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Abstract Microalgae possess higher photosynthetic effi-
ciency and accumulate more neutral lipids when supplied
with high-dose CO,. However, the nature of lipid accu-
mulation under conditions of elevated CO, has not been
fully elucidated so far. We now revealed that the enhanced
lipid accumulation of Chlorella in high-dose CO, was as
efficient as under heterotrophic conditions and this may be
attributed to the driving of enlarged carbon source. Both
photoautotrophic and heterotrophic cultures were estab-
lished by using Chlorella sorokiniana CS-1. A series of
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changes in the carbon fixation, lipid accumulation, energy
conversion, and carbon-lipid conversion under high-dose
CO; (1-10 %) treatment were characterized subsequently.
The daily carbon fixation rate of C. sorokiniana LS-2 in
10 % CO, aeration was significantly increased compared
with air CO,. Correspondingly, double oil content (28 %)
was observed in 10 % CO, aeration, close to 32.3 % pro-
duced under heterotrophic conditions. In addition, with
10 % CO, aeration, the overall energy yield (V) in
Chlorella reached 12.4 from 7.3 % (with air aeration)
because of the enhanced daily carbon fixation rates. This
treatment also improved the energetic lipid yield (Yiipia/es)
with 4.7-fold, tending to the heterotrophic parameters.
More significantly, 2.2 times of carbon-lipid conversion
efficiency (Ncuipig/icrota, 42.4 %) was observed in 10 %
CO, aeration, towards to 53.7 % in heterotrophic cultures,
suggesting that more fixed carbon might flow into lipid
synthesis under both 10 % CO, aeration and heterotrophic
conditions. Taken together, all our evidence showed that
10 % CO, may push photoautotrophic Chlorella to display
heterotrophic-like efficiency at least in lipid production. It
might bring us an efficient model of lipid production based
on microalgal cells with high-dose CO,, which is essential
to sustain biodiesel production at large scales.

Keywords Chlorella sorokiniana - Carbon dioxide -
Lipid - Photoautotrophy - Heterotrophy

Abbreviations
Es The total energy supplied to the reactor
ATP Adenosine triphosphate

CCD Central composite design
Xmax The maximum biomass
Pmax The maximum productivity
n Specific growth rate
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Jmax Specific formation rate of lipid

Es The total energy supplied to the reactor

Ylipid/g; Energetic lipid yield

Qb and Qs The heat of combustion of C. sorokiniana
and glucose

b4 Energy yield

MClipid/Cotal Carbon-lipid conversion efficiency

FDavg and The average and maximum carbon
FDmax fixation

CCMs CO,; concentrating mechanisms
DIC Dissolved inorganic carbon

CBB The Calvin—Benson—-Bassham
Background

Photoautotrophs collect solar energy and in turn convert to
chemical energy which is stored in small organic molecules
(e.g. glucose) for transient usage or in large-molecular-
mass organic substances (e.g. lipids) for long-term usage
(Ducharme et al. 2008). The average intensity of sunlight at
the earth surface is 985.7 W/m> (Nakkash et al. 2013).
However, the overall photosynthetic efficiency of higher
plants only represents 0.2-2 % of the total solar radiation,
resulting in a huge waste of the solar energy. As the bio-
fuel-producing organisms, microalgae have attracted a
great deal of attentions for their higher growth rates, more
biomass and lipid productions (Chen and Wu 2011; Chisti
2007; Huang et al. 2010). Of particular interest is the
production of lipids accompanied with the production of
short-chain alcohols and other by-products of the sec-
ondary metabolism (i.e., polyunsaturated fatty acids, B-
carotenes or astaxanthin for human health) (Boelen et al.
2013; Guedes et al. 2011; Yuan et al. 2011). However,
microalgae still carry out the relative inefficient photo-
synthesis compared with abundant solar radiation, although
the overall photosynthetic efficiency of microalgae has
reached 6 % of the total solar radiation, much higher than
plants (Nakkash et al. 2013). Photosynthesis consists of the
light and dark reactions, where the dark reaction probably
is one of the rate-limiting steps due to low CO, supply
(Axelsson et al. 2001). Microalgal carbon fixation starts
with Rubisco (ribulose-1,5-bisphosphate carboxylase/oxy-
genase), mitigating CO, into Calvin cycle, where low CO,
concentration in air becomes a key limiting factor (Sforza
et al. 2012). Hence, the supply of high-concentration CO,
may remove the substrate limitation and in turn improve
photosynthetic efficiency, consequently with increases of
biomass and products like neutral lipids.

