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Abstract: The microalgae Haematococcus pluvialis is used for the biotechnological production of astax-
anthin. The red carotenoid accumulates in the cytoplasm under unfavorable conditions. Astaxanthin
synthesis is associated with the transformation of motile vegetative cells into non-motile cyst cells.
In the industrial process, after harvesting, the cyst cells are mechanically disrupted, dried, and
finally, astaxanthin is extracted with supercritical CO2. The germination of the cyst cells represents an
interesting alternative, replacing the mechanical cyst cell wall disruption. When cyst cells are exposed
to favorable growth conditions, germination of the cyst cells occurs and zoospores are released after
a certain time. These zoospores show a much weaker cell matrix compared to cyst cells. In this
study, germination under phototrophic, mixotrophic, and heterotrophic conditions was examined.
Glucose was used as the carbon source for mixotrophic and heterotrophic germination. Applying
heterotrophic conditions, up to 80% of the cells were in the zoospore stage 49 h after the start of
germination, and extraction yields of up to 50% were achieved using the solvent ethyl acetate for
the extraction of astaxanthin from the algal broth containing zoospores. An extraction yield of up
to 64% could be achieved by doubling the nitrate concentration and combining mixotrophic and
heterotrophic cultivation.

Keywords: Haematococcus pluvialis; germination; cultivation conditions; extraction; astaxanthin;
downstream processing

1. Introduction

The microalgae Haematococcus pluvialis (H. pluvialis) is the organism used for the
biotechnological production of the red carotenoid astaxanthin [1]. Astaxanthin shows
strong antioxidant and health-promoting properties, causing a huge increase in demand for
biotechnologically produced astaxanthin [2]. Natural astaxanthin is mainly used as a food
supplement and in the cosmetics industry [3]. H. pluvialis belongs to the Volvocales, which
represent an order of flagellated green algae [4]. In nature, it is mainly found in temperate
regions of the world, temporary water points, and natural or artificial freshwater pools [5].
The complex life cycle of H. pluvialis can be divided into a mobile and immobile phase,
in which the cells exist as mobile vegetative cells and immobile aplanospores [6]. Under
favorable growth conditions, the microalga live mainly as a green, flagellated vegetative cell
(Figure 1a). The vegetative cells consist of a cell membrane and an extracellular gelatinous
matrix characteristic of volvocalean motile cells [7]. Under unfavorable stress conditions,
the species undergoes asexual reproduction producing aplanospores (Figure 1b) which,
when mature accumulate astaxanthin (Figure 1c) and become cyst cells (Figure 1d) and
may also produce zoospores, also accumulating astaxanthin (Figure 1e).
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Figure 1. The cell cycle of H. pluvialis: (a) motile, flagellated cell, (b) aplanospore, (c) astaxanthin-
accumulating aplanospore, (d) red cyst cell, (e) dividing cells (sporangium), (f) astaxanthin rich
zoospores released from the sporangium, (g) aplanospore derived from astaxanthin containing
zoospore. Scale bar: 10 µm.

In the final stage of cyst formation, H. pluvialis develops a rigid and resistant cell wall
that consists of a trilaminar sheath, secondary wall, and the tertiary wall (Figure 1d) [7].
In principle, H. pluvialis can grow under phototrophic, heterotrophic, or mixotrophic
conditions. When growing phototrophically, sunlight is used as energy and CO2 as a
carbon source [8]. With heterotrophic growth, microalgae take up organic molecules
such as glucose or acetate [9,10] as their main source of nutrition, and no light is used
during cultivation [11,12]. Glucose was used in several studies for the cultivation of H.
pluvialis [13–15]. Mixotrophic cultivation is a variant of heterotrophic growth, where the
organic carbon and CO2 are assimilated simultaneously and respiratory and photosynthetic
metabolism operate concurrently [16]. In literature, mixotrophic cultivation of vegetative
H. pluvialis cells was done, using the sugars ribose, mannose, fructose, xylose, glucose,
sodium acetate, glycerol, lactose, or sucrose at a concentration of 1.33 g L−1 (corresponds
to 7.38 mM glucose) [17]. On an industrial scale, the upstreaming of H. pluvialis is done
phototrophically in the form of a two-step process using closed photobioreactors. Open
ponds are rarely used for the green phase of biomass production and are usually just
used for the second step of cell stressing. In the first process step (Figure 1a,b), the algal
biomass is cultivated phototrophically to high cell concentrations under optimal growth
conditions, with a sufficient supply of nutrients such as nitrate and phosphate [18], gassing
with CO2 [19], and artificial lighting, especially by the red fraction of the light [20,21]. On
an industrial scale, natural sunlight is usually used for cultivation [1]. Under so-called
“stress conditions”, nitrate and phosphate deficiency and light stress, and especially the
blue light spectrum [21,22], the astaxanthin synthesis is initiated and further enhanced
by CO2 gassing [19] in the second process step (Figure 1c,d). Astaxanthin accumulation
is accompanied by the formation of a resistant cyst cell wall, which impedes direct and
efficient astaxanthin extraction. Thus, a complex downstream process is required, including
centrifugation, mechanical cell wall disruption, and spray drying; finally, astaxanthin is
extracted with supercritical CO2 [23]. As a result, energy-intensive mechanical processes
such as bead mills or high-pressure homogenization are required for the industrial cell wall
disruption of the cyst cells. Up to three cycle repetitions are needed to achieve sufficient
cell wall disruption efficiency using high-pressure homogenization [24]. Germination of
H. pluvialis cysts represents an interesting alternative to mechanical cell wall disruption.
When the cysts are exposed to growth conditions and sufficient nutrients are added, the
mother cell begins to divide, forms a sporangium (Figure 1e), and releases zoospores
(Figure 1f) containing astaxanthin. After a certain time, these also lose their flagella,
round off, and form astaxanthin-containing non-motile aplanospores (Figure 1g) [25].
As shown in our previous study, it is possible to extract astaxanthin directly from these
zoospores into a solvent. Thus, mechanical cell wall disruption, drying, and extraction with
supercritical CO2 could be replaced by a liquid–liquid extraction step, using a liquid–liquid
chromatographic unit [26,27]. Nevertheless, the cultivation conditions to convert cyst cells
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into zoospores, keeping the astaxanthin content high within the zoospores after release,
are not yet fully investigated [26,28]. In previous studies, it could be determined that
the nitrate concentration [25], the light intensity [29] and composition [30], and the age
of the cyst cells [31] influence the germination, i.e., the proportion of released zoospores
compared to non-germinated cysts and the astaxanthin content in the zoospores. In these
studies, germination was performed at phototrophic conditions. It could be shown that at
higher light intensities in comparison to lower ones, more zoospores were usually released
from the cyst cells [25,29]. However, this was also accompanied by a degradation of
astaxanthin at higher compared to lower light intensities. In addition, a stronger decrease
of astaxanthin in the zoospores released was observed at higher compared to lower nitrate
concentrations in the medium at the same light intensity [25]. In contrast, after the initiation
of germination, an increase in the astaxanthin concentration of 20% at 12 h and a decrease
of 30% at 24 h has also been reported [28]. In addition, compared to red or white light, it
has been shown that germination with blue light has a positive effect on the number of
zoospores released and their astaxanthin content [30].

