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Abstract: Pyrolytic aqueous condensate (PAC) might serve as a cost-effective substrate for microbial
malic acid production, as it is an unused side stream of the fast pyrolysis of lignocellulosic biomass
that contains acetol and acetate as potential carbon sources. In the present study, shake flask cultures
were performed to evaluate the suitability of acetol and its combination with acetate as substrates for
growth and L-malate production with the filamentous fungus Aspergillus oryzae. Acetol concentrations
of up to 40 g/L were shown to be utilized for fungal growth. In combination with acetate, co-
metabolization of both substrates for biomass and malate formation was observed, although the
maximum tolerated acetol concentration decreased to 20 g/L. Furthermore, malate production on
PAC detoxified by a combination of rotary evaporation, overliming and activated carbon treatment
was studied. In shake flasks, cultivation using 100% PAC resulted in the production of 3.37 ± 0.61 g/L
malate, which was considerably improved by pH adjustment up to 9.77 ± 0.55 g/L. A successful scale-
up to 0.5-L bioreactors was conducted, achieving comparable yields and productivities to the shake
flask cultures. Accordingly, fungal malate production using PAC was successfully demonstrated,
paving the way for a bio-based production of the acid.

Keywords: pyrolysis condensate; acetol utilization; acetate; co-metabolization; malate production;
fungal biotechnology

1. Introduction

Malic acid is a dicarboxylic acid used primarily as an acidulant and flavor enhancer in
the food and beverage industry, but it can also be applied as an ingredient in cosmetics and
pharmaceuticals [1–4], as well as in animal feed [5–7]. Another potential field of application,
which could become increasingly important in the future, is its use in the production of
biopolymers [8,9]. Due to its dicarboxylic nature, it also possesses the potential to be
converted into a number of high-value chemicals, and was therefore selected in 2004 by
the U.S. Department of Energy as one of the top twelve building block chemicals that can
be derived from biomass [10]. Although biological production of malic acid is possible, it
is currently produced largely by chemical synthesis using maleic anhydride as a starting
material, which in turn is obtained by vapor-phase oxidation of fossil hydrocarbons like
butane and benzene [11]. Bio-based alternatives to chemical synthesis include enzymatic
conversion of fumaric acid to malic acid [12–15] and microbial fermentation processes. Since
malic acid is an intermediate of the tricarboxylic acid (TCA) cycle and thus an essential
component of the metabolism in aerobic cells, many microorganisms are naturally capable
of producing this acid, or can be enabled to do so by metabolic engineering [16]. Among
the natural producers, fungal organisms of the genera Rhizopus [17], Ustilago [18,19], and
Aspergillus [20,21] have proven to be particularly efficient. Moreover, especially for species
of the latter genus, it has already been shown that they are capable of using a wide range
of substrates for malate formation [22–26]. Identifying cost-effective alternatives to the
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utilization of edible sugars such as glucose is an important step in making microbial malic
acid production more economically competitive with conventional fossil-based processes.
Unexploited lignocellulose-based residues are particularly suitable for this purpose, as
the polymer is the world’s most abundant renewable resource and is therefore readily
available and inexpensive. In addition, its use does not create any competition with food
and feed industries.

One such residue is the aqueous condensate produced during the fast pyrolysis of
wheat straw as the first part of the bioliq® process performed at the Karlsruhe Institute of
Technology, Germany (KIT) [27]. While the desired energy-rich products, namely pyrolysis
oil and char, are mixed together to form biosyncrude and then further processed into liquid
fuels by gasification, the aqueous condensate currently remains largely unused due to
its low heating value. The main components of the condensate are the α-hydroxylated
ketone acetol (approx. 5 wt %) and acetic acid (3–4 wt %). While acetol (hydroxyacetone) is
considered to be one of the major oxygenated C2–4 products resulting from the degradation
of cellulose (possible pathways are described in [28,29]), acetate is primarily formed by
deacetylation of hemicellulose. For the latter, it is already known that several microorgan-
isms are naturally capable of using it as sole substrate for growth [30,31]. Metabolization
of acetate occurs via acetyl-CoA and the TCA cycle and thus offers many possibilities for
production of several value-added bioproducts, such as malic acid [32]. For example, it
was recently shown that Aspergillus oryzae is able to use high acetate concentrations of up
to 55 g/L for malate production, with 45 g/L being ideal and resulting in the formation of
8.44 ± 0.42 g/L malate after 192 h [33]. In contrast, the utilization of acetol by the fungus
has not yet been described in literature. Instead, previous work mainly addressed its
inhibitory effect on growth and malic acid production when added to glucose-containing
media [34]. There is also little information on the use of the ketone as substrates for other
microorganisms, although a few studies show that it seems to be possible in some bac-
teria [35] and yeasts [36]. However, in addition to the two main components, the PAC
contains a variety of other compounds (detailed GC/MS analysis contained in [37]) and
some of them may have an inhibitory effect on the growth of microorganisms, so that
detoxification is usually required before the microbial valorization of the condensate. In a
previous work, we were able to establish a method that allows the use of the condensate
from the bioliq® process as the sole substrate for the growth of A. oryzae by a combina-
tion of rotary evaporation, overliming, and a subsequent activated carbon treatment [37].
However, during this detoxification procedure and the associated removal of inhibitory
substances, the content of acetol was also reduced to 2.96 g/L, while the concentration of
acetate remained largely unchanged.

Therefore, the first objective of the present studies was to investigate whether the
removal of the ketone is actually necessary or whether the treatment implies the loss of
a potential substrate for growth and acid production with Aspergillus oryzae. For this
purpose, shake flask cultures were performed with acetol as the sole C-source as well as in
mixtures with acetate in order to mimic the PAC composition. Subsequently, the fungal acid
production was investigated using the authentic detoxified condensate, and the scalability
of the process to bioreactors was evaluated after successful pH optimization.

2. Materials and Methods
2.1. Microorganism

Aspergillus oryzae DSM 1863 was obtained from the DSMZ German Collection of
Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und Zel-
lkulturen GmbH, Braunschweig, Germany).

2.2. Media and Cultivation Conditions

Malic acid production with A. oryzae is a two-step process, in which biomass growth
and acid formation are decoupled from each other. First, a preculture is inoculated by
adding spore suspension, and the cultures are then incubated until a sufficient amount of
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biomass is formed. After filtration and thorough washing with sterile ultrapure water, the
biomass is transferred to the main culture medium, which is characterized by a reduced
nitrogen concentration to stimulate acid formation. In addition, CaCO3 is added to the
main cultures as pH buffering agent and for CO2 supply.

2.2.1. Preparation of the Spore Solution

For the preparation of glycerol stocks of A. oryzae conidia the fungus was grown on min-
imal medium according to Barratt et al. containing 10 g/L glucose, 6 g/L NaNO3, 0.52 g/L
KCl, 0.52 g/L MgSO4·7H2O, and 1.52 g/L KH2PO4 [38] and 2 mL/L 1000 × Hutner’s Trace
Elements. The pH of the medium was adjusted to 6.5 using NaOH and 20 g/L agar were
added immediately before sterilization for 20 min at 121 ◦C. The 1000 × Hutner’s Trace
Element solution contains 5 g/L FeSO4·7H2O, 50 g/L EDTA-Na2, 22 g/L ZnSO4·7H2O,
11 g/L H3BO3, 5 g/L MnCl2·4H2O, 1.6 g/L CoCl2·6H2O, 1.6 g/L CuSO4·5H2O, and 1.1 g/L
(NH4)6Mo7O24·4H2O, pH 6.5 [39]. After incubation at 30 ◦C for 7 days, spores were har-
vested by suspension in 50% glycerol and filtered through a sterile Miracloth (Merck
KGaA, Darmstadt, Germany). The final concentration of the suspension was adjusted to
3 × 107 spores/mL. Aliquots were prepared and stored at −80 ◦C until use.

