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as an alternative host for erythritol production
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Abstract

Background Erythritol, a natural polyol, is a low-calorie sweetener synthesized by a number of microorganisms, such
as Moniliella pollinis. Yet, a widespread use of erythritol is limited by high production costs due to the need for cul-
tivation on glucose-rich substrates. This study explores the potential of using Trichoderma reesei as an alternative

host for erythritol production, as this saprotrophic fungus can be cultivated on lignocellulosic biomass residues. The
objective of this study was to evaluate whether such an alternative host would lead to a more sustainable and eco-
nomically viable production of erythritol by identifying suitable carbon sources for erythritol biosynthesis, the main
parameters influencing erythritol biosynthesis and evaluating the feasibility of scaling up the defined process.

Results Our investigation revealed that T. reesei can synthesize erythritol from glucose but not from other carbon
sources like xylose and lactose. T. reesej is able to consume erythritol, but it does not in the presence of glucose.
Among nitrogen sources, urea and yeast extract were more effective than ammonium and nitrate. A significant
impact on erythritol synthesis was observed with variations in pH and temperature. Despite successful shake flask
experiments, the transition to bioreactors faced challenges, indicating a need for further scale-up optimization.

Conclusions While T. reesei shows potential for erythritol production, reaching a maximum concentration of 1 g/L
over an extended period, its productivity could be improved by optimizing the parameters that affect erythritol pro-
duction. In any case, this research contributes valuable insights into the polyol metabolism of T. reesej, offering poten-
tial implications for future research on glycerol or mannitol production. Moreover, it suggests a potential metabolic
association between erythritol production and glycolysis over the pentose phosphate pathway.
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Novelty of the article

+ Polyols are not a preferential carbon source for T. ree-
sei

+ The nitrogen source influences polyol biosynthesis

« Erythritol cannot be produced from every carbon
source in T. reesei
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mannitol, and erythritol, each with distinct properties
and applications [1, 4, 5]. Synthesized by a variety of bac-
teria, fungi, and plants, polyols naturally occur in some
fruits, fermented foods, and plants [1, 6]. Among the pol-
yol family, erythritol stands out due to its superior diges-
tive tolerance and minimal impact on blood sugar levels,
positioning it as an ideal sugar substitute. The grow-
ing demand for healthier, reduced-calorie food options
underscores the market need for erythritol despite its
limited production, which is attributed to high manu-
facturing costs. Erythritol is the sole polyol produced
exclusively through biological processes [7]. Critical cost
determinants in biotechnological processes are yield,
choice of feedstock, and downstream requirements. Cur-
rent erythritol production relies on the fermentation of
a highly concentrated glucose solution by osmophilic
yeast-like fungi, particularly Moniliella pollinis, Aureoba-
sidium sp., Torula sp., and Monilella megachiliensis [4,
5, 8, 9]. The dependence on the mentioned glucose solu-
tions, which are usually obtained from potatoes or corn
starch hydrolysis, results in a costly process and sustain-
ability challenges [10]. Identifying substrates beyond glu-
cose hydrolyzed from starch for erythritol production is
essential for reducing erythritol cost. While certain yeast
strains have been engineered to enhance polyols yields
or to utilize alternative carbon sources, the acceptance
by consumers and the regulations related to genetically
modified micro-organisms are an obstacle for offering
such erythritol in specific markets, such as the European
Union [5, 8, 9, 11-13].

In this context, microorganisms that are able to uti-
lize lignocellulosic residues may provide a solution [10].
Lignocellulosic residues comprise agricultural or for-
estry waste and side products. Lignocellulose is the most
abundant natural feedstock globally and is primarily
composed of cellulose and hemicellulose, with hemicel-
lulose composition varying based on the lignocellulosic
material [14, 15]. Certain microorganisms can hydrolyze
lignocellulose into cellulose and hemicellulose, further
breaking down these polycarbohydrates into monomeric
sugars [10, 14—16]. Cellulose predominantly releases glu-
cose, while hemicellulose releases a mixture of xylose,
arabinose, glucose, mannose, and galactose [14, 15, 17].

Trichoderma reesei is a saprotrophic fungus and, con-
sequently, an example of such an organism. It is used for
biotechnological production of extracellular cellulase and
hemicellulase [16, 18, 19]. This native property of 7. reesei
positions it as a powerful candidate for harnessing ligno-
cellulosic biomass, thereby addressing challenges related
to feedstock availability, aligning with the principles of
circular economy and sustainability, and contributing to
cost reduction [19-21]. Another key attribute reinforcing
T. reesei as a candidate for biotechnological usage is its
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Generally Recognized As Safe (GRAS) status conferred
by the FDA [22, 23]. This status attests to the safety of T.
reesei in producing compounds for pharmaceutical use
and food.

The investigation of the potential of T. reesei for polyol
production, specifically erythritol, remains limited [21,
24, 25]. Although T. reesei has been reported to synthe-
size small amounts of erythritol, an exploration of the
parameters impacting erythritol production is lacking
[21]. The present study followed this inquiry. We con-
ducted preliminary tests to assess erythritol consump-
tion by T reesei and investigated whether an increase
in glucose concentration, as observed in yeasts, would
stimulate erythritol biosynthesis and prevent the even-
tual consumption of erythritol. Then, we investigated the
influence of carbon and nitrogen sources on erythritol
biosynthesis. This involved testing three distinct carbon
sources and four nitrogen sources, and we optimized the
best combination. Starting from the optimized carbon/
nitrogen composition, we evaluated the possibility of
using this process in bioreactors. The Design of experi-
ment (DoE) method was used to investigate the relation-
ship between carbon and nitrogen sources and, between
pH and temperature. Altogether, this study provides val-
uable insights into polyol biosynthesis by T. reesei, with
an emphasis on erythritol production.

Materials and methods

Strain and cultivation medium

The strain used is T. reesei QM6aAtmus53, which is defi-
cient in the non-homologous end-joining repair system
and can be considered wild-type like as this modifica-
tion does not impact polyol metabolism. The strain was
maintained on malt extract (MEX) agar plates and was
incubated at 30 °C for 3 to 4 days without light, followed
by 2 to 3 days at room temperature under natural light to
generate spores. MEX medium was prepared by mixing
30 g/L malt extract (Merck), 1 g/L peptone (Merck), and
15 g/L biological agar with tap water and sterilizing it by
autoclaving.

