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Microcystin-LR is one of the most prevalent and toxic secondary metabolites produced by cyanobacteria
worldwide, causing global concerns because of its hazardousness to ecosystems and human health. Green Liver
Systems® have been developed to purify contaminated water, however, system capacities need to be extended to
allow season- and location independent applications. Therefore, mycoremediation using temperature resistant
Mucor hiemalis in pellet morphology was considered. In submerged liquid cultures, fungal morphology is species
specific and strongly depends on the cultivation environment. One main focus of the present study was the
investigation of diverse factors influencing pelletization. Moreover, we translated the pellet product into an
immediate application and studied its biosorption ability towards microcystin-LR. Our results showed that pH
was a key factor stimulating pellet formation of M. hiemalis and that inoculum size played an essential role as
well. Final pellet size was limited by the available space in the flask and is therefore directly related to inoculum
size. Microcystin-LR was found to be taken up by pelletized M. hiemalis as quantified via LC-MS/MS
measurements. Our results report for the first time optimized pelletization of M. hiemalis and cyanotoxin uptake
by these fungal pellets in liquid cultures.

1. INTRODUCTION

In the last decades, concern regarding the negative effects
of cyanobacterial toxins on aquatic ecosystems as well as human
health has grown worldwide. Microcystins are heptapeptides,
which attracted attention not only due to their high acute and
chronic toxicities but also due to their global abundance.
Microcystin-LR (MC-LR) in particular, is considered the most
toxic candidate of this family [1] and is produced by
cyanobacterial species belonging to the genera Anabaena,
Microcystis, Nostoc and Anabaenopsis [2-5]. It is toxic to the
liver, promoting liver tumors in humans [6-10], and showed to be

* Corresponding Author

Prof. Dr. Stephan Pflugmacher, Chair of Ecotoxicological Impact
Research and Ecotoxicology, Technische Universitat Berlin, Ernst-
Reuter-Platz 1, 10587 Berlin, Germany. Tel.: +49 3031429023,
Fax: +49 3031429022. Email: stephan.pflugmacher@tu-berlin.de.

acutely toxic in mice [11]. In the aquatic environment, it can have
significant negative effects on the survival of zooplankton
including species of Daphnia [12]. Investigations of the effect in
different early life stages of zebrafish (Danio rerio) showed uptake
of the toxin resulting in growth reduction and malformations [13].
Phytotoxic effects were studied in various aquatic plants such as
Lemna gibba [14, 15] and Ceratophyllum demersum [16]; a clear
dose-dependent inhibition of macrophyte growth with exposure to
low concentrations of MC-LR has been shown. Reduction in
growth, rate of photosynthesis and changes in plant pigment
composition were observed [17]. The stable cyclic structure of
MCs makes conventional water treatment (such as chlorination,
chlorine dioxide, and ozonation) and physicochemical techniques a
challenge, as the removal capability remains limited [18]. More
advanced methods (such as activated carbon in granular or powder
form and membrane filtration) result in high costs and therefore,
the investigation and development of more effective and low-cost
water treatment technologies is of great importance in order to
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ensure the removal of cyanotoxins from aquatic ecosystems. Green
Liver Systems® present a possible way for the purification of
cyanotoxin-contaminated water bodies in a cost-effective,
sustainable and environmentally friendly manner. The system uses
the phytoremediation potential of aquatic submerged plants [19],
i.e. the capability to take up contaminants from the water,
biotransform them enzymatically and lastly, store them in cell wall
fractions, the apoplast or in the vacuoles. Successful results in
respect to cyanobacterial toxin removal were obtained in
simulating Green Liver Systems® in the laboratory and as well in a
small pilot plant in Hefei (Anhui Region, PR China) [20] and
Itacuruba (Nordeste Region, Brazil) [19]. Despite the promising
remediation capacities of Green Liver Systems®, their application
is limited to warm seasons and climates with temperature ranges
suitable for plant growth, development and survival. Hence, there
is a demanding need to search for alternative bioremediating
agents that could be applied season-independently and worldwide
for effective purification of cyanotoxin-contaminated water
bodies. It is therefore of high scientific interest to investigate the
applicability of further organisms as an alternative to aquatic
macrophytes currently used in Green Liver Systems®.
Microorganisms that play a major role in decomposition and
degradation in the ecosystem, based on natural functions are the
fungi. Mycoremediation, as a process of using fungi to degrade
contaminants in the environment, offers a wide application area
and has raised international interest throughout the last decades.
Via non-specific extracellular enzymes (peroxidase, manganese
peroxidase, laccase), fungi are able to breakdown many persistent
complex organic substances, such as lignin and cellulose [21, 22],
and are therefore responsible for wood decay. This natural
degradation ability of the non-specificity of the fungal enzyme
machinery is used for industrial applications to degrade,
mineralize and remove other natural or chemical organic pollutants
as well [23]. Many white-rot fungi are known to degrade major
environmental pollutants such as munitions waste, pesticides,
organochlorines, polychlorinated biphenyls (PCBs), polycyclic
aromatic  hydrocarbons  (PAHSs), synthetic dyes, wood
preservatives and synthetic polymers [24]. Phanerochaete
chrysosporium is extensively used as a model for white-rot fungal
biodegradation through the involvement of the lignin degrading
system. Mineralization of chloraniline/lignin conjugates, free
chloraniline and their produced metabolites has been successfully
characterized [25, 26]. The fungus proved to remediate atrazine-
contaminated soils [27, 28], various PAHs [29], PCBs [30], TNT
[31], pentachlorophenol [32], 2,4,5-trichlorophenol [33] and many
more. A recent high-tech application is the use of P.
chrysosporium as a tool in different fungal bioreactor systems for
the bleaching in Kraft plant effluents [34], the removal of phenolic
compounds from coking wastewater [35], or the decolorization of
textile dyes [36, 37].