2.2.2. Preculture Cultivations for Biomass Formation

The medium for the preculture cultivations in shake flask consisted of 4 g/L (NH4)2SO4,
0.75 g/L KH2PO4, 0.98 g/L K2HPO4, 0.1 g/L MgSO4·7H2O, 0.1 g/L CaCl2·2H2O, 5 mg/L
NaCl, 5 mg/L FeSO4·7H2O [22] and 2 mL/L Hutner’s Trace Element solution. For the
growth test with acetol as sole C-source, the medium was first prepared as 2× concentrated
stock solution and then diluted to 1× concentration by adding ultrapure water and the
volume of ketone required to obtain final concentrations of 3 g/L; 5 g/L, 10 g/L, 20 g/L,
30 g/L, 40 g/L and 50 g/L acetol. After autoclaving for 20 min at 121 ◦C, the pH of the
media was sterilely adjusted to 6.5 with 10 M NaOH. Similarly, for the media containing
mixtures of acetate and acetol, a 2× concentrated acetic acid solution was first prepared with
the aforementioned media constituents and filled up to 1× concentration with ultrapure
water and 0–40 g/L acetol. The pH of the media was adjusted to a value of 7 prior
to autoclaving, but was also readjusted afterwards with 10 M NaOH if necessary. All
preculture experiments were performed in 500 mL baffled shake flasks, each filled with
100 mL of medium and 1 mL of a 10 vol-% Tween® 80 solution to prevent fungal growth
on the flask walls. For inoculation, 1 mL of spore solution (c = 3 × 107 spores/mL) was
added to each flask and the cultures were then incubated at 30 ◦C and 100 rpm for 96 h.
Samples of 1.9 mL were taken daily to measure substrate consumption and pH change, and
the remaining culture broth was then used for determination of cell dry weight (CDW). All
experiments were performed as biological triplicates.

2.2.3. Precultures for Main Culture Inoculation

Precultures were not only needed to study fungal growth, but also to inoculate main
cultures for malic acid production. For all main culture experiments with detoxified PAC,
the condensate was also used as the sole C-source in the precultures. To prepare the corre-
sponding preculture medium, the components were dissolved in the pyrolysis condensate,
and the medium was sterile filtered through a bottle top filter (Nalgene Rapid-Flow, PES,
pore size 0.2 µm, Thermo Scientific (Waltham, MA, USA)) to prevent its composition from
being altered by the heat of autoclaving. The biomass for all main culture experiments
with acetate, i.e., for the mixtures with acetol in the shake flask as well as for the bioreactor
fermentations, was grown in precultures containing 40 g/L acetate as the sole substrate.
Generally, the same cultivation conditions were used as in the growth experiments, but no
sampling was performed and the cultivation time was shortened to 48 h to allow transfer
of the cells to the main culture in their exponential growth phase.
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2.2.4. Main Culture for Malic Acid Production in Shake Flasks

In general, all main culture media were composed of 1.2 g/L (NH4)2SO4, 0.1 g/L
KH2PO4, 0.17 g/L K2HPO4, 0.1 g/L MgSO4·7H2O, 0.1 g/L CaCl2·2H2O, 5 mg/L NaCl,
and 60 mg/L FeSO4·7H2O. As in the corresponding growth experiment, the medium for
the main cultures with mixtures of 40 g/L acetate and 3–20 g/L acetol was first prepared
without the ketone at 2× concentration and adjusted to a pH of 5.5 with NaOH pellets. After
diluting the medium to 1× concentration with ultrapure water and acetol, the medium was
autoclaved at 121 ◦C for 20 min. In contrast, for all main cultures on PAC, the medium was
sterile filtered after dissolving the above components in the condensate. Whereas in the
first PAC cultivation the pH of the medium was not adjusted and was measured to be 6.5,
for the experiment on the effect of the initial medium pH on malic acid production, the pH
was lowered to a value of 5.5 before sterile filtration using 96% H2SO4 or 100% acetic acid.
Similar to the precultures, the main cultures were performed at 100 mL scale in 500 mL
baffled flasks, but an additional 90 g/L of CaCO3 was added to each flask. Inoculation of
the flasks was performed by weighing 0.75 g of filtered (Miracloth) and thoroughly washed
biomass from the corresponding precultures into each flask. The cultures were incubated
for 240 h at 32 ◦C and 120 rpm and samples of 4 mL were taken every 48 h for determination
of the substrate consumption, product formation, and pH-value. All experiments were
performed as biological quadruplicates.

2.2.5. Bioreactor Cultivations for Malate Production

Four parallel A. oryzae batch fermentations were performed in the sixfors bioreactor
(Infors AG Switzerland), a multi-fermenter system that allows for simultaneous cultivation
in up to six 500 mL vessels. Each vessel can be controlled independently via a shared control
unit equipped with IRIS software for online monitoring of the cultivation parameters. The
media for the bioreactor cultures consisted of the same components already listed in the
section on the main culture experiments in shake flasks. To prepare the medium for the
control reactors, these components were added to a solution of 40 g/L acetic acid and
the mixture was adjusted to a pH of 5.5 with NaOH pellets. A volume of 350 mL of
the medium was added to each of the reactors, which was then autoclaved at 121 ◦C for
20 min. As in the shake flask experiments, the medium containing PAC was sterilized
via filtration and 350 mL of the medium was filled into each of the previously autoclaved
reactors. A concentration of 90 g/L CaCO3 was added sterilely to all four bioreactors.
For inoculation, the contents of two preculture flasks were filtered together through a
Miracloth filter, washed thoroughly with sterile ultrapure water and resuspended in 50 mL
of the corresponding sterile main culture medium. The suspension was added to the
bioreactor, resulting in a final working volume of 400 mL. Throughout the fermentation,
the temperature and stirrer speed were kept constant at 32 ◦C and 800 rpm, respectively,
and aeration was performed at a rate of 10 L/h. Immediately after the start of aeration,
0.1 mL of antifoam solution (Contraspum A 4050 HAC (Zschimmer und Schwarz GmbH
und Co. KG, Lahnstein, Germany)) was added sterilely to each reactor to counteract foam
formation. Despite online pH monitoring, pH adjustment to a value <7.5 with 72% H2SO4
was performed manually on a daily basis starting at a cultivation time of 72 h. The total
cultivation time was 144 h and sterile sampling of 4 mL from each reactor was performed
once a day to quantify substrate consumption and product formation. Fermentations were
conducted as biological duplicates.

2.3. Formation and Detoxification of the PAC

The PAC used in this work was formed in the second condensation step of the fast
pyrolysis, which represents the first part of the bioliq® process performed at KIT [27].
Prior to its utilization as substrate in fungal fermentations, the PAC was detoxified by
rotary evaporation, overliming and a subsequent activated carbon treatment [37]. At the
beginning of the detoxification procedure, the pH of the PAC was set to 6.5 using NaOH
pellets. The forming precipitate was separated via centrifugation at 4700× g for 10 min and
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the supernatant was filtered using a paper filter (type MN615, cellulose, Macherey-Nagel
(Düren, Germany)). For the rotary evaporation, the PAC was heated to 80 ◦C in an oil bath
under constant rotation at 90 rpm. The pressure was gradually reduced to 200 mbar and
held for 4 h. After evaporation the PAC was refilled with ultrapure water to the initial
volume to prevent concentration of non-volatile toxins. Subsequent overliming treatment
was performed by increasing the pH of the evaporated condensate to a value of 12 using
NaOH pellets. The alkaline PAC was then incubated in a closed bottle for 90 min stirring
in an oil bath at 100 ◦C. After the incubation, the PAC was centrifuged again under the
conditions mentioned above and the supernatant was filtered through paper filters (type
MN615, cellulose, Macherey-Nagel (Düren, Germany)). The pH of the filtrate was adjusted
to 6.5 with 96% H2SO4. For the activated carbon treatment, a carbon load of 10% (w/v)
was added to the PAC and the suspension was incubated for 10 min at room temperature
with continuous agitation. The carbon particles were then separated by centrifugation and
the supernatant was further purified by two successive vacuum filtration steps. The first
step, using a Büchner funnel and two layers of paper filters (type 595, Whatman, Cytiva
(Marlborough, MA, USA)), was followed by bottle top filtration (Nalgene Rapid-Flow, PES,
pore size 0.2 µm, Thermo Scientific (Waltham, MA, USA)).

