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Abstract

Heterotrophic or mixotrophic culture of microalgae is feasible alternative approach to avoid light limitation in autotrophic
culture. However, only a few kinds of organic carbon sources are available for algal culture. Disaccharides, such as sucrose,
are difficult to be utilized by microalgae under both heterotrophic and mixotrophic conditions. In this study, a symbiotic yeast
was accidentally found in a contaminated algal suspension. The symbiotic yeast was isolated and identified as Cryptococ-
cus sp. This yeast was able to extracellularly hydrolyze sucrose and accumulated monosaccharides in the medium. It can
enhance algal growth using sucrose as the carbon source at both heterotrophic and mixotrophic modes when mix-cultured
with Chlorella pyrenoidosa. The highest algal cell density of 118.8 x 10° and 151.2x 10 cells/mL was achieved with a final
algal percentage of 83.5 and 93.2% at heterotrophic and mixotrophic culture, respectively. Furthermore, the protein and
lipid content was significantly enhanced by mix-culture C. pyrenoidosa with Cryptococcus YZU-1. The fatty acid accumu-
lated in this co-culture system was suitable for the production of biodiesel. This symbiotic yeast solved the problem that C.
pyrenoidosa cannot heterotrophically or mixotrophically utilize sucrose. A high algae density was obtained and the protein
and lipid accumulation were also significantly enhanced. This study provided a novel approach for production of protein or
lipid-rich biomass using sucrose or sucrose-rich wastes as the carbon source.
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can be a potential source of various bioproducts, mass
cultivation of microalgal biomass is a major challenge to

MUFA Monounsaturated fatty acid be overcome [2]. As the most common cultivation mode,
PUFA  Polyunsaturated fatty acid photoautotrophic culture of microalgae faces many limita-
SFA Saturated fatty acid tions, such as the light limitation, the high cost of the closed
photobioreactor, the low biomass concentration, et al. [3]. A
feasible alternative approach to avoid these issues is hetero-
Introduction trophic culture microalgae using organic compounds as the

In recent years, microalgae represent an important raw mate-
rial to produce a wide range of products, including various
types of fuel, carbohydrates, pigments, proteins, biomate-
rials, and other bioproducts [1]. Even though microalgae
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carbon sources. By eliminating the light requirements, much
higher biomass productivity is achieved in heterotrophic
culture along with a shorter culture period compared with
photoautotrophic culture [4]. Besides, mixotrophic culture
of microalgae can also significantly enhance cell growth and
improve the efficient use of light or eliminate its require-
ment. Due to the excellent culture performance compared to
other substrates, glucose is the most commonly used carbon
source in the heterotrophic culture of microalgae. However,
the high cost of glucose sometimes makes heterotrophic
culture of microalgae economically unfeasible as the cost
of carbon source reaching up to 80% of the total cost of
the medium [5]. Besides glucose, only a few other organic
carbon sources, such as glycerol and acetate, are available

@ Springer


http://orcid.org/0000-0003-2868-6879
http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-020-02409-2&domain=pdf

2244

Bioprocess and Biosystems Engineering (2020) 43:2243-2252

for algal culture. Some sugar-rich by-products or wastes are
regarded as promising alternative carbon sources in fermen-
tation industries. Thereinto, the sucrose-rich molasses and
bagasse accumulated in sugar production from sugar beets
or sugarcane are economical and efficient alternative carbon
sources and have been widely used in the fermentation of
many products, such as ethanol, succinic acid, isomaltulose,
etc. [6]. Using these cheap substrates is helpful to decrease
the carbon source cost in heterotrophic or mixotrophic
culture of microalgae. However, sucrose, as well as other
disaccharides or polysaccharides, is difficult to be utilized
by microalgae under heterotrophic conditions [4, 7].

