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Characterization of Novel Selected Microalgae for Antioxidant Activity and Polyphenols,
Amino Acids, and Carbohydrates
Reprinted from: Mar. Drugs 2022, 20, 40, doi:10.3390/md20010040 . . . . . . . . . . . . . . . . . 91

Sean Macdonald Miller, Raffaela M. Abbriano, Anna Segecova, Andrei Herdean, Peter J.

Ralph and Mathieu Pernice

Comparative Study Highlights the Potential of Spectral Deconvolution for Fucoxanthin
Screening in Live Phaeodactylum tricornutum Cultures
Reprinted from: Mar. Drugs 2022, 20, 19, doi:10.3390/md20010019 . . . . . . . . . . . . . . . . . 107

Xiaodong Wang, Chunxiao Meng, Hao Zhang, Wei Xing, Kai Cao, Bingkui Zhu, et al.

Transcriptomic and Proteomic Characterizations of the Molecular Response to Blue Light and
Salicylic Acid in Haematococcus pluvialis
Reprinted from: Mar. Drugs 2022, 20, 1, doi:10.3390/md20010001 . . . . . . . . . . . . . . . . . . 119

v
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Preface to ”Biotechnology Applications of

Microalgae”

Microalgae are currently an inexhaustible source of a great variety of bioactive compounds.

For this reason, they have acquired great relevance in various biotechnological industries for use

in food, feed, aquaculture, nutraceutical, pharmacological, biomedical, cosmetics, agriculture, energy

and environmental processes. The plasticity of these organisms allows their culture conditions to

be modified to improve the performance, synthesis and accumulation of the target compounds.

However, the low profitability of the production of these compounds due to technical and economic

issues associated with the development of cultivation and downstream processes have led to some

projects falling by the wayside. New technological advances are thus of the utmost importance

for developing this industry so it can one day compete in terms of quality and profitability with

other current alternatives, in addition to opening up new possibilities and paths for upcoming

biotechnological applications.

This Special Issue, “Biotechnology Applications of Microalgae”, is focused on the latest novel

advances related to the production of different bioactive compounds from microalgae and their

biotechnological use.

Carlos Almeida

Editor
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Abstract: A local strain of Nannochloropsis granulata (Ng) has been reported as the most productive
microalgal strain in terms of both biomass yield and lipid content when cultivated in photobioreactors
that simulate the light and temperature conditions during the summer on the west coast of Sweden.
To further increase the biomass and the biotechnological potential of this strain in these conditions,
mixotrophic growth (i.e., the simultaneous use of photosynthesis and respiration) with glycerol as
an external carbon source was investigated in this study and compared with phototrophic growth
that made use of air enriched with 1–2% CO2. The addition of either glycerol or CO2-enriched air
stimulated the growth of Ng and theproduction of high-value long-chain polyunsaturated fatty acids
(EPA) as well as the carotenoid canthaxanthin. Bioassays in human prostate cell lines indicated the
highest antitumoral activity for Ng extracts and fractions from mixotrophic conditions. Metabolomics
detected betaine lipids specifically in the bioactive fractions, suggesting their involvement in the
observed antitumoral effect. Genes related to autophagy were found to be upregulated by the
most bioactive fraction, suggesting a possible therapeutic target against prostate cancer progression.
Taken together, our results suggest that the local Ng strain can be cultivated mixotrophically in
summer conditions on the west coast of Sweden for the production of high-value biomass containing
antiproliferative compounds, carotenoids, and EPA.

Keywords: Nannochloropsis; mixotrophy; photobioreactors; CHN analysis; carotenoids; polyunsaturated
fatty acids; metabolomics; bioassay; cell death pathway; autophagy; antitumoral activity

1. Introduction

Microalgae are unicellular photosynthetic microorganisms that originated from en-
dosymbiotic events in which a heterotrophic ancestor fused with various photoautotrophic
(photosynthetic) organisms [1]. Thanks to this evolutionary history, they possess both pho-
tosynthetic and respiratory organelles (chloroplasts and mitochondria, respectively) and
hence exhibit trophic flexibility. Although most microalgae are photoautotrophs, some of
them are also able to use organic carbon via respiration, either in the dark (heterotrophs) or

Mar. Drugs 2022, 20, 424. https://doi.org/10.3390/md20070424 https://www.mdpi.com/journal/marinedrugs1
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in a light-dependent manner (mixotrophs). Mixotrophy is the trophic mode in which both
CO2 and organic carbon are assimilated simultaneously, owing to the activation of both
respiration and photosynthesis. It can be employed as a method to increase the productivity
of microalgae that are cultivated in low light conditions. To minimize the additional cost of
organic carbon supplementation, industrial wastewater and biodiesel waste (i.e., glycerol)
are often used for algae cultivation and biomass production (as reviewed by Villanova et al.
2021 [2]). The Eustigmatophyceae Nannochloropsis genus has been extensively used for
biotechnological applications such as the production of biofuel [3,4] and fish feed [5]. More-
over, the Nannochloropsis genus is a well-known source of polyunsaturated fatty acids, such
as eicosapentaenoic acid (EPA) and carotenoids, that are important for human health [6,7].
Finally, in vitro assays have shown interesting anti-cancer activity of the Nannochloropsis
biomass on different human cell lines, opening new perspectives for the nutraceutical
application of this genus [8–10].

Mixotrophic growth of the Nannochloropsis genus (i.e., Nannochloropsis gaditana and
Nannochloropsis salina) been investigated using glucose, glycerol, and acetate as external
organic carbon sources or by adding the bacteria-rich medium Lysogeny broth (LB) [11–14].
However, only a handful of research projects have focused on understanding the industrial
potential of growing Nannochloropsis under this growth mode [12,14].

There is an increasing need for sustainable resources for the production of food, feed,
oil-based materials, and energy. Microalgae have a great potential in this respect and can be
cultivated outdoors in conditions resembling those in natural habitats. However, to ensure
high productivity, it is necessary to exploit the natural diversity of microalgae and select
local species and strains that can adjust their physiology to changing environments. This is
particularly important in the Nordic countries, which have large variations in light intensity
and temperature throughout the year [15]. The overall goal of this work was to employ
mixotrophy as a strategy for maximizing the outdoor productivity of a Nannochloropsis
granulata strain (Ng), isolated from the Skagerrak in the northeast Atlantic Ocean [16]. A
previous study reported that the local Ng was the most productive strain (compared to
166 strains of Skeletonema marinoi), in terms of both biomass yield and lipid content when
cultivated in photobioreactors that simulate the light and temperature conditions during
the summer on the west coast of Sweden [17]. More specifically, in summer, Ng reached
3.5 g/L of biomass containing 40% lipids, i.e., 7 and 1.5-fold, respectively, more than the
most productive Skeletonema marinoi strain in the same conditions [17]. Here, we aimed
to further increase the biomass and lipid productivity of Ng under simulated summer
conditions on the west coast of Sweden by the addition of glycerol, and also to expand
the biotechnological potential of the biomass in terms of biofuel, food production, and
antitumoral activity. To reach this aim, an interdisciplinary approach was applied for
the first time on this strain in order to allow for in-depth physiological and biochemical
characterization in mixotrophy as compared to phototrophy; this was combined with the
production of high-value molecules and tested on a small scale (i.e., Multi-Cultivator)
before being validated on a larger scale (i.e., photobioreactors).

2. Results

2.1. Effect of Mixotrophy on Growth Rates, Photosynthesis, and Biomass Yield in a
Multi-Cultivator System

First, we tested the effect of various external carbon sources on Ng by monitoring
the growth changes in phototrophic and mixotrophic cultures in a Multi-Cultivator MC
1000-OD (Photon System Instruments, Drásov, Czech Republic), with a volume of 80 mL
optimised f/2 medium with air bubbling (as described in Section 4.1.1 and shown in
Figure S1a). We used a constant light intensity of 300 μmol photons m−2 s−1 at a tempera-
ture of 20 ◦C, corresponding to the average light intensity and temperature, respectively,
during the summer season in Gothenburg. Ng was able to grow in mixotrophy using either
glycerol or glucose (but not acetate) as an external carbon source, therefore confirming
previous results for Nannochloropsis gaditana [14] (see Supplementary Materials Figure S2).
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Since glycerol is a by-product of biofuel production, and hence a cheap carbon source, it
was selected for further experiments with Ng in mixotrophic conditions [18].

During the first days of cultivation (0–6 days) in the Multi-Cultivator, the cells grew
similarly in mixotrophy and phototrophy. From day 10, the growth in mixotrophy was
significantly enhanced as compared to phototrophy (Figure 1a).

(a) (b) (c) 

Figure 1. (a) Growth profile, (b) photosynthetic analysis, and (c) final biomass yield of Nannochloropsis
granulata grown in a Multi-Cultivator at 20 ◦C, with constant light at 300 μmol photons m−2 s−1,
under mixotrophy with 10 mM glycerol (MIXO) or under phototrophy with air (PHOTO). The
growth was monitored in relative chlorophyll fluorescence units (RFU), and plotted data are values
normalized at time zero. Data were considered significant for p-values < 0.05 (* p < 0.05). Each point
is expressed as mean ± standard deviation (n = 3). Schemes follow the same formatting.

In the first 4 days of the experiment, Ng displayed a maximum quantum efficiency
of PSII photochemistry (i.e., Fv/Fm) of about 0.6 in both phototrophy and mixotrophy
(Figure 1b), corresponding to a healthy physiological status in the genus [16]. From day 6, a
decrease in photosynthetic performance was detected in all tested samples, but this decrease
was significantly more pronounced in mixotrophy from day 10. The decrease in Fv/Fm
during mixotrophic growth has been previously reported for Nannochloropsis gaditana and
the diatom Phaeodactylum tricornutum [11,19]. The enhanced growth together with the
decrease in photosynthesis from day 10 in mixotrophic samples indicate a switch from
the phototrophic to the mixotrophic regime. Moreover, the samples grown in mixotrophy
showed an increase of about 1.4-fold in the final biomass (Figure 1c). Taken together, these
data showed that Ng was able to grow under mixotrophy using glycerol as an external
carbon source in the tested conditions.

2.2. Effect of Mixotrophy on Growth Rate, Biomass Yield, Energy Production, and Nutrient Removal
in Photobioreactors

Next, the cultivation was upscaled to environmental photobioreactors (ePBRs) of 1L
(as described in Section 4.1.2 and shown in Figure S1b), using a constant temperature of
20 ◦C and the simulated photoperiod of summer in Gothenburg, Sweden (Figure 2a). In
particular, the mixotrophic growth of samples injected only with air (i.e., 0.04% CO2) or with
1–2% CO2-enriched air (MIXO_AIR and MIXO_CO2, respectively) was compared with a
phototrophic control grown with the same aeration system (PHOTO_AIR and PHOTO_CO2,
respectively). When supplied with air in the ePBR, the addition of glycerol (MIXO_AIR)
stimulated growth (expressed as relative fluorescence units, RFU) as compared to the
phototrophic condition (PHOTO_AIR) starting from day 10 (Figure 2b), which is in line
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with the observations in the Multi-Cultivator (Figure 1a). Moreover, both samples supplied
with CO2, i.e., MIXO_CO2 and PHOTO_CO2, further experienced stimulated growth from
day 3 as compared to the samples PHOTO_AIR and MIXO_AIR (Figure 2b). There was no
difference in the growth profiles of the conditions PHOTO_CO2 and MIXO_CO2; hence,
the better growth in these conditions as compared to the others could be attributed to the
addition of CO2 rather than glycerol [20].

(a) (b) 

Figure 2. (a) Light cycle used in the environmental photobioreactors (ePBRs) for growing Nan-
nochloropsis granulata, simulating the summer conditions in Gothenburg; (b) Growth profile of
Nannochloropsis granulata grown with light in a medium injected with air (PHOTO_AIR, black circle);
in a medium supplemented with 10 mM glycerol and injected with air (MIXO_AIR, red circle); in
a medium injected with 1–2% CO2-enriched air (PHOTO_CO2, black square); in a medium supple-
mented with 10 mM glycerol and injected with 1–2% CO2-enriched air (MIXO_CO2, red square). The
growth was monitored in relative chlorophyll fluorescence units (RFU), and plotted data are values
normalized at time zero. Each time point is the mean ± standard deviation (n = 3–5).

To better compare the four different conditions, both growth (i.e., specific growth
rate, biomass yield, and productivity) and energy parameters (calorific value and energetic
productivity) were determined. There were no significant differences among PHOTO_CO2,
MIXO_CO2, and MIXO_AIR in these parameters, and they were all significantly more
performant than the condition PHOTO_AIR. More specifically, the specific growth rate,
biomass yield, and productivity in these three conditions significantly increased by 1.6-,
3.6-, and 3.6-fold, respectively, when compared to PHOTO_AIR (Table 1). In the same
conditions, the calorific value and the energetic productivity of the obtained biomass were
enhanced 1.4- and 5-fold, respectively. This indicates that the addition of either/both
organic or/and inorganic carbon similarly improved biomass and energy production in the
tested conditions. Moreover, both nitrate and phosphate consumption were increased in
MIXO_AIR as compared to PHOTO_AIR by about 4-fold (Table 1). In MIXO_CO2, only
phosphate consumption was increased as compared to PHOTO_CO2, while nitrate con-
sumption was similar in the three conditions MIXO_AIR, PHOTO_CO2, and MIXO_CO2.
The glycerol consumption was similar among the mixotrophic samples. In addition to
reduced growth and nutrient consumption, the samples grown in PHOTO_AIR showed
the highest ash content (Table 1), about 3-fold higher than the other three conditions. The
PHOTO_CO2 data for Ng are in good agreement with those reported previously for Ng
in summer conditions [17]. Taken together, the new data show that the addition of glyc-
erol improves the growth and biomass production of Ng in summer conditions, reaching
productivities similar to those obtained in phototrophy with CO2.

4
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Table 1. Maximum specific growth rate (μmax), biomass yield, biomass productivity, calorific value,
energy productivity, nutrient removal rate (N, P, and Gly), and ash content were calculated for
Nannochloropsis granulata grown in photobioreactors, with light in a medium injected with air
(PHOTO_AIR); with light in a medium supplemented with 10 mM glycerol and injected with air
(MIXO_AIR); with light in a medium injected with 1–2% CO2-enriched air (PHOTO_CO2), and with
light in a medium supplemented with 10 μM glycerol and injected with 1–2% CO2-enriched air
(MIXO_CO2). Each parameter is expressed as mean ± standard deviation (n = 3–5). Different letters
(a, b, c) denote significant differences among treatments (t-test, p < 0.05). P: phosphate, N: nitrate, Gly:
glycerol, DW: dry weight, n.a.: not applicable.

Parameters PHOTO_AIR MIXO_AIR PHOTO_CO2 MIXO_CO2

Maximum specific growth rate (μmax, d−1) 0.26 ± 0.02 a 0.42 ± 0.05 b 0.46 ± 0.01 b 0.41 ± 0.02 b

Biomass yield (g DW/L) 0.90 ± 0.14 a 3.23 ± 0.25 b 3.36 ± 0.38 b 3.38 ± 0.82 b

Biomass productivity (g DW/L/d) 0.05 ± 0.01 a 0.18 ± 0.01 b 0.19 ± 0.02 b 0.19 ± 0.05 b

Calorific value (MJ/kg DW) 18.20 ± 0.80 a 24.90 ± 0.99 b 24.60 ± 1.20 b 24.50 ± 0.71 b

Energy productivity (kJ/L/d) 0.93 ± 0.15 a 4.47 ± 0.39 b 4.14 ± 0.58 b 4.60 ± 1.13 b

P removal rate (mg/L/d) 1.84 ± 0.26 a 6.72 ± 1.03 b 3.07 ± 0.30 c 7.58 ± 1.70 b

N removal rate (mg/L/d) 14.90 ± 0.30 a 63.26 ± 2.76 b 63.61 ± 4.30 b 60.30 ± 5.40 b

Gly removal rate (mg/L/d) n.a. 61.67 ± 9.93 a n.a. 68.77 ± 8.40 a

Ash content (% DW) 25.00 ± 1.20 a 8.02 ± 0.20 b 7.95 ± 0.49 b 6.70 ± 1.40 b

2.3. Biomass Composition, Pigment, and Fatty Acid Profiles

The biomass derived from the growth of Ng in PBRs in the four different conditions
was further analysed in terms of protein-lipid-carbohydrate composition, fatty acid, and
pigment profiles. The composition of the ash-free biomass based on CHN analyses was
very similar among the four tested conditions, with about 40% proteins, 40% lipids, and
20% carbohydrates (Figure 3a). However, while the fatty acid content of the PHOTO-AIR
samples represented 11% of the biomass, it was more than doubled in the samples from the
MIXO_AIR, PHOTO_CO2, and MIXO_CO2 conditions. Palmitic acid (C16:0), palmitoleic
acid (16:1 (n7)), and EPA (20:5 (n3)) were identified as the major fatty acid classes in Ng
(Figure 3b), as previously reported in the genus [14,21]. The amounts of most detected fatty
acids were significantly increased in MIXO_AIR as compared to PHOTO_AIR, particularly
the EPA that was triplicated in this condition. MIXO_CO2 showed the highest fatty acid
content in terms of 16:1 (n7) and EPA, which were increased by 1.5- and 3-fold as compared
to PHOTO_CO2 and PHOTO_AIR, respectively. HPLC analysis of pigment extracts from Ng
revealed the presence of chlorophyll a, violaxanthin, and β-carotene as major pigments, and
of lutein, zeaxanthin, and canthaxanthin as minor carotenoids (Figure 3c), thus confirming
previous results for the strain [16]. In addition, the pigment profile was affected by the
growth conditions. The violaxanthin, lutein, and zeaxanthin contents were significantly
reduced in MIXO_AIR as compared to PHOTO_AIR. β-carotene content was doubled in
PHOTO_CO2 and MIXO_CO2 as compared to PHOTO_AIR and MIXO_AIR, whereas the
amount of chlorophyll a was not changed among the samples. Furthermore, canthaxanthin
was significantly more concentrated in MIXO_CO2 (about 0.02 μg/mg of dry weight)
than in PHOTO_CO2 (about 0.002 μg/mg of dry weight) and was not detected in the
other conditions.
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Figure 3. (a) Biomass composition, (b) Fatty acid, and (c) Pigment profile of Nannochloropsis granulata
grown in photobioreactors with light in a medium injected with air (PHOTO_AIR); with light in
a medium supplemented with 10 μM glycerol and injected with air (MIXO_AIR); with light in a
medium injected with 1–2% CO2-enriched air (PHOTO_CO2); with light in a medium supplemented
with 10 μM glycerol and injected with 1–2% CO2-enriched air (MIXO_CO2). Each graph shows data
as mean ± standard deviation (n = 3–5). Different letters (a, b, c, d) denote significant differences
among treatments (t-test, p < 0.05). ARA: Arachidonic acid; EPA: Eicosapentaenoic acid; Chl a:
chlorophyll a.
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2.4. In Vitro Antiproliferative Effect on Human Cells

Total extracts of Ng grown in the four conditions (PHOTO_AIR, MIXO_AIR, MIXO_CO2,
and PHOTO_CO2) were tested on both normal (PNT2) and cancer (PC3) human prostatic
cells. These two cell lines were chosen since prostatic cancer is a very common disease in
the male population, representing the second most frequent cancer type in men and the
fifth leading cause of death worldwide [22]. Figure 4 shows the results of the viability
assay on the two cell lines after 48 h of treatment. Cells grown under phototrophic growth
(PHOTO_AIR and PHOTO_CO2) did not produce metabolites with a strong cytotoxic effect
on PC3. Indeed, a reduction of cell viability in this cell line was induced only at the highest
concentration (100 μg/mL) (49.5% for PHOTO_AIR and 54.7% for PHOTO_CO2). A similar
effect was observed using the same extracts (PHOTO_AIR and PHOTO_CO2) on normal
cells PNT2; 1 and 10 μg/mL showed comparable viability levels in control cells, while
100 μg/mL reduced the percentage of viable cells comparably to that observed in cancer cells
(61.5% for PHOTO_AIR and 67.2% for PHOTO_CO2). The MIXO conditions (MIXO_AIR and
MIXO_CO2) produced metabolites that strongly reduced the percentage of viable PC3 cells at
100 μg/mL (21.2% for MIXO_AIR and 7.6% for MIXO_CO2) and only a slight reduction at
10 μg/mL (76.3% for MIXO_AIR and 76.6% for MIXO_CO2). The same extracts (MIXO_AIR
and MIXO_CO2) did not induce any variations at 1 and 10 μg/mL in normal PNT2 cells, and
there was a reduction of cell vitality only at the highest concentration (55.4% for MIXO_AIR
and 56.6% for MIXO_CO2).

(a) (b) 

Figure 4. MTT cell viability assay on (a) PC3 prostate cancer and (b) PNT2 normal cell lines. Bar
graphs show the percentages of viable cells after 48 h of treatment with 1, 10, and 100 μg/mL of total
extracts. Cells treated with DMSO vehicle (0.5%) were used as control and correspond to 100% of cell
viability (dotted red lines). Assays were performed in biological triplicates, and the graphs represent
means ± standard deviations.

Total extracts were fractionated and tested again on PC3 and PNT2. Both cell lines
treated with 1 μg/mL of the fractions did not show reduction in cell viability after 48 h
(see Supplementary Materials, Figure S3). The intermediate concentration (10 μg/mL)
induced a significant reduction in cell viability only when PC3 cells were treated with the
fractions D and E (see Section 4.6) of the MIXO_CO2 growth condition (Figure 5a). All
fractions at 100 μg/mL induced a strong or moderate reduction in viability in both PC3 and
PNT2 cells. In particular, all the fractions deriving from the PHOTO_AIR, MIXO_AIR, and
PHOTO_CO2 extracts induced comparable levels of viability in both PC3 and PNT2, while
fractions B, C, D, E, and F from MIXO_CO2 showed higher toxicity in PC3 as compared
with PNT2 (Figure 5b).
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Figure 5. Cell viability results after treatments of PC3 (blue bar graph) and PNT2 (yellow bar graph)
with all fractions (A–F). Histograms represent the percentages of viable cells after 48 h of incubation
with (a) 10 μg/mL and (b) 100 μg/mL of fractions. Cells treated with DMSO vehicle (0.5%) were used
as control and correspond to 100% cell viability (dotted red line). Assays were performed in biological
triplicate, and graphs represent means ± standard deviations. Differences between viability of PNT2
and PC3 were considered significant for p-values ≤ 0.05 (** p ≤ 0.005 and * p ≤ 0.05).

Fractions D and E of MIXO_CO2 that showed the highest cytotoxicity in PC3 were
selected since they exerted the strongest selective antiproliferative effect and were also
tested with a wider range of concentrations, at both 24 h (see Supplementary Materials,
Figure S4) and 48 h, for the calculation of IC50 (Figure 6). Fraction D exhibited an IC50
of 57 μg/mL while that of fraction E was 54 μg/mL; the latter was selected for cell death
pathway analysis due to its lower toxicity in normal cells and its higher fractionation yield
with respect to fraction D.
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(a) (b) 

Figure 6. Cell viability assay on PC3 and PNT2 cells after treatment for 48 h with 0.5, 1, 5, 10, 50, and
100 μg/mL of (a) fraction D and (b) fraction E. Assays were performed in biological triplicate, and
graphs represent means ± standard deviations.

2.5. Chemical Composition of the Bioactive Fractions

Total extracts from the four different culture conditions were analysed by LC-MS in
positive ion mode, thus unveiling a similar chemical profile. However, significant changes
in the concentrations of the major compounds were clearly observed. Particularly, the most
active extract (MIXO_CO2) displayed higher amounts of the metabolites eluted in the time
range between 12.5 and 14.8 min (Figure S5).

Afterwards, we performed an untargeted dereplication of the most active fractions, D
and E, of the MIXO_CO2 crude extract for the rapid identification of compounds respon-
sible for the antiproliferative activity. Fractions D and E were dissolved in mass grade
methanol at 1 mg/mL and subjected to liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) in the data-dependent (DDA) acquisition mode. The
obtained MS raw files were processed by MZmine [23] and submitted to GNPS to build a
molecular network with the Feature-Based Molecular Networking (FBMN) tool [24]. In the
resulting molecular network (Figure 7), each node is representative of an ion detected in
one or both fractions, the size of the node is proportional to the area of the extracted ion
chromatogram, while the border colour of each node is mapped to the relevant chemical
class of the metabolite.

The integration of the molecular networking and MS/MS fragmentation data analysis
led to the structural prediction of almost 70 metabolites from the bioactive fractions D and
E, which were assigned to five chemical classes, namely betaine diacylglycerols, betaine
monoacylglycerols, glycerophospholipids, glycosylmonoacylglycerols, and fatty acids
(Figure 7).

Overall, betaine lipids were shown to be the major clusters detected in the bioactive
fractions, with betaine diacylglycerols being almost exclusively present in fraction E and
betaine monoacylglycerols being the most abundant metabolite in fraction D. Betaine lipids,
structural components of cell membranes and chloroplasts, are acylglycerolipids bearing
an ether-linked quaternary amine alcohol moiety at the sn-3 position, which may be repre-
sented by a 2′-(hydroxymethyl)-(N,N,N-trimethyl)-β-alanine, a carboxy-(hydroxymethyl)-
choline, or a 4′-(N,N,N-trimethyl)-homoserine. The product ion spectra generated from
the [M + H]+ ions of betaine lipids from fractions D and E were all characterized by the
presence of the diagnostic fragment ion at m/z 236.1492 (C10H22NO5

+), which is indicative
of diacyl- and monoacyl-glycerol-trimethylhomoserine (DGTS and MGTS) or diacyl- and
monoacyl-glyceryl-hydroxymethyl-N,N,N-trimethyl-β-alanine (DGTA and MGTA) [25].
Therefore, betaine lipids from the bioactive fractions were predicted to be DGTS and MGTS
and/or DGTA and MGTA. Particularly, 39 DGTS/A (Table 2) and 17 MGTS/A (Table 3)
were identified in fractions D and E of the MIXO_CO2 crude extract.
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Figure 7. Molecular network obtained combining the LC-MS/MS analyses of fractions D and E of
the MIXO_CO2 extract from Nannochloropsis granulata. Nodes are illustrated as a pie chart showing
the compound source (yellow: fraction D; green: fraction E). Node size is related to metabolite
amount (peak area) while edge thickness reflects cosine score similarity. The colour of the border
of each node is mapped to the chemical class assigned by the molecular networking analysis of the
LC-MS/MS data.

Table 2. DGTS/A betaine lipids identified by molecular networking analysis of LC-MS/MS data
from the bioactive fractions D and E of the MIXO_CO2 crude extract (mass error < 3 ppm).

m/z [M + H]+ Rt Fatty Acyl Chains 1

674.4620 C39H64O8N 31.3 9:1;O/20:5
600.4464 C33H62O8N 31.3 9:1;O/14:0
588.4098 C31H58O9N 31.3 5:1;O2/16:0
628.4776 C35H66O8N 32.6 9:1;O/16:0
630.4932 C35H68O8N 32.7 9:0;O/16:0
734.5558 C43H76O8N 34.4 16:0/17:4;O
780.5397 C47H74O8N 34.5 17:4;O/20:5
706.5244 C41H72O8N 34.6 16:2/17:4;O
732.5399 C43H74O8N 34.7 16:1/17:4;O
724.5715 C42H78O8N 34.8 16:0/16:2;O
776.5456 C48H74O7N 35.0 18:5/20:5
702.5298 C42H72O7N 35.1 12:0/20:5
752.5455 C43H78O9N 35.2 16:4/20:5
734.5559 C43H76O8N 35.2 16:0/17:4;O
778.5597 C48H76O7N 35.4 18:4/20:5
790.5613 C49H76O7N 35.4 19:5/20:5
754.5612 C46H76O7N 35.5 16:2/20:5
804.5760 C50H78O7N 35.6 20:5/20:5
680.5453 C40H74O7N 35.6 14:0/16:2
780.5764 C48H78O7N 35.7 18:3/20:5
730.5605 C44H76O7N 35.7 14:0/20:5
706.5608 C42H76O7N 35.8 16:2/16:1
756.5760 C46H78O7N 35.8 16:1/20:5
806.5903 C50H80O7N 35.9 20:5/20:4
682.5605 C40H76O7N 36.0 14:0/16:1
782.5917 C48H80O7N 36.0 18:2/20:5
732.5737 C44H78O7N 36.1 14:0/20:4
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Table 2. Cont.

m/z [M + H]+ Rt Fatty Acyl Chains 1

708.5763 C42H78O7N 36.1 14:0/18:2
708.5763 C42H78O7N 36.1 16:1/16:1
734.5913 C44H80O7N 36.3 16:1/18:2
734.5913 C44H80O7N 36.3 16:0/18:3
734.5913 C44H80O7N 36.3 14:0/20:3
758.5913 C46H80O7N 36.4 16:0/20:5
784.6071 C48H82O7N 36.5 18:1/20:5
710.5918 C42H80O7N 36.7 16:1/16:0
760.6056 C46H82O7N 36.8 16:0/20:4
736.6074 C44H82O7N 37.0 16:1/18:1
736.6074 C44H82O7N 37.0 16:0/18:2
724.6074 C43H82O7N 37.4 16:0/17:1

1 Fatty acids have been reported using the LIPID MAPS shorthand notation [26]. Fatty acyl chains are indicated as
C:N;O, where C is the number of carbon atoms, N is the number of double bond equivalents, and O is the number
of additional oxygen atoms linked to the hydrocarbon chain.

Table 3. MGTS/A betaine lipids identified by molecular networking analysis of LC-MS/MS data
from the bioactive fractions D and E of the MIXO_CO2 crude extract (mass error < 3 ppm).

m/z [M + H]+ Rt Fatty Acyl Chain 1

534.3414 C30H48O7N 25.5 20:6;O
504.3518 C26H50O8N 25.7 16:1;O2 2

496.3259 C27H46O7N 26.1 17:5;O
552.3520 C30H50O8N 26.5 20:5;O2
492.3309 C28H46O6N 27.8 18:5
506.3465 C29H48O6N 28.8 19:5
494.3465 C28H48O6N 28.8 18:4
470.3467 C26H48O6N 28.9 16:2
446.3468 C24H48O6N 29.4 14:0
472.3624 C26H50O6N 29.4 16:1
520.3621 C30H50O6N 29.7 20:5
472.3623 C26H50O6N 30.0 16:1
522.3780 C30H52O6N 30.1 20:4
498.3780 C28H52O6N 30.6 18:2
522.3778 C30H52O6N 30.7 20:4
474.3782 C26H52O6N 31.3 16:0
500.3936 C28H54O6N 31.7 18:1

1 Fatty acids have been reported using the LIPID MAPS shorthand notation [26]. Fatty acyl chains are indicated as
C:N;O, where C is the number of carbon atoms, N is the number of double bond equivalents, and O is the number
of additional oxygen atoms linked to the hydrocarbon chain. 2 MGTS/A with a putative hydroperoxyhexadecenoic
acid as a fatty acyl substituent, as revealed by a neutral loss of 34.0055 Da from the [M + H]+ ion, arising from
fragmentation of the hydroperoxy group.

As DGTS and DGTA (as well as MGTS and MGTA) are structural isomers, and since
no distinctive fragments could be observed in the tandem mass spectra of the [M + H]+

adducts, it was not possible to differentiate unambiguously between the structures of
DGTS and DGTA (as well as MGTS and MGTA). In general, the product ion spectra of
MGTS/A were dominated by the [M + H-H2O]+ daughter ion and allowed us to infer the
fatty acyl substituent by the presence of the C10H22NO5

+ fragment ion, which derived
from the loss of the fatty acyl chain as ketene (Figure S6). On the other hand, besides
the presence of the [C10H22NO5]+ fragment, the mass tandem spectra of the [M + H]+

ions of DGTS/A displayed fragment ions corresponding to the loss of each fatty acyl
substituent at the sn-1 and sn-2 positions, both as ketene and carboxylic acid, thus giving
information about their fatty acyl composition (Figure S7). The DGTS/A and MGTS/A
detected in fractions D and E feature a remarkable amount of polyunsaturated fatty acids,
including EPA (Tables 2 and 3). The structural prediction of the minor molecular clusters,
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i.e., glycosylmonoacylglycerols (Table S1), glycerophospholipids (Table S2), and fatty acids
(Table S3), is presented in the Supplementary Material.

2.6. Cell Death Pathway

To establish the cell death signalling pathway induced by the bioactive fraction E, a
comparative analysis of the gene expression levels was performed between PC3 treated
with 54 μg/mL of fraction E (i.e., IC50 value) of MIXO_CO2 for 3 h and under control
conditions (PC3 cells without any treatment, in a complete RPMI medium). Figure 8 shows
the relative expression ratios of the analysed genes after treatment with respect to control.
Gene expression with a threshold fold regulation value of 2 was used to select genes
differentially expressed between the test and control. After a 3 h treatment of PC3, fraction
E provoked a strong up-regulation of some autophagy-related genes (orange bar graph),
such as ULK1 (11.4-fold change), GAA (9.7-fold change), BECN1 (20.7-fold change), ATG5
(3.0-fold change), ATG16L1 (3.1-fold change), and ATG12 (2.7-fold change). At the same
time, five autophagy-related genes were down-regulated: RPS6KB1 (−9.6-fold change),
CASP3 (−9.8-fold change), ATG7 (8.4-fold change), ATG3 (−14.5-fold change), and APP
(−15.5-fold change). Among the anti-apoptosis genes (green bar graph), one of them
was down-regulated (AKT1, −13.3-fold change) while five of them were up-regulated:
TNFRSF11 (9.2-fold change), MCL1 (3.2-fold change), CASP2 (6.0-fold change), BIRC3 (3.6-
fold change), and BCL2A1 (4.6-fold change). All pro-apoptosis genes found differentially
expressed were down-regulated, such as TNFRSF10 (−21.2-fold change), NOL3 (−3.7-fold
change), GADD45A (−8.2-fold change), CASP9 (−10.7-fold change), BAX (−28.9-fold
change), and APAF1 (−28.1-fold change). Only two genes involved in the necrosis death
pathway (grey bar graph) were differentially expressed; SPATA2 was up-regulated (8.0-fold
change), and CYLD was down-regulated (−14.4-fold change). NFKB1, CASP3, and AKT1
are genes involved in more than one death pathway investigated (light blue bar graph);
NF-κB1 was up-regulated (18.6-fold change), while CASP3 and AKT1 were found to be
down-regulated (−9.8 and −13.3-fold change, respectively).
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Figure 8. Variation of gene expression levels of death-related genes in PC3 treated with fraction
E, with respect to gene expression levels of untreated PC3 cells. The p-values were calculated
based on a Student’s t-test of the replicate 2−ΔCT values for each gene in the control group and the
treatment group; all fold regulations reported in this graph show p-values ≤ 0.05; thus, they were
considered significant.

3. Discussion

Previous studies have investigated the mixotrophic growth of the Nannochloropsis
genus using various external organic carbon sources [11–14], but only a few have explored
the industrial potential of growing Nannochloropsis under this growth mode [12,14]. Ng has
been previously proven as an industrially relevant strain due to its high biomass and its
lipid productivity that is compatible with outdoor production during the summer season in
Sweden [17]. In this study, we combined physiological, analytical, biological, and metabolic
approaches to investigate mixotrophic growth and the biotechnological application of Ng
grown under this trophic mode. To reduce the energetic cost required for the industrial
exploitation of Ng, glycerol (i.e., a by-product of biofuel production) was used here as
an external, low-cost carbon source. Ng was grown in 1L photobioreactors under four
different conditions, namely phototrophy, mixotrophy, and bubbled either only with air
(PHOTO_AIR and MIXO_AIR) or with CO2-rich air (PHOTO_CO2 and MIXO_CO2). We
found that the mixotrophic growth of Ng in the presence of both organic and inorganic
carbon (MIXO_CO2) was the best condition for increasing its industrial potential, as recently
shown for the diatom Phaeodactylum tricornutum [27]. However, our results showed similar
biomass productivity for Ng grown regardless of the presence of organic, inorganic, or both
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carbon sources; in contrast, a significant increase of biomass for Phaeodactylum tricornutum
was found only in the presence of both carbon sources. Different culture conditions and
different genus/species can explain these divergent results. Moreover, it was shown
that a high concentration of CO2 inhibits the mixotrophic growth of the Nannochloropsis
genus [13,28]. Further studies in the presence of different concentrations of CO2 could
clarify the interaction between organic and inorganic carbon during this trophic mode in
the Ng strain.

To investigate the industrial potential of Ng, the biomass composition obtained from the
four different conditions was analysed. Our results showed that even if a similar macromolecular
composition was maintained, the addition of either organic, inorganic, or both carbon sources
(PHOTO_CO2, MIXO_AIR, and MIXO_CO2) doubled the fatty acid content as compared with
the control PHOTO_AIR. This result was expected as both CO2 and glycerol are involved in the
metabolism of fatty acids in microalgae [19,29]. The increase in fatty acid content explains the
increase in calorific value, from 18 to 25 MJ/kg of dry weight in these conditions, as compared
to PHOTO_AIR. A calorific value of 25 MJ/kg was also reported for Ng in [17] as well as
for Nannochloropsis sp. grown in Flat-Plate Photobioreactors under N, P starvation [30], thus
confirming the genus as promising feedstock for biodiesel production.

Moreover, the fatty acid profile was also affected by culture conditions, showing the
increase of both palmitoleic acid (16:1 (n7)) and EPA (20:5) under mixotrophic growth,
especially in MIXO_CO2, as compared to the phototrophic samples. The increase of
EPA under mixotrophic growth using glycerol as a carbon source was already shown
for Nannochloropsis gaditana and Phaeodactylum tricornutum [14,19]. EPA belongs to the
class of omega-3 polyunsaturated fatty acids (PUFA) that is important for humans and
animals that are not able to synthesize them and need to get them from the diet. Some
microalgae, including Nannochloropsis, are rich in EPA, which suggests several applications
in both the food and feed industries (e.g., nutraceuticals and aquaculture) [31]. The EPA
content of the biomass was about 8% in the Ng grown in MIXO_CO2, and it reached
state-of-the-art EPA-concentration levels as compared to others Nannochloropsis species
grown in similar conditions [14,32]. The Nannochloropsis species is also a good source of
valuable carotenoids such as β-carotene and canthaxanthin [16]. The increased amount of
these carotenoids in the Ng extracts PHOTO_CO2 and MIXO_CO2 (0.1 and 0.02 μg/mg
dry weight, respectively) was previously reported with the addition of glycerol and of
NaHCO3 in other Nannochloropsis species [14,33].

Ng extracts displayed antitumoral activity in human prostatic cells (i.e., PC3), as previously
found for different Nannochloropsis species tested in other human cell lines [8–10]. Interestingly,
the PC3 cell viability under the conditions MIXO_AIR and MIXO_CO2 decreased from 50%
to 10–20% when treated with 100 μg/mL of total extracts as compared to PHOTO_AIR and
PHOTO_CO2. In order to further improve the antitumoral activity of Ng, the total extracts were
fractionated using a polarity gradient elution. The most hydrophobic fractions of MIXO_CO2
rich in betaine lipids (i.e., D and E, 75% and 100% methanol, respectively) showed increased
antiproliferative activity on cancer cells. Indeed, cell viability was already lower than 60% when
the cancer cells/PC3 were exposed to 10 μg/mL of each fraction; in contrast, no cytotoxicity
was exhibited (cell viability up to 90%) in the normal, prostatic PNT2 cells, as observed for the
relevant total extract. In addition, fractions D and E of MIXO_CO2 were shown to exert highly
selective antiproliferative activity towards tumor cells as compared to normal cells at 10 and
100 μg/mL. Similar results were obtained for Nannochloropsis oculata by [10], where the sterol-
rich fractions showed the strongest antitumoral activity in HL-60 cancer cells at 24 h of treatment
(i.e., 50% reduction of cell viability after treatment with 25 μg/mL of the active fractions).

LC-MS/MS analysis of active fractions D and E revealed almost 70 metabolites, which
were attributed to five chemical classes: betaine diacylglycerols, betaine monoacylglycerols,
glycerophospholipids, glycosylmonoacylglycerols, and fatty acids. In particular, betaine
lipids were the most representative classes, with MGTS/A 20:5;O2 (520.3621) as the most
abundant metabolite of the monoacylglycerol group, and DGTS/A 20:5/20:5 (804.478) as
the most abundant metabolite of the diacylglycerol group. Both betaine lipids included
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the polyunsaturated EPA, confirming our previous fatty acid analysis. Betaine lipids,
eventually together with others, could be responsible for the antitumoral activity detected
in Ng fractions, as observed in other organisms [34–36]. Finally, cell death pathways were
investigated in order to understand the gene mechanism involved in the antiproliferative
effect of these molecules on PC3 cells.

Almost all the genes involved in the activation or downstream process of apoptosis
(APAF1 [37], BAX [38], CASP3 and 9 [39], GADD45A [40], NOL3 [41], and TNFRSF10A [42])
were downregulated, suggesting that this cell death pathway is not directly responsible
for the high rate of cell death observed after the treatment of PC3. The only exception
is SPATA2, a gene encoding for an adaptor protein recruited into the TNF-R1 signalling
complex, which is involved in the regulation of RIPK1 [43].

Another evidence supporting the non-involvement of the apoptotic cell death is the
upregulation of anti-apoptotic genes such as BCL2A1 [44], BIRC3 [45], and CASP2 [46].

The only gene involved in necrosis found to be differentially expressed was CYLD.
CYLD, together with SPATA2, participates at the downstream events of TNF receptor
activation and can activate apoptosis (via the CASP 8-FADD complex) or necroptosis
(via the RIPK family) [47]. The downregulation of CYLD suggests that these two TNF-
dependent processes are not involved in the process of cell death, also considering that
only the upregulation of a single gene (SPATA2) has been observed.

Gene expression data related to autophagic factors support the activation of autophagy.
GAA [48], ATG5, ATG16L1, ATG12 [49], RPS6KB1 [50], ULK1, and BECN1 [51] are involved
in the activation of the autophagic process and in the formation of autophagosomes; these
genes were found to be upregulated, except for RPS6KB1.

Additionally, ATG7, ATG3, and APP have been described to be involved in the
autophagy cell death pathway; however, after treatment with fraction E, these three genes
were downregulated. These can be explained by looking at the involvement of these
three factors in the proliferation and migration of cancer cells; ATG7 [52], ATG3 [53], and
APP [54] have been found to be upregulated in actively proliferating cancer cells. Thus, the
downregulation of these factors together with the induction of the autophagic flux could
contribute to the molecular mechanisms underlying the antiproliferative effects exerted by
the lipid metabolites contained in fraction E.

To conclude, the simultaneous addition of glycerol and CO2 in Ng could be applied in
outdoor systems situated along the west coast of Sweden in order to enhance the industrial
potential of this strain for different applications such as biofuel, food, feed, and drug
production. The use of wastewater and the optimization of the CO2 supply (e.g., flue
gases) could further reduce the production cost and increase the biomass performance of
this strain. However, the addition of organic carbon enhances the chances of competition
between microalgae and complex flora [55]. Further pilot outdoor studies are needed to
validate the data we obtained in the ePBRs during a simulated season on Sweden’s west
coast [55].

4. Materials and Methods

4.1. Microalgae Strain and Cultivation Conditions

Nannochloropsis granulata (Ng) was initially isolated by Karlson et al. (1996) [15]
from the Skagerrak, northeast Atlantic Ocean. For the experiments in this study, it was
obtained from the culture collection GUMACC (Gothenburg University Marine Algal
Culture Collection, https://www.gu.se/en/marina-vetenskaper/about-us/algal-bank-
gumacc, accessed on 1 November 2019). This strain was selected because it was found to be
the most productive local strain on the Swedish west coast in summer conditions [17]. Ng
was not axenic, but 100 μg/L of ampicillin was added at the beginning of the cultivation in
order to control the bacterial growth.

Precultures were maintained in 100 mL flasks at 16 ◦C, with a light intensity of about
20μmol photons m−2 s−1 and a 12/12 h L/D (Light/Dark) cycle. The medium used was
natural seawater collected from a depth of 30 m at the Tjärnö Research Station, University

15



Mar. Drugs 2022, 20, 424

of Gothenburg, Sweden. The seawater was filtered using two 0.4 μm GF/F glass fibre filters,
the salinity was adjusted with deionized water to 26 practical salinity units, and it was ster-
ilized by autoclaving at 121 ◦C for 20 min. Finally, nutrients from the standard f/2 marine
cultivation medium (NaNO3, NaH2PO4, microelements, vitamins [56]) were sterilized with
cellulose filter paper (with pore size of 0.22μm) and added to the autoclaved seawater.

4.1.1. Screening in Multi-Cultivator

For the small-scale experiments, Ng was grown in a Multi-cultivator MC 1000 OD (Photon
System Instruments, Check Republic) using a constant white light with an intensity of 300 μmol
photons m−2 s−1, at a temperature of 20 ◦C, and with air bubbling (Figure S1a). These cultivation
conditions were used because they correspond to the average light intensity and temperature
during the summer season in Gothenburg. The Multi-Cultivator was used for small-scale
growth and physiological characterisation thanks to its ability to simultaneously control growth
in eight flasks containing 80 mL of liquid culture. The control was grown in phototrophic
conditions without the addition of an external carbon source. For the mixotrophic conditions,
10 mM glycerol was added. All the samples were run in triplicate. The medium used was the
same as that for the inoculum but using 14-fold concentrated nutrients (NaNO3, NaH2PO4,
microelements) and vitamins in order to obtain high biomass yields. The enrichment factor was
calculated from the required amounts of nutrients to obtain at least 2 g/L of biomass based on
Redfield ratio for marine phytoplankton [17].

Algal growth was monitored every two days by measuring chlorophyll a fluorescence
expressed in relative fluorescence units (RFU), using a Varioscan™ Flash Multimode Reader
(Thermo Fisher Scientific, Vantaa, Finland), in 96-well microplates [17]. A total of 250 μL
of samples were added into each well of the microplate (in triplicate) and incubated for
10 min in the dark. Dilutions were performed when required (i.e., chlorophyll fluorescence
values > 30). Chlorophyll fluorescence was detected using a wavelength of 425 nm for
excitation and 680 nm for emission. The growth profiles in the different conditions were
normalized as a function of ln (RFUt/RFU0), where RFUt was the chlorophyll a fluorescence
at a certain time (t), and RFU0 was the initial chlorophyll a fluorescence. After the stationary
phase was reached, the biomass yield was determined and expressed as g/L of dry weight.
A total of 5 mL of final cultures was filtered through pre-weighted dried GF/F (47 mm)
Whatman® filters and then washed with 10 mL of 0.5 M ammonium carbonate [57]. Finally,
the filters containing the culture were incubated at 100 ◦C for 24 h and weighted for the
determination of the dry weight (biomass yield) according to the following formula:

(g of (filter + biomass)) − (g of filter)/0.005 L (volume of filtered culture) (1)

4.1.2. Cultivation in Environmental Photobioreactors

Following the first screening in the Multi-Cultivator, larger-scale (i.e., 1 L of liquid
culture) cultivation was carried out in photobioreactors in order to collect more biomass
for further analysis (i.e., biomass composition, pigment and fatty acid profile, bioassay
analysis). The inoculum of Ng was grown in 1 L flasks, with 500 mL of culture at room
temperature, with a light intensity of 150μmol photons m−2 s−1 and a photoperiod of
12 h light/12 h dark, bubbled with air, and stirred at 120 rpm. A total of 100 mL of
cells grown for 7 days was inoculated in 900 mL of cultivation medium in environmental
photobioreactors (ePBRs) (Figure S1b), corresponding to an initial OD of about 0.1 and
using the spectrophotometer Thermo Scientific Evolution 60 at a wavelength of 750 nm.
Dilutions were performed for samples with OD 750 nm > 1. OD was monitored throughout
the growth experiment; however, only chlorophyll fluorescence (RFU) was shown in
order to discriminate microalgal from bacterial growth. The cultivation medium for ePBR
experiments was prepared, as described for the screening in the Multi-Cultivator. The
ePBRs were programmed for “summer conditions” based on records of air temperature,
light intensity, and photoperiod in Gothenburg during the summers of 2014–2016, as
designed in [17]. Here, four different conditions were tested: (1) PHOTO_AIR: growth
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with light in a medium injected with air (i.e., 0.04% CO2); (2) MIXO_AIR: growth with light
in a medium supplemented with 10 mM glycerol and injected with air (i.e., 0.04% CO2);
(3) PHOTO_CO2: growth with light in a medium injected with 1–2% CO2-enriched air;
(4) MIXO_CO2: growth with light in a medium injected with glycerol and injected with
1–2% CO2-enriched air. The concentration of CO2 in PHOTO_CO2 and MIXO_CO2 varied
based on the need to maintain the pH values of cultures at 8 through the automatic injection
of CO2. The pH of the other cultures was maintained at the same value by manual injection
of 0.4 N H2SO4 when needed. The layout of the photobioreactors is modular, and the picture
in Figure S1b shows one of three modules in a setup consisting of four PBRs each. The
complete setup allows for 12 PBRs in total, of which nine were used for these experiments.
Two treatments were used in parallel, and each treatment was allotted from three to five
replicate PBRs out of the nine. All three modules were located in a temperature-controlled
enclosure. Custom-built microprocessor control modules for pH, light, gas mixing, etc.,
were located outside the enclosure. Light was controlled separately for each PBR according
to the profile in Figure 2a. pH was controlled individually for each PBR through the
high-frequency pulsed addition (1 Hz control loop) of a gas mixture, i.e., filtered air or
1–2% CO2 in filtered air, dispersed through a capillary at the bottom of each PBR. Mixing
was accomplished with magnetic stir bars set at 125 rpm. Temperature monitoring was
accomplished through a temperature-controlled enclosure and by fine tuning with a water
bath, which circulated water through the outer water jacket of each PBR.

Algal growth was monitored every two days by measuring chlorophyll a fluorescence
expressed in relative fluorescence units (RFU) with the use of a fluorometer (Fluoromax 4,
Jobin-Yvon, Horiba Scientific, Palaiseau, France). A total of 3 mL of samples was added
in a quartz cuvette and incubated for 10 min in the dark. Dilutions were performed
when required (i.e., Chlorophyll fluorescence values > 106). Chlorophyll fluorescence
was detected using a wavelength of 425 nm for excitation and 680 nm for emission. The
growth profiles in the different conditions were normalized, as described for the screening
in Multi-Cultivator. Cultivation was stopped when the stationary phase was reached, and
biomass was collected for further analyses.

4.2. Photosynthetic Analysis

Photosynthetic analysis was carried out with a pulse-amplitude-modulated fluorometer
DUAL-PAM 100 equipped with a DUAL-DB and a DUAL-E emitter–detector module (Walz, Ef-
feltrich, Germany). The photosynthetic parameter variable fluorescence/maximum fluorescence
(Fv/Fm) was determined by measuring 2 mL of a 20 min dark-adapted algae sample with the
use of saturated actinic red light (300 μmol photons m−2 s−1). Fv/Fm represents the maximum
quantum yield of PSII and gives an indication of the physiological state of photosynthetic
organisms, where Fv is equal to Fm − F0, and Fm and F0 are the maximum and minimum
fluorescence of the dark-adapted cells, respectively.

4.3. Biomass Analysis

The biomass yield was determined at the end of the growth curve, when approaching
the stationary phase, as described for the screening in the Multi-Cultivator. Biomass
productivity was calculated by dividing the biomass yield by the number of cultivation
days. The maximum specific growth rate (μmax) was calculated during the exponential
phase (days 3–6) from RFU data as follows:

μmax = (lnRFUd2 − lnRFUd1)/(d2 − d1), (2)

where RFUd2 and RFUd1 are the relative chlorophyll fluorescence on specific days of
cultivation (d2 and d1).

4.3.1. CHN Analysis

On the last day of cultivation, the cells were collected by centrifugation at 7000× g
for about 20 min, stored at −80 ◦C, and freeze-dried for 48 h using Alpha 1–2 LD plus,
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Martin Christ. About 1 g of freeze-dried biomass was ground using a mortar and pestle
for elemental (i.e., Carbon, Hydrogen, Nitrogen, CHN), ash content, and calorific value
analyses. CHN and ash content analyses were performed using the standard methods
SS-EN-ISO 16,948 with the Elemental Analyzer CHN 628, Leco and the SS-EN-ISO 18,122
with the thermogravimetric analyser TGA 701, Leco, respectively. Finally, the calorific value
was determined using the standard method SS-EN-ISO 18,125 and the bomb calorimeter
C5003, IKA. The ash-free biomass composition (protein, lipid, and carbohydrate content)
was calculated by the equation used in [58].

The energy productivity was calculated by multiplying the biomass productivity with
the calorific value.

4.3.2. Fatty Acid Profile

A certain amount (5–10 μg) of freeze-dried biomass was analysed for its fatty acid con-
tent by using direct acid transmethylation and Gas Chromatography/Mass Spectrometry
(GC–MS) [59]. A total of 5 μg of di-nonadecanoyl-phosphatidylcholine (C19:0) was added
to the freeze-dried biomass and used as an internal standard for the quantification. An
amount of 2 mL of boiling 2-propanol was then added and incubated at 100 ◦C for 5 min.
The sample was completely evaporated under a stream of N2, and 1.5 mL of 2.5% H2SO4
in methanol (v/v) was added and incubated at 80 ◦C for 4 h and cooled down for 10 h. A
total of 5 mL of 1 M cold NaCl and 1 mL of heptane were added to the samples and then
mixed. The samples were centrifugated at 1000 rpm for 10 min to allow for the separation
of the phases. The upper phase was collected and analysed using an Agilent 7820 GC
(Agilent Technologies Co., Ltd., Shanghai, China) coupled to an Agilent 5975 MS (Agilent
Technologies, Wilmington, DE, USA). The obtained fatty acid methyl esters (FAMEs) were
separated on a 30 m × 0.25 mm DB-23 capillary column (Agilent), using helium as a carrier
gas at a constant flow of 0.6 mL min−1 and a temperature of 210 ◦C. The FAMEs were
identified by their comparison with commercial standards from Sigma-Aldrich, Darmstadt,
Germany (Me 100, Me81, and individual FAME, Larodan, and Marine PUFA no.3) and
quantified by comparison with the internal standard (C19:0). The concentration of FAMEs
was then normalized for the freeze-dried biomass and expressed as μg/mg of dried weight.

4.3.3. Pigment Profile

A certain amount of freeze-dried (2–6 μg) biomass was resuspended in 5 mL of 90%
(v/v) acetone contained in falcon tubes covered with aluminium foil to prevent the entry
of light. The samples were ground in a glass homogenizer and refrigerated at 4 ◦C for
4 h. After the incubation period, the samples were centrifuged at 3000 rpm for 5 min.
Up to 5 mL of the clear supernatant with 90% acetone was taken and used for pigment
quantification. The samples were then filtered using a filter with a pore size of 0.2 μm
prior to run. The pigment composition of the samples was obtained using HPLC PDA
analysis. The samples were analysed in a Shimadzu UFLC system (Shimadzu corporation,
Kyoto, Japan) loaded with an Alltima C18 (RP18, ODS, Octadecyl) 150 × 4.6 mm column,
using 100 μL injection volume. The carotenoids and chlorophyll a were eluted through a
low-pressure gradient system comprised of Solvent A with methanol and 0.5 M ammonium
acetate buffer (85:15), solvent B with acetonitrile and milliQ water (90:10), and solvent C
with 100% ethyl acetate. The program consisted of solvent 100% B:0% C: (8 min), 90%
B:10% C: (8.6 min), 65% B:35% C (13.1 min), 31% B:69% C (21 min), and 100% B:0% C
(27 min). Retention time and spectra obtained from standards (DHI, Hørsholm, Denmark)
and run under the same conditions were used to identify the carotenoids in the samples.
The pigment concentration was obtained using quantification based on the area of each
standard. The pigment concentration was then normalized for freeze-dried biomass and
expressed as μg/mg of dried weight.
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4.4. Nutrient Analysis

Every 2 days, about 2 mL of growing cultures were filtrated using a nylon filter
with a pore size of 0.22 μm. The samples were diluted 20 times with MilliQ water and
stored at 4 ◦C until the nitrate (N) and phosphate (P) analysis. The diluted media were
then analysed using the ion chromatographic system 882 Compact IC plus, coupled with
the 858 Professional Sample Processor Metrohm AG, Herisau, Switzerland, and the anion
exchange chromatographic column Metrosep Asup 5–250/4.0, Metrohm AG, Herisau,
Switzerlan, using a conductivity detector (Metrohm AG, Herisau, Switzerland, part number
2.850.9010). In this analysis, an injection volume of 100 μL and an eluent of 3.2 mM Na2CO3
and 1 mM NaHCO3 pumped at 0.7 mL/min were used.

The glycerol analysis was conducted using the same ion chromatographic system
described above after replacing the column and detector with a Metrosep Carb 2-150/4.0 col-
umn and an IC amperometry detector (Metrohm AG, Herisau, Switzerland, part number
2.850.9110). The detector was used with palladium/gold electrodes in the pulsed amper-
ometry mode. The injection volume was 20 μL, flowrate was at 0.5 mL min−1, and 100 mM
NaOH/10 mM sodium acetate was used as eluent.

N, P and glycerol (Gly) removal rates were calculated with the difference between the
initial and final concentrations of these nutrients in the media, divided by the days of the
experiment (d), and expressed as mg/mL/d.

4.5. Statistical Analysis

The biomass analysis and nutrient consumption for mixotrophic and phototrophic growth
were compared by t-test analysis using GraphPad 9.3.1 Software 2365 Northside Dr. Suite 560,
San Diego, CA 92108, USA. p-values were used to quantify the variability between the four
different growth conditions. Data were considered significant for p-values < 0.05.

4.6. Extraction, Fractionation, and Liquid Chromatography—Mass Spectrometry

Freeze-dried biomasses obtained from the four growth conditions were re-suspended
in 100% methanol and homogenised by using a glass pestle. Methanol (MeOH) was chosen
for the extraction as it is a non-selective solvent and allows for the extraction of the largest
possible number of metabolites with a wide polarity range [60]. The samples were kept in
agitation and dark conditions for 60 min at room temperature, allowing for the complete
extraction of intracellular metabolites. After this step, the samples were centrifuged at
6000× g for 10 min at 4 ◦C in order to discard cellular structures and collect only the
supernatants. The supernatants were dried in a rotary evaporator to obtain the dried
total extracts to be used for chemical analysis, bioactivity assays, and fractionation. Dried
total extracts were re-suspended in methanol at 100 mg/mL and loaded onto the SPE
polypropylene column CHROMABOND® C18 ec (column volume 6 mL, filling quantity
1000 mg) assembled on an SPE Vacuum system. The total extracts were separated into six
fractions using methanol for a polarity gradient elution: fraction A, 100% H2O; fraction B,
25% MeOH and 75% H2O; fraction C, 50% MeOH and 50% H20; fraction D, 75% MeOH and
25% H2O; fraction E, 100% MeOH; fraction F, 100% MeOH containing 1% of trifluoroacetic
acid. All eluted fractions were dried in a rotary evaporator and stored at −20 ◦C for further
chemical and biological analyses.

In order to outline a metabolomic overview, the crude extracts from the four different
culture conditions, i.e., MIXO_AIR, MIXO_CO2, PHOTO_AIR, and PHOTO_CO2, were
dissolved in mass grade MeOH at a concentration of 1 mg/mL and analysed by LC/MS,
with a mass/charge range of 150–1000 m/z on a QTRAP 4500 (SCIEX, Framingham, MA,
USA) connected to a Nexera X2 UHPLC (Shimadzu, Kyoto, Japan), which was equipped
with a 1.7 m Acquity UPLC BEH C18 column (2.1 × 50 mm). For these experiments, the ESI
source was set in positive mode, with the voltage set at 4.5 kV and the capillary temperature
at 285 ◦C. Buffer A (H2O + 0.1% Formic acid (FA)) and Buffer B (ACN 0.1% + FA) were
used for the chromatographic separation, which was executed by adopting the following
gradient: from 100% A to 100% B in 20 min, followed by 5 min of 100% B.
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The LC-HRMS/MS data-dependent analyses (DDA) of the SPE fractions D and E
were carried out on a Thermo LTQ Orbitrap XL (Thermo Fisher Scientific, Waltham, MA,
USA) with ESI source coupled to a Thermo U3000 HPLC system equipped with a 5 m
Kinetex C18 column (2.1 × 50 mm). The DDA LC-MS/MS experiments were conducted by
dissolving the SPE fractions at 1 mg/mL in mass grade MeOH. The gradient program was
set as follows: 10% MeOH 1 min, 10−100% MeOH over 30 min, 100% MeOH 10 min. Mass
spectra were acquired in the positive ion detection mode. MS parameters were as follows:
a spray voltage of 4.8 kV, a capillary temperature of 285 ◦C, a sheath gas rate of 32 units
N2 (ca. 150 mL/min), and an auxiliary gas rate of 15 units N2 (ca. 50 mL/min). Data were
collected in the DDA mode, in which the five most intense ions of a full-scan mass spectrum
were subjected to HRMS2 fragmentation. The m/z range for DDA was set between 150 and
2000 amu. HRMS2 scans were obtained with CID fragmentation, an isolation width of 2.0,
normalized collision energy of 35, activation Q of 0.250, and an activation time of 30 ms.

4.7. Antiproliferative Screening and Dose-Response Curve

Antiproliferative experiments were performed on two different cell lines: PC3—human
prostate adenocarcinoma (purchased from the American Type Culture Collection, ATCC,
product code: CRL-1435™) and PNT2—human normal prostate epithelium immortal-
ized with SV40 (purchased from the Sigma Aldrich, Burlington, MA, USA; product code:
95012613). The selection of a cancer cell line and its normal counterpart is essential as it
reveals a selective antiproliferative activity towards cancer cells that has been induced by
treatments. PC3 and PNT2 cells were grown in an RPMI (Roswell Park Memorial Institute)
medium 1640 completed with 10% FBS (Fetal Bovine serum). Penicillin (100 units/mL) and
streptomycin (100 μg/mL) were added to the cell medium. Cells were grown in a 5% CO2
atmosphere at 37 ◦C and allowed to reach a maximum confluence of 80% in cell culture
flasks with vented filter caps. Before the treatments, the cells were harvested with trypsin
(1X), counted, seeded in 96-well plates (2 × 104 cells × well−1, with a final volume of 100 μL
for each well), and incubated in 5% CO2 atmosphere at 37 ◦C overnight. Total extracts
(four dried methanolic extracts of microalgal biomasses obtained from the MIXO_AIR,
MIXO_CO2, PHOTO_AIR, and PHOTO_CO2 growth conditions) and fractions (six dried
fractions obtained after SPE fractionation of each total extract) were dissolved in dimethyl
sulfoxide (DMSO) and used for all cell treatments. The final concentration of the DMSO
used was 0.5% (v/v) for each treatment. Cells were treated in biological triplicate (three
technical replicates were set up for each biological replicate) with all samples (total extracts
and fractions) at 1, 10, and 100 μg/mL, for 48 h in a complete cell medium. Two fractions
(D and E, Mixo_CO2) were selected for a further viability assay since they were able to
induce the strongest and most selective antiproliferative effect on prostatic cancer cells;
thus, they were used to set up a dose–response curve on both cell lines. In this case, the
concentrations used were 0.5, 1, 5, 10, 50, and 100 μg/mL, for 24 and 48 h. Control cells
were incubated in a complete cell medium with 0.5% of DMSO for all experiments.

Cell Viability

The antiproliferative effect of the samples on cell viability was evaluated using the
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, at the
end of the incubation of the PC3 and PNT2 cells, with the total extracts and all fractions
for antiproliferative screening and fractions D and E for the dose–response curve (see
Section 4.7), cell culture media (complete RPMI media containing extracts and fractions
at different concentrations) were discarded from 96-well plates using a vacuum aspirator
system. In each well, fresh media containing 5 μg/mL of the MTT solution were added.
Plates were Incubated in a 5% CO2 atmosphere for 3 h at 37 ◦C. After incubation, the MTT
solution was removed using a vacuum aspirator system, and formazan salts produced
by viable cells were dissolved in an isopropanol solution (100 μL) and incubated at room
temperature for 30 min on an orbital shaker. The absorbance of each well was read at
570 nm using an Infinite M1000Pro (TECAN, Männedorf, Switzerland) plate reader. The
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antiproliferative effect of the extracts and fractions at different concentrations was reported
as percent of cell viability, calculated as the ratio between the mean absorbance of each
treatment and the mean absorbance of the control (cells treated with only 0.5% of DMSO).

4.8. LC-HRMS2 Data Processing and Molecular Networking

LC-HRMS2 data from the bioactive fractions D and E were processed together to generate a
molecular network, using a previously reported method [61,62]. MS raw files were imported into
MZmine 2.53 [23]. Mass detection from raw files was performed for mass levels 1 and 2 by setting
the noise level at 1000 and 100, respectively. Chromatograms were built by using the ADAP chro-
matogram algorithm, setting a minimum height of 1000 and an m/z tolerance of 0.05 (or 20 ppm).
The baseline cut-off algorithm was employed for chromatogram deconvolution with the fol-
lowing parameters: minimum height peak = 1000, peak duration range = 0.0–10.0 min, baseline
level = 100, m/z range for MS2 scan = 0.05, retention time range = 0.5 min. Chromatogram
peaks were aligned by the Join aligner algorithm with the following settings: m/z tolerance at
0.05 or 20 ppm, absolute RT tolerance at 0.5 min. Peaks without associated MS tandem spectra
were removed from the peak list. Processed mass data were exported to mgf file and submitted
to the Feature Based Molecular Networking (FBMN) tool to generate the molecular network
depicted in Figure 7. FBMN parameters were set as follows: precursor ion mass tolerance = 0.02,
fragment ion mass tolerances = 0.02 Da, cosine score ≥ 0.7, minimum matched fragment ions = 3.
The molecular network was visualized in Cytoscape version 3.7.2 (Cytoscape Consortium, San
Diego, CA, USA) [63]. Chromatographic data were exported as a csv file from processed LC/MS
data by MZmine and then mapped to the relevant nodes in the generated network (Available on-
line: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=d0d43c1f93cc4a5db75020e59299334c
(accessed on 4 April 2022).

4.9. RNA Extraction and RT2 Profiler PCR Array

Prior to the RNA extraction, PC3 cells were seeded in 6-well culture plates (2 × 105 cells ×
well−1, with a final volume of 3 mL for each well) using a complete RPMI medium and incubated
in 5% CO2 atmosphere at 37 ◦C overnight. PC3 cells were treated with 52μg/mL (corresponding
to IC50 concentration) of active fraction E; control condition was also set up using PC3 cells
in a complete RPMI medium. After 3 h of treatment, media were discarded from control and
treated PC3 cells using a vacuum aspirator system, and then PC3 cells were washed directly
into the wells by adding PBS and rocking gently. PC3 cells (control and treated) were lysed
directly into the wells by adding 0.5 mL × well of Trisure Reagent (Bioline). RNA was isolated
according to the manufacturer’s protocol. RNA concentration and purity were assessed using
the nanophotomer Nanodrop (Euroclone). A total of 400 ng of RNA was subjected to reverse
transcription reaction using the RT2 first strand kit (Qiagen, cat. 330401, Hilden, Germany)
according to the manufacturer’s instructions. Real-time quantitative reverse transcription-PCR
(qRT-PCR) was performed in biological triplicate using the RT2 Profiler PCR Array kit (Qiagen,
cat.330231) in order to analyse the expression of 84 cell death genes in PC3 after exposure to the
active fraction E. Plates were run on a ViiA7 (Applied Biosystems 384 well blocks, Waltham,
MA, USA), Standard Fast PCR Cycling protocol with 10 μL reaction volumes. The cycling
conditions used were 1 cycle initiation at 95.0 ◦C for 10 min, followed by amplification for
40 cycles at 95.0 ◦C for 15 s and 60.0 ◦C for 1 min. Amplification data were collected with the
ViiA 7 RUO Software (Applied Biosystems). Ct values were analysed with the Qiagen data
analysis online software (Available online: https://geneglobe.qiagen.com/it/analyze (accessed
on 22 December 2021).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/md20070424/s1, Figure S1: Cultivation systems used in the experiments.
Figure S2: Growth profile of Nannochloropsis granulata under mixotrophy and phototrophy; Figure S3:
Cell viability results after treatments of PC3 and PNT2 with 1 μg/mL of fractions (A–F); Figure S4: Cell
viability assay on PC3 and PNT2 cells after treatment for 24 h with fraction D and E; Figure S5: Base peak
chromatograms of crude extracts from Nannochloropsis granulata. Figure S6: HR ESI-MS2 spectra of the
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[M + H]+ ion of MGTS/A 20:5; Figure S7: HR ESI-MS2 spectra of the [M + H]+ ion of DGTS/A 14:0/20:5;
Table S1: Glycosylmonoacylglycerols from the bioactive fractions D and E from Nannochloropsis granulata;
Table S2: Glycerophospholipids from the bioactive fractions D and E from Nannochloropsis granulata;
Table S3: Fatty acids from the bioactive fractions D and E from Nannochloropsis granulata. Table S4: List
of all cell death genes analysed and involved in apoptosis, necrosis, and autophagy. Reference [64] are
cited in the supplementary materials.
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Abstract: Chlorpropham is a carbamate herbicide that inhibits cell division and has been widely
used as a potato sprout suppressant. Recently we showed that the microalga Dunaliella salina treated
with chlorpropham massively accumulated the colourless carotenoids phytoene and phytofluene.
Phytoene and phytofluene are valued for their antioxidant, UV-absorption and skin protectant
properties; however, they are present in very low quantities in nature. The low toxicity herbicide
chlorpropham seems a promising catalyst to produce phytoene in large quantities from CO2 and solar
energy with D. salina. This study explored chlorpropham uptake by the algal cells, the formation
of potential intermediate metabolites, and the removal of residual chlorpropham from harvested
D. salina biomass. Algal biomass rapidly concentrated chlorpropham from culture media. However,
washing the harvested biomass with fresh culture medium twice and five times removed ~83
and ~97% of the chlorpropham from the biomass, respectively, and retained algal cell integrity.
Furthermore, chloroaniline, a common metabolite of chlorpropham degradation, was not detected
in chlorpropham-treated cultures, which were monitored every two days for thirty days. Cells
treated with chlorpropham for either 10 min or 24 h continued to over-accumulate phytoene after
resuspension in an herbicide-free medium. These data imply that whilst Dunaliella cells do not possess
the intracellular capacity to degrade chlorpropham to chloroaniline, the effect of chlorpropham is
irreversible on cell nuclear division and hence on carotenoid metabolism.

Keywords: Dunaliella salina; chlorpropham; herbicide; phytoene; carotenoids

1. Introduction

Chlorpropham (CIPC), isopropyl 3-chlorocarbanilate (IUPAC), is a carbamate herbi-
cide and is very widely used worldwide as a general plant growth regulator to control
sprouting and as a herbicide against target weeds [1,2]. Recently, Xu and Harvey [3] showed
that the addition of micromolar quantities of chlorpropham to cultures of the microalga,
Dunaliella salina, inhibited cell division and resulted in the massive overaccumulation of
the colourless carotenoids, phytoene and phytofluene. D. salina is a halotolerant marine
microalga and well known for producing high quantities of β-carotene [4]. Phytoene and
phytofluene are precursors of β-carotene and are naturally found in a limited amount
in the alga. Chlorpropham was proposed to disrupt synchronised control between nu-
clear and chloroplast events in cell division, which would normally be associated with
carotenogenesis and β-carotene accumulation [4].

Phytoene and phytofluene are similar to β-carotene in being comprised of a C40 back-
bone of isoprenoid units, which confer antioxidant and anti-inflammatory properties [5].
Unlike β-carotene, however, the absorbance maxima for phytoene and phytoene lie within
the UV wavelength range (280–350 nm). Phytoene and phytoene are consequently sought
after as UV-protective ingredients in skin protection products [6,7]. Both compounds are
found naturally in various stereoisomeric forms, which differ in their physicochemical
properties and shape. In simulated gastro-intestinal studies, cis-isomers of phytoene and
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phytofluene from different fruit juices presented with a higher bioaccessibility than their
trans-isomer counterparts, suggesting that they may have a higher therapeutical value [8].
The isomers from D. salina were recently comprehensively characterised and quantified
after treatment of D. salina cultures with chlorpropham [7]. Cis- forms of the isomers are
the predominant form in D. salina. However, phytoene and phytofluene normally are
only found in a limited amount in D. salina. This has, until now, limited the potential for
industrial-scale developments using this alga [9].

To date, chlorpropham is known to inhibit the process of mitosis in plants and algae by
interfering with the spindle microtubule organising centre, causing abnormal or complete
suppression of microtubule synthesis and organisation. However, its specific site of action
is not yet known [10]. Sterling [11] showed that lipophilic and neutral herbicides, including
chlorpropham, could penetrate the cell membrane of some lower and several higher plants
by passive diffusion; the kinetics studies of the uptake and efflux of different neutral
pesticides have been cited. Little is known about the cellular uptake and accumulation of
chlorpropham by microalgae and specifically D. salina. Likewise, the biotransformation
of chlorpropham has been investigated in higher plants and mainly in potatoes due to its
extensive use on this crop. In studies performed with potatoes, chlorpropham was shown
to be decarboxylated to 3-chloroaniline (3-CA) [12], which is an organochlorine compound
listed on the European Community priority pollutant Circular No 90–55 (1990) [13], and
classified as highly toxic for the environment and humans. Studies on the metabolism of
chlorpropham in algae are limited. To our knowledge, only John et al. [14] investigated its
degradation by a selection of green algae (such as Chlorella pyrenoidosa and Chlamydomonas,
Ulothrix fimbriata) and blue green algae (Anacistis nidulans). Using colorimetric methods for
detection of 3-CA, they observed that only A. nidulans transformed chlorpropham to 3-CA.

The aim of the present work was to gain insights into the interaction between the
herbicide chlorpropham and D. salina cells by studying its uptake and possible metabolism
to 3-CA in cell cultures of D. salina. The objectives involved the detection of chlorpropham
and its metabolites in the algal biomass, the study of its concentration over time and its
removal from the biomass.

2. Results

2.1. Determination of Chlorpropham and Its Metabolites in Algal Biomass and Extracts
2.1.1. HPLC Detection of Chlorpropham and 3-Chloroaniline

Harvested biomass from D. salina cultures treated with 20 μM–1 mM chlorpropham
over 30 days was extracted with methanol for chlorpropham and 3-chloroaniline, and the
extracts were analysed by HPLC at an interval of 2 days for 30 days. HPLC chromatograms
of the extracts revealed the presence of chlorpropham in the treated biomass, based on
the spectral properties of pure standard and its retention time (5 min, see Figure 1), but
3-chloroaniline could not be detected (detection limit 1 ng/mL). The recovery efficiency
of 3-chloroaniline from D. salina biomass was assessed with the 3-chloroaniline standard
using methanol and determined to be 91%. These data suggested that chlorpropham was
not metabolised to 3-chloroaniline by D. salina cells.
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Figure 1. HPLC chromatograms of (a) chlorpropham (7.5 μg/mL) and 3-chloroaniline (1 μg/mL)
standard spiked in D. salina, and extracts from D. salina treated with (b) 20 μM, (c) 50 μM, (d) 200 μM
and (e) 1 mM chlorpropham for one month; red line (RT = 6.39 min) highlights the peaks corresponding
to chlorpropham; blue line (RT = 5.24 min) indicates peak of 3-chloroaniline. n.d. not detected.

2.1.2. Determination of Chlorpropham and Phytoene in D. salina Biomass

Figure 2 shows the quantification of chlorpropham and phytoene in D. salina extracts
from unwashed biomass, which was extracted with either MeOH, MeOH/MTBE, MTBE
or EtOH. As shown in Figure 2a, the chlorpropham contents in the extracts with different
solvents were not significantly different (p > 0.05, Anova), whereas the phytoene contents of
the extracts (Figure 2b) were significantly different (p < 0.001, Anova); extraction with either
EtOH, MeOH or MeOH/MTBE yielded similar levels of phytoene (p > 0.05), whilst MTBE
gave the lowest yield of phytoene. In all subsequent experiments, MeOH was therefore
used to assess the contents of phytoene and chlorpropham in harvested biomass.

Figure 2. (a) Chlorpropham content with different extraction solvents; (b) phytoene yield with
different extraction solvents.
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2.2. Cellular Uptake and Accumulation of Chlorpropham during D. salina Cultivation
2.2.1. Chlorpropham Uptake over Time

The kinetics of binding and uptake of chlorpropham by D. salina cells is shown in
Figure 3, which displays chlorpropham amounts in the harvested biomass and culture
medium over a period of 30 days. After 5 min following the addition of chlorpropham to
cultures, unwashed biomass contained 1.92 ± 0.23 mg chlorpropham/g biomass (AFDW).
Over the next 28 days, there was no further significant increase in cell density (p > 0.05).
However, the amount of chlorpropham continued to associate with the biomass at a
linear rate of 0.04 mg/day and, after 28 days, reached 3.22 mg/g AFDW. In concert,
a corresponding significant decrease (p < 0.05) of chlorpropham amount in the culture
medium between day 0 and day 28 (from 4.31 to 2.59 mg/L) was recorded (see Figure 3).
Chlorpropham solution in uninoculated control had no significant change (p > 0.05) in
chlorpropham concentration over the same period.

  
(a) (b) 

  
(c) (d) 

Figure 3. (a) The cell density of the D. salina cultures treated with 20 μM chlorpropham; day 0
represents the start of the treatment. (b) Changes in chlorpropham amount (mg/L culture) over
time in different fractions of D. salina cultures treated with 20 μM chlorpropham; unwashed biomass
after centrifugation (circle, full line), biomass washed twice with fresh culture medium (broken
line), supernatant from centrifugation (full triangle) and chlorpropham solution control that was not
inoculated (open triangle); (c) cellular content of chlorpropham in unwashed biomass of D. salina
cultures treated with 20 μM herbicide (full line) and washed twice (broken line); (d) chlorpropham
(mg/g AFDW) in D. salina total biomass treated with 20 μM herbicide when cells were not washed
(full line) and washed twice (broken line).
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On the other hand, the amount of chlorpropham associated with washed biomass
compared to unwashed never reached more than the initial concentration of 0.2 pg/cell
throughout the 28-day test period, indicating that only a small fraction of the original
amount of chlorpropham added to cultures might be needed to solicit phytoene accumula-
tion (Figure 3c,d).

2.2.2. Effect of Chlorpropham Concentration

Different concentrations of chlorpropham were added to D. salina cultures, and the
amount of chlorpropham taken up by the cells increased linearly with the increasing con-
centration of the chlorpropham added into the cultures (Figure 4). In 50 μM chlorpropham-
treated cultures, the amount of chlorpropham in the cells was three times higher than
that in 20 μM chlorpropham-treated cells. Additionally, in 200 μM chlorpropham-treated
cultures, the amount was 15 times higher than that in 20 μM treated cultures.

 
Figure 4. Correlation between the concentration of chlorpropham added to D. salina cultures and the
chlorpropham content in D. salina cells (the concentration was measured after 24 h of treatment).

2.2.3. Effect of Cell Density

Two sets of cultures with different cell densities (1.36 × 106/mL and 0.4 × 106/mL)
were treated with 20 μM chlorpropham to study the effect of different cell densities on
chlorpropham accumulation. The data in Figure 5 show that cell volume overall increased
(significantly) from day 0 onwards in all the cultures (p < 0.05), in line with the progres-
sive increase in the phytoene content and chlorpropham amount in the cells. See also
Figure A1, Appendix A. The increasing cellular content of phytoene over time (Figure 5d)
may contribute to cell swelling reflected in a slightly increased rate of accumulation of chlor-
propham during the treatment period (Figure 5c). The volume increase was significantly
higher in cultures of lower density. Notably, from day 22 of chlorpropham treatment, cells
of cultures with low density became pale and irregular in shape, and cultures turned light
grey, intracellular phytoene significantly decreased (p < 0.05) and chlorpropham associated
with this biomass sharply increased (p > 0.05) between day 15 and 22.
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Figure 5. (a) Cell densities of the cultures treated with 20 μM chlorpropham. (b) Cell volume measure-
ments of cultures treated at the cell densities of 1.36 × 106 cells/mL (H) and 0.4 × 104 cells/mL (L);
(c) Chlorpropham content (pg/cell) in cultures at different cell densities (H and L in the figure) and in
not inoculated control cultures; (d) Phytoene content in the biomass of low- and high-density-treated
cultures or untreated controls (CH/CL).

2.3. Process Optimisation to Reduce the Concentration of Chlorpropham Loosely-Associated with
Algal Biomass
2.3.1. Different Numbers of Washing Cycles

Harvested D. salina biomass was washed with a fresh culture medium, and the effec-
tiveness was assessed so that the amount of chlorpropham associated with the biomass
and thereafter the phytoene extracts could be minimised. Treated D. salina cells were
centrifuged, and pellets were transferred into a fresh herbicide-free medium. The change in
the chlorpropham content in the harvested biomass was monitored, as shown in Figure 6.
The results show that almost 90% of the chlorpropham associated with unwashed D. salina
cells was released into the washing medium after two minutes of transferring the treated
biomass into the fresh medium, indicating the release of chlorpropham from the cells to the
fresh medium occurred very rapidly.

Table 1 and Figure 7 show chlorpropham removal and phytoene recovery from har-
vested biomass with different numbers of washing cycles. A significant difference between
the content of chlorpropham derived from washed and unwashed biomass was found
(p < 0.05). Chlorpropham contents in the biomass washed either 2, 5 or 10 times were 6.2,
45.5 and 307 times lower, respectively, than the unwashed biomass. More than 99% of
chlorpropham in the harvested biomass was removed after washing with a fresh medium
10 times. Given that the harvested pellets had a volume of ~50 μL in each test and that the
concentration of chlorpropham in the culture was 20 μM, the calculated herbicide carried
over by water in the pellet volume was ~0.21 μg. This value was 85 times and 18 times
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lower in respect of the total amount of chlorpropham in both unwashed (18 μg) and washed
biomass (3.75 μg) extracted from the pellet, suggesting that the biomass had concentrated
chlorpropham from the extracellular medium.

 
Figure 6. Loss of cellular chlorpropham amount in the harvested D. salina cells treated with 20 μM
of chlorpropham. Unwashed cell pellets were obtained from 30 mL of treated cultures and then
transferred to 60 mL of fresh herbicide-free medium.

Table 1. Amount of chlorpropham (expressed in μg) removed from the biomass of D. salina was
washed with a different number of cycles by fresh culture medium or dH2O; 10 mL of culture was
harvested and washed with 10 mL of washing solution.

Wash Type Chlorpropham Removed [μg] Loss, % Chlorpropham Tot Intact Cell Number (×105)

No wash 0 0 266.10 ± 2.90

Wash (×2) 7.446 ± 0.353 83.89 262.11± 44.5

Wash (×5) 8.681 ± 0.314 97.77 250 ± 25.70

Wash (×10) 8.848 ± 0.337 99.69 162 ± 19.50

dH20 wash (×2) 8.7109 ± 0.274

Since D. salina cells lack a cell wall and are therefore relatively easily ruptured, quan-
tification of phytoene in harvested biomass served as an internal marker and the ratio of
chlorpropham:phytoene was recorded. The results show that the total cells that remained
intact after washing 2, 5 or 10 times with fresh medium were 98.5%, 94% and 61.1%, re-
spectively, in comparison to the biomass harvested without washing. Additionally, the
recovery of phytoene was also investigated from samples when the volume ratio of washing
solution:harvested cultures was 2:1 (Figure 7a). More than 90% of phytoene was recovered
when D. salina biomass was washed less or equal to 5 times, and more than 80% recovered
when biomass was washed 10 times.

Washing D. salina cells with water caused a substantial loss of phytoene (90% of total
phytoene). The ratio of phytoene/chlorpropham increased with increasing washing cycles
(Figure 7b), but it remained small when cells were washed with water, which caused
complete cell disruption. Washing with water ruptured cells as indicated both visually and
by the low value obtained for the ratio of chlorpropham:phytoene. These results confirm
that washing with a culture medium successfully removes chlorpropham from D. salina
biomass without bursting the cells.
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Figure 7. (a) Mean recovery (%) of phytoene from biomass after washing with fresh medium or water
for different times. (b) phytoene/chlorpropham ratios when cells are not washed (1), washed twice
(2), washed 5 times (3), 10 times (4) and washed with water (5). (c) Amount of chlorpropham in the
final D. salina biomass (mg/g).

2.3.2. Different Washing Volumes

Table 2 shows that the decrease in chlorpropham in harvested biomass was positively
correlated to the increase in wash solution: harvest volume ratio. Chlorpropham amount in
the biomass was 8.9 times lower than that recorded in unwashed biomass when the volume
ratio of washing solution: harvest culture was 1:1; 17.8 times lower when the ratio was 2:1,
and 71.6 times lower when the ratio was 4:1 (Table 2).

Table 2. Values of the amount of chlorpropham (pg/cell) with different wash solution/ harvest
volumes (mL) tested.

v/v Wash Solution/Harvest (mL) Chlorpropham Content Chlorpropham Bound to Biomass (%) (pg/Cell)

1/1

washed 0.066 ± 0.007
11.2

unwashed 0.59± 0.008

2/1

washed 0.035 ± 0.004
5.93

unwashed 0.063 ± 0.093

4/1

washed 0.015 ± 0.003
1.6

unwashed 1.10 ± 0.021
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2.3.3. Phytoene Production in Washed D. salina Cells after Chlorpropham Treatment

D. salina cultures treated with chlorpropham for either 10 min or 24 h were harvested,
and then pellets were resuspended in herbicide-free fresh medium to investigate the remained
effects of chlorpropham on algal cells in terms of carotenoid accumulation (Figure 8; Figure A2,
Appendix A). Cells harvested from both treated cultures continued to accumulate phytoene
as well as β-carotene at significantly faster rates than in controlled, treated cultures. This is
probably because the cells were diluted to lower densities in the fresh medium and gained
access to higher light energy as well as higher nutrient levels. There is no significant difference
between the cells treated for 10 min and those treated for 24 h (p > 0.05), confirming that the
effects occurred in the cells rapidly within the first few minutes.

  
(a) (b) 

Figure 8. (a) Phytoene and (b) β-carotene content (pg/cell) in the different cultures (T10 = 10 min
treatment; T24 = 24 h treatment; C = control; C t = control treated).

3. Discussion

Chlorpropham is a plant herbicide and a mitotic inhibitor which has been used
extensively as a potato sprout suppressant. When D. salina cultures were treated with
a micromolar concentration of chlorpropham, the two colourless carotenoid precursors,
phytoene and phytofluene, massively accumulated [3]. The present work was undertaken
to explore the interaction between chlorpropham and D. salina cells and the accumulation
and removal of chlorpropham in the algal biomass.

D. salina biomass concentrated chlorpropham from the culture medium, but most
could be removed by washing the biomass. A similar phenomenon has been previously
reported using higher plant tissues [15]: in the study of the absorption of C-labelled
herbicides washed for different cycles and time periods, herbicides such as fluorodifen (log
K ow of 1.84 at 25 ◦C), which were concentrated by higher plant tissues, were removed after
10 min washing period. In the present study, the fresh culture medium was chosen as the
washing solution to maintain the osmotic pressure and reduce the likelihood of cell rupture
during washing since D. salina cells have no rigid cell wall [16]. Under these circumstances,
the intracellular phytoene content remained within the cells.