For cultivation in shake flasks, the final concentra-
tion of the medium was 1 g/L MgSO,.7H,0, 4 g/L
KH,PO,, 0.5 g/L NaCl, 0.1 g/L peptone, 0.5 g/L Tween
80, 5 mg/L FeSO,.7H,0, 17 mg/L MnSO,.H,0, 14 mg/L
ZnSO,.7H,0, and 2 mg/L CaCl,.2H,0. The medium
composition was adapted from previous protocols [21,
26]. Carbon and nitrogen source solutions were prepared
separately, and the required solutions were mixed with
the medium and sterile tap water before use. Glucose and
glycerol solutions were prepared with ultrapure water
and autoclaved. Xylose, lactose, erythritol, and nitrogen
source solutions were prepared with ultrapure water
and sterile-filtered. pH of urea solutions was adjusted to
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4 with 1 M HCI. The components of the medium were
separated into different stock solutions and mixed before
use with sterile tap water, and the final pH was adjusted
to 5 if necessary. The ten times concentrated solution
containing MgSO,.7H,0, KH,PO,, NaCl, peptone, and
Tween 80 and the 100-times concentrated solution con-
taining FeSO,.7H,O0, MnSO,H,0, ZnSO,7H,0, and
CaCl,.2H,0 were sterilized by autoclaving. Ultrapure
water was prepared with an Arium® mini system (Sar-
torius). Sterile filtration of solutions was performed with
Steritop® 0.2 um PES, 500 mL (MilliporeSigma®), or
0.2 um syringe filters VacuCap depending on the volume
to filter.

Spore suspension and inoculation

Spore suspension was prepared on the day of use. Spores
scratched from the surface of a MEX plate were resus-
pended and vortexed in a sterile solution containing
0.8% NaCl and 0.05% Tween 80. The optical density of
the spore solution was measured at 700 nm. Flasks were
individually inoculated with spore suspension to an opti-
cal density of 0.05 in the final volume. Cultivations were
performed in a volume of 100 mL medium in a 250-mL
bottleneck shake flask incubated at 30 °C and stirred at
180 rpm. Cultivations were started with a pH of 5 unless
stated otherwise in the results section, and pH was
adjusted with 1 M HCl or 1 M NaOH.

Cultivation in bioreactors (adapted from [21, 26])
Cultivation in bioreactors was performed in 2-L glass
double-envelop bench bioreactors (Bioengineering)
equipped with a Pt100 temperature probe, a pH probe, a
sparger for aeration, an inlet for feed and pH regulation
with HCI, and a sampling port. The cultivation medium
described above was used without peptone and Tween
80. These two compounds are usually added to favor
spore germination and avoid spore amalgamation. As
bioreactors were inoculated with a pre-culture and not
with spores, thus these compounds were not needed. The
medium, tracer solution, and water volumes were pre-
mixed and autoclaved in the bioreactor. A 400 g/L glu-
cose stock solution was prepared in ultrapure water and
autoclaved, and a 4 M urea solution was sterile-filtered.

After autoclaving the bioreactor, a 100 mL bottle con-
taining 1 M HCIl was connected to the reactor under
sterile conditions. Inoculation was performed with
a mycelium preculture, prepared in shake flasks—as
described in the "Spore suspension and inoculation”
paragraph—and incubated for 18 h. The preculture vol-
ume was 10% (v/v) of the final bioreactor volume and was
injected sterilely through the sampling port of the biore-
actor using a syringe.
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For batch cultivations, the starting volume varied from
0.5 to 1.25 L. Urea and glucose solutions were added to
the bioreactor after autoclaving by connecting a bottle to
the bioreactor under sterile conditions and pumping the
liquid into the bioreactor.

For discontinuous fed-batch cultivation two initial glu-
cose concentration conditions (30 g/L and 50 g/L) were
tested. In both cases, the initial volume of medium in the
bioreactor was 0.5 L. During the cultivation, the glucose
concentration in the bioreactor was regularly measured
with a blood glucose meter (Medisana MediTouch®).
When the glucose concentration dropped below 30 g/L
for the cultivation started with 50 g/L or when the glu-
cose concentration dropped below 25 g/L for the culti-
vation started with 30 g/L, a 40% glucose solution was
added to the bioreactor to reach the initial concentration
of 50 or 30 g/L, respectively. This addition was necessary
after 48 h of cultivation in both cases.

The first sample was taken immediately after inocula-
tion. Additional samples were taken at regular intervals.

After 24 h of cultivation, pH was externally measured
after sampling and adjusted to 5 by adding 1 M HCI if it
was higher than 7. The switch to external measurement is
a consequence of fungal growth on the pH probe, which
compromised the accuracy of the measurement. Thus,
the automatic addition of HCl was deactivated to avoid
adding more acid than necessary to the bioreactor, which
could lead to cell lysis.

For specified experiments, Antifoam 204 (Sigma-
Aldrich) was used at a concentration of 0.01% (v/v) and
sterilized by autoclaving.

Design of experiments (DoE)

DoEs were performed with the support of the MODDE
software (Sartorius). The software was used to evalu-
ate the results and generate the response contour plots
(RCP), a graphical representation of the model gen-
erated by the software. A DoE approach was used to
screen the effect of the starting pH and temperature on
four responses: biomass, erythritol concentration, the
ratio of erythritol to biomass, and the ratio of erythri-
tol to glucose consumed. This assay was performed with
a full factorial design with two factors (starting pH and
temperature) at two levels. This resulted in 15 runs. The
model was fitted with multiple linear regression. The
runs were performed using cultivation in shake flasks for
96 h.

A DoE approach was also used to find an optimum
concentration of glucose and urea for erythritol synthe-
sis. Two Doehlert designs were used, with 3 levels for
the glucose concentrations and 5 levels for the urea con-
centrations. A central point was added to both designs,
and an additional point was added in the first design. All
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combinations were tested in triplicates except the addi-
tional point tested in duplicates. This resulted in 23 runs
for the first Doehlert and 21 runs for the second one. The
model was fitted with partial least square regression. The
runs were performed using cultivation in shake flasks for
168 h.

For all experiments, flasks were sampled every 24 h.
Samples were used for pH measurement and HPLC for
sugar and polyol quantification. Biomass was determined
at the end of cultivation by dry weight measurement.

Biomass determination
Biomass was determined by measuring dry weight at the
end of a cultivation.

For shake flasks experiments, filtration was performed
using Grade 54 quantitative filter papers hardened low-
ash (Whatman®) assembled on a vacuum filtration sys-
tem. The system consisted of a glass funnel, a glass base, a
stopper for vacuum filtration fixed with a clamp and fixed
on a Biichner Glass flask connected to a vacuum pump.
Before filtration, filters were numbered, dried at 80 °C
overnight, placed in a desiccator, and weighed on a preci-
sion scale. After filtration, the filters underwent the same
procedure, and the biomass was calculated from the dif-
ference between the two masses. Flasks containing only
the medium were used as controls.

For bioreactor experiments, bioreactors were disassem-
bled at the end of the cultivation, and agglomerates were
transferred on an aluminum foil previously weighed. The
remaining biomass was separated from the medium by
filtration through a piece of Miracloth (MilliporeSigma®),
previously dried and weighted, and placed in a funnel.
The Miracloth containing the biomass and the agglomer-
ates on the aluminum foil were dried at 80 °C for one to
three days.

