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ARTICLE INFO ABSTRACT

Keywords: Large-scale cultivations of photoautotrophic microorganisms represent a very promising and potentially cost-
Microalgae effective alternative for climate change mitigation, when associated to the co-production of high value bio-
Parachlorella kessleri products, such as fatty acids and carotenoids, considering the growing demand for natural products. During
S::to;zrl?;:s microalgae cultivation, CO enrichment is a requirement to reach high productivities, although high CO; levels
Photobioreactor are normally stressful to microalgae. On the other hand, cellular stress is a well reported strategy to induce

carotenoid and fatty acids production. This work evaluated extracellular carotenoid production from the
mangrove-isolated microalga Parachlorella kessleri cultivated under 5, 15 and 30% COx in stirred tank photo-
bioreactors. In the 10th day of cultivation, CO, supply was interrupted until the end of the cultivation (14th day),
causing a stressful and imperative condition for microalgae cells to release the red pigment. Growth kinetics,
physiological parameters and bioproducts production were evaluated. Growth kinetics were similar under all
tested conditions and differences were not statistically significant, with the highest values of ppyayx, biomass
concentration, lipid content and CO, fixation rate of 0.77 d ™%, 1.24 g L™}, 241 mg g ! (dw) and 165 mg L™ d~},
respectively. In contrast, total carotenoid concentrations varied significantly (p < 0.01), with the highest con-
centration of 0.030 pg mL™' under 5% CO,. The produced red pigment presented antioxidant activity and
characteristics of carotenoids confirmed by UV-vis and tandem mass spectrometry (MS/MS). The fatty acid
profiles in the biomass varied in response to COz levels in the cultivations. In general, higher CO5 concentrations
(15 and 30%) favored the production of saturated and mono-unsaturated fatty acids, suitable as biodiesel
feedstock, while drastically decreased the production of the polyunsaturated.

1. Introduction However, microalgae respond differently to CO, levels, as well as to

oxygen concentrations, light intensities, nutrients, pH and temperature

Carbon dioxide (CO3) fixation using fast-growing photoautotrophic
microorganisms, especially microalgae, in their natural habitats or in
artificial cultivation systems, provides a very promising alternative for
climate change mitigation. Besides, it is potentially cost-effective when
CO4 conversion is associated to the co-production of high value bio-
products (Borowitzka, 2013). There are various sources of COy for
autotrophic microalgae cultivation in addition to atmospheric air
(which contains approximately 380 ppm, 0.04%). For instance, CO5 can
be sourced from flue gas of industrial plants (10-20% CO3) (Yadav et al.,
2015; Wilson et al., 2016), or provided by natural gas (around 8%)
(Balcombe et al., 2015) and biogas (30-40%) (van der Ha et al., 2012).

* Corresponding author.
E-mail address: oller@usp.br (C.A.O. Nascimento).

https://doi.org/10.1016/j.jbiotec.2021.02.004

(Salih, 2011). Therefore, it is important to select high CO,-tolerant
microalgae for cultivations using gaseous sources with high CO5 levels.

Parachlorella kessleri has been reported to grow under CO- levels up
to 18%, with the highest growth rate at 6% CO3 (Klinthong et al., 2015;
de Morais and Costa, 2007). When cultivated in photobioreactor,
P. kessleri presented high growth rates, tolerance to high temperatures,
resistance to shear stress, little adhesion to the bioreactor surfaces and
low tendency to form aggregates (Li et al., 2013). Although P. kessleri is
regarded as a starch producer for energy storage, hyper-production of
lipids was achieved (60% dw) by optimal growth conditions under 2%
CO, followed by 5- to 10-fold dilution of the culture medium after the
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exponential growth phase (Li et al., 2013).

Microalgae have been used to convert COz into a wide variety of
industrially-relevant bioproducts. Microalgal lipids are a rich source of
fatty acids (FA), such as linoleic acid, arachidonic acid, eicosapentaenoic
acid (EPA) and docosahexanoic acid (DHA), for cosmetic, pharmaceu-
tical and nutraceutical applications (Borowitzka, 2013). They have also
been widely reported as suitable feedstock for biodiesel (Chisti, 2007),
although its production is only economically viable when associated to
co-production of higher value products from microalgal biomass, such as
carotenoids, vitamins, phycobilins, sterols, polyhydroxyalkanoates and
polysaccharides (Gracioso et al., 2020; Borowitzka, 2013).

