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A B S T R A C T   

The eukaryotic green alga Chlorella vulgaris UTEX 395 was cultured under carbon dioxide (CO2) concentrations 
ranging from 0.04% to 15% in order to examine the effect of CO2 on algal growth, biomass composition and 
reactive oxygen species (ROS) accumulation in the culture medium. Supplying 5% CO2 yielded the highest 
biomass growth rate (μ = 0.35 day−1) compared with 0.04% (μ = 0.15 day−1) and 15% (μ = 0.19 day−1) CO2 
conditions. Experimental evidence showed that increasing CO2 levels from 0.04% to 2% and above did not alter 
overall protein content signi昀椀cantly but did enhance C16:1 and C18:1 monounsaturated fatty acid (MUFA) 
composition by 3.5 and 2 fold, respectively, reducing C18:3 polyunsaturated fatty acid (PUFA) levels. Inter-
estingly, bubbling 5% and 15% CO2 increased one type of ROS, H2O2 levels, in sterile medium by 1.8 to 2 μM 
while growing C. vulgaris substantially lowered these H2O2 levels. The ability to lower H2O2 levels, which was 
reduced for non-viable algal cells, was also observed with C. protothecoides UTEX 29 and C. sorokiniana UTEX 
1230. In order to understand the impact of H2O2 directly, 10 μM and 25 μM H2O2 were added daily to 0.04% 
CO2-bubbled C. vulgaris cultures. Periodic H2O2 addition did not affect the growth of C. vulgaris or change its 
biomass composition. These 昀椀ndings demonstrate C. vulgaris can thrive at elevated concentrations of CO2 and 
also showed the capacity of microalgae to reduce the ROS level, speci昀椀cally H2O2, present in a CO2 bubbling 
environment.   

1. Introduction 

Microalgae have emerged as potential candidates to capture carbon 
dioxide (CO2) ef昀椀ciently and to produce lipids that can be used as bio-
fuels or other high value products, such as carotenoids. Members of the 
Chlorella genus are one of the prime candidates for these applications 
due to their high biomass production rate and lipid content [1]. Indeed, 
C. vulgaris, a widely utilized algal species, was observed to maintain a 
higher growth rate under photoautotrophic conditions than heterotro-
phic conditions [2]. Various algal species including Chlorella, Scene-
desmus, Nannochloropsis have been studied under different CO2 levels 
and demonstrated different tolerance to CO2 concentrations [3]. In 
addition, eight different Chlorella species have been screened under 
ambient air and 3% CO2 conditions. C. vulgaris UTEX 395 exhibited the 
highest biomass productivity and lipid yield when cultured under 3% 

CO2 condition [4]. A number of recent studies also investigated the 
growth of Chlorella under different CO2 conditions [5–8]. One study 
found the highest growth for C. vulgaris was obtained under 5% CO2 and 
light intensity of 60 μmol/m2/s [5]. Two other studies found the highest 
growth rate under 8% CO2 conditions [6,8]. A study also reported higher 
growth rate under 1.75% CO2 than 9.45% CO2 conditions [7]. Even 
though there was high variability in different studies, the optimal CO2 
levels were usually between 2% and 16% for C. vulgaris. 

The goal of this study was to investigate the growth behavior and 
biomass composition of C. vulgaris under different CO2 conditions. 
Meanwhile, this study also wanted to explore the impact of CO2 on ROS 
production and determine whether it can also affect C. vulgaris. 

Under photoautotrophic conditions, chlorophyll absorbs energy 
from the light and eventually transfers the energy to Calvin cycle to 昀椀x 
CO2. However, if the energy is not ef昀椀ciently used, chlorophylls will be 
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excited to triplet state (3Chl*) and produce singlet oxygen (1O2) or other 
reactive oxygen species (ROS) including superoxide radical (O2.-), hy-
droxyl radical (.OH), and hydrogen peroxide (H2O2) inside the cell 
[9,10]. These ROS are considered as sources of stress for the metabolism 
and they can oxidize biomolecules, such as lipids, proteins, and DNA 
that alters their structure and function thus potentially damage the cells. 
Lipids, such as polyunsaturated fatty acids, are prone to attack because 
the electron of ROS can initiate a peroxidation reaction with the double 
bond in polyunsaturated fatty acids [11]. Higher light intensity in-
creases ROS levels in algae, which can inhibit algal growth. It has been 
demonstrated that this inhibition can be resolved by using high light 
intensity-resistant strains [12]. 

