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Abstract

The growth of the polyextremophile red microalga Galdieria sulphuraria ACUF 064 was evaluated under mixotrophy and
heterotrophy in a 13-L lab-scale stirred photobioreactor, using buttermilk as a carbon source. Beforehand, G. sulphuraria
ACUF 064 growth on glucose, galactose and lactose was evaluated. No significant differences were observed in terms of
growth when lactose, glucose or galactose was used as a carbon source. Overall, the biomass yield on carbon was 70% higher
in mixotrophy than heterotrophy for galactose (2.0 g, g-~') and lactose (2.0 g, g-~'), while it was similar for glucose (1.5 g,
g 1). At the same time, the yield of biomass on nitrogen for cultures grown in lactose was the lowest in comparison to all
the other tested substrates. This was also supported by a higher C-phycocyanin content, with 5.9% w_pc/W, as the highest
value in mixotrophy. A preliminary experiment in flasks under mixotrophic conditions with different buttermilk dilutions
revealed that a dilution ratio of 40% v/v of buttermilk (corresponding to 2.0 g~ L™") was optimal for biomass production.
Finally, G. sulphuraria ACUF 064 was grown in the optimal buttermilk dilution ratio in a 13 L photobioreactor. The high-
est biomass productivity was also obtained in mixotrophy (0.55 g, L™' d™"), corresponding to a carbon removal of 61%.
Overall, lactose-containing substrates such as buttermilk hold promise as a substrate for the growth of G. sulphuraria while
revalorizing an industrial effluent.
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Introduction of dairy industries and it is made of the aqueous phase

released during the churning of cream in butter processing.

The dairy sector is among the most polluting agri-food
industries due to its large water consumption and conse-
quently, the large volumes of wastewater produced (Rag-
hunath et al. 2016). Reducing waste or adding value to
by-products from milk processing is a pivotal strategy to
enhance industrial food-related sustainability (Olabi et al.
2015). Buttermilk is one of the most important by-products
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Between 6.5% and 7.0% of milk produced worldwide is used
for the preparation of butter which results in about 3.2 mil-
lion t year™" of buttermilk generated (Kumar et al. 2019).
Europe is one of the largest contributors with an estimated
production of buttermilk of 2 million t year~' (Ali 2019).
Buttermilk is generally classified as sweet (or cultured)
buttermilk and whey buttermilk (Ali 2019). The most impor-
tant differences between whey buttermilk and cultured but-
termilk are the absence of casein and the low phospholipid
content (Konrad et al. 2013). The chemical composition of
sweet buttermilk is quite similar to that of skimmed milk for
lactose (48.7-53.8% w/w) and protein (31.5-33.1% w/w) and
presents a lower fat content (5.7-13.1% w/w) than buttermilk
from cheese (Sodini et al. 2006; Lambert et al. 2016). Due
to its bioactive properties, buttermilk is currently used in the
formulation of different products for consumption. In cheese,
the increase of sweet-cream buttermilk content significantly
modifies its composition, resulting in a softer and moister
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curd. Cheese containing more than 25% of sweet-cream but-
termilk would not be acceptable from a sensorial point of
view. It can also be used as a powder in the food industry,
which implies the application of energy-costly steps such as
evaporation and spray-drying processes. Although several
studies have reported different uses of buttermilk in several
food products, such as in yoghurt, bakery or cheese (Dewet-
tinck et al. 2008; Vanderghem et al. 2010; Fuller et al. 2013;
Gassi et al. 2016), biotechnological applications with but-
termilk remain limited (Bahrami et al. 2015).

Due to the large number of organic compounds, but-
termilk represents a valuable carbon source useful in bio-
processing. Vigliengo and Reinheimer (2009) found that
whey or buttermilk could be suitable medium ingredients
for biomass production of thermophilic lactic acid bacteria
or other microbes. Some microalgae obtain energy by using
alternatively light or organic substrates, and their cultivation
represents a valid strategy for the treatment of effluents (Jain
et al. 2022). In this scenario, the red extremophile species
belonging to the Galdieria genus are among the most suit-
able microalgae for the valorisation of buttermilk. Galdie-
ria sulphuraria is a polyextremophile unicellular microalga
able to grow at temperatures up to 56 °C and a pH between
0.5 and 4. Additionally, G. sulphuraria presents a versatile
metabolism since it can grow autotrophically, heterotrophi-
cally or mixotrophically (Oesterhelt et al. 1999).

The mixotrophic metabolism consists of the combined
use of an organic carbon source and light energy for chemo-
heterotrophic and photoautotrophic growth. In mixotrophy,
it was observed that the biomass productivity was two-fold
higher than in autotrophy (Abiusi et al. 2021, 2022a; Curien
et al. 2021; Canelli et al. 2023), and pigment production was
higher than in heterotrophy (Sloth et al. 2006). Mixotrophic
growth has been proposed to overcome autotrophy limits for
biomass productivity (Tredici 2010). Galdieria sulphuraria
can use several carbon sources (up to 50 different) (Gross
and Schnarrenberger 1995), including lactose, showing a
wide flexibility in carbon consumption (Tischendorf et al.
2007; Zimermann et al. 2020). Mixotrophic metabolism and
versatility in organic carbon source assimilation make G.
sulphuraria very interesting in bioremediation processes.
On the other side, heterotrophy is a tool to overcome the
costly light-based bioremediation processes using microal-
gae. The heterotrophic production results in higher biomass
concentrations and higher growth rates, and therefore higher
substrate removal rates (Barros et al. 2019). However, con-
tamination by bacteria and fungi is a notable issue when
the medium contains organic carbon (Di Caprio 2020). The
cultivation of extremophilic microalgae is a strategy to limit
the growth of competitors and predators such as bacteria,
improving the efficacy of microalgae-based treatment (Abi-
usi et al. 2022b).
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The main interest in G. sulphuraria lies in the produc-
tion of the high-value blue phycobiliprotein C-phycocya-
nin (C-PC), allophycocyanin, and chlorophyll (Albertano
et al. 2000). Phycocyanins are used as dyes in diagnostic
histochemistry, as colourants in the cosmetics and food
industry and, as therapeutic agents due to their antioxi-
dant properties in the pharma sector (Pagels et al. 2019).
Commercially, C-PC is produced by the cyanobacterium
Spirulina (Arthrospira) platensis in phototrophic cultures,
with all the problems derived from light efficiency use
(Tredici 2010). The cultivation of G. sulphuraria in mixo-
trophy on a large scale could overcome this bottleneck
and it could be used as an alternative source of C-PC.
Additionally, G. sulphuraria could potentially be used
as an ingredient for human consumption due to its inter-
esting chemical and nutritional characteristics (Graziani
et al. 2013).