Among the reported carotenoids produced by microalgae, astax-
anthin is the compound with the highest value that has achieved com-
mercial success. For instance, the worldwide market for astaxanthin
(both from synthetic and natural sources) in 2010 was around US$ 230
million, with average market price of US$ 2500 kg ™!, which decreased
to almost US$ 1900 kg_1 in 2014 (Cezare-Gomes et al., 2019). Con-
sumers demand for natural products has made synthetic pigments much
less desirable, providing an opportunity for the production of natural
pigments. Other potential carotenoids are lutein and zeaxanthin, already
approved as food additives for preventing macular diseases (Krinsky
et al., 2003). Currently, the main sources of lutein for commercial pro-
duction are marigold flowers, and there is no commercial production of
lutein from microalgae (Cezare-Gomes et al., 2019). P. kessleri was re-
ported to produce astaxanthin and lutein at production rates of 0.07 mg
L1d! and 0.04 mg L'ld'l, respectively (Minhas et al., 2016).

The production of carotenoids in microalgae occurs, in some cases,
when they are subjected to stress. During microalgae cultivation, CO2
enrichment is a requirement to reach high productivity. On the other
hand, high CO levels are normally stressful to microalgae, especially for
the photosynthetic apparatus, which can induce carotenoid production
(Chekanov et al., 2017). Likewise, high CO levels can stimulate the
production of FA, with applications for biofuels or as nutraceuticals and
pharmaceuticals (Sun et al., 2016).

The aim of the present report was to evaluate extracellular carot-
enoid production by P. kessleri in cultivations in stirred tank photo-
bioreactor under increased CO2 concentrations, for future applications
using gaseous sources with high CO; levels. In addition, the FA profiles
were investigated to identify potential industrial applications of the
produced biomass.

2. Materials and methods
2.1. Parachlorella kessleri cultivation

Fast-growing P. kessleri was isolated from water and sediment sam-
ples of mangroves near Cubatao and Guaruja, municipalities in the
metropolitan area of Baixada Santista in the coast of the state of Sao
Paulo (Brazil). The strain was first adapted to elevated CO, concentra-
tion by cultivations in 1,150 mL gas sealed flasks filled with 200 mL of
WC medium (Andersen et al., 2004) at fixed temperature (28 °C),
rotation (120 rpm) and light intensity of approximately 25 pmol s m
provided by LED (3,500 K) with 14 h/10 h light/dark photoperiod. The
atmosphere on the headspace of the flask was filled with air enriched
with 30% CO5, (v/v), at a flow rate of 0.5 L min ! for 3 min using a mass
flow controller (MKS Instruments), and was renovated on a daily basis.
Replications occurred every 10 days until 4 repetitions, obtaining a high
COq-tolerant microalga. P. kessleri stocks were maintained at 19 °C and
approximately 25 pmol photons m™2 s ! of light intensity.

2.2. Photobioreactor apparatus and operational conditions

Two identical stirred tank bioreactors (A and B) of 3.6 L (Infors HT)
were used for simultaneous replicates. They worked in batch mode and
were initially filled with 1.5 L of WC medium. Temperature was
controlled at 28 °C, through water jacket, and agitation of 120 rpm was
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promoted by a pitched paddle impeller. Luminosity was promoted by an
especially designed LED panel around the vessel with average intensity
inside the vessel of 45 pmol s m2 (14 h/10 h light/dark). The gas inlet
was positioned to fill the headspace of the reactor, and was composed of
air enriched with CO, in concentrations of 5, 15 and 30% (v/v). This
operational configuration was based on the hypothesis that the con-
sumption of CO2 by the microalgae is very low when compared to
available CO» (da Silveira, 2015) (when working with high CO5 levels),
thus CO; daily supply would be sufficient to keep its concentration in-
side the reactor nearly constant. A mass flow controller (MKS In-
struments) was used to mix the gases at specific flow rates to give the
desired final CO, concentration and feed the reactor at 0.5 L min~! for
30 min during the light period. The gas inlet and outlet were then closed
until the following atmosphere renovation after 24 h. Sensors of pH and
dissolved oxygen allowed the monitoring of both parameters,
respectively.

2.3. Kinetic assays of P. kessleri under different CO2 concentrations

Pre-inoculum was prepared by cultivating P. kessleri from the stocks
in 500 mL shake flask with cotton plug containing WC medium to give a
total volume of 300 mL and initial optical density at 750 nm (OD750nm)
of 0.2. Cultivation was performed at 28 °C, average light intensity of 25
pmol photons m2s 1, 14 h/10 h (light/dark) photoperiod, in rotational
incubator (Infors HT) at 120 rpm. After the adaptation period of 96 h,
microalgae in exponential growth phase were used as inocula. The
photobioreactors were inoculated with P. kessleri adjusted to initial
OD750nm of 0.1. The assays were performed under CO; concentrations of
5, 15 and 30% (v/v) in air. On the 10th day, atmosphere renovation was
interrupted until the end of the cultivation. This is believed to cause a
stress on microalgal cells and is an imperative condition to make them
release the reddish pigment. Samples of 10-15 mL were withdrawn from
the reactors on a daily basis, using the aseptic sampling system Super
Safe Sampler (Infors HT) and a needle-free syringe, to evaluate micro-
algae growth and chlorophyll-a (Chl-a) profiles. Dissolved oxygen and
pH were continuously monitored during the cultivation period. On the
14th day of cultivation, the batch was stopped; the biomass was har-
vested and centrifuged at 3,000g for 5 min. The supernatant of each
cultivation was separated and stored in amber flasks (to protect from
light) at 4 °C, for further purification and characterization, and the
biomass was frozen at —80 °C for 12 h, lyophilized (Freezone 4.5,
LabConco), and stored at 4 °C for lipid and elemental (C,N,H) analyses
(Perkin Elmer 2400 series ii).

