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Interest in pigment composition of microalgae species is growing as new natural pigments sources are being
sought. However, we still have a limited number of species of microalgae exploited to obtain these compounds.
Considering these facts, the detailed composition of carotenoids and chlorophylls of two species of green
microalgae (Chlorella sorokiniana and Scenedesmus bijuga) were determined for the first time by high-performance
liquid chromatography coupled to diode array and mass spectrometry detectors (HPLC-PDA-MS/MS). A total of
17 different carotenoids were separated in all the extracts. Most of the carotenoids present in the two microalgae
species are xanthophylls. C. sorokiniana presented 11 carotenoids (1408.46 pg g~1), and S. bijuga showed 16
carotenoids (1195.75 pg g~1). The main carotenoids detected in the two microalgae were all-trans-lutein and all-
trans-p-carotene. All-trans-lutein was substantially higher in C. sorokiniana (59.01%), whereas all-trans-p-carotene
was detected in higher quantitative values in S. bijuga (13.88%). Seven chlorophyll compounds were identified in
both strains with different proportions in each species. Concentrations of chlorophyll representing 7.6% and
10.2% of the composition of the compounds present in the biomass of C. sorokiniana and S. bijuga, respectively.
Relevant chlorophyll compounds are reported for the first time in these strains. The data obtained provide sig-
nificant insights for microalgae pigment composition databases.

1. Introduction

Over the last few years, changes in eating habits, and modifications in
nutritional requirements have led to considerable alterations in food
formulation, shifting consumption trends towards natural products with
functional properties (Koyande et al., 2019). Because a consequence of
these changes, the natural color of food is estimated as the largest
segment of products in the food coloring market, representing more than
80% of the total revenue of this sector. So the global food colors market
was set at USD 1.79 billion in 2016, with revenue growth estimated at
USD 2.97 billion by 2025 (Grand, 2019). Thus, emerging technologies for
obtaining these compounds are necessary to supply this high demand.

In this sense, most of microalgae biotechnology companies concen-
trate investments and technology in the chemical specialties, as bioactive
compounds, which can be successfully allocated in industrial sectors such
as the pharmaceutical, nutritional and food industries (Sudhakar et al.,
2019; Jacob-Lopes et al., 2018). This is fundamentally supported by the
fact that microalgae biomass has become a promising alternative for
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obtaining natural compounds (Sathasivam et al., 2017). Since its meta-
bolic diversity, coupled with its high biotechnological potential, allows
the production of various biocompounds such as fatty acids, amino acids,
and pigments that may have beneficial effects on human health. Thus,
compounds coming from microalgae can be considered for significant
applications in the development of functional food products (Matos,
2017; Khanra et al., 2018). Besides, the production of microalgae
biomass has the advantage of high sustainability, as they absorb CO,
from the atmosphere, withstand extreme environmental conditions, have
high productivity, and do not compete with terrestrial crops for agri-
cultural land (Draaisma et al., 2013; Khan et al., 2018).

According to Spolaore et al. (2006), the exploration of compounds
with bioactive activity has the potential to value up to 100 times the
microalgae biomass when compared to the exploitation for energy or
animal feed purposes. Associated with this perspective, the possibility of
producing these biomolecules from biotechnological processes opens a
field of exploitation with high technical-economic potential. Since the
productive capacities are some orders of magnitude superior to the
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conventional systems of production of bioactive compounds currently
supported in plant biomass (Yen et al., 2013; Kothari et al., 2017).

In the current state, scientific researches are continually being
developed in the academic community with the primary objective of
expanding knowledge about the diversity of existing microalgae species
for possible commercial applications (Rodrigues et al., 2014; Fernandes
et al., 2017; Patias et al., 2017; Fagundes et al., 2019; Maroneze et al.,
2019; Nascimento et al., 2019; Vendruscolo et al., 2018). In this context,
one of the fundamental parameters to establish the biotechnological
capacity of using microalgal biomass as a source of bioproducts is to
characterize the chemical composition of the biomass.

However, considering the number of species known in the world
(according to some estimates 50,000 species), only 30,000 have been
studied (Sathasivam et al., 2017). Among the species that are considered
underexploited, the class Chlorophyceae, including species such as
Chlorella sorokiniana and Scenedesmus bijuga, have the potential for use in
bioprocesses, due to their robustness and simple nutritional re-
quirements, rapid growth, and substantial content of compounds to be
exploited (Borowitzka et al., 2018).

As photosynthetic microrganisms, microalgae are one of the most
abundant and most varied producers of carotenoids and chlorophylls
(Mulders et al., 2014), being the carotenoids the most exploited fraction
of microalgae pigments (Gong and Bassi, 2016; Rajesh et al., 2017). Ina
study carried out by Patias et al. (2017), 23 different carotenoids were
identified in biomass extracts of three species of microalgae. Further-
more, the relationship between function and structure was used to
explain the antioxidant properties of these carotenoids. Recently, the
carotenoid profiles of biomass from five eukaryotic microalgae were
evaluated, and it was shown that microalgae showed species-specific
carotenoid profiles and some species prevalence of xanthophylls over
carotenes (Di Lena et al., 2019). Furthermore, from this promising mi-
croorganisms group, carotenoids such as f-carotene, a-carotene, zeax-
anthin, lutein, violaxanthin, echinenone, mixoxantophyll, and
canthaxanthin can be isolated, being some of these are produced exclu-
sively by microalgae (Takaichi, 2011).

The microalgae represent a successful model in terms of commercial
carotenoid production, through the cultivation of Dunaliella salina and
Haematococcus pluvialis, with a focus on p-carotene and astaxanthin (up to
7% and 13% dry weight, respectively) (Rammuni et al., 2018). Besides,
the global market for carotenoids is projected to reach US $ 1.7 billion by
the year 2022. f-carotene, astaxanthin, and lutein have the largest
market share. Moreover, world market projections show that in the year
2022, astaxanthin comes to reach the US $ 426.9 million, B-carotene US $
572.78 million, and lutein US $ 357.7 million (Mcwilliams, 2018).

The main interests associated with these compounds are related to the
color and the potential for sequestration of reactive nitrogen species
(RNS), oxygen (ROS), especially the singlet oxygen species (*105) and
non-biological radicals, which are associated with antioxidant properties
(Rodrigues et al., 2012). Additionally, these pigments have been asso-
ciated with the provitamin A activity of carotenoids containing  rings,
enhanced immune system functions, reduction of the risk of developing
chronic diseases such as cancer, age-related macular degeneration, type 2
diabetes, cardiovascular diseases, and adipocyte function, adiposity and
obesity (Rodriguez-Concepcion et al., 2018; Meléndez-Martinez, 2019;
Khalid et al., 2018). Moreover, In vivo study in mice demonstrated the
importance of the microalgae carotenoid fraction in the protective in-
fluence against tissue lipid peroxidation (Nascimento et al., 2019).

Chlorophylls are commercially important natural green pigments that
constitute a large and diverse family of biomolecules similar to each
other, representing the most abundant class of pigments (Roca et al.,
2016). They are reported as one of the main fractions of secondary me-
tabolites in the constitution of the microalgae biomass, are mainly pre-
sent in the species of green microalgae (Borowitzka et al., 2018).