Overall, the use of fungi may be a promising alternative
to plant organisms, however, similar drawbacks are encountered in
regard to temperature limitation of white-rot fungi. P.
chrysosporium for example, has a growth optimum of 30-39 °C

[38], therefore, cultivation would lead to energy expenditure in
biotechnological processes and would still not be the solution for a
universal and season-independent bioremediating system. In order
to overcome temperature limitations, the search for an appropriate
fungal organism has to be extended. Instead of using fungi with
peroxidase enzymes, one can focus on fungi with glutathioneS-
transferase activity. Mucor hiemalis is an aquatic fungus that is
known to express high levels of extracellular glutathioneS-
transferases [39], which are a class of detoxification enzymes. Its
degradation potential has been highlighted in regard to the
herbicide isoproturon [40]. Moreover, it displays functional groups
on the cell wall surface that enable absorption of heavy metals and
is therefore used for the removal of nickel [41], chrome [42],
mercury, etc. from ground- and surface water, purification plants,
waste water and industrial water [43]. Most importantly, the
fungus still sporulates even at ground water temperatures of 5 °C
and is resistant to high hydrogen sulfide concentrations [39]. Our
previous study showed its resistance to three globally occurring
and structural diverse cyanobacterial toxins [44]. Growth and
development were not affected in the presence of these toxins and
uptake could be detected in the mycelium after exposure.
Xenobiotic  resistance and good biosorption ability are
prerequisites for the use of the fungus as a bioremediating agent.
These promising results sustain further research to answer the
question: Is M. hiemalis a possible alternative for the remediation
of cyanotoxins from contaminated waters? Hence, investigations
on uptake in submerged liquid cultures have to be undertaken in
preliminary laboratory experiments. As the present fundamental
research will serve for the development of future fungal
bioreactors, it is important to establish systems that are operating
with the ideal morphological growth form. Concerning
biotechnological applications, it may be useful to develop devices
that work with pelletized fungal biomass. The filamentous
mycelial growth causes problems in bioreactors as it could
interfere with bioreactor components leading to decreased
productivity, reduced growth and negatively affecting the potential
for bioremediation [45]. Hence, using compact pelletized fungal
biomass in bioreactor technology provides many advantages,
including decreased broth viscosity, easier separation, improved
aeration, stirring, heat transfer, and a larger surface area which
reduces the mass transfer limitations and enhances uptake [46, 47].
Many filamentous fungi have the ability to grow in the form of
small spherical pellets of intertwined hyphae, however, this
morphology has been shown to be species specific and to strongly
depend on cultural conditions. Pellet formation has been
extensively studied for different filamentous fungi, and many
approaches for the pellet formation of Rhizopus (R.) spp. [48-51]
and different species of the genus Aspergillus (A.) [52-54] have
been found. The factors affecting pellet formation are not only
genus but also species specific. To the authors’ knowledge, pellet
formation of only one Mucor species has yet been reported [55].
The aim of this work was therefore to investigate the optimal
condition for the pelletization of M. hiemalis, as to date no
information exists on pellet formation of this species and
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pelletized fungal biomass offers many advantages in
biotechnological applications. Investigations of various factors that
have been reported to influence fungal morphology, such as
temperature, medium composition, pH, inoculum size, additives,
agitation rate, volume, or flask shape are presented. Finally, we
demonstrate the ability of M. hiemalis to incorporate MC-LR into
the produced fungal pellets to show uptake ability, which is
required for the remediation of toxins from water.