Monitoring of the chlorpropham uptake by D. salina over time showed that the associ-
ation of chlorpropham with the harvested biomass occurred within the first few minutes of
treatment. Lipophilic herbicides have been shown to freely transfer across the cell mem-
brane of cells via passive diffusion until the chemical equilibrium between the internal and
external concentration is reached [11] and at a rate dependent on their lipophilicity. Chlor-
propham is relatively lipophilic with a partition coefficient of octanol/water = 5.75 × 103.
D. salina cells, moreover, are bounded from the extracellular medium by a lipophilic mem-
brane comprising a glycocalyx-like cell layer of varying thickness [16]. Although the precise
site of action of chlorpropham is not clear, it is likely to be internal, as chlorpropham is
known to disrupt mitosis by interfering with the spindle microtubule organising centres in
lower and higher plants species [10,17] or by interacting with the microtubules directly [18].
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In D. salina cultures, chlorpropham may be taken up by cells by internal passive diffusion
through the cell membrane; this needs further exploration. In the present study, D. salina
cells treated with chlorpropham for either 10 min or 24 h continued to accumulate phytoene
even after their transfer into herbicide-free fresh medium and at the same rate as those cells
that remained in chlorpropham-containing culture medium.

Chlorpropham accumulation during cell growth may parallel the increase in cell
volume; increases in cell volume in cells treated with chlorpropham have been shown
previously [19]. Our data show that the content of phytoene significantly accumulated
over the period tested (21 days), and cell volumes of all treated cultures were observed to
increase over time after the treatment while phytoene and phytofluene were accumulated,
in accord also with [3]. Additionally, the sharp increase in volume in cultures of low
cell number paralleled higher carotenoid accumulation, suggesting a correlation between
D. salina cell number and the amount of chlorpropham added. Therefore, the physiological
changes observed on day 21 of treatment in cultures with lower cell density may be linked
to a higher toxicity effect of intracellular herbicide. It was shown previously that cell
swelling occurred in cells grown once a specific level of chlorpropham was reached [20].
On the other hand, when cultures were treated for only 10 min or 24 h and resuspended
in fresh medium, the effect of chlorpropham on the overaccumulation of phytoene was
shown even after 24 days, proving the irreversibility of the herbicide after short exposure
without showing cell toxicity caused by prolonged exposures to the herbicide.

The formation of the metabolite, 3-chloroaniline, has been a concern for chlorpropham
applications. In this study, no 3-chloroaniline was detected in cultures treated with up to
1 mM herbicide with the method used, suggesting that D. salina might not be capable of
breaking down chlorpropham. There is little information available regarding the degra-
dation of chlorpropham in microalgal species. John et al. [14] investigated the presence of
3-chloroaniline in different microalgae and a cyanobacterium and showed that Ulothrix
fimbriata, which belongs to the same phylum Chlorophyta as D. salina, did not produce
3-chloroaniline, in contrast to the blue-green alga Anacystis nidulans, which possessed the
enzyme acylamidase. On the other hand, studies on potato tissues attributed the presence of
3-chloroaniline after chlorpropham treatment to the thermal degradation of chlorpropham
during the fogging application [21], when extremely high temperatures (>300 ◦C) are used;
high temperatures have been reported to trigger the degradation to 3-chloroaniline [22].
Additionally, 3-chloroanline may form during potato storage due to the activity of microor-
ganisms capable of degrading the parent compound to this metabolite [23].

The present work aimed to elucidate details of the use of chlorpropham in D. salina
cultivation for phytoene production. Chlorpropham added to cultures was concentrated
in the biomass. The effects caused by chlorpropham on cell metabolism are irreversible.
The constant increase in the chlorpropham content associated with the biomass over
time could be linked to increased cell volume during the accumulation of the colourless
carotenoids, phytoene and phytofluene. Washing repeatedly with fresh medium will
remove most chlorpropham associated with harvested biomass, up to more than 99% of its
initial amount. Phytoene and phytofluene are high valued compounds which are sought
to have high beneficial health properties; however, their availability in nature is low. The
use of chlorpropham with D. salina cultivation may represent a facile, low-cost method for
producing large quantities of phytoene.
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4. Materials and Methods

4.1. Alga Strain and Cultivation

D. salina strain DF15 (CCAP 19/41) was obtained from the Marine Biological Asso-
ciation, UK (MBA). Cultures were cultivated in 500 mL Modified Johnsons Medium [24]
containing 1.5 M NaCl and 10 mM NaHCO3 in an illuminated incubator (Varicon Aqua,
Worcester, UK) under white light of 500 μmol m−2 s−1 at 25 ± 2 ◦C. For the different kinetic
studies of treatments with herbicides, triplicate sets of cultures were grown to mid-late log
phase, and each set was treated with chlorpropham at different concentrations from 20 μM
up to 1 mM. Flasks containing only fresh culture media added with the same amount of
herbicide served as blank controls to monitor the natural degradation rate of chlorpropham
over time without algal cells.

4.2. Standards and Solvents

Phytoene standard (LGC Limited, Teddington, UK), chlorpropham (PESTANAL,
analytical standard) and 3-chloroaniline (99% purity) were purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). Methanol (MeOH) and Methyl Tert Butyl Ether
(MTBE), both HPLC grade, were purchased from Fischer Scientific UK Ltd. (Loughborough,
Leicestershire, UK).

4.3. Extraction and Analysis of Phytoene

To determine the yield of phytoene and other carotenoids in chlorpropham-treated and
control cultures of D. salina at different time periods, 5 to 10 mL of D. salina cultures were
harvested at 3000× g for 5 min at 20 ◦C with an Eppendorf centrifuge 5810R (Eppendorf,
UK). Carotenoids were extracted and analysed by HPLC as described in our previous
work [7]: 10 mL of MeOH: MTBE (80:20) was added to the samples, which were first
sonicated for 60 s and then vortexed for 20 s. Samples were clarified at the centrifuge, and
the top solvent phase was collected. The extracts were filtered (0.20 μm filter) into amber
HPLC vials before analysis. The carotenoid extracts were routinely flushed with nitrogen
after extraction. To determine the kinetics for phytoene accumulation, D. salina cultures
(cell density = 85.5 × 104/mL) were treated with chlorpropham for either 10 min or for
24 h, and then aliquots of the cultures (30 mL) were transferred to fresh, herbicide-free,
culture medium (60 mL), and the rate of phytoene accumulation (pg/cell) determined for
24 days. The phytoene yield in those cultures was compared to cultures not treated and
cultures treated for all the 24 days analysis period. To determine the yield of phytoene, a
calibration curve was generated for its quantification.

4.4. Extraction and Analysis of Chlorpropham and Its Potential Metabolites
4.4.1. Sample Preparation

Analytical methods for chlorpropham and its metabolite 3-chloroaniline include high-
performance liquid chromatography or gas chromatography. However, gas chromatog-
raphy often requires the derivatisation of the compounds before analysis and, therefore,
HPLC was selected as the main tool for chlorpropham and 3-CA analysis in this study. To
monitor the amount of chlorpropham in D. salina cells on different days of treatment (day 0
to day 28), 10 to 15 mL cultures were harvested at 3000× g for 5 min at 20 ◦C. The extraction
of chlorpropham from D. salina biomass was evaluated with the following solvent extracts:
MeOH (100%), MTBE (100%), Ethanol (100%), MTBE/MeOH (20/80). 2.5 mL MeOH (100%)
was added to the biomass, and the solvent suspension was sonicated for 20 s, vortexed for
20 s and centrifuged at 3,000× g for 5 min. The upper phase with the solvent was collected,
filtered with 0.2 μm size filters into amber HPLC vials and analysed by HPLC.
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To enhance the compatibility with the HPLC mobile phase, as a stronger sample phase
solvent than the mobile phase may lead to inaccuracies in the results, a final sample phase
consisting of 90% sample (in MeOH) and 10% of HPLC grade water was prepared. To
analyse samples deriving from the algal supernatant, 5 mL of each collected supernatant
was diluted with 15 mL of MeOH (HPLC grade) to reach a ratio (25:75, H2O/MeOH).

4.4.2. HPLC Analysis of Chlorpropham and 3-Chloroaniline

The presence of chlorpropham and its metabolite, 3-chloroaniline, was evaluated
with HPLC by matching the retention time and the UV-vis spectra features of authentic
standards; these values are shown in Table 3. The instrument was equipped with Diode-
Array Detection (HPLC-DAD; Agilent Technologies 1200 series, Agilent, Santa Clara, CA,
USA), an online degasser and a quaternary pump system. Samples were separated using a
C18 250 × 4.6 mm Waters Spherisorb 5 μm ODS2. MeOH/ dH2O mixtures with different
ratios of water (from 0 to 10%) were tested as mobile phase solvents for analysis. The
method parameters chosen were as follows: the column temperature was set at 20 ◦C, and
the gradient solvent system was MeOH/ dH2O (90/10) (A) running at 100% A for the
first 8 min at a flow rate of 0.6 mL/min, then running at 100% MeOH (B) for one minute,
before adjusting to 80% B and 20% C (C = 100% MTBE) for the next 20 min at a flow rate of
1.0 mL/min (to elute the carotenoids) before going back to the initial conditions at 30 min.
The total run time was 45 min. The absorbance at different wavelengths (210, 240, 250, 282,
355, 450, 480 nm) was monitored. All data were acquired and analysed with Chemstation for
LC System software. The method was validated for precision linearity, selectivity, limit of
detection and quantification as in [25]. Calibration curves were obtained for chlorpropham
and chloroaniline quantification by spiking known concentrations of chlorpropham and
chloroaniline standards into crude algal extracts and supernatant and preparing serial
dilution (at least 7 points) within the range needed for the experiment. At least three fresh
solutions for each concentration were used, and the mean and standard deviation was
obtained. Each area value was plotted against each corresponding concentration to obtain
the best-fitted line. To detect the presence of 3-chloroaniline in the biomass of D. salina,
cultures were treated with an increasing concentration of chlorpropham (up to 1 mM) and
aliquots of cultures (from 10 to 100 mL) were harvested and extracted. Then, the solvent
was evaporated with the vacuum evaporator Genevac and resuspended to the compatible
mobile phase.

Table 3. Values of retention time (min) and UV absorption λmax (nm) of chlorpropham and 3-
chloroaniline standards and extracts from the biomass of D. salina.

Property Chlorpropham Standard Chlorpropham Biomass 3-CA Standard 3-CA Biomass

HPLC retention time (min) 6.39 ± 0.014 6.37 ± 0.009 5.241 n.d.

UV absorption λmax (nm) 238, 278 238, 278 242, 292 n.d.

4.5. Confocal Microscopy Analysis

The cell volume of D. salina in treated cultures was measured with an LSM880 Bruker
confocal microscope. Two triplicate sets of cultures with different cell densities were set up,
with the culture of lower density diluted from the one of higher density. Both cultures were
treated with 20 μM chlorpropham. The laser channel was set at 488 nm, and 2D images
were acquired as follows: the speed was set at 5, and the averaging number was 4. Images
size was: 425.1 μM × 425.1 μM, and the pixel size was 0.42 μm. D. salina cells were fixed
with formalin (2%) before analysis. Different images for each culture flask were acquired to
have at least 50 to 100 cells per replicate flask to measure, and the volume of the cells was
calculated by measuring their diameter and assuming that D. salina has a spherical shape.
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4.6. Chlorpropham Removal by Washing Process

To eliminate the traces of chlorpropham surrounding the biomass of D. salina, samples
were washed with water or the culture medium. Furthermore, the amounts of chlor-
propham derived from the biomass washed with different washing cycles (0, 2, 5 and 10)
or different washing solutions/harvest ratios were determined. Samples of each washing
experiment were collected in triplicate from the same culture flask. The washing experi-
ments conducted with different washing cycles were performed as follows: 10 mL culture
was harvested via centrifugation at 3000× g for 5 min, the supernatant discharged, and
the biomass pellet was resuspended completely in 10 mL washing solution (either cul-
ture medium or dH2O) by vortexing for 5 s; the suspension was centrifuged at 3,000× g
for 5 min. For the experiment conducted with different harvest cultures/ washing so-
lution volumes, the ratios were as follows: (1) 10 mL culture/10 mL washing solution;
(2) 10 mL culture/20 mL washing solution; (3) 10 mL culture/40 mL washing solution.

4.7. Statistical Analysis

Data are presented as the mean and standard deviation of triplicates. IBM SPSS statistics
64-bit was used to perform ANOVA analysis with a significant level of p < 0.05 to compare
the significance between data at different treatment times and between control and treatment
cultures. Microsoft Excel for Office MSO 64-bit was used for graphs representations.
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Appendix A

Figure A1 displays the change in cell volume over time for two sets of D. salina cultures
with different cell density (high = 1.36 × 106/mL and low = 0.4 × 106/mL) that had been
treated with 20 μM chlorpropham. Figure A2 displays the difference in cell volume of
cultures treated with the herbicide for a short period of time and suspended in herbicide-
free fresh medium (a and b), cultures treated for all the analysis period (24 days), (c) and
not treated cultures (d).
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(g)  

Figure A1. Confocal microscopy images of cultures treated with 20 μM of chlorpropham (a) low
density, time 0; (b) high density, time 0; (c) low density, time 7; (d) high density, time 7; (e) low density,
time 15; (f) high density, time 15; (g) high density, time 22.
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(a) (b) 

  
(c) (d) 

Figure A2. Confocal microscopy images of cultures treated with 20 μM of chlorpropham for (a) 10 min,
(b) 24 h, (c) all the experimental period, and (d) not treated cultures at day 20 of the experiment.
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Abstract: Projections show that the cultivation of microalgae will extend to the production of bio-
based compounds, such as biofuels, cosmetics, and medicines. This will generate co-products or
residues that will need to be valorized to reduce the environmental impact and the cost of the process.
This study explored the ability of lipid-extracted Chlorella vulgaris residue as a sole carbon and
nitrogen source for growing oleaginous yeasts without any pretreatment. Both wild-type Yarrowia
lipolytica W29 and mutant JMY3501 (which was designed to accumulate more lipids without their
remobilization or degradation) showed a similar growth rate of 0.28 h−1 at different pH levels (3.5,
5.5, and 7.5). However, the W29 cell growth had the best cell number on microalgal residue at a
pH of 7.5, while three times fewer cells were produced at all pH levels when JMY3501 was grown
on microalgal residue. The JMY3501 growth curves were similar at pH 3.5, 5.5, and 7.5, while the
fatty-acid composition differed significantly, with an accumulation of α-linolenic acid on microalgal
residue at a pH of 7.5. Our results demonstrate the potential valorization of Chlorella vulgaris residue
for Yarrowia lipolytica growth and the positive effect of a pH of 7.5 on the fatty acid profile.

Keywords: Yarrowia lipolytica; Chlorella vulgaris; growth; fatty acids

1. Introduction

Microalgae are a diverse phylogenetic group of unicellular photosynthetic organisms.
They represent species that live in a wide range of fresh and marine environments. Due
to their diversity and ability to capture and convert carbon dioxide, they are promising
candidates for the production of bio-based building blocks and molecules. These molecules
can be used in animal feed, food supplements, nutraceuticals, cosmetics, and pharma-
ceuticals [1–4]. Microalgae have also been proposed as a promising candidate for lipid
accumulation due to their adaptability to environmental stresses and rapid growth rate, as
well as the large number of biochemical compounds they produce [5–7]. Among microal-
gae, three main genera have been widely used: Chlamydomonas sp., Scenedesmus sp., and
Chlorella sp. [8]. Increased use of Chlorella vulgaris to produce polyunsaturated fatty acids
(PUFA) has raised concerns regarding the environmental impact of its by-products. Indeed,
delipidated algal co-products account for approximately 65% of the harvested biomass. It
has been reported that the global production of microalgae was 15,000 tons/year [9]. In 2020,
the production of Chlorella vulgaris within European Union was 82 tons [10]. However, there
is lack of studies regarding effective utilization of the microalgal residues, which is left after
lipid extraction but still enriched with significant amount of proteins, carbohydrates, or
cellulose, so we aimed to study Chlorella vulgaris residue as substrate [11].
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To decrease the quantity of by-products, residual microalgae biomass obtained after
lipids extraction has been considered as a promising substrate for oleaginous yeasts, as
residual microalgae biomass is a renewable source of high levels of organic carbon and
nitrogen. Many studies on growth and lipid production from oleaginous microorgan-
isms have used residual microalgae biomass after lipids extraction as the sole carbon and
nitrogen source [12,13]. However, delipidated microalgae are not usable as a substrate
because the remaining components of the cell wall and membrane are not bioavailable for
microorganisms [14]. Due to the recalcitrance of algal by-products, pretreatments have been
applied to lipid-extracted microalgae before their use [4,15]. As an example of a pretreat-
ment, chemical hydrolysis often generates inhibitory substances that can hinder or abolish
the growth of microorganisms cultivated in the resulting hydrolysates [12,16–18]. Seo et al.
used physical means, such as ultra-sonication or hydrothermal cavitation, to solubilize
residual algal biomass from biodiesel production; however, high energy consumption and
scalability are not easy issues to solve [13]. Some researchers reported the use of C. vulgaris
hydrolysates generated after lipids extraction and enzymatic treatment for the production
of bioethanol with a wide diversity of microorganisms, including E. coli, P. stipitis, and
S. cerevisiae [19–22]. Moreover, other researchers engineered a strand of E. coli that trans-
formed Chlorella emersonii hydrolysate to 2-pyrone 4,6-dicarboxylic acid [23]. Shahi et al.
attempted to produce bio-oil from a residual biomass of microalgae Dunaliella sp. after
lipids extraction using hydrothermal liquefaction and achieved a bio-oil yield of 11.8% in
dry matter [17].

To simplify the fermentation process and avoid the residual toxic compounds resulting
from pretreatment, this study did not submit the C. vulgaris residue substrate to any
mechanical, chemical, or enzymatic hydrolysis to enhance assimilation of nutrients by
oleaginous yeasts.

Y. lipolytica is one of the oleaginous yeasts that can accumulate more than 30% of its
dry weight in lipids [24]. It represents an attractive source of valuable compounds that can
be used in biotechnology, pharmaceuticals, and the food industry [25,26]. Y. lipolytica can
grow in a wide range of pH levels and temperatures and can metabolize many substrates,
including alkane derivatives and hydrophobic substrates, such as lipids [27,28].

Additionally, Y. lipolytica can tolerate some organic solvents, such as those used for
lipids extraction, such as hexane or chloroform/methanol [29]. Carbon and nitrogen
sources, C/N ratio, temperature, dissolved oxygen, agitation, and pH have been shown
to influence the quantity and quality of lipids accumulation significantly, particularly the
saturated to unsaturated fatty acids ratio [30–33]. Most reported experiments have used
wild-type Y. lipolytica strains, such as W29. However, mutant Y. lipolytica strains, such as
JMY3501, were designed to accumulate more than 45% lipids through the deletion of genes
involved in lipids catabolism and triacylglycerol (TAG) intracellular remobilization [34].
The fatty acid profile measured in mutant yeast was compared with that synthesized on
the W29 strain, both cultivated on microalgal substrate.

In this study, we examined the potential use of lipid-extracted C. vulgaris residue as a
sole carbon and nitrogen source for growing two strains of Y. lipolytica (W29 and JMY3501).
The main objective of this study was to evaluate the impact of this original substrate on the
growth rate and fatty acid profile. In addition to sterilization, the microalgal substrate did
not undergo any physical, enzymatic, or chemical pretreatment, not only to prevent the
generation of inhibitors but also to develop an eco-friendly fermentation process. Moreover,
to achieve complete exploitation of microalgae biomass in a microalgae biorefinery, no
carbon source was added. The effect of pH on both cell growth and the fatty acid profile
was the major criterion considered in this work.

2. Results

This study aimed to evaluate the possibility of using lipid-extracted C. vulgaris without
pretreatment as a sole carbon and nitrogen source for the growth and fatty acid profile
of Y. lipolytica strains. The study also assessed the impact of different pH levels on the
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growth and fatty acid profiles of wild-type W29 and mutant JMY3501 yeasts cultivated in
C. vulgaris residue or on yeast-extract peptone dextrose (YPD) media. We used different
studies to determine the pH levels to be tested. Although the best conditions for the
growth of Y. lipolytica W29 have been reported as a pH of 5.5 and temperature of 28 ◦C [35],
Zhang et al. concluded that the best pH for producing lipids was 2.0 [33]. Neutral and
alkaline conditions have also been shown to enhance protein solubilization and dispersion
of the microalgal cell wall [36]. Therefore, we performed the tests in this study at three pH
levels: (i) a pH of 3.5 allowed for a better production of lipids, (ii) a pH of 5.5 provided
better growth conditions for the yeasts, and (iii) a pH of 7.5 showed better dispersion of the
substrate and therefore better accessibility.

2.1. Biochemical and Elemental Analysis of C. vulgaris Residue

In this study, we first determined the biomass composition of C. vulgaris after lipids
extraction (Table 1). As expected, the main constituent in dry C. vulgaris residue was
proteins at 40.1 ± 5.3% (w/w of dry biomass). Other components included residual fatty
acids and ash, which were measured as 0.34 ± 0.02% and 11.2 ± 0.1% (w/w of dry biomass),
respectively. Reducing carbohydrates composed about 15.6 ± 2.1% of the dry biomass.

Table 1. Biochemical and elementary composition of lipid-extracted C. vulgaris residue.

Biochemical Compound Content (Percentage of Dry Weight)

Proteins 40.1 ± 5.3

Reducing carbohydrates 15.6 ± 2.1

Fatty acids 0.34 ± 0.02

Elementary Composition Content (Percentage of Dry Weight)

Total carbon 34.9 ± 0.4

Total nitrogen 7.8 ± 0.2

Ash 11.2 ± 0.1

The green algal lipid-extracted biomass showed high amounts of total carbon and
nitrogen, representing 34.9 ± 0.4% and 7.8 ± 0.2%, respectively (Table 1). The acquired
biomass data thus suggested that C. vulgaris could serve as a sole substrate source of carbon
and nitrogen for microbial cultivation. It had an average carbon/nitrogen (C/N ratio) of
4.5, close to that of the YPD medium (C/N = 5.3) used as a control in this study.

2.2. Growth of Wild-Type and Mutant Y. lipolytica Strains in Lipid-Extracted C. vulgaris Residue
and Control YPD Media

We conducted all yeast cultures with the same batch of lipid-extracted C. vulgaris
residue for 50 h to limit the impact of microalgal biochemical composition. Additionally,
we performed all cultures in duplicate. Then, we evaluated the effect of pH on the cell
growth of Y. lipolytica W29 and JMY3501 cultivated in YPD and C. vulgaris residue media.

2.2.1. The Effect of pH on the Cell Growth of Y. lipolytica W29

Figure 1a compares the growth profiles of Y. lipolytica W29 in YPD medium at a pH of
5.5 and in lipid-extracted C. vulgaris residue medium at different pH levels. Table 2 shows
the main parameters used to assess the growth of wild-type W29 and JMY3501 yeasts, in
both the control YPD and C. vulgaris residue media.
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Figure 1. (a) Growth curves of Y. lipolytica W29 on YPD medium at a pH of 5.5 (blue circle) and on
C. vulgaris residue at pH levels of 3.5 (green triangle), 5.5 (black square), and 7.5 (orange diamond).
(b) Growth curves of Y. lipolytica JMY3501 on YPD medium at a pH of 5.5 (blue circle) and on
C. vulgaris residue at pH levels of 3.5 (green triangle), 5.5 (black square), and 7.5 (orange diamond).
Growth curves were obtained using the Gompertz model.

The specific growth rate of the wild-type strain W29 in the YPD and C. vulgaris residue
media appeared similar regardless of pH level (3.5, 5.5, and 7.5). We obtained a maximum
specific growth rate (μmax) of 0.28 h−1 (Table 2).

However, the wild-type W29 cell concentration showed major differences depending
on the culture conditions. When the wild-type strain was cultivated on the microalgal
residue medium at a pH of 7.5, the stationary phase was reached after 25 h. In other pH
levels, the stationary phase was reached after only 15 h (Table 2, Figure 1a). The final cell
concentration of the W29 strain in the C. vulgaris medium at a pH of 5.5 or 7.5 was above
70% of the final cell concentration at a pH of 3.5 (Table 2).
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Table 2. Summary of the growth parameters of Y. lipolytica W29 and JMY3501 on YPD (pH 5.5) and
on C. vulgaris residue media at different pH levels (3.5, 5.5, and 7.5) after 50 h of cultivation.

Strains
Medium

pH
Specific Growth

Rate (h−1)
Cell Concentration

(106 Cells·mL−1)
Generation Time

(h−1)
Stationary
Phase (h)

Y. lipolytica W29
YPD medium 5.5 0.28 ± 0.03 1082.8 ± 4.61 2.50 ± 0.26 35

Y. lipolytica W29
Lipid-extracted

C. vulgaris residue

3.5 0.28 ± 0.05 59.6 ± 8.1 2.56 ± 0.49 15
5.5 0.27 ± 0.06 200.8 ± 94.2 2.67 ± 0.59 15
7.5 0.26 ± 0.01 235.4 ± 81.5 2.64 ± 0.09 25

Y. lipolytica JMY3501
YPD medium 5.5 0.3238 ± 0.0004 1501.7 ± 33.4 2.14 ± 0.00 35

Y. lipolytica JMY3501
Lipid-extracted

C. vulgaris residue

3.5 0.28 ± 0.08 77.1 ± 13.7 2.60 ± 0.76 15
5.5 0.28 ± 0.01 62.8 ± 18.3 2.49 ± 0.11 15
7.5 0.26 ± 0.03 73.9 ± 6.6 2.69 ± 0.30 15

2.2.2. The Effect of pH on the Cell Growth of JMY3501

We then examined the effect of pH (3.5, 5.5, and 7.5) on the growth of the JMY3501
strain in the C. vulgaris residue medium compared with that at a pH of 5.5 in the YPD
medium. JMY3501 is a genetically modified strain in which the β-oxidation pathway,
intracellular lipid mobilization, and alkaline protease have been blocked, rendering overex-
pression of the genes that push and pull TAG biosynthesis [34]. We compared the results
with those of the W29 strain cultivated in the same media. The mutant strain showed
almost equivalent microbial growth compared to the W29 strain (0.28 ± 0.01 h−1, Table 2)
at different pH levels when the same residue was used (Figure 1b, Table 2). However, we
obtained a maximum specific growth rate (μmax) of 0.3238 ± 0.0004 h−1 when we cultivated
the JMY3501 strain in the YPD medium at a pH of 5.5 (Table 2). We did not observe a signif-
icant difference between the two strains under the same conditions in terms of maximum
specific growth rates, nor did we observe a lag time, regardless of the pH level or medium
used (C. vulgaris residue and YPD at pH 5.5). The cell concentration of the JMY3501 strain
was similar for the three pH levels, ranging from 62.8 ± 18.3 to 77.1 ± 13.7 106 cells.ml−1

after 50 h of cultivation (Table 2). Thus, the growth of JMY3501 cultivated in the C. vulgaris
residue medium did not seem to be influenced by the pH variation in the medium.

These results clearly show that the growth profile of the W29 and JMY3501 strains
differed in YPD and C. vulgaris residue media. The wild-type strain had more difficulty
exploiting the microalgal substrate at a pH of 3.5. Although its cell growth was three times
higher at pH levels of 5.5 and 7.5 in C. vulgaris residue, this growth was still 4–5 times lower
compared with that in the YPD medium. Regarding cultures of mutant yeast in C. vulgaris
residue, performance of W29 was improved by 30% regardless of pH compared with the
JMY3501 yeast at pH levels of 5.5 and 7.5 in the microalgal residue used as the sole source
of carbon and nitrogen. Though we did not observe changes in growth rate analysis at
different pH levels, we expected to see changes in the fatty acids profile.

2.3. Fatty Acid Profiles of Wild-Type and Mutant Y. lipolytica Strains

Several factors, such as the physiological state, dissolved oxygen, agitation, osmotic
pressure, nutrients, and carbon and nitrogen sources, influence the biosynthesis of fatty
acid methyl esters (FAMEs). In this study, we measured the effect of the substrate and pH
levels on the fatty acid profiles of the yeast strains.

2.3.1. Effect of Different pH Levels on the Fatty Acid Profile of Y. lipolytica W29

We compared the fatty acid profiles of the W29 strain after 50 h of cultivation in
both media: YPD at a pH of 5.5 (yeast control) and C. vulgaris residue at different pH
levels. We incubated blank C. vulgaris residue at a pH of 7.5 for 50 h to evaluate the
temporal evolution of fatty acids without yeast growth. We selected this pH because of the
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improved substrate homogenization. Fatty acid concentrations were quantified using a gas
chromatography–flame ionization detector (GC-FID). The results are shown in Figure 2a,b.

Figure 2. (a) Raw data regarding fatty acid content in Y. lipolytica W29 cells cultivated in the YPD
medium at a pH of 5.5 (A and B represent two different fermenters in the YPD medium), algal
raw material control (C. vulgaris residue incubated at a pH of 7.5), and the W29 strain cultivated
in C. vulgaris residue for 50 h at different pH levels of 3.5, 5.5, and 7.5. (A statistical difference was
found between the initial concentration in the C. vulgaris residue and final concentration of fatty
acids after fermentation in the same residue; Kruskal–Wallis test, n = 4, ddl = 1, * significant at a
p-value < 0.05.) (b) Evolution of fatty acid quantities in the fermenter after 50 h cultivation of the
W29 strain in C. vulgaris residue. These values were obtained by subtraction of the initial fatty acid
quantities present in the C. vulgaris residue from the final fatty acid quantities present in the fermenter.
(C16:0: palmitic acid; C16:1: palmitoleic acid; C18:0: stearic acid; C18:1: oleic acid; C18:2: linoleic acid;
C18:3: α-linolenic acid.)

In the YPD medium, oleic acid (C18:1) was the predominant fatty acid found in the
wild-type W29 strain (12.8 mg·g−1 of biomass dry weight), while linolenic acid (C18:2)
reached 7.2 mg.g−1 of the dry biomass. Palmitic acid (C16:0) and palmitoleic acid (C16:1)
were identified, but no linolenic acid (C18:3) was detected in the W29 strain cultivated
in the YPD medium. Regardless of pH, the wild-type strain fermented in the C. vulgaris
residue medium showed no significant changes regarding the fatty acid profile present in
the initial algal raw material, as shown in Figure 2a.
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FAMEs analyses were performed on the biomass produced after 50 h of yeast growth
without any separation of the yeasts and remaining C. vulgaris residue. To demonstrate
a potential biosynthesis of FAMEs by the wild-type W29, we subtracted the fatty acid
quantities present in the initial C. vulgaris residue from the final fatty acid content measured
in the recovered biomass. Thus, the fatty acid content shown in Figures 2b and 3b was
likely underestimated.

Figure 3. (a) Raw data on the fatty acid content of the control (C. vulgaris cultivated at a pH of 7.5)
and the JMY3501 strain cultivated on YPD at a pH of 5.5 and on C. vulgaris residue media for 50 h at
different pH levels. (A statistical difference was found between the initial and final concentration of
fatty acids in the C. vulgaris residue; Kruskal–Wallis test, n = 4, ddl = 1, * significant at p-value < 0.05.)
(b) Evolution of fatty acid quantities in the fermenter after cultivation of the JMY3501 strain in
C. vulgaris residue for 50 h. These values were obtained by subtracting the initial fatty acid quantities
present in C. vulgaris residue from the final fatty acid quantities present in the fermenter. (C16:0:
palmitic acid; C16:1: palmitoleic acid; C18:0: stearic acid; C18:1: oleic acid; C18:2: linoleic acid; C18:3:
α-linolenic acid).
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As shown in Figure 2b, the wild-type strain catabolized C16:0 and C18:3 at different
pH levels (3.5, 5.5, and 7.5; Kruskal–Wallis test, p-value < 0.05), while C16:1, C18:1, and
C18:2 seemed to be anabolized by the Y. lipolytica W29 at pH levels of 3.5, 5.5, and 7.5
(Kruskal–Wallis test, p-value < 0.02). As seen in Table 3, the total quantity of FAMEs and
biomass remain unchanged in the wild-type strain after 50 h of cultivation in the C. vulgaris
residue medium (regardless of pH).

Table 3. Total FAMEs and biomass at different pH levels for the W29 and JMY3501 strains cultivated
in lipid-extracted C. vulgaris residue medium and YPD at a pH of 5.5 after 50 h of cultivation.

Strains pH Media
Total Concentration
of FAMEs mg.g−1

Total Dry
Biomass (g)

Total FAMEs (mg)

Lipid-extracted
C. vulgaris residue 7.5 3.3 ± 0.2 5.4 ± 0.9 17.8 ± 4.1

Y. lipolytica W29 5.5 YPD 25.4 ± 18.4 4.0 ± 0.4 101.6 ± 83.8

Y. lipolytica W29 3.5 Lipid-extracted
C. vulgaris residue 4.1 ± 0.5 3.8 ± 0.4 15.6 ± 3.3

Y. lipolytica W29 5.5 Lipid-extracted
C. vulgaris residue 3.9 ± 0.7 4.4 ± 0.3 17.1 ± 4.4

Y. lipolytica W29 7.5 Lipid-extracted
C. vulgaris residue 5.1 ± 0.7 4.0 ± 0.2 20.1 ± 3.9

Y. lipolytica JMY3501 5.5 YPD 26.5 ± 6.1 4.4 ± 0.5 115.8 ± 39.8

Y. lipolytica JMY3501 3.5 Lipid-extracted
C. vulgaris residue 4.9 ± 1.5 4.1 ± 0.7 19.1 ± 9.4

Y. lipolytica JMY3501 5.5 Lipid-extracted
C. vulgaris residue 3.9 ± 0.6 5.0 ± 0.1 19.5 ± 3.5

Y. lipolytica JMY3501 7.5 Lipid-extracted
C. vulgaris residue 5.3 ± 0.6 5.26 ± 0.02 27.6 ± 1.2

2.3.2. Effect of Different pH Levels on the Fatty Acid Profile of Y. lipolytica JMY3501

When comparing the wild-type and modified yeast strains cultivated on the YPD
medium (Figures 2a and 3a), we noticed similar fatty acid profiles. In contrast, the JMY3501
strain was genetically engineered to be incapable of degrading fatty acids and remobilizing
TAGs. On the YPD medium, the average fatty acid accumulation in the JMY3501 strain
(26.5 ± 6.1 mg.g−1) was equivalent to that of the W29 strain (25.4 ± 18.4 mg.g−1). This
showed the importance of a high C/N ratio for fatty acid accumulation [37].

The fatty acid content of the JMY3501 strain cultivated in the C. vulgaris residue
medium at different pH levels indicated the presence mainly of long-chain fatty acids
with 16 and 18 carbon atoms. To obtain an accurate understanding of the fatty acid
metabolism of the mutant yeast, we calculated the final quantity of each identified fatty
acid after deduction of the FAMEs quantity present in the microalgal raw material control
bioreactor (Figure 3b). In addition to the fatty acid profile of the C. vulgaris residue, JMY3501
cultivation appears to induce an increase in C18:2 synthesis regardless of pH (Kruskal–
Wallis test, p-value < 0.02), while C18:1 rose only at pH levels of 3.5 and 7.5 (Kruskal–Wallis
test, p-value < 0.02).

JMY3501 growth at a pH of 7.5 in C. vulgaris appeared to be the only culture showing an
increase in the total FAMEs associated with an unchanged quantity of biomass after 50 h of
cultivation (Table 3). Under these specific conditions, fatty acid quantities differed from the
other tested conditions. Indeed, at a pH of 7.5, the JMY3501 strain cultivated on C. vulgaris
residue synthesized significant quantities of C16:0, C18:2, and C18:3 (Kruskal–Wallis test,
p-value < 0.02; Figure 3b).
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3. Discussion

The broad objective of this study was to assess the potential use of lipid-extracted
C. vulgaris residue as a sole source of carbon and nitrogen without pretreatment for growing
two strains of Y. lipolytica (W29 and JMY3501). We examined the effect of substrate and pH
on both cell growth and the fatty acid profile.

First, we compared the cell growth of wild-type and mutant Y. lipolytica strains on
lipid-extracted C. vulgaris residue and control YPD media. Different pH levels (3.5, 5.5, and
7.5) were evaluated. The specific growth rates of the wild-type strain W29 in the YPD and
C. vulgaris residue media were similar regardless of pH (3.5, 5.5, and 7.5). A maximum
specific growth rate (μmax) of 0.28 h−1 was obtained. This finding matches those reported in
studies in which Y. lipolytica W29 was cultivated in glucose [37–39]. However, yeast cellular
growth (cell counts) was directly impacted by the relevant strain/substrate combination,
especially with complex raw material. This explains the differences observed regarding the
maximal growth of the W29 and JMY3501 strains cultivated on C. vulgaris residue.

The final cell concentration of the W29 strain in the C. vulgaris medium at a pH of 5.5
or 7.5 was above 70% of the final cell concentration at a pH of 3.5 (Table 2). This discrepancy
may have been due to the reduced accessibility of the nutrients contained in C. vulgaris
residue because of the pH and lack of pretreatments. Since proteins and polysaccharides
are major microalgal macroconstituents, their metabolization requires the secretion of
hydrolytic enzymes, such as proteases, from the wild-type W29 strain. This strain had the
capacity to secrete alkaline proteases at a pH of 7.5; the lack of alkaline protease secretion by
the JMY3501 strain prevented protein degradation and thus the release of amino acids and
peptides from the microalgal substrate. Therefore, cell growth in the microalgal medium
appeared to be three times lower in the deleted xpr2 gene JMY3501 mutant at pH levels of
5.5 and 7.5 than in the wild-type W29 strain at the same pH levels [40].

To simplify the process and avoid the residual toxic compounds that result from pre-
treatment, we did not submit the C. vulgaris residue substrate to any mechanical, chemical,
or enzymatic hydrolysis to enhance the yeasts’ assimilation of nutrients [19]. Therefore,
both Y. lipolytica strains had less readily available carbon and nitrogen sources for their
growth. Several studies have explored the feasibility of using microalgae hydrolysate
for microbial growth [12,13,17]. However, complex detoxification would be necessary
prior to fermentation; hence, these researchers did not undertake the additional costs and
eco-friendly aspects that were adopted in our study.

Regarding the lipids accumulation within the JMY3501 cultivated on C. vulgaris residue
at different pH levels, the cultivation of JMY3501 on microalgal residue with a C/N ratio of
4.5 achieved a moderate cellular lipid content (5.3 ± 0.6 mg.g−1 of biomass dry weight)
at a pH of 7.5, similar to that achieved by the W29 strain under the same conditions
(5.1 ± 0.7 mg.g−1 of biomass dry weight). A pH of 7.5 appeared to have a positive effect
on lipid accumulation when the mutant strain was cultivated on microalgal residue as
its sole source of nutrients (27.6 ± 1.2 mg of total FAMEs in the JMY3501 biomass vs.
17.8 ± 4.1 mg in the C. vulgaris residue). The overall production efficiency of FAMEs was
similar for the two strains (W29 and JMY3501). However, the cell growth of the JMY3501
strain was weaker. Therefore, the conversion yield of C. vulgaris residue into fatty acids
was better in the JMY3501 strain. Previous research has shown that lipid accumulation is
highly dependent on the C/N ratio and is induced by nitrogen starvation [24,41] and has
reported that the optimal C/N ratio for lipids accumulation is around 30 [42,43]. C. vulgaris
residue has a high nitrogen content and a low C/N ratio, which is not favorable for lipid
production based on the nitrogen-limitation strategy. In this study, the JMY3501 strain
deleted in the alkaline protease was chosen to promote lipid synthesis requiring a high
C/N ratio. This choice was made at the expense of cell cultures requiring metabolizable
nitrogen to direct lipid anabolism.

The FAMEs profiles and mass balances of the W29 and JMY3501 strains showed
that pH and culture media influence the balance between lipid anabolism and catabolism.
In both yeasts, lipid synthesis tended to increase when the pH in the microalgal residue
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media increased. This phenomenon was even more pronounced in the JMY3501 strain,
with significant metabolization of C18:3 at a pH of 3.5; lipid profile changes were limited
at a pH of 5.5, while a clear trend toward lipid anabolism occurred at a pH of 7.5 with
the noteworthy appearance of C18:3. The synthesis of α-linolenic acid (C18:3 [c9, c12,
c15]) in the JMY3501 strain cultivated on C. vulgaris residue after 50 h (Figure 3b) was
confirmed by GC-MS (data not shown). Y. lipolytica is known not to synthesize this fatty
acid naturally [44–47].

When the JMY3501 strain was cultivated on C. vulgaris residue, the amount of fatty
acids varied depending on the pH level (Figure 3a). The best production of C18:1 and C18:2
was observed at a pH of 3.5, while production of C18:3 was higher at a pH of 7.5. Previous
studies have found that when Y. lipolytica is cultivated in a canola oil substrate, about 22%
of the total FAMEs are C18:3. This C18:3 is not synthesized but originates from the plant
after being accumulated by the yeast [30,31]. Few researchers have reported significant
quantities of C18:3 in different Y. lipolytica strains grown on glucose-based medium. In 2020,
Carsanba et al. showed that C18:3 content in wild-type strains W29 and H917 reached 4.1%
and 14.2%, respectively, based on the total lipids and 19.9% in the mutant strain Pol1dL.
In 2014, Mattanna et al. described the Y. lipolytica strain QU22 isolated in artisanal Brazilian
cheeses whose total lipid fraction contained 13% of C18:3 [44,48]. However, no information
was provided about the C18:3 synthetic pathways in Y. lipolytica strains. In oilseeds and
microorganisms, the synthesis of α-linolenic acid occurs through desaturation of linoleic
acid (C18:2 c9, c12) with Δ15 desaturase. Synthesis can also be carried out by a Δ12-15
desaturase in several species of fungi [45,49,50].

In this study, no C18:3 was measured in the wild-type W29 or JMY3501 strain cultivated
in YPD medium. This PUFA was only synthesized when the mutant JMY3501 was grown at
a pH of 7.5 on C. vulgaris residue (Kruskal–Wallis test, p-value = 0.02). This C18:3 synthesis
could be attributed to an unknown factor present in C. vulgaris residue released at a pH of
7.5 that induced the synthesis in the JMY3501 strain specifically engineered to inhibit lipid
catabolism. These results provide a basis for further exploration of C18:3 production by
Y. lipolytica: genetic modifications can be combined with i) the overexpression of cellulases
and proteases to release polysaccharides and proteins from microalgal residue; ii) addition
of a carbon source in the medium, such as glycerol; and iii) chemical, enzymatic, or physical
pretreatments of the residue.

4. Materials and Methods

4.1. Strains and Plasmid Genotype

Y. lipolytica strain W29 (CLIB89, MATa WT) was obtained from the Centre International
de Ressources Microbiennes (CIRM), while the JMY3501 strain was provided by the labo-
ratory Biologie Intégrative du Métabolisme Lipidique INRAE, UMR1319, Jouy-en-Josas,
France. Y. lipolytica W29 is a wild-type strain [41]. The prototrophic strain JMY3501 (MATa
ura3-302 leu2-270 xpr2-322 Δpox1-6 Δtgl4 + pTEF-DGA2 LEU2ex + pTEF-GPD1 URA3ex) was
previously described by Lazar et al. and is unable to degrade fatty acids or remobilize TAG
due to deletion of the POX genes and the TGL4 gene, respectively [34]. The deletion of
POX1-6 completely blocks β-oxidation in the peroxisome [51], whereas deletion of TGL4
prevents the release of fatty acids from the lipid body [52]. Additionally, this strain overex-
presses YlDGA2 and YlGPD1, which push and pull TAG biosynthesis. GPD1 is involved in
glycerol-3-phosphate formation, a precursor of TAG [53], while the DGA2 gene encodes
the acyltransferase involved in the final step of TAG formation [54]. The xpr2 gene, which
directs the synthesis of a thermosensitive alkaline protease, was also deleted.

4.2. Culture Conditions

YPD medium was used to preculture yeasts at 28 ◦C and 150 rpm for 15 h. The medium
contained 10 g.L−1 yeast extract (VWR Chemicals ®), 20 g.L−1 peptone (Universal Peptone
M66, Merck®), and 20 g.L−1 glucose (VWR chemicals ®). The W29 and JMY3501 strains
were cultivated in a 500 mL bioreactor (INFORS®HT, Switzerland) with a final operating
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volume of 300 mL at 28 ◦C. The culture media were inoculated at less than 1.5% (v:v) to
obtain an optical density of 0.1, with cultures grown overnight in YPD in shake flasks.
Two media were used: a YPD medium and a lipid-extracted C. vulgaris residue medium.
The dissolved oxygen was set up at a 30% saturation level and was controlled by stirring
and O2 injection. The working pH (adjusted after sterilization in an autoclave at 121 ◦C
for 20 min) was maintained using KOH 4M or H2SO4 2M. All experiment parameters
were monitored using Eve®Infors software. A total of 0.5 mL antifoam (silicon anti-foam,
Merck®, Germany) was added before C. vulgaris residue sterilization.

4.3. Fermentation of C. vulgaris by Y. lipolytica

This study was performed to assess Y. lipolytica growth on microalgae residue.
C. vulgaris sp. provided by the Allmicroalgae®Company (Lisbon, Portugal) was employed
as a feedstock for yeast growth and fatty acid production. Before C. vulgaris residue fer-
mentation, the lipids content in the microalgae was removed by Soxhlet extraction [55].
Dry microalgae (10 g) was weighed into a cellulose thimble (25 × 100 mm, VWR®) and
placed in a Soxhlet apparatus. Lipids were extracted using 150 mL of azeotropic chlo-
roform/methanol mixture for 24 h (AnalaR NORMAPUR®, VWR chemicals®). After
extraction, the solvents in the solid fraction (microalgae) were evaporated under a chemical
hood for 15 h at ambient temperature (25 ◦C) to obtain a lipid-extracted C. vulgaris biomass.

Microalgal biomass (30 g.L−1 of C. vulgaris) residue after lipids extraction was used
as a substrate for Y. lipolytica growth. Two control experiments using YPD medium and
C. vulgaris residue without yeasts were performed under the same conditions.

The effect of pH (3.5, 5.5, and 7.5) on the growth and fatty acid profile of Y. lipolytica
was studied.

4.4. Analytical Procedure
4.4.1. Determination of Yeast Growth

To determine the yeast cell density, 10 mL was taken 12 times and 50 mL was taken
once (after 13 h of growth) from the bioreactor. On average, 10–15 mL of acid or base was
added during the culture, so the final bioreactor volume was around 145 mL.

The yeast cell density was quantified within a Bürker cell chamber. The growth
parameters were calculated with Excel® using the natural logarithm of cells.mL−1 versus
time (h). The curve slope during the exponential phase provided the maximum growth
rate (μmax) (Equation (1)). Exponential phase tangent intersection with the x-axis provided
the lag time (λ). Generation time (Equation (2)) was calculated from the growth rate
(Equation (1)). For a better growth curve representation, the data were transformed using
the Gompertz model (Equation (3)) [56].

μmax =
dN
dt

(1)

G =
ln2

μmax
(2)

X(t) = ln
Nxmax

N0
e−e

(
μmax e

ln
Nxmax

N0

(λ−t)+1)

(3)

4.4.2. Biochemical and Elementary Characterization of the Microalgae Strain after
Lipid Extraction

The concentration of reducing carbohydrates was determined according to the modi-
fied Miller method [57]. Using 10 mL of H2SO4 2M at 90 ◦C for 6 h in a reaction tube (Reacti-
VialTM, Thermoscientific®), 50 mg of freeze-dried C. vulgaris residue was hydrolyzed.
A total of 2 mL of hydrolysate was transferred into new tubes and centrifuged with a
MiniSpin microcentrifuge (Eppendorf®) at 5300 rpm for 5 min. The supernatant was
filtered with a 0.45 μm PVDF syringe filter (VWR®), and 0.67 mL of 3,5-dinitrosalycilic acid
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solution 2.8M (NaOH 0.6M, KNaC4H4O6·4H2O 1.06M) was added, incubated for 5 min at
90 ◦C, and cooled for 5 min. The absorbance was measured at 530 nm (Hach®DR1900).

The protein content was determined as follows: after freeze-drying, 5 mg of C. vulgaris
residue was placed into mill jars in the presence of 2 mL of Sodium Dodecyl Sulfate
(SDS) solution 6.9 mM and ground for 30 min at 30 Hz using a Beater bead miller (Star-
Beater, VWR®). The total proteins were estimated using the PierceTM BCA (BiCinchoninic
Acid) Protein Assay kit from Thermoscientific® (lot VI310505). The total nitrogen was
assessed with the Kjeldahl method using 100 mg of lyophilized C. vulgaris residue as
recommended by ISO 11,261 [58]. The total organic carbon was determined on 100 mg
of dry C. vulgaris residue using an SSM-500A Solid Sample Module combined with a
TOC-VCS/CP analyzer (Shimadzu®).

The ash was determined using the NREL (National Renewable Energy Laboratory,
Golden, Colorado) method [59]. This was performed on 500 mg of freeze-dried C. vulgaris
residue for 4 h at 565 ◦C.

4.4.3. Lipids Extraction

The lipids content was extracted from Y. lipolytica using a modified Bligh and Dyer
method [60]. First, 50 mg of freeze-dried yeasts was placed in conical centrifuge tubes
(15 mL, Pyrex™). A total of 7 mL of a chloroform/methanol (AnalaR, NORMAPUR®,
VWR®) mixture (1:1, v:v) was added and homogenized for 30 s with a vortex. Then,
2 mL of demineralized water was added. The mixture was vigorously shaken for 15 min
at 1800 rpm (IKA®-VIBRAX-VXR, Leuven, Belgium) and then centrifuged for 15 min at
3000 rpm (Labofuge Heraeux Sepatech®). The organic layer was collected in a new tube
and kept at an ambient temperature. A second centrifugation was performed after 2 mL of
chloroform/methanol (1:1; v:v; AnalaR, NORMAPUR®, VWR®) and 1 mL of NaCl 0.5M
(to improve extraction yield) were added. Finally, 2 mL of chloroform was added, and a
final centrifugation and collection of organic layers were performed. The organic phase
(lower) was recovered and evaporated under a dry air flow at 50 ◦C.

4.4.4. FAMEs Derivatization

The extracted lipids were transmethylated as follows: 4 mL of methanolic HCl 3M
(Sigma-Aldrich®, St. Quentin Fallavier Cedex, France) was added to the extracted lipids.
The reaction was conducted at 50 ◦C for 6 h to allow the formation of FAMEs, which were
then extracted by adding 6 mL of n-heptane (AnalaR, NORMAPUR®, VWR®). Samples
were vortexed rigorously for 30 s and decanted for 5 min. A fraction of the upper phase
was collected with a Pasteur pipette and transferred to a new tube. Internal standard
(methyl nonanoate, Supelco, Sigma-Aldrich®) was added to the samples to achieve a final
concentration of 100 ppm.

4.4.5. FAMEs Gas Chromatography Analysis

The FAMEs were analyzed using a Shimadzu®GC-2010 Plus Gas Chromatograph
(GC) coupled with a flame ionization detector (FID) equipped with an Rt-2560 capillary
column (100 m length, 0.25 mm diameter, 0.20 μm film thickness, Restek®). A modified
AOAC method 996.06 was used. One-microliter samples of FAMEs were injected. The
carrier gas was helium with a flow rate of 1.74 mL.min−1. The temperature program was
as follows: after injection, the temperature was initially held at 100 ◦C for 4 min and then
increased to 240 ◦C with a 3 ◦C.min−1 heating ramp. The injector temperature was set to
225 ◦C, and the FAMEs were detected with flame ionization using a detector set at 285 ◦C.
The flow rate in the detector was a mix of three gases: 40 mL.min−1 of H2, 30 mL.min−1 of
He, and 400 mL.min−1 of air. Standard molecules of the FAMEs mixture (C4–C24) were
injected for FAME identification (Supelco®37 Component Fatty Acid Methyl Ester Mix,
Sigma-Aldrich®).
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Abstract: This work studied the potential biotechnological applications of a naviculoid diatom
(IMA053) and a green microalga (Tetraselmis marina IMA043) isolated from the North Adriatic Sea.
Water, methanol, and dichloromethane (DCM) extracts were prepared from microalgae biomass
and evaluated for total phenolic content (TPC) and in vitro antioxidant properties. Biomass was
profiled for fatty acid methyl esters (FAME) composition. The DCM extracts had the highest levels of
total phenolics, with values of 40.58 and 86.14 mg GAE/g dry weight (DW in IMA053 and IMA043,
respectively). The DCM extracts had a higher radical scavenging activity (RSA) than the water
and methanol ones, especially those from IMA043, with RSAs of 99.65% toward 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)diammonium salt (ABTS) at 10 mg/mL, and of 103.43% against
2,2-diphenyl-1-picrylhydrazyl (DPPH) at 5 mg/mL. The DCM extract of IMA053 displayed relevant
copper chelating properties (67.48% at 10 mg/mL), while the highest iron chelating activity was
observed in the water extract of the same species (92.05% at 10 mg/mL). Both strains presented a high
proportion of saturated (SFA) and monounsaturated (MUFA) fatty acids. The results suggested that
these microalgae could be further explored as sources of natural antioxidants for the pharmaceutical
and food industry and as feedstock for biofuel production.

Keywords: biodiesel; microalgal biotechnology; natural antioxidants

1. Introduction

The large amount of resources provided by the marine environment constitute the
basis of many economic activities and, according to the Green Paper—Towards a Future
Maritime Policy for the Union, the exploitation of the marine biodiversity will contribute
to many industrial sectors, including those related to aquaculture, healthcare, cosmetics,
food/feed, and energy [1].

In particular, algal extracts have been gaining increasing interest due to their unique
chemical composition and possibility of wide industrial applications over the last few
years [2–4]. Recent developments in genetic engineering, coupled with the enormous
biodiversity of microalgae, make this group of organisms one of the most promising sources
for new products and applications [4]. With the development of new culture and screening
techniques, microalgal biotechnology can already meet the high demands of both the food
and pharmaceutical industries [5] and is considered fundamental for the development
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of sustainable processes that contribute to the global bioeconomy [6]. However, marine
microalgae remain largely unexplored and still represent an almost untapped reservoir
of novel products and metabolites, such as lipids, with possible applications in different
sectors, including aquaculture, human health, nutrition, and biofuel production [1,4,7].

Green algae (Chlorophyta) and diatoms (Bacillariophyta) are acknowledged as im-
portant sources of high-added-value natural products. However, a reliable molecular
identification is critical for the bioprospection of these organisms [8]. Mistakes in sample
identification can have direct implications for the interpretation of biochemical and physio-
logical results, undermining our understanding of the biology of these species, as well as the
possibility of a commercial exploitation [9]. Phylogenetically related species to Tetraselmis
marina (IMA043) and a naviculoid diatom (IMA053) have important commercial applica-
tions. For example, Tetraselmis (Stein) species (green marine microalgae) are commonly
used in aquaculture, due to their high nutritional value in terms of proteins and fatty acids
(FA) [10]. Specifically, different strains of the species T. marina (Cienkowski) R.E.Norris,
Hori, and Chihara are used as sources of carotenoids and FA for feed, food, and biofuel
production (strain CTM 20,015) [10] and in the bioremediation of water contaminated
with copper, iron, and manganese (strain AC16-MESO) [11]. Furthermore, Naviculales
(Bessey) is an order of benthic diatoms comprising more than 5600 species having a similar
boat-shape, and produces several bioactive compounds of commercial interest [12,13]. For
example, phytosterols from Navicula incerta Grunow strain KMMCC B-001 induced apop-
tosis in hepatocarcinoma (HepG2) cells by upregulating the expression of pro-apoptotic
gene (Bax, p53) while downregulating the anti-apoptotic gene Bcl-2 [14]. Other members of
this order, including Navicula sp. strain JPCC DA0580 [15] and Fistulifera solaris strain JPCC
DA0580, are considered a promising source of lipids for biofuel production [16].

The main goal of this work was to evaluate the potential of two microalgae strains,
isolated from the North Adriatic Sea and identified combining morphological and DNA
sequence data, as new sources of natural antioxidants, FA, and phenolic compounds. For
this purpose, the naviculoid diatom strain IMA053 and T. marina strain IMA043 were
isolated from water samples collected in the North Adriatic Sea (Chioggia, Italy) cultivated
under laboratory conditions and identified by light microscopy and genetic analyses
(amplification of the 18S rDNA gene). The obtained dried biomass was characterized in
terms of FA methyl ester contents (FAME) by gas chromatography–mass spectrometry (GC–
MS), and used for the preparation of methanol, water, and dichloromethane (DCM) extracts.
The extracts were evaluated for total content of phenolics (TPC) by a spectrophotometric
method, and for in vitro antioxidant activity by radical-based methods (scavenging on the
1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azino-bis 3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) radicals) and metal-based methods (metal chelation of copper and iron, and
ferric reducing activity).

With this study, we have contributed to the knowledge about the production capability
of different potentially useful compounds by the genus Tetraselmis (phylum Chlorophyta)
and the family Stauroneidaceae (phylum Bacillariophyta). In particular, besides adding data
to the little information so far available for the TPC of the naviculoid family Stauroneidaceae,
this was the first time that the TPC of the species T. marina was analyzed. In addition, the
antioxidant properties of different extracts from the two investigated microalgal strains
were considered by applying five complementary methods, including radical and metal-
related assays. In some cases, the obtained results confirmed what was previously found
for other species of the genus Tetraselmis and for other naviculoid species, while, in other
cases, our findings were not in agreement with the evidence already reported for other
phylogenetically related taxa. The same could be said for the FAMEs profiles that were
obtained for both Tetraselmis marina (IMA043) and the naviculoid diatom (IMA053). Possible
explanations for the observed discrepancies with previous studies could be explained
by the choice of the growing conditions, by the polarity of the extraction solvents used
in this study, and by interspecific variations. Moreover, as our results regard new and
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unexplored taxa, the possession of unique properties by different microalgal taxonomic
entities is emphasized.

2. Results and Discussion

2.1. Molecular Analyses

To establish the taxonomical position of the strains IMA043 and IMA053, isolated
from the seawater samples collected from the North Adriatic Sea, a molecular analysis was
carried out, through the 18S rRNA gene. Regarding the IMA043 strain, the comparison
of its 18S rRNA gene sequence with other ones available in GenBank showed the highest
percentage identities with sequences of T. marina CCMP898 (99.90%) and Tetraselmis sp.
KMMCC 1293 (100%). This was evident also in the ML tree generated by IQTREE, where
strain IMA043 was part of the T. marina clade (Figure 1), confirming the identification based
on morphological observations.

Figure 1. Maximum likelihood (ML) phylogeny based on the 18S rRNA for IMA043-aligned dataset.
Approximate Likelihood Ratio Test (SH-aLRT) and ML bootstrap support values (BP) are indicated at
nodes. Approximate Likelihood Ratio Test and bootstrap supports ≥70% are shown. Scale number
indicates substitutions/site.

The comparison of the 18S rRNA sequence of strain IMA053 with the other sequences
from GenBank showed the highest percentage identities with sequences of Bacillariophyta
genera (Sternimirus, Prestauroneis and Stauroneis), all belonging to Stauroneidaceae family. In
particular, the highest percentage identity (99.65%) was with a sequence of ‘Bacillariophyta
sp. MBIC10102′, a strain not identified at the species or genus level. Maximum-likelihood
(ML) phylogeny of 18S rRNA gene sequences of Naviculales confirmed our identification

61



Mar. Drugs 2022, 20, 207

of strain IMA053 as a species belonging to the Stauroneidaceae family (Figure 2), but to
better identify this strain at the genus or species level, it will be necessary to carry out
further molecular analyses by using different markers (rbcL, psbC, and ITS).

Figure 2. Maximum likelihood (ML) phylogeny based on the 18S rRNA for IMA053 aligned dataset.
Approximate Likelihood Ratio Test (SH-aLRT) and ML bootstrap support values (BP) are indicated at
nodes. Approximate Likelihood Ratio Test and bootstrap supports ≥70% are shown. Scale number
indicates substitutions/site.

2.2. Light Microscopy

Light microscope observations of the isolated T. marina IMA043 showed slightly
compressed oval cells, about 12 μm long, with the posterior part wider than the apical one.
Cells were shown in the anterior end of a depression, where four equal-length flagella were
located, emerging from the cell in two pairs (Figure 3a). Cells were green in color with
a single large cup-shaped chloroplast, sometimes located in the posterior end of the cell.
A single pyrenoid was present within the chloroplast. The pyrenoid occupied a central
position inside the chloroplast (Figure 3a). Moreover, in the anterior part of the cell, there
was an orange-red eyespot (Figure 3a). Tetraselmis marina cells divided in a nonmotile
vegetative stage (Figure 3b).

Naviculoid diatom IMA053 cells showed a simple shape and a bilateral symmetry.
Valves were lanceolate with rounded apices in the valve view (Figure 3c). In the valve
view, the central raphe system was evident (Figure 3c). Even if the valves generally offer
more features useful for the identification of the species, during our observation, there were
many lipid inclusions preventing the valve analysis (Figure 3d).
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Figure 3. Light microscopy image of the strains IMA043 and IMA053: (a) single cell of T. marina
IMA043, scale bar = 20 μm; (b) nonmotile vegetative stage of T. marina IMA043, scale bar = 20 μm;
(c) valve view of a single cell of the naviculoid diatom IMA053, scale bar = 20 μm; (d) lipid-rich cells
of naviculoid diatoms IMA053, scale bar = 20 μm.

2.3. Total Phenolics Content (TPC) of the Extracts

Polyphenolic compounds are the main contributors to the antioxidant defense mech-
anisms of plants and algae and exhibit several interesting biological activities relevant
for commercial exploitation, related to their radical scavenging properties, such as anti-
inflammatory, anti-atherosclerotic, and anti-carcinogenic [17–19]. Therefore, this work
explored the TPC of extracts from the two strains, T. marina IMA043 and naviculoid diatom
IMA053 (Table 1). The TPC of the different samples varied from 17.80 mg GAE/g dry
weight (DW) in the water extract of naviculoid diatom IMA053 to 86.14 GAE/g (DW) in
the DCM extract of T. marina IMA043. The extraction of different phenolics relies on their
polar properties and, especially, polyphenols are often more soluble in organic solvents less
polar than water, for example, DCM [19–21].
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Table 1. Total phenolic content (TPC, mg GAE/100 g DW, GAE: gallic acid equivalents) of different
extracts of T. marina (IMA043) and naviculoid diatom (IMA053).

Extract TPC

T. marina (IMA043)
Water 20.45 ± 1.87 d

Methanol 25.19 ± 1.26 cd

DCM 86.14 ± 4.52 a

Naviculoid diatom (IMA053)
Water 17.80 ± 0.88 d

Methanol 31.85 ± 0.92 c

DCM 40.58 ± 0.66 b

Data represent the mean ± standard error of mean (SEM) (n ≥ 6). In each column, different letters mean significant
differences (Multiple Comparisons of Means: Tukey Contrast, 95% family-wise confidence level).

To our best knowledge, there is no published information on the total levels of pheno-
lics of T. marina and little is known regarding the phenolic content of species of the Stauronei-
daceae family. This work highlighted that the TPCs of both T. marina IMA43 and naviculoid
diatom IMA053 are higher than those described in the literature for related species, obtained
with the same methodology (F–C method). In particular, methanol and hexane extracts
from T. chuii [22], ethanol/water extracts from T. suecica (Kylin) Butcher [23], methanol
extract from Navicula sp. [24], and 50% ethanol extracts from Stauroneis sp. LACW24 [25]
showed lower levels of phenolics compared to IMA043 and IMA053. These differences
could be explained by the use of solvents with different polarities for the extractions, such
as hexane and chloroform, or by choosing different growing conditions that can affect the
final composition of microalgae [20–23]. In fact, several environmental conditions could be
stimulants for the accumulation of different phenolics, including nitrogen and phosphorus
limitation, and salinity, on the microalgae culture medium [10,24]. This is because phenolic
compounds act as defense against a wide range of stresses and are thus accumulated in
response to these environmental conditions [25]. Moreover, variations in the TPC of extracts
obtained by extraction with different solvents are ascribed to different polarities of the com-
pounds present in the biomass. Phenols include hydroxyl groups (polar part) attached to an
aromatic ring (nonpolar part) [26]. This stereochemistry distinguishes phenols according
to their polarity, which has been used for the recovery of phenols from natural sources by
extraction with different solvents. Therefore, the extraction yield in terms of polyphenolic
components strongly depends on the nature of the solvent and the extraction is affected
by the diffusion coefficient and the dissolution rate of compounds until they reach the
equilibrium concentration inside the solvent [27]. Phenolic compounds usually have a more
polar nature, as reported by different authors. For example, Hajimahmoodi et al. [28] and
Goiris et al. [22] obtained the highest phenolic content in the most polar extract (hot water
extracts) from different microalgae species, such as Chlorella and Tetraselmis sp. However,
Li et al. [18] found the highest content of phenolic substances in apolar extracts, namely
hexane fractions from Chlorella and Nostoc species. The recovery of certain phenolic ter-
penes has been referred to occur preferably with less polar solvents, while more polar
solvents have been reported to extract flavonoid glycosides and higher-molecular-weight
phenols [29]. In our work, the results suggest that the species being studied are rich
in polyphenolic compounds of a more nonpolar nature extractable with solvents such
as DCM.

2.4. In Vitro Antioxidant Properties

The accumulation of reactive oxygen species (ROS) generates oxidative stress, causing,
for example, photosynthesis failure [30]. To cope with oxidative stress, microalgae pro-
duce different classes of antioxidant compounds (e.g., phenols, sulphated polysaccharides,
carotenoids) that could be exploited as food supplements, food preservatives, nutraceuti-
cals, or pharmaceuticals [19,22,29–32]. In this work, the extracts from T. marina (IMA043)
and the naviculoid diatom (IMA053) were evaluated for antioxidant activity by five com-
plementary methods, including radical and metal (copper and iron)-related assays. The
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less polar (DCM) extracts had the highest capability to scavenge the DPPH radical, 178.75%
(T. marina) and 91.38% (naviculoid diatom), when compared to the methanol and water
extracts (Table 2). The high percentage of DPPH scavenging activity of the DCM extracts
from T. marina is consistent with other findings on T. suecica [33] and T. chui [34]. The water
and methanol extracts from T. marina had no capacity to scavenge DPPH, even though other
authors detected a high RSA in water extract from Tetraselmis sp. and in methanol extracts
from T. tetrathele (West) Butcher and T. chuii Butcher [21,35,36]. However, interspecific
variations and different growing conditions, such as nutrient availability and light intensity,
can account for the differences observed for different species belonging to the Tetraselmis
genus [22,33,36]. In turn, the methanol and water extracts from T. marina IMA043 had no
capacity to scavenge the ABTS radical; however, the DCM extract showed a higher RSA
toward the ABTS radical when compared with all the extracts from the naviculoid diatom
(IMA053), at all tested concentrations. These results are consistent with those found in
the literature, as a relatively high ABTS scavenging activity is reported in ethanol/water
extracts from algae of the genus Tetraselmis, such as Tetraselmis sp. and T. suecica [22], and
diatoms, including Chaetoceros calcitrans (Paulsen) H.Takano and Phaeodactylum tricornutum
Bholin [22,37]. Moreover, studies on the antioxidant properties of other phylogenetically
related diatoms, such as Navicula incerta [38] and Stauroneis sp. LACW24 [23], reported a
high RSA toward DPPH and ABTS, respectively, which is in accordance with our results
on the naviculoid diatom (IMA053). At the concentration of 10 mg/mL, the methanol and
DCM extracts presented a moderate RSA toward the ABTS radical (35.54% and 43.83%,
respectively), while the water extract had a lower antioxidant capacity (23.51%).

Table 2. Radical scavenging on DPPH and ABTS radicals of different extracts from naviculoid diatom
(IMA053) and T. marina (IMA043). Results are expressed as antioxidant activity (% activity).

Extract
ABTS DPPH

1 mg/mL 5 mg/mL 10 mg/mL 1 mg/mL 5 mg/mL 10 mg/mL

Naviculoid
diatom (IMA053)

Methanol n.a. 23.37 ± 0.58 c 35.54 ± 1.28 b n.a. 12.53 ± 0.44 c 18.91 ± 0.46 c

Water n.a. 11.06 ± 1.27 d 23.51 ± 1.81 c n.a. n.a. n.a.
DCM 10.09 ± 0.53 b 46.91 ± 0.42 b 43.83 ± 0.84 b 18.25 ± 6.08 b 41.55 ± 2.47 b 91.38 ± 11.80 b

T. marina
(IMA043)

Methanol n.a. n.a. n.a. n.a. 17.29 ± 0.35 c 24.94 ± 0.71 c

Water n.a. n.a. n.a. n.a. n.a. n.a.
DCM 24.66 ± 0.32 a 88.19 ± 2.41 a 99.65 ± 3.76 a 40.96 ± 0.94 a 103.43 ± 7.12 a 178.75 ± 6.13 a

BHT * 94.77 ± 0.04 80.07 ± 0.72

Values represent the mean ± standard error of mean (SEM) (n ≥ 6). n.a: no activity; * positive control tested at
1 mg/mL; DCM: dichloromethane. For the same column, different letters are significantly different (Multiple
Comparisons of Means: Tukey Contrast, 95% family-wise confidence level).

The FRAP of the extracts at the concentration of 10 mg/mL ranged from 21.47% and
26.75% in the water extracts from both T. marina (IMA043) and the naviculoid diatom
(IMA053) to 150.10% in the DCM extract from the naviculoid diatom (IMA053) and 103.17%
in the methanol extract of T. marina (Table 3). Other microalgae exhibited a strong ferrous
reducing power, as reported for acetone extracts of Navicula sp. [39] and hydroethanolic
extracts from Tetraselmis sp. [22]. Molecules capable of reducing iron are electron donors
that reduce the oxidized intermediates of lipid peroxidation processes, acting as primary
and secondary antioxidants [40]. Our results indicate that both microalgal strains con-
tain molecules that act as electron donors stabilizing radical species and counteracting
their harmful effect [41], thus preventing damage to DNA, lipids, proteins, and other
biomolecules [42].

Transition metal ions, such as copper (Cu2+) and iron (Fe2+), can lead to the formation
of free radicals that may cause modifications to DNA bases, enhance lipid peroxidation,
and affect calcium and sulphydryl homeostasis [43]. Therefore, the use of natural products
with the capacity to chelate those metals is considered a useful strategy to manage disorders
related to the accumulation of such ions [44]. According to our findings, the water and
DCM extracts of the naviculoid diatom (IMA053) showed moderate to high metal chelating
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activity, while the methanol extract had no metal chelating properties, unlike the results
reported for Navicula incerta [38] (Table 4). However, these differences can be explained
by different causes, including interspecific variations and extrinsic factors, such as light
intensity, salinity, and nutrient levels, or by the different tested extracts [45]. The water
extract from T. marina showed a high capacity to chelate Fe2+; a similar metal chelating
activity is reported in the literature for the genus Tetraselmis [36].

Table 3. Ferric reducing antioxidant power (FRAP) of different extracts from naviculoid diatom
(IMA053) and T. marina (IMA043). Results are expressed as antioxidant activity (% activity).

Extract
FRAP

1 mg/mL 5 mg/mL 10 mg/mL

Naviculoid diatom (IMA053)
Methanol 22.01 ± 0.68 c 60.68 ± 3.54 ab 70.23 ± 5.47 b

Water n.a. 23.29 ± 4.24 b 26.75 ± 1.73 c

DCM 46.35 ± 8.26 ab 135.10 ± 45.63 a 150.10 ± 17.85 a

T. marina (IMA043)
Methanol 36.17 ± 2.04 bc 92.28 ± 4.13 ab 103.17 ± 3.26 b

Water n.a. 19.56 ± 2.15 b 21.47 ± 2.14 c

DCM 67.16 ± 3.46 a 40.02 ± 5.62 ab n.a.

Values represent the mean ± standard error of mean (SEM) (n ≥ 6). n.a: no activity; DCM: dichloromethane. For
the same column, different letters are significantly different (Multiple Comparisons of Means: Tukey Contrast,
95% family-wise confidence level).

Table 4. Metal chelating activities on copper (CCA) and iron (ICA) of different extracts from navicu-
loid diatom (IMA053) and T. marina (IMA043).

Extract
ICA CCA

1 mg/mL 5 mg/mL 10 mg/mL 1 mg/mL 5 mg/mL 10 mg/mL

Naviculoid diatom
(IMA053)

Methanol n.a. n.a. n.a. n.a. n.a. n.a.
Water n.a. 83.43 ± 2.22 a 92.05 ± 3.54 a 13.92 ± 2.39 b 29.23 ± 5.53 a 35.31 ± 3.89 b

DCM n.a. 49.18 ± 3.77 b 63.57 ± 5.34 b n.a. 21.11 ± 8.01 a 67.48 ± 14.68a

T. marina (IMA043)

Methanol 34.12 ± 3.00 n.a. n.a. n.a. n.a. n.a.
Water n.a. 59.25 ± 4.23 b 68.00 ± 6.13 b 21.00 ± 2.88 a 25.92 ± 3.41 a 28.87 ± 1.57 b

DCM n.a. n.a. n.a. n.a. n.a. 11.58 ± 1.49 c

EDTA * 72.28 ± 2.79 89.69 ± 0.55

Values represent the mean ± standard error of mean (SEM) (n ≥ 6). n.a: no activity; * positive control tested at
1 mg/mL; DCM: dichloromethane. For the same column, different letters are significantly different (Multiple
Comparisons of Means: Tukey Contrast, 95% family-wise confidence level).

2.5. Relation between Phenolic Contents of the Extracts and the In Vitro Antioxidant Properties

As phenolic compounds are considered one of the most important classes of natural
antioxidants, a relation between the TPC of the two strains of Adriatic microalgae and their
RSA was expected. In this sense, the linear association between TPC and the antioxidant
activity obtained with the different assays (FRAP, DPPH, and ABTS) was expressed as the
correlation coefficient R2. The correlation coefficient between FRAP and the TPC of the
studied samples was R2 = 0.75, whereas, for the correlation between antioxidant activity
(DPPH and ABTS) and TPC, it was higher (R2 = 0.85 for DPPH and R2 = 0.95 for ABTS)
(Figure 4). These positive correlations suggest that 75% of the capacity of the naviculoid
diatom (IMA053) and T. marina (IMA043) strains to reduce iron was due to the contribution
of phenolic compounds, while from 85% to 95% of the antioxidant capability of these
microalgae was related to the presence of phenols (Figure 4). The remaining 25% (for
FRAP), 15% (for DPPH), and 5% (for ABTS) of the antioxidant activity that is not explained
by the presence of phenols could be ascribed to other molecules present in the extracts with
antioxidant properties [46]. Overall, our results suggest that phenolic compounds were a
major contributor to the antioxidant capacities of the tested extracts.
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Figure 4. Correlation between the antioxidant capacity and the total phenolic content of the ethanol
extracts of naviculoid diatom (IMA053) and T. marina (IMA043).

2.6. FAMEs Profile

Tetraselmis marina (IMA043) and the naviculoid diatom (IMA053) were analyzed for
FAMEs profile, by GC–MS, after direct transesterification of the dried biomass, and the
results are summarized on Table 5. Biomass from both species had a prevalence of MUFA
(49.81% for IMA053 and 45.41% for IMA043), followed by SFA (45.70% for IMA053 and
38.28% for IMA043) and PUFA (4.57% for IMA053 and 16.31% for IMA043). A similar FAME
profile was observed for Tetraselmis sp. [47], while higher concentrations of PUFAs were
found in Tetraselmis sp. IMP3 and Tetraselmis sp. CTP4 [48]. The FAMEs profile of IMA053
is similar to that of Stauroneis sp. LACW24 [49]; however, differences in PUFAs content
were observed in Navicula sp. maintained in the MAScIR’s microalgae collection [47]. These
variations in the relative proportions of the FAMEs composition of microalgae has a high
phenotypic plasticity and can occur in response to different culture conditions [49,50]. In
particular, an increase in PUFA levels at low culture temperatures is a common trend
reported for microalgae [51]. The FA profile of T. marina consisted predominantly of
palmitic (C16:0) and oleic (C18:1n9c) acids, in accordance with other findings for the same
species [10] and for other species of the same genus, such as Tetraselmis sp. [47]. The main
FA identified in the naviculoid diatom (IMA053) were palmitoleic acid (C16:1) and palmitic
acid (C16:0), as previously reported for other closely related species, including Navicula
UMACC 231 [52] and Stauroneis sp. LACW24 [49]. Among these abundant FA detected
in IMA043 and IMA053, palmitic acid (C16:0) from microalgae is widely recognized as an
antimicrobial agent [53,54], while palmitoleic acid (C16:1) accumulation is reported to be
a remarkable characteristic for the production of biodiesel [55], and preliminary clinical
trials suggested that this compound could promote weight loss, reduce cholesterol levels,
and manage inflammation [56]. Oleic acid (C18:1n9c), abundant in T. marina IMA043, is
the most common MUFA in human nutrition and emerging studies have shown that diets
enriched in oleic acids can contribute to the management and prevention of obesity, and
one of its derivatives (oleoylethanolamide) has been demonstrated to reduce hunger and
subsequent food consumption [57].

The lipid content is an important prerequisite determining the suitability of microalgae
for commercial biofuel production [58] and the high proportion of SFAs and MUFAs in
the naviculoid diatom (IMA053) and T. marina (IMA043), suggesting their potential use for
that purpose [59,60]. Other closely related species such as N. pelliculosa (Kützing) Hilse and
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T. suecica have already proved to be desirable for biodiesel production as they can accu-
mulate a large mass of oils per unit volume of the microalgal broth per day [61,62]. High
SFAs and MUFAs percentages, together with the absence of C18:3 in the lipid profile of
the naviculoid diatom (IMA053) and T. marina (IMA043), ensure that both species meet
European standard specifications (SFA and MUFA ≥ 12%, C18:3 ≤ 1) for biodiesel [63,64].
Particularly, the naviculoid diatom (IMA053) showed the highest oleic acid content, which
is an important characteristic to produce good-quality biodiesel. It is reported that oils with
high oleic acid content have a reasonable balance of fuel, including its ignition quality, com-
bustion heat, cold filter plugging point (CFPP), oxidative stability, viscosity, and lubricity,
which are determined by the structure of its component fatty esters [65].

Table 5. Fatty acid profile of the microalgae T. marina (IMA043) and the naviculoid diatom (IMA053).
Values are given as means of total FAME percentage ± standard deviation (n = 3). n.d., not detected.

Fatty Acid Common Name T. marina (IMA043) Naviculoid Diatom (IMA053)

∑SFA 38.28 ± 2.00 45.70 ± 1.28
(C14:0) Methyl myristate 0.03 ± 0.08 3.15 ± 0.08
(C15:0) Methyl pentadecanoate n.d. 1.50 ± 0.96
(C16:0) Methyl palmitate 37.74 ± 1.99 40.68 ± 0.83
(C18:0) Methyl stearate 0.42 ± 0.12 0.37 ± 0.11
(C24:0) Methyl lignocerate 0.09 ± 0.09 n.d.

∑MUFA 45.41 ± 1.75 49.81 ± 1.00
(C16:1) Methyl palmitoleate 0.71 ± 0.20 47.25 ± 0.92

(C18:1n9c) cis-9-Oleic acid methyl ester 37.52 ± 0.49 0.51 ± 0.15
(C18:1n9t) trans-9-Elaidic acid methyl ester 3.17 ± 1.23 1.03 ± 0.29

(C20:1) Methyl cis-11-eicosenoate 4.01 ± 1.12 n.d.
(C22:1n9) Methyl erucate n.d. 0.60 ± 0.18
(C24:1n9) Methyl nervonate n.d. 0.42 ± 0.13

∑PUFA 16.31 ± 1.64 4.57 ± 0.47
(C19:3n3) Methyl linolenate 2.38 ± 1.43 n.d.
(C18:2n6c) Methyl linoleate 11.01 ± 0.29 0.08 ± 0.08
(C20:4n6) cis-5,8,11,14-Eicosatetraenoic acid methyl ester n.d. 1.06 ± 0.34
(C20:5n3) cis-5,8,11,14,17-Eicosapentaenoic acid methyl ester 2.50 ± 0.72 3.43 ± 0.32
(C20:3n3) cis-11,14,17-Eicosatrienoic acid methyl ester 0.41 ± 0.22 n.d.

(C20:2) cis-11,14-Eicosadienoic acid methyl ester 0.02 ± 0.03 n.d.

∑n-3 5.28 ± 1.61 3.43 ± 0.32

∑n-6 11.01 ± 0.29 1.14 ± 0.35

∑n-6/∑n-3 2.08 0.33
PUFA/SFA 0.43 0.10

3. Materials and Methods

3.1. Chemicals

The compounds DPPH, ABTS, and FAME standards (Supelco® 37 Component FAME
Mix) were purchased from Sigma (Steinheim am Albuch, Germany). Merck (Darmstadt,
Germany) supplied the Folin–Ciocalteau (F–C) phenol reagent and all solvents used for
chemical analyses. Additional reagents and solvents were obtained from VWR International
(Leuven, Belgium).

3.2. Sampling, Strain Isolation and Culture Set Up

Seawater samples were collected in the North Adriatic Sea, near Chioggia, through
a plankton net with a nylon mesh of 45 μm. The single-cell isolation of Tetraselmis marina
(IMA043) and the naviculoid diatom (IMA053) was performed with a heated flame, ex-
tended, and broken Pasteur glass pipette. After isolation, cells were maintained in liquid
cultures with F/2 medium [66] in a growth chamber at 16 ◦C, with a photosynthetic photon
flux density of 35 μmol photons m−2 s−1 under a 12-h:12-h light/dark cycle. Microalgal
biomass was harvested by centrifugation and immediately frozen at −20 ◦C. Freeze-dried
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biomass was obtained upon lyophilization for 24 h and stored at room temperature (RT) in
the dark.

3.3. Genetic Analyses

Total genomic DNA of IMA043 and IMA053 was extracted from microalgal pellets,
using the Genomic DNA purification kit (Fermentas, Burlington, ON, Canada) according
to the manufacturer’s protocol. Amplification of the 18S rDNA gene was carried out
with the primers Euk528F and EukB [67,68] under the following PCR conditions: initial
denaturation at 95 ◦C for 5 min, followed by 30 cycles (95 ◦C for 50 s, 52 ◦C for 50 s, and
72 ◦C for 1 min 30 s) and final elongation at 72 ◦C for 8 min. The obtained PCR products
were visualized with GelRed (Biotium) staining after electrophoresis in a 1% agarose gel,
purified with the ExoSAP-ITTM kit (Amersham Biosciences, Piscataway, New York, NY,
USA), and directly sequenced with the same primers used in the amplification reaction.
Sequencing was performed at the BMR-Genomics Sequencing Service (Padua University)
on both strands to ensure accuracy of the results. The final consensus sequences were
assembled using the SeqMan II program from the Lasergene software package (DNAStar,
Madison, WI, USA) and analyzed by similarity search using the BLAST program [69],
available at the NCBI web server (www.ncbi.nlm.nih.gov/blast, accessed on 23 December
2021). The 18S rRNA sequences generated in this study were deposited in GenBank with
the following accession numbers: OM319687 for naviculoid diatom IMA053 and OM319688
for Tetraselmis marina IMA043.

For the phylogenetic analysis, two separate datasets were created for the 18S rRNA par-
tial sequences of the strains IMA043 and IMA053, including the new sequences generated
in this study and other related sequences obtained from the NCBI archives. Each dataset
was aligned with the online version of MAFFT (https://mafft.cbrc.jp/alignment/server,
accessed on 27 December 2021). Maximum likelihood (ML) phylogenetic trees were com-
puted for both datasets using the IQ-TREE webserver (http://iqtree.cibiv.univie.ac.at/,
accessed on 27 December 2021) [70] using the best-fitting models (TIM3 + F + I + G4 for the
IMA043-aligned dataset and GTR + F + I + G4 for the IMA053-aligned dataset) selected by
the Model Finder algorithm [71] implemented in IQ-TREE. The statistical support for tree
topologies was computed by performing 10,000 ultrafast bootstrap replicates [72] and the
SH-aLRT branch test [73]. Trees were visualized in iTOL v5 (https://itol.embl.de, accessed
on 27 December 2021) [74].

3.4. Light Microscopy

Cultures of the strains IMA043 and IMA053 were observed with a light microscope
(LM) Leitz Dialux 22 (Wetzlar, Germany), equipped with a digital image acquisition system.

3.5. Preparation of the Extracts

The extracts were prepared by an ultrasound-assisted sequential method, as follows.
One gram of dried biomass was mixed with water (200 mL) and the algal cell walls were
disrupted in an ultrasonic bath (USC-TH, VWR, Portugal; capacity of 5.4 L, frequency of
45 kHz, a supply of 230 V, tub heater of 400 W, temperature control made by a LED display)
for 15 min. Samples were filtered (Whatman no. 4) and the residue was then sequentially
extracted with methanol and DCM, as described previously. The extracts were dried under
a reduced vacuum pressure at 40 ◦C, weighed, dissolved in the corresponding solvent
(water, methanol, and DCM) at the concentration of 50 mg/mL, and stored (4 ◦C for the
methanol and DCM extracts, −20 ◦C for the water extract).

3.6. Total Phenolics Content (TPC) of the Extracts

TPC was determined by the F–C method [75] adapted to 96-well plates according to
Custódio et al. [21]. Extracts (5 μL at the concentration of 10 mg/mL) were mixed with
100 μL of 10-fold-diluted F–C reagent in distilled water. After 5 min of incubation at RT,
100 μL of sodium carbonate (75 g/L, w/v, in water) was added and incubated for 90 min
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at RT. The absorbance was measured at 725 nm on a microplate reader (Biochrom™ EZ
Read 400, Biochrom Ltd., Cambridge, UK) and the results were expressed as gallic acid
equivalents in milligrams per gram of extract (mg GAE/g dry weight, DW). A calibration
curve was built using gallic acid standard solutions.

3.7. In Vitro Antioxidant Properties

The in vitro antioxidant properties of the extracts were evaluated by five comple-
mentary methods, including radical scavenging activity (RSA) on the free radicals (DPPH
and ABTS), metal chelation of iron and copper ions, and ferric reducing power (FRAP).
The extracts were tested at three different concentrations (1, 5, and 10 mg/mL). The ab-
sorbances were measured using a microplate reader (Biochrom™ EZ Read 400, Biochrom
Ltd., Cambridge, United Kingdom) and the RSA and metal chelating activities were cal-
culated as the percentage of inhibition relative to a blank-containing solvent instead of
the extracts. FRAP results were expressed as inhibition (%) relative to the positive control
(butylated hydroxytoluene: BHT), tested at 1 mg/mL.

3.7.1. Radical-Based Assays: RSA on DPPH and ABTS

The RSA against DPPH was evaluated by the method of Brand Williams et al. [76],
adapted to 96-well microplates as reported by Custódio et al. [77]. Briefly, 22 μL of the
extracts was mixed with 200 μL of an ethanol DPPH solution (120 μM) in 96-well mi-
croplates. After 30 min of incubation at RT in the dark, the absorbance was measured at
515 nm. The RSA on the ABTS radical was determined according to the method described
by Re et al. [78]. A stock solution of ABTS (7.4 mM) was prepared in potassium persulfate
(2.6 mM), left in the dark for 12–16 h at RT, and diluted with ethanol until it reached an
absorbance of 0.7 at 734 nm. For the assay, 10 μL of the extracts was mixed with 190 μL of
ABTS in 96-well microplates and incubated in darkness at RT for 6 min. The absorbance was
read at 734 nm. In both assays, BHT was used as the positive control at the concentration
of 1 mg/mL.