HPLC

Polyols and sugars were determined by HPLC measure-
ment on a system equipped with a DGU-ZOA 3R degas-
sing unit (Shimadzu), Nexera XR LC-20AD 2X liquid
chromatograph pumps (Shimadzu), a SIL20AC autosa-
mpler (Shimadzu), a CTO-20A column oven (Shimadzu)
and a 20A refractive index detector (Shimadzu). Two set-
tings of guard and analytical columns were used, one with
Aminex HPX-87H (Biorad) and one with Sugar SH-G
and Shodex SH1011 (ShowaDenko). The HPLC method
consisted of an injection volume of 10 uL, an elution
with an isocratic flow of 0.6 mL/min with 5 mM sulfu-
ric acid, and a column and detector temperature of 50 °C.
The mobile phase was prepared with ultrapure water
and filtered using a Steritop® 0.2 um PES, 500 mL (Mil-
liporeSigma®). Samples were filtered with Phenex” RC
membrane 0.2 um 15 mm syringe filters (Phenomenex®).
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Quantification was done using an external standard cali-
bration curve and manual or automatic integration. Cali-
bration curves were determined by measuring two to
three dilutions of the same level points to consider the
potential variation caused by dilution in the calibration
curve. Calibration curves were validated afterward by
measurement of samples of known concentration, and
the R? values had to be above 0.99.

Results

T. reesei prefers glucose over erythritol as a carbon source
Since this study aimed to test the feasibility of using
T. reesei to produce erythritol, it is essential to know
whether 7. reesei can consume erythritol. As a C4 sugar,
this is highly likely, and therefore, carbon sources that
might be preferred and thereby prevent consumption
of erythritol were also tested. For this purpose, 1. reesei
was grown in shake flasks on glycerol, glucose, erythri-
tol, and combinations of these three carbon sources, with
a targeted initial carbon source concentration of about
55 mM (equivalent to 10 g/L glucose) and with 20 mM
ammonium sulfate as a nitrogen source for 93.5 h. Sam-
ples were taken regularly, and analysis of erythritol, glyc-
erol, and glucose in the supernatants was performed by
HPLC, followed by the determination of the biomass at
the end of the cultivation. We tested only the extracellu-
lar presence of the above-mentioned compounds as the
intracellular erythritol concentration is expected to be
low, and its recovery would implicate the unreasonable
effort for any potential industrial process of disrupting
the fungal cell.

We observed that T. reesei can consume erythritol
(Fig. 1A). Comparing Fig. 1A and Fig. 1B shows that
when glucose is present in the medium, erythritol is con-
sumed only after the depletion of glucose. This could be
observed after 22.5 h in the condition with glucose, glyc-
erol, and erythritol and after 27 h in the condition with
glucose and erythritol. Similarly, glycerol consumption
starts with glucose exhaustion (Fig. 1B and C at 22.5 h).
Interestingly, glycerol and erythritol are consumed simul-
taneously when present together, which can be inferred
by comparing the condition containing erythritol and
glycerol (Fig. 1A, C). The rate of glucose consumption
is consistent across all tested conditions, with identical
curve slopes observed until glucose depletion (Fig. 1B).
Glucose emerges as a preferred substrate over the tested
polyols. It may exert a catabolic repression on polyols,
constraining the expression of enzymes necessary for
polyol utilization. No discernable preference is evident
between erythritol and glycerol. The consumption of
erythritol suggests a transport into (and out of) the cell.
Biomass is comparable when glucose and erythritol are
offered as carbon sources, with a slight decrease in the
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Fig. 1 Development of carbon source concentration during cultivation of T. reesei. T. reesei was cultivated in shake flasks on glycerol (Gly), glucose
(Glu), erythritol (Ery), glycerol and erythritol (Gly + Ery), glucose and erythritol (Glu +Ery), and glycerol and glucose and erythritol (Gly +Glu + Ery)
for 93.5 h. Samples were taken at the indicated time points, and erythritol (A), glucose (B), and glycerol (C) concentrations were determined

by HPLC in the supernatants. Biomass was determined by dry cell weight measurement at the end of the cultivation (D)

presence of glycerol (Fig. 1D). Considering any process
development, selecting a carbon source preferable over
erythritol is imperative to mitigate its consumption and
maintain a concentration that reliably represses erythri-
tol utilization by the fungus.

Increase of glucose concentration stimulates polyol
synthesis and does not affect T. reesei growth

A high glucose concentration is required for erythritol
production in yeasts, mainly attributed to the resulting
osmotic stress [27]. To test whether this is beneficial for
erythritol synthesis in T reesei and whether the growth
of the fungus might be impaired at high glucose concen-
trations, tests in shake flasks were performed with three
concentrations of glucose, i.e., 10 g/L (which is the stand-
ard for growing T. reesei), 50 g/L and 100 g/L, and 20 mM
ammonium sulfate as nitrogen source each. Carbon—
nitrogen ratios for this and later described experiments
can be found in Additional Table 1. This cultivation was
performed for 120 h with regular sampling for the HPLC

measurement of glucose and polyol concentrations, and
biomass was determined at the end of the cultivation
(Fig. 2).

The curves representing the glucose concentration over
time have a similar pattern for all concentrations, indicat-
ing that glucose concentration decreased at a similar rate
if 100 g/L and 50 g/L glucose were used, as well as during
the initial 40 h if 10 g/L were used (Fig. 2A). When 50 and
100 g/L glucose were applied, glucose was still present at
the end of cultivation, and glucose concentration reached
a stable level, indicating that fungal growth was halted
due to the limitation of a compound other than glucose
or any other parameter. The glucose concentration dur-
ing the cultivation decreased by about 20 g/L if the initial
glucose concentration was 50 and 100 g/L (Fig. 2A).

None of the three polyols were detected during
growth on an initial glucose concentration of 10 g/L
(Fig. 2B-D). Still, all three polyols were detected when
the initial glucose concentration was 50 g/L or 100 g/L.
Specifically, the polyol concentration, when comparing
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Fig. 2 Development of polyol concentrations in dependence on the initial glucose concentration. T. reesei was cultivated in shake flasks on three
different initial glucose concentrations, i.e,, 10, 50, and 100 g/L for 120 h. Samples were taken at the indicated time points, and glucose (A), mannitol
(B), glycerol (C), and erythritol (D) concentrations were determined by HPLC in the supernatants. Biomass was determined by dry cell weight
measurement at the end of the cultivation (E). The experiment was performed in biological duplicates, and values are displayed for all replicates.

50 g/L to 100 g/L initial glucose concentration, was
similar for mannitol (Fig. 2B), increased by 50% for
glycerol (Fig. 2C), and decreased by 38% for erythri-
tol (Fig. 2D). Glycerol was already detected after 24 h
of cultivation (Fig. 2C), while mannitol and erythritol
were detected after 48 h (Fig. 2B and D). The increase
of mannitol and glycerol concentrations decelerated

after 96 h, whereas for erythritol, the deceleration was
only observed after 72 h when using 100 g/L glucose
(Fig. 2B-D).