2 MATERIALS AND METHODS

2.1 Microorganism and inoculum preparation

The fungal strain M. hiemalis EH5 (DSM 14200) was
previously isolated as an aquatic H,S-resistant strain from the
sulfidic-sulfurous Irnsing spring water biofilms in Bavaria,
Germany [56]. M. hiemalis cultures were grown on solid malt
extract agar substrate as previously reported [44]. Spores were
harvested from four-week-old colonies by washing the mycelial
surface with sterile distilled water. Suspended sporangiospores
were collected in Falcon tubes, centrifuged (5 min, 4000 x g) and
washed three times with sterile distilled water. The spore
concentration was determined using a Neubauer hemocytometer
and various concentrations (10°-10° spores/mL) were prepared in
sterile distilled water for further inoculation procedures described
in section 2.3.

2.2 Culture medium

Pelletization was tested in three different culture media;
(1) nitrogen (N)-limiting medium, adapted from Kirk et al. [57],
(2) Sabouraud dextrose broth (SAB) (Sigma-Aldrich) and (3) SAB
containing the same vitamin composition as described by Kirk et
al. [57]. The vitamin solution consisted of biotin (5 mg/L), folic
acid (5 mg/L), thiamine hydrochloride (12.5 mg/L), pyridoxine
hydrochloride (12.5 mg/L), cyanocobalamin (2.5 mg/L), nicotinic
acid (12.5 mg/L), DL-calcium pantothenate (12.5 mg/L), p-
aminobenzoic acid (12.5 mg/L) and thioctic acid (12.5 mg/L)
(Sigma-Aldrich) [57]; of which 0.5 mL was added to one set of
SAB medium per liter. The influence of solid particles was
investigated by adding CaCO; (9 g/L, Sigma-Aldrich) and CaO,
(0.025%, Sigma-Aldrich), into the culture medium respectively as
described in section 2.3; and trace metals used consisted of MgSO,
* 7 H,0 (25 ppm, Merck), ZnSO, * 7 H,O (4 ppm, Roth), FeSO,*
7 H,O (250 ppb, Roth). HCI, NaOH and phosphate-buffered saline
(PBS, 10 mM) were used to correct the pH of the media. PBS was
adapted as a 1 x solution following the Cold Spring Harbor
Protocols instructions [58].

2.3 Cultivation method

Submerged cultivation of M. hiemalis was carried out in
Erlenmeyer flasks (100 mL medium) on a rotary shaker (Orbital
thermoregulated bath 9006, HT INFORS AG) for a maximum of
21 days in the dark. Spore stocks (10%-10° spores per milliliter)
were prepared by dilution and stored in distilled water at 4 °C in
the dark until inoculation. The inoculation volume was kept

constant (1 mL) resulting in various inoculum sizes (Table 1).
Triplicates per test experiment were performed to observe the
influence of the cultivation conditions on fungal morphology.
Parameters are specified and summarized in Table 1. First, fungal
growth and morphology using two different inoculum sizes (10°
and 10* spores/mL) were observed in different media types in
order to choose the most appropriate medium for further
experiments. Temperature, agitation rate and the addition of
calcium carbonate, calcium peroxide and trace metals respectively,
were tested in a matrix to observe morphological characteristics. A
pH range from 4 to 8 and inoculum sizes ranging from 10" to 10°
spores/mL were tested on the effect of morphological growth.
Optimal pH was defined, and the effect on the morphology after
adjustment with sodium hydroxide, calcium carbonate and PBS
was compared. Normal and baffled shaped flasks, and a change in
culture volume (100 and 200 mL) were tested to evaluate the
influence on pellet formation.

Table 1: Parameters and ranges tested that influence the probability of pellet
formation of M. hiemalis in liquid submerged cultivation.

Patr:srtT:ater Unit Range
Media type N-limiting, SAB+V, SAB
Temperature °C 20, 25, 30, 35, 40
Agitation rate rpm 110, 125, 130, 180
pH 4,45,5,55,6,6.5,7,75,8
Inoculum size mL?  10% 107 10° 107 10°, 10°
Additives CaCOs, Ca0;, trace metals, HCI, NaOH, PBS
Flask shape normal, baffled
Volume mL 100, 200

Size variation of pellets was observed by inoculating Erlenmeyer
flasks with different amounts of seven-day old pellets (5, 10, 20
and 50 pellets per flask). Flasks containing 100 mL of SAB
medium and the specified amounts of pellets, were incubated at 25
°C and constantly shaken at 130 rpm in the dark. Diameters were
measured after 24 and 48 hours of incubation.

