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Abstract

In this work, itaconic acid (IA) was produced biotechnologically by Aspergillus terreus fungal strain from glucose. The per-
formance of the batch fermentation was kinetically assessed and the maximal IA production potential, maximal production
rate and lag-phase time were determined as 28.1 g/L, 3.83 g/L. day and 1.52 days, respectively. In addition, the bioprocess
was evaluated based on the most frequently used parameters, in particular IA titer (26.3 g/L), yield (0.22 g/g substrate) and
productivity (0.1 g/L h), which were comparable to the already published literature. Furthermore, an on-line monitoring
system was installed to the fermenter in order to measure the CO, content of the bioreactor off-gas. Actually, it was indicated
by the results that the CO, production could have a linear-like relationship with the quantity of fungal biomass. Hence, the
data collected in such a way may have the potential to establish an alternative methodology for the monitoring of biomass
growth in the course of the biological transformation taking place.
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itaconic acid fermentation, which can thus have the poten-
tial to contribute to the international knowledge and further
expansion of the research area.

Introduction

Itaconic acid (IA) is a Cs-dicarboxylic acid, considered as a
platform chemical to produce various substances of indus-
trial relevance [1]. As a matter of fact, IA, as a precursor/
and building block, can be converted into plastics, latexes,
absorbents [1, 2]. As of now, the attractive way to generate
IA is the biocatalytic route, mediated by living microorgan-
isms, in particular filamentous fungi such as A. terreus [3].
In submerged fermentation systems, A. ferreus has been
reported as an efficient strain for IA mass production on car-
bohydrate sources, mainly glucose [4]. Nevertheless, other
starting materials e.g. sucrose, lactose, corn syrup, molasses,
lignocellulosic- and starchy-hydrolysates could also be suit-
able [5-8]. Sugars such as these mentioned can be derived in
the biorefinery concept via the processing of plant biomass
and thus, are considered sustainable resources [9, 10].

The multi-step metabolic pathways for biological syn-
thesis of A in Aspergillus from glucose are linked to the
tricarboxylic acid (TCA) cycle, since in the end, itaconate is
formed intracellularly from cis-aconitate (a TCA intermedi-
ate) by the aid of CadA decarboxylase enzyme [11]. By sub-
sequent transportation outside the cell, IA can be recovered
from the broth by technologies such as membrane filtration
and electrodialysis [12—-15]. Although A. ferreus has been
proven as the most promising candidate for IA production,
the actual bioprocess performance is highly-dependent on
the environmental settings, in terms of substrate concentra-
tion, pH, temperature, media composition with respect to
N-sources as well as the presence/absence of certain miner-
als, dissolved oxygen levels, stirring rate, etc. [16—-19]. On
that matter, to track how efficiently the biosynthesis pro-
ceeds under given bioreactor operating conditions, the most
essential information can be acquired from the fermentation
kinetics with special interest on substrate consumption, [A
(as product) formation and biomass growth.

Usual off-line methods to follow biomass growth with
respect to filamentous fungi can include (i) the determi-
nation of specific metabolites such as ergosterol [20, 21]
and (ii) spectrophotometric turbidity, which is based on
the amount of dry cell weight found in a given volume of
culture medium [22]. Although this latter is considered
quite fast compared to direct measurement of biomass dry
weight, depends a lot on sample pretreatment conditions,
especially homogenization affecting largely the degree of
hyphal fragmentation. Supportive conclusions were drawn
by Yoon et al. [23], finding that optical density (OD) values
were significantly influenced by morphological structures
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of filaments. Thus, sample treatment has notable effect on
the obtainable relationship between dry cell weight and OD.
Besides, changes of biomass weight in the bioreactor could
be estimated based on indirect conductivity with principles
underlying on the absorption of metabolically-released CO,
in alkaline solution [24, 25].

In the current work, apart from the evaluation of IA pro-
duction experiences from glucose substrate using A. ferreus,
our first results obtained with the continuous monitoring of
CO, released during the fermentation of IA are also dis-
cussed. It was aimed to evaluate the observations by com-
paring the experimental data with typical kinetic profiles of
batch microbial conversions and thus, imply what potential
of the real-time CO, measurement (as an alternative meth-
odology) may have in the monitoring of this bioprocess with
respect to the biomass growth as key-parameter.

