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Abstract
New food sources are urgently needed due to population growth. The production of microalgae biomass with high protein 
content is particularly of interest. Galdieria sulphuraria is an extremophilic red microalgae that can grow in acidic environ-
ments (pH 0 to 4) and above 40 °C. The aim of this work was to study the photoautotrophic growth and the biochemical 
composition of five G. sulphuraria strains to potentially produce single-cell protein. A kinetic study of cell growth and 
macromolecule content was performed in batch mode under controlled conditions: 42 °C, pH 2, constant illumination at 
100 μmol photons  m−2  s−1, 150 rpm, 0.5 vvm, and atmospheric  CO2 (0.04%). The G. sulphuraria CCMEE 5587.1 reached 
2.33 g  L−1 of dry cell weight (DCW) (~ 9 ×  107 cells  mL−1) in 20 days, i.e., a productivity of ~ 110  mgDCW  L−1  day−1 was 
achieved. The biomass from this strain shows a high protein content (~ 44% w/wDCW), 42.7% of essential amino acids, 4.7% 
(w/wDCW) of phycocyanin, 5.9% (w/wDCW) total carbohydrates, and 14.1% (w/wDCW) total lipids. A productivity of 21 t 
 ha−1  year−1 could be attained assuming a straightforward scale-up in open ponds and reaching half the protein productivities 
obtained in the laboratory. This biomass composition is suitable for food purposes.

Keywords Galdieria sulphuraria · Rhodophyta · Photoautotrophic · Single-cell protein · Essential amino acids · 
Photosynthetic pigments

Introduction

The food industry has recently focused on new food and feed 
sources (e.g., carbohydrates, lipids, proteins, PUFAs, vita-
mins, and nutraceuticals among others) that satisfy dietary 
and nutritional needs (Nalage et al. 2016). Proteins are one 
of the most studied food groups due to their importance as 
a source of essential amino acids. The unicellular protein 

or single-cell protein (SCP) refers to protein obtained from 
the cultivation of various microorganisms using organic or 
inorganic carbon sources such as bacteria, yeasts, fungi, and 
algae (Najafpour 2007) that contain more than 40% of crude 
protein on a dry weight basis (García-Garibay et al. 2014).

SCP production with microorganisms (bacteria and 
yeasts) under heterotrophic culture conditions has been 
performed using a wide variety of organic carbon sources 
such as monosaccharides (glucose), fermentation products 
(ethanol), and industrial residues (whey) (García-Garibay 
et al. 2014). However, the use of such carbon sources raises 
the total economic cost of production due to the high cost of 
commercial carbon sources or pretreatments made of indus-
trial wastes. Therefore, the use of microalgae biomass as a 
protein source becomes relevant due to the ability of micro-
algae to grow in autotrophic culture conditions.

Microalgae are a diverse group of photoautotrophic 
organisms present in many ecosystems (Gaignard et al. 
2019). Microalgae have recently gained great biotechno-
logical and industrial importance due to their ability to fix 
atmospheric carbon dioxide using solar energy through 
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photosynthesis and produce biomass and other compounds 
such as storage carbohydrates (e.g., starch or glycogen) 
(Brányiková et al. 2011; Martinez-Garcia et al. 2017), lipids 
(e.g., PUFAs) (Koller et al. 2014), and proteins with higher 
productivities than those obtained with terrestrial plants 
(Bajpai et al. 2014).

Red algae (Rhodophyta) are a phylum of photosynthetic 
organisms that contains multicellular and unicellular species 
that can colonize a wide range of habitats including marine 
and fresh waters, hot sulfur springs, and volcanic environ-
ments. These microorganisms share diverse characteristics 
such as eukaryotic cells, absence of flagella, production of 
floridean starch as storage carbohydrate, synthesis of phyco-
biliprotein pigments (phycocyanin and phycoerythrin), and 
non-stacked thylakoids (Sheath and Vis 2015). Cyanidiophy-
ceae (subphylum Cyanidiophytina) belongs to the Rhodo-
phyta, which are unicellular algae that live in extremophile 
conditions in acidic environments and at high temperatures 
(Gaignard et al. 2019). This class includes two families in 
the order Cyanidiales (Cyanidiaceae and Galdieriaceae) and 
the genera Cyanidium, Cyanidioschyzon, and Galdieria.

Galdieria sulphuraria is an extremophile red microalga 
that thrives in acidic environments with pH values from 0 
to 4 and temperatures up to 56 °C (Martinez-Garcia and 
van der Maarel 2016). It can grow under autotrophic, mixo-
trophic, and heterotrophic culture conditions using many 
organic carbon sources (e.g., sugars, polyols, disaccharides, 
amino acids, and organic acids) (Oesterhelt et al. 2007). In 
addition, G. sulphuraria has great potential for the biotech-
nological production of pigmented proteins like phycocyanin 
(Wan et al. 2016) and functional carbohydrates such as gly-
cogen (Martinez-Garcia et al. 2017) and floridoside (Pade 
et al. 2015).

The biotechnological potential of microalgae for obtain-
ing high-value products has been explored. However, one 
of the main limitations is the potential culture contamina-
tion with other microorganisms; this issue is relevant when 
mesophilic temperatures and pH values around neutrality 
are used (e.g., 5 to 9) (Malavasi et al. 2020). Therefore, the 
use of acidophilic microalgae becomes relevant because the 
low pH prevents the growth of other autotrophic microorgan-
isms or other microorganisms that could colonize the culture 
medium (Varshney et al. 2015).

