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Abstract

This study investigated the mixotrophic cultivation of the green microalga Chromochloris zofingiensis on glycerol, acetate,
and vinasse, as low-cost substrates. The alga was cultivated on different concentrations of glycerol (0.5-8 g L"), sodium
acetate (0.01-1g LY, and vinasse (0.12-3.6 g L) (the green stages) in the presence of either air (0.04% CO,) or enriched
air (2% CO,). Subsequently, the cells were subjected to stress (simultaneous high light intensity and nitrogen starvation,
red stage). The final biomass concentrations and composition achieved at the end of green stages as well as the biochemi-
cal composition of biomass, the total carotenoid, astaxanthin, and canthaxanthin contents at the end of red stages were
elucidated. Glycerol and acetate concentrations higher than 2 and 0.1 g L™!, respectively, did not enhance the final biomass
concentration and vinasse concentrations higher than 1.2 g L™! led to a reduction in final biomass concentration. Hence, the
optimum concentrations of glycerol, acetate, and vinasse were found to be 2,0.1,and 1.2 g L, respectively. Moreover, the
application of stress on cells resulted in higher lipid and carbohydrate contents and increased dry weight. However, there
was no significant difference in carotenoid, astaxanthin, and canthaxanthin contents of biomass among all cultivations.
Therefore, cultivation on 1.2 g L™! vinasse is proposed as a potential method for the production of carotenoid-rich cells of C.
zofingiensis due to the ease of medium preparation (the medium contained only vinasse) and lower cost medium compared
to Bold’s Basal Medium.
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Introduction

Microalgae are a diverse group of photosynthetic micro-
organisms that can convert sunlight to various high-value
components like carotenoids (such as astaxanthin and can-
thaxanthin), lipids, proteins, and polysaccharides (Rammuni
et al. 2019; Tang et al. 2020). Carotenoids have various
applications in the pharmaceutical, nutraceutical, cosmetic,
aquaculture feed, and functional food industries (Chen
et al. 2020). As the world’s population grows, the require-
ments for food, pharmaceutical, and cosmetic products, and
consequently carotenoids, increase. As a result of utilizing
synthetic carotenoids in these products, health issues such
as allergic and hyperactivity reactions are at an emerging
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rate; however, the utilization of natural carotenoids may
prevent these issues (Tang et al. 2020). Hence, there has
been increased interest in the production of carotenoids from
natural resources. Microalgae have been considered a poten-
tial source of carotenoids because they grow fast and do not
require fertile soil (Sajjadi et al. 2018).

Several algal species, such as Haematococcus pluvialis,
Chromochloris zofingiensis, Chlorella vulgaris, Chlanmydomonas
nivalis, and Botryococcus braunii, have been proposed for their
ability to produce various carotenoids, especially astaxan-
thin. Of these, C. zofingiensis (previous name Chlorella
zofingiensis) is well known for its ability to accumulate
both astaxanthin and canthaxanthin under stress conditions
(Mulders et al 2015; Zhang et al. 2017a). Accordingly, C.
zofingiensis has undergone many investigations to enhance
biomass and carotenoid productivity and content (Mao et al.
2018; Zhang et al. 2018).

Mixotrophic cultivation of microalgae (utilization of
light and organic carbon as the energy source, utilization of
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inorganic (CO,), and organic carbon as the carbon source) is
proposed as a cost-effective strategy to enhance the growth rate
and accumulation of biochemicals (lipids and carbohydrates)
of algae (Meng et al. 2020). Glucose is a widely used organic
carbon source for the mixotrophic cultivation of different spe-
cies, such as C. zofingiensis (Chen et al. 2017; Zhang et al.
2017b). This carbon source has been reported to be sufficient
for biomass and lipid productivity enhancement; however, it is
expensive and makes the cultures prone to contamination (Rai
et al. 2013). In this regard, the utilization of other inexpensive
carbon sources may reduce the overall cost of algal cultiva-
tion. Glycerol, a by-product of biodiesel production (Xu et al.
2019), and acetate, a C, carbon from fermentative hydrogen
production (Turon et al. 2016), and vinasse, the by-product of
the bioethanol production process, are inexpensive and could
be utilized as suitable organic carbon sources for microalgae
cultivation (Leite et al. 2015; Smith et al. 2020). For instance,
glycerol enhanced the accumulation of lipids and carbohy-
drates in Scenedesmus obliquus by 21.7 and 16.4%, respec-
tively (Xu et al. 2019). Similarly, mixotrophic cultivation of
Chlorella sorokiniana and C. vulgaris on glycerol enhanced
the final biomass concentration by more than 100% (Paranjape et al.
2016b). Besides glycerol, mixotrophic cultivation of Chlorella
pyrenoidosa on sodium acetate caused ca. 20% increase in
biomass (Liu et al. 2018). Notably, the mixotrophic cultiva-
tion of C. sorokiniana on acetate derived from the oxidized
wine waste lees resulted in ca. 100% increase in biomass
(Le6n-Vaz et al. 2019). Similarly, efficient cultivation of
Arthrospira (Spirulina) maxima on sugarcane vinasse has been
reported (dos Santos et al. 2016; Saejung and Puensungnern
2020) with low concentrations of vinasse causing significant
biomass production and high protein accumulation.

To our knowledge, there is no report on the mixotrophic
cultivation of C. zofingiensis on glycerol, acetate, and vinasse.
Nevertheless, the cultivation of this microalga on wastewaters
and other organic carbon sources has been studied (Sun et al.
2008; Zhou et al. 2018). Hence, in this study, for the first time,
the mixotrophic growth of C. zofingiensis on glycerol, acetate,
and vinasse was investigated. Then, the cells were exposed
to stress. Subsequently, the lipid, protein, carbohydrate, and
biomass dry weight at the end of green and red stages and
total carotenoids, astaxanthin, and canthaxanthin contents of
the biomass after stress were elucidated. The data obtained in
this work provided a basis for further comparison of different
cultivations of C. zofingiensis in terms of economic criteria.