Even if the characterization of chlorophylls has recently been re-
ported in macroalgae (edible seaweeds) (Chen et al., 2015a, 2015b,
2017), the literature lacks information on the qualitative and
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quantitative profile of these compounds in microalgae species (Chlor-
ophyta) (Fernandes et al., 2017; Garrido and Zapata, 1996; Garrido et al.,
2011). This fact may be related to the difficulties of the analysis to
characterize these compounds, mainly due to the tremendous chemical
instability of these molecules and the need for specific tools, as HPLC
coupled with mass spectrometry (MS/MS) for more reliable results.

As well as for carotenoids, these photochemical compounds have also
been proved to possess prominent benefits to human health. Chlorophyll
is a well-known detoxifying agent and a phytonutrient. It has a positive
effect on human reproduction and improves the metabolism of proteins,
carbohydrates, and lipids in humans (Koyande et al., 2019; Solymosi and
Mysliwa-Kurdziel, 2017). Also, anticarcinogenic, antigenotoxic, anti-
mutagenic properties, anti-inflammatory activity as well as in vitro
anti-oxidant activity has been demonstrated for these compounds (Lan-
fer-Marquez et al., 2005; Pareek et al., 2017; Pérez-Galvez et al., 2017).

Considering these aspects, we here present the results of a study by
HPLC-PDA-MS/MS on the carotenoid and chlorophyll characterization
and total content in the biomass from two microalgae species, Chlorella
sorokiniana, and Scenedesmus bijuga. Furthermore, the results presented
provide extra value for the composition of biomass in these species, since
important functional compounds have been appropriately characterized,
which may attract attention for the application of these molecules in food
and nutraceutical products. As well as, the data provided are valuable in
view of industrial exploitation of alternative sources for obtaining natural
pigments.

2. Materials and methods
2.1. Chemicals

Standards of all-trans-zeaxanthin, all-trans-lutein, all-trans-p-carotene,
all-trans-a-carotene, chlorophyll a, chlorophyll b were purchased from
Sigma-Aldrich (Missouri-MO, USA). The pheophytin a standard was ob-
tained in our laboratory through an acid hydrolysis reaction from the
standard chlorophyll a, where the Mg2* ion is replaced by two hydrogen
atoms (Fernandes et al., 2017). Methanol, ethanol, acetone, methyl
tert-butyl ether (MTBE), ethyl acetate, petroleum ether and diethyl ether
were purchassed from Sigma-Aldrich (St. Louis-MO, USA).

2.2. Microorganisms and culture media

Axenic cultures of Chlorella sorokiniana (CPCC138) were obtained
from the Canadian Phycological Culture Centre (CPCC) of the University
of Toronto, Canada and Scenedesmus bijuga (UTEX2980) was obtained
from the Algae Cultures Collection (UTEX) of University of Texas. Stock
cultures were propagated and maintained in synthetic BG11 medium
(Braun-Grunow medium) (Rippka et al., 1979). The incubation condi-
tions were 25 °C, photon flux density of 150 pmol m 2s™! and a
photoperiod of 12/12 h day:night with constant agitation were used.

2.3. Microalgal biomass production

The biomass production was carried out in a bubble column photo-
bioreactor operating on batch mode, with a total working volume of 2.0 L
synthetic of BG-11 medium (Maroneze et al., 2016). The experimental
conditions were as follows: initial concentration of inoculum of
100 mg.L’l, temperature of 25 °C, continuous aeration of 1VVM (volume
of air per volume of culture per minute) with the injection of air enriched
with 15% carbon dioxide, a photon flux density of 150 pmol m 2.5~ %,
photoperiod of 12/12 h light:dark, and a residence time of 168 h. The
cultivations were performed twice, and in duplicate.

2.4. Biomass concentration

The biomasses were separated from the culture medium by centri-
fugation. It was subsequently freeze dried (Lyophilizer Liotop L101) for
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24 h at —50 °C above —175 pm Hg, and then stored under refrigeration
until the time of analysis.

2.5. Dry weight determination

To determine the total dry weight (DW), the freeze-dried biomass was
kept in a desiccator and subsequently weighed on an analytical balance.

2.6. Carotenoid extraction

The carotenoids were exhaustively extracted from the freeze-dried
sample (0.2 + 0.02 g) first with ethyl acetate and then with methanol
in a mortar with a pestle followed by centrifugation (Hitachi, Tokyo,
Japan) for 7 min at 1500xg (Mandelli et al., 2012). The extraction pro-
cedure was repeated until the supernatant becomes colorless, which was
reached approximately after 11 extractions with ethyl acetate and 6 with
methanol. The homogenized sample suspension was filtered through a
0.22 pm polyethylene membrane, concentrated in a rotary evaporator
(T < 30 °C), suspended in a mixture of petroleum ether/diethyl ether [1:1
(v/v)], and saponified overnight (16 h) with 10% (w/v) methanolic KOH
at room temperature. The alkali was removed by washing with distilled
water, and each extract was once again concentrated in a rotary evapo-
rator, flushed with Ny and kept at —37 °C in the dark until chromato-
graphic analysis. All extractions were performed in triplicate.

2.7. Chlorophyll extraction

The chlorophylls was exhaustively extracted from the freeze-dried
samples (0.2 + 0.02 g) with ethyl acetate and methanol in a mortar
with a pestle followed by centrifugation (Hitachi, Tokyo, Japan) for
10 min at 5500 rpm (Fernandes et al., 2017). The extraction procedure
was repeated until the supernatant becomes colorless. The homogenized
sample suspension was filtered through a 0.22 pm polyethylene mem-
brane, concentrated in a rotary evaporator (T < 30 °C).

In order to separate carotenoids from the chlorophyll, the samples
were submitted to preparatory open column chromatography. Separation
of the extract was carried out on a 25 x 300 mm glass column packed to a
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height of about 150 mm with MgO:Hyflosupercel (1:1) activated for
4 h at 110 °C. The carotenoids were eluted with a gradient of petroleum
ether with increasing concentrations of acetone (50:20, 50:30, 50:40 and
50:50 v/v) and chlorophyll fraction was obtained in ethanol. To ensure
the integrity of the chlorophyll pigments, the separation occurred at
room temperature (T < 30 °C), in low light, for approximately 2 h. The
separation could be followed visually. The ethanol extract was parti-
tioned in petroleum ether/diethyl ether [1:1 (v/v)] in a separatory fun-
nel, and then washed with water to remove residual ethanol. The
petroleum ether phase was collected and concentrated in a rotary evap-
orator (30 °C), flushed with Ny and kept at —37 °C in the dark until
chromatographic analysis.

