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Abstract

Introduction: Chlamydomonas reinhardltii produces lipid and carbohydrate as an industrially useful bioproducts with supply of CO, as a carbon
source. The CO, supplying system, especially aeration rate through the photobioreactor (PBR), should be controlled to enhance cell proliferation.
Materials and Methods: After fixing CO, concentration as 0.8%, the aeration rate was controlled to increase stepwisely by 10 mL.min™, 20
mL.min”', or 40 mL.min"' beginning at 10 mL/min"' to a maximum of 50 mL.min"" after the pH > 6.5. To show the effect of CO,-supply, the broth
condition and the cell-component of lipid, carbohydrate, and protein was evaluated.

Results: The CO, supplying condition increasing by 10 mL.min" stepwisely when over pH 6.5 in 100 mL of broth led rapid cell proliferation
reached a plateau 2 days earlier than in other conditions. On the other hand, the cell components incubated under 10 mL.min"' stepwise condition
showed no difference among the other conditions.

Conclusions: Cell proliferation was improved by optimized stepwise CO, aeration rates versus cell concentration in broth, and cell components
were not changed even with improved cell proliferation. According to the results, it could be possible to improve material productivity by
increasing biomass productivity.
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Introduction

The green algae Chlamydomonas demonstrate a greater
ability to fix carbon dioxide than other terrestrial plant
species.! Recently, the production of lipids and carbohydrates
was industrially expanded using Chlamydomonas due to
its increased concentration of lipids and carbohydrates in
cells.?® In our study, Chlamydomonas reinhardtii was used
as the model strain of Chlamydomonas, and the material
productivity of C. reinhardtii was researched.”” Material
productivity is calculated by the mathematical product of
biomass productivity and lipid and carbohydrate contents;
to increase material productivity, the biomass productivity
and control of lipid and carbohydrate contents in the cells
must be enhanced.*® Biomass productivity is a parameter
that shows the production of cells per day by g-L'-d"!, where
g is the dry cell weight.*!® Biomass productivity is related to
cell proliferation,'"* which is controlled by several factors
that include carbon sources," medium components (e.g.,
nitrogen source and metal ion contents),>'"* temperature,**
light intensity.” CO, gas was used as a carbon source
for an autotrophic culture of C. reinhardtii, and the CO,

concentration and aeration rate through the photobioreactor
(PBR) are important factors of cell proliferation. The amount
of CO, provided by the carbon source is dependent on the
cell concentration and conditions in the broth; therefore, the
supply of CO, through the PBR should be increased stepwise
as cell growth increases. The aim of this study is to enhance the
material productivity of C. reinhardtii. This study increased
the aeration rate of CO, stepwise, evaluated cell components,
and found that cell proliferation was improved.

Materials and Methods

Culturing Conditions

Chlamydomonas reinhardtii strain C-9: NIES-2235 was
cultivated under phototrophic conditions in Modified Bold
6N (MB6N) medium, as described in previous studies.'¢
The cells were cultured with a light intensity of 50 pmol
photons-m™2s™" (white fluorescent lamps) at 23°C. The cell
suspension was adjusted to an initial OD_, = 0.01 with cells
cultured in 100 mL MB6N medium before nitrogen starvation.
During pre-cultivation, the aeration rate of 0.8% CO, was
10 mL.min". The aeration rate of 0.8% CO, was increased
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stepwise by 10 mL.min”’, 20 mL.min”, or 40 mL.min"
beginning at 10 mL.min"! to a maximum of 50 mL.min" after
the pH > 6.5. The aeration rate was evaluated and controlled
with a flowmeter (Model RK1200 series, KOFLOC, Kyoto,

Japan).

Evaluation of Broth

The cell numbers were counted with a disposable cell counting
plate (WATSON Bio Lab, Tokyo, Japan)."" The nitrate
concentration and pH were measured after centrifugation
of broth at 5000 x g for 1 minute. To measure the nitrate
concentration, the absorbance of the supernatant was diluted
50-fold with distilled water and was measured at Abs  using
an appropriate calibration curve*” To measure pH, the
supernatant was placed on a digital pH meter (LAQUAtwin,
Horiba, Kyoto, Japan).'®

