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Abstract

In the present work, the approaches of submerged co-cultivation and microparticle-enhanced cultivation (MPEC) were
combined and evaluated over the course of three case studies. The filamentous fungus Aspergillus terreus was co-cultivated
with Penicillium rubens, Streptomyces rimosus, or Cerrena unicolor in shake flasks with or without the addition of aluminum
oxide microparticles. The influence of microparticles on the production of lovastatin, penicillin G, oxytetracycline, and
laccase in co-cultures was compared with the effects recorded for the corresponding monocultures. In addition, the quan-
titative analyses of morphological parameters, sugars consumption, and by-products formation were performed. The study
demonstrated that the influence of microparticles on the production of a given molecule in mono- and co-culture may differ
considerably, e.g., the biosynthesis of oxytetracycline was shown to be inhibited due to the presence of aluminum oxide in
“A. terreus vs. S. rimosus” co-cultivation variants but not in S. rimosus monocultures. The differences were also observed
regarding the morphological characteristics, e.g., the microparticles-induced changes of projected area in the co-cultures
and the corresponding monocultures were not always comparable. In addition, the study showed the importance of medium
composition on the outcomes of MPEC, as exemplified by lovastatin production in A. terreus monocultures. Finally, the
co-cultures of A. ferreus with a white-rot fungus C. unicolor were described here for the first time.

Key points

o Aluminum oxide affects secondary metabolites production in submerged co-cultures.
e Mono- and co-cultures are differently impacted by the addition of aluminum oxide.

e Effect of aluminum oxide on metabolites production depends on medium composition.
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Introduction

Filamentous microorganisms produce a variety of biotechno-
logically relevant products, including secondary metabolites,
enzymes, and organic acids (Sauer et al. 2008; Singh et al.
2016; van der Mejj et al. 2017; Wosten 2019). Among many
bioprocess-related methods developed to improve the pro-
duction of valuable microbial compounds, the microparticle-
enhanced cultivation (MPEC) (Kaup et al. 2008) is an exam-
ple of a simple and relatively inexpensive approach. Briefly,
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the basic idea of MPEC is to enhance the performance of
production strains by affecting their morphological pheno-
types through the addition of microparticles, e.g., talc or
aluminum oxide (AO), to the medium. While the effective-
ness of MPEC in the context of bioprocess development has
been proven (Bol et al. 2021; Karahalil et al. 2019; Meyer
et al. 2021; Walisko et al. 2015), the complexity of physical
and chemical interactions between the microparticles and
the cultivated cells is still under intensive investigation (this
topic was recently reviewed by Laible et al. 2021). Since
the productivity of filamentous microorganisms is known to
depend on the exhibited morphological forms (i.e., dispersed
mycelia, clumps or the aggregated biomass known as “pel-
lets”) and their characteristics (i.e., size, shape and struc-
ture), controlling the morphology in submerged cultivations
is of key importance in the context of developing economi-
cally feasible biomanufacturing processes (Veiter et al. 2018;
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Waucherpfennig et al. 2010). Whereas the MPEC approach is
typically employed for the enhancement of metabolite and
enzyme titers (Antecka et al. 2016b; Coban et al. 2015a,b;
Coban and Demirci 2016; Driouch et al. 2010a,b; 2012;
Etschmann et al. 2015; Gonciarz and Bizukojé¢ 2014; Kaup
et al. 2008; Yatmaz et al. 2016), laboratory co-cultivation of
two or more microbial species aims at triggering the cryptic
biosynthetic pathways that remain inactive under monocul-
ture conditions (Bertrand et al. 2014). Microbial interactions
leading to the awakened expression of silent gene clusters
have been recorded in numerous studies focused on filamen-
tous fungi and actinomycetes (reviewed by Kim et al. 2021
and Zhuang and Zhang 2021). It should be pointed out that
the co-cultivation approach was shown to be effective not
only in the context of broadening the biosynthetic repertoire
of microbial strains but also altering the titers of second-
ary metabolites relative to the results recorded for conven-
tional monocultures (Boruta et al. 2019; Luti and Mavituna
2011a,b; Schiberle et al. 2014). Surprisingly, the two afore-
mentioned strategies of improving microbial performance,
namely MPEC and submerged co-cultivation, have never
been applied simultaneously in a single bioprocess run. The
impact of microparticles on the performance of mono- and
co-cultures has not been yet compared and, importantly,
it remains unknown if the product titers in the co-cultures
enriched with mineral microparticles can exceed the ones
observed in the corresponding co-cultures and monocul-
tures propagated without the addition of microparticles. To
address this, the combination of MPEC with co-cultivation
was suggested and critically evaluated in the present work,
which was organized in the form of three case studies. The
first study was designed to involve the two well-studied and
biotechnologically relevant fungal producers of secondary
metabolites, namely Aspergillus terreus and Penicillium
rubens (formerly Penicillium chrysogenum). The former
species is employed for the biotechnological production
of lovastatin (Mulder et al. 2015), a cholesterol-lowering
substance, while the latter species is widely recognized as
the producer of penicillin, a beta-lactam antibiotic (Hou-
braken et al. 2011). Both species represent the fungal group
of Ascomycetes and are well-characterized in terms of their
growth and secondary metabolites production under sub-
merged conditions (Boruta and Bizukojc 2016; van den Berg
2011). Apart from their highly valued medically important
molecules, A. terreus and P. rubens tend to produce the
major unwanted by-products (+)-geodin and chrysogine,
respectively (Askenazi et al. 2003; Hasan et al. 2019, 2021;
Pohl et al. 2020). While the liquid co-culture of A. terreus
and P. rubens was characterized in a recent work of Boruta
et al. (2020), the “fungus vs. fungus” co-cultivation sys-
tem involving the addition of mineral particles has never
been tested. In the second study, the intention was to inves-
tigate the “fungus vs. bacterium” co-cultivation under the
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conditions of microparticles supplementation. The “A.
terreus vs. Streptomyces rimosus” co-culture, which was
recently described in the context of bioreactor processes
(Boruta et al. 2021), was selected to be further examined in
the present work. S. rimosus is a producer of oxytetracycline,
a popular antibiotic used predominantly for acne treatment
(Zouboulis and Piquero-Martin 2003). In addition to oxy-
tetracycline, S. rimosus commonly secretes an antifungal
substance known as rimocidin (Petkovi¢ et al. 2006; Song
et al. 2020; Zhao et al. 2019). Finally, the third study was
designed as the “Ascomycetes vs. Basidiomycetes” confron-
tation between the two evolutionarily distant fungal species.
To provide a comparative perspective for the interpretation
of results, A. terreus was again selected for co-cultivation. In
this part of the experimental work, however, the lovastatin-
producing fungus was accompanied by Cerrena unicolor, a
white-rot fungus and a potent producer of enzymes known as
laccases, the copper-containing oxidases of great industrial
interest (Agustin et al. 2021; Michniewicz et al. 2006; Yang
et al. 2017). The “A. terreus vs. C. unicolor” co-culture has
not been described in literature so far.

The aim of the present work was to evaluate the produc-
tion capabilities and morphological development in the
submerged co-cultures of selected filamentous fungal and
bacterial species in the presence of AO microparticles.

Materials and methods
Strains

The following strains were used in the study: A. terreus
ATCC 20542, P. rubens (formerly Penicillium chrysoge-
num) Wisconsin 54-1255 (ATCC 28089), S. rimosus
ATCC 10970, C. unicolor (Bull. ex Fr.) Murr. strain 137.
The strains were purchased from the American Type Culture
Collection, except C. unicolor, which was obtained from
the Department of Biochemistry, Maria Curie-Sktodowska
University (Lublin, Poland).

