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Abstract

The alga Chromochloris zofingiensis and the yeast Xanthophyllomyces dendrorhous are typical microorganisms which can
accumulate high-value astaxanthin and lipid simultaneously. This study investigated the synergistic effects of X. dendrorhous
on the cell growth, lipid, and astaxanthin production of C. zofingiensis by a mixed culture approach. Compared to the pure culture
of C. zofingiensis, enhanced lipid and astaxanthin production were obtained in the mixed culture. The maximum astaxanthin and
lipid yield achieved in the mixed culture with the ratio of 3:1 (algae to yeast) were 5.50 mg L™ and 2.37 g L™, respectively,
which were 1.10- and 2.72-fold that of C. zofingiensis monoculture. Additionally, lipid obtained from the mixed culture had a
plant oil-like fatty acid composition. This study provides a new insight into the integration of natural astaxanthin production with

microbial lipid.
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Introduction

Astaxanthin, which has a broad spectrum of potential applica-
tions (e.g., functional food additives, cosmetics, and
pharmaceutics), has attracted much attention because of its
anticancer and antioxidant properties (Dong and Zhao 2004;
Ambati et al. 2014; Liu et al. 2014). Synthetic astaxanthin is a
large proportion of the commercial supply. Compared with
synthetic astaxanthin which is a mixture of 35,3°S, 3R,3’S,
and 3R,3’R stereoisomers, natural astaxanthin is in the
3S,3’S form, which provides a higher pigmentation than other
forms (Osterlie et al. 1999). In addition, natural astaxanthin is
much more stable than synthetic astaxanthin. However, the
production process of natural astaxanthin from the carapaces
of certain crustaceans such as krill is still too costly to make it
economically competitive with synthetic production.

Xueya Jiang and Lu Liu contributed equally to the work and should be
regarded as co-first authors

< Dong Wei
fewd304 @scut.edu.cn

' School of Food Sciences and Engineering, South China University of

Technology, Wushan Rd. 381, Guangzhou 510641, People’s
Republic of China

Recently, the production of natural astaxanthin by micro-
organism, such as microalgae, yeast, and bacteria, has
attracted considerable interests. As the main commercial pro-
ducer of microalgae-based natural astaxanthin,
Haematococcus pluvialis can accumulate astaxanthin with a
high content using CO, in photosynthesis under environmen-
tally stressed conditions such as high irradiance and deficien-
cy of nitrogen (Borowitzka et al. 1991; Boussiba 2000).
However, its slow growth rate, low biomass concentration,
and dependence on high light for astaxanthin accumulation
largely limit its industrial application (Ip et al. 2004; Zhang
et al. 2017b). Chromochloris zofingiensis (previously known
as Chlorella zofingiensis) has recently attracted attention due
to its ease of growing under various conditions (e.g., autotro-
phic, mixotrophic, and heterotrophic culture conditions) with
fast growth and high cell density (Kim et al. 2016). Compared
to H. pluvialis, C. zofingiensis is less light-dependent and can
be better controlled; hence, it is potentially more economical
for commercial astaxanthin production (Liu et al. 2014).

The red pigmented yeast Xanthophyllomyces dendrorhous
also has great industrial potential for the production of natural
astaxanthin due to its short growth cycle. However, compared
to H. pluvialis, it contains less astaxanthin. Both C.
zofingiensis and X. dendrorhous have been proposed as prom-
ising producers of algal fatty acids and high-value pigments
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(Dominguez-Bocanegra et al. 2007; Sun et al. 2008). The
correlations between lipid accumulation and the synthesis of
fat soluble pigment under stress conditions have been widely
reported (Zhekisheva et al. 2002; Cheirsilp et al. 2011).
Therefore, the integration of natural astaxanthin production
with other high-value products by those two species could
provide promising approaches for profitable production of
algal biomass.