2.4. Analytics
2.4.1. Quantification of the Fungal Cell Dry Weight

Fungal dry cell weight was determined by filtering the content of an entire shake flask
through a pre-weighed paper filter. The retained biomass was thoroughly washed with
ultrapure water and the filters were dried in an oven at 70 ◦C until no more change in
weight could be detected. The dried filters were weighed with a precision scale and the
CDW was expressed in g/L after subtracting the blank weight of the filters.

2.4.2. HPLC Analysis of Substrate Consumption and Malate Production

The concentrations of acetol, acetate and malate in the cultures were analyzed using a
reverse-phase HPLC system (Agilent 1100 Series, Agilent, Santa Clara, CA, USA) equipped
with a Rezex ROA organic acid H+ (8%) column (300 × 7.8 mm, 8 µm particle size; Phe-
nomenex) and a Rezex ROA organic acid H+ (8%) guard column (50 × 7.8 mm). For sample
preparation, centrifugation was performed at 4700× g for 10 min in order to separate the
biomass as well as the CaCO3 contained in the main culture samples. A volume of 10 µL of
the supernatant was automatically injected into the HPLC after appropriate dilution. For
analysis of samples containing PAC, 5 mM H2SO4 was used as mobile phase and the oven
temperature was maintained at 50 ◦C. Detection was performed using a refractive index
detector. All other samples were analyzed at 60 ◦C using a UV detector and 3 mM H2SO4
as eluent. The carboxylic acids and acetol were detected at wavelengths of 220 nm and
280 nm, respectively. Elution was carried out isocratically for all samples at a flow rate of
0.5 mL/min, and quantification was performed using calibration curves in the range of
0.1–5 g/L.

3. Results
3.1. Utilization of Acetol as Substrate for Biomass Formation of A. oryzae

In this experiment the ability of A. oryzae to metabolize acetol concentrations in the
range of 3–50 g/L as a carbon source for biomass formation was evaluated (Figure 1).
In the course of the experiments, no growth or substrate consumption were observed in
the 50 g/L cultures, so the corresponding data are not included. However, even at lower
concentrations, the ketone already seems to exert an inhibiting effect on the fungus. While
in the flasks containing 3 g/L and 5 g/L of acetol complete consumption of the substrate
was observed, with 10–40 g/L acetol only 50.7%, 22.1%, 15.4% and 3.4% of the ketone were
metabolized within 96 h of cultivation. The initial lag phase, during which the fungus
adjusted to the cultivation conditions, also lengthened with increasing acetol content.
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Figure 1. Substrate consumption and biomass formation of A. oryzae in shake flask precultures
containing acetol concentrations of (A) 3 g/L; (B) 5 g/L; (C) 10 g/L; (D) 20 g/L; (E) 30 g/L; (F) 40 g/L
as sole carbon source. The data represent mean values of three replicates and error bars indicate the
standard deviation.

In the flasks with the lowest substrate concentration, metabolization of the ketone was
already observed after 24 h, and thus no lag phase could be detected. In contrast, it took at
least 48 h for substrate consumption to start in the cultures containing 5–20 g/L acetol. At
an initial concentration of 30 g/L acetol, the onset of metabolization was delayed by another
24 h. However, the longest lag phase was observed in the flasks containing 40 g/L acetol, as
a decrease in substrate concentration was not detected until the last day of cultivation. The
delayed and reduced metabolization of the substrate also affected the biomass formation.
While the highest CDW of 2.59 ± 0.01 g/L was reached in flasks containing 3 g/L acetol, the
maximum biomass concentration decreased gradually to 2.29 ± 0.08 g/L, 2.19 ± 0.11 g/L,
1.83 ± 0.07 g/L, 1.69 ± 0.05 g/L and 0.22 ± 0.01 g/L with increasing acetol concentration.
Moreover, the time of reaching the maximum CDW and the subsequent transition to the
death phase was increasingly postponed. For substrate concentrations ≤10 g/L the highest
CDW was detected after 48 h of cultivation and a decrease in biomass was observed in
the following samples. By contrast, for 20–30 g/L acetol a transition to the death phase
occurred only after 72 h, and for the flasks containing 40 g/L acetol a decrease in the CDW
was not detected until the end of the cultivation. In the cultures with 3 and 5 g/L acetol,
the transition to the death phase coincided with the complete consumption of the C-source.
However, even for the flasks with 10–30 g/L, a decrease in CDW was observed at the end of
cultivation, although acetol was still present. This suggests that at least one other nutrient
in the medium was depleted. It is also striking that in the first 24 h of cultivation biomass
formation as well as a drop in pH was already detected, even in the flasks in which no
acetol had been consumed at that time. This might indicate that A. oryzae uses additional
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substrates for its initial growth. The most likely candidates for alternative C-sources are
the glycerol contained in the spore solution and substances that probably result from
Maillard reactions occurring during autoclaving. The latter could also explain why the
initial acetol concentration in the cultures was always lower than expected. Nevertheless, it
was successfully demonstrated that the main component of the PAC is in principle suitable
as a substrate for fungal growth, but apparently not for the production of organic acids,
since in this work malate was not detected in any culture containing acetol as sole C-source
(data not shown).

3.2. Acetate-Acetol Mixtures as Substrates for Fungal Growth

Since it is already known that acetate concentrations such as the 40 g/L contained
in the PAC can be utilized by A. oryzae and the acetate content in the condensate remains
largely unchanged during detoxification, artificial PACs consisting of 40 g/L acetate and
different concentrations of 0–40 g/L acetol were tested for their suitability as substrates
for fungal growth (Figure 2). However, no biomass formation was observed for the
flasks containing 30 g/L and 40 g/L of the ketone, so data for these cultures are not
included. As displayed in Figure 2, the acetate control did not show any lag phase, since
metabolization of the initially contained 39.91 ± 0.73 g/L acetate started immediately and
a CDW of 0.56 ± 0.06 g/L was already detected after 24 h. The largest decrease in the
acetate concentration was observed between 24–48 h and was measured to be 4.43 g/L.
The high substrate consumption at this stage of cultivation resulted in almost a six-fold
increase in fungal biomass to 3.13 ± 0.25 g/L. Subsequently, acetate consumption flattened
slightly, and only a negligible increase in biomass to 3.29 ± 0.21 g/L was observed after
96 h, leading to the conclusion that the fungus entered the stationary growth phase after
only 48 h in these cultures.

In contrast, biomass formation in the flasks containing acetol slowed down with
increasing ketone concentration. While the cultures containing 3 and 5 g/L of the ketone
still behaved comparably to the control, and biomass formation started after 24 h, it was
delayed by another 24 h in the flasks with 10 and 20 g/L acetol. As already observed in
the first experiment, the delayed onset of biomass formation also shifted the time point at
which the maximum CDW was reached. In the 3 g/L acetol cultures, the highest biomass
concentration of 3.58 ± 0.17 g/L was obtained after 72 h, and the fungus thus entered
the stationary growth phase 24 h later than in the acetate control. In contrast, for acetol
concentrations ≥5 g/L, an increase in biomass was detected until the end of cultivation.
Accordingly, no stationary phase was observed and it cannot be assessed whether the
maximum CDW has already been reached. Despite the increasing lag phase in the acetol-
containing cultures, no reduction in the final CDW was observed compared to the control
(Table 1).