2.4 Analytical methods

The pH of the media was measured using a digital pH
meter. The morphological growth form of M. hiemalis was
observed visually after seven to fourteen days of incubation and
was classified into one of four characterized groups: pellets
(uniform spherical shaped balls), clumps (non-uniform irregular
large aggregates), filaments (freely dispersed mycelia, non-
aggregated fungal material), or no growth. Pellet-forming cultures
from each flask were dispensed separately in sterile Petri dishes
and counted with a sterile pair of tweezers. Biomass was
determined as dry weight (dw) after lyophilization (-50.2 °C,
0.1043 mbar for 24 hours in a Lio 5P Freeze-drier, Kambic
Laboratorijska oprema d.0.0.).

2.5 MC-LR extraction method

For the determination of extraction recovery from the
pellets, a defined aliquot of MC-LR (100 ng) was directly added to
50 mg pelletized fungal biomass (dw). Extraction recovery was
investigated in triplicate and the established extraction method was
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then applied for toxin extraction from exposed fungi. Lyophilized
samples were snap-frozen and disrupted mechanically using a
TissueLyzer (5 mm beads, 5 min treatment, 50/s) until a fine
powder was obtained. Then, 0.1% trifluoroacetic acid in 70%
methanol was added (5-10 pL per mg dw) and the suspension was
sonicated for 60 minutes in an ultrasonic water bath (Allpax,
Gmbh & Co. KG). This was followed by vigorous vortexing for
three minutes, followed by centrifugation (15 min, 8000 x g). The
supernatant was transferred and the remaining pellet re-suspended
in half of the volume used at first extraction cycle, repeated twice
in total. The remaining pellets were discarded and supernatants
were combined and re-centrifuged before analysis on the liquid
chromatography tandem mass spectrometer (LC-MS/MS) system.
Measurement and quantification of the toxin was performed as
previously reported [44].

2.6 MC-LR exposure

In order to examine the biosorption ability of pelletized
M. hiemalis, seven-day old pellets (with a diameter of 5 mm) were
transferred into Erlenmeyer flasks containing 50 mL of SAB
medium. Varying pellet numbers (3, 5, 10 and 25 pellets per flask)

Table 2: Matrix table with factor correlation
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were exposed to 100 ng/mL MC-LR. The control contained three
pellets and no toxin to ensure the absence of MC-LR in the fungal
strain. The experiment was conducted in triplicate. Sample
collection was performed after 48 hours of incubation on a rotary
shaker at 130 rpm, at 25 °C in the dark. Pellets were sieved,
washed thoroughly with distilled water, snap-frozen and freeze-
dried (-50.2 °C, 0.1043 mbar for 24 hours in a Lio 5P Freeze drier,
Kambi¢ Laboratorijska oprema d.0.0.). MC-LR extraction was
conducted as described in section 2.5. LC-MS/MS quantification
was performed as per Balsano et al. [44].

2.7 Statistical analysis

SPSS Statistic software was used for statistical analysis
(o = 0.05, 95% CI). Multi-variate analysis was performed as an
overall multiple linear regression to investigate the effect of all the
factors listed in Table 1 on the morphological form of M. hiemalis.
Sectional multiple linear regression was additionally applied in
order to investigate especially the effect of pH and inoculum size
on the probability of pellet formation. Post-Hoc and t-tests were
conducted to analyze uptake and growth results after fungal
exposure to MC-LR.
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*Additives are CaCOs (A), Ca0, (B), trace metals (C), HCI (D), NaOH (E), and PBS (F). Flask shape is normal (n) or baffled (b). Tick
indicates pellet formation, and cross no pellet formation; nd stands for not determined.
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3. RESULTS AND DISCUSSION

Morphological characteristics of filamentous fungi
grown in liquid culture strongly depend on the culture parameters.
The pelletized form of M. hiemalis offers many advantages in
industrial purposes and may be useful for application in bioreactor
technology for the removal of cyanobacterial toxins from
contaminated water. Therefore, different factors that may enhance
the probability for pellet formation have been studied. A matrix
table was established, which correlates all the tested factors with
each other to summarize under which conditions pellet formation
of M. hiemalis was observed (Table 2). We show a strategic
approach by a stepwise optimization of different factors that
influence fungal morphology and subsequently analyze the
influence of all the factors on the likelihood to promote pellet
formation by an overall multivariate linear regression.

The presented overall multiple linear regression model
(Equation 1) analyzed the effect of all tested factors on pellet
formation (results were characterized as “pellet formation yes/no”,
Table 2) and predicted that flask shape exhibited significant effects
on fungal morphology (p = 0.011), however, medium composition
(p = 0.995), temperature (p = 0.116), agitation rate (p = 0.633),
inoculum size (p = 0.683) and additives (p = 0.993) did not have a
statistically significant influence on pellet formation if the
complete data set was considered. The results on fungal
morphology are highlighted in Equation 1.