Materials and Methods
Inoculum

In this study, A. terreus NRRL 1960 was used as a biologi-
cal catalyst proven to generate itaconic acid [17, 26, 27].
The strain was maintained at 37 °C regularly on Petri-plates
with solid broth containing the following ingredients (g/L):
glucose—10; NaCl—20, potato dextrose agar—40, pHS5. To
inoculate the bioreactor, liquid cultures (pH 3) were prepared
(72 h) in shaking incubator (150 rpm agitation rate) based
on the following recipe (g/L): glucose—10, KH,PO,—0.1,
NH,NO;—3, MgSO, x7 H,0—1, CaCl, x 2 H,0—35, FeCl,
x 6 Hy,O—1.67x107%, ZnSO, x 7 H,0—8 x 1073, CuSO,
x 7 H,0—15 1073, Dry cell weight (DCW) was determined
by harvesting the fungal biomass on cellulose filter paper
(Whatman qualitative filter paper, Grade 1). Thereafter, the
paper together with the filtrate was dried in oven until the
mass got constant and the actual quantity of biomass (e.g.
appearing in Fig. 4) was determined by subtracting the mass
of the dry filter paper [28]. For the experiments, (analytical
standard grade) glucose was purchased from Sigma-Aldrich.

Bioreactor Setup for Itaconic Acid Production

This work was carried out in Lambda Minifor bioreac-
tor system (Fig. 1a), similar to our recent work [29]. The
fermenter was operated in batch mode with a medium
(sterilized prior to use in autoclave) described for inocu-
lum preparation (“Inoculum” section), expect in terms of
the glucose (substrate) concentration, which was adjusted
to 120 g/L. The working volume of the reactor was 1.8
L and the inoculum rate was 5% to start-up the process.
Given that A formation with A. terreus requires aerobic
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Fig.1 The elements of the fermentation system in this study for the
production of itaconic acid. a The bioreactor; b on-line CO, sensor; ¢
the bioreactor in operation

conditions, continuous aeration was employed via sterile
membrane filters with air at a flow rate of 2 L (STP) min~",
providing 6.5 mg/L initial DO. The process temperature
was set to 37 °C and the agitation rate was 2 Hz (with
stirring discs attached to a central, up and down moving

shaft). The pH was controlled at 3 +0.2.

Analytical Methods

High-Performance Liquid Cromatography (HPLC) was
applied to measure itaconic acid throughout the process with
Young Lin Instrument Co., Ltd. (YL9100-type) device. In
essence, it was equipped with a Hamilton HPLC column
(15 cm in length, 4.6 mm inner diameter, 5 pm particle
size) and a UV/VIS detector. Gradient elution was applied
(2 mL/min flow rate) with a mobile phase consisting of A
(0.01 M H,SO,) and B (methanol) as follows: 2 min—100%
A; 5 min—50% A, 50% B; 8 min—20% A, 80% B. The raw
samples were pretreated by 0.22 um PVDF membrane fil-
tration and 1000 X diluted afterwards with 0.01 M H,SO,.

A BluelnOne cell (BlueSens, Germany) (Fig. 1b) was
installed to make the bioreactor system complete (Fig. 1c)
in order to real-time monitor the CO, concentration in the
off-gas (https://www.bluesens.com/products/all-gas-sensors/
blueinone-cell/, accessed on 10.01.2019).

Kinetic Evaluation of Itaconic Acid Fermentation

The modified Gompertz-model (Eq. 1)—applied success-
fully in our previous paper [30]—was used to deliver the pri-
mary kinetic parameters of the batch process, which is based
on the analysis of progress curves e.g. presented in Fig. 2a.

R e
IA(t) = Pexp{—exp [%(/{ -t + 1] } 1)

where IA(?) is the measured concentration of IA (g/L) in the
reactor at time 7 (h); P is the total IA production potential
(g/L); R,, is the maximal IA production rate (g/L day), 4 is
the lag-phase time (days) and e is 2.718. The least-squares
regression method was employed via the Solver tool in MS
Excel 2010 to attain the best model fitting to the experi-
mental data.

Results and Discussion

Assessment of Itaconic Acid Production: Titer, Yield,
Productivity

The IA concentrations obtained at different spots of the fer-
mentation are listed in Table 1, meanwhile the correspond-
ing time course is demonstrated in Fig. 2a.

As it can be seen, the peak A concentration was reached
by the 10th day, with a value of 26.3 g/L. This is in good
agreement with the model results shown in Table 1, project-
ing the maximal IA titer as 28.1 g/L. In the literature, IA
titers with A. rerreus 1960 strain ranging between 40 and
110 g/L were reported by Karaffa et al. [17] using glucose,
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Fig.2 Progress curves for
itaconic acid production. a Fer- 30
mentation pattern for the whole
bioreactor operation; b the CO,
evolution as a function of time.
Blue diamonds: CO, concentra-
tion; green triangles: itaconic
acid concentration
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while Kocabas et al. [27] obtained 18 g/L from glucose con-
taining media tested in biorefinery concept. Accordingly,
though the maximum IA titer is a function of many fac-
tors that are different from one study to another, our present
results are in the same order of magnitude of the already
published data and thus, comparable with those.

