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Abstract A green microalga, Acutodesmus sp., a close rela-
tive of Acutodesmus deserticola, was isolated from the waste-
water discharges of an oil refinery in India. This study exam-
ined the effects of light intensity, temperature, pH, and high-
CO2 treatments (up to 20 %) on the growth of the alga and
investigated the effects of different CO2 treatments on its mac-
romolecular composition (protein, carbohydrate, and lipids).
Under controlled laboratory conditions, the alga showed high
growth rates over a wide range of light (up to 700 μmol
photons m−2 s−1), temperature (up to 40 °C), and pH (5–10)
conditions. In the stationary phase, the highest protein and
carbohydrate content was found to be 71.52 and 40.72 % of
dry weight at 5 and 15 % CO2, respectively. After 5 days of
cultivation, the maximum dry weight biomass attained in
these cultures was 1.149, 1.99, 1.75, and 1.65 g L−1 at 5, 10,
15, and 20 % CO2, respectively, indicating that this strain has
significant tolerance to CO2. These results indicate that this
strain is a promising candidate for use in biofixation of CO2

from the flue gases emitted by industries, and it also has a
strong potential as a feedstock for value-added substances.
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Introduction

Increasing industrialization is driving an increase in CO2 con-
centrations in the atmosphere. Around half of the total anthro-
pogenic CO2 emitted each year accumulates in the atmo-
sphere, and the rest is deposited in terrestrial and oceanic sinks
(Ritschard 1992; Ramaraj et al. 2014). This increasing accu-
mulation of atmospheric CO2 is a major cause of global
warming, which causes significant problems in the function-
ing of ecosystems and has a potential impact on global eco-
nomics and on society. Therefore, the amelioration of CO2

outputs is of high priority.
Numerous technologies are available for CO2 capture and

fixation, which include absorption, adsorption, mineral se-
questration, oceanic sequestration, and geological sequestra-
tion (Bachu 2008; Centi and Perathoner 2011; Mondal et al.
2012). However, these approaches are expensive, consume
energy, and present other significant challenges. Some of
these challenges are non-renewability of the adsorbent mate-
rials (e.g., LiOH), a high space requirement for storage, po-
tential leakage of CO2 over time (Kumar et al. 2010; Seth and
Wangikar 2015) and, in the case of oceanic nutrient enrich-
ment and CO2 sequestration, possible negative impacts on the
functioning of the ecosystem (Glibert et al. 2008). For CO2

amelioration, we need systems that are less complex, require
small capital investment, and have low operating costs; the
systems also need to be affordable by small-scale CO2 gener-
ators. Hence, biological processes that involve algal photosyn-
thesis for CO2 utilization have attracted great attention as stra-
tegic alternatives that are both environmentally sustainable
and economically feasible. Algal assimilation of CO2 will
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not lead to sequestration of C but will potentially ameliorate
rising CO2 levels if the use of the products of fixation allows
by-passing of the use of fossil fuels.

Microalgae and cyanobacteria are oxygenic phototrophs
present in many habitats on earth. For more than 75 years,
they have played a role in wastewater treatment and have been
used in the production of bioactive compounds through the
mass cultivation of some genera such asDunaliella, Spirulina,
Chlorella, and Haematococcus (Vonshak and Richmond
1988; Ben-Amotz and Avron 1990; Spolaore et al. 2006;
Gouveia et al. 2007). The mass culture of algae now holds
an important position as a potential candidate in the develop-
ment of third-generation biofuels and as a major player in CO2

sequestration. Such cultures have the potential for higher pho-
tosynthetic rates (photon conversion efficiency) compared to
even the fastest-growing terrestrial plants or crops, which
leads to 10–50 times more efficiency in biofixation of CO2

(Cheah et al. 2015; Lara-Gil et al. 2014). Though there are
contradictory reports which suggests that algal mass cultures
are less, not more, productive than terrestrial plants (Walker
2009), algae still have an edge over higher plants, as they do
not require high-value arable land, can be harvested more
frequently, and can efficiently accumulate large quantities of
lipids (for biodiesel), carbohydrates (for bioethanol), proteins,
and number of other bioactive compounds such as antiviral
and antibacterial agents (Ho et al. 2012; Miranda et al. 2012).