Rather, acetol contents of up to 10 g/L even seemed to have a slightly positive effect on
fungal growth, as biomass concentration appeared to increase with the increasing amount
of ketone, resulting in the highest CDW of 4.46 ± 0.64 g/L obtained in the 10 g/L acetol
cultures. However, due to the large standard deviation, this cannot be assumed to be
significant. Only when the acetol content was raised to 20 g/L did the biomass formation
decrease considerably to a maximum CDW of 3.47 ± 0.40 g/L, which was still comparable
to the acetate control. The increase in biomass concentration in the cultures with 3–10 g/L
acetol can be attributed to the metabolization of the ketone as an additional C-source, since
acetate consumption in the flasks behaved largely similarly. In the flasks with 3 g/L, a
complete conversion of acetol was observed after 72 h, and also the cultures with 5 g/L
and 10 g/L contained only 0.10 ± 0.00 g/L and 0.63 ± 0.13 g/L of the ketone at the end of
cultivation. Accordingly, the concentration of carbon metabolized by the fungus increased
(Table 1). In contrast, in the flasks with an acetol content of 20 g/L, only 37.5% of the
acetol initially added was metabolized. The consumption of acetate was also lowest and
slowest in these flasks, as 30.92 ± 1.16 g/L of the substrate remained unused. Despite the
reduced substrate utilization in the cultures with the highest ketone concentration, it was
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nevertheless demonstrated that combinations of 40 g/L acetate and up to 20 g/L acetol
were suitable C-sources for A. oryzae and resulted in biomass titers comparable to those in
the control. However, Table 1 shows that biomass yield was reduced with increasing acetol
concentration from 0.28 ± 0.03 g/g for the control to 0.19 ± 0.03 g/g and 0.21 ± 0.02 g/g
for the flasks containing 10 and 20 g/L acetol. This indicates an increasing inhibitory effect
of the ketone, as already observed in the first experiment. The inhibition seemed to be
even enhanced in the presence of acetate, since no more fungal growth was observed for
concentrations >20 g/L acetol, whereas up to 40 g/L were tolerated when the ketone was
the sole C-source.
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Figure 2. Comparison of growth in A. oryzae shake flask precultures containing (A) 40 g/L of acetate
as sole carbon source as well as mixtures of acetate and acetol concentrations of (B) 3 g/L; (C) 5 g/L;
(D) 10 g/L; (E) 20 g/L. The data represent mean values of three replicates and error bars indicate the
standard deviation.

Table 1. Substrate consumption and growth parameters after 96 h cultivation of A. oryzae using
acetate-acetol mixtures.

c Acetol
[g/L]

Consumed
Acetate [g/L]

Consumed
Acetol [g/L]

Consumed
Substrate [g/L]

Final CDW
[g/L] Yx/s 1 [g/g]

0 11.74 ± 1.18 0.00 ± 0.00 11.74 ± 1.18 3.29 ± 0.21 0.28 ± 0.03
3 11.21 ± 0.49 2.77 ± 0.00 13.97 ± 0.49 3.57 ± 0.35 0.26 ± 0.03
5 12.42 ± 1.57 4.38 ± 0.01 16.80 ± 1.57 4.37 ± 0.36 0.26 ± 0.03

10 15.09 ± 0.51 8.35 ± 0.13 23.44 ± 0.53 4.46 ± 0.64 0.19 ± 0.03
20 9.71 ± 1.17 7.96 ± 0.92 17.66 ± 1.49 3.47± 0.40 0.21 ± 0.02

1 The biomass yield Yx/s was calculated as g biomass formed per g substrate consumed.
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3.3. L-Malic Acid Production with Acetate-Acetol Mixtures

Having shown that model mixtures of 40 g/L acetate and acetol in concentrations up
to 20 g/L are suitable for fungal growth, we then investigated how these mixtures affect
L-malic acid production of A. oryzae. Figure 3 shows that for acetol concentrations ≤10 g/L,
no considerable differences were observed in both acetate consumption and malate produc-
tion compared with the control. In these flasks, a strong reduction in acetate concentration
was already detected after the first 48 h.
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Figure 3. Malic acid production, substrate consumption, and pH values in A. oryzae shake flask main
cultures containing mixtures of 40 g/L acetate and different concentrations (0–20 g/L) of acetol. The
data represent mean values of four replicates and error bars indicate the standard deviation.

The decrease in concentration continued throughout the cultivation and, at the end, the
final concentration of acetate was about 3.48–3.68 g/L in the flasks containing 0–5 g/L acetol
and 6.78 ± 3.91 g/L in the 10 g/L cultures. The comparatively high final concentration in
the latter might indicate an incipient inhibition of the fungal acetate utilization induced by
the ketone, but due to the high standard deviation it cannot be considered significant. At
an acetol concentration of 20 g/L, however, the inhibitory effect became clearly evident,
as in these flasks the acetate consumption was considerably reduced, resulting in a final
concentration of 20.17 ± 2.84 g/L. In addition to acetate, all acetol containing cultures
simultaneously metabolized the ketone. In the flasks with an acetol content of 3 g/L, a
complete conversion was detected after only 96 h, whereas in the cultures containing 5 and
10 g/L, it took 144 h for the acetol to be fully depleted. Similar to acetate, reduced utilization
of the ketone was observed in the flasks containing 20 g/L acetol, with a concentration of
5.86 ± 0.85 g/L remaining unused at the end of the cultivation. The metabolization of the
substrates, especially acetate, also had an impact on the pH curves (Figure 3). Although
the first increase in pH after 48 h can be largely attributed to the outgassing of CO2 from
the carbonate buffer, the flasks with acetol concentrations of 0–10 g/L already showed a
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higher pH at this time than those with 20 g/L, due to acetate consumption. However, as
cultivation progressed, the pH curve flattened considerably for the flasks containing low
acetol contents ≤10 g/L since malic acid production in these cultures started after 48 h and
counteracted the pH increase. Nevertheless, both pH and malate concentration in these
flasks continued to rise until the end of cultivation, with the greatest increase in product
titer being observed between 48 and 144 h.

Consequently, these cultures reached their maximum yield and productivity at this
stage of fermentation (Table 2). In the cultures containing 20 g/L acetol, only a slight
change in pH was observed after the initial CO2-induced sharp increase, as little acetate
was metabolized and no malate was formed during the first 96 h of cultivation. Only after
144 h were a clear pH increase and the onset of malic acid production detected, showing
that product formation was clearly delayed compared to the flasks with 0–10 g/L acetol.
This was followed by an exponential increase in malate concentration until the end of
cultivation reaching a final titer of 3.72 ± 0.37 g/L malate. In comparison to the product
concentrations achieved in the other cultures, the titer was considerably reduced, and also
the lowest values for yield and productivity were obtained (Table 2). Generally, the values
for these parameters tended to decrease with increasing acetol concentrations and it can
therefore be assumed that the presence of the ketone does not have any beneficial effect on
the fungal malate production.