In the last years, the cultivation of G. sulphuraria on
several organic wastes from the food industry has been
explored. G. sulphuraria 074G growth on food waste from
restaurants and bakeries was evaluated (Sloth et al. 2017),
as well as on granular starch derived from potatoes (Rah-
man et al. 2020). Zimermann et al. (2020) tested whether
the carbon contained in whey permeate was used by G.
sulphuraria SAG 107.79 for growth. Exploiting the same
strain, Russo et al. (2021) assessed another milk by-product,
called “scotta”, derived from second cheese whey. Corn
stover hydrolysates have been recently supplied to G. sul-
phuraria UTEX 29.19 (Portillo et al. 2022), while diges-
tate and hydrolyzed straw were investigated for the SAG
21.92 strain (Pleissner et al. 2021). With a few exceptions,
the growth of G. sulphuraria on carbon sources contain-
ing disaccharides, such as lactose, had not been deeply
explored before. The use of complex carbohydrates (di-, tri,
and polysaccharides) depends on the presence of hydrolytic
enzymes. While polysaccharides are generally converted
into simpler sugars in the extracellular environment, di- and
trisaccharides can only be metabolized in the cytosol, there-
fore requiring specific carriers (Tischendorf et al. 2007).

The present study aimed to assess the possibility of
using buttermilk as a carbon source for both mixotrophic
and heterotrophic cultivation of G. sulphuraria ACUF
064 to obtain high-value biomass and a treated effluent
with a lowered organic load. First, the effect of lactose,
glucose and galactose on growth and C-PC accumulation
was assessed both under mixotrophy and heterotrophy.
Then, the dilution ratio of buttermilk in the synthetic
medium for biomass production was evaluated in lab-
scale batch experiments. Finally, the growth of G. sul-
phuraria ACUF 064 and its phycocyanin content were
evaluated both mixotrophically and heterotrophically in
a 13-L photobioreactor.
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Materials and methods
Microalgal strain, media and cultivation conditions

Galdieria sulphuraria ACUF 064, kindly provided by
“Federico II” Naples University, was cultivated photo-
autotrophically in 250-mL Erlenmeyer flasks containing
100 mL of modified Allen’s medium (Allen and Stanier
1968). The medium used for flask and reactor cultivation
contained the following components (mol L™"): 12.2x 107
H,PO,, 80.0x 10~ (NH,),SO,, 6.5% 10> MgS0O, x 7H,0,
4.7x 10 CaCl,-2H,0, 6.3x 10~ FeNaEDTA, 0.2x 107}
Na,EDTA-2H,0, 1.7x 10 NaCl, 8.1 x 10° KCI, 8.0x 10™*
H;BO;, 8.1 x 107> MnCl,-4H,0, 8.2x 107 ZnCl,, 3.2 x 107
CuS0,-5H,0, 1.7 x 1075 Na,MoO,-2H,0 and 1.7 x 107
CoCl, 6H,0. pH was adjusted to 1.6 with 2 M H,SO,.

Axenic autotrophic stock cultures were incubated in 250-
mL flasks containing 100 mL of culture, in an incubator
(Multitron II, Infors HT, Switzerland) operated at 37 °C,
2% vIv CO,, 60% of humidity, 125 rpm, under a photon flux
density of 100 pmol photons m~ s~! and with a photoperiod
16:8 (day: night). These cultures were used for the experi-
ments described below.

Carbon source flask experiments

Galdieria sulphuraria ACUF 064 cultures, containing either
lactose, galactose or glucose (5 g L™1), were grown mixo-
trophically and heterotrophically. In particular, a 10-day pre-
adaptation period for each carbon source was used to adapt G.
sulphuraria ACUF 064 from autotrophy to mixotrophy and
heterotrophy. Mixotrophic flask experiments were carried out
into 250-mL Erlenmeyer flasks containing 150 mL of modi-
fied Allen’s medium. Cultures were inoculated at a 0.2 OD,5,
with the pre-acclimated culture and incubated at the same
conditions reported above. The same conditions were used for
the heterotrophic experiment, but the flasks were wrapped in
aluminium foil. For both experiments, OD;5, was measured in
samples taken after 0, 22, 27, 46, 70, 75 and 94 h from inocu-
lation. Dry weight (g, L") and cell count (cells mL~") deter-
minations were performed in samples taken after 0, 22, 70 and
94 h from inoculation. An aliquot of 15 mL was aseptically
taken after 0, 46, 75 and 94 h after inoculation and centrifuged
at 4700 rpm for 10 min. The supernatant fractions were stored
at—20 °C and used for total organic carbon (TOC) and total
nitrogen (TN) determinations, while the pellet, washed with
demineralized water, was cooled to—20 °C, lyophilized and
stored. The C-phycocyanin content was measured on a lyo-
philized pellet obtained from the last sampling time for each
flask. The specific growth rate (1) was obtained after plotting
the logarithm of the DW over time and fitting a linear equa-
tion to the data points. The slope of the linear function was

the specific growth rate. The heterotrophic and mixotrophic
biomass yield per carbon consumed (Y ,,-) was calculated
as follows:

Cx(n+1) - an

Cn - Cn+1 W

Y x/C =
where C, — C,; stands for the carbon concentration (g L™")
at times t, and ¢, ;.

The biomass yield on nitrogen consumed (Y, ) was cal-
culated as described above, considering the nitrogen concen-
trations (g L™"). Experiments were performed in duplicate.