Composition of solid media

The medium used for the sporulation of A. terreus con-
tained: malt extract 20 g L™!, casein peptone 5 g L™}, and
agar 20 g L™!. The spores of P. rubens were prepared on
the potato dextrose agar: 300 mg of potatoes were boiled in
500 mL of distilled water for 20 min and allowed to steep
for 30 min; then, the filtrate was supplemented with glucose
(20 g L1 and agar (20 g L™Y). For S. rimosus, the ISP2
medium (Becton Dickinson, USA) was applied. C. unicolor
was maintained on malt extract agar (Antecka et al. 2016b;
Janusz et al. 2007). The solid media were autoclaved at
121 °C for 15 min.
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Composition of liquid media

The composition of liquid medium, formulated based on
previous literature, is provided below for each of the three
case studies. The formulated media was used for both mono-
and co-cultivation.

“A. terreus vs. P. rubens” case study: glucose 10 g L™/
lactose 30 g L™'; yeast extract 6 g L™!; KH,PO, 1.51 g L™1;
phenylacetic acid 0.5 g L~!; NaC10.4 g L™!; MgSO,-7 H,O
0.51 gL7!; ZnSO,-7 H,0 1 mg L', Fe(NO;);-9 H,0 2 mg
L~!; biotin 0.04 mg L™'; 1 mL L~! of the following trace
elements solution: MnSO, 50 mg L~'; Na,B,0,-10 H,0
100 mg L™!; Na,MoO,-2 H,0 50 mg L~!; and CuSO,-5 H,0
250 mg L~! (Boruta et al. 2020).

“A. terreus vs. S. rimosus” case study: glucose 20 g L™
lactose 20 g L™'; yeast extract 5 g L™!; KH,PO, 1.51 gL™';
NaCl 0.4 g L™!; MgS0O,-7 H,0 0.51 g L™'; ZnSO,-7 H,0
1 mg L™'; Fe(NO5);-9 H,0 2 mg L™'; biotin 0.04 mg L™';
1 mL L™" of the following trace elements solution: MnSO,
50 mg L™!; Na,B,0,-10 H,0 100 mg L™!; Na,Mo0O,-2 H,0
50 mg L', and CuSO,-5 H,0 250 mg L~! (Boruta et al.
2021).

“A. terreus vs. C. unicolor” case study: glucose 10 g
L~!; L-asparagine 1.5 g L™!; yeast extract 2 g L™!; KH,PO,
0.47 g L™!; MgSO,-7 H,0 0.5 g L™!; Na,HPO,-12 H,0
0.48 g L™'; Mn(CH,C0OO0),-4 H,0 12 mg L™!; Zn(NO;),6
H,0 3.14 mg L™'; CuSO,-5 H,0 3.19 mg L™'; Ca(NO;),-4
H,0 50 mg L™!; FeCl,-6 H,0 3.2 g L™!; and thiamine 50 pg
L~! (Antecka et al. 2016b; Janusz et al. 2007).

For the microparticle-containing variants, the micropar-
ticles (mean diameter: 10 um) of aluminum oxide (Al,05)
were added to the medium at the concentration of 6 g L.
The microparticles were sterilized separately for 30 min at
121 °C as dry powder.

The pH of all the media was adjusted to 6.5 with the use
of NaOH solution. The media were autoclaved for 20 min
at 121 °C.

Cultivation on solid media

The biomass formed on solid media provided the basis for
the inoculation of liquid media. The solid medium for the
sporulation of A. terreus, P. rubens, and S. rimosus was pre-
pared in test tubes in the form of agar slants. The slants were
inoculated with spore suspension (approx. 10° spores per
liter) and incubated for 7 days at 26 °C in a laboratory incu-
bator. In the case of C. unicolor, Petri plates were employed
to obtain the fungal biomass for liquid medium inoculation.
The incubation of plates with C. unicolor was carried out at
28 °C for 14 days.

Cultivation in liquid medium

The co-cultures were initiated by co-inoculating liquid
medium with the spores of two strains together with AO
microparticles. In each case, the spore suspension was
obtained by transferring the spores from an agar slant with
a sterile 1-mL pipette into a portion of sterile medium to
reach the concentration of approx. 10° spores per liter (the
procedure was developed and monitored with the use of a
Thoma chamber). The exception was C. unicolor, for which
the spores were not available, and the mycelium harvested
from overgrown Petri plates was homogenized (as described
by Antecka et al. 2016b) and a 7.5-mL portion of the homog-
enized biomass suspension was used to inoculate 150 mL of
the medium. The amount of C. unicolor mycelium harvested
from the plates was adjusted to achieve the initial biomass
concentration in the medium at the level of 0.5 g L™!. In
the case of the corresponding AO monocultures, the AO
microparticles were added to the medium at 6 g L™! together
with a single species at the time of inoculation. The non-AO
mono- and co-cultures were initiated in the same manner as
their AO counterparts with the exception that no microparti-
cles were used in these cases. The cultivation was performed
in a shaking incubator Certomat® BS-1 (B. Braun Biotech
International, Germany) at 28 °C and the rotary speed of
110 min~'. Flat-bottomed shake flasks (working volume of
150 mL and the total volume of 500 mL) were used through-
out the study. The time of cultivation for the “A. terreus vs
P. rubens” and “A. terreus vs. S. rimosus” case studies was
equal to 168 h, whereas in the “A. terreus vs. C. unicolor”
case study the process was performed for 216 h. The reason
for having a longer cultivation time in the third case study
was that C. unicolor requires 216 h to display its laccase-
producing capabilities (Antecka et al. 2016b).

Chemical analysis

The biomass was removed by filtration and the filtrate was
analyzed with the use of ultra-performance liquid chroma-
tography Acquity system coupled with a high-resolution
mass spectrometer Synapt G2 (Waters, USA). The concen-
tration values and peak areas of secondary metabolites were
determined with the use of TargetLynx (Waters, USA). The
details of chromatographic separation and mass spectrome-
try-related parameters were previously provided by Bizukoj¢
et al. (2012). The peak areas of (+)-geodin, chrysogine, and
rimocidin were determined with the use of ESI™ quantifica-
tion traces m/z=396.989, 173.069, and 766.3990, respec-
tively. The assay of laccase activity in the culture filtrate was
performed as previously described (Antecka et al. 2019).
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Morphological analysis

Microscopic images of filamentous morphology were col-
lected with the use of Olympus BX53 light microscope
(Olympus Corporation, Japan). The digital image analysis
of pellets was conducted with the aid of Olympus cellSens
Dimension Desktop 1.16 software (Olympus Corporation,
Japan). The methodological details of morphological analy-
sis can be found in the previous report of Kowalska et al.
(2018). The microscopic images required to determine the
values of morphological parameters were gathered over the
course of 3 independent experiments. At least 15 filamen-
tous objects representing a given variant (e.g., the A. ferreus
monoculture) were analyzed during each of the independ-
ent experiments. Altogether, every investigated variant was
thus represented by at least 45 objects that were used to
calculate the mean value and the standard deviation (SD) of
the given morphological parameter value. The definitions
of the analyzed morphological parameters are as follows
(after Kowalska et al. 2018): projected area is the number
of pixels in the given object multiplied by the squared unit
of calibration; elongation is a squared quotient of longitu-
dinal and transversal deviation of pixels in the given object
along the line of regression (an ideally circular object has
the elongation value equal to 1); roughness is calculated as
the ratio of projected area to convex area (an ideally smooth
and convex object has the roughness value equal to 1). The
parameters were determined for each of the analyzed fila-
mentous objects by using the built-in functions of Olym-
pus cellSens Dimension Desktop 1.16 software (Olympus
Corporation, Japan). Prior to parameter determination, the
software-assisted and manually curated identification of the
object (i.e., isolation of the object from the background) was
performed.