Materials and methods
Microalgae cultivation and induction

Chromochloris zofingiensis was purchased from the Culture
Collection of Algae at Gottingen University (SAG211-14,
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Germany) and maintained at 4 °C on agar plates of Bold’s
Basal Medium (BBM). In order to prepare medium, the cells
were transferred to the liquid BBM and cultivated axeni-
cally using Erlenmeyer flasks under continuous illumina-
tion of 80 pmol photons m= s~ at 25+ 1 °C (Mao et al.
2018). The flasks were aerated with sterile air. Cells in the
log phase (optical density at 680 nm = 1) were used as the
inoculum for further experiments (medium to inoculum vol-
ume ratio=9:1).

In order to investigate the mixotrophic cultivation of C.
zofingiensis, different concentrations of glycerol (0.5-8 g
L~!) and sodium acetate (0.01-1 g L™!) were added to
BBM as presented in Table 1. The cultures were aerated
with either air (Exp. Nr. 1 to 10, Table 1) or enriched air
(Exp. Nr. 17 to 26, Table 1).

The cultivations on vinasse were performed using con-
centrated sugarcane vinasse purchased from Sepahan Bio-
product Company, Isfahan, Iran. It was obtained by evaporat-
ing the stillage to remove ca. 80% of water. The amount of
purchased vinasse was enough to perform all experiments of
this study. Therefore, the composition of the vinasse, which
was used in this study, was the same in all experiments.

Table 1 The list of cultivations of C. zofingiensis on glycerol, sodium
acetate, and vinasse conducted in this study. The cultivations were
different in terms of glycerol, sodium acetate, and vinasse concentra-
tions as well as the concentration of CO, in the inlet air. The cultiva-
tions on BBM were taken as the controls

Substrate Cultivations aerated with Cultivations aerated

air (0.04% CO,) with enriched air (2%

CO,)
Exp. Nr." Substrate Exp. Nr." Substrate
Conc.” (gL Conc. (gL

Glycerol 1 0.5 17 0.5

2 1 18 1

3 2 19 2

4 4 20 4

5 8 21 8
Sodium acetate 6 0.01 22 0.01

7 0.05 23 0.05

8 0.1 24 0.1

9 0.5 25 0.5

10 1 26 1
Vinasse 11 0.12 27 0.12

12 0.6 28 0.6

13 1.2 29 1.2

14 24 30 24

15 3.6 31 3.6
Control 16 BBM 32 BBM

*Exp. Nr., experiment number

fConec., concentration
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The medium containing vinasse was characterized in terms
of chemical oxygen demand (COD), total organic carbon
(TOC), total Kjeldahl nitrogen content, and the concentra-
tion of nutrients such as phosphorus, iron, sulfur, magne-
sium, and potassium. They were all analyzed according
to the Standard methods for the examination of water and
wastewater (APHA 2012).

Concentrated vinasse was centrifuged at 5000 x g for
10 min to remove suspended solids and debris and then
diluted with distilled water to achieve the concentrations
presented in Table 1 (Exp. Nr. 11-15 and 27-31, Table 1).
Subsequently, the pH of the medium was adjusted to 7 using
1 M KOH. The medium was autoclaved for 20 min at 121 °C
before inoculation. The cultivations on vinasse were aerated
with either air (Exp. Nr. 11-15, Table 1) or enriched air
(Exp. Nr. 27-31, Table 1). The cultivations on BBM were
taken as the controls (Exp. Nr. 16 and 32, Table 1).

All cultivations were conducted at 25+ 1 °C, 80 umol
photons m~2 s~! using 1 L Erlenmeyer flasks containing
800 mL working volume. The flasks were aerated using
either air (0.04% CO,) or enriched air (2% CO,) at 1.25
vvm (volume per volume per minute) to investigate the effect
of CO, on the growth and biochemical characteristics of
microalgae.

The two-stage method was used for the cultivation of
carotenoid-rich microalgae, i.e., at the end of the logarithmic
phase of growth (green stage), the cells were harvested by
decantation, washed two times with distilled water, and then
transferred to nitrogen-free BBM (red stage). The decanta-
tion was performed in a circular glass dish (ca. 1200 mL
capacity, 230 mm inner diameter, 30 mm height) at 4 °C for
2 h in the dark. The optical density of the supernatant was
measured at 680 nm in order to check if the supernatant is
free of cells. Then, the supernatant was removed by a peri-
staltic pump and the remaining concentrate was transferred
to centrifuge tubes and mixed with distilled water. Then,
they were centrifuged at 5000 X g for 5 min. This was done
two times. At the end of washing, the pellets were mixed
with nitrogen-free BBM in order to perform the red stage.

The green and red stages lasted 7 and 14 days, respectively.
The duration of the red stage was chosen according to the
carotenoid profile obtained during the red stages in prelimi-
nary experiments. The results revealed that after 14 days, there
will not be a significant increase in the concentration of carot-
enoids when the red stage is executed at the conditions of this
study (continuous illumination at 250 pumol photons m=>s~!,
the temperature of 25+ 1 °C). Therefore, it was assumed
that 14 days is long enough to synthesize the maximum pos-
sible carotenoids. Interestingly, this was in accordance with
previous reports (Mulders et al. 2014). In the red stages, the
cultures were aerated at 1.25 vvm using filtered air. Finally,
after 14 days of cultivation, carotenoid-rich cells were har-
vested using decantation, washed twice with distilled water (as

described above), and freeze dried. Then, the dried biomass
was powdered using a mortar and pestle and kept for subse-
quent carotenoid extraction.