Assessment of optimal buttermilk dilution
for biomass production

Buttermilk samples, kindly provided by “Caseificio del Cigno
SPA” located in Agnadello (CR), Italy, were pre-treated as fol-
lows: frozen buttermilk samples were thawed and centrifuged
at 4700 rpm, for 10 min at 7° C. After centrifugation, the lig-
uid phase was largely separated from the solid upper organic
phase (mainly fat) and then immediately used for trials. Three
different buttermilk dilutions were obtained by adding 20, 40
and 60% (v/v) of buttermilk into sterilized modified Allen’s
medium. The nitrogen and phosphate concentrations in Allen’s
medium were adjusted for each dilution based on the nitrogen
and phosphate already present in buttermilk. This was done
differently for the reactor experiments, where Allen’s medium
was simply concentrated to the final working volume of the
experiment. In the flask experiments, one culture containing
lactose instead of buttermilk was used as a positive control, and
one culture with buttermilk at 20% v/v and deprived of nitrogen
in the synthetic medium was used to assess the carbon removal
with minimal medium requirements. The test was performed
in flasks and in mixotrophy for 7 days, in duplicate, to assess
the effect on G. sulphuraria ACUF 064 growth, in terms of
biomass concentration (C,) at the end of the trial, overall pro-
ductivity (r,) and TOC concentration measured immediately
after inoculation and at end of the trial. The overall productivity
(r,) was calculated according to Eq. 2:

Cx(n+1) - an
o= @
(n+1) n
where C,, and C,,, , are the biomass concentration at times
t,and 1, ;.

The pH of the resulting medium was adjusted to 1.6 — 1.8
with 2 M H,SO, and the cultivation was done as described
in the previous section. A preliminary characterization of
centrifuged buttermilk was carried out and is reported in
Table 1S in supplementary section. It is important to notice
the wide variability detected of total carbon concentration,
between 3 and 5 g L.
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Photobioreactor setup and operation

Experiments in mixo- and heterotrophic conditions were
conducted in batch mode in a 13-L stirred tank bioreactor
(NW200, Infors HT, Switzerland), controlled through Lab-
fors 4 benchtop (Infors HT, Switzerland), for 8 days. A pic-
ture of the photobioreactor setup is reported in Fig. 1. The
bioreactor has a cylindrical shape, with an inner diameter of
200 mm and a maximum height of 445 mm. The reactor was
used at a working volume of 8 L. During mixotrophy, half of
the lateral surface of the reactor was illuminated using a ver-
tical light panel (ReaLight-24, Ontwikkelwekplaats WUR,
NL) placed 8 cm far from the reactor. Incident light intensity
on the reactor surface was calibrated by measuring 24 points
equally distributed on the inner surface of the empty reactor
with a light meter (LI-250A, LI-COR, USA). Light intensity
was provided in a continuous mode starting from 100 to 200
pmol . m~2 s~! and was adjusted accordingly to the biomass
growth by keeping a constant specific light supply rate (qy,)
between 5.8 and 1.8 pmol g, ''s7!, as referenced in previ-
ous studies by Abiusi et al. (2021). During heterotrophic
cultivation, the reactor was kept in the darkness.

The reactor was equipped with a dissolved oxygen (DO)
sensor (InPro 6800 Series, Mettler Toledo, USA) and a pH
probe (EasyFerm Bio HB K8 325, Hamilton, USA). The DO
probe was calibrated at 0% and 100% DO. Zero-point oxy-
gen calibration was performed by immersing the probe into
a 15 mL tube containing 2-5 mg of Na,S,0, dissolved in
deionised water. The 100% saturation point was performed
leaving overnight the probe inside the reactor under maximal
aeration (1 L min~"!). The pH probe was calibrated by using
the two standard buffer solutions at pH 2 and pH 4 (VWR

Fig. 1 Image of thel3-L pho-
tobioreactor operated during
mixotrophic cultivation. Side
view (left) and top view (right)
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Chemicals, USA). The pH was continuously measured and
controlled at 1.6 by automatic base addition (2 M NaOH)
with a cascade loop.

The temperature of the reactor, monitored constantly with
a probe inserted in the culture medium, was kept at 37 °C by
the heat exchange between the surface of the culture vessel
and a water jacket. The temperature of the water jacket was
regulated by an external water bath. To prevent evaporation,
the reactor was equipped with a condenser (4 °C). Stirring
was controlled in a cascade loop where agitation changed
from 100 to 250 rpm to keep a DO of 20%. Air enriched with
2% vlv carbon dioxide, sterilized by 0.2 pm pore size filter
(Whatman PolyVENT, PTFE filters,) was provided at a flow
rate of 0.5—1 L min~! (according to minimum DO of 20%)
using mass flow controllers (Smart TMF 5850S, Brooks
Instruments, USA). Both mixotrophic and heterotrophic
experiments were performed as follows: once the empty
reactor vessel was autoclaved at 121 °C for 15 min, it was
aseptically filled with medium filtered through a 0.22 pm
pore size filter (Sartobran Capsule 0.2 um, Sartorius, USA).
Consequently, the DO sensor was inserted in the reactor
vessel and left overnight for 100% DO calibration. After
calibration, buttermilk was added to reach a concentration
of 2.0 g L~!, corresponding to about 40% of the total vol-
ume, and immediately inoculated with a fresh culture of G.
sulphuraria ACUF 064 pre-adapted on lactose (mixotrophi-
cally or heterotrophically, according to the experimental set)
to OD;5, of 0.3. Daily sampling was done at the same time,
except for the exponential phase, where multiple samplings
were performed. Concurrently, 15 mL samples were treated
and stored for TOC, TN and C-PC content determinations,
as previously described. During the cultivation, the DO was
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monitored and its increase over the setpoint was used as
a reference that substrate was depleted. At this point, the
experiment was diluted and a new repetition was started.
The heterotrophic and mixotrophic biomass yield per carbon
unit Y, - and per nitrogen unit Y, consumption, the spe-
cific growth rate during exponential growth (p) and overall
productivity (r,) were calculated as reported above.

Offline analysis

Cell concentrations were determined by using a Coulter
Multisizer III (Beckman Coulter Inc., USA) with a 50 pm
aperture tube. Samples set at an OD;5, of 0.3-0.8 were
100 times diluted in ISOTON II diluent and the number of
cells was analysed in 1 mL in the diameter range between
2 and 10 pm, corresponding to the size of G. sulphuraria
cells.