The aim of this work was to develop a germination method that initiates rapid
germination of as many cysts as possible while maintaining a high astaxanthin content in
the released zoospores for the subsequent downstream process. Therefore, the influence of
the CO2 content on photo- and mixotrophic germination was examined. In addition, the
influence of an external glucose source in comparison to cultivation without glucose was
studied for two heterotrophic germinated cultures. The influence of light on germination
was discussed using mixotrophic and heterotrophic cultivation.

2. Materials and Methods
2.1. Chemicals and Solvents

The solvents used for astaxanthin extraction from the red cyst cells and zoospores,
ethyl acetate (≥99.5%), and dichloromethane (DCM) (99.8%), were purchased from Merck
KGaA (Gernsheim, Germany). Deionized water was supplied in-house. For HPLC analysis
Millipore 18 Mohm water, methanol (liquid chromatography grade) from VWR Chemicals
(Darmstadt, Germany), and methyl-tert-butyl ether (MTBE) (>99.5%) from Honeywell
(Israel) were used. K2CO3 (99%) and KHCO3 (99%) for the preparation of the aqueous
CO2 buffer for H. pluvialis cultivation and germination were ordered from VWR Chemicals
(Germany). Sulphuric acid (96%) from VWR Chemicals (Germany) and phenol (99%) from
Alfa Aesar (Karlsruhe, Germany) was used for colourimetric detection of glucose, sugars,
and extracellular polymeric substances (EPS) in the supernatant. Sodium nitrate (>99%)
was purchased from VWR Chemicals (Germany). Anhydrous D(+)-glucose from Merck
KGaA (Germany) was used as an organic carbon source. Bold Modified Basal Freshwater
Nutrient Solution (BBM) was used as a culture medium. Medium preparation was done by
diluting 20 mL BBM concentrate from Sigma-Aldrich (Darmstadt, Germany) with 980 mL
deionized water to obtain the following composition (per liter): 11.42 mg H3BO3, 25.0 mg
CaCl2·2H2O, 0.49 mg Co(NO3)2·6H2O, 1.57 mg CuSO4·5H2O, 50.0 mg EDTA (free acid),
4.98 mg FeSO4·7H2O, 75 mg mgSO4·7H2O, 1.44 mg MnCl2·4H2O, 0.71 mg MoO3, 0.003 mg
NiCl2·6H2O, 31.0 mg KOH, 0.003 mg KI, 175.0 mg KH2PO4, 75 mg K2HPO4, 25 mg NaCl,
250.0 mg NaNO3, 0.002 mg Na2SeO3, 0.001 mg SnCl4, 0.0022 mg VOSO4·3H2O, and 8.82 mg
ZnSO4·7H2O. The pH of the culture medium was adjusted to 6.8 with sodium hydroxide
(99%) from VWR Chemicals (Germany).

2.2. Cultivation of H. pluvialis Cyst Cells

The microalgae H. pluvialis (SAG number 192.80) was obtained from the University
of Göttingen, Germany, immobilized on an agar. Parts of this culture were transferred
to a 250 mL Erlenmeyer flask filled with 150 mL of Bold Modified Basal Freshwater
Nutrient Solution (BBM). This pre-culture was placed on the shaker SHO-2D from Witeg
Labortechnik GmbH (Wertheim, Germany) at a rotation of 100 rpm. Illumination was
performed using a lamp containing 90 light-emitting diodes (LEDs). The light compositions
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could be adjusted to “red light” with a maximum of the emitted light at 658 nm, and to
“blue light” with a maximum at 451 nm. The pre-culture was continuously illuminated with
“red light” at a light intensity (photon flux density) of 50 µmol m−2 s−1 for two weeks and
consisted of a mixture of vegetative cells (Figure 1a) and aplanospores (Figure 1b). The light
intensity was measured with the LightScout Quantum Meter from Spectrum Technologies,
Inc. (Aurora, IL, USA). For the cultivation from the green flagellate stage to the red cyst cell,
four photobioreactors, model HDC 1.100B from CellDEG GmbH (Berlin, Germany), were
used (Figure 2). The reactors consist of a CO2 buffer reservoir and a cultivation reactor,
spatially separated by a hydrophobic membrane. An aqueous bicarbonate buffer solution
is placed in the buffer reservoir, which releases CO2 and allows bubble-free gassing of
the microalgae culture through the membrane. The CO2 is released through seven holes
on the vessel’s upper side, which is covered with a hydrophobic membrane. The actual
cultivation reactor, which is placed above the buffer reservoir, has a spherical structure
with a total volume of 250 mL and is made of transparent polystyrene. Four aliquots of the
pre-culture were centrifuged at 5500 rpm with a centrifuge Sigma 3-16KL centrifuge from
Sigma GmbH (Mannheim, Germany) for 5 min to cultivate the cysts for the germination
experiments, and the supernatant was discarded. The cyst cells were suspended in distilled
water and centrifuged, and the supernatant was removed. To each of the four samples,
200 mL of fresh BBM was added, whereby an optical density (OD) of 0.2 at 750 nm was set.
This algal broth was transferred to the cultivation reactors. One hundred fifty milliliters of
bicarbonate buffer containing 12.55 g K2CO3 and 36.04 g KHCO3 were used for each reactor
and placed in the buffer reservoir, which corresponds to the gassing of the microalgae
culture with 3% v/v CO2. The reactors were placed on the shaking plate and the rotation
was set to 110 rpm. The cultivation was carried out at a light intensity of 100 µmol m−2 s−1

using the “red light”. When all microalgae were present as immobile green aplanospores,
the culture was stressed for seven days to accelerate the astaxanthin synthesis, using “blue
light” at a light intensity of 200 µmol m−2 s−1.

Figure 2. Photobioreactor HDC 1.100B filled with H. pluvialis cells at different cell stages.

2.3. Germinatin of H. pluvialis Cyst Cells

For germination, aliquots of the cyst cells were cultivated as described in Section 2.2
and centrifuged at 5500 rpm. The supernatant was removed and the biomass was washed
with distilled water, centrifuged again, and the supernatant discarded. The cyst cells were
germinated under a phototrophic, mixotrophic, or heterotrophic culture. The cyst cells
were suspended in 200 mL BBM and 4 mM glucose was added to the mixotrophic or
heterotrophic cultures. In a preliminary study, ribose, sodium acetate, and glucose were
tested for mixotrophic cyst cell germination. More zoospores were released using glucose
compared to ribose and sodium acetate (Figure S1) and enhanced germination of cyst
cells were observed at these carbon concentrations compared to phototrophic germination.
Additionally, in a preliminary study, glucose concentrations of 4, 8, 20, and 40 mM were
used for mixo- and heterotrophic cyst cell germination, and the glucose concentration did
not affect the germination efficiency (Figure S2). Thus, concerning resource consumption,
the lowest investigated glucose concentration of 4 mM was used in the further course of
experiments. Where germination was carried out with artificial light, “red light” was used,
with light intensity as shown in Table 1.
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Table 1. Applied germination conditions, each culture represents one biological sample.