There are proteins synthesized by G. sulphuraria of bio-
technological interest including phycobiliproteins (phyco-
erythrin, allophycocyanin, and phycocyanin). The latter are 
pigmented protein complexes involved in the collection and 
transport (antenna complex) of solar energy during the light 
phase of photosynthesis (Masojídek et al. 2007). The phy-
cobiliprotein content in G. sulphuraria can reach up to 10% 
of the total dry weight of the biomass in photoautotrophic 
cultures (Graziani et al. 2013). Moreover, the potential of G. 
sulphuraria as a source of protein has been reported with a 

protein content of 33% (G. sulphuraria 064/309) based on 
dry weight (Graziani et al. 2013). However, to date, there are 
few reports regarding the cultivation of G. sulphuraria under 
autotrophic growth conditions. The aim of this work was 
to study the photoautotrophic growth and the biochemical 
macromolecular composition of five different G. sulphuraria 
strains to potentially produce SCP.

Materials and methods

Algae strains and culture conditions

Different strains of Galdieria sulphuraria were obtained 
from the algae collection of the Department of Experi-
mental Phycology and Culture Collection of Algae from 
the University of Göttingen, Germany (SAG 107.79, SAG 
108.79, and SAG 21.92), from the Algae Culture Collec-
tion of the University of Texas, USA (UTEX 2919), and 
from the microbial collection of extreme environments of 
the University of Oregon, USA (CCMEE 5587.1). Stock 
cultures were maintained by sub-cultivation in 500-mL 
shake flasks containing 300 mL of medium described by 
Ford (1979) as well as Gross and Schnarrenberger (1995). 
One liter of culture medium contained 1.5 g  (NH4)2SO4, 
300  mg  MgSO4·7H2O, 300  mg  K2HPO4·3H2O, 20  mg 
 CaCl2·2H2O, 20 mg NaCl, 1.5 mL of Fe-EDTA-solution 
(690 mg  FeSO4, 930 mg EDTA per 100 mL), and 2 mL 
trace-element solution (2.86 g  H3BO3, 1.82 g  MnCl2·4H2O, 
220 mg  ZnSO4·7H2O, 30 mg  (NH4)6Mo7O24·4H2O, 80 mg 
 CuSO4·5H2O, 40 mg  NaVO3·4H2O, and 40 mg  CoCl2·6H2O 
per liter). The pH was adjusted to 2.0 with  H2SO4.

The experimental cultures were evaluated in photobio-
logical systems containing 900 mL of mineral media. A 
comparative study of cell growth and protein, carbohy-
drate, and lipid content was performed under controlled 
growth conditions: 42 °C, pH 2, constant illumination of 
100 μmol photons  m2  s−1 (white lamps), 150 rpm, and an 
air flow rate of 0.5 vvm with atmospheric  CO2 (0.04%) 
and filtered through a 0.2 µm sterile membrane. Axenic 
batch autotrophic cultures were performed in 1-L glass 
photobioreactors (Schott-Duran 1-L glass bottles with a 
diameter of 101 mm) (Fig. 1). The bioreactor included 
a sample port, an air inlet with a sintered stainless steel 
sparger (2 μm pore size), a gas venting outlet, and an illu-
minated incubator with temperature control. Agitation 
was provided with a magnetic stir bar at the bottom of the 
photobioreactors (50 × 7 mm) and bubbled air through the 
sparger placed above the stir bar. It was necessary to mois-
ten the air that entered the system using a humidifier due to 
the temperature used in cultures. All experimental cultures 
were started with an optical density of 0.1 at 800 nm and a 
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cell density of ~ 5 ×  106 cells  mL−1. This was performed in 
triplicate and monitored every 2 days for 20 days.

Analytical methods

Biomass concentration, cell density, and biomass 
productivity

The biomass concentration was determined by spectropho-
tometry at 800 nm using distilled water as a blank. The 
measurements were made in triplicate and interpolated in 
a dry weight curve.

The cell density (cells  mL−1) of the cultures was deter-
mined by direct count in a Neubauer chamber and a light 
microscope equipped with a 40 × objective. The counts 
were in triplicate, and the results are represented as mean 
values. The cell density was determined using Eq. 1:

where N is the total cell count, Df is the dilution factor, 

and n is the total counted quadrants.
(1)

Cell Density =

⎧
⎪⎨⎪⎩

(N)(Df )

(0.1 ∗ 1 ∗ 1)
�

n

25

�
⎫
⎪⎬⎪⎭
(1000)

The doubling time (Dt) (day) was calculated using Eq. 2 
and assuming exponential growth during 20 days of culti-
vation or when the cells grew exponentially.

where the specific growth rate was determined by

where DCW is the dry cell weight (in  gDCW  L−1) and f and 
i correspond to the final and initial values for DCW and time 
(in days), respectively.

