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Abstract: Due to its growth under harsh acidic conditions, the microalga Galdieria sulphuraria may
offer the opportunity to combine sanitation and the utilization of organic waste streams. To further
deepen the knowledge of alternative waste treatment strategies that allow for holistic utilization, the
control and removal of microbial contaminants via non-sterile heterotrophic G. sulphuraria on food
waste hydrolysate were investigated in a continuous flow bioreactor culture. Furthermore, a substrate
reservoir and harvested biomass were stored under non-sterile conditions over a period of 12 days.
Despite the non-sterile conditions, the microbial load of the biomass could be kept under control.
Neither the pathogen Salmonella sp. nor the coliform bacteria Escherichia coli could be found. Only
nine counts per g of biomass were found for species belonging to Enterococcus spp., Enterobacteriacae,
and moulds. Aerobic spore formers were counted with 2700 counts per g of biomass. Most of the
aerobic mesophilic counts were formed by yeasts (1.5 × 106 vs. 1.3 × 106 counts per g biomass). The
results revealed that, when using acidic growth conditions, contamination will not take over the
culture; thus, the sterilization of waste materials can be skipped. It is assumed that such an approach
can result in efficient processes for future waste-based bioeconomy strategies.
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1. Introduction

The increasing demand for food [1,2] and bioenergy [3] has led to an increase in
waste streams that need to be managed in an efficient and sustainable way [4]. The proper
management of organic wastes is a critical issue for society. The improper management
of organic wastes, such as agricultural by-products, food waste, and manure, can result
in environmental problems, including the release of greenhouse gases, soil, and water
contamination [5,6], as well as pathogen proliferation [7].

The bioeconomy is a concept that refers to the production and use of renewable
biological resources to replace fossil-based materials and energy. In this aspect, waste
streams can be considered as valuable resources in the bioeconomy [8,9]. One approach
to addressing the environmental issues associated with organic waste and allowing its
utilization is through the use of heterotrophic algae-based bioprocesses for the conversion
of organic wastes into valuable products, such as biofuels, chemicals, feed, and food, due
to the ability of microalgae to make use of organic carbon and nitrogen compounds [10–13].
For example, Galdieria sulphuraria is a red alga that has been shown to be highly tolerant to
extreme environmental conditions, such as high temperatures and low pHs [14,15]. The
utilization of organic waste streams using G. sulphuraria typically involves the heterotrophic
cultivation of the alga in a bioreactor, where the algae can use organic matter as a carbon,
nitrogen, and phosphorus source for growth [16]. During this process, the organic matter
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is converted into biomass, which can be harvested and converted into valuable products.
G. sulphuraria is a promising candidate for the bioprocessing of wastes, as it can grow in
harsh environments and utilize a wide range of carbon sources [17]. Furthermore, harsh
conditions have been shown to suppress or even reduce the microbial load, including
pathogens, and thus contribute not only to the sanitation of organic matter, but also to its
utilization [18–21].

The use of G. sulphuraria offers a promising approach to the management of waste
streams in the bioeconomy. By converting organic waste streams into valuable products,
these bioprocesses can contribute to the development of a more sustainable and circular
economy. Considering the capacity of G. sulphuraria to remove pollutants from municipal
wastewater, further research should be undertaken to boost its contaminant removal ability,
in order to utilize various waste streams [22]. For instance, more insight is needed into
the applicability of G. sulphuraria for the sanitation of organic matter when the cultivation
is carried out under continuous flow conditions with a non-sterile substrate. Therefore,
the aim of this short report and communication was to cultivate G. sulphuraria under
non-sterile conditions in the presence of hydrolysed food waste. Harvested biomass
was stored at room temperature under non-sterile conditions and the microbial load was
determined after 12 days of storage. It was expected that, when using acidic growth
conditions, the sterilization of waste materials could be skipped and the implementation of
a G. sulphuraria-based approach could result in efficient processes for future waste-based
bioeconomy strategies.

2. Material and Methods
2.1. Organic Materials and Galdieria sulphuraria

Food waste was collected from households and consisted of bread, meat, and noodles.
The food waste was stored at −20 ◦C until used in the experiments.