Many yeasts can utilize sucrose by extracellularly hydro-
lyze sucrose into monosaccharides by invertase. Further-
more, the sucrose hydrolysis rate was much higher than the
monosaccharide uptake rate, thus, monosaccharide accumu-
lation were detected [8, 9]. Based on this phenomenon, a co-
culture system was developed in our previous study by mix
culture of Chlorella pyrenoidosa and Rhodotorula glutinis
using sucrose as the carbon source [9]. In this system, C.
pyrenoidosa grew well by utilizing monosaccharides which
were hydrolyzed from sucrose by R. glutinis. The highest
algal cell density reached 111.48 x 10° cells/mL using 10 g/L
sucrose. Although this study solved the problem that algal
cells cannot heterotrophically grow in sucrose, the final cell
number proportion of algal cells was quite low as the high-
est algal proportion was only 45% [9]. Besides, the algal
cells were difficult to be separated from yeast cells. To solve
these issues, cell immobilization was applied in the updated
co-culture system [10]. Co-cultured with immobilized Sac-
charomyces cerevisiae, C. pyrenoidosa grew well in the dark
using sucrose as only carbon source and a pure algal suspen-
sion with a concentration of 2.08 g/L. was obtained [10].
However, cell immobilization will inevitably complicate the
culture process and increase the culture cost.

In many microalgal cultivation systems, microalgae
always co-exist with bacteria or other microorganisms
[11]. Besides, the relationships between microalgae, bac-
teria, fungi, and other microorganisms are quite complex
which probably include cooperation, competition, parasit-
ism, mutualism, commensalism, syntrophy, and antagonism
[12, 13]. However, simple synthetic microbial cooperation
systems have been widely developed enlightened by natu-
ral communities and they can help to enhance the biomass
and product accumulation in certain cases [13]. Compared
to an axenic culture of microalgae, co-culture algal cells
with other microorganism may be also beneficial to improve
biomass productivity based on the synergistic mutual-
ism between them [11]. The synergistic mutualism effect
between microalgae and other microorganism is usually
through the metabolites and resources exchange or signal
communication [11]. Metabolites and resource exchange
is the most commonly used mechanism in co-culture of
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microalgae with other microorganism, such as the CO,/O,
exchange between algae and co-cultured bacteria [14], nitro-
gen supply for microalgae by mix cultured with nitrogen-
fixing cyanobacteria [15], providing indole-3-acetic acid
(IAA) to promote algal growth by co-culture with bacteria
which can secrete IAA [11], providing vitamin-B12 to syn-
thesize methionine for vitamin auxotrophic algae [16, 17],
etc. Besides, co-cultured microalgae with fungal is also a
promising algal harvesting method as some filamentous fun-
gal species have self or induced flocculation activities and
can easily harvest algal cells via bio-flocculation [18].

In this study, a symbiotic yeast was accidentally found
in a contaminated algal suspension. The contaminated C.
pyrenoidosa can well grow using sucrose as the sole carbon
source under dark condition. The symbiotic yeast was sepa-
rated and identified firstly. Then, it was used in the co-culture
of C. pyrenoidosa using sucrose as the sole carbon source
at both dark (heterotrophic culture) and light (mixotrophic
culture) conditions. Cell growth, sucrose utilization, and cell
composition were measured under different algal/yeast ratio.
This study aimed to provide an alternative approach for the
heterotrophic culture microalgae using sucrose. It has great
potential for decreasing the cost of carbon source in the het-
erotrophic culture of microalgae.

Materials and methods
Microorganism strains and inoculum culture

Chlorella pyrenoidosa was purchased from Freshwater
Algae Culture Collection at the Institute of Hydrobiology
(FACHB) and stored in agar slants BG-11 medium. The
stored cells were first activated in 250 mL Erlenmeyer flasks
containing 100 mL liquid BG-11 medium and incubated at
25 °C in an orbital shaker at 120 rpm. Algal cells were pho-
toautotrophically cultured under a 16 h light period per day
with 35 pmol m~2 s™! for 2 weeks. The pre-cultured cells
were then transferred to a heterotrophic system of liquid
BG-11 medium with 1% glucose and cultivated for 5 days
under a dark environment at 25 °C in an orbital shaker at
150 rpm. The heterotrophic cultured cells were used as
the inoculum for following pure culture and co-culture
experiments.