Biomass productivity (QDCW) was calculated using 
Equation 4:

Carbohydrate content

The glucose-carbohydrate hydrolysis was done by a ther-
mochemical treatment: 10 mg of dry algal biomass was 
resuspended in 0.5 mL of 2 N hydrochloric acid (HCl), 

(2)

Dt =
Ln2

μ

(3)

μ =
(
Ln(DCWf − DCWi)

)
∕
(
tf − ti

)

(4)

QDCW =

{(
DCWf

)
−
(
DCWi

)
tf

}
(1000)

Fig. 1  Scheme of the photobio-
logical system used in this study
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homogenized by vortexing, incubated at 99 °C for 1 h and 
cooled at room temperature (Garibay-Hernández et  al. 
2013). For glucose determination, the samples were neu-
tralized with 4 N NaOH and centrifuged at 16,800 × g. The 
supernatant was retained and the glucose measurements 
were made with a biochemical analyzer (model YSI 2700, 
YSI Inc., USA). All determinations were done in triplicate.

Gravimetric lipid determination

The lipid extraction was done by the methodology described 
by Bligh and Dyer (1959) with some modifications. Thirty 
mg of dry biomass was resuspended by vortexing in 6 mL of 
a methanol and chloroform (2:1 v/v) solution and sonicated 
for 60 min (Branson Model B200 Ultrasonic, USA). Next, 
4 mL of a chloroform and 1% NaCl solution (1:1 v/v) were 
added to obtain a final ratio of methanol, chloroform, and 1% 
NaCl of 2:2:1 v/v. Finally, the organic phase (chloroform and 
lipids) was recovered and dried at room temperature, and the 
remaining portion was considered as lipids. All extractions 
were performed in triplicate.

Protein content

Protein extraction followed the methodology developed by 
Slocombe et al. (2013) based on Price (1965) with some 
modifications. Five mg of dry algae biomass was resus-
pended by vortexing in 200 μL of 24% (w/v) trichloroacetic 
acid (TCA). The homogenates were incubated at 95 °C for 
15 min and cooled at room temperature. Next, the samples 
were diluted to 6% TCA (w/v) in ultra-pure water, centri-
fuged at 15,600 × g for 20 min at 4 °C, and their supernatants 
discarded. The pellets were resuspended in 500 μL of Lowry 
D reagent (48:1:1 ratio solution of Lowry reagents A (2% 
(w/v)  Na2CO3 (anhydrous) in 0.1 N NaOH), B (1% (w/v) 
NaK tartrate tetrahydrate), and C (0.5% (w/v)  CuSO4.5H2O 
in  H2O); samples were then incubated for 3 h at 55 °C. The 
samples were cooled at room temperature and centrifuged at 
16,800 × g for 20 min, and the supernatant was retained for 
quantification via the colorimetric Lowry method (Lowry 
et al. 1951). Next, 950 μL of Lowry D reagent was added 
to 50 μL of the above protein extract, mixed by inversion, 
and incubated for 10 min at RT. Next, 0.1 mL of the diluted 
Folin–Ciocalteu phenol reagent (1:1 ratio of 2 N Folin–Cio-
calteu phenol reagent: ultra-pure) was added to each sample 
and vortexed immediately. After 30 min at RT, the absorb-
ance of each sample was read at 600 nm. The measurements 
were made in less than 1 h, and the tests were done in trip-
licate. The results were interpolated using a bovine serum 
albumin (BSA) standard curve.

Phycobiliprotein extraction and quantification

For cell disruption and extraction of phycobiliproteins, 
10 mg of lyophilized G. sulphuraria biomass was resus-
pended in 1 mL of extraction buffer (CelLytic M solution 
with cOmplete Protease Inhibitor Cocktail); 300 mg of 
450–500 µm glass beads (Sigma Aldrich) was added, mixed 
by shaking (Daigger Scientific vortex mixer, Vortex-Genie 
2,) for 2 min, incubated for 3 h at 37° C with shaking at 
300 rpm (ThermoMixer F1.5, Eppendorf, Germany), and 
finally centrifuged 16,800 × g (room temperature). The 
quantification of phycobiliproteins was carried out using the 
spectrophotometric method of Kursar and Alberte (1983). 
The absorbance of the supernatants containing phycobilipro-
teins was measured at 618, 650, and 498 nm to calculate the 
concentration of phycocyanin, allophycocyanin, and phyco-
erythrin using Eqs. 5, 6, and 7, respectively. Measurements 
were made in triplicate (1/10 dilution factor), and the results 
are represented as mean values:

Chlorophyll extraction and quantification

For cell disruption and chlorophyll extraction, 5 mg of lyo-
philized G. sulphuraria biomass was resuspended in 1 mL 
of extraction solution (acetone 90%); 500 mg of 450–500 µm 
glass beads (Sigma Aldrich) was then added and mixed with 
shaking (Daigger Scientific vortex mixer, Vortex-Genie 
2) for 2 min and incubated for 3 h at 37 °C and 300 rpm 
(ThermoMixer F1.5, Eppendorf, Germany). Samples were 
centrifuged at 16,800 × g at room temperature. Chlorophyll 
quantification used the spectrophotometric method proposed 
by Ritchie (2006). The absorbance of the chlorophyll-con-
taining supernatants was measured from 400 to 700 nm, and 
Eq. 8 was used to determine the concentration of the pig-
ment. A dilution factor of 1/10 was used for the adequate 
measurement of absorbance. All determinations were car-
ried out in triplicate, and the results are represented as mean 
values:

(5)