Notably, T. reesei could grow at all tested glucose con-
centrations; even the unusually high concentrations did
not negatively impact the biomass but did result in higher
biomass formation (Fig. 2E). Altogether, it can be stated
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that varying the glucose concentration influences polyol
formation. While a concentration of 50 g/L is already
sufficient for the best erythritol synthesis, an increase to
100 g/L still enhances the synthesis of glycerol and man-
nitol. As erythritol concentration in the supernatant
increases until 120 h at least (Fig. 2D), we could hypoth-
esize that cultivation needs to be pursued for at least
120 h, and that the initial glucose concentration should
be above 20 g/L to avoid glucose depletion during this
time.

Glucose is necessary for erythritol synthesis

As described earlier, this study aimed to identify alter-
native feedstocks for erythritol production. For this rea-
son, we tested whether and to which extent erythritol is
synthesized by T. reesei when grown on three different
carbon sources. The selection of the carbon sources was
based on their relevance to potential alternative sub-
strates: xylose, the primarily derived sugar from hemicel-
lulose degradation of lignocellulosic residues; glucose, the
primarily derived sugar from cellulose degradation of lig-
nocellulosic residues and a known substrate for erythritol
production; and lactose, a major component of residues
from the dairy industry [28]. Concentrations were cho-
sen to reflect the molarity of the tested glucose concen-
trations, i.e., 55.5 mM corresponds to 10 g/L of glucose,
and 277.5 mM corresponds to 50 g/L. The first represents
the standard cultivation condition for T. reesei, while the
second represents a condition that we found to stimulate
polyol production. The nitrogen source was ammonium
sulfate at 20 mM. Samples were regularly taken to meas-
ure polyol and carbon source concentrations by HPLC,
and biomass was measured at the end of cultivation.

Trichoderma reesei grew on all three carbon sources
(Fig. 3A).

In the case of glucose, an increase in the initial con-
centration resulted in higher biomass, which was less
pronounced in the case of lactose and unaffected in
the case of xylose (Fig. 3A). At initial concentrations of
55.5 mM, glucose and xylose were consumed without
any lag time until total depletion, while lactose consump-
tion was detected only after 23 h, and lactose was not
fully consumed within the tested time frame (Fig. 3B). At
the higher tested concentration, xylose and lactose con-
sumption started after 23 h, whereas glucose consump-
tion commenced immediately (Fig. 3C). The amount of
xylose consumed during cultivation was similar regard-
less of whether the starting concentration was 55.5 mM
or 277.5 mM, and the same was observed with lactose. In
contrast, in the case of glucose, an increase in concentra-
tion led to enhanced consumption (compare Fig. 3B and
C).
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At an initial concentration of 55.5 mM, no polyols were
detected in the supernatant for all three tested carbon
sources, as expected (data not shown). At an initial con-
centration of 277.5 mM, already after 24 h of cultivation
polyols could be detected in the supernatant dependent
on the carbon source. Glucose resulted in the formation
of glycerol and mannitol with trace amounts of eryth-
ritol. Xylose led to the detection of glycerol and xylitol
but not of erythritol. Lactose, however, did not result
in the detection of any polyols (Fig. 3D). To summarize,
different types and amounts of polyols were obtained
depending on the carbon source used. We decided to use
glucose for further experiments because erythritol was
only obtained from glucose amongst the tested carbon
sources.

The nitrogen source impacts erythritol synthesis

To determine the influence of the nitrogen source on pol-
yol synthesis, T. reesei was cultivated in shake flasks with
four different nitrogen sources at two concentrations
each. Ammonium, nitrate, and urea were tested at 20 and
80 mM, and yeast extract (YE) was tested at 2 and 8 g/L.
For comparability, the same carbon source was used, i.e.,
glucose at a concentration of 50 g/L, and cultivation was
performed for 96 h.

Nitrate yielded lower biomass than ammonium, while
urea and YE resulted in a biomass increase of approxi-
mately 1.5 to twofold compared to ammonium (Fig. 4A).

With all nitrogen sources tested, increasing the
nitrogen concentration led to higher total polyol con-
centrations (Fig. 4B). With ammonium and urea, the con-
centration increase was about 1.5 to twofold. For nitrate,
despite its increase, the polyol concentrations remained
low, more than 4 times lower than the total concentration
of polyols obtained with 20 mM ammonium (Fig. 4B).
The most significant change was observed with increased
YE concentration, which resulted in a tenfold increase
in erythritol concentration. The nitrogen source also
impacted the concentration of each polyol independently.
In the case of ammonium sulfate, the erythritol concen-
tration remained below 0.05 g/L regardless of the used
concentration. In contrast, in the case of YE and urea,
the increase in the nitrogen concentration led to a tenfold
increase in the erythritol concentration. In the case of
YE, this tenfold increase was observed for erythritol and
glycerol, whereas in the case of urea, glycerol only dou-
bled (Fig. 4B).

Concerning the type of nitrogen source, similar glyc-
erol concentrations were obtained, measuring 2.6 g/L in
the case of 8 g/L YE compared to 2.5 and 2.3 g/L in the
case of 80 mM ammonium. Otherwise, the erythritol
concentration was ten times higher with 8 g/L YE com-
pared to 80 mM ammonium.
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Mannitol (g/L) 0.709 0.755 0 0
Xylitol (g/L) 0 0 0.192 0.131
= Erythritol (/L) 0.008 0 0 0

Fig. 3 Development of polyol concentrations in dependence on the type of carbon source and its concentration. T. reesei was cultivated in shake
flasks on three different carbon sources, i.e, [lactose (Lac), xylose (Xyl), and glucose (Glu)] at two concentrations (55.5 mM and 277.5 mM) each

for 96 h. Biomass was determined by dry cell weight measurement at the end of cultivation (A). Samples were taken at the indicated time points,
and glucose, lactose, and glycerol concentration was determined by HPLC in the supernatants of cultivations with an initial carbon source
concentration of 55.5 mM (B) and 277.5 mM (C). The concentration of polyols was measured at the same time points, but for easier visualization,
only the concentrations in the supernatant at the end of cultivation, which was always the highest obtained concentration, are given (D). The
experiment was performed in biological duplicates, and values are displayed for all replicates

Altogether, the nitrogen source exerts a notable influ-
ence on biomass, total polyol concentration in the super-
natant, and the distribution of different polyols (Fig. 4B).