Separation and identify of symbiotic yeast

The symbiotic yeast was separated from a contaminated cul-
ture of C. pyrenoidosa. The contaminated algal cells were
originally kept in our lab as usual culture, 25 °Cand a 16 h
light period per day with 35 pmol m~2 s~! illumination. They
were found well grown in sucrose-contained medium. Sin-
gle colonies of the symbiotic yeast were obtained by serial
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streaking of the culture broth on YPD agar medium (1%
glucose, 1% peptone, 0.5% yeast extract, and 2% agar). The
isolated colonies were further subcultured three times on
YPD plates by incubating at 25 °C for 48 h. The cellular
morphology and colony characteristics of the obtained cells
were observed using a microscope (Olympus BX53, Japan)
and a stereomicroscope (Leica EZ4W, Germany), respec-
tively. To further identify the cell, the genome DNA was
extracted using a Rapid Yeast Genomic DNA Isolation Kit
(Sangon Biotech, China) according to the manufacturer’s
instruction. PCR amplification of 26S rDNA gene fragments
using two specific primers (NL-1: 5'-GCATATCAATAA
GCGGAGGAAAAG-3"; NL-4: 5-GGTCCGTGTTTCAAG
ACGG-3"). After been detected using electrophoresis, the
PCR products were sequenced. Multiple sequence alignment
and phylogenetic analysis was conducted using BLAST and
neighbor-joining method (MEGA 7.0), respectively.

To investigate the carbon source preference of the isolated
yeast, sucrose, glucose, and fructose was used at a concen-
tration of 10 g/L. BG-11 medium added carbon source was
used as the medium. Cell growth and sugar utilization was
measured every 12 h. Cell density was determined by count
the cell numbers using a hemacytometer and a microscope
(Olympus BX53, Japan) and the sugar was analyzed using a
HPLC according to the method reported by Wang et al. [9].

Co-culture of microalgae and yeast

Liquid BG-11 medium added 10 g/L sucrose was used in
following experiments. The initial algal cell density was
2% 10° cells/mL. Five initial ratios of microalgae and yeast,
20:1, 30:1, 40:1, 50:1, and 60:1, were set based on cell
number. The cultures were incubated at 25 °C in an orbital
shaker at 150 rpm under both heterotrophic and mixotrophic
(35 pmol m~2s7!) conditions.

Analytic methods

Cell growth was determined by count the cell numbers using
a hemacytometer and a microscope (Olympus BX53, Japan).
Carbohydrate, lipid, and fatty acid were analyzed accord-
ing to the method reported by Wang et al. [9]. Protein was
calculated through measurement of total nitrogen content.
In detail, added 2 mL alkaline potassium persulfate into
1 mL algal broth and the mixture was treated at 121 °C for
30 min. After cool down to room temperature, 1 mL 10%
HCI (v/v) was added into the mixture. Absorbance at 220 nm
and 275 nm was measured using a UV spectrophotom-
eter (Philes, China). Protein content was calculated based
on a standard curve which was made using bovine serum
albumin.

Statistical analysis

Data were presented as mean + standard error of the mean
based on three parallel experiments. The statistical sig-
nificances were analyzed by one-way analysis of variance
(ANOVA) (P < 0.05) using SPSS statistics 17.0 (IBM,
USA).