2.8. HPLC-PDA-MS/MS carotenoids and chlorophylls analysis

The carotenoids and chlorophylls were analyzed by high performance
liquid chromatography HPLC (Shimadzu, Kyoto, Japan) equipped with
quaternary pumps (model LC-20AD), online degasser, and injection valve
with a 20 pL loop (Rheodyne, Rohnert Park, CA, USA). The equipment
was connected in series to a PDA detector (model SPD-M20A) and a mass
spectrometer with an ion-trap analyzer and atmospheric pressure
chemical ionization (APCI) source (model Esquire 4000, Bruker Dal-
tonics, Bremen, Germany). The UV-vis spectra were processed at 450 nm
for carotenoids and at 660 nm for chlorophylls. Carotenoid and chloro-
phylls separation was carried out on a C30 YMC column (5 pm,
250 x 4.6 mm) (Waters, Wilmington, DE, USA). Prior to HPLC-PDA-MS/
MS analysis, the carotenoid and chlorophyll extracts were solubilized in
MeOH:MTBE (1:1) and filtered through Millipore membranes (0.22 pm).
The MS parameters for carotenoids analysis were as follows: positive
mode; current corona, 4000 nA; source temperature, 450 °C; dry gas, No,
temperature, 350 °C; flow, 60 L/h; nebulizer, 5 psi; MS/MS fragmenta-
tion energy, 1.4 V. The mass spectra were acquired with scan range of
m/z from 100 to 700 (de Rosso and Mercadante, 2007). The mobile
phase consisted in MeOH (solvent A) and MTBE (solvent B) mixture. A
linear gradient was applied from 95:5 to 70:30 in 30 min, to 50:50 in
20 min. The flow rate was 0.9 mL min~! and the column temperature set
to 29 °C. HPLC-PDA parameters for chlorophyll analysis were set as
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Fig. 1. Chromatogram, obtained by HPLC-PDA, of the carotenoids extract from Chlorella sorokiniana (A) and Scenedesmus bijuga (B). See text for chromatographic
conditions. Peak identification and characterization are given in Table 1. Chromatogram was processed at 450 nm.
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Table 1
Chromatographic, UV-vis spectrum and mass characteristics of carotenoids from Chlorella sorokiniana and Scenedesmus bijuga, obtained by HPLC-PDA-MS.
Peak” Carotenoid tg (min)” UV-Vis characteristics Fragment ions (positive mode) (m/z)
Amax (NM)° I/ (%)¢ AB/II (%)° [M+H]* MS/MS'
1 All-trans-neoxanthin 6.7 418, 441, 469 67 0 601 (64.8)" 583 [M + H-181" (100); 565 [M + H-181"

(78.3);509 [M + H-92]" (1.0); 491 [M + H-92-18]"
(1.0); 221 (1.8)

2 9-cis-neoxanthin 6.9-7.1 421, 445, 469 11 nd’ 601 (50.0) 583 [M + H-18]" (100); 565 [M + H-18]" (42.8);
509 [M + H-92]" (0.5); 491 [M + H-92-18]" (1.5);
221(0.4)

3 9-cis-violaxanthin 8.0 329, 412, 435, 463 77 12 601 (89.0) 583 [M + H-18]" (100); 565 [M + H-18-18]" (6.2);

547 [M + H-18-18-18]" (29.6); 509 [M + H-92]*
(23.4);491 [M + H-92-18]" (0.7); 221 (0.6)

4 Cis-lutein 9.3 328, 405, 431, 448 0 31 nd’ 551 [M + H-18]" (in source, 100); 533 [M + H-18-
18]" (2.4); 495 [M + H-18-56]" (0.1)

5 15-cis-lutein 10.2-10.3 330, 414, 439, 465 25 39 569 (11.1) 551 [M + H- (181" (in source, 100); 533 [M + H-18-
18]" (3.1); 495 [M + H-18-56]" (1.0)

6 13-cis-lutein 11.2 330, 414, 437, 465 38 43 nd’ 551 [M + H-18]" (in source, 100); 533 [M + H-18-
181" (3.0); 495 [M + H-18-561" (1.6)

7 All-trans-lutein 12.6 420, 444, 472 60 0 569 (26.3) 551 [M + H-18]" (in source, 100); 533 [M + H-18-
18]" (2.5); 495 [M + H-18-56]" (0.6)

8 All-trans-zeaxanthin 14.9 425, 450, 476 33 0 569 (100) 551 [M + H-18]" (3.3); 533 [M + H-18-18]" (0.2);
477 [M + H-92]" (1.8)

9 9-cis-lutein 15.3 330, 416, 439, 467 63 12 569 (25.0) 551 [M + H-18]" (in source, 100); 533 [M + H-18-
18]" (3.5); 495 [M + H-18-56]" (1.2)

10 9'-cis-lutein 17.9 330,418, 440, 467 56 19 569 (28.5) 551 [M + H-18]" (in source, 100); 533 [M + H-18-
181" (3.4); 495 [M + H-18-56]" (1.2)

11 9-cis-zeaxanthin 19.3 420, 444, 471 36 ncé 569 (100) 551 [M + H-18]" (4.5); 533 [M + H-18-18]" (2.0);
477[M + H-921" (0.8)

12 p-carotene-5,6-epoxide 22.0 420, 445, 472 47 0 553 (100) 535 [M + H-18]" (13.7); 461 [M + H-92]" (6.8)

13 All-trans-echinenone 24.3 468 0 nd" 551 (100) 533 [M + H-18]" (1.0); 203 (2.3)

14 13-cis-p-carotene 25.8 336, 418, 444, 469 7 53 537 (100) 481 [M + H-56]" (1.0); 444 [M-92]" (54)

15 All-trans-a-carotene 28.3 420, 445, 473 50 0 537 (100) 481 [M + H-56]" (0.5); 444 [M-92]" (36)

16 All-trans-p-carotene 32.4 425, 451, 477 17 0 537 (100) 481 [M + H-56]" (0.5); 444 [M-92]" (3.7)

17 9-cis-p-carotene 34.5 422, 445, 472 18 ncé 537 (100) 444 [M-92] " (4.6)

# Numbered according to the chromatogram shown in Fig. 1.

b tg: Retention time on the C30 column.

¢ Linear gradient Methanol:MTBE.

4 Spectral fine structure: Ratio of the height of the longest wavelength absorption peak (II) and that of the middle absorption peak (II).

¢ Ratio of the cis peak (AB) and the middle absorption peak (II).

f Not detected.

8 Not calculated.

b Relatives intensities for each m/z value appear in parentheses and are expressed as a percentage of the most abundant fragment ion.

! Detailed data about mass fragmentation were reported in detail in the literature (Patias et al., 2017; de Rosso and Mercadante, 2007; Van Breemen et al., 2012).

previously described by Murillo et al. (2013) with some minor modifi- chlorophyll @' where quantified using the curve of chlorophyll a; the
cations. The mobile phase consisted in binary solvent mixture system. hydroxypheophytin a, pheophytin a using the curve of pheophytin a; and
Solvent A consisted of MeOH:MTBE:H20 (81:15:4) and solvent B chlorophyll b and chlorophyll b’ where quantified using the curve of chlo-
MeOH:MTBE:H20 (16:80:4), using a linear gradient program as follows: rophyll b. Total chlorophyll content was calculated considering all identi-
from 0 to 20 min 0% B; from 20 to 140 min, 0-100% B; from 140 to fied peak areas.

141 min, 100 to 0% B, from 141 to 150 min, 0% B. The flow rate was set

at 0.8 mL/min, the column temperature was maintained at 35 °C. The MS 2.9. Statistical analysis
parameters were the same as described above for carotenoids.

The identification was performed according to the following com- Descriptive statistics, analysis of variance (one-way ANOVA) and
bined information: elution order on C30 HPLC column, co- Tukey's test (p < 0.05) were applied to experimental data. The analyses
chromatography with authentic standards, UV-visible spectrum (A were performed with the software GraphPad Prism 5.0 (GraphPad Soft-
max, spectral fine structure, peak cis intensity for carotenoids), and mass ware Inc., La Jolla-CA, USA).
spectra characteristics (protonated molecule ([M+H]") and MS/MS
fragments), compared with data available in the literature [14, 15, 35 45, 3. Results and discussion
47, 48, 49, 50, 51].