Morphology = 0.002 — (0.002 x media type) + (0.062 x
temperature) — (0.012 x agitationrate) + (0.280 x pH) —
(0.051 x inoculum size) — (0.001 x additives) + (1.338 x
flaskshape) — (0.011 x volume) Eq. (1)

The equation was developed using SPSS and multiple
linear regression. Dependent variable (morphology) and
independent variables (factors affecting morphology) were
modeled using linear regression analysis and the result was
expressed as a linear function of all variables. The unstandardized
coefficients calculated by the model have been inserted into a
linear function (Equation 1). Accordingly, the low factor values of
the additives, media type, volume, and agitation rate, listed in
ascending order do not act significantly on fungal morphology.
Flask shape and pH demonstrate strongest effects on fungal
morphology, followed by temperature and inoculum size.

3.1 The influence of media type

Three different basic types of media were compared to
investigate growth behavior and morphological forms of M.
hiemalis in liquid submerged cultures: The N-limiting variation of
the medium developed by Kirk et al. [57], SAB medium with the
addition of vitamins (SAB+V) and SAB medium without (SAB).
Biomass production was characterized as dry weight (lyophilized
biomass) after three weeks of cultivation on a continuously
shaking rotator. Dry weights were 0.6 + 0.03 g and 0.6 + 0.01 g for
SAB+V and SAB respectively, which shows that there is no
statistical difference if media were supplemented with vitamins or
not (p = 0.991). However, growth was found being three fold

higher in both SAB media if compared to the fungal growth in the
N-limiting medium, where dry weights were only 0.2 + 0.03 g (p
< 0.001) (Figure 1).

0.7 A
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S 0.5 -
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£
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0 T T
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Fig. 1: Biomass production of M. hiemalis expressed as dry weights after three
weeks of cultivation in different media types (Nitrogen-limiting, Sabouraud
dextrose broth with vitamins and Sabouraud dextrose broth without the
addition of vitamins) on a rotary shaker. Data represent means * standard
errors (n = 3).

Even though the fungal growth was influenced by the
media type, morphology was not. In all three media, with an initial
inoculum size of 10” sporangiospores per milliliter, the fungus
grew in the form of filaments, whereas if the spore concentration
was raised to 10* spores per milliliter, clumps were prevalent.
Opposite results were found for P. chrysosporium, where an
increased inoculum level led to the transition of clumps to more
filamentous morphologies [59] and similar results were found for
A. niger, however, much higher inoculum sizes were used in both
cases, i.e. 10* to 10°, 10° spores per milliliter, respectively [52].
However, in this study, media type did only influence the growth
extent but not the morphological growth form of M. hiemalis.
Because of the simpler formulation of the medium, the enhanced
growth and the same morphological profile of M. hiemalis in SAB
without the addition of vitamins, this medium was chosen for
further experiments. On the basis of SAB, additional factors were
studied to evaluate the effect on fungal morphology. Table 1
shows all the parameters that have been varied to investigate the
effect on the morphology of M. hiemalis. Additives (CaCOj3, CaO,,
and trace metals) that led to the pelletization of other filamentous
fungi [49, 55, 60, 61] were tested for the pellet formation of M.
hiemalis as discussed in section 3.6. HCI, NaOH and PBS buffer
were used to adjust the pH of the medium and the effect is
discussed in section 3.2.

3.2 The influence of pH

The pH and culture media volume both did not have a
statistically significant effect when analyzed by a general multiple
regression model, however, p-values were lower compared to the
other factors (p = 0.070 and 0.075, respectively). Therefore, data
was analyzed separately in more detail by sectional multiple linear
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regression in order to elucidate these effects only after
optimization of cultural conditions. The effects of the different
sources that contributed to an alkaline pH shift in cultural media
were compared. Focusing on the effects caused after addition of
sodium hydroxide, the resulting pH had a statistically significant
effect on pellet formation (p = 0.032).

The pH of the culture medium is a measure of the
concentration of H* ions present in a solution and contributes to
surface phenomena, which might explain its role in relation to
pellet formation. The negatively charged functional groups
existing on the surface of the fungal cell wall, phosphates,
proteins, and carboxylate groups, may undergo protonation at low
pH, leading to an increase in the positive charge density on the cell
surface. The magnitude of net charge influenced by pH is species
dependent [62].

Here, development of dispersed mycelial filaments of M.
hiemalis in the pH range from 4 to 7 were observed, likely due to
mutual repulsion. At an acidic to neutral pH, charged cell wall
surfaces are predominant in the fungus and hyphae with net
charges of the same sign may repel each other and push
themselves to grow apart. The exertion of repulsive forces resulted
in the growth of dispersed filaments lacking the affinity of fungal
cells to aggregate. With the decrease of repulsive electrostatic
interactions in correlation with the increase of the pH toward the
cell isoelectrical point, the surface charge decreases, and cells were
more likely to aggregate and the fungus grew in the form of
intertwined hyphae. Similar observations were reported for A.
nidulans, where pellet formation was mostly attributed to the pH
dependent electrical charge and hydrophobicity of the
conidiospores [53].