Table 2. Comparison of substrate consumption and L-malate production in A. oryzae main cultures
containing acetate-acetol mixtures.

c Acetol
[g/L]

Consumed
Acetate [g/L]

Consumed
Acetol [g/L]

Consumed
Carbon [g/L]

Final Malate
Titer [g/L]

Maximum Yield
Yp/s, Carbon 1 [g/g]

Maximum Productivity
P Max 1 [g/(L·h)]

P Overall 2

[g/(L·h)]

0 37.16 ± 1.58 0.00 ± 0.00 15.12 ± 0.64 6.29 ± 0.46 0.18 ± 0.05 (96 h) 0.046 ± 0.008 (96 h) 0.026 ± 0.002
3 37.23 ± 1.89 2.73 ± 0.12 16.47 ± 0.77 6.02 ± 0.17 0.15 ± 0.00 (144 h) 0.039 ± 0.000 (144 h) 0.025 ± 0.001
5 36.81 ± 0.68 4.51 ± 0.20 17.17 ± 0.29 5.71 ± 0.38 0.14 ± 0.01 (144 h) 0.037 ± 0.003 (144 h) 0.024 ± 0.002
10 34.57 ± 5.53 9.54 ± 0.21 18.71 ± 2.25 5.64 ± 0.59 0.11 ± 0.02 (240 h) 0.032 ± 0.008 (144 h) 0.024 ± 0.002
20 20.86 ± 2.85 14.23 ± 1.41 15.41 ± 1.35 3.72 ± 0.37 0.09 ± 0.01 (240 h) 0.016 ± 0.002 (240 h) 0.016 ± 0.002

1 The time at which the maximum value was reached is indicated in brackets. 2 Overall productivity P was
calculated as final malate titer divided by the cultivation time of 240 h.

3.4. PAC as Sole Substrate for L-Malic Acid Formation

As demonstrated in the previous experiment, the acetol contained in the PAC does
not favor malic acid production with A. oryzae and should therefore be removed before the
condensate is applied as substrate. The PAC used in this work had an acetol content of
<3 g/L due to the various pretreatments. Hence, the focus in the following experiments was
on acetate as the main substrate for malic acid production. In a first shake flask cultivation, it
was assessed whether A. oryzae is in principle able to use the acetate contained in 100% PAC
for acid formation. Subsequently, pH optimization was performed by lowering the initial
pH of the medium, and the optimized process was finally transferred to 500 mL bioreactors.

3.4.1. General Suitability of PAC for Fungal Acid Formation

For the first shake flask experiment with PAC, the condensate was used immediately
after detoxification (pH = 6.5), and a main culture medium containing 100% PAC was
prepared. We intended to investigate whether A. oryzae is, in principle, able to utilize
acetate not only in defined media, but also in PAC as a real lignocellulosic substrate.
Moreover, in fact, Figure 4 shows that the fungus immediately began to convert the initial
40.15 ± 1.87 g/L of acetate to malic acid without any apparent lag phase, as a titer of
0.94 ± 0.15 g/L malate was detected after 24 h. The substrate concentration continued to
decrease as the cultivation progressed and resulted in the formation of a maximum malate
titer of 3.37 ± 0.61 g/L, and a maximum yield of 0.20 ± 0.05 g/g after 192 h (Table 3).
However, in the last two days of fermentation, both the acetate consumption and the malic
acid production curves flattened, leading to a final malate concentration of 3.22 ± 0.70 g/L,
and 22.70 ± 2.36 g/L of substrate remaining unused. The decrease in metabolic activity is
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most likely due to the sharp increase in pH from an initial value of 8.05 ± 0.03 to 9.82 ± 0.04
at the end of cultivation and raised the question of whether a lower initial pH could improve
malic acid production.
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Figure 4. Malic acid production of A. oryzae in shake flask main cultures containing 100% PAC
detoxified by rotary evaporation, overliming and a subsequent activated carbon treatment. The data
represent mean values of four replicates and error bars indicate the standard deviation.

Table 3. Summary of substrate consumption and malic acid production in A. oryzae cultivations
with PAC.

Cultivation Condition Consumed
Acetate [g/L]

Maximum
Malate Titer [g/L]

Maximum Yield
Yp/s 1 [g/g]

Maximum Yield
Yp/s, Carbon [g/g]

Maximum
Productivity

P Max [g/(L·h)]

Overall
Productivity P 2

[g/(L·h)]

first shake flask
cultivation

pH not
adjusted 17.45 ± 3.01 3.37± 0.61 (192 h) 0.20 ± 0.05 (192 h) 0.18 ± 0.05 (192 h) 0.026 ± 0.006 (96 h) 0.013 ± 0.003

pH
optimization

in shake
flasks

pH not
adjusted 22.07 ± 4.69 3.96 ± 1.46 (240 h) 0.18 ± 0.08 (240 h) 0.16 ± 0.07 (240 h) 0.026 ± 0.007 (96 h) 0.016 ± 0.006

pH
adjusted

with H2SO4

38.19 ± 0.75 8.29 ± 0.26 (240 h) 0.22 ± 0.01 (192 h) 0.19 ± 0.01 (192 h) 0.054 ± 0.001 (144 h) 0.035 ± 0.001

pH
adjusted with
CH3COOH

42.82 ± 2.36 9.77 ± 0.55 (240 h) 0.23 ± 0.03 (144 h) 0.21 ± 0.02 (144 h) 0.061 ± 0.002 (144 h) 0.041 ± 0.002

bioreactor
cultivations

acetate
control 29.71 ± 2.30 2.73 ± 0.47 (144 h) 0.09 ± 0.02 (192) 0.08 ± 0.02 (192) 0.032 ± 0.008 (72 h) 0.019 ± 0.003

PAC 40.82 ± 0.37 7.30 ± 0.29 (144 h) 0.18 ± 0.01 (144 h) 0.16 ± 0.01 (240) 0.054 ± 0.010 (120 h) 0.051 ± 0.002

1 The time at which the maximum value was reached is indicated in brackets. 2 The overall productivity was
calculated as final malate titer divided by the cultivation time, which differed for the shake flask experiments
(240 h) and the reactor cultivations (144 h).

3.4.2. Role of the Initial Medium pH on L-Malic Acid Production from PAC

To evaluate the role of the initial pH of the PAC on malate production with A. oryzae,
two different acids (100% acetic acid and 96% sulfuric acid) were used to lower the pH-
value of the medium to 5.5 prior to sterile filtration. Due to the addition of CaCO3 to the
flasks, the initial pH increased to about 6.5 in the pH-adjusted cultures whereas, as in the
previous experiment, a slightly alkaline pH of 8.20 ± 0.03 was measured for the flasks
containing non-adjusted PAC (Figure 5). Despite the different initial values, all cultures had
a similar pH of 9.7–9.8 at the end of cultivation, mainly due to the strong pH increase that
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was observed in the adjusted flasks during the first 48 h. Since there were no appreciable
differences in acetate consumption or malic acid production at that time compared to the
non-adjusted control, this increase is most likely due to an increased outgassing of CO2.
However, in the further course of the cultivation, a stronger pH increase was still observed
in the pH-adjusted cultures, which can be attributed to improved substrate utilization.
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Figure 5. Optimization of the initial medium pH in A. oryzae shake flasks main cultures containing
100% detoxified PAC (original pH = 6.5). The pH of the PAC was either not adjusted or set to
5.5 prior to sterile filtration using 100% acetic acid or 96% H2SO4. The data represent mean values of
quadruplicates and error bars indicate the standard deviation.