Name Germination Conditions

culture 1
culture 2

phototrophic + CO2 + 100 µmol m−2 s−1

phototrophic + ambient air + 100 µmol m−2 s−1

culture 3
culture 4

mixotrophic + 4 mM glucose + CO2 + 100 µmol m−2 s−1

mixotrophic + 4 mM glucose + ambient air + 100 µmol m−2 s−1

culture 5
culture 6

phototrophic + CO2 + 75 µmol m−2 s−1

phototrophic + ambient air + 75 µmol m−2 s−1

culture 7
culture 8

mixotrophic + 4 mM glucose + CO2 + 75 µmol m−2 s−1

mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1

culture 9
culture 10

heterotrophic + “no external carbon source” + ambient air
heterotrophic + 4 mM glucose + ambient air

culture 11
culture 12

phototrophic + ambient air + 75 µmol m−2 s−1

mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1

culture 13
culture 14

heterotrophic + 4 mM glucose + ambient air
heterotrophic + 4 mM glucose + 2xnitrate + ambient air

culture 15
culture 16

mixo-/heterotrophic + 4 mM glucose + ambient air + (75 µmol m−2 s−1)
mixo-/heterotrophic + 4 mM glucose + 2xnitrate + ambient air + (75 µmol m−2 s−1)

Four sets of experiments were carried out. In each set, four germination experiments
were performed at different conditions using the same batch’s cyst cell biomass. Thus, the
“internal” state (nitrate, lipid, starch, astaxanthin content, etc.) of the cyst cells differs at the
beginning of the germination for each set of experiments. Therefore, it is more reasonable to
evaluate the tendencies within one set of an experiment than to compare absolute values be-
tween different sets of experiments. In the first set of experiments, the influence of gassing
with 3% v/v CO2 compared to cultivation at ambient air was examined using phototrophic
culture 1 and 2 and mixotrophic culture 3 and 4 at 100 µmol m−2 s−1. Germination condi-
tions of cultures 1 to 4 were repeated using a light intensity of 75 µmol m−2 s−1 and are
presented in Table 1 as culture 5 to culture 8. In the third set of experiments, cultures 9
to 12, the conditions of cultures 6 and 8 at 75 µmol m−2 s−1 were repeated (cultures 11
and 12). In addition, these two experiments were carried out in darkness by covering the
reactors with aluminum foil for heterotrophic germination. Glucose was added to culture
10, while no further external carbon source was added to culture 9.

In the fourth and last series of experiments (cultures 13 to 16), all the cultures were
germinated in the presence of 4 mM glucose. In cultures 14 and 16 additional sodium
nitrate was added, resulting in a nitrate concentration two times higher than the one in
the BBM medium. Cultures 13 and 14 were germinated in darkness. Cultures 15 and 16
were first germinated in the presence of red light, at a light intensity of 75 µmol m−2 s−1.
After the nitrate consumption (25 h after the start of the germination) the germination was
continued in complete darkness.

2.4. Astaxanthin Extractability Analysis

Astaxanthin can be extracted directly from the zoospores into ethyl acetate without
prior mechanical cell disruption or drying [26]. Several solvents, including ethyl acetate,
methyl-tert-butyl ether, n-heptane, butan-1-ol, and dichloromethane, have been evaluated
for the extraction of astaxanthin from germinated zoospores in our previous work [26].
Ethyl acetate showed the largest extraction yield; it is classified as a green solvent and
was therefore chosen as an extraction solvent [32,33]. Consequently, the algal broth’s
extractability can be used as an indicator for the germination of cyst cells or the number
of released zoospores. Therefore, liquid–liquid extraction was carried out as a single
determination at a different time point after germination, to determine the amount of
extractable astaxanthin into ethyl acetate. Two milliliters of algal culture were transferred
into a 15 mL falcon tube and mixed with 2 mL ethyl acetate for 60 min using a Multi Bio
RS-24 shaker from Biosan (Rı̄ga, Latvia). The samples were then centrifuged at 5500 rpm
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with a Sigma 3-16KL centrifuge from Sigma GmbH (Germany) for 15 min. The absorbance
of the extracted carotenoids in the solvent was measured once with the SPECORD 50
Plus spectrophotometer from Analytik Jena (Thuringia, Germany) at 478 nm, and the
astaxanthin concentration was calculated using a calibration curve. The astaxanthin content
of the biomass was determined in triplicate (n = 3) at the beginning of germination (t = 0 h),
at the time of the largest zoospore release (t = 49 h), and at the end of the series (t = 141 h)
for each biological sample: cultures 5–16. For cultures 5–16, a double determination of the
astaxanthin content of the biomass was additionally performed for the remaining times
(t = 17 h, 25 h, 41 h, and 68 h). The astaxanthin concentration in ethyl acetate after the
liquid–liquid extraction was obtained by a single determination for all cultures 1–16. The
yield Y corresponds to the quotient of the astaxanthin content in the solvent after, to that
in the biomass before extraction, and was calculated for the points in time examined, as
presented in the following equation.

Y =
mastaxanthin extracted into the solvent

mastaxanthin in biomass before extraction

In addition to the extraction experiments, the cell stage of the microalgae cultures was
identified for cultures 5–16 with a light microscope, equipped with a Thoma hemocytometer
from the BRAND GMBH + CO KG (Wertheim, Germany). A distinction was made between
five different cell stages of H. pluvialis, cysts, dividing cells, zoospores, aplanospores, and
empty cysts, as shown in Figure 1. Cell counting was performed for each measuring point
in the form of a single determination.

2.5. Determination of the Biomass Concentration

The dry weight (DW) biomass concentration was measured in triplicate at every point
in time after the start of germination for each culture. Therefore, three times 2 mL algal
broth was transferred into microtubes from Eppendorf AG (Hamburg, Germany) and
centrifuged at 5500 rpm for 15 min. The supernatant was used for the determination
of sugar and nitrate content in the medium, as described in Section 2.7. The biomass
was washed with distilled water and centrifuged again at 5500 rpm for 15 min and the
supernatant was discarded. The microtubes with the dewatered biomass were stored at
–80 ◦C and subsequently lyophilised with an Alpha 3-4 LSC basic freeze dryer from Martin
Christ Gefriertrocknungsanlagen GmbH (Osterode am Harz, Germany). The DW was
calculated from the weight difference between the microtube after freeze-drying and the
empty microtube, divided by the volume of the taken algal broth, i.e., 2 mL.

2.6. Astaxanthin Quantification

To determine the biomass astaxanthin content, 5 mg freeze-dried biomass (Section 2.5)
was broken up with mortar and pestle and astaxanthin was extracted, adding 10 mL of
dichloromethane. This was repeated three times until only colourless debris was left. The
dichloromethane was evaporated using a Heidolph Hei-VAP (Germany) rotary evaporator.
The astaxanthin extract was saponified for 3 h at room temperature in the dark with
acetone (2.25 mL), methanol (0.25 mL), and 0.05 M NaOH in methanol (0.5 mL). This
extract was transferred to three 15 mL falcon tubes and mixed with 3 mL of petroleum
ether. Additionally, 5 mL of 10 wt.% aqueous NaCl solution was added, mixed, and
centrifuged at 5500 rpm for 5 min. The upper phase was transferred into a fresh NaCl
solution. The washing step with NaCl solution was performed three times in total. Finally,
the petroleum-rich phase was evaporated, and the astaxanthin extract was dissolved in
solvent B (methanol, MTBE, water, 8:89:3, v/v) used for HPLC analysis and filtered with
a 0.22 µm disposable nylon syringe filter before HPLC analysis. Quantification of the
de-esterified astaxanthin was carried out on an HPLC unit (LC-20AB, Shimadzu, Japan)
equipped with a diode array detector (SPD-M20A, Shimadzu, Japan) and a YMC carotenoid
column (C30, 3 µm, 150 × 4.6 mm, YMC Co., Kyoto, Japan) according to our previous
study [26]. As the mobile phase, solvent A (methanol, MTBE, water, 81:15:4, v/v) and
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solvent B (methanol, MTBE, water, 8:89:3, v/v) were used. The gradient of the solvent A
and B was as followed: 2% solvent B for 11 min, a linear gradient from 2% solvent B to
40% solvent B for 7 min, 40% solvent B for 6.5 min followed by a linear gradient to 100%
solvent B for 2.5 min, 100% solvent B for 3 min, a linear gradient to 2% solvent B for 3 min,
held for 3 min. The injection volume was 10 µL and the flow rate of the mobile phase was
1 mL min−1. DIN 32645 was used for the calculation of the limit of detection (LOD) and
limit of quantification (LOQ), using the calibration curve [34]. The calculated LOD and
LOQ values were 1.85 and 5.51 mg L−1, respectively.