Dry weight concentration (DW) was calculated by meas-
uring the weight difference between pre-weighted empty
filters and filters containing biomass. Shortly, an aliquot of
the culture (2 —5 mL) was diluted into 25 mL of deionised
water and filtered over a pre-weighted Whatman GF/F glass
microfiber filter (diameter of 55 mm, pore size of 0.7 pm).
Pre-weighted filters and filters with biomass were washed
with deionised water (25 mL) and dried at 105 °C overnight,
cooled down in a desiccator with silica for at least 2 h, and
finally weighed on a scale (Cubis MCE225S-2S00-I, Sarto-
rius Lab Instruments, Germany). DW measurements were
performed in duplicate.

The TOC and TN content in the supernatant was meas-
ured by using a TOC-L analyzer (Shimadzu, Japan). The
supernatant was diluted in demineralized water to reach a
carbon content of 100-1000 ppm and a nitrogen content of
10-100 ppm. The optical density was measured at 620 and
750 nm. The samples were diluted with modified Allen’s
medium until an OD;5, of 0.2-0.8.

The average absorption cross-section (a,, m? gx_l) in the
PAR region (400-700 nm) of the spectrum was determined as
described by de Mooij et al. (2015). Briefly, the absorbance
was measured with a UV-VIS/double beam spectrophotom-
eter (Shimadzu, Japan) equipped with an integrating sphere
(ISR-2600) and using cuvettes with an optical path of 2 mm.
The absorbance from 740 to 750 nm was subtracted from
the whole spectrum, and the average absorbance was nor-
malised to the DW concentration of the sample. To monitor
any possible contamination during cultivation, observations
were done with a light microscope and captures were taken.
In detail, 10 pL of undiluted culture samples taken before,
during and after the reactor run were placed on a glass micro-
scope slide and used for observation in a light microscope
(DM 2500, Leica Microsystems, Germany) equipped with a
camera (DFC450, Leica Microsystems, Germany) for image
capturing, at 40X and 100X magnitude lens.

Phycocyanin extraction and quantification

Phycocyanin from G. sulphuraria ACUF 064 was quantita-
tively extracted by bead beating (Precellys 24, Bertin Tech-
nologies, France) 10 mg of lyophilised biomass as described
by Abiusi et al. (2022a). The C-phycocyanin (C-PC) con-
centration was calculated by measuring the absorbance at
620 nm and 652 nm of the supernatant and converting it
into concentration using the Kursar and Alberte (1983). The
concentration of C-PC was then normalised to the DW of G.
sulphuraria to obtain the C-PC content.

Statistical analysis

One-way analysis of variance (ANOVA) and Tukey’s HSD
post hoc test for means separation were performed using
the STATISTICA ETL software (version 10, StatSoft. inc.,
USA). The significance level was set at p <0.01.

Results
Carbon sources flask experiments

Prior to the experiments with buttermilk, we evaluated the
growth of G. sulphuraria ACUF 064 individually in glucose,
galactose and lactose. The initial TOC and TN concentra-
tions were estimated to be sufficient (5 go L™! and 2 gy
LY to collect enough data during the exponential phase.
In Fig. 2, dry weight (DW) and TOC concentration at 0, 2,
3 and 4 days after inoculation in mixotrophy (panel A) and
heterotrophy (panel B) are shown. In Fig. 1S (supplemen-
tary section), TN concentration in mixotrophy (panel A) and
heterotrophy (panel B) is reported. G. sulphuraria ACUF
064 registered the highest values of biomass dry weight in
mixotrophy, being 8.4 g L~! on galactose and 8.0 g, L™!
on glucose. Growth on lactose 4 days after inoculation was
lower leading to a biomass dry weight concentration of 4.3
g, L™! in mixotrophy. In heterotrophy, values of DW were
6.2 and 5.6 g, L™ for glucose and galactose, respectively,
being slightly lower than in mixotrophy. For lactose, the DW
obtained was the lowest (3.6 g, L7h.

Besides the DW, the specific growth rate (p), the cell con-
centration, the biomass yield on nitrogen and carbon and
the C-PC content were also monitored and the results are
reported in Table 1. In mixotrophy, the u estimated from
DW measurements did not differ significantly between all
the different substrates. From the cell counts, the high-
est concentration was observed on glucose (3.03-108 cells-
mL™), compared to galactose (2.51 X 108 cells ' mL™") and
lactose (2.21 x 10® cells 'mL~"). In heterotrophy, the high-
est u were observed with glucose (1.06 day™!) and galac-
tose (1.02 day™!), while the growth rate for lactose was
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Fig.2 DW measurements (expressed as g, L") and TOC concentra-
tions (expressed as g L™Y) of Galdieria sulphuraria ACUF 064 culti-
vated in flask under mixotrophy (panel A) and heterotrophy (panel B)

Table1 Overview of the offline measurements after 4 days from
inoculation (C,, C-PC content and cell counts), process parameters
(p) and stoichiometric yields (Y, Y n) of Galdieria sulphuraria
ACUF 064 grown in heterotrophic and mixotrophic conditions in the

—
o

DW (g, L)
— ) w FOUY [} ~1 o o

.
TOC (ge L)

o

Panel B Time (days)

using glucose, galactose and lactose at a concentration of 5 g L.7.
Error bars indicate the standard deviation of replicates (n=2)

flask. Values are expressed as average +standard deviation of repli-
cates (n=2). Among the rows, the same letter indicates no significant
differences (p > 0.01).