Mixed culture, being common in natural systems, is culti-
vation of two or more species at the same system (Qin et al.
2018). Recently, mixed cultures of yeasts and microalgae have
been studied in various aspects including waste treatment,
enzyme regeneration, and fine chemical production (Santos
and Reis 2014; Zhang et al. 2017a; Liu et al. 2018). It was
demonstrated that there were synergistic effects between algae
and yeast in a mixed culture system on pH adjustment, O,/
CO, balance, and substance exchange, which eventually led
to higher productivities (Cai et al. 2007; Yen et al. 2015).
Experiment has been carried out only in an autotrophic culture
system of microalgae to enhance the CO, fixation and
astaxanthin production using the mixed culture of H. pluvialis
and X. dendrorhous (Dong and Zhao 2004). There is little
information available regarding the effects of yeast on the
natural astaxanthin production integrated with lipid accumu-
lation in a mixotrophic culture system. Thus, herein for the
first time, two different astaxanthin and lipid-producing
strains, C. zofingiensis and X. dendrorhous, were co-
cultivated with the supplement of an organic carbon source.
The aim of this study is to give a new insight into the produc-
tion of valuable microbial metabolites by mixed culture.

Materials and methods
Strains

Chromochloris zofingiensis (ATCC 30412) was purchased
from American Type Culture Collection (ATCC) and main-
tained at 4 °C in Bristol’s medium containing 0.75 g L™
NaNOs, 0.175 g L' KH,POy,, 0.075 g L™' K,HPO,,
0.075 g L' MgS0,4-7H,0, 0.025 g L™' CaCl,-2H,0,
0.025 g L™! NaCl, 5 mg L ~' FeCly-6H,0, 0.287 mg L'
ZnS047H,0, 0.169 mg L' MnSO,4-H,0, 0.061 mg L!
H;B0s;, 0.0025 mg L' CuSO45H,0, and 0.00124 mg L'
(NH4)¢Mo,47H,0. Xanthophyllomyces dendrorhous (AS2.
1557) was purchased from Guangdong Microbiology
Culture Center and maintained at 4 °C on YM (Mold and
Yeast Chromogenic) medium which consisted of 10 g L™
glucose, 5.0 g L' Bacto Peptone, 3.0 g L™' malt extract,
3.0 g L' yeast extract, and 20 g L™ agar. Bristol’s medium
and YM were used for the seed culture of C. zofingiensis and
X. dendrorhous, respectively.
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Culture medium and conditions

BBM medium (Bold’s basal medium) (Nichols and Bold
1965) with glucose as carbon source and urea substituting
for NaNOs at an equal N molar ratio was used for the batch
culture; the initial C/N ratio was adjusted to 180. The seed
cells were inoculated into flasks containing 100-mL culture
medium of C. zofingiensis or a mixture of X. dendrorhous and
C. zofingiensis. Different C. zofingiensis/X. dendrorhous in-
oculum ratios (1:0, 1:1, 2:1, 3:1) were co-cultured to investi-
gate the influence of the yeast on microalgal growth. Total
initial cell number was 2 x 10° cells mL™" for all treatments.
The batch cultures were maintained at 26 °C with orbital
shaking at 150 rpm under 100 pmol photons m > s~ for
12 days. The pH of the medium was adjusted to 6.5 before
autoclaving at 121 °C for 15 min.

Determination of cell growth and glucose in culture
medium

Cell growth was determined by measuring cell counts and dry
cell weight. The cell counts were by flow cytometry (FCM)
(accuri C6, BD Biosciences). Cell dry weight was determined
by centrifuging 2 mL cell of medium at 3800xg for 3 min, re-
suspending in distilled water three times, and then drying the
residue to constant weight at 65 °C (Zhang et al. 2017b). The
glucose concentration was analyzed with a biosensor (SBA-
40D, Shandong Academy of Sciences, Jinan, Shandong,
China).

Determination of pigments

Cells were collected and freeze-dried. Astaxanthin was deter-
mined by HPLC. The standards of astaxanthin, adonixanthin,
lutein, zeaxanthin, canthaxanthin, chlorophyll @, chlorophyll
were purchased from Sigma-Aldrich (USA). The pigments
were extracted and measured with HPLC according to Chen
et al. (2017). Briefly, 10 mg biomass was added with extrac-
tion solution (methanol/dichloromethane (3:1, v/v) containing
0.1% (w/v) butylated hydroxytoluene) and completely
disrupted by a bead beater until the residue became colorless.
Afterwards, the pigment dissolved in extraction solvent was
dried under a continuous flow of nitrogen gas. Each sample
was dissolved in 1 mL of methanol/MTBE (methyl tert-butyl
ether) (1:1, v/v) and filtered through a 0.22-pm nylon filter for
HPLC analysis. The process was conducted in darkness. The
pigments were separated and determined by a HPLC
(DIONEX P680, Thermo, Scientific, USA) equipped with a
Water YMC Carotenoid C30 column (4.6 x 150 mm, 3 pum)
and a 100 photodiode array detector. The peaks were scanned
at 300—700 nm to analyze chlorophylls and carotenoids.
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Fig. 1 Cell counts of C.
zofingiensis, residual glucose
concentration, and pH changes in
mixed culture and monoculture.
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Lipid extraction and analysis