G. sulphuraria strain 21.92 was purchased from the Culture Collection of Algae (SAG,
University of Goettingen, Goettingen, Germany), maintained in 100 mL flasks containing
20 mL of a cyanidium medium consisting of 4 g L−1 of glucose, 1 g L−1 of (NH4)2SO4,
0.02 g L−1 of K2HPO4, and 0.02 g L−1 of MgSO4 × 7H2O at pH 2 and 45 ◦C, and shaken at
130 rpm on an orbital shaker. Subcultivation occurred once per week by adding 50 µL of an
algae suspension to 20 mL of fresh cyanidium medium.

2.2. Food Waste Hydrolysis

For the medium preparation, 985.3 g (dry matter) of bread and 201.8 g (dry matter) of
noodles were suspended in 2.5 L of water and mixed with 20 mL of gluco-amylase (Glu-
coamylase AN, ASA Spezialenzyme GmbH, Wolfenbuettel, Germany). After hydrolysis for
24 h at pH 4.6 and 55 ◦C in a 5 L bioreactor (Sartorius GmbH, Goettingen, Germany), the
hydrolysis was stopped, and the suspension was centrifuged for 10 min at 14,025× g. The
supernatant was acidified to pH 2 and kept frozen at −20 ◦C until used in the experiments.

Furthermore, to produce a source of free amino nitrogen (FAN), 238.2 g (dry matter)
of pig and chicken meat was ground and suspended in 0.5 L of water. The supernatant
was acidified to pH 5.0, mixed with 10 mL of protease (Protease S-02, ASA Spezialenzyme
GmbH), and hydrolysed for 24 h at 55 ◦C in a 1 L bioreactor (Eloferm GmbH, Berlin,
Germany). After the hydrolysis, the suspension was centrifuged for 10 min at 14,025× g.
The supernatant was filtered through a 5–8 µm filter, acidified to pH 2, and kept frozen at
−20 ◦C until used in the experiments.

The digestion of the bread and noodle wastes resulted in a medium containing
162.8 g L−1 of glucose, while the digestion of the meat waste resulted in a medium con-
taining 3.6 g L−1 of FAN. For the final preparation of the feed substrate, 460.5 mL of bread
and noodles hydrolysate was mixed with 37.5 mL of meat hydrolysate and 1 L of water, as
well as being supplemented with 0.75 g L−1 of KH2PO4. The final feed substrate contained
47.4 g L−1 of glucose, 0.09 g L−1 of FAN, and 0.75 g L−1 of KH2PO4. The preparation was
repeated whenever feed substrate was needed.
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2.3. Batch and Continuous Flow Cultures

Batch and continuous flow cultures of G. sulphuraria were carried out in a 5 L stirred
and aerated Sartorius bioreactor at 45 ◦C and pH 2. The stirrer speed was adjusted between
200 and 400 rpm in order to maintain a dissolved oxygen concentration above 20%. The
hydrolysates from the bread, noodles, and meat hydrolyses were mixed and supplemented
with water and KH2PO4 to obtain a medium containing 52 g L−1 of glucose, 0.7 g L−1 of
FAN, and 0.9 g L−1 of phosphate, respectively. The working volume was 1.5 L. Antifoam
was added when necessary and the pH was regulated by automatic additions of 1 M
of HCl or 1 M of NaOH. The inocula were grown for 4 days in 100 mL conical flasks
containing 50 mL of medium, as described in Section 2.2. A 3% (v/v) inoculum was used.
Continuous flow culture was carried out at a dilution rate of 0.38 day−1. The dilution
rate was controlled the by means of a peristaltic pump. The flow was started after a
five-day-long batch phase before the FAN became limited. Neither the equipment nor the
hydrolysate were sterilized. Neither the hydrolysate nor the harvested cells were stored
under sterile or cooled conditions.

2.4. Microbial Analysis

A microbial analysis of the G. sulphuraria biomass was carried out, as described earlier
in [16].

The investigation of the microbiological status of the produced G. sulphuraria biomass
focused on a determination of aerobic, mesophilic microbes, yeasts/molds, entero-bacteria,
enterococci, Escherichia coli, and Salmonella sp. according to § 64 of the German Food and
Feed Code (LFGB) (Amtliche Sammlung von Untersuchungsverfahren—ASU). Finally, the
test for the presence of aerobic spore formers was performed according to the protocol
(ASU L 00.00-88/2: 2015-06).