2.4. Lipid extraction

For lipid extraction, the classic Bligh & Dyer (Bligh and Dyer, 1959)
method with modifications from Masood et al. (2005) was used. The
lyophilized biomass of the 14th day of all cultivations was weighed and
100 mg were diluted with 2.5 mL of chloroform/methanol (1/2 v/v) in
glass tubes. The tubes were placed in ultrasonic bath at room tempera-
ture for 1 h, when 1 mL of chloroform and 1.8 mL of Milli-q water were
added, followed by vigorous agitation. The samples were centrifuged at
1,000g for 5 min to separate the phases and the organic phase was
transferred to a fresh and pre-weighed tube. Following extractions with
1 mL of chloroform were performed until the biomass was colorless,
after each transferring the organic phase to the tube containing the
organic phases of previous extractions. Solvent was evaporated using a
vacuum concentrator (CentriVap, LabConco), and the tube was then
weighed to determine total lipid content and stored at —20 °C for FA
analysis.

2.5. Fatty acid analysis

The lipid extracts reacted with 3 mL of methanol containing 5% (v/v)
of sulfuric acid for 3 h at 70 °C to produce the respective fatty acid
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methyl esters (FAME). After the transesterification reaction, 3 mL of n-
hexane and 3 mL of Milli-q water were added (Breuer et al., 2013). The
tubes were agitated and the hexane phase was collected. A volume of 1
pL of each sample was injected in the gas chromatograph coupled to
mass spectrometer (GCMS-QP2010 Plus, Shimadzu) with electrons
ionization (70 eV) and quadrupole analyzer. The analyses were con-
ducted using a DB-5 capillary column (Agilent) 30 m x 0,25 mm x 0,25
pm and the following temperature program: temperature of injection of
280 °C, initial and final temperatures of the column of 40 °C and 300 °C,
respectively, with heat rate of 3 °Cmin'. A FAME standard (Sigma) was
also injected to identify the FA in the samples based on different
retention times. The ion source and interface temperatures were both
300 °C. The mass spectra were acquired using the scan mode with m/z
ranging from 50 to 700. FAME were identified using the NIST Standard
Reference Database.

2.6. Analytical methods and calculations

Microalgae growth was evaluated by ODysonm measures, using a
UV-vis spectrophotometer (UV-2600, Shimadzu), every 24 h during the
14-day cultivation. Maximum specific growth rates (pmax) were esti-
mated by the slope of the linear plot between the natural logarithm of
ODy750nm readings and time, during the exponential phase of growth.

Cell dry weight (CDW) concentrations were determined in the har-
vested biomass and performed in duplicate for each cultivation. First,
0.45 pm nitrocellulose membrane filters (Millipore) were dried for 12 h
at 70 °C, cooled down in a vacuum desiccator, and weighed until con-
stant weight. An aliquot of 10 mL of the algal suspension was vacuum
filtered and the membrane with wet biomass was dried in a microwave
oven for 10 min at low power. The dry biomass and membrane was then
weighed to constant weight and membrane’s weight was subtracted.
Cellular concentration (X) was calculated by dividing CDW by the vol-
ume (10 mL) (Zhu and Lee, 1997).

Carbon dioxide fixation rates (PCO3) were calculated using Eq. 1
(Kassim and Meng, 2017), where MCO, and MC are the molecular
weight of CO, (44 g mol™) and C (12 g.mol™1), respectively, C. is
average carbon content in the dry biomass according to elemental
analysis and P (g.L~1.d ') is microalgal biomass productivity (Eq. 2).

MCO
PCO, = CcPx ( MCZ) €}
p_ Xeinat — Xinitial @
tf[nul — linitial

Chlorophyll-a was extracted from appropriate volumes of biomass
samples with methanol for 30 min, in the dark, at 45 °C to give an
absorbance at 680 nm between 0.1 and 0.7 (Pruvost et al., 2011).
Absorbance was measured at 652, 665 and 750 nm and Chl-a concen-
trations were calculated by Eq. 3 (Ritchie, 2006).

[Chl — d] [%] — 8.0962( Agss — Arsp) + 16.5169 (Agss — Arso) 3)

Total carotenoids were spectrophotometrically quantified in the su-
pernatant by absorbance measures at 450 nm and using Eq. 4, where
Al% is the molar extinction coefficient of 2,500 (Britton, 1985) and V is
the volume of sample that gives the absorbance A4sy between 0.1 and

0.5 (50 mL).