3.7.2. Metal-Based Assays: Ferric Reducing Activity Power (FRAP) and Metal Chelation of
Iron and Copper

FRAP was evaluated according to Megías et al. [79]. In brief, 50 μL of the samples
was mixed in 96-well microplates with 50 μL of potassium ferricyanide (1% in water) and
50 μL of distilled water. After 20 min of incubation in the dark at 50 ◦C, 50 μL of 10% TCA
(trichloroacetic acid in water) and 10 μL of ferric chloride solution (0.1% in water) were
added. The absorbance was measured at 700 nm after 10 min of incubation at RT, and BHT
was used as the standard.

Copper chelating activity (CCA) was assessed according to Megías et al. [79]. Samples
(30 μL) were mixed in 96-well microplates with 200 μL of 50 mM sodium acetate buffer
(pH 6), 6 μL of pyrocatechol violet (PV, 4 mM in the acetate buffer), and 100 μL of copper
sulphate (50 μg/mL in water). The absorbance was measured at 632 nm. Iron chelating
activity (ICA) was determined as described by Megías et al. [79] by measuring the formation
of the Fe2+ ferrozine complex. Briefly, 30 μL of the extracts was mixed in 96-well microplates
with 200 μL of distilled water and 30 μL of an iron (II) chloride solution (0.1 mg/mL in
water) and incubated for 30 min at RT. Afterward, 12.5 μL of ferrozine solution (40 mM
in water) was added and the change in color was measured at 562 nm. In both assays,
ethylenediamine tetraacetic acid (EDTA 1 mg/mL), a synthetic metal chelator, was used as
a positive control.

3.8. Evaluation of the FA Profile of the Biomass
3.8.1. FAME Preparation

Lipids were converted into the corresponding FAMEs according to the method de-
scribed by Lepage and Roy [80]. In brief, 1.5 mL of the derivatization solution (methanol/acetyl
chloride, 20:1, v/v) were mixed with 100 mg of dried algae. After 15 min at RT in an
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ultrasound-water bath, 1 mL of hexane was added to the samples and then heated for
one hour at 100 ◦C. One milliliter of distilled water was added to the transesterification
solution after cooling in an ice bath, and the organic phase was removed and dried with
anhydrous sodium sulphate. The extracts were then filtered (0.2 μm) and the FAMEs profile
determined by GC/MS [81].

3.8.2. Determination of FAMEs Profile by GC–MS

An Agilent GC–MS (Agilent Technologies 6890 Network GC System, 5973 Inert Mass
Selective Detector) equipped with a ZB-5MS capillary column (30 m × 0.25 mm internal
diameter, 0.25 μm film thickness, Agilent Tech) with helium as the carrier gas was used to
determine the FAMEs profile. The injection of samples occurred at 300 ◦C with a tempera-
ture profile of the GC oven at 60 ◦C (1 min), 30 ◦C min−1 to 120 ◦C, 4 ◦C min−1 to 250 ◦C,
and 20 ◦C min−1 to 300 ◦C (4 min). Total ion mode was used for the identification and
quantification of FAMEs, and the A—Supelco® 37 Component FAME Mix‖(Sigma-Aldrich,
Sintra, Portugal) was used as a standard. Different calibration curves were generated for
each of the FAME in this standard and results were expressed as mg/g of dry weight (DW).

3.9. Statistical Analysis

All the experiments were conducted at least in triplicate and results were expressed as
mean ± standard deviation (SD). Significant differences (p < 0.05) were assessed by one-way
analysis of variance (ANOVA). If significant, Tukey’s pairwise multiple comparison tests
were applied. R-statistics® 3.5.3 version was used for the statistical analyses.

4. Conclusions

In this work, we explored two strains of microalgae: naviculoid diatom (IMA053)
and T. marina (IMA043), as sources of natural antioxidants, phenolic compounds, and
FAs. Both strains were identified by molecular and morphological analyses before the
bioprospecting of these organisms. Overall, the obtained results suggest that DCM extracts
from both species have a relevant antioxidant activity against DPPH and ABTS radicals.
The naviculoid diatom (IMA053) had a higher iron and copper chelating ability. The
extracts of both microalgae were rich in phenolics and a positive correlation between the
TCP and the RSA was found, indicating that these algae could be a promising source for
nutraceutical and pharmaceutical industries. Moreover, our results suggest that the high
proportion of SFAs and MUFAs could render IMA053 and IMA043 desirable feedstocks
for biofuel production. The obtained results could be a springboard on these microalgal
strains for developing further studies, such as biochemical variation on the phenolics and
lipid production and on the FAs profile under different growing conditions. Future steps
in accomplishing the study of the strains IMA043 and IMA053 will be the evaluation of
the chemical profiles of the extracts by LC/MS/MS and the assessment of their bioactivity
through antimicrobial, enzyme inhibitory, and cytotoxicity assays.
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Abstract: Microalgae are competitive and commercial sources for health-benefit carotenoids. In this
study, a Chromochloris zofingiensis mutant (Cz-pkg), which does not shut off its photosystem and stays
green upon glucose treatment, was generated and characterized. Cz-pkg was developed by treating
the algal cells with a chemical mutagen as N-methyl-N’-nitro-N-nitrosoguanidine and followed by a
color-based colony screening approach. Cz-pkg was found to contain a dysfunctional cGMP-dependent
protein kinase (PKG). By cultivated with CO2 aeration under mixotrophy, the mutant accumulated
lutein up to 31.93 ± 1.91 mg L−1 with a productivity of 10.57 ± 0.73 mg L−1 day−1, which were about
2.5- and 8.5-fold of its mother strain. Besides, the lutein content of Cz-pkg could reach 7.73 ± 0.52 mg g−1

of dry weight, which is much higher than that of marigold flower, the most common commercial source
of lutein. Transcriptomic analysis revealed that in the mutant Cz-pkg, most of the genes involved in the
biosynthesis of lutein and chlorophylls were not down-regulated upon glucose addition, suggesting that
PKG may regulate the metabolisms of photosynthetic pigments. This study demonstrated that Cz-pkg
could serve as a promising strain for both lutein production and glucose sensing study.

Keywords: microalgae; Chromochloris zofingiensis; lutein; CO2 aeration; cGMP-dependent kinase

1. Introduction

Lutein is a natural carotenoid that has drawn great interest for its health-promoting
functions, such as scavenging free radicals, preventing age-related macular degeneration
(AMD) and Alzheimer’s Disease (AD), and beneficial for skin health [1,2]. At present,
commercial lutein mostly derives from marigold petals, while harvesting only in specific
seasons coupled with time-consuming petal collection hinders the large-scale production [3].
Though lutein is also common in vegetables, its daily dietary uptake is still insufficient for
all populations. Thus, searching for better lutein sources as nutritional supplement is of
significance.

Microalgae are potent sources of carotenoids that served as either primary carotenoids
for photosynthesis or secondary ones in response to adverse conditions [4]. Serving as
an essential photosynthesis pigment, the production of lutein in microalgae is related
to photosynthetic activity. Compared with terrestrial plants, microalgae have higher
photosynthetic efficiency and growth rates [4]. A number of microalgal species, including
Chlorella protothecoides [5], Parachlorella sp. JD-076 [6], Scenedesmus sp. [7], and Chlorella
vulgaris UTEX 265 [8], have been investigated for lutein production with limiting successes.

Chromochloris zofingiensis is a green microalga in the class Chlorophyceae that can grow
fast under autotrophy, mixotrophy, and heterotrophy [9]. C. zofingiensis switched off
photosynthesis in the presence of glucose, resulting in degrading of chlorophylls and
accumulation of the secondary astaxanthin [10]. We had previously characterized a Cz-bkt1
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mutant that failed to accumulate astaxanthin, but instead accumulated high amounts of
zeaxanthin when induced with high light and glucose [11].

In this study, we developed and characterized a novel mutant strain of C. zofingiensis
that did not shut off its photosynthetic system under mixotrophic cultivation, and therefore
could maintain high photosynthetic activity, cell growth and accumulated much higher
amounts of pigments including lutein under various culture conditions. The objectives
of this study are (1) to uncover the mutated gene and explain the phenotype differences
between the mutant and the wild type; (2) to investigate the transcriptome differences
between the mutant and the wild type; (3) to find the optimal CO2 concentration for high
yield and productivity of lutein from the mutant; and (4) to put forward a novel hypothesis
of glucose-sensing in microalgae.

2. Results

2.1. Isolation of a “Stay-Green” Mutant of C. zofingiensis

MNNG (N-methyl-N’-nitro-N-nitrosoguanidine) has been proved to be an effective
chemical for creating microalgal mutants with enhanced production of carotenoids [11]. In
this study, MNNG was applied to generate mutants of C. zofingiensis followed by growing
the treated cells on plates with Kuhl medium containing 15 g L−1 for three weeks. Generally,
red colonies appeared due to the accumulation of red ketocarotenoids in the algal cells
induced by glucose [12]. However, we found a green colony (here we named Cz-pkg) that
might fail to accumulate ketocarotenoids whereas maintain stable photosynthesis pigments.

To characterize this apparent difference, the Cz-pkg was picked out and went on
cultivation in liquid Kuhl medium with or without glucose. When cultivated in medium
without glucose, both Cz-pkg and WT (wild type) cell cultures appeared green (Figure 1a).
However, in the culture of medium containing glucose, Cz-pkg displayed green color while
WT showed yellow to orange color (Figure 1a).

Figure 1. (a) Phenotypes of Cz-pkg and WT cultures under autotrophy, 5 g L−1 and 30 g L−1 glucose-
addition mixotrophy. (b) Growth status of Cz-pkg and WT cultures under 5 g L−1 glucose or 2-DOG
cultivation on Day 3.

HPLC analysis showed that under photoautotrophic condition, both WT and Cz-pkg
shared similar pigment profiles under autotrophy, mainly as chlorophyll a, chlorophyll
b, and lutein (Figure 2). However, when induced by 30 g L−1 glucose, WT accumulated
mostly ketocarotenoids, mainly astaxanthin (1.06 ± 0.12 mg g−1 DW) (Figure 2). In contrast,
Cz-pkg mainly accumulated chlorophylls and lutein (4.08 ± 0.19 mg g−1 DW), which was
over 10-fold of WT (0.37 ± 0.06 mg g−1 DW). Thus, Cz-pkg might be a potential strain for
lutein accumulation and production under various culture conditions.
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Figure 2. Pigment profiles of (a) WT and (b) Cz-pkg under autotrophy or glucose inducement on Day
6. (−) and (+) represent cultures without glucose or with 30 g L−1 addition. Data in the figure were
presented in the form of means (n = 3) ± the standard deviation.

2.2. A Nonsense Mutation Occurred in PKG Gene of Cz-pkg

Since glucose failed to shut off the photosynthesis of Cz-pkg nor induce astaxanthin
production, it is possible that a very regulating gene may loss its function. Hexokinase
(HXK) is a conserved enzyme in generating glucose-6-phosphate from glucose in sugar
metabolism. This reacting step was revealed to involve in switching off the photosynthesis
of C. zofingiensis [10]. Thus, we first proposed that our stay-green Cz-pkg might loss its HXK
function. C. zofingiensis consists of only one HXK gene [10], and we cloned and sequenced
the HXK gene of Cz-pkg; however, no difference was found in the genes between WT and
the mutant (data not shown).

2-DOG is a glucose analog commonly used to investigate sugar sensing in cells. 2-
DOG can be uptake into microalgal cells and phosphorylated by hexokinase, however,
the product cannot be further metabolized [10]. When treated with 2-DOG, both WT and
Cz-pkg died due to the photosynthetic switching off (Figure 1b), supporting that HXK was
normal in Cz-pkg. For a comprehensive knowledge of the mutation in Cz-pkg, transcriptome
analysis was applied to find out the possible mutation point.

As proposed, we focused on nonsense mutation in regulation genes. Single-nucleotide
polymorphisms (SNP) analysis located a SNP occurred in a cGMP-dependent protein kinase
(PKG) gene that an A to T substitution led to the change of TTG (encoding for leucine)
to UAG (stop codon), resulting in nonsense mutation of the PKG gene (Figure S1). PKG
plays an essential role in sensing guanosine-3′, 5′-cyclic monophosphate (cGMP) in diverse
physiological processes in animals and plants in the NO-cGMP-PKG pathway [13,14].
Moreover, we determined the transcriptional levels of the key genes involved in the
biosynthesis of photosynthetic pigments.

2.3. Glucose Differentially Regulates the Biosynthesis of Photosynthetic Pigments

qRT-PCR was used to detect the transcription of genes encoding for the components
of photosystem II (PS II) and photosystem I (PS I), which participate in the initial steps of
photosynthesis, driving solar energy into chemical energy for the biosynthesis of organic
compounds in oxygenic photosynthetic organisms [15]. As shown in Figure 3a, most genes
of photosystem I and II were significantly downregulated in WT under 30 g L−1 glucose
inducement, consistent with the shut off photosynthesis (Figure 1a). In contrast, except for
PSBQ1 and PSBW of photosystem II, most of the genes were slightly upregulated in Cz-pkg.
In addition, most genes involved in chlorophyll formation were significantly downregu-
lated in WT, while there were no significant changes in Cz-pkg when induced with glucose
(Figure 3b), some were even slightly upregulated. Typically, light-dependent protochloro-
phyllide oxidoreductase (POR), a key enzyme in chlorophyll synthesis, responsible for the
successive reduction to form chlorophyllide a [16], was significantly downregulated in WT
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(12.14-fold decrease). Similarly, Mg-protoporphyrin IX methyltransferase (CHLM) was also
significantly downregulated in WT (over 10-fold decrease) (Figure 3b).

Figure 3. Different expressions involved in photosynthesis between WT and Cz-pkg mixotrophic
cells with 30 g L−1 glucose addition. Heat map illustrating differences of mRNA levels of the genes
related with (a) photosystem, (b) chlorophyll synthesis and degradation. WT_G and Cz-pkg_G
represent cultures with 30 g L−1 glucose. Fold change of the mRNA levels was calculated as Log2FC
and displayed in the heat map. Significant difference (at least a two-fold change and FDR adjusted
p < 0.05) is indicated with an asterisk. PSA, Photosystem I Subunit; PSB, Photosystem II Subunit;
CHLM, Mg-Protoporphyrin IX Methyltransferase; GTR2, Glutamyl tRNA Reductase; DVR, Divinyl
Chlorophyllide a 8-Vinyl Reductase; PBGD1, Porphobilinogen Deaminase; CHLI1, Mg-Chelatase
Subunit I; POR, Light-Dependent Protochlorophyllide Oxidoreductase; CHLD, Mg-Chelatase Sub-
unit D; CHLG, Chlorophyll Synthetase; ALAD, Delta-Aminolaevulinic Acid Dehydratase; CAO1,
Chlorophyllide a Oxygenase; GSA, Glutamate-Semialdehyde Aminotransferase; GUN4, Tetrapyrrole
Binding Protein; CHLH1, Mg-Chelatase Subunit H; UROD1, Uroporphyrinogen III Decarboxylase;
UROS1, Uroporphyrinogen III Synthase; CRD1, Mg-Protoporphyrin Monomethyl Ester Cyclase;
UROD2, Uroporphyrinogen III Decarboxylase; CPOX2, Coproporphyrinogen-III Oxidase; YCF54,
Ycf54 Conserved Hypothetical Protein; GTS1, Glutamyl-Glutaminyl Non-Discriminatory tRNA Syn-
thetase; CHLI2, Mg-Chelatase Subunit I; PAO1, Pheophorbide a Oxygenase; PAO3, Pheophorbide a
Oxygenase.

Pheophorbide a oxygenase (PAO) is a key enzyme for chlorophyll degradation [17].
As shown in Figure 3b, under 30 g/L glucose inducement, apart from downregulation of
chlorophyll synthesis, WT cells went through upregulation of chlorophyll degradation,
leading to the orange color of its suspension culture (Figure 1). In contrast, Cz-pkg exhibited
stable expression of the related genes (Figure 3) and maintained stable contents of chloro-
phylls (Figure 2) under 30 g L−1 glucose induction. As a result, Cz-pkg displayed stay-green
phenotype (Figure 1) and contained much higher amounts of lutein than WT (Figure 2).

To further understand the different regulation of carotenoid biosynthesis between
WT and Cz-pkg, we detected the expression of genes related to carotenoid biosynthesis
(Figure 4). Under 30 g L−1 glucose, the expression of essential enzymes involved in the
MEP (methylerythritol phosphate) pathway was significantly upregulated in WT, such as
DXR (1-deoxy-d-xylulose 5-phosphate reductoisomerase), HDS (4-hydroxy-3-methylbut-2-
en-1-yl diphosphate synthase) and HDR (4-hydroxy-3-methylbut-2-en-1-yl diphosphate
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reductase). Moreover, the expression of LCYB (Lycopene Beta-Cyclase) to the β-branch
carotenoids was significantly upregulated, leading to more isoprenoid skeletons for as-
taxanthin and canthaxanthin; while the expression of enzymes leading to lutein were
significantly downregulated, such as LCYE (Lycopene Epsilon-Cyclase), CYP97A2 (Cy-
tochrome P450-Type Carotene Hydroxylase), and CYP97C. In addition, the downregulated
expression of ZEP 1 (Zeaxanthin Epoxidase) and NSY (Neoxanthin Synthase) restricted
the formation of vioxanthin and neoxanthin, leading to more zeaxanthin for astaxanthin
synthesis in WT. In contrast, there are no significant expression changes in Cz-pkg. Thus,
Cz-pkg could have a potential for sustainable production of lutein.

Figure 4. (a) Carotenoid biosynthetic pathways in C. zofingiensis. Red arrows indicate pathways with
significant up-regulations, and blue arrows indicate pathways with significant down-regulations.
(b) Heat map illustrating differences of gene expressions related with carotenogenesis between WT
and Cz-pkg under 30 g L−1 glucose. Fold change of the mRNA levels was calculated as Log2FC
and displayed in the heat map. Significant difference (at least a two-fold change and FDR ad-
justed p < 0.05) is indicated with an asterisk. DXS, 1-deoxy-d-xylulose 5-phosphate synthase; DXR,
1-deoxy-d-xylulose 5-phosphate reductoisomerase; CMS, 2-C-methyl-d-erythritol 4-phosphate cytidy-
lyltransferase; CMK, 2-C-methyl-d-erythritol 4-phosphate cytidylyltransferase; MCS, 2-C-methyl-
d-erythritol 2,4-cyclodiphosphate synthase; HDS, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate
synthase; HDR, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase; GPPS, geranyl diphosphate
synthase; GGPPS, geranylgeranyl pyrophosphate synthase; PSY, Phytoene Synthase; PDS, Phytoene
Desaturase; ZISO, Zeta-Carotene Isomerase; ZDS, Zeta-Carotene Desaturase; CRTISO, Carotene
Isomerase; LCYE, Lycopene Epsilon-Cyclase; CYP97, Cytochrome P450-Type Carotene Hydroxy-
lase; LCYB, Lycopene Beta-Cyclase; BKT, Beta-Ketolase; CHYB, Beta-Carotene Hydroxylase; ZEP1,
Zeaxanthin Epoxidase; NSY, Neoxanthin Synthase (ABA4); VDE, Violaxanthin de-epoxidase.

2.4. The Growth of Cz-pkg under Different Trophic Modes

To assess if Cz-pkg has potential for lutein production, mixotrophic cultivation with
gradient concentrations of glucose (from 5 g L−1 to 50 g L−1) was applied to find out the
best growing condition. Though high glucose concentration increased biomass with longer
cultivation time, the maximum specific growth rates showed a descending trend with the
increase of sugar concentration, and it was the highest at 5 g L−1 (umax= 0.0375 ± 0.0025 h−1,
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Figure S2). This result is consistent with previous research that 5 g L−1 glucose addition is
the optimal condition for cultivation of C. zofingiensis. [18]. Thus, for mixotrophy of Cz-pkg,
5 g L−1 was chosen as the optimal glucose concentration for further experiments.

The biomass concentration of Cz-pkg under mixotrophy was higher than the sum of
the concentrations under autotrophy and heterotrophy (Figure 5a). In contrast, as WT shut
off photosynthesis in the presence of glucose, its biomass under mixotrophy was lower than
the sum of those under autotrophy and heterotrophy (Figure 5a). As shown in Figure 5b,
the growth curves of Cz-pkg and WT under 5 g L−1 glucose were determined and fitted
to a logistic growth model by Prism (R2 > 95%). According to the fitted results, Cz-pkg
could accumulate 1.23-fold biomass of WT, although it reached the plateau stage later and
its fit-calculated maximum specific growth rate (umax = 0.05008 h−1) was lower than that
of WT (umax = 0.05784 h−1). The slow growth rate may be due to its slower utilization
of glucose. As Cz-pkg keeps green in the presence of glucose, its photosystem can work
efficiently for uptaking both inorganic (CO2) and organic carbon sources (glucose) under
mixotrophic cultivation.

Figure 5. (a) Biomass of WT and Cz-pkg under different trophic modes on Day 5 in flasks; (b) growth
curve of WT and Cz-pkg under 5 g L−1 glucose in flasks. Solid symbols represent actual sampling
points, while red and green curves as fitted growth curves (R2 > 0.99). Data were presented in the
form of mean ± the standard deviation (n = 3).

2.5. Supplemented CO2 Promotes Cell Growth and Lutein Production

In contrast to marigold flower that accumulates esterified lutein, microalgae produce
lutein mostly in free form [1]. Up until now, only a limited number of microalgae have
been exploited for lutein production, and typically their lutein contents range about 340 to
760 mg/100 g DW [19]. CO2 was shown to increase algal photosynthesis [20]. Since Cz-pkg
does not shut off photosynthesis in the presence of glucose, five cultivation conditions
(flasks without aeration, air, 2.5% CO2, 4% CO2, and 5% CO2) were performed under both
autotrophy and mixotrophy to evaluate the effects of trophic mode and CO2 concentrations
on cell growth and lutein accumulation.

As shown in Figure 6, all cultures with aeration showed higher biomass than those in
flasks, whether under autotrophy or mixotrophy, which may be due to better gas exchange
under aeration and light exposure of cells. However, when the CO2 concentration reached
5%, the biomass concentrations and lutein yields showed reverse tendency.

As shown in Table 1, 5% CO2 led to a decrease in the content of photosynthetic pig-
ments (both chlorophylls and lutein), and the proportion of lutein under mixotrophy with
5% CO2 decreased to 44.4% of total carotenoids, nearly two-fold lower than other cultures.
HPLC analysis revealed that Cz-pkg also accumulated zeaxanthin up to 1.70 mg g−1 DW,
which occupied about 30% of the total carotenoids. Higher concentrations of CO2 had
previously been found to cause lower photosynthetic efficiency and cell growth of Chlorella
minutissima [21] and Desmodesmus sp. [22], possibly resulting from excessive changes of pH
values in the medium led by high soluble CO2 concentrations.
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Figure 6. The growth and pigment production of Cz-pkg under different culture conditions. (a)
Autotrophic cultures in flasks or aerations with different CO2 concentrations. (b) Mixotrophic
cultures with 5 g L−1 glucose addition in flasks or aerations with different CO2 concentrations. Data
were presented in the form of mean ± the standard deviation (n = 3).

Table 1. Pigment profiles of Cz-pkg under different cultivation conditions in autotrophy and mixotro-
phy. Data in the table were presented in the form of means (n = 3) ± the standard deviation.

Cultivation Conditions
Pigment Composition (mg g−1 DW)

Total Carotenoids Lutein Chl a Chl b

Autotrophy
flasks 5.32 ± 0.31 4.63 ± 0.22 10.63 ± 0.97 2.43 ± 0.30

Bubble tubes + Air 5.28 ± 0.22 4.40 ± 0.37 11.06 ± 1.01 3.41 ± 0.11
Bubble tubes + 2.5% CO2 7.12 ± 0.80 5.70 ± 0.20 23.44 ± 2.05 7.56 ± 1.08
Bubble tubes + 4.0% CO2 8.40 ± 0.81 7.73 ± 0.52 25.50 ± 2.44 6.86 ± 0.41
Bubble tubes + 5.0% CO2 3.78 ± 0.61 3.06 ± 0.19 10.38 ± 1.20 2.25 ± 0.06

Mixotrophy
flasks 5.94 ± 0.33 3.97 ± 0.33 11.37 ± 0.24 2.18 ± 0.50

Bubble tubes + Air 5.83 ± 0.34 4.47 ± 0.10 12.94 ± 0.41 3.67 ± 0.23
Bubble tubes + 2.5% CO2 6.72 ± 0.35 4.71 ± 0.25 17.83 ± 1.00 5.02 ± 0.14
Bubble tubes + 4.0% CO2 7.82 ± 0.49 6.28 ± 0.57 20.80 ± 1.32 6.93 ± 0.20
Bubble tubes + 5.0% CO2 5.67 ± 0.25 2.52 ± 0.28 15.97 ± 1.30 3.46 ± 0.51

As shown in Figure 6a, 4% CO2 under autotrophy showed the best on both biomass and
lutein accumulation, and the lutein yield under autotrophy can reach 27.83 ± 1.87 mg L−1,
which was 8.02-fold of that in flask and 2.46-fold of that with air aeration (0.04% CO2). As
shown in Figure 6b, under mixotrophy, the lutein yields were relatively higher than those
with the same CO2 aeration under autotrophy. This result is consistent with a previous study
that mixotrophy was more favorable for lutein production [6]. The maximal lutein yield under
mixotrophy was 31.93 ± 1.91 mg L−1 with 4% CO2, which was 2.43-fold of that in flask and
1.78-fold of that with air aeration. Besides, the content of lutein was in positive correlation
with the content of chlorophylls (Figure 6).

To further find out the pattern of lutein accumulation in Cz-pkg, we determined the
time-course lutein content during cultivation. As shown in Table 2, lutein began to increase
rapidly when the cells entered the plateau phase (from Day 6 to Day 8), which may be due
to the increased cell density, so more light-harvesting pigments are needed to meet the
energy required for cell growth. Yeh et al. [23] suggested that in the later growth stage of
Desmodesmus sp., lutein accumulation was essential for maintaining the structural integrity
of LHCs and promoted photosynthesis under low light conditions due to the self-shading
effect.
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Table 2. Time-course of lutein contents (mg g−1 DW) and the maximal productivity (mg L−1 day−1)
of Cz-pkg with different CO2 concentration aeration. Data in the table were presented in the form of
means (n = 3) ± the standard deviation.

Conditions
Lutein Contents (mg g−1 DW) Pmax

(mg L−1 day−1)Day 2 Day 4 Day 6 Day 8

Auto + 2.5% CO2 2.16 ± 0.06 2.68 ± 0.14 3.25 ± 0.33 5.70 ± 0.35 5.45 ± 0.52
Auto + 4.0% CO2 2.50 ± 0.25 2.77 ± 0.08 3.81 ± 0.40 7.73 ± 0.52 8.80 ± 0.60
Mixo + 2.5% CO2 2.02 ± 0.13 2.40 ± 0.22 2.98 ± 0.21 4.71 ± 0.25 5.61 ± 0.44
Mixo + 4.0% CO2 1.98 ± 0.16 2.85 ± 0.16 3.45 ± 0.17 6.28 ± 0.57 10.57 ± 0.73

Auto, autotrophy; Mixo, mixotrophy with 5 g L−1 glucose; Pmax, the maximal productivity of lutein.

At present, marigold flower is still the major source of natural lutein, and it contains
lutein from 0.17 to 5.70 mg g−1 [3]. Compared with marigold, the concentrations of
lutein in microalgae are much higher [19]. As most microalgae contain lutein less than
5 mg g−1 DW [11], microalgal species containing lutein more than 5 mg g−1 have been
acknowledged as potential sources for lutein production [19].

With 4% CO2 aeration under mixotrophy, Cz-pkg can achieve 6.28 ± 0.57 mg g−1 DW
of lutein with a yield of 31.93 ± 1.91 mg L−1. Under autotrophy, Cz-pkg can also accu-
mulate large content of lutein as 7.73 ± 0.52 mg g−1 DW with a relatively high yield of
27.83 ± 1.87 mg L−1. As shown in Table 2, the maximal productivity of lutein was achieved
also under mixotrophy with 4.0% CO2 as 10.57 ± 0.73 mg L−1 day−1, 1.20-fold of that under
autotrophy (8.80 ± 0.60 mg L−1 day−1), which is the highest among the known species for
lutein production as listed in Table 3. Considering that the production of carotenoids by C.
zofingiensis can be greatly enhanced by optimization of culture conditions as reported by
previous studies [11,19,24], Cz-pkg may serve as a potential source for lutein production on
industrial scales.

Table 3. Natural sources and several microalgae species potential for lutein production. - represents
no related data.

Sources Lutein Content
Productivity

(mg L−1 day−1)
References

Tagetes erecta (Marigold flower) 0.17–5.70 mg g−1 - [3]
Chicken egg yolk 16.22 μg g−1 - [25]

Brassica oleracea (Broccoli) 39 μg g−1 - [25]
Tetracystis intermedium 3.5 mg g−1 - [25]

Chlorella sorokiniana FZU60 11.22 mg g−1 8.25 [1]
Chlorella vulgaris CS-41 9.0 mg g−1 1.56 [1]

Chlorella sp. GY-H4 8.9 mg g−1 10.50 [1]
Chlorella sorokiniana MB-1-M12 7.39 mg g−1 3.43 [19]
Chlorella minutissima MCC-27 7.05 mg g−1 6.34 [19]

Chlorella vulgaris 5–9 mg g−1 1.60 [19]
Chlorella sorokiniana AK-1 4.56 mg g−1 3.56 [19]

Chromochloris zofingiensis WT 3.07 mg g−1 1.24 This study
Cz-pkg 7.73 mg g−1 10.57 This study

3. Discussion

As sugars play vital roles in regulations of cell growth, physiology, metabolism, and
gene expression in plants and microalgae, it is of great significance to investigate the genes
and enzymes associated with glucose sensing and responding. Roth et al. previously
found that glucose-treated hxk1 mutants did not shut off photosynthesis or accumulate
astaxanthin in the presence of glucose under light, same as Cz-pkg in this research [10]. They
hypothesized that HXK was necessary for glucose-mediated photosynthesis repression,
and G-6-P (glucose-6-phosphate), the downstream product of glucose phosphorylated by
hexokinase (HXK) was also closely related [10]. Though the functions of PKG have been
shown important in plants, its definite properties and functions still remain unclear [26,27].
As PKG mutant Cz-pkg does not shut off photosynthesis or accumulate astaxanthin in
the presence of glucose, the kinase PKG might be significant in regulating downstream
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metabolism after microalgae sensing glucose. Further study should focus on exploiting the
functions of PKG and determine its role in glucose sensing of microalgae with molecular
methods, such as CRISPR/Cas9, to achieve rigor results.

4. Materials and Methods

4.1. Microalgae Strain and Cultivation

C. zofingiensis (ATCC 30412) was obtained from American Type Culture Collection
(ATCC, Rockville, MD, USA) and cultivated in Kuhl medium as reported previously [11].
The Kuhl medium contains KNO3 1.01 g L−1, NaH2PO4·H2O 0.62 g L−1, Na2HPO4·2H2O
0.089 g L−1, MgSO4·7H2O 0.247 g L−1, CaCl2·2H2O 14.7 mg L−1, Na2EDTA·H2O 6.95 mg L−1,
FeSO4·7H2O 6.95 mg L−1, H3BO3 0.061 mg L−1, MnSO4·H2O 0.169 mg L−1, ZnSO4·7H2O
0.287 mg L−1, CuSO4·5H2O 0.0025 mg L−1, (NH4)6Mo7O24·4H2O 0.01235 mg L−1. Briefly,
the algal cells were cultured in 100 mL fresh Kuhl medium containing 5 g L−1 glucose (in
250-mL flasks) with orbital shaking at 150 rpm, and illuminated with continuous light of
30 μmol photons m−2 s−1 (cool-white fluorescent tube light). Cells grown to late exponential
phase were used as seed cells for further experiments. For cultivation in bubble tubes, the
seed cells were inoculated into glass columns at 0.5 g L−1 under illumination of 150 μmol
photons m−2 s−1 from one side, and separately aerated by air, 2.5% (v/v), 4% (v/v), and 5%
(v/v) CO2-enriched air in different experimental groups. All experiments were operated in
triplicate. Cell biomass was determined according to our previous study [28]. By sampling
at a 12 h time interval, the biomass concentrations were fitted according to a logistic growth
model as the following equation:

Y = YM×Y0/
(
(YM − Y0)×e(−kx)+Y0

)
(1)

where YM is the maximum biomass (g L−1), Y0 is the initial inoculum biomass (g L−1), k is
the rate constant (h−1), and x is the cultivation time (h).

4.2. Mutant Generation, Selection, and Identification

The mutagenesis procedure by N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) was
performed successfully according to our previous study [29]. Surviving colonies were then
isolated and transferred to fresh 1/2 Kuhl medium with or without 15 g L−1 glucose. In
detail, the selection procedure was conducted as follows: (a) each of single colonies were
suspended in two liquid cultures (with or without glucose); (b) a clone showing green color
in the presence of glucose was isolated. The culture of the stay-green mutant and the wild
type were then transferred to Kuhl medium with 5 mM 2-deoxy-D-glucose (2-DOG) to
identify if the mutant strain shuts off photosynthesis in the presence of glucose according
to [10]. To eliminate the mutant with transport deficiency of glucose, the mutant was also
cultivated in dark in the presence of glucose.

4.3. Pigment Extraction and Analysis

Algal cells were harvested after centrifugation, and the pellets were lyophilized and
grinded in 2 mL tubes with 3 stainless steel beads for 10 × 30 s at 1/30 frequency with
the TissueLyser II (QIAGEN, Hilden, Germany). Then, the debris were extracted with
pre-chilled acetone (HPLC grade) for three times until they were almost colorless. The super-
natants were collected by centrifugation (13,000× g for 10 min at 4 ◦C) and filtered through
a 0.22 μm Millipore organic membrane. Absorbance values at 470, 652.4, and 665.2 nm were
measured with a spectrophotometer for pigment quantifications according to our previous
study [28]. Pigment profile analysis was performed by high performance liquid chromatog-
raphy (HPLC, Waters) according to Huang et al. with modifications [11]. Briefly, HPLC
was equipped with a Waters YMC Carotenoid C30 column (5 μm, 4.6 × 250 mm), and the
mobile phase consisted of solvent A (methanol: isopropanol, 68:32, v/v) and solvent B
(acetonitrile: methanol: water, 84:2:14, v/v/v). A total of 10 μL of each sample was analyzed
at a flow rate of 0.80 mL min−1 with a gradient mode (0−15 min: linear gradient of 0−100%
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of A; 15−30 min: linear gradient of 0−100% of B). Compounds were detected at 450 and
480 nm. The peaks of each compound were identified by their absorption spectra, and the
retention times were compared with the biological reference standards for recognition and
quantification. The lutein productivity was calculated with the following equation:

Productivity (mg L−1day−1) =
Biomass concentration (g L−1) × Lutein content (mg g−1

)
Cultivation time (day)

. (2)

4.4. DNA Extraction and Molecular Characterization of Mutant

Genomic DNA of C. zofingiensis was extracted with Chelex-100 chelating resin (Bio-
Rad Laboratories, Hercules, CA, USA) according to Kang et al. [30]. Briefly, microalgal cells
were centrifuged at 14,000 rpm for 1 min, and the supernatant was discarded. Then, 1 mL
PBS solution was added, vortexed and centrifuged to wash the cells twice. A total of 100 μL
of autoclaved 5% Chelex-100 chelating resin (suspended in 0.1M Tris and 0.5 mM EDTA,
pH = 8.0) was added, vortexed and boiled at 100 ◦C for 20 min. The suspension was then
and centrifuged at 14,000 rpm for 1 min. The supernatant was collected and used as DNA
samples for the characterization experiments.

To reveal the molecular base of the mutant, DNA sequences of putative mutated
genes were compared with that of wild type by PCR amplification and sequencing. Ac-
cording to the whole-genome of C. zofingiensis [31], primers were designed to amplify the
full length of CzHXK1 and CzPKG genes as follows: HXK1F: 5′ ATGAAACTTGACGCA-
GACACTCAACG 3′ and HXK1R: 5′ TTAGGCAGTAGTGCTTGGCAGGGGGTC 3′ for
HXK1; and PKGF: 5′ ATGGGGAACTCGCACAGCCAG 3′ and PKGR: 5′ TGAGCAGT-
GATGTAGCACTGGCAG 3′ for PKG. The PCR procedure was set as: 98 ◦C for 3 min,
36 cycles of 98 ◦C for 10 s, 60 ◦C for 5 s, and 68 ◦C for 6 min (for CzHXK1) or 8 min (for
CzPKG). An elongation procedure was added at 68 ◦C for 5 min. PCR products were gel
purified and sequenced. Sequence alignments were completed through BLAST online
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 October 2021).

4.5. Transcriptome Sequencing and Analysis of Differentially Expressed Genes

Algal cultures (both Cz-WT and Cz-pkg) in the presence of glucose were harvested at
exponential phase for RNA isolation and sequencing with an Illumina Novaseq 6000 system
(Illumina Inc., San Diego, CA, USA) by Majorbio Bio-pharm Technology Co., Ltd. (Shang-
hai, China). The transcriptome sequences are accessible in the NCBI Sequence Read Archive
database (http://www.ncbi.nlm.nih.gov/sra/, accessed on 10 October 2021) under the
accession number PRJNA664005. Expression of the annotated genes was profiled by the val-
ues of TPM (transcripts per million reads) through RSEM v1.3.1. Fold change of a gene be-
tween two samples was considered significant when |log2 (TPMSample 1/TPMSample 2)| ≥ 1
with Padjust < 0.001.

4.6. RNA Isolation and Quantitative Real-Time PCR

Validation of the interesting key genes was also performed by quantitative real-time
PCR (qRT-PCR) analysis using the primers listed in Table S1. Total RNA was isolated with
TRIzol reagent (Invitrogen, Shanghai, China) according to the manufacturer’s protocol. To
remove possible contaminating DNA, RNase-free DNase I (TaKaRa, Beijing, China) was
used to treat raw RNA samples. Nanodrop 2000 (Thermo Scientific, Shanghai, China) was
used to determine the concentration and quality of RNA was checked by electrophoresis.
Total RNA (~1 μg) was then reversely transcribed to cDNA using Prime ScriptTM RT
reagent kit (TaKaRa, Beijing, China) according to the manufacturer’s protocol.

qRT-PCR was performed on a CFX Connect Real-Time System (Bio-Rad) with a 20 μL
reaction volume, containing 10 μL of TB GREEN ® Premix Ex TaqTM II (Tli RNaseH Plus)
(TaKaRa), 0.8 μL of each primer (10 μM), 2 μL of template cDNA, and 6.4 μL sterile distilled
water (DNase free). The qRT-PCR protocol was set as follow: 30 s at 95 ◦C followed by
40 cycles of 5 s at 95 ◦C and 30 s at 60 ◦C. A procedure of 0.5 ◦C increment at 5 s/step from
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65 ◦C to 95 ◦C was added after for the melt curve analysis. All experiments were operated in
triplicate and data were analyzed by the CFX Manager™ Software v3.1 (Bio-Rad, Hercules,
California, USA). The relative gene expression level was calculated based on the 2−ΔΔCT

method [32] and the actin gene was set as reference.

4.7. Statistical Analysis

All the experiments above were conducted in at least triplets to guarantee the repro-
ducibility. Statistical analysis was carried out by using GraphPad Prism 9.0 and Microsoft
Excel. A one-way analysis of variance (ANOVA) was applied for the determination of the
significant differences from the control groups for each experimental condition separately
(p < 0.05). All the data are presented in the form as means value (n = 3) ± the standard
deviation.

5. Conclusions

In this study, the C. zofingiensis mutant Cz-pkg was generated and characterized. Under
30 g L−1 glucose inducement, Cz-pkg consisted of high amount of lutein and stayed green,
while WT accumulated astaxanthin with red phenotype. Cz-pkg consists of a dysfunctional
PKG, leading to not shutting off its photosystem and staying green, with higher biomass
and lutein production under mixotrophy. Specifically, coupled with 4.0% CO2 aeration,
the mixotrophic Cz-pkg with 5 g L−1 glucose produced lutein 31.93 ± 1.91 mg L−1 with a
productivity of 10.57 ± 0.73 mg L−1 day−1. This study demonstrated that Cz-pkg could
serve as a promising strain for lutein production.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md20030194/s1, Figure S1: The sequence alignment of PKG gene of WT (the upper) and Cz-pkg
and the peptide sequence of PKG in WT, Figure S2: Biomass concentration and the specific growth
rate of Cz-pkg under cultivation with different glucose concentrations. Table S1: Primers for qRT-PCR
analysis. Table S2: Fold change of transcriptional differences of genes related to photosynthetic
systems, chlorophyll synthesis and degradation.
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Abstract: The biochemical composition of three novel selected microalgae strains (Chlorophyta) was
evaluated to confirm their potential possibilities as new sustainably produced biomass with nutri-
tional, functional, and/or biomedical properties. Extracts from cultured Pseudopediastrum boryanum,
Chloromonas cf. reticulata, and Chloroidium saccharophilum exhibited higher radical scavenging activity
of DPPH (1,1-diphenyl-2-picrylhydrazyl) when compared to butylated hydroxytoluene (BHT), but
lower than butylated hydroxyanisole (BHA). Total phenolic compounds and amino acids were deter-
mined by newly developed RP-HPLC methods. Total phenolic contents, as μg g−1 of dry biomass,
reached 27.1 for C. cf. reticulata, 26.4 for P. boryanum, and 55.8 for C. saccharophilum. Percentages
of total analysed amino acids were 24.3, 32.1, and 18.5% of dry biomass, respectively, presenting
high values for essential amino acids reaching 54.1, 72.6, and 61.2%, respectively. Glutamic acid
was the most abundant free amino acid in all microalgae samples, followed by proline and lysine in
C. saccharophilum and P. boryanum, and methionine and lysine in C. reticulata. Soluble carbohydrates
in aqueous extracts ranged from 39.6 for C. saccharophilum to 49.3% for C. reticulata, increasing values
to 45.1 for C. saccharophilum and 52.7% for P. boryanum in acid hydrolysates of dried biomass. Results
confirmed the potential possibilities of these microalgae strains.

Keywords: amino acids; carbohydrates; microalgae; phenolic compounds; radical scavenging activity
(RSA); RP-HPLC

1. Introduction

Changes in human and animal nutrition are essential, among other actions, to achieve
several of the UN Sustainable Development Goals [1]. Diets rich in meat and processed
foods are detrimental to health and are also associated with higher environmental costs
and greenhouse gas emissions. Therefore, it is a priority to reduce their consumption in
order to mitigate their negative impact on health [2].

Algae in general and microalgae in particular are described as a novel rich source
of nutrients and contain natural products with several properties and applications in
many industrial fields, including food, feed, cosmetics, pharmaceuticals, and biofuel
production [3–5].

Polysaccharides from macro- and microalgae are considered a source of dietary fibre
with bioactive properties improving the levels of blood glucose and cholesterol [6,7]. These
algal polysaccharides also show other potent biological activities such as antioxidant,
antifungal, antiviral, antibacterial, and antitumoral properties; tyrosinase inhibitory activity;
and anti-inflammatory and immunomodulatory characteristics [6,8].

Balanced diets in amino acids of natural origin and safe sources are strongly recom-
mended [9]. Proteins are one of the main components of microalgae, reaching up to 70%
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of dry biomass in some species [10,11] and containing up to 50% essential amino acids
and higher antioxidant activities than those of common proteins in the human diet [12,13].
Several microalgal peptides also exhibit antihypertensive, immunomodulatory, anticancer,
hepatoprotective, antiatherosclerosis, anticoagulant, anti-UV radiation, antiosteoporosis,
and antimicrobial activities [14]. Studies focused on drugs combined with glutamic acid
(glutamate) confirmed an increase in their efficacy [15]. In addition, glutamic and aspar-
tic acids contribute to enhancing (i) the flavour of meat, soy sauce, seafood, and some
processed foods [16] and to (ii) protein solubility for pharmaceutical uses [17]. Dietary
supplementation with proline may also be advantageous under certain physiological and
pathological conditions [18].

In addition, different types of antioxidants such as phenolic compounds from sea-
weeds and microalgae have also been reported [19–21]. Food enrichment with microalgae
is a simple and well-known method for improving the physicochemical, nutritional, and
sensory properties [22]. The antioxidant capacity and phenolic content of broccoli soup
increased when freeze-dried Spirulina sp., Chlorella sp., or Tetraselmis sp. was added at
concentrations ranging from 0.5 to 2.0% (w/v) [23]. According to Žugčić et al. [24], beef
patties prepared with microalgal proteins (1% Chlorella or 1% Spirulina of 60 and 70% pu-
rity, respectively) increased the concentrations of all amino acids, especially aspartic and
glutamic acids, concluding that microalgae proteins could be useful candidates for new
meat products in the food and feed industries [25].

Considering all this application potential and despite the rich biodiversity of microal-
gae, only a few species are exploited from a biotechnological point of view, and only
18 species of the phylum Chlorophyta are being produced in Europe [26]. The objective of
this study was to evaluate the biochemical composition of three selected, not previously
studied, freshwater microalgae strains Chloromonas cf. reticulata, Pseudopediastrum boryanum,
and Chloroidium saccharophilum for their potential in developing food and feed products with
high nutritional and therapeutic/functional values. For this purpose, methanol extracts
obtained from laboratory-controlled cultured biomass were screened for their capacity
to scavenge the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical and compared with food
additives (butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT)) with
known antioxidant activities [27]. Ten different phenolic compounds and ten selected
amino acids were identified and quantified by newly developed RP-HPLC methods, and
total soluble carbohydrate contents obtained by two different extraction protocols were
also determined.

2. Results

2.1. Radical Scavenging Activity

As it is observed in Figure 1, extracts from Pseudopediastrum boryanum exhibited
the highest capacity to scavenge free radical DPPH (30.19%), followed by Chloroidium
saccharophilum (26.95%) and Chloromonas cf. reticulata (19.33%). All microalgae samples
showed a higher RSA than BHT (17.37%) and lower activity than BHA (48.69%).

2.2. Identification and Quantification of Phenolic Compounds

The identification and quantification of 10 polyphenols were achieved by an updated
RP-HPLC method in less than 30 min (retention times ranged from 4.69 to 25.87 min).
Linearity was evaluated using the method of least squares of a plot of integrated peak
area versus mean concentration from three area measurements. The correlation coefficients
were not less than 0.9995. Precision was assessed using six determinations at 1 μg mL−1

and expressed as relative standard deviation (RSD), which ranged from 1.80 to 3.85%. The
limits of detection (LOD) and the limits of quantification (LOQ) were calculated assuming
a minimum detectable signal-to-noise level of 3 and 10, respectively. LOD were found to
be in the range of 0.0221–0.2003 μg mL−1, and the LOQ were observed in the range of
0.0736–0.6676 μg mL−1. The recoveries were found in the range from 91.8 to 109.2%.
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All ten analysed phenolic compounds were identified for the strain Chloroidium saccha-
rophilum (Table 1). Rutin and protocatechuic, coumaric, ferulic, and gentisic acids were not
detected in the extracts obtained from Chloromonas reticulata. Pseudopediastrum boryanum
showed a lack of coumaric and gentisic acids. C. saccharophilum exhibited the highest
content of phenolic compounds (55.83 μg g−1 of dry weight) followed by C. reticulata and
P. boryanum (27.10 and 26.40 μg g−1 of dry weight), respectively.

Figure 1. Radical scavenging activities (RSA) of synthetic compounds (BHA and BHT) and microalgae
extracts expressed as DPPH inhibition percentage: 100 × (1 − Abs in the presence of sample/Abs in
the absence of sample).

Table 1. Total polyphenol contents (μg g−1 of dry biomass) of the analysed microalgae strains.

Polyphenol
Chloromonas cf.

reticulata
Pseudopediastrum

boryanum
Chloroidium

saccharophilum

Gallic acid 5.08 ± 0.25 1.44 ± 0.99 2.88 ± 1.22
Protocatechuic acid n.d. * 1.23 ± 0.11 3.08 ± 1.34

Catechin 5.68 ± 0.74 4.14 ± 0.13 12.34 ± 1.13
Vanillic acid 1.61 ± 0.21 2.63 ± 0.23 14.15 ± 2.84
Epicatechin 10.43 ± 0.21 5.27 ± 0.84 1.90 ± 0.33

Syringic acid 3.12 ± 0.32 1.12 ± 0.10 5.84 ± 0.66
Rutin n.d. * 6.40 ± 1.03 6.87 ± 3.42

Gentisic acid n.d. * n.d. * 2.42 ± 2.21
Coumaric acid n.d. * n.d. * 3.95 ± 2.09

Ferulic acid n.d. * 2.44 ± 0.34 2.40 ± 1.67

Total 27.10 ± 2.03 26.40 ± 4.02 55.83 ± 16.90
* n.d.: not detected.

2.3. Identification and Quantification of Free and Total Analysed Amino Acids

A new RP-HPLC method was developed for detecting and quantifying 10 amino acids
in microalgae extracts in less than 35 min (the retention times ranged from 6.19 to 34.87 min).
Correlation coefficients were not lower than 0.9976. Precision expressed as RSD, the LODs,
and the LOQs were calculated as above. RSD ranged from 1.73 to 3.88%. The percentage
recoveries were from 92.4 to 101.8%. The LOD ranged from 0.0006 to 0.01 μg mL−1, and
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the LOQ from 0.0015 to 0.0335 μg mL−1. This methodology was fast, precise, and accurate
and allowed the simultaneous quantification of 10 amino acids with a high sensitivity
and reproducibility.

All 10 free amino acids studied were present in all the microalgae strains (Table 2).
Glutamic acid was the most abundant in all microalgae samples, ranging from 461.82 to
5630.37 μg g−1 of dry weight. C. saccharophilum exhibited a remarkably higher amount of
each single amino acid compared to the other microalgae strains, reaching 20.46 mg of total
free amino acids per gram of dry biomass.

Table 2. Free analysed amino acid contents (μg g−1 of dry weight) of the three microalgae strains.

Amino Acid
Chloromonas cf.

reticulata
Pseudopediastrum

boryanum
Chloroidium

saccharophilum

Arginine 107.88 ± 1.67 448.00 ± 90.00 668.34 ± 48.16
Glutamic acid 461.82 ± 1.70 1937.00 ± 28.00 5630.37 ± 135.89
Aspartic acid 89.31 ± 0.55 157.57 ± 16.49 805.95 ± 18.82

Proline 112.99 ± 0.51 1282.00 ± 38.00 5546.42 ± 141.14
Methionine 146.00 ± 6.30 201.00 ± 77.00 805.95 ± 90.52

Valine 130.00 ± 0.38 285.00 ± 6.14 1379.65 ± 159.98
Lysine 196.84 ± 0.87 697.65 ± 52.14 2847.93 ± 157.67

Isoleucine 65.34 ± 0.08 86.03 ± 4.00 866.81 ± 15.26
Phenylalanine 107.42 ± 0.19 108.00 ± 2.00 1379.65 ± 30.57

Histidine 116.67 ± 1.22 154.00 ± 21.00 530.92 ± 38.35

Sum of amino acids in μg g−1 of dry weight

∑NEEA 772.0 ± 4.43 3824.6 ± 172.5 12,651.1 ± 344.0
∑EEA 762.3 ± 9.04 1531.7 ± 162.3 7810.9 ± 492.5
∑FAA 1534.33 ± 13.5 5356.3 ± 334.8 20,462.0 ± 836.5

∑NEEA, sum of non-essential amino acids; ∑EEA, sum of essential amino acids; ∑FAA, sum of free amino acids.

Apart from values for glutamic acid, Table 2 shows that the most abundant free amino
acids in C. saccharophilum were proline, lysine, valine, and phenylalanine; in P. boryanum
were proline, lysine, and arginine; and in C. reticulata were lysine and methionine. The
percentages of essential amino acids were 49.7% in C. reticulata, 38.2% in C. saccharophilum,
and 28.6% in P. boryanum (Table 2).

Table 3 shows the total content of the ten amino acids analysed in the acid-hydrolysed
microalgae extracts. Total contents of these amino acids in P. boryanum, C. reticulata, and
C. saccharophilum were 32.06, 24.27, and 18.45% on a dry weight basis, with high percentages
of the analysed essential amino acids: 72.6, 54.1, and 61.2%, respectively. Lysine was the
most abundant amino acid in C. saccharophilum (36.49 mg g−1 of dry weight), proline in
C. reticulata (51.69 mg g−1 of dry weight), and methionine in P. boryanum (137.20 mg g−1 of
dry weight).

2.4. Carbohydrate Contents

Aqueous extraction of C. saccharophilum, P. boryanum, and C. reticulata biomass showed
39.64, 43.24, and 49.25% in soluble carbohydrates, respectively (Figure 2). The highest
carbohydrate contents reaching 45.06, 52.67, and 51.24% were obtained when extractions
were carried out under acid hydrolysis conditions.
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Table 3. Contents of 10 analysed amino acids (mg g−1 of dry weight) of three microalgae strains.

Amino Acid
Chloromonas cf.

reticulata
Pseudopediastrum

boryanum
Chloroidium

saccharophilum

Arginine 21.29 ± 3.47 7.12 ± 0.75 5.98 ± 0.66
Glutamic acid 23.84 ± 6.25 19.48 ± 1.41 30.50 ± 1.28
Aspartic acid 14.67 ± 3.59 11.38 ± 0.84 3.44 ± 0.21

Proline 51.69 ± 1.75 49.90 ± 4.25 31.68 ± 1.42
Methionine 40.81 ± 9.78 137.20 ± 24.41 29.89 ± 8.96

Valine 19.72 ± 1.79 20.21 ± 1.59 18.48 ± 0.45
Lysine 31.56 ± 1.66 36.20 ± 2.32 36.49 ± 1.99

Isoleucine 13.28 ± 1.35 13.43 ± 1.32 11.36 ± 0.71
Phenylalanine 19.76 ± 1.37 20.01 ± 1.20 14.92 ± 0.21

Histidine 6.07 ± 0.13 5.63 ± 0.69 1.81 ± 0.01

Sum of amino acids in mg g−1 of dry weight (%)

∑NEEA 111.5 ± 15.1 (45.9) 87.9 ± 7.25 (27.4) 71.6 ± 3.57 (38.8)
∑EEA 131.2 ± 16.1 (54.1) 232.7 ± 30 (72.6) 112.9 ± 11.3 (61.2)
∑TAA 242.7 ± 31.1 320. 6 ± 38.1 184.5 ± 14.9

∑NEEA, sum of non-essential amino acids; ∑EEA, sum of essential amino acids; ∑TAA, sum of total amino acids.

Figure 2. Carbohydrate content (as percent of glucose equivalents per dry weight) of the analysed
microalgae strains.

3. Discussion

3.1. Algal Material and Extraction Procedures

The Canary Islands are mountainous with a sub-tropical volcanic origin, supporting
high levels of solar radiation all year round. These environmental conditions generate
highly diverse habitats and ecosystems, forcing microorganisms to adapt and accumulate
metabolites that might be interesting from a biotechnological approach [28].

The selected microalgae strains analysed in the present study were bioprospected
from different locations and environments and, after clonal isolation, adapted to laboratory
growth conditions and BG-11 culture media before scale-up for the evaluation of growth
characteristics and biomass production.

Several factors should be considered in the extraction and quantification of metabo-
lites, such as the previous treatment of microalgae cells and storage, the hydrolysis condi-
tions (time, temperature, and acid concentration), and the mechanical/chemical extraction
methods. Cell wall disruption is a necessary preliminary step to make the cell contents
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accessible and digestible and prevent incorrect measurements. The efficiency of cell dis-
ruption methods depends on the species being investigated (including cell wall type) and
their physiological state. Therefore, the total rupture of the cell membrane should be
confirmed by making observations with a microscope to prevent underestimation of the
metabolite contents [11].

Kröger et al. [29] compared several methods for effective extraction from the microal-
gae Scenedesmus rubescens, concluding that freeze-drying produces cell wall damage and
therefore improves the extraction yields. Moreover, several drying methods have also been
studied by de Farias Neves et al. [30], who confirmed that freeze-drying is the most suitable
microalgae drying method without bioactive compound loss. For all these reasons, in our
work, biomass was freeze-dried and cells examined under a microscope to check complete
cell wall breaking.

3.2. Antioxidant (RSA) Activity and Phenolic Contents

The synthetic compounds BHA and BHT are widely used as antioxidant food additives
at a maximum level of 0.02% [31]. However, these compounds are classified as cancer
promoters capable of inducing cytotoxicity and apoptosis [32]. Therefore, many studies
have extensively studied their replacement by safer and inexpensive natural antioxidants.
Phenolic compounds of natural origin exhibit antioxidant properties capable of extending
food shelf life by preventing rancidity due to oxidation. They also exhibit protective effects
against oxidative stress in biological systems [19].

Previous studies showed that gentisic acid, gallic acid, catequin, epicatechin, protocat-
echuic, and syringic acids exhibited higher antioxidant activity than BHT and BHA [33].
Catechin, epicatechin, gallic acid, and vanillic acid, among others, are better radical scav-
engers than many monomeric flavones and even flavonols because they act particularly
well as H-atom donors [34]. The presence of these compounds in microalgae increases
their potential health benefits. The microalgae species C. saccharophilum, P. boryanum, and
C. reticulata showed a higher RSA than that of BHT (Figure 1). Gentisic and coumaric acids
were not detected in the extracts derived from P. boryanum (Table 1), which showed the
highest RSA (30.19%) and the lowest phenolic content (26.40 μg g−1 of dry biomass). All
ten phenolic compounds, gallic acid, protocatechuic acid, catechin, vanillic acid, rutin,
epicatechin, syringic acid, gentisic acid, coumaric acid, and ferulic acid, were detected in
C. saccharophilum, which exhibited the highest content of phenolic compounds, followed
by C. reticulata and P. boryanum (55.83, 27.10, and 26.40 μg g−1 of dry biomass, respec-
tively). The lack of five analysed phenolics (rutin and coumaric, ferulic, protocatechuic,
and gentisic acids) was observed in the extracts prepared with C. reticulata, which gave the
lowest relative RSA (19.33%), but a phenolic content similar to that of P. boryanum (Table 1).
Similar findings were reported by Corrêa da Silva et al. [35] who studied the total phenolic
content and antioxidant activity of microalgae P. boryanum grown in different culture me-
dia. Their results also showed extracts with higher phenolic content (measured through
the Folin–Ciocalteu assay) but lower antioxidant activity (assay ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid)). No correlation between DPPH inhibition and
phenolic contents was found by Blagojević et al. [36], who evaluated the phenolic profiles
and antioxidant activities of 10 cyanobacterial strains cultured in BG11 medium in the
presence and absence of nitrogen. In our study, a small group of phenolic compounds was
quantified. The antioxidant response of these compounds varies remarkably depending on
their chemical structure [34], and other possible antioxidants present in the mixture have
not been considered, as phenolics are not the only contributors to the antioxidant activities
in algae. In addition, the extracts are complex mixtures including active components at
low levels, and their activities depend on the relative concentrations of these components
and the interfering compounds as well as the synergistic, additive, or antagonistic effects
between them [37].

Samples in this study showed a higher content of phenolic compounds than five
different microalgae and cyanobacterial species evaluated by Klejdus et al. [38], who
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identified eight phenolic compounds and quantified the highest content in the green
microalgae Spongiochloris spongiosa (6.656 μg g−1 of dry biomass). Blagojević et al. [36]
only detected 8 of 45 polyphenols investigated in several cyanobacteria species. These
authors observed that cyanobacteria Arthrospira S1 and Anabaena C2 showed a lower total
phenolic content (24.05 and 18.72 μg g−1 of biomass, respectively) than those obtained in
our samples. Onofrejová et al. [39] identified 12 phenolic compounds in the freshwater
microalgae Spongiochloris spongiosa and cyanobacterium Anabela doliolum, also quantifying
lower contents (5.1 and 3.6 μg g−1, respectively) than those determined in the present study.

3.3. Free Amino Acid Contents

In this study, 10 amino acids were selected because of their antioxidant properties
and their important role in cellular metabolism as key precursors for synthesis of several
metabolites [9,40–43]. Therefore, a well-balanced diet can ensure the intake needs of
essential and non-essential amino acids of the body to function properly.

All microalgal samples presented the 10 free amino acids evaluated—histidine, me-
thionine, valine, lysine, isoleucine, phenylalanine, arginine, proline, and glutamic and
aspartic acids—with quantitative differences for individual compounds between the three
different strains (Table 2). Glutamic acid was the most abundant, ranging from 461.8 to
5630.4 μg g−1 of dry biomass. These results are in accordance with those reported by Ven-
druscolo et al. [44], who quantified 15 amino acids in two Chlorophyceae (Chlorella vulgaris
and Scenedesmus obliquus) and two cyanobacteria (Aphanothece microscopica and Phormidium
autumnale), concluding that glutamic acid was the most abundant detected amino acid in
three of them (Scenedesmus obliquus showed a higher content of alanine). Our findings also
agree partially with previous studies focused on the free amino acid profile determination
of seaweeds and microalgae, which confirmed that glutamic and aspartic acids were the
most abundant free amino acids (up to 26% of the free amino acid fraction) [45,46].

C. saccharophilum showed the highest amount of total analysed free amino acids,
reaching 20.5 mg g−1 of dry biomass (13.34 and 3.82 times higher than those of C. reticulata
and P. boryanum, respectively). Vendruscolo et al. [44] reported lower amounts of the total
sum of 15 amino acids quantified in two Chlorophyceae and two cyanobacteria (ranging
from 0.371 to 1.525 mg g−1 of dry biomass). Machado et al. [47] determined the total
sum of 20 free amino acids in four seaweed species (Porphyra dioica, Porphyra umbilicalis,
Gracilaria vermiculophylla, and Ulva rigida), which ranged from 3.36 to 16.17 mg g−1 of dry
biomass. Their values were higher than those for C. reticulata, but lower than those found
for C. saccharophilum in this study (1.53 mg and 20.46 mg g−1 of dry biomass, respectively).

Apart from glutamic acid, Table 2 shows that the most abundant free amino acids were
proline, lysine, valine, and phenylalanine in C. saccharophilum; proline, lysine, and arginine
in P. boryanum; and lysine and methionine in C. reticulata. On the contrary, Vendruscolo
et al. [44] only detected methionine and lysine in one of the four analysed microalgae
(30.55 and 8.05 μg g−1 of dry biomass, respectively, in Scenedesmus obliquus), and Machado
et al. [47] only identified methionine in one of the above cited red seaweed (160 μg g−1 of
dry biomass in Porphyra dioica).

Under natural conditions, the composition of free amino acids in microalgae can
vary dramatically during the growing season. Kolmakova et al. [45] concluded that the
composition of free amino acids of diatoms and green microalgae and cyanobacteria
is extremely sensitive to external factors such as available nitrogen and light intensity
and photoperiod and also depends on the growth phase of the microalgae culture [48].
According to Granum et al. [49], extracellular free amino acid contents exuded by the
marine diatom Skeletonema costatum changed drastically from the exponential to stationary
growth phase, and the cellular free amino acid levels reached values between 8% (end
of scotophase) and 22% (end of photophase) of cellular organic N and decreased by 90%
within 24 h of N depletion. In fact, intracellular amino acids have been proposed to be used
as an index of the physiological status of the diatom Rhizosolenia delicatula [50].
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3.4. Total Contents of Analysed Amino Acids

Kolmakova et al. [45] reported that the percentages of total essential and non-essential
amino acids in diatoms and green microalgae and cyanobacteria are stable and show a
common profile, with leucine as the most abundant essential amino acid, methionine and
histidine as the least abundant, and glutamic and aspartic acids as the most abundant non-
essential amino acids (up to 20% of the sum of amino acids). However, methionine was the
most abundant amino acid in P. boryanum in the present study (137.2 mg g−1 of dry weight).
Several authors have confirmed that non-essential glutamic and aspartic acids in the cell
hydrolysates constituted 22–44% of the total amino acids in algae [51]. Cobos et al. [52]
reported relatively similar amino acid profiles in four freshwater Chlorophyta microalgae,
Ankistrodesmus sp., Haematococcus sp., Scenedesmus sp., and Chlorella sp., where aspartic acid
ranged from 20.94 to 38.21 mg g−1 of dry weight and leucine from 20.08 to 40.99 mg g−1

of dry weight, and the least abundant amino acid was histidine, ranging from 4.10 to
7.24 mg g−1 of dry weight. The percentages of glutamic and aspartic acids in this work
were 9.6, 15.9, and 18.4% in P. boryanum, C. reticulata, and C. saccharophilum, respectively,
which would presumably decrease if a larger number of amino acids were analysed. In
accordance with Cobos et al. [52] and Kolmakova et al. [45], the least abundant amino
acid was histidine, ranging from 1.81 to 6.07 mg g−1 of dry weight (Table 3). However,
methionine, proline, and lysine were the most abundant amino acids in C. reticulata and
P. boryanum, while C. saccharophilum gave a higher content of lysine, proline, and glutamic
acid. Lysine was the most abundant amino acid in C. saccharophilum (36.49 mg g−1 of dry
weight) and proline in C. reticulata (51.69 mg g−1 of dry weight). Several studies have
also exhibited relevant amounts of lysine and proline [11,53]. C. saccharophilum, which
showed the highest free amino acid content, presented the lowest total content of analysed
amino acids after acid hydrolysis, followed by C. reticulata and P. boryanum (184.5, 242.7,
and 320.6 mg g−1 of dry weight, respectively). The analysis of total amino acids does not
distinguish between free amino acids, which represent less than 10% of the total amino acids,
and those which are bound in proteins [54]. This fact can lead to significant differences
between free and total amino acid profiles. In addition, it is important to note that high
total analysed amino acid values were obtained, considering that only 10 amino acids were
quantified in the present study. Machado et al. [47] evaluated the presence of 20 amino
acids in four macroalgae (Porphyra dioica, Porphyra umbilicalis, Gracilaria vermiculophylla,
and Ulva rigida) and reported total contents of amino acids ranging from 96.22 to 286.56
mg g−1 of dry weight, and from 57.63 to 173.08 mg g−1 of dry weight if only the 10 amino
acids analysed in our study were considered. These authors found fractions of free amino
acids ranging from 3.15 to 7.18 g per 100 g of total amino acids and from 3.56 to 5.57%
considering only our 10 amino acids. Vieira et al. [13] reported higher fractions of free
amino acids (grams per 100 g of total amino acids) ranging from 6.47 to 24.0% in brown
seaweed species and from 3.40 to 14.0% in red and green seaweeds. These differences
may be due to the fact that the extraction of free amino acids was carried out with 0.2M
perchloric acid, which could have hydrolysed peptides and increased the amount of free
amino acids versus the aqueous extraction performed by Machado et al. [47]. Our results
showed lower fractions of the 10 analysed free amino acids in C. reticulata and P. boryanum
(0.63 and 1.67%, respectively) and a higher fraction in C. saccharophilum (11.1%) than those
reported by Machado et al. [47].

Higher percentages of the analysed essential amino acids were found in P. boryanum
and C. saccharophilum (72.6 and 61.2%, respectively) than those found by Machado et al. [46]
when only the 10 amino acids evaluated in this study were considered (between 54%
in Gracilaria vermiculophylla and 57.87% in Ulva rigida). C. reticulata showed a similar
percentage of the analysed essential amino acids (54.1%). In accordance with Sui et al. [55],
these high percentages could be due to the illumination cycle applied during the culture
(18:6 h L:D) and the late-exponential growth phase for harvesting cells. Araya et al. [56]
quantified the content of seventeen amino acids in five species of microalgae (Haematococcus
pluvialis, Skeletonema costatum, Arthrospira sp., Acutodesmus acuminatus, and Botryococcus
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braunii). Their results showed that the highest amount of amino acids (267.6 mg g−1) was
found in Arthrospira sp., and the other four species contained lower amounts than those
found in this study (below 141.3 mg g−1 found in Botryococcus braunii).

Lourenço et al. [54] found different amino acid contents (as percentage of dry mat-
ter) in Chlorella minutissima and Prorocentrum minimum at the following growth phases:
mid-exponential (24.79 and 24.18%, respectively), late-exponential (36.96 and 30.40%, re-
spectively), early stationary (36.12 and 27.44%, respectively), and late-stationary (22.46 and
26.25, respectively).

On the other hand, different microalgae species show specific needs of L:D cycles
and light intensity for productive photosynthesis [57]. Long illumination periods have
been previously reported as a stress condition to induce the accumulation of lipids and
carotenoids such as astaxanthin [58]. Sui et al. [55] studied the impact of two L:D cycles
(12:12 and 24:0 h) on Dunaliella salina protein production, concluding that continuous
illumination led to higher protein content (0.62 g L−1 on day 16 in the exponential phase),
which decreased in the stationary phase (0.49 g L−1 on day 28). On the contrary, microalgae
cultured under a 12:12 h L:D cycle gave a constant accumulation of proteins that reached
0.43 g L−1 in the stationary phase. The contents of all individual essential amino acids
increased between 5% and 58% in cells cultured under an L:D cycle, reaching 30% of the
total protein, and increased dramatically by 17-125% in cells cultured under continuous
illumination, reaching 44% of the total protein content. Seyfabadi et al. [59] studied the
behaviour of Chorella vulgaris incubated at 37.5, 62.5, and 100 μmol photons m−2 s−1

irradiance and 8:16, 12:12, and 16:8 h L:D photoperiods. It was confirmed that a longer
illumination period increases protein contents. In fact, the cycle 16:8 h L:D yielded the
highest protein accumulation under each irradiance assayed, reaching the maximum at
100 μmol photons m−2s−1 irradiance and a 16:8 h L:D cycle. The photoperiod 16:8 h
L:D used in the present study also might stimulate the production of several essential
amino acids.

Gorissen et al. [60] analysed the amino acid contents after the acid hydrolysis of 35 pro-
tein samples commercially available as isolated protein powder suitable for application in
human nutrition or animal feeds. P. boryanum showed a higher total amount of six essential
amino acids than several of these dietary protein samples, whose content of eight essential
amino acids was quantified (oat (137), lupin (131), wheat (180), hemp (116), microalgae
(157), soy (199), brown rice (221), corn (210), and egg (165), where values in parentheses
mean mg g−1 of raw material). C. saccharophilum and C. reticulata also showed comparable
contents to several protein sources analysed by Gorissen et al. [60]. The high levels of the
analysed amino acids with high percentages of essential amino acids make microalgae
strains in our study a novel source of essential amino acids with potential use in food and
functional products.

3.5. Carbohydrate Contents

C. saccharophilum, C. reticulata, and P. boryanum showed 45.1, 51.2, and 52.7% in carbohy-
drates, respectively (Figure 2). These results partially agree with those reported by Schulze
et al. [61] who analysed freeze-dried biomass from 46 microalgae after hydrolysis with
2N HCl for 1 h and revealed carbohydrate contents ranging from 16.5% (Mychonastes sp.)
to 71.6% (Porphyridium purpureum). Templenton et al. [62] published lower amounts of
carbohydrates in strains of Phaeodactylum tricornutum, Nannochloropsis sp., and Chlorella
vulgaris (19.6, 8.6, and 20.5% of dry weight, respectively) than those observed in our study
by applying the same hydrolysis conditions. This might be due to the fact that biomass
was air dried before the acid hydrolysis process in their study, and we used freeze-dried
biomass. Our results align well with those of Visca et al. [63], who compared two drying
methods before extracting Scenedesmus sp. and Chlorella sp. biomass: (1) cells were dried
at 105ºC for 12 h, and (2) cells were freeze-dried, and then both were subjected to similar
hydrolysis conditions as those described in the present work. Scenedesmus sp. yielded
30.5% carbohydrates and reached a maximum carbohydrate purity when freeze-drying
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pretreatment was used and lipids were removed (58.7% and 51.8%, depending on the
extracting solvent). The authors concluded that Chlorella sp. carbohydrate content (17.7%)
was not affected by the freeze-drying process because its cell wall is weaker. However,
Safi et al. [11] reported that Chlorella sp. has a robust cell wall, and its disruption is a
necessary preliminary step to quantify the total/maximum content of each metabolite.
These findings agree with those reported by Stirk et al. [64], who observed that a simple
freeze-drying step is not enough to break the tough cell wall of Chlorella sp., which requires
methods combining freeze-drying with sonication or ball-milling.

Carbohydrate contents evaluated without methods involving previous acid hydrolysis
in 12 species of seaweeds washed with tap water and air dried on blotting paper to remove
excess water ranged from 20.47 to 23.9% carbohydrates [65]. Our results obtained without
acid pretreatment showed higher contents than those described by Manivannan et al. [65]:
C. saccharophilum, P. boryanum, and C. reticulata yielded 39.6, 43.2, and 49.3% carbohy-
drates, respectively. These results agree with the total carbohydrate content quantified in
microalgae Neochloris oleoabundans (∼40%) by Suarez Garcia et al. [66].

Further analytical studies of oligosaccharide structure and composition in the samples
of novel microalgae, including the strains analysed in the present study, are necessary to
unlock the potential applications of these microalgae and their components. In particular,
algal polysaccharides have shown numerous industrial applications including antioxidant
and antitumor effects, immunostimulating functions, cosmetics and cosmeceuticals, or
prebiotic properties as functional foods or nutraceuticals [67,68].

4. Materials and Methods

4.1. Chemicals

Methanol (HPLC gradient grade) and tetrachloroethylene (synthesis grade) were pur-
chased from Scharlab (Barcelona, Spain). Triethylamine (analysis quality) and phenylisoth-
iocyanate (PITC) of reagent grade were supplied by Panreac (Barcelona, Spain); 1,1-
diphenyl-2-picrylhydrazyl (DPPH), butylated hydroxyanisole (BHA), butylated hydroxy-
toluene (BHT), and anthrone (reagent grade) were supplied by Sigma-Aldrich (St. Louis,
MO, USA). Formic acid (synthesis grade) and amino acids (aspartic acid, glutamic acid,
histidine, arginine, proline, valine, lysine, methionine, isoleucine, and phenylalanine) were
provided by Merck (Darmstadt, Germany). Phenolic compounds were supplied as follows:
gallic acid, protocatechuic acid, (−) epicatechin, ferulic acid, p-coumaric acid, vanillic acid,
syringic acid, and (+) catechin by Sigma–Aldrich Chemie (Steinheim, Germany), and rutin
and gentisic acid by Merck (Darmstadt, Germany). Ultrapure water was obtained from a
Milli-Q system from Millipore (Bedford, MA, USA).

4.2. Algal Material

Three microalgae clonal strains of the Phylum Chlorophyta were selected and pro-
vided by the Culture Collection at the Spanish Bank of Algae (located in Taliarte; east coast
of Gran Canaria): Chloromonas. cf. reticulata (BEA0990B; Order Chlamydomonadales), Pseu-
dopediastrum boryanum (BEA0190B; Order Sphaeropleales), and Chloroidium saccharophilum
(BEA0031B; Order Watanabeales). Strains were isolated from samples bioprospected in
Gran Canaria (Canary Islands), except C. saccharophilum, which was collected in the Chi-
huahua region (Mexico). C. reticulata was obtained from a terrestrial habitat in the central
countryside area of the island, and P. boryanum was collected from a moist rock curtain in the
northwest. Cultures were scaled up to 2 L Erlenmeyer flasks under controlled conditions
(temperature: 23 ± 2 ºC; irradiance: <100 μmol photons m−2 s−1; and photoperiod 16:8
light:dark (L:D)) in BG-11 culture medium (pH adjusted to 7.4), and continuous aeration
was supplied with CO2 pulses at a rate of 1 min per hour. Growth curves were followed,
and samples were harvested at the final exponential growth phase. After centrifugation at
8000 rpm for 15 min, biomass samples were freeze dried (6.5 L Labconco, Kansas City, MO,
USA) and kept in sealed vials in darkness before analysis.
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4.3. Radical Scavenging Activity (RSA) Measurements

Freeze-dried microalgae biomass (25 mg) was mixed with methanol (1.5 mL) using
a vortex (Vortex Ika Genius 3) for 20 min. The mixture was heated at 40 ◦C for 10 min
and sonicated for 10 min (this step was performed twice). Then, the algal material was
centrifuged for 10 min at 9000 rpm in a microcentrifuge (Thermo Scientific, Heraeus fresco
17) and removed by filtration. The filtrate was evaporated to dryness in a rotary vacuum
evaporator, and the residue was dissolved in methanol (100 μL).

The RSA of samples was evaluated using the DPPH free radical assay described by
Bondet et al. [69] with some modifications. Briefly, 25 μL of the samples and standards
BHA and BHT (0.2 g L−1) was mixed with 975 μL of DPPH solution (0.1 mM). The obtained
mixture was vortexed and incubated for 20 min at room temperature in darkness. The
neutralization of DPPH radical leads a decrease in absorbance monitored against a methanol
blank at 515 nm using a Shimadzu 1800 UV-Vis spectrophotometer. The radical inhibition
percentage was calculated by application of the equation

RSA = 100 × (1 − Abs in the presence of sample/Abs in the absence of sample) (1)

Measurements were taken in triplicate, and the results were averaged.

4.4. Phenolic Compounds Determination

The extraction of phenolic compounds was carried out as described in the above
section (RSA measurements) by mixing 200 mg of biomass with 10 mL of methanol. Once
the filtrate was evaporated, the dry residue was suspended in 5 mL of acidified water
(pH 1.5). Then, solid phase extraction (SPE) was used following the procedure of Dvořáková
et al. [70] with modifications. The cartridges (Chromabon Easy, Macherey-Nagel, 500 mg,
particle size 93 μm) were conditioned by successive elution with 2 mL of water, 6 mL of
methanol, and 2 mL of water. The suspension was passed through the cartridge, and the
retained phenolics were eluted with acetone (6 mL) and evaporated to dryness in a rotary
vacuum evaporator. Finally, the residue was dissolved in 200 μL of mobile phase, filtered
through a 0.20 μm nylon syringe, and transferred to a vial. Three replicates were used for
the quantification.

Chromatographic analysis was performed with a Jasco LC-4000 HPLC instrument
equipped with a quaternary pump (PU-4180), an autosampler (AS-4150), photodiode ar-
ray detector (MD-4015), and an LC-Net interface II. Data acquisition was carried out
with ChromNav software. The phenolics were separated with a Varian C18 column
(250 mm × 4.6 mm, 5 μm) and a guard column maintained at 30 ◦C. The gradient elu-
tion was performed using water with 0.1% formic acid as mobile phase A and methanol as
mobile phase B with the following elution programme for eluent A: 0–5 min, 80% isocratic;
5–30 min, linear gradient from 80% to 40%. Finally, column was washed and reconditioned.
Simultaneous monitoring was set at 270 nm (gallic acid, protocatechuic acid, catechin,
vanillic acid, rutin, epicatechin, and syringic acid) and 324 nm (gentisic acid, coumaric
acid, and ferulic acid) for quantification (Figure 3). Five different concentrations of each
compound in the range of 1 to 50 mg L−1 were injected in triplicate. The presence of
polyphenols in the extracts was confirmed by comparison of their retention times and
overlaying of UV spectra with those of individual standard compounds.

4.5. Amino Acid Composition Determination

Extractions of amino acids were performed according to Machado et al. [47] with
modifications. A total of 10 mg of freeze-dried biomass was mixed with 5 mL of deionized
water for 2 min. The mixture was heated in a water bath at 70 ◦C for 30 min and was
sonicated in an ultrasonic bath (Selecta, Spain) for 5 min followed by centrifugation for
10 min at room temperature (3000 rpm). The supernatant was collected and stored at
−20 ◦C until analysis. Samples were examined under a microscope (Olympus BX40 model)
to check complete cell wall lysis.
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Figure 3. HPLC chromatograms of standard polyphenols: (A) 270 nm: 1, gallic acid; 2, protocatechuic
acid; 3, catechin; 4, vanillic acid; 5, epicatechin; 6, syringic acid; 7, rutin. (B) 324 nm: 8, gentisic acid;
9, coumaric acid; 10, ferulic acid.

Protein hydrolysis for the total amino acid extraction was carried out as follows: HCl
(6M, 2 mL) was added to 100 mg of freeze-dried microalgae in test tubes which were
flushed under a N2 stream and heated in an oven at 110 ◦C for 24 h. Then, the mixture
was neutralised by adding NaOH (6M), and deionized water was added up to 5 mL. The
extracts were stored at −20 ◦C until analysis.

The amino acid derivatization procedure of Shi et al. [71] was modified by adding 5 mL
of sample solution to 2.5 mL of PITC (1M in acetonitrile) and 2.5 mL of triethylamine (1M in
acetonitrile). The resulting solution was stirred for 1 h at room temperature. Subsequently,
5 mL of tetrachloroethylene was added, the mixture was vigorously shaken, and the upper
layer was collected. This step was performed twice, and the final solution was filtered
through a 0.22 μm nylon syringe filter. Three replicates were used for the analysis.

Chromatographic analysis of six essential amino acids (histidine, methionine, va-
line, lysine, isoleucine, and phenylalanine) and four non-essential (arginine, proline and
glutamic, and aspartic acids) was carried out with a Jasco LC-4000 HPLC instrument, as
described above. The amino acid derivatives were separated with a Phenomenex C18
column (250 mm × 4.6 mm, 5 μm) and a Phenomenex guard column maintained at 30 ◦C.
The gradient elution was performed using water with 0.1% formic acid as mobile phase A
and methanol as mobile phase B. The elution programme applied for eluent A was 0 min,
75%; 30 min, 40%; 40 min, 40%. Finally, column was washed and reconditioned. The
flow rate was 1 mL min−1, and the injection volume was 10 μL. The calibration curves
were made by plotting the integrated peak areas of the samples versus the concentration.
Five different concentrations of each amino acid in the range of 1 to 40 mg L−1 were injected
in triplicate. The presence of amino acids was confirmed by comparing their retention
times with those of standard compounds (Figure 4).
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Figure 4. HPLC chromatogram of standard amino acids at 254 nm: 1, histidine; 2, arginine; 3, glutamic
acid; 4, aspartic acid; 5, proline; 6, methionine; 7, valine; 8, lysine; 9, isoleucine; 10, phenylalanine.

4.6. Carbohydrates Quantification

Freeze-dried algal material was subjected to different pretreatments: (i) acid hydrolysis
according to Templenton et al. [62], where the algal biomass (25 mg) was mixed with 250 μL
of sulfuric acid (72 wt %) in a water bath at 30 ◦C for 1 h and then was heated at 121 ◦C in
sulfuric acid (4 wt %) in an autoclave (Micro 8, JP Selecta SA); (ii) aqueous extraction was
carried out by stirring the biomass (25 mg) with 2.5 mL of ultrapure water during 1 h at
room temperature according to Jansen [72]. Both extracts were centrifuged (3500 rpm for
10 min) and recovered by filtration.

Carbohydrate contents were determined using the colorimetric method described
by Brooks et al. [73] with modifications. Anthrone reagent was prepared fresh daily by
dissolving anthrone (200 mg) in 72% sulfuric acid (100 mL). This reagent (2 mL) was
mixed with 1 mL of each sample (microalgae extracts and standard solutions), vortexed
for 30 s, and heated for 10 min at 100 ◦C in a water bath. The test tubes were cooled in an
ice bath for 5 min, and the absorbance was recorded at 505 nm on a Shimadzu UV-1800
spectrophotometer. A standard calibration curve was prepared with solutions of glucose
in the range of concentrations from 20 to 200 μg mL−1. The results were expressed as
grams of glucose equivalent (percentage of dry biomass). Three replicates were used for
the determination of carbohydrate concentrations.

5. Conclusions

Two new simple, sensitive, accurate, and reproducible RP-HPLC methods were de-
veloped for detecting and quantifying 10 amino acids and 10 phenolic compounds in
three novel selected microalgae strains. The antioxidant activities of extracts derived from
Chloromonas cf. reticulata, Psudopediastrum boryanum, and Chloroidium saccharophilum de-
termined in this study, as well as their amino acid, phenolic, and carbohydrate contents,
confirm the potential possibilities of these microalgae species to be considered as novel
source of bioactives for food, feed, and biomedical applications. Further research is needed
to determine the impact of the growth conditions, illumination cycles during cell culture,
their ability to accumulate metabolites, and, therefore, their specific potential.
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70. Dvořáková, M.; Hulín, P.; Karabín, M.; Dostálek, P. Determination of Polyphenols in Beer by an Effective Method Based on
Solid-Phase Extraction and High Performance Liquid Chromatography with Diode-Array Detection. Czech J. Food Sci. 2007, 25,
182–188. [CrossRef]

71. Shi, Z.; Li, H.; Li, Z.; Hu, J.; Zhang, H. Pre-Column Derivatization RP-HPLC Determination of Amino Acids in Asparagi Radix
before and after Heating Process. IERI Procedia 2013, 5, 351–356. [CrossRef]

72. Jansen, E. Simple Determination of Sugars in Cigarettes. J. Anal. Bioanal. Tech. 2014, 5, 5–7. [CrossRef]
73. Brooks, J.R.; Griffin, V.K.; Kattan, M.W. A Modified Method for Total Carbohydrate Analysis of Glucose Syrups, Maltodextrins,

and Other Starch Hydrolysis Products. Cereal Chem. 1986, 63, 465–466. [CrossRef]

106



Citation: Macdonald Miller, S.;

Abbriano, R.M.; Segecova, A.;

Herdean, A.; Ralph, P.J.; Pernice, M.

Comparative Study Highlights the

Potential of Spectral Deconvolution

for Fucoxanthin Screening in Live

Phaeodactylum tricornutum Cultures.

Mar. Drugs 2022, 20, 19. https://

doi.org/10.3390/md20010019

Academic Editor: Carlos Almeida

Received: 8 December 2021

Accepted: 21 December 2021

Published: 23 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

marine drugs 

Article

Comparative Study Highlights the Potential of Spectral
Deconvolution for Fucoxanthin Screening in Live
Phaeodactylum tricornutum Cultures

Sean Macdonald Miller 1,*, Raffaela M. Abbriano 1, Anna Segecova 1,2, Andrei Herdean 1, Peter J. Ralph 1 and

Mathieu Pernice 1

1 Climate Change Cluster (C3), Faculty of Science, University of Technology Sydney,
Sydney, NSW 2007, Australia; raffaela.abbrianoburke@uts.edu.au (R.M.A.); segecova.a@czechglobe.cz (A.S.);
andrei.herdean@uts.edu.au (A.H.); peter.ralph@uts.edu.au (P.J.R.); mathieu.pernice@uts.edu.au (M.P.)

2 Global Change Research Centre, Academy of Science of the Czech Republic, 26101 Drasov, Czech Republic
* Correspondence: sean.a.macdonaldmiller@student.uts.edu.au

Abstract: Microalgal biotechnology shows considerable promise as a sustainable contributor to a
broad range of industrial avenues. The field is however limited by processing methods that have
commonly hindered the progress of high throughput screening, and consequently development
of improved microalgal strains. We tested various microplate reader and flow cytometer methods
for monitoring the commercially relevant pigment fucoxanthin in the marine diatom Phaeodactylum
tricornutum. Based on accuracy and flexibility, we chose one described previously to adapt to live
culture samples using a microplate reader and achieved a high correlation to HPLC (R2 = 0.849),
effectively removing the need for solvent extraction. This was achieved by using new absorbance
spectra inputs, reducing the detectable pigment library and changing pathlength values for the
spectral deconvolution method in microplate reader format. Adaptation to 384-well microplates and
removal of the need to equalize cultures by density further increased the screening rate. This work
is of primary interest to projects requiring detection of biological pigments, and could theoretically
be extended to other organisms and pigments of interest, improving the viability of microalgae
biotechnology as a contributor to sustainable industry.