Total lipids were determined according to Bligh and Dyer
(1959). A mixture of chloroform/methanol (2:1, v/v) was
added to 10 mg biomass, and extracted for 1 h. Then, the
mixture was centrifuged at 3800xg for 10 min to obtain a clear
supernatant which was then transferred to a pre-weighed tube.
Then, the supernatant was dried with a stream of N,.

Fatty acid composition was determined by gas chromatog-
raphy mass spectrometry (GC-MS) according to the method
of Peng et al. (2015). Nonadecanoic acid was used as internal
standard. Fatty acid methyl esters (FAMEs) were prepared by
direct transesterification according to Lu et al. (2012). One
milliliter of 5% KOH-CH;OH and 100 mg nonadecanioc acid
(C19:0) as internal standard were added to 10 mg of sample.
The solution was incubated at 75 °C for 10 min and cooled.
Then, 2 mL BF3-CH;0OH was added and incubated at 75 °C
for 10 min. A 0.5 mL saturated sodium solution and 2 mL
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Fig. 2 The comparison of lipid content and total lipid in the co-culture
and single culture. a, b, ¢, d Different seed ratios of microalgae to yeast
(1:0, 1:1, 2:1, 3:1). Mean + SD (n = 3). Statistically significant differences
compared with C. zofingiensis in pure culture: *p < 0.05 and **p <0.01

Time (day)

hexane were added after cooling to room temperature and
centrifuged at 5500 rpm for 10 min. The hexane layer was
collected for fatty acid analysis. In order to visualize the intra-
cellular lipid bodies, a confocal laser scanning microscope
(CLSM) was used to analyze the stained cells as per Peng et
al. (2015). Excitation wavelength was sent via a band-pass
filter (460—490 nm) and emission light was used via a long-
pass filter (510-540 nm). Laser transmission and scanning
laser were stable in whole scans.

Statistical analysis

All experiments were performed in triplicate. Data are shown
as mean value + SD (standard deviation). Statistical analysis
was performed using Origin 9.0 software. Statistical signifi-
cances were evaluated by one-way ANOVA (p <0.05).

Results
Lipid and astaxanthin accumulation

The biomass, lipid, and astaxanthin production from the co-
culture of microalga C .zofingiensis and yeast X. dendrorhous
were compared with pure culture of C .zofingiensis. As shown
in Fig. 1, when the microalga and yeast were cultivated at the
ratio of 1:1, in contrast with the pure culture of the microalga,
the cell counts in the co-culture increased rapidly and the
maximum cell counts of co-culture was 1.27 x 10’
cells mL™". Moreover, the maximum dry weight in mixed
culture was 3.71+0.39 g L', which was 1.58-fold that of
the pure microalgal culture (2.35+0.12 g L™") (p <0.05).
The glucose consumption rate in mixed culture was much
faster than the monoculture of microalgae. No residual glu-
cose was detected in the co-culture medium after 6 days. The
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Table 1

Pigment profiles of C. zofingiensis in mixed culture and monoculture

Ratios (microalga Pigment content (mg g ")

Astaxanthin yield Biomass (g LY

to yeast) (mg L")

Chlorophyll @  Chlorophyll » Lutein Zeaxanthin  Astaxanthin ~ Canthaxanthin
1:0 1.52+£0.03 0.59+£0.01 0.85+0.01 0.16+0.01 1.08+£0.06 0.74+0.01 2.54 +0.09 235+0.12
1:1 1.68 £0.02% 047 +0.01* 0.77+0.02 0.13+0.01 1.11+£0.05 1.03+0.02% 4.11+027* 3.71 +£0.39*
2:1 1.71£0.02*%  0.42 +0.01 0.65+0.01 0.15+£0.01 1.14+£0.02 1.08+0.02*  4.83 +0.31%* 4.24 £0.35%*
3:1 1.75+0.01*  0.39+0.01 0.69+0.01 0.15£0.01 1.19£0.01* 1.13+0.02* 5.5 +0.24%* 4,62 +0.15%*