In order to elucidate more information about the growth
of the microalgae on the investigated substrates, the growth
curves were also provided by daily measurement of the optical
density of the cultures at 680 nm.

Biochemical composition and dry weight of biomass

The dry cell weight was measured at the end of the green and
red stages. In order to determine the biomass dry weight, a
specific volume of the culture (50 mL) was collected, cen-
trifuged at 5000 x g for 5 min, and the sedimented cells were
washed twice using distilled water. Subsequently, the pellets
were dried at 95 °C for 48 hand weighed.

The dried biomass obtained from the green stage was used
for the determination of total lipid, protein, and carbohydrate
contents and the carotenoid content was also determined in the
biomass collected at the end of the red.

The total lipid content was determined according to
the method of Bligh and Dyer (1959) using the mixture of
chloroform:methanol:distilled water (2:2:1.8, v/v).

The protein content of the biomass was measured based on
the micro Kjeldahl method (S4ez-Plaza et al. 2013). The car-
bohydrate content was elucidated according to the phenol—sul-
furic acid method (Xu et al. 2019). The biomass used in this
method was pretreated beforehand as follows: an amount of
10 mg of the freeze-dried biomass was mixed with 5 mL of
1 N NaOH and then kept in a boiling water bath for 2 h.

The total carotenoid content was determined using metha-
nol as the solvent. Briefly, 5 mL of methanol was added to
10 mg of freeze-dried biomass and the mixture was heated
for 5 min at 64 °C. Then, the mixture was centrifuged at
10,000 % g for 10 min and the supernatant was collected. After-
wards, again 5 mL methanol was added to the residual biomass
and heated for the same period at the same temperature as the
previous step. Then, again the mixture was centrifuged, and
the supernatant was collected. This was repeated until the cells
became colorless. The absorbance (A) of the collected super-
natants was measured at 665.2, 652.4, 470, and the chlorophyll
a (C,), chlorophyll b (C,), and total carotenoids (C_,.) were
calculated according to the following equations (Lichtenthaler
and Buschmann 2001).

C, = 16.72A¢45, — 9.16A¢s5, 4 (1
Cy = 34.09A45, 4 — 15.28 A5, (@)

~ (1000A — 1.91C, = 95.15C,)
car — 225

3)
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In order to determine the astaxanthin and canthaxanthin
contents of the biomass obtained at the end of the red stages,
the biomass was first ultrasonicated to disrupt the cells using
an ultrasonic homogenizer device (Topsonics, UP400A,
Iran). Briefly, 30 mL acetone was added to a 100 mL glass
bottle containing 1 g microalgal biomass. The glass bottle
was placed in an ice-water container and the device probe
was put in the glass bottle, and the mixture was sonicated for
10 min. The probe provided a constant frequency of 20 kHz
and power of 400 W. Afterwards, the mixture was centri-
fuged at 5000 X g for 5 min. Then, the supernatant was col-
lected and the residual biomass was resuspended in 30 mL
acetone. This procedure was repeated until the supernatant
became colorless. The collected supernatants were used
for astaxanthin measurements by a high-performance lig-
uid chromatography (HPLC) system (Agilent 1260 infinity,
USA) equipped with a UV/VIS detector (Jasco International
Co., Japan). A Venusil MP C18 column (Bonna-Agela,
China) kept at 25 °C was used for the analysis. The mobile
phase was a mixture of acetonitrile and methanol (90:10,
v/v) at a flow rate of 0.8 mL min~! (Hosseini et al. 2020).

In order to measure the canthaxanthin concentration
in the collected supernatant, it was necessary to have the
canthaxanthin in n-hexane. Therefore, the collected super-
natants were first dried by nitrogen gas and then the dried
pigments were dissolved in n-hexane. Afterwards, the can-
thaxanthin was measured spectrophotometrically according
to the procedure of Mulders et al. (2015).

All measurements were executed in triplicate and all
experiments were performed in duplicate with the data
reported as mean + SD (standard deviation).

Measurement of the glycerol and acetate
concentrations in the medium

The concentration of glycerol and acetate in the medium was
measured at the end of green stages using an HPLC system
equipped with an RI (Jasco International Co., Japan) detec-
tor and an Aminex HPX-87H column (Bio-Rad, USA) at
60 °C using 0.6 mL min~' of 0.005 M H,SO,. The sample
was prepared beforehand as follows: 1 mL of the culture
media was collected at the end of the cultivation and centri-
fuged at 12,000 X g for 5 min. The obtained supernatant (20
pL) was injected to the column.

Statistical analysis

The comparison of the biomass concentrations and bio-
chemical composition of the biomass was performed by the
analysis of variance (ANOVA) or two-sample t-test where
appropriate. The statistical analyses were performed using
Excel 2013. The level of significance was taken as 0.05 in
all tests.
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Results