Favorable hyphal attraction of M. hiemalis was expressed
in the range of 7 to 8, where coagulation of hyphae resulted in the
formation of homogenously compact pellets. Within this pH range
after adjustment with sodium hydroxide, filamentous growth did
not occur. However, clumpy growth was observed, when pH
reached 7.5 after addition of calcium carbonate or adjustment with
phosphate buffer, showing that morphology not only depended on
dissociated H" protons but also on the counter ions present in the
media, which may interfere with fungal cell surfaces inducing
agglomeration. In comparison, M. circinelloides formed small
pellets with little growth at an initial pH of 3. When the pH was
adjusted to 5.3 after 18 hours, cell growth was stimulated, showing
compact, spherical, smooth pellets in the presence of
CaCO; and loosely packed, fluffy pellets in the presence of NaOH
[55].

In contrast, M. hiemalis did not pelletize if pH was lower
than 7 and we concluded, that initial pH adjustment with NaOH
was necessary however, only needed to stimulate pellet formation,
and no further pH control and adjustment was necessary. Once the
pellet was formed, the fungus kept growing in the form of a pellet,
even if the pH was not controlled constantly or has dropped due to
fungal metabolism. Figure 2 shows the spherical growth of
transferred pellets in original SAB medium. This is in contrast
with pellet studies on M. circinelloides, where pH was monitored

and kept constant at 5.3 in order to enable pellet formation and
spherical growth [55].

3.3 Growth of pellets

Different amounts of pellets were transferred to new
flasks and growth was monitored after 24 and 48 hours of
incubation. Pellets kept growing spherically (p < 0.05) and
reached maximum sizes that were limited by the available space in
the flask (Figure 2).

Pellet diameter [mm)]

10 20 50

Pellet number

Fig. 2: Growth of pellets. A) Aliquot of seven-day old M. hiemalis pellets (left)
and “transferred” pellets after 48 hours, re-incubation in original SAB medium
(right). B) Spherical growth of M. hiemalis (measured in millimeters) in
original SAB medium dependent on the incubation pellet number. Data are
means * standard errors of five replicates measuring five pellets per replicate.
Bars represent measurement points at time point 0, 24 and 48 hours (in the
order black, striped and dotted).

Figure 2 shows how maximum pellet sizes depended on
the inoculation pellet number. Figure 2A represents the typical
diameter (5 mm) of the fungal pellets and the larger diameter (20
mm) achieved when re-inoculated and allowed to grow with more
space (Figure 2B). The pellet diameter increased with the decrease
in pellet number (p < 0.05) monitored after 24 and 48 hours (p <
0.05). This shows that sufficient available space is needed for
pellets to expand in size and may in part explain why pellet
formation was not observed at all spore concentrations within the
fixed pH optimum as explained in section 3.4.

3.4 The influence of inoculum size

Separate statistical analysis was used to reveal the
influence of inoculum size on fungal growth behavior by means of
a sectional multiple linear regression model. All data at
concentrations 10%, 10% 10° 10* spores/mL and initial pellet
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inducing pH control were analyzed in respect to the effect of
inoculum size on pellet formation. Our results showed a
statistically significant effect of inoculum size on the probability
of pellet formation (p = 0.027). The optimal spore concentration
for pelletization was found to be 10° spores per milliliter. Cultures
with lower spore concentrations (10'-10% spores/mL) resulted in
low or not macroscopically visible growth. Cultures with higher
spore concentrations (10*-10° spores/mL) yielded large clumps.
Takahashi and Yamada distinguish two mechanisms of pellet
formation, the coagulating and non-coagulating type and it is
assumed that the genus Mucor is classified into the non-
coagulative type [63]. In this case, spores germinate and young
hyphae form small clumps that grow to form pellets. The extreme
case of a non-coagulative behavior occurs if inoculum size is small
enough that the distance between spores remains large enough to
enable each single spore to grow and form one pellet. This
explains not only that pellet growth was restricted to space (Figure
2) but also that there must be a critical inoculum size in non-
coagulative fungi, which nonetheless depends on the agitation
level [64]. Keeping the agitation rate constant at 130 rpm for the
cultivation of M. hiemalis, biomass was too large if inoculum size
was higher than 10° spores per milliliter. Exceeding this inoculum
size (i.e. 10*-10° spores/mL) resulted in clumping of all hyphae
and the formation of larger irregular clumps, whereby pellet
formation was prevented. At high concentrations the hyphae
interact with each other in the early stages of growth, thereby
preventing the development of pellets. Therefore, the spore
concentration of 10° per milliliter has been characterized as the
critical inoculum size for M. hiemalis, which was two magnitudes
higher than for M. circinelloides, but much lower in comparison to
other pellet-forming fungi. P. chrysosporium has been reported to
pelletize at a spore concentration of 10°/mL or higher [65, 66]. The
filamentous fungus R. oryzae showed pellet formation when 10°
spores per milliliter were incubated [67]. Inoculum size appeared
to be a critical factor in pellet formation; however, pH changes still
provoked the strongest effects on fungal morphology of M.
hiemalis. Refinement of the initial pH of the growth medium was
crucial for promoting pellet formation, and adjustment of spore
concentration was essential in order to provide appropriate space
to grow. Interplay of both factors has to be considered for
successful pelletization of M. hiemalis.