The carotenoids were quantified by HPLC-PDA, using external cali- 3.1. Profile carotenoids
bration curves for all-trans-zeaxanthin, all-trans-lutein, all-trans-p-caro-
tene, all-trans-o-carotene of five concentration levels. All other Although studies on carotenoids in these microalgae strains have
xanthophyll and carotene contents were estimated using the curve of all- been reported in the literature, most of these present only quantitative
trans-lutein and all-trans-p-carotene, respectively. The cis-isomers were values of the total carotenoids profile or some specific compound by PDA
estimated using the curve of the corresponding all-trans-carotenoid. Total  yithout addressing in detail characterization of total carotenoid
carotenoid content was calculated as the sum of the contents of each composition (Chen et al., 2016; Minhas et al., 2016; Azaman et al., 2017).
individual carotenoid separated on the C30 column. Thus, to the best of our knowledge, this is the first time that this

The chlorophylls were quantified by HPLC-PDA using external calibra- analytical approach has been applied to characterizing, both qualita-
tion curves for chlorophyll a, chlorophyll b and pheophytin a with a mini- tively and quantitatively, the composition of carotenoids in C. sorokiniana

mum of five concentration levels. Hydroxychlorophyll a, chlorophyll a and and S. bijuga by HPLC-PDA-MS/MS.
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Table 2
Quantitative characterization of carotenoids in microalgae extracts (ug.g-' dry
weight).

Peak Carotenoid Chlorella Scenedesmus bijuga
sorokiniana

1 All-trans-neoxanthin 63.39 + 0.09 nd
2 9-cis-neoxanthin 68.04° & 0.08 151.52" + 1.26
3 9-cis-violaxanthin 53.79% + 0.07 32.99° + 2.76
4 Cis-lutein nd 13.66 + 1.14
5 15-cis-lutein 36.65" & 0.05 35.16% & 2.94
6 13-cis-lutein nd 14.75 £ 1.23
7 All-trans-lutein 831.18% +1.18 526.40° + 4.40
8 All-trans-zeaxanthin 44.81° + 0.06 27.59" + 2.30
9 9-cis-lutein 24.13% + 0.03 40.74" + 3.41
10 9'-cis-lutein 16.52% + 0.02 40.18" + 3.36
11 9-cis-zeaxanthin nd 7.52 + 0.62
12 p-carotene-5,6-epoxide nd 13.39 £ 1.12
13 All-trans-echinenone nd 15.46 + 1.29
14 13-cis-p-carotene nd 15.95 + 1.33
15 All-trans-o-carotene 71.47° £ 0.10 40.51" + 3.39
16 All-trans-p-carotene 156.21% £ 0.22 165.95* + 1.38
17 9-cis-B-carotene 42.27% + 0.06 53.98" + 4.51
Total 1408.46" 1195.75°

carotenoids

Values are average and standard deviation of triplicates.
nd: not detected.
Different letters in the same line differ significantly by Student's t-test (a = 0.05).

The carotenoids, extracted from biomass of C. sorokiniana and
S. bijuga, were chromatographically separated (Fig. 1), which were
identified on the based on the combined information obtained from
chromatographic elution on a C30 column, co-chromatography with
standards, UV-visible, mass spectra characteristics, compared with data
available in the literature (Table 1). Since a detailed description of
carotenoid identification using the above information was already re-
ported in detail in the literature (Patias et al., 2017; de Rosso and Mer-
cadante, 2007; Rodrigues et al., 2015), only the quantitative observations
are discussed below.

A total of seventeen carotenoids were separated in the extracts of
C. sorokiniana and S. bijuga, all of which are structure derived from a or
B-carotene synthesized through hydroxylation, epoxidation, isomeriza-
tion (cis) or ketolation reactions. Of the identified compounds, the
microalgae strains show ten carotenoids in common.

Considering the quantitative profile, the highest total carotenoid
content was determined in the extract of C. sorokiniana (1408.46 pg g~ 1)
and S. bijuga exhibited the lowest content (1195.75 ug g~ 1) (Table 2).

Eleven carotenoids were identified in C. sorokiniana (Fig. 1A), being
three epoxycarotenoid (peak 1, 2 and peak 3), five hydroxycarotenoids
(peak 5, 7, 8, 9 and peak 10) and three carotenes (peak 15, 16 and peak
17) (Fig. 2). All-trans-lutein (831.18 pg g‘l) and all-trans-B-carotene
(156.21 pg g~ ) were the major, as shown in Table 2, which represented
70.01% of the total carotenoid content followed by all-trans-a-carotene
(5.07%) and 9-cis-neoxanthin (4.83%) as major carotenoids in this
biomass. All-trans-neoxanthin (4.51%), all-trans-zeaxanthin (3.18%)
have also been identified in this microalgae species, as well as the cis
isomers 9-cis-violaxanthin (3.82%), 9-cis-B-carotene (3.01%), 15-cis-
lutein (2.60%), 9-cis-lutein (1.71%) and 9'-cis-lutein (1.17%).

The S. bijuga specie exhibited the most complete profile constituted
by sixteen carotenoids (Fig. 1B). The major carotenoids were the same
detected in C. sorokiniana, all-trans-lutein (526.40 pg g 1), and all-trans-
p-carotene (165.95 pg g~ 1), which corresponds to 57.91% of the fraction
of carotenoids in the extract. Other major peaks were identified as 9-cis-
neoxanthin (12.67%) and 9-cis-p-carotene (4.51%). In addition, 9-cis-
lutein (3.41%), all-trans-a-carotene (3.38%), 9'-cis-lutein (3.36%), 15-cis-
lutein (2.94%), 9-cis-violaxanthin (2.76%), all-trans-zeaxanthin (2.31%),
13-cis-B-carotene (1.34%), all-trans-echinenone (1.29%), 13-cis-lutein
(1.24%), cis-lutein (1.14%), p-carotene-5,6-epoxide (1.12%) and 9-cis-
zeaxanthin (0.62%) were detected as minor carotenoids. Different from
the results described in C. sorokiniana, S. bijuga presented one
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ketocarotenoid (peak 13), three epoxycarotenoid (peak 2, 3 and 4), eight
hydroxycarotenoids (peak 4, 5, 6, 7, 8, 9, 10 and peak 11) and four
carotene (peak 14, 15, 16 and 17) (Fig. 2). In contrast, as far as we know,
the literature lacks information on the profile of carotenoids in S. bijuga.
Only one report identified two carotenoids (lutein and astaxanthin)
present in this microalgae (Minhas et al., 2016).

As well as described above, the total carotenoid content was notably
higher in C. sorokiniana. On the other hand, S. bijuga presented a carot-
enoid profile with six different compounds than C. sorokiniana. Of these
compounds, two were mono-cis isomers of all-trans-lutein (peak 4, peak
6), mono-cis isomer of all-trans-zeaxanthin (peak 11), p-carotene-5,6-
epoxy (peakl2), all-trans-equinenone (peak 13) and 13-cis-B-carotene
(peak 14). In contrast, all-trans-neoxanthin (peak 1) was only detected in
the carotenoid extract of C. sorokiniana.

