sucrose concentration of 20 g/L. This shows that the sucrose-
limited condition was not beneficial for PNPGase production.

After maintaining the steady-state on sucrose for another ten
volume changes, the chemostat feed medium was replaced by a
medium containing an equimolar mixture of fructose and glucose
(FG1), whereby the amounts of glucose and fructose were the same
as for the condition using only sucrose, but in this case, the sugars
were available as the monomers of the disaccharide. As can be
observed in Fig. 2, the cell concentration remained the same, as was
expected, however, the enzymatic activity increased roughly by a
factor of two. After 15 days (18 volume changes) the feed was
switched to 10 g/L of glucose as the sole carbon source (G101).
Again, the cell concentration remained the same but a sharp



Fig. 1. PNPGase activity (A) and cell concentration (B) during batch cultivations using different initial concentrations of sucrose.

Fig. 2. Continuous PNPGase production using sucrose (S1), fructose/glucose (FG1) and
glucose (G101) in sequence.

Fig. 3. Continuous PNPGase production using glucose at 10 (G102) and 20 g/L (G201)
in sequence.
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increase in PNPGase activity was observed. The activity achieved an
increase of around 17 and 5 times when compared to the sucrose
and fructose/glucose conditions, respectively.

This first continuous culture in sequence indicated that under
carbon-limited conditions, the presence of sucrose and fructose
might have inhibited PNPGase synthesis, however, glucose fed as
monomer could stimulate the production.

Although glucose as the sole carbon source provided the highest
activity, this was achieved after 36 volume changes in the carbon-
limited chemostat cultivation. Therefore, a second chemostat
experiment was carried out starting with glucose at 10 g/L (G102),
to verify the reproducibility of the measured enzyme activity dur-
ing the glucose-limited condition. After the steady-state was ob-
tained, the glucose concentration in the feed medium was
increased to 20 g/L (G201) to verify whether an increase in the cell
concentration at steady-state would result in a proportional in-
crease in PNPGase production.

Fig. 3 shows the result of this sequential chemostat experiment.
The batch phase was performed with an initial glucose concen-
tration of 10 g/L. The PNPGase activity after the batch phase was
comparable to what was observed in the previous experiment
(Fig. 2). After the start of the chemostat phasewith 10 g/L of glucose
in the feed, the activity of the enzymes remained at a low level and
4

increased after the 5th d (Fig. 3), to reach amore or less stable value
of 1 U/mL. On the 14th d, after 17 volume changes, the feed was
switched to 20 g/L of glucose. After another 4 volume changes, the
enzymatic activity sharply increased to 6 U/mL, 6 times higher than
the condition using 10 g/L of glucose, while a doubling was ex-
pected if the specific productivity (U/g (cells) h) would have
remained the same. These data indicate that an increase in cell
concentration leads to a significant increase in specific PNPGase
productivity.

A third glucose-limited chemostat experiment was carried out
with a glucose concentration of 20 g/L in the feed medium (G202).
Initially, themeasured PNPGase activity in the supernatant was low
but sharply increased to a value of 7 U/mL after 7 d of chemostat
cultivation (Fig. 4), thus reaching a similar value as in the first 20 g/L
of glucose chemostat (G201). The delay observed in Fig. 4 for
enzyme production could be related to the transition phase (phase
between the batch and steady-state of PNPGase production), where
an inducer substrate could be absent or at an inhibiting concen-
tration. After day 12 (Fig. 4), the enzymatic activity seems to be
decreasing or oscillating, thus longer experiments should be per-
formed to obtain more information on the stability of this enzyme
production process.



Fig. 4. Continuous PNPGase production using glucose at 20 g/L (G202).

Table 1
Results for the conditions using sucrose (S2), fructose/glucose (FG2), carboxymethyl
cellulose (CMC) and carboxymethyl cellulose/glucose (CMCG) at steady-state.

Condition PNPGase (U/mL) Cells (g/L)

S2 0.054 ± 0.0072 4.40 ± 0.24
FG2 0.93 ± 0.18 4.90 ± 0.28
CMCG 0.53 ± 0.051 2.16 ± 0.32
CMC 0.077 ± 0.0031 0.82 ± 0.28

Table 2
Specific conversion rates during carbon-limited chemostat cultivations on different
carbon sources: 10 g/L glucose (G101 and G102); 20 g/L glucose (G201 and G202);
fructose/glucose (FG1 and FG2); and sucrose (S1 and S2). All rates are expressed per
mol of cell per hour, whereby onemol of cell is defined as the amount containing one
mol of carbon.