To mitigate the oxidative stress from ROS species, such as H2O2, 
algae have developed different antioxidant defenses, including enzy-
matic mechanisms involving glutathione S-transferase (GST), gluta-
thione peroxidase (GPX) and catalase (CAT), and nonenzymatic 
mechanisms related to the presence of carotenoids and glutathione [13]. 
In C. reinhardtii, transcriptomics, metabolomics and proteomic analysis 
have highlighted the role of higher CO2 level in algal metabolism 
[14–16]. Proteomic analysis revealed higher expression of redox related 
protein in plants including GST and GPX in response to elevated CO2 
conditions, illustrating the antioxidant response to decrease the oxida-
tive stress damage to the cell when CO2 level increased [16]. Glutamic 
acid, which is involved in GST and GPX metabolism as well, also 
increased during growth under high CO2 conditions [15]. 

In this study, we explored the impact of different CO2 concentrations 
on algal growth and biomass composition. This work also investigated 
whether CO2 bubbling would generate an oxidative stress environment 
and how Chlorella strains respond to those changes. Interestingly, we 
also observed increases in the extracellular H2O2 levels in the medium 
while increasing CO2 levels even in the absence of algae. Furthermore, 
this study evaluated the capability of three different Chlorella species, 
C. vulgaris UTEX 395, C. protothecoides UTEX 29, and C. sorokiniana 
UTEX 1230, to adapt to and to alleviate this oxidative stress and 
determined this capability likely relied, at least in part, on enzymatic 
mechanisms in live algae. In addition, we showed that C. vulgaris 

responded to high CO2 content by altering its fatty acid content. Finally, 
when an elevated H2O2 environment was recreated by direct addition of 
the chemical to the culture medium, the algae were once again able to 
reduce ROS concentrations, demonstrating the general capacity of algae 
to respond to this stress environment. Overall, this study provided in-
sights on algal responses to not only different CO2 levels but also an 
oxidative stress environment. 

2. Material and methods 

2.1. Algal strain and cultivation conditions 

Green microalgae Chlorella vulgaris UTEX 395, Chlorella sorokiniana 
UTEX 1230, and Chlorella protothecoides UTEX 29 were obtained from 
the Culture Collection of Algae at the University of Texas at Austin and 
maintained on sterile agar plates (1.5% w:v) containing Bold's Basal 
Medium (BBM). The BBM recipe is as follows: NaNO3, 250 mg/L; 
CaCl2⋅2H2O, 25 mg/ L; MgSO4⋅7H2O, 75 mg/L; K2HPO4, 75 mg/L; 
KH2PO4, 175 mg/L; NaCl, 25 mg/L;; KOH, 31 mg/L; EDTANa2, 50 mg/L; 
FeSO4⋅7H2O, 4.98 mg/L; H3BO3, 11.42 mg/L; ZnSO4⋅7H2O, 8.82 mg/L; 
MnCl2⋅4H2O, 1.44 mg/L; MoO3, 0.71 mg/L; CuSO4⋅5H2O, 1.57 mg/L; Co 
(NO3)2⋅6H2O, 0.49 mg/L. Liquid cultures were inoculated with a single 
colony in 12.5 mL of sterile BBM. Cells were transferred to 100-mL glass 
Fernbach 昀氀asks or 3 L glass Bellco bioreactors (New Jersey, USA) at 
25 çC using BBM with 20 mM Tris buffer. In Fig. 1, the experiment was 
run in 3 L bioreactors (2 L cultures). In Fig. 2 to Fig. 4, the experiment 
was run in 250 mL 昀氀asks (100 mL cultures). Gas was fed as different CO2 
concentrations from 0.04% (ambient air) to 15% at a 昀氀ow rate of 13 mL/ 
min for 100 mL cultures and 400 mL/min for 3 L cultures. Cultures were 
grown under 昀氀uorescent illumination (100 μmol photon 昀氀ux m−2 s−1) 
with 12/12 h light/dark cycle. The growth of the cultures was monitored 
by measuring optical density (OD) at 750 nm. Each batch culture was 
inoculated at OD750 between 0.05 and 0.06. 

Fig. 1. C. vulgaris cultures under 0.04, 2, 5, 10 and 15% CO2 conditions. (A) OD750; (B) Protein content (% DW); (C) Lipid content (% DW); (D) Fatty acid content (% 
DW). Error bars: standard deviation of three biological replicates. * p f 0.05 ** p f 0.01. 
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2.2. Measurement of algal biomass dry weight, total lipid content and 
protein content 

Liquid cultures were harvested at the end of the experiment using a 
high-speed centrifuge (Beckman J2-21, Baltimore, USA) at 4000 ×g for 
10 min. The pellets were stored at −80 çC and lyophilized for 24 h at 
−40 çC. The lyophilized algal dry biomass was weighted gravimetrically 
using an analytical balance and stored in 4 çC fridge for biomass anal-
ysis. After that, the biomass composition was further analyzed by 
different assays. 