2.5. Chemical Analysis

A biochemical analysis of the produced G. sulphuraria biomass and a chemical anal-
ysis of the cultivation medium were carried out as described in [16]. The biochemical
composition of the G. sulphuraria biomass was analysed using near infrared spectroscopy
(Unity Scientific GmbH, Weiler bei Bingen, Germany). The FAN and phosphate were deter-
mined following a modified EBC-ninhydrin method and via the generation of molybdenum
blue, respectively. The glucose was determined using HPLC (Shimadzu: LC-10AD pump,
SIL-10AD au-to-sampler, CTO-10AD oven, refractive index detector RID-20A, CBM-20A
communication module).

3. Results and Discussion
3.1. Cultivation of Galdieria sulphuraria

The continuous flow cultivation of G. sulphuraria is shown in Figure 1. The initial
concentrations of the glucose, FAN, and phosphate were 52 g L−1, 0.7 g L−1, and 0.9 g L−1,
respectively. The lag-phase lasted for 2 days and, afterwards, all the nutrients were con-
sumed. After five days, before the FAN became limited, the flow with a dilution rate of
0.38 day−1 was started. The composition of the feed substrate was described in Section 2.3.
After the flow was started, the concentrations of the glucose, FAN, and phosphate levelled
off at around 31 g L−1, 0.1 g L−1, and 0.1 g L−1, respectively, and remained constant until
the end of the cultivation after 12 days.

Between days 2 and 8, the OD increased exponentially from 0.8 to 42.7 AU. Assuming
that the increase in the OD reflected the increase in the biomass, the growth rate was
0.62 day−1. The growth rate was thus faster than the dilution rate and, eventually, the
biomass concentration increased, even though the flow was started after 5 days. Neverthe-
less, after 8 days, most likely the FAN and/or phosphate became limited for G. sulphuraria
and the OD levelled off at around 55 AU. The glucose concentration was not reduced below
31 g L−1, and thus most of the glucose was removed unused with the dilution (Figure 1).
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Over the whole cultivation period of 12 days, 43.8 g (28.5 g L−1) of biomass was
produced. Based on G. sulphuraria biomass dry matter (w/w), the carbohydrate, protein, fat,
and ash contents were 35.7%, 27.4%, 3.2%, and 4.9%, respectively, and thus may represent a
promising source for proteins for various applications [23].

It is challenging to achieve a real steady state using a complex medium. Food waste
hydrolysates may contain compounds in addition to the measured glucose, FAN, and
phosphate serving as nutrients; thus, a detailed quantification of all nutrients is hard to
achieve. However, a steady state is necessary to obtain biomass with a stable biochemical
composition, and fluctuations in nutrients can have a considerable impact [24]. The biomass
produced in this study was, in terms of its biochemical composition, most likely stable for
3 days (Figure 1.)

3.2. Sanitation of Waste Streams

Even though the continuous flow cultivation was carried out in non-sterile condi-
tions and neither the substrate nor the produced biomass were stored under sterile and
cooled conditions, the microbial load of the biomass could be kept under control. Neither
Salmonella sp. nor Escherichia coli could be found. Only nine counts were found for species
belonging to Enterococcus spp., Enterobacteriacae, and moulds. Aerobic spore formers were
counted with 2700 counts per g of biomass. Most of the aerobic mesophilic counts were
formed by yeasts (1.5 × 106 to 1.3 × 106 per g biomass). The yeast formation could already
be seen during the cultivation as precipitate in the storage tank.

In a previous study using phototrophic G. sulphuraria cultures and wastewater, bacteria
were deactivated. The faecal coliform count was reduced to a non-detectable level, resulting
in a log reduction factor of over 7, while the total bacteria population was reduced by a
log reduction factor of 1.7 [21]. In accordance with the authors, Enterococcus faecalis and E.
coli were reduced by log reduction factors of 3.8 and 5.4, respectively. Pathogens such as
Pseudomonas aeruginosa, Salmonella enterica, and Staphylococcus aureus were absent. These
reductions were predominantly caused by the low pH. However, in another study, a
synergistic effect of pH, temperature, sunlight, dissolved oxygen, and algae might have
been responsible for the inactivation observed [19]. Sunlight and dissolved oxygen are
expected to form reactive oxygen species that act against bacteria. Similar results were
found in another study, where the effluent showed high abundances of Aeromonas sp.,
Clostridium sp., Legionella sp., and Streptococcus sp. However, they were absent in the effluent
of the G. sulphuraria, which makes the use of disinfection measures unnecessary [18].
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A reduction in the microbial load of liquid waste streams using phototrophic G.
sulphuraria cultivation was clearly shown, as outlined above. However, when using solid
waste or residue streams, such as digestate, agricultural residues, and food waste, in a
heterotrophic G. sulphuraria cultivation, the pressure from the microbial loads of these
streams is different. Food waste, for instance, has high water and organic matter contents
that can facilitate the spread of microbial pathogens [25]. Furthermore, food waste may
undergo a spoilage process, and it was recently concluded that pathogens and mycotoxins
accumulating during spoilage can present a health hazard [26]. A measure for reducing
the microbial load of food waste is drying [27]. However, the drying of a large amount of
food waste is energy intensive and results in a reduction and not a complete removal of
microbial contaminants such as pathogens. This would still challenge the use of dried food
waste in microbial utilization strategies.