2.7. Nitrate and Sugar Quantification

Nitrate and sugar content in the medium were determined using the supernatant
of the biomass concentration samples from Section 2.5. The nitrate concentration was
measured with UV/VIS spectroscopy, subtracting twice the absorbance at 275 nm from
220 nm [35]. The content of simple glucose, sugars, and oligo- and polysaccharides were
determined colourimetrically, as described in [36]. Therefore, 400 µL supernatant and 40 µL
80% phenol solution was mixed with 1 mL sulphuric acid (96%) in a 2 mL microtube. The
absorbance of the brown-yellow colour was measured spectroscopically at a wavelength
of 488 nm. The calibration curve was determined with glucose in distilled water. The
determination of glucose content was performed in triplicate at each measured time point.
The nitrate content was determined by a single determination.

2.8. Statistical Analysis

To evaluate the biological reproducibility of the germination process, fixed germina-
tion conditions (mixo-/heterotrophic + 4 mM glucose + ambient air + (75 µmol m−2 s−1))
were repeated in triplicate. Therefore, the same cyst cell biomass was transferred into
three photobioreactors, and 49 h after the start of germination, astaxanthin was extracted
with ethyl acetate as described in Section 2.4. The astaxanthin content in the solvent was
determined (Figure S3 in Supplementary Material). Since only a small relative standard
deviation of ±5.2% was measured for astaxanthin in the ethyl acetate extracts, one experi-
ment was carried out for each set of germination conditions to determine the influence of
several parameters. Higher standard deviations were measured for the determination of
the astaxanthin content in the biomass. Therefore, the astaxanthin content in the biomass
was measured in triplicate. The differences in the astaxanthin content of the biomass at
the beginning of the germination compared to different points in time after the start of
germination were analysed using a two-tailed Student’s t-test. Significant differences were
found at p < 0.05. Measurement replicates are expressed as mean averages ± standard
deviations.

3. Results and Discussion

The results and discussion of the germination experiments are presented, comparing
the influence of CO2 and ambient air on the phototrophic and mixotrophic germination
at 100 µmol m−2 s−1 (culture 1 to culture 4) and 75 µmol m−2 s−1 (culture 5 to culture 8).
In the third set of experiments (culture 9 to culture 12), the germination was performed
at heterotrophic conditions, once with the addition of an external glucose source to the
BBM and once without external glucose, and compared to a mixotrophic and phototrophic
culture. In the last set of experiments (culture 13 to culture 16), the influence of nitrate on
heterotrophic cultivation was investigated and a combination of mixo- and heterotrophic
cultivation conditions was done.

3.1. Evaluation of Phototrophic, Mixotrophic, and Heterotrophic Cultivation Conditions on the
Germination of H. pluvialis Cyst Cells

In the first set of experiments, the influence of CO2 on the germination of pho-
totrophic and mixotrophic cultures was examined. Here, culture 1 (phototrophic + CO2
+ 100 µmol m−2 s−1), culture 2 (phototrophic + ambient air + 100 µmol m−2 s−1), culture
3 (mixotrophic + 4 mM glucose + CO2 + 100 µmol m−2 s−1), and culture 4 (mixotrophic
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+ 4 mM glucose + ambient air + 100 µmol m−2 s−1) were germinated. As described in
Section 2.4, astaxanthin was extracted with ethyl acetate from the algal broth in regular time
intervals to evaluate the germination efficiency. As shown in Figure 3, CO2 had a negative
effect on germination in both, phototrophic and mixotrophic cultures, in comparison to
ambient air. Forty-one hours after the start of germination under phototrophic conditions
(culture 2), which was germinated at ambient air, 7.2 mg L−1 astaxanthin could be extracted
into the solvent, whereas only 2.8 mg L−1 could be extracted under phototrophic conditions
(culture 1), where additional CO2 was gassed. As presented in Figure 3, a similar tendency
could be seen under mixotrophic conditions, where 4.5 and 8.9 mg L−1 were extracted into
ethyl acetate when germinated with additional CO2 (culture 3) and at ambient air (culture
4), respectively. In addition, glucose showed a positive effect on the germination, as more
astaxanthin was extracted in mixotrophic culture 3 (4.5 mg L−1) compared to phototrophic
culture 1 (2.8 mg L−1), and mixotrophic culture 4 (8.9 mg L−1) compared to phototrophic
culture 2 (7.2 mg L−1).

Figure 3. Astaxanthin concentration in the ethyl acetate extract of the phototrophic culture 1 (pho-
totrophic + CO2 + 100 µmol m−2 s−1) and culture 2 (phototrophic + ambient air + 100 µmol m−2 s−1),
and the mixotrophic culture 3 (mixotrophic + 4 mM glucose + CO2 + 100 µmol m−2 s−1) and culture
4 (mixotrophic + 4 mM glucose + ambient air + 100 µmol m−2 s−1) at different time points after the
start of germination; data obtained by single determination.

In previous studies, it was shown that more zoospores are released from the cyst
cells at higher light intensities in comparison to lower ones. However, the degradation of
astaxanthin within the cells was also higher at higher light intensities compared to lower
light intensities [25,29]. To counteract a possible degradation of intracellular astaxanthin,
identical germination conditions as for culture 1 to culture 4 were applied in the next set
of experiments (culture 5 to culture 8), but at a lower light intensity of 75 µmol m−2 s−1

compared to 100 µmol m−2 s−1. In addition to the extraction with ethyl acetate, the cells
were counted, and the biomass concentration and the astaxanthin content of the biomass
were determined.

CO2 and ambient air had a similar effect on the phototrophic germination of culture
5 (phototrophic + CO2 + 75 µmol m−2 s−1) and culture 6 (phototrophic + ambient air
+ 75 µmol m−2 s−1) as in the first set of experiments. As presented in 4, 7.0 mg L−1

astaxanthin could be extracted into ethyl acetate at the phototrophic conditions at ambient
air (culture 6) compared to 2.8 mg L−1 with additional CO2 (culture 5), 49 h after the
start of germination. The cell counting revealed that more zoospores were released from
culture 6 compared to culture 5, which is in good accordance with the extracted amount of
astaxanthin. As can be seen in Figures 4 and 5, 49 h after the start of germination, in culture
6, germinated at ambient air, 45% of the existing cells were in the zoospores stage, while in
culture 5, germinated with additional CO2, only 25% were found in that stage.
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Figure 4. Astaxanthin concentration in the ethyl acetate extract of the phototrophic culture 5 (pho-
totrophic + CO2 + 75 µmol m−2 s−1) and culture 6 (phototrophic + ambient air + 75 µmol m−2 s−1),
and mixotrophic culture 7 (mixotrophic + 4 mM glucose + CO2 + 75 µmol m−2 s−1) and culture 8
(mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1) at different time points after the start
of germination; data obtained by single determination.