Lipid extraction was carried out using the accelerated solvent 
extraction (ASE) instrument (Dionex ASE 150) and lipids were dried 
under a stream of nitrogen provided by Tang et al. [17]. The dry biomass 
samples (150 mg) were extracted with methanol and chloroform (2: 1 v/ 
v). The extraction temperature was 100 çC, with a static time of 5 min, 
and four static cycles. The extracts were collected in 60 mL tubes and 
dried. Three biological replicates of total lipid content in the tubes were 
determined gravimetrically. 

Protein extraction followed the sonication procedure provided by 
Meijer et al. [18]. Biomass samples were 昀椀rst sonicated for 3 cycles of 1 
min, which followed the protocol in this reference. In order to 
completely extract protein from the samples, we added one additional 
step after sonication. Samples were treated with 4% SDS and heated at 
95 çC for 15 min. The samples were centrifuged at 18300 ×g for 5 min 
and the supernatants were collected. Protein concentration was 
measured by bicinchoninic acid (BCA) method and the protocol was 
provided by the vendor (Thermo Scienti昀椀c 23225-1L). 

2.3. Fatty acid methyl ester (FAME) analysis 

FAME production followed the procedure provided by Dong et al. 
[19]. The dry biomass samples (6–7 mg) were mixed with 0.1 mL hep-
tadecanoic (C17:0) fatty acid (5 mg/mL in methanol) as an internal 
standard, 1 mL of chloroform/ methanol (2:1 v/v) and 1.5 mL of HCl/ 
MeOH (5% v/v). The mixture was heated at 85 çC for 1 h. Then, the 
mixture was mixed with 1 mL hexane and 5 mL saturated NaCl. The 
solution was centrifuged at 8450 ×g for 10 min in the collect hexane 
phase. Then, FAME were analyzed using a Shimadzu 2010 Series gas- 
chromatography (GC) system with discharge ionization detection 
equipped with a capillary column (Stabilwax-DA, 30 m 0.25 mm ID, 昀椀lm 
thickness 0.25 mm). GC inlet was set at 250 çC with 1 μL injections. The 
temperature program started at 50 çC and then increased to 170 çC at a 
rate of 20 çC min−1, with a plateau for 1 min. After this plateau, the 
temperature increased from 170 to 220 çC at a rate of 4 çC min−1 and 
then kept constant for 14 min. The total analysis time was 35 min. He-
lium was used as carrier gas and maintained at 1 mL/min. 

2.4. Amino acid content analysis 

Amino acid content followed the procedure by Long et al. with 
modi昀椀cations [20]. Norvaline was used as an internal standard in this 
run instead of 13C labeled biomass. Dried algae pellets were hydrolyzed 
with 500 μL of 6 N HCl at 110 çC for 24 h and then dried under air at 
65 çC. The pellets were then added 10 μL 17 mM norvaline (Internal 
standard), 35 μL pyridine and 50 μL N-tert-Butyldimethylsilyl-N-meth-
yltri昀氀uoroacetamide (MTBSTFA) and 1% tert-Butyldimethylchlorosilane 
(TBDMCS) (Sigma 375,934) and incubated for 30 min at 60 çC. The 

Fig. 2. H2O2 levels in the presence and absence of C. vulgaris under (A) 0.04%; (B) 5%; (C) 15% CO2 conditions. (D) H2O2 levels in the absence of C. vulgaris under 
120 mL/min 5% and 15% CO2 conditions. (E) Cell viability of live C. vulgaris UTEX 395 before and after microwave treatments. (F) H2O2 levels in 15% CO2 sparging 
conditions cultured with live and dead C. vulgaris UTEX 395 as well as C. protothecoides UTEX 29 and C. sorokiniana UTEX 1230 strains. Grey bar represented dark 
phases and white bar represented light phases. Error bars: standard deviation of three biological replicates. **p f 0.01. 
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mixture was then analyzed by gas chromatography-mass spectrometry 
(GC/MS). The assay was performed on a Shimadzu GCMS-QP2010 with 
a Rtx-5MS (30 m × 0.25um × 0.25 mm i.d.) capillary column. The in-
jection temperature was 200 çC, and pressure was held at 65.2 kPa. 
Helium was used as carrier gas and maintained at 1 mL/min and the ion 
source temperature was 200 çC. 