Although MS fragments have been mapped, carotenoids intermediate
of the synthesis of lutein as zeinoxanthin (identified in Rodrigues et al.
(2015)) and a-cryptoxanthin (identified in Di Lena et al. (Di Lena et al.,
2019)) were not identified in our study. This fact may result from the
high enzymatic activity of carotene p-hydroxylase (CYP97A) and caro-
tene e-hydroxylase (CYP97C), enzymes responsible for catalyzing the
synthesis of these compounds in lutein in the o-carotene pathway
(Rodriguez-Concepcion et al., 2018).

Taking as reference the same genus Scenedesmus and Chlorella, all-
trans-lutein and f-carotene also exhibited a major profile in Scenedesmus
obliquus presenting higher quantitative values when compared to
S. bijuga; whereas, Chlorella vulgaris showed lower values for all-trans-
lutein and higher for p-carotene when compared to C. sorokiniana (Patias
et al., 2017). It is interesting to note that although the green microalgae
compared belong to the same genus, the quantitative profile of carot-
enoids varies depending on species. These differences could be attributed
to factors such as type of cultivation, source of nutrients, phylogenetic
diversity, morphological and cytological characteristics, and the
composition of genes and enzymes specific in each species of microalgae
(Borowitzka et al., 2016; Begum et al., 2016).

Regarding the content of lutein, our results are in agreement with
those obtained by Paliwal et al. (2016) who, after analyzing 57 strains of
microalgae of different phylum, concluded that green algae (Chlorophyta)
are a potential source this xanthophyll. Also, according to our results,
Chen et al. (2016) showed that with distinct extraction methods and
different culture media, such as cultures in heterotrophic systems (Chen
et al., 2018) or mixotrophic (Chen and Liu, 2018; Chen et al., 2019), the
production of lutein by C. sorokiniana is substantially significant, and may
be considered as a potential source of commercial output this pigment. In
addition, the obtained data by Pribyl et al. (2016) show that Scenedesmus
sp. strain can produce high levels of carotenoids, mainly lutein, whit
levels of 0.75 at 1% of dry weight biomass.

Our results are in line with those found by Cordero et al. (2011),
where lutein and p-carotene predominated in biomass of the
C. sorokiniana cultivated under mixotrophic conditions, as well as
a-carotene, violaxanthin and zeaxanthin were also detected in smaller
quantities. Additionally, Miazek et al. (2017) obtained a carotenoids
concentration of 0.86% in dry weight for C. sorokiniana, when grown in a
beech wood dilute-acid hydrolysate. In our study, we obtained a con-
centration of 0.70% in dry mass. By contrast, in a recent study,
C. sorokiniana was cultured in photoautotrophic conditions and analyzed
the profile carotenoids by spectrophotometer, showing a quantitative
value of 3.8 pg mg !, higher to that found in our study (Azaman et al.,
2017). In addition to these results, Matsukawa and co-workers (Matsu-
kawa et al., 2000) submitted C. sorokiniana to cultivation with 10% CO,
incorporation, in which the total carotenoids (determined spectropho-
tometrically) contained 0.69% dry weight, similar to the value found in
our study. The lutein and p-carotene contents were 4300 and 600 g g~
dry weight, respectively. Zeaxanthin, f-cryptoxanthin, a-carotene were
identified in minor amounts.

Safafar et al. (2015) identified by HPLC-PDA a profile of carotenoids
similar to that found in our study, with lutein and p-carotene being the
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Fig. 2. Composition of the carotenoid fraction in the extracts of Chlorella sorokiniana and Scenedesmus bijuga.

main carotenoids, followed by neoxanthin, zeaxanthin, fucoxanthin and
dihydro from C. sorokiniana, but the methodology used did not allow the
identification of the fraction of cis isomers of these compounds. Inter-
estingly, in this study, we did not detect the presence of fucoxanthin and
dihydro lutein. Whereas in the study in Van Wagenen et al. (Van
Wagenen et al., 2015), using UHPLC obtained a qualitative profile of
carotenoids in C. sorokiniana constituted by lutein, violaxanthin, astax-
anthin, fucoxanthin, zeaxanthin, and o+p-carotene. The xanthophylls
astaxanthin and fucoxanthin were not identified in our study.

As can be seen in Fig. 2, most of the carotenoids present in the two
microalgae species are xanthophylls, which represent a fraction of
80.83% in C. sorokiniana and 76.89% in S. bijuga, being the percentage of
epoxycarotenoids more significant in S. bijuga and hydroxycarotenoids in
C. sorokiniana. Thus, the remaining value of carotenoids detected corre-
sponds to the fraction of carotenes 19.17% and 23.11%, respectively.

Among the identified xanthophylls, the epoxycarotenoid all-trans-
neoxanthin (peak 1), detected only in C. sorokiniana, and its isomer 9-cis-
neoxanthin (peak 2), detected in both microalgae, showed values which
represent a fraction of 9.34% (peak 1 and peak 2) and 12.67% (peak 2),
of the total xanthophyll content in C. sorokiniana and S. bijuga, respec-
tively. The value here found is in substantial accordance with the liter-
ature, reporting low concentration of neoxanthin in C. sorokiniana at
values of 48.29 pg.g~'and 20.0 pg g~ when cultivated in reactors with
light intensities, 2000 pmol photon m 2s~!, and 200 pmol photon

m 257}, respectively (Safafar et al., 2015).

105

Violaxanthin, with the 5,6-epoxide group in its structure, is a
xanthophyll present in microalgae belonging to the class of Chlorophyceae
(Takaichi, 2011). In our study, we identified only its 9-cis-violaxanthin
isomer (peak 3), although we have mapped the MS fragments of the
compound in their all-trans form. In the literature, no reports on the
presence of this compound were found in the studied species, is this the
first report. It is important to emphasize that anti-inflammatory proper-
ties have already been associated with violaxanthin obtained from
microalgae (Soontornchaiboon et al., 2012).

Moreover, within the class of xanthophylls, the polyhydroxylated
carotenoids as lutein and its structural isomer zeaxanthin are the most
studied ones. This is because they owned innumerable attributions in
health promotion and, although they have no provitamin A activity in
humans, both display other biological activities as antioxidant property,
anti-inflammatory action, and mainly they are associated prevention of
macular degeneration (Nwachukwu et al., 2016). Likewise, studies
strongly report the significant potential of lutein as an antioxidant agent,
which has values higher than p-carotene (Sun et al., 2015). In addition,
there has been ever-increasing evidence supporting protective effects in
preventing or delaying chronic diseases (Dufossé, 2006; Zhang et al.,
2018). These compounds are formed by the hydroxylation of the 3 and 3’
carbon atoms of f, e-carotene or B, p-carotene, respectively, by separate
hydroxylases specific for the p and ¢ rings (Morais et al., 2006).