Keywords: fucoxanthin; microalgae; green consumption; food consumption

1. Introduction

Fucoxanthin is the most abundant marine carotenoid pigment, accounting for more
than 10% of the total carotenoids produced naturally [1]. Fucoxanthin is of commercial
interest for its antioxidant, anti-inflammatory, antibacterial, and anti-obesity characteris-
tics [2–5], as well as having potential in inhibiting cancer cell growth [6]. Due to these
beneficial properties, fucoxanthin is an established nutraceutical currently sourced from
seaweed [7,8]. However, the marine diatom Phaeodactylum tricornutum (Bacillariophyta)
exhibits up to 100 times higher fucoxanthin content (mg g−1 DW) than seaweed [5,9],
which makes it an attractive alternative for commercial purposes. P. tricornutum has also
been used extensively across a wide area of research and has full genome data [10]. This
species has demonstrated genetic manipulability [11–13], which further supports its utility
as a biofactory template for fucoxanthin. Fucoxanthin in P. tricornutum can reach up to
59.2 mg g−1 under optimal growth conditions [14], and it has been improved by 69.3%
(mg g−1 DW) in chemically-induced mutants [15] and by 45% per cell by introduction of
the PSY (phytoene synthase) gene [16] compared to the wild-type strain.

Strategies that generate large mutant or transformant libraries (hundreds to thousands
of clones) necessitate high-throughput methods to screen novel strains for pigments because
the current benchmark of pigment detection is high-performance liquid chromatography
(HPLC), which, while being accurate, is very expensive and time-consuming. Several
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approaches to screening fucoxanthin in P. tricornutum were investigated here and compared
in terms of the accuracy of their prediction as compared to HPLC, as well as the effort
invested to produce that result. Because fucoxanthin and chlorophyll a are associated with
light harvesting, chlorophyll screening methods were included as fucoxanthin proxies
alongside direct fucoxanthin quantifiers, and their assessment included both microplate
reader and flow cytometer formats. Flow cytometry provides a means of analyzing samples
at the resolution of individual cells, which negates effects from culture density and can be
attached to fluorescence-activated cell sorting (FACS), while the microplate reader format
provides an inexpensive and non-invasive way of analyzing many samples in a short
period of time, therefore, both systems were included.

Three microplate reader methods and three flow cytometry methods were chosen
for this study. First, two estimates for chlorophyll and fucoxanthin autofluorescence were
measured using flow cytometry to investigate whether various excitation/emission gates
could accurately predict average fucoxanthin content through analysis of single cells.
A third flow cytometry method using Nile Red dye was included to investigate if dye
fluorescence can improve the detection of fucoxanthin based on its relationship to lipids [17]
and correlation to total carotenoids [15]. One approach for estimating chlorophyll in ethanol
was tested as a proxy for measuring fucoxanthin in microplate format from Ritchie [18].
The second microplate reader method investigated in this study is theoretically similar
to the equations from Ritchie [18], except that it aims to quantify fucoxanthin directly by
using equations based on specific wavelength absorbance of pigment extracts related to
fucoxanthin, rather than using chlorophyll as a proxy, found in Wang et al. [19]. The final
microplate reader method is from Thrane et al. [20], developed from earlier work [21,22],
and uses spectral deconvolution of absorbance spectra obtained from samples extracted
using an organic solvent like ethanol. All samples were compared during exponential
growth phase, as this is the easiest point to detect pigment content differences without
compounding effects from media changes and cell senescence, and enables the screening
methods with the best resolution to be highlighted accordingly.

This study aims to reconcile accuracy with practical considerations of screening meth-
ods, and to further optimize a promising method for high-throughput screening of fucox-
anthin in P. tricornutum. Six published methods using two common pieces of analytical
equipment were used to assess their correlation to HPLC, one being chosen for further
optimisation based on this correlation as well as practical considerations like ease of use
compared to cost and time investment. This work contributes to the field of microalgal
biotechnology by improving the rate at which novel strains of P. tricornutum can be selected
based on improved fucoxanthin content.

2. Results and Discussion

2.1. Culture Characteristics

The high light without nitrate (HL-N) treatment cell growth was statistically signif-
icantly higher (p = 0.0005) than both other HL treatments (~9.5 × 106 compared to an
average 6.5 × 106 cells mL−1) on the final day (Figure 1a). While the final pellet weights for
all HL treatments were similar, the mean singlet forward scatter (FSC-A) of HL-N cultures
was 50% less than the forward scatter of nitrogen-present HL treatments (p < 0.0001). De-
creased cell size and volume due to nitrogen limitation has been observed previously [23]
and explains the much higher cell density in HL-N treatments. Importantly, this indicates
that P. tricornutum has impressive light stress tolerance mechanisms despite low or no
nutrient availability, considering the analogous biomass productivity of HL treatments,
which averages significantly higher (p = 0.0206) at up to two times that of the lowest LL
biomass productivities.
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Figure 1. Measured culture characteristics over the 8-day experimental period. (a) Cell density in
millions mL−1; (b) Relative chlorophyll a fluorescence (chlorophyll a fluorescence/culture absorbance
at 750 nm), which was used to determine optimal experiment termination time point; and (c) fucox-
anthin content of freeze-dried samples measured using HPLC (mg g−1). Treatment abbreviations are
as follows: nitrate-free ASW media (-N), standard (1 × N) nitrate media or media with 10× nitrate
(10 × N), and either 10 (LL) or 200 (HL) μmol photons m−2 s−1 of white light. Statistical significance
was calculated using one-way ANOVA (p < 0.05) with letters denoting non-significant groupings.
Error bars denote standard deviation (n = 3).

Pigment content was measured by relative chlorophyll a, and the experiment was
terminated on day 8 when relative chlorophyll a was significantly different (p < 0.0001,
~1.9 for HL-N compared to ~3.3 for all LL treatments and ~5.5 for HL treatments with
nitrate supplementation, Figure 1b). LL cultures displayed very similar chlorophyll a
autofluorescence over the experimental period, while there was a clear distinction between
nitrogen replete and deplete conditions under HL.

As expected, fucoxanthin content was a function of irradiance, specifically, its role
as a light-harvesting pigment was demonstrated by its negative correlation with photon
availability. Nitrogen limitation decreased overall fucoxanthin content and productivity
under 200 μmol photons m−2 s−1, while simply increasing the variability under 10 μmol
photons m−2 s−1 (Figure 1c). These treatments provided a sufficient range of fucoxanthin
contents to assess high-throughput screen viability.

2.2. High-Throughput Screen Analysis

Data for live culture chlorophyll a autofluorescence on microplate reader were not
shown because there was no correlation to HPLC (R2 < 0.002). The microplate reader
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Nile Red fluorescence data displayed a negative correlation, which can be attributed to
disturbance by media noise and other resolution issues, and these were therefore not
considered reliable methods.

Autofluorescence measurements using flow cytometry displayed the highest correla-
tion to HPLC data with R2 = 0.9335 and R2 = 0.9485 for chlorophyll a (B690-50, Figure 2a)
and fucoxanthin (Y710-50, Figure 2b), respectively. These were also higher than both Nile
Red and the equations from Ritchie [18] and Wang et al. [19], which require either dyeing
or extraction with an organic solvent. While chlorophyll a autofluorescence was included
to estimate the B690-50 filter reliability at estimating fucoxanthin, using alternatives is
likely to give more accurate predictions, as with the Y710-50 filter. Excitation at 561 nm
with emission at 710 nm (Y710-50) has generally been avoided in the literature because
there is little or no absorption of individual P. tricornutum pigments at these wavelengths.
However, Premvhardan et al. [24] showed a shift in fucoxanthin absorbance when bound in
Fucoxanthin-Chlorophyll Protein (FCP) to wider than 561 nm. Because the flow cytometry
methods are measuring live cells rather than pigments in extracts, it is appropriate to
assess fucoxanthin absorbance characteristics when bound to FCP. Also, an extra emis-
sion peak at 710 nm was observed by Fan et al. (2021) in P. tricornutum, who confirmed
a relationship between emission intensity at 710 nm and fucoxanthin content measured
using HPLC [25]. Using these wavelengths has the likely benefit of being able to measure
fucoxanthin content by its relationship to cellular FCP rather than by chlorophyll content
as a proxy, like when measuring extracts using equations from Ritchie et al. (2008) [18].
Despite the overall fluorescence intensity of Y710 being about 25% that of the B690 channel
(data not shown), it appears sufficient as not only an accurate indicator, but more reliable
in predicting fucoxanthin content than B690-50.

Measuring autofluorescence with flow cytometry is not only accurate for measuring
fucoxanthin, it does not require extraction, dilution or dyeing, and this greatly improves
screening time. Relevant to many projects that generate large mutant or transformant
libraries, FACS can also be attached to this method to further improve screening and
selection times, as also found in Gao et al. [17] and Fan et al. [25].

The use of Nile Red to correlate polar lipids with fucoxanthin has been performed
previously using live cultures of Tisochrysis lutea with an R2 value of 0.88 [17], there is a
correlation between Nile Red and total carotenoids in P. tricornutum [15]. A relationship
to HPLC was found herein (R2 = 0.69) for P. tricornutum using the average single cell
fluorescence of singlets after staining with Nile Red (Figure 2c). While a correlation was
found, using different channels resulted in higher R2 values without the need to dye first.

Microplate reader formats displayed overall lower correlation to HPLC, with the
maximum found using the method from Ritchie [18] (R2 = 0.9021, Figure 2d).

In our initial analysis, the method from Wang et al. [19] displayed reduced correlation
to HPLC at R2 = 0.0292 when the dilution of 1 × 106 cells mL−1 was used. Verification
cultures in the original source use a cell density between 20–100 × 106 cells mL−1, which
is likely to have contributed to the sensitivity and therefore accuracy reported therein
(R2 ≥ 0.946). To improve the resolution of fucoxanthin predictions using the method from
Wang et al. [19], experimental samples were analyzed again at higher cell concentration
and an R2 value of 0.8593 was found (Figure 2e). Despite this method displaying a slightly
lower correlation than in the original source (R2 = 0.8593 compared to R2 ≥ 0.946, see [19]),
users performing equipment calibration can expect even better results and should keep in
mind the changes to resolution when using low cell densities.

Despite displaying a relatively high correlation of R2 = 0.7236 (Figure 2f), the spectral
deconvolution method from Thrane et al. [20] did not require solvent extraction. This
method also had the greatest potential for calibration and refinement, owing to its use of a
much larger dataset and multiple programmable input scripts using RStudio version 1.3.1093
(RStudio, Boston, MA, USA). Therefore, the method was chosen for further optimisation.
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Figure 2. High-throughput screen results correlated to fucoxanthin (mg g−1) measured using HPLC.
(a) Mean single cell chlorophyll a autofluorescence measured on flow cytometer using blue excitation
wavelength of 488 nm with 690/50 nm optical filter, (b) mean single cell fucoxanthin autofluorescence
measured on flow cytometer using yellow excitation laser at 561 nm with 710/50 optical filter,
(c) mean single cell fluorescence measured on flow cytometer using blue excitation laser at 488 nm
with 610/20 optical filter after dyeing with Nile Red, (d) chlorophyll a content (mg L−1) using
equations for ethanol extracts from Ritchie (2008) on a microplate reader, (e) fucoxanthin content
(mg L−1) for concentrated ethanol extracts from Wang et al. (2018) on a microplate reader, and
(f) spectral deconvolution method from Thrane et al. (2015) using raw culture absorbance spectra
on microplate reader. Units on x axes for d, e, and f are simply what the sources for each use to
determine fucoxanthin content, while samples for all three were extracted herein using an equal
weight of biomass, effectively making x-axis units the weight of fucoxanthin per unit weight of
biomass (like HPLC).

2.3. Optimisation of Spectral Deconvolution from Thrane et al. (2015)

The R scripts contained within Thrane et al. [20] were first tested using absorbance
spectra obtained from uniformly-dilute ethanol-extracted experimental samples. It was
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noticed that predictions for fucoxanthin were either extremely low or zero. To allow the
method to attribute lower wavelength spectral regions to the presence of fucoxanthin,
pigments that are not present in P. tricornutum, or present in only minute amounts, were
removed from the R script “gaussian.peak.parameters.txt” as well as from line 32 of the
“pigments.function.R” script. It was found that removing all but the chlorophylls a, c1
and c2, and fucoxanthin from the method ensured detection of fucoxanthin in every
sample. After removal of ‘unnecessary’ pigments and the reassigning of pathlength in the
‘Sediments.R’ file to z = 0.625 for microplate reader adaptation, the correlation between the
script and the content of fucoxanthin detected using HPLC in mg g−1 was R2 = 0.801.

The spectral qualities of a pigment are altered when measured in live cell thylakoid
membranes compared to when measured as free-floating molecules in an organic solvent
like ethanol. The cumulative effects of the silica frustule of P. tricornutum, the lipid layers
associated with the thylakoid, effects from saltwater medium, and interference from other
cellular components, are expected to have substantial effects on fucoxanthin spectral char-
acteristics, so the ethanol-fucoxanthin coefficients used in the original source were replaced.
Firstly, the P. tricornutum absorbance spectrum from cultures under LL+N (maximum
fucoxanthin) were averaged and the spectrum between 400–550 nm was used to estimate
new fucoxanthin Gaussian peaks using the “chl.b.fit.R” file from the original source. These
new coefficients for peak height (“a”), wavelength (“xp”) and peak halfwidth (“s”) for live
cultures were then used instead of the original coefficients for ethanol and used to compare
the spectral deconvolution (mg L−1) to fucoxanthin as measured using HPLC (mg g−1),
which resulted in an R2 value of 0.849 (Figure 3a).

Figure 3. Correlation of modified spectral deconvolution method to fucoxanthin measured using
HPLC. (a) Correlation after modifying fucoxanthin coefficients, and (b) results after normalizing
absorbance spectra to culture density (absorbance at 750 nm) on a 384-well microplate.

The above method analysis and troubleshooting was performed with pre-diluted
culture samples for ease of use and confidence of comparison. To explore the possibil-
ity of using microplate well cultures without equalizing by cell density, and to exclude
potential effects from differences in individual cell volume amongst a population, an
exponential-phase wild type P. tricornutum culture was diluted to various densities be-
tween approximately 0.5 and 20 × 106 cells mL−1 (A750 between 0.03 and 0.7) and their
predicted fucoxanthin values compared on a 384-well microplate using spectral deconvolu-
tion of individual wavelengths normalized by the absorbance at 750 nm (Figure 3b), using
the following equation:

SpeDec Fx (mg L−1) = spectra [400 − 700 nm]/(Sample A750 − ASW A750)

The choice to move to 384-well microplates instead of 96-well microplates was made to
further accelerate the screening rate. Fucoxanthin predictions across replicates were within
8% of each other when only including samples at optical density of 0.4 or above. The success
of using the absorbance at 750 nm to normalize the results of the spectral deconvolution
method relies on each wavelength of a culture spectrum (400–700 nm) being divided by
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the culture A750 after blanking to culture media absorbance at the same wavelength. This
method allows multiple wells to be measured without prior dilution, removing the need
to account for screen bias towards denser cultures, but does not account for increased
fucoxanthin due to culture shading effects.

The benefit of using this method in comparison to flow cytometry is that the latter is
expensive to purchase and run, requires skilled users, and most importantly cannot screen
using microplate format without a high risk of cross-well contamination. The modified
spectral deconvolution method from Thrane et al. [20] allows users to screen libraries of
hundreds to thousands of individuals cost-effectively without removing microplate lids or
culture volume to preserve sterility, which also enables temporal evaluation across growth
curves and different growth conditions. Method benefits are outlined in Table 1.

Table 1. Practical considerations of tested high-throughput screens for fucoxanthin in P. tricornutum.
Culture contact refers to removing vessel lids, pipetting, or transferring into measurement vessels.

Fucoxanthin
Screening Method

Method
Letter

Correlation
to HPLC (R2)

No Dyeing
Required

No Extraction
Required

No Skilled
Equipment
Operators
Required

No Culture
Contact

Required

Flow cytometry/FACS A/B 0.949 � �

Nile Red C 0.685 � �

Ritchie (2008) [18] D 0.902 � �

Wang et al. (2018) [19] E 0.859 � �

Thrane et al. (2015) [20] F 0.849 � � � �

3. Materials and Methods

3.1. Stock Culturing

Axenic Phaeodactylum tricornutum (CCAP 1055/1) stock cultures were obtained from
the C3 culture collection and grown in Artificial Sea Water (ASW) medium (Darley &
Volcani, 1969) under fluorescent light (200 μmol photons m−2 s−1) with a 24:0 light cycle
in shaking Erlenmeyer flasks (95 rpm) kept at 21 ◦C. Treatment flasks were inoculated at
8.5 × 105 cells mL−1 from cultures at exponential stage.

3.2. Experimental Design

Treatment flasks consisted of 250 mL conical flasks containing 100 mL of respective
media. The highest fucoxanthin content was achieved with low light availability and high
nitrate availability [14], so combinations of these two factors were used to maximise the
expected culture fucoxanthin content range. Cells were inoculated into either nitrate-free
ASW media (-N), standard (1 × N) nitrate media, or media with 10× nitrate (10 × N) from
KNO3 and placed under either 10 (LL) or 200 (HL) μmol photons m−2 s−1 (Figure S1). To
diminish variances in media composition introduced by pipetting culture volumes directly
into experimental flasks, 30 mL culture aliquots were centrifuged and the pellets were then
pipetted into experimental flasks (~2.5 × 107 cells total). Three × 30 mL stock cultures were
also centrifuged, washed once with ultrapure water, flash-frozen in LN2, lyophilised, and
weighed to estimate a starting value for biomass in each experimental flask. The treatments
were left until there was a detectable difference observed in the relative chlorophyll a
fluorescence across treatments.

3.3. Sampling

Each day, 200 μL from each flask was transferred into a clear-bottom, black 96-well
microplate (Corning Inc., Corning, New York, NY, USA), and a plate reader (Tecan Infinite
M1000 Pro) was used to measure absorbance at 750 nm as well as chlorophyll a fluorescence
using an excitation wavelength of 440 nm and emission wavelength of 680 nm. Cells were
counted daily using the Cytoflex LX flow cytometer (Beckman Coulter, Brea, CA, USA) by
separating singlets via gating within an XY plot of forward scatter (FSC) and side scatter
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(SSC). A second plot comparing forward scatter by cell area (FSC-A) to chlorophyll a fluo-
rescence (excitation with blue laser at 488 nm with 690-50A optical filter) was constructed
to separate singlets into live cells and dead cells/debris.

At the conclusion of the experimental period, flask culture volumes were measured,
centrifuged, and washed once with ultrapure water to reduce dissolved salts. They were
then flash-frozen in liquid nitrogen and lyophilized before being kept at −80 ◦C for mea-
surement using HPLC. The remaining flask media was kept at −30 ◦C for nitrate analysis.

Culture aliquots were diluted to 1 × 106 cells mL−1, and pigment extraction of both
diluted and undiluted culture aliquots was performed by centrifugation and replacement
of supernatant with equal volume of absolute ethanol kept at −30 ◦C. Extraction was
furthered using 3 × 3-s pulses of an ultrasonic homogenizer (Qsonica Q125) at maximum
amplitude with centrifugation in between pulses to confirm blanching of pellets and thus
complete extraction of cellular pigments. Extracts and raw culture, both diluted and
undiluted, were used to attain data for the various screening methods by pipetting 200 μL
into clear-bottom, black 96-well microplates and measuring on microplate reader and by
flow cytometry.

3.4. Chlorophyll and Fucoxanthin Autofluorescence Using Flow Cytometry (Method A and B)

Daily plots of chlorophyll a fluorescence (excitation with blue laser at 488 nm with
690/50 optical filter) for assisting in cell counts using flow cytometry were also utilized on
the day of harvest to retrieve single-cell chlorophyll fluorescence data. A secondary plot
for detecting fucoxanthin was also created on this day to assess whether a different exci-
tation/emission arrangement would be more reliable for detecting fucoxanthin than that
used for detecting chlorophyll (488/690). Firstly, HPLC data was compared to data for all
available flow cytometry channel arrangements, and the channel with highest correlation
to fucoxanthin was chosen to be displayed. This was a yellow excitation laser at 561 nm
with 710/50 nm optical filter. The mean single-cell fluorescence for both channels was
used to compare to fucoxanthin as measured using HPLC. To explore whether chlorophyll
a fluorescence measured using microplate reader could be sufficient to predict fucoxan-
thin content, daily chlorophyll a measurements from Section 2.3. were also compared to
fucoxanthin measured using HPLC.

3.5. Nile Red Fluorescence Using Flow Cytometry (Method C)

Nile Red fluorescence using both microplate reader and flow cytometry was included
to test the sensitivity of this dye in both formats. One milliliter of each diluted culture
sample was dyed with 0.75 μg Nile Red for ~10 min, and fluorescence was measured using
microplate reader Excitation/Emission wavelengths of 484/583 nm, while the cytome-
try equivalent was measured by retrieving the mean single cell fluorescence using blue
excitation laser at 488 nm with 610/20 optical filter.

3.6. Ritchie (2008) Using Microplate Reader (Method D)

The equations for chlorophyll for Ritchie [18] were applied to extracts to test whether
they could reliably predict fucoxanthin in ethanol:

Chl a = −0.9394 × A632 − 4.2774 × A649 + 13.3914 × A665

3.7. Wang et al. (2018) Using Microplate Reader (Method E)

A similar method to the equations above, yet for direct quantification of fucoxanthin in
P. tricornutum, was also developed, albeit without the need for removal of cell debris after
extraction [19]. The equation from the original source is as follows (Cfuc′ = Fucoxanthin
concentration in mg L−1):

Cfuc′ = 6.39 × A445 − 5.18 × A663 + 0.312 × A750 − 5.27
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3.8. Thrane et al. (2015) Using Microplate Reader (Method F)

The direct quantification method using visible light absorbance spectra developed by
Thrane et al. [20], while requiring a more complex data analysis, was included to test the
potential of ‘gauss-peak’ fitting originally established by Küpper, Spiller and Küpper [21].
The method is described thoroughly in Thrane et al. [20]. In short, individual pigment
spectra are described by combinations of Gaussian peaks (termed the Gauss-peak spectra
method) and are then modelled alongside background noise using non-negative least
squares. The method utilizes R software to input coefficients for peak height, wavelength,
and peak halfwidth to characterize pigments, and then compares this to sample absorbance
spectra to estimate pigment content in mg L−1 using absorbance and pigment molar
extinction coefficients. Thrane et al. [20] aimed to quantify multi-species pigment samples
from lakes, whereas this work aims to adapt the method to a single species in a laboratory
setting. The original source includes R scripts for readers to easily perform the method. To
test if the method was further applicable to cultures without extraction, absorbance spectra
obtained using diluted culture aliquots on a microplate reader were used instead of sample
extract spectra.

3.9. HPLC for Pigment Detection

Freeze-dried pellet samples were weighed and re-suspended in a solvent ratio of
between 2–3 mg of sample (DW) per mL of ethanol and sonicated with an ultrasonic
homogenizer (Qsonica Q125) at 100% amplitude for 3 × 3-s pulses before being stored
at −20 ◦C overnight once blanching of pellets was confirmed using a centrifuge. They
were then filtered using 0.2 μm PTFE 13 mm syringe filters and stored in −80 ◦C until
analysis. High Performance Liquid Chromatography (HPLC) was conducted using an
Agilent Technologies 1290 Infinity, equipped with a binary pump with integrated vacuum
degasser, thermostatted column compartment modules, Infinity 1290 auto-sampler, and
PDA detector. Column separation was performed using a 4.6 mm × 150 mm Zorbax Eclipse
XDB-C8 reverse-phase column (Agilent Technologies, Santa Clara, CA, USA) and guard
column using a gradient of TBAA (tert-Butyl acetoacetate): Methanol mix (30:70) (solvent
A) and Methanol (Solvent B) as follows: 0–22 min, from 5 to 95% B; 22–29 min, 95% B;
29–31 min, 5% B; and 31–40 min, column equilibration with 5% B. Column temperature
was maintained at 55 ◦C. A complete pigment profile from 270 to 700 nm was recorded
using PDA detector with 3.4 nm bandwidth. Example chromatograms can be found in
supplementary files.

3.10. Additional Measurements

Media nitrate content was analyzed using an automated photometric analyzer (Gallery™
Discrete Analyzer, Thermo Fisher Scientific) by establishing standard calibration curves for
nitrite and Total Oxidised Nitrogen (TON) from 0–20 mg L−1, after which samples from
10 × nitrate flasks were diluted to 1/20th of their original concentration to fit within this
range. Spiked recoveries were performed using three samples with dissimilar concentra-
tions, and these resulted in an average recovery of 100 ± 7.5%.

3.11. Statistical Analysis

One-way ANOVA with a confidence level of 0.05 was performed followed by Tukey’s
post-hoc to determine significance among samples, using GraphPad Prism version 9.0.2 for
Windows (GraphPad Software, San Diego, CA, USA).

4. Conclusions

An increasing screening rate is a critical factor for high-throughput projects regarding
microalgal libraries. In this aspect, the spectral deconvolution method from Thrane et al. [20]
holds great potential because samples can be analyzed with temporal and multiple-
condition evaluation of individuals whilst maintaining culture sterility. This method
removes the cost of most expendables and reduces the time spent extracting samples,
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which also reduces the likelihood of variability introduced through solvent evaporation
or pipetting. Most notably, once using modified input scripts, the spectral deconvolution
method from Thrane et al. [20] provides researchers with accurate measurement of fucox-
anthin in live cultures of P. tricornutum, which, to our knowledge, has never been achieved,
and significantly improves the screening rate of novel strains for biotechnological purposes.
While this work is limited to fucoxanthin in P. tricornutum, future projects should look
at adapting spectral deconvolution to other microalgal species as well as other pigments
of interest.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20010019/s1, Figure S1: Representative HPLC chromatograms of Phaeodactylum tricor-
nutum extract from each treatment group. Treatment abbreviations are as follows: nitrate-free ASW
media (-N), standard (1 × N) nitrate media, or media with 10× nitrate (10 × N) and either 10 (LL)
or 200 (HL) μmol photons m−2 s−1. Peaks numbers are represented as follows: 1: Chlorophyll c; 2:
Fucoxanthin; 3: Diadinoxanthin; 4: Chlorophyll a; 5: β-carotene.
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Abstract: Haematococcus pluvialis accumulates a large amount of astaxanthin under various stresses,
e.g., blue light and salicylic acid (SA). However, the metabolic response of H. pluvialis to blue light
and SA is still unclear. We investigate the effects of blue light and SA on the metabolic response in
H. pluvialis using both transcriptomic and proteomic sequencing analyses. The largest numbers of
differentially expressed proteins (DEPs; 324) and differentially expressed genes (DEGs; 13,555) were
identified on day 2 and day 7 of the treatment with blue light irradiation (150 μmol photons m−2s−1),
respectively. With the addition of SA (2.5 mg/L), a total of 63 DEPs and 11,638 DEGs were revealed
on day 2 and day 7, respectively. We further analyzed the molecular response in five metabolic
pathways related to astaxanthin synthesis, including the astaxanthin synthesis pathway, the fatty
acid synthesis pathway, the heme synthesis pathway, the reactive oxygen species (ROS) clearance
pathway, and the cell wall biosynthesis pathway. Results show that blue light causes a significant
down-regulation of the expression of key genes involved in astaxanthin synthesis and significantly
increases the expression of heme oxygenase, which shows decreased expression by the treatment
with SA. Our study provides novel insights into the production of astaxanthin by H. pluvialis treated
with blue light and SA.

Keywords: transcriptomics; proteomics; blue light; astaxanthin; fatty acid; heme; reactive oxygen
species; cell wall; salicylic acid

1. Introduction

Astaxanthin (3,3′-dihydroxy-β-carotene-4,4′-dione) is a type of red-orange carotenoid
with strong biological antioxidant capacity [1] and important applications in human health
and in the nutraceutical, cosmetics, food, and feed industries [2]. During the process of
astaxanthin synthesis, isopentenyl diphosphate (IPP) reacts with dimethylallyl diphos-
phate (DMAPP) to form geranyl pyrophosphate (GPP), which joins another molecule of
IPP to form farnesyl pyrophosphate (FPP). FPP joins IPP to create geranylgeranyl py-
rophosphate (GGPP). Two molecules of GGPP are connected to generate phytoene, which
undergoes multiple dehydrogenation reactions to produce lycopene. Then, lycopene un-
dergoes two reactions to produce β-carotene and ultimately to generate astaxanthin [3].
Compared with other species of microalgae, Haematococcus pluvialis has shown the highest
accumulation of astaxanthin—up to 4% of dry cell weight (DCW) [4]. In the production of
astaxanthin, H. pluvialis goes through two developmental stages, including the dividing
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stage (morphologically green, producing macrozooids or zoospores and microzooids) and
the astaxanthin accumulating stage (morphologically red, producing palmella and hemato-
cysts or aplanospores). In the astaxanthin accumulating stage, the green dividing cells of
H. pluvialis are transformed into palmella, which further develop into red aplanospores,
while cells of red aplanospores continue to produce astaxanthin [5]. As a type of secondary
metabolite, astaxanthin is mainly accumulated once the cell divisions in the microalgae
largely terminate [6]. When the cells of H. pluvialis stop dividing, both the chloroplast size
and the chlorophyll content are reduced. Astaxanthin is generally deposited in cytoplasmic
lipid droplets (CLD) of H. pluvialis [7]. The accumulation of astaxanthin could be caused by
various types of environmental stresses, including high light intensities, low nitrogen, salt
stress, and high temperature [8].

Due to its less heat dissipation with long life-expectancy and small size, the light-
emitting diode (LED) has become an important factor in the microalgal industry [9]. Blue,
green, and red lights are important for the growth and development of microalgae [10]. For
example, blue light increases the cell size of algae, lipid accumulation, and growing period
in Chlamydomonas reinhardtii [11,12], while green light of high intensities could significantly
promote photosynthesis [13], and red light increases growth rates in Dunaliella salina and
Spirulina [14]; meanwhile, a red LED at a relatively low intensity enhances cell growth in
H. pluvialis [15]. Studies have shown that different light qualities increase the production
of astaxanthin, biomass, and fatty acid content in H. pluvialis [16,17], while high-intensity
blue light increases the accumulation of astaxanthin in H. pluvialis [18]. Carotenoids in
microalgae primarily function as the accessory pigments in light-harvesting antenna by
absorbing blue light that is inadequately absorbed by chlorophyll, thus improving light
absorption. Furthermore, astaxanthin has been shown to help prevent damage to the
photosynthesis system in algae [7].

Studies have shown that addition of chemical regulators enhances the yield of mi-
croalgal biomass and biological products [19]. As a type of important plant hormone and
signal molecule, salicylic acid (SA) shows critical functions in plant growth, immunity, and
development, which have been extensively investigated [20]. Specifically, SA is involved
in the molecular regulation of metabolic response to both abiotic stresses, i.e., heat, cold,
drought, heavy metal, salt stresses [21–23], and biotic stresses, e.g., a plant’s defense against
pathogens [24]. Our previous studies on SA inductions at the transcriptional level identified
a group of plant-specific transcription factor families (e.g., MYB, AP2/ERF, WRKY, and
HSF) in H. pluvialis in response to the treatment with SA [25,26]. Furthermore, studies
have shown that SA regulates the astaxanthin synthesis of H. pluvialis by scavenging free
radicals [27]. Under stressed conditions, a large amount of triacylglycerol (TAG) is also
accumulated in H. pluvialis [28]. Astaxanthin mostly exists in the form of esterification,
while an astaxanthin monoester joins an astaxanthin diester to form liposomes in the cyto-
plasm [29]. Moreover, under stresses, most of the de novo fatty acids are assembled into
TAGs, which are esterified into cytosolic liposomes, along with astaxanthin esters through
an unknown mechanism [30]. Therefore, it is important and beneficial to further explore
the synthesis of fatty acids in order to identify novel experimental strategies to improve the
accumulation of astaxanthin in microalgae.

As a key biological technology, RNA-seq is an important tool which is applied to
investigate differential gene expression in various model organisms. For example, RNA-
seq technology provides de novo gene sequence and annotation analyses [31]. With
the complete genome of H. pluvialis recently sequenced [32], the molecular mechanism
regulating the accumulation of astaxanthin in H. pluvialis could be further elucidated
based on RNA-seq analysis. Previous studies based on transcriptome sequencing have
investigated the molecular metabolism of H. pluvialis in different environments, e.g., strong
light [33], different light qualities [10], salt ions [3,34], CO2 [35], and trisodium citrate [36].
Furthermore, studies showed that the accumulation of astaxanthin in H. pluvialis was
affected by pyruvate metabolism [37]. To date, transcriptome sequencing has become
an essential method for studying the molecular metabolism of H. pluvialis. Furthermore,
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proteomic analysis has been commonly used to characterize the functions of various types
of proteins in the development of plants and microalgae. Due to the large amount of protein
sequence information available and the application of mass spectrometry in sensitive rapid
protein identification, proteomic sequencing provides a novel approach for the analysis of
complex functions in plants and microalgae.

In this study, we first investigated the response of H. pluvialis, also known as H. lacustris [38],
to blue light, and further explored the synergistic effects of both blue light and SA stresses
on the molecular response of H. pluvialis. We then identified and analyzed the differentially
expressed genes (DEGs) of H. pluvialis under blue and white lights to explore the response
and adaptation of H. pluvialis to the change of light wavelength. RNA-seq analyses were
performed based on samples treated with white light (day 0) and blue light with or without
the addition of SA (day 2 and day 7). Our results indicated that combined analysis of
transcriptome and proteome sequencing was efficient in clarifying the metabolic mecha-
nisms of astaxanthin production by H. pluvialis. Our study clearly demonstrated that the
combined analysis of RNA-seq and proteomic sequencing comprehensively revealed the
variations in the molecular mechanisms of H. pluvialis in response to different wavelengths
of light and SA, further providing essential insights into the metabolic regulation involved
in the synthesis of astaxanthin at molecular level. We noted that our study was unique,
based on the following: firstly, we applied the combination of both the transcriptomic and
proteomic analyses in our investigation of the molecular response of H. pluvialis to both
blue light and SA. Furthermore, we applied a high-intensity blue light, whereas previous
studies generally utilized either a low-intensity blue light or a white light of high intensity
with SA to treat H. pluvialis, or different species, e.g., Ulva prolifera [23,39,40]. Moreover, we
reported, for the first time, the differentially expressed genes (DEGs) and proteins (DEPs)
involved in the heme pathway at the genomic level.

2. Results

2.1. Transcriptome Analysis

A total of 999,477,676 raw reads generated from RNA-seq were further processed
with the adapters removed, yielding a total of 872,291,032 clean reads of 149.92 Gb of
sequence data, including 24.02 Gb, 68.40 Gb, and 57.50 Gb derived from samples on day
0, day 2, and day 7, respectively (Table S1). Based on the de novo assembly, a total of
109,443 unigenes with the N50 value of 1193 bp were annotated based on the clean reads of
the three groups of samples, ranging from 201 bp to 13,626 bp in size. The size distributions
of these unigenes revealed that a total of 35,250 unigenes ranged between 200 and 300 bp,
followed by a total of 16,338 unigenes ranging from 300 to 400 bp (Figure S2). In total, 21,504
(~19.65%) unigenes were annotated based on the SwissProt database, 27,965 (~25.55%)
unigenes were identified in the non-redundant (nr) protein database, 26,248 (~23.98%)
unigenes displayed significant similarities to known proteins in the Pfam database, and
totals of 19,648 (~17.95), 24,798 (~22.66%), and 31,590 (~28.86%) unigenes were annotated
in the Kyoto Encyclopedia of Genes and Genomes (KEGG), the Gene Ontology database
(GO), and the EggNOG database, respectively. The top two species with the highest
number of annotated unigenes were Chlamydomonas eustigma (4558 unigenes of ~16.3%) and
C. reinhardtii (2782 unigenes of ~9.95%) (Figure S1). There were 24,798 unigenes annotated
to 11,212 GO terms revealed in three categories of the GO database, i.e., molecular function,
cellular component, and biological process. The top two GO terms in these three categories
were the biological process and the oxidation–reduction process of the molecular function,
cytoplasm, and nucleus of the cellular component category, and ATP binding and protein
binding of the biological process category. A total of 19,648 unigenes were enriched in
6 and 19 KEGG metabolic pathways at level 1 and level 2, respectively. The results of
enrichment analysis based on the KEGG database revealed that the top two categories of
metabolic pathways with the largest numbers of unigenes annotated were the metabolism
category (4440 unigenes) in the KEGG pathway at level 1 and the translation category
(1717 unigenes) in the KEGG pathway at level 2 (Table S2).
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2.2. Identification and Enrichment Analysis of DEGs and DEPs

As the treatment time increased from day 0 to day 7, the numbers of DEGs increased
dramatically in the samples of H. pluvialis. The number of DEGs in the pairwise comparison
of B257 vs. B07 was significantly higher than that of B252 vs. B02, suggesting that SA
showed a weak effect on the microalgae in the early stage under the blue light culture and
an enhanced effect in the late stage of the blue light treatment (Figure 1A). The most and the
least numbers of DEGs of 29,295 and 76 were revealed in the pairwise comparisons of B07 vs.
N and B252 vs. B02, respectively. As the treatment time of blue light irradiation increased,
both the numbers of up-regulated and down-regulated genes increased significantly. In
the groups treated with SA, there were only 76 DEGs, compared with the blue light group
on day 2 of the treatment with blue light irradiation. However, on day 7 of the treatment
with blue light irradiation, the numbers of up-regulated and down-regulated genes of the
groups added with SA increased to 2187 and 9496, respectively (Figure 1A). The most and
the least numbers of DEPs of 1385 and 52 were revealed in the pairwise comparisons of B07
vs. N and B257 vs. B07, respectively (Figure 1B).

Figure 1. Differentially expressed genes (A) and proteins (B) identified among different pairwise
comparisons of Haematococcus pluvialis.
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To further investigate the effects of blue light and SA on H. pluvialis, we selected
unigenes with significant changes in transcripts and proteins to perform the enrichment
analyses based on both GO (Figure S3) and KEGG (Figure S4) databases (Table S3).

The results of the GO enrichment analysis showed that, on the second day of the treat-
ment with blue light irradiation, most of the unigenes were annotated to carbon metabolism,
e.g., glycolytic process, gluconeogenesis, and tricarboxylic acid cycle (Figure S3A). Notably,
most genes, in response to cadmium ion, showed significant changes in their expressions.
The results of the KEGG enrichment analysis showed that on the second day of the treat-
ment with blue light irradiation, most of the unigenes were mainly enriched in metabolic
pathways of energy metabolism, e.g., carbohydrate metabolism, metabolism of terpenoids
and polyketides, and lipid metabolism (Figure S4A). On day 7 of the treatment with blue
light irradiation, the unigenes showing significant changes in expression were mainly
annotated to the GO terms related to proteins, e.g., translation, protein renaturation, and
protein ubiquitin (Figure S3B), while the results of KEGG enrichment showed that the
proportion of metabolic pathways of protein folding, sorting, and degradation was in-
creased (Figure S4B). On the day 2 of the treatment with SA, no significantly expressed
transcripts and proteins were observed. On day 7, with the addition of SA, most unigenes
were annotated to GO terms of regulation of metabolic process, such as reactive oxygen
species metabolic process, regulation of RNA metabolic process, and positive regulation
by organization of apoptotic process (Figure S3C), while the results of KEGG enrichment
analysis revealed that the significantly enriched metabolic pathways were related to infec-
tious diseases (Figure S4C). These results were consistent with those reported previously,
showing that SA, as one of the important signal molecules, played a vital role in disease
resistance in plants [24].

2.3. DEGs and DEPs Involved in the Astaxanthin Metabolic Pathway

In H. pluvialis, isopentenyl diphosphate (IPP) is synthesized in the methyl-d-erythritol
4-phosphate (MEP) pathway [41] with a total of seven genes involved, including dxr,
dxs, ispD, ispE, ispF, ispG, and ispH (Figure 2). In the early stage of exposure to blue
light, the expression levels of ispD gene encoding 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase and ispE gene encoding 4-diphosphocytidyl-2-C-methyl-D-erythritol
kinase were significantly lower than those treated with white light. Results showed that
blue light showed little effect on the expression levels of dxs encoding 1-deoxy-D-xylulose-
5-phosphate synthase, dxr encoding 1-deoxy-D-xylulose-5-phosphate reductoisomerase,
ispF encoding 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, ispG encoding 1-
hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, and ispH encoding 4-hydroxy-3-
methylbut-2-enyl diphosphate reductase (Figure 2).

The astaxanthin synthesis is initiated with the precursor of astaxanthin, i.e., β-carotene.
The IPP produced in the MEP pathway is catalyzed by IPP isomerase (IPI) to generate
DMAPP, which joins three IPP molecules to produce GGPP, catalyzed by farnesyl diphos-
phate synthase (FPPS) and GGPP synthase (GGPS). Subsequently, two GGPP molecules
are catalyzed by phytoene synthase (PSY) to produce phytoene, which is used to generate
ξ-carotene catalyzed by phytoene desaturase I (PDS). Then, ξ-carotene is used to generate
lycopene, catalyzed by ξ-Carotene desaturase II (ZDS). Finally, lycopene cyclase (LCYB)
catalyzes the transformation of lycopene into β-carotene, which is catalyzed by both beta-
carotene hydroxylase (CRTR-B) and beta-carotene ketolase (BKT) to generate astaxanthin
(Figure 3). Results of the transcriptome analysis showed that blue light exposure signifi-
cantly up-regulated the expression of ipi, with its expression level escalated as the exposure
time increased. However, on day 7 of the treatment with SA, the gene expression level of
ipi was significantly decreased. On day 2 after exposure to blue light, compared with white
light, the expression levels of fpps, pds, psy, and crtR-B (encoding β-carotene hydroxylase)
were significantly decreased. On day 7 after the exposure to blue light, the expression
level of psy was significantly increased, while the expression of crtR-B was significantly
decreased. The addition of SA resulted in a significant decrease in the expression of psy
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on day 7 (Figure 3). On day 2 after the blue light exposure, the expression level of crtR-B
was significantly down-regulated compared with that of H. pluvialis, treated with white
light. However, the gene expression of crtR-B was increased as the exposure time increased.
Blue light exposure showed no significant effect on the expression of gene bkt encoding
β-carotene ketolase. However, with the increase in exposure time, the expression of bkt was
significantly decreased.

 

Figure 2. Expression profiles of the seven genes (i.e., dxr, dxs, ispD, ispE, ispF, ispG, and ispH) involved
in MEP pathway based on transcriptomic analysis of pairwise comparisons in Haematococcus pluvialis.
*—indicates significant down-regulation (p < 0.05 and Log2FC ≤ −1).

2.4. DEGs and DEPs Associated with the Lipid Metabolic Pathway

When H. pluvialis is cultured under stressed environments, astaxanthin accumulation
is usually accompanied by the synthesis of a large amount of fatty acids. TAGs are usually
synthesized de novo from fatty acids and combined with astaxanthin to form liposomes [29].
As the precursor of fatty acid synthesis, NADPH is derived from the pentose phosphate
pathway (PPP) with the involvements of both glucose-6-phosphate dehydrogenase (G6PD)
and 6-phosphogluconate dehydrogenase (6PGD) [42].

Our results showed that two and three unigenes were identified encoding 6PGD and
G6PD, respectively (Figure 4A). Transcriptome analysis showed that on the second day of
the treatment with blue light irradiation, the expression of 6pgd was up-regulated, while
the two transcripts of g6pd showed opposite expression patterns with one significantly
up-regulated and the other significantly down-regulated. On day 7, the expressions of both
6PGD and G6PD were significantly up-regulated (Figure 4B). Compared with white light,
no significant changes of both 6PGD and G6PD were observed under blue light irradiation
on day 7. The addition of SA caused the down-regulation of the expression of both 6pgd
and g6pd on day 7. However, no significant changes caused by SA were observed at the
protein level (Figure 4B).
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Figure 3. Expressions profiles of genes and proteins involved in astaxanthin synthesis path-
way revealed in the pairwise comparisons in Haematococcus pluvialis based on transcriptomic and
proteomic analyses.

In H. pluvialis, the fat acid synthesis is initiated with acetoyl-COA, which is catalyzed
by acetyl-CoA carboxylase (ACC1) to synthesize malonyl-COA. The malonyl-COA reacts
with acyl carrier protein (ACP) catalyzed by malonyl-CoA:ACP transacylase (FabD) to
produce malonyl-[ACP] (Figure 5). After multiple reactions catalyzed by enzymes of
beta-ketoacyl-[acyl-carrier-protein] synthase II (FabF), 3-oxoacyl-[acyl-carrier-protein] re-
ductase (MabA), 3-hydroxyacyl-[acyl-carrier-protein] dehydratase (FabZ), and FabI, the
C18:0-[ACP] is finally formed. Then, C18:0-[ACP] is catalyzed by fatty-acid synthase
(FASN) to generate stearic acid [33].
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Figure 4. Expression profiles of genes 6pgd and g6pd (A) and proteins 6PGD and G6PD (B) involved
in the NADPH metabolism revealed in the pairwise comparisons of Haematococcus pluvialis based on
transcriptomic and proteomic analyses, respectively. *—indicates significant up-regulation (p < 0.05
and Log2FC ≥ 1; p < 0.05 and FC ≥ 1.5) or significant down-regulation (p < 0.05 and Log2FC ≤ −1).

Figure 5. Fatty acid synthesis pathway in Haematococcus pluvialis.

Compared with white light, on the second day of the treatment with blue light ir-
radiation, five of the seven genes (i.e., acc1, fabF, fabI, fabZ, and fasn) related to fatty acid
synthesis were significantly down-regulated, while the other two genes (i.e., fabD and mabA)
showed transcripts either significantly up-regulated or down-regulated. On day 7 of the
treatment with blue light irradiation, both fabD and mabA were significantly up-regulated.
No significant changes were revealed in the early stage (day 2) of the treatment with SA,
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whereas both fabD and mabA were significantly down-regulated on day 7 (Figure 6). At the
protein level, ACC1 and FabD were significantly down-regulated on the second day of the
treatment with blue light irradiation, while only MabA was significantly up-regulated on
day 7 (Figure 7). No significant changes were observed on these proteins with the addition
of SA in H. pluvialis.

Figure 6. Expression profiles of genes mabA (A) and acc1, fabD, fabF, fabI, fabZ, and fasn (B) involved
in the lipid metabolic pathway revealed in the pairwise comparisons of Haematococcus pluvialis based
on transcriptomic analysis. *—indicates significant up-regulation (p < 0.05 and Log2FC ≥ 1) or
significant down-regulation (p < 0.05 and Log2FC ≤ −1).
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Figure 7. Expression profiles of proteins (i.e., ACC1, FabD, FabF, FabI, FabZ, FASN, and MabA)
involved in the lipid metabolic pathway revealed in the pairwise comparisons of Haematococcus
pluvialis based on proteomic analysis. *—indicates significant up-regulation (p < 0.05 and FC ≥ 1.5)
or significant down-regulation (p < 0.05 and FC ≤ 0.67).

Figure 8. Expressions profiles of genes and proteins involved in the heme metabolic pathway
revealed in the pairwise comparisons of Haematococcus pluvialis based on transcriptomic and
proteomic analyses.
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2.5. DEGs and DEPs Associated with the Generation of ROS

Studies have shown that H. pluvialis scavenged harmful ROS in cells by up-regulating
genes involved in the removal of ROS [10]. Although the ROS is not beneficial for cell
survival, it plays an important role in the production of astaxanthin [43]. Besides the gen-
eration of a large amount of astaxanthin, cells of H. pluvialis also prevent oxidative stress
based on the involvements of a group of ROS-scavenging enzymes, including ascorbate
peroxidase (APX), catalase (CAT), glutathione reductase (GR), peroxiredoxin (PRDX), mon-
odehydroascorbate reductase (MDAR), ferritin, superoxide dismutase (SOD), glutathione
peroxidase (GPX), glutaredoxin (GRX), and monothiol glutaredoxin (MGRX) [29,44]. Our
results showed that on day 7, the expression levels of sod, mdar, grx, and gr in H. pluvialis
treated with blue light were significantly higher than those treated with white light (i.e.,
pairwise comparisons of B02 vs. W02 and B07 vs. W07), the expression levels of mgrx, cat,
and gpx under blue light were significantly higher than those in white light, whereas the
expression of apx on day 2 after the exposure to blue light was significantly lower than that
under white light (Figure 9). The expression level of gene encoding ferritin on day 7 of
the treatment with blue light irradiation was significantly lower than that of white light.
However, the expression patterns of cat, ferritin, gpx, mgrx, and prdx varied on day 2 after
the treatment with blue light irradiation. On day 7 with SA added, the expression levels
of cat, gr, mdar, prdx, and sod were significantly decreased. The expression levels of genes
encoding ferritin and sod were decreased significantly on day 2 after SA was added. How-
ever, the expressions of related homologous genes were down-regulated. With the addition
of SA, the expression levels of most ROS scavenging genes were decreased significantly
and the down-regulated on day 7 after the treatment. Furthermore, the expression profiles
of these genes were also changed with the treatment time of SA (Figure 9).

A total of nine proteins related to ROS clearance pathway were detected based on the
proteomic sequencing (Figure 10). On day 2 after the treatment with blue light irradiation,
the expression levels of GPX, MDAR, and PRDX increased, whereas the expression levels
of CAT, SOD, and PRDX decreased (Figure 10). On day 7 of blue light irradiation, the
expression levels of ferritin and GPX were slightly increased, and the expression of PRDX
was significantly increased. However, no significant effect of the addition of SA was
observed on the expression of related proteins in the ROS clearance pathway. With the
addition of SA, the genes related to ROS clearance pathway were significantly down-
regulated at the transcriptional level, whereas no significant changes were observed at the
proteomic level.

2.6. DEGs and DEPs Associated with the Cell Wall Biosynthesis

When H. pluvialis is cultured in stressed environments, the cell walls of the microalgae
are thickened to enhance the capability of resisting adverse factors [45]. Callose, cellulose,
and pectins are fundamental structural components of the cell wall and are synthesized
with the involvement of many enzymes including callose synthase (CalS), endoglucanase
(BcsZ), and cellulose synthase (BcsA) [44]. In our study, a total of 6 unigenes encoding
CalS, 1 unigene encoding BcsA, and 15 unigenes encoding BcsZ were identified. The
expression levels of genes encoding CalS and BcsZ were decreased significantly on day 2 of
the treatment with blue light irradiation compared with white light (Figure 11A). On day
7 of blue light irradiation, the expression levels of Cals, bcsZ, and bcsA were significantly
higher than those under white light. The addition of SA did not significantly affect the
expression levels of genes encoding CalS and BcsZ but significantly down-regulated the
expression of the genes encoding CalS on day 7 of the treatment. The proteomic data
showed that the expression of BcsZ was decreased significantly on day 2 after the treatment
with blue light irradiation compared with white light. These results were consistent with
those derived from the transcriptomic data. Compared with day 0, the expression of BcsZ
was significantly increased on both days 2 and 7 of the treatment with blue light irradiation,
indicating that the expression of BcsZ was less affected by blue light than by white light
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(Figure 11A). These results were consistent with those derived from the proteomic data
(Figure 11B).

Figure 9. Expression profiles of genes—apx, cat, ferritin, and gr (A); sod, gpx, and grx (B); and mdar,
mgrx, and prdx (C)—involved in the generation of ROS revealed in the pairwise comparisons of
Haematococcus pluvialis based on transcriptomic analysis. *—indicates significant up-regulation
(p < 0.05 and Log2FC ≥ 1) or significant down-regulation (p < 0.05 and Log2FC ≤ −1).
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Figure 10. Expression profiles of proteins (i.e., APX, CAT, ferritin, GPX, GR, GRX, MDAR, PRDX,
and SOD) involved in the generation of ROS revealed in the pairwise comparisons of Haematococcus
pluvialis based on proteomic analysis. *—indicates significant up-regulation (p < 0.05 and FC ≥ 1.5)
or significant down-regulation (p < 0.05 and FC ≤ 0.67).

2.7. DEGs Associated with the Blue Light Receptors

Plants utilize photoreceptors to regulate growth and development under light of
different wavelengths. Both cryptochrome (CRY) and phototropin (PHOT) are blue light
receptors, with conserved signal transduction in different plants. Members of eukaryotic
CRYs include plant CRYs (pCRY), animal CRYs (aCRY), and Drosophila, Arabidopsis, Syne-
chocystis, and Human (DASH) CRYs (dashCRY) [46,47]. Four CRYs (i.e., one pCRY, one
aCRY, and two dashCRYs) were identified in C. reinhardtii [48] and seven CRYs (i.e., one
pCRY, one aCRY, and five dashCRYs) were found in Volvox carteri [49]. The gene encoding
pCRY contains multiple copies in higher plants but a single copy in eukaryotic green
algae. To investigate the molecular mechanism regulating the astaxanthin accumulation
in response to the blue LED, the CRYs were chosen for further transcriptomic analysis. In
our study, seven CRYs were identified in H. pluvialis (Table 1). As the exposure time of
blue light increased, the expression levels of genes encoding dashCRYs and CRYs were
significantly decreased on day 2 and day 7 compared with those of day 0. Two genes
encoding PHOT showed different expression patterns, with one showing no significant
change and the other significantly down-regulated. The expression of one gene encoding
dashCRY was significantly decreased from day 2 to day 7. On day 7 of the treatment with
blue light exposure, the expression levels of genes encoding all blue light receptors were
decreased compared with those of white light exposure. No significant changes in the
expression of the genes encoding dashCRYs were observed with the addition of SA.
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Figure 11. Expression profiles of genes bcsA, bcsZ, and Cals (A) and proteins BcsZ and CalS (B)
involved in the cell wall biosynthesis revealed in the pairwise comparisons of Haematococcus pluvialis
based on transcriptomic and proteomic analyses, respectively. *—indicates significant up-regulation
(p < 0.05 and Log2FC ≥ 1; p < 0.05 and FC ≥ 1.5) or significant down-regulation (p < 0.05 and
Log2FC ≤ −1; p < 0.05 and FC ≤ 0.67).

Table 1. Expression of genes encoding three classes of blue light receptors identified in different
pairwise comparisons of Haematococcus pluvialis.

Class Unigene ID
B02 vs.
W02

B07 vs.
W07

B02 vs.
N

B07 vs.
B02

B07 vs.
N

B252 vs.
B02

B257 vs.
B07

dashCRY N40695_c3_g2 −0.47 −0.12 −0.54 −0.39 −0.70 −0.17 0.38
dashCRY N43038_c0_g10 −0.74 −0.49 −1.48 −0.09 −1.34 0.48 0.45
dashCRY N49636_c1_g1 0.35 −0.33 −4.15 −1.54 −5.46 0.03 1.01

PHOT N44442_c1_g2 −0.15 −0.03 0.32 −0.48 0.07 0.30 −0.12
PHOT N50230_c0_g1 −0.32 −0.34 −0.93 −0.68 −1.38 0.14 0.02
CRY N44179_c1_g4 0.00 −0.41 −1.40 −0.65 −1.83 0.16 −0.03
CRY N50367_c0_g2 0.21 −0.11 −1.58 −0.97 −2.33 −0.20 0.06
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2.8. Identification of Transcription Factors

Transcription factors (TFs) are important for the growth, development, and reproduc-
tion of organisms [50]. Understanding the metabolic response of TFs to the treatments with
blue light and SA helps further investigate the molecular mechanism regulating both the
astaxanthin and lipid synthesis. Plants improve their tolerance to a variety of stresses with
the involvement of TFs, which in turn are affected by a variety of molecular factors [51]. In
our study, a total of 54 TF families were identified in H. pluvialis based on the transcripts
assembled de novo using iTAK. The top 10 TF families included C2H2 with 94 unigenes,
TRAF (90 unigenes), SNF2 (75 unigenes), C3H (67 unigenes), GNAT (59 unigenes), SET
(54 unigenes), MYB (48 unigenes), zn-clus (46 unigenes), MYB-related (44 unigenes), and
HMG (42 unigenes). Results of the comparative transcriptomic analysis of the control and
the experimental groups of H. pluvialis treated with blue light irradiation revealed a total of
503 putative genes assigned in 47 families encoding TFs in response to blue light exposure
(Table S4). Compared with white light, the expression levels of genes encoding two TF
families (i.e., SNF2 and zn-clus) were significantly increased on day 2 of the treatment with
blue light irradiation.

Varied compositions of the dominant TFs were also revealed under different treatments
of H. pluvialis (Table 2). For example, there was a lack of GNAT and MYB families of TFs on
day 2 and day 7 after the treatment with blue light, respectively. On day 7 with the addition
of SA, the TFs of the jumonji family were not identified. Studies have shown that these
TFs play important roles in various biological processes. For example, zinc finger proteins
(e.g., C2H2) regulate various cellular processes [52], TRAF induces the activation of several
kinase cascades—eventually leading to the activation of signal transduction pathways
and regulation of various cellular processes [53], and SNF2 regulates the structure of
chromatin and participates in biological processes, such as cell differentiation and immune
response [54]. As the potential regulators in the astaxanthin synthesis of H. pluvialis under
blue light, the functions of these families of TFs identified in our study warrant further
investigations based on combined genetic, molecular, and biochemical approaches.

Table 2. Top 10 transcription factor (TF) families with number of genes significantly expressed in
different pairwise comparisons of Haematococcus pluvialis. Symbol “–” indicates the TFs not included
in the pairwise comparisons.

Transcription Factor B02 vs. W02 B07 vs. W07 B257 vs. B07

C2H2 45 30 44
C3H 20 20 16

GNAT – 13 13
HMG 17 12 16

Jumonji 13 10 –
MYB 21 – 16

MYB-related 18 12 21
SET 13 17 16

SNF2 21 41 38
TRAF 38 57 50

zn-clus 31 43 40

3. Discussion

3.1. Synthesis of Astaxanthin and Fatty Acids under Blue Light Irradiation

FPPS is a key enzyme in isoprenoid biosynthesis [55], providing the precursors (i.e.,
sesquiterpene) for carotenoids. Our results showed that the expression of fpps was signifi-
cantly regulated on the second day of blue light irradiation. Then, the flow of precursors
of astaxanthin synthesis was reduced. Both PSY and PDS are the rate-limiting enzymes
in the carotenoid biosynthesis pathway of H. pluvialis [56,57]. Furthermore, both BKT
and CRTR-B are involved in the synthesis of astaxanthin in H. pluvialis [58]. Therefore,
these four enzymes are essential for the synthesis of astaxanthin in H. pluvialis. Previous
studies showed that, compared with white light of 150 μmol photons m−2s−1, blue light of
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70 μmol photons m−2s−1 significantly increased the expression of psy, lcy, bkt, and crtR-B in
H. pluvialis [9]. Our results showed that blue light reduced the expression of genes involved
in astaxanthin synthesis in early stage of blue light irradiation, probably due to the different
light intensities, suggesting that high-intensity blue light was not conducive for astaxanthin
synthesis. It was expected that the carotenogenesis was correlated with the patterns of
gene and protein expressions revealed in the current study. Future complementary studies
are necessary to investigate the contents of astaxanthin and other important metabolites
produced in H. pluvialis, i.e., carotenoids, chlorophylls, amino acids (i.e., glutamate), and
lipids. Moreover, both the qRT-PCR and genetic knockout experiments are required to
verify the expression patterns and functions of genes and proteins involved in astaxanthin
biosynthesis pathway with the goals to explore the molecular mechanisms underlying the
production of astaxanthin in H. pluvialis treated with high-intensity blue light and SA.

Previous studies showed that high light irradiation enhanced the synthesis of fatty
acids in H. pluvialis, and the gene expression was significantly up-regulated with the
increase in treatment time of high light irradiation [3,29]. However, our results showed
that on the second day of the treatment with blue light irradiation, both gene and protein
expressions involved in the production of acetyl-CoA and NADPH were significantly down-
regulated, and the genes and proteins directly involved in the fatty acid synthesis were
also significantly down-regulated, ultimately leading to a decrease in fatty acid synthesis.
However, no significant changes were observed in these genes on day 7 of the treatment
with blue light irradiation. Compared with day 7, the shorter treatment time (day 2) of blue
light irradiation showed a greater effect on the production of astaxanthin of H. pluvialis,
specifically resulting in the significant down-regulation of genes involved in astaxanthin
synthesis (Figure 3). These results were consistent with those of the changes in gene and
protein expressions involved in the biosynthesis of fatty acids (Figures 10 and 11). Because
astaxanthin is esterified with fatty acids, the content of fatty acids is regulated with the
change of astaxanthin content [59].

ROS burst in H. pluvialis was observed at the beginning of the treatment of light
irradiation [44]. It is important for the cells of H. pluvial is to remove a large amount of
ROS, which is also required in the production of astaxanthin. However, our results showed
that many key genes involved in astaxanthin synthesis were significantly down-regulated
on the second day of treatment with blue light irradiation, and genes in the fatty acid
synthesis pathway were also significantly down-regulated, indicating that in the early stage
of irradiation (day 0), the effect of blue light on astaxanthin production by H. pluvialis is
less than that of white light. In the later stage of irradiation (day 7), blue light increased
the astaxanthin production compared with white light. In the early stage of treatment
(day 2), SA showed no significant effect on astaxanthin and fatty acid synthesis, while in
the later stage (day 7), gene expression was significantly down regulated, probably because
SA could regulate a variety of plant metabolic processes and the production of a variety
of secondary metabolites to protect plants from abiotic stresses [22]. SA may also activate
other defense pathways. For example, studies have shown that high light intensity and SA
treatment for two days causes significant down-regulation of genes involved in astaxanthin
and fatty acid synthesis [33], suggesting that H. pluvialis activates other metabolic processes
to resist excessive ROS to adapt to the stressed environment. These results are consistent
with our findings, showing that the gene expression was down-regulated on the 2nd day
of blue light irradiation and on the 7th day of SA treatment.

3.2. Scavenging of Reactive Oxygen Species under Blue Light Irradiation

In general, organisms synthesize 5-ALA in one of the two ways, i.e., the C4 pathway
and the C5 pathway. The C4 pathway mainly exists in animals and fungi, while the C5
pathway is utilized by plants, algae, and bacteria [60]. The 5-ALA is the precursor of chloro-
phyll, heme, and vitamin B12 biosynthesis pathways, with chlorophyll and heme synthesis
pathways sharing several intermediate products. Our results showed that expression levels
were decreased in genes (i.e., hemL, hemB, hemC, hemD, and hemF) involved in the shared
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portions between chlorophyll and heme synthesis pathways, whereas the expression of
ho was significantly increased under blue light conditions (Figure 8). As the cofactor of
catalase and many types of peroxidases, the increase in heme content removes excessive
ROS produced in cells. Although the oxidation effect of the free heme damages cells un-
der oxidative stress, cells develop a variety of protection mechanisms [61]. For example,
studies have shown that heme oxygenase is involved in the antioxidant mechanism by
catalyzing the degradation of heme to produce biliverdin, which shows antioxidant effect.
The other two end products derived from biliverdin, i.e., CO and Fe/FTH, have also shown
cytoprotective effect [62]. Compared with white light, the expression of heme oxygenase
in blue light treatment group was significantly increased, leading to the increase in heme
degradation products and the production of antioxidants. However, the expression of
ho was decreased significantly on day 7 after the treatment with SA (Figure 8). As an
important signal molecule, SA regulates a variety of oxidative stress responses to improve
the efficiency of antioxidant system in plants. In H. pluvialis, a large amount of astaxanthin
is generated to reduce the damage caused by the detrimental environment, complementing,
or ultimately replacing, the antioxidant system of the microalgae. Therefore, H. pluvialis
protects itself from the adverse effects of stress by accumulating more astaxanthin [29]. Our
previous studies demonstrated that the addition of SA increased the astaxanthin content
in H. pluvialis [4], suggesting that astaxanthin complements the antioxidant effect of heme
degradation products and reduces the expression of ho. Similarly, in the blue light treatment
groups, the expression of genes involved in astaxanthin synthesis (i.e., psy, pds, lcyb, and
crtr-b) was also significantly down-regulated (Figure 6), whereas the expression of heme
oxygenase was significantly up-regulated (Figure 8), suggesting that heme degradation
products help maintain the intracellular homeostasis in H. pluvialis.

Previous studies showed that scavenging ROS was essential for the survival of
H. pluvialis under high light intensity [63]. Our results showed that the expression levels of
most genes related to ROS in H. pluvialis treated with blue light were significantly higher
than those in white light, indicating that the damage of blue light to H. pluvialis was higher
than that of white light (Figure 9). Previous studies showed that APX, CAT, GRX, GPX,
and PRDX removed hydrogen peroxide [64], while SOD scavenged superoxide to form
hydrogen peroxide [65]. Studies have shown that the antioxidant systems in different
species of plants respond differently to the treatment with SA. For example, the activities
of ascorbic APX and SOD were enhanced, and the activities of CAT were reduced in corn,
whereas the activities of antioxidant enzymes CAT, peroxidase (POX), SOD, and glutathione
reductase were decreased in rice [66]. Moreover, the level of H2O2 and the activities of
antioxidant enzymes CAT, POX, and SOD were enhanced [66]. Our results showed that
the treatment with SA led to the significant down-regulation of many genes involved in
the ROS clearance pathway (Figure 9), suggesting the overall adjustment of resistance to
stress in H. pluvialis. Furthermore, our previous studies showed that the addition of SA
increased the content of astaxanthin in H. pluvialis [4]. These results suggested that SA
reduced the expression of ROS scavenging genes, resulting in the production of a large
amount of astaxanthin to maintain the homeostasis in cells of H. pluvialis.

3.3. Cell Wall Synthesis Inhibited in the Early Stage of the Treatment with Blue light Irradiation

Studies have shown that plants develop resistance to light stress of high intensity by
regulating the composition of cell wall [67], while the light intensity and quality can affect
the structure of cell wall [68]. For example, light regulates the sugar content of cell wall
in peas [69]. Furthermore, studies have revealed that blue light showed a rapid inhibitory
effect on the cell wall synthesis, while red light showed a long-term inhibitory effect in
the pea seedlings [70]. Compared with white light, genes involved in cell wall synthesis
were significantly down-regulated on day 2 but then significantly up-regulated on day 7
of the treatment with blue light irradiation, indicating that blue light showed less effect
on H. pluvialis than that of white light in the early stage of blue light irradiation (day 2)
but greater effect of long-term irradiation (day 7) on H. pluvialis than that of white light.
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These results were consistent with those derived from the proteomic data (Figure 11B).
Furthermore, these results also suggested that the blue light inhibited the cell wall synthesis
of H. pluvialis in the early stage of the treatment with blue light irradiation.

3.4. Signal Transduction of Blue Light Receptors

PHOT is activated by blue light to participate in physiological processes such as chloro-
plast movement and plant phototropism [71]. PHOT contains both the serine/threonine
kinase binding domains at the C-terminal and two light, oxygen, and voltage (LOV) do-
mains at the N-terminal [72]. Exposure of LOV to blue light causes cysteine residues in
the protein to covalently bind to the isopyrazine ring to generate conduction signal [73].
In Arabidopsis, PHOT regulates the transcripts in response to high-intensity blue light,
though PHOT is not largely involved in transcriptional regulation [74,75]. However, PHOT
causes significant changes in expression of genes involved in chlorophyll and carotenoid
biosynthesis in C. reinhardtii, whereas the low-intensity blue light leads to a significant
increase in the expression of pds [71]. Furthermore, the expression of pds is inhibited as the
expression of phot is inhibited [71]. In our study, the expression of phot was decreased, but
not significantly, under blue light, compared with white light. In the chlorophyll synthesis
pathway (Figure 8), most genes were significantly down-regulated on the second day but
not on day 7 of the treatment with blue light irradiation. In the astaxanthin synthesis path-
way (Figure 6), most genes were significantly down-regulated on day 2 of the treatment
with blue light irradiation, while no significant changes were observed on day 7.

The C-terminal domain of CRY is responsible for providing the interaction sites
for DNA or downstream signal proteins, while the function of the N-terminal domain
is to combine the second chromophore as an optical collection antenna [76]. Based on
knockdown mutants, studies have shown that CRY regulated the transcriptional levels of
various genes under blue light, caused by its oxidized fad chromophore. Under the blue
light irradiation, the C-terminal domain interacts directly with downstream signal proteins,
e.g., ubiquitin ligase. The photolyase homologous region (PHR) of cryptochrome can form
homodimers, which are also essential for signal transduction [77].

The cryptochrome (CPH1) protein of C. reinhardtii undergoes photoinduced degra-
dation under white, red, and blue lights [48]. Similar results were also observed in our
study, showing that the blue light irradiation of high intensity significantly reduced the
expression of cry in H. pluvialis. Furthermore, CPH1 also functions as a transcription
regulator to regulate gene expression and induce the expression of both chlorophylls a
and b binding protein and hemL [48]. Our results showed that the expression of hemL was
significantly down-regulated on the second day of the treatment with blue light irradiation,
while no significant down-regulation was observed on day 7, and cry was not significantly
down-regulated under high-intensity blue light.

Plants respond to light through photoreceptors. Our study showed that the expression
of blue light photoreceptors (i.e., PHOT and CRY) were not significantly down-regulated
under blue and white light irradiations of high intensity, suggesting that in H. pluvialis,
the metabolic pathways are not affected by the content of photoreceptors but by the signal
transduction of photoreceptors. For example, ROS at high concentrations causes damage in
cells but functions as signal molecules at low concentrations. Activated CRY can produce
trace ROS as signal molecules in response to light. Furthermore, the high content of CRY
causes the increased production of ROS in response to light in Arabidopsis [78]. Our results
showed that, compared with normal light intensity, high-intensity blue light significantly
inhibited the expression of CRYs, while the expression of PHOTs was decreased on day 7 of
the treatment of high-intensity irradiation. Studies have revealed significant up-regulation
of CRY and PHOT in Dunaliella salina treated with blue light irradiation of 50 μmol photons
m−2s−1, whereas no significant changes were observed with the treatment with blue light
with an increased intensity of 150 μmol photons m−2s−1 [79]. This is probably because
that low-intensity blue light was sufficient enough to activate the photoreceptors [80]. It is
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speculated that, after the light intensity increases to a certain level, the effect of light quality
on the function of blue light receptors is reduced.

4. Materials and Methods

4.1. Algal Materials

Haematococcus pluvialis strain 712 (FACHB-712) obtained from the Freshwater Algae
Culture Collection at the Institute of Hydrobiology (FACHB) was cultured in 5000 mL
beakers, containing BBM medium without aeration, under a light intensity of 25 μmol
photons m−2s−1 with a photoperiod of 12 h/12 h light/dark at 22 ◦C. When the cell
growth reached the logarithmic phase (105 cells mL−1), the culture was evenly divided
into 9 aliquots each of 1000 mL. Samples were divided into 3 groups, including the control
group grown under constant white light of 150 μmol photons m−2s−1 at 22 ◦C (W0 group),
the group treated with constant blue light of 150 μmol photons m−2s−1 at 22 ◦C (B0 group),
and the group pre-treated with SA (2.5 mg/L) under constant blue light of 150 μmol
photons m−2s−1 at 22 ◦C (B25 group). The selection of the concentration of SA (2.5 mg/L)
was based on the previous study [81] and our pre-experiments, which showed that the
production of astaxanthin was increased with reduced concentration of SA. Each group
contained three replicates.

4.2. Transcriptome Sequencing

The three groups of microalgal samples were collected on day 0 (under white light)
and after treatment on both 48 h (day 2) and 168 h (day 7) of blue light and SA. The
sample collected on day 0 was named N. Other samples were named by group names
and treatment times (day). Specifically, B02 and B07 represented samples treated with
blue light irradiation for 2 and 7 days without SA, respectively. W02 and W07 represented
samples treated with white light irradiation for 2 and 7 days without SA, respectively. B252
and B257 represented samples treated with blue light irradiation for 2 and 7 days with
the addition of SA (2.5 mg/mL), respectively. Total RNA was extracted from H. pluvialis
(10 mL) using Trizol Reagent (Invitrogen, Carlsbad, CA, USA). The algal sample (30~50 mg)
was first ground in liquid nitrogen (less than 100 mg), then 1000 μL Trizol Reagent was
added, and grinding continued until homogenized. The homogenate was transferred
to a small tube and set still for 10 min before being centrifuged for 5 min at 12,000 g
and 4 ◦C. The supernatant was collected and set still for 5 min, then added with 200 μL
of chloroform, shaken vigorously for 15 sec, and kept for 3 min at room temperature.
Then, the sample was centrifuged for 15 min at 12,000 g and 4 ◦C. The water phase was
transferred, twice the volume of isopropanol was added, it was vortexed briefly, and kept
at −20 ◦C overnight. Then, the sample was centrifuged for 15 min at 12,000 g and 4 ◦C.
The supernatant was removed, and the sample was added to 1 mL ethanol (70%) and
centrifuged for 5 min at 7500 g and 4 ◦C. The supernatant was removed, and the ethanol
was removed from the sample, which was set to dry for 7 min at room temperature. Then,
50 μL of water was added to the centrifuge tube to dissolve the sample, which was then
vortexed to mix well. The RNA integrity was assessed using 1% formaldehyde denaturing
agarose gel electrophoresis. Then, mRNA was purified from total RNA by deploy-t with
magnetic beads. The RNA was processed by mRNASeq sample preparation kit (Illumina,
San Diego, CA, USA) to establish the sequencing system. Transcriptome sequencing was
performed using Illumina Hiseq 4000 (LC Sciences, Houston, TX, USA).

4.3. De Novo Assembly and Unigene Annotation

Cutadapt [82] and in-house Perl scripts at Hangzhou Lianchuan Biotechnology Co.
Ltd. (LC Sciences, Houston, TX, USA), were used to remove adaptor sequences and low-
quality bases. The sequence quality was evaluated by FastQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/, accessed on 16 March 2020). The de novo assembly
of transcriptome from H. pluvialis was performed using Trinity2.4.0 [83]. All assembled
unigenes were aligned against the non-redundant (nr) protein (http://www.ncbi.nlm.
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nih.gov/, accessed on 16 March 2020), Gene Ontology (GO) (http://www.geneontology.
org/, accessed on 16 March 2020), SwissProt (http://www.expasy.ch/sprot/, accessed on
16 March 2020), Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.
jp/kegg/, accessed on 16 March 2020), and EggNOG (http://eggnogdb.embl.de/, accessed
on 16 March 2020) databases using DIAMOND [84] with a threshold of E value < 0.00001.
Transcription factors were identified using iTAK [85]. The selection of de novo assembly
over genome-based analysis was based on two lines of evidence. First, the results of sev-
eral biosynthetic pathways based on the genome-based analysis showed variations in the
expression patterns of genes from those based on the de novo assembly. Therefore, we
further investigated the cause of these inconsistent results by conducting the qRT-PCR
analysis of genes involved in these biosynthetic pathways. Our results of qRT-PCR con-
firmed the expression patterns of genes based on the de novo assembly, whereas the results
based on the genome-based assembly were largely not confirmed by qRT-PCR analysis.
Second, our transcriptomic sequencing results based on the alignment program HISAT2
(https://daehwankimlab.github.io/hisat2/, accessed on 16 March 2020) revealed the over-
all alignment rate of only ~50% with the reference genome of H. pluvialis deposited at the
NCBI database (GenBank accession number GCA_011766145.1 of BioProject PRJDB8952).

4.4. Differentially Expressed Unigenes Analysis

Salmon [86] was used to assess expression levels of unigenes by calculating the Tran-
scripts Per Million (TPM) [87]. The differentially expressed unigenes were identified based
on log2 (fold change) ≥ 1 or log2 (fold change) ≤ −1 with statistical significance (p < 0.05)
evaluated by R package edgeR [88].

4.5. Proteome Sampling, Sequencing, and Bioinformatics

The microalgal cells of H. pluvialis were added with SDT lysate, homogenized, and
broken, and boiled in hot water at 100 ◦C for 10 min. The samples were centrifuged for
15 min at 14,000 g with the supernatant collected. BCA method was used for protein
quantification [89]. Filter aided proteome preparation (FASP) was used for enzymatic
hydrolysis of proteins [90]. The peptides were desalted by C18 cartridge. After freeze-
drying, 0.1% formic acid solution was added for re-dissolution, and the peptides were
quantified. The peptide mixture was graded by Agilent 1260 infinity II HPLC system
(Agilent Technologies, Santa Clara, CA, USA).

The proteomic sequencing was performed by Hangzhou Lianchuan Biotechnology
Co., Ltd. (LC Sciences, Houston, TX, USA). The original mass spectrometry data were
combined and analyzed by Spectronaut Pulsar X (version 12, Biognosys AG, Schlieren,
Switzerland). TransDecoder (https://github.com/TransDecoder/TransDecoder/, accessed
on 16 March 2020) was used to predict the transcript of unigenes to obtain the protein
sequences and to establish the spectrum database by Spectronaut Pulsar X (version 12, Biog-
nosys AG, Schlieren, Switzerland). Trypsin enzymolysis was set to allow two missing sites,
with the following searching parameters included: (1) fixed modification: carbamidomethyl
(c); (2) variable modification: oxidation (m) oxidation; and (3) N-terminal acetylation of
acetyl (protein N-term) protein. A total of 1 μg of peptides from each sample was added
with iRT peptides to mix and then to inject for separation using Nano-LC. Data were
analyzed by online electrospray tandem mass spectrometry. The complete liquid–mass
tandem system contained both the liquid system based on the Easy nLC system (Thermo
Fisher Scientific, Waltham, MA, USA) and the mass spectrometry system using the Orbitrap
Exploris 480 (Thermo Fisher Scientific, Waltham, MA, USA). Buffer solution A solution
was 0.1% formic acid aqueous solution and B solution was 0.1% formic acid acetonitrile
aqueous solution (80% acetonitrile). The sample was separated by a non-linearly increasing
gradient in an analytical column (Nano Technology Column, 18 cm C18 column, with
1.9 μm C18 Resin, Catalog Number 26350-3) at a flow rate of 300 nL/min: 0–1 min, 2% B to
8% B; 1–99 min, 8% B to 27% B; 99–113 min, 27% B to 35% B; 113–117 min, 35% B to 100% B;
and 117–120 min, 100% B. The electrospray voltage was set to 2056 V.
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Raw data of DIA were processed and analyzed by Spectronaut 14.6 (Biognosys AG,
Schlieren, Switzerland) with default settings with the Retention time prediction type set
to dynamic iRT. Data extraction was determined by Spectronaut Pulsar X based on the
extensive mass calibration. Spectronaut 14.6 was used to determine the ideal extraction
window dynamically depending on iRT calibration and gradient stability. Q-value (FDR)
cutoff on precursor and protein level was applied at 1%. Decoy generation was set to
mutated which was similar to scrambled but only applied a random number of AA position
swamps (min = 2, max = length/2). All selected precursors passing the filters were used for
quantification. MS2 interference was used to remove most interfering fragment ions except
for the 3 least interfering ones. The average top 3 filtered peptides which passed the 1%
Q-value cutoff were used to calculate the major group quantities. Differentially expressed
proteins were filtered based on Student’s t-test (p < 0.05 and fold change > 1.5).

GO annotation based on unigenes was performed using Blast2GO [91]. KEGG enrich-
ment analysis was performed based on the KEGG automatic annotation server (KAAS) [92].

4.6. Statistical Analysis

All experiments were performed in triplicates to ensure reproducibility. Data were
presented as mean ± standard deviation (SD). The paired-samples t-test was performed
using ANOVA with the statistically significant difference set at p ≤ 0.05.

5. Conclusions

In this study, H. pluvialis was exposed to high-intensity blue light and SA, resulting in
alterations in gene and protein expressions from those derived from exposure to white light
of high intensity. Using transcriptomic and proteomic sequencing, we further analyzed the
molecular responses in astaxanthin synthesis, fatty acid synthesis, heme synthesis, ROS
scavenging pathway, and cell wall synthesis of H. pluvialis treated with blue light and SA.
On day 2 of the treatment with blue light irradiation, genes showing significant changes
in expression were mainly annotated in the pathways of carbon metabolism, while on
day 7, the genes of significant regulation were mainly enriched in the pathways related to
proteins. The addition of SA led to the enrichment of genes in disease-related pathways.
Because low-intensity blue light caused the up-regulation of genes involved in astaxanthin
synthesis, while high-intensity blue light led to the down-regulation of genes related to
astaxanthin synthesis, indicating that the promotion of astaxanthin synthesis by blue light
is probably related to light intensity. Therefore, it is proposed that, in order to improve the
production of astaxanthin in H. pluvialis, high-intensity white light should be utilized in
H. pluvialis cultures because the application of high-intensity blue light and SA decreased
the expression of genes involved in the astaxanthin biosynthetic pathway, suggesting that
the application of high-intensity blue light and SA was not beneficial for maximizing the
astaxanthin production. In the cell wall synthesis pathway, the expression of proteins and
genes was significantly decreased on day 2 of the treatment with blue light irradiation,
whereas the gene expression was significantly increased on day 7. In H. pluvialis, the
high-intensity blue light led to the significant up-regulation of ROS scavenging genes.
Furthermore, blue light also reduced the expression of genes related to fatty acid synthesis.
Our results showed that SA significantly down-regulated the ROS scavenging genes and
genes involved in heme degradation pathway, suggesting that SA reduced the expression
of enzymes related to ROS scavenging, thus promoting the production of astaxanthin by
H. pluvialis. Moreover, different families of TFs were identified in H. pluvialis, induced
with different treatment times of blue light irradiation. Our study provides novel insights
into the molecular response of H. pluvialis to blue light and SA treatments based on both
transcriptomic and proteomic analyses.
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and salicylic acid (SA); Table S2: KEGG enrichment and GO annotation of unigenes identified in
Haematococcus pluvialis; Table S3: Transcripts and proteins derived from significantly expressed
unigenes in Haematococcus pluvialis; Table S4: Classification of differentially expressed genes anno-
tated to transcription factors in Haematococcus pluvialis, Figure S1: Species distribution of annotated
unigenes of Haematococcus pluvialis, Figure S2: The length distribution of unigenes of Haematococcus
pluvialis, Figure S3: Enriched GO terms in three categories (i.e., biological process, cellular component,
and molecular function) based on the unigenes with significant changes revealed in the pairwise
comparisons of B02 vs. W02 (A), B07 vs. W07 (B), and B257 vs. B07 (C) of Haematococcus pluvialis,
Figure S4: Enriched KEGG metabolic pathways based on the unigenes with significant changes
revealed in the pairwise comparisons of B02 vs. W02 (A), B07 vs. W07 (B), and B257 vs. B07 (C) in
Haematococcus pluvialis.
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Abstract: This work aimed to evaluate the effects of dietary supplementation with β-glucans extracted
from yeast (Saccharomyces cerevisiae) and microalga (Phaeodactylum tricornutum) on gene expression,
oxidative stress biomarkers and plasma immune parameters in gilthead seabream (Sparus aurata)
juveniles. A practical commercial diet was used as the control (CTRL), and three others based on
CTRL were further supplemented with different β-glucan extracts. One was derived from S. cerevisiae
(diet MG) and two different extracts of 21% and 37% P. tricornutum-derived β-glucans (defined as
Phaeo21 and Phaeo37), to give a final 0.06% β-glucan dietary concentration. Quadruplicate groups
of 95 gilthead seabream (initial body weight: 4.1 ± 0.1 g) were fed to satiation three times a day for
8 weeks in a pulse-feeding regimen, with experimental diets intercalated with the CTRL dietary treatment
every 2 weeks. After 8 weeks of feeding, all groups showed equal growth performance and no changes
were found in plasma innate immune status. Nonetheless, fish groups fed β-glucans supplemented
diets showed an improved anti-oxidant status compared to those fed CTRL at both sampling points
(i.e., 2 and 8 weeks). The intestinal gene expression analysis highlighted the immunomodulatory role
of Phaeo37 diet after 8 weeks, inducing an immune tolerance effect in gilthead seabream intestine, and
a general down-regulation of immune-related gene expression. In conclusion, the results suggest that
the dietary pulse administration of a P. tricornutum 37% enriched-β-glucans extract might be used as a
counter-measure in a context of gut inflammation, due to its immune-tolerant and anti-oxidative effects.

Keywords: Saccharomyces cerevisiae; Phaeodactylum tricornutum; Sparus aurata; β-glucans; pulse feed-
ing; immune tolerance
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1. Introduction

Aquaculture is the fastest growing food-sector related industry, and as practices
become more intensive, the risk of disease outbreaks increases accordingly [1,2]. In fact,
animal health-related issues are nowadays the major constraint for aquaculture expansion
and sustainability [3]. To date, one of the main strategies to cope with disease outbreaks in
aquaculture has been the use of antibiotics. Although this issue has been mitigated in recent
years with more restrictive legislation and regulations, antibiotics are still routinely used,
leading to the emergence of new antibiotic-resistant bacteria [1]. In addition to vaccination,
an alternative strategy to the use of antibiotics is the adoption of prophylactic measures
through nutrition, such as the incorporation of immunostimulants and prebiotics in feeds
to enhance fish disease resistance and general health [2,4,5].

Marine microalgae are a rich source of bioactive compounds [6] that are drawing
increasing attention considering their use in different applications including functional
feeds [7,8]. Phaeodactylum tricornutum is a marine diatom, unicellular brown microalgae
rich in several health beneficial compounds such as β-glucans (BGs) [9–11]. BGs can be
naturally found as cell wall components in bacteria, yeast, fungi, plants, micro- and macro-
algae, and due to their promising biological activities, BGs have been extensively studied
in vertebrates [2,12–14]. These polysaccharides can act as a prebiotic, enhancing the growth
of commensal microbiota and by directly stimulating the innate immune system through
interaction with specific cell receptors [4]. BGs bioactivity depends on their degree of
branching, size and molecular structure [15]. However, those with higher biological activity
show a common pattern: a repeating chain of (l-3)-linked β-D-glucopyranosyl units with
randomly branched single β-D -glucopyranosyl units attached by l-6 or 1–4 linkages [2,15].
These repeating patterns, a feature shared with bacterial lipopolysaccharides (LPS), can be
recognized by the host’s cell pattern recognition receptors (PRR) and are termed pathogen-
associated microbial patterns (PAMPs). Upon recognition. they can elicit an inflammatory
response and activate the host’s innate immune cells [12].

In mammals, dectin-1 is the best described BGs receptor, considered to be the most
important for recognition and signal transduction. It is a C-type lectin receptor (CLR)
which is predominantly expressed on cells from both the monocyte/macrophage and
neutrophil lineages [12,16]. In a former study, European common carp (Cyprinius carpio)
macrophages were activated with curdlan, a dectin-1-specific BG ligand in mammals,
showing that immune modulatory effects in carp macrophages could be triggered by a
member of the CLR family, although different from dectin-1 receptor [17]. In teleosts,
the specific receptors involved in the recognition of BGs and consequent downstream
signalling remain to be elucidated [14,18–20]. In contrast, the beneficial effects of BGs
in fish innate immune response are well documented. Most of the studies focusing on
fish showed that oral administration of BGs not only benefits innate immune response,
such as the increase of phagocytic capacity, oxidative burst, lysozyme and complement
activity [21–24], but also modulates immune gene expression in different organs [25–27].
However, the use of BG-rich microalgae cell extracts as feed supplements to modulate both
the systemic and local immune response is still poorly explored. Therefore, the present
study aimed to evaluate the effects of β-glucans extracted from microalga (P. tricornutum)
and yeast (Saccharomyces cerevisiae), when applied as dietary supplements for juveniles of a
valuable fish species for European aquaculture such as gilthead seabream (Sparus aurata).