Phycocyanin
(
�g mL−1

)
= 166A

618
− 108A

650

(6)

Allophycocyanin
(
�g mL−1

)
= 200A

650
− 52.3A

618

(7)

Phycoerythrin
(
�g mL−1

)
= 169A

498
− 8.64A

618
− 1.76A

650

(8)

Chlorophyll a
(
�g mL−1

)
= 11.8668A

664
− 1.7858A

647
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Amino acid profile determination

The hydrolysis of the microalgal biomass was carried out 
by a thermochemical treatment. Ten milligram of dry G. 
sulphuraria biomass was resuspended in 1 mL of 3 N 
HCl, homogenized by vortexing and incubated for 24 h 
at 99 °C and 200 rpm. The sample was then neutralized 
with 10 N NaOH and centrifuged for 30 min at room 
temperature and 16,800 × g, and the supernatant was 
retained and filtered. The determination of the amino 
acid profile was performed by high-performance liquid 
chromatography (HPLC) according to Henderson et al. 
(2000) with some modifications. Prior to injection, the 
amino acids present in the samples were derivatized using 
ortho-phthalaldehyde (OPA) (for primary amino acids). 
The following volumes were automatically injected and 
mixed by the autosampler in the following order: 2.5 μL 
of borate buffer (0.4 N, pH 10.2), 0.5 μL of sample, 0.5 
μL of OPA, and 37 μL of water. The HPLC system (1100 
series, Agilent Technologies, Germany) consisted of a 
binary pump, a thermostat-controlled autosampler, a col-
umn compartment, and a diode array detector at 338 nm. 
Analyses were performed using a Synergi 4 µm Max-RP 
80 Å, LC 75 × 2 mm column (Phenomenex, USA), and 
the column temperature was set at 40 °C. The mobile 
phase was a 40 mM solution of  NaH2PO4 (phase A) and 
a mixture of water, methanol, and acetonitrile (10:45:45; 
phase B). The elution of the samples was performed at a 
flow rate of 2.0 mL  min−1 by gradient elution and a total 
run time of 14 min.

Statistical analysis

The experimental error was determined for all triplicate 
determinations and expressed as standard deviation (SD). 
The significant difference of the duplication time com-
parison was determined by a variance analysis one-way 
ANOVA test followed by a Tukey test using the statistical 
packages GraphPad Prism version 6.01 and PAST version 
3.14, respectively; p < 0.05 was considered statistically 
significant.

Results

Growth and biomass production

Table 1 shows a summary of results of the five different 
G. sulphuraria strains cultivated under autotrophic growth 
conditions. The microalgae were incubated for 3 weeks. The 
cells did not reach the stationary phase during such period 
other than SAG 21.92, which grew poorly under the tested 
conditions, and CCMEE 5587.1 strain, which surpassed all 
strains in cell density and biomass accumulation (Fig. 2). 
However, the G. sulphuraria strain CCMEE 5587.1 grew 
slower after 14 days of culture and reached a final biomass 
concentration of 2.33 g  L−1 of dry cell weight (DCW) at 
20 days. Excluding strain SAG 21.92, this value was 2.2 
to 3.2-fold higher than that obtained with the other strains 
(Fig. 2A, Table 1). Most of the SAG 21.92 cells settled even 
with the agitation provided by the magnetic stirrer and air 
sparger. Observations with the microscope revealed the for-
mation of flocs: this strain probably excretes a polymer, but 
other studies are required to determine the factors that pro-
mote this behavior.

Table 1  Results obtained from the characterization of G. sulphuraria strains at time of maximum biomass concentration (t = 20 days)

* Doubling time
The data correspond to means ± the standard deviations of the triplicate experiments
a , b, c, and d parameters obtained by a Tukey test. Equal letters, difference between means = 0; different letters, difference between means ≠ 0. The 
Dt values were obtained during the exponential growth phase

Strain DCW  (gDCW  L−1) Cell density (cells  mL−1) Proteins (%; g  gDCW
−1) Carbohydrates 

(%; g  gDCW
−1)

Lipids (%; g  gDCW
−1) Dt * (days)

G. sulphuraria
SAG 21.92

0.18 ± 0.01 5.17E+06 ± 2.25E+05 42.58 ± 2.72 8.01 ± 0.58 8.89 ± 1.58 16.84 ± 2.27a

G. sulphuraria
SAG 107.79

0.74 ± 0.02 1.62E+07 ± 4.51E+05 39.31 ± 3.21 8.89 ± 0.08 6.78 ± 0.77 9.61 ± 0.59b

G. sulphuraria
SAG 108.79

0.83 ± 0.01 1.75E+07 ± 4.58E+05 43.44 ± 1.73 8.15 ± 0.85 9.56 ± 1.35 9.36 ± 0.48b

G. sulphuraria
UTEX 2919

1.07 ± 0.04 1.95E+07 ± 5.39E+05 46.86 ± 1.35 3.94 ± 0.31 7.31 ± 0.97 8.21 ± 0.51c

G. sulphuraria
CCMEE 5587.1

2.33 ± 0.06 8.97E+07 ± 7.01E+06 43.95 ± 3.15 5.91 ± 0.35 14.11 ± 0.84 4.27 ± 0.11d

1345Journal of Applied Phycology (2022) 34:1341–1352
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In relation to the maximum cell density obtained for 
each strain (Table  1), G. sulphuraria CCMEE 5587.1 
(8.97 ×  107  mL−1 cells) reached a value that was 4.6- to 5.5-
fold higher than that obtained by the other strains (excluding 
strain SAG 21.92) (Fig. 2B). Furthermore, the values found 
for doubling times (Dt) were, on average, 2.12-fold lower for 
most strains compared to CCMEE 5587.1 (Table 1). These 
values have a significant difference (Dt SAG. 21.92 ≠ Dt 
SAG 107.79 = Dt SAG 108.79 ≠ Dt UTEX 2919 ≠ Dt 
CCMEE 5587.1) as represented by the statistic p < 0.05 
(p = 0.0001).