Our research focuses on isolating and characterizing
microalgae that can efficiently convert CO2 emissions, which
are present in industrial flue gases, into organic matter.
Numerous research studies that discuss either CO2-mitigation
ability or thermotolerance or high-light tolerance of
microalgae have been reported to date. However, these have
largely ignored the combined effects of all these extreme con-
ditions, which can be the actual situation in the commercial
application ofmicroalgae; for example, power-plant flue gases
not only contain high concentrations of CO2 but also have
high temperatures, up to 40–50 °C (after desulfurization)
(Basu et al. 2013). As part of our research, we are focusing
on petroleum industry emissions. The petroleum refining pro-
cess typically produces and disposes of large volumes of gas-
es, of which CO2 is a major component. Not all algae can
tolerate many of these gases; even CO2 can inhibit the growth
of many species at the high concentrations found in flue gases
(Cheng et al. 2006; Rahaman et al. 2011). Assuming that
microalgae growing in ponds situated in the locality of these
oil refineries are tolerant to the environmental conditions prev-
alent in these areas, any process that is developed using these
local strains will be independent of outside strain suppliers
and such species or strains would be well adapted to the par-
ticular cultivation conditions present in the vicinity of the re-
finery plant. Hence, we screened and isolated an alga from a
refinery wastewater pond, which showed a combination of
high-temperature, high-light, and high-CO2 tolerance. We

then examined the macromolecular composition of this alga
under different CO2 treatments and compared our results with
previously reported literature.

Materials and methods

Isolation of algal species

Water samples were collected from the guard pond present in
the effluent treatment unit of an oil refinery located in the
northern part of India (27° 28′ N, 77° 41′ E). This pond stores
water from the different units of the petroleum refining pro-
cess, including domestic sewage water from the refinery
township. Samples were collected, in the month of February,
during the peak of the day when the atmospheric temperature
was close to 21 °C, stored in plastic bottles, transferred to the
laboratory, and processed within 24 h of their collection. Since
the pond was open to the air, CO2 concentrations were as-
sumed to be in equilibrium with that in air (404 ppm) and
the pH was 6.2.

Five mL of each water sample was transferred to a 250-mL
conical flask that contained 50 mL of autoclaved Bold’s Basal
(BB) medium that was prepared according to the medium
recipe reported by CSIRO Marine and Atmospheric
Research, Australia (http://www.marine.csiro.au/microalgae/
methods/Media%20CMARC%20recipes.htm#BB). The
flask was incubated in a shaker with an agitation speed of
125 rpm at 37 °C and 1 % CO2, under continuous
illumination of 250 μmol photons m−2 s−1. After 5 days of
incubation, an aliquot of 2 mL (pre-cultured sample) was
transferred to another 250 mL conical flask that contained a
fresh 50-mL BB medium, supplemented with 25 μL of
40 mg mL−1 of the antibiotic agent neomycin sulfate and
5 μL of 0.5 g mL−1 (ethanol suspension) of the antifungal
agent, nystatin. After 1 week of incubation, from this enrich-
ment culture, serial dilutions were made in BB medium, and
100 μL from 10−3, 10−4, and 10−5 dilution tubes was spread
onto Petri plates that contained BB medium solidified with
2 % Bacto-Agar. The plates were incubated under the same
light, temperature, and CO2 conditions for 8 days. Single col-
onies were picked from each agar plate and streaked on new
plates; this process was repeated until a pure unialgal culture
was obtained. Purity was checked through microscopic obser-
vation. Also, the presence of any bacterial contamination was
tested by regularly spreading 100 μL of cultures on Luria agar
(LA) plates and incubating them at 37 °C for 48 h. Cultures
showing bacterial growth were discarded.

Two green algae were isolated. They were sent to
GeneOmbio Technologies Pvt. Ltd., Pune, India, for species
identification through 18s rRNA gene sequencing. Homology
study of the 18 S rRNA gene sequence of the strains was
carried out using National Center for Biotechnology
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Information (NCBI) nucleotide BLAST searches, and the
neighbor-joining method (based on distance matrix data)
was used to construct the phylogenetic tree (data not shown)
using the MEGA 6.0 software package. One of these strains
was identified as Acutodesmus sp. (see “Results”) and was
used in the experiments described here.