Evaluation of Cells

The total lipid content and fatty acid composition were
evaluated with gas chromatography with a flame ionization
detector (GC/FID) system using previously described
analytical methods.? Cells were collected by centrifugation at
5000 x g for 1 minute, washed with distilled water twice, and
dried using a vacuum. The dried cells were fractured with 0.5
mm glass beads using a bead crusher (uT-12, Taitec, Saitama,
Japan) at 23°C. The total lipids were esterized and extracted
by a fatty acid methylation kit (FAME; Nacalai Tesque, Kyoto,
Japan). The FAMEs were identified and quantified using
GC-2025 (Shimadzu, Kyoto, Japan) equipped with a DB-23
capillary column (60 m, 0.25 mm internal diameter, 0.15 um
film thickness; Agilent Technologies, Palo Alto, CA) with
nitrogen as the carrier gas at a flow rate of 2.3 mL.min". The
injector, ion source, and interface source temperatures were
set at 230, 230, and 250°C, respectively. The oven temperature
was initially set at 50°C for 1 min, then increased from 50
to 175°C at a rate of 25°C-min"!, then increased from 175 to
230°C at a rate of 4°C-min™', and finally held at 230°C for 5
min. Rapeseed oil (Merck KGaA, Darmstadt, Germany) was
utilized as a quantitative standard, and heptadecanoic acid
(Sigma-Aldrich Co., St. Louis, MO) was used as an internal
standard. The total carbohydrate content was evaluated with
the anthrone-sulfuric acid method as described previously.?
The total protein content was revealed with a bicinchoninic
acid (BCA) protein assay kit (Takara Bio, Shiga, Japan).

Results and Discussion

Flow-through of the appropriate CO, supply into the C.
reinhardtii broth limited waste CO, and supported efficient
cell proliferation. In this study, the aerating rate of 0.8% CO,
was increased stepwise into the PBR with progressing cell
growth. Aeration rates of CO, greater than are necessary
could result in waste due to the release of CO, from the PBR;
pH increased as CO, dissolved in the broth decreased, which
was used by C. reinhardtii as a carbon source.” In this study,
the aeration rate of 0.8% CO, was increased into the PBR
stepwise when the pH was greater than 6.5, and the maximum
aeration rate was 50 mL.min"' (Figure 1). The volume of broth
in the PBR decreased each time a sample was taken, which

resulted in a slightly increased volume per volume per minute
(vvm) when the aeration rate of CO, did not actually increase
into the PBR.

The broth condition of C. reinhardtii was evaluated
measuring the cell number (concentration), pH, and nitrate
concentration (Figure 2). On the first day of the culture,
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Figure 2. Broth Condition of Chlamydomonas reinhardtii in Each
Culturing System. Time-course profiles of (a) cell number, (b) pH,
and (c) nitrate concentration are shown as blue circles (10 mL.min"'
stepwise), orange triangle (20 mL.min™" stepwise), gray square (40
mL.min' stepwise), and yellow diamond (constant). Error bars indicate
the standard deviation of three replicate experiments.
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Figure 1. Shift of Volume Per Volume Per Minute (vvm) Versus Time
in Each Culturing System. The shift of vvm in each culturing system is
shown as follows: blue circle (10 mL.min"' stepwise), orange triangle
(20 mL.min"' stepwise), gray square (40 mL.min"' stepwise), and yellow
diamond (constant). The gradual increase of vvm when the passing
flow-through rate was not increased represented the decreasing
volume of culture due to culture sampling while maintaining the flow-
through rate.
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Table 1. Ratio of Cell Component After Cultivation on Cell Concentration Over 1.0 x 107 cells-mL"!

Content (%: Each Component Weight Per Dry Cell Weight) Carbohydrate Lipid Protein

Increasing aeration rate per 10 mL.min"' stepwise (6.5 d) 7 259 19.3 3.5 15.5+3.4
Increasing aeration rate per 20 mL.min' stepwise (8.5 d) 33.3+3.0 20.9 +1.1 16.4 £2.4
Increasing aeration rate per 40 mL.min"' stepwise (8.5 d) 34.8 +0.6 17.8 £1.8 15.5 1.0
Keeping aeration rate constant at 10 mL.min"" (8.5 d) 34.9 +0.8 18.6 +0.1 16.2 2.1

Values are the averages of three replicated experiments, £SD.