At the level of industrial production, marigold flowers are the most
abundant source of commercial lutein. However, its production is limited
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Fig. 3. Chromatogram, obtained by HPLC-PDA, of the chlorophylls extract from Chlorella sorokiniana (A) and Scenedesmus bijuga (B). See text for chromatographic
conditions. Peak identification and characterization are given in Table 3. Chromatogram was processed at 660 nm.

by seasons, planting areas, and the high manpower cost. The lutein
production from dried flowers of marigold Calendula officinalis varies
from 0.04 to 0.301 mg g’1 (Lin et al., 2015). The lutein production rate of
microalgae in study is 13-20 times higher than marigold flowers. Thus,
green microalgae are considered an excellent alternative for obtaining
this compound (Sun et al., 2015). One of the most studied green micro-
algae for lutein production is Muriellopsis sp. The content of carotenoid
can vary from 0.4% to 0.6% per dry biomass (D'Alessandro and Antoniosi
Filho, 2016). In contrast, in our study, we found values de 0.45% and
0.33% for C. sorokiniana and S. bijuga, respectively. Considering only the
lutein production based on the weight of biomass, Minhas et al. (2016)
mentioned that lutein productivity per day of C. sorokiniana and S. bijugus
are similar under photoautotrophic conditions, with values of 0.5 and
0.47 mg L1.d"}, respectively.

On the basis of published data, C. sorokiniana and S. bijuga, is often
described as a species that has the ability to accumulate large amounts of
all-trans-lutein (Chen et al., 2016, 2018; Minhas et al., 2016; Cordero
etal., 2011; Safafar et al., 2015). This fact is in agreement with our study
in which all-trans-lutein and their isomers cis represent values of 64.51%
(908.48 pg g~ 1) and 56.14% (670.89 pg g ') of the total biomass ca-
rotenoids of C. sorokiniana and S. bijuga, respectively.

In this study, we detected the presence of a carotenoid epoxide
(p-carotene-5,6-epoxide) only in the S. bijuga extract. However, the
quantitative value was relatively low, representing a fraction of 1.45% of
the total xanthophylls. Exceptionally, in this microalga, all-trans-echi-
nenone (peak 13) was found constituting the profile of carotenoids with
the ketonic group. In a previous study, these compounds were also
detected in species of green microalgae (Patias et al., 2017). However, as
far as we know, p-carotene-5,6-epoxide and all-trans-echinenone had not
yet been reported in the S. bijuga biomass.

Although the most significant fraction of carotenoids found consisted
of xanthophylls, important carotenes were detected in this study.
fB-carotene, a second compound more abundant in both microalgae, is
one of the most important carotenoids since it has innumerable physio-
logical functions related to its structure, which includes the activities of
pro-vitamin A and antioxidant, acting as a potent chemo-preventive
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agent in various disorders. Also, is a first-choice natural pigment how
bioactive compound in functional food (Rodriguez-Concepcion et al.,
2018; Meléndez-Martinez, 2019; Paliwal et al., 2016; Cicero and Colletti,
2017). The quantitative values of this compound were from 156.21
(C. sorokiniana) and 165.95 pg g~ (S. bijuga), showing no significant
difference between the two species. In the same way as p-carotene in its
all-trans configuration, its cis isomers are also associated with beneficial
functions for health. Previous reports have highlighted the importance of
9-cis isomer, which plays an important role in the suppression of oxygen
free radicals, protecting human body cells from oxidative stress.
9-cis-p-carotene was detected in the two microalgae species studied,
representing values of 3.01% and 4.52% (C. sorokiniana and S. bijuga,
respectively). Besides, the isomer 13-cis-B-carotene, present only in
S. bijuga, represents a fraction of 1.34% of the total carotenoids. All--
trans-a-carotene was present at lower but significant concentrations in
the two strains (71.47 and 40.51 pg g}, respectively).

3.2. Profile chlorophylls

The chromatogram obtained by HPLC-PDA of chlorophylls profile in
the microalgae C. sorokiniana and S. bijuga is demonstrated in Fig. 3,
while the chlorophylls compounds composition of the two species of
microalgae is shown in Table 3.

As is characteristic of the two species of microalgae belonging to
phylum Chlorophyta, only species of chlorophyll a and b (Borowitzka
et al., 2018), and its derivative compounds, which are formed by hy-
droxylation, pheophytinization and decarboxymethylation reactions,
were detected. Furthermore, the characterization of chlorophylls de-
rivatives compounds was only possible through the mass spectral char-
acteristics of the molecules (protonated molecule [M+H] " and fragments
m/z).

A detailed description of chlorophylls identification using chro-
matographic information HPLC-PDA-MS/MS has already been reported
in recent works (Fernandes et al., 2017; Chen et al., 2017; Kao et al.,
2011). However, as far as we know, this is the first report of the detailed
characterization of the quantitative and qualitative profile of
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Characterization by HPLC-PDA-MS/MS of profile of chlorophyll compounds present in biomass of Chlorella sorokiniana and Scenedesmus bijuga.

Peak® Chlorophyll tr (min)® Amax (nm)° [M+H]" MS/MS fragment ions (m/z)®

1 Chlorophyll b 10.2 464, 648 907 (100)¢ 875[M + H-32]" (10.9); 629[M + H-278]" (98.1); 597[M + H-
278-321" (52.7); 569[M + H-278-601" (36.3)

2 Hydroxychlorophyll a 15.1 431, 662 909 (23.0) 891[M + H-18]" (30.7); 631[M + H-278]" (34.6); 613[M + H-
278-18]" (42.3); 553[M + H-278-18-60]" (100), 555[M + H-
278-601" (24)

3 Chlorophyll b' 16.0 462, 654 907 (1.9) 875[M + H-32]" (7.6); 629[M + H-2781" (100); 597[M -+ H-
278-32]" (13.4); 569[M + H-278-60]1" (15.3)

4 Chlorophyll a 24.4-25.4 431, 664 893 (100) 615[M + H-278]" (44.8); 583[M + H-278-32]" (24.1); 555
[M + H-278-601" (27.5)

5 Chlorophyll @ 28.4 429, 665 893 (90.9) 615[M + H-278]" (100); 583[M + H-278-32]" (31.8); 555
[M + H-278-60]" (59.0)

6 Hydroxypheophytin a 34.4-35.4 408, 668 887 (7.1) 869[M -+ H-18]1" (10.7); 803[M + H-631" (3.5); 609[M + H-
278]" (100); 591[M + H-278-181" (7.1); 533[M + H-278-60]"
(18); 531[M + H-278-18-60]" (6.4)

7 Pheophytin a 53.1-53.2 408, 666 871 (40) 593[M + H-278]" (100); 533[M + H-278-60]" (35)

# Numbered according to the chromatogram shown in Fig. 3.
b tg: Retention time on the C30 column.
¢ Linear gradient MeOH:MTBE:H,0 (81:15:4) and MeOH:MTBE:H,0 (16:80:4).

4 Relatives intensities for each m/z value appear in parentheses and are expressed as a percentage of the most abundant fragment ion.
¢ Detailed data about mass fragmentation was reported in detail in the literature (Fernandes et al., 2017).

chlorophylls in microalgae species C. sorokiniana and S. bijuga.

As expected, the presence of chlorophylls in the extracts of
C. sorokiniana and S. bijuga was significant, being 10-17 times more in
comparison to the fraction of carotenoids. As shown in Table 4 and Fig. 4,
pigment analyses provided identical chlorophylls compounds qualitative
composition for the two strains tested (seven compounds). However, it
showed a species-specific chlorophyll quantitative profile. The chemical
structures of these compounds are shown in Fig. 5.