Results and discussion
Isolation and identification of the symbiotic yeast

The colony and cellular morphology of the isolated symbi-
otic yeast are displayed in Fig. 1a, b. The colony was oyster
white and the surface of the colony was smooth and moist.
The cell was oval in shape with a size of about 2-5 pm. The
colony and cellular morphology were in line with the char-
acteristics of yeast [19]. To further identify this microorgan-
ism, the neighbor-jointing phylogenetic tree based on 26S
rDNA analysis was constructed (Fig. 1c). The microorgan-
ism showed 99% similarity with Cryptococcus uzbekistan-
ensis strain ML114 belonging to Cryptococcus sp. Based on
above results, this isolated symbiotic yeast was identified as
a Cryptococcus sp. and named Cryptococcus YZU-1.

Sucrose, glucose, and fructose were tested in the culture
of Cryptococcus YZU-1. Cells grown in glucose reached the
highest cell density while fructose present the worst culture
performance (Fig. 2a). The result of sugar analysis also indi-
cated that the uptake rate of fructose was lower than that of
glucose and sucrose (Fig. 2b). In the culture of Cryptococcus
YZU-1 using sucrose, accumulation of glucose and fructose
was detected during the culture period. This result suggested
that like many other yeast species, such as Phaffia rho-
dozyma [8], Rhodotorula glutinis [9], S. cerevisiae [20] and
Schwanniomyces occidentalis [21], Cryptococcus YZU-1
was able to secrete invertase and extracellularly hydrolyze
sucrose into glucose and fructose. Besides, the extracellular
glucose was exhausted at 36 h while extracellular fructose
kept a high concentration after 48 h. This indicated that glu-
cose was used in preference for Cryptococcus YZU-1 rather
than fructose similar with other yeast species [8, 9].

Co-culture of C. pyrenoidosa and Cryptococcus YZU-1

The growth curves of algal cells co-cultured with Cryptococ-
cus YZU-1 at different initial ratio under heterotrophic and
mixotrophic cultures are displayed in Fig. 3a, b, respectively.
C. pyrenoidosa cannot survive at heterotrophic culture using
sucrose as the sole carbon source. And even under mixo-
trophic culture, the growth of C. pyrenoidosa was equiva-
lent to that in autotrophic culture. These results have been
confirmed in many algal species, including Chlamydomonas
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C 88 Cryptococcus liquefaciens strain YM24315
43 L Cryptococcus uzbekistanensis strain ML114
501 Strain YZU-1
59 Cryptococcus sp. LMSA2.08.023
Cryptococcus albidus strain NDZJ613

Cryptococcus albidus var. kuetzingii

58 Cryptococcus albidus strain KKUY 0025

Cryptococcus albidus strain GXZBY 32

35 | Naganishia diffluens

- Cryptococcus uzbekistanensis strain CrUz1

Naganishia uzbekistanensis

Naganishia liquefaciens
47 Cryptococcus uzbekistanensis strain P42C010

based on 26S rDNA analysis. The numbers at nodes represent boot-

Fig. 1 The identification of the symbiotic yeast. a Observation of the
strap values resampled 1000 times

colony under stereomicroscope (X8); b observation of the cell under
optical microscope (x400); ¢ neighbor-jointing phylogenetic trees
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S
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YZU-1, C. pyrenoidosa could effectively accumulate algal E Y Yeas
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highest algal cell density, 118.8 x 10° cells/mL, was achieved

with an initial algae/yeast ratio of 30:1 at heterotrophic
culture while the highest algal cell density, 151.2x 10°
cells/mL, was achieved with an initial algae/yeast ratio of
40:1 at mixotrophic culture. As the comparison, the final
cell density in mixotrophic culture without yeast was only
30.7 x 10° cells/mL. It has been reported that some algal spe-
cies, including Chlorella sp. Y8-1 and B. braunii, could sig-
nificantly accumulate biomass using sucrose at mixtrophic
cultures [24, 25]. In contrast, some studies reported that
the growth of C. pyrenoidosa and C. reinhardtii wild-type
strain CC-124 was poor in sucrose even under mixtrophic
cultures [6, 7]. Still, the mechanism of sucrose utilization in
green algae remains unclear [7]. In other microorganisms,
sucrose was utilized through different mechanisms, which