G101 G102 G201 G202

Feed (g/L) 10 10 20 20
mX (h¡1) 0.0475 0.0550 0.0538 0.05
qC (Cmol/mol h) 0.0971 0.111 0.120 0.103
qB (U/mol h) 414.7 347.9 1064.4 1032.4
qO2

(mol/mol h) 0.039 0.041 0.048 0.038
qCO2

(mol/mol h) 0.043 0.048 0.054 0.043
qN (mol/mol h) 0.0092 0.0094 0.00955 0.0096
qbyp (Cmol/mol h) 0.0105 0.0225 0.0167 0.0084
Cr ( %) 103.94 113.08 103.25 98.78

FG1 FG2 S1 S2

Feed (g/L) 5.26/5.26 5.26/5.26 10 10
mX (h¡1) 0.0475 0.0475 0.0475 0.05
qC (Cmol/mol h) 0.0936 0.0975 0.104 0.117
qB (U/mol h) 80.3 267.07 30.5 18.4
qO2

(mol/mol h) 0.036 0.042 0.039 0.054
qCO2

(mol/mol h) 0.040 0.047 0.043 0.058
qbyp (Cmol/mol h) 0.00921 0.0176 0.0128 0.0229
Cr ( %) 102.92 115.21 99.51 111.99
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Table 1 summarizes the results for the duplicate of sucrose (S2)
and fructose/glucose (FG2) conditions. It also shows the conditions
using carboxymethyl cellulose without and with an equimolar
amount of glucose (CMC and CMCG). The glucose polysaccharide
carboxymethyl cellulose (CMC) was used as the sole carbon source
(10 g/L) and in combination with glucose (5 g/L CMC þ 5 g/L
glucose) to verify whether CMC would induce cellulase production.
However, from a filter paper activity test, it was observed that
cellulase activity was not present under those conditions. The
combination of CMCwith glucose (CMCG) resulted in a steady-state
of cell concentration of around 2 g/L, indicating that CMC was not
fully consumed. CMC alone provided the lowest cell concentration
and consequently a low enzymatic activity. Even though
T. harzianum can consume complex substrates such as sugarcane
bagasse pretreated in batch mode (Gelain et al., 2015), it was not
able to consume a soluble glucose polymer in chemostat culture,
confirming that cellulase activity was not induced by CMC. The
chemostat cultivation on CMC as the sole carbon source was the
only experiment where the cell concentration was not very stable
after 6 residence times, probably due to the low concentration.

Duplicates of the sucrose and fructose/glucose chemostat cul-
tivations showed similar cell concentrations compared to the pre-
vious experiments (Fig. 2). The PNPGase activity for the duplicate of
the sucrose cultivation (S2) was again very low. In the fructose/
glucose duplicate chemostat (FG2), the activity was higher than for
FG1, and this could have been caused by the fact that experiment
FG2 was performed after a glucose-limited chemostat in the same
bioreactor (feed concentration of 20 g/L). Therefore, cells from the
previous experiment had accumulated on the walls of the biore-
actor, and when part of these cells fell back into the liquid phase,
this could have influenced PNPGase production. FG2 was the only
experiment for which the cells on the walls of the bioreactor could
have influenced the enzymatic activity since other conditions were
very stable. Nevertheless, this could indicate that components from
5

the cell wall when the experiments are performed with glucose
could act as inducers of PNPGase and this should be better
exploited in future works.

3.2. Quantitative physiology of T. harzianum

Using the material balance equations with the data from each
steady-state chemostat, the specific consumption and production
rates of substrates and products can be calculated from the
measured gas and liquid in- and outflows and the concentrations of
compounds in the gas and liquid phases. The thus obtained cell
specific rates provide quantitative information and can be used to
compare conditions aiming at the increase in the productivity and
product yield, verify the presence of by-products and also to detect
possible problems during the chemostat cultivation. If the specific
rates are similar among different conditions, this indicates that
there is low or no influence of the cultivation conditions on the
culture behaviour. Table 2 shows the calculated average for cell
specific conversion rates during steady-state for all conditions
applied, except for the chemostat cultivations on CMCG and CMC as
carbon sources. The table shows the specific cell growth rate (mX),
specific carbon consumption rate (qC), specific PNPGase production
rate (qB), specific oxygen consumption rate (qO2

), specific carbon
dioxide production rate (qCO2

), specific nitrogen consumption rate
(qN), specific by-product formation rate (qbyp) and the carbon re-
covery (Cr).