2. Results

2.1. Growth Performance

Growth performance data are presented in Table 1. At the end of the trial (8 weeks), all
fish showed similar final whole-body weight, regardless of dietary treatment. All groups
showed similar feed conversion ratio (FCR) and relative growth rate (RGR) values (1.2 and
3.8% day−1, respectively).
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Table 1. Growth performance parameters in gilthead seabream juveniles after 8 weeks of feeding
regimen. Data are the mean ± SEM (n = 4).

8 Weeks

DIETS CTRL MG Phaeo21 Phaeo37

IBW 4.18 ± 0.04 4.12 ± 0.02 4.12 ± 0.05 4.15 ± 0.05
FBW 41.36 ± 0.81 42.48 ± 0.43 42.08 ± 0.53 41.93 ± 0.97
RGR 3.77 ± 0.03 3.83 ± 0.02 3.82 ± 0.03 3.8 ± 0.03
FCR 1.20 ± 0.01 1.19 ± 0.01 1.21 ± 0.02 1.19 ± 0.04

IBW: initial body weight (g); FBW: final body weight (g); RGR: relative growth rate (% average body weight/day)
and FCR: feed conversion ratio.

2.2. Haematological Profile and Humoral Parameters

Peripheral cell dynamics were analysed at both sampling points (Table 2). The relative
percentage of circulating lymphocytes increased in fish-fed Phaeo21 compared to CTRL and
Phaeo37 groups after 2 weeks of feeding. In contrast, the same cell type showed decreased
percentages in fish fed MG and Phaeo21 dietary treatments compared to those fed CTRL
in the second (8 weeks) sampling. Furthermore, after 8 weeks, peripheral thrombocytes
were higher in MG and Phaeo37 compared to CTRL. Monocytes and neutrophils numbers
remained unaltered among dietary groups at both sampling points. Plasma humoral
parameters (i.e., bactericidal activity, antiprotease activity and IgM) remained unchanged
among dietary treatments at both 2 and 8 weeks (Table 3).

Table 2. Percentage values of peripheral blood leucocytes (thrombocytes, lymphocytes, monocytes and neutrophils) in
gilthead seabream juveniles after 2 and 8 weeks of feeding regimen. Data are the mean ± SEM (n = 12).

2 Weeks 8 Weeks

DIETS CTRL MG Phaeo21 Phaeo37 CTRL MG Phaeo21 Phaeo37

CELLS (%)
Thrombocytes 65.2 ± 2.0 63.0 ± 2.2 60.3 ± 1.8 64.7 ± 1.6 71.2 b ± 2.6 78.5 a ± 1.4 76.4 a,b ± 2.5 81.0 a ± 0.8
Lymphocytes 24.1 b ± 1.5 28.3 a,b ± 1.9 30.7 a ± 1.4 24.8 b ± 1.3 18.4 a ± 2.5 13.0 b ± 1.0 13.1 b ± 2.6 13.4 a,b ± 0.8
Monocytes 5.3 ± 0.8 3.5 ± 0.7 4.4 ± 0.7 5.2 ± 0.4 3.4 ± 0.6 2.4 ± 0.7 3.1 ± 0.6 2.0 ± 0.5

Neutrophils 4.4 ± 1.0 4.1 ± 0.9 4.1 ± 0.7 4.8 ± 0.7 4.7 ± 0.4 5.6 ± 0.6 4.3 ± 0.7 3.6 ± 0.6

Different superscript letters indicate significant differences between diets (p < 0.05) within the same sampling point.

Table 3. Plasma immune parameters of gilthead seabream juveniles after 2 and 8 weeks feeding (antiprotease activity,
bactericidal activity and immunoglobulin M). Data are the mean ± SEM (n = 12). Different letters indicate significant
differences between dietary treatments (p < 0.05).

2 Weeks 8 Weeks

DIETS CTRL MG Phaeo21 Phaeo37 CTRL MG Phaeo21 Phaeo37

Antiprotease act (%) 95.7 ± 0.6 96.0 ± 0.5 95.5 ± 0.7 95.4 ± 0.6 97.9 ± 0.2 98.1 ± 0.1 97.9 ± 0.2 98.2 ± 0.2
Bactericidal act (%) 45.0 ± 6.3 35.5 ± 4.0 40.3 ± 6.6 45.4 ± 4.4 53.3 ± 7.2 56.5 ± 5.8 57.4 ± 6.8 61.8 ± 4.8
IgM (OD 450 nm) 0.31 ± 0.03 0.32 ± 0.03 0.37 ± 0.05 0.29 ± 0.03 0.62 ± 0.05 0.53 ± 0.03 0.47 ± 0.05 0.55 ± 0.03

2.3. Oxidative Stress Biomarkers

Hepatic oxidative stress biomarkers showed significant differences at both sampling
points (Figure 1). Lipid peroxidation decreased in seabream-fed MG and Phaeo37 di-
ets compared to those fed CTRL at 2 weeks (early sampling), while the extent of lipid
peroxidation was similar among groups after 8 weeks (final sampling). Catalase (CAT)
and superoxide dismutase (SOD) activities were not affected by the dietary treatments
at 2 weeks, however, CAT activity increased in Phaeo21 compared to Phaeo37 group at
8 weeks. SOD activity was enhanced in Phaeo37-fed fish compared to those fed CTRL and
MG1000 dietary treatments. Total glutathione remained unaltered among dietary groups
at both sampling points.
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Figure 1. Liver oxidative stress biomarkers of gilthead seabream juveniles after 2 and 8 weeks feeding. Lipid peroxidation
(LPO) (A); Catalase activity (CAT) (B); Superoxide dismutase activity (SOD) (C) and Total Glutathione (D). Data are the
mean ± SEM (n = 12). Different lowercase letters indicate significant differences between dietary treatments (p < 0.05).

2.4. Multivariate Analysis from Physiological Parameters

An overall multivariate analysis combining raw data from haematological, humoral
and hepatic oxidative stress biomarkers (using PCA-DA) was performed to discriminate
the physiological effects caused by the experimental diets both at 2 and 8 weeks of feeding
(Figure 2). The first two discriminant functions accounted for 95% of dataset variability at
2 weeks. Group discrimination was significant (Wilk’s lambda = 0.3, p = 0.01) highlighting
the differences between CTRL and BG groups (p < 0.03). This discrimination was loaded by
lower lipid peroxidation, higher CAT and tGSH and to a lesser extent higher antiproteases
activity in BG groups. At 8 weeks, groups were discriminated (Wilk’s lambda = 0.2;
p < 0.001) and the first two discriminant factors accounted for 84% of dataset variability.
CTRL and MG dietary treatments were significantly discriminated from the Phaeo groups
(p < 0.04) and this separation was loaded by a higher SOD activity and thrombocyte
percentage in the last groups.
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Figure 2. Discriminant analysis of experimental groups based on all physiological biomarkers analysed in the target tissues
(yellow marker indicates the centroids of each group) and variables loads for DF1 and DF2 at 2 and 8 weeks. (A) 2 weeks;
(B) 8 weeks.

2.5. Gene Expression Analysis

Different pathways represented in this gene array showed significant dietary effects in
the proximal intestine. Proliferating cell nuclear antigen gene (pcna) was down-regulated in
Phaeo37-fed fish at 2 weeks (Figure 3A). In contrast, different genes belonging to different
molecular and cellular pathways were down-regulated in seabream-fed Phaeo37 after
8 weeks of feeding, in particular, fucolectin (fcl) (Figure 3D), as well as gap junction cx32.2
protein (cx32.2) (Figure 3B) genes. Moreover, the latter gene was down-regulated in fish fed
MG as well as interleukin 10 (il10) (Figure 3C). Complete relative gene expression profile of
the anterior intestine is provided as Supplementary Material (Tables S1 and S2). According
to the Supplementary Tables, it was found that the mRNA expression levels of the other
analysed genes showed no statistically significant differences among experimental groups.
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Figure 3. Relative mRNA expression of pcna (A), cx32.2 (B), il10 (C) and fcl (D) genes in the anterior intestinal tissue of
gilthead seabream juveniles fed the experimental diets for 2 and 8 weeks. Data are the mean ± SEM (n = 9). All data values
for each gene were in reference to the expression level of cldn12 of CTRL fish with an arbitrary assigned value of 1. p values
result from one-way ANOVA. Different lowercase letters indicate significant differences among dietary treatments (p < 0.05).

Further differences between fish fed the experimental diets in comparison to CTRL
were highlighted by a clustering heatmap of gene expression after 8 weeks of feeding
(Figure 4). This approach pointed to Phaeo37 as the experimental diet more apart from
CTRL in the gene expression pattern. In order to get a clearer picture of the dietary effect
on intestinal gene expression, an overall multivariate analysis combining raw data from
the different genes (using PLS-DA) in CTRL and Phaeo 37 groups was performed. For
the 2 weeks feeding period, the model was not able to show a clear separation between
experimental groups (data not shown). However, at 8 weeks, the same approach showed
that expression patterns can be summarized through two main components that explain
88.11% of total variance (Figure 5A). On the one hand, component 1 (63.59% of total
variance, X-axis) appeared to be mostly related to diet effect, as it was able to clearly
separate Phaeo37- and CTRL-fed fish. On the other hand, component 2 (19.52% of total
variance, Y-axis) appeared to account for inner group variability. A total of 20 genes showed
a VIP value > 1, highlighting their contribution to diet differences (Figure 5B).
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Figure 4. Heat map showing the normalized mRNA levels of selected genes in the anterior intestinal tissue of gilthead
seabream juveniles after 8 weeks of feeding. Each block represents the mean mRNA level quantified by qPCR (n = 9).
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Figure 5. (A) Partial least square discriminant analysis (PLS-DA) score plots of all gene expression biomarkers analysed
in the proximal intestine of gilthead seabream juveniles along the two main components at 8 weeks. (B) Ordered list of
markers by variable importance (VIP) in projection of PLS-DA model for group differentiation, as well as the fold-change
(FC) in comparison to CTRL. Markers with VIP values > 1 after the first and second main components are represented.

3. Discussion

Intensive fish production creates stressful conditions that negatively affect immune
function [28], increasing the risk of infection caused by opportunistic bacteria. Therefore,
preventive strategies that can improve aquatic animal health and reduce the risk of disease
outbreaks must be adopted, such as the use of prebiotics and immunostimulants in feed
formulation [29–31]. Immunostimulant and prebiotic activities after β-(1,3; 1,6)-glucans ad-
ministration are well-recognized; thus, these compounds have been suggested as potential
nutraceuticals or vaccine adjuvants to enhance immune responses [4,32,33]. For that pur-
pose, in the present study, gilthead seabream juveniles were fed microalgae (P. tricornutum)
derived BGs in a 2-week cycle pulse-feeding regimen. This nutritional strategy was out-
lined, as care must be taken not to exhaust the fish immune system due to immunostimulant
overexposure after long administration periods [34–37]. Moreover, intermittent administra-
tion seems a suitable approach as BGs apparently can induce long-lived effects in fish [38].
Several studies report increased innate immune parameters and pathogen resistance at
least 2 weeks after BGs oral and intra-peritoneal (i.p.) administration [22,39,40].

Studies where BGs were orally administered to fish not only showed immunostimulatory
effects but in some cases, improved growth performance [23,24,41,42]. Dawood et al. [43]
showed that supplementing red seabream diets up to 0.1% (g/Kg feed) with a commercial
BG product (85% purity) for 8 weeks improved final body weight and growth performance
as well as lysozyme activity and higher tolerance against a low-salinity stress test when
compared with a BG-free fed group. In the current study, β-glucan supplementation did
not affect fish growth performance over the course of the trial (8 weeks), independently
from its source. However, it did show immunomodulatory effects and improved oxidative
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stress status in accordance with the findings reported in other studies [23,44–47]. Dietary
treatments appeared to modulate peripheral lymphocyte numbers. Results pointed to an
immunostimulatory effect of diet Phaeo21 at 2 weeks feeding, with this particular BG ex-
tract apparently affecting the adaptive arm of the immune system with a rise in circulating
lymphocytes. Previous works reported increased lymphocyte percentage in comparison
to other leucocytes in pompano fish (Trachinotus Ovatus) fed 0.05% and 0.10% [45] and
Persian sturgeon (Acipenser persicus) fed 0.2 and 0.3% yeast BGs [48] for 8 and 6 weeks,
respectively. Nonetheless, in the current study, gilthead seabream fed Phaeo21 and MG
dietary treatments showed a decrease in circulating lymphocytes percentage compared
to those fed CTRL after 8 weeks. Kühlwein, et al. [49] reported no apparent effect on
circulating lymphocytes when carp juveniles were fed 0.1, 1 and 2% yeast BGs continuously
for 8 weeks.

On the other hand, non-specific humoral parameters (antiprotease, bactericidal activity
and circulating IgM) were not affected by the supplementation with 0.06% BGs from
S. cerevisiae or P. tricornutum throughout the experimental period. Accordingly, a study
done in gilthead seabream fed a 0.1% supplemented feed with a macroalgae derived BG
(laminarin) did not show changes in serum antiprotease activity and IgM levels after
4 weeks of feeding [23]. Yamamoto et al. [50] tested different levels, ranging from 0% to
0.8%, of microalgae (Euglena gracilis)-derived BGs in Nile tilapia both in vitro and in vivo.
While exposing naïve head-kidney phagocytes directly to BGs facilitated the activation
of immune cells increasing bactericidal activity against Streptococcus iniae and superoxide
anion production, in vivo immune effects were found to be more moderate. Authors
reported increased complement system activity but no effects on serum lysozyme and
blood leukocytes respiratory burst. Still, previous studies in fish revealed a tendency of BGs
oral administration to stimulate or modulate innate immune parameters [21,22,42,44,51,52].

Reactive oxygen species (ROS) are produced as a normal by-product of cellular
metabolism but in excess, they can contribute to increased oxidative stress and cause cellular
damage. Antioxidant enzymatic machinery is the principal cellular protective mechanism
against oxidative stress in fish tissue [53]. BGs are reported to have antioxidant properties
and modulate antioxidant enzymes activity as well as inhibiting lipid peroxidation in
mammals [54]. In fish, BG injection increased SOD and CAT activities in the intestine [46]
and blood erythrocytes [55], suggesting that BGs could improve anti-oxidative capacity.
Accordingly, hepatic lipid peroxidation decreased in Phaeo37- and MG-fed animals at
an early stage (2 weeks), while hepatic SOD showed a long-term (8 weeks) stimulation
pattern, with the Phaeo37-fed group showing the highest activity. Zeng, et al. [46] reported
a correlation between higher mRNA transcription of nuclear factor erythroid 2-related
factor 2 (Nrf2) gene and increased SOD and CAT genes transcription, which translated
in higher enzyme activity in fish injected with a 0.1% BG solution. Nrf proteins, under
oxidative conditions translocate to the nucleus where they bind to the antioxidant response
element (ARE) [56]. ARE is found in the promoters of several chemoprotective genes, in-
cluding those involved in the response to oxidative stress [57]. Integrating all physiological
responses into a multivariate analysis, dietary effects became clearer and differed between
sampling points. At 2 weeks of feeding, all groups received BGs clustered together and
were different from CTRL. Differences at this early stage pointed to a dietary effect mainly
affecting the antioxidant defences and most prominently decreasing lipid peroxidation
corroborating results from the one-way ANOVA. Previous studies reported higher an-
tioxidant enzyme activity and lower lipid peroxidation when fish are previously treated
with BGs through different administration routes (i.e., i.p. injection; oral route) [46,55,58].
After a toxicological insult, pre-treated fish with barley-derived BG were able to prevent
intestinal Cu-induced lipid peroxidation [46]. Although BGs from the present study differ
in origin and solubility, the observed early (2 weeks) beneficial effect was elicited by all
BG-supplemented feeds, most likely due to the fact that both soluble and particulate BGs
can act as exogenous ROS scavengers. Carballo et al. [59] reported that both a P. tricornutum
chrysolaminarin-rich extract (soluble) and a yeast BG (particulate) show ROS scavenger
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activities. At a longer feeding period (8 weeks), the P. tricornutum-derived BG-groups
showed higher SOD activity and clustered together independently from CTRL and MG.
Furthermore, microalgae BG-treated groups also showed higher thrombocyte numbers.
Although both Phaeo21 and 37 diets were supplemented with BG enriched extracts, other
compounds such as P. tricornutum cell wall fragments might be present in the mixture and
cannot be ruled out as immunomodulators. P. tricornutum cell wall is mainly composed
of sulphated polysaccharides [60], which are known to interact with different toll-like
receptors (TLRs). These compounds might act as antigens recognized by cell surface recep-
tors activating different leucocyte types. In carp, peripheral thrombocytes constitutively
express different TLR genes [61] and have been reported to have phagocytic activity and
the ability to ingest particulate antigens possibly acting as an antigen presenting cell [62].

In the present study, at 2 weeks proliferating cell nuclear antigen (pcna) gene was
down-regulated in the anterior gut of Phaeo37 fed fish. Former studies, report PCNA
protein expression inhibition in mammalian cancer cells treated with different glucans
including laminarin [63,64]. However, intestinal transcriptional changes were more signifi-
cant at 8 weeks, where differences between CTRL and Phaeo37 gene profiles can be found.
Furthermore, Phaeo37 and MG fed groups showed a down-regulation of different genes
when compared to CTRL, namely il10, cx32.2, fcl. Hence, a multivariate analysis was per-
formed (PLS-DA) allowing for a more comprehensive understanding of fish health status,
whereas, at the same time identifying the most responsive gene biomarkers in fish intestine.
VIP analysis with the first two components, highlighted that the top contributing genes
for dietary differences in the gut were immune related (PRR- fcl, cd209d, mrc1, tlr9, lgals1;
Interleukins- il7, il8, il12β, il15, il34; Immunoglobulin production- igt-m; chemokines and
receptors- ccr3, ccr9, ck8/cl20). Phaeo37 dietary treatment caused a general down-regulation
of gene transcription. Therefore, the effect of Phaeo37 supplemented diet was mostly
immunomodulatory inducing a local anti-inflammatory state at molecular level, which as
a consequence led to decreased immune cell activation in the gut. The down-regulation
of intestinal immune-related genes can be understood as an immune tolerance effect that
can be beneficial in an acute inflammation scenario, counterbalancing its negative and
potentially dangerous effects. Falco et al. [25] also found an anti-inflammatory effect in
common carp (Cyprinius carpio L.) intestine, with several inflammatory genes appearing
down regulated when fish were fed a yeast BG supplemented diet for a 2-week period. Fur-
thermore, even after a challenge (i.p. injection) with live bacteria (Aeromonas salmonicida),
fish fed BGs showed decreased intestinal il1b, il6 and tnf-alpha expression, while show-
ing up-regulation in the head-kidney. In this particular case, it seems that BG may be
preventing an acute response to infection in the gut, without compromising the systemic
response. Additionally, the same down-regulation pattern (inflammatory genes) was seen
in the spleen of rainbow trout after 37 days of feeding lentinan (soluble low molecular
weight glucan)-supplemented diets [65]. These findings support the idea that BG can have
localized specific effects depending on the target tissue.

Overall, some discrepancies can be observed among previous works and data gath-
ered in the present study, which can be explained by different BG preparations. While
some studies use crude BG extracts, others use purified compounds differing in molec-
ular weight, branching and solubility. BGs solubility/insolubility seems to play a major
role in ligand/receptor recognition and consequently immune cell activation [66,67]. In
mammals, particulate BGs directly stimulate immune cell activation through a Dectin-1
recognition pathway, while soluble BG require complement-mediated opsonisation to
activate a CR3-dependent pathway [66,68]. Still, in the present work, the particulate BG
diet (MG) showed only mild effects mostly related with oxidative defenses after 2 weeks
of feeding. In addition to solubility, molecular weight can play an important role in the
biological effects of BGs. Different authors have found that in colitis-induced rat models,
the dietary administration of low and high molecular weight oat BGs reduced the inflam-
matory response in colon and also ameliorated the local inflammation [69,70]. However,
these authors found that low molecular mass BGs showed a significantly stronger anti-
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inflammatory effect, through the down-regulation of several pro-inflammatory cytokines
and that the therapeutic effect is in evident relation with the molecular mass of the polymer.
When comparing the different feeds used in the present study, Phaeo21 and 37 extracts
show low molecular mass BGs (chrysolaminarin) [10] while, MG feed is supplemented
with a high molecular weight BG (Baker´s yeast) [71,72]. Furthermore, P. tricornutum
extract supplemented diets although having the same BG concentration, differ in purity,
since Phaeo37 extract has a higher percentage of BGs compared to Phaeo21. Thus, the
combination of low molecular mass BGs and higher extract purity might explain the higher
overall immunomodulatory and oxidative protective effects of Phaeo37 dietary treatment.

In summary, novel feeds with increasingly higher percentages of terrestrial animal-
and plant-derived ingredients have been shown to have anti-nutritional factors that often
cause gut inflammation in fish, a condition that might lead to impaired nutrient absorption
and the disruption of normal microbiota. The use of gut anti-inflammatory compounds can
have special relevance nowadays in aquaculture, both as a prophylactic and therapeutic
measure, as the industry decreases the use of FM, replacing it by the ingredients referred to
above. In this regard, our results indicate that the dietary administration of a P. tricornutum
37% enriched-BG extract might be relevant in a context of extreme dietary formulation due
to its anti-inflammatory and anti-oxidative effects.

4. Materials and Methods

4.1. P. tricornutum Extracts

Chrysolaminarin-rich biomass from P. tricornutum (SAG 1090-1b) grown under nitrogen-
depleted conditions in flat panel airlift reactors was harvested and concentrated via cen-
trifugation to 250–270 g L−1 (Clara 20, Alfa Laval, Lund, Sweden). Afterwards, the
biomass was frozen at −20 ◦C. For further processing, the biomass was thawed and di-
luted to 100 g L−1 with deionized water. The cell disruption was performed according to
Derwenskus, et al. [73] with a ball mill (PML-2, Bühler, Uzwil, Switzerland). Phaeo21 was
freeze dried after cell disruption (VaCo 5, Zirbus, Bad Grund, Germany), while Phaeo37
was centrifuged and the supernatant freeze-dried (Avanti J-26 XP, Beckman Coulter, Brea,
CA, USA).

4.2. Diet Composition

The trial comprised four isonitrogenous (63% crude protein) and isolipidic (17%
crude fat) diets (Table 4). A high-quality, practical diet was used as control (CTRL) and
3 experimental diets based on CTRL were supplemented with either a commercial product
derived from S. cerevisiae (diet MG) or different extracts of P. tricornutum (diets Phaeo21
and Phaeo37), to obtain a final concentration of 0.6 g β-glucans per Kg of feed (0.06%) in all
supplemented diets. Diets were manufactured by SPAROS. All powder ingredients were
mixed according to the target formulation in a double-helix mixer (model RM90, MAINCA,
Barcelona, Spain) and ground (below 200 μm) in a micropulverizer hammer mill (model
SH1, Hosokawa-Alpine, Augsburg, Germany). Subsequently, the oils were added to the
mixtures, which were humidified with 20–25% water and agglomerated by a low-shear
and low-temperature extrusion process (ITALPLAST, West Heidelberg, VIC, Australia).
Extruded pellets (1.5 mm) were dried in a vibrating fluid bed dryer (model DR100, TGC
Extrusion, Roullet-Saint-Estèphe, France). Diets were packed in sealed plastic buckets
and shipped to the research site (Riasearch, Murtosa, Portugal) where they were stored at
room temperature in a cool and aerated emplacement. Samples of each diet were taken for
analytical characterization.
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Table 4. Ingredients and proximate composition of experimental diets.

Ingredients % CTRL MG Phaeo21 Phaeo37

Fishmeal 1 20.00 20.00 20.00 20.00
Fish protein hydrolysate 2 8.00 8.00 8.00 8.00

Squid meal 3 21.00 21.00 21.00 21.00
Krill meal 4 16.50 16.50 16.50 16.50

Wheat gluten 5 11.50 11.50 11.50 11.50
Wheat meal 6 0.29 0.19 0.13

Vitamin and mineral premix 7 2.00 2.00 2.00 2.00
Lecithin 8 4.30 4.30 4.30 4.30
Fish oil 9 6.50 6.50 6.50 6.50

Binders, antioxidant and other additives 10 9.91 9.91 9.91 9.91
Yeast beta-glucans 11 0.10

Algae beta-glucans Phaeo21 12 0.29
Algae beta-glucans Phaeo37 13 0.16

Proximate composition
Dry matter (DM) % 94.60 94.20 94.20 94.50

Ash, % DM 9.60 9.50 9.50 9.50
Crude protein, % DM 62.90 62.80 62.80 62.90

Crude fat, % DM 17.10 17.10 17.10 17.10
Gross energy (kJ g−1 DM) 22.90 22.90 22.90 22.90

1 Super Prime: 66.3% CP, 11.5% CF, Pesquera Diamante, Peru; 2 CPSP 90: 82% CP 9% CF, Sopropêche, France;
3 Squid meal without guts: 83% CP, 4% CF, Sopropêche, France; 4 Krill meal: 61.1% CP, 17.4% CF, Aker Biomarine,
Norway; 5 VITEN: 82% CP, 2.1% CF, Roquette, France; 6 Wheat meal: 10.2% CP; 1.2% CF, MOLISUR, Spain;
7 PREMIX Lda, Portugal: Vitamins (IU or mg/kg diet): DL-alpha tocopherol acetate, 200 mg; sodium menadione
bisulphate, 50 mg; retinyl acetate, 40,000 IU; DL-cholecalciferol, 4000 IU; thiamin, 60 mg; riboflavin, 60 mg;
pyridoxine, 40 mg; cyanocobalamin, 0.2 mg; nicotinic acid, 400 mg; folic acid, 30 mg; ascorbic acid, 1000 mg;
inositol, 1000 mg; biotin, 6 mg; calcium panthotenate, 200 mg; choline chloride, 2000 mg, betaine, 1000 mg.
Minerals (g or mg/kg diet): copper sulphate, 18 mg; ferric sulphate, 12 mg; potassium iodide, 1 mg; manganese
oxide, 20 mg; sodium selenite, 0.02 mg; zinc sulphate, 27.5 mg; sodium chloride, 800 mg; excipient wheat
middling’s; 8 LECICO GmbH, Germany; 9 Sopropêche, France; 10 Confidential blend of constant binders and
other additives; 11 Macrogard, 67.2% beta-glucans, Biorigin, Brazil; 12 Beta-glucan rich biomass of microalgae
(Phaeodactylum tricornutum from SAG culture collection) with 21% beta-glucans; 13 Beta-glucan rich extract of
microalgae (Phaeodactylum tricornutum from SAG culture collection) with 37% beta-glucans.

4.3. Fish Rearing Conditions and Feeding Trial

Fish were reared in a seawater recirculation system with aeration (mean dissolved
oxygen above 6 mg L−1) and water flow at 3 L min−1 (mean temperature 24.1 ± 0.6 ◦C;
mean salinity 18.7 ± 0.1‰). Water quality parameters were monitored daily (mean dis-
solved oxygen 6.4 ± 1.0 mg L−1; mean unionized ammonia levels 0.001 ± 0.002 mg L−1).
Diets were randomly assigned to quadruplicate groups of 95 gilthead seabream juveniles
(initial body weight: 4.1 ± 0.1 g) that were fed to satiation three times a day for 8 weeks
in a pulse-feeding regimen. Accordingly, in fish fed the different experimental diets, the
CTRL diet was intercalated every 2 weeks, as shown in Figure 6.

Figure 6. Schematic overview of the experimental design.
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4.4. Sampling Procedures

Fish were individually weighed at the beginning and after 2 and 8 weeks of the feeding
trial and feed consumption for each experimental replicate was registered daily. After 2
and 8 weeks, three fish per tank were euthanized with a 2-phenoxyethanol lethal dose
(0.5 mL L−1) [74], weighed and sampled for tissues (blood, head-kidney, liver and gut).
Blood was collected from the caudal vein using heparinized syringes and centrifuged at
10,000× g during 10 min at 4 ◦C to obtain plasma samples. Plasma, head-kidney and liver
samples were immediately frozen at −80 ◦C, and anterior intestine was preserved in RNA
later until further analysis.

4.5. Haematological Procedures

Blood smears were prepared from peripheral blood, air dried and stained with
Wright’s stain (Haemacolor; Merck) after fixation for 1 min with formol–ethanol (10%
formaldehyde in ethanol). Neutrophils were labelled through the detection of peroxidase
activity revealed by the Antonow´s technique described by Afonso, et al. [75]. The slides
were examined under oil immersion (1000×), and at least 200 leucocytes were counted
and classified as thrombocytes, lymphocytes, monocytes and neutrophils. The relative
percentage of each cell type was calculated.

4.6. Innate Humoral Parameters

Plasma bactericidal activity was determined following the method described by
Machado, et al. [76] with some modifications. Edwardsiella tarda (E. tarda) strain ACC
53.1, gently provided by Prof. Alicia Toranzo (University of Santiago, Spain) was used
in the protocol. Briefly, 20 μL of plasma were mixed with 20 μL of bacteria suspension
(108 CFU mL−1) in duplicate in a flat-bottom 96-well plate that was incubated for 2.5 h
at 25 ◦C (positive control: 20 μL of TSB instead of plasma). Afterwards, 25 μL of 3-(4,5
dimethyl-2-yl)-2,5-diphenyl tetrazolium bromide (1 mg mL−1; Sigma, St. Louis, MO,
USA) was added to each well and incubated for 10 min at 25 ◦C to allow the formation of
formazan precipitates. Plates were then centrifuged at 2000× g for 10 min, the supernatant
was discarded and the precipitate was dissolved in 200 μL of dimethyl sulfoxide (Sigma,
St. Louis, MO, USA). The absorbance was then measured at 560 nm. Bactericidal activity
is expressed as a percentage calculated from the difference between surviving bacteria
compared to the number of bacteria from positive controls (100%).

Anti-protease activity was determined as described by Ellis et al. [77] with some
modifications. Briefly, 10 μL of plasma were incubated with the same volume of trypsin
solution (5 mg mL−1 in NaHCO3, 5 mg mL−1, pH 8.3) for 10 min at 22 ◦C. After incubation,
100 μL of phosphate buffer (NaH2PO4, 13.9 mg mL−1, pH 7.0) and 125 μL of azocasein
solution (20 mg mL−1 in NaHCO3, 5 mg mL−1, pH 8.3) were added and incubated for
1 h at 22 ◦C. Finally, 250 μL of trichloroacetic acid were added to the reaction mixture
and incubated for 30 min at 22 ◦C. The mixture was centrifuged at 10,000× g for 5 min
at room temperature. Afterwards, 100 μL of the supernatant was transferred to a 96-well
plate and mixed with 100 μL of NaOH (40 mg mL−1). The OD was read at 450 nm in a
Synergy HT microplate reader. Phosphate buffer instead of plasma and trypsin served
as blank, whereas the reference sample was phosphate buffer instead of plasma. The
sample inhibition percentage of trypsin activity was calculated as follows: 100 − ((sample
absorbance/reference absorbance) × 100). All analyses were conducted in duplicate.

Plasma immunoglobulins (IgMs) were measured by an ELISA assay. Briefly, plasma
samples were diluted (1:100) in Na2CO3 (50 mM, pH = 9.6). Diluted plasma samples
(100 μL in duplicate) were incubated overnight (4 ◦C) in a 96 well plate, using Na2CO3
(100 μL) as a negative control. The samples (antigen) were then removed and 300 μL of
blocking buffer (5% low fat milk in 0.1% Tween 20) was added to each well and incubated
for 1 h at 22 ◦C. This mixture was then removed, followed by three consecutive washes
with 300 μL of T-TBS (0.1% Tween 20). After properly cleaning and drying the wells, 100 μL
of the anti-seabream primary IgM monoclonal antibody (1:200 dilution in blocking buffer;
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Aquatic Diagnostics, UK) was added to each well and incubated for 1 h at 22 ◦C. The
primary antibody was then removed by aspiration, with three consecutive washes being
performed. Afterwards, the anti-mouse IgG-HRP, secondary antibody (1:1000 dilution
in blocking buffer; SIGMA), was added and incubated for 1 h at 22 ◦C, then removed by
aspiration. The wells were again washed three times and 100 μL of TMB substrate solution
for ELISA (BioLegend #421101), was added to each well and incubated for 5 min. The
reaction was stopped after 5 min by adding 100 μL of H2SO4 2 M and the optical density
was read at 450 nm.

4.7. Analysis of Oxidative Stress Biomarkers

Liver samples were thawed and homogenized (1:10) in phosphate buffer 0.1 M (pH 7.4)
using Precellys evolution tissue lyser homogenizer.

One aliquot of tissue homogenate was used to determine the extent of endogenous
lipid peroxidation (LPO) by measuring thiobarbituric acid-reactive species (TBARS) as
suggested by Bird and Draper [78]. To prevent artifactual lipid peroxidation, butylhydrox-
ytoluene (BHT 0.2 mM) was added to the aliquot. Briefly, 1 mL of 100% trichloroacetic
acid and 1 mL of 0.73% thiobarbituric acid solution (in Tris–HCl 60 mM pH 7.4 with DTPA
0.1 mM) were added to 0.2 mL of liver homogenate. After incubation at 100 ◦C for 60 min,
the solution was centrifuged at 12,000× g for 5 min and LPO levels were determined at
535 nm.

The remaining tissue homogenate was centrifuged for 20 min at 10,000× g (4 ◦C) to
obtain the post mitochondrial supernatant fraction (PMS). Total proteins in homogenates
were measured by using Pierce™ BCA Protein Assay Kit, as described by the manufacturer.

Catalase (CAT) activity was determined in PMS by measuring substrate (H2O2) con-
sumption at 240 nm according to Claiborne [79] adapted to microplate. Briefly, in a
microplate well, 0.140 mL of phosphate buffer (0.05 M pH 7.0) and 0.150 mL H2O2 so-
lution (30 mM in phosphate buffer 0.05 M pH 7.0) were added to 0.01 mL of liver PMS
(0.7 mg ml−1 total protein). Enzymatic activity was determined in a microplate reader
(BioTek Synergy HT) reading the optical density at 240 nm for 2 min every 15 sec interval.

Superoxide dismutase (SOD) activity was measured according to Flohé and Otting [80]
adapted to microplate by Lima, et al. [81]. Briefly, in a microplate well, 0.2 mL of the
reaction solution [1 part xantine solution 0.7 mM (in NaOH 1 mM) and 10 parts cytochrome
c solution 0.03 mM (in phosphate buffer 50 mM pH 7.8 with 1 mM Na-EDTA)] was added
to 0.05 mL of liver PMS (0.25 mg ml−1 total protein). Optical density was measured at
550 nm in a microplate reader (BioTek Synergy HT, Winooski, VT, USA) every 20-s interval
for 3 min at 25◦ C.

Total glutathione (tGSH) content was determined with PMS fraction at 412 nm using
a recycling reaction of reduced glutathione (GSH) with 5,5-dithiobis-(2-nitrobenzoic acid)
(DTNB) in the presence of glutathione reductase (GR) excess [82,83]. TG content is calcu-
lated as the rate of TNB2- formation with an extinction coefficient of DTNB chromophore
formed, ε = 14.1 × 103 M−1cm−1.

4.8. Gene Expression

Total RNA isolation from target tissue (anterior intestine) was conducted with NZY
Total RNA Isolation kit (NZYTech, Lisbon, Portugal) following the manufacturer’s spec-
ifications. Reverse transcription (RT) of 500 ng total RNA was performed with random
decamers using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s instructions. RT reactions were
incubated for 10 min at 25 ◦C and 2 h at 37 ◦C. Negative control reactions were run with-
out reverse transcriptase. Real-time quantitative PCR was carried out on a EpMotion
5070 Liquid Handling Robot (Eppendorf, Hamburg, Germany) using a 96-well PCR array
layout with 44 genes designed for simultaneously profiling of anterior intestine (Table 5).
Genes comprised in the array were selected for their involvement in gut integrity, health,
immunity and signal transduction. Specific primer pair sequences are listed in Table S3.
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Controls of general PCR performance were included on each array, and all the pipetting
operations performed by means of the EpMotion 5070 Liquid Handling Robot (Eppendorf,
Hamburg, Germany). Briefly, RT reactions were diluted to obtain the equivalent concen-
tration of 660 pg of total input RNA which were used in a 25-μL volume for each PCR
reaction. PCR wells contained a 2× SYBR Green Master Mix (Bio-Rad) and specific primers
at a final concentration of 0.9 μM were used to obtain amplicons 50–150 bp in length. The
program used for PCR amplification included an initial denaturation step at 95 ◦C for
3 min, followed by 40 cycles of denaturation for 15 s at 95 ◦C and annealing/extension
for 60 s at 60 ◦C. The efficiency of PCR reactions was always higher than 90%, and neg-
ative controls without sample templates were routinely performed for each primer set.
The specificity of reactions was verified by analysis of melting curves (ramping rates of
0.5 ◦C/10 s over a temperature range of 55–95 ◦C), and linearity of serial dilutions of RT
reactions. Fluorescence data acquired during the PCR extension phase were normalized
using the delta–delta Ct method [84]. Beta-actin (actb) was tested for gene expression
stability using GeNorm software (M score = 0.13) and it was used as housekeeping gene
in the normalization procedure. For comparing the mRNA expression level of a panel of
genes in a given dietary treatment, all data values were in reference to the expression level
of claudin 12 (cldn12) in CTRL fish, which was arbitrarily assigned a value of 1.

Table 5. PCR-array layout for gene expression profiling of anterior intestine in seabream.

Function Gene Symbol GenBank

Epithelia integrity proliferating cell nuclear antigen pcna KF857335
transcription factor HES-1-B hes1-b KF857344

krueppel-like factor 4 klf4 KF857346
claudin-12 cldn12 KF861992
claudin-15 cldn15 KF861993
cadherin-1 cdh1 KF861995

cadherin-17 cdh17 KF861996
tight junction protein ZO-1 tjp1 KF861994

desmoplakin dsp KF861999
gap junction Cx32.2 protein cx32.2 KF862000

coxsackievirus and adenovirus receptor homolog cxadr KF861998

Nutrient transport intestinal-type alkaline phosphatase alpi KF857309
liver type fatty acid-binding protein fabp1 KF857311
intestinal fatty acid-binding protein fabp2 KF857310

ileal fatty acid-binding protein fabp6 KF857312

Mucus production mucin 2 muc2 JQ277710
mucin 13 muc13 JQ277713

Interleukins tumor necrosis factor-alpha tnf-alpha AJ413189
interleukin 1 beta il1b AJ419178

interleukin 6 il6 EU244588
interleukin 7 il7 JX976618
interleukin 8 il8 JX976619
interleukin 10 il10 JX976621

interleukin 12 subunit beta il12b JX976624
interleukin 15 il15 JX976625
interleukin 34 il34 JX976629

Cell markers cluster differentiation 4 cd4 AM489485
cluster differentiation 8 beta cd8b KX231275
C-C chemokine receptor 3 ccr3 KF857317
C-C chemokine receptor 9 ccr9 KF857318

C-C chemokine receptor 11 ccr11 KF857319
C-C chemokine ck8/C-C motif chemokine ligand 20 ck8/ ccl20 GU181393

macrophage colony-stimulating factor 1 receptor csf1r AM050293

Ig production immunoglobulin M igm JQ811851
immunoglobulin T membrane-bound form igt-m KX599201

159



Mar. Drugs 2021, 19, 653

Table 5. Cont.

Function Gene Symbol GenBank

Pathogen associated galectin 1 lgals1 KF862003
microbial pattern galectin 8 lgals8 KF862004

(PAMP) toll like receptor 2 tlr2 KF857323
toll like receptor 5 tlr5 KF857324
toll like receptor 9 tlr9 AY751797

CD209 antigen-like protein D cd209d KF857327
CD302 antigen cd302 KF857328

macrophage mannose receptor 1 mrc1 KF857326
fucolectin fcl KF857331

4.9. Data Analysis

All results are expressed as mean ± standard error (mean ± SE). Residuals were tested
for normality (Shapiro–Wilk´s test) and homogeneity of variance (Levene’s test). When
residuals did not meet the assumptions, data were transformed by a Box-Cox transforma-
tion. One-way ANOVAs were performed for all datasets, with “dietary treatment” as the
fixed effect, followed by multiple comparison Tukey post-hoc tests. The factor “time” was
not considered in the analysis since it is not a goal of the study to evaluate how time affects
the measured variables, and groups were treated independently for 2 and 8 weeks.

In an attempt to discriminate and classify individuals by the existing groups, a mul-
tivariate canonical discriminant analysis was performed on the physiological dataset
(obtained from blood, plasma and liver tissues analyses) to evaluate the linear combina-
tions of the original variables that will best separate the groups (discriminant functions).
Each discriminant function explains part of total variance of the dataset and is loaded
by variables contributing the most for that variation. Discriminatory effectiveness was
assessed by Wilk’s λ test, and the distance between groups’ centroids was measured by
squared Mahalanobis distance, and Fisher’s F statistic was applied to infer significance. All
statistical analyses were performed using the computer package SPSS 26 for WINDOWS.

Gene expression results were evaluated with an unsupervised multivariate analysis
by principal component analysis (PCA) as an unbiased statistical method to observe
intrinsic trends in the dataset, using EZ-INFO® v3.0 (Umetrics, Sweden). To achieve the
maximum separation among the groups, a supervised multivariate analysis by partial
least-squares discriminant analysis (PLS-DA) was sequentially applied, using EZ-INFO®

v3.0 (Umetrics, Umeå, Sweden). Potential differential genes were selected according
to the Variable Importance in the Projection (VIP) values. Variables with VIP > 1 were
considered to be influential for the separation of samples in PLS-DA analysis [85–87]. The
level of significance used was p ≤ 0.05 for all statistical tests. Heat map of transcript
levels were produced with the R package gplots, using the average linkage method and
Euclidean distance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/md19120653/s1, Table S1. Relative gene expression profiling of anterior intestine in gilthead
seabream juveniles fed experimental diets for 2 weeks; Table S2. Relative gene expression profiling of
anterior intestine in gilthead seabream juveniles fed experimental diets for 8 weeks; Table S3: Primers
for qPCR amplification in seabream.
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Abstract: Species of Schizochytrium are well known for their remarkable ability to produce lipids
intracellularly. However, during their lipid accumulation, reactive oxygen species (ROS) are gen-
erated inevitably as byproducts, which if in excess results in lipid peroxidation. To alleviate such
ROS-induced damage, seven different natural antioxidants (ascorbic acid, α-tocopherol, tea extract,
melatonin, mannitol, sesamol, and butylated hydroxytoluene) were evaluated for their effects on
the lipid accumulation in Schizochytrium sp. PKU#Mn4 using a fractional factorial design. Among
the tested antioxidants, mannitol showed the best increment (44.98%) in total fatty acids concen-
tration. However, the interaction effects of mannitol (1 g/L) and ascorbic acid (1 g/L) resulted in
2.26 ± 0.27 g/L and 1.45 ± 0.04 g/L of saturated and polyunsaturated fatty acids (SFA and PUFA),
respectively, in batch fermentation. These concentrations were further increased to 7.68 ± 0.37 g/L
(SFA) and 5.86 ± 0.03 g/L (PUFA) through fed-batch fermentation. Notably, the interaction effects
yielded 103.7% and 49.6% increment in SFA and PUFA concentrations in batch fermentation. The
possible mechanisms underlining those increments were an increased maximum growth rate of strain
PKU#Mn4, alleviated ROS level, and the differential expression of lipid biosynthetic genes andupreg-
ulated catalase gene. This study provides an applicable strategy for improving the accumulation of
SFA and PUFA in thraustochytrids by exogenous antioxidants and the underlying mechanisms.

Keywords: thraustochytrids; antioxidants; saturated fatty acids; polyunsaturated fatty acids; reactive
oxygen species; transcriptomics

1. Introduction

Thraustochytrids are marine unicellular heterotrophic protists that can naturally accu-
mulate lipids up to 55% of their dry biomass [1] and are promising cell factories for high-
value polyunsaturated fatty acids (PUFA), saturated fatty acids (SFA), and terpenoids [2].
The thraustochytrid strains belonging to genera Aurantiochytrium, Schizochytrium, and
Thraustochytrium are particularly known for their extraordinary ability to produce lipids
during glucose or glycerol fermentation [3–6]. Over the past two decades, several strate-
gies towards enhancing the production of high-value fatty acids in oleaginous thraus-
tochytrids were reported [7–12]. The environmental stressors inducing cellular stress in
thraustochytrids, such as nitrogen starvation [13,14] and low temperature [15,16], are tradi-
tionally employed in improving the biomass and fatty acids content. However, the major
limitation of most enhancement strategies is that they also induce intracellular accumula-
tion of reactive oxygen species (ROS), which are reported to inhibit growth and lower the
fatty acids content [17].
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Considerable efforts were made in the past few decades to optimize the culture condi-
tions for the efficient production of fatty acids by oleaginous microalgae [18]. Particularly,
strategies based on ROS regulation were recently proposed to avoid the undesirable cell
death and peroxidation of fatty acids induced by excessive ROS [18,19]. For example, the
manipulation of the enzymatic antioxidant system through the overexpression of superox-
ide dismutase has shown up to a 38.5% decline in ROS level along with 32.9% higher PUFA
production in the engineered strain of Schizochytrium sp. [20]. Similarly, an exogenous
superoxide reductase gene expression in cyanobacteria also suppressed ROS accumulation
and lipid peroxidation [21]. However, public health concerns over genetically modified
strains limit the application of such strategies in the nutraceutical industry.

Approaches that enhance the intracellular antioxidant capacity seem promising for
overcoming the ROS-induced adverse effects. One such approach towards the manipula-
tion of antioxidant capacity includes the application of antioxidant supplementation [22].
Exogenous antioxidants such as ascorbic acid, phenolic compounds, etc., are reported as
an important component of the ROS scavenging system [23]. These compounds could
alleviate ROS levels by acting as an electron donor or by suppressing ROS generation
through the chelation of transition metal ions [24]. Previous studies have shown promising
results of exogenous antioxidants on the growth and lipid production in microalgae. For
instance, the addition of melatonin lowered the ROS levels in Monoraphidium sp. QLY-1 and
increased lipid accumulation by 1.22-fold [25]. The addition of sesamol increased the cell
growth and PUFA synthesis in Crypthecodinium cohnii [26]. With the exogenous addition of
ascorbic acid (9 g/L), the yield of docosahexaenoic acid (DHA) was increased by 30.4% in
Schizochytrium sp. [27]. Similarly, the addition of flaxseed oil [28] or propyl gallate [29] to
the culture medium of Schizochytrium sp. significantly improved the DHA yield or lipid
accumulation, respectively. However, most of these studies focused on the evaluation of
singular antioxidants and not on the interaction effects of mixed antioxidants. Moreover,
the mechanisms reinforcing the elevated accumulation of lipids in thraustochytrids as a
result of exogenous antioxidants addition remain poorly understood.

In this study, seven different inexpensive, natural antioxidants were screened for their
effects on the cell growth and lipid production capacity of Schizochytrium sp. PKU# Mn4.
The optimal levels of the best antioxidants and their interaction effects were determined
and the possible mechanisms underlining the effects of antioxidant supplementation were
also investigated. This study provides several lines of evidence that suggest that the
supplementation of exogenous antioxidants is an effective strategy towards improving the
accumulation of SFA and PUFA in thraustochytrids.

2. Results

2.1. Screening Potential Antioxidants

The ANOVA models for dry cell weight (DCW) and total fatty acids (TFA) yield were
found to be significant (p < 0.05) in the 2-level fractional factorial design (FFD) screening
experiment (Tables 1 and 2). α-tocopherol and mannitol were significant model terms
(p < 0.05) for DCW, while α-tocopherol, melatonin, and ascorbic acid interactions with
mannitol, butylated hydroxytoluene (BHT), or sesamol were significant (p < 0.05) terms
for TFA yield. The antioxidants, namely α-tocopherol, melatonin, and mannitol with
significant effects on the DCW and TFA yield were selected for further concentration
optimization experiments.

166



Mar. Drugs 2021, 19, 559

Table 1. Low- and high-level concentrations of individual antioxidants.

Factor Antioxidant Low Level (−1) High Level (+1)

A Ascorbic acid 9.0 g/L 13.5 g/L
B α-tocopherol 0.50 g/L 0.75 g/L
C Tea extract 0.50 g/L 0.75 g/L
D Melatonin 0.25 mg/L 0.375 mg/L
E Mannitol 1.0 g/L 1.5 g/L
F Sesamol 70 mg/L 105 mg/L
G BHT 2 mg/L 3 mg/L

Table 2. Significance of ANOVA model terms for the response variables DCW and TFA yield.

Source p-Value Source p-Value

Response 1: DCW (g/L) Response 2: TFA (mg/g DCW)

Model 0.0447 Model 0.0180
A: ascorbic acid 0.3917 A: ascorbic acid 0.6802
B: α-tocopherol 0.0406 B: α-tocopherol 0.0203

C: tea extract 0.1094 D: melatonin 0.0206
D: melatonin 0.1397 E: mannitol 0.1194
E: mannitol 0.0141 F: sesamol 0.1643
F: sesamol 0.4890 G: BHT 0.6473

AE 0.1069 AE 0.0487
AF 0.1061 AF 0.0166

AG 0.0047
BD 0.0697

2.2. Effects of Different Concentrations of Single Antioxidants

The concentration optimization of α-tocopherol, melatonin, and mannitol revealed
that these exogenous antioxidants show concentration-dependent effects. While these
antioxidants showed little impact on DCW (Figure S1), their effects on the TFA accu-
mulation were significant (Figure 1). The supplementation of α-tocopherol at 50 mg/L
increased the TFA concentration by 45.85% (2.12 ± 0.10 g/L), and the PUFA and SFA
concentrations by 70.85% (1.13 ± 0.07 g/L) and 26.21% (0.96 ± 0.04 g/L), respectively.
With the optimal melatonin concentration (0.4 mg/L), the TFA concentration increased by
33.55% (1.94 ± 0.06 g/L), and the PUFA and SFA concentrations increased by 35.71%
(0.90 ± 0.03 g/L) and 32.18% (1.0 ± 0.02 g/L), respectively. On the other hand, the
optimal mannitol concentration (1.0 g/L) increased the TFA concentration by 44.98%
(2.22 ± 0.19 g/L), and the PUFA and SFA concentrations by 56.31% (1.03 ± 0.11 g/L) and
28.96% (1.13 ± 0.08 g/L), respectively. Of these three tested antioxidants, the supplementa-
tion of mannitol (1.0 g/L) yielded the best TFA concentration.
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Figure 1. Effects of α-tocopherol, melatonin, and mannitol on the concentrations of different
fatty acids accumulated by Schizochytrium PKU#Mn4 in batch culture. The data are expressed
as mean ± SD of triplicate experiments.

2.3. Interaction Effects of Ascorbic Acid and Mannitol in Batch Culture

The DCW and TFA concentration declined with the increasing concentration of ascor-
bic acid in the mannitol and ascorbic acid supplement (Table 3). With the mannitol (1 g/L)
and ascorbic acid (1 g/L) supplementation (MA), the DCW and TFA concentration in-
creased by up to 54.1% (8.49 ± 0.18 g/L) and 78.2% (3.78 ± 0.26 g/L), respectively. The
TFA produced with MA constituted 2.26 ± 0.27 g/L SFA, 1.45 ± 0.04 g/L PUFA, and
0.08 ± 0.01 g/L MUFA, which increased by 103.7%, 49.6%, and 82.0%, respectively. Fur-
thermore, the addition of ascorbic acid at the concentration range of 1 to 6 g/L showed a
notable rise in the SFA/PUFA ratio when compared with that without supplementation.

Table 3. Interaction effects of various combinations of antioxidants on the biomass and fatty acids production in batch
culture of Schizochytrium PKU#Mn4.

Treatment DCW (g/L) MUFA (g/L) SFA (g/L) PUFA (g/L) SFA/PUFA

Control 5.89 ± 0.23 0.03 ± 0.00 0.88 ± 0.11 0.66 ± 0.08 1.32

Mannitol (1 g/L) 5.51 ± 0.33 0.04 ± 0.01 1.11 ± 0.17 0.97 ± 0.13 1.14

Mannitol (1 g/L) + Ascorbic acid (1 g/L) 8.49 ± 0.18 0.08 ± 0.01 2.26 ± 0.27 1.45 ± 0.04 1.56

Mannitol (1 g/L) + Ascorbic acid (2 g/L) 7.96 ± 0.28 0.06 ± 0.01 2.26 ± 0.07 1.19 ± 0.09 1.89

Mannitol (1 g/L) + Ascorbic acid (3 g/L) 6.79 ± 0.12 0.04 ± 0.00 1.87 ± 0.16 1.01 ± 0.14 1.85

Mannitol (1 g/L) + Ascorbic acid (6 g/L) 4.67 ± 0.33 0.04 ± 0.00 1.31 ± 0.19 0.73 ± 0.07 1.80

Mannitol (1 g/L) + Ascorbic acid (9 g/L) 3.38 ± 0.00 0.02 ± 0.00 0.79 ± 0.06 0.59 ± 0.02 1.35

Mannitol (1 g/L) + Ascorbic acid (12 g/L) 1.84 ± 0.03 0.01 ± 0.00 0.45 ± 0.02 0.34 ± 0.03 1.32

Mannitol (1 g/L) + Ascorbic acid (15 g/L) 1.22 ± 0.02 0.01 ± 0.00 0.29 ± 0.02 0.28 ± 0.03 1.07

Note: The results are expressed as mean ± SD of triplicate experiments.

The time course of DCW, SFA, and PUFA concentrations upon MA supplementation
exhibited sigmoid patterns (Figure 2), and the modified Gompertz model fitted these data
well (Figure S2). The model predicted a maximum growth rate of 0.118 g/L·h−1 for the
culture with the supplement, which was 15.7% higher than that of the culture without the
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supplement (Table 4). Similarly, the model also predicted the maximum accumulation rates
of SFA and PUFA to be 0.047 g/L·h−1 and 0.056 g/L·h−1, respectively, which were 123.8%
and 86.7% higher than that of without supplementation. Both experimental (Figure 2) and
predicted (Figure S2) data revealed a marked increase in DCW, SFA, and PUFA concentra-
tions of the culture with supplementation compared with that of without supplementation
from 36 h until the end of fermentation.

Table 4. Estimates of modified Gompertz model parameters after fitting experimental data.

Dependent Variable a (g/L) R (g/L·h−1) λ (h) Residual Standard Error

DCW
w/o MA 5.799 *** 0.102 *** −1.791 0.2223

w/MA 9.276 *** 0.118 *** 3.478 0.2045

SFA
w/o MA 0.977 *** 0.021 *** 1.763 0.0434

w/MA 2.191 *** 0.047 *** 9.832 * 0.1017

PUFA
w/o MA 0.729 *** 0.030 *** 9.069 *** 0.0194

w/MA 1.369 *** 0.056 ** 13.723 ** 0.0948

Note: ‘w/o MA’ and ‘w/MA’ stand for without and with mannitol (1 g/L) and ascorbic acid (1 g/L) supplementation; significance codes:
*** 0.001, ** 0.01, * 0.05.

 
Figure 2. Time course of dry cell weight and concentrations of fatty acids accumulated by
Schizochytrium PKU#Mn4 in batch culture supplemented with mannitol (1 g/L) and ascorbic acid
(1 g/L) mixture. ‘w/o MA’ and ‘w/MA’ stand for without and with mannitol (1 g/L) and ascorbic
acid (1 g/L) supplementation. The data are expressed as mean ± SD of triplicate experiments.

The time course of intracellular ROS level in the batch culture with and without MA
supplementation exhibited somewhat different patterns (Figure 3). Without the supple-
ment, the ROS level declined until the first 24 h but increased thereafter until the end
of fermentation. Whereas, with the supplement, the ROS level decreased until 48 h and
then increased gradually until the end of fermentation. Notably, the ROS levels were
significantly (p < 0.05) lower in the culture with MA supplementation from 36 h until the
end of fermentation.

169



Mar. Drugs 2021, 19, 559

2.4. Effects of Mannitol and Ascorbic Acid Supplemention on Fed-Batch Culture

In the fed-batch fermentation, the accumulation of the fatty acid with supplementation
increased until the end of fermentation (i.e., day 8), while their accumulation without sup-
plementation increased only until day 6 of fermentation (Figure 4). The maximum growth
with or without MA was achieved at the same time (i.e., day 6); however, the growth with
MA remained significantly higher from day 4 until the end of the fermentation. The maxi-
mum DCW achieved with MA in fed-batch fermentation was 25.03 ± 0.51 g/L, an increase
of 19.71%. The accumulation patterns of SFA and PUFA were strongly (p < 0.001) correlated
with the growth patterns during fermentation with and without MA. However, the accumu-
lation of these fatty acids was generally better with MA. The MA supplementation yielded
the maximum SFA and PUFA concentrations of 7.68 ± 0.37 g/L and 5.86 ± 0.03 g/L, which
were 38.1% and 40.2% greater than that of the culture without MA supplementation.

2.5. Effects of Mannitol and Ascorbic Acid Supplementation at the Transcriptome Level

The transcriptome-level changes were analyzed for the cells harvested from the culture
samples collected at 48 h of batch fermentation. A total of 33,813,639 (with MA group)
and 21,621,092 (without MA group) clean reads were obtained, and over 94.42% and
93.42% of these reads were mapped to the reference genome. Further analyses identified
1210 differentially expressed genes (DEGs), of which 577 and 633 were upregulated and
downregulated in the group with MA supplementation, respectively. The DEGs were
further annotated against the GO database for functional information, which revealed that
39.79%, 36.81%, and 23.4% of the DEGs belonged to the biological process category, cellular
component, and molecular function, respectively (Figure S3).

 

Figure 3. Time course of intracellular ROS levels in the batch culture of Schizochytrium PKU# Mn4
supplemented with mannitol (1 g/L) and ascorbic acid (1 g/L) mixture. * indicates the data have
statistical significance at p < 0.05. ‘w/o MA’ and ‘w/MA’ stand for without and with manni-
tol (1 g/L) and ascorbic acid (1 g/L) supplementation. The data are expressed as mean ± SD of
triplicate experiments.
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Figure 4. Time course of dry cell weight and concentrations of fatty acids accumulated by
Schizochytrium PKU#Mn4 in fed-batch culture (5 L) supplemented with the antioxidant mixture
(MA). ‘w/o MA’ and ‘w/MA’ stand for without and with mannitol (1 g/L) and ascorbic acid (1 g/L)
supplementation. The data are expressed as mean ± SD of triplicate experiments.

Several DEGs and transcripts related to the generation of acetyl-CoA and malonyl-CoA
were upregulated, including genes encoding glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), pyruvate dehydrogenase transcripts (PDHX1, PDHX2, and PDHB), malonate-
semialdehyde dehydrogenase (ALDH6A1), and acetyl-CoA carboxylase (ACC) (Figure 5).
Two transcripts of the ketoacyl-reductase (KR) gene involved in the biosynthesis of fatty
acids from the pool of acetyl-CoA and malonyl-CoA were also upregulated. However, one
transcript of the KR gene and two genes encoding ω-3 desaturase (FAD3) and polyketide
synthase (PKS) were downregulated at the same time. Furthermore, two transcripts encod-
ing diacylglycerol pyrophosphate phosphatase 1 (DPP11 and DPP12) and one transcript
encoding glycerol-3-phosphate O-acyltransferase 1 (GPAT1) involved in the process of
lipid biosynthesis were upregulated. While the gene encoding triacylglycerol lipase (LIP)
was downregulated concurrently.
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Figure 5. Differentially abundant genes and transcripts involved in lipid metabolism and ROS
detoxification upon supplementation of mannitol (1 g/L) and ascorbic acid (1 g/L) mixture in batch
fermentation. The solid and dotted black arrows indicate single-step and multiple-step pathways,
respectively. The red solid arrow indicates the route of ROS-induced lipid peroxidation and the
green solid arrow indicates the routes for reduction in ROS. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; PDHX, pyruvate dehydrogenase complex; PDHB, pyruvate dehydrogenase E1
component subunit beta; ALDH6A1, malonate-semialdehyde dehydrogenase; ACC, acetyl-CoA
carboxylase; FAD3, ω-3 desaturase; KR, ketoacyl-reductase; PKS, polyketide synthase; ACAT, acetyl-
CoA acetyltransferase; DPP1, diacylglycerol pyrophosphate phosphatase 1; GPAT1, glycerol-3-
phosphate O-acyltransferase 1; GPAT2, glycerol-3-phosphate O-acyltransferase 2; LIP, triacylglycerol
lipase; ERG3, delta(7)-sterol 5(6)-desaturase; MESO1, methylsterol monooxygenase; PDS, phytoene
desaturase; HMGS, hydroxymethylglutaryl-CoA synthase; CAT, catalase.

In addition to the genes and transcripts involved in the lipid biosynthetic pathway,
certain genes and transcripts encoding enzymes that catalyze the biosynthesis of steroids
and carotenoids were also differentially expressed. Those included three transcripts of
gene encoding delta(7)-sterol 5(6)-desaturase (ERG31, ERG32, and ERG33), and genes
encoding methylsterol monooxygenase 1 (MSMO1), phytoene desaturase (PDS), and
hydroxymethylglutaryl-CoA synthase (HMGS), which were all upregulated. Further-
more, the gene encoding the enzyme catalase (CAT), which neutralizes hydrogen peroxide,
was upregulated.
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3. Discussion

3.1. Antioxidants Affect Growth and Fatty Acids Accumulation

The supplementation of antioxidants during fermentation were one of the most ef-
fective strategies to control the intracellular ROS levels and improve the production of
fatty acids for several microbial strains [22]. In this study, the effects of seven different
antioxidants and their interactions on the growth and fatty acid production were first eval-
uated and then the optimal concentrations of the potential antioxidants were determined.
The most potent antioxidants, namely α-tocopherol, mannitol, and melatonin, at their
optimal concentrations could significantly improve the production of fatty acids (Figure 1).
However, each of these antioxidants yielded different effects on the accumulation of SFA
and PUFA. For example, the supplementation of α-tocopherol and mannitol increased
the accumulation of PUFA more than SFA, while the melatonin addition uniformly raised
the accumulation of SFA and PUFA. Such differential effects of antioxidants can be useful
while manipulating the selective fatty acid production for application in the biodiesel or
nutraceuticals industry.

This study revealed that not all seven antioxidants are effective in improving the
accumulation of the fatty acids in the strain PKU#Mn4. For instance, BHT was reported to
enhance the lipid content of Haematococcus pluvialis LUGU and stimulate lipid accumula-
tion in Schizochytrium sp. S31 [29,30]. However, in this study, the BHT supplementation
did not show a promising effect on the lipid production of strain PKU#Mn4. Similarly,
ascorbic acid, which was previously reported to improve the yield of certain PUFA in
Schizochytrium sp. HX-308 by 30.44% [27], did show any significant effects on the accumu-
lation of fatty acids in strain PKU#Mn4. Nevertheless, our results showed that melatonin,
which was previously investigated for its application in improving fatty acid productivity
in autotrophic microalgae [31–33], could markedly increase the accumulation of SFA and
PUFA in thraustochytrids.

Based on the ANOVA results of the 2-level FFD experiment (Table 1), we evaluated the
potential interaction effects of mannitol and ascorbic acid mixture by varying the concen-
tration of ascorbic acid in the mixture. Our results suggested that the interaction between
these two antioxidants could significantly promote the accumulation of SFA and PUFA
under both batch and fed-batch fermentation conditions. Furthermore, it was realized that
alleviation of ROS level during fermentation (Figure 3), and increased maximum growth
rate of strain PKU#Mn4 (Table 4) were probable physiological mechanisms underlining the
increased growth and accumulation of SFA and PUFA with MA supplement.

3.2. Exogenous Antioxidants Trigger Differential Expression of Lipid Biosynthetic Genes

The possible molecular mechanisms supporting the increased accumulation of fatty
acids with MA supplementation were inferred by identifying the DEGs involved in lipid
metabolism. Several DEGs were identified which catalyze reactions in the acetyl-CoA, fatty
acids, lipids, steroids, and carotenoid biosynthetic pathways. One of those DEGs, encoding
acetyl-CoA carboxylase, catalyzes the conversion of acetyl-CoA to malonyl-CoA—the rate-
limiting step of fatty acid biosynthesis [34]. The upregulation of this gene and concomitant
increase of fatty acids observed in the present study was in close agreement with the previ-
ous studies which have shown that increased expression of acc gene increases the precursor
pool and promotes fatty acid biosynthesis [35–37]. Furthermore, the downregulation of the
gene encoding enzyme LIP, which catalyzes the hydrolysis of triacylglycerols, suggested
that antioxidant supplement may also suppress lipid degradation in strain PKU#Mn4.
Overall, our study provides evidence that the MA supplementation can upregulate the
build-up of the acetyl-CoA pool, and simultaneously suppress the oxidation of fatty acids,
thereby increasing the accumulation of SFA and PUFA in thraustochytrids.

The importance of exogenous antioxidants supplementation in cellular ROS scav-
enging is well established [23]. However, it is not clear through which mechanisms the
exogenous antioxidants alleviate cellular ROS levels. Previous studies have reported that
exogenous melatonin alleviates the ROS level, suppresses lipid peroxidation, and elevates
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the activity of antioxidant enzymes in Monoraphidium sp. QLY-1 [25]. The addition of fulvic
acid and EDTA during the cultivation of Schizochytrium sp. HX-308 showed a 44.7% and
81.9% increase in the activities of superoxide dismutase and catalase [19]. Along similar
lines, our study revealed that the addition of exogenous antioxidants leads to the upreg-
ulation of catalase in strain PKU#Mn4, which is one of the key antioxidant enzymes that
mediates intracellular ROS scavenging.

In conclusion, the interaction effects of 1 g/L each of mannitol and ascorbic acid
could significantly augment growth, SFA, and PUFA accumulation, and also alleviate the
ROS level during fermentation. More importantly, the findings of this study significantly
advance the knowledge about the mechanisms that underpin the upscaled accumulation
of lipids in thraustochytrids under the influence of exogenous antioxidants.

4. Materials and Methods

4.1. Microorganism and Batch Fermentation

Schizochytrium sp. PKU#Mn4, previously isolated from the Pearl River Delta region of
China [38], was used in this study. The strain was maintained on 1% modified Vishniac’s
(MV) agar plates at room temperature and subcultured every 4 weeks [39].

Seed culture medium and conditions were used as described in our previous study [20].
A 5% (v/v) seed culture was transferred to a 100 mL shake flask containing 40 mL of
fermentation medium and cultured at 28 ◦C with a constant orbital shaking speed of
170 rpm for 4 days. The fermentation medium contained 40 g/L glycerol, 2.5 g/L yeast
extract, 0.25 g/L KH2PO4, and 33 g/L sea salt [40]. A 10× stock solution of each antioxidant
was prepared by dissolving in water or ethanol (EtOH) based on its solubility and then
filtered before addition into the medium. Ascorbic acid, mannitol, and tea extracts were
dissolved in water, while α-tocopherol, melatonin, sesamol, and BHT were dissolved in
ethanol. A control flask was prepared to contain an equal amount of water or ethanol.

4.2. Experimental Design and Statistical Analyses

Seven different natural antioxidants, namely ascorbic acid, α-tocopherol, tea extract,
melatonin, mannitol, sesamol, and BHT were screened based on a two-level FFD (Table 1).
According to the FFD, the total number of experimental runs was 16 (Table S1), each carried
out in triplicate. The antioxidant compounds were added to the fermentation culture and
not to the seed culture. The response variables, DCW (g/L), and TFA yield (mg/g DCW),
for each run, were measured at 96 h of batch cultivation. Design-Expert software (version
10.0.7, Stat-Ease Co. Inc., Minneapolis, MN, USA) was used for the experimental design
and regression analysis of the experimental data. A modified Gompertz model [41] was
fitted to the experimental data to estimate the parameters a (maximum growth potential,
g/L), R (maximum growth rate, g/L·h−1), and λ (lag time, h) using R software (version
4.0.0, https://www.r-project.org, accessed on 8 May 2019).

4.3. Quantification of Dry Cell Weight and Fatty Acids

The cells in the culture broth were collected, lyophilized, and their dry weight was
determined following the procedures described in our previous study [20]. Using the
lyophilized cells (30 mg), a one-step transesterification process was performed to prepare
the fatty acids methyl esters (FAMEs) [20], which were then resolved on a gas chromatog-
raphy 7890B (Agilent Technologies, Santa Clara, CA, USA) system equipped with DB-23
capillary column (60 m × 0.25 μm × 0.32 μm) (Agilent Technologies, Santa Clara, CA, USA)
and nitrogen as the carrier gas. The FAMEs were quantified by comparing the retention
time of each peak with the one in 37 Component FAME Mix Standard (Supelco Co. Inc.,
Bellefonte, PA, USA). C16:0 was the major SFA constituent, C22:6 and C22:5 were the major
PUFA constituents, and C14:1, C15:1, and C17:1 were the MUFA constituents.
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4.4. Determination of Intracellular ROS

The intracellular ROS levels were measured with ROS Assay Kit (Beyotime Biotech-
nology, Shanghai, China) following the manufacturer’s instructions. In brief, 1 × 106

to 2 × 107 cells were harvested by centrifugation at 4000 rpm for 10 min, and the pel-
let was then washed and re-suspended in 1 mL artificial seawater. One μL of 2′-7′-
dichlorofluorescin diacetate (DCFH-DA) was added to the cell suspension and incubated
at 37 ◦C for 20 min. After DCFH-DA treatment, the cell suspension was washed thrice with
artificial seawater to remove the excess DCFH-DA. The fluorescence intensity was detected
with a fluorescence spectrophotometer (F97 Pro, Lengguang Technology Co. Inc., Shanghai,
China) at the excitation and emission wavelengths of 488 nm and 525 nm, respectively.

4.5. Fed-Batch Fermentation

Fed-batch fermentation was performed in a 5-L bioreactor (Shanghai Dong Ming
Industrial Co. Ltd., Shanghai, China) at 28 ◦C for 8 days as described in our previous
study [40]. In brief, 300 mL seed culture was prepared as described in Section 4.1 and
inoculated into a 2 L fermentation medium with or without antioxidant mixture (1 g/L
each of mannitol and ascorbic acid). The agitation rate of the bioreactor was altered to
maintain the dissolved oxygen (DO) at 50% from day 0 to day 2 and at 10% for the rest of
the fermentation period. On day 2 and day 3, a 100 mL feed medium (400 g/L glycerol and
25 g/L yeast extract) was added to the fermentation broth. An aliquot of the culture was
harvested every 24 h to determine the DCW and fatty acids concentration following the
methods described in Section 2.3.

4.6. Transcriptome Analysis

The changes in the transcriptome of strain PKU#Mn4 under the influence of antiox-
idants (1 g/L each of mannitol and ascorbic acid) supplementation in the batch culture
were investigated by the RNA-seq method. Three parallel samples (10 mL) of culture
broth at 48 h of fermentation, without (control group) or with (test group) antioxidants,
were collected and the cells were harvested, frozen with liquid nitrogen, and stored at
−80 ◦C. Total RNA extraction, its quality, integrity, and quantity checks were conducted by
BioMarker Technologies (Beijing, China). For each sample, 1 μg RNA was used to generate
the library with the NEBNext Ultra TM RNA Library Prep Kit for Illumina (New England
BioLabs Inc., Ipswich, MA, USA). The clustering of the index-coded samples was carried
out on a cBot Cluster Generation System using TruSeq PE Cluster Kit v4-cBot-HS (Illumina
Inc., San Diego, CA, USA) according to the manufacturer’s instructions. The library was
sequenced on an Illumina platform and paired-end reads were generated. All analyses
were based on clean data with high-quality reads after removing those that contained
adapter, poly-N, or low-quality reads from the raw data. The clean reads were first mapped
to the reference genome with HISAT2 [42] and then assembled with StringTie [43]. The
gene expression levels were quantified by the FPKM method [44], and the differential
expression analysis was carried out with DEGseq [45]. The genes or transcripts with a
false discovery rate (FDR) less than 0.05 and the absolute value of log2 (fold change (FC))
> 1 were regarded as the differentially expressed genes (DEGs). RNA sequencing was
performed by BioMarker Technologies (Beijing, China), and the sequencing data analysis
was done by BMKCloud (www.biocloud.net, accessed on 8 May 2019).
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using modified Gompertz model; Figure S3: GO classification of differentially expressed genes;
Table S1: Experiment design and response values for screening antioxidants.
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Abstract: Magnetic fields in biological systems is a promising research field; however, their ap-
plication for microalgae has not been fully exploited. This work aims to measure the enzymatic
activity and non-enzymatic activity of two microalgae species in terms of superoxide dismutase
(SOD), catalase (CAT), and carotenoids, respectively, in response to static magnetic fields-induced
stress. Two magnet configurations (north and south) and two exposure modes (continuous and pulse)
were applied. Two microalgae species were considered, the Scenedesmus obliquus and Nannochloropsis
gaditana. The SOD activity increased by up to 60% in S. obliquus under continuous exposure. This
trend was also found for CAT in the continuous mode. Conversely, under the pulse mode, its
response was hampered as the SOD and CAT were reduced. For N. gaditana, SOD increased by
up to 62% with the south configuration under continuous exposure. In terms of CAT, there was a
higher activity of up to 19%. Under the pulsed exposure, SOD activity was up to 115%. The CAT
in this microalga was increased by up to 29%. For N. gaditana, a significant increase of over 40% in
violaxanthin production was obtained compared to the control, when the microalgae were exposed
to SMF as a pulse. Depending on the exposure mode and species, this methodology can be used to
produce oxidative stress and obtain an inhibitory or enhanced response in addition to the significant
increase in the production of antioxidant pigments.

Keywords: enzymatic activity; fluid dynamics; microalgae; oxidative stress; static magnetic fields;
violaxanthin

1. Introduction

There are several cases where magnetism is present in living matter. For instance,
the magnetotactic bacterium can align its body according to the Earth’s magnetic field.
This feature is possible due to chains of single-domain, biogenic magnetite (Fe3O4) able
to sense geomagnetic fields [1]. Macroscopic organisms, such as birds, are known to
orient themselves to magnetic field lines and to travel long distances [2]. In fact, all
matter falls into one of these categories: diamagnetism, paramagnetism, ferromagnetism,
ferrimagnetism or antiferrimagnetism [3]. Firstly, magnetic fields (MF) conceived as a
perturbation, which can be used by organisms in a natural way, or MF applied to biological
systems to promote changes at several levels, can be classified according to the broader and
general perspective of electromagnetic (EM) fields. The detection/sensing or the response
to MF can be associated with different mechanisms occurring at the tissue, cell, membrane,
and molecular levels, including the medium where the organisms live [4]. To understand

Mar. Drugs 2021, 19, 527. https://doi.org/10.3390/md19090527 https://www.mdpi.com/journal/marinedrugs179



Mar. Drugs 2021, 19, 527

interaction mechanisms and effects of static magnetic fields (SMF) on cells, a categorization
of EM fields is needed and provided in the following.

Electromagnetic fields (EM) can be classified according to four main parameters:
time-dependence, distribution or homogeneousness, direction, and exposure time. The
first parameter can be split into two branches, namely, time-constant (static EM fields) or
time-varying (dynamic EM fields). The static EM fields are grouped as stationary fields not
exhibiting mutual coupling between the electric and magnetic component.

Regarding the second parameter for classification, the distribution of the fields can
be homogeneous when same magnitude occurs in all space or inhomogeneous when the
magnitude varies with one or more than a spatial coordinate. The third parameter refers to
the direction of the field. When implementing an array of electro or permanent magnets,
depending on location and orientation, many patterns and intensities are possible [5]. The
fourth parameter refers to how much time a specimen or biological system is exposed to
the MF. Different processes within a biological system can occur at times, which can differ
in orders of magnitude [6].

Parameters such as the magnet materials used, magnet dimensions, pole configuration,
measurement of the field strength, frequency of application, duration and site of applica-
tion, magnet support device, target tissue, and distance from magnet surface have been
discussed by Colbert et al. [7]. These authors performed an analysis based on 56 articles
focusing on the quality of reporting SMF and those parameters concluding that 61% of the
studies failed to provide enough experimental details regarding SMF. Consequently, the
possibility for other researchers to replicate protocols and give satisfactory explanations
might be reduced. These findings highlight the importance of providing proper conditions
for SMF exposure and characterization.

Regarding effects of SMF on different cell parameters, authors found that cell size,
shape, orientation, and membrane roughness changed due to the exposure [6]. Researchers
showed an increased number and size of holes in cell membrane [8]. Thus, the volume force
due to magnetic gradient led to higher membrane permeability. The magnetic gradient
just mentioned was examined by Zablotskii et al. [9] where the discussion was centered
on the mechanism by which MFs act on tissues. It was argued that it is the high magnetic
gradient and not the field itself which can cause several effects in cells and their functions.
They showed that high MF gradient can be involved in the change of the ion-channel
on/off probability, suppression of cell growth by magnetic pressure, magnetically induced
cell division and cell reprograming, and forced migration of membrane receptor proteins.
Fundamentals regarding how MF can alter the rate, yield, and product distribution of
chemical reactions can be seen in terms of magnetokinetics [10]. A review on the effects
of SMF on cellular systems provides a wide insight regarding the most influential factors
and mechanisms [11]. Authors point out that the radical pair recombination and the
diamagnetic anisotropy can cause changes and subsequent effects on the susceptibility
of biomolecules, intracellular structural modifications, and changes in the enzymatic
reactions. Some studies have used SMF to control algal growth [12], and changes in
biochemical composition and photosynthesis have also been described [12]. In contrast,
other studies propose their use as biostimulants for growth [13]. It has been shown that
SMF promotes growth and oxygen production in Scenedesmus obliquus [14]. Moreover, an
increase in growth (100%), stimulation of antioxidant defense in Chlorella vulgaris has been
demonstrated [15], and production of exopolysaccharides [16].

The main cellular physiological processes generate reactive oxygen species (ROS). To
classify ROS into categories, there are free radicals and non-radical species [17]. The radi-
cals are understood as molecular species, which contain an unpaired electron in an atomic
orbital [18]. Consequently, a free radical tends to remove an electron from a stable molecule
to reach electrochemical stability. Accordingly, oxygen, hydrogen atom, and transition
metals constitute free radicals [17]. Particularly, this unpaired electron makes these species
paramagnetic and susceptible to magnetic fields. In the case where the field is present in
biological systems, it may affect ROS dynamics. Particularly, in the photosynthetic cells as
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the case of microalgae, the main organelles generating ROS are mitochondria, chloroplasts,
and to a lesser extent, peroxisomes, where they are formed as a consequence of oxidative
energy metabolism and the intense flow of electrons that exists in the mitochondrial and
thylakoidal membranes [19]. The ROS are highly reactive and can oxidize essential macro-
molecules. All cells possess an antioxidant defense system that neutralizes or metabolizes
ROS. This system includes antioxidant enzymes (catalase, superoxide dismutase, ascorbate
peroxidase, glutathione peroxidase, among others) and low molecular weight metabolites
(glutathione, ascorbic acid, carotenes, phenols, flavonoids) [20]. If this system of defenses
is overcome, the cellular oxide-reduction equilibrium shifts to a pro-oxidant situation
and a state of oxidative stress is reached in which oxidative damage occurs to proteins,
nucleic acids, and lipids [21]. In addition, various environmental factors and the entry
of contaminants into the cells can intensify the production of these molecules; the most
harmful being the superoxide anion (O2

•−), hydrogen peroxide (H2O2), and hydroxyl
radical (OH−) [22,23].

The non-enzymatic antioxidant system includes compounds having a low molecular
weight, where the most important are the reduced glutathione, vitamin E, vitamin C, such
as ascorbic acid, and vitamin A. In addition, there are flavonoids, phenolic acids, α-lipoic
acid, uric acid, bilirubin, some sugars, and amino acids. In the defense mechanism, these
compounds capture free radicals avoiding chain reactions. They can be associated with
the membrane (vitamin E, carotenoids, phycobiliproteins), dispersed in the cytoplasm
(mycosporine-like amino acids), or linked to water-soluble reducing compounds, such as
GHS and vitamin C [24,25].

In the present work, we investigated the influence of SMF on the response of two mi-
croalgae, growing in different culture media. The model species used were the S. obliquus
and the Nannochloropsis gaditana, as they have known structure, functionality, and rapid
growth. Furthermore, these species exhibit biotechnological potential in the generation
of antioxidant biomolecules. S. obliquus is dominant in freshwater bodies, lakes, and
rivers [26], it is cultivated at industrial scale to produce bioactive molecules, and under
stress conditions it has been shown to accumulate β-carotene, astaxanthin isomers, lutein,
and canthaxanthin [27,28]. Moreover, N. gaditana is known to produce several compounds
such as fatty acids, lipids, including pigments such as zeaxanthin, astaxanthin, and can-
thaxanthin [28,29]. The focus of this work is the analysis of the oxidative stress of the
selected species to deepen the understanding of the effects of SMF and consequently the
potential production of antioxidant pigments. Nevertheless, the pigment composition of
algae varies from species to species and according to environmental conditions including
different stress conditions such as temperature, salinity, and irradiance, which may induce
carotenoid production in algal species. Therefore, analysis of a complete pigment spectrum
was intended for both microalgae in the control condition and treatments. For this pur-
pose, we used two magnet configurations and two exposure modes and characterized the
changes in terms of enzymatic activity and non-enzymatic production. We then discussed
the results taking into consideration the characterization related to a single exposure mode
previously reported in Ferrada et al. [30], and thus providing a broader analysis.

2. Results

The physicochemical medium parameters such as temperature (T), pH, electrical
conductivity (σ), salinity (S), and dissolved oxygen (DO) were characterized for S. obliquus
and N. gaditana for the control condition and under the influence of SMF (see Table 1
for a summary). Regardless of the species and treatment used, i.e., control or using a
magnet configuration and exposure mode, T and pH remained at similar values in the
range of 21–22 ◦C and 8.6–8.7, respectively. However, the electrical conductivity, salinity,
and dissolved oxygen concentration were different depending on the medium. N. gaditana
grows in a medium, in which σ is ~46 times higher and S is ~60 times higher than that of
S. obliquus. Conversely, DO for S. obliquus is 20% higher than the medium for N. gaditana.
Qualitatively, these results mean that the changes induced by SMF were not observed at the
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macroscopic level, that is, in terms of physicochemical parameters. This highlights the need
to look inside the cell and quantify the oxidative stress, which is exposed in Section 2.1. A
visualization of the magnetic flux density B is shown below.

Table 1. Summary of the physicochemical medium parameters for S. obliquus and N. gaditana. Averages and standard
deviations were computed as each magnet configuration and control were implemented in triplicate. NC: north-continuous;
NP: north-pulse; SC: south-continuous; SP: south-pulse.

Species Treatment T (◦C) pH σ (S/m) S (PSU) DO (%)

S. obliquus

Control for North 21.1 ± 2.3 8.7 ± 0.8 0.09 ± 0.01 0.47 ± 0.07 6.5 ± 0.9
NC 21.0 ± 2.4 8.5 ± 0.8 0.1 ± 0.01 0.49 ± 0.05 6.8 ± 0.9
NP 21.0 ± 2.5 9.0 ± 1.1 0.09 ± 0.01 0.46 ± 0.08 6.6 ± 1.1

Control for South 22.8 ± 0.3 8.9 ± 0.5 0.10 ± 0.01 0.48 ± 0.05 5.7 ± 0.3
SC 23.0 ± 0.5 8.6 ± 0.7 0.09 ± 0.03 0.42 ± 0.14 5.9 ± 0.6
SP 23.0 ± 0.8 8.8 ± 0.8 0.09 ± 0.02 0.47 ± 0.11 6.0 ± 0.6

N. gaditana

Control for North 21.2 ± 1.4 8.4 ± 0.4 3.7 ± 0.4 23.7 ± 2.5 5.2 ± 0.3
NC 21.3 ± 1.8 8.6 ± 0.2 4.4 ± 0.6 28.5 ± 4.6 5.4 ± 0.3
NP 21.3 ± 1.5 8.6 ± 0.2 4.4 ± 0.6 28.9 ± 4.5 5.2 ± 0.4

Control for South 21.1 ± 0.2 8.6 ± 0.2 4.2 ± 0.9 27.5 ± 6.3 5.0 ± 0.3
SC 21.3 ± 0.1 8.6 ± 0.2 4.3 ± 0.6 28.2 ± 4.1 5.1 ± 0.2
SP 21.2 ± 0.2 8.6 ± 0.2 5.0 ± 0.6 33.0 ± 4.4 4.9 ± 0.3

The magnetic flux density norm (|B|) is visualized in Figure 1 corresponding to cases
when all north or south poles are pointing towards the center of the flask. Figure 1A depicts
circles to indicate where the field is specified (Figure 1B). Similarly, Figure 1C indicates
where the field is computed (Figure 1D). The case of all north poles oriented to the center
results in field lines which oppose each other and leads zero magnitude of B at the center
of the flask at z = 0.

2.1. Response of Microalgae to SMF

S. obliquus and N. gaditana microalgae were exposed to SMF for 96 h and their growth
was determined by optical density at 680 nm. The control condition corresponds to
microalgae without exposure to SMF and in the presence of a SMF equal to 4500 G (referred
as intensity at the side of the magnet, see Figure 1) with north and south arrangement
in pulse or continuous form during 96 h. For S. obliquus after 48 h of growth, significant
differences between the control and the exposed microalgae are evidenced, in the presence
of SMF North-C and North-P a decrease was observed from 48 to 96 h (OD680 nm equal to
0.46 and 0.53, respectively) compared to the superior growth of the control condition with
an OD680 nm equal to 0.95 (Figure 2A). On the contrary, in the presence of SMF South-C
and P, less growth was observed in the microalgae exposed continuously at 48 h and 72 h
(equal to OD680 nm of 0.52 and 0.71) (Figure 2C). For N. gaditana, clear effects of SMF on
growth were observed from 48 h. Lower growth was observed in both treatments with
north continuous and pulse exposure, which was more evident at 72 h or 96 h (Figure 2B).
In response to exposure to south configuration, reduced growth is observed from 24 h of
culture (Figure 2D).
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Figure 1. (A) Top view indicating along the curve where the magnetic flux density norm |B| is
evaluated. (B) Plot of |B| where all north poles are oriented towards the center of the flask, evaluated
along curves shown in (A). (C) Lateral view to specify B field along x, y, and z directions. (D) Plot of
|B|, evaluated along curves shown in (C).

Enzymatic activity was determined after 48 h of exposure to SMF. Figures 3 and 4
show the measured activity of two antioxidant enzymes, the superoxide dismutase (SOD)
and catalase (CAT), respectively, whereas Figure 5 depicts metabolites of interest. It is ob-
served that the SMF influences the enzymatic activity in the S. obliquus since the SOD levels
under continuous exposure increased up to 1.27 mU mg−1 for north and 1.41 mU mg−1

for the south configuration, representing a 65% and 42% relative difference with respect to
the control condition. Nevertheless, the behavior is apparently reverted to an inhibitory
effect under the pulse exposure mode since SOD activity with respect to the control values
reduced by 26.3% for the north and 50.5% for the south magnet configurations, corre-
sponding to 0.55 and 0.44 mU mg−1 of enzymatic activity (Figure 3A,B). In the case of
N. gaditana SOD increased up to 0.94 mU mg−1 with the north and 1.20 mU mg−1 with the
south magnet configuration under the continuous exposure mode, representing 38% and
62% higher production compared to the control values. Under the pulse exposure mode,
SOD activity was 78% and 116% above that of the control for the north and south magnet
configuration, respectively (equivalent to 1.2 mU mg−1 and 1.6 mU mg−1, respectively)
(Figure 3C,D).
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Figure 2. Growth kinetics of S. obliquus and N. gaditana in response to pulsed and continuous SMF
exposure. North arrangement for S. obliquus (A) and for N. gaditana (B). South configuration for
S. obliquus (C) and for N. gaditana (D). Data are presented as mean ± standard deviation analyzed
from three replicates. Square corresponds to the control without exposure to SMF. So: S. obliquus;
Ng: N. gaditana; North-C: north-continuous exposure; North-P: north-pulse-type exposure; South-C:
south-continuous exposure; South-P: south-pulse-type exposure.