0
M-20 M-30 M-40 M-50 M-60 H-20 H-30 H-40 H-50 H-60

Fig.3 The growth curve of C. pyrenoidosa under heterotrophic
(a) and mixotrophic (b) conditions co-cultured with Cryptococcus
YZU-1 with different initial ratios; ¢ the final cell proportion in dif-
ferent cultures

were mainly divided into two pathways: (1) the disaccharide
was first hydrolyzed by the specific extracellular hydrolase
into monosaccharide and then, the cells utilize the mono-
saccharide through the hexose transport system; and (2)
the disaccharide was directly transported into intracellular
by specific disaccharide carrier and then hydrolyzed and
assimilated within cells [26, 27]. It was speculated that C.
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pyrenoidosa used in this study may lack both extracellular
hydrolase and sucrose transporter, thus, cells were difficult
to growth using sucrose either at heterotrophic culture or
mixotrophic culture.

Beside cell density, high algal proportion was obtained
at the end of co-culture (Fig. 3c). In heterotrophic cultures,
the final algal proportion in all cultures was more than 83%
except that of culture at an initial alga/yeast ratio of 20:1. In
mixotrophic cultures, the final algal proportion in all cultures
was no less than 91% except that of culture at an initial alga/
yeast ratio of 20:1, 88%. The obtained final algal proportion
in this study was significantly higher than our previous study
[9]. In the co-culture of C. pyrenoidosa with R. glutinis using
sucrose as the sole carbon source at heterotrophic mode, the
highest final algal proportion was only 45% even the initial
algal proportion was as high as 95.24% [9]. Unlike our pre-
vious study, in current study, C. pyrenoidosa was the domi-
nant species in the co-culture system all through the culture
period. This was mainly due to the low growth rate of Cryp-
tococcus YZU-1. As shown in Fig. 3A, the final cell density
of Cryptococcus YZU-1 reached 115.9x 10°, 134.7 x 10°,
and 109.2 x 10° cells/mL using sucrose, glucose, and fruc-
tose, respectively. As the contrast, the final cell density of
186.1x 10°, 248.3 x 10°, and 229.0x 10° cells/mL were
obtained in the culture of R. glutinis using sucrose, glucose,
and fructose, respectively. The lower final yeast cell density
indicated that yeast cells utilize fewer nutrients, including
carbon source, nitrogen source and other substrates. This is
benefit for the accumulation of more algal biomass.

Carbohydrate utilization during the culture period

In the pure culture of C. pyrenoidosa using sucrose, no
sucrose was utilized by algal cells at heterotrophic mode
(Fig. 4a). In the mixotrophic culture, the sucrose concentra-
tion was decreased from 10 to 7 g/L after 6 days (Fig. 4b).
However, no monosaccharides were detected in the medium.
It was hypothesized that the decreasing of sucrose was
mainly due to the sucrose absorption by algal cells as the cell
biomass slightly increased through photosynthesize process
in mixotrophic culture. When co-cultured C. pyrenoidosa
with Cryptococcus YZU-1, sucrose was efficiently utilized
in both heterotrophic cultures and mixotrophic cultures
and it was exhausted at the end of the culture (Fig. 4a, b).
Besides, abundant monosaccharides were accumulated in the
medium during the culture process (Fig. 4c—f). Furthermore,
the concentration of glucose was much lower than that of
fructose in all cultures. The highest glucose concentration
in all cultures was less than 1 g/L and its final concentration
was less than 0.4 g/L. In contrast, fructose was continual
accumulated during the culture process in all cultures. It
has been investigated that glucose was used in preference
for Cryptococcus YZU-1 rather than fructose (Fig. 2b). And
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for C. pyrenoidosa, glucose was also a better carbon source
compared with many other organic carbon sources [4, 7].
When glucose was presented in the medium, fructose was
difficult to be utilized by both algal and yeast cells. There-
fore, glucose was kept in a low level while fructose was
continual accumulated with the hydrolysis of sucrose.