Figure 5. Relative distribution of the cell stages of H. pluvialis at different points in time after the start
of germination for culture 5 (phototrophic + CO2 + 75 µmol m−2 s−1) and culture 6 (phototrophic +
ambient air + 75 µmol m−2 s−1), and culture 7 (mixotrophic + 4 mM glucose + CO2 + 75 µmol m−2 s−1)
and culture 8 (mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1).

In addition, as presented in Figure 6, 49 h after the start of germination the measured
astaxanthin content in the biomass was higher in the phototrophic culture 6 germinated at
ambient air (1.9 wt.%) than in phototrophic culture 5 (1.3 wt.%) germinated with additional
CO2, which might be another reason for the higher concentration of astaxanthin extracted
with ethyl acetate.

Forty-nine hours after the start of germination, only slightly more astaxanthin (4.4 mg L−1)
could be extracted with ethyl acetate under mixotrophic conditions at ambient air (culture
8) compared to 3.8 mg L−1 with additional CO2 (culture 7). At this point in time, in cultures
7 and 8, approximately 38% of the cells were at the zoospore stage, which is slightly lower
compared to phototrophic culture 6, which was approximately 45% at that stage. Thus, as
shown in Figure 4, the concentration of astaxanthin extracted with ethyl acetate at this time
point was lower for the mixotrophic cultures. Additional to the lower amount of released
zoospores, this was also due to the lower astaxanthin content in the biomass at mixotrophic
conditions with additional CO2 (culture 7, 1.1 wt.%) and ambient air (culture 8, 1.27 wt.%)
compared to phototrophic conditions at ambient air (culture 6, 1.88 wt.%), 49 h after the
start of germination (Figure 6).
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Figure 6. Time course of the biomass concentration and the astaxanthin content in the algal biomass
of phototrophic culture 5 (phototrophic + CO2 + 75 µmol m−2 s−1) and culture 6 (phototrophic +
ambient air + 75 µmol m−2 s−1), and mixotrophic culture 7 (mixotrophic + 4 mM glucose + CO2 +
75 µmol m−2 s−1) and culture 8 (mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1).
Biomass concentration: error bars show ±SD, n = 3. Astaxanthin content: error bars show ±SD, n = 3
at t = 0 h, t = 49 h, and t = 141 h and ±SD, n = 2 at t = 17 h, t = 25 h, t = 41 h, t = 68 h, and t = 89 h of
one biological sample; asterisks indicate significant differences (t-test) of measured value vs. control
(t = 0 h) at p < 0.05.

The initial astaxanthin content in the cyst cells of cultures 5–8 was 1.4 wt.%. In the
phototrophic culture 5 and mixotrophic culture 7, the CO2 gassing resulted in a significant
reduction (p < 0.05) of the intracellular astaxanthin content, to 0.66 and 0.53 wt.%, compared
to its starting value 141 h after the start of the germination. In contrast, in phototrophic
culture 6, which was germinated at ambient air, 49 h after the start of germination an
increase of the astaxanthin content in the biomass to 1.88 wt.% was measured and then
declined slightly to 1.08 wt.% at 141 h after the start of germination (Figure 6). Additionally,
in the mixotrophic culture 8, the astaxanthin content of the biomass remained relatively
stable and was at 1.08 wt.% 149 h after the start of germination. The extraction yield
for cultures 5–8 was calculated as the mass of astaxanthin that was extracted into ethyl
acetate to the mass of astaxanthin in the biomass before the extraction with ethyl acetate
(Section 2.4). The highest astaxanthin extraction yield was reached 49 h after the start of
germination for the phototrophic culture 6 cultivated at ambient air with 16%, compared
to 9% for the phototrophic culture 5 germinated with additional CO2. An extraction yield
of 11% was reached for the mixotrophic culture 8, germinated at ambient air, and a yield of
8% for the mixotrophic culture 7, in which additional CO2 was supplied.

In the first set of experiments (culture 1–4), the greatest amount of astaxanthin could
be extracted under mixotrophic conditions at ambient air (culture 4). In the second set of
experiments (culture 4–8), most astaxanthin was extracted under phototrophic conditions
at ambient air (culture 6). However, the tendencies of the extracted amount of astaxanthin
are similar within the first and second set of experiments for the cultivation conditions
applied, with exception of the results of mixotrophic conditions at ambient air. Only
the values under mixotrophic conditions at ambient air and 100 µmol−2 s−1 (culture 4)
and mixotrophic conditions at ambient air at 75 m−2 s−1 (culture 8) show a deviation
when compared to the other three germination conditions. Thus, it was assumed that the
change of the light intensity from 100 to 75 µmol m−2 s−1 did not influence the tendencies
obtained within the first set and second set of experiments, but that there was a problem in
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germination for mixotrophic cultivation at ambient air and 100 µmol m−2 s−1 (culture 8)
compared to mixotrophic conditions at ambient air and 75 µmol m−2 s−1 (culture 4).

To evaluate whether the cyst cell germination is enhanced under phototrophic or
mixotrophic conditions at ambient air, in the third set of experiments, phototrophic (cul-
ture 11) and mixotrophic (culture 12) germination at ambient air and a light intensity
of 75 µmol m−2 s−1 was repeated. Since CO2 had a negative effect on phototrophic and
mixotrophic germination, it was assumed that it is not fixed by the cyst cell and that
the overall photosynthetic activity of the cysts is reduced. To show that H. pluvialis cyst
germination can be performed independently of photosynthetic activity, two heterotrophic
conditions were applied for the germination of cultures 9 and 10. Both cultures were
grown in dark conditions, without light, and at ambient air. Heterotrophic culture 9 was
germinated without an external carbon source and depended on internal carbon reserves
such as starch, fatty acids, or triacylglycerides (TAG) for energy production. Heterotrophic
culture 10 was germinated with additional glucose in the BBM.

As shown in Figure 7, significantly more astaxanthin could be extracted into ethyl
acetate in heterotrophic culture 9 (15.0 mg L−1), germinated without an external carbon
source, and heterotrophic culture 10 (24.8 mg L−1), germinated with more glucose than in
the phototrophic culture 11 (7.5 mg L−1) and mixotrophic culture 12 (8.3 mg L−1), 49 h after
the start of germination. Similar to mixotrophic culture 4 (8.9 mg L−1) and phototrophic
culture 2 (7.2 mg L−1), more astaxanthin could be extracted into ethyl acetate at mixotrophic
conditions of culture 12 (8.3 mg L−1) compared to the phototrophic conditions of culture
11 (7.5 mg L−1). As shown in Figure 8, 49 h after the start of germination, 33% of the cells
were in the zoospore stage in the mixotrophic culture 12 and 28% were in the zoospore
stage in the phototrophic culture 11. In heterotrophic conditions with additional glucose
(culture 10), 82% of the cells were in the zoospore stage, whereas without an external carbon
source (culture 9) 62% were present at this cell stage, 49 h after the start of germination.
According to the data presented in Figure 7 for heterotrophic culture 10, germinated at
ambient air approx. 70% more astaxanthin could be extracted into ethyl acetate than in the
heterotrophic culture 9, germinated without an external carbon source, 49 h after the start
of germination.