Table 2. Fatty Acid Composition of C. reinhardtii on Cell Concentration Over 1.0 x 107 cells-mL"

Lipid Ratio (%: Each Component Weight Per Dry Cell Myristic Acid Palmitic Acid Stearic Acid Oleic Acid Linoleic Acid Linolenic Acid
Weight) (C14:0) (C16:0) (C18:0) (C18:1) (C18:2) (C18:3)
Increasing aeration rate per 10 mL.min' stepwise (6.5 d) 52.5 +4.3 14.5 £2.1 17.8 £2.6 3.1+3.8 5.7 1.3 6.5 +2.8
Increasing aeration rate per 20 mL.min' stepwise (8.5 d) 55.2 £5.1 11.3+1.3 16.5 +0.5 1.6 0.6 8.1 1.7 7.2 %25
Increasing aeration rate per 40 mL.min"' stepwise (8.5 d) 54.6 £5.4 11.8 +0.8 21.4 2.7 1.7 0.7 4.7 £0.4 5.8+1.3
Keeping aeration rate constant at 10 mL.min"' (8.5 d) 53.8 £1.2 11.8 £0.2 20.9 £0.9 29+2.4 4.2 1.7 6.4 £0.7

Values are the averages of three replicated experiments, +SD.

the cell number did not considerably increase with slightly
decreasing nitrate concentrations, and the pH decreased
from 6.3-6.4 to 5.4-5.5 in all CO,-aerating conditions. The
decreased pH could be caused by the overaeration of CO,
into the broth with lower cell concentrations. Although the
cell number did not show substantial increases in all CO,-
aerating conditions after 1.5 d, the pH increased to 6.6-6.8,
which indicated that the CO, dissolved in the broth decreased.
Therefore, the result showed that the CO, fixation by C.
reinhardtii could be activated for later growth. Thereafter in
all CO,-aerating conditions, the cell number plateaued almost
1.0x107 cellsmL" in the PBR system. The time to reach the
plateau in the increasing 10 mL.min* condition was faster
than the other conditions. The fastest growth in the PBR
system would be supported by an appropriate CO, supply
to reach the plateau. Conversely, there were few differences
in the 20 and 40 mL.min" conditions as compared to the
steady 10 mL.min"' condition. In Chlamydomonas sp., the
growth could be repressed with the oversupply of CO, into
the PBR with lower cell concentration, which indicates that
too much CO, would negatively impact cell proliferation in 20
and 40 mL.min"' conditions. To determine the optimal vvm
to cell concentration, units of vvm, which were calculated by
dividing vvm by cell number, were evaluated using data from
the early culturing stage (48-72 hours) for total culturing
(data not shown). The unit was 1.0-1.5 x107 vvm-cells
mL" in the increasing 10 mL.min" condition; alternatively,
the units were 1.9- 2.6 x107 vvm-cells'mL"* and 3.4-5.5
x107 vvm-cells’-mL" in the 20 and 40 mL.min" conditions,
respectively. The units in the 20 and 40 mL.min"' conditions
were higher than the unit in the increasing 10 mL.min™
condition, which showed the possibility of an oversupply of
CO,. Under constant 10 mL.min" condition, the units were
1.7 x107 vvm-cells:\mL" at 48 h and 0.6-0.9 X107 vvm-cells’
LmL" between 60-72 hours, which could represent an
oversupply of CO, at 48 h and insufficiency of CO, between
60-72 hours.

Controlling the material contents in the cells is important
to improve material productivity, which is represented by the

mathematical product of biomass productivity and the content
in the cells.* However, even when the rate of cell proliferation
is improved, the material productivity does not considerably
change cell composition."! The ratio of carbohydrates, lipids,
and proteins in the cell composition and the ratio of total
fatty acids were evaluated in each aerating condition when
the cell concentration reached 1.0x107 cellsmL?! (Table 1
and Table 2). Although the ratios of cell components and
total fatty acids in green algae are substantially changed by
environmental changes, including CO, concentration,* there
were few differences in each aerating condition. Therefore,
biomass productivity could be improved by increased cell
proliferation with balanced rates of cell components and fatty
acids in the increasing 10 mL.min™ condition, resulting in
enhanced material productivity.

Conclusions

In this study, cell proliferation and cell components at a cell
concentration of 1.0x107 cellss-mL" in broth were evaluated
by stepwise increases of the CO, aeration rate through
the PBR. These results revealed that cell proliferation was
improved by optimized stepwise CO, aeration rates versus
cell concentration in broth, and cell components were not
changed even with improved cell proliferation. According
to the results, it could be possible to improve material
productivity by increasing biomass productivity.
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