Cell composition

The main cell components, protein and lipid, of cells cul-
tured in different conditions were analyzed. Pure culture of
C. pyrenoidosa using sucrose as the carbon source at mixo-
trophic culture was set as control due to algal cells were
unable to survive at heterotrophic condition. As shown in
Fig. 5, the protein content of control was 41.05%, which
is lower than the protein content of mixed cell biomass
obtained in co-culture at both heterotrophic and mixotrophic
modes. Besides, higher protein content of the mixed cell
biomass was achieved at cultures with a higher initial yeast
proportion in both heterotrophic and mixotrophic cultures.
However, the protein content of Cryptococcus YZU-1 was
only 28.36%, which is much lower than that of C. pyrenoi-
dosa. From the above results, we concluded that the protein
content of C. pyrenoidosa was significantly increased by
mixed culture with Cryptococcus YZU-1. It has been widely
reported that the synergistic mutualism between microalgae
and yeast was beneficial for the accumulation of biomass as
well as some specific cell components. Rajapitamahuni et al.
[28] reported that the protein content increased to 30% in
co-culture of C. variabilis ATCC 12198 with siderophore-
producing bacterium Idiomarina loihiensis RS14 compared
with axenic microalgae. Besides, Li et al. [29] reported that
the co-cultivation system of C. pyrenoidosa and R. glutinis
gained 59.8% (w/w) protein content and the enhancement of
protein accumulation was mainly due to the oxygen/carbon
dioxide exchange balance.

Apart from protein, the lipid content of cells obtained in
the co-culture system was also higher than that of control.
The highest lipid content reached 27.1% (w/w) and 28.2%
(w/w) in heterotrophic and mixotrophic cultures, respec-
tively, while the lipid content of control was only 23.5%
(w/w). This result indicated that the lipid content of C. pyr-
enoidosa was also significantly enhanced by mixed culture
with the yeast considering Cryptococcus sp. is not belong-
ing to oleaginous yeast and its lipid content was only 5.8%
(w/w). Similar result has been widely observed in the mixed
culture of Spirulina platensis and R. glutinis [30], C. vul-
garis and R. glutinis [31], Scenedesmus obliquus and R. glu-
tinis [32], C. pyrenoidosa and R. glutinis [9], C. pyrenoidosa
and immobilized S. cerevisiae [10]. The enhancement of
lipid accumulation was more likely based on the synergistic
effects on substance exchange between microalgae and the
symbiotic yeast. Seven kinds of fatty acids with 16 and 18
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carbon atoms were detected in the cells (Fig. 6a). It has been
reported that fatty acids with 16 and 18 carbon atoms are
the ideal components for biodiesel [33]. Among these fatty
acids, palmitic acid (16:0) and linoleic acid (18:2) are most
abundant components which account for more than 20% of
the total fatty acid in all cultures. However, the fatty acid
profile of cells obtained in co-culture system was distinct

from that of control as the percentage of palmitic acid (16:0),
oleic acid (18:1), and linoleic acid (18:2) in co-culture sys-
tem was higher than that of control while with a lower per-
centage of hexadecadienoic acid (16:2) and linolenic acid
(18:3). As shown in Fig. 6b, a higher percentage of mono-
unsaturated fatty acids (MUFAs) was achieved in co-culture
system, while cells in control has a higher polyunsaturated
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fatty acids (PUFAs) percentage. It has been reported that
the fatty acid composition changes during various growth
phases. Higher amount of saturated fatty acids (SFAs) and
MUFAs were obtained in the late stationary growth phase
with simultaneous lowering down of PUFAs [34]. In this
study, the culture period in mixed culture was shorter than
that of control and the growth reached stationary phase at
5 days while the growth period in autotrophic culture usually
needs 2 weeks. Deshmukh et al. [34] reported that a mixture
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of various types of fatty acids, including SFA, MUFA and
PUFA is more desirable for the production of biodiesel
rather than higher percentage of just one type of fatty acid as
the presence of only saturated or polyunsaturated fatty acids
in biodiesel will lead to extreme values of properties. This
indicated that the fatty acid accumulated in this co-culture
system is suitable for the production of biodiesel.