Figure 7. Astaxanthin concentration in the ethyl acetate extract of the heterotrophic culture 9
(heterotrophic + “no external carbon source” + ambient air) and culture 10 (heterotrophic + 4 mM
glucose + ambient air), phototrophic culture 11 (phototrophic + ambient air + 75 µmol m−2 s−1) and
mixotrophic culture 12 (mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1) at different
time points after the start of germination; data obtained by single determination.
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Figure 8. Relative distribution of the cell stages of H. pluvialis at different points in time after the
start of germination for the heterotrophic culture 9 (heterotrophic + “no external carbon source” +
ambient air) and culture 10 (heterotrophic + 4 mM glucose + ambient air), phototrophic culture 11
(phototrophic + ambient air + 75 µmol m−2 s−1) and mixotrophic culture 12 (mixotrophic + 4 mM
glucose + ambient air + 75 µmol m−2 s−1).

As presented in Figure 9, the initial astaxanthin content in the cyst biomass of culture
9–12 was 1.51 wt.% and no decline of the astaxanthin content in the biomass was measured
at heterotrophic conditions without an external carbon source (culture 9) and with glucose
(culture 10). In culture 10, an increase of the astaxanthin content to 2.28 wt.% was measured
49 h after the start of germination, with a relative standard deviation of 36%. Similar to
the previous set of experiments, the astaxanthin content in the biomass at mixotrophic
conditions (culture 12) fell slightly in the course of germination (p > 0.05) to 1.11 wt.% 149
h after the start of germination, and the astaxanthin content of the phototrophic culture 11
decreased slightly to 1.42 wt.% (p > 0.05). A stronger decrease of the astaxanthin biomass
content in H. pluvialis at higher light intensity compared to germination without light has
already been described in the literature. There, the astaxanthin content decreased from 454
initially to 46 pg cell−1 for phototrophic illuminated cells at 240 µmol m−2 s−1 and 116 pg
cell−1 for heterotrophic cultures (without external glucose) [29].

Figure 9. Time course of the biomass concentration and the astaxanthin content in the algal biomass
of heterotrophic culture 9 (heterotrophic + “no external carbon source” + ambient air) and culture
10 (heterotrophic + 4 mM glucose + ambient air), phototrophic culture 11 (phototrophic + ambient
air + 75 µmol m−2 s−1) and mixotrophic culture 12 (mixotrophic + 4 mM glucose + ambient air +
75 µmol m−2 s−1). Biomass concentration: error bars show ±SD, n = 3. Astaxanthin content: error
bars show ±SD, n = 3 at t = 0 h, t = 49 h and t = 141 h and ±SD, n = 2 at t = 17 h, t = 25 h, t = 41
h, t = 68 h and t = 89 h of one biological sample; asterisks indicate significant differences (t-test) of
measured value vs. control (t = 0 h) at p < 0.05.
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The highest astaxanthin extraction yield of 50% was reached for germination at het-
erotrophic conditions and additional external glucose (culture 10), 49 h after the start of
germination. The second highest extraction yield was 45% at heterotrophic conditions
without an external glucose source (culture 9). Based on the large difference in the concen-
tration of astaxanthin extracted with ethyl acetate, 24.8 mg L−1 compared to 15 mg L−1

(Figure 7), and the number of released zoospores of 82% to 62% (Figure 8) for heterotrophic
culture with glucose in comparison without glucose, an even more significant difference
of the yields would have been expected. However, due to the higher astaxanthin content
measured in the biomass at heterotrophic conditions with external glucose (culture 10),
49 h after the start of germination, in comparison to without external glucose (culture 9),
the yields almost converge. Significantly lower yields were reached with 22% and 16%
for the mixotrophic (culture 12) and phototrophic (culture 11) germination conditions,
respectively.

In the previous set of experiments, the highest yield, the highest concentration of
astaxanthin extracted into ethyl acetate, and the number of released zoospores were reached
at heterotrophic conditions with additional glucose (culture 10). These conditions were
repeated in the following set of experiments as culture 13. Additionally, a heterotrophic
culture with external glucose and twice the nitrate concentration was germinated (culture
14) to rule out a limitation of the germination due to nitrate deficiency. In addition, it
was found in the previous set of experiments that zoospore formation was faster under
phototrophic and mixotrophic conditions (culture 11 and 12) compared to heterotrophic
conditions (culture 9 and 10). However, the maximum number of released zoospores and
the extracted amount of astaxanthin in ethyl acetate was higher at heterotrophic conditions
compared to mixotrophic or phototrophic conditions. For that reason, two cultures were
germinated; mixotrophic and heterotrophic cultivation conditions were combined. These
two cultures were cultivated at a light intensity of 75 µmol m−2 s−1 until nitrate was
consumed to accelerate the zoospores formation, and further cultivated at heterotrophic
conditions (without light) to reach a high total number of released zoospores. One of these
cultures was germinated at double nitrate content of the medium (culture 16), while the
other culture was germinated without additional nitrate (culture 15).

As shown in Figure 10, a doubling of the nitrate content in heterotrophic germination
conditions hardly affected the concentration of astaxanthin extracted in ethyl acetate, as
can be seen when comparing culture 13 (12.9 mg L−1) and culture 14 (12.6 mg L−1). When
mixotrophic and heterotrophic germination conditions were combined, the doubling of
the nitrate content showed an influence on the concentration of astaxanthin extracted into
ethyl acetate. There, 49 h after the start of germination, the concentration of astaxanthin
extracted with ethyl acetate was 17.1 mg L−1 for double nitrate concentration (culture 16)
and 8.4 mg L−1 when no additional nitrate was added (culture 15). Why the combination
of mixotrophic and heterotrophic germination conditions at a nitrate concentration of the
BBM (culture 15) with 8.4 mg L−1 was worse compared to the double nitrate concentration
(culture 16) with 17.1 mg L−1 and the heterotrophic culture 13 (12.9 mg L−1) and culture
12 (12.6 mg L−1) cannot be clarified in this context. The combination of mixotrophic
and heterotrophic germination conditions represents a complex procedure in which the
influence of nitrate and the light intensity must be further investigated.

As presented in Figure 11, 49 h after the start of germination at double nitrate concen-
tration of the mixo-/heterotrophic conditions (culture 16), 84% of cells were at the zoospore
stage, although only 40% were in that cell stage at mixo-/heterotrophic conditions with
the nitrate of the BBM (culture 15). A comparison of the two heterotrophic cultivation
conditions with the nitrate of the BBM (culture 13) and double nitrate (culture 14)) show
that the nitrate concentration had little influence on the maximum number of released
zoospores, which was approximately 70% for both cultivation conditions, 49 h after the
start of germination. The amount of zoospores released shows a good correlation with the
concentration of astaxanthin extracted with ethyl acetate for all examined conditions.
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Figure 10. Astaxanthin concentration in the ethyl acetate extract of the heterotrophic culture 13
(heterotrophic + 4 mM glucose + ambient air) and culture 14 (heterotrophic + 4 mM glucose +
2xnitrate + ambient air), and culture 15 (mixo-/heterotrophic + 4 mM glucose + ambient air +
(75 µmol m−2 s−1) and culture 16 (mixo-/heterotrophic + 4 mM glucose + 2xnitrate + ambient air +
(75 µmol m−2 s−1); data obtained by single determination.