Figure 3A shows the cumulative biomass productiv-
ity among the four strains: G. sulphuraria CCME 5587.1 
reached a maximum biomass productivity between 14 
and 20 days of cultivation (111.7 ± 2.7 mg  L−1   day−1). 
This value was 3.5-, 3.0-, and 2.31-fold higher compared 
to SAG 107.79, SAG 108.79, and UTEX 2919 at 20 days, 
respectively.

Biochemical composition: carbohydrates, lipids, 
and proteins

The main reserve carbohydrate accumulated by G. sul-
phuraria is floridean starch (Martinez-Garcia et al. 2017). 
Floridean starch is a highly branched glucose homopoly-
mer with a branched percentage of ~ 18% (α-1,6 linkages) 
and a molecular size of 2.5 ×  105 Da (Martinez-Garcia 

Fig. 2  Cell growth of different G. sulphuraria strains under auto-
trophic growth conditions. A Biomass concentration. B Cellular den-
sity

Fig. 3  Cumulative productivities of biomass (A), proteins (B), and 
phycobiliproteins (C) of different G. sulphuraria strains under auto-
trophic growth conditions

1346 Journal of Applied Phycology (2022) 34:1341–1352
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et al. 2016). Hence, the carbohydrate content was deter-
mined from the glucose released after thermochemical 
hydrolysis (see the Materials and Methods section). The 
G. sulphuraria strains accumulated lower amounts of car-
bohydrates that ranged from 4 to 9% (w/w); the highest 
content was obtained with strain SAG 107.79 (Table 1). 
Throughout the characterization, there were no changes 
in the content of this macromolecule at different culture 

times (Fig. 4A), suggesting that the cultures were not 
found under nutrient limitation or stress condition, which 
could lead to over-accumulation of reserve glucans. How-
ever, G. sulphuraria CCMEE 5587.1 had a slight increase 
in carbohydrate content as seen at the end of the culture 
(day 20), which is a characteristic of the deceleration 
phase observed for this strain (Fig. 2) in which the carbo-
hydrate content can increase as a reserve material.

The lipid content in the five evaluated strains ranged from 
7 to 14% (w/w), and G. sulphuraria CCMEE 5587.1 pre-
sented a lipid content 2 times higher than the other strains 
(Fig. 4B). It has been reported that G. sulphuraria is capable 
of accumulating lipids with values ranging from 1.1 (Gra-
ziani et al. 2013) to 5.4% (Sakurai et al. 2016), which are 
lower than those contents found in all strains in the present 
study.

All strains showed a high protein content, above 40% 
(w/w) for most strains, being G. sulphuraria UTEX 2919 
the strain that reached the highest value (~ 47%) (Fig. 4C). 
These values are higher than those reported previously for G. 
sulphuraria strain 064/309 (Graziani et al. 2013), which has 
a protein content of 32.5% in autotrophic cultures. However, 
the cumulative protein productivity is evident wherein strain 
G. sulphuraria CCMEE 5587.1 has a productivity 2 times 
higher than that of strain G sulphuraria UTEX 2919, 51.3, 
and 25.1 mg  L−1  day−1, respectively (Fig. 3B).

Photosynthetic pigments: phycobiliproteins 
and chlorophyll

There was a slight increase in protein content throughout the 
exponential phase of the different strains of G. sulphuraria 
(Fig. 4C). The microalgae actively synthesize various pro-
tein components involved in the increase of biomass such 
as enzymes, structural proteins, transporters, etc. Table 2 
shows that the phycocyanin is the phycobiliprotein that 
accumulates at the highest proportion in the phycobilisome 
protein complex. These results contrast with that reported 
by Graziani et al. (2013) who found a higher content of 
allophycocyanin compared to the other phycobiliproteins. 
Remarkably, strain CCMEE 5587.1 accumulates the highest 
amount of phycocyanin: 1.4- to 3.04-fold higher that the val-
ues obtained with the other strains (Fig. 5). In the same way 
as the CCMEE 5587.1 strain reached the highest biomass 
and proteins productivities, this strain is expected to achieve 
the highest phycocyanin productivity: 3.9 to 8.6 times higher 
than the values obtained with the other strains (Fig. 3C). 
The SAG 21.92 strain did not grow under the tested condi-
tions; the photosynthetic pigments (phycobiliproteins and 
chlorophyll) and amino acid profiling were not performed 
for this strain.