Augsp . 10*
ATV

lem

Carotenoid content (yg mL’l) = (@)

Statistical analysis on the calculated parameters was conducted
using the Prism 6.0 software by application of the One-way ANOVA
analysis to determine the statistical significance of data differences (p <
0.05), with Tukey test as the post-test applied.
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2.7. Carotenoid characterization

2.7.1. Pre-purification

The pigments were pre-separated by passing 50 mL of each super-
natant of the end of the cultivation to a packed C18 silica column for
solid phase extraction (Sep-Pak Vac Cartridge 20cc, Waters), with par-
ticle size of 55-105 pm, similar in behavior to reversed-phase HPLC
columns, under vacuum pressure. The pigments were retained in the
column and were then eluted with 5 mL of methanol (HPLC grade,
Merck) (Fig.1).

2.7.2. Antioxidant activity

Trolox equivalent antioxidant capacity (TEAC) was used to evaluate
the antioxidant capacity of the extracellular pigments by comparison to
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) anti-
oxidant capacity. The quantitative assessment of antioxidant activity
against the radical ABTS' * (2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) was performed using spectrophotometric measures (UV-
2600, Shimadzu) of the consumption of the radical in the presence of
antioxidant substances (Re et al., 1999).

2.7.3. High performance liquid chromatography (HPLC) separation

A semi-preparative HPLC (Shimadzu) equipped with PDA detector
and automatic fraction collector was used to identify and separate the
carotenoids. The methanolic extracts, previously filtered at 0.22 pm,
were injected in a C18 reverse phase column (Zorbax, 9.4 mm x 250 mm
x 5 pm). As a mobile phase, the following program with acetonitrile
(Merck, HPLC grade) and Milli-q water containing 0.1% (v/v) of acetic
acid was used: 0-2 min, isocratic 5% acetonitrile; 2-32 min, linear
gradient of acetonitrile 5-80%; 32-35 min, isocratic acetonitrile 80%;
35-40 min, isocratic acetonitrile 5%. The flow rate of the mobile phase
was 3 mL min~?, the column temperature 40 °C and the injection vol-
ume was 1000 pL. The detection was made at 320 nm and absorption
spectrum in the UV-vis range.

2.7.4. Liquid chromatography coupled to mass spectrometry (LC-MS/MS
IT-TOF) analysis of the carotenoid fractions

The two carotenoid fractions separated in the semi-preparative HPLC
were N dried, dissolved in 200 pL of methanol (Merck, HPLC grade) and
passed through a 0.22 pm filter (Millipore) before injection. The carot-
enoids were qualitatively verified using a Shimadzu LC-IT-TOF-MS. This
hybrid instrument is an integration of ultra-high-performance liquid
chromatography (UHPLC) with IT-TOF-MS, a high-resolution mass
spectrometer. The UHPLC system (Shimadzu) consisted of a gradient
pump (LC-20AD), an autosampler (SIL-20AC), a degasser (DGU-20A3), a

Pigment
concentration

Methanolic
extract

Elution

Fig. 1. Pigments pre-purification steps in Sep-Pak C18 column and elution
with methanol.
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communication bus module (CBM-20A), and a column oven (CTO-
20AC). The analytes were separated using a Shim-pack XR-ODS column
(Shimadzu, 2.0 mm x 30 mm) at oven temperature of 40 °C and flow rate
of 0.2 mL min~!. The injection volume was 5 pL. The mobile phase
consisted of acetonitrile (Merck, HPLC grade) and Milli-q water with
0.1% (v/v) of acetic acid (0-2 min, isocratic with 5% acetonitrile; 2-15
min, linear gradient of 5-80% acetonitrile; 15-17 min, isocratic with
80% acetonitrile; 17-18 min, isocratic with 5% acetonitrile). The
detection was performed by PDA detector at 320 nm. The hybrid IT-
TOF-MS high-resolution spectrometer had an electrospray ionization
(ESI) source that operated in positive mode. The MS conditions were as
follows: nebulizer gas (Ny) flow rate, 1.5 L min’; drying gas (N2) pres-
sure, 100 kPa; curved desolvation line temperature, 200 °C; block heater
temperature, 200 °C; detector voltage, 1.63 kV; electrospray voltage, 4.5
kV; mass range, m/z 50-1,000 (MS! and MS?); TOF pressure, 1.3 x 1074
Pa; IT pressure, 1.8 x 1074 Pa; ion accumulation time, 10 msec. The
LC-MS/MS data were collected and processed by LabSolutions software
(Shimadzu).