2.5. Measurement of hydrogen peroxide in the medium 

Hydrogen peroxide content in the supernatant was analyzed using an 
assay kit (Cat no. MAK165-1KT, Sigma). 1 mL samples were taken every 
light and dark cycle and centrifuged at 10000 ×g for 3 min to obtain the 
supernatant. Prior to the assay kit analysis, the supernatant was kept in 
the dark at −80 çC before the assay. The assay was conducted within 24 
h with duplicate samples. 

2.6. Cell viability analysis 

Cell viability was analyzed with ethidium homodimer-1 (EthD-1) 
staining (Cat no. 40014, Biotium). It was performed by incubating cells 
with 2 μmol/L EthD-1 for 5 min at 37 çC. EthD-1 will enter dead cells 
with damaged membranes and emit red 昀氀uorescence (excitation/emis-
sion maxima ~528 nm /617 nm). Images were taken under the 昀氀uo-
rescent microscope and analyzed with Fiji software. 

2.7. Statistical analysis 

All the data are reported as mean ± standard deviation (SD) values. 
The number of repetitions for each experiment is provided in the 昀椀gure 
legend. Software Prism 6 was used to analyze the data and calculate the 
p-value. Statistical signi昀椀cance of the results is indicated by p-value 
between different groups (* p f 0.05 and ** p f 0.01). 

3. Results and discussion 

3.1. In昀氀uence of CO2 supplementation on cell growth and biomass 
compositions of C. vulgaris UTEX 395 

C. vulgaris UTEX 395 has been widely investigated as a potential 
biofuel production host. C. vulgaris UTEX 265 is able to achieve higher 
biomass productivities than C. sorokiniana UTEX 1230 and 
C. protothecoides UTEX 411 under autotrophic growth with 3% CO2. In 
addition, based on the ITS sequences, C. vulgaris UTEX 395 is closely 
related to C. vulgaris UTEX 265 [2]. To characterize whether C. vulgaris 
UTEX 395 biomass production depends on CO2 concentrations in the gas 
feed under autotrophic conditions, C. vulgaris was cultured in 3 L bio-
reactors at an aeration rate of 400 mL/min with CO2 concentrations 
ranging from 0.04% (ambient air) to 15%. The cultures exhibited a lag 
phase under all CO2 levels up to 72 h, followed by exponential growth. 
Under 5% CO2, C. vulgaris grew with the fastest growth rate (μ = 0.35 ±
0.01 day−1) albeit of shorter duration in which culture density reached 
stationary phase by 240 h (Table 1 and Fig. 1.A). Above and below 5% 
CO2, growth rates declined by 30% (μ = 0.22–0.23 day−1). Similar 

growth patterns were observed for 2 and 10% CO2 (Table 1). It took over 
300 h to reach an OD750 value of 1.6 in 2% and 10% CO2 and the OD750 
never exceeded 1.3 in 15% CO2. The lowest growth rate was observed in 
0.04% CO2, 0.15 ± 0.01 day−1, 2.3 times lower than the maximum 
growth rate occurring under 5% CO2 conditions (Table 1). Other studies 
also reported similar optimal CO2 levels for different Chlorella strains 
[3]. For example, optimal CO2 levels for C. vulgaris ARC 1, Chlorella sp 
KR-1 and C. vulgaris are 6% [21], 10% [22] and 4% [23], respectively. 
Recent studies also found 8% CO2 as an optimal condition for C. vulgaris 
[6,8]. Those results are similar to our 昀椀ndings that 5% was the optimal 
CO2 level for C. vulgaris UTEX 395. 

A previous study found that C. vulgaris exhibited the highest 
CO2−昀椀xation rate of 34% under 0.04% CO2 condition based on the in-
crease of mass fraction of carbon in the biomass [24]. However, since 
CO2 was one of the major carbon sources in our experiment, 0.04% CO2 
(ambient air) may not provide suf昀椀cient CO2 resulting in the lowest 
growth rate even with a high CO2−昀椀xation rate. In our experiment, the 
carbon dioxide pressure should be correlated to the carbon dioxide 
levels. Based on Henry's law, the dissolved carbon dioxide will increase 
proportionally to the carbon dioxide pressure in the bioreactor. There-
fore, increasing CO2 levels from 0.04% to 2% should increase the dis-
solved carbon dioxide. This may help to explain why increasing CO2 
levels from 0.04% to 5% can increase growth rate. 