For subsequent experiments, the best-identified condi-
tion, i.e., the usage of 80 mM urea as the nitrogen source,
was applied.
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Fig. 4 Biomass and polyol concentrations in dependence on the type of nit

rogen source and its concentration. T. reesei was cultivated in shake

flasks on 50 g/L glucose as the sole carbon source combined with four different nitrogen sources for 96 h. Ammonium (NH4+), nitrate (NO3-),

and urea were added at initial concentrations of 20 mM and 80 mM, and yeast extract (YE) was added at initial concentrations of 2 and 8 g/L.
Biomass was determined by dry cell weight measurement at the end of cultivation (A). Concentration of polyols was measured at several time
points during the cultivation, but for easier visualization, only the concentrations in the supernatant at the end of cultivation, which was the highest

obtained concentration, are given (B)

Erythritol concentration is mainly impacted by urea
concentration, while glucose has a limited impact

After identifying a preferable carbon and nitrogen source
for erythritol synthesis, we wanted to find an optimal
combination of both parameters. For this purpose, we
used DoE. Based on previous tests, we defined the range
of glucose concentration to study between 40 and 90 g/L
and the range of urea concentration from 20 to 100 mM.
We selected a Doehlert design, which is a reduced opti-
mization design because we assumed the absence of
interaction between glucose and urea. We suspected that
glucose would have a limited effect if maintained at a high
enough concentration to prevent erythritol consumption.
We performed the Doehlert design twice. In both assays,
we used two factors, namely urea, and glucose, with three
levels for glucose (varying from design) and five for urea
(20 mM, 40 mM, 60 mM, 80 mM, and 100 mM), each

combination tested in triplicates with a central point
tested in triplicates. Two responses were measured, i.e.,
the biomass at the end of cultivation and the erythritol
concentration in the supernatant. The design was first
performed with the glucose levels 40 g/L, 60 g/L, and
80 g/L with a central point at 60 g/L and 60 mM urea and
an additional point at 50 g/L and 80 mM urea (Additional
Fig. 1A). The second design was performed with the glu-
cose levels 50 g/L, 70 g/L, and 90 g/L and a central point
71 g/L glucose and 60 mM urea (Additional Fig. 1B). The
RCPs obtained are displayed in Additional Fig. 1. The
model indicates that within the tested concentration
range of 40 to 90 g/L, glucose concentration has a limited
effect on erythritol synthesis; only the urea concentration
exhibits an influence. Biomass, however, is influenced by
the glucose concentration (Additional Fig. 1). The opti-
mal conditions identified by this DoE were subsequently
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employed for further experimentation. During this
experiment, it was observed that using urea resulted in
elevated pH. Consequently, an evaluation of the impact
of the initial pH and temperature on both biomass for-
mation and erythritol synthesis was conducted.

Up-scaling from shake flasks to bioreactors

To test whether the conditions identified in shake flasks
are transferable to the bioreactor scale, we used the pre-
viously identified optimum concentration of glucose and
urea. We tested the parameters stirring speed, impeller
type, aeration, and operation mode. All tested configura-
tions are displayed in Table 1 together with the obtained
results.

Cultivation in bioreactors led to biomass formation of
up to threefold higher than in shake flasks. In only 48 h
23 g/L biomass was obtained in bioreactors compared to
10 g/L in shake flasks after 5 days. This strong growth in
the bioreactor—accompanied by foaming—concerned
bioreactor elements like sparger, probes, and outlet air
filters leading to a build-up of pressure in the bioreactor.
In such cases, cultivations had to be stopped due to safety
reasons, but not due to low glucose concentrations (see
Table 1).

Several bioreactor setups were tested to decrease this
uncontrolled growth and foaming by varying the impel-
ler type, stirring speed, and aeration rate. Still, none of
these setups allowed a cultivation time longer than 48 h.
Amongst these initial experiments, the results of two cul-
tivations are provided in Table 1 (no. 1 and 2). It turned
out that an extension of the cultivation time was only
possible by reducing the cultivation volume (Table 1, no.
3 to 10). This prevented that the fungus reached the top
of the bioreactor and would eventually clock air filters
and build-up pressure. We also decided to use a marine
blade instead of Rushton turbine to limit foaming and to
decrease the temperature to 28 °C, as a temperature of
28 °C in a bioreactor is closer to the temperature inside
a shake flask when incubated in an incubator at 30 °C
(Table 1, no. 3-10).

Further addressing foaming concerns, a bioreactor with
antifoam was set up (experiment no. 3). The cultivation
could be extended to 72 h, the biomass formation was
slightly lower than in the cultivation no. 1 and 2 with-
out antifoam, and the erythritol concentration was lower
than in cultivation no. 2, but higher than in no. 1.

To test whether aeration influences biomass forma-
tion and erythritol production, we performed a culti-
vation using an aeration of 1.6 vvm and slightly higher
stirring (Table 1, no. 4). Antifoam was kept because we
suspected that increased aeration might increase foam-
ing again. In the cultivation with the higher aeration
more biomass and polyols were formed and more glucose

Page 11 of 19

was consumed. However, the ratios of erythritol to glu-
cose consumed and erythritol to biomass were similar
(Table 1). This suggested that aeration favors biomass
formation while having a lower impact on erythritol
formation.

Next, we tested the effect of the antifoam by cultivating
in the same conditions as in cultivation no. 3, but without
antifoam (no. 5). Biomass was 32% higher with antifoam;
however, the erythritol concentration was in a similar
range (Table 1).

Glucose fed-batch was tested because it might lower
the growth and thereby, the viscosity of the medium,
thus, also reducing uncontrolled growth and foaming.
Two experiments using two bioreactors each, a control
(batch) cultivation and a fed-batch cultivation inoculated
with the same pre-culture, were performed. In the first
experiment, the control cultivation had an initial glucose
concentration of 70 g/L (no. 6), and the fed-batch culti-
vation had an initial glucose concentration of 50 g/L (no.
7). In the second experiment, the control cultivation was
identical (Table 1, no. 8), and the fed-batch cultivation
had an initial concentration of 30 g/L (no. 9).

The cultivation could be prolonged to 96 h in case of
the cultivations no. 6 and 7. For both fed-batch cultiva-
tions, the biomass formed was lower than in their respec-
tive control. Regarding erythritol formation and glucose
consumption, the two fed-batch cultivations had different
behaviors, the fed-batch at 30 g/L had the best erythritol
to biomass and erythritol to glucose consumed yields,
but the benefit of the fed-batch is not clearly pronounced.

The cultivation in bioreactors did not reach the concen-
tration observed in shake flasks of 0.8—1 g/L erythritol,
nor did they allow us to clearly identify a positive effect of
a fed-batch cultivation, the addition of antifoam, or any
other tested parameter. At the same time, we could not
satisfactorily solve the uncontrolled growth in the biore-
actors. Consequently, we decided to test the effect of pH
and temperature again in shake flasks.