Photoautotrophic microalgae can trap the light energy as
the sole energy source and assimilate inorganic CO, as the
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carbon source through photosynthesis. In addition, organic
substrates like glucose can also be utilized as the carbon
and energy sources through performing oxygenic phos-
phorylation by many microalgae (Yang et al. 2000). The
typical characteristic of this heterotrophic mode is a sig-
nificant increase in both biomass and lipid yields due to
highly efficient chemical energy conversions (Xiong et al.
2008). As an example, both high biomass and cellular lipid
contents were found in heterotrophic microalgal cultures
(Li et al. 2007; Miao and Wu 2006; Xu et al. 2006). In the
case of Chlorella protothecoides, heterotrophic growth on
corn powder hydrolysates results in 3—4 times enhancement
in biomass and lipid yields as compared with photoau-
totrophic growth (Liang et al. 2009). But the costs of
organic carbon sources are higher when compared with all
added nutrients in photoautotrophic cultures.

The previous investigations indicated that the supply of
high-concentration CO, promotes cell growth and lipid
accumulation in a variety of microalgal species (Ho et al.
2010; Zeng et al. 2011). It thus brings us an important idea
that elevated CO, may improve solar energy conversion
and storage into lipids in photoautotrophic microalgae.
This process pushed by elevated CO, may be as efficient as
that in heterotrophic cultures. Our present comparative
investigation is to reveal such high-efficiency in both
increased lipid accumulation and cost saving evoked by
high-dose CO,.

Doubled atmospheric CO, concentration mimicking an
increase in greenhouse gases in the open system has con-
firmed the stimulatory effect on growth of crop plants
(O’Neill et al. 2010). Moreover, extremely high-doses of
CO; in flue gases (usually containing 10-20 %) emitted by
intensified industry offer a unique source to further
improve microalgal growth in the closed culture system
(Demirbas 2011; Douskova et al. 2009). Microalgae are so
far the sole species known to be able to utilize the high-
dose CO, up to 20 %. For example, a few microalgal
species like Botryococcus braunii, Scenedesmus sp. and
Chlorella sp. could grow well under 20 % CO, even
without any adjustments of culture pH (Westerhoff et al.
2010). These extensive studies, however, have focused on
the effects of high-concentration CO, on growth and
photosynthetic rates of microalgae. The nature of carbon
fixation and energy conversion in photoautotrophic
microalgal cells under high-dose CO, has not been fully
elucidated (Chiu et al. 2008; Rosa et al. 2011; Sydney et al.
2010). We hypothesized that high-dose CO, might drive
more carbons into lipid synthesis, and therefore enhances
the lipid production. This process pushed by elevated CO,
may be as efficient as that in heterotrophic cultures. To test
the hypothesis, Chlorella sorokiniana CS-1 with both high-
dose CO, utilization and heterotrophic growth was used to
establish the experimental systems. The growth kinetics,
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carbon fixation rates, lipid formation Kkinetics, energy
conversion efficiencies and carbon-lipid conversion effi-
ciencies were characterized and compared under both
photoautotrophic and heterotrophic conditions. Through
the investigation, the heterotrophy-like features of the lipid
accumulation enhanced by elevated CO, have been
revealed in energy conversion efficiencies and carbon-lipid
conversion efficiencies.

Methods

Identification of microalgae

The strain CS-1 isolated from fresh water with both high CO,
utilization and heterotrophic growth was identified by 18S
rDNA. Oligonucleotides M18F and M 18R were designed as
described by Qiao and used to amplify the full sequence of
18S rDNA (Qiao et al. 2009). The genomic DNA was iso-
lated using the plant genome extraction kit (Omega, USA).
DNA was purified by the Gel Extraction Kit (Omega, USA).
The PCR products were sent to the Beijing Genomics
Institute (BGI, China), where sequencing was performed.
Sequencing analysis was carried out using Blastn.

Optimization of microalgal culture conditions

The  photoautotrophic and  heterotrophic  culture
systems were established by using the identified microalga
C. sorokiniana CS-1. For photoautotrophic system,
C. sorokiniana CS-1 was inoculated at an initial density of
2.5 x 10° cells mL™" in 500 mL air-lift photo-bioreactors
and incubated under different illuminations with photope-
riod of 12-h light/12-h dark. The autotrophic medium and
temperature of the culture was BG-11 and 26 °C, respec-
tively unless otherwise mentioned. After that, the effects of
light intensities on biomass in phtoautotrophic cultures
were investigated. The light intensities studied were 0, 40,
80, 120, 160, and 200 uE m 2 s~'. For heterotrophic
system, C. sorokiniana CS-1 was also inoculated at an
initial density of 2.5 x 10° cells mL™" in 500 mL conical
flasks and incubated on a rotary shaker at 200 r min~'
under the dark. The heterotrophic medium and temperature
of the culture was BG-11 plus glucose and peptone and
26 °C, respectively. Optimization on glucose and peptone
concentrations in heterotrophic cultures was conducted
through the central composite design (CCD) (Khataee et al.
2010). The response function of interest was the biomass.
The obtained data was analyzed using Design-Expert. In
addition, the soluble sugar of peptone was determined as
previously described (Yemm and Willis 1954).