Figure 3. Cont.
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Figure 3. Measurements of the enzymatic activity in terms of SOD for the two microalgae unexposed
or control and exposed to SMF with north and south configurations under continuous and pulse
exposure modes. (A) North and (B) south magnet configuration for the S. obliquus; (C) north and
(D) south magnet configuration for the N. gaditana. Data represent the average of three replicates and
the standard deviation (±). Significant differences between the control and experimental treatments
with univariate statistical models using ANOVA analysis with a confidence of 95% (p values < 0.05
are indicated by *).

 

Figure 4. Measurements of the enzymatic activity in terms of CAT for the two microalgae unexposed or
control and exposed to SMF with north and south configurations under continuous and pulse exposure
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modes. (A) North and (B) south magnet configuration for the S. obliquus. (C) North and (D) south
magnet configuration for the N. gaditana. Data represent the average of three replicates and the
standard deviation (±). Significant differences between the control and experimental treatments with
univariate statistical models using ANOVA analysis with a confidence of 95% (p values < 0.05 are
indicated by *).

 

Figure 5. Quantification of metabolites of interest. (A,B) show the abundance of violaxanthin and
lutein for S. obliquus; while (C,D) correspond to the abundance of violaxanthin and zeaxanthin for
N. gaditana. Data represent the average of three replicates and the standard deviation (±). Significant
differences between the control and experimental treatments with univariate statistical models using
ANOVA analysis with a confidence of 95% (p values < 0.05 are indicated by *).

For S. obliquus the upward trend is also found for the CAT activity in the continuous
mode combined with the south configuration, since there was a 37% increase in production
compared to the control case (Figure 4B). The inhibition is also observed for the CAT
activity under both exposure modes, since the reduction in CAT activity reached 14% for
the north and 7.6% for the south magnet configuration (Figure 4A,B). On the other hand,
for N. gaditana in terms of CAT, there was a higher activity expressed with a 19% and 9%
higher production with respect to control values for the north south magnet configuration
under continuous exposure mode, respectively (Figure 4C,D). For pulse exposure mode,
CAT activity in this microalga reached 0.13 mU mg−1 for north and south configuration,
meaning 29% and 23% with respect to their control conditions, respectively (Figure 4C,D).

We quantified metabolites of interest after 96 h of SMF exposure. Figure 5A,B indicates
respectively that for S. obliquus there is a slight decrease in the production of violaxanthin
in both exposure modes, a higher production of lutein under continuous exposure, but
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the same behavior as the control under pulsed exposure. In both cases the variation in
the production of violaxanthin and lutein for the S. obliquus represents less than 1% with
respect to the control. Conversely, Figure 5C reveals that for N. gaditana, violaxanthin
increased by 10% under continuous SMF and 40% under pulsed exposure compared to the
control. Figure 5D shows that the changes in zeaxanthin for N. gaditana with respect to the
control are below 1%. These results highlight the effectiveness of the SMF on N. gaditana,
especially for the pulse exposure mode.

3. Discussion

Magnetic fields are capable of inducing effects in many biological systems both in vivo
and in vitro [12–17]. Some studies have been successful in stimulating the production of an
antioxidant response to physiological stress induced by SMF or MF, as well as stimulating
growth in microalgae such as Chlorella vulgaris [15,16] and Dunaliella salina [31]. However,
the strength of the SMF may influence the effect on microalgae as described by Hunt
et al. [32]. In contrast, in our study, only a significant increase in growth was observed for
S. obliquus exposed to a north SMF in pulse form at 72 and 96 h. In all the other conditions
analyzed, a decrease in growth or no clear effect on growth was determined, as was the
case for N. gaditana. However, we note that in other studies the strength of SMF used is
lower, for example, for C. vulgaris an increase in growth is described with exposure to
a 1500 G SMF for 384 h, while high-intensity magnetic fields inhibit the growth of algal
biomass [16].

The antioxidant enzymes SOD and CAT are characterized to present paramagnetic
elements (Fe, Mn, and Cu) in their catalytic domain, and these could be strongly affected as
consequence of the magnetic fields to which the algae were exposed during the experiments.
From our study, it is possible to generalize that for S. obliquus, under the continuous
exposure mode, there is a tendency for a higher production of SOD and CAT. Contrariwise,
the pulse exposure mode led to an inhibitory effect on this microalga supported by a
decrease in the SOD activity (20–50%) and CAT activity (10–20%). A possible explanation
is that due to a saturation of ROS production inside the cell, it affects the metal ions present
in the active site of the enzymes, preventing the substrate-enzyme assembly [33]. These
results agree with those obtained by Corpas et al. [34], where the ROS production by lead
in the Arabidopsis thaliana plant inhibits the catalase activity with respect to the control. A
similar effect was observed by Chokshi et al. [35], where the salinity-induced oxidative
stress in the Acutodesmus dimorphus microalgae alters the enzymatic activity in terms of
SOD and CAT, as it was below the control values over time. Another point is that despite
having a medium with a low electrical conductivity, interacting electrons in molecules are
affected by magnetic fields, adding that the cell structure has a slightly rigid wall, allowing
greater permeability to internal molecular changes [36]. This peculiarity in the functioning
of enzymes was observed by Ferrada et al. [30], where an inhibition of enzymatic activity
with respect to the control in S. obliquus exposed to SMF occurs, leading to state that the
amount of ROS produced exceeds the threshold for the proper cells’ antioxidant capacity.

In the same way, the results for the N. gaditana allows for stating that, regardless of the
exposure mode and magnet configuration, there is always a significant increase in the SOD
and CAT production with respect to the control condition. These results also agree with
Ferrada et al. [30], where an increase in the enzymatic activity in terms of SOD is observed
in N. gaditana when exposed to SMF. Furthermore, in C. vulgaris, [16] demonstrated a higher
induction of CAT activity at 101.37 Umg−1 using a 400 G SMF. However, as they increase the
SMF intensity up to 1500 G, CAT activity decreases in agreement with the results observed
in S. obliquus (Figure 4) exposed to approximately 4500 G in our study. Considering the
SOD and CAT results, it is inferred that SMF impacts the antioxidant response of algae,
although the effects on different enzymes and algae are inconsistent. It has been described
that high magnetic field strengths produce changes in enzyme conformation, which in turn
affects cellular biochemical reactions [37]. Furthermore, SMFs affect the transition metal
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ions in some enzymes which become paramagnetic, producing an increase in enzyme
activity [38].

Previous research has shown that the use of SMF can induce a non-enzymatic defense
response [28,39] as carotenoids and in turn, these pigments are known for their industrial
applications [39]. The aim of our study was to determine the effect of SMF on the com-
position of carotenoid pigments in both microalgae. As described by Ambati et al. [28],
microalgae of the genus Scenedesmus spp. are known to produce β-carotene, lutein, can-
thaxanthin, astaxanthin, and fucoxanthin. However, the pigment compositions of algae
vary from species to species and also according to environmental conditions including
different stress conditions such as temperature, salinity, and irradiance which may induce
carotenoid production in algal species. Therefore, in our study by U-HPLC analysis, the
complete pigment spectrum was determined for both microalgae in the control condition
and treatments. Subsequently, using Xcalibur software, a quantitative analysis and iden-
tification of the pigments according to the chromatograms was performed. The peaks
that showed significant differences between the control and the treatments were detected,
and this analysis is shown in Figure 5, only for the pigments that showed differences
between the treatments with respect to the control. In S. obliquus, the activity in terms of
metabolites such as violaxanthin and lutein shows changes below 1%. On the contrary, in
N. gaditana a significant change was observed in terms of the abundance of violaxanthin,
where the increase in production under continuous mode reached 10% and 40% under
the pulse exposure mode. This outcome indicates that the production of ROS occurs as
a consequence of the oxidative stress in cells caused by the exposure to SMF, coinciding
with Guo et al. and Lozano et al. [40,41], where the ROS formation increases the enzymatic
activity with respect to the control. In addition, in the future it will be interesting to use
pulse SMF exposure as an alternative to increase violaxanthin production as other stress
conditions such as temperature, salinity, and irradiance may induce carotenoid production
in algal species [42].

4. Materials and Methods

4.1. Algal Strain and Growth Conditions

The microalgae species, the S. obliquus (Fitoplancton Marino S.L., Cadiz, Spain) and
the N. gaditana CCMP27, were cultured in 1 L volumes. The bold basal medium (BBM)
was used for the S. obliquus [43,44], which is prepared from fresh water. In the case of
N. gaditana., the medium was a modified f/2 [45] prepared from sea water. Both cultures
were prepared in glass flasks of 1000 mL with constant air inflow through a tube (see
Figure 6). Cultures were incubated for 4 days at 23 ± 1 ◦C under continuous light using
cold-white fluorescent lights (see Figure 7) at 100 μE m−2s−1 (irradiances were measured
with a calibrated quantum sensor and spectroradiometer, LI-250A, LI-COR1800, Li-COR,
Biosciences, Lincoln, NE, USA). The initial concentrations of S. obliquus and N. gaditana in
all groups were 1 × 10 5 cells mL−1. Every 24 h samples of each culture were collected by
centrifugation (10,000× g, 10 min at 4 ◦C) and washed twice with distilled water. Cells were
measured at optical density 680 nm (OD680) in a Spectroquant Prove 300 spectrophotometer
(Merck, Germany). The growth curve for both microalgae were obtained.
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Figure 6. Photograph of the experimental setup for a single flask having the culture inside, sur-
rounded by the permanent magnets, and under illumination.

 
Figure 7. Spectrum of the light source. This spectrum is characterized by sharp peaks of intensities
near the maximum magnitude at 545 nm and 613 nm, and several ones of intensities below 30% of
the maximum at 435 nm, 489 nm, 587 nm, and 709 nm.

4.2. Experimental Setup

The setup consists of a flat bottom flask surrounded by an array of neodymium
magnets as shown in Figure 8. The neodymium magnets (Nd2Fe14B of grade N33) are
coated with Ni/Cu/Ni and have dimensions of 20 × 20 × 20 mm3. The rare earth (RE)
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content in the RE-Fe alloy of the magnet ranges between 30 and 35 wt%. According
to manufacturing specifications, the corresponding remanent flux density Br, coercivity
values BHc and jHc, and maximum stored energy (BH)max are, respectively, 1.164 T,
11.43 kOe and 25.99 kOe, and 33.06 MGOe. The flask contains microalgae media, subject
to illumination (see Figure 8). In addition, a thin tube entering from the top was used
to introduce air near the bottom. The air inflow results in bubbles which in turn, due to
buoyancy, lead to fluid circulation. Regarding the groups, there were 3 flasks for 2 different
configurations and 2 exposure modes (continuous and pulse), and additionally, 3 flasks for
a control case without SMF exposure (18 flasks for each species). The mode “continuous”
means that the biological system was continuously exposed to the SMF during a period of
96 h. The mode “pulse” refers to an intermittent application of the SMF, meaning that the
culture was exposed only 1 h per day for 96 h. The latter means that for each microalga, a
control condition was considered without exposure to SMF, North-P, North-C, South-P, and
South-C in triplicate. The implemented cases under study are enumerated in the following.

• Control (C): No magnetic field applied.
• South-continuous (SC): All south poles are oriented towards the center of the flask

and continuous exposure to the magnetic flux density (B).
• South-pulse (SP): All south poles oriented towards the center of the flask and pulsed

exposure to B.
• North-continuous (NC): All north poles oriented towards the center of the flask and

continuous exposure to B.
• North-pulse (NP): All north poles oriented towards the center of the flask and pulsed

exposure to B.

Figure 8. (A) Geometrical measures of the flask: d0 = 30 mm, d1 = 42 mm, d2 = 131 mm, and
h = 190 mm. (B) Glass flask surrounded by an array of permanent magnets at z = 0 and a thin tube
to introduce air. (C) Geometry model in 3D. The neodymium magnets (Nd2Fe14B of grade N33) are
coated with Ni/Cu/Ni and have dimensions of 20 × 20 × 20 mm3. The rare earth (RE) content in the
RE-Fe alloy of the magnet ranges between 30 and 35 wt%. According to manufacturing specifications,
the corresponding remanent flux density Br, coercivity values BHc and jHc, and maximum stored
energy (BH)max are, respectively, 1.164 T, 11.43 kOe and 25.99 kOe, and 33.06 MGOe.

4.3. Measurement Procedures
4.3.1. Physicochemical Medium Parameters

Temperature, pH, conductivity (σ), salinity, pressure, and dissolved oxygen were
characterized with an HI 98194 multiparameter probe from Hanna Instruments. Samples
were taken from the control and treated groups of both media at the exponential growth
phase. The measurements were taken every 24 h for a period of 96 h.

4.3.2. Magnetic Flux Density

The magnetic flux density norm was determined for every individual magnet used
in all magnet configurations by using an AC/DC magnetic meter composed of a plate-
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like Hall sensor with a temperature compensation unit. The device is conceived for
measurements of homogenous magnetic flux density at the level of the active part (magnet).
The field direction of the measurement is uniaxial, sensing the main magnetic component
perpendicular to the chip [46], |B|, in gauss (G), and mT units with a resolution of up
to 0.1 G in both DC and AC mode and an accuracy of ±5% at 23 ± 5 ◦C. For good
measurements, [47] pointed out that the current density and the magnetic field must be as
much orthogonal as possible and that the shape of the active region has to facilitate the
measurement of the Hall voltage. Considering measurements of |B| for each configuration,
the average values ranged from 4441 to 4547 G with a standard deviation from 0.8% to
3.6% in the worst case. The |B| values at the side of each magnet were used to visualize B
in space, which leads to the oxidative stress.

The investigation of the B distribution was performed by means of a mutiphase turbu-
lent bubbly flow coupled with Maxwell equations implemented in COMSOL Multiphysics
v5.5. The required inputs such as the remanent magnetic flux density (Br) of each mag-
net was obtained by using the measured magnetic flux density norm |B| at the side of
magnets in Equation (1) and solved for Br, where L, W, and D are the length, width, and
depth of a rectangular magnet [48–50]. The computed |Br| results in values in the range of
1.03 ± 0.02 T. Replacing densities and viscosities [51] at the temperature of the experiment
(20 ◦C) as well as the measured conductivities [30] for both fresh and seawater gives a
Reynolds number Re > 10, 000 [52] and a magnetic Reynolds number Rem 
 1 [53]. Thus,
the fluid is turbulent, and B is determined by boundary conditions, not the fluid flow. Thus,
the visualization of B can be computed as that field in absence of fluid flow.

|B(d)| = Br

π
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⎩tg−1

(
L·W

2d
√

4d2 + L2 + W2

)
− tg−1

⎛
⎝ L·W

2(D + d)
√

4(D + d)2 + L2 + W2

⎞
⎠
⎫⎬
⎭ (1)

4.3.3. Enzymatic Activity

The superoxide dismutase (SOD) and catalase (CAT) total enzymatic activities were
measured, since both groups of enzymes are characterized to present paramagnetic ele-
ments (Fe, Mn, and Cu) in their catalytic domain, and therefore affected by the magnetic
fields in which the algae were exposed during the experiment. The cell break was carried
out in a mortar with liquid nitrogen and glass beads. The homogenization was performed
with 2 mL of extraction buffer (K2HPO4-KH2PO4) KH2PO4, 50 mm, pH 7.0, containing Tri-
ton X-100 (0.01% v/v) [54]. In the following, the homogenate was centrifuged at 13,000× g
at 4 ◦C for 15 min [55]. Proteins were quantified according to the Bradford method [56].
The extract was immediately used to quantify the antioxidant enzymes. The measure-
ment of the SOD activity was measured for both microalgae based on the photochemical
reduction of Nitro blue tetrazolium chloride (NBT) described by Donahue et al. [57] and
modified by Cartes et al. [55]. For CAT activity, the evaluation was performed through
spectrophotometry by the disappearance of hydrogen peroxide according to [58].

4.3.4. Pigments Determination by Ultra High-Performance Liquid Chromatography
(UHPLC) Mass-to-Mass

The extracted total pigments were filtered at 0.45 μm and stored at −80 ◦C until use,
according to the protocol described in [59]. The high-performance liquid chromatography
(UHPLC) method was used for the quantitative identification of carotenoids as described
by Fu et al. [59]. For the separation of carotenoids, a Dionex Ultimate 3000 chromatograph
with a diode array detector connected to an Orbitrap Q Exactive Focus (Thermo Scientific,
ThermoFisher Scientific, MA, USA) was used. The results were analyzed using Thermo
Xcalibur Sequence Setup software (Thermo Scientific, ThermoFisher Scientific, Waltham,
MA, USA).
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4.3.5. Statistical Analysis

The data of the different treatments were analyzed with univariate statistical models
using analysis of variances (ANOVA) with a confidence of 95%. These analyses were
performed with the Minitab 17 software.

5. Conclusions

In this study we evaluate the response of two different microalgae to the presence of
static magnetic fields (SMF) exposed in continuous and pulsed form. The SMFs used have
north and south configurations. For both microalgae, S. obliquus and N. gaditana, a clear
negative effect on growth was observed in the presence of the north configuration, both in
pulse and continuous exposure, after 48 h of culture. Other effects were evidenced in the
alteration of antioxidant enzyme activity in SOD and CAT enzymes. In S. obliquus, an over-
regulation of SOD in the presence of SMF in continuous exposure and a down-regulation
in pulse exposure to SMF were observed for both the north and south configurations.
In contrast, for CAT only an increase in enzyme activity is observed only in continuous
exposure to SMF. In the case of N. gaditana, an over-regulation of SOD and CAT enzyme
activity is observed upon continuous and pulse exposure to SMF in both north and south
configurations. The latter coincides with a significant increase in antioxidant pigments in
N. gaditana, especially violaxanthin, which is part of the non-enzymatic defense system,
but may have an interesting use as a bioactive molecule, which in future studies could be
scaled up and optimized using SMF.
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Abstract: Humic substances (HS) act as biostimulants for terrestrial photosynthetic organisms. Their
effects on plants are related to specific HS features: pH and redox buffering activities, (pseudo)
emulsifying and surfactant characteristics, capacity to bind metallic ions and to encapsulate labile
hydrophobic molecules, ability to adsorb to the wall structures of cells. The specific properties of
HS result from the complexity of their supramolecular structure. This structure is more dynamic
in aqueous solutions/suspensions than in soil, which enhances the specific characteristics of HS.
Therefore, HS effects on microalgae are more pronounced than on terrestrial plants. The reported
HS effects on microalgae include increased ionic nutrient availability, improved protection against
abiotic stress, including against various chemical pollutants and ionic species of potentially toxic
elements, higher accumulation of value-added ingredients, and enhanced bio-flocculation. These
HS effects are similar to those on terrestrial plants and could be considered microalgal biostimulant
effects. Such biostimulant effects are underutilized in current microalgal biotechnology. This review
presents knowledge related to interactions between microalgae and humic substances and analyzes
the potential of HS to enhance the productivity and profitability of microalgal biotechnology.

Keywords: humic substances; microalgae cultivation; hormetic effects; increased nutrient availability;
improved protection against abiotic stress; higher accumulation of bioactive ingredients; enhanced
microalgal productivity

1. Introduction

Humic substances (HS) are a significant part of soil organic matter. HS are considered
important for soil fertility due to their ability to retain water and nutrients, to improve soil
cation exchange capacity (CEC), to increase nutrient availability and to generate aerated
soil structure [1–3]. Soil scientists separate HS into humic acids (HA), soluble at alkaline
pH and insoluble at acidic pH, and fulvic acids (FA), which are soluble both at alkaline and
acidic pH [4,5].

HS are supramolecular structures resulting from the association of small molecules
derived from slow degradation of biological material, especially plant residues, under spe-
cific conditions [6,7]. The supramolecular structure of HS comprises hydrophilic portions,
including -OH and -COOH groups, and hydrophobic portions [6,8]. The hydrophobic
portions are represented mainly by networks of polyaromatic hydrocarbons derived from
lignin [9,10]. The following organic molecules are linked to this hydrophobic scaffold:
organic acids, mainly derived from fermentative carbohydrate metabolism [11]; substances
derived from protein metabolism, including amino acids [12–14] and polyamines [15];
aliphatic hydrocarbons, which result from waxes; and cross-linked fatty acids [16]. FA are
more polar than HA, containing smaller amounts of hydrophobic fragments and larger

Mar. Drugs 2022, 20, 327. https://doi.org/10.3390/md20050327 https://www.mdpi.com/journal/marinedrugs195



Mar. Drugs 2022, 20, 327

quantities of organic (poly)acids than HA [17]. Humic acids have a more pronounced am-
phiphilic structure than FA [18]. Such structures promote aggregation in the supramolecular
structures stabilized by hydrophobic interactions [19].

The genesis of humic substances in the soil is still under dispute [20]. The majority
consider that HS result from polymerization and polycondensation of the components gen-
erated in soil by the decomposition of plant residues and soil microorganisms [21–23]. Such
(medium) molecular weight structures are further aggregated into supramolecular struc-
tures, according to their polarity index and/or hydrophobic/hydrophilic ratio [24,25], in a
reaction that is catalyzed by soil microorganisms [26–28] or soil inorganic materials [27,29].
Another opinion considers HS generation as being the result of the “selective preservation”
and “progressive decomposition” of biological material in soils [1].

Despite the controversies related to their formation, the HS-specific structure deter-
mines the HS-specific features. The phenolic and carboxylic groups are responsible for the
HS weak acid behavior and pH buffering [30]. The quinones–phenols switch is involved
in redox buffering activity [25,31]. The coexistence of the hydrophobic and hydrophilic
portions in HS supramolecular structure determines several properties of HS, such as the
(pseudo)emulsifier effect and tendency to form micelles [32,33] and potential encapsulation
of labile hydrophobic compounds in the hydrophobic pocket [34]. Such properties are
related to the HS effects on biological systems. For example, the HS reactivity toward
different (micro)biocenosis components is related to the ratio between hydrophilic and
hydrophobic components [35,36].

HS are plant biostimulants, promoting nutrient uptake and nutrient use efficiency.
Root dry weight increases by more than 20% after exogenous HS application [37]. A large
body of evidence demonstrated the auxin-like activity of the humic and fulvic acids, in-
cluding the rhizogenesis and induction of the proton-pump H+-ATPase [38]. Activation
of the secondary ion transport occurs after the change of radicular cell membrane poten-
tial [39]. An increase in ionic nutrient uptake following HS application was demonstrated
for nitrate [40,41], phosphate [42], and nitrate and sulfate [43]. Ionic nutrient uptake is
also stimulated due to enhanced nutrient availability resulting from the chelating effect of
humic substances [44], combined with their redox properties [3]. HS also promote primary
anabolic pathways, such as nitrate reduction [45] and carbon catabolism [46], leading to
enhanced nutrient use efficiency.

Transcriptomic and metabolomic analyses reveal significant modifications of metabolic
pathways in both dicotyledonous and monocotyledonous plants under HA treatments.
The HA extracted from black peat in alkaline conditions and separated from fulvic acids
by HCl precipitation activated the carbon (C)-, nitrogen (N)- and sulfur (S)- metabolic
pathways in rapeseed seedlings (Brassica napus var. Capitol) [43]. In sugarcane, Saccharum
officinarum cv. RB 96 7515, application of HA extracted from vermicompost activated the
metabolic pathways related to plant stress response and cellular growth [47]. In corn,
Zea mays cv. PAN 3Q-240, soil application of HS formulation determined several effects
according to the nutrient status of the plant. In plants supplied with normal quantities of
mineral nutrients, HS stimulated the metabolic pathways related to primary metabolisms—
tricarboxylic acid (TCA) cycle and amino acid metabolism. In plants under mineral nutrient
deficit, HS stimulated the secondary metabolism pathways related to stress response [48].

Induction of H+-ATP-ase in root cells by HS elicits the internal cell signals, including an
increased level of nitric oxide (NO) [49] and calcium ion influx, followed by the activation
of the calcium-dependent protein-kinase (CDPK) [50].

Humic substances activate plant secondary metabolism by (bio)chemical priming [51].
The mechanism of chemical priming by HS in plant tissues and cells involves an increased
level of reactive oxygen species (ROS) and modulation of polyamine metabolism [44].
Activation of secondary metabolism determines higher plant tolerance to abiotic stress and
increased accumulation of compounds resulting from the plant secondary metabolism in
the edible yield [52].
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The complex activity of HS on terrestrial plants is related to the complexity of the HS
chemical systems. Complexity in its ”emergence” aspect is an essential characteristic of first-
generation plant biostimulants [53]. The HS complex chemical system presents emergent
features, i.e., unexpected properties resulting from component interaction. One illustrative
example is the synergic interaction between hydrophobic and hydrophilic moieties in
water-holding in arid soil, according to relative humidity. Another feature related to HS
system complexity is the context-dependent characteristics, such as redox properties [54].
Due to this intrinsic complexity, combined methods are needed to characterize the HS used
as plant biostimulants [55].

In contrast to terrestrial plants, studies related to HS effects on microalgae are relatively
scarce. The initial driver of studying the HS effects on microalgae was an ecotoxicological
one. Due to the growing interest in carbon sequestration by microalgae, HS has been
proposed as a biostimulant for microalgae in recent years [56,57].

HS effects on microalgae are more pronounced than on terrestrial plants. In aqueous
solutions/suspensions, HS generates a more dynamic supramolecular structure than in
soil [58]. Due to the dynamic structure of HS in solution/suspension, the main HS features,
such as pH and redox buffering, ionic nutrient complexation, encapsulation of hydrophobic
molecules, and emulsifying characteristics are significantly enhanced [23]. The biological
activities related to these HS characteristics are also enhanced. Therefore, the potential of
HS to act as a biostimulant, including as support to enhance tolerance to various stresses,
is higher in microalgae than in terrestrial photosynthetic organisms. At present, such
potential is underutilized in microalgal biotechnology.

This paper reviews the interactions between HS and microalgae and analyzes the
practical implications for microalgal biotechnology resulting from the specific effects of HS
on microalgae.

2. Hormetic Effects of Humic Substances on Microalgae

As was already mentioned, the initial studies investigated the influence of HS leached
from soil on phytoplankton. The positive effect of humic substances on phytoplankton
growth was reported almost 50 years ago [59]. More recent studies demonstrated that
higher doses of HS from various sources determined inhibition of microalgal growth.
Such a dual response is typical of hormesis. Hormesis is a dose–response phenomenon
characterized by low-dose stimulation and high-dose inhibition. Hormetic effects are
typically graphed as an inverted U-shaped dose–response and a J-shaped dose–response,
depending on the endpoint evaluated.

The microalgal response to humic substances is consistent at different cellular and
biochemical levels. Various HA concentrations were used to treat Scenedesmus capricornus
microalgae. At HA concentrations lower than 2.0 mg C L−1, the growth of S. capricornus
was promoted slightly, and above 2.0 mg C L−1, it was inhibited [60]. The same study
reported that an increase in polysaccharide content was observed at low HA concentrations
(less than 2.0 mg C L−1), and that with an increment in HA concentration, it decreased.
At 10.0 mg C L−1 HA, the average polysaccharide concentration was only 12.02 mg L−1

compared with the 18.43 mg L−1 average for the control group.
When studying the impact of a range of concentrations of HA (0.001–0.007%) isolated

from six soil types on Chlorella vulgaris microalgae strains, the results illustrated an adverse
effect of HA for all preparations at HA concentrations above 0.003%. At concentrations
higher than 0.003%, the photosynthesis rate in C. vulgaris cells decreased, and respiration
increased abruptly [61].

HS influenced the photosynthetic performance and stress response of two green algae,
Raphidocelis subcapitata, strain 61.81 and Monoraphidium braunii strain 2006. These eukary-
otic microalgae were exposed to four different concentrations of HS—0.17, 0.42, 1.67, and
4.17 mM dissolved organic carbon (DOC). The results highlighted that the dry weight per
cell ratio decreased with increasing HS concentration. In contrast, the exposure to lower
concentrations of HS stimulated better growth of the phototrophs and increased the quan-
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tum efficiency of photosystem II [62]. In the same paper, the authors reported a different
response by the prokaryotic microalgae (cyanobacteria) Synechocystis sp. (PCC 6803) and
Microcystis aeruginosa (PCC 7806). The tested Synechocystis strain was less sensitive to HS.
The quantum efficiency of photosystem II was not increased in M. aeruginosa PCC 7806.
However, in this cyanobacterial strain, the chlorophyll a content increased at the highest
HS concentration tested compared to control.

The difference in response to HS by eukaryotic and prokaryotic microalgae species was
demonstrated in an initial paper of the Steinberg group. The prokaryotic strain Chroococcus
minutus 276-4b and the eukaryotic strain Desmodesmus communis 41.71 were compared. The
authors considered that prokaryotic cells that lack internal membrane-delimited organelles
would generally be more sensitive to HS than eukaryotic cells, with a cellular organization
with several internal membrane-delimited compartments. When exposing the two species
to HS at concentrations of 0.3 and 1.5 mg L−1 DOC, the authors reported an increased the
number of cell of D. communis under low HS concentrations and an inhibitory effect at the
highest concentrations. The cyanobacterium showed reduced photosynthetic activity and
reduced population growth across the entire concentration range of HS tested [63].

HS extracted from lignite (Biomin) with 61.2% C composition had the same effect
on eukaryotic (Scenedesmus acutus Meyen Tomaselli 8, C. vulgaris C-3) as compared to
prokaryotic (Anabaena variabilis 786, Nostoc commune) microalgae strains. The microalgae
cultures showed an average biomass increase of 18 and 15% compared to control for 1 and
10 mg L−1 Biomin, respectively. Negative effects of treatment with concentrations higher
than 1 g L−1 HS were recorded, such as very significant decreases in protein, carbohydrate,
and chlorophyll contents [64].

Papers presenting such dual/hormetic responses of microalgae to HS are summarized
in Table 1.

Table 1. Dual response of microalgae to humic substances according to the dose.

Humic Substances Tested Microalgae Concentration–Effect Reference

Humic acid
extracted from lignite

Scenedesmus acutus Meyen
Tomaselli 8

Chlorella vulgaris C-3
Anabaena variabilis 786

Nostoc commune

Up to 10 mg L−1 enhances
biomass accumulation
100 mg L−1 enhances
protein accumulation
1 g L−1—inhibition

Pouneva, 2005 [64]

Humic acids
extracted from lake sediments

Desmodesmus communis 41.71
Chroococcus minutus 276-4b

0.3 mg L−1 increases the
number of

D. communis cells
Inhibitory effects on

C. minutus

Prokhotskaya and
Steinberg, 2007 [63]

Humic acid
extracted from lignite,
Artificial humic acid

Raphidocelis subcapitata 61.81
Monoraphidium braunii 2006

Synechocystis PCC 6803
Microcystis

aeruginosa PCC 7806

0.17 mM stimulates
photosynthesis

4.7 mM reduces cell
development and inhibits

photosynthesis

Bährs et al., 2012 [62]

Humic acids
extracted from soils Chlorella vulgaris co. 157 0.01–0.03% activation

>0.03% inhibition Toropkina et al., 2017 [61]

Commercial
(Suwannee River) humic acids

Scenedesmus capricornus
FACHB-271
Chlorella spp.
FACHB-271

0.05–0.1 mg L−1 stimulation
1.0 mg L−1 inhibition

Zheng et al., 2022 [60]

In the aquatic system, HS are a component of dissolved organic matter. HS molecules
also represent a C and N source for microalgae at low concentrations. Additional beneficial
effects of HS result from the overlapping effects of enhanced availability of nutrients and
(bio)chemical priming (similar to terrestrial plants) generated by the higher physiological

198



Mar. Drugs 2022, 20, 327

level of reactive oxygen and nitrogen species. At higher concentrations, the HS effects on
microalgae are dominated by their interference with photosynthetic structures and the
production of the pathophysiological level of reactive oxygen [65] and nitrogen species [66].
In Figure 1, the overlapping mechanisms of HS action in microalgae leading to stimulatory
or inhibitory effects are detailed.

 

Figure 1. The mechanisms of humic substances (HS) effects on microalgae cells. HS increase mem-
brane permeability for calcium and ferrous ions and diffuse through the plasmatic membrane. Ferrous
ions promote the formation of reactive oxygen species (ROS) by redox reaction and activate the for-
mation of nitric oxide (NO) from polyamines. Calcium ions activate specific protein kinases involved
in cellular signaling. Intracellular HS interfere with the electron transport chain in chloroplasts and
mitochondria, producing a higher level of reactive oxygen species. The simultaneous increase in NO
and ROS levels causes an accumulation of reactive nitrogen species (RNS). The resulting nitrosative
stress causes the development of physiological compensation mechanisms, which ultimately lead
to the activation of primary and secondary metabolism. An increase in oxidative and nitrosative
stress over the physiological thresholds damages cell function. HSPs—thermal shock proteins;
MPK6—mitogenically activated protein kinases; CDPK—calcium-dependent protein kinases.
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Modifying membrane permeability for various ionic species due to various HS effects,
including complexation, generates elevated intracellular levels of redox-active ionic species,
such as Fe2+, and ionic species acting as secondary messengers, e.g., Ca2+ [67,68]. The
ability of HS to complex ionic species, especially iron ionic species, is important for the HS
effect on microalgae [69]. An increased level of redox-active iron determines higher levels
of reactive oxygen species [70,71]. The hydrophobic–hydrophilic ratio of humic substances
is important for the effect on microalgae and the complexation of iron ionic species. The
hydrophobic components determine high growth rates of R. subcapitata (synonym used
Pseudokirchneriella subcapitata). The hydrophilic components inhibit microalgae growth
due to reduced iron ionic species bioavailability [72]. The permeability change in the
membrane of R. subcapitata depends on pH. The passive diffusion of fluorescent tracers
through the membranes of R. subcapitata (synonym used Selenastrum capricornutum) is
higher at pH 5 than at pH 7 [67].

Another HS mechanism of action is related to chloroplasts and mitochondria as
a source of ROS involved in controlling the cellular response to stress factors [73]. In
terrestrial plants, it was demonstrated that chloroplasts have an essential role in plant
defense against stresses [74,75]. In plants, chloroplasts also dominate the primary metabolic
pathways from plants—i.e., C-, N- and S-assimilation [76]. Therefore, their activation
should determine an enhanced primary metabolism and, consequently, enhanced nutrient
uptake and utilization. Activation of plant defense by chloroplast is associated with
activation of the secondary metabolism through retrograde signaling [77]. In microalgae,
the chloroplast retrograde signaling mechanism is similar to that described in plants because
initially, such mechanisms evolved in the algal ancestors of the terrestrial plants [78].
ROS production by chloroplasts through photosystem II is involved in the microalgae
intracellular communication network [79].

HS interactions with microalgae cells modulate the function of photosystem II. Due to
their amphiphilic structure, humic substances diffuse through the microalgae cell mem-
brane [18]. The intracellular humic substances modify chloroplast inner and outer mem-
brane permeability [60]. At low concentrations, HS support the plastoquinone function
as a trans-membrane proton shuttle, increasing the efficiency of photosystem II [62]. At
higher concentrations, HS cause plastid homeostasis imbalance due to the destructuration
of the proton gradient across the inner chloroplast membrane [80]. This proton gradient is
fundamental for converting light energy into chemical energy (ATP) and is essential for the
efficient functioning of photosystem II [81].

The complex nature of humic substances determines various effects on microalgae.
Huminfeed®,(Humintech, Grevenbroich, Germany) an extract from leonardite, a highly
oxidized lignite with high C: CH2 and C: H ratios, did not influence the growth or pho-
tosynthetic rate of the strain 61.81 R. subcapitata (synonym used P. subcapitata), strain
276-4d Desmodesmus armatus, or strain no. 2006 Monoraphidium braunii in a concentration of
2–20 mg C L−1. However, the chemistry of photosystem II is modified under treatment
with Huminfeed® (Humintech, Grevenbroich), as demonstrated by the modification of
thermoluminescent light emission [82].

The humic lakes, developed primarily due to leaching of dissolved organic matter
(DOM) from soil into continental water bodies, are natural aquatic ecosystems wherein the
hormetic effects of humic substances influence the microalgae community structure [83].
DOM ranges from 0.5 to 100 mg C L−1 in the natural aquatic system [84]. For such concen-
trations, at the ecosystem level, the overlapping mechanisms of HS action on microalgae
promote the development of species able to develop in multicellular structures, such as fila-
mentous (Diatoms) or colonial (Cyanobacteria) structures [85], more resistant to oxidative
stress than unicellular species [86].

3. Protective Effects of Humic Substances on Microalgae

Due to their specific properties, low concentrations of humic substances protect mi-
croalgae against the toxicity of potentially toxic elements and xenobiotics. The follow-
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ing main mechanisms are involved: (i) reduction of the bioavailability of potentially
toxic elements and xenobiotics and modification of cellular uptake due to the forma-
tion of a protective coating of adsorbed HS-toxic complex on the microalgal cell wall;
(ii) activation of photodegradation mechanism due to soluble HS–metal ion complexes; and
(iii) higher tolerance to oxidative stress due to HS redox buffering activity and/or activation
of secondary metabolism. These main mechanisms are presented in Figure 2.

 

Figure 2. Illustration of the main mechanisms involved in microalgae protection by humic substances
and the characteristics that are involved in these mechanisms.

Reduced cellular uptake due to the protective coating formed on the microalgae
cell wall is the primary mechanism of action for protection against heavy metals and
hydrophobic pollutants. The activation of photodegradation is usually induced by the
HS–metal ion complex and is active on photosensitive pollutants. Increased tolerance
to oxidative stress due to (bio)chemical priming mitigates the effects of compounds that
induce reactive oxygen and nitrogen species at cellular levels. Illustrative examples of
such mechanisms of protective HS effects on microalgae are presented in Table 2 and are
further discussed.

Bioavailability is considered a key concept linking the changes in the concentrations
of potentially toxic elements to their detrimental effects on biota [93]. Humic substances
with low molecular weights (i.e., fulvic acids), soluble in water, increase the bioavailability
of potentially toxic elements (PTE) in ionic forms and enhance the uptake of these ions
by microalgae cells [94]. In the case of humic substances with supramolecular structures,
i.e., humic acids, the bioavailability is decreased due to the adsorption of HA-ionic PTE on
microalgae cell walls.

In the presence of a standard HA product (Suwannee River Humic Acid, SRHA), the
Ag+ ion toxicity to microalgae Chlamydomonas reinhardtii and R. subcapitata (synonym used
P. subcapitata) decreased, although the microalgae cells took up a higher amount of free
silver ions. Most of the silver ions were bound to the cell walls and recovered in the cell
debris fractions [95].
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Table 2. Examples of protective effects of humic substances (HS) against the ionic forms of potentially
toxic elements and xenobiotics/chemical pollutants.

Aquatic Pollutant Tested Microalgae Main Mechanism Reference

Cd2+, Zn2+ Raphidocelis subcapitata
Supramolecular structure adsorbed in

the cell wall surface, which
complexes toxic ions

Koukal et al., 2003 [87]

Pb2+ Chlorella kesslerii

HS–Pb2+ complexes are adsorbed on
microalgae cell walls. HS

photoalteration reduce the adsorption
of HS–Pb2+ to microalgae surface

Spierings et al., 2011 [88]

Cu2+ Chlorella vulgaris

HS addition reduces bioavailability of
Cu2+ and

decreases the secretion of
exopolysaccharide matrix involved in

Cu2+ toxicity

Shi et al., 2021 [89]

Microplastics Chlorella vulgaris

HA decrease electrostatic interactions
between polystyrene nanoplastics

and microalgae and ameliorate
cellular aggregation

Hanachi et al., 2022 [90]

Tetracycline Coelastrella sp. Reduction of oxidative stress damage
(due to biochemical priming) Tong et al., 2020 [91]

Graphene family
materials (GFMs) Chlorella pyrenoidosa

Reduction of absorption due to steric
hindrance HA- GFMs

Reduction of oxidative stress damage
Zhao et al., 2019 [92]

By increasing Cu ion addition to C. vulgaris culture, the microalgae registered evident
growth inhibition and oxidative damage. The Cu-induced toxicity damage was allevi-
ated when the culture was supplemented with HS, in an HS concentration-dependent
manner [89]. Another study was performed to determine the influence of humic sub-
stances, applied at concentrations of 1 and 5 mg L−1, on the toxicity of Zn and Cd ions. The
concentrations of metal ions were 390 μg L−1 for Zn2+ and 200 μg L−1 for Cd2+. The tested
humic substances were Suwannee River fulvic acids and the humic acids extracted from
peat and soil. HS and metal ions were tested in a microalgae photosynthesis inhibition
assay using R. subcapitata. The effect was additionally studied by using a tangential flow
ultrafiltration unit, which separated the colloidal HS from the dissolved HS. The humic
acids significantly reduced the toxicity of metal ions. The results suggest that HS reduces
Cd and Zn ions toxicity in two ways. The colloidal HS, i.e., the humic acids extracted
from peat and soil, reduce the metal ions’ bioavailability because the formed complexes are
relatively stable. The same high molecular weight supramolecular structures could adsorb
onto algal surfaces and shield the cells from free Cd and Zn ions [87].

The shielding coat effect of the colloidal stable HS complex with metal ions that forms
on the algal cell wall and acts as an inhibitor of subsequent adsorption of metal ions was
demonstrated also for Scenedesmus quadricauda exposed to 100 μM Cd, Ni, Pb, and Hg ions
for 24 h. The microalgae were cultivated for 30 days before their biomass was exposed to
metal ions. The HS were tested at three concentrations of 1, 5, and 10 mg L−1. The authors
pointed out that metals were mainly accumulated when no HS was added.

Another study investigated the effects of different irradiated HS against Pb2+ applied
to freshwater microalga Chlorella kesslerii. The microalgae were exposed to 10−6 M Pb2+ ap-
plied as Pb(NO3)2 for 1 h in the presence of 10 mg C L−1 irradiated HS. Different commercial
HS were studied: Suwannee River humic acid (SRHA), Suwannee River fulvic acid (SRFA),
and Aldrich humic acid (AHA). The irradiation was performed with a solar simulator to
mimic natural conditions. The experiment also intended to consider the irradiation factor
and the effects of HS photoalteration on the bioavailability of toxic metals to microalgae.
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The results indicated that photoalteration of the tested HS decreased the amount of HS
adsorbed to the microalgae cell wall. The adsorption of HS to algae is dependent on the HS
composition and seems to be significant for HS with high hydrophobicity [88].

Microscale algal growth inhibition (μ-AGI) was developed in a high-throughput
bioassay. This method was used to test the influence of humic substances on the toxicity
of heavy metals (Hg, Cu) and hydrophobic organic pollutants (HOPs, such as pesticides
and polycyclic aromatic hydrocarbons). The bioassay was performed on C. reinhardtii,
strain C-239: UTEX-90, mt+. According to the International Humic Substances Society,
several humic acid (HA) preparations were made and compared with two commercial
preparations. Initially, the range of concentrations of HA was from 1 to 40 mg L−1. However,
concentrations higher than 10 mg L−1 significantly inhibited microalgae growth. To mitigate
the toxicity of heavy metals and HOPs, a concentration of 10 mg L−1 HA was used and
proved to be effective. This μ-AGI method confirmed that the carboxylic acid content and
molecular weight of HAs are essential for mitigating the toxic effects of Hg and Cu ions
on C. reinhardtii. In the case of HOPs, mitigation of toxicity toward microalgae is directly
related to the aromaticity and polarity of HAs [96].

The reduction in micro- and nano-sized plastic toxicity to microalgae by humic acids
is also related to a mechanism involving a protective adsorbent coating that mitigates the
adverse effects of micro/nano-plastic particles [90].

The humic acid–metal complexes are well-known for their role in environmental
detoxification [97]. Detoxification of various aquatic pollutants reduces their toxicity on
microalgae. One example is the photodegradation of glyphosate, a widely used herbicide,
by the complex formed between HA–Fe3+. Glyphosate is highly toxic for the algae, inducing
oxidative effects on the lipophobic intracellular environment of microalgae [98].

The experiments on enhanced photodegradation of glyphosate by complex com-
pounds formed between humic acids and Fe3+ (HA-Fe3+) demonstrated that the optimum
concentrations for the highest degradation rate were 20 mg L−1 HA and 0.5 mmol L−1 Fe3+

when the glyphosate concentration was 50 mg L−1 [99].
Humic acids reduce the toxicity of tetracycline toward microalgae. Tetracycline deter-

mined a dual response in the bioassay with Coelastrella sp. Tetracycline stimulated biomass
and protein accumulation at concentrations lower than 2 mg L−1. Tetracycline concen-
trations higher than 2 mg L−1 reduced microalgae growth by more than 50%. Sodium
salts of humic acids, at concentrations of 2 mg L−1 and 5 mg L−1, significantly reduced
tetracycline toxicity. A high concentration of tetracycline induced high oxidative stress.
Humic acid addition reduced oxidative damage and associated oxidative stress biomarkers,
most probably due to (bio)chemical priming of secondary metabolism and the microalgae
detoxification and defense systems [91].

Humic acids reduce the toxicity of graphene family materials (GFMs) toward mi-
croalgae, Tetradesmus obliquus (synonym used Scenedesmus obliquus) [100], and Chlorella
pyrenoidosa [92]. The toxicity mechanism of GFMs is the membrane damage associated with
oxidative stress [101]. Humic acids interact with GFMs and decrease GFM aggregation
and adhesion to the microalgae cell membrane due to steric hindrance [92]. An additional
protective effect is related to the reduced oxidative damage of GMFs in microalgae. Besides
the (bio)chemical priming and activation of the tolerance against oxidative stress, another
mechanism is related to the oscillating antioxidant–prooxidant characteristics of HS. The
chinone–phenol moieties of HS have context-dependent redox characteristics [54]. In the
“crowded” cellular environment with a high level of reactive oxygen species, HA exert
antioxidant activity. The HA have a strong redox buffering activity due to the switch
between oxidized quinone and reduced phenol [23,31].

The same effect of reducing the toxicity of graphene material, graphene oxide (GO),
by humic acids due to the antioxidant activity was also reported for C. vulgaris, strain
FACHB-8. GO also determines mutagenic effects (revealed by comet assay) due to the
high level of induced reactive oxygen species. The concomitant HA applications reduced
these mutagenic effects. At the same time, the nanoparticles formed by aggregation of the
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dissolved/suspended natural organic matter (NOM) acted as promotor of (geno) toxic
GO effects [102].

4. Humic Substances as Microalgae Biostimulants

The scientific community has largely accepted the concept of plant biostimulants (PB)
for more than a decade [103]. Plant biostimulants are a class of agrochemical inputs situated
between fertilizers and plant protection products. The PB-specific effects are increased
nutrient uptake and nutrient use efficiency, enhanced plant tolerance to abiotic stress,
and improved edible crop quality [104]. Nowadays, plant biostimulants are classified
as microbial and non-microbial plant biostimulants [105]. Non-microbial plant biostimu-
lants are further classified into organic plant biostimulants and inorganic plant biostim-
ulants [104]. Organic plant biostimulants are seaweed and botanical extracts [106–109],
humic and fulvic acids [110,111], protein hydrolysates [112,113], chitosan [114,115], and
other biopolymers [116–118]. Inorganic plant biostimulants are plant-beneficial elements,
such as silicon [119,120] or selenium [121,122], which determine PB-specific biological
effects when applied to cultivated plants.

The first generation of plant biostimulants was defined as a “formulated product
of biological origin that improves plant productivity as a consequence of the novel or
emergent properties of the complex of constituents” [53]. This definition was directly
related to the difficulty of defining a mode of action specific and different from that of
other agricultural inputs (fertilizers and plant protection products). Another obstacle was
related to the difficulty in identifying plant biostimulant active ingredients. In the last two
years, attempts have been made to define the pure organic active compounds from the
main classes of plant biostimulants [123]. The HS effects on plants were considered the
result of “chemical priming” [51].

The mirror concept of “microalgae biostimulant” is not often used in the scientific
community, despite its utility. The main effect from plant biostimulants is the increased
tolerance to abiotic stress, which is directly related to the molecular priming mode of
action [124]. Enhanced tolerance to stress factors, especially in commercial-scale cultivation
of microalgae and/or in mixotrophic conditions, could increase the overall productivity
and profitability of microalgae cultivation [125].

The microalgae biostimulants can be divided into classes similar to those of plant
biostimulants, non-microbial and microbial biostimulants [126]. Only a few studies refer
to non-microbial algae biostimulants as a term used for describing the applied treatments
based on the observed effects, most of them related to HS. Table 3 presents these papers
and the effects of non-microbial biostimulants on different microalgae strains.

The growth-promoting effect is a direct result of the biostimulant effects. In the case
of terrestrial plants, the growth-promoting term was one of the initial names given to
biostimulant rhizobacteria [133], which are still in use today [134]. The non-microbial
plant biostimulants were also considered ”plant growth promoters”—including humic
acids [135]. The biostimulant effects are not limited to growth promotion. These effects are
also related to the enhanced capacity of the treated photosynthetic organisms to adapt to
the specific environmental conditions.

Phytohormones are among the most used microalgae growth-promoting products.
Their benefits for utilization in microalgal biotechnology to increase microalgae growth
and accumulation of metabolites of interest have been reviewed several times in re-
cent years [136–138]. Recently, strigolactone analogs, phytohormones not detected in
microalgae, which appear firstly in Charales [139], were demonstrated to promote mi-
croalgae growth and metabolite accumulation [140–143]. Besides phytohormones, HS
and polyphenols (ferulic acid, protocatechuic acid, vanillic acid, phloroglucinol) were
reported as non-microbial algae biostimulants/growth promotors. A commercial prepara-
tion of humic and fulvic acids was one of the ”biochemical stimulants” used to increase
biomass productivity and metabolite content in Chlorella sorokiniana (UTEX 2805) [130].
Phloroglucinol promotes biomass accumulation and increases fucoxanthin synthesis in the
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microalga Thalassiosira pseudonana [144]. Phloroglucinol is also a plant tissue culture growth-
promotor [145,146]. Methods to enhance the oil content of oleaginous microalgae based on
HS were patented—e.g., on fulvic acid [147] or melatonin [148].

Table 3. Effects of non-microbial biostimulants on different microalgae strains.

Compound Tested Microalgae Main Effects Reference

Humic-like extract of
anaerobic digestate (D-HL)

Humic-like extract of residues
from rapeseed oil
production (B-HL)

Humic-like extract of tomato
plants (T-HL)

Chlorella vulgaris
CCAP 211/11C Scenedesmus

quadricauda

Increased biomass
production (~25–40%) by

DH-L and TH-L
Increased oil accumulation

(~60–90%) by DH-L and TH-L
Increased unsaturated

fatty acid
content by B-HL

Increased carbohydrate
content by B-HL

Puglisi et al., 2018 [56]

Fulvic acid Haematococcus pluvialis
KM115647

Increased astaxanthin and
lipid content Zhao et al., 2019 [127]

Selenium
and betaine

Dunaliella
salina

Increased carotenoid and
antioxidant activity

Constantinescu-Aruxandei
et al., 2019 [128]

Humic acids
Euglena

pisciformis
AEW501

Increased biomass yield
Higher lipid content

Higher content of unsaturated
fatty acids

Fan et al., 2022 [129]

Humic and fulvic acid
(commercial preparation)

Chlorella
sorokiana UTEX2805

Increased biomass yield
Increased metabolite

accumulation
Hunt et al., 2010 [130]

Lignosulfonate
Euglena gracilis NIES-48 Increased biomass yield

Higher lipid content
Zhu and Wakisaka, 2021 [131]

Phenolic precursors of lignin Zhu et al., 2021 [132]

Most published papers refer to microbial (bacterial) microalgae growth promotors/
biostimulants, recently reviewed in [149]. The microbial microalgae biostimulants, mainly
bacterial strains, have been used for decades to improve mixotrophic microalgae cultiva-
tion [150,151]. Such bacterial strains were described as “microalgae growth-promoting
bacteria” (MGPB) two decades ago, initially to describe the synthetic mutualistic interaction
of C. vulgaris or C. sorokiniana with Azospirillum brasilense strain Cd [152,153]. A similar arti-
ficial consortium was established between oleaginous microalgae Ankistrodesmus sp. strain
SP2-15 and Rhizobium strain 1011. The microalgal strain co-cultivated with bacteria was
highly efficient in lipid production (up to 112 mg L−1 day−1 compared to 87 mg L−1 day−1

for the microalgae culture alone) and accumulation of omega-3 unsaturated fatty acids [154].
Bacteria from Rhizobium genera were proved to be associated naturally with the

microalgae. Microalgae do not usually grow well in axenic conditions—they need a
phycosphere colonized by associated/symbiotic bacteria for proper development [155].

Analysis of the diversity of phycosphere bacteria from various microalgae classes
revealed that the majority of these bacteria are known to be plant growth-promoting bacte-
ria (PGPB) [156]. The illustrative examples are bacteria from Azospirillum and Rhizobium
genera [126]. Plant growth-promoting (Rhizo) bacteria were reconsidered as microbial
plant biostimulants [157,158]. In similar manner, microalgae growth-promoting bacteria
could be reconsidered as microbial microalgae biostimulants. Nevertheless, the significant
difference between the “microalgae growth-promoting bacteria” and “microbial microal-
gae biostimulants” is related to the effects. The biostimulant activity is not related only
to growth promotion—it involves increased tolerance to (abiotic) stress and enhanced
accumulation of the ingredients of interest to cultivate the microalgae [159].
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There are few reports regarding HS influence on microalgae co-cultivated with bios-
timulant bacteria. Fulvic acids from lignite leachate promoted the growth of Desmod-
esmus subspicatus (synonym used Scenedesmus subspicatus) co-cultivated with bacteria [160].
Humic-like substances from landfill leachate stimulated lipid accumulation on C. pyrenoi-
dosa FACHB-9 co-cultivated in consortium with bacteria [161].

Due to their amphiphilic supramolecular structures with hydrophobic pockets [19],
humic acids could influence the bioavailability of the chemical exo-signals used for com-
munication inside the microalgae microenvironment: microalgae to microalgae, microalgae
to associated bacteria, bacteria to bacteria. Such exo-signals are, in general, hydrophobic
compounds, e.g., acyl-homoserine-lactone (AHL), used for inter-specific quorum sensing
(QS, detecting bacterial density from the same ecotype) in Gram-negative bacteria [162]. The
importance of QS signals for the microalgae–bacteria interactions was recently reviewed [163].

The gap in knowledge regarding interactions between humic substances and quorum
sensing molecules is significant. The data are scarce and exist only for the soil environ-
ment and wastewater anammox anaerobic treatment. Water-soluble humic substances
repress the formation of QS signals in Sinorhizobium meliloti and promote the efficiency of
symbiotic nitrogen fixation in Medicago sativa [164]. Fulvic acid stimulated AHL release
in the anammox (anaerobic ammonium oxidation) and improved bacterial activity [165].
Further studies are needed to determine the effects of HS on QS and the underlying mech-
anisms, especially in microbial consortia involving microalgae. It will help to effectively
utilize HS as biostimulants for microalgae cultivated in xenic conditions when large pop-
ulations of associated phycosphere bacteria producing QS signals are present. HS could
modulate the bioavailability of QS signals similarly to cyclodextrin—inclusion inside a
hydrophobic pocket [166].

There are no data regarding the interactions between HS and the various other in-
fochemicals present in the microalgae culture. For example, the microalgae from the
Scenedesmaceae family respond to grazers natural cues by forming flocculating colonies [167].
Such mechanisms are of interest for microalgal biotechnology as a lower-cost harvest-
ing process [168]. HS could support the initial formation of the extracellular matrix
of polysaccharides and lipids required for colony formation and flocculation [169], re-
ducing the metabolic costs of colony formation [170]. The surfactant agents, such as
linear alkyl benzene (LAB) [171], benzalkonium bromide (BZK) [172], sodium dodecyl
sulfate (SDS) [172,173], and nonionic surfactant polyoxyethylene (40) nonylphenol ether
(NPE) [172] enhance microalgae colony formation in the presence of smaller amounts
of grazers natural cues or even in their absence [171]. Such effect should be considered
in terms of ecotoxicological risk assessment, but also for its biotechnological potential
related to microalgae harvesting. HS, due to their complex structure that generates other
specific chemical features and associated biological activity, could be modulator of the final
inducing step of colony formation in microalgae biotechnology.

The utilization of humic substances as microalgae biostimulants benefits from the
advances in knowledge related to HS structure–activity. Despite HS complexity, the various
analytical techniques, combined with chemoinformatic tools, allow an accurate estimate
of HS biological activity based on chemical and chemo-physical features. The ratio be-
tween HA electron-accepting capacity (EAC) and electron-donating capacity (EDC) that
is related to quinone and semi-quinone and, respectively, to polyphenols and glycosy-
lated polyphenols, predicted the plant biostimulant activity of HA in corn seedlings [174].
The low molecular weight HS, which penetrate the cell membrane more easily, modulate
intracellular signals. The high molecular weight HS interact with the cell membrane re-
ceptors [175]. The ability of HS to act as eustressors (positive stressors) on rice plants is
related to aromaticity, hydrophobicity, aliphaticity, and polarity [176]. A combination of
different HS, of different origins, with different and well-characterized hydrophobicity and
hydrophilicity, produced bioactive and environmentally friendly products [177].

The projection of the latent structure (PLS) regression, using molecular structures ob-
tained by 31P-NMR spectra of derivatized samples and 13C-CPMAS-NMR spectra obtained
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directly on samples, predicted the biological activity of humic-like biostimulants obtained
from bioeconomy side-streams [178]. Because the HS structure–activity relationship is
not linear, the linear artificial neural network (ANN) based on Fourier-transform infrared
(FT-IR) spectroscopy predicted better the biological activity of HS extracted from peat [176].
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) was used to
differentiate the molecular signature of humic acids from different sources. The degree of
humification, determined according to aromaticity and degree of saturation, increases the
HA from soil, river, and leonardite/oxidized lignite [179]. FT-ICR MS, in combination with
13C-CPMAS NMR spectroscopy and FT-IR ATR, revealed the co-existence of anti-oxidant
and pro-oxidant moieties and properties of humic acid extracted from lignite [180]. These
complex chemical properties were related to the biostimulant effects on tomatoes cultivated
under nutritional stress [180].

Several constraints should be considered in using HS as biostimulant for microalgae.
HS have higher electron-donating capacities (EDC) in the aquatic environment than in
soil [181]. The physiological window of beneficial HS doses is narrow, and inhibitory doses
must be avoided. Microalgae release into their cultivation media various organic com-
pounds with various molecular masses, including aromatic amino acids such as tryptophan
and tyrosine, heterocyclic pigments such as biopterin, proteins, etc., that generate humic-
like substances, algal organic matter (AOM) [182]. This dissolved organic matter that results
from microalgae organisms is also called humic matter due to its aromaticity (π-π systems)
related to significant fluorescence [183,184]. In several cases, accumulations of this organic
matter during microalgae cultivation block water reuse. Humic acids produced from
AOM are the major microalgae growth inhibitors for E. gracilis strain CCAP 1224/5Z [185],
S. acuminatus strain GT-2 [186], and N. oceanica LARB-202-3 [187]. Filtration of the spent me-
dia through activated charcoal and oxidative degradation by ultraviolet light or ozonization
effectively reduces the toxicity of the algogenic HS (organic matter—AOM) to the microal-
gae [185–187]. Similar treatments could be used in the situation of enhanced production of
AOM under HS treatment or in the situation of biostimulant HS accumulation.

Overall, HS fulfill the criteria required for non-microbial microalgae biostimulants.
HS modulate microalgae growth and mineral nutrient availability. HS increase tolerance to
chemical stressors and enhance the accumulation of microalgae metabolites. These effects
are proposed to result from the “chemical priming”, i.e., a “preparedness” condition that
promotes faster metabolic pathway activation. Similar evidences supporting the hypothesis
of “chemical priming” in terrestrial plants by HS [51] were already presented in Section 2
for HS–microalgae interaction.

5. Humic Substance Interactions with Microalgae Harvesting by Flocculation

Interest in microalgae cultivation and the resulting biomass utilization has increased
significantly in the last two decades. The main driving interest was initially related to
the CO2 mitigation potential combined with biofuel production [188]. The fast growth
rate and the high lipid content of oleaginous microalgae represented arguments to con-
sider microalgae as an alternative solution to fossil fuels [189]. Integration with wastew-
ater treatment was another benefit of the microalgae-based fuels [190]. However, sev-
eral problems of microalgae cultivation have prevented the development of microalgae-
based biotechnologies, especially those focused on the production of bulk chemicals/
biofuels [189,191,192]. One of these issues related to the profitability of the microalgae-
based product is the dewatering/harvesting step [191–193].

Efficient harvesting and dewatering represent a major bottleneck for all microalgae-
based biotechnologies, including those focused on more profitable products, such as
carotenoids [194]. The dilute nature of microalgae in suspension requires high energy
consumption for this initial step in microalgae processing [195]. Microalgae flocculation
from growing media was proposed to be a solution to reduce energy consumption for
harvesting and dewatering [196]. However, the costs of flocculants reduce the profitability
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of this solution [195]. Affordable and natural flocculants present several advantages in
terms of costs and environmental impacts [197–199].

The utilization of HA as a flocculant for microalgae exploit their capacity to bind
to the microalgae cell walls and/or form a network with other microalgae flocculating
agents. HA were used as flocculant together with cationic aminoclay nanoparticles. A
patented composition of aminoclay (AC) and HA with 0.1–0.3 g L−1 HA and 3–7 g L−1 AC
content was used to harvest oleaginous microalgae—Ankistrodesmus sp., Anacystis nidulans,
Biddulphia aurita [200]. In cooperation with scientists from other Korean research entities,
the patent authors published a short communication demonstrating that AC-HA forms a
network that captures oleaginous Chlorella sp. microalgae [201].

Flocculation of microalgae biomass was enhanced by the utilization of the humic-
like exopolymers produced by S. acuminatus. When the humic-like exopolymers were
used, the Al3+ ionic coagulant concentration was almost 20 times reduced (from 77.6 to
4.5 mg L−1) [202]. In other situations, the HS presence reduces the harvesting microal-
gae efficiency by flocculation process. HS reduces the efficiency of T. obliquus (synonym
used S. obliquus) FSP-3 flocculation by ozone [203] or C. vulgaris 211–11b flocculation by
calcium phosphate precipitation [204]. Therefore, the biotechnological process aiming
to utilize HS as microalgae biostimulants should also consider the HS interference with
microalgae flocculation.

6. Enhanced Biotechnological Production of Microalgae-Based High-Value Products
by Humic Substances

Nowadays, the interest in microalgae cultivation is also related to the products with
high added value that can be produced by microalgal biotechnology—Table 4.

Table 4. Market potential of microalgae-based high-value compounds. Reconstructed and updated,
from Velea et al., 2017 [125].

High Value-Added
Compounds

Market Estimation

Price Range (USD kg−1)
Estimated Value (mio.US$)

Compound Annual Growth
Rate—CAGR

Plant biostimulants 3200 (2021) a 12.1% (2021–2026) 60–90 a

Carotenoids (total) 1500 (2019) b 4.2% (2019–2027) b -
Beta-carotene 532 (2019) a 3.3% (2014–2019) b 300–1500 b

Lutein 314 (2019) a 3.6% (2014–2019) b -
Astaxanthin 423 (2019) a 2.3% (2014–2019) b 200–7000 b

Canthaxanthin 117 (2019) a 3.7% (2014–2019) b 100–500 d

Omega-3 fatty acids 2100 (2020) c 7.4% (2020–2028) c 80–160 d

a—https://www.marketsandmarkets.com/Market-Reports/biostimulant-market-1081.html, accessed on
20 April 2022. b—https://www.marketsandmarkets.com/Market-Reports/carotenoid-market-158421566.html,
accessed on 20 April 2022. c—https://www.grandviewresearch.com/industry-analysis/omega-3-market,
accessed on 20 April 2022. d—Borowitzka, 2013 [205].

The potential use of humic substances as microalgae biostimulants must take into
account the mixotrophic cultivation of microalgae (since parts of the HS could be used as C
or N sources by microalgae and/or symbiotic associative bacteria) and to the biosynthesis
of the products that are not affected by the presence of HS (since the separation of HS in the
downstream process is complicated and increases production costs). The mixotrophic pro-
cess for microalgae cultivation, which leads to higher biomass concentrations compared to
auxotrophic grown microalgae, and the acceleration of microalgae growth (including by the
use of microalgae biostimulants) are solutions that reduce the energy costs for microalgae
cultivation and increase the profitability of microalgae cultivation on a large scale [124].

The products with high added value that can be obtained from microalgae have a
plethora of applications within the biomedical, food, feed, and agriculture sectors. The
investigation of the effects of HS on the production of these products is still in its infancy but
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could have a significant impact. The few studies available focused on certain compounds
such as lipids, fatty acids, and carbohydrates. Still, other products such as carotenoids,
polyphenols, polyamines, and proteins should be investigated more in-depth. The humic
acids, applied in concentrations between 0.1 and 0.5 mg L−1, were proven to stimulate
the growth of microalgae Dunaliella salina and Nannochloropsis salina used in aquaculture
for fish feed. The accumulation of chlorophyll a, carotenoids, lipids, and proteins was
also stimulated by humic acids [205]. Other preliminary studies involving fulvic acid and
astaxanthin [206] are promising.

Moreover, because HS were shown to be safe for many applications, there would be no
need for further purification or separation. In some cases, HS were shown to have positive
effects and, therefore, could even act synergistically with products from microalgae. HS
were found to be antimicrobial and have prebiotic, anti-inflammatory, antioxidant, and
immunomodulating activities in vertebrates [18]. HS were proven to have health-promoting
effects on fish—reducing stress and fungal disease and stimulating probiotic bacteria [207].
Therefore, their use to stimulate the production of high-added-value feed ingredients (e.g.,
astaxanthin) is highly feasible. Trace HS will not negatively influence the value of the feeds.
Humic acids and yeast-derived immunomodulator glucan were shown to have synergistic
stimulation effects on the immune system [208]. These findings suggest that this synergism
could apply also to similar bioactive compounds from microalgae, these vast possibilities
being unexplored at the moment.

The production of plant biostimulants from microalgae biomass is one of the most
recent developments in microalgal biotechnology [209]. Seaweed extracts represent a well-
known and highly effective class of plant biostimulants [106]. However, the microalgae
biomass is more affordable and less complicated to standardize as a raw material for plant
biostimulants [210]. The sustainability of microalgae-based plant biostimulant production
is higher than that of seaweed-based plant biostimulants [211].

A pioneering work of our group demonstrated the plant biostimulant effect of microal-
gae extracts resulting from the biomass of microalgae Nannochloris sp. 424-1, CCAP 251/10,
cultivated mixotrophically [212].

Polyamines represent another category of endo- and exo-signals that have protectant
action against abiotic stress. The Arthrospira (synonym used Spirulina) platensis biomass
submitted to enzymatic hydrolysis for four hours generates hydrolysate with high spermine
content that biostimulates field-grown lettuce [213].

The (exo)polysaccharides are other compounds from microalgae that contribute to
the specific plant biostimulant action due to the activation of plant innate immunity. Their
activity is related to the in situ formation of oligosaccharins [214]. Oligosaccharins are
endo-signals that regulate plant growth, development, and gene expression, from the
category of plant innate immunity elicitors, i.e., pathogen-associated molecular patterns
(PAMPs); microbe-associated molecular patterns (MAMPs); and damage-associated molec-
ular patterns—DAMPs [215].

The polysaccharides extracted from eukaryotic and prokaryotic microalgae (D. salina
strain MS002, Porphyridium sp. strain MS081, D. salina strain MS067, Phaeodactylum tri-
cornutum strain MS023, Desmodesmus sp., A. platensis strain MS001) and applied as leaf
treatment induced the biochemical markers related to the activation of the defense path-
ways in tomatoes—chitinase, 1,3 beta-glucanase, phenylalanine ammonia-lyase (PAL), and
peroxidase—POX [216].

The crude extract containing polysaccharides from the Moroccan strain of C. vul-
garis and C. sorokiniana injected in 40-day old tomato plants determined an increase in
β-1,3-glucanase activity and significantly increased the content of polyunsaturated fatty
acids. The exo-polysaccharides extracted from the halophytic microalgae D. salina MS002,
cultivated in hypersaline media, enhance tolerance of Solanum lycopersicum var. Jana F1 to
salt stress [217].

Protein hydrolysate is another source of plant biostimulants from microalgae. The
bioactive peptides resulting from enzymatically hydrolyzed microalgae proteins sustain
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plant hormone biosynthesis in the plant tissue, activate primary metabolism, and stimulate
nutrient uptake [108]. The amino acids from microalgae protein hydrolysate, especially
the glutamic and aspartic acids, modulate primary metabolism and increase nutrient use
efficiency due to anaplerotic reactions of the tricarboxylic acid cycle [218]. The de-oiled
microalgae biomass, resulting from the production of third-generation biodiesel, is an
effective hydrolysate source that promotes plant growth and development [219]. Table 5
summarizes the active ingredients in microalgae extracts that contribute to the plant
biostimulant effect.

Table 5. Active ingredients from microalgae-based microbial biostimulants.

Active Ingredients Microalgae Main Mechanism Reference

Polysaccharides

Dunaliella salina MS002,
Porphyridium sp. MS081,
D. salina strain MS067,

Phaeodactylum tricornutum MS023,
Desmodesmus sp., Arthrospira.

platensis MS001

Elicitation of the plant defense
mechanisms and activation of

secondary metabolism
Rachidi et al., 2021 [116]

Osmoprotectants—
glycine-betaine

and proline

Nannochloris sp. 424-1,
CCAP 251/10

Protection of plants against
hydric stress, enhanced water

use efficiency
Oancea et al., 2013 [214]

Osmoprotectants—
polyamines A. platensis

Increased biomass yield
Higher lipid content

Higher content of unsaturated
fatty acids

Mógor et al., 2018 [215]

Protein
hydrolysate Chlorella vulgaris

Activation of
primary metabolism,

Increased nutrient uptake and
nutrient use efficiency

Maurya et al., 2016 [220]

HS components could act on terrestrial plants complementarily with the active ingre-
dients from microalgae extract. The hormetic HS effect on microalgae could support the
development of the HS-based second generation of plant biostimulants (Figure 3).

The high-throughput screening bioassay proposed in Figure 3 is multifunctional. It
could be used to select a synergic combination of HS with other PB-active ingredients. Ad-
ditionally, it could be used to generate PB based on HS-biostimulated microalgae, selecting
the optimum HS concentrations active in microalgae and further synergizing microalgae
extracts’ active ingredients. A high-throughput screening assay based on microalgae appli-
cation of HS and other active ingredients could select an optimal ratio between components.
The hormetic effect allows fine-tuning of the optimal combination between HS and other
active ingredients of plant biostimulants, including extract of microalgae. The selected
combination can be further tested in a battery of plant bioassays to identify the synergis-
tic plant biostimulant compositions. The compatibility between HS and microalgae was
already proven. A combination of commercial PB based on HS (humic acids extracted
from leonardite, 33% C) and lyophilized microalgae biomass D. subspicatus (synonym used
S. subspicatus) in aqueous suspension has been shown to exert synergic plant biostimulant
effects on onions grown in an organic farming system [174]. Therefore, microalgae stimula-
tion by in situ application of humic substances, at a concentration from the initial range
of hormetic effect, could generate a second-generation plant biostimulant. These plant
biostimulants from the second generation are products based on synergic combinations of
active ingredients [224].

Using humic substances as biostimulants for microalgae cultivation could be achieved
in an integrated/zero-waste microalgae-based biotechnological process (Figure 4).
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Figure 3. Development of second-generation plant biostimulants based on microalgae bioassay of
interactions between humic substances and other active ingredients. The high-throughput screening
on microalgae selects a combination with synergic effects that are further verified in plant biostimulant
bioassay. Extracts of HS-biostimulated microalgae could be also used in association with the added
HS for their activity as plant biostimulants, by using several bioassays—radicular proton pump
induction [220], Vicia faba genotoxicity and cytotoxicity test [221], Arabidopsis germination and rosette
growth [222], Gibberellic acid-independent amylase activity in barley [223].

 

Figure 4. Using the humic substances as biostimulants for microalgae in integrated biotechnol-
ogy, converting by-products from bioeconomy and carbon dioxide from fermentation process into
high-value bioproducts—dietary supplements, food and feed additives, plant biostimulants. The
complementary or even synergic HS interactions with components from microalgae used as active
ingredients in these bioproducts underpin HS utilization as a biostimulant for microalgae.
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HS promote microalgal metabolite accumulation under different stress conditions.
Fulvic acids induce the accumulation of lipids in nitrogen starvation conditions in Mono-
raphidium sp. FXY-10 [225]. Melatonin and fulvic acid enhance lipid and photosynthetic
pigments accumulation in Heveochlorella sp. Yu MK829186.1 due to modulation of nitro-
gen and reactive oxygen species [226]. Fulvic acids promote astaxanthin accumulation in
H. pluvialis KM115647 under high light and nutrient starvation stress [206].

HS complement/synergize microalgae components used as active ingredients for
dietary supplements or plant biostimulants in several ways. Humic acid increased water
solubility and photostability of β-carotene [227]. Humic acids interact in a synergic manner
with β-glucan for activation of the immune system [208], protection against liver injury
induced by chemical agents [228], and binding aflatoxin B1 in vitro [229].

7. Conclusions

Humic substances (HS) are supramolecular structures stabilized by hydrophobic
interactions. In aqueous solutions/suspensions, HS generates a more dynamic supramolec-
ular structure. Due to the dynamic structure of HS in solution/suspension, the main HS
physicochemical characteristics are enhanced. The biological activities related to these
characteristics are also enhanced. Amplified HS biological activities in water systems and
the unicellular nature of microalgae make more evident the hormetic effects of HS on
aquatic photosynthetic microorganisms.

Overall, HS fulfill the criteria required for a non-microbial microalgae biostimulant. HS
increase mineral nutrient availability, microalgae growing rate, and biomass accumulation.
HS increase tolerance to chemical stressors and enhance the accumulation of ingredients of
interest for microalgae cultivation under abiotic stress conditions.

The HS biostimulant effect on microalgae could be exploited to improve the yield
of high added-value products obtained by microalgae cultivation, such as food and feed
additives, dietary supplements, and plant biostimulants.
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Abstract: Spirulina is the most studied cyanobacterium species for both pharmacological applications
and the food industry. The aim of the present review is to summarize the potential benefits of the
use of Spirulina for improving healthcare both in space and on Earth. Regarding the first field of
application, Spirulina could represent a new technology for the sustainment of long-duration manned
missions to planets beyond the Lower Earth Orbit (e.g., Mars); furthermore, it could help astronauts
stay healthy while exposed to a variety of stress factors that can have negative consequences even
after years. As far as the second field of application, Spirulina could have an active role in various
aspects of medicine, such as metabolism, oncology, ophthalmology, central and peripheral nervous
systems, and nephrology. The recent findings of the capacity of Spirulina to improve stem cells
mobility and to increase immune response have opened new intriguing scenarios in oncological and
infectious diseases, respectively.
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1. Introduction

Arthrospira platensis and Arthrospira maxima (also known more generically as Spirulina
for its spiral or helical shape), which belong to the Microcoleaceae family, are the most stud-
ied cyanobacterium species in pharmacological applications and the food industry [1–4].
Cyanobacteria are Gram-negative bacteria that have played an important role in the evolu-
tion of primitive Earth and the biosphere; they have been responsible for the oxygenation
of the atmosphere and oceans since the Great Oxidation Event (GOE) around 3 billion years
ago [5]. These microorganisms have been classified as blue-green algae for their color due
to the production of the pigment phycocyanin. Cyanobacteria have been found in various
ecological niches, from freshwater to the oceans, on soils, rocks, and in environments
with extreme physicochemical characteristics [6]. Spirulina is an obligate photoautotrophic
filamentous species and has a characteristic helical shape. This cyanobacterium has a
prokaryotic organization with a multilayered cell wall, ribosomes, numerous inclusions,
and a lamellar photosynthetic system.

Cyanobacteria thrive naturally in alkaline waters, rich in minerals, under temperatures
ranging from 35 to 40 ◦C. Its filaments can reach the size of 0.5 mm in length. The helical
shape of the filament and the presence of gas-vacuoles inside the cells make it form floating
mats. Several species of Spirulina are present in nature, but the most studied and used
species are Spirulina platensis (S. platensis) and Spirulina maxima (S. maxima) [7]. Since the
70s, Spirulina has been considered a rich food source due to its high content of macro-and
micronutrients. In fact, it is an excellent source of proteins, vitamins, fatty acids, minerals,
photosynthetic pigments, and several secondary metabolites (Table 1) [8].

Table 1. Spirulina platensis main compounds.

Macronutrients % d.w.

Proteins 50–70
Carbohydrates 15–20

Lipids 7–16

Vitamins mg/100 g d.w.

Carotene 140
Biotin 0.005

Folic acid 0.01
Niacin 14

Riboflavin 4
Thiamin B1 3.5
Vitamin E 100

Vitamin B12 0.32
Vitamin K 2.2

Carbohydrates mg/100 g d.w.

Glucose 54.4
Galactose 2.6
Mannose 9.3

Rhamnose 22.3
Xylose 7

Lipids g/100 g d.w.

Arachidic 0.048
Gamma linolenic (GLA) 1

Myristic 0.041
Oleic 0.017

Palmitic 2
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Table 1. Cont.

Amino acids g/100 g d.w.

Leucine 4.94
Isoleucine 3.2

Lysine 3.02
Methionine 1.15

Phenylalaline 2.78
Threonine 2.97

Tryptophan 0.93
Valine 3.51

Phytonutrients g/100 g d.w.

cis beta-carotene 0.073
Chlorophyll-a 1
Phycocyanin 12

trans beta-carotene 0.26

Minerals mg/100 g d.w.

Calcium 700
Copper 1.2

Iron 100
Magnesium 400
Manganese 5
Phosphorus 800
Potassium 1400

Sodium 900
Zinc 3

Depending on how it is grown, it can contain up to 60% of dry weight (dw) pro-
teins consisting of essential amino acids such as leucine, isoleucine, valine, tryptophan,
methionine, phenylalanine, lysine, and threonine [9–12]. The protein content is of high
quality, with a biological value of 75% and a high digestibility (83–90%) because Spir-
ulina cells display a fragile and easily digestible murein envelope instead of cellulose
walls [13–15]. Approximately 60% of the total protein content consists of phycobilisomes,
composed of C-phycocyanin (C-PC) and allophycocyanin (A-PC), relevant antioxidant,
anti-inflammatory, antitumor, and immunostimulant compounds, as well as ingredients for
the cosmetic, food, pharmaceutical, and nutraceutical industries [16–18]. About 7–16% of
the dry weight consists of lipids [19,20]. These include monounsaturated fatty acids such
as oleic acid, saturated fatty acids (SFA) such as the more abundant palmitic, arachidic, and
myristic acids, and the omega-6 polyunsaturated fatty acids (ω-6 PUFAs) arachidonic (AA)
and γ linolenic acid (GLA), a potent immunoprotective and precursor to prostaglandins
and leukotrienes [19,21–23]. Fatty acids of Spirulina also include stearidonic acid (SDA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) [24]. Spirulina contains
different lipophilic pigments which have different bioactive properties. Among these,
the most abundant are chlorophyll-a (9–12% of the lipid fractions) and β-carotene. Xan-
thophylls, echinenone, myxoxanthophyll, zeaxanthin, canthaxanthin, β-cryptoxanthin,
and oscillaxanthina are other terpenoids present in Spirulina [25]. Regarding vitamins,
Spirulina contains provitamin A (β-carotene), vitamin B1 (thiamine), B2 (riboflavin), B3
(nicotinamide), B6 (pyridoxine), B9 (folic acid), B12 (cyanocobalamin), vitamin C, vitamin
D, and vitamin E (tocopherol). Spirulina is also a source of several minerals, including iron,
zinc, potassium, copper, manganese, magnesium, phosphorus, and calcium. [8,19,23,26].
It has been demonstrated that, depending on how it is grown, Spirulina carbohydrates,
including glucose, fructose, sucrose, glycerol, sorbitol, and mannitol, can increase from 15
to 20% dw [26]. In addition, myo-inositol, a carbohydrate source of organic phosphorus,
nitrogen, calcium spirulan (Ca-SP), and the polysaccharide immunomodulator called Im-
mulina, can be found in Spirulina biomass [8,27]. Moreover, Spirulina species can adapt to
environmental changes and grow very rapidly depending on the availability of nutrients

225



Mar. Drugs 2022, 20, 299

and climatic factors [28,29]. Through photosynthesis, these strains can fix N2 and CO2
while producing O2 and organic compounds such as polysaccharides, lipids, carotenoids,
proteins, and vitamins, which play a key role in the food, cosmetics, and pharmaceutical
industries [30].

Spirulina has been known since ancient times as a superfood. Aztecs collected it from
the alkaline Lake Texcoco, Mexico, as an integral part of their diet [31,32]. The safety of
Spirulina has been demonstrated by many toxicological studies both in chronic or acute
administration in the liver, kidneys, reproductive system, and human physiology [33–37].
Currently, it is listed by the US Food and Drug Administration (FDA) in the category
“generally recognized as safe” (GRAS) [38]. Spirulina has been declared the world’s first
superfood, with a complete nutritional profile [39] and the best “food of the future” for its
eco-sustainability. Nowadays, Spirulina is produced industrially under controlled condi-
tions [23]. In fact, the growth and productivity of this microorganism depend on several
factors such as nutrient concentration, temperature, the light spectrum, intensity, and pH,
which also influence its biochemical composition [40,41]. Furthermore, Spirulina is used in
medicine to treat different health conditions thanks to bioactive compounds such as antiox-
idants, immuno-stimulants, anti-inflammatory, antibacterial, antiviral, antitumor, antial-
lergic, antidiabetic, including phenolics, phycobiliproteins, and chlorophyll [20,21,42–44].
These and other compounds from Spirulina are believed to prevent or treat a wide range of
medical conditions [23,45] (Figure 1).

 

Figure 1. An overview of the effects of Spirulina on the various districts of the human body. Created
with BioRender.com (accessed on 8 March 2022).

For these reasons, space agencies such as the National Aeronautics and Space Admin-
istration (NASA) have promoted it as a food and supplement for astronauts during their
space missions since small amounts are able to provide different nutrients and protective
effects [46–50]. In fact, during their stay in space, astronauts are exposed to a variety of
stress factors that can have negative health consequences [51,52].

The space environment harms different districts of the astronaut’s body due to several
factors, such as micro-gravity and oxidative stress induced by radiation [53]. On Earth, the
cells are constantly subjected to the action of Reactive Oxygen Species (ROS), normally
produced as a result of cellular metabolism and exposure to environmental stresses such
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as X-rays, UV, pollution, xenobiotics, etc. The damage is directly proportional to the ROS
produced. This production is mitigated by the activation of cellular detoxification mecha-
nisms that physiologically protect cells. When ROS-dependent stress exceeds the body’s
physiological defenses, oxidative damage occurs to cells. The extraterrestrial environment
determines an increase of ROS, causing damage to cellular lipid membranes, mitochondria,
proteins, and DNA [54]. Microgravity and radiation affect several molecular systems and
mechanisms such as repair, replication, transcription, and protein expression [55].

In this context, Spirulina, with its antioxidant activity, is able to activate cellular
antioxidant enzymes and inhibit lipid peroxidation and DNA damage, thus eliminating
free radicals and increasing superoxide dismutase and catalase enzyme activity. Spirulina
also possesses immunomodulatory and anti-inflammatory properties that may play a
preventive role against potential astronauts’ pathologies [17].

In the same context, Spirulina has been designated to be placed in Environmental
Control and Life Support Systems (ECLSS) in the Micro-Ecological Life Support System
Alternative project (MELiSSA), which allows the production of water, oxygen, food, and
health supplements by the total recycling of the space station crew’s metabolic waste,
including the exhaled CO2 into the cabin [56–61].

To date, the effects of using Spirulina as an adjunct to classical therapies for the most
common diseases on Earth are well known in the literature, while the effects of Spirulina on
human health in space have not yet been studied [45,62]. In this review, we will discuss the
effects of Spirulina on major diseases that can affect humans both on Earth and in space.

The aim of the present review is to summarize the potential benefits of the use
of Spirulina, such as food or supplements, to improve the health of astronauts during
space missions.

2. Clinical Applications on Earth

2.1. Probiotic Effect

Microbial modulation activities have been reported in vitro, suggesting that the com-
bination of Spirulina and probiotics may represent a new strategy to enhance the growth
of the beneficial gut microbiota. Spirulina can inhibit the growth of some Gram-negative
(Escherichia coli, Pseudomonas aeruginosa and Proteus vulgaris) and Gram-positive (Staphylo-
coccus aureus, Bacillus subtilis and Bacillus pumilus) bacteria [63]. In fact, Spirulina produces
extracellular metabolites with antibacterial activity. On the contrary, low (minimum in-
hibitory concentrations, MIC ≥ 512 μg/mL) or no inhibitory effect was found against other
bacteria (Pseudomonas aeruginosa, Salmonella typhimurium, and Klebsiella pneumoniae) [64].
Moreover, it has been reported that extracellular products of Spirulina, obtained from a
culture in the late exponential stage and separated by filtration, significantly promote
the in-vitro growth of lactic acid bacteria (Lactococcus lactis, Streptococcus thermophilus,
Lactobacillus casei, Lactobacillus acidophilus, and Lactobacillus bulgaricus) [65]. It is largely
established that drastic changes of microbiota composition occur in several gastrointesti-
nal, immunological, and metabolic diseases [66,67]. In many microbiota-related diseases,
including Inflammatory Bowel Disease (IBD), it is well known that a strong unbalanced
ratio among the genera of potentially protective bacteria and normal anaerobic bacteria is
present. In particular, Bacteroides sp., Eubacterium sp., and Lactobacillus sp. are significantly
decreased [68]. Spirulina could represent an alternative strategy to symbiotic formula-
tions [63]. The latter seems to be more effective than probiotics alone in the prevention of
dysbiosis associated with immune-mediated, inflammatory, and dysmetabolic diseases.
Research on the advanced medical applications of Spirulina and derived products in the
treatment of infectious diseases caused by Gram-positive organisms are growing. Due to
the health benefits promoted, it is gaining more and more interest, especially in of dietary
supplements, where it is used as a powder or consumed as capsules or tablets [63]. This
evidence suggests that Spirulina may be useful for improving animal and human health by
changing the gut microbiota composition and promoting beneficial bacterial growth [68].
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2.2. Antihypertensive Effect

Among the main causes of cardiovascular diseases, such as atherosclerosis, cardiac
hypertrophy, heart failure, and hypertension, oxidative stress and inflammation are of
primary importance. Overproduction of ROS because of oxidative stress has been observed
in cardiovascular disease conditions [69]. In addition, evidence indicates that Low Density
Lipoprotein (LDL) oxidation is essential for atherogenesis [70,71]. On the other hand, the
microenvironment within the atherosclerotic lesion is proinflammatory. In addition to being
a disorder of lipid metabolism, atherosclerosis is now recognized as a chronic inflammatory
disease [72,73]. Accumulating evidence demonstrates that excessive inflammation within
the arterial wall is a risk factor for cardiovascular diseases and can promote atherogenesis.
Agents with antioxidant and/or anti-inflammatory activity may prove beneficial in com-
bating cardiovascular diseases. Vascular aging is characterized by an increase in arterial
stiffness and remodeling of the arterial wall with a loss of elastic properties. Silicon is an
essential trace element highly present in arteries. The effects of nutritional supplementation
with silicon-enriched Spirulina (SpSi) on arterial system structure and function in hyper-
tension have been evaluated. Collagen and elastin levels were increased in association
with extracellular matrix degradation decrease. The beneficial effects of SpSi supplemen-
tation evidenced here may be attributable to Spirulina enrichment and offer interesting
opportunities to prevent cardiovascular risks [74]. Spirulina can be effective as a blood
pressure-reducing agent by increasing endothelial nitric oxide synthase (eNOS), inhibiting
angiotensin-converting enzyme (ACE), suppressing renin-angiotensin system, vasocon-
stricting metabolites, and platelet aggregation [74]. In the future, the use of Spirulina could
have fundamental implications for hypotensive therapies in cardiology [63].