The protein and lipid productivity in this study was com-
pared with that of cells cultured using equivalent glucose
[35]. As shown in Table 1, higher final biomass concentra-
tion was achieved in mixed culture at same culture mode.
Besides, the protein content obtained in this study was sig-
nificantly higher than that of pure culture using glucose. It
has been reported that C. zofingiensis accumulated more
starch when cultured using glucose at both heterotrophic and
mixotrophic conditions compared with that of cells cultured
at autotrophic culture [36]. This result showed that the mixed
culture using sucrose as the carbon source is beneficial to
protein accumulation compared with cultures using glucose.
Combined the higher biomass with higher protein content,
the protein productivities in this study were 2.28 and 1.75
times higher than that of cultures using glucose at hetero-
trophic and mixotrophic cultures, respectively. The lipid
content in this study was also comparable to that of cultures
using glucose. However, the lipid productivity in this study
was much higher due to the higher biomass concentration.
The lipid productivities reached 124.3 and 165.4 mg/L/day
at heterotrophic and mixotrophic cultures, respectively.

Suitable application of this system

Compared with co-culture with free Rhodotorula glutinis,
the final algal proportion was greatly increased [9]. Besides,
the culture process is quite simpler than co-culture with
immobilized yeast [10]. Although a small percentage of
yeast was still remained in the algal suspension, this culture
system is suitable for the production of various algal-based
products, e.g. lipids, protein, by heterotrophic or mixotrophic
culture of microalgae using sucrose or sucrose-rich wastes
at any scales. This may be helpful to decrease the cost of
carbon source in the heterotrophic or mixotrophic cultiva-
tion of microalgae.

Conclusions

A symbiotic yeast was isolated from a contaminated algal
suspension and identified as Cryptococcus sp. By extracel-
lularly hydrolyze sucrose into monosaccharides, this yeast
was able to enhance algal growth using sucrose as the sole
carbon source at both heterotrophic and mixotrophic modes.
The highest algal cell density of 118.8x 10° and 151.2x 10°
cells/mL was achieved with a final algal cell percentage of
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Table 1 Comparasion of protein and lipid accumulation in this study and that cultured using glucose
Group Final biomass (g/L) Protein content (%) Protein productivity Lipid content (%) Lipid produc-
(mg/L/day) tivity (mg/L/
day)
Glucose-H* 1.86+0.14 d 26.8+05¢ 99.2+85d 26.0+1.2b 96.2+8.1¢
H30 229+0.17¢ 49.34+29a 226.0+185b 27.1+18ab 1243+13.6b
Glucose-M* 2.56+0.11b 33.6+09b 171.4+152¢ 25.1+09b 128.0+6.4b
M40 293+0.13a 51.32+05a 300.7£9.3 a 28.2+03a 165.4+53a

*These data were referred our previous results [35]. Algal cells were cultured in BG-11 medium added 10 g/L glucose at heterotrophic (Glucose-

H) and mixotrophic (Glucose-M) conditions, respectively

83.5 and 93.2% at heterotrophic and mixotrophic culture,
respectively. Besides, the protein and lipid content was sig-
nificantly enhanced by mixed C. pyrenoidosa with Crypto-
coccus YZU-1 and the fatty acid accumulated in this co-cul-
ture system is suitable for the production of biodiesel. The
strategy provided in this study is suitable for the production
of various algal-based products by heterotrophic culture of
microalgae using sucrose or sucrose-rich wastes, e.g. waste
molasses and sugarcane bagasse, at any scales. Besides,
the cost of carbon source in the heterotrophic cultivation of
microalgae may also be decreased.
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