While added Tris buffer helped to maintain the pH between 6.8 and 
6.9 for 5% CO2, the pH eventually dropped to 6.6 after supplying 10% 
CO2 (Table 1). The 昀椀nal pH was even lower at 6.4 in 15% CO2. The pH 
drop may help to explain the lower growth under 10% and 15% CO2 
conditions. Previous studies also reported the optimal pH value at 7 and 
7.5 for C. vulgaris [25,26]. 

C. vulgaris often contains a high protein content [>40% dry biomass 
(DW)] compared to other unicellular algae, giving it an advantage for 
large scale production of proteins [27]. When the protein content in 
C. vulgaris was analyzed, it was found to be stable between between 33% 
and 44% for the 昀椀ve CO2 concentrations tested (Fig. 1.B). In addition, 
the lipid content was also found to be stable between 26 and 30% under 
all the conditions but slightly higher in 5% CO2 samples, comprising 
32% DW (p f 0.05) (Fig. 1.C). A previous transcriptomics study in 
Chlorella sorokiniana indicated that elevating CO2 could improve lipid 
synthesis by enhancing biosynthesis of acetyl-CoA [28]. However, our 
results indicated that elevating CO2 availability did not signi昀椀cantly 
alter the synthesis patterns for protein content in C. vulgaris (Fig. 1.B). 

Fatty acid content was further analyzed and quanti昀椀ed from the lipid 
samples extracted from the C. vulgaris cultures. The main fatty acids in 
C. vulgaris were distributed as C16:0, C18:1, C18:2, and C18:3 (number 
of carbon atoms:number of double bonds) shown in Fig. 1.D. Interest-
ingly, unlike the overall protein and lipid content, a major shift was 
detected in the fatty acid pro昀椀le going from 0.04% to 2% CO2. The C16:1 
and C18:1 fatty acids increased 3.5 fold (p f 0.05) and 2 fold (p f 0.01) 
respectively. In contrast, there was a 2.5 fold (p f 0.01) decrease in 
C18:3 fatty acids. The reciprocal relationship between the increase in 
C18:1 and decrease in C18:3 content was also found in C. reinhardtii 
going from 0.04% to 1% CO2 [29] and in C. vulgaris from 0.04% to 2% 
CO2 [30]. CO2 also in昀氀uenced the fatty acid composition in different 
types of lipids [30]. However, previous studies did not investigate 
whether this change was sustained under higher CO2 levels (>2%). From 
our results, the fatty acid pro昀椀le was similar after further increases in the 
CO2 concentration from 2% to 15%. In this way, we found the major 
change in fatty acid composition for C. vulgaris occurred when the cul-
ture condition was altered from 0.04% to 2%. Several studies proposed 
increasing CO2 levels or decreasing O2 levels may regulate desaturase 
enzymes catalytic activity that resulted in different fatty acid pro昀椀les 
[31,32]. In this way, the proposed regulatory effect may occur when the 
CO2 level was altered from 0.04% to 2% for these culture conditions. 
The dramatic change in the CO2 level going from ambient air concen-
trations of CO2 (0.04%) to 2%, which is 50 fold, may thus affect fatty 
acid synthesis and fatty acid desaturation in C. vulgaris. 

Table 1 
Growth rate and pH value of C. vulgaris cultures under 0, 2, 5, 10 and 15% CO2 
concentrations after 336 h culture. Standard deviation was calculated based on 
three biological replicates.  

CO2 levels (%) 0.04 2 5 10 15 
Growth rate 

(day−1) 
0.15 ±
0.01a 

0.23 ±
0.01a 

0.35 ±
0.01b 

0.22 ±
0.01a 

0.19 ±
0.01a 

pH 6.93 ±
0.17 

6.97 ±
0.06 

6.95 ±
0.07 

6.59 ±
0.07 

6.36 ±
0.06  

a Growth rate calculated from 48 to 336 h. 
b Growth rate calculated from 48 to 240 h. 
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Alternatively, one previous study has linked the change in altered 
fatty acid compositions at elevated CO2 levels to the thylakoid mem-
branes as these changes included higher levels of galactolipids, which 
are major lipids of thylakoid membranes [30]. Increasing CO2 levels also 
lowered quantum requirement for photosynthetic oxygen revolution in 
Chlorella, which also suggested some changes in thylakoid membranes 
[33]. One recent study from cyanobacteria suggested this lipid remod-
eling may be helpful for the functioning of photosystem II (PSII) under 
low CO2 conditions [34]. 

Oxidation stability is one of the criteria or biodiesel production and 
the oxidation rate is highly dependent on the number of double bonds in 
fatty acids. C18:3 is more vulnerable to oxidation than C18:1 because it 
has more double bonds in its structure. Increasing the ratio between 
monounsaturated fatty acids and polyunsaturated fatty acids could help 
to enhance the stability of biodiesel produced from these microalgal 
lipids [35]. 