2.3. Antioxidant and Anti-Inflammatory Effects

Spirulina contains several active components, notably phycocyanin and β-carotene,
with potent antioxidant and anti-inflammatory activities [64]. As anti-inflammatory activi-
ties, phycocyanin inhibits proinflammatory cytokine formation, such as TNFα, suppresses
cyclooxygeanase-2 (COX-2) expression and decreases prostaglandin E(2) production [75].
Another component of Spirulina, β-carotene, has been reported to have antioxidant and
anti-inflammatory activities. It was found that β-carotene is able to protect cells against sin-
glet oxygen-mediated lipid peroxidation [76]. ROS also contribute to vascular dysfunction
and remodeling through oxidative damages in endothelial cells [77]. In a recent in vitro
study [78], the antioxidant and anti-inflammatory properties of four different Spirulina
preparations were evaluated with a cell-free as well as a cell-based assay. It was found
that Spirulina dose-dependently inactivated free superoxide radicals generated during an
oxidative burst [78]. Supplements seem to affect innate immunity more effectively than
acquired immunity, promoting the activity of natural killer cells. There are wide margins of
use to exploit this capacity improves markers of oxidative stress and NK activity in healthy
subjects and CD4+ counts in HIV+ patients. In the field of chemotherapy therapies, the
effect of Spirulina against the hepatotoxicity of methotrexate has been studied. Admin-
istration of a high dose of Spirulina for 21 days prior to methotrexate treatment reduced
malondialdehyde and tumor necrosis factor α [79]. In addition, the antioxidant activity of
Spirulina has been associated with anti-inflammatory effects (see paragraph 3). Although
the antioxidant effect of Spirulina is confirmed by some studies [17,79], the concerted
modulation of antioxidant and inflammatory responses, suggested by in vitro and animal
studies, requires greater confirmation in humans. Most of the studies on Spirulina are on
animal samples [17,79]. From these studies, it was shown that Spirulina is an antioxidant
and has a protective effect against damage to DNA. The immunostimulant effect is exerted
by Spirulina in stimulating the production of immunoglobulins and the downregulation
of inflammatory cytokine-producing genes [80]. Spirulina is generally considered safe for
human consumption, supported by its long history of use as a food source and its favorable
safety profile in animal studies. However, rare cases of side effects in humans have been
reported [62].
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2.4. Antiviral Effect

There are no in vivo studies providing strong evidence supporting the possible antivi-
ral properties of Spirulina. However, Spirulina inhibits the in vitro replication of several
enveloped viruses, including Herpes simplex type I, human cytomegalovirus, the measles
and mumps virus, influenza A, and Human immunodeficiency virus-1 virus (HIV-1) [45,81].
L-asparaginase (L-AsnA) is an enzyme present in the composition of Spirulina. L-AsnA
enzyme demonstrated good antiviral activity against the Coxsackie B3 (CSB3) virus in
a dose-dependent manner. The antiviral mode of action is likely due to its capability of
inhibiting attachment, blocking the adsorption and penetration event of the viral replication
cycle with 89.24%, 72.78%, and 72.78%, respectively [82]. The ability of Spirulina-based
nutraceuticals to boost immunity against viral diseases has already been reported clinically.
Spirulina-based nutraceuticals boost adaptive and innate immunity, and bioactive com-
pounds, such as ACE inhibitor peptides, phycobiliproteins, sulfated polysaccharides, and
calcium spirulan, can serve as antiviral agents. The presence of these molecules indicates its
potential role in resisting infection and COVID-19 disease progression (see Section 6)) [83].
A recent study has shown that the hot water extract of Spirulina inhibited the infection of
herpes simplex virus type 2 (HSV-2), pseudorabies virus (PRV), human cytomegalovirus
(HCMV), and HSV-1. For adenovirus, the inhibition was less than 20%, and no inhibition
was found for the measles virus, subacute sclerosing panencephalitis virus (SSPE), vesicular
stomatitis virus (VSV), poliovirus 1, or rotavirus SA-11. The highest antiviral activity was
for HSV-2. The antiviral activity was not due to a virucidal effect. Herpesvirus infection
was inhibited at the initial events (adsorption and penetration) of the viral cycle [84].

2.5. Antihistamine Effect

Spirulina exhibits anti-inflammatory properties by inhibiting the release of histamine
from mast cells. In a recent study [80], individuals with allergic rhinitis were fed daily,
either with placebo or Spirulina, for 12 weeks. The study showed that a high dose of
Spirulina significantly reduced IL-4 levels, demonstrating the protective effects on allergic
rhinitis. Spirulina consumption significantly improved the symptoms and physical find-
ings compared with placebo, including nasal discharge, sneezing, nasal congestion, and
itching. Moreover, Spirulina increases the IgA levels on the surface of mucous membranes.
Two peptides, LDAVNR (P1) and MMLDF (P2), purified from enzymatic hydrolysate of
Spirulina, have been reported to be effective against allergic rhinitis. It was revealed that P1
and P2 exhibited significant inhibition of mast-cell degranulation via decreasing histamine
release and intracellular Ca2+ elevation. The inhibitory activity of P1 was found due to
the blockade of calcium- and microtubule-dependent signaling pathways. Meanwhile,
the inhibition of P2 was involved in the suppression of phospholipase Cγ activation and
reactive oxygen species production. These findings indicate that peptides P1 and P2 from
Spirulina may be promising candidates for antiallergic therapeutics, contributing to the
development of bioactive food ingredients to ameliorate allergic diseases [85].

3. Applications in Ophthalmology

3.1. Therapeutic Effect of Spirulina in Corneal Inflammation

It has been established that Spirulina extract reduces alkaline burn-induced inflam-
mation more effectively than amniotic membrane extract (AME). For this reason, it can be
used for the therapy of corneal diseases involving neovascularization and inflammation.
Other implications of the antioxidant effect of Spirulina can be found in the protection of
the neuroepithelium. It should be highlighted that patients who assume Spirulina recorded
a lower percentage of thinning of the layer of photoreceptors and death of such cells. In
addition, the increase in retinal ROS levels after exposure to light has been reduced by Spir-
ulina supplementation. Among the future implications of Spirulina should be considered
the potential use in the form of a nutritional supplement to prevent vision loss related to
oxidative damage [86,87].
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3.2. Radioprotective Effect of Spirulina on Lacrimal Glands

The radioprotective effect of Spirulina in patients that needed radiation treatments
(RAI) for other purposes has been studied. The radioprotective effect of Spirulina on
lacrimal glands was evaluated with histopathological and cytopathological analysis. The
evaluation was assessed before and after treatment with Spirulina, and it was found to
decrease the level of oxidation after RAI [88].

3.3. The Protection of Spirulina on the Visual Function

Light-induced retinal damage is characterized by the accumulation of ROS, leading to
oxidative stress and photoreceptor cell death. The light rays acting on the retina stimulate
a vastness of receptors to transform the light message into electrical impulses. On the
other hand, ROS are also generated. The latter may induce oxidative damage to retinal
photoreceptors. In mice, it has been seen that therapy with Spirulina can reduce the
production of ROS and protect visual functions from wasting [89]. Spirulina has the
potential as a nutrient supplement to prevent vision loss related to oxidative damage in
the future [89]. The use of natural antioxidants has emerged as a promising approach
for preventing light-induced retinal damage. However, less is known about the possible
efficacy of combining natural antioxidants in a multicomponent mixture. Lutein and
cyanidin-3-glucoside (C3G) are particularly effective due to their antioxidant and anti-
inflammatory activity. These findings suggest the rationale to formulate multicomponent
blends, which may optimize the partnering compounds’ bioactivity and bioavailability [90].
Age-related macular degeneration (AMD) is a significant visual impairment in older people,
and there is no treatment for dry AMD. In-vitro, Spirulina decreased blue light-induced
retinal pigment epithelium (RPE) cell death by inhibiting ROS production and inhibited
BL-induced inflammation via regulating the NF-κB pathway, inflammatory-related gene
expression, and the apoptosis pathway in RPE cells. In vivo, the administration of Spirulina
inhibited blue light-induced retinal degeneration by restoring the thicknesses of the whole
retina, ONL (outer nuclear layer), INL (inner nuclear layer), and PL (photoreceptor layer) by
BL exposure. Therefore, Spirulina could be a potential nutraceutical approach to intercept
the pathophysiological processes leading to dry AMD and advancement to wet AMD [91].

4. Applications in Oncology

4.1. Breast Cancer

High delivery efficiency, prolonged drug release, and low systemic toxicity are effective
weapons for drug delivery systems to win the battle against metastatic breast cancer. It
is demonstrated that Spirulina can be used as a natural carrier to build a drug-loaded
system for targeted delivery and fluorescence imaging-guided chemotherapy on breast
cancer lung metastases [92]. The Spirulina’s protein C-phycocyanin (C-PC) inhibited cell
proliferation and reduced the colony formation ability of MDA-MB-231 cells. Furthermore,
C-PC induced cell cycle G0/G1 arrest by decreasing protein expression levels of Cyclin
D1 and CDK-2 and increasing protein expression levels of p21 and p27. In addition, C-PC
induced cell apoptotic by activating the cell membrane surface death receptor pathway.
Besides, C-PC down-regulated the protein expression levels of cyclooxygenase-2 and
further inhibited MDA-MB-231 cells migration [93]. Additionally, a study tested two
nutritional supplements, namely gamma-tocotrienol (γT3) and Spirulina, for their immune-
enhancing and anticancer effects in a syngeneic mouse model of breast cancer. It has
been assessed that combined γT3 + Spirulina treatment did not show any synergistic
anticancer effects in this study model [94]. Also, CD4, CD8, and CD56 staining were
performed to investigate the effect on the immune cells’ recruitment to the tumors by
immunohistochemistry. This treatment combination could significantly inhibit 4T1 breast
tumors’ growth, decreasing the tumors’ volume compared to the control and the metastatic
burden [92].
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4.2. Hepatocarcinoma

Most cases of hepatocellular carcinoma (HCC) are diagnosed in the advanced stages
of the disease, making it the second leading cause of cancer mortality worldwide. For
advanced patients, chemotherapy drugs are the best treatment option; however, their
adverse effects and high cost are still the main obstacles to effective treatment. Spirulina
is a rich source of nutritional and bioactive elements and potential pharmaceuticals and
has an anti-proliferative effect against several tumor cell lines. It also has a prophylactic
effect against the early stages of certain cancer models, including HCC. Spirulina inhibited
structural and functional alterations of HCC, manifested by improving the survival rate,
significantly decreasing the tumor marker AFP and the count and size of liver nodules, as
well as reducing HCC [95]. This was accompanied by increased endogenous antioxidant
capacity, apoptosis (Bax), and tumor suppressor protein (p53), as well as suppression of
tissue levels of lipid peroxidation marker (MDA) and neoangiogenesis marker (VEGF).
Spirulina has an anti-carcinogenic effect against advanced HCC exerted by activating
the tumor suppressor protein p53 and apoptosis and suppressing oxidative stress and
angiogenesis [95]. The L-AsnA enzyme, contained in Spirulina, in a recent study, showed
an antiproliferation effect against lung cancer A549, hepatocellular carcinoma Hep-G2, and
prostate cancer PC3 human cancer cell lines. Considering the antiviral and antiproliferative
activity of L-AsnA against different human cell lines, it would be desirable to investigate
its effects further [81].

4.3. Lung Cancer

The anticancer potential of a hot water extract of a commercial Spirulina against
the human non-small-cell lung carcinoma A549 cell line has been evaluated in the liter-
ature [96]. Spirulina significantly reduced cancer cell viability and proliferation, which
was accompanied by cell cycle inhibition in the G1 phase, induction of apoptosis, and
prominent morphological changes. Moreover, it has been detected that there is no cytotoxic
effect of the tested Spirulina on normal skin fibroblasts. The evidence is the anticancer
activity of the Spirulina against lung cancer cells and strongly supports the knowledge of
the chemo-preventive properties of Spirulina [96].

5. Applications in Central and Peripheral Nervous System

It has been shown by several scientific studies that cyanobacteria, especially Spirulina,
are rich in micro and macronutrients important for brain health, such as B vitamins, par-
ticularly vitamin B12, amino acids, and minerals such as iron, calcium, zinc, magnesium,
manganese, and potassium [97–101]. The B vitamins can reach the brain, and in fact, like
the other bioactive derivatives of cyanobacteria, they control various neuronal functions
both through epigenetic mechanisms that control gene transcription neurotransmitters
and through their antioxidant and anti-inflammatory abilities [102]. The beneficial effects
of Spirulina on the Central Nervous System (CNS) are also derived from the interaction
between the Spirulina phytocomplex and the intestinal microbiota; there is a close relation-
ship between the nervous system and the bowel, the bowel–brain axis [103]. The microbiota
can transform Spirulina into antioxidant and micronutrient molecules that are able to cross
the blood–brain barrier and express their beneficial effects such as the increase in energy
production and the reduction of mental fatigue with the enhancement of learning skills;
the synthesis of neurotransmitters (dopamine, serotonin, glycine, glutamate/GABA); an
overall improvement in cognitive functions and short- and long-term memory [104]. On
the other hand, Spirulina can increase the growth of protective bacteria in the bowel, thus
maintaining a good balance and intestinal integrity and reducing systemic inflammatory
responses that have a negative impact on the nervous system [105,106]. Alterations of
the microbiota have been demonstrated in many neurological disorders, and the use of
probiotics and prebiotics such as those in the Spirulina phytocomplex can indirectly prevent
the development of brain disorders [107].
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In neurodegenerative diseases such as Parkinson’s or Alzheimer’s and other psy-
chocognitive diseases, Spirulina plays a neuroprotective role thanks to the antioxidant ca-
pacity of its derivatives, as demonstrated by numerous in vivo studies on animals [108–112].
In Alzheimer’s disease, Spirulina can prevent memory loss by reducing the deposition of
β-amyloid in the brain and increasing the activity of glutathione peroxidase and catalase.
The immunomodulatory and antioxidant effect of Spirulina has also been demonstrated in
humans. Park et al. observed how cholesterol levels were lower in elderly patients who
took Spirulina daily, while those of superoxide dismutase, IL-2, and IL-6 increased [113].
During adolescence, Spirulina can reduce stress-related disorders and the induced remod-
eling of limbic structures, in particular the amygdala, with the consequent lower risk of
neuropsychiatric disorders in adulthood [112,113].

Further human studies have highlighted an improvement effect in cognitive abili-
ties and neuronal activation, with an increase in memory and attention [114,115]. Finally,
Spirulina is an important nutritional source in cases of severe malnutrition, especially
protein malnutrition (PNM), a frequent phenomenon very common in the third world
countries which causes detrimental effects on the brain development of malnourished
children particularly in the hippocampus. Penton-Rol et al. [116] demonstrated that C-PC,
a biliprotein derived from Spirulina with anti-inflammatory, antioxidant, and cytoprotec-
tive capacities, had neuroprotective effects on mice affected by experimental autoimmune
encephalomyelitis. Such effects are due to the ability of C-PC to reduce the activation and
infiltration of lymphocytes and macrophages/microglia activated in case of autoimmune
encephalomyelitis. These cells are also responsible for the pathogenesis of multiple sclero-
sis, as they result in the production of neurotoxic molecules, proinflammatory cytokines,
and present self-antigens that cause demyelination [117,118]. Penton-Rol et al. [116] demon-
strated, in the animal model, that C-PC can promote significant axonal remyelination, as
well as reduce the Amyloid Precursor Protein (APP), a marker protein of Alzheimer’s
disease. This is an encouraging result for the treatment of this neurodegenerative pathology.
The data described are also encouraging for possible future clinical applications of Spirulina
in the field of nerve regeneration and/or reconstructive nerve surgery [119–121].

6. Applications in COVID-19 Infection

The outbreak of the 2019 coronavirus disease (COVID-19), caused by the severe acute
respiratory syndrome coronavirus 2 that has created enormous trepidation worldwide, has
a mortality rate of 0.5% to 1% and is growing incessantly. Prior to the commercialization
of the COVID-19 vaccine, several areas were launched in order to find better treatments
for this infection. In this context, the ability of cyanobacteria-based nutraceuticals, mainly
Spirulina, to increase immunity against viral diseases was studied; already widely reported
clinically. Spirulina-based nutraceuticals increase adaptive and innate immunity, and bioac-
tive compounds, such as ACE inhibitor peptides, phycobiliproteins, sulfate polysaccharides,
and calcium spirulan, can serve as antiviral agents. The presence of these molecules indi-
cates its potential role in resistance to infection and progression of the COVID-19 disease.
Such cyanobacteria-based nutraceuticals could be used as immune boosters to fight the
human coronavirus and other viral diseases in association with vaccines [122]. The spike
protein of severe acute respiratory syndrome due to COVID-19 uses angiotensin-converting
enzyme 2 as the receptor for cell entry, which is highly expressed in the gut and lungs.
Nausea and diarrhea are the primary symptoms of COVID-19 even before the development
of fever and respiratory symptoms. These two tissues share a relationship influencing
inflammatory and immune responses via the gut–lung axis that can be responsive to probi-
otics through effects on commensal microbial flora. Some probiotics enhance regulatory
T-cell activity and reduce pro-inflammatory cytokine production. Some probiotics have
shown antiviral protective and therapeutic effects regarding upper respiratory tract disease,
lessening the severity and extent of tissue damage from infection and inflammation. Evi-
dence suggests that probiotics with anti-inflammatory or immunomodulatory properties
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might be predicted to have the most beneficial potential to prevent or alleviate COVID-19
symptoms [123].

7. Interaction with Stem Cells

Several studies have shown that nutraceuticals exert effects on adult stem cells. At
the same time, robust evidence supports the therapeutic benefits of Spirulina in clinical
settings due to its antioxidant and anti-inflammatory properties [124,125]. In the last decade,
in vitro and in vivo studies have reported other effects, such as antihyperlipidemic [126],
anticancer [127], anti-neurotoxic [128], and anti-type 1 diabetic [129] properties. Regarding
the immune system, a review of the main immunomodulatory and anti-inflammatory
properties, C-PC was one of the most abundant phycobiliproteins of Spirulina. The C-PC
has been used in biomedical research as a biomarker for its fluorescence properties. It
has been shown that this protein increases the release of γ-interferon in peripheral blood
mononuclear cells and modulates the production of inflammatory cytokines such as tumor
necrosis factor, among others. Furthermore, C-PC has immunomodulatory effects on
cytokines that enhance the activation of immune cells, such as IL-6 and IL-1β, and the
regulation of about 190 genes involved in immunity [80].

In addition, using Spirulina biomass for in vitro cell cultures has become feasible in
biotechnological research due to its well-established nutrient-rich properties, sustainability,
and ethically acceptable source. It has been considered a novel alternate supplement
for fetal bovine serum (FBS). Recently, Spirulina animal cell culture solution showed a
better growth-promoting capability than FBS, demonstrated as an effective, low-cost,
and eco-friendly substitute to FBS in vitro cultures of H460 cells [130]. In preclinical
studies, it was also demonstrated the chemo- and radio-protective effects of Spirulina
polysaccharide on the hemopoietic system of mice and dogs [130], and the regression of
tumors in animal models [124], while other papers pointed out that Spirulina was able
to reduce the deleterious effects of acute inflammatory insult on neural progenitor cells
functions [131]. Furthermore, other authors have demonstrated that stem cells cultivated
in scaffolds associated with Spirulina biomass adhered more and had greater viability
when compared with the scaffold alone [131]. Perhaps most interesting regarding the
clinical use is the ability to assist with stem cells mobilization. In 2006, the effects of
nutraceuticals compounds on stem cells as a viable alternative to induce the proliferation
and mobilization of human bone marrow and human CD34+ and CD133+ cells were
explored [132]. Another study evaluated human stem cells in vitro and in vivo of an extract
from the edible cyanobacterium Aphanizomenon flos-aqua (AFA) [133]. This paper includes a
double-blind, randomized crossover study involving 12 healthy subjects that evaluated
the effects of consumption on stem cell mobilization and found that it produced a better
ability for stem cells to travel to the tissues where they are most needed. The study reported
that oral consumption of a supplement comprising a blend of two compounds extracted
from AFA triggered an average 25% increase in the number of peripheral blood stem
cells within 60 min after consumption. The magnitude of this mobilization on CD34+
cells was smaller than that triggered by Granulocyte-Colony Stimulating Factors with
marketing authorization, but its safety allows for continuous use. Therefore, considering
the numerous advantages of this novel approach in stem cells mobilization, the Abu Dhabi
Stem Cells Center Research Team is developing basic research studies and clinical trials for
further clinical application in the mobilization of hematopoietic stem cells to peripheral
blood [125,134].

8. Nephrological Involvement

Renal toxicity is a restricting factor that affects the use and the dosing of many drugs
and agents with disparate use in human medicine as antibiotics, chemotherapeutics, radio-
logical contrast media, and immunosuppressive agents. Oxidative stress plays a key role
in many of them. Spirulina and its antioxidant effects have been studied against several
agents with known nephrotoxic potential; here, we briefly report the main results available
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in the current literature. Renal toxicity of oncological therapy is a major field of research, as
it often brings about a reduction in drug dosage and the subsequent under-treatment of
patients with renal impairment. A similar statement can be applied to antibiotics such as
aminoglycosides, especially in countries where the availability of the most recent drugs
is difficult and cost-biased. Spirulina seems to have the potential to significantly improve
renal outcomes in these patients. In 2006, Kuhad et al. [134] evaluated renoprotective
effects against Cisplatin-induced oxidative stress in the murine model. Six groups of rats
were treated with a placebo, cisplatin alone, Spirulina alone, and cisplatin associated with
an increasing dose of Spirulina (500, 1000, and 1500 mg/kg, from two days before and
continually until three days after cisplatin administration), respectively; both biochemical
and histological parameters were evaluated. Results showed a Spirulina dose-dependent
attenuation of oxidative stress via a reduction of lipid peroxidation (LPO), leading to
improvement in serum creatinine and urea clearance values; histology documented a
reduction in the severity of morphological kidney damage. Avdagiće et al. [135] studied
the efficacy of Spirulina in the reduction of gentamicin-induced nephrotoxicity in rats,
demonstrating a significant reduction in plasma nitric oxide (NO) levels in rats treated
with Spirulina and lighter signs of acute tubular necrosis on histology. Similar results
have been reached by Hamad et al. [136], confirming beneficial effects on kidney histology
and oxidative stress markers (MDA, GSH). Calcineurin inhibitors (CNI) are a class of
immunosuppressant drugs currently used in several auto-immune disorders and to avoid
rejection in solid organ transplantation. The most frequently used CNI’s are cyclosporin A
(CsA) and tacrolimus, both suffering from a known and dose-dependent nephrotoxicity;
several mechanisms are involved in CNI renal damage, including oxidative stress and
nitric oxide-related hemodynamic alterations caused by the activity of the inducible form
of nitric oxide synthase (iNOS) in renal tissues. Khan et al. [137] found that, in rat models,
the antioxidative effects of Spirulina prevented the rise in plasma creatinine and urea
values as well as the severe isometric vacuolization and widening of the interstitium on
histology. Furthermore, Spirulina does not interfere with the CsA metabolism. Moreover,
Spirulina seems to have vasodilating properties on rat aortic rings, probably related to the
cyclooxygenase-dependent product of arachidonic acid and nitric oxide (NO) [138], which
could lead to improved renal perfusion; nevertheless, specific studies on effects in renal
vasculature and blood flow has not been reported yet. Regarding renal drug-induced toxic-
ity, oxidative stress plays a pivotal role in the progression of chronic kidney disease, one
of the leading causes of morbidity worldwide as well as mortality and high medical costs
among adults. Memije-Lazaro et al. [139] have assessed the beneficial effects of Spirulina
in chronic kidney disease (CKD) rat models, obtaining significant reductions in oxidative
stress and hypertension, leading to protection against cardiovascular and renal alterations.
This is a brief overview of several potential benefits of Spirulina in different scenarios of
kidney damage. All the studies reported were conducted in vivo in animal models (e.g.,
rats) and require more validation to confirm results on human tissue (both in vivo and
in vitro) [81,133,139].

9. Beyond Earth: Space Sustainability

Earth resources depletion, overpopulation, climate crisis, and pandemics call for the
identification of new strategies to save the future of humanity, which involve the use of
renewable energies and materials, recycling of wastes, water savings, economic degrowth,
etc. While these strategies can help in the short-medium term, it is well established that,
in the long term, humanity should be capable of travelling and living on other planets to
survive [140]. Among the planets where human life might realistically be possible in the
midterm, Mars represents the strongest candidate due to its proximity to Earth. In addition,
the temperatures are close to those of continental winters (~−14 ◦C on average on the
equator), and the day duration (~25 h), average solar irradiance levels (~20 mol m−2 sol−1),
and presence of resources such as atmospheric CO2, water, and regolith, which might be
transformed and exploited in-situ to produce useful consumables [141] (Figure 2).
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Figure 2. Rendering of ECLSS and ISRU systems for the cultivation and utilization of Spirulina on
Mars. Created with BioRender.com (accessed on 8 March 2022).

For these reasons, the main space agencies, gathered in the International Space Explo-
ration Coordination Group (ISECG), have listed manned missions to Mars as a common
target [60].

The accomplishment of this goal necessitates the identification of new technologies for
the sustainment of long-duration manned missions to planets beyond the Lower Earth Orbit
(LEO) [142]. So far, several studies have been devoted to developing Environmental Control
and Life Support Systems (ECLSSs), typically involving microalgae and cyanobacteria,
which permit the production of water, oxygen, and food by totally recycling crew metabolic
wastes, including exhausted cabin air [56–58,143]. In this regard, Spirulina is recognized
as a crucial constituent of the MELiSSA project due to its high photosynthetic efficiency,
reaching values close to 6% and protein content of 60–70% wt [142]. Moreover, Spirulina can
use nitrogen available in the urine water through urease-catalyzed reactions that convert
urea into NH4

+ and bicarbonate, making it particularly useful for recycling astronaut’s
urine [144]. Moreover, it has been estimated that about ~93% of O2 and 50–100% of the food
needed by astronauts could be produced in the ECLSSs [145]. For this reason, this species is
considered crucial in the framework of the new generation ECLSSs by the European Space
Agency and has been successfully grown in the International Space Station (ISS) in 2017.

On the other hand, given its use on other planets, the current ECLSSs are not com-
pletely self-sustaining and thus require the integration of external inputs of supplies to
produce the amount needed to meet the astronauts’ needs [54,58,141]. In fact, since inter-
planetary trips are quite expensive [60], the integrative amounts of consumables cannot be
continuously replenished from Earth but must be produced directly on Mars by exploiting
the approach represented by the acronym ISRU (In Situ Resource Utilization). Therefore,
the ideal strategy for sustaining long-duration manned missions beyond LEO involves the
synergistic coupling of ECLSSs and ISRU technologies [56].

While the use of bio-engineering techniques involving cyanobacteria, microalgae,
macroalgae, bacteria, and fungi is currently well established in the realization of biore-
generative ECLSS [56,60,142,143], very few works exist in the literature dealing with the
possibility of using it to transform available in-situ resources such as regolith and atmo-
spheric CO2 into useful supplies on Mars. In fact, most ISRU technologies so far proposed
consist of physic-chemical methods for oxygen and propellants production from Martian
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regolith and atmosphere but cannot contribute to the production of food [146,147]. On
the other hand, in-situ food production is the main bottleneck for the manned mission
since ECLSSs can contribute only to a limited extent to the needs of a crew, estimated to be
around 3000 cal sol−1 when the latter one is composed of six members [141]. Thus, ISRU
technologies for food production on Mars are needed. Albeit several works envision the
cultivation of crops, cyanobacteria, algae, and fungi on Mars, only a few papers addressed
the transformation of Martian resources into edible biomass under operating conditions
that simulate the Martian ones.

In this regard, the few bio-ISRU technologies far proposed relies on rock weathering
cyanobacteria which can photosynthetically convert N2 and CO2, along with S, P, Fe, and
several micronutrients, available in the Mars atmosphere and the regolith, respectively, into
newly formed edible biomass by relying on the water and the light available in-situ [60,148].
The use of cyanobacteria and microalgae leads to the further positive effect of producing
photosynthetic oxygen, which is crucial for the crew and can integrate the amounts of
oxygen produced via physic-chemical methods.

The possibility of using several cyanobacteria exposed to simulated Martian conditions
(−27 ◦C, 0.8 kPa, pure CO2) has been investigated by Olsson-Francis and Cockell [148].
The experimental results indicated that the strains Anabaena cylindrica, Chroococcidiopsis
029, Gloeocapsa OU_20, Phormidium OU_10, and Leptolyngbya OU_13 were able to survive
several days under Mars simulated conditions and using a regolith simulant as growth sub-
strate [148]. Therefore, albeit neglecting the effects of microgravity, this study demonstrated
that cyanobacteria could be used for ISRU purposes.

Recently Verseux et al. [60] investigated the diazotrophic growth of Anabaena sp.
PC7983 under an artificial low-pressure (~101 hPa) atmosphere composed of N2 (96%) and
CO2 (4%), which the authors envisioned to be produced by using the Martian atmosphere.
The results showed that this strain could vigorously grow by taking C and N from such
an atmosphere and other micronutrients from a Martian regolith simulant immersed in
the growth medium cyanobacteria (BG-11) [60]. Growth experiments under low-pressure
atmospheres (80–670 mbar) consisting of pure CO2 to simulate Martian one were performed
by Cycil et al. [144], but they found a scarce capability to survive under such low pressure
due to the onset of the carbon starvation phenomena.

In the work by Billi et al. [149], the capability of the autotrophic strain Chroococcidiopsis
sp. to tolerate perchlorate salts, typically found in Mars regolith, was investigated. The
obtained experimental results showed that exposition to Mars-relevant concentrations of
Mg or Ca perchlorate did not affect the growth of this strain under simulated Martian
conditions, thus demonstrating that Chroococcidiopsis is a good candidate for bio-ISRU
contexts on Mars.

To the best of our knowledge, aside from the works cited above, only a few less
comprehensive papers dealing with the use of Mars environmental resources to sustain the
growth of microalgae and cyanobacteria can be found in the literature. Moreover, all these
papers had the common lack that the effect of microgravity (~1/3 g on Mars) was neglected
during the experiments. Thus, further research activity is needed to verify the possibility of
using microalgae and cyanobacteria as a potential food source in the framework of manned
missions on Mars that rely on ISRU technologies.

Recently, a novel process has been proposed to grow Spirulina on Mars while exploiting
available in-situ resources such as atmospheric CO2 and regolith. The process, which
should take place within pressurized and heated domes, also takes advantage of the urine
produced by crew members to produce the growth medium wherein it is cultivated. The
performances of the proposed process have been evaluated on Earth through an apparatus
patented by Cao et al. [150]. It is shown that microgravity was beneficial for Spirulina
growth because it inhibited the aggregation of cells, thus favoring the transfer of nutrients
from the liquid bulk to the cells. At the same time, the high CO2 content in the gas
phase, which simulated the composition of the Martian atmosphere, was able to prevent
carbon starvation phenomena, thus prolonging the growth with respect to the case where
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air CO2 concentration (0.038% vol) was used. Ultimately, using the process invented by
Cao et al. [150], Spirulina seemed to grow better under simulated microgravity conditions
than on Earth. From the obtained results, it was extrapolated that a culture of 6 m3 could
be enough to meet the 40% of the protein needs of a crew consisting of six members. These
encouraging results open the way to using Spirulina as a food source to be produced in
situ during the future manned missions on Mars.

10. Spirulina for Astronauts’ Healthcare

During their stay in space, astronauts are exposed to a variety of stress factors that can
have negative health consequences even after years. With the acronym “RIDGE” (space
radiation, isolation and confinement, distance from Earth, gravity fields, and hostile and
closed environments), NASA indicates the main dangers of space flights. For instance, with
the advent of space stations, which are habitable for long periods, it has been widely demon-
strated that exposure to microgravity has several negative effects on human health. These
effects may even have a long-term impact, affecting gastrointestinal diseases, including
relevant effects on the composition of astronauts’ microbiota [151–160], thermoregulation,
heart rate, muscle tone, respiratory system, and other physiological aspects of the human
body [51]. Some of the key health risks to astronauts in a microgravity environment include
musculoskeletal changes such as reduced muscle strength and increased bone fragility,
visual impairment, endothelial dysfunction, metabolic changes, behavioral changes due to
fatigue or stress, and effects on mental well-being.

Astronauts in space are exposed to high levels of cosmic radiation, which can damage
the DNA, mutations, oxidative stress, acute radiation syndromes, central nervous system
injury, tissue diseases such as cardiovascular disease, and the composition of the gut mi-
crobiota. More specifically, one of the main effects of space flight at the molecular and
intracellular level is the onset of oxidative stress, which causes DNA and mitochondrial
damage [161,162]. Oxidative stress leads to an imbalance between the production and
disposal of highly pro-oxidant radical species such as ROS and nitrogen, which have sev-
eral cellular targets: cytoplasmic, mitochondrial, and nuclear, including nucleic [163,164].
Closely related to oxidative stress in mitochondrial dysregulation, identified by the reduc-
tion in the expression of genes involved in oxidative phosphorylation of the mitochondria.
The latter one is, in fact, the main endogenous production site of ROS, hence its increased
vulnerability to the onset of oxidative stress [162,165]. In space, there is a high production of
oxidant species due to the extreme conditions to which crew members are exposed, leading
to an imbalance between oxidant and antioxidant species. The most produced ROS are
superoxide anion (O2−), hydrogen peroxide (H2O2), and free radicals. An increase in ROS
leads, as in radiation damage, to DNA mutations. ROS and cosmic radiation are among
the major causes of ageing in space because of the damage they induce in the body. It has
been demonstrated in the literature that the use of a Spirulina supplement can increase
antioxidant capacity and thus counteract ROS production.

Space environments expose astronauts to a high level of oxidative stress due to extrave-
hicular and intravehicular activities (EVA/IVA) and depend on reduced gravity, ionizing
radiation, and variable atmospheric conditions, such as hyper- and hypoxia and psy-
chophysical stress [166–169]. In addition, several studies show how astronauts experience
immunodeficiency with impairment of NK cells, redox imbalance, elevated inflamma-
tion, elevated granulocytes, inhibited lymphocyte proliferation, and reduced lymphocyte
functions, as well as elevated inflammation during low-Earth orbit missions [170–174].

During space missions, oxidative stress and mitochondrial dysfunction caused by
exposure to cosmic rays are responsible for renal insults at multiple levels and have negative
consequences on the physiology of the kidney [175]. In addition, changes in fluid balance
and electrolytes occur due to microgravity conditions, which alter hemodynamics and
the organ function [172,176,177]. Electrolyte imbalances increase the chance of developing
kidney stones in astronauts [178,179]. Histological analysis of rats exposed to microgravity
showed glomerular atrophy, interstitial edema, and degeneration of renal tubules [180].
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In terms of the physiology of the human body, space flights induce effects on the
cardiovascular, immune, and nervous systems, which also increases the risk of cancer.
Astronauts are partially protected against cosmic radiation and from rare solar events,
agents which can cause biological changes at the molecular level. [51,181,182]. At the
physiological level, space flight primarily produces a displacement of biological fluids to
the upper part of the body. This displacement determines an increase in the excretion and
activation of compensation mechanisms by the cardiovascular system, which leads to the
so-called “deconditioning of the cardiovascular system”, characterized by reduced blood
volume, variation in cardiac contractility, stiffening of arterial vessels, and the development
of insulin resistance [183]. Microgravity reduces the heart’s ability to pump blood and
provide oxygen to tissues. The heart adapts to changes in blood distribution and pressure
in microgravity, and the response of heart rate adaptation to changes in blood pressure
is different among astronauts. In addition, arterial stiffening in space causes an increase
in blood pressure that can lead to an increased risk of cardiovascular disease. The space
environment can also cause the acceleration of vascular aging [184].

The extraterrestrial stressors also cause neurobiological imbalances at several levels
due to molecular, biochemical, and cellular perturbations that involve the architecture
of neural circuits, the expression of proteins, and synaptic plasticity, also determining
neuroinflammation [185,186]. Radiation can cause deficits in cognition, learning, memory,
attention, and executive functions, resulting in mood changes such as anxiety and depres-
sion [187–190]. Recent studies have linked these disorders to neuronal structural changes,
variations in the microcirculation, and neuroinflammation, and it has been shown that
radiation leads to an increased presence of dense fibrillar proteins and β-amyloid [191–193].
Radiation exposure reduces the glutamatergic vesicular pool in synaptosomes and reduces
the expression of the N-methyle-D-aspartate (NMDA) glutamatergic receptor subunits [194],
with possible repercussions on the excitatory/inhibitory state of the nervous system. Re-
garding the effect of microgravity on the physiology of astronauts, it has been observed
that microgravity determines a variation in the architecture of the neuronal cytoskeleton,
resulting in imbalances at the level of biochemical and biosynthetic pathways and altering
DNA replication, RNA transcription, and protein transport [195–198].

Additionally, neurological deficits in space are closely linked to the immune dysreg-
ulation induced by space flight, which leads to a strong exacerbation of inflammatory
phenomena [199]. Immune dysregulation consists of a change in the function of certain
cells in the immune system (T-cells and natural killer cells) and in the expression of cy-
tokines [159,200,201]. The resulting persistent moderate inflammation is the basis for the
reactivation of latent viruses in astronauts’ bodies, which increases the risk of cancer [202].
During space flights, astronauts are exposed to an increased risk of cancer due to their
increased exposure to hazardous factors such as ionizing radiation, solar particle events,
and the Van Allen belt. Among the various damages caused by radiation, the one caused
to DNA is quite important, and although the body has repairing mechanisms, they can
still create irreversible conditions leading to, among other things, the development of
tumors [203–206].

Among the varieties of proteins that Spirulina contains, the study of C-PC proteins
brought clinically relevant information. One of the main characteristics of C-PC is the
fluorescence capacity which makes Spirulina very adaptable for diagnostic purposes,
specifically in the case of tumors, e. g. breast and lung cancer. This protein also promotes
the release of γ-interferon in peripheral blood mononuclear cells, thus directly stimulating
the immune system. In the same way, it can stimulate the immune system and modulate
the production of inflammatory cytokines such as tumor necrosis factor. The extract of
Spirulina showed antioxidant activity depending on the concentration. This extract can
have interesting effects on the cell cycle of lung cancer. Results showed that it could stop the
growth of cancerous cells in phase G by preventing the passage in phase M, thus blocking,
in fact, tumor growth [207].
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Another problem encountered by astronauts during space flights is a decrease in
circulating red blood cells (RBCs), leading to anemia, which is thought to be due to an
inhibition of bone marrow function resulting in the decrease of erythropoietin production.
It should be noted that the decrease in circulating RBCs is an acute adaptation to the
hemodynamic events of cephalic fluid shift due to weightlessness [52,208]. Anemia leads
to a reduced ability of red blood cells to transport oxygen and a reduction in the amount
of hemoglobin, which is reflected in an impaired ability of the body to exchange gases.
Studies have shown that Spirulina, due to its Vitamin B12 and iron content, can somehow
counteract anemia [209].

Also, ophthalmic health in astronauts is compromised during long-term space flights,
and clinical manifestations include an increased risk of cataracts, optic disc edema, globe
flattening, hyperopic shifts, choroidal folds, and cotton wool spots [210]. Causes are
not known but some studies suggest that vitamin B9 (folate) and vitamin B12 may be
involved in these dysfunctions, and proper nutrient intake may improve them [211,212].
Folate deficiency could have negative consequences during space missions. In fact, it
could cause chromosomal damage due to the increased sensitivity to ionizing radiation
present in space [213]. In addition, folate has been shown to eliminate a wide range of
ROS efficiently [214,215]. Some research supports the idea that changes in the metabolic
pathway of vitamin B12 could lead to ophthalmic problems such as optic neuropathy and
age-related macular degeneration [212].

Space environments can influence the development of acquired immunity and immune
responses. In fact, during space missions, most astronauts experience deficiencies in their
immune system. Since the development of coronavirus disease 2019 (COVID-19), which
is more severe for those immunocompromised, NASA has recently implemented clinical
testing and monitoring to protect international space station astronauts [216,217].

Moreover, during space missions, experiments have been carried out on stem cells
that demonstrate a change in their ability to differentiate when exposed to microgravity.
These experiments performed on the space shuttle have shown that microgravity impairs
the differentiation of stem cells [218,219].

Spirulina has already been included in the study programs of space agencies such
as NASA [220,221]. Many of the problems faced by astronauts during their missions are
exacerbated by the poor quality of food, which is crucial to stay healthy and protect them-
selves against the effects of microgravity. It is difficult and very expensive to continuously
provide fresh food to crew members from Earth. Since on the ISS, it is not possible to
keep fresh at room temperature, it must be rehydrated or cooked to be consumed. Lack of
fresh food, such as fresh fruit and vegetables, leads to a low intake of macro- and micro-
nutrients essential for health, and the limited amount of food available does not allow for a
proper daily caloric intake. In recent years, space agencies and other companies have been
investigating the possibility of producing food using the so-called ISRU, which involves
microalgae to produce food and water in space to have available fresh food. Among the
microalgae species currently known in the literature to be suitable for human intake is
Chlorella vulgaris which have been declared safe for human consumption by the Food and
Drug Administration (FDA) and has been placed in the GRAS category [222]. Spirulina is
currently widely used not only in space but also on Earth due to its high protein content
with a complete amino acid profile and high content of macro- and micro-nutrients that
make it excellent for use as a food source [142,222].

11. Conclusions

Overpopulation and the depletion of the Earth resources is leading to limited con-
sumption of natural food in the human population, thus causing a shortage of macro- and
micronutrients, including vitamins and antioxidants. Along with the increase in population,
the demand for quality food and the usage of food supplements has increased. People have
become more aware of the link between proper nutrition and personal health. There are
also many different diseases that humans can suffer, both on Earth and in space. These
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diseases can be caused by genetic alterations, endogenous and exogenous factors such
as ionizing and cosmic radiation, changes in the composition of the microbiome, and the
effects of microgravity in space environments. Specifically, proper nutrition has proven
to be a valuable aid in the prevention and treatment of the most important diseases of the
world. Cyanobacteria such as Spirulina play a key role in this contest since it is well known
that its sustainable cultivation for the food and nutraceutical industry not only benefits
Planet Earth but is also a potential solution to counteract malnutrition. NASA was the
first space agency to conduct experiments in space using Spirulina as a food source for
astronauts. To date, its documented effects are manifold, its high protein content, char-
acterized by a complete amino acid profile including all the essential amino acids, and
its excellent supply of vitamins such as the B vitamin complex, Vitamin C and E give it
antioxidant properties. Numerous studies conducted on Spirulina have shown that its use
can improve health due to its high-value composition of micro and macro nutrients. In
addition, its use as a supplement to improve the health of the intestinal microbiota has
anti-cancer and anti-inflammatory effects and can help strengthen the immune system. For
all these positive effects on the organism, Spirulina has been included in the ECLSSs and
ISRU technologies of the major space agencies. This brief review also shows that the intake
of Spirulina by astronauts may play a crucial beneficial role in enabling a longer and safer
stay of humans in space.
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Abstract: Microalgae are excellent biological factories for high-value products and contain biofunc-
tional carotenoids. Carotenoids are a group of natural pigments with high value in social production
and human health. They have been widely used in food additives, pharmaceutics and cosmetics.
Astaxanthin, β-carotene and lutein are currently the three carotenoids with the largest market share.
Meanwhile, other less studied pigments, such as fucoxanthin and zeaxanthin, also exist in microalgae
and have great biofunctional potentials. Since carotenoid accumulation is related to environments
and cultivation of microalgae in seawater is a difficult biotechnological problem, the contributions of
salt stress on carotenoid accumulation in microalgae need to be revealed for large-scale production.
This review comprehensively summarizes the carotenoid biosynthesis and salinity responses of
microalgae. Applications of salt stress to induce carotenoid accumulation, potentials of the Internet
of Things in microalgae cultivation and future aspects for seawater cultivation are also discussed.
As the global market share of carotenoids is still ascending, large-scale, economical and intelligent
biotechnologies for carotenoid production play vital roles in the future microalgal economy.

Keywords: carotenoids; microalgae; salt stress; seawater cultivation; Internet of Things

1. Introduction

Carotenoids are a class of terpenoid pigments with C40 backbones and are health-
promoting for human daily diets. Up until now, over 1100 carotenoids have been discov-
ered, and they exist in various species [1], especially in aquatic creatures, microorganisms
and terrestrial plants. Carotenoids are very common in our daily lives; tomato fruit is
rich in lycopene (pink red), maize corn is abundant with zeaxanthin (yellow) and carrots
and Dunaliella salina are well known for producing β-carotene (orange) [1]. Carotenoids
ingested by humans can work as precursors of Vitamin A [2], reduce free radicals [2] and
repair damaged retina [3]. Moreover, they can also reduce the risks of some diseases as they
have anti-cancer, anti-inflammatory and anti-obesity properties [4]. Hence, carotenoids
have been widely used in the food, feed, cosmetic and pharmaceutical industries.

With the development of modern biotechnologies and market concern for food safety,
the demand for carotenoids from natural sources is increasing remarkably. Compared
with plant-derived carotenoids, those from microorganisms are more efficient, have lower
cost and are not limited by regions and seasons. However, the carotenoids market is still
mainly occupied by chemically synthetic products (80–90%), with a much lower portion of
natural sources (10–20%) [5]. Thus, choosing low-cost, profitable and safe microorganisms
for carotenoid production is drawing extensive interest.

Microalgae are diverse and abundant. They can adapt to different cultivation condi-
tions, grow rapidly and accumulate a high amount of desirable bioproducts, such as fatty
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acids, proteins and carotenoids. The global algae market is expected to reach 970 million
U.S. dollars by the end of 2025 [6] and that of carotenoids is expected to reach 2 billion
U.S. dollars by 2026, mainly including food and beverages (26.1%), pharmaceuticals (9.2%),
cosmetics (6.5%) and dietary supplements (23.5%) [7]. Some species, such as Chlorella and
Spirulina, have GRAS status and are well accepted as health foods [8].

Microalgae have versatile metabolic modes and tend to accumulate different metabo-
lites. Different trophic modes (autotrophy, mixotrophy, heterotrophy), culture conditions
(light, pH, dissolved oxygen) and nutrient availability (repletion or depletion) will lead
carbon skeletons to have significantly different cell compositions. For primary metabolites,
light and adequate nutrients are essential for active growth. On the contrary, adverse
stresses, such as nutrient deficiency, high light and salt stress, are key factors that arouse
the defense mechanisms of microalgae and accumulate secondary metabolites to survive.

Salt stress is a common stress factor in natural environments, especially for freshwater
microalgae. Salt stress can lead to oxidative damage, chlorophyll degradation and inhibit
photosynthesis and growth [9]. To adapt to salt stress, microalgae have evolved a survival
strategy to guarantee the balance of growth and stress responses. During the adaptation
to stress, some microalgae may become cysts and accumulate secondary metabolites,
such as astaxanthin and triacylglycerol [10]. However, serious salt stress can be fatal to
microalgae when the cells are in low concentration or poor viability. Thus, two-stage
cultivation, balancing cell density and metabolites accumulation, is a popular strategy
in the practical production of high-value compounds from microalgae [11]. Due to the
shortage of freshwater resources, overcoming the salt tolerance problem of freshwater
microalgae is also of invaluable significance for microalgae cultivation in seawater.

This review comprehensively introduces the production of high-value carotenoids
and their beneficial effects on human health. The latest research results are summarized,
and biotechnology topics are focused on, such as yields of microalgae-derived carotenoids
and microalgal cultivation strategies. Meanwhile, the contribution of salt stress on the
growth and carotenoid accumulation of microalgae is also discussed. Moreover, consid-
ering modern advanced technologies, the application prospects of the Internet of Things
in innovative biotechnology are discussed. In summary, this article aims to provide read-
ers with comprehensive knowledge of microalgae-derived carotenoids and their related
biotechnologies, coupled with salt-stress treatment or endurance.

2. Health-Promoting Carotenoids from Microalgae and Their Biofunctions

In the global market for carotenoids, β-carotene will reach a value of 620 million
U.S. dollars by the end of 2026, lutein will reach 357.7 million U.S. dollars by the end
of 2024 and astaxanthin will surpass 800 million in 2026 [1]. In addition, other health-
promoting carotenoids, such as fucoxanthin [12] and zeaxanthin [13], are also drawing
customers’ attention.

Microalgal biomass can be harvested regardless of seasons and districts. Other biofunc-
tional metabolites in microalgae can also be processed as value-added products to increase
revenue. Carotenoid production from microalgae requires less labor and an easy harvesting
process. Compared to terrestrial plants, microalgae have higher photosynthetic efficiency
and a superior growth rate. Hyperaccumulating strain selection and the culture condition
optimization required to achieve high biomass and maximum carotenoid productivities
are the bottlenecks to be resolved at present. In this section, we comprehensively describe
carotenoid biosynthesis in microalgae and list several microalgae-derived carotenoids and
their biofunctions.

2.1. Carotenoid Biosynthesis in Microalgae

Carotenoids in microalgae can be categorized as the primary ones related to photo-
synthesis, and the secondary ones accumulated under adversity [14]. In this review, we
mainly focus on functional microalgal carotenoids, including lutein, β-carotene, astaxan-
thin, zeaxanthin and fucoxanthin.
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The biosynthetic pathways of carotenoids involve several intermediates and key en-
zymes (shown in Figure 1) [15,16]. First, through the methylerythritol phosphate pathway
(MEP) in the chloroplast, isopentenyl pyrophosphate (IPP, C5) and its isomer dimethy-
lallyl diphosphate (DMAPP, C5) are catalyzed at a ratio of 3:1 by geranyl diphosphate
synthase (GPPS) and geranylgeranyl pyrophosphate synthase (GGPPS) to geranylgeranyl
pyrophosphate (GGPP, C20). In H. pluvialis, this step from C5 to C20 can be catalyzed
by GGPPS only [10]. Phytoene synthase (PSY) condenses two molecules of GGPPS into
(15Z)-phytoene (C40), which is desaturated and isomerized into lycopene by phytoene
desaturases (PDS), ζ-carotene isomerase (Z-ISO), ζ-carotene desaturase (ZDS) and carotene
isomerase (CrtISO).

Figure 1. Biosynthesis pathways of carotenoids in microalgae and their chemical structures. MEP:
methylerythritol phosphate; IPP: isopentenyl pyrophosphate; DMAPP: dimethylallyl diphosphate;
GPPS: geranyl diphosphate synthase; GGPPS: geranylgeranyl pyrophosphate synthase; GGPP: ger-
anylgeranyl pyrophosphate; PSY: phytoene synthase; Z-ISO: ζ-carotene isomerase; ZDS: ζ-carotene
desaturase; CrtISO: carotene isomerase; LCYE: lycopene epsilon cyclase; CYP97A: cytochrome P450
beta hydroxylase; CYP97C: cytochrome P450 epsilon hydroxylase; LCYB: lycopene β-cyclase; BKT:
β-carotene ketolase; CHYB: β-carotene hydroxylase.

Lycopene may flow to two branches, α-branch and β-branch. Lycopene ε-cyclase
(LCYE) and lycopene β-cyclase (LCYB) catalyze lycopene to α-carotene, and then cy-
tochrome P450 beta hydroxylase (CYP97A) and cytochrome P450 epsilon hydroxylase
(CYP97C) convert α-carotene to lutein. As for the β-branch, lycopene is converted by LCYB
to β-carotene. For the microalgae capable of astaxanthin accumulation, such as Haematococ-
cus pluvialis and Chromochloris zofingiensis, β-carotene may also flow to different branches.
β-carotene can first be catalyzed by β-carotene ketolase (BKT) to canthaxanthin and then to
astaxanthin by β-carotene hydroxylase (CHYB). β-carotene can also flow to zeaxanthin first
by CHYB and then to astaxanthin by BKT [15]. This also reflects the diversity of microalgae
metabolism. Up until now, the exact biosynthesis pathway of fucoxanthin is still unclear.

2.2. Health-Promoting Carotenoids and Their Production from Microalgae
2.2.1. Lutein

Lutein, (3R, 3′R, 6′R)-β, ε-carotene-3, 3′-diol, is a natural antioxidant and has drawn
interest for its health-promoting functions. Human metabolism cannot synthesize lutein,
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and lutein uptake in a suggested dose (6 mg day−1) has been proved to be beneficial for
human health. Lutein has potentials in free radical scavenging for skin health and can also
prevent age-related macular degeneration (AMD) and Alzheimer’s Disease (AD) [3,17].
Absorbed lutein can accumulate in human retina, filter blue light and, thus, protect eyesight.
Biofunctional carotenoids and their natural sources, biofunctions and recommended doses
are listed in Table 1.

Table 1. Natural carotenoids and their natural sources, biofunctions and recommended doses.

Carotenoids Natural Sources Biofunctions Recommended Dose Ref.

Lutein Marigold flower *;
Yolk;

Broccoli;
Microalgae

Orange-yellow
fruits; Leafy green

vegetables;

Antioxidant;
Filter blue light;
Prevent AMD;

Prevent AD

6 mg day−1 [3,17]

Astaxanthin Shrimp;
Salmon;
Crabs;

Microalgae
(Haematococcus

pluvialis *)
Phaffia rhodozyma

Antioxidant;
Anti-aging;

Anti-inflammatory;
Anti-hypertensive;

Anti-cancer;

4–12 mg day−1 [10,18]

β-carotene Pumpkin;
Mango;
Carrots;

Microalgae
(Dunaliella salina *)

Vitamin A precursor;
Antioxidant;
Anti-cancer;

Anti-cardiovascular;
Immune

enhancement

600 μg RE 1/day [19]

Zeaxanthin Marigold flower *;
Maize;

Orange peppers;
Microalgae;

Scallions

Filter blue light;
Improve visual

acuity;
Anti-cancer;

Anti-inflammatory;
Anti-allergy

Against UV, skin
redness

2 mg day−1 [13,20]

Fucoxanthin Macroalgae *;
Microalgae

Anti-cancer;
Anti-hypertensive;
Anti-inflammatory;

Anti-obesity

− [12,21]

Footnotes: DW, dry weight; AMD, age-related macular degeneration; AD, Alzheimer’s Disease. * This symbol
represents the main source of a certain carotenoid. 1 RE, retinol equivalent.

Orange-yellow fruits like mango, broccoli and other green leafy vegetables are di-
etary sources of lutein [22].The marigold flower is the main source of natural lutein and
lutein esters. Lutein contents in different species of marigold petals range from 17 to
570 mg/100 g [23]. However, there are some drawbacks of this source, such as mandatory
harvesting in specific seasons and time-consuming petal separation. Other sources contain-
ing lutein also have such disadvantages as low concentration (corn residues, leafy green
vegetables) and low bioavailability (egg yolk, crustaceans) [24].

The production of lutein from microalgae may avoid these troubles. Microalgae can
accumulate considerable biomass concentrations and accumulate lutein under suitable
culture conditions. As a primary xanthophyll carotenoid, lutein is an antenna pigment in

254



Mar. Drugs 2021, 19, 713

the light-harvesting complex (LHC) of microalgal photosynthetic apparatus. When light
intensity is too high, lutein can reduce oxidative damage by non-photochemical quenching
(NPQ) [25]. Thus, illumination is a key environmental factor for lutein accumulation.

Compared with marigold-originated lutein, lutein in microalgae exists in free form.
The feasibility and economic competitiveness of using microalgae to replace the marigold
flower to produce lutein has been widely discussed [23,24], including harvesting cost,
extraction and processing methods and bioavailability analysis. Up until now, many
microalgae subgenera have been investigated for lutein production, such as Scenedesmus,
Chlorella, Coccomyxa, Parachlorella and Tetraselmis [25].

To achieve both high content and productivity of carotenoid from microalgae, var-
ious cultivation factors are globally considered, including trophic mode, carbon source,
fed-batch, semi-continuous operation, light intensities and light/dark cycles, etc. [25].
Mixotrophic is popular in lutein production from various microalgae capable of glu-
cose uptake, such as Chlorella minutissima [26], Chlorella sorokiniana MB-1-M12 [27] and
Chlorella sp. GY-H4 [28]. The lutein production of Chlorella sp. GY-H4 under 20 g/L glucose
(10.5 mg/L/day, 63 mg/L) was higher than that under 10 g/L glucose (7.3 mg/L/day,
44 mg/L) [28]. By adding NaAc, Chlorella sorokiniana MB-1-M12 can accumulate 7.39 mg/g
DW of lutein [27]. Two-stage cultivation, such as the mixotrophic-photoautotrophic process
of Chlorella sorokiniana FZU60, also achieved an efficient production at 8.25 mg/L/day [29].
Moreover, food waste [28], poultry litter waste [30] and wastewater [31] have been applied
to microalgae cultivation for lower cost. A recently isolated microalga, Parachlorella sp.
JD-076, is high in lutein productivity at 25 mg/L/day via regulation of illumination and
CO2 supply [32]. Results of satisfactory lutein production from microalgae are summarized
in Table 2 with details of contents and productivities.

Table 2. Microalgae-derived carotenoids, content and their biofunctions.

Carotenoid Microalgae Content Productivity/Yield Ref.

Lutein

Chromochloris zofingiensis bkt1 (mutant) 13.81 mg/g DW 33.97 mg/L [33]
Parachlorella sp. JD-076 11.87 mg/g DW 25.0 mg/L/day [32]

Chlorella sorokiniana FZU60 11.22 mg/g DW 8.25 mg/L/day [29]
Chlorella vulgaris UTEX 265 9.82 mg/g DW 11.98 mg/g/day [34]

Chlorella vulgaris CS-41 9.0 mg/g DW 1.56 mg/L/day [35]
Scenedesmus sp. 7.47 mg/g DW 19.70 mg/L/day [36]

Chlorella sp. GY-H4 8.9 mg/g DW 10.50 mg/L/day [28]
Chlorella sorokiniana MB-1-M12 7.39 mg/g DW 3.43 mg/L/day [27]
Chlorella minutissima MCC-27 7.05 mg/g DW 6.34 mg/L/day [26]

Astaxanthin

Haematococcus pluvialis 5% DW 65.8 mg/m2/day [37]
Chromochloris zofingiensis 6.5 mg/g DW 0.8 mg/L/day [38]

Coelastrum sp. G1-C1 (mutant) − 28.32 mg/L [39]

β-carotene
Dunaliella salina * 13% DW − [40]

Chromochloris zofingiensis bkt1 (mutant) 7.18 mg/g DW 34.64 ± 1.39 mg/L [33]

Zeaxanthin

Nannochloropsis oceanica CCNM 1081 * 30.2 mg/g DW − [41]
Coelastrella sp. M60 13.15 mg/g DW 0.72 mg/L/day [42]

Chromochloris zofingiensis bkt1 (mutant) 7.00 mg/g DW 36.79 ± 2.23 mg/L [33]
Dunaliella salina zea1 (mutant) * 5.9 mg/g DW − [43]

Chlorella ellipsoidea * 4.26 mg/g DW − [44]

Fucoxanthin

Mallomonas sp. 26.6 mg/g DW − [45]
Isochrysis zhanjiangensis * 23.29 mg/g DW 2.94 mg/L/day [46]

Odontella aurita * 18.47 mg/g DW 7.96 mg/L/day [47]
Isochrysis aff. Galbana * 18.23 mg/g DW − [48]

Tisochrysis lutea * 16.39 mg/g DW 9.81 mg/L/day [49]
Phaeodactylum tricornutum * 16.33 mg/g DW − [50]

* indicates seawater microalgae species.

2.2.2. Astaxanthin

Astaxanthin (3, 3′-dihydroxy-β, β’-carotene-4, 4′-dione) is a natural pigment existing
in various species of aquacultures [18]. It is acknowledged as the strongest natural antioxi-
dant, which is 65 times that of vitamin C and 10 times higher than other carotenoids [51]. As-
taxanthin has been widely applied in functional foods, pharmaceuticals and cosmetics, with
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its outstanding potential in free radical scavenging and its anti-aging, anti-inflammatory,
anti-hypertensive and anti-cancer properties [10].

Currently, the astaxanthin market is mostly occupied by chemically synthesized
products. It is a mixture of three stereoisomers, namely (3R,3′R), (3R, 3′S) and (3S, 3′S)
astaxanthin at the ratio of 1:2:1 [52], which is structurally heterogeneous and inefficient for
biological uptake. For now, microalgae-derived astaxanthin only occupies 1% of the current
astaxanthin market. Additionally, the production cost of natural astaxanthin (USD 1800/kg)
is much higher than that of the chemically synthesized one (USD 1000/kg) [53]. Thus,
improving the productivity of astaxanthin by microalgae is essential for commercialization.

Microalgae-derived astaxanthin has been successfully approved by the Food and
Drug Administration (FDA) for direct human consumption [8]. In microalgae, astaxanthin
is a secondary carotenoid accumulated under adversity. It can mediate cellular redox
imbalance for microalgae to survive oxidative stress [14]. As for the current main source of
natural astaxanthin, Haematococcus pluvialis can accumulate up to 5% DW of astaxanthin
with attached cultivation [37] and has been used for biotechnology industry for astaxanthin
production with an annual yield of 300 tons of biomass [54]. Under adverse growth
conditions, H. pluvialis transforms from green and motile cells to red cysts cells with high
astaxanthin content [52]. Many pieces of research have exploited strategies for boosting
astaxanthin accumulation, such as nutrient deficiency, high light, adding extra chemicals
and some combined strategies [10].

Chromochloris zofingiensis is another promising candidate for astaxanthin production.
In comparison to H. pluvialis, C. zofingiensis can take up glucose as a carbon source and
achieve high biomass concentration in mixotrophy [55]. It has drawn a lot attention for its
broad capability for producing carotenoids, lipids and exopolysaccharides under different
conditions [56]. Astaxanthin content in C. zofingiensis can reach 6.5 mg/g DW [38], and
robust biotechnological traits of C. zofingiensis may be competitive as a better organism for
large-scale astaxanthin production. Results of satisfactory astaxanthin production from
microalgae are summarized in Table 2 with details of contents and productivities.

2.2.3. β-Carotene

β-carotene (C40H56) is a pure hydrocarbon carotenoid and commonly exists in plants
(pumpkins, mango, carrots, etc.), fungi (Phaffia rhodozyma) and algae [57]. It is lipid-soluble
and serves as the precursor of Vitamin A in human body, benefiting the treatment of night
blindness [2]. Currently, β-carotene is widely used in foods and medicines for its excellent
antioxidant, anti-cardiovascular and immune enhancement properties [57]. Although
chemically synthetic β-carotene is low in cost, natural β-carotene is more acceptable
to consumers.

β-carotene is a primary carotenoid in microalgae, responsible for transferring light
energy to chlorophylls to expand the light absorbing spectrum [40]. Moreover, it is also the
first ever commercialized high-value product from microalgae. β-carotene from microalgae
has been approved by the FDA for direct human consumption [8].

The marine microalga D. salina can accumulate β-carotene up to 13% DW [58] when
induced by different stress factors, such as high light, high temperature, nutrient depri-
vation and high salinity [59], which is the main source of natural β-carotene. As D. salina
is capable of growing in high salinity, cultivation of D. salina in seawater with high yield
of β-carotene is profitable, which may also avoid microorganism contamination. In addi-
tion, many species of microalgae can synthesize β-carotene. Chlorella zofingiensis, Spirulina
platensis and Caulerpa taxifolia accumulate β-carotene at an average yield of 0.1–2% DW [40].
Studies have shown that the β-carotene content of Spirulina is 10 times that in carrots [57].
A mutant C. zofingiensis bkt1 can accumulate high amounts of three carotenoids, as lutein
(13.81 mg/g DW), β-carotene (7.18 mg/g DW) and zeaxanthin (7.00 mg/g DW) under high
light and salt stress [33]. Results of satisfactory β-carotene production from microalgae are
summarized in Table 2 with details of contents and productivities.
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Moreover, the profiles of chemically synthesized and microalgae-derived β-carotene
are different. The synthetic β-carotene only has (all-E)-isomer. In contrast, β-carotene
from D. salina mainly contains three isomers, (all-E)-β-carotene (~42%), (9Z)-β-carotene
(~41%), (15Z)-β-carotene (~10%) and others (~6%) [60]. As the (9Z)-β-carotene plays a key
role in antioxidation, microalgae have potentials in producing low-cost and safer natural
β-carotene for stronger biofunctions.

2.2.4. Zeaxanthin

Zeaxanthin is a xanthophyll pigment existing in human eyes and skin. Together
with lutein, zeaxanthin accumulates in the cornea as a macular pigment, protecting the
retinal membrane from blue light and improving visual acuity [24]. Zeaxanthin also has
potentials as an antioxidant, anti-inflammatory and for preventing neurological disease [20].
Maize, orange peppers and cooked scallions are good choices for dietary intake, while their
contents are relatively as low at 16.3, 16.7 and 24.9 μg/g, respectively [13,22].

Currently, the marigold flower is applied for commercial production of zeaxanthin.
Zeaxanthin content in different species of marigold petals ranges from 10 to 300 μg/g [61].
As the global number of people suffering from AMD [13] increases, the demand for natural
sources with higher productivity of zeaxanthin is surging. The marine green alga Chlorella
ellipsoidea produces zeaxanthin (4.26 mg/g DW) nine-fold over that produced by red
pepper [44]. Additionally, microalgae-derived zeaxanthin partly exists in free form, rather
than as mono-/di- esters in flowers and fruits of plants. Thus, microalgae are more valuable
sources for processing zeaxanthin with higher productivity and bioavailability.

The production of zeaxanthin from microalgae is attractive and varies depending on
microalgae species and cultivation factors. The favorable light condition for zeaxanthin
varies in microalgae species. The zeaxanthin content of C. zofingiensis bkt1 (5.69 ± 0.45 mg/g
DW) was strongly enhanced by high light as compared with that of low light control
(0.34 ± 0.04 mg/g DW) [33]. Under high light, combined with N-starvation, C. zofingiensis
bkt1 can accumulate 7.00 ± 0.82 mg/g DW. However, high light is not always preferred for
microalgae to accumulate zeaxanthin. A mutant D. salinazea1 can accumulate 5.9 mg/g
DW of zeaxanthin under continuous low light (100 μmol photons m−2 s−1), higher than
that transferred to high light (4.18 mg/g DW) [43]. As D. salina grows well in hypersaline
medium, cultivation of this strain with seawater is potentially profitable. Results of
satisfactory zeaxanthin production from microalgae are summarized in Table 2 with details
of contents and productivities.

Additionally, downstream processing of zeaxanthin needs more attention, such as
extraction and separation. Solvent systems have different efficiencies in zeaxanthin extrac-
tion from microalgae, and the maximum extraction of zeaxanthin (30.2 mg/g DW) was in
chloroform: methanol (1:2) [41]. Pressurized liquid extraction was also applied to extract
zeaxanthin from C. ellipsoidea [41]. More importantly, zeaxanthin shares similar chemical
structures to lutein. Huang et al. developed an efficient method for the separation of zeax-
anthin and lutein by ultra-high performance liquid chromatography (UHPLC) equipped
with a Waters YMC Carotenoid C30 column [33].

2.2.5. Fucoxanthin

Fucoxanthin is a natural carotenoid that occupies nearly 10% of total natural carotenoid
production [62]. The global production of fucoxanthin was about 500 tons in 2016 and was
estimated to increase further with an annual rate of 5.3% [63]. As shown in Figure 2, it has a
unique molecular structure with an allenic bond, a conjugated carbonyl, a 5,6-monoepoxide
and acetyl groups. Fucoxanthin and its derivatives have shown potential anti-cancer [64],
anti-inflammatory [65] and anti-obesity effects [46].
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Figure 2. The chemical structure of (all-E)-fucoxanthin.

Currently, the main natural sources of fucoxanthin rely on some macroalgae species,
such as Laminaria japonica and Undaria pinnatifid, which are common in Asian diets for io-
dine supplement [66]. However, the fucoxanthin contents in these macroalgae are relatively
low (0.02–0.58 mg/g fresh weight) and not feasible for commercialization. Microalgae
grow faster than macroalgae with higher productivity of carotenoids. Fucoxanthin is a
primary light-harvesting carotenoid that transfers energy to LHC with high efficiency
(>80%) [67] and may also protect microalgae from high light with its internal antioxidant
property [47]. Up until now, research about producing fucoxanthin from microalgae is still
relatively lacking.

Microalgae are potential candidates for fucoxanthin production. Fucoxanthin mainly
exists in heterokont and haptophyte groups of algae (>20,000 species, especially in Synuro-
phyceae (up to 26.6 mg/g DW), diatoms (up to 21.67 mg/g DW) and Prymnesiophyceae
(up to 18.23 mg/g DW) [45]. Under low light intensity, carbon skeletons are diverted
into carotenoids, especially fucoxanthin in Isochrysis zhanjiangensis, which can produce
23.29 mg/g DW of fucoxanthin [46]. The marine diatom Odontella aurita can accumulate
18.47 mg/g DW of fucoxanthin in a nitrogen-replete medium under low light [47]. More-
over, the purified fucoxanthin from O. aurita is (all-E)-fucoxanthin, which owns strong
antioxidant ability and bioavailability. Maria et al. isolated a novel strain Mallomonas sp.
(Synurophyceae) with the highest known content of fucoxanthin at 26.6 mg/g DW [45].
The highest ever reported fucoxanthin productivity was found in Tisochrysis lutea with
9.81 mg/L/day under batch culture with continuous chemostat dilution [49].

Diatom Phaeodactylum tricornutum also has a high fucoxanthin content at 16.33 mg/g
DW [50]. As P. tricornutum is a model system for investigations and its genome has been
sequenced, further exploitations of key genes related to fucoxanthin, fucoxanthin hyper-
accumulating mutants and genetic modifications of diatoms for fucoxanthin production are
expected in the near future. Results of satisfactory fucoxanthin production from microalgae
are summarized in Table 2 with details of contents and productivities.

3. Salt-Stress Treatment for Carotenoid Production from Microalgae

Microalgae have flexible metabolic systems, which means that external environmental
changes will affect biochemical components of microalgal cells. Stress factors, such as
high light intensity, salinity, nitrogen starvation and high/low temperatures, will provoke
metabolic changes in microalgae and lead to different cell compositions.

Though carotenoid production could be boosted by several environmental abiotic
stress factors, salt-stress treatment is much more attractive because it is cheap, easy to
operate and has great commercialization value for seawater culture of microalgae. Here, we
elucidate the contributions of salinity in microalgal culture and production of carotenoids
and summarize the current strategies of salt-stress treatment in carotenoid production.

3.1. Microalgal Responses to Salt Stress

Salt stress is one of the major abiotic stresses decreasing productivity of agriculture all
over the earth [68,69]. Salinity inhibits plant growth, development, seed germination and
yields. In contrast, plants have developed strategies to adapt to high salt concentrations,
such as regulating stress hormones and growth hormones to balance growth and stress
responses [69]. Currently, research on salt stress is more in-depth and comprehensive in
higher plants, but there are a few studies on microalgae.
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Due to the fast growth rate of microalgae and their richness of high-value products,
large-scale microalgae cultivation is imperative at present [6]. Microalgae are widely
distributed in the ocean and freshwater, while salt stress is still a threat to the large-scale
production of freshwater microalgae. As freshwater resources are becoming scarce today,
the cultivation of freshwater microalgae with seawater is of great significance. On the
other hand, appropriate salt stress shows promoting effects on secondary metabolite
accumulation (such as secondary carotenoids and lipids) [70]. Therefore, it is of great
significance to study the response of microalgae to salt stress. The possible responses in
microalgae cells caused by salt stress are summarized in Figure 3.

Figure 3. Possible mechanisms of responses of microalgae induced by salt stress.

Salt stress can affect microalgae on multiple levels, as physiological characteristics,
gene expression and metabolic pathways. Salt stress can reduce cell growth, decrease
chlorophyll content, inhibit photosynthesis and cause morphological changes in microal-
gae [9]. Under salt stress, the cell wall of H. pluvialis thickens, the cell volume becomes
larger and gradually becomes immobile cysts [10]. These morphological changes are
related to a series of in-depth signaling and downstream changes in both genetic and
metabolic aspects.

3.1.1. Early Signaling

Ca2+ is considered as a universal second messenger for the primary stress signals [71],
acting in real-time in response to the imbalance of cell ion homeostasis under NaCl stress
in plants [72]. Similar to plants, salt stress can elicit a temporary increase in cytosolic Ca2+

concentration ([Ca2+]cyt), which can regulate the activity of downstream effector proteins,
such as calmodulin (CaM), Ca2+-dependent protein kinases and CaM-dependent protein
kinases [73]. Moreover, the decarboxylation of glutamate to γ-aminobutyric acid (GABA)
was regulated by the Ca2+/CaM protein.

GABA is a recently identified endogenous signaling molecule in plants, participating
in cell growth and enhancing abiotic stress tolerance [74]. It is a non-protein amino acid
derived from the decarboxylation of glutamate, and exogenous GABA can enhance plant
resistance to abiotic stress by activating the GABA bypass pathways and TCA cycle. Under
salt stress, GABA helps to maintain C/N balance and even acts as a scavenger of toxic
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ROS [75]. It is also related to nitric oxide (NO) accumulation under stress conditions as it
amplifies NO stress signaling [74].

NO is an important molecule involved in plant growth, development and tolerance to
abiotic stress. It plays important roles in resistance to drought, temperature (high or low),
UV-B and heavy metal stress [76]. NO can also act as a signal in activating antioxidant
enzyme defense against oxidative stress induced by salt stress [76]. By applying NO
donors, such as sodium nitroprusside, plants under stress conditions showed restoration
of chlorophyll to recover their damaged photosynthetic system [77].

Reactive oxygen species (ROS) are also second messengers induced by salinity stress,
which is also associated with Ca2+ signaling [73]. ROS is a stress indicator in response to
abiotic stress of microalgae, which can regulate cell growth and metabolites synthesis. Toxic
ROS will lead to lipid peroxidation, membrane deterioration, DNA and protein damage [68].
To eliminate excessive ROS, antioxidant enzymes (such as superoxide dismutase and
catalase) and antioxidants (such as carotenoids) in microalgae are two essential mechanisms
evolved by organisms [78].

3.1.2. Downstream Signaling

Salinity-induced signals may then have effects on the gene expression of microalgae
cells, which is related to salt concentrations [79]. Low salt concentration can promote
the growth of some microalgae, such as cultures of Scenedesmus sp. [80], Botryococcus
braunii [81] and H. pluvialis [79]. Treatment of H. pluvialis with low-dose NaCl (12.5 mg/L)
showed a promoting effect on biomass concentration (28% higher) and productivity (from
0.15 d−1–0.22 d−1). These effects were related to upregulation of growth-related genes,
such as rbcL, rbcS and nitrate reductase gene (NR).

Under high-dose salt stress, both ionic and osmotic homeostasis need to be maintained.
As for the halotolerant microalga D. salina, osmoregulation under osmotic stresses can be
divided into two mechanisms. One is to maintain intracellular Na+ and K+ concentrations
by the plasma membrane electron transport (redox) system, as Na+-ATPase and K+ carriers,
and the other is to regulate glycerol concentrations inside to maintain the water potential
inside and outside of cells [82]. Accumulation of glycerol as a soluble substance is a
strategy for microalgae to keep osmotic homeostasis under salt stress, which has been
demonstrated in C. reinhardtii [83] and C. zofingiensis [15]. Salt stress can also upregulate the
genes related to starch catabolism (like pyruvate kinase, PK) and downregulate the genes
for gluconeogenesis (like phosphoenolpyruvate carboxykinase, PEPCK), providing more
building blocks for storage lipids (fatty acids and triacylglycerol, TAGs) and carotenoids in
C. zofingiensis [15]. Salt-induced acetyl-coenzyme A carboxylase (ACCase) expression for
fatty acid synthesis was also demonstrated in Chlamydomonas sp. [84], Chlorella sp. [85] and
Nitzschia sp. [86].

Omics approaches like genomic, transcriptomic and metabolomic are also applied to
reveal the changes occurring under salt stress. By analyzing differential expressed genes
(DEGs) under stress, transcription factors (TFs), such as myeloblastosis (MYB), WRKY and
basic helix–loop–helix (bHLH), are demonstrated to play important roles in regulating gene
expressions under salinity [68]. Responses of microalgae to both low-dose and high-dose
salinity are shown in Table 3.
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Table 3. Overview of the effects of salinity on microalgae at different doses.

Responses Low-Dose NaCl High-Dose NaCl

Physiology Growth ↑;
Photosynthesis ↑

Growth ↓; Chlorophyll content↓;
Photosynthesis ↓

Morphology No significant changes Cell size ↑; Cell wall ↑
Color change

Main carbon sinks Carbohydrate ↑ Carbohydrate (providing building blocks) ↓
TAGs ↑

Gene expression

• nr gene (for N assimilation) ↑
• Photosynthetic enzyme genes

(rbcL, rbcS) ↑

• TFs (WRKY, MYB, bHLH...)
• Antioxidant enzymes genes (SOD,

CAT) ↑
• Secondary metabolites genes ↑
• Fatty acid synthesis genes ↑
• Starch catabolism genes (PK) ↑
• Gluconeogenesis gene (PEPCK) ↓

Metabolites Lutein ↑ Secondary carotenoids ↑
TFA ↑

3.2. Salt Stress Strategies for Carotenoid Accumulation

Carotenoid production could be affected by environmental abiotic stress. Under
salt stress, carotenoids will accumulate and protect cells as antioxidants to increase the
surviving possibility of microalgae. In addition, optimal salt condition varies among
different microalgal species. After NaCl treatment (1%, 0.17 M) for 10 days, the astaxanthin
content of H. pluvialis climbed from 3.53 mg/g to 17.7 mg/g [87]. C. zofingiensis CCAP
211/14 can tolerate moderate NaCl concentration of 100 mM, and a significant enhancement
of astaxanthin content was observed under 200 mM NaCl treatment [88]. The optimal
condition to obtain the highest amount of fucoxanthin (79.40 ± 0.95 mg/g DW) of Tisochrysis
lutea was determined as 36.27 g/L salt addition [64].

As the optimal conditions for cell growth are commonly different from those for
secondary metabolite accumulation, two-stage cultivation has been widely applied to
microalgae cultivation, a potent strategy to balance cell growth and metabolite accumu-
lation. Acidophilic eukaryotic microalga Coccomyxa onubensis can endure moderate salt
stress and serves as a potential resource for lutein production. Its growth rate and biomass
productivity were significantly boosted under salt treatment (100 mM NaCl). By adding
500 mM NaCl, the lutein content was significantly enhanced by 47% to 7.80 mg/g DW,
though the cell growth was inhibited [89]. Thus, cultures containing 100 mM salt can be
applied at the first stage for higher biomass, then extra salt was added to induce lutein
accumulation at the second stage.

Moreover, salt stress can also be coupled with other treatments to increase the
carotenoid accumulation in microalgae. Light induction and nutrient starvation are widely
used methods to boost carotenoid production. Combined with high light, salinity treatment
increased the astaxanthin yield of C. zofingiensis 7.53-fold compared with the control [70].
D. salina was able to adapt to NaCl ranging from 0.05 to 5.5 M and the β-carotene con-
tent of D. salina achieved 13% of DW under salt stress, combined with high light at high
temperature under nutrient deficiency [40].

The addition of chemicals can also boost carotenoid accumulation under salt stress.
Photocatalyst TiO2 can enhance zeaxanthin accumulation under salt stress in Coelastrella sp.
by increasing oxidative stress [42]. The maximum zeaxanthin (13.2 ± 4.4 mg/g DW) was
achieved under high salinity (3% NaCl) and N-starvation at 40 ◦C after TiO2 treatment. An
0.25 mM amount of γ-aminobutyric acid (GABA) could facilitate astaxanthin productivity
by 3.24-fold in H. pluvialis under high light with salinity treatment (2 g/L) [90]. Melatonin
(MT) addition enhanced the expression of carotenogenic genes of H. pluvialis and induced
astaxanthin accumulation by 1.20-fold under N-starvation and salt stress (1 g/L) [91]. NaCl
treatment could also amplify the effect of linoleic acid (LA) on boosting astaxanthin accu-
mulation in Chlorella sorokiniana, and LA could increase astaxanthin content by 1.25-fold in
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the presence of 20% NaCl (w/v) [92]. Strategies with salinity treatment to boost carotenoid
accumulation in microalgae are summarized in Table 4.

Table 4. Salt treatment and salinity-combined conditions for carotenoids production.

Stress Conditions Microalgae Carotenoids Fold Change Ref.

100–500 mM NaCl (Two-stage) Coccomyxa onubensis Lutein 0.47-fold [89]
200 mM NaCl C. zofingiensis CCAP 211/14 Astaxanthin 1.23-fold [88]

36.27 g/L NaCl Tisochrysis lutea Fucoxanthin − [64]

2% NaCl (w/v) Chromochloris zofingiensis bkt1
Zeaxanthin 1.38-fold

[33]Lutein
β-carotene

0.22-fold
0.36-fold

High light + NaCl Chromochloris zofingiensis Astaxanthin 7.53-fold [70]
LA + NaCl (20%) Chlorella sorokiniana Astaxanthin 1.25-fold [92]

GABA + high light + NaCl Haematococcus pluvialis Astaxanthin 3.24-fold [90]
MT+ N-starvation + NaCl Haematococcus pluvialis Astaxanthin 1.20-fold [91]

TiO2 + N-starvation + NaCl Coelastrella sp. Zeaxanthin 0.51-fold
[42]Astaxanthin 1.16-fold

In summary, moderate salt stress can increase biomass productivity and induce ac-
cumulation of carotenoids, depending on microalgae species, while strict stress will be
toxic and even fatal to microalgae. As both high cell density and carotenoid productivity
are desirable for biotechnological goals, an optimal salt concentration should be chosen
cautiously according to different cultivation goals and microalgae species. Two-stage or
multi-stage cultivation and strategies combining salinity with other stress factors also have
potential in microalgae cultivation for carotenoids.

4. Potential Applications of Internet of Things (IoT) in Carotenoids Production

The Internet of Things (IoT) is a huge ecosystem that connects things, machines and
humans, anytime and anywhere. As the third wave of the world information industry, the
IoT has attracted thriving research interest from various fields, such as the food supply
chain [93], healthcare applications [94] and precision agriculture [95]. The number of IoT
devices worldwide is predicted to reach 75 billion by 2025 [93]. Considering its success-
ful experiences in agriculture and its advantages as a real-time, efficient and intelligent
comprehensive data system of works, the IoT also shows competitiveness in microalgae
biorefinery [96].

Microalgae biorefinery can be divided into two consecutive categories, the upstream
processing and downstream processing [97]. The upstream processing mainly focuses on
the high-density cultivation of selected microalgae and the regulation and optimization of
the cultivation process, such as choosing the suitable trophic mode and light conditions.
The downstream process mainly includes the harvest of microalgae, the separation and
extraction of key products and subsequent processing to make microalgae-derived products.
The IoT, as an ubiquitous, huge network, can be perfectly combined with traditional
biotechnologies in microalgae biorefinery [96]. As shown in Figure 4, both upstream
and downstream events are connected and collected, and all information will then be
processed by the IoT platform. Then, how can the IoT be applied in the production of
microalgae-derived carotenoids?
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Figure 4. Characteristics of IoT and their potential utilizations in microalgae biorefinery. UP, upstream
processing; DOWN, downstream processing.

For the upstream processing of carotenoid production, sensors are indispensable for
data monitoring. Traditional detection techniques (such as measurement of biomass, cell
size, etc.) are time-consuming, prone to causing culture contamination and cannot get data
in time. In comparison, online sensors can monitor microalgae growth to gain real-time
data, calculate unmeasured variables and even predict growth models.

For example, H. pluvialis is relatively sensitive to culture environment; its growth
and cell composition can go far away from expectations without careful tuning. Possible
contamination during sampling can disturb its growth. In addition, nutrient deficiency
could drive it into a cyst structure and cause it to begin accumulating astaxanthin and
other secondary metabolites [10]. In this case, innovative online sensors can monitor its
growth in several aspects. Optical density (OD) sensors [98,99] can determine real-time
biomass and dissolved oxygen (DO), CO2 sensors [100] can screen metabolic activity, pH
sensors and nitrate and phosphorous sensors [101] can guarantee a suitable environment
and nutrient sufficiency; these can all be applied to ensure high-density cultivation of
H. pluvialis. Moreover, the IoT can also act as the base of a decision support system. By
combining the data from sensors with simulation models, the IoT platform can predict
growth trends and provide cultivation suggestions to maximize biomass production [102].
Afterwards, automation units of the IoT are essential to achieve condition debugging at the
right time after data analysis, such as a suitable feeding strategy [103]. As for cultivation
with salt-stress treatments, the IoT will facilitate picking the right timepoint to conduct
salinity pressure to adequate microalgal cell density.

For the downstream processing of carotenoid production, it is particularly critical to
distinguish microalgal cells from other contaminants in the culture medium. Since tradi-
tional turbidimeters detect both microalgal cells and pollutants, the measurement results
are often not accurate enough [104]. As fluorescence only comes from chlorophyll pigment
of alive cells, convenient chlorophyll fluorescence sensors have been designed and widely
applied in in situ detection of microalgal cells with high efficiency and accuracy [105,106].

Take the astaxanthin production from C. zofingiensis as an example. C. zofingiensis can
synthesize astaxanthin in adversity and store it in lipid droplets [55]. As it can take up
glucose for rapid growth, it is more likely to be contaminated by bacteria during the actual
cultivation process. Chlorophyll fluorescence sensors can visibly separate microalgae from
bacteria and cell debris, which can be applied in quantification of microalgae. Additionally,
bioproducts content can be non-invasively detected in situ, such as with a triacylglycerides
(TAG) observer [107]. As for cultivation with salt-stress treatments, the IoT will facilitate in
distinguishing cell debris under salt stress to accurately harvest and quantify microalgal
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cells, and a TAG observer can also display astaxanthin content to achieve preliminary
evaluation of productivities. The IoT, as an intelligent system, can also choose the best
extraction method after the target product has been separated, which saves time while
ensuring purity and extraction efficiency.

5. Future Prospects

5.1. Genetic Modifications of Microalgae for Salt Tolerance and Carotenoid Accmulation

Microalgae are widespread and large in number, and only a small part of them have
been studied. Therefore, there are still numerous novel microalgae species that may be able
to tolerate salinity and accumulate carotenoids. Here, we mainly focus on three methods to
get expected microalgae strains: (1) adaptive evolution, (2) random mutagenesis and (3)
targeted genetic engineering.