Glucose Galactose Lactose

Heterotrophy Mixotrophy Heterotrophy Mixotrophy Heterotrophy Mixotrophy
p(dh 1.06£0.01* 1.12+0.03? 1.02+0.01° 1.03+0.16* 0.94 +0.02° 1.02+0.01°
Y o (gogc 144022 1.6+0.12 1.3+0.1% 1.9+0.2° 1.1+0.32 1.940.0°
Y ox (goen 12.8+0.2° 8.2+0.0¢ 9.2+0.5° 9.9+0.3 7.9+0.6° 7.6+0.0
C-PC (% Wepe Wy D) 1.5+0.2¢ 43+0.3° 1.5+0.1¢ 3.7+0.2° 23+0.1¢ 5.9+0.2°
C, (g, L™ 6.2+0.2° 8.0+0.1° 5.6+0.2° 8.4+0.72 3.6+0.9¢ 43+0.1¢
Cells count (10® cells mL™") 1.96+0.07¢ 3.03+0.12¢ 1.87+0.15¢ 2.51+0.02° 1.43+0.12° 2.21+0.01¢

significantly lower than in all the different conditions tested.
Also in heterotrophy, the highest cell concentration was
observed for the cultures grown on glucose (1.97 x 108 cells -
mL~") and in decreasing order, on galactose (1.87x 108 cells -
mL™") and then on lactose (1.43 x 108 cells mL~"). The cul-
tures grown in heterotrophy showed a lower cell concentra-
tion than the cultures grown in mixotrophic conditions, most
likely due to the additional growth from CO, assimilation.
The measured carbon and nitrogen contents in the media
at the beginning and the end of the experiment were used to
estimate the yields of biomass. Considering that no carbon
limitation occurred in any sample (as shown in Fig. 2), the
yields of biomass on carbon (Y,,-) consumed were higher
in mixotrophic conditions compared to heterotrophic condi-
tions for each substrate. Under mixotrophy, the highest Y -
were observed in lactose (1.9 g, gc_l) and galactose (1.9
g, gc_l), compared to glucose (1.6 g, gc_l). An opposite
trend was observed in heterotrophy, where the highest Y, -
observed for glucose was decreased by 13%, while the Y,
for galactose and lactose were also reduced by 33% and 47%,
respectively. Concerning the yield of biomass per nitrogen
(Y,,n), the highest yield under mixotrophy was observed for
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galactose (9.9 g, gy~ "), followed by glucose (8.2 g, gy
and then lactose (7.6 g, gy'). The Yy in heterotrophy were
generally higher (46% and 5% higher for glucose and lac-
tose), except for galactose, where the yield decreased by
12%. Overall, the nitrogen used in cultures grown with glu-
cose was more efficiently used to generate new biomass than
in cultures grown with lactose. Besides, it is worth mention-
ing that nitrogen limitation did not occur (Fig. 1S).

The accumulation of C-PC differs depending on the
substrate used. The C-PC content was highest when G. sul-
phuraria ACUF 064 was grown on lactose and under mixo-
trophic conditions, reaching a value of 5.9% w¢_pc WX_I.
Instead, the C-PC content when G. sulphuraria ACUF 064
was grown on glucose (4.3% W¢_pc w, 1) and galactose
(3.7% Wepe W) was 27% and 37% lower, respectively.
The C-PC content was more than twofold reduced in hetero-
trophy compared to mixotrophy for all the different tested
substrates. Still, the highest content in C-PC occurred after
using lactose (2.3% W¢ pe W, 1), while equally decreased by
36% for both glucose and galactose. The results emphasise
that G. sulphuraria ACUF 064, when cultivated on lactose,
showed a significantly higher C-PC content in mixotrophy
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than in heterotrophy if compared to cultivation on glucose
or galactose.

Growth of G. sulphuraria on different buttermilk
dilution ratios

Three different medium dilutions were obtained by adding
buttermilk into modified Allen’s medium at 20, 40 and 60%
v/v in flasks, while one flask containing lactose was used as
a positive control. Also, one flask with buttermilk at 20%
v/v and deprived of nitrogen in the synthetic medium was
used to assess the carbon removal with minimal medium
requirements. The different dilutions were tested in mixo-
trophy to define a buttermilk ratio that promotes the highest
biomass productivity for G. sulphuraria. The biomass con-
centration (C,) and productivity (r,) after 7 days of cultiva-
tion, the TOC concentration measured at the beginning and
end of the experiment and the relative carbon removal are
reported in Table 2. The TN concentration measured at the
beginning and end of the experiment is reported in Fig. 2S
in the supplementary section. The TOC concentration in
the supernatant, measured immediately after inoculation,
reveals values of 1.7, 2.0 and 5.2 g L™! in cultures diluted
with 20%, 40% and 60% v/v of buttermilk, respectively.
The C, measured 7 days after inoculation was 3.9 and 4.3
g, L' at 20% and 40% v/v dilution, while C, was 1.6 g,
L~" at 60% v/v. The carbon concentration at 60% v/v was
unexpectedly higher than the other dilutions, which might
have inhibited the growth. The highest biomass concentra-
tion was obtained with the control experiment with lactose
(5.3 g, L1 as well as the highest productivity (0.75 g,
L~ day~!), while the highest productivity in buttermilk was
observed with a dilution of 20% (0.54 g, L™! day™!). The
biomass productivity decreased with an increasing ratio of
buttermilk down to 0.17 g, L™! day™' at 60% v/v. When
nitrogen was limited, the productivity decreased by 30%
compared to the replete nitrogen experiment. Neverthe-
less, the productivity observed for 20% v/v buttermilk and
with limited nitrogen was higher than the culture at 60%
v/v. Similar to the productivity, the highest carbon removal

Table2 Summary of growth data of Galdieria sulphuraria ACUF
064 in flasks at different buttermilk dilution ratios in mixotrophy. The
TOC concentration at the inoculation time (Start) and after 7 days

observed was 69% and it was observed at 20% v/v, while it
decreased down to 7% at a buttermilk dilution of 60% v/v.
When nitrogen was limited, the carbon removal achieved
in buttermilk was 40%. Despite the best result of carbon
removal was observed at 20% v/v of buttermilk, a similar
biomass productivity was obtained at 40% v/v. The use of
this dilution ratio would be preferred since a higher amount
of effluent would be treated.