Studies under different experimental conditions

To determine the effects of varying culture conditions on the
growth kinetic parameters of Acutodesmus sp., experiments
were performed under various conditions of light, tempera-
ture, pH, and CO2 concentrations, and the optimal conditions
necessary for proliferation and CO2 fixation by this alga were
obtained.

Acclimatization of the inoculum under the same conditions
as were used in experiments is important in order to reduce the
adaptation (lag) phase during the experiments (Yun et al.
1997; deMorais and Costa 2007). Hence, we always provided
our alga two cycles of acclimatization under the same condi-
tions (3 days each) before starting each experiment. All exper-
iments were run with three independent replicate cultures,
until the stationary phase of growth was reached.

Batch cultures for light, temperature, and pH tolerance
studies were grown in a Photon System Instruments (PSI,
Czech Republic) Multi-Cultivator MC 1000-OD, which con-
tains eight 100 mL cultivation vessels, all immersed in a
temperature-controlled water bath under controlled light, and
aeration conditions. Each vessel can have an independent and
different light intensity and the growth of cultivated organisms
can be measured in the culture vessels by optical density at
wavelengths of 680 and 720 nm. For our experiments, the
initial OD was set at 0.1 at 720 nm and the cultures were
aerated with filtered ambient air at constant and equal airflow
rates in all the vessels. To examine the effect of light, we
cultivated our Acutodesmus strain under different light inten-
sities, that is, 50, 100, 200, 300, 400, 500, and 700 μmol
photons m−2 s−1. For temperature variation studies, the alga
was cultivated at five different temperatures, that is, 23.5, 30,
37, 40, and 43 °C under an optimal light intensity obtained
from the previous experiment. The effect of pH was studied
under optimal light and temperature conditions in the range of
pH 4–11. We used three different biological buffers—MES
(pH range 5.5–6.7), HEPES (pH range 6.8–8.2), and CHES
(pH range 8.6–10.0)—in order to maintain a constant pH dur-
ing this experiment and to see the actual effect of pH on the
growth of the microalga. The buffer concentration was main-
tained at 20 mM in each medium.

Industrial flue gases typically contain 12–20 % CO2.
Therefore, we tested the effect of different CO2 concentrations
between 0.04 % (ambient) and 20 % on our alga, by
conducting CO2 tolerance experiments as batch cultures in
500 mL Erlenmeyer flasks that contained 200 mL of working

media. The initial cell concentration was 5×104 cells mL−1.
Flasks were incubated in a Kuhner LT XC (Lab Therm) incu-
bator shaker at 37 °C under continuous illumination of
250 μmol photons m−2 s−1 with cool white fluorescent light
and at an agitation speed of 125 rpm. The pH of the cultures
was monitored at the end of each experiment, that is, at 120 h.
Different CO2 levels were applied by replacing the atmo-
sphere in the incubator with the requisite CO2 concentration
and maintained with the help of in-built NDIR (nondispersive
infrared) CO2 sensors.

Determination of cell concentration, dry cell weight,
and growth kinetic parameters

The biomass of the cultures grown in the PSI Multi-Cultivator
was monitored by measuring the built-in capacity to measure
optical density at 720 nm. For the CO2 experiments, the opti-
cal density of sub-samples of cultures was measured at
730 nm.

The dry cell weight (DCW) was measured at the end of
each experiment by filtering 50mL algal suspension through a
pre-weighed dried filter paper (Whatman CF/C, diameter
47 mm). The loaded filter paper was washed twice with dis-
tilled water to remove any dissolved solutes from residual
medium, dried in an oven at 100 °C for 70 min, and
reweighed. The dry weight of the blank filter was then
subtracted from the filters with biomass to obtain the final
algal biomass in g L−1.

The time course profiles of optical density were used to
determine the maximum specific growth rate (μmax, day

−1)
from exponential regression of the logarithmic portion of the
growth curve versus time.

Determination of biochemical composition

Microalgal composition in terms of protein, carbohydrate, and
lipids was measured for each CO2 treatment. In each experi-
ment, samples were collected at two points in time during the
growth curve: once at 72 h (late exponential phase) and an-
other at 120 h (late stationary phase), and all the measurements
were done on triplicate cultures.