The starting pH and the incubation temperature

impact extracellular erythritol concentration

through an interaction when urea is the nitrogen source
For the above-mentioned reason, a DoE was performed
to investigate the correlation between the starting pH
and temperature and to evaluate their impact on four
responses: biomass, erythritol concentration, the ratio
of erythritol to biomass, and the ratio of erythritol to
glucose consumed. The obtained RCPs are depicted in
Fig. 5A. The biomass formation is predominantly influ-
enced by the temperature: within the temperature range
of 20 °C to 35 °C, lower temperatures favor biomass for-
mation, while the effect of the starting pH on growth
remains consistent at both low and high temperatures
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Fig. 5 Results and verification of the DoE on the impact of pH and temperature. T. reesei was cultivated in shake flasks on 70 g/L glucose as the sole
carbon source and 80 mM urea as the nitrogen source for 96 h. A full factorial DoE with 2 levels was performed with temperatures 20 °C and 35 °C,
and pH 3 and 6. Cultivations were performed in triplicates. Samples were taken every 24 h, and glucose and erythritol concentrations were
determined by HPLC in the supernatants. Biomass was determined by dry cell weight measurement at the end of cultivation. The results were

used to generate a model illustrated by RCPs for biomass (A.1), erythritol concentration (A.2), the ratio of erythritol concentration to biomass (A.3),
and erythritol concentration to glucose consumed (A.4). The suggested extreme conditions (20 °C at pH 3 and 35 °C at pH 6 for 96 h of cultivation)
and an additional condition (20 °C at pH 3 for 72 h followed by 24 h at 35 °C) were applied and the same parameters, namely biomass (B.1),
erythritol concentration (B.2), the ratio erythritol concentration to biomass (B.3), and the ratio erythritol concentration to glucose consumed (B.4),
were measured and calculated

20°C 35°C

(Fig. 5A.1). At a given temperature, a starting pH close Erythritol is affected by an interaction between tempera-
to 3 is preferable to a starting pH close to 6 to generate  ture and starting pH (Fig. 5A.2). This is visible by the sym-
biomass (Fig. 5A.1). metry of the plot. It indicates that the starting pH affects
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erythritol concentration differently based on tempera-
ture. At 20 °C, a pH between 5.5 and 6 results in erythritol
concentrations exceeding 0.4 g/L, while at temperatures
between 33 and 35 °C, a pH of 3 yields a similar concentra-
tion (Fig. 5A.2).

When the data are analyzed regarding the ratio of eryth-
ritol concentration to biomass, the best condition is high
temperature (35 °C) and low starting pH (Fig. 5A.3). This
condition combines the highest erythritol concentration
with low biomass, which explains the high ratio. The best
conditions for the ratio of erythritol concentration to glu-
cose consumed are the same as the ones generating the
highest erythritol concentration: 35 °C/pH 3 and 20 °C/pH
6 (Fig. 5A.4).

To validate the obtained predictions, an additional
experiment employing three conditions was conducted: it
comprises the two best-predicted conditions for erythritol
production, i.e., 20 °C/pH 6 and 35 °C/pH 3 incubated for
96 h, and an incubation for 72 h under the optimal condi-
tion for biomass formation (20 °C/pH 3) followed by an
incubation for 24 h at the optimal condition for erythritol
production (35 °C/pH 3) (Fig. 5B).

The results demonstrate that the model is predictive of
the formation of biomass. However, for erythritol synthe-
sis, the model can predict a trend but not values (Fig. 5B).
The biomass obtained in the experiment to test the model
aligns with model predictions (Fig. 5B.1): the obtained
biomass was lower for the condition 35 °C/pH 3 than for
the condition 20 °C/pH 6, and the values are similar to the
expected values (i.e., 0.6 g for the condition 35 °C/pH 3 and
1.4 for the condition 20 °C/pH 6). This is close considering
the standard deviation of the formed biomass. For eryth-
ritol synthesis, the conditions 20 °C/pH 6 and 35 °C/pH 3
gave similar numbers as expected, but the concentration
was twice lower than expected, i.e., 0.2 g/L obtained for
an expectation of at least 0.4 g/L (Fig. 5B.2). The same was
observed for the ratio of erythritol to biomass and of eryth-
ritol to glucose consumed: the values obtained followed the
trend of the prediction, but the ratios obtained were half of
those predicted by the model (Fig. 5A.3 and A 4).

The tested condition with a temperature change after
72 h showed a slightly higher biomass (1.385 g+0.098 g),
but not significantly different, compared to the condition
20 °C/pH 6 (Fig. 5B.1), and a higher erythritol concentra-
tion, but with also a higher standard deviation (Fig. 5B.2).
Thus, it is difficult to conclude whether this condition will
lead to better erythritol yield.

Discussion

T. reesei consumes erythritol—consequences

for a potential process

As found during this study, 7. reesei synthesizes erythri-
tol when the glucose concentration exceeds 30 g/L and
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metabolizes it when no preferred carbon source is avail-
able. Therefore, any cultivation medium must constantly
contain a carbon source preferred over erythritol to pre-
vent its consumption. For example, given that T. reesei
does not prioritize glycerol over erythritol as a substrate,
means that glycerol cannot be employed as a carbon
source for the erythritol production phase. However,
it may be useful for biomass generation. As the chosen
carbon source has to be present in the media until the
end of the cultivation to avoid erythritol consumption, it
implies that this carbon source will be present in the final
culture broth. Consequently, the recovery process must
enable an effective separation of erythritol and the cho-
sen carbon source. An alternative approach would be the
extraction of erythritol during the process to stimulate its
formation and prevent consumption. However, this may
require membrane technology, making it a potentially
expensive and challenging process [29].

It is crucial to note that not all carbon sources lead to
erythritol production. Erythritol could be obtained solely
in the presence of glucose, with a maximum concentra-
tion of 1 g/L in the supernatant reached after seven days,
in contrast to yeasts and yeast-like fungi that can pro-
duce 1 to 3 g/L/h [8, 9, 30]. In addition, T. reesei produces
mannitol and glycerol in significantly higher concentra-
tions than erythritol, posing challenges for a potential
downstream process as the separation of erythritol and
glycerol is intricate due to their close structural and
property resemblance.

Comparison to the existing yeast-based process

T. reesei has amongst the tested carbon sources a pref-
erence for glucose as a carbon source for erythritol pro-
duction. Glucose is also in the yeast-based processes the
used carbon source. While the possible carbon sources
for growing yeasts is generally restricted compared to
T. reesei due to their limitations to metabolize C5-sug-
ars, in terms of yields and productivity, yeasts naturally
produce better than T. reesei. For example, screening
of M. pollinis isolates revealed wild-type strains that
able to produce concentrations up to 111 g/L in 160 h
of cultivation, using an initial glucose concentration
of 300 g/L [31]. Glycerol has been reported to lead to
erythritol production in Yarrowia lipolytica; however,
this yeast can also consume erythritol decreasing the
yield of the process [27, 32—-34]. The same was observed
in this study for T. reesei. So far, no reports exist about
the ability of yeasts to produce erythritol from lactose.
In this study no polyols could be detected when T. ree-
sei was grown on lactose. Regarding xylose, reported
processes have been tested with mutant strains. An A.
pullulans mutant could produce 0.22 g/L/h erythri-
tol from an initial xylose concentration of 120 g/L [35,
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36]. So far, no reports exist about the natural ability of
yeasts to produce erythritol from xylose. Also, T. ree-
sei grown on xylose does not synthesize erythritol, but
other polyols.