Effects of glycerol, sodium acetate, and vinasse
concentrations on growth

The biomass concentrations obtained at the end of the
green stages of different cultivations (Exp. Nr. 1 to 32)
are shown in Fig. 1 a, b, and c. The biomass concentra-
tions achieved in mixotrophic cultivation on glycerol,
sodium acetate, and vinasse range from 0.3 to 1.2 g L™".
The highest value was obtained from the cultivation on
2 g L7! glycerol aerated with enriched air (1.2 g L™! bio-
mass) and the maximum biomass concentrations obtained
from cultivation on sodium acetate and vinasse were 0.9
and 1.0 g L™, respectively. The biomass concentrations
obtained from the cultivations aerated with enriched air
were significantly (p <0.05) higher than those aerated with
air (Fig. 1). In addition, all mixotrophic cultivations on
glycerol and sodium acetate resulted in higher biomass
concentrations compared to the controls. For example,
the biomass concentrations obtained from cultivations on
glycerol (sodium acetate) aerated with enriched air were
in the range of 0.7 to 1.1 (0.6 t0 0.9) g L~! and that of the
control was 0.4 (0.3) g L~'. Furthermore, Fig. Ic clearly
shows that the biomass concentrations achieved in mixo-
trophic cultivations on vinasse (Exp. Nr. 11-15 and 27-31)
were higher than the control (Exp. Nr. 16 and 32). In other
words, the biomass concentrations obtained from Exp. Nr.
11 to 15 were in the range of 0.5 to 0.6 g L™! while that
of the control was 0.3 g L~!. Nevertheless, the biomass
concentration obtained from Exp. Nr. 11 was not signifi-
cantly different (p > 0.05) from the control (Exp. Nr. 16)
(ca. 0.3 g L™ in both Exp. Nr. 11 and 16).

The biomass concentration increased when the glycerol
content in the cultures increased up to 2 g L™! (Fig. 1a)
but the increase in glycerol concentration more than 2 g
L~! did not significantly affect the biomass concentration.
Further increase in glycerol concentration led to no fur-
ther increase in biomass concentration since the biomass
concentrations achieved in Exp. Nr. 3-5 (19-21) were not
significantly different from each other (one-way ANOVA
(p>0.05)). Like glycerol, sodium acetate in the medium
up to 0.1 g L™! increased the maximum biomass concen-
tration from 0.6 to 0.9 g L' (Exp. Nr. 22-24, Fig. 1b).
However, concentrations higher than 0.1 g L™! of sodium
acetate did not result in a significant biomass concentra-
tion enhancement. For instance, the maximum biomass
concentrations achieved in Exp. Nr. 24-26 were not sig-
nificantly different from each other (one-way ANOVA,
p>0.05).

Figure 1c shows an increasing trend in biomass con-
centration followed by a decreasing trend. For example,
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Fig. 1 The biomass concentrations obtained at the end of green stages
of cultivation of C. zofingiensis on different concentrations of a glyc-
erol, b sodium acetate, and ¢ vinasse. The cultivations were aerated
with either air (0.04% CO,) or enriched air (2% CO,)

the biomass concentration increased from 0.3 to 1.0 g L™!
and then decreased from 1.0 to 0.6 g L™! (Exp. Nr. 27 to
31). In other words, when vinasse concentration was below
1.2 g L', the effect of vinasse concentration was posi-
tive, but when vinasse increased higher than 1.2 g L™!, the
impact was negative. Table 2 shows the effect of microalga
cultivation on the vinasse composition. The COD of the
medium reduced from 700 mg L™" to 40 and 46 mg L~" in
Exp. Nr. 13 and 29, respectively (aerated air and enriched

air). Similar to COD, TOC, total Kjeldahl nitrogen, sulfur,
potassium, magnesium, and iron concentrations were also
reduced significantly (Table 2c).

As depicted in Fig. 1, among the cultivations on glycerol,
2 g L™! glycerol provided the maximum biomass concentra-
tion (Exp. Nr. 3 and 19). Similarly, among different sodium
acetate and vinasse concentrations tested, 0.1 g L~! sodium
acetate (Exp. Nr. 8 and 24) and 1.2 g L™! vinasse (Exp.
Nr. 13 and 29) resulted in higher biomass concentrations.
Hence, the growth curves of these best-performing cultiva-
tions and the controls (Exp. Nr. 16 and 32) are shown in
Fig. 2. There were no significant differences between the
optical densities measured on day 6 and day 7 and the final
optical densities measured in controls (Exp. Nr. 16 and 32)
were below the final optical densities measured in the mixo-
trophic cultivations.

Biochemical composition of biomass at the end
of green stages

Table 3 presents the protein, carbohydrate, and lipid contents
of the biomass measured at the end of the green stages. The
lipid contents obtained in all mixotrophic cultivations con-
ducted in this study ranged from 20.0 to 29.8%. Implemen-
tation of enriched air resulted in an increment in lipid and
carbohydrate contents despite a reduction in protein contents
(Table 3). This effect was observed in all experiments. For
example, lipid, protein, and carbohydrate contents obtained
from Exp. Nr. 3 (2 g L™! glycerol aerated with air) were 29.8,
38.4, and 24%, while those of Exp. Nr. 19 (2 g L™! glycerol,
aerated with enriched air) were 30.7, 34.2, and 28.6%.

The highest protein content, obtained from the cultiva-
tions on vinasse aerated with air (Exp. Nr. 11-15, Table 3),
was about 40%. Hence, it seems that the cultivation of C.
zofingiensis on 1.2 g L™! vinasse aerated with air could be a
potential method for producing microalgae-based proteins.