Values are means + SD (n = 3). Significant differentiation level with *p <0.05 and **p <0.01 by compared with the monoculture

pH of the mixed culture remained stable (approximately
pH 6.60) during the cultivation. Conversely, the pH in the
monoculture of the microalga increased sharply to pH 7.6.

As shown in Fig. 2 and Table 1, compared to the pure
microalgal culture, enhanced biomass concentration, chloro-
phyll content (2.15+0.03 mg g '), and canthaxanthin content
(1.03+0.02 mg g ") were obtained in the mixed-cultivation.
Furthermore, both astaxanthin yield (4.11 +0.27 mg LY and
lipid content (28.23 £ 0.73%) in mixed culture were 1.61-fold
and 1.23-fold higher than the microalgal culture. CLSM was
employed to analyze the intracellular oil droplets. CSLM
showed that the cells in the mixed culture were occupied by
lipid bodies (Fig. 3). Compared to pure algae culture, more
cell lipid droplets with stronger fluorescence were observed in
mixed culture indicating that the lipid of both the microalga
and the yeast in mixed culture is highly compared.

Increasing the amount of microalga to 2-fold and 3-fold in
co-culture showed that the maximum biomass and lipid con-
tent was obtained in the mixed culture at the ratio of 3:1,
measuring 4.62+0.15 g L™! and 31.2+2.03%, respectively.
Compared to the microalga monoculture, although biomass
and lipid content were enhanced in co-culture, there was little
increase in astaxanthin content when the amount of microalga
was increased to 2-fold. However, both of astaxanthin content
(1.19+0.01 mg g ") and lipid content (31.2+2.03%) could
be improved simultaneously when the initial seed ratio of
microalga to yeast was increased to 3:1. Furthermore, the con-
tents of canthaxanthin (1.13+0.02 mg g~ ') and chlorophyll a
(1.75+£0.01 mg g ") in co-culture of microalga and yeast
mixed at a ratio of 3:1 were also higher than that of the
microalga in pure culture.

Fig. 3 Representative images
captured by confocal laser
scanning microscope (CLSM) of
microalgae and yeast stained with
BODIPY 505/515. a C.
zofingiensis monoculture. b C.
zofingiensis in mixed culture. ¢ X.
dendrorhous monoculture
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Fatty acid composition

Total fatty acid yields in all co-culture were significantly
higher than that of monoculture of microalga and yeast
(Table 2). Palmitic acid (17.05 £2.25%), oleic acid (50.25 +
2.44%) and linolenic acid C18:2 (17.75+2.74%) were the
main fatty acids and together accounted for about 85.05% of
fatty acids in the mixed culture at the 3:1 seed ratio of
microalgae and yeast. The polyunsaturated fatty acids
(PUFA) including (C18:2, C18:3, C16:2) in the 3:1 co-
cultivation were 17.75+2.74, 6.51 +£1.05 and 3.32+0.05%,
respectively, which was much higher than that of the yeast
monoculture. Furthermore, the total fatty acid content
(31.2%) was enhanced by co-culture of microalga, and yeast
at the ratio of 3:1 and the maximum total fatty acid yield (2.37
+0.39 ¢ L") in the 3:1 microalga and yeast culture was 2.72-
fold higher than that of the alga monoculture.