It is assumed that the chemostat experiments would result in
similar specific conversion rates during the steady-state. Firstly,
because the sugars used as substrates were highly similar (glucose,
fructose and sucrose) and all enter the central metabolism via
glycolysis. Secondly, because the cell growth rate was the same in
all experiments, 0.05 ± 0.003 h.�1

Considering all the conditions, the analysis provided similar
values for the specific growth rate (0.05 h�1 ±5.7 %), specific carbon
consumption rate (0.105 C mol/mol h ±8.6 %), specific oxygen
consumption rate (0.0421 mol/mol h ±13 %), specific carbon diox-
ide production rate (0.0470 mol/mol h ±12 %), specific nitrogen
consumption rate (0.0094 mol/mol h ±1.6 %) and carbon recovery
(106 % ± 5.6 %). However, the conditions provided large differences
in the specific PNPGase production rate (407 U/mol h ±97 %) and



Fig. 6. Average of specific PNPGase production rates at steady-state, CMC e carbox-
ymethyl cellulose, FG e fructose/glucose, CMCG - carboxymethyl cellulose/glucose.
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specific by-product production rate (0.0151 C mol/mol h ±36 %).
This indicates that the carbon sources used influenced the specific
production of PNPGase and by-products. The rates of by-product
formation fluctuated from 0.0084 to 0.0229 C mol/mol h, and
these by-products are probably related to the presence of extra-
cellular polysaccharides and proteins. Extracellular polysaccharides
were qualitatively analysed by ethanol precipitation and their
presence was confirmed in the supernatant of all samples from
chemostat cultures using glucose, fructose/glucose and sucrose.
The FT-IR analysis was applied for some samples from glucose-
limited chemostat cultures and is presented in Fig. 5. The samples
showa clear peak in the region of polysaccharides (1200-900 cm�1)
(Thumanu et al., 2015). Extracellular polysaccharides can be loosely
attached to the cell wall and fragments can be released due to shear
stress (Rau, 1999). Thus, the concentration of these fragments could
be influencing the enzyme induction under carbon-limited
conditions.

Fig. 6 highlights the average of specific PNPGase production
rates (U/mol (cells) h) for all the conditions at steady-state in
ascending order of PNPGase productivity, starting with sucrose,
followed by CMC, fructose/glucose, CMCG, glucose at 10 g/L, and the
highest, 20 g/L of glucose. Doubling the cell concentration resulted
in an increase of 6 fold in PNPGase activity for the experiments
using glucose, and this result can be further exploited by working
with higher cell concentrations than applied in this project.

3.3. Sugar analysis

Samples were taken for quantification of the residual concen-
trations of fructose, glucose and sucrose during the last d of the
continuous cultures. All the conditions presented low concentra-
tions of the sugars analysed. Due to low concentrations, oscillations
for the same conditions were observed. Fructose concentrationwas
lower than 25 mg/L. The highest concentration of glucose
remaining in the bioreactor was for the condition using CMC
(16e19 mg/L). For the other conditions, the concentration was
lower than 7 mg/L. In the first experiment with sucrose (S1) the
residual concentration was 17 mg/L and in the second sucrose
experiment (S2) the concentration of this sugar dropped from 465
to 77 mg/L. From the residual sugar analysis, it seems that the low
sugar concentrations in the glucose experiments could have pre-
vented carbon catabolite repression, which indicates that another
mechanism could be controlling extracellular enzyme synthesis.
Fig. 5. FT-IR analysis of precipitates from glucose-limited chemostat cultures and a
picture of the precipitates.
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Carbon-limited continuous cultures were achieved due to the
low concentration of sugars and the excess of nitrogen and phos-
phorus present in the effluent (data not presented) for the exper-
iments using glucose, sucrose and fructose/glucose.
3.4. Comparison of beta-glucosidase productivity