After establishment of the photoautotrophic and het-
erotrophic culture systems, C. sorokiniana CS-1 was

inoculated at an initial density of 2.5 x 10° cells mL™" in
500 mL cultures in both systems. The cultures were aerated
with various concentrations of CO, (air, 1, 2, 5, and 10 %
CO,) under 120 pE m~2 s~ ' illumination as photoau-
totrophic conditions (Fig. 1) or incubated on a rotary sha-
ker at 200 r min~"' as heterotrophic conditions.

Analyses of biomass, total lipids and fatty acid
profiles of microalgae

The biomass yield was determined by measuring dry cell
weight. Cells were withdrawn daily and centrifuged at
4000g for 5 min. The precipitation were washed twice with
deionized water and dried at 60 °C until constant weight.
The concentrations of carbon, hydrogen, nitrogen and
sulfur in biomass were determined in duplication for each
experiment, using a vario macro cube (vario macro cube,
Germany). The formula of C. sorokiniana CS-1 biomass
was determined according to concentrations of C, H, N, S
(Goudriaan et al. 1979).

To extract lipids, microalgal cells were gathered by
centrifugation at 4000g for 5 min. Collected cells were
washed twice with deionized water, lyophilized, and
weighed. Dry microalgal cells (about 1 g) were resus-
pended in 5 mL concentrated HCI and heated at 70 °C for
20 min. After that 5 mL ethanol and 10 mL diethyl ether
was added successively. The mixture was shaken for 1 min
followed by centrifugation at 4000g for 2 min, and then the
diethyl ether layer was taken into a round-bottom flask.
This extraction process was repeated by adding another
aliquot of 10 mL diethyl ether until no yellowish lipids left.
Finally, the diethyl ether phase was combined and lipids
were obtained by evaporating diethyl ether under vacuum
in a rotary evaporator (Parsaeimehr et al. 2015).

A one-step protocol was used for the fatty acid methy-
lation (Halim et al. 2011). Dried lipids were re-dissolved in
500 pL chloroform followed by transferring it into a
1.5 mL glass vial. 1 mL of 1 M sulphuric acid—methanol
was then added and incubated at 100 °C for 1 h under
nitrogen protection. Subsequently, methyl ester was
extracted with n-hexane, dried by nitrogen blowing and
then weighed. The fatty acid composition of C. sorokiniana
CS-1 was determined by a gas chromatography with FID
detector (Agilent 7890) using methylundecanoate as
internal standards.

Analysis of the energy and carbon-lipid conversion
efficiencies

The obtained biomass was used to construct growth curves,
from which we deduced the specific growth rates ().
Similarly, the lipid formation curves and the specific for-
mation rates (q) were also determined. Biomass productivity
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Fig. 1 Schematic diagrams of a CO, Gas
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bioreactor for microalgal culture $
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(P) was calculated as maximum productivity (Pmax,
g/L/day), according to the Eq (1)

P = (X; — Xop)/(t—t9), (1)

where X is the initial biomass at time ty (d) and Xt is the
biomass at any time t (d) subsequent to t, (Ho et al. 1979).

The lipid yield on supplied energy to culture was
designed as Yiipia/es, Where Eg of photoautotrophic culture
was estimated by Eq (2), (Yang et al. 2000):

Es =0.2176 x I; x A, (2)

where I is the incident light intensity and A is the illu-
minated surface area. Eg of heterotrophic culture was
determined as the heat of combustion with consumed
glucose. In order to determine the potential carbon source
existed in peptone, the soluble sugar of peptone was
tested. The result showed that only 0.071 g/L. soluble
sugar existed in heterotrophic medium when peptone was
added at 5.32 g/L.. It only occupied 0.4 % of glucose
added in the medium. Thus, the carbon source in peptone
can be ignored compared with the large amount of glu-
cose (17.31 g/L). The energy yield in both system was
simplified as Eq (3)

Y =Qp X (Xm—Xo) XxV/(So—S) xVxQs+Ip X tp
X A, (3)

where X, S and t, represent the maximum biomass
concentration, the corresponding residual substrate con-
centration and incubation time, Xy, Sg and I represent the
initial biomass concentration, the corresponding substrate
concentration and light intensity, respectively, V and A
represent the volume and area of culture, Q, and Qg rep-
resent the heat of combustion of Chlorella and glucose. Qy
was determined as Eq (4)

Q, = mol O, comsumed/g cell x 4 x 26.8 x (UO,/10),
(4)

where UQO, represents the g cell C burned/mol O, con-
sumed (DaHai et al. 2011). They were quantified by the
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molecular formula of C. sorokiniana CS-1 (Goudriaan
et al. 1979). The contents of C, H, O, N, S in C.
sorokiniana LS-2 was tested by elemental analyzer (vario
mcro cube, Germany), and the molecular formula of C.
sorokiniana LS-2 biomass was determined according to
their contents (Goudriaan et al. 1979).