As expected, the absorption spectrum obtained shows the 
presence of two signal peaks at 410 nm and 670 nm, which 

Fig. 4  Biochemical composition, carbohydrates (glucose) (A), lipids  
(B), and proteins (C), of different G. sulphuraria strains, was deter-
mined at 0, 5, 10, 15, and 20  days of cultivation time. The macro-
molecule content is expressed as (gX  gDCW

−1) × 100, where X are 
proteins, carbohydrates, or lipids. * The macromolecule content in G. 
sulphuraria SAG.2192 was not determined

1347Journal of Applied Phycology (2022) 34:1341–1352
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are characteristic of chlorophyll a (Fig. 6). Despite having 
a high content of phycobiliproteins as part of the photon 
harvester complex, it also contains chlorophyll a, which acts 
as a reaction center in the photosystems involved in the light 

phase of photosynthesis (Masojídek et al. 2007). Table 2 
also shows the chlorophyll pigments extracted from the G. 
sulphuraria biomass, in which chlorophyll a was accumu-
lated from 1.08 to 2.48 mg  g−1 with the highest value found 
in strain CCMEE 5587.1

Amino acid profile

Due to the extraction methodology (thermochemical hydrol-
ysis) and analysis (HPLC) used in this research, some amino 
acids such as tryptophan, asparagine, and glutamine were 
not detectable, which suggests that it could be related to the 
detection limit of the technique or with the thermochemi-
cal treatment carried out for the hydrolysis of the analyzed 
biomass. Table 3 shows the amino acid profile (essential and 
non-essential) of four G. sulphuraria strains. It was clear 
that all strains had a similar amino acid profile with eight of 
the nine amino acids defined as essential and seven of nine 
non-essential amino acids.

Tryptophan is a primary, aromatic, and essential amino 
acid, whose biosynthesis in photosynthetic microorganisms 
(for example, diatoms) is closely related to the biosynthesis 
of other aromatic amino acids such as phenylalanine and 
tyrosine; chorismate is shared as a common precursor mol-
ecule (Bromke 2013). Various studies have shown that this 
amino acid may be found in small concentrations in the bio-
mass of various genera of microalgae and corresponds to one 
of the amino acids in a lower percentage; thus, some studies 
have shown that it is not detectable (Chronakis and Madsen 
2011; Tibbetts et al. 2015; Koyande et al. 2019). Likewise, 
some conditions for extracting proteins from microalgal bio-
mass using acids and high temperatures (thermochemical 
conditions) can destroy tryptophan, and thus, tryptophan 
cannot be subsequently determined by traditional chroma-
tographic methods (Barbarino and Lourenço 2005).

Glutamine and asparagine (non-essential amino acids) 
could not be quantified with our methodology. However, 
Salbitani and Carfagna (2020) measured three free amino 
acids (glutamine, glutamate, and asparagine) from wet bio-
mass of G. sulphuraria strain 011 using 80% ethanol for 

Table 2  Summary of 
photosynthetic pigments 
found in the biomass of 
Galdieria sulphuraria at 
time of maximum biomass 
concentration (t = 20 days)

Strain Phycocyanin Allophycocyanin Phycoerythrin Chlorophyll a

(mg  g−1) (mg  g−1) (mg  g−1) (mg  g−1)

G. sulphuraria 17.31  ± 0.19 2.9  ± 0.29 4.14  ± 0.44 1.08  ± 0.04
SAG 107.79
G. sulphuraria 33.81  ± 3.06 5.34  ± 0.48 6.2  ± 0.47 1.89  ± 0.05
SAG 108.79
G. sulphuraria 15.5  ± 0.8 2.58  ± 0.64 4.72  ± 0.65 1.57  ± 0.39
UTEX 2919
G. sulphuraria 47.13  ± 5.16 11.7  ± 1.34 9.92  ± 0.88 2.48  ± 0.15
CCMEE 5587.1

Fig. 5  Phycobiliprotein content of different Galdieria sulphuraria 
strains under autotrophic growth conditions at time of maximum bio-
mass concentration (t = 20 days)

Fig. 6  Chlorophyll accumulation in different Galdieria sulphuraria 
strains under autotrophic growth conditions at time of maximum 
biomass concentration (t = 20 days). Absorption spectrum of the pig-
ments extracted with 90% acetone
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its extraction. Therefore, the protein present in the different 
strains evaluated here could contain these non-determinate 
amino acids.

Theoretical productivity projected for Galdieria 
sulphuraria cultures under autotrophic conditions

A theoretical calculation of annual productivity was per-
formed to estimate the potential of G. sulphuraria to pro-
duce microalgal biomass with a high protein content. The 
projection was based on the productivities reached over 

20 days using the  CO2 contained in air, pH 2, and tem-
perature of 42 °C. The calculations were performed using 
two hypothetical open ponds with the following dimen-
sions: 100 m × 50 m × 0.25 m (length, width, and liquid 
depth). The projections were made under two scenarios: 
(A) the productivity values are not affected by the scaling 
process and (B) 50% reduction in biomass productivity. 
The results showed that biomass and protein productivity 
values are 15.49–48.78  tDCW  ha−1  year−1 and 6.18–21.44 
 tproteins  ha−1  year−1, respectively, assuming a half reduction 
of the projected parameters (Table 4).