Figure 11. Relative distribution of the cell stages of H. pluvialis at different times after the start of
germination for the heterotrophic culture 13 (heterotrophic + 4 mM glucose + ambient air) and culture
14 (heterotrophic + 4 mM glucose + 2xnitrate + ambient air), and culture 15 (mixo-/heterotrophic + 4
mM glucose + ambient air + (75 µmol m−2 s−1) and culture 16 (mixo-/heterotrophic + 4 mM glucose
+ 2xnitrate + ambient air + (75 µmol m−2 s−1); data obtained by single determination.

As shown in Figure 12, the astaxanthin content in the biomass remained relatively
constant for the culture conditions examined (p > 0.05). Increased supply of glucose for
glycolysis could result in an increased carbon flow into the citric acid cycle and might
prevent the consumption of astaxanthin fatty acid esters for energy production.

The highest extraction yield of 64% was reached in this set of experiments for the
combination of mixotrophic and heterotrophic germination conditions at double nitrate
concentration (culture 16). The second highest yield of 56% was reached at heterotrophic
conditions at double nitrate content (culture 14), followed by 45% at the nitrate content of
the BBM (culture 13). Though slightly more astaxanthin was extracted into ethyl acetate
at heterotrophic conditions at the nitrate content of the BBM (culture 13) compared to
the heterotrophic conditions with double nitrate concentration (culture 14), the yield was
higher at heterotrophic conditions of double nitrate concentration. This is due to the
slightly lower astaxanthin content in the biomass, 49 h after the start of germination at
heterotrophic conditions and double nitrate (culture 14), compared to the heterotrophic
conditions with the nitrate concentration of the BBM (culture 13). The lowest extraction
yield of 26% was reached in this set of experiments for the combination of the mixotrophic
and heterotrophic cultivation conditions at the nitrate content of the BBM (culture 15)
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Figure 12. Time course of the biomass concentration and the astaxanthin content in the algal biomass
of heterotrophic culture 13 (heterotrophic + 4 mM glucose + ambient air) and culture 14 (heterotrophic
+ 4 mM glucose + 2xnitrate + ambient air), and culture 15 (mixo-/heterotrophic + 4 mM glucose +
ambient air + (75 µmol m−2 s−1)) and culture 16 (mixo-/heterotrophic + 4 mM glucose + 2xnitrate +
ambient air + (75 µmol m−2 s−1)). Biomass concentration: error bars show ±SD, n = 3. Astaxanthin
content: error bars show ±SD, n = 3 at t = 0 h, t = 49 h and t = 141 h and ±SD, n = 2 at t = 17 h, t = 25 h,
t = 41 h, t = 68 h and t = 89 h of one biological sample; asterisks indicate significant differences (t-test)
of measured value vs. control (t = 0 h) at p < 0.05.

3.2. Influence of CO2 on Phototrophic and Mixotrophic H. pluvialis Cyst Cell Germination

A systematic study of the influence of the CO2 content on the germination of H.
pluvialis cells has not yet been carried out. In literature, phototrophic germination of H.
pluvialis was done at different levels of CO2, gassing at ambient air [30], every 10 min for
10 s with CO2 supplemented air [29], but also continuously with flue gas with 3.5 +/− 0.5%
v/v CO2 [25], making it difficult to compare these data to the results obtained in our study
for the influence of CO2 on germination. In general, in H. pluvialis, CO2 fixation takes place
in both C3 and C4 photosynthetic pathways [37,38]. CO2 is fixed by the enzyme ribulose-
1,5-bisphosphate carboxylase during the Calvin cycle and glyceraldehyde-3-phosphate is
formed, which is required for the further synthesis of carbohydrates and the basic structure
of lipids, which are processed, among other components, into secondary metabolites such
as astaxanthin [38,39]. As shown in the first two sets of experiments (culture 1–8), photo-
and mixotrophic cyst cell germination was not enhanced by the addition of CO2 compared
to germination at ambient air. A constant influx of CO2 and fixation via the Calvin Cycle
might shift the equilibrium of degradation to formation of internally stored carbon sources.
Thus, reduced energy for germination would be available, as storage compounds are
synthesized and not used for germination, which might ultimately result in a reduced
release of zoospores. In contrast, reduced photosynthetic activity and degradation of the
chloroplast through H. pluvialis cyst formation has been reported and might explain that
excess of CO2 supplied cannot be used efficiently for growth [40]. To what extent the
activity of the chloroplasts in the formed zoospores influences the number of germinated
zoospores and their CO2 uptake cannot be clarified in this context.

3.3. Influence of Glucose on the H. pluvialis Cyst Cell Germination

In microalgae, glucose is processed to generate energy for cell growth and maintenance
via glycolysis within the cell [41]. During H. pluvialis cyst germination, glycolysis and
fatty acid oxidation provide the primary energy and precursor for a variety of biosynthetic
pathways. Starch, which is the most widely used storage polysaccharide in algae, is the
carbohydrate source during germination and zoospore formation [42,43]. It has been
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shown in phototrophic H. pluvialis cyst germination that the genes and enzymes involved
in the ß-oxidation of fatty acids and glycolysis show upregulation and downregulation
to different degrees during germination. Stored starch is degraded via the upregulated
α-amylase during germination, providing dextrin and maltose for glucose metabolism [42].
It was shown that the germination was enhanced at mixotrophic in comparison to the
phototrophic conditions, at otherwise identical parameters. The results were confirmed for
CO2 under mixotrophic conditions (culture 3 and 7) compared to phototrophic conditions
(culture 1 and 5), and for ambient air under mixotrophic conditions (culture 4 and 12)
compared to phototrophic conditions (culture 2 and 11). The mixotrophic conditions at
ambient air (culture 8) compared to the phototrophic conditions at ambient air (culture
6) might present an exception, which might be due to the state of the cyst cells at the
beginning of germination.

Additionally, the results suggest that the heterotrophic germination of H. pluvialis
cysts is enhanced by adding external glucose into the medium (culture 10), compared to
germination, which is based on the mobilization of intracellular stored carbon sources only
(culture 9) (Figure 8).

The sugar analysis, described in Section 2.7, detects the reaction of simple sugars,
oligosaccharides, polysaccharides, and their derivatives, including methyl esters with
free-reducing groups with phenol and sulphuric acid, which react to give an orange-brown
color [36]. Although the heterotrophic culture 9 was germinated without an external
carbon source, a sugar concentration of approximately 150 mg L−1 could be measured
in the medium at the start of germination, which is probably due to extra polymeric
saccharides of the cyst cells (Figure 13).

Figure 13. Time course of the glucose concentration in the medium of heterotrophic culture 9
(heterotrophic + “no external carbon source” + ambient air without external glucose) and culture 10
(heterotrophic + 4 mM glucose + ambient air with external glucose); error bars show ±SD, n = 3.

For both heterotrophic cultures, a decrease in glucose concentration was observed 25 h
after the start of germination, which indicates active glucose consumption. The increase
of the sugar concentration after 41 h in both cultures is most probably attributed to the
presence of extra polymeric saccharides, parts of the mannose-containing cyst cell wall,
and hexoses of the cell-matrix of the zoospores [7], which might be partly dissolved in the
aqueous supernatant and detected using the analytical method for the sugar quantification.