In fact, based on the amount of substrate available, the
largest IA yield achieved was 0.3 mol IA/mol glucose, which
is equivalent to 0.22 g IA/g glucose. According to theoreti-
cal calculations, the highest attainable yield could be 0.72 g
IA/g glucose with A. ferreus [31]. Certain batch studies
using Aspergillus spp. such as Kuenz et al. [32] and Kautola
et al. [33] reported IA yields as 0.62 g IA/g glucose (under
optimized conditions) and 0.54 g IA/g glucose, respectively.
In addition, Riscaldati et al. [34] obtained 0.21-0.53 g TA/g
glucose with A. terreus NRRL 1960, depending on the
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circumstances of the fermentation. From these examples, it
would appear that although the yield in our current investi-
gation is comparable to the literature, there could be space
for process enhancement via the further optimization of the
operating settings. This can be the subject of another work
in our research sequence.

Besides yield, the productivity (g IA/L h) is an addi-
tional important measure of fermentation performance,
which is calculated from the reactor size (working volume)
as well as the time needed to get a particular quantity of TA.
Actually, for an efficient process, both the yield (express-
ing the selectivity of the biological transformation towards
the product of interest) and productivity should be as high
as possible [35]. In this work, the overall productivity of
0.1 g IA/L h was possible to achieve. Similar to the case of
IA yields discussed above, other papers presented values
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Table 1 Itaconic acid profile of the fermentation

Time (days) Itaconic acid concentration (g/L)

0 0

0.8 0

1.8 29

2.8 5.6

3.8 8.3

6.8 18.7

7.8 21

8.8 24.2

9.8 26.3

10.8 24.2

P (g/L) R,, (g/L day) A (days)
28.1 3.83 1.52

being either higher or nearly the same, such as 0.51 g/L h
by Kuenz et al. [32] and 0.12-0.41 g/L h by Riscaldati et al.
[34]. Therefore, it can be concluded that in a follow-up
study, where the conditions for IA formation are optimized
considering the first outcomes we demonstrate herewith,
the productivity could be improved along with IA titer and
yield.

Bioprocess Evaluation Considering On-Line CO,
Measurement

To analyze the fermentation kinetics, data plotted in Fig. 2a
were subjected to the modified Gompertz-model (Eq. 1) and
the duration of lag-phase (A) could be estimated. As indi-
cated in Table 1, it took 1.52 days for the IA production to
get started. Additionally, in Fig. 2b, the progress curve for
CO, concentration in the bioreactor off-gas is illustrated. It
can be deduced that CO, formation commenced earlier than
IA production and reached to a peak (0.22 vol%) 1-1.2 day
after process start-up. Thereafter, a gradual decrease was
observed and as a result, CO, content were quite stabilized
after 2.2 days until the end of 4th days (the point until which
it was monitored) at 0.1 vol%.

In Fig. 3, a general time profile for batch fermentation
is shown where the product formation is linked to micro-
bial proliferation. Hence, it can be seen that the extent of
biomass growth and CO, (as gaseous metabolite) evolution
rate should be in relationship with the substrate to product
conversion intensity. However, in accordance with the dis-
cussion above related to Fig. 2a, b, the CO, formation curve
does not perfectly match the IA production pattern on the
grounds of the apparent delay. This could make sense, if
we consider that not all metabolic pathways leading to CO,
release are connected to IA production. From this, it is to
assume that it deserves further examination whether the CO,
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Fig.3 An exemplary time profile of batch fermentation where prod-
uct formation is attached to biomass growth

monitoring could be used as an indicator for the active bio-
mass and/or its concentration during itaconic acid fermen-
tation by A. terreus. For instance, Ng et al. [20] found that
ergosterol as a metabolite released by fungi such as Asper-
gillus niger in the course of cell growth could show a reli-
able correlation with the carbon dioxide production, which
was actually considered as an indicator of biomass growth.
Therefore, on these grounds, experiments were planned to
reveal whether, as already emphasized, CO, formation could
be used to assess biomass growth with A. ferreus. The first
results are observable in Fig. 4, showing the quantity of CO,
produced as a function of biomass growth for A. terreus
strain. The plotted data are promising as a linear-type rela-
tionship can be suggested between these variables. Hence,
the methodology of CO, measurement is worthy for further
investigation to validate the range and circumstances where
it could be applicable with fair reliability to evaluate the
growth of A. ferreus.
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Fig.4 Experimental correlation between CO, formation and biomass
growth of A. terreus
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Conclusions

In this research, itaconic acid was successfully produced
by A. terreus from glucose, as renewable carbohydrate.
The batch fermentation data underwent a kinetic evalua-
tion and primary information to characterize the bioprocess
was delivered. Besides, the assessment indicated that the
itaconic acid generation performance in terms of its achiev-
able titer, yield and productivity was comparable to the
literature data, but further efforts shall be required for opti-
mization. The biological conversion was followed by real-
time measuring the CO, release and it turned out that this
approach may have a potential to monitor fungal biomass
growth. This will have to be addressed more deeply in a
future study.
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