Table 3  Amino acid profile of 
different Galdieria sulphuraria 
strains cultivated under 
autotrophic growth conditions 
at time of maximum biomass 
concentration (t = 20 days)

The reported values correspond to the percentage content (g of amino acid (100 g)–1 biomass)
- No determinate

Amino acid G. sulphuraria 
SAG 107.79

G. sulphuraria 
SAG 108.79

G. sulphuraria 
UTEX 2919

G. sulphuraria 
CCMEE 5587.1

Essentials
1 Threonine 2.54 2.52 2.41 2.81
2 Histidine 2.92 2.74 2.67 2.37
3 Valine 1.43 1.32 1.36 1.54
4 Methionine 0.71 0.76 0.64 0.70
5 Tryptophan - - - -
6 Phenylalanine 1.58 1.55 1.46 1.57
7 Isoleucine 0.68 0.90 0.81 0.88
8 Leucine 2.64 2.65 2.67 2.71
9 Lysine 1.77 1.67 1.25 1.49
Non-essentials
10 Aspartate 3.09 3.33 2.41 4.09
11 Glutamate 5.73 5.48 4.58 4.14
12 Asparagine - - - -
13 Serine 3.61 3.50 3.36 2.11
14 Glutamine - - - -
15 Glycine 3.14 3.04 2.75 2.57
16 Arginine 2.15 2.29 1.84 2.79
17 Alanine 3.03 2.76 2.03 2.45
18 Tyrosine 0.61 0.70 0.78 0.68

Table 4  Theoretical annual 
productivity projected for 
Galdieria sulphuraria cultures 
under autotrophic conditions 
(atmospheric  CO2) in two 
scenarios: (A) productivity 
values are not affected by 
scaling-up and (B) productivity 
values are reduced by 50%

Projected productivity values of evaluated G. sulphuraria strains (Qi) are shown for the following com-
pounds (i): dry cell weight (DCW) and proteins. For these calculations, an annual cultivation of 335 days 
was assumed carried out in two ponds (100 m × 50 m × 0.25 m per pond)

Strain Projected parameter Scenario A Scenario B

G. sulphuraria
SAG 107.79

QDCW  (tDCW  ha−1  year−1) 30.99 15.49
Qproteins  (tproteins  ha−1  year−1) 12.37 6.18

G. sulphuraria
SAG 108.79

QDCW  (tDCW  ha−1  year−1) 34.76 17.38
Qproteins  (tproteins  ha−1  year−1) 15.10 7.55

G. sulphuraria
UTEX 2919

QDCW  (tDCW  ha−1  year−1) 44.81 22.40
Qproteins  (tproteins  ha−1  year−1) 21.00 10.50

G. sulphuraria
CCMEE 5587.1

QDCW  (tDCW  ha−1  year−1) 97.57 48.78
Qproteins  (tproteins  ha−1  year−1) 42.88 21.44
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Discussion

Galdieria sulphuraria CCMEE 5587.1 had better growth 
characteristics than SAG 21.92, SAG 107.79, SAG 108.79, 
and UTEX 2919. It offered the highest biomass concen-
tration, the highest cell density, and the shortest doubling 
time. Comparing our results with those reported for G. sul-
phuraria 074 W strain (maximum biomass concentration of 
1.1 g  L−1 in 12 days under autotrophic conditions) (Sakurai 
et al. 2016), we observed that strain G. sulphuraria CCMEE 
5587.1 had a 25% higher DCW with a value of 1.37 g  L−1 in 
the same elapsed culture time.

The maximum biomass concentration and the macro-
molecular content (proteins, carbohydrates, and lipids) are 
essential criteria to evaluate the potential of microorganisms 
to produce high-value metabolites. However, this parameter 
alone is an inadequate measure to make a correct choice of 
a useful strain for large-scale industrial applications where 
several parameters must be considered, e.g., productivity 
(Maroneze et al. 2016). The biomass productivity determi-
nation throughout the culture also allows us to show the 
time in which the maximum productivity is reached and 
therefore decrease the cultivation time. Here, the maximum 
biomass productivity of G. sulphuraria CCMEE 5587.1 was 
reached on day 14. Doubling time and protein productivity 
values obtained for this strain, together with the advantages 
to growth at acidic pH, can be used to design repeated batch, 
fed-batch, and semicontinuous or continuous cultures at pilot 
plant aiming to test the technical feasibility to scale-up the 
culture process for protein production using G. sulphuraria.

All strains exhibit a high protein content (above 40% for 
most strains), which shows the potential of this microalgal 
biomass to produce SCP as a potential food or feed. The 
protein values achieved with this microorganism compare 
favorably with the reported content of some vegetables 
used as protein source in the food and feed industry such 
as soybean flour (Glycine max) whose percentage yield 
is ~ 36% and is considered a source of protein (Koyande 
et al. 2019). Likewise, the protein content in this current 
study is higher than that of other red microalga such as Por-
phyridium marinum with a content of 15.4% (Ben Hlima 
et al. 2019), Porphyridium cruentum at 28.0–39.0% (Becker 
2007), and Porphyridium purpureum with 15.1% (Assunção 
et al. 2017). These were also measured under autotrophic 
conditions. Since microalgal biomass destined for food 
or feed is normally supplied as a supplement in diets, it is 
important to consider the entire biomass. In addition to the 
high protein content that we observed in the G. sulphuraria 
biomass, there are other types of macromolecules present 
such as lipids and carbohydrates that collectively provide 
good nutritional characteristics to the generated biomass 
(Koyande et al. 2019).