In all heterotrophic cultures examined, the astaxanthin content in the biomass re-
mained relatively constant (p > 0.05). A possible reason for the stable astaxanthin content
in the biomass could be the increased supply of glucose for glycolysis that results in an
increased carbon flow into the citric acid cycle. It is therefore possible that the need to
break down astaxanthin fatty acid esters for energy production and provision of the carbon
skeletons for the citric acid cycle is reduced by adding external glucose.
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3.4. Influence of Light on the H. pluvialis Cyst Cell Germination

Light influences the speed of nitrate uptake, while nitrate plays an essential role in the
growth and synthesis of astaxanthin [38] and cyst germination in H. pluvialis [25,28,29]. The
time course of the nitrate concentrations of culture 5 to culture 8 is presented in Figure 14.
As can be seen, all nitrate was nearly consumed 17 h after the start of germination in the
cultures; an identical light intensity of 75 µmol m−2 s−1 was applied to all cultures.

Figure 14. Time course of the nitrate concentration in the supernatant of the phototrophic cul-
ture 5 (phototrophic + CO2 + 75 µmol m−2 s−1) and culture 6 (phototrophic + ambient air +
75 µmol m−2 s−1), and mixotrophic culture 7 (mixotrophic + 4 mM glucose + CO2 + 75 µmol m−2 s−1)
and culture 8 (mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1).

The time course of the nitrate concentration for the third set of experiments (culture 9
to culture 12) is presented in Figure 15. In the illuminated phototrophic and mixotrophic
(culture 11 and 12) nitrate is already consumed 17 h after the start of germination, while it is
depleted after 25 h in heterotrophic conditions (culture 9 and 10). Similar tendencies were
observed in the literature, where nitrate was consumed two days earlier in a H. pluvialis cyst
culture illuminated at 300 µmol m−2 s−1 compared to 150 µmol m−2 s−1 [25]. The faster
nitrate consumption was accompanied by a trend toward the faster release of zoospores
for the illuminated cultures, whereby for all cultivation conditions the maximum zoospore
release was reached 49 h after the start of germination (Figure 8).

Figure 15. Time course of the nitrate concentration in the supernatant of the culture 9 (heterotrophic
+ “no external carbon source” + ambient air) and culture 10 (heterotrophic + 4 mM glucose + ambient
air), phototrophic culture 11 (phototrophic + ambient air + 75 µmol m−2 s−1) and mixotrophic culture
12 (mixotrophic + 4 mM glucose + ambient air + 75 µmol m−2 s−1).

As shown in Figure 16, a similar trend was also measured for the heterotrophic
conditions of cultures 13 and 14, when compared to the experiments where mixotrophic
and heterotrophic conditions were combined (cultures 15 and 16). These were cultivated at
a light intensity of 75 µmol m−2 s−1 until nitrate was consumed and further cultivated at
heterotrophic conditions (without light).
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Figure 16. Time course of the nitrate concentration heterotrophic culture 13 (heterotrophic + 4 mM
glucose + ambient air) and culture 14 (heterotrophic + 4 mM glucose + 2xnitrate + ambient air), and
culture 15 (mixo-/heterotrophic + 4 mM glucose + ambient air + (75 µmol m−2 s−1) and culture 16
(mixo-/heterotrophic + 4 mM glucose + 2xnitrate + ambient air + (75 µmol m−2 s−1); data obtained
by single determination.

In general, the rate of nitrate and nitrite uptake in microalgae depends on the nitrogen
status of the cells, the presence of other nitrogen compounds, and light conditions [39,40].
Nitrate enters the cell via specific transport systems, followed by a reduction to nitrite in
the cytosol. Nitrite is then transported to the chloroplast where it is reduced to ammonium.
Finally, ammonium is incorporated into L-glutamate through the glutamine/glutamate
cycle [40] and allows the formation of amino acids and cell growth. In the absence of
nitrate, supplemented carbon in the form of CO2 or glucose is stored as starch, TAGs, or
fatty acids. In conclusion, the nitrate uptake and formation of zoospores were accelerated
in the illuminated phototrophic and mixotrophic conditions compared to the heterotrophic
conditions. However, the illumination itself did not enhance the number of released
zoospores, as more zoospores were released at heterotrophic conditions (culture 9 and 10)
compared to the phototrophic and mixotrophic conditions (culture 11 and 12) (Figure 8).
Light stress as a reason for the overall lower number of released zoospores of illuminated
cultures compared to heterotrophic cultures can be excluded, as the vegetative cell growth
(Figure 1a) to receive the biomass for the germination experiments was also performed
at the light conditions of 75 µmol m−2 s−1 and lower starting biomass concentrations
compared to the germination experiments. Growth rates of approximately 0.4 d−1 were
reached for the vegetative cell growth. Thus the exact influence of light on the germination,
apart from the nitrate uptake, has to be examined further.

4. Conclusions

The germination of the cyst cell of H. pluvialis represents an interesting alternative to
conventional mechanical cell wall disruption [26]. In the industrial process, phototrophic
cultivation is used for the growth and accumulation of astaxanthin. It was shown that
by applying phototrophic conditions, nearly all cyst cells can be germinated, though
this is always accompanied by a significant loss of astaxanthin [25,29]. In this work,
initially, the influence of the CO2 content of the aeration on photo- and mixotrophic
germination was investigated. It was found that more zoospores for both cultivation
conditions and consequently more astaxanthin could be extracted into ethyl acetate when
gassed with ambient air compared to 3% v/v CO2. These results led to the assumption
that the carbon supply during germination is not obtained by CO2 fixation, but rather due
to the metabolism of internal carbon sources, such as fatty acids, starch, and TAGs. Thus,
two heterotrophic cultures were germinated, in which the number of released zoospores
could be further increased by adding 4 mM glucose. In heterotrophic cultures, astaxanthin
extraction yields of up to 50% could be achieved and the astaxanthin content remained
relatively constant in the biomass within the entire period of germination. The illumination
of mixotrophic cultures with 75 µmol m−2 s−1, compared to heterotrophic cultivation,
results in an accelerated release of zoospores due to faster nitrate uptake, while the maximal
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number of released zoospores was higher in heterotrophic cultures. With twice the nitrate
content and short-term illumination of the culture until nitrate depletion, the extraction
yield could be increased up to 64%. Transferring the heterotrophic germination from
the orbital shaker and photobioreactors used to a fermenter may improve the oxygen
transfer, resulting in a further increase in the number of zoospores released. To increase the
yield, i.e., increase the number of released zoospores, the metabolism during heterotrophic
germination should be understood at a genetic level and different carbon sources need to
be tested, as they enter the cell metabolism through different metabolic pathways [41].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11167201/s1. Figure S1. Absorption of ethyl acetate at 478 nm after liquid–liquid
extraction of phototrophic and mixotrophic germinated H. pluvialis cyst cells at defined time intervals.
Influence of CO2 on the phototrophic and mixotrophic (sodium acetate, glucose, and ribose) cyst
cell germination at 100 µmol m−2 s−1, Figure S2. Absorption of ethyl acetate at 478 nm after liquid–
liquid extraction of mixotrophic and heterotrophic germinated H. pluvialis cyst cells at 4, 8, 20, and
40 mM glucose at defined time intervals, Figure S3. Astaxanthin concentration in ethyl acetate
extract, 49 h after the start of germination combining mixo- and heterotrophic germination conditions,
illuminating the cultures for 25 h at 75 µmol m−2 s−1 followed by cultivation in the dark for three
independently germinated cultures of the same cyst cell biomass (mixo-/heterotrophic + 4 mM
glucose + ambient air + (75 µmol m−2 s−1)).
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