Chemical composition of microalgal biomass
at the end of the red stages

Two kinds of stresses (high-light intensity and nitrogen
starvation) were simultaneously imposed on the green cells
obtained from the green stages of eight cultivations. The cul-
tivations include the controls (Exp. Nr. 16 and 32) and cul-
tivations on 2 g L™! glycerol (Exp. Nr. 3 and 19), 0.1 g L™!
sodium acetate (Exp. Nr. 8 and 24), and 1.2 g L™! vinasse
(Exp. Nr. 13 and 29). The biochemical composition of the
microalgal biomass at the end of red stages is presented in
Table 4. The carbohydrate content was remarkably increased
when the stresses were imposed on cells. For example, the
carbohydrate content of biomass increased from 30.2 to
50.3% (Exp. Nr. 29) and the highest carbohydrate content
was 50.3% (Exp. Nr. 29) at the end of the red stage.
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Table2 The residual concentration of glycerol (a), sodium acetate (b), as well as the concentrations of nutrients in the medium containing

vinasse before and after cultivation of the microalgae (c)

a
Cultivations on glycerol aerated with air (0.04% CO,)

Exp. Nr. Initial glycerol Residual glycerol
concentration (g LY concentration (g LY

1 0.5 ND"

2 1 ND

3 2 0.19

4 4 2.0

5 8 5.5

b

Cultivations on sodium acetate aerated with air (0.04% CO,)

Exp. Nr. Initial sodium acetate Residual sodium acetate
concentration (g LY concentration (g LY

6 0.01 ND

7 0.05 ND

8 0.1 ND

9 0.5 0.30

10 1 0.81

c

Analysis Medium composition

(mg L™

COD 700

Total Kjeldahl N 25

TOC 310

Sulfur (S) 13.5

Phosphorus (P) 0.44

Iron (Fe) 0.56

Magnesium (Mg) 2.6

Potassium (K) 71

Cultivations on glycerol aerated with enriched air (2% CO,)

Exp. Nr. Initial glycerol
concentration (g LY

Residual glycerol
concentration (g LY

17 0.5 ND
18 1 ND
19 2 0.15
20 4 1.8
21 8 5.1

Cultivations on sodium acetate aerated with enriched air (2% CO,)

Exp. Nr. Initial sodium acetate
concentration (g LY

Residual sodium acetate
concentration (g LY

22 0.01 ND

23 0.05 ND

24 0.1 ND

25 0.5 0.26

26 1 0.80

Residual Residual concentration in

concentration in
Exp. Nr. 13 (mg L")

Exp. Nr. 29 (mg L™}

40 46

3 2
0.015 0.01
0.35 0.41
<0.001 <0.001
0.05 0.04
0.06 0.12
0.82 0.61

ND, not detected

The comparison of the protein contents before (Table 3)
and after (Table 4) the red stage revealed the fact that the
stresses caused a significant reduction in protein content
(two-sample #-test, p <0.05). For instance, the protein con-
tent reduced from 33.5 to 12.7% in Exp. Nr. 29 (cultivation
on 1.2 g L™! vinasse aerated with enriched air). Although
the protein contents declined noticeably after imposing the
stresses on cells, the lipid contents increased considerably.
For example, the lipid contents of biomass obtained from
green stages of Exp. Nr. 13 and 29 were 20.7 and 23.4%,
while the lipid contents at the end of red stages were 28.7
to 30.3%, respectively (two-sample #-test, p-value < 0.05).
Comparing the biochemical composition of biomass
obtained from the cultivations on vinasse with the respec-
tive controls shows no significant differences. For example,
the lipid, protein, and carbohydrate contents of the biomass
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in Exp. Nr. 13 were 28.7, 14, and 46.7%, while those of Exp.
Nr. 16 were 28.9, 14.8, and 46.7%, respectively.

In addition to the variations in chemical composition, the
variations in dry biomass weight were also observed when
the cells were under stress. Interestingly, the dry biomass
weights obtained at the end of red stages were more than
two times higher than those obtained at the end of green
stages (Table 4). The significant difference in dry biomass
weights between green and red stages was also confirmed
by the two-sample #-test (p-value <0.05).

Carotenoid induction under stress conditions

Table 5 presents total carotenoid, astaxanthin, and canthax-
anthin contents of the biomass obtained at the end of red
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Fig.2 Growth curves during 3.5

the green stages of mixotrophic
cultivations on 2 g L™! glycerol,
0.1g L~! sodium acetate, and
1.2 g L™! vinasse, as well as the
controls

Optical density at 680 nm
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—z—Exp. Nr. 8 (0.1 g L sodium acetate, aerated with air)
—4+—Exp. Nr. 24 (0.1 g L sodium acetate, aerated with enriched air)
++-0++ Exp. Nr. 13 (1.2 g L! vinasse, aerated with air)

+--®:+ Exp. Nr. 29 (1.2 g L! vinasse, aerated with enriched air)
— =Exp. Nr. 16 (Control (BBM), aerated with air)

— —Exp. Nr. 32 (Control (BBM), aerated with enriched air)

stages. The sum of astaxanthin and canthaxanthin contents
account for more than 75% of the total carotenoids and asta-
xanthin accounted for more than 65% of the total carotenoid
contents, while canthaxanthin constitutes about 10% of total
carotenoids. For example, the total carotenoid content of
the biomass was 9.9 mg g~!, while the astaxanthin and can-
thaxanthin contents were 6.7 and 1.0 mg g~!, respectively
(Table 5, Exp. Nr. 13).

Discussion

The biomass concentrations achieved in this study (Fig. 1)
were similar to other reported studies. For example, the
mixotrophic cultivation of C. vulgaris on 4 g L™! glucose
resulted in a 1.4 g L~! biomass concentration (Heredia-
Arroyo et al. 2011). Additionally, the highest biomass
concentration of 0.38 g L™! was reported in mixotrophic
cultivation of Chlorella minutissima on 10 g L™! glucose
(Bhatnagar et al. 2010). The higher biomass concentrations
in the experiments cultivated with enriched air might be due
to the provision of the higher amount of carbon source. A
similar effect has also been reported in the cultivation of
Scenedesmus almeriensis with enriched air (Molino et al.
2019). Further, the higher biomass concentrations obtained
from mixotrophic cultivations compared to the autotrophic
cultivations (controls) were due to the higher amounts of
carbon sources (both CO, and organic carbon) available to
the cells in mixotrophic cultures. This effect has also been

reported previously in the cultivation of C. sorokiniana
(Zhang et al. 2011).