To compare the productivities obtained in this study with works
present in the literature, it was assumed that the PNPGase activity
has resulted mainly due to the presence of beta-glucosidase. The
presence of beta-glucosidase was confirmed through a shotgun
proteomics analysis for the experiments using mainly glucose as
the carbon source (Gelain et al., 2020). The highest productivities
achieved by this work were 325 U/L h and 35 U/g h using 20 g/L of
glucose in the feed at steady-state of PNPGase synthesis. The pro-
ductivities calculated do not include the time during the batch
phase and transition phase (phase preceding the steady-state of
PNPGase synthesis).

Li et al. (2016) reported the production of beta-glucosidase in
batch mode by T. reesei TRB1 that achieved 19 U/mL on day 7th (113
U/L h) using microcrystalline cellulose as the inducer substrate in
50 mL flask containing 10 mL of medium. PNPG was used as the
substrate to measure the beta-glucosidase activity.

Xia et al. (2018) presented a high-level production of beta-
glucosidase in fed-batch mode that achieved 129 U/mL at 96 h
(1344 U/L h) in a 1 m3 fermenter using mixed-feed strategy, in
which glycerol/methanol at the ratio of 1:5 and 30 g/L of corn steep
powder were fed to maintain the methanol concentration at 0.7 %
(v/v). The final cell concentration (Pichia pastoris) was approxi-
mately 112 g/L, which resulted in specific productivity of 12 U/g h at
the end of the process. The substrate for the estimation of beta-
glucosidase activity was not clearly described.

Delabona et al. (2016) reported a cellulase and beta-glucosidase
production strategy using the same strain employed in this work.
The microorganism was first grown in flasks using glycerol and
then transferred to a bioreactor (the working volume of the
fermenter was 1.1 L). The production in batch mode started with
4.5 g/L of cell and 30 g/L of sugarcane bagasse pretreated in batch
mode. This condition achieved 9.04 U/mL at 72 h (126 U/L h) of
beta-glucosidase. PNPG was used as the substrate to measure the
beta-glucosidase activity.
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Khisti et al. (2011) reported that the highest beta-glucosidase
activity of 19 U/mL in 14 d (57 U/L h) of culture was detected
when Aspergillus niger was grown at 30 �C for the first five days
followed by further incubation at 36 �C in batch mode. The enzyme
production was performed in flasks with 75 mL of the medium
containing 3 % of xylan, 0.5 % of urea and 2.5 % of glycerol. PNPGwas
used as the substrate to measure the beta-glucosidase activity.

The strategy proposed by Xia et al. (2018) was performed in a
large fermenter, in fed-batch mode and resulted in the highest
productivity (U/L h) evaluated in this work. For the obtaining of that
productivity, a high cell concentration was required. In a process
using a high cell density, operating parameters such as pH, tem-
perature and the concentration of components could be difficult to
maintain stable and homogenous throughout the bioreactor.
Therefore, it could require precise control.

The highest specific productivity calculated in this work (U/g h)
is higher than the value calculated for the work of Xia et al. (2018).
However, the highest activity for the condition G202, for example,
was only observed after 10 d of cultivation and this time was not
included to calculate the productivities. Therefore, more research is
needed to understand the induction mechanism to optimize the
time required to achieve a high production stage.

Based on the analysis of the productivities evaluated from the
literature, the productivity achieved by this work at steady-state
using 20 g/L of glucose in the feed demonstrates the high poten-
tial of this strain for the continuous production of enzymes that can
catalyse the hydrolysis of glycosidic bonds. The next challenge in-
cludes the optimization of the production by keeping a high
PNPGase synthesis during the steady-state without large variations
in the enzymatic activity.

4. Conclusions

This is the first time that T. harzianum P49P11 was used in
continuous culture under carbon-limited conditions. This micro-
organism showed an interesting potential to produce enzymes that
can catalyse the hydrolysis of glycosidic bonds using glucose as the
carbon source. In this project, the hydrolysis of p-nitrophenyl-b-D-
glucopyranoside was analysed to verify the efficiency of the en-
zymes produced. PNPGase production under glucose-limited con-
ditions can be improved through optimization of the operating
conditions as well as through genetic engineering.
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