The carbon-lipid conversion efficiency (Nciipia/ctotal)
was determined as mol carbon in fatty acid (FA) per mol
fixed carbon. The formula was Eq (5)

TClipid/Ctotal = (2(lipid yield x F/M) x N)/(X x C/Mc)
(5)

where F is the percent of each FA, M is the FA molecular
mass, N is the carbon number in FA, X is the biomass, C is
the carbon concentration in biomass and Mc is the molar
mass of carbon. Cetane number (CN) representing biodie-
sel quality was calculated as Eq (6) (Parsaeimehr et al.
2015).

CN = 46.3 + (5458 /SV) — (0.225 xIV), (6)

where SV and IV are Saponification and Iodine value.
Here, SV = Z(560 * N)/M and IV = Z(254 * DN)/M,
where D is number of double bonds, M is fatty acid (FA)
molecular mass and N is the percent of each FA.

Carbon dioxide fixation

The molecular formula of C. sorokiniana CS-1 biomass
was calculated using the CHNS data and the accumulation
of fixed CO, (FD, mM L! day_l) was determined as
Eq (7)

FD = (X, — Xo) mebm V x (mcop/me) '/t =ty (7)

(Yoo et al. 2010), where Xt is the biomass concentration at
time t (d) after inoculation (ty), X, represents the biomass
concentration at initial time ty,, mcbm represents the mass
fraction of carbon in Chlorella biomass (g g~ '), V repre-
sents the working volume of media, mco, and mc represent
the molar mass of CO, and carbon (g per mol). The
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maximum carbon fixation (FDmax, mM L™ dayfl) was
also calculated.

Results

Establishment of photoautotrophic
and heterotrophic culture systems

The strain CS-1 with abilities in high-dose CO, utilization
or heterotrophic growth was identified by using 18S rDNA.
It showed 99 % identity with C. sorokiniana. So the strain
was named C. sorokiniana CS-1 and the strain was sent to
China General Microbiological Culture Collection Center
(CGMCC) catalogued as No. CGMCC 9215.

To establish a photoautotrophic system, microalgal dry
weight under light intensities of 0, 40, 80, 120, 160, and
200 pE m % s7! was determined (Fig. 2). It was shown
that biomass yield increased along with an increase of the
light intensity from 0 to 120 uE m™ > s~ ', while a decrease
was observed when the light intensity went up to
200 pE m~2 s~ intensity supply. Typical microalgal growth
responses upon the light intensity could be divided into light
limitation, light saturation and light inhibition phases. In the
light limitation phase, growth rates was positively related
with the light intensity, while in the light saturation phase
growth rates were independent of the light intensity and the
supply of high-dose CO, became a limiting factor for
microalgal cell growth. In the present investigation, biomass
yields and growth rates of C. sorokiniana CS-1 reached
maximum when the light intensity was monitored around
120 pE m~2 s~ in the photoautotrophic system. Hence, all
the data of the photoautotrophic system shown below were

To establish a heterotrophic system, a central composite
design (CCD) with two coded levels for glucose (A) and
peptone (B) was used to optimize concentrations of carbon
and nitrogen sources (Fig. 3). The levels of variables for
the CCD were determined based on the initial results
(Supplemental Table S1). The fitting of polynomial equa-
tions was described as Eq (8)

Biomass = 2.116 +0.174 * A +0.947 « B + 0.010 * A
*B — 0.007 x A> — 0.106 * B> (8)

with the R* = 0.9936. According to this model, the max-
imum biomass (6.14 g/L.) was obtained at the glucose
concentration of 17.31 g/L and peptone concentration of
5.32 g/L.. Under this condition, the carbon source was
excessive and would not become a limiting factor.