Statistical analysis

The data were gathered in three independent experiments.
The results of all measurements were presented as the “mean
value + SD.” For the chemical analyses of target products
and carbon sources, the statistical analysis (n=3) was per-
formed in OriginPro (OriginLab, USA). For the morphologi-
cal analyses, the data was extracted from Olympus cellSens
Dimension Desktop 1.16 software (Olympus Corporation,
Japan) and processed in OriginPro (OriginLab, USA).
Regarding the determination of morphological parameters,
the average number of pellets considered for each datapoint
was equal to 45. The two-sample ¢-test (with a significance
level of a=0.05) was applied to verify if the results obtained
for the AO variants differed significantly from their non-AO
counterparts.
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Results

The submerged liquid co-cultures of A. terreus with P.
rubens, S. rimosus, or C. unicolor were evaluated with
respect to their morphological characteristics, produc-
tion-related performance, and the consumption of carbon
sources. The quantitative assessment of pellet morphology
was performed by considering the size and shape parameters
calculated on the basis of microscopic images, namely the
projected area, elongation, and roughness. Each of the three
conducted case studies involved the comparative analysis of
six experimental variants, i.e., the monoculture of A. terreus
with and without the addition of AO, the two-species co-
culture of A. terreus with its partner with and without AO,
and, finally, the monoculture of the partner strain itself with
and without AO. Over the course of the experimental work,
the impact of AO addition on the performance of mono- and
co-cultures was comparatively assessed.

A. terreus versus P. rubens

In the confrontation between A. terreus and P. rubens, the
presence of AO led to the visible morphological changes
within the developing mycelial pellets (Fig. 1). In the
24 h of the run, the addition of AO to the monoculture of
A. terreus, monoculture of P. rubens, and the “A. terreus
vs. P. rubens” co-culture led to the 5.6-, 2.5-, and 6.7-fold
decrease of mean projected area values, respectively, com-
pared with the corresponding variants propagated without
AO (Fig. 2a). In the last day of the process (168 h), however,
there was a contrast between the co-cultures and the remain-
ing datasets regarding the factor by which the pellets in the
AO medium differed from their non-AO counterparts. In
the case of the co-cultures, the addition of AO resulted in
the 20-fold decrease of mean projected area (a difference
that was greater than the one recorded in the 24 h of the
run for the same pair of variants), whereas in the A. terreus
and P. rubens monocultures, the 3.0- and 1.9-fold micro-
particle-related decrease was noted (the differences less
prominent than in 24 h) (Fig. 2a). Overall, the co-culture
enriched with AO exhibited the smallest mean value of the
projected area among the variants tested in the “A. terreus
vs. P. rubens” study. Whereas the addition of AO led to the
decrease of mean projected area in all the examined cul-
ture sets (Fig. 2a), the opposite effect was observed with
regard to the elongation (Fig. 2b). It should be noted here
that the variability within the projected area and elongation
values was rather high, as illustrated by the error bars in
Fig. 2a and b, respectively. As far as the third morphological
parameter was concerned, namely roughness, the presence
of AO in co-cultures and A. terreus monocultures resulted
in the decreased parameter values compared to the non-AO
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Aspergillus terreus

without Al,O,
microparticles

with Al,O,
microparticles

Fig. 1 Influence of aluminum oxide (AO) on the morphology of
Aspergillus terreus and Penicillium rubens grown in mono- and co-
cultures. Microscopic images of A. terreus monoculture, P. rubens
monoculture, and the “A. terreus vs. P. rubens” co-culture with and
without the addition of AO are shown. The images were obtained
after 24 h of cultivation. In all investigated variants, the supplemen-

counterparts, while in the case of P. rubens monocultures,
the influence of microparticles on the value of roughness
changed over time. After 24 h, the mycelial pellets in the AO
variant of P. rubens were characterized by a smaller mean
value of roughness than the structures in the non-AO cultiva-
tion, but after 168 h, this trend was reversed (Fig. 2c). It was
also noticed that the mean value of projected area recorded
at 24 h for a given variant was smaller than the mean pro-
jected area recorded for the same variant at 168 h, with the
exception of A. terreus AO monoculture (Fig. 2a). The same
trend was observed for the mean elongation value in A. ter-
reus monocultures and co-cultures but not in the case of P.
rubens monocultivations (regardless the presence or absence
of AO) (Fig. 2b). By contrast, only in the P. rubens mono-
cultures did the mean roughness value decrease between 24
and 168 h (Fig. 2¢).

The production of lovastatin in A. ferreus monocultures
was found to be enhanced due to the supplementation with
AO, but the stimulatory effect was clearly time-depend-
ent, i.e., it was observed in 72 and 120 h of the run but
not after 168 h (Fig. 3a). Surprisingly, the presence of AO
in the co-cultures led to markedly different outcomes, i.e.,
the biosynthesis of lovastatin was visibly inhibited regard-
less of the time of the process (Fig. 3a). For example, in
120 h of the run, the AO co-cultures showed a 10.9-fold
decrease in lovastatin titers compared to the co-cultivations
performed without AO (Fig. 3a). Regarding the second

Penicillium rubens

Co-culture

tation with AO resulted in the decrease of pellet size compared to
the non-AO counterparts. The medium used for the cultivation con-
tained glucose (10 g LY, lactose (30 g LY, yeast extract (6 g LY,
KH,PO, (1.51 g L™Y), phenylacetic acid (0.5 g L™"), biotin (0.04 mg
L"), and salts. At least 45 objects were analyzed for each experimen-
tal variant, the selected examples are depicted here

analyzed metabolite, namely penicillin G, its production
was confirmed exclusively in the monocultures of P. rubens
(Fig. 3b). The absence of this molecule in co-cultures was
recorded for both tested scenarios, i.e., for the presence and
absence of AO in the broth. Interestingly, until 120 h, there
were no significant differences between the AO and non-AO
monocultures in terms of penicillin G levels. This contrasted
with the drastic differences noted in 168 h of the run, where
the presence of AO was found to be detrimental for the bio-
synthesis of penicillin G (Fig. 3b). Apart from lovastatin
and penicillin G, the secondary metabolites (+)-geodin and
chrysogine were found to be produced by A. terreus and P.
rubens, respectively. The former molecule was detected not
earlier than in 120 h of the run, whereas the presence of
chrysogine was noted already in 72 h (Fig. S1). In the case of
(+)-geodin production, the addition of AO clearly resulted
in the inhibitory effect and the differences between the AO
and the non-AO variants were evident, especially among the
co-cultures (Fig. S1a). By contrast, the presence of AO led
to the enhanced production of chrysogine both in the mono-
and the co-cultivation set (Fig. S1b).

Regarding the consumption of carbon substrates, it was
observed that the presence of AO generally stimulated the
catabolism of glucose, especially in A. ferreus monocul-
tures and the co-cultures. After 24 h of growth, the lowest
mean value of this sugar was recorded for the AO co-cul-
ture (Fig. 3¢). Then, at 72 h, it was found that glucose was
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Fig.2 Influence of aluminum oxide (AO) on the values of morpho-
logical parameters determined for Aspergillus terreus and Penicillium
rubens grown in mono- and co-cultures. Results of quantitative mor-
phological analysis of pellets developed in the A. terreus monocul-
ture, P. rubens monoculture and the “A. terreus vs. P. rubens” co-cul-
ture with and without the addition of AO microparticles are shown.
The values of projected area (a), elongation (b), and roughness (c)

completely depleted in both tested co-cultivation variants
(with and without AO), while the trace amounts of residual
glucose could still be detected in the A. ferreus monocul-
tures. What is more, the consumption of this carbon sub-
strate in the P. rubens monocultures was relatively slow if
compared to A. terreus monocultures and the co-cultures.
In this case, the presence of glucose was still confirmed
after 168 h of the run (Fig. 3c). When the catabolism of the
second carbon source (lactose) was considered, it became
clear that the corresponding concentration pattern (Fig. 3d)
did not resemble the one recorded for glucose. During the
initial 72 h of cultivation, lactose catabolic pathways were
repressed regardless the variant, and no decrease of lactose
levels was observed. Later, in 120 h of the run, the consump-
tion of lactose was no longer seen to be blocked. After 168 h
of the process, the AO co-cultures were characterized by the
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Time of cultivation [h]

parameters are presented as the mean value +standard deviation with
the average number of analyzed objects (n) equal to 45. The two-sam-
ple t-test (with a significance level of a=0.05) was applied to verify
if the results obtained for the AO variants differed significantly from
their non-AO counterparts. *p <0.05, **p <0.01, ****p <0.0001, ns,
not significant

highest residual levels of lactose (Fig. 3d). This contrasted
the observations made regarding glucose, which in the case
of co-cultures was depleted earlier than in the remaining
variants (Fig. 3c¢).

