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Abstract The photoautotrophic co-culture of Chlorella
vulgaris and the yeast Rhodotorula glutinis (MP culture) from
industrial wastewater was investigated. Cell numbers, bio-
mass, lipid production, and fatty acid content were measured.
Owing to co-culture interaction with yeast and microalgae, the
MP culture resulted in the highest number of cells
(27.73 × 105 cells mL-1) and biomass (0.808 g L−1). Lipid
production in the MP culture (117.73 mg L−1) was fourfold
higher than that in the photoautotrophic pure culture
(23.1 mg L−1). The content of palmitic acid (C16:0) was
24.65%, whereas that of oleic acid (C18:1) was 56.34% in
the MP culture, which was higher than in other cultures. The
results of this study indicate that MP cultures can be used to
effectively support the growth of microorganisms and as an
approach for biodiesel production.
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Introduction

Investigations on biodiesel production using oleaginous mi-
croorganisms such as algae, bacteria, and fungi have been
conducted in attempts to reduce reliance on crude oil
(Cooksey et al. 1987; Crabbe et al. 2001). Global biodiesel
production was estimated to be around 1.8 billion liters in
2003 (Fulton 2004). Although there was no increase in bio-
diesel production between 1996 and 1998, a sharp increase in
biodiesel production was observed in the past several years,
and it is believed that the production of biodiesel will increase
greatly in the future owing to the worldwide demand for fuels
and clean energy (Ördög et al. 2013; Vello et al. 2014).

However, the high cost of culturing oleaginous microor-
ganisms has hindered development of large-scale microbial
cultures. Currently, the price of microbially produced biodie-
sel is approximately twofold that of conventional crude oil.
This high cost is primarily due to the cost of raw materials and
that of processing, with the former accounting for 60 to 75%
of the total cost (Krawczyk 1996). Raw materials that contain
large proportions of fatty acid triglycerides are preferred.
Biodiesel is currently produced from plant and animal oils,
but not from microalgae. When compared with oleaginous
microorganisms, the prices for most plant oils are relatively
low and animal fats are even less expensive. However, im-
proving microbial culture techniques used for biofuel produc-
tion will lead to reductions in the cost of large-scale biodiesel
production, which will provide an economic and environmen-
tally friendly fuel option (Chi et al. 2011).

Commercial culture of microalgae has been conducted for
over 40 years using photoautotrophs, heterotrophs, co-culture,
closed photobioreactors, and large shallow open-air ponds
(Borowitzka 2013). Metting and Pyne (1996) and Liu et al.
(2008) have suggested that autotrophic microalgae can convert
CO2 to biofuels such as oil and biohydrogen via photosynthesis.
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Additionally, microalgal cells can be cultured under heterotro-
phic and mixotrophic conditions. Heterotrophic cells utilize or-
ganic substrates, whereas mixotrophic cells use light and inor-
ganic and organic substrates as energy and carbon sources
(Borowitzka 1999). Yeasts also can produce high amounts of
lipid that provide many advantages (Li and Wang 1997; Zhu
et al. 2008). The mixed cultivation of the yeast Rhodotorula
glutinis and microalga Arthrospira (Spirulina) platensis can
boost biomass and lipid accumulation. During co-culture, yeast
provides CO2 to the microalgae, whereas microalgae generate
oxygen for the yeast. Therefore, the red yeast R. glutinis was
considered part of the co-culture (Xue et al. 2010).

The main factor slowing commercialization of lipid pro-
duction derived from oleaginous microorganisms is the need
for inexpensive and environmentally friendly culture ap-
proaches. In this study, the biomass and lipid production of a
co-culture from winery wastewater were compared with those
of pure cultures. Specifically, this study was conducted to
compare the lipid and fatty acid composition of Chlorella
vulgaris and R. glutinis cultivated under photoautotrophic
and heterotrophic conditions to provide scientific evidence
to support the biodiesel industry.

Materials and methods

Collection and pretreatment of wastewater

For the wastewater experiments, 50 L of winery effluent
(Beijing Dragon Seal Winery, Beijing, China) was deposited
and filtered through screens with 196-μm openings at atmo-
spheric pressure. The screened wastewater was autoclaved at
121 °C for 15 min and then stored in airtight containers at
room temperature until use.