Difficulties during scale-up

Another challenge with T reesei in comparison to yeasts
is the cultivation in a liquid medium. This became obvi-
ous in this study as some of the tested conditions led to
high fungal growth, which was particularly evident with
the substantial increase in biomass formation upon the
addition of 80 mM urea (Fig. 4). This fast growth was
more pronounced in bioreactors, likely due to higher
aeration, leading to high biomass production rather
than erythritol formation. The observed growth of T.
reesei on the bioreactor’s probes and its internal surface
is a known phenomenon in filamentous fungal cultiva-
tions, usually reported for extended cultures [37]. In
our study this was observed after 48 h, which could be
attributed to the concentration of carbon and nitrogen
sources, which was a lot higher than in standard T. ree-
sei cultivation conditions (usually around 10 g/L carbon
source and 20 mM nitrogen source) [26]. The tested
strategies of reducing aeration, stirring and volume,
allowed us to extend the cultivation time. We aimed for
the later because in the shake flasks cultivation times of
at least 72 h allowed to obtain erythritol concentrations
of above 0.3-0.5 g/L. However, in the case of the biore-
actor cultivations the increased time did also not lead
to higher erythritol concentration.

Alternatively, to address the observed uncontrolled
growth, a separation of the growth and erythritol pro-
duction phases could be used. Such a strategy would
additionally allow the usage of different waste streams
in a biorefinery approach. It will offer the possibility
to make use of the ability of T reesei to grow on vari-
ous carbon sources without significant impact on bio-
mass, opening avenues for utilizing xylose, lactose, or
glycerol-based media during the growth phase. Fol-
lowing the growth phase, a medium exchange could be
performed, exposing the fungus to conditions favor-
ing erythritol synthesis, i.e., a medium with a glucose
concentration above 30 g/L and yeast extract or urea
as nitrogen source. Investigating the effect of nitrogen
sources on growth separately from the erythritol pro-
duction phase could bring additional improvements.
Also, further parameters could be investigated, such as
exploring the effect of osmotic stress types. Exploring
the osmotic stress types contributing to erythritol pro-
duction could enable substituting a part of the glucose
with another solute. However, any selected solute must
not compromise downstream processes.
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Successes and limits of the DoE approach

In this study, the models obtained by DoE were predic-
tive for patterns and offered insights into how certain
conditions might perform. However, quantitative predic-
tions, especially for erythritol, were not precise, primar-
ily due to system variation. DoE approaches are highly
sensitive to variation, encompassing process, analytical,
and unknown variations. Process variation, regarded as
"execution variation", includes subtle differences in vol-
umes or used quantities created by the operator. Analyti-
cal variation stems from the analytical tools used, and the
unknown variation represents the remaining variation
linked to non-controlled parameters. The dry cell weight
determination method for biomass was optimized, yield-
ing a standard deviation below 5%, rendering the model
reliable. However, analytical methods for polyols exhib-
ited stronger variation. Glycerol and mannitol variations
were below 10%, while erythritol variation was around
20%, likely due to the small quantity measured. This 20%
variation, together with process and unknown variations
(estimated at least at 10%), results in a variation of over
30%. This means that if an effect on erythritol can be
detected, a parameter would need to increase or decrease
the extracellular concentration of erythritol by more than
30%. This example explains why the high sensitivity of
DokE to variation poses challenges in early process stages
when processes are often not yet robust. Therefore,
developing robust analytical methods is a pre-requisite
for early stage DoE investigations to keep the overall vari-
ation as low as possible, as the process variation itself is
high at this point.

Export of polyols or cell lysis

Polyols were measured in the supernatant, which could
be the result of an export out of the cell but also raise the
possibility of cell lysis. However, no significant cell lysis
was observed, and the consistent increase in polyol con-
centration in the supernatant contradicts an abrupt lytic
release. The consumption of erythritol by T reesei further
implies the presence of an erythritol transporter. Cur-
rent knowledge about polyol transporters in filamentous
fungi is limited. Some transporters have been identified
in yeasts and bacteria, but remain poorly characterized
(38, 39].

Influence of carbon and nitrogen availability

Investigation on the influence of the carbon and nitro-
gen source includes considering three aspects: the
nature of the carbon or nitrogen source, the concen-
tration of the carbon or nitrogen source and the ratio
of both (C/N ratio). The results of the DoE (Additional
Fig. 1) pointed at an influence of the nitrogen source
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rather than at the influence of the C/N ratio. Ratios
have been, however, calculated and can be found in
Additional Table 1. In the assay testing different glu-
cose concentration, the best erythritol production
(see Fig. 2) was obtained with a C/N ratio of 83 (Addi-
tional Table 1). However, in the assay testing different
nitrogen sources, nitrate and ammonium at the same
C/N ratio of 83 and led to different erythritol produc-
tion (compare Additional Table 1 and Fig. 4). For urea
and yeast extract the erythritol production was higher
(Fig. 4), while the C/N ratio was lower at around 10 or
20. This does not point at an impact of the C/N ratio,
but rather at an impact of the nature of the nitrogen
source itself. In addition, if the C/N ratio would play
a major role, it would have been observed in the sym-
metry of the response contour plot (Additional Fig. 1).
Combinations corresponding to similar C/N ratio
would have led to similar erythritol concentrations,
which would result for these points being in areas of the
same color. This means the points corresponding to the
combinations 50 g/L glucose and 40 mM urea, would
have been in the same color area as 75 g/L glucose and
60 mM urea. Importantly, this was not the case. The
DoE results pointed at a strong impact of the urea con-
centration independently from the glucose concentra-
tion in the tested domain, which does not support an
impact of the C/N ratio.

Absence of polyols using lactose as carbon source

When using lactose as carbon source, no polyols were
measured in the supernatant. There are no reports
about the possibility of producing erythritol from lac-
tose in yeasts or filamentous fungi. However, we would
have expected the detection of some polyols such as
galactitol or sorbitol (lactitol is not a natural polyol, it
is formed by catalytic hydrogenation). The employed
HPLC method was optimized for the detection of
mannitol, erythritol, xylitol, and glycerol. Any other
polyol, such as galactitol, could have been formed, but
not detected because its concentration was below the
detection limit of the method. Sorbitol and galactitol
could also have been formed but not released extra-
cellularly. Another hypothesis is that the cultivation
time was too short. We observed in the case of glucose
that different polyols started to be detected at different
times, for example, glycerol was already detectable after
20 h of cultivation, whereas erythritol and mannitol
were detected only after 48 h (Fig. 2). Lactose started
to be consumed a lot later than glucose (between 23
and 45 h of cultivation). Thus, if polyols would be pro-
duced, they likely would not appear before 71-93 h of
cultivation.
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Absence of erythritol using xylose as carbon source

When using xylose as carbon source, no erythritol was
detected. Synthesis of erythritol by T reesei from xylose
was previously described, but the concentration was only
70 pg/g of mycelium, and erythritol was found only in
the mycelium [21]. Otherwise, the production of xylitol
and glycerol from xylose can be explained by the current
knowledge of xylose assimilation in fungi (Fig. 6). Upon
entering the fungal cell, xylose undergoes conversion to
xylitol and subsequently to xylulose and xylulose-5-phos-
phate. Xylulose-5-phosphate, a metabolite in the pentose
phosphate pathway (PPP), is transformed, along with
erythrose-4-phosphate (E4P), into fructose-6-phosphate
(F6P) and glyceraldehyde-3-phosphate (G3P) by a tran-
sketolase (TKL). Glycerol is probably produced from fur-
ther metabolization of G3P. X5P metabolization involve
E4P metabolization to form F6P and G3P. As E4P is a
precursor of erythritol, xylose metabolism is not natu-
rally favorable for erythritol synthesis. This would explain
why we did not detect erythritol during growth on xylose.