A. terreus versus S. rimosus

When the microscopic images in the “A. terreus vs. S. rimo-
sus” case study were considered (Fig. 4), the morphologi-
cal differences between the co-cultures and the S. rimosus
monocultures were not immediately recognizable. In both
cases, the presence of AO resulted in the development of
pellets with a compact and dense core (Fig. 4). The results
of digital image analysis revealed that at 24 h, there were
no significant differences regarding the mean projected area
values between the co-cultures containing AO and the ones
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Fig. 3 Influence of aluminum oxide (AO) on the titers of secondary
metabolites and the levels of carbon substrates in the mono- and co-
cultures of Aspergillus terreus and Penicillium rubens. Time courses
of lovastatin (a), penicillin G (b), glucose (c), and lactose (d) levels in
the A. terreus monoculture and/or or P. rubens monoculture and the
“A. terreus vs. P. rubens” co-culture with and without the addition of
AO microparticles are shown. The concentration values are presented

without AO. At 168 h, however, they differed by the factor
of 2.8 (Fig. 5a). The mean value of projected area in AO
co-cultures increased considerably between 24 and 168 h of
the run and, at the same time, exhibited the increase in vari-
ability within the tested population of objects, as indicated
by the error bars in Fig. 5a. The changes in mean projected
area values that occurred between 24 and 168 h were vis-
ibly smaller in AO monocultures than in AO co-cultures

Time of cultivation [h]

as “mean + standard deviation” (n=3). No traces of lovastatin or pen-
icillin G were detected in 24 h of the cultivation run. The production
of penicillin G was confirmed solely in P. rubens monocultures. The
two-sample t-test (with a significance level of a=0.05) was applied
to verify if the results obtained for the AO variants differed signifi-
cantly from their non-AO counterparts. *p <0.05, ***p <0.001, ns,
not significant

(Fig. 5a). At both considered time points, the addition of
AO resulted in the decrease of mean projected area in the
monocultures of A. ferreus but led to the opposite effect in
the monocultures of S. rimosus (Fig. 5a). At 24 h, it became
evident that the use of AO was responsible for the increase
of mean elongation value in A. terreus monocultures, S. rim-
osus monocultures, and the co-cultures compared to their
non-AQO counterparts. However, at 168 h, this observation
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Aspergillus terreus Streptomyces rimosus Co-culture
without Al,O,
microparticles
with Al,O,
microparticles

Fig.4 Influence of aluminum oxide (AO) on the morphology of
Aspergillus terreus and Streptomyces rimosus grown in mono- and
co-cultures. Microscopic images of A. terreus monoculture, S. rimo-
sus monoculture and the “A. ferreus vs. S. rimosus” co-culture with
and without the addition of AO microparticles are shown. The images
were obtained after 24 h of cultivation. The supplementation with AO
resulted in the decrease of pellet size of A. terreus compared to the

remained valid for the monocultures of A. terreus and the co-
cultures but not for the monocultures of S. rimosus (Fig. 5b).
As far as the roughness parameter was concerned, the addi-
tion of AO led to the visible decrease of mean values in A.
terreus monocultures and the co-cultures but not in S. rimo-
sus monocultures (Fig. 5¢). This behavior was observed at
24 and 168 h of the run.

The production of lovastatin was recorded in A. terreus
monocultures but not in the “A. ferreus vs. S. rimosus” co-
cultures (Fig. 6a). Importantly, the statistically significant
increase of lovastatin titers in monocultures due to the
presence of AO, which was observed earlier in the “A. fer-
reus vs. P. rubens” study after 72 and 120 h of cultivation
(Fig. 3a), was not recorded here (Fig. 6a). In the case of
oxytetracycline (Fig. 6b), which was recorded both in the
mono- and the co-cultivation, an interesting observation was
made. Whereas the addition of AO failed to visibly affect the
oxytetracycline levels reached in monocultures, it markedly
impaired the production in co-cultures. While applying the
approach of non-AO co-cultivation clearly elevated the titers
of oxytetracycline compared to the AO- and non-AO mono-
cultures, the addition of AO was responsible for reversing
this positive effect and ultimately decreasing the antibiotic
levels down to the values comparable with the ones recorded
for the monocultures (Fig. 6b). Similarly as in the “A. ter-
reus vs. P. rubens” case study, (+)-geodin was detected in
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non-AO counterparts, whereas in the S. rimosus monocultures and
the co-cultures this effect was not observed. The medium used for
the cultivation contained glucose (20 g L™1), lactose (20 g L™1), yeast
extract (5 ¢ L™), KH,PO, (1.51 g L"), biotin (0.04 mg L"), and
salts. At least 45 objects were analyzed for each experimental variant,
the selected examples are depicted here

the broth at 120 and 168 h, but its presence was confirmed
solely in the monocultures. Furthermore, no statistically
significant differences in (+)-geodin levels were revealed
among the variants (Fig. S2a). Regarding the production of
rimocidin, recorded in the S. rimosus monocultures and the
co-cultures, the supplementation with AO did not affect the
monoculture variants, but it did have a negative impact on
the co-cultures (Fig. S2b).

Adding AO to the mono- or co-cultures did not lead
to any marked changes with respect to glucose utilization
(Fig. 6¢). It was noted that the level of glucose was close
to 0 after 72 h of A. terreus monocultivation regardless the
presence of AO, whereas in the remaining variants, only
approx. 50% of supplied glucose was catabolized at the end
of the run (168 h). At this time, the concentration of residual
glucose in co-cultures was higher than the one recorded for
the monocultures (Fig. 6¢). This stood in contrast with the
results obtained earlier for the “A. terreus vs. P. rubens”
co-cultures, in which the complete depletion of glucose
was noted earlier than for the corresponding monocultures
(Fig. 3c). As far as lactose was concerned, its consumption
in the S. rimosus-involving variants was greater than in the
A. terreus monocultures (Fig. 6d). It was also noticed that
the addition of AO led to the delay of lactose uptake in the
co-cultures (Fig. 6d).
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Fig.5 Influence of aluminum oxide (AO) on the values of morpho-
logical parameters determined for Aspergillus terreus and Strepto-
myces rimosus grown in mono- and co-cultures. Results of quanti-
tative morphological analysis of pellets developed in the A. terreus
monoculture, S. rimosus monoculture, and the “A. terreus vs. S.
rimosus” co-culture with and without the addition of AO microparti-
cles are shown. The values of projected area (a), elongation (b), and