Microorganisms and growth conditions

Yeast Rhodotorula glutinis 2.704 (China Microbiological
Culture Collection Centre) was grown in a malt extract agar
slant (agar 20 g L−1 malt extract) at 26 °C for 48 h. The cells
were transferred to a 1000-mL conical flask containing
600 mL of liquid culture medium. Approximately 1 L of liq-
uid culture medium contained 15 g of glucose, 2 g of
(NH4)2SO4, 1 g of yeast extract, 7 g of KH2PO4, 2 g of
Na2PO4, and 1.5 g of MgSO4. The pH was adjusted to 6.0
using 1 mol L−1 of NaOH/HCl solution. Flasks containing the
seed culture were incubated at 26 °C statically for 3 days.

Microalgae The microalga Chlorella vulgaris FACHB-31
(Freshwater Algae Culture Collection of the Institute of
Hydrobiology) was incubated statically in BG11 Medium
(Rippka et al. 1979) at 26 °C at a light intensity of
72 μmol photons m−2 s−1 using a GXZ intellectualized

illumination incubator (Jiangnan Instrument Factory,
Ningbo, China) for 72 h under a 12-h:12-h light:dark cycle
for a seed culture.

Pure C. vulgaris cultures under photoautotrophic condi-
tions (PP) Chlorella vulgaris was incubated statically in
700 mL of pretreated wastewater at 26 °C under a light inten-
sity of 72 μmol photons m−2 s−1 using the illumination incu-
bator with a 12-h:12-h light:dark cycle for 10 days. The initial
cell count of the microalgae was 2.3 × 105 cells mL−1. All of
the experiments were repeated at least thrice.

Pure C. vulgaris cultures under heterotrophic conditions
(PH) For heterotrophic growth, the seed cells were incubated
statically in pretreated wastewater containing 30 g L−1 glu-
cose. Flasks containing 700 mL of medium sterilized in an
autoclave were inoculated with 10% seed culture of
microalgae. The initial cell count of the microalgae was
2.3 × 105 cells mL−1. The cultures were cultivated for 10 days
at 26 °C in the dark, and all of the experiments were repeated
at least thrice.

Co-cultures under photoautotrophic conditions (MP) For
co-cultures, the pretreated wastewater was inoculated with a
10% seed culture mixture of yeast and microalgae at initial
concentrations of 2.9 × 105 and 2.3 × 105 cells mL−1, respec-
tively. The other conditions of culture cultures were the same
with PP culture. All of the experiments were repeated at least
thrice.

Co-cultures under heterotrophic conditions (MH) For het-
erotrophic growth, the initial cell counts of yeast and
microalgae were the same with MP culture. The other condi-
tions of cultures and liquid culture medium were the same with
PH culture. All of the experiments were repeated at least thrice.

Microbial cell concentration and dry cell weight

The individual cell counts of yeast and microalgae were de-
termined using a hemocytometer (Cai et al. 2007). Cells were
centrifuged at 9000 rpm for 5 min, after which the cells were
washed with distilled water three times and freeze dried until a
constant weight was obtained. The powdered microorganisms
were subsequently cooled to room temperature in a desiccator
before the weight was obtained (Kavadia et al. 2001).

Lipid extraction and analysis

Cells were harvested and lyophilized for lipid extraction and
analysis. Total lipids were extracted from 300 mg of lyophi-
lized biomass with a solvent mixture of chloroform, methanol,
and water (2:1:0.75 v/v) according to the modified Folch pro-
cedure (Folch et al. 1957). The extract was dried in a rotary
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evaporator, weighed, resuspended in chloroform, and stored at
20 °C in nitrogen gas to prevent lipid oxidation.

Fatty acid analysis

At the end of culture experimentation, fatty acid methyl esters
(FAMEs) were obtained by acid transesterification (Jham et al.
1982). Briefly, lyophilized cells were incubated overnight
with a solvent mixture of toluene and 1% sulfuric acid in
methanol (1:2, v/v) at 50 °C to produce FAMEs that were then
extracted with hexane. FAMEs were analyzed using an
Agilent 6890N capillary gas chromatograph equipped with a
flame ionization detector (FID) and an Agilent 19091S-433
HP-5MS capillary column (30 m × 0.25 mm). Helium was
used as the carrier gas. The initial column temperature was set
at 60 °C and then progressively increased at 10 °C min−1 to
280 °C. The injector was maintained at 250 °C with an injec-
tion volume of 2 μL in splitless mode. FAMEs were identified
by chromatographic comparison with authentic standards
(Sigma, USA). The quantities of individual FAMEs were es-
timated from the peak areas on the chromatogram using
heptadecanoic acid (Sigma) as an internal standard.