It has been reported that the high concentration of glyc-
erol may not influence growth because the cells may be
incapable of assimilating the glycerol beyond a specific
rate (Paranjape et al. 2016a). This study shows that con-
centrations of glycerol higher than 2 g L™! cannot improve
the final biomass concentration. This was also confirmed
by measuring the residual concentration of the substrate
in the medium (Table 2). Notably, there was no residual
glycerol in the case of Exp. Nr. 1, 17 and 2, 18 in which
the initial concentration of the glycerol were 0.5 and 1 g
L~!, respectively. Moreover, the residual concentrations
of glycerol in Exp. Nr. 3 and 19 (2 g L™! glycerol) were
close to zero (0.19 and 0.15 g L™, respectively). However,
the concentration of the glycerol remained in the medium
in the case of Exp. Nr. 4, 20 and 5, 21 (initial glycerol
concentration of 4 and 8 g L") were ca. 2 and 5 g L,
respectively. This reflected that the concentrations beyond
2 g L~! did not lead to complete the assimilation of glyc-
erol. Consequently, according to the results of this study,
the optimum concentration of glycerol for mixotrophic
cultivation of C. zofingiensis was introduced as 2 g L™,

Similar results were observed for cultivations using
sodium acetate. It can be concluded that the microalgae
were not able to assimilate sodium acetate completely
when its concentration was higher than 0.1 g L™" in the
medium. This was also confirmed by the residual con-
centrations of sodium acetate (Table 2). The residual
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Table 3 The biochemical

o - . Exp. Nr."  Substrate Substrate Aeration with air Biochemical composition of biomass

composition of bl.ornass (weight concentration (*) or enriched (%)

percent of dry weight) at the (gL air (o) — _

end of green stages. The data Lipid Protein Carbohydrate

shown are the mean + SD
1 Glycerol 0.5 * 25.6+1.0 37.8+15 235+0.6
2 Glycerol 1 * 27.5+1.1 36.5+2.0 24.7+0.8
3 Glycerol 2 * 29.8+0.5 384+13 24.0+09
4 Glycerol 4 * 28.3+0.7 36.7+1.4 23.8+09
5 Glycerol 8 * 28.0+£2.0 384+1.7 239+1.0
6 Sodium acetate 0.01 * 213+09 41.8+25 23.0+1.2
7 Sodium acetate 0.05 * 242409 414+1.6 23.4+0.6
8 Sodium acetate 0.1 * 253+09 399+1.7 248+09
9 Sodium acetate 0.5 * 262+0.6 38.6x14 233x1.1
10 Sodium acetate 1 * 26.1+1.1 388+1.5 242+0.8
11 Vinasse 0.12 * 20.7+0.6 42.6+13 254+13
12 Vinasse 0.6 * 20.5+03 41.6+1.5 253+09
13 Vinasse 1.2 * 20.7+0.6 42.6+05 26712
14 Vinasse 24 * 22.3+0.8 39.8+£0.6 27.3+0.5
15 Vinasse 3.6 * 21.6+03 399+0.8 27.7x1.1
16 Control BBM * 19.4+0.6 438+0.7 20.1x1.0
17 Glycerol 0.5 ° 29.7+13 335x14 27.1x0.6
18 Glycerol 1 ° 293+19 349+2.0 269+09
19 Glycerol 2 ° 307+1.5 342+17 28.6+0.8
20 Glycerol 4 ° 30.1+£09 343+1.6 285+1.2
21 Glycerol 8 ° 30.8+1.2 337x19 27.0x1.0
22 Sodium acetate 0.01 . 250+1.4 37018 24.0x14
23 Sodium acetate 0.05 . 284+13 38.1x15 255+0.7
24 Sodium acetate 0.1 ° 29.1+£09 37.6+0.7 253x13
25 Sodium acetate 0.5 . 28.8+0.8 382+14 249+0.7
26 Sodium acetate 1 ° 29.0+0.8 363+0.6 25.1+1.4
27 Vinasse 0.12 ° 234+02 30506 33.0+0.6
28 Vinasse 0.6 . 225+0.6 353+0.1 29.8+14
29 Vinasse 1.2 . 23.4+0.6 33.5+1.5 30.2+0.1
30 Vinasse 2.4 ° 22.5+0.6 304+13 33.1+0.9
31 Vinasse 3.6 ° 233+0.6 33.2+0.6 29.1+0.7
32 Control BBM . 23.5+0.6 40.0+09 24.1+0.1

Table 4 The biochemical composition of biomass (weight percent of dry weight) and biomass dry weight at the end of red stages as well as the
biomass dry weight at the end of green stages. The data shown are the mean +SD

Exp. Nr. Substrate (concen- Aeration with air  Lipid content (%) Protein content Carbohydrate Biomass dry Biomass dry
tration (g L™')) (*) or enriched (%) content (%)  weight (g L7} weight (g L™1)
air (o) (red stage) (green stage)
Glycerol (2) * 39.3+1.9 151+1.2 37.5+0.4 2.5+0.3 0.9+0.1
8 Sodium acetate * 36.4+1.5 16.0+0.9 36.2+1.3 14+0.1 0.5+0.0
0.1)
13 Vinasse (1.2) * 28.7x1.5 14.0+0.9 46.7+£0.9 1.5+0.2 0.6+0.0
16 Control (BBM) * 28.9+0.6 14.8+1.1 46.7+0.8 0.8+0.1 0.3+0.0
19 Glycerol (2) . 41.4+2.1 15.5+0.9 39.6+0.2 29+0.3 1.2+0.1
24 Sodium acetate . 39.4+0.8 16.7+1.8 389+1.1 22+0.2 0.9+0.1
0.1)
29 Vinasse (1.2) ) 30.3+0.9 12.7+0.3 503+1.1 24404 1.0+0.1
32 Control (BBM) ) 30.8+0.4 12.9+0.7 49.9+0.5 1.1+£0.2 0.4+0.0
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Table 5 The astaxanthin, canthaxanthin, and total carotenoid contents of the cells at the end of red stages of the cultivation of C. zofingiensis.