3.2. CO2-induced H2O2 production and modulation by different Chlorella 
strains 

Since the ratio between C18:3 fatty acid and C18:1 fatty acid 
decreased under high CO2 levels and C18:3 is more vulnerable to 
oxidation than C18:1, we evaluated the oxidant levels in the form of 
H2O2 levels under different CO2 conditions. Bubbling 20 mL/min of 
0.04% CO2 into sterile BBM media, in the absence of C. vulgaris, did not 
result in signi昀椀cant increases in the H2O2 levels, which remained very 
stable between 0.02 and 0.26 μM over 168 h (Fig. 2.A). In contrast, when 
the CO2 concentration increased from 0.04% to 5%, the H2O2 concen-
tration gradually increased 18 fold from 0.1 μM to 1.8 μM over 96 h 
(Fig. 2.B). After this time, the H2O2 level remained stable until 168 h. 
However, when C. vulgaris was inoculated into the same culture me-
dium, the H2O2 level was observed to decrease gradually below 0.2 μM 
(p f 0.01) (blue points in Fig. 2.B). Increasing the CO2 concentration to 
15% resulted in H2O2 levels around 2 μM (Fig. 2.C). Nonetheless, 
C. vulgaris was still able to reduce the elevated H2O2 level signi昀椀cantly 
between 0 and 0.85 μM (P f 0.01). 

We also explored the effect of changes in the gas 昀氀ow rates from 20 to 
120 mL/min of 5% and 15% CO2 in order to investigate the relationship 
between 昀氀ow rate and H2O2 levels (Fig. 2.D). Increasing 5% and 15% 
CO2 gas 昀氀ow rates to 120 mL/min enhanced the rate of accumulation of 
H2O2 up to 1–2 μM within the 昀椀rst 24 h in sterile medium. However, the 
change in gas 昀氀ow rate did not substantially alter the maximum con-
centration of H2O2 present in the inoculated medium (Fig. 2.D). Some 
studies found elevating CO2 exacerbated ROS formation and stimulated 
antioxidant responses inside the cell, which con昀椀rmed our 昀椀ndings that 
CO2 could trigger ROS production [36,37]. Meanwhile, other studies 
have revealed abiotic generation of H2O2 in HEPES buffer in the pres-
ence of CO2 [38]. This H2O2 formation was mediated by peroxynitrite 
and also the presence of CO2. However, peroxynitrite is not typically 
present in normal cell culture medium. Therefore, there is likely another 
component in the medium or environment driving the generation of 
H2O2 and ROS following CO2 bubbling in this system. Furthermore, we 
con昀椀rmed this oxidative stress production was dictated by the CO2 
levels and not signi昀椀cantly dependent on gas 昀氀ow rates. 

In order to investigate if the H2O2 decline in the presence of 
C. vulgaris was due to metabolic activity, half of the algal culture volume 
(OD750 between 0.04 and 0.06) was microwaved to generate heat that 
inactivated metabolism and enzymatic function and killed the majority 
of the live cells [39]. Indeed, a 4 min microwave treatment decreased 
cell viability from 94% to 13% (Fig. 2.E). Microwaved and untreated 
algae were then placed into the BBM medium which was bubbled with 
15% CO2. Bubbling 15% CO2 once again produced a high level of H2O2 
in the medium in the absence of C. vulgaris (red dots in Fig. 2.F). Adding 
dead algae to the medium provided only a minor impact on the H2O2 
levels, which decreased slightly below those observed without any cells 
(yellow dots in Fig. 2.F). In contrast, the H2O2 level decreased 

signi昀椀cantly and stabilized at 0.3 μM in the presence of live C. vulgaris 
(blue dots in Fig. 2.F). In order to investigate if other Chlorella species 
can alter the H2O2 concentrations in culture, C. sorokiniana UTEX 1230 
(pink dots in Fig. 2.F) and C. protothecoides UTEX 29 (green dots in Fig. 2. 
F) were also subjected to 15% CO2 sparging conditions. These organisms 
exhibited a similar capacity to lower the H2O2 levels to approximately 
0.3 μM (Fig. 2.F). Collectively, the results indicate that different Chlor-
ella species can modulate H2O2 that is generated from CO2 bubbling into 
the medium. While we cannot exclude the possibility some of the H2O2 
may be resolved by cell absorption of CO2, the amount of bubbling CO2 
that was accumulated in the biomass was only 8% for 0.04% CO2 con-
ditions and less than 1% for all other conditions (Table. 2). This was 
calculated based on the bioreactor data from Fig. 1 and assumed 48% of 
昀椀nal biomass was made of carbon [40]. 