3. Results
3.1. Growth kinetics of P. kessleri under different CO2 concentrations

In general, P. kessleri displayed different growth and product for-
mation kinetics under different CO, concentrations. Growth profiles
under 5 and 15% CO; were similar, while under 30% COy growth was
slower than in the other conditions after the end of the exponential
phase (Fig. 2). The exponential growth phases, determined from the
slope of the linear plot between the natural logarithm of OD7sopm
readings and time, occurred from day O to day 4 under 5% CO», from day
0 to day 3 or 4 (depending on the assay) under 15% CO; and from day 1
to day 3 or 4 (depending on the assay) under 30% CO,. The calculated
maximum specific growth rates were 0.74 + 0.09, 0.74 + 0.08 and 0.77
4+ 0.11 d"! under 5, 15 and 30% CO,, respectively, and the differences
were not statistically significant (p > 0.05) (Fig. 3a). CDW concentra-
tions on the 14th day of cultivation (Fig. 3b) were 1.09 + 0.12, 1.24 +
0.15e1.09 + 0.25 g L™}, and CO, fixation rates (calculated using Eq. 1,
Fig. 3c) were 158 + 7, 165 + 5 and 141 + 3 mg L'ld'l, under 5, 15 and
30% CO», respectively, obtained from carbon content in the biomass of
52.0, 47.5 and 48.5% for 5, 15 and 30% COo, respectively.

Interestingly, specific growth rates in this work were 2.5-3 fold
higher than the ones obtained by de Morais and Costa (2007) with
Chlorella kessleri: 0.257, 0.267, 0.267 and 0.199 d~! under 0.04, 6, 12
and 18% COs, respectively. The differences compared to our work that

4 4
3 4
£
5
S
8 —= 5% CO2
—0—15% CO2
’ —e—30% CO2
05 : : : . : : :
0 2 4 6 8 10 12 14
Time (d)

Fig. 2. Growth kinetics of the mangrove-isolated P. kessleri in photobioreactor
under CO, concentrations of 5, 15 and 30%. The error bars are the standard
deviation of the mean of 4 repetitions.
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Fig. 3. Physiological parameters of P. kessleri cultivations in photobioreactor
under 5, 15 and 30% CO,: maximum specific growth rate (jmax) (a), biomass
concentration (dw) on the 14th day of cultivation (b), and CO fixation rate (c).
The error bars are the standard deviation of the mean of 4 repetitions.

probably can explain the higher growth rates are several: the type of
bioreactor (we used stirred tank with constant agitation at 120 rpm), the
light source (we used LED, which provides light within a narrower range
of wavelengths than fluorescent lamps (Yan et al., 2016)), the volume of
headspace in the reactor (we used almost 2 L instead of 200 mL; this
headspace is necessary to improve gas-liquid mass transfer (Fung,
2002)). In addition, in our work the P. kessleri strain was first adapted to
30% COs, and in de Morais and Costa (2007) the strain was adapted and
maintained in 1% CO».

Likewise, the reported maximum biomass concentrations by de
Morais and Costa (2007) were lower than our results, except for the
condition of atmospheric CO5 (0.04%). The following values were ob-
tained: 1.45, 0.98, 0.80 and 0.88 under 0.04, 6, 12 and 18% CO»,
respectively. In the same report, CO, fixation rate under 18% COy was
163 mg L’ld’l, similar to the one obtained in this work, under 15% CO».
Higher values of CO, fixation rate from 251 to 1,500 mg L*d"! have been
reported for other microalgae, such as Dunaliella tertiolecta, Chlorella
vulgaris, Spirulina platensis, Botryococcus braunii and Synechocystis
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aquatilis (Singh and Singh, 2014).

The pH values in the culture medium varied considerably among the
cultivation conditions (Fig. 4). Initial pH values right after inoculation
were approximately 5.8, 5.5 and 5.0 for 5, 15 and 30% CO,, respec-
tively. Right after aeration supplied with CO5 in the reactor, the balance
HCO3 + H' < CO4 + Hy0 in the liquid is shifted to the formation of H',
decreasing pH; the more COj, the lower the pH. The oscillations during
one-day period are regarded to the light/dark photoperiods, while
sudden pH drops, pointed with arrows in Fig. 4, correspond to the
moment of atmosphere renovation. During phototrophic growth, in the
light period, microalgae consume CO5 and produce O,. Thus, with no pH
control or buffer solution, the pH tends to increase according to growth,
as more microalgae consume more CO», and the balance of the HCO3 +
H' < CO, + Hy0 reaction is then shifted to the formation of CO, and
H,0, decreasing the concentration of H" and consequently increasing
the pH. On the other hand, in the dark period, microalgae consume Oy
and produce CO, during respiration, decreasing pH.