The data shown are the mean +SD

Exp. Nr. Substrate (concentration (g LY Aeration with air (*) or  Total carotenoid Astaxanthin content Canthaxanthin
enriched air (e) content (mg g_l) (mg g_l) Content (mg g"l)
3 Glycerol (2) * 10.1+0.4 7.6+0.2 1.0+0.0
8 Sodium acetate (0.1) * 9.6+0.4 6.6+0.1 09+0.1
13 Vinasse (1.2) * 9.9+0.7 6.7+0.2 1.0+0.1
16 Control (BBM) * 9.8+0.3 6.2+0.2 0.8+0.1
19 Glycerol (2) ° 10.0+0.6 6.7+0.1 1.1+0.1
24 Sodium acetate (0.1) . 9.8+0.3 6.5+0.2 1.0+0.0
29 Vinasse (1.2) . 10.1+0.7 6.9+0.2 1.2+0.1
32 Control (BBM) . 9.9+0.5 6.6+0.3 1.1+0.1

concentration of sodium acetate in the cultivations on
0.01, 0.05, and 0.1 g L™" were below the detection limit
(Exp. Nr. 22-24, Table 2). Nevertheless, about 50 and 80
percent of the initial sodium acetate were remained intact
when 0.5 and 1 g L™! sodium acetate were used (Exp.
Nr. 25-26, Table 2). Hence, 0.1 g L~! was introduced
as the optimum concentration of sodium acetate in the
mixotrophic cultivation of C. zofingiensis. Although the
effect of sodium acetate on biomass concentration of C.
zofingiensis has not been reported until now, it has been
reported that the concentration of sodium acetate, higher
than 9 and 0.5 g L™, respectively, does not influence the
growth of C. sorokiniana and Tetraselmis suecica posi-
tively (Azma et al. 2011; Chen et al. 2017).

Regarding the effect of vinasse concentration on growth
(Fig. 1c), the low concentration of biomass when microalgae
cultivated using 0.12 g L™! vinasse might be due to lack of
nutrients. As increasing vinasse concentration up to 1.2 g
L~! positively affected the biomass concentration, it can be
concluded that more nutrients were provided when vinasse
concentrations increased. It should be noted that the com-
position of the vinasse at the end of cultivation on 1.2 g L™!
vinasse revealed that there was almost no residual nutrient
in the medium at the end of cultivation (Table 2c ). Although
higher concentrations of vinasse (more than 1.2 g L™ in the
medium provide high amounts of sugars and organic carbon,
it causes low light penetration (dos Santos et al. 2016; Engin
et al. 2018), results in a lower concentration of biomass.
Additionally, the effect of a high concentration of vinasse
on the inhibition of microalgal growth has been reported
previously (Barrocal et al. 2010; Engin et al. 2018). There-
fore, it seems that the optimum concentration of vinasse in
the medium was 1.2 g L™!. However, concentrations higher
than 1.2 g L™! of vinasse in the medium resulted in lower
biomass concentration.

The biomass concentration of 1.0 g L™! obtained from
the cultivation on 1.2 g L™! vinasse (Exp. Nr. 29, Fig. 1),
was higher than the respective control (Exp. Nr. 32). This

revealed that vinasse provided necessary nutrients for
microalgal growth, and no other component was needed
to be added to the medium. Additionally, the microalga C.
zofingiensis was able to utilize nutrients and organic com-
pounds available in the vinasse (Table 2c).

One may ask whether the biomass concentrations pre-
sented in Fig. 1 were the highest concentrations that can be
achieved. In other words, the higher concentrations could
probably be attained if the culture would last more than
7 days. In order to answer this question, the growth curves
were investigated (Fig. 2). The growth curves presented in
Fig. 2 illustrate that the cultures were in the stationary phase
after 6 days of cultivation. Therefore, the continuation of
the cultures for more than 7 days would not result in higher
biomass concentrations.

The final optical densities presented in Fig. 2 are in
accordance with the biomass concentrations reported in
Fig. 1. For example, the highest biomass concentration and
optical density were obtained in the cultivation on 2 g L™}
glycerol. Additionally, the final optical densities measured
in cultivations aerated with air were lower than those aerated
with enriched air.

As illustrated in Fig. 1, the biomass concentrations
obtained from mixotrophic cultivations of C. zofingiensis
on vinasse, glycerol, and sodium acetate were in the range
of 0.9 to 1.2 g L™!. Since the medium used for cultivation
on vinasse contained only vinasse as the source of nutrients,
this medium was much more inexpensive than BBM sup-
plemented with glycerol and sodium acetate. Moreover, the
preparation of vinasse containing medium is more straight-
forward than BBM because it includes only one component
while BBM contains 15 components. Therefore, if commer-
cialization of the cultivation of C. zofingiensis is the goal,
vinasse containing medium is proposed as a potential can-
didate because of the lower cost and ease of preparation.