Furthermore, this effect is dependent on active cellular functions, 
such as enzymatic activities and metabolism. Several enzymatic and 
non-enzymatic antioxidative defense systems have been discovered in 
algae [41]. Catalase, superoxide dismutase and glutathione reductase 
are three major enzymatic systems. Ascorbate, glutathione and carot-
enoids are non-enzymatic compounds that can also defend against 
oxidative stress. Previously, cyanobacteria have been observed to 
scavenge H2O2 in monoculture and co-cultures through the catalase 
enzyme [42]. In order to protect the cells from oxidative damage during 
the accumulation of atmospheric oxygen, these species acquired ascor-
bate peroxidase during evolution [43]. C. vulgaris also contains various 
antioxidant systems, including catalase and superoxide dismutase, to 
deal with oxidative stress from the environment [13]. Our results sug-
gested that those protective enzymatic mechanisms can be deactivated 
following microwave treatment. In this way, Chlorella loses its capacity 
to reduce H2O2 levels signi昀椀cantly. 

3.3. Creating an enhanced H2O2 environment at lower CO2 levels to 
examine the H2O2 effect on C. vulgaris growth and biomass compositions 

In order to create an environment with H2O2 concentrations similar 
to those found in 5% and 15% CO2 conditions (~2 μM), 1 mM of H2O2 
was added every 24 h along with the 0.04% CO2 sparging condition in 
BBM medium. The concentration of H2O2 decreased to lower levels by 
24 h due to the natural decomposition of H2O2 (Fig. 3.A). Pulsing the 
H2O2 resulted in a signi昀椀cant uptick of the H2O2 levels, which declined 
again by the next 24 h time point. However, the overall result was a 
steady upward trend in H2O2 levels, reaching nearly 4 mM H2O2 by 
approximately 100 h. Therefore, the same 24 h pulsing of H2O2 was 
performed by adding 100 μM daily instead, which did not generate the 
progressively upward trend. Instead, the H2O2 concentration oscillated 
between a maximum of 500 μM at 24 h and minimal levels by 100 h 
(Fig. 3.A and 3.B). That the level was higher than the added H2O2 level is 
likely due to a chain reaction leading to elevated H2O2 levels in the 
media [44]. Alternatively, adding 10 μM H2O2 daily resulted in much 
lower H2O2 levels oscillating between 20 μM and negligible levels 
(Fig. 3.C). Since this H2O2 level of daily addition most closely resembled 
the levels observed with 5 and 15% CO2 sparging (approximately 2 μM 
H2O2), experiments were performed in 0.04% CO2 with 0, 10, and 25 μM 

Table 2 
Carbon capture ef昀椀ciency under 0, 2, 5, 10 and 15% CO2 concentrations after 
336 h culture. Standard deviation was calculated based on three biological 
replicates.  

CO2 levels (%) 0.04a 2 5 10 15 
Total carbon in the 

biomass (mg) 
125.4 ±
1.5b 

286.0 ±
8.0 

428.4 ±
34.7 

277.8 ±
14.8 

211.8 ±
16.0 

Capture ef昀椀ciency 
(%) 

7.94 ±
0.09 

0.36 ±
0.01 

0.22 ±
0.02 

0.07 ±
0.01 

0.04 ±
0.01  

a Assume the molar volume of gas was equal to 22.4 L. 
b Assume 48% of biomass was carbon. 
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daily additions of H2O2 to the C. vulgaris cultures in order to investigate 
the effect of oxidative stress we saw in high CO2 conditions on algal 
growth (Fig. 4). 

C. vulgaris grew from OD750 at 0.1 to 0.36 in 192 h under 0.04% CO2 
without any H2O2 supplementation. The cultures exhibited similar 
growth curves, with an OD750 between 0.33 and 0.36 by 192 h, when 

Fig. 3. H2O2 levels in the medium by adding different amount of H2O2 every 24 h. (A) Control, 100 μM and 1 mM every 24 h; (B) Control, 10 μM and 100 μM every 
24 h; (C) Control and 10 μM every 24 h. Grey bar represented dark phases and white bar represented light phases. Error bars: standard deviation of two biolog-
ical replicates. 