Carbohydrate analysis

The total sugar content was determined using the phenol sul-
furic acid method of Dubois et al. (1956) which was modified
to suit our experiment. Culture of 1.0 OD at 730 nm was
collected and centrifuged at 6800×g for 10 min at 4 °C. The
supernatant was discarded and the pellet was washed twice
with deionized water to remove any medium constituents. The
pellet was resuspended in deionized water, and 0.2 mL of this
sample was used for analysis. Different sugar concentrations
(dextrose; 0–0.1 mg mL−1) were used to prepare standards.
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Phenol (0.2 mL of a 5 % w/v solution, in water) was then
added to the samples and to the standards. Without mixing,
1 mL of concentrated sulfuric acid was added, and the tubes
were allowed to stand for 10 min at room temperature and
were then mixed gently. The samples were incubated for
30min in a water bath maintained at 35 °C and the absorbance
was measured at 490 nm.

Protein analysis

The white pellet obtained after ethanol extraction of cells was
used for protein determination by the Folin–Lowry method
(Lowry et al. 1951). The pellet was resuspended in 500 μL
of 1 % SDS/0.1 M NaOH. Reagent A (500 μL of 1:1:1:1 ratio
of CTC (CTC: 0.1 % CuSO4·5H2O + 0.2 % NaK tartrate
+10 % Na2CO3), 10 % SDS, 0.8 M NaOH and dH2O) was
added and mixed well with the resuspended pellet, and the
tubes were allowed to stand for 10 minutes at room tempera-
ture. Reagent B (250 μL of a solution of one volume of Folin-
Ciocalteu reagent and five volumes of dH2O) was added to the
samples; the tubes were immediately vortexed and then
allowed to stand for 30 minutes at room temperature. The
absorbance was measured at 750 nm. The amount of total
protein in the sample was calculated from a standard curve
made with different concentrations of bovine serum albumin
(BSA) dissolved in 1 % SDS/0.1 M NaOH (0–1.0 mg mL−1);
0.5 mL of 1 % SDS/0.1 M NaOH, treated as per the sample,
was used as a blank.

Neutral lipid analysis using an improved Nile Red method

Nile Red (9-(diethylamino)-5H-benzo[a]phenoxazin-5-one) is a
lipophilic fluorescent dye used to quantify intracellular neutral
lipids present in prokaryotic and eukaryotic cells. However,
most of the green algae, including Scenedesmus, have a thick
and rigid cell wall, which may inhibit the penetration of Nile
Red to the cell and its bindingwith intracellular lipids to give the
required fluorescence (Ren et al. 2013). Several studies have
used dimethyl sulfoxide (DMSO) as a stain carrier, which prob-
ably affects the integrity of cell wall and plasmalemma and
improves the diffusion of Nile Red (Chen et al. 2009; Doan
and Obbard 2011). Therefore, for our measurements, we re-
examined the original technique with regards to DMSO concen-
tration, Nile Red concentration, staining time, and algal cell
concentration using our species as a model organism in order
to improve the lipid-staining efficiency.

We tested a range of cell concentrations from 5×104 to
1×106 cells mL−1 and obtained a linear relationship between
cell concentration and fluorescence intensity for all concentra-
tions up to 5×105 cells mL−1. Therefore, in order to maintain
consistency, we used a cell density of 5×105 cells mL−1 for all
our measurements; 200 μL of cell suspension was added to
the wells of a 96-well micro-titre plate. Nile Red dye (0.8 μL

of a solution 0.25 mg mL−1 in 100 % acetone) was added to
each well followed by 1.5 μL of pure DMSO. The plate was
placed in the fluorescence plate reader (Tecan plate reader,
Infinite M200 Pro) and shaken for 30 minutes. The excitation
and emission wavelengths were set at 480 and 570 nm, re-
spectively. An unstained algal suspension was used as a blank
and the relative fluorescence intensity of Nile Red was
attained after subtraction of both the autofluorescence of
microalgae and the self-fluorescence of Nile Red.

Statistical analysis

Statistical significance of the differences among means in re-
lation to CO2 treatments was analyzed using repeated-
measures (RM) one-way analysis of variance (ANOVA) with
a Greenhouse–Geisser correction, followed by a Tukey
multiple-comparison test. Values of P≤0.05 were considered
statistically significant.