Under 5% CO, pH increased from 5.7 on the first day to 10.5 on the
5th day, decreased until the 10th day, and increased again until the end
of the cultivation, because of interruption on CO» supply in the reactor.
On the cultivations under 15% CO,, the highest pH values during
exponential phase were around 6.5. However, from day 12-14, pH
abruptly increased and reached 10.5, when probably most of the CO5 in
the medium was consumed. Contrasting to pH profiles under 5 and 15%
CO9, under 30% CO; pH remained within a narrower range, varying
around 5-6 during the whole cultivation period. Under this CO3 con-
dition, closing the gas inlet, and consequently interrupting the atmo-
sphere renovation inside the photobioreactor, did not seem to interfere
on its COy concentration and, therefore, on the pH of the culture
medium.

Chlorophyll-a profiles (Fig. 5) exhibited the highest values of Chl-a
concentrations on days 4 and 5 of cultivation, decreasing until the end
of the cultivation. This may be explained by a nitrogen limitation in the
medium followed by degradation in nitrogen internal sources, such as
chlorophylls (Pruvost et al., 2011). Similar Chl-a profiles were described
by Li et al. (2015) in cultivations using Chlorella sp. previously adapted
to 10 and 20% of CO». In this work, we did not directly measure the
consumption of nitrogen; however, nitrogen percentages in the biomass
were indeed measured by elemental analysis on days 3 and 14. The
results showed an overall decrease from 5.26% (day 3) to 1.18% (day
14), in average.

3.2. Lipid content and FA composition of P. kessleri under different CO2
concentrations

The lipid content and FA composition of P. kessleri cultivated under
varying CO; concentrations (5, 15 and 30%) were evaluated during non-
limited nitrogen requirement. Total lipid contents were 241 + 11, 208 +
5e 183 + 14 mg g’1 of biomass (dw) under 5, 15 and 30% COa,
respectively. (Minhas et al., 2016) reported 21.42% (dw) of lipid content

—5%C02 ——15% C02 ——30% CO2

1 4 y

9 1 y
58] v Vo
" ) )
| P -
6 -_’r.—"' —r A A — Y LI—‘L.J—-ﬂ ..a_r"._‘ |
5 —1]
4
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time (d)

Fig. 4. pH profiles of P. kessleri cultivations under 5, 15 and 30% CO,.
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Fig. 5. Chlorophyll-a profiles of P. kessleri cultivations under 5, 15 and
30% CO,.

in P. kessleri, very similar to the one obtained in our study under 15%
CO2 (20.8%). In our study, increasing CO- concentration did not seem to
produce a positive effect on lipid accumulation, as lipid content under
5% CO; was approximately 30% higher than under 30% CO,, although
differences were not statistically significant (p > 0.05).

The FA composition analysis considered the five major FA present in
all evaluated samples (Table 1). For each cultivation condition, the
values reported consisted on the percentages of the mean value of the
chromatographic peak area for each FA in relation to the sum of chro-
matographic peak areas of all detected FA. It is also provided the per-
centage values of saturated fatty acids (SFA), mono-unsaturated fatty
acids (MUFA) and poly-unsaturated fatty acids (PUFA) in relation to the
total amount of FA detected.

The FA composition of P. kessleri presented palmitic acid (16:0), oleic
acid (18:1) and linoleic acid (18:2) as the major fatty acids in all the
cultivations, although their relative percentages were different
depending on the CO; concentration. For instance, palmitic acid yields
were higher under 30% CO3 (around 60%) compared to the other con-
ditions (around 30%). In contrast, the amounts of PUFA were higher
under 5% CO, (around 50%) and decreased to 28.0% and 15.4% under
15 and 30% CO,, respectively. Another significant difference was on
oleic acid production, which increased from almost 14 to 30%, under 5
and 15% CO,, and decreased to 11% under 30% CO,. The increase in
oleic acid production has been previously reported as an indication of
high cell density and accumulation of lipids, normally promoted because
of nutrient limitations (van der Ha et al., 2012).

3.3. The impact of CO2 on carotenoid production

We observed that P. kessleri produced extracellular carotenoid-like
pigments with colors ranging from yellow to red and varying in-
tensities depending on the CO5 concentration in the cultivations. Table 2
shows pictures of the algal suspensions (before centrifugation) and the
cell-free centrifuged growth media at the end of the cultivations. We
hypothesized that the onset for the production of this metabolite is
triggered by the stress caused by the lack of CO, available, because the
reddish color was less intense on cultivations under 30% CO», where the
interruption on atmosphere renovation most likely did not interfere on
the average CO, concentration inside the reactor.

Fig. 6 presents the mean values of total carotenoid concentrations
obtained by spectrophotometric measures at 450 nm. According to this
methodology, carotenoid production was observed in all cultivations,
with concentrations of approximately 0.030 + 0.005, 0.026 + 0.006 and
0.011 + 0.002 pg mL~! under 5, 15 and 30% CO., respectively. Total
carotenoid content was approximately 16% higher under 5% CO3 when
compared to 15% CO,, although this difference was not statistically
significant (p > 0.05). However, the total carotenoid content under 15%
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Table 1
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Content of major fatty acids and amounts of SFA, MUFA and PUFA in P. kessleri cultivated under 5, 15 and 30% COx.