3.5 Effect of shear forces

Additionally, in the present study factors connected to
impact on mechanical forces have been investigated. Among them,
volume had substantial effects on pellet formation. Pellets were
only formed when 100 mL media were used, whereas in 200 mL
no pellet formation was observed. A change in volume creates a
different force and resulting fluid dynamics. It is possible that a
larger volume requires higher agitation speed to enable a
comparable liquid movement required for pelletization. However,
this was not tested here. Moreover, too much volume reduces
oxygen transfer, whereby a smaller volume maximizes the surface
area exposed to the available air and produces sufficient supply of

oxygen and removal of carbon dioxide [68]. Flask shape had
negligible effects on the morphology under optimized medium
composition conditions, however smoother pellets were obtained if
baffled flasks were used rather than normal shaped flasks, showing
that additional shear forces slightly influenced pellet
characteristics. Agitation was important for good mixing to keep
spore-to-spore distance large enough to prevent clumpy growth,
and moreover it created shear forces, which influenced fungal
morphology. The agitation rate (110-180 rpm), however, did not
have a statistical significant role in pellet formation (p = 0.633).

3.6 Effect of additives

The supplementation of additives (CaCO3, CaO,, or trace
metals) did not exhibit positive effects on pellet formation in
contrast to what was reported for other filamentous fungi [49, 55,
60, 61]. Trace metals in the cultivation medium significantly
promoted the formation of pellets of R. oryzae ATCC 20344 [49,
60], whereas in the present study trace element addition did not
promote pelletization. Addition of solid particles, such as calcium
carbonate, which was barely soluble in the medium, showed a
clear negative effect on the probability of pelletization of M.
hiemalis. Conversely, numerous studies showed that the addition
of solid particles enhanced the probability of pelletization of
different fungi, e.g. the addition of rice promoted pellet formation
of R. oryzae [67] and titanate (TiSiO4) microparticles resulted in
the pelletization of A. niger [69]. Moreover, the addition of
calcium carbonate not only favored pellet formation in R. oryzae
[70] but also induced pelletization of the species circinelloides of
the genus Mucor [55]. Generally, the addition of calcium ions (in
the form of CaCO; or Ca0,) both did not promote pellet formation
of M. hiemalis, however in R. oryzae and A. niger, the addition of
Ca”* ions in the form of CaCl, resulted in the production of pellets
for both fungi [50, 71].

3.7 Effect of temperature

In regards to cultural temperature, M. hiemalis grew from
23 °C to 30 °C. Variation of the temperature within that range did
not have an influence on pellet probability, but fungal growth was
inhibited if the cultivation temperature reached 40 °C. Future
studies are required to investigate growth and biosorption potential
of pelletized M. hiemalis at lower temperatures.

By modifying the cultivation conditions, the filamentous
fungus M. hiemalis was successfully manipulated into growing as
pellets. In summary, a total of eight different factors and their
synergistic effects were considered. The factors included media
type, temperature, agitation rate, inoculum size, pH, additives,
flask shape, and volume. The different combinations resulted in
growth, ranging from large irregular shaped clumps or spherical
pellets to completely dispersed mycelia. When comparing
morphological results to other fungi tested in literature, it clearly
shows that influence not only varies from genus to genus, but also
between species. A multifactorial experimental design developed
and applied to Rhizopus sp. showed that temperature not only led
to a faster development but also increased the probability, and
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agitation rate, calcium ion concentration, pH and solid cellulose
particles each had significant effects on pelletization of the fungus,
whereas inoculum size and liquid volume, both factors that
showed to influence M. hiemalis pellet formation, were not found
to have a significant effect on Rhizopus sp. [50]. While pH
adjustment during cell growth via addition of calcium carbonate
was used to induce pellet formation of M.circinelloides [55], the
addition of calcium carbonate suppressed pellet formation of the
Mucor species in question and constant pH control was not
necessary for pellet growth. Obviously, the factors influencing
fungal morphology are many that have to be considered, and only
an experimental adaptation of the culture parameters allows pellet
formation for the fungus in question.