Results

Isolation and identification of the microalgae

One of the two strains isolated was identified as Acutodesmus
sp., belonging to the subgenus of Scenedesmus, a member of
the Scenedesmaceae. Based on electron microscopy studies,
the genus Acutodesmus is characterized by longitudinal or net-
like ridges produced by inner cellulosic cell walls. Further,
NCBI BLAST searches confirmed that the obtained sequence
was homologous to Acutodesmus deserticola (Hegewald et al.
2013; Lewis and Flechtner 2004), and the strain was then used
in the experiments reported here.

Effect of light on growth of Acutodesmus

The highest l ight intensity used here (700 μmol
photons m−2 s−1) was close to one third of the maximal sun-
light intensity observed under natural conditions (Kirk 2010;
Park et al. 2011). This strain was not sensitive to these high
light levels and achieved a specific growth rate of 0.0366 h−1

at this maximum intensity. However, the optimal light inten-
sity was 500 μmol photons m−2 s−1, sustaining a maximum
specific growth rate of 0.043 h−1 under ambient CO2 and
37 °C temperature conditions (Fig. 1a).

Effect of temperature on growth of Acutodesmus

The growth rate increased approximately linearly from 23.5 to
37 °C, and the highest maximum specific growth rate was found
at 37 °C. The growth of the alga was abruptly affected upon
further increase up to 40 °C in temperature, and was completely
inhibited at 43 °C, at which the cells died (Fig. 1b).
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Effect of pH on growth of Acutodesmus

The growth rate was almost constant over the pH range 7.0–
9.0, and the maximum growth rate of 0.0364 h−1 was obtained
at pH 8.0. The growth rate decreased both above and below
this optimal value and was completely inhibited at the end
points, that is, at pH 4.0 and 11.0. Under these pH conditions,

the color of Acutodesmus sp. changed completely from green
to white within 48 h and the cells died. As shown in Fig. 1c,
the alga thus has a broad-range response against pH values.

Effect of CO2 concentrations on growth of Acutodesmus

Under ambient conditions, the growth curve of Acutodesmus
sp. showed a negligible lag phase, while lag phase durations of
12 h for 5%, 24 h for 10%, and 15 and 36 h for 20%CO2were
observed (data not shown). As indicated in Fig. 2, the lowest
growth rate of 0.0283 h−1 occurred when the alga was grown in
ambient CO2 conditions, while the maximum growth rate of
0.102 h−1 was obtained at 10 % CO2 and the growth rate was
0.085 h−1 at 20 % CO2 (F1.432, 2.864=121.3, P=0.0018).

At high CO2, the pH of the culture remained in the range of
6–7 (pH 6.96–6.44), indicating that high CO2 concentrations
were able to nullify the pH increase that would be a normal
consequence of high rates of photosynthesis. In trials at dif-
ferent CO2 concentrations, the highest final cellular biomass
(1.991 g L−1) was produced at 10 % CO2. Although the lag
phase was slightly longer for 20%CO2, the exponential phase
growth rate was high, and cultures still produced a cellular
biomass of 1.646 g L−1 (Fig. 2). No inhibitory effects, relative
to ambient levels, of high CO2 concentrations at the levels
used here were detected.

Effect of CO2 concentrations on biochemical composition
of Acutodesmus

Protein

Overall, different growth stages as well as varying CO2 treat-
ments affected the protein content of cells. The total protein
content (mg mL−1) increased as the culture moved from the
late exponential (72 h) to the late stationary phase (120 h), due
to higher biomass in the stationary phase. However, the pro-
tein content per cell decreased as cultures moved into their late
stationary phase, most likely as a result of N-limitation. At
72 h, the highest total protein content of 0.716 mg mL−1 was
found in the fastest growing cultures under the 10 % CO2

treatment, which increased up to 0.952 mg mL−1 at 120 h.
However, when normalized to the OD at 730 nm, 5 % CO2-
treated cells had the maximum protein content per biomass,
and there was no significant difference between the protein
contents of 10, 15, and 20 % CO2-treated cells (F1.940,

3.880 =0.09694, P=0.9051) (Fig. 3). Protein levels ranging
from 28.8 to 71.5 % of the dry biomass (at 120 h), depending
upon the CO2 treatment, were observed in this study (Table 1).