Fatty acid content (%, relative percentage)

CO,, concentration (%) 16:0 18:0 18:1 18:2 18:3 SFA MUFA PUFA

5 26.0 + 1.4 8.7 +1.2 13.9 £ 6.7 31.0+1.1 20.4 + 5.8 34.7 + 2.6 13.9 + 6.7 51.4 + 6.9
15 30.3+1.9 9.0 +£ 0.2 30.3+0.1 28.0 + 1.8 ND 39.3+21 30.3+0.1 28.0 + 1.8
30 61.9 +11.2 3.5+05 115+ 1.8 15.4 £ 5.0 ND 65.4 + 11.7 11.5+1.8 15.4 £ 5.0

ND - not detected.

Table 2

Final biomass after P. kessleri cultivations under different CO, concentrations. The algal suspensions before centrifugation are on the left side and the cell-free media are

on the right side.

CO. concentration

Fig. 6. Total carotenoid concentrations on cell-free media after P. kessleri cul-
tivations under CO, concentrations of 5, 15 and 30%.

CO4 was almost 140% higher when compared to 30% CO,, and this
difference was statistically significant (p < 0.01).
Although P. kessleri is known to produce exopolysaccharides,
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polysaccharides that are released to the extracellular environment
(Raposo et al., 2013), to our knowledge there is no report on extracel-
lular production of carotenoids by this species. Intracellular astaxanthin
and lutein productivities from P. kessleri obtained by Minhas et al.
(2016) were 0.07 and 0.04 mg L1a 1, respectively, and the lutein
content was 0.28 mg g~ * (dw). These values are higher than the highest
concentration of total carotenoids obtained in our study (0.03 mg L™1).

3.4. Carotenoid characterization

The pigment methanolic extracts from P. kessleri cultivation under
CO4, conditions of 5, 15 and 30% presented antioxidant activity using the
ABTS method (Re et al., 1999), and the same chromatographic profiles
in HPLC. They were analysed by HPLC with PDA detector to separate
and verify different UV-vis spectra of the fractions.

Two fractions were identified as carotenoid-like because they pre-
sented Amax Of 405 and 427 nm, the yellow pigment (Fig. 7a), and 455,
485, 524 nm, the red one (Fig. 7b). Adjacent absorbance peaks on these
regions of the visible light spectrum are characteristic of carotenoids and
indicate multiple chromophore groups (Rodriguez-Amaya, 2001). Both
carotenoid fractions were collected in the semi-preparative HPLC for
LC—MS/MS analysis.
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Fig. 7. UV-vis spectra of carotenoid-like fractions obtained after HPLC separation of the pigment methanolic extracts: a) yellow fraction and b) red fraction.

The ESI mass spectrum of the yellow pigment in positive ion mode
presented a protonated molecule at m/z 299 ([M+H] ™), and its MS/MS
fragmentation presented one product ion at m/z 258. With these data its
interpretation was not conclusive. On the other hand, the ESI mass
spectrum of the red pigment (Fig. 8a) presented two protonated mole-
cules at m/z 285 ([M+H]™") and m/z 569 ([M+H]™"), the latter corre-
sponding to the molecular formula C4oHs602 (568.88 g mol ™). A careful
analysis of the metabolites in the xanthophyll metabolism of microalgae
using Kegg’s platform (https://www.genome.jp/kegg/) provided two
possible isomers with this molecular formula: zeaxanthin and lutein.
However, the protonated molecule at m/z 569 cannot be assigned to one
of these isomers, or other unknown isomer, without an elucidative
interpretation of the MS/MS spectrum (Fig. 8b), which the product ions
are described in Table 3.

In ESI positive mode, carotenoids can produce both molecular ions
Mt or protonated molecules [M+H]", which makes their structural
elucidation very complex (Guaratini et al., 2005). Different product ions
are present in the MS/MS analysis of carotenoids, which have been
proposed as a result of cleavages in the polyene chain of carotenoids,

followed by hydrogen transfer (Neto et al., 2016). The losses of 92 mass
units (mu), corresponding to toluene, 106 mu, corresponding to xylene,
and 18 mu, corresponding to hydroxyl end groups, are well reported in
carotenoids (Atienza et al., 2007; Guaratini et al., 2005).

In Table 3, the product ions in bold are the most abundant, and the
others in the second row are less abundant but not less relevant. Among
the abundant ions, none of them resulted from the characteristic losses
of 18, 92 or 106 mu. Protonated molecules [M+H]" do not form toluene
and xylene fragments using ESI with ion trap (IT) (Weesepoel et al.,
2013), at least not with high intensity. However, the product ions in m/z
551 [M+H-18]%, 533 [M+H-18-18]%, 477 [M+H-92]", and 445
[M+H-18-106]" were found in much less intensity.