A. terreus versus C. unicolor

The pellets of C. unicolor at 96 h became too large to con-
duct the microscopic observations (as in the work of Ante-
cka et al. 2016b), so the morphological investigation in the
“A. terreus vs. C. unicolor” case study was conducted until
72 h of the run. Already after 24 h of growth, the impact of
AO was clearly visible, as the microparticles formed a com-
pact and dense core within the developing pellets (Fig. 7).
At 24 h, the mean projected area of all three tested variants,
i.e., the monocultures of A. terreus and C. unicolor and the
“A. terreus vs. C. unicolor” co-culture was increased due to
AO supplementation. After 72 h, however, the AO-related
increase of the mean projected area could still be observed
only in the AO-containing co-cultures (Fig. 8a). Regarding
the elongation parameter (Fig. 8b), it was noticed that the
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roughness (¢) parameters are presented as the mean value + standard
deviation with the average number of analyzed objects () equal to
45. The two-sample #-test (with a significance level of a=0.05) was
applied to verify if the results obtained for the AO variants differed
significantly from their non-AO counterparts. *p <0.05, **p <0.01,
*##%p <0.001, **** p <0.0001, ns, not significant

variability of values (indicated by error bars) recorded for
the A. terreus monocultures and the co-cultures increased
due to the addition of AO, while the opposite statement was
true in the case of C. unicolor monocultures. At this point,
it was also noticed that AO led to the increase in elongation
in A. terreus monocultures and the co-cultures regardless
the medium composition (this behavior was observed in all
three investigated case studies, not only in the “A. terreus
vs. C. unicolor” experiment). Finally, the statistically signifi-
cant AO-related decrease and increase of roughness values
recorded after 24 h for the monocultures of A. terreus and
C. unicolor, respectively, could no longer be observed after
72 h (Fig. 8c). At this moment of the cultivation process, the
pellets formed in the monocultures of C. unicolor stood out
as the ones having the largest mean projected area (Fig. 8a)
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Fig.6 Influence of aluminum oxide (AO) on the titers of second-
ary metabolites and the levels of carbon substrates in the mono- and
co-cultures of Aspergillus terreus and Streptomyces rimosus. Time
courses of lovastatin (a), oxytetracycline (b), glucose (c), and lactose
(d) levels in the A. terreus monoculture and/or S. rimosus monocul-
ture and the “A. terreus vs. S. rimosus” co-culture with and without
the addition of AO microparticles are shown. The concentration val-

and, at the same time, the smallest mean roughness values
(Fig. 8c) among the investigated variants.

The presence of AO led to the improvement of lovasta-
tin production not only in the A. terreus monocultures but
also in “A. terreus vs. C. unicolor” co-cultures (Fig. 9a).
It was noticed that in the “A. terreus vs. C. unicolor” case
study, all variants displayed lovastatin titers smaller than
12 mg L~! (Fig. 9a), whereas in the case studies involving
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ues are presented as “mean + standard deviation” (n=3). No traces of
lovastatin or oxytetracycline were detected in 24 h of the cultivation
run. The production of lovastatin was confirmed solely in A. terreus
monocultures. The two-sample t-test (with a significance level of
a=0.05) was applied to verify if the results obtained for the AO vari-
ants differed significantly from their non-AO counterparts. *p <0.05,
**p <0.01, ns, not significant

P. rubens (Fig. 3a) or S. rimosus (Fig. 6a), some of the
tested variants exhibited lovastatin concentration values
even greater than 120 mg L™'. While S. rimosus and P.
rubens, the microbial species chosen to serve as partners
of A. terreus in co-cultures, are generally referred to as
the antibiotics (i.e., secondary metabolites) producers, C.
unicolor is primarily described in the context of biosyn-
thesizing and secreting laccases (i.e., enzymes). Although
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Fig.7 Influence of aluminum oxide (AO) on the morphology of
Aspergillus terreus and Cerrena unicolor grown in mono- and co-
cultures. Microscopic images of A. ferreus monoculture, C. unicolor
monoculture and the “A. terreus vs. C. unicolor” co-culture with and
without the addition of AO microparticles are shown. The images
were obtained after 24 h of cultivation. The presented examples illus-

this study was meant to be focused on secondary metabo-
lites, the activity of laccase was also analyzed here to
get a comprehensive illustration of the AO influence on
submerged co-cultures (Fig. 9b). According to the results,
the addition of AO did lead to the enhancement of laccase
production in monocultures, but this effect became visible
in 216 h the run. In the co-cultures, however, AO did not
cause the significant changes of laccase activity. Further-
more, the levels of laccase in co-cultures were very low
compared to the results obtained for the corresponding
monocultures (Fig. 9b). Finally, no traces of (+)-geodin
were found in the broth, what was not surprising consid-
ering the relatively low levels of lovastatin obtained here
(Fig. 9a).

Unlike in the two preceding case studies, glucose was
the only sugar included in the medium. After 24 h, the AO
monoculture of A. ferreus displayed lower glucose levels
than its non-AO counterpart (Fig. 9c). By contrast, the
consumption of glucose in the C. unicolor monocultures
and in the “A. terreus vs. C. unicolor” co-cultures was not
affected by AO. After 72 h, glucose was found exclusively
in the C. unicolor monocultures, while after 144 h, no
traces of this sugar were found in the tested sets (Fig. 9¢).

Cerrena unicolor

Co-culture

trate the increase in pellet size due to the addition of AO in all tested
variants. The medium used for the cultivation contained glucose (10 g
LY, yeast extract 2 g L7!), KH,PO, (0.47 g L™!), L-asparagine
(1.5 g LY, thiamine (50 pg L), and salts. At least 45 objects were
analyzed for each experimental variant, the selected examples are
depicted here

Discussion

The data gathered over the course of three case studies
revealed the differences in morphological and biosynthetic
responses among the monocultures and their co-culture
counterparts. An example was noted in the “A. terreus vs.
P. rubens” series of experiments, where the addition of
AO influenced the production of lovastatin in a markedly
different way in the investigated mono- and co-cultures. As
far as the monocultivations of A. terreus were concerned,
the mean levels of lovastatin in the 72 and 120 h of the
run were visibly higher in the AO monocultures than in the
non-AQ variants. In the co-cultures, by contrast, the sup-
plementation with AO led to the marked inhibition of lov-
astatin biosynthesis throughout the co-cultivation process
(Fig. 3a). In the same experimental run, adding AO to the
co-culture ultimately led to the 20-fold decrease of mean
projected area of mycelial structures at 168 h, whereas in
the A. terreus and P. rubens monocultures, the decrease at
the same time point was not more than threefold (Fig. 2a).
Another example was recorded in the final day of the “A.
terreus vs. S. rimosus” run, where the inhibitory effects of
microparticles on the production of oxytetracycline were
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Fig. 8 Influence of aluminum oxide (AO) on the values of morpho-
logical parameters determined for Aspergillus terreus and Cerrena
unicolor grown in mono- and co-cultures. Results of quantitative
morphological analysis of pellets developed in the A. terreus mono-
culture, C. unicolor monoculture, and the “A. terreus vs. C. unicolor”
co-culture with and without the addition of AO microparticles are
shown. The pellets of C. unicolor at 96 h became too large to con-
duct the microscopic observations (as in the work of Antecka et al.
2016b), so the morphological investigation in the “A. terreus vs. C.

recorded for the co-cultures but not for the corresponding
S. rimosus monocultures (Fig. 6b).

The + SD (standard deviation) error bars in Figs. 2,
5, and 8 reflected the variability of the morphological
parameter values corresponding to the observed filamen-
tous structures. For example, the projected area of pellets
at a particular time varied within a certain range, but the
mean value and the SD provided a good representation of
the projected area of the entire population of filamentous
objects present in the culture. Based on the previously
published reports, one may expect the SD values of mor-
phological parameters to be relatively large (Kowalska
et al. 2018). It should be emphasized, however, that the
employed analytical procedure assumes the detection and
characterization of at least 45 filamentous objects that
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unicolor” case study was conducted until 72 h of the run. The values
of projected area (a), elongation (b), and roughness (c) parameters
are presented as the mean value +standard deviation with the aver-
age number of analyzed objects (n) equal to 45. The two-sample #-test
(with a significance level of a=0.05) was applied to verify if the
results obtained for the AO variants differed significantly from their
non-AO counterparts. **p<0.01, ***p<0.001, ****p <0.0001, ns,
not significant

contribute to a particular mean and SD value (as detailed
in “Materials and methods”).