Carbohydrate

There was a significant effect of the treatment by CO2 and the
growth stages on the CHO content of cells (Fig. 3). Among all

Fig. 1 Maximum specific growth rates of Acutodesmus sp. under
different a light intensity [50–700 μmol photons m−2 s−1]; b
temperature [23.5–43 °C]; and c pH [4–11] regimes. Data represent
mean ± SEM of two replicates
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treatments, the maximum CHO content was observed in cells
grown with 15 % CO2, and increased from 0.45 mg mL−1 at
72 h to 0.70 mg mL−1 at 120 h. The CHO levels declined on
further increasing the CO2 concentration up to 20 % (F1.167,

2.334=275.6, P=0.0018). When normalized to OD at 730 nm,
the CHO content per cell dropped on moving from the late
exponential to the late stationary phase. The CHO content
ranged from 18.9 to 40.72 % of the dry biomass (at 120 h),
depending on the CO2 treatments (Table 1).

Neutral lipids

As is evident from Figs. 3d and 4, the protein content (% dry
wt) dropped on moving from 72 to 120 h, while a gradual
increase in the neutral lipid content was observed on moving
from the late exponential to the late stationary phase for all
CO2 treatments. The fluorescence intensity changes
(reflecting changes in neutral lipid content) were as follows:
0.04 % CO2 (15.28 %), 5 % CO2 (17.95 %), 10 % CO2

(17.563 %), 15 % CO2 (15.319 %), and 20 % CO2

(11.67 %). The neutral lipid content of the cultures also dif-
fered among different CO2 treatments within the same growth
stage. There was not much variation between the fluores-
cence intensity of cells in the ambient and 5 % CO2 treat-
ments but, as shown in Fig. 4, the neutral lipid content
increased dramatically in the samples treated with 10 %

CO2, where the maximum lipid accumulation occurred.
The lipid content decreased at higher CO2 treatments
(F1.000, 1.000 = 3293, P= 0.0111).

Discussion

Tomake the commercial application of microalgae successful,
careful selection of fast-growing, extremes-tolerant, and high-
energy-content microalgal strains is a primary requirement. A
large number of strains of Scenedesmus/Acutodesmus (of
which S01801 is a recognized sub-genus) have been used
for photosynthetic CO2 mitigation, wastewater treatment,
and biofuel production (Doria et al. 2012; Basu et al. 2013;
Zhang et al. 2014). Here, we add to the information on the
uses of this genus by our isolation of an Acutodesmus sp. from
industrial wastewater; the examination of its biomass produc-
tivity, light, temperature, pH, and CO2-tolerance range or abil-
ity; and the macromolecular composition under varying CO2

concentrations.
Light intensity, its duration and wavelength, directly affect

the growth and photosynthesis of microalgae. Insufficient
light may lead to growth limiting, and too much light to
photo-oxidation and photoinhibitory conditions (Al-qasmi
et al. 2012). Park et al. (2011) reported that photosynthesis
in most algae saturates at a solar radiation intensity of
200 μmol photons m−2 s−1, which is around 10–17 % of
summer/winter maximum outdoor sunlight intensity, though
some species have been reported to saturate at higher light
levels (Ho et al. 2012; Liu et al. 2012; Treves et al. 2013).
The growth-saturating light intensity for our Acutodesmus sp.
was quite high when compared to most of the previously
reported strains of this alga (Liu et al. 2012; Gris et al.
2014). The growth rate was maximum at a light intensity of
500 μmol photons m−2 s−1, and decreased at sub-optimal and
supra-optimal light conditions. Photoinhibition above the sat-
urating light level can occur due to disruption of the
Photosystem II function and inactivation of enzymes involved
in CO2 fixation (Franklin et al. 2003; Juneja et al. 2013).
However, our strain of Acutodesmus appeared to be tolerant
of light intensities of up to 700 μmol photons m−2 s−1 without
a significant decrease in growth rate.