Although the red pigment produced by P. kessleri, in this work, is
undoubtedly a carotenoid and represent a potential source of high value
bioproducts, its structural elucidation was not achieved by the combi-
nation of techniques used, remaining as future perspectives.
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Fig. 8. LC-MS data of the red carotenoid-like pigment produced by P. kessleri (a) and MS/MS fragmentation of the protonated molecule at m/z 569 (b).

Table 3
MS/MS product ions and Apax (nm) of the red carotenoid-like pigment fraction.

Carotenoid Amax (nm) [M + H]* MS/MS product ions (m/z)
(m/z)
Red 320, 455, 485, 569.3 539.3; 496.2; 432.2; 420.2
pigment 524

551 [M-+H-18]"; 533 [M+H-
18-181%;
477 [M+H-92]%; 445 [M+H-
18-106]%;

4. Discussion

The lipid composition of microalgae may vary according to the cul-
ture conditions. The lack of nutrients and high cell density may interfere
on the lipid composition; unsaturated FA are normally consumed as
energy source and SFA are accumulated (Renaud et al., 2002; Andrade
et al., 2015). Indeed, the increase on SFA and MUFA during nutrient
starvation has been well reported (Lim et al., 2012), and this can
probably explain the increase on SFA with increasing amounts of CO3 in
our cultivations.

Oils with proper characteristics for biodiesel production have been
reported, showing highly balanced composition of SFA, MUFA and
PUFA (Nascimento et al., 2015). Biodiesel feedstock with a high degree
of saturation is more resistant to oxidation and more stable in presence
of light, oxygen, high temperatures, and metals (Mutanda et al., 2011).
Nevertheless, while this approach may prove useful for biodiesel pro-
duction, the reduction in PUFA on microalgae FA composition is an issue
for high value -3 production for commercialization (Lim et al., 2012)
(Borowitzka, 2013).

In this respect, the present report suggests that the CO> levels on the
cultivations impacted on the potential biotechnological application of
the biomass. High CO, concentrations of 15 and 30% elevated SFA and
MUFA in P. kessleri, making more suitable for biodiesel production,
while drastically decreased »-3 (18:3). On the other hand, 5% CO2 may
be a strategy for the production of PUFA for a high value market. Thus,
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for the use of CO5 sources other than atmospheric air, the CO; concen-
tration should be evaluated according to the desired application.

To our knowledge, the only report on microalgae extracellular
carotenoid production was the one by Botryococcus braunii, and the main
component produced was the ketocarotenoid equinenone (Cheng et al.,
2019). This species is known to produce extracellular hydrocarbons as
sources of biofuels and polysaccharides. It is also known to produce
intracellular carotenoids, such as neoxanthin, loroxanthin, violaxanthin,
lutein, a-carotene and p-carotene (Cheng et al., 2019).

One of the challenges of natural carotenoid production in large scale
is the cost associated with processing. Carotenoid pigment production
from microalgae involves harvesting, extraction and downstream pro-
cessing, which may be challenging. For instance, cells with very small
surface area to volume ratio coupled with a multi-layered cell wall can
make it extremely recalcitrant to disruption and may require cost
demanding extraction methods, which will impact on the final price of
the product (Ambati et al., 2019; Novoveska et al., 2019). In addition,
most of the extraction methods require dry biomass, which is also energy
and cost demanding. In this respect, extracellular pigments represent a
potential alternative to overcome these challenges and to develop more
sustainable downstream methods.

5. Conclusions

P. kessleri isolated from mangrove sites and selected under 30% CO,
atmosphere was proved as a high COo-tolerant microalga capable of
producing an extracellular red carotenoid-like pigment. This work
evaluated the growth kinetics, biomass production, fatty acid profile and
total carotenoid yields of P. kessleri cultivated in photobioreactors under
different CO2 concentrations (5, 15 and 30%), providing parameters to
identify potential biotechnological applications of the produced
biomass. The kinetics for all tested conditions were similar, although
30% CO3 required an adaptation phase. Cell dry weight concentrations
and CO- fixation rates were higher under 15% CO-, and this corrobo-
rates with higher amounts of oleic acid under this condition, which is an
indication of high cell density. In contrast, total lipids, PUFA and total
carotenoids were higher under 5% CO; compared to the other
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conditions. The extracellular red pigment is soluble in methanol, pre-
sented antioxidant activity and provided UV-vis absorbance character-
istic of molecules with multiple chromophore groups. MS analysis of the
purified fraction pointed to a compound with molecular weight of 568 g
mol !, which could not be assigned to a specific carotenoid, although its
MS/MS fragmentation confirmed the presence of product ions well re-
ported in carotenoids. To our knowledge, this is the first report on
extracellular carotenoid production by P. kessleri, which is particularly
advantageous considering the extraction methods of intracellular ca-
rotenoids from microalgae.
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