The presence of phycobiliproteins and chlorophyll in the 
biomass of G. sulphuraria provides a nutraceutical value 
added to the microalgal biomass obtained in this work using 
only the  CO2 content in the air. Phycocyanin has nutraceuti-
cal activities related to a decrease in blood pressure (anti-
hypertensive activity), free radicals and reactive oxygen 
species (antioxidant activity), inflammatory processes (anti-
inflammatory activity), and proliferation of uncontrolled 
cellular processes (anticancer activity) (Abd El-Hack et al. 
2019; Chandra et al. 2020; Lafarga et al. 2020). In addi-
tion, chlorophyll provides anticarcinogenic, antioxidant, and 
antigenotoxic properties. It is an effective nutraceutical for 
liver illnesses (Bishop and Zubeck 2012; García et al. 2017; 
Koyande et al. 2019).

Phycocyanin is currently a commercially valuable mol-
ecule obtained from photoautotrophic cultures with cyano-
bacteria such as Arthrospira (Spirulina) platensis. For this 
microorganism, contents of 56.6 mg  g−1 (Manirafasha et al. 
2018), 148.1 mg  g−1 (Ajayan et al. 2012), and 160 mg  g−1 
(Xie et al. 2015) have been reached, which are 1.2 to 3.4 
times higher than those reported in our study with the strain 
CCMEE 5587.1 (47 mg  g−1) (Table 2), indicating that fur-
ther research is needed to maximize phycocyanin production 
with several G. sulphuraria strains. It is worth mentioning 
that one of the main advantages of the phycocyanin syn-
thesized by G. sulphuraria is its thermostability at 60 °C, 
unlike that reported for phycocyanin from Spirulina sp., with 
stability at temperatures below 47 °C (Moon et al. 2014).

Regarding the quality of the protein obtained, the amino 
acid profile showed that the generated biomass has most 
essential amino acids. The amino acid profile or amino acid 
score is a fundamental parameter for the evaluation of pro-
tein quality especially protein destined for human and animal 
consumption (Vanthoor-Koopmans et al. 2013). This protein 
should preferably contain all or most of the essential amino 
acids (Koyande et al. 2019). The presence of some amino 
acids such as methionine and lysine increases the growth 
rate in broiler chickens (Lima et al. 2008; Vanthoor-Koop-
mans et al. 2013).

Assuming a straightforward scale-up using strain CCMEE 
5587.1 in open ponds and that half of the protein produc-
tivities obtained in the laboratory can be reached, a pro-
ductivity of 21  tproteins  ha−1  year−1 could be attained. This 
value compares favorably with the productivities reported 
for soybean in Brazil and the USA (main soybean produc-
ing countries in the world): 2019–2020 were 1.36 and 1.27 
 tproteins  ha−1  year−1, respectively (estimated values based on 
protein content of 40%) (Embrapa 2021). This hypotheti-
cal productivity with G. sulphuraria is 15.4 to 16.5 times 
higher than that obtained with this legume. Additionally, 
one of the main advantages that the cultivation of microalgae 
presents compared to the cultivation of terrestrial plants is 
that the cultivation of microalgae does not require the use of 
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agricultural land and therefore does not compete with food 
or feed production (Benedetti et al. 2018).

The main problem associated with the use of microalgae, 
especially in open ponds, is the high probability of contami-
nation with other microorganisms. This is one of the most 
important factors affecting microalgae growth and decreases 
the productivity of metabolites of interest. Therefore, one of 
the most effective strategies to counteract this problem is to 
use extremophilic microalgae species in extreme cultivation 
conditions and growing in simple mineral media. Galdieria 
sulphuraria is classified as extremophilic because it could 
survive in acidic environments with pH values 0–4 (acido-
philic) and at temperatures above 40 °C (thermotolerant) 
(Martinez-Garcia and van der Maarel 2016). Cultivation 
conditions used for G. sulphuraria also promotes a syner-
gism between the low pH of the culture medium, irradi-
ance, high temperature, and dissolved oxygen (DO), which 
leads to the appearance of reactive oxygen species (ROS) 
and a potential negative effect on the growth of contaminat-
ing microorganisms (Munasinghe-Arachchige et al. 2019). 
Finally, temperature control in the microalgae cultivation in 
open ponds continues to be one of the main technological 
challenges to implement. In this sense, G. sulphuraria can 
grow adequately in reactors exposed to sunlight and natural 
temperature variations from 24 to 50 °C (Henkanatte-Gedera 
et al. 2017).

Conclusions

We produce G. sulphuraria microalgal biomass with high 
protein content under phototrophic conditions and using 
the  CO2 content in air. Due to the thermoacidophile condi-
tions, the biomass is free of microbial contamination and 
suitable for scale-up. Finally, the resulting biomass has a 
high potential to produce single-cell protein as the result 
of the biochemical analysis of this red microalga. This bio-
mass composition is suitable for food or feed purposes, but 
nutritional tests must still be done. Among the five different 
tested strains, G. sulphuraria CCMEE 5587.1 is proposed 
as the most appropriate strain for scale-up because it has 
the highest biomass productivity and the highest percentage 
content of phycocyanin and chlorophyll as well as a protein 
and lipid content higher than 40% and 14%, respectively.
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