Growth of G. sulphuraria on buttermilk in stirred
tank photobioreactor

The mixotrophic and heterotrophic metabolism of G. sul-
phuraria, with buttermilk fed as a carbon source, was more
extensively evaluated in a 13-L stirred tank reactor. In this
system, cultivation was monitored and maintained at the
optimal temperature, pH and light supply rate (in mixotro-
phy) for G. sulphuraria growth. Additionally, a buttermilk
dilution ratio of 40% v/v was used, given the high biomass
productivities observed at this concentration in the previ-
ous experiment. The biomass dry weight concentration (g,
L' and TOC concentration (gc L'y were measured daily
and are reported in Fig. 3. After 6 days, the biomass dry
weight concentration was highest in mixotrophy, reaching
a final value of 1.22 g, L~!, compared to 0.78 g, L~! found
in heterotrophy. After dilution and repetition of the culti-
vation, the highest concentrations for each cultivation type
were achieved in lesser time (2 days). This is explained by a
higher specific growth rate observed in the second cultiva-
tion repetition, which was 28% higher in mixotrophy com-
pared to heterotrophy (Table 3). On the contrary, the specific
growth rate was 20% lower in mixotrophy than heterotrophy
in the first batch repetition. In the first batch repetition, the
productivity was lower due to the adaptation of the inoculum
to the new conditions as well as the low specific growth rates
observed. In the second batch repetition, productivities were
more than twofold and fourfold higher in mixotrophy and
heterotrophy, respectively, being the highest productivity
observed in mixotrophy (0.55 g, L™! day™).

(End) and the carbon removal (%) are shown. The biomass concentra-
tion (C,) and the productivity (r,) are shown after 7 days. Values are
expressed as average + standard deviation (n=2)

Buttermilk dilution TOC (gc L™ C removal (%) C, (g, L™ r, (g, L™ day™)
ratio (% v/v)
Start End

Lactose 20 1.7+0.1 1.0+0.2 40+10 53+04 0.75+0.00
Buttermilk 20 1.7+0.0 0.5+0.0 69+1 3.9+0.1 0.54+0.01

40 2.0+0.0 1.5+£0.0 27+2 43+0.2 0.50+0.02

60 5.2+0.1 5.1+0.0 2+1 1.6+0.3 0.17+0.04

20 (N-) 1.5+0.1 0.9+0.2 40+16 2.0+0.1 0.39+0.00
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Fig. 3 Heterotrophic and mixo-
trophic Galdieria sulphuraria
ACUF 064 growth expressed
as DW (g, L™!) and TOC 3
concentration (g¢ L™ Yinal3-L
stirred tank reactor, using 40%
v/v buttermilk as carbon source.
Error bars indicate the standard
deviation of technical replicates 1]

F 25

N F 15

TOC concentration (g L-1)

F 05

Time (d)

——@— DW - Heterotrophy ==O== DW - Mixotrophy = @ =TOC - Heterotrophy = O =TOC - Mixotrophy

Table 3 Summary of the offline measurements (C,, C-PC and a,),
process parameters (r, , 4 and C removal) and stoichiometric yield
(Yy,0) of Galdieria sulphuraria ACUF 064 growth in heterotrophic

and mixotrophic conditions in a 13 L stirred tank reactor containing
40% v/v of buttermilk as carbon source. Values are expressed as aver-
ages + standard deviation of replicates. (n=2)

Trial C, n Iy Y e C removal C-PC a,
g L™ day™! g L' day™ &g % % Wepe Wy ! m’ kg™
Mixotrophy 1 1.22+0.04 0.35 0.20+0.03 0.79+0.04 68+0 2.18+0.31 76.6
2 1.42+0.02 0.89 0.55+0.10 0.80+0.15 61+14 1.19+0.00 96.5
Heterotrophy 1 0.78 +0.08 0.44 0.09+0.00 0.54+0.10 38+4 0.58+0.11 58.7
2 1.04+0.14 0.69 0.39+0.02 0.56+0.11 55+0 0.57+0.17 41.8

Regarding carbon consumption, the highest removal rate
was observed in the first batch repetition in mixotrophy
(68%), achieving a similar result in the second. In heterotro-
phy, the carbon removal was 38% in the first batch repetition
and it was improved in the second batch repetition (55%).
The Y, remained constant in each repetition, being 45%
higher in mixotrophy compared to heterotrophy (Table 3).
The absorption spectrum was also monitored over the cul-
ture to gain information on the pigmentation changes. At the
end of the first repetition, the a, was higher in mixotrophy,
being 76.6 m? kg™ in the first repetition and 96.5 m* kg~!
in the second repetition (Table 3). The a, in heterotrophy
was lower (58.7 and 41.8 m* kg™ in the first and second
repetition, respectively) due to the dispensable use of pho-
tosynthetic activity and consequently, the size reduction of
photosynthetic membranes. The a, was relatively constant
during the second repetition in heterotrophy, while it seemed
to increase in mixotrophy probably due to an increased need
for photosynthetic activity.

The C-PC content, as expected, was higher in mixotrophy
than in heterotrophy, reaching 2.18 and 1.19% wc_pc W, ', at
the end of the first and second repetitions. In heterotrophy,
the C-PC content was lower (0.58 and 0.52% W¢_pc W, ™" in
the first and second repetition, respectively), in line with the
changes in a,. The mismatch between a, and C-PC content
in the second repetition of the mixotrophic experiments is

@ Springer

explained by an increased ratio of carotenoids over chloro-
phyll and phycocyanin (Fig. 3S).

During the cultivation, light microscopy observations
were done to evaluate the presence of contaminants. After
the end of the second repetition, an outbreak of fungal popu-
lations became visible in the culture (Fig. 4). The fungal
contamination was observed independently of the trophic
strategy, coincidentally 8 days after the start of the cultiva-
tion. The observation of hyphae at the end of the second
repetition is likely derived from the growth of spores that
were originally present at the beginning of the cultivation.
In a different heterotrophic batch experiment, the presence
of fungal contamination was detected after 8 days, in par-
ticular after the start of a new batch repetition. In this case,
the presence of filamentous fungi led to an overestimation
of the DW. (Fig. 4S).