Discussion

In this study, both the biomass concentration and lipid content
in co-culture were higher than that of the microalga monocul-
ture. It has been reported that mixed culture can promote the
0,/CO, gas exchange between microalgal and yeast cells and
improve cell growth (Zhang et al. 2014). Moreover, the pH
maintenance in co-culture may be beneficial to the growth of
both of microalgae and yeast. The optimum pH of X.
dendrorhous has been reported as 5.5-6.9 and organic acids
synthesized during cultivation decrease the medium pH and
hinder yeast growth (Johnson and Lewis 1979; Vaquez and
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T% Martin 1998; Bhosale and Gadre 2001). The organic acids,
T'U such as acetate released by yeast cells, could be utilized by
o) C. zofingiensis and thus reduce the inhibition of yeast growth
> by these metabolites (Xue et al. 2010; Liu et al. 2014). This
:é may be a reason why the medium pH remains stable in mixed
—§ culture. In the algae monoculture the pH increased probably
E- due to photosynthetic CO, uptake (Olguin et al. 2012;
BEEE Borowitzka 2016).
g S s 228 Sev'er'al studies have shown that C. zoﬁngi?r?sis accumu-
B AT lates lipids and astaxanthin under stress conditions such as
elzzs22¢S high light and nitrogen starvation (Bar et al. 1995; Mulders
-~ et al. 2014). In this study, the mixed cultivation used glucose
o) and urea in a molar C/N ratio of 180 as the sole carbon and
= nitrogen sources. It has been reported that a molar C/N ratio of
2, 180 results in a higher astaxanthin content than a ratio of 30,
% g\ ;;o 2\ o = urea is also regarded as better nitrogen for growth and lipid
21333833 accumulation of microalgae compared with several cheap in-
'% g organic nitrogen sources (Cheirsilp et al. 2011; Liu et al.
el22322 e 2013). Due to the rapid growth of yeast in the early cultivation
~lgzs=zszx 25 of the mixed culture, the nitrogen was consumed which then
% << s ‘i j g resulted in the lipid and astaxanthin accumulation. As the
Slexgsy gl E astaxanthin is located in lipid droplets, astaxanthin accumula-
Clesess S| & tion is associated with lipid synthesis (Mendoza et al. 1999;
g E § § i § ﬁ; Zhekisheva et al. 2002; Solovchenko 2012). In the present
Q[ HoAH A B study, lipid and astaxanthin accumulation were improved si-
Sl ecge % multaneously in the mixed culture at a microalga to yeast ratio
o v <+ o oo | S of 3:1, but not at other ratios. This suggests that some factors
g S % i 5 E E 4:5 inhibited astaxanthin accumulation but had no effect on lipid
B Ylgerwza pd accumulation. Zhekisheva et al. (2005) also found that inhibi-
g S|l % \é tion of lipid accumulation inhibited astaxanthin biosynthesis;
_§ e }; however, inhibiting astaxanthin accumulation had no effect on
§ S Toolg 2 § lipid accumulation.
_fi Tleag8%]: The fatty acid composition is important in evaluating the
5 CladRZ \é qualities of biodiesel (Knothe 2013). The main fatty acids of
é‘é’ o YaIT S ;: the mgnocgltures .of C.' zofingiensis gr'ld X..dendrorhous were
= = i’ 3 3 ‘i I = linoleic acid, oleic acid, and palmitic acid (Sanderson and
5 % v~ B % Jolly 1994; Zhang et al. 2016). Linoleic acid, oleic acid, and
E|Q | @ e O palmitic acid were also the main fatty acid of the co-cultures
—5 g g g § § :é with the main fatty acids similar to plant lipid (Li et al. 2007).
é S B 5 This indicates that the lipid in the present study could be
'§0 clasad % utilized as a feedstock for biodiesel production. Microalgal
% slasgsg = fatty acid composition is influenced by culture conditions
SN I i i i 3 2 (Guschina and Harwood 2013). Therefore, approaches such
5| @ D - 5 as fed-batch, continuous culture in this mixed-cultivation will
é Sl i 2 be carried out to improve the lipid quality.
g s § § § § irr n In conclusion, compared to monoculture of C. zofingiensis,
% S| ar s a higher biomass and astaxanthin production were obtained in
.'§ g ; E ; ; il B c.o—.cuhure of C. zoﬁngiensis and X. de.ndrorhoius. Enhanced
Ng . g lipid and astaxanthin content was achieved simultaneously
E % § % with the increasing amount of microalga in co-culture at the
~ go s § ratio of 3:1 (microalgae to yeast). Moreover, the mixed system
2 o ‘; ’; b S| 2 affected culture pH in a way which benefits the growth of both
e S3S3uwxl s species. This study has provided a new strategy to enhance
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simultaneously astaxanthin and lipid production in co-culture
under mixotrophic cultivation.
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