The necessity of glucose for erythritol synthesis

When using glucose as carbon source, glycerol, mannitol,
and erythritol were measured. Glycerol and mannitol are
by-products of glycolysis. Mannitol can originate from
F6P, and glycerol can be produced from DHAP. In the
presence of a high glucose concentration, we can hypoth-
esize here also that the cell ATP level would be high. This
will lead to repression of the PFK, leading to the forma-
tion of mannitol, as previously described. It would also
lead to the accumulation of G3P, which would lead to the
formation of DHAP and the formation of glycerol. The
accumulation of F6P and G3P would push the equilib-
rium of the TKL reaction towards consumption of F6P
and G3P and the formation of E4P and X5P. Whereas in
the presence of xylose, the equilibrium of the reaction is
pushed toward X5P consumption due to high concentra-
tion of X5P. This could explain the formation of erythritol
only with glucose but not with xylose. An increase of E4P,
and thus erythritol, can also hypothetically occur through
increased activity of the PPP due to increased glycolysis.
An accumulation of glucose-6-phosphate (G6P) would
lead to an inhibition of the hexokinase and stimulate the
conversion of G6P through the oxidative PPP, leading to
the production of E4P and then erythritol. Commonly
it is thought that erythritol is formed due to activation
of the PPP [9, 27, 40]. However, xylose is considered a
PPP activator and did not lead to higher erythritol lev-
els [41, 42]. YE and urea are considered neutral nitrogen
sources towards the PPP, but did yield more erythritol
than the use of nitrate and ammonium, known to favor
the expression of PPP-related enzymes [42-45]. Nitrate is
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Fig. 6 Connection of mannitol and glycerol metabolism to glycolysis and the pentose phosphate pathway. Dashed arrows indicate reactions
in which the direction or the attributed enzyme is not fully confirmed. HK: Hexokinase; GPI: Phosphoglucoisomerase; PFK: Phosphofructokinase;
FBA: fructose bisphosphate aldolase; TP!I: triose phosphate isomerase, DHAP: dihydroxyacetone phosphate, GPDH: glycerol phosphate
dehydrogenase, DK: Dihydroxyacetone kinase; GLD: glycerol dehydrogenase; GK: glycerol kinase; G3PP: Glycerol-3-phosphate phosphatase;
MPD: mannitol phosphate dehydrogenase; MPP: mannitol phosphate phosphatase; MDH: mannitol dehydrogenase; FK: fructokinase; XR: xylose
reductase; XDH: xylitol dehydrogenase; XKS: xylulose kinase; TKL: transketolase; RPE: ribulose-5-phosphate-3-epimerase, RPI: ribose-5-phosphate
isomerase, TAL: transaldolase, EP: Erythrose-4-phosphate kinase, ER: erythrose reductase, G6PDH: glucose-6-phosphate dehydrogenase, 6PGL:

6-phosphogluconolactonase, 6PGDH: 6-phosphogluconate dehydrogenase

reported to activate the TKL activity, but the direction of
the activation is not known [42—45]. Anyhow, the activa-
tion of the PPP favors E4P formation through stimulation
of the TKL and TAL mediated reactions. However, PPP
activation may also lead to E4P consumption through
activation of the TKL and TAL reaction towards E4P
consumption, emphasizing the complexity of the regula-
tory network of the PPP with bidirectional reactions.

Our observations suggest that erythritol formation may
be tied to glycolysis activation. We would hypothesize
that erythritol is formed following high glycolytic activ-
ity, leading to the accumulation of glycolysis metabo-
lites and, therefore, stimulating the formation of E4P
through the TKL connection to the glycolysis rather than
in response to increased flow in the PPP. This hypothe-
sis suggests that erythritol could be used as a marker of
heightened glycolytic activity and glucose metabolism
overflow. This hypothesis also emerged from research in
humans. In human cancer cells A549, erythritol synthesis

was reported to be linked to the available glucose con-
centration and to be a response of TKL activity rather
than the G6PDH activity [40]. In addition, plasma eryth-
ritol level in humans was found to be associated with fat
gain, risk of diabetes, and cancer [46—48]. This suggests
that understanding the metabolic link between erythritol
and glucose may have a broader impact than improving
erythritol bioproduction processes.

Conclusions

It could be demonstrated that 7. reesei has the capa-
bility to produce erythritol, and this has the advanta-
geous potential to be used to produce erythritol from
lignocellulosic biomass residues. The concentration of
erythritol presently achievable is lower than in several
existing yeast-based processes. Nevertheless, there is
still substantial room for improvement through stra-
tegic adjustments, such as separating the growth and
production phases and optimizing tuning factors like
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pH, temperature, and medium components. An intrigu-
ing aspect of polyol biosynthesis is unraveling the intri-
cate interplay of various parameters. Most of the tested
parameters in this study notably influence the quantity
and portion of the detected polyols, underscoring a com-
plex regulation governing polyol production. The obser-
vation that erythritol appears to be synthesized rather in
response to activation of glycolysis than of the PPP adds
a layer of complexity to our understanding. Insights into
the mechanisms driving erythritol production in eukary-
otes may not only result in improved yields for this sugar
substitute but also unveil novel targets for diagnosis and
treatment of diseases like cancer or diabetes.
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Additional file 1. Results of the DoE on the impact of glucose and urea
concentrations. T. reesei was cultivated in shake flasks on glucose as the
sole carbon source and urea as the nitrogen source with concentra-
tions varying from 40 g/L to 90 g/L and 20 to 100 mM, respectively.

Two Doehlert designs were performed, both with 3 levels for glucose
concentrations and 5 levels for urea concentrations (20 mM, 40 mM,

60 mM, 80 mM, and 100 mM). The first Doehlert was performed with the

glucose concentrations 40 g/L, 60 g/L, and 80 g/L (Additional Fig. 1.A) and
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the second with the levels 50 g/L, 70 g/L, and 90 g/L. Cultivations were
performed in triplicates. Samples were taken every 24 h, and glucose and
erythritol concentrations were determined by HPLC in the supernatants.
Biomass was determined by dry cell weight measurement at the end of
cultivation. The results were used to generate a model illustrated by RCPs
erythritol concentration (Additional Fig 1.B).

Additional file 2. Calculation of the C/N ratios.
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