High-dose CO, improves energy utilization
and mimics a heterotrophic characteristic

The growth of C. sorokiniana CS-1 was improved by high-
dose CO,

To investigate effects of high-dose CO, on the growth of
microalga, C. sorokiniana CS-1 was cultured under light
and aerated with various concentrations of CO, or cultured
in heterotrophic medium under the dark. As microalgal
cells grew up to the plateau stage, the maximum biomass
(Xmax) and productivity (Pmax) in heterotrophic cultures
reached to 6.12 g L™ and 1.02 g L' day ™!, respectively
(Fig. 4a). Both parameters were much higher than those
under air-aerated and light conditions, implying that
C. sorokiniana CS-1 had higher energy conversion effi-
ciency when utilizing glucose as a carbon source than that
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2
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generated in the light intensity of 120 pE m™2 s~

Fig. 2 Effects of the light - ]
intensity on biomass yields of -~ 2'0__
Chlorella sorokiniana CS-1. 50 1.8
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of three separated tests 2 A
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Fig. 3 Inter-influences of glucose and peptone concentrations (g/L)
on biomass production (g (DW)/L) of Chlorella sorokiniana CS-1. A
central composite design (CCD) with two coded levels for glucose
(A) and peptone (B) was used to optimize carbon and nitrogen source
concentrations

when air CO, was used as a carbon source under light. The
highest Xmax and Pmax (3.33 gL' and 0.56 gL'
day ") among a dose range of CO, from air to 10 % were
obtained when supplemented with 10 % CO,, an increase
of 91.4 % in biomass, indicating that high-dose CO, sig-
nificantly promoted cell growth. The maximum specific
growth rates (Wmax) of C. sorokiniana CS-1 were 0.12,
0.13, 0.14 and 0.16 h~! in the cultures aerated with 1,2,5

(a) (b)
= 87 _aair
~ —e—1% CO,
@7'+2%C02 TTTT"TT
n
2 64 —v5%CO, J J
g ——10% CO, |1 1] 1]
M 54 —>—glucose T
4- . 1
N T &
3 ” Y. ia
o 5 P
0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
time (day)

Fig. 4 The time courses of biomass production (a) and the specific
growth rates (b) influenced by high-dose CO, in Chlorella sorokini-
ana CS-1. The strain was cultured in modified BG-11 media aerated
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and 10 % CO,, respectively. An increase of 45.5 % in yax
was uncovered in the 10 % CO, condition (Fig. 4b).
Meanwhile, the maximum specific growth rate of the het-
erotrophic cultures was 0.19 #+ 0.03 h™', much higher than
that under the air (0.11 h™"). Upon the treatment of high-
dose CO,, the differences in the p,,,x between heterotrophy
and photoautotrophy were reduced from 1.73 fold (air
COy) to 1.19 fold (10 % CO,), indicating the cell growth
potential of photoautotrophic microalgae could be signifi-
cantly improved by high-dose CO, and somewhat com-
parable to that of heterotrophic growth. It also implied that
such effectiveness of high-dose CO, might reflect in the
improvement of the carbon fixation and energy conversion.
We therefore designed the following experiments to con-
firm the speculation.

Lipid production of C. sorokiniana CS-1 in high-dose
CO, condition mimics a heterotrophic characteristic

To investigate effects of high-dose CO, on the lipid
biosynthesis, parameters of the total lipid content, lipid
accumulation curve and specific formation rate in C.
sorokiniana CS-1 were also characterized. The total lipid
content in the heterotrophic condition was 32 %, much
higher than that under the air aeration and light (11 %)
(Fig. 4a). Increased accumulation of total lipids could be
attributed to sufficient supplies of carbon and energy. In
photoautotrophic conditions, total lipid contents were
positively correlated to CO, concentrations and rose from
11 up to 28 % when aerated with 10 % CO, (Fig. 5a). The
significant increase in the total lipid content might be
interpretated by an improvement in carbon supplies (e.g.,

—&—air
S 024 1% €O,
e —A—2% CO,
©
-
£ 020- —¥—5% CO,
g —4—10% C02
3 0.16 —>—glucose
£
[
2 0.12-
2 0.
0.08
0.04
0.00
T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
time (day)

with 0.03 % (air), 1, 2, 5, or 10 % of CO,, or cultured in a
heterotrophic medium. Data were presented as the mean + standard
error (n = 3) of three separated tests
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10 % CO,), whose situation is similar to heterotrophy
where carbon supplies are usually excessive (e.g., 1.7 %
glucose). The maximum specific formation rates (quax) of
lipids were 0.022, 0.049, 0.056, 0.061, and 0.066 g~' h™"
in the cultures aerated with air CO,, 1, 2, 5 and 10 % CO,,
respectively. It revealed a threefold increase in qua.x at
10 % CO, when compared with air CO, (Fig. 5b, c). The
Qmax in  heterotrophic conditions was 0.094 ¢=' h™".
Obviously, the differences in the q,.x between heterotro-
phy and photoautotrophy were significantly reduced from
4.27-fold of air CO, to 1.42-fold of 10 % CO,. Taken
together, sufficient carbon supplies in either high-dose CO,
or glucose generated similar influences on potential of the
lipid formation, which in turn encourages us to compare
the underlying energy conversions of the photoautotrophic
and heterotrophic modes of microalgae.