Fig. 4. Growth of C. vulgaris by adding 0 μM, 10 μM and 25 μM H2O2 every 24 h. (A) OD750; (B) Fatty acid content (% DW); (C) Amino acid content (μmol/gDw). 
Error bars: standard deviation of four biological replicates for Fig. 4.A and three biological replicates for Fig. 4.B and Fig. 4.C. 
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supplying 10 μM or 25 μM H2O2 to the cultures daily in addition to 
bubbling of 0.04% CO2 (Fig. 4.A). Interestingly, previous studies found 
that biomass concentrations of C. protothecoides decreased gradually 
with increasing H2O2 concentrations from 0 to 10 μM [45] while our 
results indicated that C. vulgaris is more robust and resistant to H2O2 
concentrations similar to those found in CO2 bubbling conditions. 

Next the fatty acid content was examined at 192 h. Surprisingly, 
unlike the enhanced fatty acid content in C16:1 and C18:1 observed for 
CO2 bubbling at 2 to 15%, fatty acid content did not change by adding 
H2O2 daily to algal cultures with the C18:3 fatty acid the most abundant 
with around 3% DW in all three cultures (Fig. 4.B). Previously, we found 
an increase in C18:1 and a decrease in C18:3 content when the cultures 
conditions changed from 0.04% to 5% CO2 conditions (Fig. 1.D). High 
CO2 leads to a reduction in unsaturation of C18 and C16 fatty acids as 
indicated for C. vulgaris in Fig. 1. In this study, we have shown that high 
CO2 also causes an increase in H2O2 levels. While lipid oxidation can be 
initiated by free radicals, which were associated with H2O2 [46], our 
study shows that this change is not responsible for the decrease in un-
saturated fatty acids seen at elevated CO2 levels. Thus, H2O2 does not 
appear to be the direct cause of the decline in the desaturation levels 
observed in this study. Therefore, either the CO2 levels themselves or 
other uncharacterized metabolic factor must have caused the shift in 
saturation content observed when CO2 levels were enhanced from 0.04 
to 5% and above. A previous study showed lipid synthesis was highly 
correlated to intracellular hydroxyl radical (.OH) instead of hydrogen 
peroxide (H2O2) under different stress conditions [47]. Future studies 
will be required to delineate which metabolic factor or ROS species is the 
principal cause of the shift in desaturation observed for C. vulgaris and 
other algal hosts. 

The amino acid content was also analyzed to investigate whether 
oxidative stress would affect the resulting amino acid pro昀椀le. The amino 
acid content did not change after adding H2O2 (Fig. 4.C). Alanine, 
glycine, valine, leucine and aspartic acid are abundant in C. vulgaris 
biomass under all three conditions. Previous studies observed that bi-
carbonate can perturb the cellular redox mechanism and induce gluta-
thione peroxidase (GPX) and glutathione S-transferase (GST) expression 
in plant cells, indicating the connection between CO2 and oxidative 
stress [16]. Furthermore, the GPX and GST synthesis pathways are 
associated with cysteine, glutamate and glycine levels. However, as with 
the fatty acid pro昀椀les, our 昀椀ndings did not exhibit a connection between 
H2O2 levels and a change in the amino acid pro昀椀le. It is possible that 
other reactive oxygen species (ROS), instead of H2O2, may play an 
important role in the cellular redox mechanism. Singlet oxygen (1O2), an 
excited state of O2, and hydroxyl radical (.OH) represent other ROS 
species that can play an important role in initiating signaling pathways 
in algae [13,48]. Indeed, singlet oxygen can damage lipids and proteins, 
leading to changes in gene expression inside the cells [49]. Therefore, 
investigating the activation of other ROS species under different CO2 
levels may provide additional insights to understand better the possible 
effects of CO2 on ROS and algal growth and metabolism. 

4. Conclusion 

The goal of this study was to investigate how different CO2 concen-
trations can affect cell growth and biomass composition in C. vulgaris 
UTEX 395. Altering the CO2 levels resulted in changes in the growth rate 
and lipid composition with an optimum growth rate around 0.35 day−1 

achieved at 5%. In particular, the C18:3 levels decreased while C18:1 
levels increased for CO2 concentrations of 2% and higher. In addition, 
we detected elevated levels of H2O2 at elevated CO2 levels, indicative of 
the production of an oxidative stress environment. This oxidative stress 
was neutralized by growing different Chlorella species while the 
neutralization capability was lost when using dead algae. Finally, by 
adding 10 μM and 25 μM H2O2 every 24 h for 0.04% CO2 bubbling, an 
arti昀椀cial oxidative stress atmosphere was created, which did not alter 
either cell growth, fatty acid composition and amino acid composition, 

indicating H2O2, one type of oxidative stress, was not the major driver 
for the change in fatty acid content observed when increasing CO2 
bubbling conditions from 0.04% to 5% CO2. 
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