3.8 MC-LR uptake by fungal pellets of M. hiemalis

Uptake experiments were performed to examine the
biosorption capacity of M. hiemalis at varying pellet numbers per
exposure flask. The extraction method used to isolate MC-LR
from fungal pellets yielded excellent recoveries (100 + 2%) as a
total of 97.8 £ 2.5 ng MC-LR (n = 3) were quantified via LC-
MS/MS analysis in the test samples containing 50 mg untreated
pelleted fungal biomass (dw) and 100 ng MC-LR. The same
extraction procedure was applied to toxin treated samples and
extracted toxin was analyzed and quantified via LC-MS/MS. The
fungus showed uptake between 0.2-0.4 micrograms MC-LR per
gram pelletized biomass (dw) (p < 0.05) for all pellet numbers
tested. No statistical difference of uptake could be observed when
comparing 3, 5 or 10 pellets (p > 0.05). However, a statistically
higher concentration of MC-LR was detected when 25 pellets per
flasks were used (p < 0.05). Figure 3 graphically shows the total
uptake in nanograms that was achieved by using pelletized M.
hiemalis. Growth expressed as milligram dry weight after 48 hours
of exposure was plotted on a secondary axis. The ratio between
total uptake and biomass lies in the same range for all the pellet
numbers (p> 0.05), which explains why a statistically higher
amount of toxin has been biosorbed within the pellets when 25
pellets were used, as a much higher amount of biomass was
obtained after 48 hours of incubation and exposure (p < 0.05).
Comparing biomass of three pellets exposed to the toxin to three
pellets of untreated controls, we observed that no statistically
significant growth variation occurred (p = 0.365). This explains
that growth behavior of the fungus was not negatively affected in
the presence of cyanotoxin, which confirms the results obtained in
a previous study [44].

To the authors’ knowledge, this is the first report to
introduce cyanobacterial toxin uptake in pelletized filamentous
fungi. Further studies are suggested to enhance biosorption ability
using larger fungal biomass and a longer exposure range, as well
as examine the optimal concentration range for best toxin removal.
It can be concluded that M. hiemalis is an attractive organism to be
further studied for the capacity expansion of the approved Green
Liver Systems® due to the similar biosorption potential of the
fungus towards MC-LR compared to several aquatic plants. In M.
hiemalis pellets, 0.7% of the total applied MC-LR was internalized

when using 25 pellets. This is similar compared to the uptake
reported in Ceratophyllum demersum, Elodea canadensis and
Vesicularia dubyana, where 0.6-1.75% of the total toxin exposure
concentration could be detected intracellularly [72]. Lemna minor
and Chladophora fracta were exposed to a concentration that was
100-200 times higher than what was applied to M. hiemalis
cultures in the present study, nonetheless, similar intracellular
toxin concentrations were detected and this only after a prolonged
exposure of five days [73]. The present study focuses only on
fungal uptake of MC-LR, but further studies are suggested to
investigate possible degradation of the toxin via extracellular or
intracellular enzymatic pathways in the fungus. Toxin removal
from the water could be achieved by using M. hiemalis pellets in
bioreactor technology, which inspires future work on pelletized M.
hiemalis as a mycoremediation tool in bioreactors for the removal
of cyanobacterial as well as other hazardous toxins from
contaminated water.
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Fig. 3: Microcystin-LR uptake in fungal pellets of M. hiemalis. Total toxin
uptake [ng] plotted on the primary axis (black bars) and fungal biomass
expressed as lyophilized dry weight [mg] plotted on the secondary axis (white
bars) after 48 hours of incubation and exposure to 100 ng/mL of the cyanotoxin
versus different amounts of fungal pellets. The positive control (C+) in the
absence of toxin contained three pellets. Data represent means + standard errors
(n=3).

4. CONCLUSIONS

The present study is the first report of a cultivation
method for the pellet production of M. hiemalis in liquid
submerged cultures. When comparing factors that influence fungal
morphology, there is a clear difference not only between genera,
but also between species of the same genus. Initial sodium
hydroxide based pH adjustment of Sabouraud dextrose broth
medium was crucial for the pellet induction in M. hiemalis cultures
with inoculum size of 10° spores per milliliter in baffled (or
normal shaped) Erlenmeyer flasks with a volume of 100 mL
medium. The study combines the application of the obtained
fungal pellets with biosorption experiments towards the
cyanotoxin microcystin-LR. Toxin uptake into fungal pellets was
demonstrated, which is an essential prerequisite to the applicability
of an organism in water remediation. The results motivate further
work in order to establish fungal bioreactors that may be used for
efficient cyanobacterial as well as other toxin removal from
contaminated water.
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