It was demonstrated previously that the morphological
changes in the MPEC can be achieved only if the micro-
particles are added to the medium at the early stage of
cultivation, i.e., at the stage of spores. Introducing the
microparticles at the later stages of growth, when the
pellets are already formed, is known to be an ineffective
approach (Driouch et al. 2010a; Gonciarz and Bizukojé
2014). Therefore, in MPEC, the microparticles are typi-
cally added to the medium together with spores (Antecka
et al. 2016a) or, when the spores are not available, with
the freshly harvested free hyphae that are used for inocu-
lation (Antecka et al. 2016b). In the context of co-culti-
vation, the common approach of starting the submerged
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Fig.9 Influence of aluminum oxide (AO) on the titers of lovastatin
and laccase and the levels of glucose in the mono- and co-cultures of
Aspergillus terreus and Cerrena unicolor. Time courses of lovastatin
(a), laccase (b), and glucose (c) levels in the A. ferreus monoculture
and/or C. unicolor monoculture and the “A. terreus+C. unicolor”
co-culture with and without the addition of AO microparticles are
shown. The concentration values are presented as “mean + standard
deviation” (n=3). No traces of lovastatin or laccase activity were

microbial co-cultures is to inoculate the sterile medium
with precultures or to combine the precultures at a spe-
cific ratio. For example, in an important work of Onaka
et al. (2011), the co-cultures (referred to as “combined
cultures”) were started by inoculating sterile medium with
the precultures of two bacterial species. An alternative
approach was applied by Meschke et al. (2012) who used
the spores instead of precultures to start the process of

detected in 24 h of the cultivation run. As shown in (c), glucose was
no longer detectable after 144 h of the run in all the tested variants.
The cultivation was performed for 216 h as this time is required to
achieve relatively high levels of laccase (Antecka 2016b). The two-
sample r-test (with a significance level of a=0.05) was applied to
verify if the results obtained for the AO variants differed significantly
from their non-AO counterparts. *p <0.05, **p <0.01, ***p <0.001,
ns, not significant

co-cultivation. In the present study, the latter method was
applied and the spores served as the inoculum. The idea
was not to combine the separately propagated mono-spe-
cies precultures that represent the defined morphological
characteristics, but rather to provide an environment in
which the spores of both species are free to interact with
AQ. Ultimately, the co-agglomeration of spores of both
species with AO can provide a core for the development
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of filamentous pellets. The outcomes of such multispecies
interactions with mineral microparticles have never been
addressed before.

Considering the production levels and morphological
characteristics recorded here, the “winner and loser” sce-
nario could be observed in the co-cultures, i.e., one of the
strains being dominated by its partner. The “A. terreus vs.
S. rimosus” co-cultivation was undoubtedly dominated by
S. rimosus. This actinobacterium produced oxytetracycline
(Fig. 6b) and rimocidin (Fig. S2b) in mono- and co-cul-
tures, while its presence effectively prevented A. terreus
from biosynthesizing lovastatin (Fig. 6a) and (+)-geodin
(Fig. S2a). This observation agreed with our recent study,
which demonstrated the domination of S. rimosus over A.
terreus unless a certain time advantage was provided for
the fungus (Boruta et al. 2021). In the “A. terreus vs. C.
unicolor” case, the morphological resemblance between the
co-culture pellets and A. ferreus monoculture pellets, as well
as the fact that only the traces of laccase activity could be
found in the co-cultures, suggested that A. rerreus dominated
its partner. In the “A. terreus vs. P. rubens” co-cultures, a
lack of penicillin G and the morphological comparison indi-
cated that the former fungus was a winner of the clash. How-
ever, it should be noted that P. rubens was not eradicated by
A. terreus, since the secondary metabolite chrysogine was
found in the co-cultures (Fig. S1b). During the preliminary
experiments of a different study (Boruta et al. 2020), the
co-cultures of A. terreus and P. rubens initiated with the
use of spores did not reveal any traces of P. rubens metabo-
lites due to the domination of A. terreus over P. rubens,
what ultimately led to designing an alternative inoculation
strategy. In the present work, the co-cultures were also initi-
ated with the use of spores, so the presence of chrysogine
in the co-cultivation broth was considered to be surprising.
The discrepancy could be due to the differences in medium
composition, specifically with respect to the presence of
phenylacetic acid in the broth (this component was not used
in the preliminary experiments of Boruta et al. 2020) or the
concentration of yeast extract. It should be emphasized that
choosing the “spores vs. spores” inoculation method in the
present study was far from arbitrary, as described in “Mate-
rials and methods.” This approach is known to be effective
in terms of allowing the microparticles to intertwine with
the developing pellets and affect their production-related
performance. It should be remembered that the “weaker”
(dominated) species can still exert observable effects on the
“stronger” (dominant) species even if its presence in the
co-culture is not evidenced by metabolic profiles, as was
recently shown for the “A. terreus vs. S. rimosus” microbial
pair (Boruta et al. 2021). In other words, the less aggressive
strain may act merely as a stimulatory factor that enhances
the capabilities of the producing strain.
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The domination of a given species over its microbial part-
ner in co-culture can be evaluated on two levels, namely
by comparing the repertoire of secondary metabolites and
the morphological forms in mono- and co-cultivation vari-
ants. However, the results must be analyzed carefully by
considering all available data rather than relying on a sin-
gle morphological or biosynthetic characteristic. When it
comes to assessing the dominant character of a given species
in submerged co-culture, drawing the conclusions may not
always be regarded as straightforward. The “A. ferreus vs.
S. rimosus” case study serves as a good example to illus-
trate the complexity associated with this issue. Upon the
visual inspection of morphologies in mono- and co-cultures
(Fig. 4), the comparison of projected area values (Fig. 5a)
and the production of secondary metabolites (Fig. 6) the
dominant role of S. rimosus was evident. The values of pro-
jected area recorded for the co-cultures were far from the
ones observed in A. terreus monocultures and aligned much
better with the values exhibited by S. rimosus monoculture.
In addition, the impact of AO supplementation on A. ter-
reus monoculture (i.e., smaller projected area of pellets) was
not observed in the co-cultures (Fig. 5a). By contrast, if the
values of roughness were considered, one may argue that
the co-cultures resembled A. ferreus monocultures in terms
of the effects exerted by AO (i.e., the decrease of roughness
value due to AO), which was not observed for S. rimosus
monocultures (Fig. 5¢). All in all, it can be stated that S.
rimosus indeed dominated A. terreus in co-culture, but the
presence of A. terreus still exerted some effects on the final
outcomes of the co-cultivation process. It also showed that
the assessment of domination of species in submerged co-
culture needs to be based on strict and well-defined criteria
to avoid confusion and misunderstandings. In the current
study, which involved the microorganisms of distinct and
easily distinguishable morphologies, the visual inspection
of microscopic images (understood as a subjective and non-
rigorous assessment of morphologies without consulting
the values of parameters) seemed to be an effective method
with regard to identifying the dominant species in the non-
AO variants. It was not difficult to notice that the morpho-
logical forms visible in co-culture resembled the ones in
the monoculture of the dominant species. For example, the
“A. terreus vs. P. rubens” co-culture and the corresponding
A. terreus monoculture were highly similar in terms of the
developed morphological forms (Fig. 1), which was associ-
ated with the domination of A. ferreus in co-culture. In the
“A. terreus vs. S. rimosus” co-culture, the dominant role
was taken by S. rimosus, which is why the morphologies
recorded for the S. rimosus monoculture and the “A. ferreus
vs. S. rimosus” co-culture resembled each other very closely
(Fig. 4). However, when the AO-influenced morphologies
were compared, the visual identification of the dominant
species was far more challenging. In the case of “A. ferreus
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vs. C. unicolor” AO co-cultures, the subjective assessment
of microscopic images was not found to be effective in terms
of identifying the winner of the clash (Fig. 7), while the
rigorous comparison of morphological parameters was seen
as helpful (Fig. 8). Importantly, the domination of a given
species in co-culture is not always noticeable solely by per-
forming the visual inspection of microscopic images. If the
considered co-cultivation system involved the microorgan-
isms of similar (or even non-distinguishable) morphologies,
the identification of the dominant species on the basis of
morphological comparisons would not be feasible.