Energy conversion efficiency was improved by high-dose

CO,

To investigate effects of high-dose CO, on the energy con-
version efficiency, yields of total lipids were determined and
compared under the photoautotrophic and heterotrophic
conditions (Yang et al. 2000). Based on the heat of com-
bustion with glucose, the Es (the total energy supplied to the
reactor) of the heterotrophic culture was 271.8 kJ per liter at
the consumption of 17.3 g glucose. The Es value of the
photoautotrophic culture was 605.6 kJ per liter according to
Eq (2). Not surprisingly, the energetic lipid yield (Yiipia/es)
(7.1 mg/kJ) in the heterotrophic culture was the highest due
to the efficient conversion of chemical energy from glucose
to lipid. In contrast, the lowest Yiipiaes (0.32 mg/k]) was
formed in the photoautotrophic culture aerated with air CO,.

(@ - (b)

S .

S 404 2 404 —=—air

z ] :=, —e—1% CO,

E 354 g 351 ——2%co,
=

= S 5] —Ts%co,
2 304

= = ——10% CO,

g E 254 —»—glucose

= £

air 1% CO2 2% CO2 5% CO2 10% CO2 glucose

- 012
= 011 —=—air
I ——1% CO,
0.10 -
—A—2% CO,
0.09 -
—v—5% CO,
0.08 -|
——10% CO,
0.07 |

—>— glucose

specific formation rate of lipid (g

0 1 2 3 4 5 6 7 8 9
time (day)

Fig. 5 The total lipid contents (a), time courses of total lipid contents
(b) and the specific formation rates of lipid (c) affected by high-dose
CO, in microalgal Chlorella sorokiniana CS-1. The strain was
cultured in modified BG-11 media aerated with 0.03 % (air), 1, 2, 5,

20+

>
—
N
w
S
N
(=)
- -
<
£
s

time (day)

or 10 % of CO,, or cultured in a heterotrophic medium. Data were
presented as the mean =+ standard error (n = 3) of three separated
tests
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Obviously, it’s the result of the inefficient conversion of light
energy into lipids (Table 1). As expected, the Yipiq/es value
was significantly improved by high-dose CO, from 0.32 in
the air to 1.5 mg/kJ in 10 % CO, because of the supplying of
enough carbon sources. The differences in the Yipia/es
between heterotrophy and photoautotrophy were signifi-
cantly reduced from 22.19-fold of air CO, to 4.73-fold of
10 % CO,. The data indicated that high-dose CO, showed an
obvious enhancement of conversion from light energy to
lipids towards the conversion of chemical energy to lipids in
heterotrophic conditions.

The carbon contents in biomasses were quantified and
the molecular formulas of C. sorokiniana CS-1 was
described as follows: CNO.13H1.83OO.64 (air), CNO.13H1'9
O3 (1 % COy), CNogoH1590070 (2 % CO,), CNois
H; 790051 (5 % CO2), CNo14H;8000.50 (10 % CO,), and
CNy.15H1 8300 65 (glucose). The energy yield (W) was then
calculated based on the molecular formulas of biomasses as
well as Eq (3). The ¥ went up proportional to concentra-
tions of aerated CO, and the highest one was 12.4 % in
10 % CO,, an increase of 69.6 % compared with air aer-
ation (7.3 %). High-dose CO, improved the energy yield of
photoautotrophy and also showed an enhancement towards
the energy yield of heterotrophy, although it was not as
obvious as Yiipid/gs-

Carbon-lipid conversion efficiency of C. sorokiniana CS-1
at high-dose CO, mimics that of heterotrophy

The carbon-lipid conversion efficiency (Mciipia/cota) Of C.
sorokiniana CS-1 was determined according to the Eq (5).
The Mciipig/ciorar Values of cultures were 18.5, 26.8, 32.3,
40.8, 42.4 and 53.7 % under air, 1, 2, 5, 10 % CO,, or
glucose, respectively. Again, the highest Ncjipidg/crotar Value
was observed in heterotrophic conditions, and the Mcjipias
crotal Value in photoautotrophic cultures also rose up greatly
along with an increase of CO, concentrations. The differ-
ences in the Mciipia/crotal bEtWeen heterotrophy and pho-
toautotrophy were also significantly decreased from 2.90-
fold of air CO, to 1.27-fold of 10 % CO,. The significant
enhancement in the Meyipig/ciorar Under 10 % CO, aeration
hints that an efficient carbon flow from fixed carbon into

lipid should occur compared with that of air aeration, just
like the case of heterotrophy.