While in the control flasks the curve for acetate concentration flattened sharply after
48 h of cultivation, leaving 16.40 ± 4.69 g/L of the substrate unused, acetate utilization was
remarkably improved by the pH adjustment. As expected, the initial substrate concentra-
tion (45.18 ± 0.20 g/L) was higher in the flasks whose pH was decreased with acetic acid
than in those for which sulfuric acid was used. In the latter, the initial acetate concentration
was 38.64 ± 0.58 g/L and thus comparable to the control. Apart from the difference in
initial concentrations, the substrate was metabolized equally in both pH-adjusted cultures,
resulting in a parallel course of the two curves over 144 h of cultivation. In the last four
days of fermentation, however, the substrate consumption began to flatten increasingly,
especially in the H2SO4 adjusted cultures, leading to comparably low final concentrations.
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The improved metabolization of the substrate in the pH-optimized cultures also had
a positive effect on the malic acid production. Although small amounts of the acid were
already detected in all cultures after only 48 h, the curve of the control was again noticeably
flatter in the further course of cultivation and a final malate titer of only 3.96 ± 1.46 g/L
was obtained. In contrast, a steep increase in malic acid concentration was observed in
the pH-adjusted cultures, resulting in considerably higher malate concentrations than
in the controls after only 96 h. At this time, very similar titers of 5.56 ± 0.88 g/L and
5.11 ± 0.40 g/L were measured in the flasks adjusted with H2SO4 and acetic acid, respec-
tively. However, as already observed for acetate consumption, malate production gradually
leveled off as the cultivation progressed, particularly in the flasks adjusted with H2SO4,
making the difference between the two cultures increasingly obvious. Despite the gradual
flattening of the curves, the maximum malate titers were reached at the end of cultivation
and were found to be 8.30 ± 0.26 g/L and 9.77 ± 0.55 g/L, respectively, corresponding
to increases of 2.1 and 2.5-fold compared with the unadjusted control. As indicated in
Table 3, the yield and productivity values calculated for the control are comparable to
those of the first cultivation, so the process appears reproducible despite the complex
substrate. Although a significantly higher malate titer was measured in the flasks, whose
pH was lowered with acetate, comparable yields were obtained in both pH-adjusted cul-
tures (Table 3). Therefore, H2SO4 was chosen for pH adjustment in the subsequent reactor
culture, since the main objective of this work was to use PAC as the sole substrate for fungal
malate production.

3.4.3. Malic Acid Production in Bioreactor Cultivations

In the following experiment, it was investigated whether fungal malic acid production
on PAC can be transferred from shake flasks to 0.5 L bioreactors. For comparison, a control
fermentation was performed with a defined medium containing 40 g/L acetate (Figure 6).
Although the pH of the media in this experiment was also adjusted to 5.5 with H2SO4 prior
to sterilization, the initial pH values of about 6.7 in the reactors were slightly higher than in
the previous shake flask experiments. The main reason for this, as well as for the rapid pH
increase within the first 3–4 h of cultivation, can be seen in the enhanced outgassing of CO2
due to aeration and stirring.

The subsequent stabilization of pH to values of 7.7–7.9, was followed by a further
increase after a fermentation time of about 12 h, which was observed especially in the
control reactors and was most likely due to the onset of acetate metabolization. Since
this occurred before the first sampling, no lag phase in substrate consumption could be
recorded for these reactors. According to the pH values, acetate utilization started later
in the reactors with PAC and the time of onset also differed greatly within the duplicate.
While the increase in pH in the first reactor coincided with the 24 h sampling, it did not
start in the second reactor until 13 h later. Moreover, the increase was smaller than in the
controls, so that after 72 h a pH of 9.0–9.1 was measured in the reactors containing PAC,
while in the acetate controls it was already found to be 9.7–9.8 at that time. Since it was
shown in the previous experiment that pH plays an important role in malate production, it
was decided to manually adjust the pH to values <7.5 with 72% H2SO4 after each sampling
to prevent a further increase. However, by the time the next sample was taken, the pH
had already returned to nearly the original value in all reactors, primarily due to repeated
outgassing of CO2. Consistent with the pH curve, the course of substrate utilization at the
beginning of the cultivation was flatter in the reactors with PAC than in the control. While
in the latter, 52.1% of the initial acetate concentration had already been metabolized after
48 h, this was only 23.7% in the reactors containing the pyrolysis condensate. However,
in the controls, substrate conversion decreased considerably as cultivation progressed,
leaving a final concentration of 11.62 ± 2.29 g/L acetate unused. In contrast, a sharp
decrease in substrate concentration was observed in the reactors with PAC after the initial
lag phase, leading to an almost-complete conversion of acetate by the end of the cultivation.
The reduced substrate consumption observed in the control cultures also affected their
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product formation. Although in the controls first malate titers were already measured
in the 24 h samples due to the earlier onset of acetate consumption, and acid production
thus started one day earlier than in the reactors containing PAC, comparably high titers
were obtained after only 72 h. As cultivation progressed, malate production in the controls
flattened noticeably and a final titer of only 2.73 ± 0.47 g/L was reached. In contrast,
a strong increase in malate production continued to be observed in the reactors with
PAC, which only weakened slightly in the last 24 h of fermentation. A maximum malate
concentration of 7.31 ± 0.29 g/L was obtained in these reactors, which was 2.7 times higher
than in the controls. Thus, it was successfully demonstrated that the process of fungal
malate production on detoxified PAC can be transferred to the reactor scale. Compared
to the concentration of 8.30 ± 0.26 g/L malate obtained in the shake flasks experiment,
a slight reduction in product titer was observed. However, since the cultivation time in
the bioreactor fermentations was much shorter, the overall productivity was increased to
0.051 g/(L·h), which was the highest value of all PAC cultures performed (Table 3). As this
work revealed a high importance of pH for fungal malate production on acetate-containing
lignocellulosic side streams, the implementation of an automated pH regulation could be
suitable to further improve the process.
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Figure 6. Bioreactor cultivations with A. oryzae using (A) 40 g/L acetate and (B) 100% detoxified
PAC main culture medium. The initial medium pH was set to 5.5 using 96% H2SO4 prior to CaCO3

addition and a daily manual pH adjustment with 72% H2SO4 to a value <7.5 was performed starting
after 72 h of fermentation. The data represent mean values of duplicates and error bars indicate the
standard deviation.
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4. Discussion
4.1. Acetol Utilization in A. oryzae Preculture

In this work, it was successfully demonstrated that Aspergillus oryzae is able to use
acetol as the C-source for biomass formation at concentrations up to 40 g/L, although
growth inhibition was observed with increasing ketone concentration. While several studies
have been conducted on how pretreatments can effectively remove inhibitory compounds
such as acetol (hydroxyacetone) from liquid pyrolysis products, thereby reducing toxicity to
various microorganisms [36,40–42], there is little information on acetol as a single substance.
Lian et al. investigated the inhibitory effect of various components of an aqueous pyrolysis
sugar solution on S. cerevisiae strain ATCC 200062 and estimated its growth and ethanol
production to be inhibited by 80.07% and 99.08%, respectively, compared with the control
when the medium contained 2.16 wt-% acetol [43]. For Aspergillusoryzae, tolerance towards
the ketone was also already studied previously on glucose-containing agar plates, and it
was found that the fungus stopped growing at concentrations greater than 1.5 wt-% acetol.
According to the authors of the study, the reason was probably the solvent properties
of the ketone, which cause increasing disorganization of the cell membrane [34]. The
tolerated acetol concentration was thus significantly lower than the 40 g/L achieved in the
current work although the medium contained additional glucose as an easily metabolizable
C-source. Therefore, as far as the authors are aware, acetol has not yet been reported to
serve as sole substrate for growth of filamentous fungi, nor is there any knowledge on its
metabolization in these organisms.