The correlation between the values of morphologi-
cal parameters and the production level of lovastatin was
dependent on medium composition and the mode of culti-
vation (i.e., mono- or co-culture). In the “A. terreus vs. P.
rubens” case study the AO-induced decrease of projected
area, the increase of elongation and decrease of roughness
values due to the addition of AO (Fig. 2) led to the enhanced
lovastatin formation in A. terreus monocultures but only in
72 and 120 h of the run (Fig. 3a). When A. terreus was
co-cultured with P. rubens, the presence of AO also led to
the decrease of projected area, increase of elongation, and
decrease of roughness (Fig. 2), but these morphological
changes were in this case associated with the decrease of
lovastatin production (Fig. 3a). Hence, the correlation was
dependent on whether the monoculture or the co-culture
was analyzed. It demonstrates that the morphology-based
conclusions formulated for the MPEC monocultures do not
necessarily remain valid for the corresponding co-culture
variants. This was also illustrated by the “A. ferreus vs. S.
rimosus” case study, where the production of lovastatin
was blocked in co-cultures (Fig. 6a). It was not possible
to predict such a behavior solely on the basis of morpho-
logical parameter values and a much broader perspective
was required to understand the outcomes of co-cultivation.
Since S. rimosus dominated A. terreus in co-cultures, the
values of morphological parameters could not be of any use
in terms of predicting the lovastatin titers. It demonstrates
the shortcomings of the morphological parameter-based
approach if the co-cultures, rather than monocultures, are
under investigation.

What the three investigated case studies had in common
was the participation of A. ferreus. However, they were con-
ducted with use of different media (but with the same type and
concentration of AO). The (co-)cultivation media were chosen
carefully for each pair of organisms based on literature (Ante-
cka et al. 2016b; Boruta et al. 2020, 2021; Janusz et al. 2007)
and tested with regard to supporting growth and the biosynthe-
sis of target products by both participating organisms. While
the stimulatory effect of microparticles on lovastatin produc-
tion in monocultures was already described by Gonciarz and
Bizukoj¢ (2014) and then by Boruta and Bizukojc (2019),
the dependency of the production-related and morphological

outcomes of A. terreus cultivation on medium composition is
demonstrated here for the first time. Briefly, according to the
current results, the biosynthesis of lovastatin can be either
stimulated or inhibited by the microparticles depending on the
medium and the time of the process (Figs. 3a, 6a, and 9a). If
the results of the present study were to be compared with the
data presented by Gonciarz and Bizukoj¢ (2014) and Boruta
and Bizukojc (2019), it must be remembered that the studies
differed in terms of medium composition and the duration of
cultivation process. All in all, the present study confirmed the
stimulatory effect of microparticles on lovastatin production
by A. terreus and also demonstrated that the MPEC approach
should not be perceived as a “magic bullet” that is universally
effective regardless the bioprocess conditions. Furthermore, in
the present work, the second metabolite of A. ferreus, namely
(+)-geodin, was for the first time investigated in the context
of MPEC. Inhibition of its production, noted here, can be
regarded as greatly desired, as this metabolite is often con-
sidered as an unwanted by-product of lovastatin formation
(Hasan et al. 2019). It should be noted that the effect of AO
on the formation of (+)-geodin was shown to be medium-
dependent (compare Figs. Sla and S2a). In the “A. terreus
vs. P. rubens” case study, the supplementation with AO led
to the significant decrease of (+)-geodin level in A. terreus
monocultures (Fig. Sla), whereas in the “A. terreus vs. S.
rimosus” experiment, this effect was not recorded (Fig. S2a).
The differences in medium composition (e.g., the presence
or absence of phenylacetic acid) were responsible for the
medium-dependent effectiveness of AO, but further studies
are required to uncover the details of this behavior. As the
interactions between the microparticles, the growth medium
and cultivated cells are intrinsically complex and occur at
multiple levels, elucidating the molecular mechanisms asso-
ciated with the medium-dependent impact of microparticles
on the production of secondary metabolites is undoubtedly a
challenging task (Laible et al. 2021).

Even though the present study did not involve any optimi-
zation efforts towards reaching the highest possible product
titers, it perfectly illustrated the importance of setting the
criteria for evaluating a medium composition. If lovastatin
was taken as a target product, the candidate media could be
assessed by considering the titer of lovastatin, the planned
time of cultivation, and the level of (+)-geodin, i.e., an
unwanted by-product. If only the titer of lovastatin was taken
into account here, performing the non-AO monoculture of
A. terreus for 168 h, as in the “A. terreus vs. P. rubens” case
study, would be the best option (Fig. 3a). However, if due
to any reason, there was a necessity to shorten the total cul-
tivation time from 168 to 120 h, adding AO to the medium
that was used in the “A. terreus vs. P. rubens” case study
and conducting the A. terreus monoculture for 120 h would
be recommended (Fig. 3a), as at this time of the run, the
AO variant showed higher lovastatin level than its non-AO
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counterpart (Fig. 3a). Finally, if the reduction of (+)-geodin
levels was seen as a key objective, performing the cultivation
for 120 rather than 168 h should be considered, even at the
cost of relatively lower lovastatin titers, since in A. ferreus
monocultures, the levels of (+)-geodin were visibly higher
at 168 than at 120 h (Figs. Sla and S2a).

The study demonstrated the importance of medium com-
position on the morphological outcomes of MPEC. For
example, the values of projected area in the A. terreus mon-
ocultures did change in all the tested cases in response to
the addition of AO; however, these changes were of distinct
character depending on the medium composition. Specifi-
cally, in the case studies involving P. rubens or S. rimosus,
the projected area of A. terreus pellets in monocultures was
visibly smaller due to the presence of AO (Figs. 2a and 5a).
This was definitely not the case in the experiments involving
C. unicolor (Fig. 8a). The difference in terms of medium
composition between the “A. ferreus vs. C. unicolor” experi-
ment and the remaining two cases was mainly associated
with sugar and yeast extract content (as detailed in “Materi-
als and methods”). According to the results, propagating A.
terreus in a relatively rich medium (as in the experiments
with P. rubens or S. rimosus) enabled AO to act as the pel-
let size-decreasing factor, whereas in a medium containing
lower concentrations of sugar and yeast extract, this effect
was not achieved. It indicates that the efforts of adjusting
the concentration and type of microparticles in the MPEC
optimization studies need to be accompanied by the develop-
ment of medium that supports the effectiveness of micropar-
ticles towards reaching the desired morphological outcomes
and, ultimately, satisfactory product titers.