Fixed carbons as an energy carrier were improved
by high-dose CO,

We then estimated the carbon fixation upon increased CO,
concentrations in photoautotrophic cultures by detecting
the average carbon fixation (FDavg) and the maximum
carbon fixation (FDmax) (Fig. 6). No doubt, the highest
FDavg was 3529 mM L' day™' in the heterotrophic
culture using glucose as the carbon source, while the lowest
one belonged to the photoautotrophic culture aerated with
air (11.76 mM L' day™"). The lowest value showed
stable upon the fluctuation even the light intensity rose up
to 160 pE m~2 s~ ', suggesting that the CO, supply would
be a primary factor determining the carbon fixation effi-
ciency. On the other hand, similar changes occurred in the
FDmax values, that is, a nearly linear increase from 24.9 to
554 mM L~ day™!' along with the increase of CO, con-
centrations from air to 10 % CO,, suggesting a significant
shift towards that of heterotrophy fed with glucose
(83.0 mM L~ day ™).

Influences of high-dose CO, on fatty acid profiles

The fatty acid profiles in heterotrophic condition as well as
in photoautotrophic conditions aerated with high-dose CO,
were monitored through the GC analysis (Table 2). It
showed that C14, C16, and C18 fatty acids accounted for
more than 99 % of extracted lipids. Along with the treat-
ments of high-dose CO,, the obvious changes in the pro-
files occurred as decreased in the saturated C16:0 and
increased in the unsaturated fatty acids (C16:2, C16:3,
C18:1, C18:3), which resulted in the lower cetane number
of derived biodiesel (e.g. 40.0 under 10 % CO,) when
compared with biodiesels from cultures under the air CO,
(45.8) or heterotrophic conditions (48.2). The lower cetane
number means lower quality of biodiesel (Amin 2009).
These results implied that high-dose CO, could improve
yields of derived biodiesels at a cost of biodiesel quality.
To solve this problem, alpha-linolenic acid (ALA, C18:3),

Table 1 The energetic lipid yield (Yiipia/es)> energy yield (¥) and carbon-lipid conversion efficiency (nClipid/Ctotal) of Chlorella sorokiniana

CS-1 affected by high-dose CO,

Air CO, 1 % CO, 2 % CO, 5 % CO, 10 % CO, Glucose
Yiipiaes (mg/KJ) 0.32 £ 0.005 0.68 % 0.009 0.97 £ 0.012 1.4 £ 0.02 1.5 £ 0.01 7.1 £0.02
Y (%) 73+£09 8.6+ 12 103 + 1.5 119+13 124 £ 1.2 557+£62
nClipid/Ctotal (%) 185+ 19 26.8 £3.0 323 +£35 40.8 £49 424 £23 535+£59

Data were expressed as the mean =+ standard error (n = 3) of three separated tests
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Fig. 6 Changes of the average carbon fixation rate and the maximum
carbon fixation rate affected by high-dose CO, in microalgal
Chlorella sorokiniana CS-1. The strain was cultured in modified
BG-11 media aerated with 0.03 % (air), 1, 2, 5, or 10 % of CO,, or
cultured in a heterotrophic medium. Data presented as the mean =+ s-
tandard error (n = 3) of three separated tests

the essential fatty acid for human health could be removed
from the fatty acid profile. After that the rest fatty acid was
used to produce biodiesel. If the ALA was removed from
the fatty acid profile, the CN of the derived biodiesel from
cultures under 10 % CO, could be increased to 55.3, which
is similar with that of heterotrophic conditions.

Discussion

Quite large amounts of the solar energy are wasted and this
case leads to an extremely low photosynthetic efficiency of
higher plants (Long et al. 2006). As revealed in the pre-
vious investigation, the shortage of the carbon supply limits
light energy conversions and storage in lipids (Goudriaan

and Ajtay 1979). We have confirmed here high-dose CO,
(e.g., 10 %) could improve the energy yield from 7.3 % of
the air control to 12.4 %. The enlarged carbon supply also
facilitates the energy flow from light energy to lipid (Yipia/es
increased from 0.32 to 1.5 mg/kJ), and consequently the
lipid content is at least doubled. This investigation has shown
several significances. Firstly, high-dose CO, might offer a
practical approach leading to higher lipid yields, which is the
foundation for an engineering photosynthetic system with
the industrial efficiency (Wang et al. 2008). As stated above,
photosynthesis is usually low in light energy utilization but
in nature is a sustainable biosystem because of endless light
energy inputs (Kumar et al. 2010). In contrast, heterotrophic
fermentation is with high energy conversion efficiency from
glucose to lipid (Xiong et al. 2010), however in nature is
unsustainable since the organic carbons (e.g., glucose)
should be sourced from photoautotrophic organisms. Sec-
ondly, microalgae with stimulated neutral lipid accumula-
tion by high-dose CO, might become an effective lipid
production system, in which the carbon limitation was
greatly alleviated (Dragone et al. 2010). It thus appears
superior to the nitrogen defective lipid production system, a
popular system where lipid accumulation is at a cost of
growth and biomass (Rodolfi et al. 2009). Thirdly, the
effective biofixation of high-dose CO, by microalgae
ensures a promising strategy for the carbon sequestration
since high-dose CO; could be derived from a variety of flues
gases (Doucha et al. 2005) and the massive transfer of CO,
into photobioreactors has also been designed (Chen et al.
2011).