In contrast, for bacteria such as Thermoanaerobacterium thermosaccharolyticum [44,45]
and Clostridium sphenoides [46], it is well known that acetol occurs as an intermediate in the
formation of 1,2-propanediol from dihydroxyacetone phosphate. In the first step of the
process, an enzyme called methylglyoxal synthase catalyzes the conversion of the triose
phosphate to methylglyoxal by cleavage of an inorganic phosphate. This is followed by
a stepwise reduction of the methylglyoxal to 1,2-propanediol, which proceeds with the
formation of lactaldehyde or acetol as an intermediate and requires different reduction
equivalents (NADH, NAD(P)H) depending on the oxidoreductase involved [47]. Although
the production of 1,2-propanediol has been observed predominantly in bacteria, there
is evidence that at least parts of this pathway are also present in yeasts and fungi. For
example, two methylglyoxal oxidoreductases have already been identified for A. niger [48]
and it has been shown in the same species as well as in A. nidulans that these two fungi
possess glycerol dehydrogenases that have an activity of 18% towards methylglyoxal and
thus can potentially catalyze its conversion to acetol or lactaldehyde [49]. In addition, it
has already been shown by Walti et al. that A. niger is able to convert 1,2-propanediol
back to acetol, suggesting that the reaction steps involved in this metabolic pathway are
at least partially reversible [50]. The enzymes of the methylglyoxal pathway have also
been identified in S. cerevisiae [51,52], but nevertheless the production of 1,2-propanediol
by the yeast has so far mostly required genetic engineering [53–56], or was carried out
as yeast-mediated bioconversion of acetol using ethanol or acetate as the primary energy
source and for the regeneration of the reduction equivalents [57–60].

This raises the question of whether A. oryzae actually utilized acetol as the sole substrate
for its growth in our preculture experiments or whether residual glycerol from the spore
solution or Maillard products formed during autoclaving may have been used for this
purpose. It is already known that the fungus is able to use glycerol as a C-source for
growth [22] and that the formation of pyrazines can occur as products of the Maillard
reaction between acetol and ammonia [61]. The decreased acetol concentration at the
beginning of our cultivation indicates the formation of Maillard products. However, the
reduction in initial acetol content was only 1.2–9.0% of the originally intended value, and
the concentration of Maillard products formed was therefore probably too low to meet the
fungal energy requirements. Moreover, at least for the cultures with 3 and 5 g/L acetol,
there was a significant decrease in biomass concentration after the complete depletion
of the ketone and thus a clear coupling of growth and acetol consumption. This is also
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supported by the work of Lian et al. who investigated the suitability of acetol, acetate as
well as the mixture of both carbon sources for biomass formation and lipid production of
the yeasts Cryptococcus curvatus, Rhodotorula glutinis and Lipomyces starkeyi and showed
that all strains tested were capable of metabolizing the ketone as the sole substrate at
a concentration of 1 wt-% [36]. Assuming the density of water for the medium, these
results are most comparable to the cultures with 10 g/L acetol in our experiment, which
also still showed good growth with a CDW of 2.19 ± 0.11 g/L and consequently very
little inhibition compared with the lowest concentration of 3 g/L acetol (2.59 ± 0.01 g/L
biomass). Furthermore, for two of the three yeasts studied, slightly increased CDWs were
obtained on mixtures of 1 wt-% acetol and 1 wt-% acetate compared with the use of only one
C-source. This coincides with our results, as we also detected slightly increased titers with
additional 10 g/L acetol compared to the control containing acetate as the sole substrate.

Despite the slightly improved titers observed at low acetol concentrations in the mix-
tures with acetate, overall tolerance to the ketone was nevertheless lower in this experiment.
Whereas 40 g/L of the ketone could still be tolerated when acetol was the only C-source,
fungal growth was no longer observed at concentrations >20 g/L acetol when an additional
40 g/L acetate was present in the medium. This is most likely due to the fact that in
addition to the stress that may be exerted on the fungal cell membrane by the solvent
properties of acetol, osmotic stress is generated by acetate. Although in our preculture
experiment with mixtures of acetol and acetate (pKa = 4.76), the initial pH of the cultures
was 7 and thus most of the acetic acid was deprotonated, the small fraction of protonated
uncharged acid molecules can probably enter the cell and lower its internal pH [32]. Using
the Henderson–Hasselbalch equation, the concentration of protonated acetic acid in the
medium was determined to be 0.23 g/L (0.004 mol/L) for our cultivation conditions. How-
ever, according to Alcano et al., only concentrations above 0.018–0.022 mol/L were found
to completely inhibit spore germination of A. carbonarius, A. flavus, and A. parasiticus [62],
so the concentration of protonated acetic acid in our medium was most likely not the
main reason for the decreased acetol tolerance. As previously discussed by Kövilein et al.
another possible osmotic stress factor results from the large amount of sodium ions that
accumulates during media preparation when the 40 g/L of acetic acid is neutralized to a
pH of 7 using NaOH pellets [33]. However, the pH adjustment resulted in a sodium ion
concentration of only about 0.7 mol/L in the medium, which did not exceed the tolerance
limits already determined for other Aspergillus species [63,64]. Accordingly, none of the
individual stressors (acetol, protonated acetic acid, sodium ions) can explain the reduced
acetol tolerance of A. oryzae in acetate-acetol mixtures. Nevertheless, it can be assumed
that the inhibitory effects of the individual stressors add up or possibly even reinforce each
other and thus probably cause the increased sensitivity to the ketone.

4.2. Malic Acid Production on Artificial and Real PAC

In accordance with the corresponding precultures, the main culture experiments with
acetate-acetol mixtures also showed a clear inhibitory effect of ketone concentrations ≥20 g/L
on malate production in A. oryzae. Whereas the product titers obtained at low acetol concen-
trations between 3–10 g/L (5.64 ± 0.59 g/L–6.02 ± 0.17 g/L) were still comparable with the
acetate control (6.29 ± 0.46 g/L), the final malate concentration was reduced by 40.9% in the
cultures containing 20 g/L acetol, and no product formation was detected at all when the
medium contained ≥30 g/L of the ketone (data not shown). Malic acid yield as well as the
productivity also decreased with increasing acetol content in the cultures. This coincides with
the results of Dörsam et al. who also observed a considerable reduction in malate yield when
increasing acetol concentrations were added to glucose containing A. oryzae main cultures [34].
In addition, they identified the maximum ketone concentration suitable for malate production
to be 2.5 wt-%. Even though this was not a concentration we studied, it was nevertheless
exactly between the acetol content at which we observed an initial inhibition and the one
for which malate formation could no longer be detected. The fact that similar results were
obtained in acetol mixtures with both acetate and glucose suggests that inhibition in the main
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cultures was quite independent of the primary C-source used. Consequently, the proportion
of protonated acid or the concentration of sodium ions in our acetate cultures appeared to be
of minor importance for product inhibition. The assumption that acetol is the main cause of
the reduced malate production is also confirmed by the fact that, although concentrations up
to 40 g/L acetol seem to be suitable for fungal growth, we did not succeed in using acetol as
the sole C-source for acid production with A. oryzae (data not shown).

Dörsam also investigated malate production in shake flask cultures with artificial PAC
consisting of acetol, acetate, and three other main PAC components (propionic acid, ethy-
lene glucol, and methanol) and compared them with a 45 g/L acetate control. Consistent
with the results in the glucose containing cultures, as well as those from our experiment,
a level of 3.5 wt-% acetol was found to be completely inhibitory to malate production,
while a reduction to 1.75 wt-% still yielded comparable titers to the control [65]. Complete
omission of ketone from the model PACs even resulted in a significant increase in malate
concentration to more than threefold, indicating that additional PAC components are used
as C-sources for acid production. In any case, these results confirm that as much acetol
as possible must be removed in order to efficiently use the condensate as a substrate for
malate production with A. oryzae.