Statistical analysis

Significant differences among groups were identified by t
tests, with a P < 0.05 considered significant. All data were
analyzed in triplicate and are presented as the means ± SD.

Results

Biomass evolution

The co-culture ofR. glutinis andC. vulgaris cultivated in effluent
from the wine making process in a winery was compared with
the pure culture under photoautotrophic and heterotrophic con-
ditions. The biomass evolution of microorganisms grown under
four culture conditions was measured in winery wastewater. The
microorganisms were then grown under the same culture condi-
tions and in the same wastewater while varying the carbon
sources and light conditions to identify the ideal growth condi-
tions (data not shown). Next, the growth and biomass of
microalgae and yeast cells at 10 days of cultivation were com-
pared among the four culture methods (Fig. 1).
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Fig. 1 The biomass evolution in pure Chlorella vulgaris cultures under
photoautotrophic conditions (PP), pure Chlorella vulgaris cultures under
heterotrophic conditions (PH), mixed cultures under photoautotrophic
conditions (MP), and mixed cultures under heterotrophic conditions

(MH). a Microalgae cell amounts (×105 cells mL−1). b Yeast cell
amounts (×105 cells mL−1). c Microorganism biomass (g L−1). d
Microorganism culture pH. Results are presented as mean + SD (n = 3)
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The biomass evolution is shown in Fig. 1a. Owing to di-
verse interactions between yeast and microalgae, pure culture
of yeast grew faster than pure culture of microalgae.
Additionally, the concentration of co-culture increased faster
andwas higher than that in pure cultures. For the first 4 days of
cultivation, the difference in the concentration of microalgae

did not differ among culture methods. However, the number
of cells in the PH and MP cultures was higher than in other
cultures from day 4. The stationary phase of the pure yeast
growth curve (Fig. 1b was observed earlier than in the MP
yeast growth curve, indicating that the yeast may have domi-
nated the co-culture in terms of the number of cells (Cheirsilp
et al. 2012). From days 3 to 6, the difference in the biomass of
microorganisms among the four culture methods was not sig-
nificant (Fig. 1c) possibly due to cell weight accumulation.

The number of MP and PP cells increased continuously
until the end of cultivation (Fig. 1a) but the number in the
PH and MH groups decreased. Although the biomass was
increasing, the amount of cells in the PP group increased
slowly. The biomass evolution for yeast in the MP group
increased continuously relative to the pure culture (Fig. 1b).
Additionally, the co-culture was adjusted to the appropriate
pH level to maintain a stable acidic environment favorable
for yeast growth (Fig. 1d). Therefore, co-cultures containing
yeast were beneficial to both microalgae and yeast growth
under more economical culture medium.

Lipid class composition

Lipids were extracted from microbial cells grown in the PP,
PH, MP, and MH cultures and observed for 10 days to inves-
tigate the lipid content and production (Fig. 2). As biomass
concentration in theMP culture increased, the lipid production
increased at a greater rate than in the pure cultures.

The highest biomass was determined from the sample with
MP culture, indicating that the MP culture was most likely to
have a high lipid content and accumulation. The microorgan-
isms grown in the MP culture could accumulate a maximum
of 117.73 mg lipids L−1 of medium, and the lipid production
was approximately 400% higher than that in the MH culture
(23.1 mg L−1) at day 10. The highest lipid content was
194.27 mg g−1 of microorganisms (dry weight). Although
the lipid content of the MP culture was slightly higher than
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Fig. 2 Lipid production (a: mg L−1) and content (b: mg g−1) of
microorganism in pure Chlorella vulgaris cultures under
photoautotrophic conditions (PP), pure Chlorella vulgaris cultures
under heterotrophic conditions (PH), mixed cultures under
photoautotrophic conditions (MP), and mixed cultures under
heterotrophic conditions (MH). Results are mean + SD (n = 3)

Table 1 Fatty acid composition
of Chlorella vulgaris and the
yeast Rhodotorula glutinis under
different culture methods after
10 days (%)