Discussion

Carbon sources flask experiment

The carbon source flask experiment carried out in this study
shows that the specific growth rate (p) of G. sulphuraria

ACUF 064 on lactose resembled the one observed on glu-
cose or galactose both under mixotrophy and heterotrophy.
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Fig.4 Microscope images of Galdieria sulphuraria ACUF 064 dur-
ing cultivation in the photobioreactor in mixotrophy or heterotrophy
with buttermilk. Pictures at 40X magnification of mixotrophic culti-
vation: at day O (panel @) and day 8™ (panel b); in panel ¢, Image with
fungal contamination was observed after the second batch repetition

Despite the known variability among species from the same
genus, and even within strains, G. sulphuraria ACUF 064
showed a similar specific growth rate on glucose and galac-
tose, as reported in previous literature for other strains. Over-
all, the heterotrophic p registered in this study was similar to
that observed for G. sulphuraria 74G when sucrose (disac-
charide), glucose and galactose were the carbon sources used
(Gross & Schnarrenberger 1995). The p observed during
the heterotrophic experiment for G. sulphuraria ACUF 064
were similar to those reported by Schmidt et al. (2005) for
G. sulphuraria 74G. In their study, p values of 1.10 day™!,
1.08 day_l, and 1.01 day_1 for glucose, fructose and sucrose,
respectively, were obtained. Sloth et al. (2006) reported for
G. sulphuraria T4G on glucose, fructose or glycerol similar
growth rates. The p was 1.2 day™' in all three cases, indepen-
dently of the light intensity tested (0 and 117 pmol photons
m~2s7"). Also, no significant differences in p were reported
when comparing heterotrophic and mixotrophic growth
with xylose as a carbon source (0.97 day~! and 1.10 day !,
respectively) for G. sulphuraria UTEX2919 (Portillo et al.
2022). When glucose was used, they registered a p of
1.46 day~! in heterotrophy and 1.49 day~! in mixotrophy,
a growth rate significantly higher than the ones obtained in
this study.

The C-PC content measured in mixotrophy for each car-
bon source was far from the 10% W pc W, obtained in a
previous study with the same strain (Abiusi et al. 2022a).
This divergence is explained by differences in the cultiva-
tion conditions. Experiments by Abiusi et al. (2022a) were

in mixotrophy (100X magnification). Pictures at 40X magnitude of
heterotrophic cultivation: at day 0 (panel d) and day 8." (panel e); in
panel f, Image with fungal contamination observed after the second
batch repetition in heterotrophy (100X magnification)

performed in chemostat in a stirred reactor and at a low
growth rate and light limited conditions, thus favouring
the accumulation of C-PC. Interestingly, the C-PC content
we observed both in heterotrophic conditions on glucose
and galactose were similar to those registered by Graver-
holt and Eriksen (2007) with G. sulphuraria 74G in batch
with sufficient glucose (1.6% W _pe W, '), while the content
was higher (2.7% Wcpe W, 1) in fed-batch cultures where
glucose supply was limited. The C-PC content of G. sul-
phuraria ACUF 064 grown with lactose (2.34% Wc.pe W, 1)
was comparable to the results registered when glucose was
depleted or limited. As explained in previous studies, phyco-
cyanin accumulation can be triggered under glucose limita-
tion (Sloth et al. 2006; Graverholt and Eriksen 2007; Portillo
et al. 2022; Sgrensen et al., 2013). Furthermore, Sloth et al.,
(2006) reported that the substrate structure could also affect
the biomass yield and the C-PC content. G. sulphuraria 74G
showed a higher biomass yield on substrate, as well as a
higher specific C-PC content in mixotrophy with glycerol
(triol with three carbon atoms) than with glucose (sugar with
six carbon atoms). Hence, in line with these observations,
and due to the structural complexity of lactose (sugar with
twelve carbon atoms), the specific carbon uptake of G. sul-
phuraria ACUF 064 was lower for lactose, resulting in a
lower growth rate and a higher C-PC content.

These observations are supported by the biomass yield
on carbon or nitrogen unit. The low Y, and the high TOC
concentration at the end of the experiment, indicate a low
efficiency of G. sulphuraria ACUF 064 in converting lactose
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into biomass, compared to simpler sugars such as glucose and
galactose. The high Y, observed in mixotrophy compared
to heterotrophy is explained by the additional use of light
and carbon dioxide assimilation for biomass synthesis. At
the same time, the low Y, values coupled with high Y,
values indicate that more nitrogen was consumed per gram
of carbon consumed. This implies that more nitrogen is accu-
mulated either in the form of chlorophylls, phycobiliproteins
or proteins. The more than two-fold increase of C-PC content
in mixotrophy in comparison to heterotrophy might indicate
that nitrogen is channelled to the synthesis of C-PC. The use
of certain carbon sources in heterotrophy was shown to exert
a downregulation of the genes involved in photosynthesis and
pigment synthesis. As a matter of fact, a different response
in the transcription of genes involved in pigment synthesis
was observed when glycerol or glucose was used (Perez
Saura et al. 2022). In other studies, it was hypothesised that
glucose and fructose repress C-PC synthesis in more extent
than glycerol (Sloth et al. 2006). A similar conclusion was
reached when xylose was used as a carbon source instead
of glucose since a higher C-PC content was reached. The
high C-PC content observed with lactose could suggest that
lactose induces a similar effect such as glycerol or xylose.

The phycocyanin content in lactose-fed cultures in het-
erotrophy disagrees with the results of previous studies by
Tischendorf et al. (2007) and Zimermann et al. (2020), who
observed an almost complete loss of pigmentation when the
strain was grown in the same conditions. Finally, a direct
comparison was made with data from Zimermann et al.
(2020) between two strains in heterotrophic conditions fed
on lactose. In particular, in our heterotrophic flask experi-
ment, the specific growth rate of G. sulphuraria ACUF 064
was lower on lactose than on glucose but the pigmentation
was greater, while in the case of G. sulphuraria SAG 107.79
the opposite results were obtained.