Thermotolerance of microalgae is a promising attribute in
the enhancement of biomass production, especially by the
reduction of the risk of contamination by pathogens and the
lowering of the cooling costs of flue gases, if they are used for
cultivation. This strain showed a broad range of temperature
tolerance. However, the maximum growth rate occurred at
37 °C, presumably reflecting the usual impacts of temperature
on metabolic processes, with increasing temperatures increas-
ing rates of biological processes to an optimal point, beyond
which higher temperatures begin to adversely affect protein
structure and enzyme activity. Most of the reported strains of

Table 1 Macromolecular composition of Acutodesmus sp. under
different CO2 treatments. Data represent mean ± SD of three replicates

CO2 treatment % Carbohydrate % Protein

Ambient 18.89 ± 1.64 28.84± 2.18

5 % 19.08 ± 0.18 71.52± 2.09

10 % 29.65 ± 1.04 47.85± 1.45

15 % 40.72 ± 5.48 42.97± 7.4

20 % 34.52 ± 0.5 38.78± 0.8
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the genus Scenedesmus have been grown in a temperature
range of 25–32 °C (Ho et al. 2012; Wang et al. 2013; Welter
et al. 2013; Mandotra et al. 2014), except for a very few
thermo-tolerant strains such as those reported by Basu et al.
(2013) and Onay et al. (2014). The excellent temperature

tolerance ability of our strain makes it suitable for reduction
in cooling costs, when treated with direct hot flue gases.

Another important factor in algae cultivation is pH. It de-
termines the solubility and availability of CO2 and other nu-
trients, and significantly affects algal metabolism. The impact
of pHwas studied in the range 4–11.Most previous studies are
based on only manipulating the initial pH (Watanabe et al.
1992; Yue and Chen 2005). However, the pH increases sharp-
ly as a consequence of CO2 depletion by photosynthesis and,
in some cases, due to nitrate assimilation (Varshney et al.
2015). Hence, we used biological buffers to avoid the pH
change and measured growth by changes in OD at 720 nm.
The growth rate was optimal at pH 8.0 and was suppressed
above pH 9.0, possibly due to limitation in the availability of
carbon from CO2. At a higher pH, the majority of dissolved
inorganic carbon is found in the form of bicarbonate and car-
bonate and the availability of free CO2 decreases (Juneja et al.
2013). Declining growth at pH values above 9 suggest that the
species of Acutodesmus we used had a poor ability to utilize
bicarbonate ions from the medium, though neutrophilic
Scenedesmus species can use bicarbonate well (Thielmann
et al. 1990). Also, at high or low pH, cells may have to expend
energy to maintain the internal pH within the range necessary
for cell function, which in turn results in reduced growth rates.
Similar tests were also performed by Vidyashankar et al.
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Fig. 3 Changes in the content of total carbohydrate (a, b) and total
protein (c, d) of Acutodesmus sp. at two different growth stages (72 h =
late exponential phase; 120 h = late stationary phase) under different CO2

treatments [Ambient (0.04%) , 5% , 10% , 15% ,
20 % v/v ]. Data represent mean ± SEM of three replicates

Fig. 4 Neutral lipid content indicated by fluorescence emission of Nile
Red stained Acutodesmus sp. at two different growth stages (72 h = late
exponential phase; 120 h = late stationary phase) under different CO2

treatments. [Ambient (0.04 %) , 5 % , 10 % , 15 %
, 20 % v/v ]. Data represent mean ± SEM of three replicates



(2013), in which Scenedesmus dimorphus was grown in the
pH range of 5–11 and showed a good growth profile under the
pH range 9–11, but formed aggregates and flocculated at pH
11. This property is important and favorable when using in-
dustrial stack gases for mass cultivation of algae.