There should be multiple steps from the inorganic car-
bon fixation to neutral lipid (e.g., triacylglycerol) formation
to complete light energy conservation and storage. It also
remains unknown which components are critical to the
enhanced lipid accumulation by high-dose CO,. As

Table 2 The fatty acid

profiling of Chlorella ArCO, 1%CO, 2%CO, 5%CO, 10% CO,  Glucose

sorokiniana CS-1 affected by C14:0 1.46 1.50 2.10 1.98 2.10 0.86

high-dose CO,
C16:0 34.00 20.06 20.72 19.75 19.36 24.30
Cl6:1 2.53 222 2.00 0.56 0.40 6.15
Cl16:2 5.62 7.37 7.20 7.75 8.32 5.21
Cl16:3 5.32 8.90 9.35 9.65 10.21 4.17
C18:0 1.91 1.48 1.13 2.21 2.23 9.63
C18:1 13.02 19.86 18.95 21.44 22.32 18.86
Cl18:2 22.12 21.77 20.72 19.56 18.72 22.76
Cl18:3 14.01 16.77 17.83 17.09 16.44 8.07
saturated fatty acid 37.37 23.04 23.95 23.94 23.69 34.78
monounsaturated fatty acid  15.55 22.08 20.95 22.00 22.72 25.00
polyunsaturated fatty acid 47.07 54.81 55.09 54.05 53.69 40.22

Glucose was used at 17 g/L. Data were expressed as the percentage of a typical experiment
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revealed in the current work, the carbon flow is signifi-
cantly enhanced by 10 % CO,. In the photosynthetic
routes, fatty acids are formed from the Calvin cycle pro-
duct glyceraldehyde-3-phosphate (GAP) by the following
reaction sequence: 18 CO, + 52 NADPH (NAD-
H) + 71ATP C18:0 (Xiong et al. 2008). The net carbon
stoichiometry shows that generation of one molecule of
stearic acid (C18:0) requires 71 molecules of ATP and 52
molecules of reductant (Xiong et al. 2008). This result
suggested CO, initiated lipid synthesis consumed great
amounts of cofactors, which limited the carbon conversion
ratio of CO, to lipid. In the heterotrophic mode, the net
stoichiometry is: 9 Glucose 18 CO, + C18:0 (Xiong et al.
2008). In this case, ATP and reductant are almost balanced
between lipid biosynthesis and glucose oxidation. There-
fore, the maximum carbon conversion ratio of glucose to
lipid (Clipid/Cglucose) is estimated up to 66.67 %, much
higher than that of photoautotrophic cultures. In the pho-
toautotrophic mode, since much reducing power and ATP
molecules are obtained through photosynthesis, the respi-
ratory metabolism might not be an essential source of
reducing power and ATP. The photophosphorylation is a
less efficient energy-producing pathway than the mito-
chondrial oxidative phosphorylation (Yang et al. 2000).
The increased carbon fixation by high-dose CO, might
accelerate the whole cell metabolism processes including
photosynthesis, glucose metabolism and oxidative phos-
phorylation. Therefore, more reducing power and ATP
molecules for lipid synthesis might be generated from
efficient oxidative phosphorylation, which improves the
carbon-lipid conversion efficiency. This case might be
analogous to heterotrophy where reducing power and ATP
are generated from the oxidative phosphorylation and
consequently high-dose CO, makes C. sorokiniana CS-1
mimic a heterotrophy-like characteristic in the carbon-lipid
conversion. A global comparative analysis of microalgal
genomics will be initiated to clarify these interesting
questions.

The development of the high-dose CO, effectiveness
into an engineering technology is another important con-
cern in the microalgal biosystem. A series of scaleup
experiments are required to test and strengthen the princi-
ple uncovered in this investigation. For example, the
facilities for the CO, microbubble generation and massive
transfer will be optimized and coupled to photobioreactors
(Chen et al. 2011; Sun et al. 2014).

Conclusions
High-dose CO, significantly enhanced the light energy

conversion and storage into lipid, which probably in a
manner mimicked the characteristic of heterotrophy in

@ Springer

C. sorokiniana CS-1. The underlying mechanisms have
been uncovered by analyzing a series of parameters
indicative of improved efficiencies in the carbon fixation,
energy yield, and carbon-lipid conversion. Its significances
are also addressed to build up an efficient photosynthetic
system for biofuel production at large scales and a bio-
fixation system for carbon sequestration of flue gases.
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