The contents of chlorophyll and their derivatives in chlorophyll
extract from C. sorokiniana was 15.20 mg g~ . Hydroxychlorophyll a was
significantly higher in this microalgae strain, representing 31.47%
(4.79 mg.g-1) of the total chlorophyll content, followed by chlorophyll a
28.43% (4.32 mg g~ 1), pheophytin a 21.91% (3.33 mg g™ 1), and chlo-
rophyll a' 8.15% (1.22 mg g~ 1). The other minor chlorophylls, each <4%,
summed to 10.05% of the total content. Between these compounds,
chlorophyll b (0.49 mg g~%) and chlorophyll b' (0.52 mg g™ 1) contrib-
uting 6.67% to the total chlorophyll content. According to Petruk et al.
(2018), molecules of chlorophyll a and chlorophyll b was also found in
C. sorokiniana biomass at a concentration of 0.79 £ 0.11 mg and
0.66 + 0.09 mg, respectively.

The fact that hydroxychlorophyll a is the most abundant chlorophyll
compound in C. sorokiniana, also described by the first time in this
microalgae, is a differentiated characteristic and which may be attributed
to the high concentration of peroxidase in these strains (Loh et al., 2012).
Previous work postulated that peroxidase might catalyze the oxidation of
chlorophyll a to produce hydroxychlorophyll a through the intermediate
phenoxy radical, formed between phenolic compounds at the
para-position like p-coumaric acid and peroxide in the presence of

Table 4
Quantitative characterization of chlorophyll compounds in microalgae extracts
(mg.g~! dry weight).

Peak Chlorophyll Chlorella sorokiniana Scenedesmus bijuga

1 Chlorophyll b 0.49* £ 0.03 0.44% + 0.06

2 Hydroxychlorophyll a 4.79% £ 0.35 4.61% + 0.63

3 Chlorophyll b' 0.52% + 0.03 0.36° + 0.05

4 Chlorophyll a 4.32% +0.32 9.67° +1.32

5 Chlorophyll a' 1.22% + 0.09 2.82° +0.38

6 Hydroxypheophytin a 0.50% + 0.03 0.14° £ 0.01

7 Pheophytin a 3.33%+ 0.24 2.38" 4+ 0.32
Total chlorophyll 15.20* £1.13 20.44° + 2.8

Values are average and standard deviation of triplicates.
Different letters in the same line differ significantly by Tukey test (x = 0.05).

107

peroxidase (Yamauchi et al., 2004). Nevertheless, the chlorophyll
oxidation may also occur through several other mechanistic pathways as
well, as elaborated by Hynninen and Sievers (1981).

Hydroxy derivative compounds have also been detected in green
seaweeds. Chen et al. (2017) identified the presence of hydrox-
ypheophytin a and hydroxychlorophyll a in Ulva spp. and Enteromorpha
spp. in significant concentrations. Besides, previous studies by Steele
etal. (2015), it was observed that the occurrence of hydroxychlorophyll a
in phytoplankton was directly associated with two diatom species, the
prymnesiophyte Phaeocystis spp. and the coccolithophorid Emiliania
huxleyi. Also, Hussein et al. (2019) showed that hydroxypheophytin a can
also be isolated from Microcystis aeruginosa cyanobacteria (21.80% of
extract), demonstrating the possible marked antioxidant and
anti-inflammatory activities at 500 mg/kg dose level.

The microalgae S. bijuga demonstrated to have the higher concen-
trations of the total chlorophylls contents from biomass with a value of
20.44 mg g~ 1. The chlorophyll a (9.67 mg g~ 1) (47.38%) was quantita-
tively dominant in chlorophyll profile of microalgae, followed by
hydroxychlorophyll a (4.61 mg g!) (22.33%), chlorophyll d
(2.82 mg g~ 1) (13.88%), pheophytin a (2.38 mg g ) (11.68%), chlo-
rophyll b (0.44 mg g’l) (2.19%), chlorophyll b' (0.36 mg g’l) (1.82%),
and hydroxypheophytin a (0.14 mg g~!) (0.72%). Chlorophyll b and
hydroxychlorophyll a (peak 1, 2) showed no significant difference be-
tween the two species of microalgae evaluated (Table 4 and Fig. 4).

The content of chlorophyll a is in agreement with those found by
Santhakumaran et al. (2018) that demonstrated that the microalgae
strain Scenedesmus bijuga, cultured in Bold's Basal Medium (BBM) under
controlled conditions of light (8000 Lx), temperature (24 °C) and pH
(7.3), can synthesize approximately 9 mg g~ of chlorophyll a and
3.5 mg g~ ! chlorophyll b (higher value than found in our study). Other
valuable compounds such as carbohydrate (9.7% DW), protein (20.43%),
lipid (21.08%) and carotenoids (4 mg g’l) also were detected. Bhatnagar
etal. (2011) analyzed the concentration of content chlorophyll (a + b) in
biomass of S. bijuga cultivated in phototrophic, heterotrophic, and mix-
otrophic systems and found that the chlorophyll concentration was
substantially higher under mixotrophic conditions, followed by standard
phototrophic conditions. Values of 25.83 and 10.65 mg.L ™! were found
for total chlorophyll content in mixotrophic and phototrophic conditions,
respectively.

As established above, the total chlorophyll content investigated in
S. bijuga, mainly by spectrophotometric methods, concentrates only on
species of chlorophyll a and b, without an evaluation of its derivative
compounds, such as those identified in this work including the epimers
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Fig. 4. The total carotenoids and chlorophyll compounds content in the extracts of Chlorella sorokiniana (A) and Scenedesmus bijuga (B).

chlorophyll a', chlorophyll b', hydroxychlorophyll a, hydroxypheophytin
a and pheophytin a. These derivatives exist in very low concentrations in
fruits and vegetables (Hosikian et al., 2010).

Sassi and co-workers (Sassi et al., 2019) reported for dried microalgae
of the genus Chlorella and Scenedesmus, a chlorophyll a and chlorophyll b
concentration of 58.42 and 132.32 mg g}, respectively, using controlled
cultivation conditions. Additionally, in a study by Paliwal et al. (2016)
the total chlorophyll content (a and b) ranged from 2.16 to 18.59 mg g~ *
dry cell weight in fourteen microalgae strains of the genus Chlorella. In
contrast, three microalgae strains of the genus Scenedesmus showed
concentrations of chlorophyll in the range of 0.92-18.53 mg g ™! dry cell
weight. Thus, it is possible determined that the concentration of chlo-
rophylls in microalgae varies significantly in each species although they
are of the same genus.

The proportion of derived compounds exceeds chlorophyll a and
chlorophyll b species in the two microalgae strains. In C. sorokiniana
represent 68.32% of total chlorophylls, while in S. bijuga it was 50.44%.
These values represent concentrations of 10.36 and 10.31 mg.g-},
respectively and not presented a significant difference between the two
species. Besides, the presence of chlorophyll derivatives only of the
chlorophyll a species in the two green microalgae species analyzed can be
attributed to the higher chemical stability of the chlorophyll b molecule,
or also due to the low concentration of this compound. Similarly, Chen
et al. (2017) analyzed the chlorophylls composition in the red, green and
brown seaweeds, and detected maximum content in chlorophyll de-
rivatives (higher than 9 mg.g-! dw.w.) in green seaweeds extracts
(Enteromorpha spp. and Ulva spp.). Curiously, this concentration is in
agreement with the values found for chlorophyll derivatives in our study.
In this sense, results suggest that the synthesis of compounds derivatives
from chlorophyll may be attributed to a characteristic of green micro-
algae species included in the phylum Chlorophyta.