In a previous study, it was shown that, during the hydrolysis of digestate and the
cultivation of G. sulphuraria, the counts of aerobic, mesophilic organisms could be sub-
sequently reduced by a log reduction factor of 3. The remaining microorganisms were
almost exclusively spore-forming ones, which were reduced by a log reduction factor of
2 during cultivation under acidic conditions [20]. In this study using non-sterile food waste
hydrolysate, only a few spore-forming microorganisms and no pathogens were found.
The majority of the contaminants found were yeast cells. Yeasts are known to survive at
a low pH; thus, this could be as serious threat for non-sterile G. sulphuraria cultivation.
However, the growth of the yeast cells could be kept under control and G. sulphuraria was
the dominant species. Nevertheless, the results shown here (where yeasts were dominant)
and earlier [20] (where spores were dominant) indicate the importance of a hygenization
process that works independently of the applied substrates. The acidic growth conditions
did not diminish all the organisms and allowed for control of them. However, in every
case, a further treatment is necessary to diminish all organisms.

The current approaches to organic waste management, such as anaerobic digestion [28],
composting [29], and vermicomposting [30], allow for a reduction in pathogens. Contrarily,
incineration destroys pathogens [31] and antibiotic resistance genes [32]. For anaerobic
digestion and a strongly contaminated feedstock, eliminations were achieved within 6.1 h,
5.5 h, and about 10 h for Salmonella Senftenberg W775, Enterococcus spp., and Ascaris suum,
respectively [28]. For vermicomposting, it can be shown that the homogenization of
materials might be necessary before treatment to eliminate pathogens [30]. Temperature
had a considerable effect on the reduction in S. infantis in a broiler litter during composition,
and, in order to achieve a log reduction of 7, 1.5–1.5 days were needed at 60 ◦C, but
13.7–27.2 days were needed at 30 ◦C [33]. The elimination of pathogens such as Salmonella
enterica was also achieved when hydrolysed waste streams were treated under acidic
conditions for G. sulphuraria cultivations [20]. However, even though pathogens could be
eliminated, there was still life in the form of remaining spore formers, which can grow-up
again under favourable conditions. Nevertheless, except for incineration, no complete
elimination of microorganisms can be achieved with the current approaches to waste
management. Thus, the treatment of hydrolysed organic waste with G. sulphuraria and its
acidic growth condition may represent an alternative.

4. Conclusions

Based on the results obtained in the present, as well as in previous studies, it could be
shown that G. sulphuraria cultivation can be considered as measure for sanitizing not only
liquid waste streams, but also hydrolysates from organic streams. The acidic growth condi-
tions of G. sulphuraria prevented, on the one hand, the growth of microbial contaminations,
and on the other hand, reduced the present microorganisms. However, it should be noted
that microorganisms cannot be completely diminished and those organisms which form
spores or are active under acidic conditions do survive, even over an extended treatment
period (2700 counts per g of biomass). Most of the aerobic mesophilic counts were formed
by yeasts (1.5 × 106 to 1.3 × 106 per g biomass). Yeast formation could already be seen
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during the cultivation as precipitate in the storage tank. Nevertheless, the growth of the
yeast cells could be kept under control. A cultivation of microalgae such as G. sulphuraria
under acidic conditions paves the way towards an effective waste treatment, combining
sanitation and utilization, as G. sulphuraria was, in all the reported studies, the dominant
species, and expensive sterilization steps can be skipped.
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