Growth of G. sulphuraria on different buttermilk
dilution ratios

Galdieria sulphuraria was previously grown on a lactose-
rich medium such as whey permeate (Zimermann et al.
2020), but it is the first time that specifically buttermilk was
used as a carbon source for growth. In this study, it was
shown that a high concentration of effluent could be toxic
for the growth of G. sulphuraria (Zimermann et al. 2020).
Therefore, the effect of different buttermilk dilution ratios on
G. sulphuraria ACUF 064 growth was pre-tested in flasks,
showing also a decrease in productivity with an increas-
ing ratio of buttermilk on synthetic medium. The highest
productivity was achieved in the positive control, with a
medium containing only lactose and free of organic mol-
ecules. The lowest productivity achieved at 60% v/v might
infer an inhibitory effect by specific compounds contained in
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buttermilk. A similar result was obtained in growth experi-
ments of G. sulphuraria on whey permeate (Zimermann
et al. 2020), where dilutions higher than 20% v/v resulted in
a longer adaptation phase. Growth was inexistent at dilutions
ratios higher than 30% v/v. The removal of nitrogen from
synthetic medium limited the growth of G. sulphuraria, but
not the carbon removal. Overall, the low biomass productiv-
ity and carbon removal observed at 60% v/v dilution might
indicate the presence of inhibitory compounds for G. sul-
phuraria in buttermilk. Hancock et al. (2002) reported that
the antibacterial activity exhibited by buttermilk proteins
such as whey proteins and caseins could affect negatively the
microalgal growth or affect positively by limiting bacterial
contamination. Further investigation would be necessary to
confirm whether there are toxic molecules that hamper the
growth of G. sulphuraria.

Growth of G. sulphuraria on buttermilk in stirred
tank photobioreactor

Mixotrophic and heterotrophic experiments were performed
on a lab-scale photobioreactor (13-L photobioreactor) with the
aim to assess the growth performance of G. sulphuraria and
carbon removal in buttermilk. In contrast to flask experiments,
parameters such as light supply rate during mixotrophy or the
oxygen concentration during heterotrophy were monitored
and controlled to an optimal setpoint. In that way, the carbon
contained in buttermilk was expected to be the only limit-
ing component for growth. A dilution ratio of 40% v/v was
used since it was shown a high biomass productivity in flasks
experiments, as described above. Compared to autotrophy,
heterotrophy is known to lead to high biomass production
(Barros et al. 2019). Mixotrophy involves the simultaneous
assimilation of sugar and the fixation of carbon for growth.
The maximal carbon removal obtained in the photobioreactor
was 68% in mixotrophy. Similar results were obtained in the
flasks at a dilution of 20% v/v. Overall, these results indicate
that about 30% of the carbon present in buttermilk cannot be
easily assimilated by G. sulphuraria and needs to be removed
by different means. Mixotrophy was the best strategy for but-
termilk since it led to a higher specific growth rate, biomass
productivity and biomass yield on carbon. The higher yields
observed in mixotrophy compared to heterotrophy are influ-
enced by the photoautotrophic growth and their extent. The
yields of biomass on carbon found for buttermilk were still
lower compared to the yields found for lactose. This might
be explained by an increased occurrence of futile cycles or
overflow metabolism when buttermilk is used where energy
is spilt in other metabolic processes than growth.

The growth rates found in the photobioreactor in the
second repetition were similar to those measured for G.
sulphuraria 74G, in heterotrophy, fed on food and bakery
waste (Sloth et al. 2017). The authors found p values of
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0.69 and 0.60 day~! in restaurant and bakery waste, respec-
tively. In that case, both substrates had been subjected to a
hydrolyzation pre-treatment to convert complex sugars into
monomers, predominantly glucose. In a recent study, Pleiss-
ner et al. (2021), using G. sulphuraria SAG21.92, found
a p of 1.0 day~! in heterotrophy in the presence of 100%
(v/v) of hydrolysed digestate supplemented with glucose in
excess (50 g L™"). In experiments carried out by Rahman
et al. (2020), instead, G. sulphuraria 74G was grown in the
presence of corn and potato starch where lower growth rates
were found compared to our study (0.3 — 0.4 day™"). The
lower growth rate observed with buttermilk in the first rep-
etition reinforces the fact that cultures needed a long adap-
tation phase to hydrolyse the different carbon molecules in
buttermilk at the expense of an additional metabolic effort.
The use of acidic and high-temperature conditions is usu-
ally regarded as an advantage over microbial competitors
such as bacteria. Nevertheless, fungal optimal growth tem-
peratures are found above 30 °C and optimal pH conditions
range between 3 and 8 (Laezza et al. 2022). In our trials
with the photobioreactor, fungal contamination became vis-
ible at the end of the second repetition, while no evidence
was observed during the first repetition. Abiotic factors such
as mechanical stirring or aeration could have influenced the
growth of fungi since they were not previously observed in
our flask tests. The cultivation time in flasks was lower than
in the photobioreactor, which might explain why fungi were
not observed. The co-cultivation of microalgae and fungi
is a relatively new topic which has been poorly researched.
It is still not clear whether the interaction between them
could imply an improvement in the growth of microalgae.
A recent study reported a mutual growth benefit between G.
sulphuraria and the fungus Penicillium citrinum at condi-
tions optimal for the growth of G. sulphuraria (Salvatore
et al. 2023). Therefore, further studies on the symbiotic
relationship between microalgae and fungi are needed for
the remediation and valorisation of industrial effluents.

Conclusion

The results of the present study revealed that buttermilk, when
adequately diluted, can be used as a substrate for biomass pro-
duction. This is beneficial in environmental terms, providing a
solution for treatment and avoiding disposal, allowing for the
recovery of material. G. sulphuraria ACUF 064 proved to be
able to use lactose as a carbon source, despite its complexity
compared to simpler sugars such as glucose and galactose.
Even though the growth of G. sulphuraria on buttermilk was
slower than on optimal substrates, the obtained biomass still
accumulated C-PC. This confirms the potential of microalgal
cultivation to recover buttermilk or lactose-enriched efflu-
ents to support the G. sulphuraria ACUF 064 growth while

obtaining a valuable product. For such purposes, mixotrophy
proved to be the most suitable cultivation mode. Neverthe-
less, considering the complexity and heterogeneity of butter-
milk, extensive investigations are needed to evaluate whether
any organic compounds (and at which concentrations) have
a hampering effect on the growth of G. sulphuraria. In addi-
tion, further research is needed to improve the biomass pro-
duction and phycocyanin content through optimization of
light supply, pre-treatment of buttermilk or the use of other
operational strategies such as chemostats or the adoption of
fed-batch approaches. Finally, further research is required to
understand the interactions between G. sulphuraria and other
microbes such as fungi and how they affect the growth of G.
sulphuraria.
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