Furthermore, a striking difference between the two species of micro-
algae under study is the concentration of chlorophyll a, which is signifi-
cantly higher in S. bijuga (18.95% more). This may be positively related to
the lowest levels of derivative compounds present in this strain, as chlo-
rophyll a is the precursor of all other compounds identified in this study, as
presented in Fig. 5. Zepka et al. (2019) provide an updated outline of the
most recent advances that have occurred in the of chlorophyll catabolism,
showing that enzymatic reactions are not involved in epimeric chlorophyll
derivatives (chlorophyll a' and chlorophyll b') In contrast, oxidized de-
rivatives such as hydroxychlorophylls, hydroxypheophytins and pheo-
phytins can have both chemical and enzymatic origin.

Green microalgae Chlorella sp. is popular as a primary source of
chlorophyll production and called ‘Emerald food’ because of its high
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chlorophyll content (Bewicke and Potter, 2009; Safi et al., 2014). The
chlorophyll content in Chlorella is about 7% of the biomass, which is five
times than the chlorophyll content of Spirulina, microalgae explored for
commercial production of this compound (Khanra et al., 2018). Thus, the
results found in our study contain an above-average ratio of chlorophylls
per dry mass when compared those reported in the literature, since we
obtained concentrations of chlorophyll representing 7.6% and 10.2% of
the composition of the compounds present in the biomass of
C. sorokiniana and S. bijuga, respectively. This is strongly evidenced by
the fact that some authors consider that the total chlorophyll content in
algae is in the range of 0.5-1.5% of dry weight (Becker and Richmond,
2004). Also, as per a recent observation by Basu et al. (2013) the chlo-
rophyll a and b content of different microalgae strains (Scenedesmus
obliquus and Chlorella sp.) varies within 1-6% of dry biomass. In this
regard, factors such as the cultivation mode and choice of species-specific
are determinants to chlorophyll accumulation in microalgae biomass,
being generally assumed that sub saturating light intensities induce
higher these compounds synthesis (da Silva Ferreira and Sant’Anna,
2017). Thus, a justification for the high concentration of chlorophylls
found in this study may be directly related to our experimental conditions
and the microalgae species explored, which have shown to be promising
alternative sources for the production of these compounds.

Gors et al. (2010) showed that chlorophyll a can also be isolated from
commercial Chlorella products, demonstrating concentrations ranging
from 2.5 to 17.5 mg g~ ! dry weight. In this study, the authors also re-
ported the significant presence of pheophytin a in all samples. Further-
more, the axenic strain C. vulgaris used as reference presented percentage
of pheophytin a of 30%.

Curiously, the biosynthesis of chlorophylls involves the synthesis of
two moieties: (1) a chlorin ring, which is synthesized by a specific branch
of tetrapyrrole biosynthesis, and (2) a phytol chain produced by the
isoprenoid (terpenoid) biosynthesis pathway (Fig. 6) (Solymosi and
Mysliwa-Kurdziel, 2017). In this sense, the fact that the chlorophyll
composition is higher in the S. bijuga species can be associated with the
lower quantitative profile of carotenoid present in this strain, since
carotenoid precursor compounds can be targeted to the biosynthetic
pathway of chlorophyll. The opposite was observed in C. sorokiniana,
where the values were lower for the total chlorophyll content and higher
values for the carotenoid class (Fig. 4).

In addition to its primary function in the photosynthesis, chlorophylls
are in demand due to their bioactive properties. Several researchers
evaluated the biological properties of chlorophyll molecules and
demonstrated that chlorophyll a, chlorophyll b and pheophytin a (com-
ponents of the photosynthetic chain identified in this study) were
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Fig. 5. Structure of the chlorophyll compounds present in extracts of Chlorella sorokiniana and Scenedesmus bijuga. Solid line: species of chlorophyll; Dotted line:

derivatives compounds.

previously shown to exert antimutagenic, chemopreventive and anti-
inflammatory activity as well as in vitro anti-oxidant activity (Hoshina
et al., 1998; Ferruzzi and Blakeslee, 2007; Szczygiet et al., 2008; Sub-
ramoniam et al., 2012; Islam et al., 2013). Specifically, the pheophytin a
from microalgae species macroalgae species has been identified as a
potent suppressor against genotoxininduced umu C gene expression in
S. typhimurium (TA 1535/pSK1002) probably associated with carcino-
genesis. According to this, pheophytin a derivatives have been proposed
to display a potent suppressive activity against chemically induced
mouse skin tumorigenesis (Okai et al., 1996).
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Besides, compounds chlorophylls derivatives as pheophorbide b and
pheophytin b) demonstrated antioxidant activities superior to butylated
hydroxytoluene (BHT). This fact demonstrated the importance of the
aldehyde group and Mg-free derivatives for the functionality of these
molecules (Lanfer-Marquez et al., 2005). Therefore, the presence of a
mixture of chlorophyll a and chlorophyll b and their derivatives such as
hydroxychlorophyll a, chlorophyll b', chlorophyll a', hydroxypheophytin
a, and pheophytin a could represent an antioxidant defence system
working with synergistic effect. Thus, considering the significant profile
of chlorophyll derivatives compounds in C. sorokiniana and S. bijuga,
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Fig. 6. Simplified scheme of the tetrapyrrole biosynthesis and its relation to isoprenoid biosynthetic pathway providing the phytol side chain for chlorophylls.

further investigations on the actual antioxidant and biological activity of
these compounds, together with their bioavailability remains the next
primary task in our research.

4. Conclusion

The novelty of this study was a complete characterization of the profile
of carotenoids and chlorophylls and their derivatives compound by HPLC-
PDA-MS/MS from biomass extracts of C. sorokiniana and S. bijuga. Spe-
cifically, the analytical characterization revealed the presence of eleven
and sixteen carotenoids in C. sorokiniana and S. bijuga, as well as seven
chlorophyll compounds, were characterized in both species of microalgae.

Considering the quantitative profile, the highest total carotenoid
content was determined in the extract of C. sorokiniana (1408.46 pg g’l),
and S. bijuga exhibited the lowest content (1195.75 pg g~ 1). Additionally,
the results showed that green microalgae synthesize carotenoids with
5,6-epoxy-groups and ketocarotenes in low concentrations and that the
a-branch of the carotenoid biosynthetic pathway is active preferably. In
contrast to chlorophyll compounds, the highest quantitative profile was
demonstrated in S. bijuga (20.44 mg g~ ); C. sorokiniana presented sub-
stantially lower values (15.20 mg g™ 1). Also, the quantification of each
compound was species-specific. Among the compounds identified, rele-
vant compounds such as all-trans-lutein, p-carotene, and chlorophyll a
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were major compounds in both strains, with values significantly higher
than the conventional sources.

When considering the profile of carotenoids/chlorophylls, S. bijuga
stands out with 10.79% of the composition of the compounds present in
the biomass, together with its diversified profile, totaling twenty-three
compounds among the two class studied.

Although our study does not highlight any specific molecules, we
emphasize that it is possible to increase the potential of these studied
species as potential alternative sources of natural carotenoids and
chlorophylls, generating new possibilities mainly for the food
industry.
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