The higher carbohydrate and lipid contents in biomass,
obtained from cultures aerated with enriched air (Table 3),
might be due to the utilization of CO, and organic carbon by
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C. zofingiensis (Meng et al. 2020). Lipid contents obtained
at the end of green stages (Table 3) were in accordance with
the value of 27.3% reported earlier (Feng et al. 2011).

The results of this study on carbohydrate increment at
the end of red stages (Table 4) are in line with previously
reported studies. The increase in carbohydrate content of
three different microalgae (S. obliquus, Phaeodactylum
tricornutum, and C. zofingiensis) from 30 to 50-60% due
to nitrogen starvation has been reported previously (Breuer
et al. 2012). Additionally, the accumulation of carbohydrates
(up to 66.9%) due to nitrogen starvation of C. zofingiensis has
been reported earlier (Zhu et al. 2014). Also, the decrease in
the protein content at the end of the red stage was probably
because of the absence of nitrogen source in the medium
(Yamamoto et al. 2020) and the presence of high light inten-
sity (Benavente-Valdés et al. 2016).

In the case of lipid contents, the measured values of this
study were consistent with the lipid contents reported earlier
when nitrogen starvation was imposed on the microalga C.
zofingiensis (Zhu et al. 2015). Moreover, the comparison of
the chemical composition of the biomass at the end of green
and red stages reflected that the protein and lipid contents
were inversely related. The higher the protein content, the
lower the lipid content and vice versa. This effect was also
reported earlier (Jeyakumar et al. 2020).

As described in the previous section, the biochemical
composition of the controls and that of cultivated using
1.2 ¢ L™! vinasse were approximately similar. However, the
biomass concentration obtained at the end of the green stage
was more than two times higher than that of the controls
(Fig. 1c). This means that the cultivation of C. zofingiensis
on low-cost vinasse increases the biomass productivity in
comparison with the cultivation on BBM, while the bio-
chemical composition remained unchanged.

The increase in biomass composition after stress condi-
tions was also observed when the microalga C. zofingiensis
was subjected to nitrogen starvation for 14 days (Breuer et al.
2012). The increase in dry biomass weight might be due to
the increase in carbohydrate and lipid contents of the cells
(Table 4) (Hosseini et al. 2020). Moreover, the difference
in the size of the cells was also noticeable in microscopic
images taken from the cells at the end of green (average cell
size of 6.5 um, Fig. 3a) and red stages (average cell size of
9.5 um, Fig. 3b). This is evidence for the increase in biomass
dry weight during the red stages (Table 4). It should be noted
that according to the our observations, the morphology and
average cell size were similar among all performed experi-
ments. These similarities were in addition to the similarities
in total carotenoid content of the cells (“Carotenoid induc-
tion under stress conditions” section, Table 5). Therefore,
the cell images of the best-performing media set (Exp. Nr.
19) were illustrated to represent the morphology and cell
size of the microalga C. zofingiensis attained in this study.

As previously reported by Chen et al., (2017) more than
75% of the total carotenoids in the microalga C. zofingiensis
belongs to the astaxanthin and canthaxanthin. This is in
accordance with the finding of the present study. Further-
more, the astaxanthin and canthaxanthin contents were in
the same order of magnitude as the values reported in other
studies. For instance, the astaxanthin content of 6.3 mg g~!
was observed after imposing high light intensity and nitro-
gen starvation on the microalga C. zofingiensis (Orosa et al.
2001). Similarly, astaxanthin and canthaxanthin contents of
2.4 and 1.3 mg g~! have been achieved when the micro-
alga C. zofingiensis was under nitrogen starvation (Mulders
et al. 2014). The higher content of astaxanthin compared to
the canthaxanthin was in accordance with previous studies,

A
3,

3

8.1 ym

Fig. 3 Microscope images taken from the cells at the end of the green (a) and the red (b) stage in the cultivation of C. zofingiensis on 2 g L™!

glycerol aerated with enriched air (Exp. Nr. 19)
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indicates that C. zofingiensis naturally synthesizes more
astaxanthin (Mulders et al. 2015; Chen et al. 2020).
Noticeably, the total carotenoid, astaxanthin, and can-
thaxanthin contents, observed in all cultivations presented
in Table 5 were similar, and there were no significant differ-
ences among the cultivations. This was also confirmed by
ANOVA (p-value > 0.05). Hence, it can be concluded that
the type of substrate used in this study did not influence the
carotenoid content of the biomass. However, the biomass
concentrations obtained at the end of red stages (Table 5)
were different, which is related to the different growth they
have during the green stages (Fig. 1). Therefore, if the pro-
duction of carotenoids, especially astaxanthin, is desirable,
mixotrophic cultivation on vinasse using enriched air is pro-
posed because of the low-cost medium and ease of medium
preparation (the medium contains only vinasse).

Conclusions

This study showed that C. zofingiensis was able to grow mix-
otrophically on glycerol, acetate, and vinasse. The biochemi-
cal composition of the biomass at the end of green stages
revealed that the cultivation on vinasse resulted in a pro-
tein content of 40%. Additionally, cultivation on 1.2 g L™
vinasse resulted in almost complete consumption of COD,
TOC, total Kjeldahl nitrogen, potassium, magnesium, phos-
phorous, and sulfur contents of the medium. Moreover, the
carotenoid content of biomass obtained from cultivations on
glycerol, acetate, and vinasse was similar (ca. 10 mg g~! total
carotenoid content, there were no significant differences).
Although the maximum biomass concentration achieved in
cultivations on vinasse was close to those of cultivations
on glycerol, the mixotrophic cultivation of C. zofingiensis
on 1.2 g L~! vinasse is proposed as a potential method for
production of carotenoid-rich microalgae because of lower
medium cost and ease of medium preparation.
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