The production of oxytetracycline by S. rimosus was
recently shown to be enhanced by the addition of mineral
microparticles (Kuhl et al. 2021). Here, AO failed to stimu-
late oxytetracycline biosynthesis (Fig. 6b). It should be noted
that Kuhl et al. (2021) applied a different medium, a differ-
ent type of microparticles (talc), and, finally, cultivated S.
rimosus under the conditions that were not equivalent to the
ones applied here. It proves once again that the application
of microparticles to enhance product titers should not be per-
ceived as a ready-to-use solution but rather as a promising
basis for further process optimization efforts, as was men-
tioned above with regard to lovastatin formation. One of the
key factors to consider is the concentration of microparticles.
It was shown in the same work of Kuhl et al. (2021) that the
presence of talc can lead either to the increase or decrease
of oxytetracycline levels depending on its concentration in
the medium. In many other studies focused on MPEC, the
concentration of microparticles was found to be an important
factor in the context of stimulating the production of metabo-
lites and enzymes (Antecka et al. 2016b; Coban and Demirci
2016; Driouch et al. 2010a, 2012; Kaup et al. 2008; Gonciarz
and Bizukojc 2014; Yatmaz et al. 2016). The mechanistic
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effects of microparticles on the formation of filamentous
pellets were discussed by Driouch et al. (2010b). Briefly,
microparticles interfere with spore agglomeration during
the initial phase of pellet formation and the concentration of
microparticles visibly affects the outcomes of this process.

The relatively low levels of lovastatin obtained in the “A.
terreus vs. C. unicolor” case study were due to the medium
composition. Based on our previous experience and the
preliminary works regarding the growth rates and product
formation in submerged mono- and co-cultures (not shown
here), we decided to propagate the co-cultures in the medium
tailored specifically towards C. unicolor development and
laccase production (Antecka et al. 2016b). The rationale
behind this choice was to provide a certain advantage to C.
unicolor, a fungus exhibiting slower growth than the “more
aggressive” A. terreus. Hence, the medium was far from
optimal in the context of A. terreus growth and lovastatin
formation, but the activity of A. terreus in terms of biomass
development and metabolites production was still observed.
In fact, even in the suboptimal medium, A. ferreus managed
to dominate C. unicolor in co-culture, as indicated by the
laccase levels (Fig. 9b). At the same time, the presence of
laccase activity in co-cultures (Fig. 9b) indicated that C.
unicolor was not eliminated by A. terreus. To confirm that
the laccase activity in co-cultures was due to C. unicolor,
the samples drawn from A. terreus monocultures were also
assayed, but no laccase activity was detected in them.

The study demonstrated that, within a given species, the
microparticles can differently affect the production capa-
bilities depending on the target metabolite. Such differences
were observed, e.g., regarding the formation of lovastatin
(Fig. 3a) and (+)-geodin (Fig. Sla) in A. terreus monocul-
tures. This is an important issue to consider over the course
of optimization experiments, where, in principle, it is desired
to promote the formation of target molecules while eliminat-
ing or at least lowering the levels of unwanted by-products,
which are difficult and expensive to remove at the down-
stream processing stages.

The “cells versus cells” and “cells versus microparticles”
interactions can be analyzed and discussed on multiple lev-
els, e.g., metabolic, transcriptional, proteomic, morphological,
and, importantly, with the focus of bioprocess performance.
It is known that the microparticles alter the cellular metabo-
lism of filamentous microorganisms by affecting the oxygen
concentration profiles (i.e., oxygen availability to cells) inside
the pellets (Gonciarz et al. 2016). If the microparticles are
supplemented not to a conventional monoculture but to the co-
culture, the picture gets far more complicated. In this case, the
response of both microorganisms to the presence of micropar-
ticles opens the door for triggering new molecular interactions
which are nonexistent in the non-microparticle co-cultivation
variants. Considering the morphological evolution of filamen-
tous organisms under submerged conditions, the species that
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dominates the co-cultures may “trap” the less aggressive spe-
cies inside its pellets (Boruta et al. 2019), together with the
co-agglomerating microparticles. Being influenced by the
microparticles and the cells of other species bound together
within the pellet core can be expected to have profound meta-
bolic consequences on the producer strain. The response of
the strain to microparticles alone or the accompanying species
alone may thus differ from response elicited by the concerted
action of both these factors.

Regarding the uptake of carbon substrates, it was noticed
that in A. terreus monocultures, glucose was practically
depleted at 72 h of the run regardless the medium (Figs. 3c,
6¢, and 9¢). This behavior was also seen in the “A. terreus
vs. P. rubens” and “A. terreus vs. C. unicolor” co-cultures
(Figs. 3c and 9c, respectively), in which A. ferreus was a
dominant microorganism. By contrast, in the “A. terreus
vs. S. rimosus” co-culture, in which S. rimosus dominated,
the glucose uptake pattern followed the one recorded for
the S. rimosus monoculture and glucose was not seen to
be depleted (Fig. 6¢). The onset of lactose uptake in A. fer-
reus monocultures depended on the medium composition.
In the medium with an initial glucose concentration of 10 g
L', lactose usage was recorded at 120 h (Fig. 3d), while in
the medium containing glucose at the initial concentration
of 20 g L™}, the level of lactose remained unchanged until
168 h of the run (Fig. 6d). In co-cultures, the time corre-
sponding to the onset of lactose utilization followed the pat-
tern recorded for the dominant species, i.e., A. terreus and
S. rimosus in the “A. terreus vs. P. rubens” (Fig. 3d) and “A.
terreus vs. S. rimosus” (Fig. 6d) case studies, respectively.
It was also noticed that the influence of AO on the uptake of
glucose in A. terreus monocultures during the first 24 h of
growth depended on the initial concentration of this sugar
in the medium. Specifically, in the medium containing 10 g
L~! of glucose, the AO-induced improvement of glucose
utilization during the first 24 h was evident (Figs. 3c and 9c),
whereas in the medium that was richer in glucose (20 g L™}),
the difference between the AO and non-AO variant was not
found to be significant (Fig. 6¢).

Regarding the future research efforts related to MPEC,
several possibilities are worth mentioning. Firstly, alter-
native methods of co-culture initiation can be assessed.
For example, instead of directly inoculating the production
medium with the spores accompanied by the micropar-
ticles, as was done here, one may follow the scheme of
2-stage cultivation, i.e., propagate the liquid precultures
in the presence of microparticles and then use these pre-
cultures for inoculating the production medium. In such
a case, the participating organisms would have a chance
to develop individually prior to their confrontation. It
also means that the microparticle-influenced morpholo-
gies would practically develop already at the preculture
stage, unlike in the present study. Secondly, investigating

the influence of microparticle concentration deserves fur-
ther consideration. Thirdly, the current study purposedly
focused on the industrially relevant species and their main
metabolic products. The reasonable continuation would be
to investigate the impact of microparticles on the produc-
tion of secondary metabolites which are formed exclu-
sively in co-cultures and, if possible, elucidate the molecu-
lar response of cells to microparticles in the presence of
the accompanying species. Finally, moving towards the
bioreactor-scale studies to explore the effects of mechani-
cal stress on the morphology and secondary metabolites
production would broaden the perspective on the topic.

To conclude, combining the submerged co-cultivation
with MPEC was suggested and evaluated in the context of
production-related performance and quantitative morpho-
logical characteristics of biotechnologically relevant fila-
mentous species. Firstly, the study demonstrated that the
effects exerted by mineral microparticles on the production
levels in co-cultures and the corresponding monocultures
can differ considerably, even if one of the co-cultivated
species clearly dominates over its partner. Secondly, it was
shown that the outcomes of MPEC are greatly dependent
on medium composition and the duration of the cultivation
process. For instance, the influence of AO on the produc-
tion of lovastatin in A. terreus monocultures can change
from stimulatory to inhibitory at a certain time point or
remain stimulatory throughout the cultivation process,
depending on the chosen medium. Finally, for the first time,
the co-cultivation of A. ferreus (representing Ascomycetes)
with C. unicolor (Basidiomycetes) was investigated.
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