In addition, our Acutodesmus strain showed relatively
higher CO2 tolerance and higher carbohydrate and protein
content when compared with most of the strains of the genus
Scenedesmus examined (Table 2). Carbohydrate is a primary
energy reservoir of green algal cells. It is mainly present in the
form of starch in the chloroplast and polysaccharides such as
cellulose, pectins, and glucans, in the cell walls (Domozych
et al. 2012). Under ambient conditions, the growth rate was
relatively low, and cells might have experienced CO2 limita-
tion, which resulted in low biomass accumulation and, there-
by, low carbohydrate, protein, and lipid content per L of cul-
ture. It is evident from the results that varying CO2 treatments
not only affected the microalgal growth rate but also altered its
macromolecular composition. Generally, when the alga is in
the early stages of growth, the cells have a low CHO and lipid
content, but high protein content. As the cells reach the sta-
tionary phase of growth, more carbon is incorporated into
storage, either as CHO or as lipid, and the protein level de-
clines (Gatenby et al. 2003). In our case, both the protein and
CHO content of cells declined from 72 to 120 h. However, the
lipid content showed a pattern that was similar to that which
has been reported in previous studies. The maximum
carbohydrate content of this strain was comparable to the
results reported by Miranda et al. (2012) and Wang et al.
(2013), but was higher than the values reported by Ho et al.
(2012) and Basu et al. (2013). When treated with 5 % CO2,
this strain gave a protein content of around 71.5 % of dry
biomass in its late stationary phase, which is much higher than
those reported in previous studies (Basu et al. 2013; Zhang
et al. 2014). High protein content makes it an efficient source
of organic fertilizers, animal feed, and human nutrition sup-
plements. Lipids, especially neutral lipids, accumulate under
stressed conditions and the process of lipid accumulation is
directly proportional to the decline in intracellular protein con-
tent of cells (Wang et al. 2013). This study does not account

for the quantitative measurement of total lipids; rather, we
used Nile Red staining to determine the neutral lipid compo-
nent. Results show that the maximum amount of neutral lipid
accumulation was found at 10%CO2 concentration when com-
pared to ambient and other CO2 treatments. However, it seems
that higher CO2 levels (15–20 %) decreased the accumulation
of lipids. These data corresponded well with the trend reported
by Basu et al. (2013), who obtained 30 % higher total lipid in
13.8±1.5 % CO2-treated cells with respect to control (ambient
CO2) cells. In contrast, Acutodesmus (Scenedesmus) obliquus
SJTU-3 showed a continuous increasing trend of total lipids
under different CO2 concentrations ranging from 0.03 to
50% (Tang et al. 2011). Total lipid extraction and quantification
by the gravimetric method and fatty acid profiling by GC-MS
for Acutodesmus sp. is the subject of current work.

In conclusion, the screening for high-temperature, intense-
light, and high-CO2-tolerant microalgal strains was success-
ful. The results presented here for one of these strains,
Acutodesmus sp., are very promising for its exploitation in
mass culture for CO2 remediation. In terms of biomass, the
most favorable CO2 concentration was 10 %. However, no
significant decrease in the biomass was observed at up to
20 % CO2. Major macromolecular components of alga, in-
cluding carbohydrates, protein, and neutral lipids, were exam-
ined under different CO2 treatments. The gross composition of
the microalga changes depending on the type or severity of
stress, the growth stage, and the type of species.
Understanding this gross composition is very important in
determining the nutritional quality of the microalga.

It is evident that the algal culture for CO2 sequestration/
remediation requires a large amount of nutrients, with nitrogen
and phosphorus playing a central role (Jia et al. 2015).
Wastewater discharged from CO2-emitting industries may
contain some or all of these. Hence, using this strain, future
attempts can be made to combine the process of removing
CO2 from flue gas and nutrients from wastewater, by which
an economically feasible process can be developed (Kastánek
et al. 2010). In addition, the tolerance of this strain should be
tested against other flue gas compounds such as nitrogen ox-
ides (NOx) and sulfur oxides (SOx).

Table 2 Comparison of
macromolecular properties of
Acutodesmus sp. with previously
reported studies

Microalgae Max CO2

tested (% v/v)
Max biomass
(g L−1)

Total CHO
(% of DCW)

Protein
(% of DCW)

Reference

Acutodesmus sp.
(our strain)

20 1.646 ± 0.005 34.52 ± 0.51 38.78 ± 0.8 This study

S. obliquus SA1 13.8 ± 1.5 1.83 30.87 ± 0.64 9.48± 1.65 Basu et al. (2013)

S. obliquus CNW-N 2.5 2.10 ± 0.08 16.30 – Ho et al. (2012)

S. obliquus ESP-7 2.5 1.34 ± 0.12 12.63 Ho et al. (2012)

S. dimorphus 2.0 40–50 15–33 Wang et al. (2013)

S. obliquus 0.038 31.8 ± 0.5 Miranda et al. (2012)
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