Pure cultures Mixed cultures

Photoautotrophic
conditions

Heterotrophic
conditions

Photoautotrophic
conditions

Heterotrophic
conditions

C16:0 21.26 17.42 18.65 19.77

C16:1 2.34 10.17 2.41 7.37

C18:0 7.94 5.02 5.82 6.94

C18:1 NDa 39.49 44.23 50.47

C18:2 58.04 17.74 19.62 15.34

C19:0 NDa 0.62 NDa NDa

C20:0 5.98 5.16 5.57 NDa

C22:0 4.44 4.39 3.69 0.11

a The fatty acid is not detected
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that of the other three groups, the lipid production was obvi-
ously higher owing to the biomass being the highest. The lipid
production of the yeast pure culture under the same culture
conditions was 86.31 mg L−1.

Fatty acid composition of individual lipid classes

Esterification with methanol was performed to measure the
fatty acid composition of lipids extracted from oleaginous
microorganisms grown in wastewater under the four culture
conditions. The fatty acids were similar under each culture
condition, that is, the main compositions were C16 to C22
fatty acids. The main fatty acids consisted of C16:0 (palmitic
acid), C18:1 (oleic acid), and C18:2 (linoleic acid) (Table 1).
When compared with the other three groups, the palmitic acid
and linoleic acid content of the PP group were the highest
(21.26 and 58.04%, respectively), while the oleic acid content
of the MH group was the highest (50.47%). The PP group did
not have a high content of oleic acid, but its linoleic acid
content was significantly higher than the other groups, which
resulted in a higher degree of unsaturation when compared
with the other groups.

Discussion

The nutritional mode (autotrophs and heterotrophs) and the
co-culture of C. vulgaris and R. glutinis in winery wastewater
have important functions in microbial biomass evolution, lipid
production, lipid content, fatty acid profile, and cell structure.

This higher biomass was attributed to the mutualistic rela-
tionship between the two species in the co-culture. Xue et al.
(2010) monitored dissolved oxygen in R. glutinis culture after
A. platensiswas added and found that microalgae could provide
additional oxygen for yeast, thereby enhancing aerobic metab-
olism. CO2 produced during yeast metabolism can be used by
microalgae during photosynthesis (Cheirsilp et al. 2012).

The highest biomass was determined from the sample with
MP culture, indicating that the MP culture was most likely to
have a high lipid content and accumulation. The increased
lipid production of the MP group might have occurred owing
to co-culture interaction with yeast and microalgae and the
extra lipids from the yeast (Zhang et al. 2014).

Activated sludge is a semisolid or solid material produced
during biological treatment of industrial wastewaters. As a
source of energy, carbon, and nutrients, activated sludge con-
tains a variety of microorganisms that utilize the inorganic and
organic compounds in water (Konar et al. 1994). The high
costs of medium have hampered the development of lipid
production by microorganisms. Large-scale wastewater cul-
ture technique is cost-effective, although it exhibited slight
improvement of lipid production in proportion to medium
culture technique. Nevertheless, biodiesel production based

on the photoautotrophic growth of microalgae with wastewa-
ter can be an economical and technically feasible solution.

Zhang et al. (2014) investigated the biomass, lipid production,
fatty acid content, and other nutrients present in microorganisms
by using different culture methods (PP; PH; MP; MH). The four
culture methods above were conducted in nutrient medium.
When compared with the experimental results in the medium,
the microbial lipid fatty acid composition in wastewater was sim-
ilar to themain ingredients of palmitic acid (C16:0) and oleic acid
(C18:1). Palmitic acid and linoleic acid were obviously higher in
the PP group than in other groups. The difference between the PP
group and the other groups was that the length of the fatty acid
chain was between C15 and C19, and that, with eight to ten
varieties, there were more types of fatty acid (Table 1). These
results indicate that co-cultures under photoautotrophic condi-
tions can potentially be used as biodiesel feedstock.

In general, the co-culture of C. vulgaris and R. glutinis
under photoautotrophic conditions resulted in higher cell
numbers, biomass, lipid production and content, and oleic
acid content than the other culture conditions. Therefore, a
co-culture with yeast under photoautotrophic conditions has
greater potential in the inexpensive production of biodiesel.
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