After removal of potential toxins from the PAC by rotary evaporation, overliming,
and a subsequent activated carbon treatment, it was shown in this work that the con-
densate is indeed suitable for fungal malate production. However, the final achieved
titer of 3.22 ± 0.70 g/L malate after 240 h was significantly lower than the concentration
measured for the 40 g/L acetate control in the experiment with acetate-acetol mixtures
(6.29 ± 0.46 g/L). The main reason for this observation is probably the high pH of the PAC
medium, which already had a value of 8.05 at the beginning of the experiment and even
increased to 9.81 as cultivation progressed. The inhibitory effect of alkaline medium pH
has already been shown for other Aspergillus species. For example, Pinchai et al. found
that the growth of A. fumigatus was significantly inhibited at a pH of 9 compared to the
acidic range [66], and Aspergillus nidulans even showed inhibition at a pH of 8, especially
in the presence of high sodium concentrations (1 mol/L) [67]. In our PAC main culture
experiments, we reached similarly high values (about 0.9 mol/L) due to the neutralization
of the condensate to a pH of 6.5 and the overliming with NaOH. However, since the two
previously mentioned alkaline pH inhibition studies were growth experiments on agar
plates, they were performed under completely different cultivation conditions and are
therefore difficult to compare with the current experiment on product formation in shake
flasks. In contrast, the study by Kövilein et al. in which the influence of initial pH on malic
acid production with A. oryzae was investigated in acetate-containing main cultures seems
more suitable for comparison with the current results. They found that for optimal malate
production, the pH should ideally be adjusted to 5.5 before CaCO3 addition, as both lower
and higher values result in decreased malate titers [33].

Therefore, in the follow-up experiment, two different pH adjusting agents, i.e., 96%
H2SO4 and 100% acetic acid, were tested to lower the initial medium pH. The adaptation in-
deed resulted in an increase in the final malate titers to 8.30 ± 0.26 g/L and 9.77 ± 0.55 g/L,
thus confirming that the high pH was the main cause of the reduced malate production.
Although the use of acetic acid for pH adjustment increased the initial substrate con-
centration to 45 g/L, both adjusted cultures showed nearly identical maximum yield of
0.23 ± 0.03 g/g (acetic acid) and 0.22 ± 0.01 g/g (H2SO4). This is in accordance with the
results of Kövilein et al. who performed main cultures in shake flasks containing acetate
concentrations of 10–55 g/L and also obtained identical yields for the cultures with 40 g/L
and 45 g/L acetate, respectively [33]. In their work, the yield was calculated to be 0.19 g/g,
which was thus comparable to the values obtained in our experiment. Since the values for
productivity were also only slightly higher in the cultures whose pH was adjusted with
acetic acid, and the main objective of the work was to use PAC as the sole C-source for
fungal acid production, H2SO4 was chosen as the pH-adjusting agent for the subsequent
bioreactor cultivation.
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For both the acetate control (2.73 ± 0.47 g/L) and the bioreactors containing PAC
(7.30 ± 0.29 g/L), noticeably reduced titers were measured compared to the shake flask
cultivations (acetate: 6.29 ± 0.46 g/L; PAC: 8.29 ± 0.26 g/L), but due to the shorter
fermentation time of 144 h, yield and productivity should rather be used for comparison.
In the bioreactors with PAC, the values for these parameters were roughly comparable to
those obtained in the shake flask experiments, and even the highest overall productivity
of all cultivations (0.051 ± 0.002 g/(L·h)) was observed, indicating that upscaling into the
bioreactor was successful. In contrast, the acetate control showed a considerable reduction
compared to the shake flask experiment, since the maximum yield was approximately
halved and the maximum and overall productivity were also reduced by 30.4% and 26.9%,
respectively. One possible reason for the lower values could be the increased shear stress
caused by stirring in the bioreactor. Furthermore, since filamentous growth was observed
in both the PAC and acetate precultures, it is conceivable that some of the biomass became
attached to the reactor internals after transfer to the bioreactor, where it was exposed
to different conditions than the properly suspended cells. Another difference between
cultivation in shake flasks and bioreactors was aeration, which, as previously shown by
Halliwell et al. could affect acetate metabolism and production of certain organic acids [68],
and therefore may have shifted the product spectrum. Aeration also led to an increased
outgassing of CO2 and therefore already at the beginning of the cultivation to significantly
higher pH values (≈7.6–7.9) than in the shake flask experiments. Particularly in the control
reactors, this was followed by a further sharp pH increase, which can be attributed to the
earlier onset of acetate metabolization, as well as the higher initial substrate consumption
compared to the PAC-containing reactors. Thus, the pH in the controls already reached
a value of 9.8 after 72 h of cultivation, while it was only 9.0–9.1 in the reactors with PAC
medium. Accordingly, inhibition of the acid production by the alkaline medium pH most
likely explains the reduction in yield and productivity in the control reactors. Although
attempts were made to counteract the inhibition by manually readjusting the pH once a
day, the acetate controls showed a considerable drop in metabolic activity as cultivation
progressed, so that it can be assumed that the cells in these reactors had already been
irreparably damaged. Moreover, the effect of the pH correction did not last long, since the
repeated outgassing of CO2 probably caused the pH to rise again quickly to almost the
former value.

Therefore, the authors consider the establishment of an automatic pH control promis-
ing to potentially further increase fungal acid production. However, in the reactors con-
taining PAC, the acetate was almost completely depleted at the end of cultivation, so more
substrate is needed in addition to pH control to increase acid production. One way to
combine pH regulation and substrate supply is to use acetic acid or PAC as pH adjusting
agents, although the latter is of limited suitability due to its relatively high pH of 6.5 after
the pretreatment procedure. An alternative to feeding acetic acid that is more compatible
with the objective of using PAC as the sole substrate might be the utilization of genetically
modified strains whose carbon flux has been redirected toward increased malic acid pro-
duction. Several approaches to genetically modify the malic acid production in Aspergillus
species have already been described in the literature [69,70]. In these studies, significant
improvement was achieved by targeted overexpression of genes directly involved in malate
production and/or by deletion of metabolic pathways leading to the formation of by-
products. The introduction and heterologous expression of genes from other organisms has
also been carried out to enhance fungal acid production [71,72] and ultimately even offers
the possibility of completely reconstructing metabolic pathways. Such an approach could
potentially be pursued to allow malate production on acetol, which would both eliminate
the need to remove the ketone by pretreatment and allow more carbon in the condensate to
be used for malate formation.
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5. Conclusions

In this study, it was shown for the first time that A. oryzae is able to use acetol as
substrate for growth in shake flask cultures. The maximum tolerated concentration was
identified to be 40 g/L, although increasing inhibition was already observed for lower acetol
concentrations. In cultures with artificial PACs containing 40 g/L acetate and different
levels of acetol, however, growth was already found to be completely inhibited for ketone
concentrations >20 g/L. Consequently, the maximum tolerated concentration was 50%
lower than when acetol was used as sole substrate, suggesting that a combination of both
C-sources exerts a synergistic inhibitory effect. Similar results were obtained for the fungal
malic acid production on mixtures of acetate and acetol, as 20 g/L was also determined to
be the maximum concentration still suitable for malate formation, but the achieved titer was
already significantly reduced by 40.9% compared to the acetate control (6.29 ± 0.46 g/L).
However, even at lower acetol levels, a noticeable decrease in yield and productivity was
observed with increasing ketone concentration. Accordingly, acetol does not seem to be
beneficial for the fungal malic acid production and the ketone content in the PAC should
therefore be kept as low as possible. After a pretreatment that resulted in reduction of
the acetol content to <3 g/L, the PAC was successfully used for acid production with A.
oryzae as a concentration of 3.37 ± 0.61 g/L malate was detected after 192 h of shake flask
cultivation. Inhibition by alkaline pH proved to be a limiting factor in malic acid production
on PAC, so setting the initial medium pH to 5.5 with H2SO4 and acetic acid significantly
increased the malate titer to 8.30 ± 0.26 g/L and 9.77 ± 0.55 g/L, respectively. Using H2SO4
for pH adjustment, the process was then successfully transferred to 500 mL bioreactors and
99% of the acetic acid contained in the PAC was converted to 7.31 ± 0.29 g/L malate within
144 h, resulting in the highest overall productivity ever obtained (0.051 ± 0.002 g/(L·h)).
Therefore, further improvement of the process could possibly be achieved by establishing
an automated pH control with PAC or acetic acid to simultaneously supply substrate and
counteract pH inhibition.
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