Different to strain isolation, adaptive evolution can obtain an expected strain with a
target phenotype. Adaptive evolution has been widely utilized for strain improvement
to stress tolerance in various microalgae species, such as C. reinhardtii for 200 mM salt
tolerance [108] and Chlorella sp. for high phenol concentration [109]. It was performed for
improving the tolerance of a freshwater strain Chlorella sp. AE10 to 30 g/L salt for 138 days
(46 cycles). The genes of the resulting strain Chlorella sp. S30 related to Calvin–Benson
cycle, C4-dicarboxylic acid cycle and crassulacean acid metabolism (CAM) pathways were
upregulated, which was beneficial for CO2 fixation under salt stress [85]. However, salinity
acclimation of microalgae involves different functional genes and numerous pathways,
which makes the exploitation of specific genes in salt tolerance more difficult.

Chemical mutagens, such as N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) and
ethyl methane sulfonate (EMS), are effective in mutant generation and may lead to mutants
with enhanced carotenoid accumulation [110]. When genes in the carotenoid synthesis
pathway (shown in Figure 1) are mutated, carotenoid profiles in microalgae may change. By
chemical mutagenesis with EMS, carotenoid content in Coelastrum sp. C1-G1 was increased
about 2-fold over its mother strain [39]. The Astaxanthin-overproduction strain H. pluvialis
MT 2877 is a mutant by MNNG, which produced 4-fold astaxanthin over the WT strain [111].
C. zofingiensis bkt1, a chemical mutagen by MNNG, can accumulate high amounts of three
essential carotenoids, e.g., zeaxanthin (7.00 ± 0.82 mg/g), lutein (13.81 ± 1.23 mg/g) and
β-carotene (7.18 ± 0.72 mg/g) under different cultivation conditions [33], which can serve
as a competent option for large-scale cultivation. Chlorella sp. was irradiated by 137Se- γ ray
and domesticated with a seawater culture medium (salinity 3% wt.) under 15% CO2 stress.
The biomass yield of the mutant was increased by 25% with 54.9% DW of lipids [112].
Although random mutagenesis could lead to novel traits, unpredictable traits may also
show up, and the mutated genes still need further verification, such as gene sequencing,
knockout and retro-complementation.

Targeted genetic engineering could generate specific insertions, deletions or substi-
tutions in the host genome while avoiding random results [113]. Up until now, a lot of
genes related to salt responses have been recognized, such as nhaP encoding a Na+/H+ an-
tiporter, codA encoding choline oxidase to synthesize compatible solutes and Dps encoding
DNA-binding proteins (Dps). Their introduction or overexpression strains have shown
enhanced salt-tolerant abilities and potentials for seawater cultivation, which have been
comprehensively reviewed [114].

Genetic engineering of microalgae for carotenoid hyperaccumulation is now a mature
technology [115]. Genetic engineering of the green algae C. zofingiensis with a modified
norflurazon-resistant endogenous pds gene resulted in up to 54.3% higher astaxanthin [116].
Transformation and expression of dxs and psy genes in P. tricornutum can increase fucox-
anthin content by 2.4-fold and 1.8-fold, respectively [117]. H. pluvialis can also act as a
gene donor. Transgenic D. salina with bkt and chyb genes from H. pluvialis was capable of
astaxanthin biosynthesis with a better tolerance to high light [118].

At present, several microalgal genomes sequences are available in the public databases,
such as C. reinhardtii, Chlorella variabilis, Nanochloropsis graditana, C. zofingiensis, etc. [119].
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This offers worthy opportunities for precise engineering technology. Novel molecular tools
have been applied to modify microalgal traits, including advanced genome editing sys-
tems, such as clustered regularly interspaced palindromic repeats and associated proteins
(CRISPR-Cas), transcription activator-like effector nuclease (TALEN), zinc-finger nuclease
(ZFN) and RNA interference (RNAi) [10,116]. For example, knocking down zeaxanthin
epoxidase gene (zep) in C. reinhardtii by using DNA-free CRISPR-Cas9 RNP-mediated
mutagenesis can increase zeaxanthin content by 56-fold [120].

5.2. Co-Production of Carotenoids with Value-Added Products from Microalgae

Lipids and several carotenoids (such as astaxanthin) are secondary metabolites of
microalgae under adversity, which means certain stimulating conditions may promote the
accumulation of two products simultaneously. In H. pluvialis, astaxanthin esterified by FAs
is stored in lipid bodies, where TAGs are also positioned. Additionally, the biosynthesis
of FAs and TAG has been demonstrated to be correlated with astaxanthin biosynthesis in
H. pluvialis [121]. By adding 6 μM Cu2+, the astaxanthin and lipid content was increased by
66.87 and 34.99%, respectively, with carotenogenic and lipogenic genes being upregulated
at transcriptional level [122].

Microalgae also contain biofunctional unsaturated fatty acids. Omega-3 polyunsatu-
rated fatty acids (Omega-3 PUFA) from microalgae, such as eicosapentaenoic acid (EPA.
C20:5) and docosahexaenoic acid (DHA, C22:6), have been proved to have various health
effects with dietary intake, lowering the risks of neurodegenerative diseases and cardiovas-
cular disorders [123]. Nannochloropsis oceanica oil is rich in EPA, while its zeaxanthin content
(30.2 mg/g DW) is relatively high among microalgae species [41], making it a potential
species for co-production of zeaxanthin and EPA. O. aurita also contains high concentra-
tions of EPA (28% of total fatty acids), which has been confirmed for large-scale culture in
open ponds [47], making it competent for producing both fucoxanthin (18.47 mg/g DW)
and EPA.

In addition, co-production of fucoxanthin and DHA is feasible in microalgae. The
marine algae genus Isochrysis is rich in DHA, and it allows easy extraction of DHA and
fucoxanthin as it has no cell wall. Sun et al. screened 16 strains of Isochrysis for DHA and
fucoxanthin production, and Isochrysis CCMP1324 in semi-continuous cultivation excels
with productivities as 9.05 and 7.96 mg/L/day of DHA and fucoxanthin, respectively [124].
I. zhanjiangensis accumulated both high content of fucoxanthin (23.29 mg/g DW) and
stearidonic acid (SDA, 17.16% of total fatty acid), which is the common precursor of EPA
and DHA [46].

Additionally, both cultivation strategies and efficient extraction methods are worth
noting. As zeaxanthin and lipid are soluble in organic solvents, choosing an efficient
extraction system, such as hexane: methanol (3:2), can realize the best extraction efficacy
for both EPA (36.4 mg/g DW) and zeaxanthin (28.2 mg/g DW), which also avoid the usage
of toxic chloroform [41]. As most fucoxanthin was mostly in the hydroalcoholic phase
(over 99%), lipid and fucoxanthin can be separated by this biphasic system after the same
extraction process with pure ethanol solvent [50].

The residual biomass after carotenoid extraction of microalgae can be further processed
to harvest other by-products. Under nutrient starvation, D. salina accumulated β-carotene
and triglycerides up to 30–60% DW [125]. After carotenoid extraction, the residuals can
be employed for co-production of biodiesel after transesterification. In addition, the
carbohydrate in D. salina can also be employed for bioethanol production [126].

6. Conclusions

In this review, we comprehensively introduced health-promoting carotenoids in mi-
croalgae, summarized the carotenoid biosynthetic pathways and discussed microalgal
responses to salt stress. Advances in applying the Internet of Things (IoT) in modern
biotechnology and co-production of carotenoids with other high-value products were also
considered in detail. Through in-depth research on the effects of salt stress on microalgae,
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it is believed that the cultivation of freshwater microalgae in seawater will no longer be an
obstacle in the future. Moreover, it is also important to exploit more potential salt-tolerant
microalgae species for high-yield production of biofunctional carotenoids.
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Abstract: Microalgae are often called “sustainable biofactories” due to their dual potential to mitigate
atmospheric carbon dioxide and produce a great diversity of high-value compounds. Nevertheless,
the successful exploitation of microalgae as biofactories for industrial scale is dependent on choosing
the right microalga and optimum growth conditions. Due to the rich biodiversity of microalgae,
a screening pipeline should be developed to perform microalgal strain selection exploring their
growth, robustness, and metabolite production. Current prospects in microalgal biotechnology are
turning their focus to high-value lipids for pharmaceutic, nutraceutic, and cosmetic products. Within
microalgal lipid fraction, polyunsaturated fatty acids and carotenoids are broadly recognized for
their vital functions in human organisms. Microalgal-derived phytosterols are still an underexploited
lipid resource despite presenting promising biological activities, including neuroprotective, anti-
inflammatory, anti-cancer, neuromodulatory, immunomodulatory, and apoptosis inductive effects.
To modulate microalgal biochemical composition, according to the intended field of application, it
is important to know the contribution of each cultivation factor, or their combined effects, for the
wanted product accumulation. Microalgae have a vital role to play in future low-carbon economy.
Since microalgal biodiesel is still costly, it is desirable to explore the potential of oleaginous species
for its high-value lipids which present great global market prospects.

Keywords: sustainability; industrial valorization; carbon dioxide fixation; biological activities;
polyunsaturated fatty acids; phytosterol; carotenoids

1. Introduction

Microalgae use light energy and inorganic nutrients to produce oxygen and biomass
rich in a diversity of value-added compounds (Figure 1) [1]. They can thrive in almost all
environments and can be found in oceans, brackish water, freshwater, rocks, and soils [2].
Microalgal biotechnological historical data go back to the Aztec population, who harvested
Arthrospira from lake Texcoco for food purposes [2,3]. Arthrospira has also been collected
by local people surrounding Lake Chad and consumed as a nutritional supplement called
“dihe” [2]. Nostoc species have been used by the Chinese as a food delicacy and for their
properties for hundreds of years [2].

Arthrospira platensis, Aphanizomenon flosaquae var. flosaquae, Chlorella luteoviridis,
Chlorella pyrenoidosa, Chlorella vulgaris, and Auxenochlorella protothecoides have been on the
market as a food or food ingredient and consumed to a significant degree before 15 May
1997 in the European Union market; thus, its access to the market is not subject to the
Novel Food Regulation (EU) 2015/2283 [4]. Dried Tetraselmis chuii, Odontella aurita, and
astaxanthin-rich oleoresin from Haematococcus pluvialis are microalgal products approved
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as a novel food and, as the microalgae listed previously, are within the list of microalgae
that can be commercialized in the EU [5]. Through Figure 2a, it is possible to visualize that
in most European countries, algae farmers mainly produce microalgal species belonging
to Cyanobacteria and Chlorophyta phyla, except for Belgium (BE), Norway (NO), and
Sweden (SE). This is consistent with the microalgae approved for human consumption
which belong to Chlorophyta and Cyanophyta phyla, except for Odontella aurita, which
belongs to Bacillariophyta phylum.

Figure 1. Uncovering the potential of a microalga as a biofactory. C—carbohydrates; P/E—protein/enzymes; L—lipids;
V—vitamins; Pig.—pigments.

 

Figure 2. Microalgae production in Europe: (a) relative abundance of microalgae at phylum level produced by algae farmers
(AT—Austria; BE—Belgium; BG—Bulgaria; CH—Switzerland; CZ—Czech Republic; DE—Germany; DK—Denmark; EE—
Estonia; EL—Greece; ES—Spain; FO—Faroe Islands; FR—France; GR—Greenland; HU—Hungary; IC—Iceland; IE—Ireland;
IT—Italy; LV—Latvia; NL—the Netherlands; NO—Norway; PT—Portugal; SE—Sweden; UK—the United Kingdom).
(b) Number of algae farmers against main microalgae phyla and diversity of species exploited. (c) Diversity of Chlorophyta
species produced by algae farmers. Based on EMODnet database [6].

274



Mar. Drugs 2021, 19, 573

Health, energy, and human nutrition are the three main applications for microalgal
products [7]. However, the energy production from microalgae is experiencing a slow
growth compared to other segments [7]. Through Figure 3a, it is possible to observe that
both patents and research activities presented an exponential increase between 2004 and
2014. This trend continued for research activities, in contrast to patent publications. These
waves of microalgae-related research and development activities are mainly associated
with energy-driven trends, and having as the driving force the high crude oil price [8].
After 2015, this driving force was lost due to the development and popularization of electric
cars [8]. Figure 3b shows that research activities were mainly focused on the biological
sciences before 1990s. From this decade forward, biotechnology-applied microbiology
appeared in the main research categories meeting the slight increase in patent and research
publications.

Figure 3. Patenting and research activity in the microalgal field: (a) numbers of microalgae-related patents and research
publications against publication years; (b) timeline with the main research activities categories according to Web of Science.
The information used to construct these plots using “microalgae” as topic can be found in Espacenet [9] and Web of Science
databases [10].

Through Figure 2b, it is possible to visualize that the divisions comprising the greatest
diversity of microalgal species industrially exploited are Chlorophyta (18) and Bacillar-
iophyta (10) phyla. According to Griffiths et al. [11] most microalgal species considered
for biofuel production are either Chlorophyta or Bacillariophyta, which may explain the
previous observation. In the north-west European algae strategic initiatives, the bioenergy
(e.g., biodiesel) market is the most mentioned. The energy demand is growing worldwide,
especially in the rapidly developing countries such as China and India [12]. Biofuels cur-
rently account only 1.9% of global transport fuel consumption and are projected to achieve
a threefold increase over the next 20 years [13]. Brazil’s ethanol, derived from agricultural
crops, is the most price-competitive biofuel in the world, which reflects the large investment
of governmental agencies in research and technology that allowed the improvement of
production processes, which in turn lowered biofuel manufacturing costs [14]. However,
the food or fuel controversy derived from using agricultural crops for biofuel prompt the
search for alternative sources as microalgae. Although these microorganisms have several
advantages such as that they have a rapid growth rate, an ability to readily adapt to a wide
range of climatic conditions, and that they do not compete for arable lands, the high initial
capital investment and high biofuel production costs makes its exploitation for bioenergy
purposes not feasible [15]. According to Moshood et al. [13], an economically efficient
policy assistance may be required to overcome the main challenges found for microalgal
biofuel production.

Ongoing efforts have been performed to reduce microalgal production costs; these
include the evaluation of reactor design approaches, the development of biorefinery ap-
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proaches, and the use of low-cost inputs for microalgal production. The use of wastewater
for microalgal cultivation can offset the cost of freshwater and nutrients delivering envi-
ronmental benefits such as the recycling of resources and reducing the nutrient discharges
responsible for eutrophication in water bodies [16,17]. Numerous studies have evaluated
the feasibility of microalgae cultivation for lipid production using wastewater from differ-
ent sources: municipal [18–20], industrial [21], mining activity [22], landfill leachate [23],
agricultural [24], and fish farm effluents [25]. Nevertheless, further research is needed
to solve the drawbacks of the simultaneous microalgal biomass/product production and
wastewater treatment, namely the everchanging chemical content of wastewater; the fact
that not all metal ions and contaminants can be reduced using microalgae; and the need of
wastewater pre-treatment (e.g., anaerobic digestate) to reduce organic compounds concen-
tration, water turbidity, and low transparency, which affect microalgal growth [21,26].

According to the International Energy Agency [27], global energy-related carbon
dioxide (CO2) emissions remained at 31.5 Gt, despite the decline in 2020. CO2 contributes
up to 68% of the total greenhouse gases, the accumulation of which in the atmosphere
has been considered as the main driver of climate changes [28]. Presenting higher carbon
dioxide fixation efficiencies than terrestrial plants, microalgae have a pivotal role to play in
future low-carbon economy [28,29]. In the literature, it is estimated that producing 280 t of
microalgal dry biomass per ha per year using 9% of the incoming solar energy fixes roughly
513 t of CO2 [30]. In this sense, microalgae are often called “sustainable biofactories” due to
their dual potential to mitigate/bioremediate atmospheric CO2 and produce a wide array
of high-value compounds, which can be further enhanced through induced changes in its
growth conditions.

Current prospects of algal biotechnology are turning their focus to high-value lipids
production, namely polyunsaturated fatty acids (PUFA), which can be used in dietary
supplements, functional food, pharmaceutical, and infant formula segments [31]. Some
companies already produce ω3-PUFA with microalgal origin as dietary supplements or
food ingredients (Oceans Alive (USA), Blue Biotech (Germany), Flora Health (USA)—
Nannochloropsis; InnovalG (France)—Odontella) [32]. The global market size for ω3-PUFA
in 2020 was estimated at US $16.2 billion, and its 2027 value projections are expected to
reach US $36.9 billion at a compound annual growth rate (CAGR) of 12.5% over the forecast
period of 2020–2027 [33].

Within Chlorophyta phylum, it is possible to observe that most algae farmers have
been focusing on the production of oleaginous microalgae species, namely from Chlorella,
Tetraselmis, Botryococcus, Scenedesmus genera, which are more specialized for biofuel pro-
duction [7]. Chlorella sp., Haematococcus pluvialis, Tetraselmis sp., and Chlorella vulgaris are on
the first line of microalgal species produced by algae farmers (Figure 2c). These microalgae
have in common its versatility which allows to apply them in food, feed, energy production,
and as a source of high-value molecules, which may reflect the efforts of algal farmers to
target more than one market [34–36]. Furthermore, species belonging to Haematococcus
and Dunaliella genera are mainly used for pigments exploitation, namely for astaxanthin
and β-carotene production, respectively [7]. Protein is on the first line of development
in human nutrition and health sectors, followed by pigments and lipids [7]. Accounting
for the large number of oleaginous species already produced by algae farmers and the
potentialities of microalgal lipids for high-value market, this review outlines the potential
of microalgal high-value lipids for dietary supplements, cosmetics, and pharmaceutics,
along with its health-promoting activities and optimization strategies.

2. Species Selection and Exploitation

Microalgae present a rich biodiversity comprising 40,000–50,000 described species
with an estimation of nearly 800,000 existing species [37]. Chlorophyta comprises 6952
algal species [38], and Bacillariophyta is the most diversified group within microalgae,
with more than 10,000 diatom species being described [39]. Despite this great diversity,
only a few microalgal species have been exploited for biotechnological applications, with
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only 18 species of Chlorophyta and 10 species of Baccilariophyta phyla being produced by
European algae farmers (Figure 2b). A smaller number of species is recorded for the other
phyla: Cyanobacteria, Ocrophyta, Haptophyta, Rhodophyta, Euglenozoa, Charophyta,
Miozoa, and Prasinodermatophyta.

The industrial production of microalgae heavily depends on biomass productivity,
which is the most significant factor that can reduce the production cost levels [40]. To
increase microalgae productivity, several strategies have been developed, namely the
exploitation of the cultivation conditions to direct the metabolism towards desired product
accumulation, selection and breeding of strains with increased biomass productivity, and
genetic modification [40].

The selection of the right microalga considering specific culture conditions and desired
product content could be performed through an exhaustive screen of scientific data through
databases and literature, followed by physiological data collection (Figure 1). With respect
to the product synthesized by microalgae, they can be applied in several fields from
bioenergy (low-value market) to cosmetics and pharmaceutics (high-value market).

When exploiting the great biodiversity of microalgae as new natural sources of high-
value phytochemicals, a screening pipeline should be developed including the following
key aspects: (i) growth—for the successful improvement and progression of microalgae-
based industries, the discovery and improvement of new fast-growing strains is essen-
tial [41]. Thus, the study of the maximum growth rate, maximum cell density, and
dry cell biomass at different growth conditions, along with their amenability for het-
erotrophic/mixotrophic growth, are critical features to predict the feasibility of microalgae
for large-scale production [42]; (ii) robustness—the selected microalgae should withstand
variable local climatic conditions and be resistant to possible infections (e.g., other algae
strains, grazers, bacteria, or viruses) in order to prevent large-scale crashes [43]. Neverthe-
less, strategies have been developed to combat and prevent contamination in microalgae
cultivation such as the use of extreme conditions to create an unfavorable environment for
the competitive organisms of the microalgae [44,45], and the use of allelopathic approaches
to control microalgae cultivation [46]; (iii) metabolite production—in the production of mi-
croalgae for food and health purposes, the potential toxicity (phycotoxins) of some species
as well as desired product (high-value products) accumulation should be considered.

2.1. Phycotoxins

Phycotoxins are causative agents of seafood-borne poisoning syndromes (e.g., ciguat-
era fish poisoning) in humans [47]. From the wide microalgal diversity, only around
200 species are health-threatening, with the main toxic microalgae belonging to dinoflag-
ellates and diatoms groups [48]. Moreover, contamination of microalgae-based products
resultant from unsuitable location of cultivation ponds (e.g., inflows of effluents containing
pollutants) is a concern for human health [49]. Therefore, standard guidelines provided
by international regulatory organizations, such as the Food and Drug Administration
(United States of America) and European Food Safety Authority (Europe), guarantee that
microalgae-based industries operate in conformity with safety requirements [48]. Through
Table S1, is possible to have a brief insight on the regulations and directives applied in the
European Union.

2.2. High-Value Products

Microalgae can be produced targeting different fields of application such as food, feed,
pharmaceutical, personal care, and biomedicine (Figure 1). This versatility is derived from
its ability to synthesize a multiplicity of metabolites distributed among pigments, vitamins,
carbohydrates, lipids, and proteins/enzymes. Moreover, several biological properties
attributed to microalgae, namely anti-inflammatory [50,51], anti-pyretic [51], and anti-
cancer [52] activities, have shown its potential to high-value compound production.

Using the Cosmetic Ingredient Database (CosIng) [53], it is possible to see that several
substances with microalgal origin have already been authorized, namely the oils from
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Odontella aurita, Nannochloropsis oceanica, Chlorella minutisssima, Chlorella protothecoides, and
Haematococcus pluvialis. These can be incorporated into cosmeceuticals functioning as
skin-conditioning emollient, skin protection, and anti-oxidants in cosmetic products [53].
Moreover, when analyzing research activities performed on microalgal production for food
and health purposes, two main groups of metabolites stand out: fatty acids and carotenoids
(Figure 4). These are mainly related to the lipid-soluble fraction of microalgae.

Figure 4. Concept’s network obtained with VOSviewer software [54] for the research on “microalgae
AND food AND health” in Web of Science database [10].

3. Polyunsaturated Fatty Acids (PUFA) Exploitation from Autotrophic Microalgae

PUFA are broadly known for their vital functions in human organisms [55]. For
instance, docosahexaenoic acid (DHA, C22ω3) is enriched in human milk, plasma, and
sperm, and along with arachidonic acid (AA, C20:4ω6) is concentrated in the membrane
lipids of gray matter and in the visual elements of retina [56]. There is a lot of evidence
that an adequate supply of these fatty acids improves visual acuity and infant cognitive
development [56]. Moreover, several therapeutic properties have been attributed to the
consumption of these fatty acids such as reduced risk of arthritis and cardiovascular
diseases [57]. In contrast to microalgae, mammals do not have the ability to convert oleic
acid (C18:1ω9) to the precursors of long-chain polyunsaturated fatty acids (LC-PUFA)
biosynthesis pathway, and they poorly synthesize C20-C22 PUFA from dietary linoleic acid
(LA, C18:2ω6) and α-linolenic acid (ALA, C18:3ω3).

3.1. PUFA—Synthesis by Microalgae

LC-PUFA biosynthesis pathways by microalgae are initiated by Δ12 desaturation of
C18:1ω9, producing LA, which might be further desaturated by a ω3-desaturase generating
ALA (see Figure 5) [58]. The ω3-pathway is initiated with the Δ6 desaturation of LA
and leads to the synthesis of ω3-LC-PUFA eicosapentaenoic acid (EPA, C20:5ω3) and
DHA, whereas the ω6-pathway initiates with the Δ6 desaturation of ALA and produces
the ω6-LC-PUFA, AA [58]. However, some EPA-producing eustigmatophytes, such as
Nannochloropsis sp. and Monodus subterraneus, are thought to preferentially synthesize EPA
via the ω6-pathway by the action of a ω3-desaturase, which catalyzes the conversion of
AA to EPA [58,59].
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Figure 5. Biosynthesis of long-chain polyunsaturated fatty acids in microalgae [55,58,60]. ΔxD—
“front-end” desaturase, adds a double bond at position x from carboxyl end; ωyD—“methyl-end”
desaturase, adds a double bond at position y from methyl end; E—elongase, which catalyzes carbon
chain extension; PKS—polyketide synthase.

As with other organisms, the microalgal fatty acid composition is known to vary
among the different phylogenetic groups [58]. In Figure 5, is possible to visualize an
alternative route for LC-PUFA biosynthesis: Δ8 desaturase pathway. According to Khozin-
Goldberg [55], this pathway is known to exist in some microalgae, namely in haptophytes
Isochrysis galbana, Pavlova salina, and Emiliana huxleyi, and the Euglenophyte Euglena gra-
cilis. For the DHA-producing haptophyta Isochrysis galbana, a gene encoding a C22-Δ4
polyunsaturated fatty acid specific desaturase has been isolated and characterized [61].
The Trebouxiophyceae Lobosphaera incisa is a rare case in which AA is the major product of
LC-PUFA biosynthesis in microalgae [55].

3.2. PUFA Role in Human Health

From microalgal lipids, PUFA are the most studied for their pharmacological potential.
In human health, C20-C22 PUFA play important roles in many physiological and pathologi-
cal processes [57]. Moreover, most of PUFA health-benefits are due to their key roles as lipid
mediators in inflammatory processes and as important compounds for growth and devel-
opment. EPA and DHA are parent compounds of specialized pro-resolving lipid mediators
(protectins, resolvins, and maresins) that act as inflammatory brakes and promote the
return of the affected site to homeostasis (Figure 6) [62,63]. As with ω3-PUFA, AA-derived
lipoxins and their carbon-15 position epimers have beneficial effects on inflammation and
resolution [62].
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Figure 6. Lipid mediators of inflammatory process derived from arachidonic acid (AA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA) [63,64]. EETs—epoxyeicosatrienoic acids; HETEs—hydroxyeicosatetraenoic acids; PG—
prostaglandin.

EPA competitively inhibits the utilization of AA by cyclooxygenasse/lipoxygenases
to less pro-inflammatory mediators [65]. In contrast with eicosanoid products from AA
(prostaglandin E2, thromboxane A2, and leukotriene B4), EPA-derived eicosanoids (throm-
boxane A3, and leukotriene B5) are weak inducers of inflammation and have attenuated
platelet-aggregating and vasoconstriction abilities [65]. In mammalian cells, ω6- and
ω3-fatty acids are not interconvertible because they lack ω3-desaturase; therefore, their
balance in the diet is important [65]. In the Western diet, the greatest amounts of ω6-fatty
acids (ω6:ω3 of 20:1) drive higher levels of AA eicosanoids products (e.g., prostaglandins,
thromboxanes, leukotrienes, and hydroxy fatty acids), causing an imbalance between
pro- and anti-inflammatory molecules and shifting the physiological state to one that is
proinflammatory, prothrombotic, and proaggregatory [65]. Thus, a balanced intake of ω6-
and ω3-fatty acids is crucial.

3.3. Microalgae—PUFA Enhancement Strategies

Although the largest share of the EPA/DHA oil market comes from wild fish, the de-
clining fish stocks and susceptibility to contamination by pollutants (such as mercury) have
turned the attention of PUFA exploitation to microalgae [66]. In this sense, the oxidative
stability, sustainability, suitability for vegetarians, and the absence of fishy taste/smell are
some of the advantages that make microalgae a feasible source for PUFA commercializa-
tion [66]. However, the immature production process is one of the weaknesses that must
be surpassed for making PUFA exploitation from microalgae a feasible process [66].
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New competitors of PUFA exploitation from microalgae are DHA producers belong-
ing to thraustochytrids (Traustochytrium sp. and Aurantiochytrium) [66]. These unicellular
heterothrophic organisms have already been authorized for food/feed/nutraceuticals
and are marketed by DSM/Evonik and Source-Omega companies [66]. However, some
disadvantages from the exploitation of these organisms for ω3-production (mostly produce
DHA; the production chain increases pressure on arable land—since heterotrophic organ-
isms need a sugar input to grow, and produces CO2) are opportunities for the production
of ω3-fatty acids from microalgae [66].

Since the microalgae composition is known to vary with growth conditions, the study
of strategies for microalgae PUFA enhancement is crucial to overcome the challenge of
the undeveloped production process of phototrophic PUFA exploitation from microalgae.
Although several strategies have been proposed to enhance microalgae lipids production,
most of these have been projected for biofuel production. However, nowadays, more
attention has been given towards PUFA production. Conventional approaches for enhanc-
ing microalgae lipid accumulation include nutrient stress (e.g., alterations in nitrogen,
phosphorus, and carbon supply) or changes in cultivation conditions (e.g., light, and
temperature) [67]. The main advantage of nutrient stress is its easy applicability at both
lab and large-scale cultivation, while cultivation conditions such as light have high op-
erational costs and are not easy to control within open cultivation systems [67]. Within
nutrient regime alterations, nitrate limitation is a commonly employed strategy to enhance
microalgal lipids quantity [67].

As essential constituent of proteins, nucleotides, vitamins, and coenzymes, any
changes in the nitrogen source and concentrations can trigger growth changes and bio-
chemical remodeling in microalgae species [68–70]. Although the study of Huang et al. [71]
had the purpose of improving lipids properties of the microalgal strains Tetraselmis sub-
cordiformis SHOU-S05, Nannochloropsis oculata SHOU-S14, and Pavlova viridis SHOU-S16,
the insights on the fatty acid composition at different nitrogen concentrations enables to
see some trends with respect to PUFA accumulation. Therefore, towards high nitrogen
supplementations, the lipid content decreased, whereas the PUFA proportion increased for
N. oculata and P. viridis. For T. subcordiformis, the highest PUFA percentage was registered
at lower nitrogen supplementations as with the highest lipid content. As with Sukenik [72],
this seems to suggest that the growth conditions for the maximization of PUFA production
are similar to the conditions required to maximize biomass production for N. oculata and
P. viridis.

Other cultivation conditions affecting microalgal growth and chemical diversity are the
salinity, light intensity, and photoperiod. Mitra et al. [73] studied the effects of these factors
in Nannochloropsis gaditana CCNM1032 strain, and concluded that the most positive factor
for fatty acid enhancement was the photoperiod. In this study, maximal EPA productivities
were achieved at 60 μmol photons m−2 s−1 and at a photoperiod regime of 18 h:6 h
(light:dark); this observation was made for 1L cultures.

Two-stage cultivation and combined nutrient and abiotic stresses are novel approaches
used to enhance the microalgal biochemical composition. In the two-stage cultivation,
microalgae are first grown to gain higher biomass and are then exposed to different cultiva-
tion conditions to trigger the accumulation of desired product content. For Nannochloropsis
gaditana IMTE1, a two-stage cultivation was studied by Xiao et al. [74]. This microalgal
strain was firstly grown in batch culture for 6 days, washed, and then transferred for a
chemostat culture with a fixed dilution rate and adjusted nitrate concentrations. In these
cultivation conditions, the highest biomass (897.10 mg dw L−1; dw—dry weight) and EPA
content (2.62% dw) were obtained at high nitrogen supplementations.

When combining nutrient and abiotic stresses, it is important to know the importance
of each factor for the desired product accumulation, as well as its synergistic effects [67].
With the purpose of optimizing ω3-fatty acid production by Pavlova lutheri, Carvalho
and Malcata [75] studied the combined effects of the dilution rate, light intensity, and
CO2 concentration under continuous mode. The optimum conditions for EPA and DHA
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production were found in cultures supplied with 0.5% CO2, at a dilution rate of 0.297 d−1

and a light intensity of 120 μE m−2 s−1 [75]. Other combined nutrient and abiotic stresses
are summarized in Table 1 for the following strains: Chlamydomonas reinharditii CC124,
Nannochloropsis gaditana CCNM1032, Phaeodactylum tricornutum CS-29C, and Chaetoceros
muelleri CS-176. The major disadvantage of the enounced novel approaches is that large-
scale trials are required.

Table 1. Some strategies used for microalgae lipid enhancement and its impact on polyunsaturated fatty acids accumulation.

Microalga Strain Factors Used Biomass Lipid PUFA Content Notes Ref.

Chlamydomonas
reinhardtii CC124

Phosphorus
supplementation under

nitrogen deficiency

PUFA: 17.15–45.23 μg
mg−1;

DHA: 0.09–0.17 μg
mg−1

[76]

Chlamydomonas
reinhardtii CC124 Acetate input (1, 2, and 4 g

L−1 sodium acetate)
1.08–2.49 g

L−1

PUFA: 28.84–51.58 μg
mg−1;

DHA: 0.03–0.09 μg
mg−1

[76]

Heterochlorella
luteoviridis BE002

Temperature (22, 27 and
32 ◦C) and NaNO3

content (12, 24, 36, 48 or
60 mg L−1 of N-NO3)

0.48 g L−1 d−1 82.5–99.1 mg
g−1

PUFA: 34.4–40.7%
TFA

Biomass productivity
obtained at higher

nitrogen conditions
[77]

Nannochloropsis
oceanica IMET1

Nitrogen-deficiency stress
(60, 120, and 2200 μmol

L−1 NO3
2−)

319.10–897.10
mg L−1

34.04–56.17%
dw EPA: 1.77–2.62% dw

The highest EPA
amount was observed

at 2200 μmol L−1

NO3
2− , in contrast to

the lipid content

[74]

Tetraselmis
subcordiformis SHOU-S05 Nitrogen supplementation

(0, 0.22, 0.44, 0.88 and
1.76 mmol N·L−1)

13.40–29.77%
PUFA: 57.97–62.59%

TFA
EPA: 2.92–3.85% TFA

The highest values of
PUFA and EPA were

obtained at 0.22 mmol
N L−1

[71]

Nannochloropsis
oculata SHOU-S14 22.5–35.85%

PUFA: 46.10–53.69%
TFA

EPA: 29.34–35.51%
TFA

The highest values of
PUFA and EPA were

obtained at 1.76 mmol
N L−1

[71]

Pavlova viridis SHOU-S16 26.45–32.10%

PUFA: 26.94–41.28%
TFA

EPA: 9.52–15.71%
TFA

DHA: 2.39–7.17%
TFA

The highest values of
PUFA and EPA were

obtained at 1.76 mmol
N L−1

[71]

Nannochloropsis
gaditana CCNM1032

Salinity (20, 30, 35, and
40 g L−1), light intensity

(60 and 150 μmol photons
m−2 s−1), and

photoperiod (24/0, 18/6,
12/12, 6/18 and 0/24

light/dark hour)

45.01 mg L−1

d−1
14.63 mg L−1

d−1
EPA: 19.13–37.83%

TFA

Biomass and lipid
productivities were

obtained at a salinity
gradient of 20 g L−1

[73]

Phaeodactylum
tricornutum CS-29C Nitrogen source (nitrate,

ammonium, and urea)
and ultraviolet (UV)

radiation (UV-A: 315–400
nm; UV-B: 280–315 nm)

PUFA: 34.89–48.85%
TFA

EPA: 18.86–23.42%
TFA

DHA: 1.49–2.52%
TFA

[78]

Chaetoceros
muelleri CS-176

PUFA: 29.26–36.76%
TFA

EPA: 9.61–14.23%
TFA

DHA: 0.75–1.42%
TFA

[78]

Pavlova lutheri SMBA60

CO2 concentrations (0–2%
v/v), light intensity (75
and 120 μmol photons

m−2 s−1) and cultivation
mode (batch and

continuous)

0.900 g L−1 132.5 mg L−1
EPA: 3.61 mg L−1 d−1

DHA: 1.29 mg L−1

d−1

Values obtained at 0.5%
(v/v) CO2, a dilution

rate of 0.297 d−1, and a
light intensity of 120

μmol photons m−2 s−1

[75]

PUFA—polyunsaturated fatty acids; DHA—docosahexaenoic acid; EPA—eicosapentaenoic acid; TFA—total fatty acids; dw—dry weight.

4. Sterols as an Underexploited Lipid Resource from Microalgae

When linking microalgae with food and human health, the predominant terms are
fatty acids and carotenoids (Figure 4). Nevertheless, some microalgae are high-level
producers of phytosterols, which have been playing a key role in the functional food
market [79,80]. In addition, mixtures of phytosterols can function as skin conditioning in
cosmetic products (creams and lipstick), and in pharmaceutics, they are gaining interest for
the production of therapeutic steroids [53,81].
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Plant-derived phytosterols have been added to food products for their ability to reduce
serum cholesterol levels and prevent coronary heart diseases [79,82]. Cyanophya Nostoc
commune var. sphaeroides lipid extracts have been found to inhibit the expression of key
regulatory genes involved in cholesterol and fatty acid biosynthetic pathways; this property
could contribute to lower serum cholesterol as well as triglyceride concentrations [83].
Phytosterols occur in four common forms: as free sterols (FS), as fatty acid esters (sterol is
esterified to fatty acid; SE), as steryl glycosides (bound to sugar with a glycosidic bond;
SG), and as acylated steryl glycosides (sugar moiety is acylated with a fatty acid; ASG) [84].
Due to the poor solubility of free phytosterols, major phytosterol/phytostanol products
being marketed are in their conjugated forms (SE, SG, and ASG) as it is easier to add them
into food products [84]. Table 2 summarizes information with respect to some brands
that commercialize phytosterol fortified food products (yoghurts, spreads, soft cheese,
and drinks), and other phytosterol-based products (supplements and paste). Although
the raw materials used for phytosterols isolation for the food industry are tall oil (fat-
soluble by-product obtained from trees) and vegetable oil, the scarcity of land resources
has pulled the attention of scientific and industrial communities towards the search for
new sustainable natural sources of phytosterols [85,86]. The concentration of phytosterols
in different vegetable oils was estimated by Yang et al. [87] and ranged between 142.64
(camellia oil) and 1891.82 (rice bran oil) mg 100 g−1.

Table 2. Phytosterols marketed as low cholesterol agents.

Manufacturer Brand Products Source Ref.

Raisio group Benecol

Soft cheese
Yoghurt drinks

Yoghurts
Spreads

Plant phytostanol
esters [88]

Upfield Flora
ProActiv

Spreads
Drinks Plant sterols [89]

Goodman
Fielder Logicol Spread Plant sterols [90]

Archer Daniels
Midland (ADM) CardioAid

Powder
Paste soluble

in oils and fats
Plant sterols [91]

Cargill CoroWise
Dietary foods *

Beverages
Supplements

Plant sterols
(phytosterols and

steryl esters)
[92]

Lipofoods Lipophytol Water-dispersible powder Plant sterols (from
soy or pine tree origin) [93]

* Foods with plant sterols and commercialized include emulsified sterols (ES200); fine particle sterols (FP100);
granular phytosterols (FP300); steryl esters (SE-C100); water dispersible steryl esters (WDSE-33).

The potential of Chlorophytes Dunaliella tertiolecta and Dunaliella salina as sources
of phytosterols was studied by Francavilla et al. [94]; in its study, the highest yields of
total sterols were 1.3% and 0.89% dw for D. tertiolecta and D. salina, respectively. Another
promising microalgal strain for phytosterol production, investigated by Ahmed et al. [79],
was Pavlova lutheri, with the phytosterol content reaching up to 5.1% dw. Comparing these
values with the ones previously mentioned for vegetable oils, it is possible to recognize that
microalgae have the potential to become a useful alternative source of phytosterols to use
as functional ingredients. Microalgal-derived phytosterols are mainly distributed among
four groups: 4-desmethyl-Δ5-sterols; 4-desmethyl-Δ7-sterols; 4-methylsterols; and di-
hydroxylated sterols [80], with 4-desmethyl-Δ5-sterols being the predominant phytosterol
in microalgae [80,95]. According to Moreau et al. [84], 4-desmethyl sterols and stanols
have been shown to inhibit the uptake of cholesterol from the intestine, resulting in a
decrease of serum cholesterol levels. This once again strengthens the potential of using
microalgae-phytosterols as a novel industrial application.
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4.1. Sterol Synthesis by Microalgae

For microalgae, there are two distinct and compartmentalized pathways for iso-
prenoid synthesis; these are (i) the mevalonic acid (MVA) pathway, in the cytosol; and (ii)
the 1-deoxy-D-xylulose-5-phosphate/2-C-methyl-D-erythritol-4-phosphate (DOXP/MEP)
pathway, in the plastid [80,96]. In general, microalgae possess both DOXP/MEP and MVA
pathways [96]. Exceptions include Cyanophytes, Chlorophytes, as well as the Bacillario-
phyta Haslea ostrearia, and the Rhodophyta Cyanidioschyzon merolae, which produce sterols
only from the MEP/DOXP pathway [97,98]. Figure 7 shows a generalized overview of
sterol biosynthesis pathway for microalgae. Therefore, sterol biosynthetic pathway can
be split into three main stages: (i) biosynthesis of isoprenoid precursors—isopentenyl py-
rophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP); (ii) biosynthesis
of polyprenyl pyrophosphates such as farnesyl pyrophosphate (FPP); and (iii) squalene
(precursor of all phytosterols) formation—dimerization of FPP [97]. According to Sasso
et al. [97], there is evidence for the transport of IPP and polyprenyl pyrophosphates, such
as FPP and geranyl pyrophosphate (GPP), across plastid membranes. Therefore, in algae
such as Chlorophytes, in which sterols are only produced through MEP/DOXP pathway,
IPP synthesized in the plastids could be exported to cytosol for the formation of sterols [99].

 
Figure 7. Generalized sterol biosynthesis pathway for microalgae [96,97].

4.2. Microalgae-Derived Phytosterols Biological Activities

Phytosterols synthesized by microalgae have shown interesting biological activities
including neuroprotective, anti-inflammatory, anti-cancer, neuromodulatory, immunomod-
ulatory, and apoptosis inductive effects. From Table S2, it is possible to visualize that
the predominant biological activity studied for microalgal-derived phytosterols was anti-
inflammatory. The anti-inflammatory potential of phytosterols can be assessed in vitro
through determination of nitric oxide (NO), prostaglandins (PG) and cytokines produc-
tion, and/or expression of nitric oxide synthase (iNOS), and cyclooxygenase (COX-2),
after cell treatment with inflammation stimulation agents such as concanavalin A (Con A)
and lipopolysaccharide (LPS) [100–104]. Promising results were obtained for a sterol rich
fraction of N. oculata which was found to inhibit NO production, and down-regulate LPS-
stimulated protein levels of inducible iNOS and COX-2 in a dose-dependent manner [102].
Moreover, a study performed for D. tertiolecta, testing several mixtures of phytosterols,
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showed that ergosterol and a mix of ergosterol and 7-dehydroporiferasterol suppressed
a highly pro-inflammatory cytokine (tumor necrosis factor alpha; TNF-α), a pleiotropic
cytokine (interleukin (IL)-6), and increased the levels of an anti-inflammatory cytokine
(IL-10), showing the anti-inflammatory potential of both sterols and suggesting that phy-
tosterol anti-inflammatory properties might depend on the existence of a synergistic effect
of these molecules [101].

Besides anti-inflammatory activity, the ability of phytosterols to cross the blood–
brain barrier and act as acetylcholinesterase enzymes inhibitors has sparked the attention
of neurodegenerative diseases research [105]. Fagundes et al. [105] studied the neuro-
protective potential of Phormidium autumnale phytosterol-rich extracts and determined
the anti-cholinergic, antioxidant, and anti-inflammatory capacities. In this study, the
phytosterol-rich extract demonstrated higher in vitro neuroprotective activity than non-
enriched extract, exhibiting a moderate–high anticholinergic potential, and showing to
be an effective lipoxygenase inhibitor. This was further supported through molecular
docking simulation, which showed the specificity of stigmasterol interaction with acetyl-
cholinesterase active sites. Moreover, a previous study has found in vivo neuromodulatory
activity of D. tertiolecta—derived phytosterols in selective brain areas of rats [85].

Through Table S2, it is possible to visualize that the biological studies with respect to
phytosterols were mainly performed in vitro presenting some limitations, namely, these
types of studies only give partial information on bio-functionality, and a lack of systemic
factors [106]. However, they provide fast and inexpensive screening of bioactivities, have
high sensitivity, and are easy to perform, manage, and interpret [106]. Moreover, it is crucial
to highlight that most of the studies summarized in Table S2 are mainly performed in
sterol-rich fractions and that future research targeting the potential of the different types of
microalgae-derived phytosterols, including their functional activity and synergistic effects,
is crucial for gaining in-depth knowledge of microalgae sterols potential.

4.3. Strategies for Sterol Enhancement

To boost phytosterol accumulation in microalgae, it is crucial to understand its trigger
mechanisms. Table 3 summarizes some strategies already employed for inducing microal-
gae phytosterol accumulation. For Haptophyta P. lutheri, the effects of nutrient-induced
changes, salinity, ultraviolet-C (UV-C) radiation, and sampling days have been assessed
aiming phytosterol production [79,82]. From these variables, the most effective were UV-C
radiation and sampling days [79,82]. Although the UV-C radiation equipment is simple
and easy for operation and maintenance, this physical stressor has a great disadvantage for
large-scale production, which is the significant cell damage connected with UV-C radiation
mutagenic factor (as it attacks an organism’s deoxyribonucleic acid (DNA)) [107–109]. The
mutagenic factor also poses a concern since little is known about the stability of modified
algal strains or whether they can potentially take any environmental risks [110].

Table 3. Some strategies evaluated for microalgae sterol enhancement.

Microalga Variables Studied Total Sterols Major Sterols Observations Ref.

Diacronema lutheri (syn.
Pavlova lutheri)

UV-C radiation
(50–250 mJ m−2)

Hydrogen Peroxide (H2O2:
1–500 μM)

9.9–20.3 mg g−1 dw
19.5–30.9 mg g−1

dw
Poriferasterol
Clionasterol

4-α-methylporiferast-22-enol
Methylpavlovol
Epicampesterol

↑TS was found at 100 mJ cm−2

No significant increase of TS due
to H2O2

[82]

Combined effects of sampling
days (2, 4, 6, 12, 14, and 16),

and salinity (15, 25, 35,
and 45‰)

20.29–51.86 mg g-−1

dw

Significant differences were
observed between sampling days
but not for the different salinities

[79]

Dunaliella salina Salinity (0.6, 1.4 and 2.1 M
NaCl)

0.89% dw 7-Dehydroporiferasterol
Ergosterol

Good yields of TS were found at
lower salt concentrations (0.6 M) [94]Dunaliella tertiolecta 1.3% dw
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Table 3. Cont.

Microalga Variables Studied Total Sterols Major Sterols Observations Ref.

Scenedesmus quadricauda Combined effects of light
intensity (30, 60, 140, 230, and
490 μmol photons m−2 s−1),
and phosphorus (1–50 μM)

8–13 μg mg C−1
Fungisterol

Chondrillasterol
22-Dihydrochondrillasterol

In the high-P TS increased with
light intensity

[111]
Cryptomonas ovata 7–8 μg mg C−1 Epibrassicasterol

Stigmasterol No significant changes in TS

Cycotella meneghiniana
SAG 1020-1a 5–8 μg mg C−1 24-Methylene-cholesterol

22-Dihydrobrassicasterol

Chlamydomonas globosa 3–4 μg mg C−1 Ergosterol
Fungisterol

Prorocentrum
donghaiense

Temperature (15, 20, and 25 ◦C)
N:P supply (10:1, 24:1, and 63:1

molar ratios)
Growth phase (exponential

and stationary growth phases)

Brassicasterol:
0.03–0.12 pg cell−1

Dinosterol:
0.15–1.54 pg cell−1

Brassicasterol
Dinosterol

Growth phase changes showed
the most pronounced effects,

while temperature and nutrient
deficiency had moderate effects

on sterol contents

[112]

Prorocentrum minimum

Brassicasterol:
0.04–0.20 pg cell−1

Dinosterol:
0.28–1.83 pg cell−1

Karenia mikimotoi

Brassicasterol:
0.07–1.56 pg cell−1

Dinosterol:
0.20–1.30 pg cell−1

Thalassiosira pseudonana
CCMP1335 Rapid cooling (18 to 4 ◦C)

Salinity (10, 17, 25, 30, 39, 47, 53
and 61‰)

24-Methylenecholesta-
5,24(24’)-dien-3β-ol

Fucosterol
Isofucosterol
Cholesterol

[113]

Phaeodactylum
tricornutum CCMP632

24-Methylenechol
esta-5,24(24’)-dienol

Fucosterol
Isofucosterol
Cholesterol

Shifts its sterol content at a
reduced temperature

Chaetoceros muelleri
CCMP1316

Brassicasterol
Campesterol
Cholesterol

Rapid cooling did not
significantly change sterols

relative abundance

According to Ahmed et al. [79] and Ahmed and Schenck [82], P. lutheri did not in-
creased its sterol content when subjected to peroxide hydrogen input, variations in nitrogen
and phosphorus concentrations, and changes in salinity. Still, previous studies have de-
scribed salinity-induced changes as an effective tool to induce phytosterol accumulation in
microalgae. Francavilla et al. [94] studied the effect of different salinity concentrations for
two Chlorophytas (D. tertiolecta and D. salina) using a different approach from the study
performed to Haptophyta P. lutheri, and good yields of total sterols were observed at a
lower salt concentration [94]. Thus, the different observations made in both studies might
be derived from (i) species-specific differences and/or (ii) the different approaches used to
impose salinity-induced changes.

Besides the growth conditions, the specific growth phase at which microalgal biomass
is harvested can influence lipid yields and composition for specific purposes [70,114].
The effect of growth phase on the sterol content of dinoflagellate species (Prorocentrum
donghaiense, Prorocentrum minimum, Karenia mikimotoi) in batch cultures was assessed by
Chen et al. [112]. In this study, the sterol content of two microalgae was susceptible to
changes in the growth phase (from exponential to stationary phase), with the greatest
increase being verified for dinosterol (168%) in P. minimum, and for brassicasterol (423%)
in K. mikimotoi. When assessing product accumulation over the growth phase, it is also
important to take into consideration that there are some growth phases in which the
production of stress-associated molecules (e.g., carotenoids, lipids) is still balanced with
good amounts of growth-associated ones (e.g., proteins) [115]. This point is especially
important for co-exploitation of high-value microalgae products.

Interactive effects of nutrient and abiotic factors have been reported to enhance the
production of phytosterol in some freshwater microalgal species [111,116]. For instance,
varying light intensities in both high- and low-phosphorus environments was shown to
affect sterol accumulation for Chlorophyta Scenedesmus quadricauda and Chlamydomonas
globosa, and Bacillariophyta Cyclotella meneghiniana, with sterol contents increasing with
light intensity under high phosphorus [111]. Another strategy applied by Piepho et al. [116]
was varying the temperature with phosphorus, as well as the silicate supply. For this study,
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C. meneghiniana increased its sterol content from low to high temperature, and this was
even higher in the high-phosphorus treatment. Simultaneous effects of nutrient supply
and abiotic factors in microalgae highlight the importance of investigating more than just
one environmental factor when inducing the accumulation of a desired product for a field
of application.

5. Carotenoids

Some studies have explored the co-production of carotenoids with lipids [117] and
fatty acids [118,119] in microalgae. Carotenoids are lipid-soluble compounds synthesized
by microalgae and can be divided into carotenes (hydrocarbons) and xanthophylls (oxy-
genated hydrocarbons) [34,120]. As structural components of light-harvesting complexes,
these compounds play key roles within microalgal cells, namely in the protection against
excess irradiance, chlorophyll triplets, and reactive oxygen species [121]. Through Figure 8,
it is possible to visualize that the global market for carotenoids was USD 1.7 billion in 2020.
In microalgae, astaxanthin, β-carotene, and lutein are among the key carotenoids with
high market potential [34,120,122]. Astaxanthin presents the highest value for the global
market size, USD 663.89 million in 2020, and value projections for 2027, USD 977.74 million
(Figure 7). Haematococcus pluvialis and Dunaliella salina are the most popular microalgal
species exploited for the commercial production of astaxanthin and β-carotene, respec-
tively [34]. In Haematococcus, astaxanthin is majorly esterified to palmitic acid (C16:0) and
unsaturated fatty acids of the C18 family (C18:1, C18:2, and C18:3) [120,123].

 
Figure 8. Carotenoids global market prospects—market size in 2020, 2027 value projection, and
compound annual growth rate (CAGR). The values presented for carotenoids and lutein CAGR
correspond to the forecast period of 2020–2027, while for astaxanthin and β-carotene, CAGR values
correspond to the forecast period of 2021–2027. Data for carotenoids and lutein were collected from
StrategyR [33], whereas data for astaxanthin and β-carotene were collected from Global Market
Insights [124].

Carotenoids are extensively used in food, feed, nutraceuticals, and cosmetics [125].
The consumption of a diet rich in carotenoids is often associated with positive effects on
skin health, cancer, cardiovascular, neuronal, and gastrointestinal protection, and vision
and immune system enhancement [125]. As with essential fatty acids and phytosterols,
carotenoids cannot be synthesized by humans, which, in turn, must obtain these through
their diet [125]. The beneficial effects of carotenoids to human health are thought to
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be derived from its potent anti-oxidant activity and the provitamin A activity of some
carotenoids, which can be converted to retinal (e.g., α- and β- carotenes) [125].

Currently, astaxanthin is the best biological antioxidant, presenting a free-radical
scavenging capacity 65 times more powerful than ascorbic acid (vitamin C) and 54 times
stronger than β-carotene [126]. This carotenoid is best known for its use in aquaculture,
namely for giving the pinkish-red color of salmonids, shrimps, lobsters, and crayfishes. In
aquaculture this carotenoid is also used for its positive impacts on organisms’ immune-
system and fertility [127]. Astaxanthin has a wide range of applications beyond aquaculture,
namely in the food, cosmetic, and pharmaceutical industries [126]. Astaxanthin has several
health-promoting properties, and it is used for anti-tumor therapies and prevention, treat-
ment of neural damage interrelated with age-related macular degeneration, Alzheimer and
Parkinson diseases [127].

Although natural astaxanthin has a notably higher antioxidant capacity and safety for
human consumption, synthetically derived astaxanthin has a low production cost [128].
This makes astaxanthin from natural sources only account for less than 5% of the com-
mercialized astaxanthin [128]. Given the metabolic plasticity of microalgae and its high
growth rates, efforts have been displaced for reducing the costs of naturally derived as-
taxanthin. From astaxanthin producers, H. pluvialis is one of the richest sources of natural
astaxanthin, accumulating up to 4% of astaxanthin on a dry weight basis. Table 4 summa-
rizes different strategies already applied to H. pluvialis strains for prompting astaxanthin
accumulation [128].

Table 4. Strategies applied for enhancing astaxanthin production for Haematococcus pluvialis strains.

Induction Stage

Strain Medium Green-Phase Cells Red-Phase Cells Factors Studied Observations Ref.

H. pluvialis
Flotow 1844em.

Wille K-0084
mBG-11

N-replete
5 days

75 μmol photons
m−2 s−1

N-free
2 × 105 cells ml−1

350 μmol photons
m−2 s−1

48 or 96 h

High light intensity time
exposure:

48 h—0, 6, 12, 24, 36, 48 h
96 h—0, 24, 48, 72, 96 h

Astaxanthin dominated
carotenoid composition: 92.6%
Car and 97.7% Car, after 24 and

48 h respectively

[129]

H. pluvialis IPPAS
H-2018 (former

BM1)
BG-11

N-replete
40 μmol photons

m−2 s−1

60 μmol photons
m−2 s−1

N-free
480 μmol photons

m−2 s−1

Green-phase cells: CO2
concentrations (5, 10, 20%);

Growth phase (exponential and
stationary). Red-phase cells: CO2

concentrations (5, 10, 20%)

5% CO2 resulted in a higher
astaxanthin productivity. [130]

H. pluvialis NIES 14 BG-11 N-replete N-free

Organic carbon: 0.5% (v/v) of
methanol, ethanol, glycol,
acetaldehyde, isopropanol,

and glycerol
Ethanol treatment: 1, 2, 3 and 5%

(v/v)
Light Intensity: low (25 μmol

photons m−2 s−1) and high
(150 μmol photons m−2 s−1)

Astaxanthin productivity
reached 11.26 mg L−1 d−1at 3%

(v/v) ethanol
[131]

H. pluvialis LUGU
(KM115647.1) BG-11

N-replete
30 μmol photons

m−2 s−1

N-free
250 μmol photons

m−2 s−1

Cultivation mode (batch and
batch-fed)

Concentration of SA (0.25, 0.5, 1.0,
2.0 and 4.0 mM) on fed-batch
operation (7, 9, and 11 days)

Maximum values of
astaxanthin (35.88 mg g−1) and

lipid (54.79%) contents were
obtained after supplementation

of SA on day 7

[132]

H. pluvialis
NIES-144 NIES-C 50 μmol photons

m−2 s−1
250 μmol photons

m−2 s−1

Cultivation mode (batch and
semi-continuous

Large-scale cultivation

Induction stage lasted 8 and
20 days; For semi-continuous
cultivation light intensity was
constant (250 μmol photons
m−2 s−1); Semi-continuous

process produced 700.4 mg L−1

of astaxanthin over 60 days

[128]

H. pluvialis LUGU BG-11
N-replete

30 μmol photons
m−2 s−1

N-free
250 μmol photons

m−2 s−1

Walnut shell extracts (WSE)
concentrations (10, 15, and 20%)

The highest astaxanthin
(29.53 mg g−1) and lipid

(51.75%) occurred with 15%
of WSE

[133]

Car—carotenoids; N—nitrogen; SA—succinic acid.

As can be seen in Table 4, most studies concerning astaxanthin accumulation by H. plu-
vialis have an induction stage from green- to red-phase. This distinction is associated with
H. pluvialius cellular morphologies. Therefore, macrozooids (zoospores), microzooids, and
palmella cellular morphologies are usually called “green-phase cells”, while hematocysts
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(aplanospores) are referred as “red-phase cells” [126]. The first predominate in favorable
growth conditions, whereas the second occur under unfavorable environmental or culture
conditions [126]. Since H. pluvialis accumulate large amounts of carotenoids, especially
astaxanthin, under the red-phase, stress inputs such as nitrogen depletion and high light
intensity are often applied to H. pluvialis to prompt astaxanthin production [126].

Several factors have already being studied for H. pluvialis in both green- and red-phases
with the aim to prompt astaxanthin production, namely the effect of high light intensity
exposure time, growth phase, cultivation mode, and the use of alternative substrates such
as succinic acid, ethanol, and walnut shell extracts, as detailed in Table 4. Nonetheless,
commercial production of astaxanthin from H. pluvialis still faces challenges such as the
high operating costs of the mass cultivation of microalgae [128].

Besides H. pluvialis (5.8–22.7 mg g−1 dw), there are other astaxanthin-producing
microalgae, such as Scenedesmus vacuolatus (1.5–2.7 mg g−1 dw), Scotiellopsis oocystiformis
(6.4–10.9 mg g−1 dw), Chlorella zofingiensis (3.5–6.8 mg g−1 dw), Neochloris wimmeri
(5.1–19.3 mg g−1 dw), and Protosiphon botryoides (12.9–14.3 mg g−1 dw).

The carotenoids database [134] at the access date of 8 October 2021 presented informa-
tion on 1204 natural compounds distributed among 722 organisms from all domains of life.
Xantophylls can be classified based on their chemical modifications as hydroxyl (lutein,
zeaxanthin), epoxide (violaxanthin, neoxanthin), keto (astaxanthin), or carbonyl groups
(canthaxanthin, capsanthin) [135]. Besides their health benefits and industrial applications,
carotenoids can be useful biomarkers for microalgal distinction. Table 5 summarizes the
main carotenoids and xantophylls that can be found for each algal phylum.

Table 5. Main carotenoids and xanthophylls of the algal phyla [136].

Phylum Carotenoids Xantophylls

Cyanobacteria β-carotene Myxoxanthin, zeaxanthin
Prochlorophyta β-carotene Zeaxanthin

Glaucophyta β-carotene Zeaxanthin
Rhodophyta α- and β-carotene Lutein
Cryptophyta α-, β-, and ε-carotene Alloxanthin
Ocrophyta α-, β-, and ε-carotene Fucoxanthin, violaxanthin

Haptophyta α- and β-carotene Fucoxanthin

Dinophyta β-carotene Peridinin, fucoxanthin, diadinoxanthin,
dinoxanthin, gyroxanthin

Euglenophyta β- and -carotene Diadinoxanthin
Chlorarachniophyta absent Lutein, neoxanthin, violaxanthin

Chlorophyta absent Lutein, prasinoxanthin

As can be seen in Figure 7, in microalgae, carotenoids are biosynthesized using the
isoprenoid precursor’s IPP and DMAPP, which are further condensed to yield geranyl py-
rophosphate. This molecule is elongated yielding geranylgeranyl pyrophosphate, which, in
turn, can be dimerized to generate phytoene, the precursor of carotenoids [97]. Carotenoid
accumulation often occurs when microalgal is exposed to some stress factors (e.g., nitrogen
deficiency [137], ultraviolet-A radiation [118], salinity [138,139]) and growth is arrested [34].
Thus, for prompting carotenoids overproduction, for industrial scale, a two-stage cultiva-
tion strategy is often applied to first obtain higher biomass and then to trigger carotenoids
accumulation [34].

6. Lipid Characterization

Carbon fixed by microalgae can be allocated into diverse metabolites. This distribution
is dependent on microalgae metabolic and cellular organization, which in turn varies across
distinct phylogenetic classes [140]. Thus, to improve microalgal biomass/product accumu-
lation, several questions must be solved, namely how flux to desired product accumulation
is controlled, and which interactions occur between and within metabolic pathways [141].
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Metabolic profiling is a promising approach for identifying and quantifying the intracellular
metabolic fluxes of microalgae, under different cultivation conditions [129].

Studies monitoring chemical diversity often screen a specific biological activity, a
targeted compound class or individual molecule [142]. This constrains the development of
microalgae-based industries once it overshadows the diversity of compounds produced
by microalgae [143]. Several methods have been developed to allow a quantitative and
simultaneous analysis of many groups of metabolites on complex mixtures by capillary
electrophoresis mass spectroscopy (CE-MS), gas chromatography–mass spectroscopy (GC-
MS), liquid chromatography–mass spectroscopy (LC-MS), nuclear magnetic resonance
spectroscopy (NMR), and Fourier transform ion cyclotron resonance–mass spectroscopy
(FTICR-MS) [144,145]. These strategies allow to save time, with respect to laborious
isolation and quantification procedures, and give prompt information for complex mixtures,
constituting a major advantage for microalgal-based industries [145].

Lipidomic comprises the detailed identification and quantification of lipid classes [146].
GC-MS has been widely used for the determination of the fatty acid compositions of mi-
croalgal lipids, which, in turn, are the basis of microalgae lipidomic studies [146]. However,
the challenge with microalgal lipidomic studies lies in addressing its vast complexity and
chemical heterogeneity [147]. GC-MS methods are recognized by their high detection
sensitivity, accuracy, and excellent reproducibility; nevertheless, sample pretreatment (e.g.,
hydrolysis, derivatization) needs to be performed for samples [148]. A trimethylsilyl 2,2,2-
trifluoro-N-trimethylsilylethanimidate (BSTFA) derivatization with GC-MS has been used
as a simple, fast, low-cost, and powerful tool to gain in-depth knowledge on unknown but
relevant lipids [149]. Through this non-target approach, it is possible to simultaneously
analyze fatty acids, sterols, monoglycerides, aliphatic alcohols, glycosyl sterols, and other
lipid-soluble molecules, such as α-tocopherols, without prior knowledge of the sample
composition [150].

7. Conclusions

Until this stage of algal development, the production of bioenergy from microalgae
is still not feasible. Thus, to take advantage of already exploited oleaginous microalgal
species, algae farmers are turning their focus towards high-value lipids production for
health and food sectors. Nevertheless, the great biodiversity of microalgae remains to be
explored, holding back the opportunities that come from the wide diversity of compounds
amongst microalgae taxa. Within lipids, the already recognized ω3-PUFA health-promoting
properties are turning the focus of microalgal-based industries towards autotrophic ω3-
PUFA production. However, more knowledge on the production strategies to prompt
ω3-PUFA accumulation is lacking. Phytosterols are an unexplored lipid resource, which
could pose an opportunity to explore them as food additives, as functional food, or dietary
supplements. Lipid-soluble compounds carotenoids are the most extensively used in
food, feed, nutraceuticals, and cosmetics. For high-value lipid exploitation, increasing
the knowledge on new, simple, and cost-effective strategies to increase the production of
these molecules is necessary. Additionally, the use of high-throughput methods that allow
the identification and quantification of a wide array of lipid components are needed. The
promising biological activities of microalgal-derived phytosterols show that the future of
microalgal high-value lipids should not be restricted to fatty acids.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19100573/s1: Table S1. Insight on the legislation available in the European Union to
regulate the food market, Table S2. Biological activities studied for microalgae-derived phytosterols
in cell culture experiments and animal models.
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Abstract: The demand for natural products isolated from microalgae has increased over the last
decade and has drawn the attention from the food, cosmetic and nutraceutical industries. Among
these natural products, the demand for natural antioxidants as an alternative to synthetic antioxi-
dants has increased. In addition, microalgae combine several advantages for the development of
biotechnological applications: high biodiversity, photosynthetic yield, growth, productivity and a
metabolic plasticity that can be orientated using culture conditions. Regarding the wide diversity of
antioxidant compounds and mode of action combined with the diversity of reactive oxygen species
(ROS), this review covers a brief presentation of antioxidant molecules with their role and mode of
action, to summarize and evaluate common and recent assays used to assess antioxidant activity
of microalgae. The aim is to improve our ability to choose the right assay to assess microalgae
antioxidant activity regarding the antioxidant molecules studied.

Keywords: reactive oxygen species; ascorbic acid; glutathione; tocopherols; phenolic com-
pounds; carotenoids

1. Introduction

The demand for natural products isolated from microalgae has increased over the
last decade and has drawn attention from the food, cosmetic and nutraceutical industries.
Microalgae are eukaryotic unicellular cells that combine several advantages for the devel-
opment of biotechnological applications: high biodiversity, photosynthetic yield, growth,
productivity and a metabolic plasticity that can be orientated using culture conditions [1,2].
Some of these metabolites are molecules of interest such as pigments (e.g., carotenoids),
polyunsaturated fatty acids (PUFAs, e.g., the omega-3 or -6 fatty acids), polysaccharides,
vitamins and sterols which can be introduced as dietary supplements in human nutrition
and animal feed e.g., [3,4]. In addition, most of them are bioactive molecules with anti-
inflammatory, antibacterial, anti-UV, antifungal, anticancer, and/or antioxidant activities
which may bring added value to cosmetics, nutraceuticals or food products e.g., [5–9].

The demand for natural antioxidants as an alternative to synthetic antioxidants has
increased [6,10]. Indeed, many synthetic antioxidants (e.g., butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT)) are considered to have a carcinogenic and/or
toxic effect on animal models [11–14]. Although, most natural antioxidants currently
available on the market are derived from terrestrial plants, microalgae are being more
and more considered as a potential source of natural antioxidant compounds by the food
industry [15–17] and by the cosmetic and nutraceutical industries [4,18].

Regarding the wide diversity of antioxidant compounds and mode of action combined
with the diversity of ROS, this review first covers a global presentation of antioxidant
molecules with their role and mode of action, to finally summarize and evaluate common
and recent assays used to assess antioxidant activity of microalgae. The aim of this review
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is to improve our ability to choose the right assay to assess microalgae antioxidant activity
regarding the antioxidant molecules studied. It also emphasizes and discusses the potential
use of microalgae by the food industry for their antioxidant activity.

2. Antioxidant and Reactive Oxygen Species (ROS)

An antioxidant is defined as “a substance that, when present at low concentrations
compared with those of an oxidizable substrate, significantly delays or prevents oxidation
of that substrate” [19]. Antioxidant molecules produced by microalgae are used to protect
the cell against reactive oxygen species (ROS) produced in response to biotic or abiotic
stressors. Indeed, irradiance, UV, temperature, pH, metals, and nutrient can directly
influence the production of antioxidant molecules in response to their availability, either
through an excess or a limitation [7,20–26].

Antioxidants used for ROS detoxification have enzymatic and nonenzymatic origins
with intracellular or extracellular mode of action (e.g., singlet O2 quencher, radical scav-
enger, electron donor, hydrogen donor, peroxide decomposer, enzyme inhibitor, gene
expression regulation, synergist, and metal-chelating agents) [27].

In microalgae, ROS are produced by electron transport chains in chloroplasts and
mitochondria, by the activity of some enzymes such as peroxidases and oxidases and also
by the activity of some photosensitizers such as the chlorophyll [28]. The reactive oxygen
species are therefore essentially generated in the chloroplasts and mitochondria but also in
the peroxisomes [29]. More generally, ROS refer to O2 derivatives that are more reactive
than O2 itself. This includes free radicals that contain at least one unpaired electron, as
well as nonradical molecules [30]. Briefly, the activation of O2, in its stable state triplet
oxygen (3O2), takes place (i) either by a transfer of energy large enough to reverse the spin
of one of the electrons, which leads to the formation of singlet oxygen (1O2), or (ii) by an
electron transfer that leads to the sequential reduction of 3O2 to superoxide radical (O2

−•),
hydrogen peroxide (H2O2) and hydroxyl radical (OH•).

In plants and algae, singlet oxygen 1O2 is produced under high light by chloroplasts
in the reaction center of the photosystem II (PSII) and to a lower extent in the antenna
complex [31]. In the antenna complex, triplet-excited chlorophyll (3Chl *) is formed from
singlet-excited chlorophyll (1Chl *) by intersystem conversion [32]. The chlorophyll in
the triplet state has a longer lifespan than in the singlet state and can react with 3O2
to form the highly reactive 1O2 [33]. The singlet oxygen is responsible for extensive
cell damage (e.g., protein, lipid and nucleic acid oxidation, chloroplasts and thylakoids
membranes disruption and photoinhibition) around the production area [34,35]. The
reaction center of PSII is thus particularly threatened. The superoxide radical (O2

−•)
generation takes place in the chloroplast during photosynthesis, in the mitochondria
during oxidative phosphorylation and in cell membranes through the activity of the
NADPH oxidase [30]. The superoxide radical is poorly reactive because it lacks the ability
to modify macromolecules and is quickly transformed into hydrogen peroxide (H2O2) [34].
However, its protonated form is the precursor of much more reactive radicals [30]. The
hydrogen peroxide is formed by disproportionation of the O2

−• a redox reaction that can
be spontaneous or catalyzed by the superoxide dismutase (SOD). The hydrogen peroxide
is also poorly reactive; however, it remains particularly toxic, as it can cross membranes,
diffuse throughout the cell and oxidize sulfhydryl groups, causing the deactivation of
essential enzymes [36]. It can also react with DNA and more specifically with some
transition metals (e.g., iron and copper) inducing the formation of highly reactive hydroxyl
radicals by the Haber–Weiss reaction [36,37]. The hydroxyl radical (OH•) is formed in the
same cell compartments as the H2O2, i.e., in the stroma of the chloroplasts using the H2O2
generated by the photosystems, but needs the presence of reduced metal of transition [30].
The hydroxyl radicals can induce lipid peroxidation, protein and nucleic acid denaturation.
In addition, there are no enzymes that can detoxify these radicals; in excess, it might
lead to cell death [38], and lipid peroxidation may also generate other very reactive free
radicals (e.g., the perhydroxyl HO2

•, alkyl radical, reactive aldehydes malondialdehyde
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(MDA) and 4-hydroxy-2-nonenal (HNE)) [33,35]. Thus, the lipid-rich membranes and
their functions are particularly affected by lipid peroxidation mainly through a decrease in
membrane fluidity, an increase in their permeability and by enzyme, protein, ion channel
and membrane receptor inactivation, which could lead to cell damage [33].

3. The Antioxidants Molecules of Microalgae

3.1. Ascorbic Acid

Ascorbic acid or vitamin C (1) is one of the most abundant water-soluble antioxidants
synthesized by plants (Figure 1). It is mainly present in the cytosol and chloroplasts where
it can directly neutralize superoxide and hydroxyl radicals as well as singlet oxygen by
electron transfer, in addition to its role in the detoxification of hydrogen peroxide during
the ascorbate-glutathione cycle [39]. Ascorbic acid is also involved in the protection of the
photosynthetic apparatus through its participation in the regeneration of carotenoids of
the xanthophyll cycle (cofactor of violaxanthin de-epoxidase) and α-tocopherol linked to
membranes [39]. It has been shown that ascorbate can also have a pro-oxidant action by the
reduction of transition metals (Fe3+ to Fe2+ and Cu2+ to Cu+) which can reduce hydrogen
peroxide to hydroxyl radical by the Fenton reaction [40].

Figure 1. Molecular structure of ascorbic acid, glutathione, tocopherols and phenolic compounds.

3.2. Glutathione

Glutathione (2) is a water-soluble tripeptide (L-γ-glutamyl-L-cysteinylglycine) present
in all cellular compartments that play a crucial role in the antioxidant response (Figure 1).
In addition to its role as a cofactor in the neutralization of hydrogen peroxide by glu-
tathione peroxidase and in the regeneration of ascorbate in reduced form via the ascorbate-
glutathione cycle, glutathione can directly deactivate superoxide and hydroxyl radicals
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as well as singlet oxygen. In addition, like ascorbate, glutathione participates in the
regeneration of α-tocopherol in its reduced form [37].

3.3. Tocopherols

Tocopherols or vitamin E are fat-soluble molecules only synthesized by photosyn-
thetic organisms and located in the lipid bilayers of membranes, mainly in those of chloro-
plasts [41]. The name “vitamin E” groups together four natural forms of tocopherols (α-, β-,
γ- and δ-) (3a–d) to which are added the four forms of tocotrienols (α-, β-, γ- and δ-) (4a–d)
(Figure 1). Tocopherols and tocotrienols consist of a chromanol ring and a hydrophobic
phytyl side chain, tocotrienols differing from tocopherols by the presence of three double
bonds on the side chain [41].

Tocopherols and tocotrienols have the capacity to neutralize lipid peroxyl radicals by
giving a hydrogen atom from the hydroxyle group of the chromanol ring, thus making it
possible to stop the chain reaction of lipid peroxidation [41]. The reaction results in the for-
mation of a hydroperoxide, which can be neutralized by the action of glutation peroxidase,
and of a tocopheroxyl radical (for tocopherols) or tocotrienoxyl (for tocotrienols), which
are less reactive. Tocopherols and tocotrienols can then be regenerated by the action of
ascorbate and glutathione at the interface of the membrane and cytosol or by coenzyme Q
(UQH2) in the membrane [41]. Tocopherols can also deactivate singlet oxygen by two mech-
anisms: a physical quenching by charge transfer and a chemical reaction resulting in the
formation of tocopherol quinone by irreversible opening of the chromanol ring [42].

3.4. Phenolic Compounds

Phenolic compounds are a large family of molecules: more than 8000 phenolic struc-
tures have been described to date in the plant kingdom [43]. These molecules contain
at least one aromatic ring carrying one or more hydroxyl groups (Figure 1). The main
families of compounds are phenolic acids, tocopherols described above, flavonoids and
tannins as well as stilbenes and lignans [43]. Phenolics are an important class of antioxi-
dants in higher plants and macroalgae but have only recently been studied in microalgae.
However, the total content of phenolic compounds has been shown to contribute to the
antioxidant activity of microalgae extracts [10,44–47]. The main molecules identified to
date in microalgae are phloroglucinol (5) and phenolic acids derived from hydroxybenzoic
acid (6) and hydroxycinnamic acid (7). Several studies have also shown the presence of
weak concentrations of flavonoids e.g., [8,47–54]. All of these molecules are found in higher
plants where their concentration is generally higher than in microalgae [55].

Phenolic acids can neutralize ROS primarily by hydrogen atom transfer. The antioxi-
dant activity of the different molecules is directly linked to their chemical structure such as
the number of hydroxyl groups or their position on the aromatic cycle [55]. The reaction
results in the formation of a phenoxyl radical which is stabilized by the delocalization of
the single electron around the aromatic ring (resonance stabilization). Phenolic acids also
have the ability to inactivate radicals by monoelectronic transfer, and some can chelate
the transition metals involved in the Fenton reaction thus preventing the formation of the
highly reactive hydroxyl radical [55,56].

Among the pigments, we can also mention marennine, a blue-green pigment produced
by Haslea ostrearia, which shows particularly interesting anti-free radical and antioxidant
properties [57].

3.5. Carotenoids

Carotenoids are the most common pigments in nature, and more than 750 molecules
have been described in algae, higher plants, bacteria and fungi [58] (Figure 2). They are
fat-soluble molecules belonging to the terpenoids family containing a central chain with a
system of conjugated double bonds, which can carry cyclic end groups. Carotenoids are
separated into two groups: carotenes which contain only carbon and hydrogen atoms, and
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xanthophylls which contain at least one oxygen atom (hydroxyl, epoxy, ketone functions,
for example) [59].

Figure 2. Molecular structure of carotenoids.

Carotenoids are mainly present in the pigment-protein complexes of the thylakoid
membrane, but certain species of microalgae can also accumulate carotenoids (β-carotene (8)
and astaxanthin (9)) in lipid globules located in the stroma of the chloroplast or in the
cytoplasm [60]. Some carotenoids are only found in specific classes of algae and so be used
as chemotaxonomic markers [58].

The role of carotenoids is on the one hand to transfer light energy to chlorophylls and
on the other hand to protect the photosynthetic system by deactivating ROS and preventing
their formation [61]. The first photoprotection mechanism involves xanthophylls associated
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with the antennal complexes of the PSII which allows the dissipation of an excess of light en-
ergy without damage, according to a series of reactions called the “xanthophyll cycle” [62].
In excess light, violaxanthin (10) is converted to antheraxanthin (11) and then to zeaxanthin
(12) by de-epoxidation provided by violaxanthin de-epoxidase, which uses ascorbate as
cofactor. This enzyme, bound to thylakoids in the lumen, is activated by an acidic pH, an
excess of proton in the lumen signaling that the light energy absorbed exceeds the capacity
of the electron transport chain. The de-epoxidation of violaxanthin to zeaxanthin is a very
rapid phenomenon on the order of a few minutes and reversible at low light intensity or
in darkness by the action of zeaxanthin epoxidase. Zeaxanthin, unlike violaxanthin, can
deactivate 1Chl* by dissipating its energy by heat [63]. This nonphotochemical quenching
(NPQ) mechanism decreases the lifespan of 1Chl* and therefore prevents the formation of
3Chl* and then singlet oxygen in the PSII. In addition, by dissipating the excess energy, the
possibilities of reducing O2 to the superoxide radical O2

−• in the PSI are minimized (less
electron leakage in the transport chain) [32]. The violaxanthin cycle takes place primarily
in chlorophytes. There is an alternative xanthophyll cycle, with similar photoprotective
functions, in certain classes of microalgae (heterokonts, haptophytes, euglenophytes and
dinophyceae) for which diadinoxanthin (13) is converted to diatoxanthin (14) [62].

At high light intensity, the probability of 3Chl* formation is high despite the action of
the xanthophyll cycle [32]. In antenna complexes, carotenoids are located near chlorophylls
and can thus quickly neutralize 3Chl* by triplet–triplet transfers before they react with 3O2
to form 1O2 [32]. Carotenoids can also directly deactivate singlet oxygen if it is formed [64].
This ability to deactivate 1O2 is particularly important in the reaction center of PSII where
there are no carotenoids in close proximity to the special pair of chlorophylls which can
change to the triplet state and then react with the 3O2 without that the reaction is not
neutralized beforehand by the carotenoids [32]. Carotenoids therefore deactivate the 1O2
that is formed in the reaction center, thus protecting the photosynthetic system from
oxidative damage. The deactivation of 3Chl* and of 1O2 results in the formation of triplet
carotenoids (3CAR*) which de-excite without damage by dissipating the excess energy
absorbed in the form of heat and can again intervene in a deactivation cycle [32].

Carotenoids are considered to be the most efficient molecules in deactivating 1O2
owing to their system of conjugated double bonds. Thus, the greater the number of
conjugated double bonds is, the more effective the carotenoid will be [64]. Carotenoids
also have the ability to react with free radicals through three mechanisms: hydrogen atom
transfer, monoelectronic transfer and adduct formation [65].

The interactions between carotenoids and free radicals are complex. Indeed, many
parameters are involved, such as the nature of the radical, the polarity of the reaction
medium, the partial pressure of oxygen, the interactions with other antioxidants, such as
ascorbate or tocopherols, and the concentration and structure of the carotenoid (number
of conjugated double bonds, presence and types of oxygen functions, presence of end
groups, cis- or trans-configuration, etc.) [65]. Carotenoids can, for example, react with a
peroxyl radical (ROO•), which is added to the polyene chain of the carotenoid forming
an adduct ROO-CAR• which can react with another peroxyl radical forming a nonradical
product ROO-CAR-OOR, thus allowing one to break the reaction chain of lipid peroxida-
tion. This phenomenon takes place at low partial pressure of oxygen; however, at higher
partial pressure, the ROO-CAR• radical can react with 3O2 to form a ROO-CAR-OO•
radical which acts as a pro-oxidant and could in this case contribute to the spread of lipid
peroxidation [65,66].

3.6. Miscellaneous Antioxidants

There are other more specific antioxidant molecules produced by certain microalgae:
Mycosporins-like amino acids (MAA) form a family of thirty-five molecules. They

are colorless, water-soluble molecules found in a wide variety of marine organisms [67].
In microalgae, the most abundant MAAs are mycosporin-glycine (15), porphyra 334 (16),
shinorin (17), asterina-330 (18), palythene (19) and palythine (20) [68,69] (Figure 3). The
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main function of these molecules is UV protection, but some of them have also been
shown to have antioxidant properties. In particular, they can inhibit lipid peroxidation and
neutralize singlet oxygen and certain free radicals [67].

Figure 3. Molecular structure of other miscellaneous molecules with antioxidant activity.

Polysaccharides are polymers composed of osidic units linked to glycosidic bonds
attached to the cell wall or released into the medium (exopolysaccharides) [70]. Several
polysaccharides derived from microalgae have shown antioxidant activity against free
radicals; however, this in vitro activity remains quite low [71–75].

Phycobiliproteins are water-soluble pigments participating in the photosynthesis
of certain groups of microalgae. They are composed of a protein and a chromophore
called phycobilin particularly effective at absorbing red, orange, yellow and green light,
which is not optimally absorbed by chlorophyll a [76]. There are four different structures:
phycoerythrobilin (21), phycourobilin (22), phycocyanobilin (23) and phycoviolobilin (24)
(Figure 3). They can neutralize ROS and chelate or reduce ferrous ions [77].

4. Common and Recent Assays Used to Evaluate Antioxidant Activity of Microalgae

Many antioxidant assays have been developed with different types of reactions to
highlight the wide variety of antioxidant molecules and ROS, which act with different
mechanisms. It is important to note that there is no single ideal test, and it is necessary to
use several tests with different mechanisms of action to evaluate the whole antioxidant
capacity of an extract or molecule [7,78–80].

The majority of the assays are based on the two main mechanisms of action of antioxi-
dants (AH) to deactivate radicals (X•):
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Hydrogen atom transfer (or HAT):

AH + X• → A• + XH

These reactions are generally fast; they are completed in seconds to minutes. The
effectiveness of the antioxidant is determined by its ability to give a hydrogen atom
(homolytic dissociation energy); therefore, the weaker the A-H bond, the more effective the
antioxidant is [80].

Single electron transfer (SET):

AH + X• → AH•+ + X−

AH•+ H2O←−→ A• + H3O+

X− + H3O+ → XH + H2O

These reactions are slower than hydrogen transfer reactions. The reaction is pH
dependent, and the effectiveness of the antioxidant is mainly determined by its ionization
potential. In general, the ionization potential decreases with increasing pH leading to an
increase in the ability to donate an electron by deprotonation [80].

Other methods can also be used to evaluate the capacity of antioxidants to chelate
transition metals or to inhibit the lipid peroxidation chain reaction. The most commonly
used methods to evaluate the antioxidant activity of microalgae are presented in Table 1,
and the most relevant results to assess antioxidant activity of microalgae extracts by in vitro
chemical methods are presented in Table 2. Some cell-based antioxidant activity assays are
presented, although few results using microalgae are found in the literature (Table 3). In
addition, there does not seem to be any specific assays to evaluate antioxidant activity of
microalgae on an animal model. Indeed, in most cases, microalgae are administrated to
animals by food with a defined period and dosage; the testing animals are then sacrificed,
and common in vitro chemical antioxidant activity assays (TBARS mostly) are used on
animal tissues or blood by comparing with animals that did not consume microalgae
(Table 4).
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5. Antioxidant Activity of Microalgae

The studies included in this part have been selected using Scopus and Google Scholar
databases, using the terms “microalgae” in combination with “antioxidant”, “antioxidant
activity”, “antioxidant capacity” or “antioxidant properties” as keywords. The research
was limited to publication with an impact factor higher than 0.5, published until 2020. The
studies have been selected based on these criteria: studies using in vitro (Table 2) or in
cellular assays (Table 3) reporting the antioxidant activity of crude extract of eukaryotic
microalgae. Studies focusing in the antioxidant activity of specific purified metabolite(s),
or antioxidant enzyme activity have not been considered.

In addition, we have included a nonexhaustive selection of studies evaluating the
antioxidant activity of microalgae in different animal models (Table 4).

The main publications evaluating the antioxidant activity of crude microalgal extracts
by in vitro chemical tests are presented in Table 2. In these studies, more than two hundred
strains of microalgae were evaluated. The most studied genera are Chlorella (29 strains),
Scenedesmus and Tetraselmis (14 strains) (Supplementary Materials Figure S1).

The most commonly used assays to evaluate the antioxidant activity of microalgae are
the DPPH (36 studies out of 52 referenced), ABTS (20 studies) and FCA assays (13 stud-
ies) (Supplementary Materials Figure S2). Overall, the results are very heterogeneous
depending on the species of microalgae studied and the tests used to measure antioxidant
activity. The protocols of the assays vary from one study to another, notably in terms of
the extraction method, the solvents used, the reaction time and the concentrations tested.
In addition, the results are expressed in different ways, making it difficult to compare
the results. For example, for the DPPH assay, the results are expressed in percentage of
inhibition for a given concentration (at different concentrations according to the studies),
in IC50, in equivalent trolox (per unit of weight of extract or per unit of dry weight) or in
equivalent ascorbic acid. Finally, the use of a reference product as a point of comparison is
not systematic, and the choice of the reference product is not always relevant according to
the assay used.

Nevertheless, several studies highlight the potential of microalgae as a source of an-
tioxidants:

Chloromonas sp. and Botryidiopsidaceae sp. (ethanolic extracts) show a strong ability
to neutralize DPPH radicals (IC50 of 0.97 and 1.53 μg mL−1, respectively) and ABTS
(IC50 of 0.95 μg mL−1 and 1.79 μg mL−1) similar to vitamin C [118,119]. The ABTS assay
also revealed interesting activities of Scenedesmus obliquus (IC50 of 41 μg mL−1, [96]),
Haematococcus pluvialis (activity up to 1974 μmol TE g−1 extract for supercritical H2O
extraction, [114]) and Dunaliella salina (activity up to 1118 μmol TE g−1 extract with hexane
extraction, [83]). Interesting results are also obtained with the DPPH assay for Galdieria
sulphuraria, Ettlia carotinosa, Neochloris texensis, Chlorella minutissima, Chlorella vulgaris,
Schizochytrium limacinum, Stichococcus bacillaris and Crypthecodinium cohnii with inhibition
percentages between 89% and 95% with aqueous or methanolic extracts at concentrations
of 250 μg mL−1 [106].

Natrah et al. [84] showed that Chaetoceros calcitrans, Scenedesmus quadricauta, Isochrysis
galbana, Chlorella vulgaris, Nannochloropsis oculata, and Tetraselmis tetrahele had a strong
ability to inhibit lipid peroxidation with inhibition percentages ranging from 88% to
98% for methanolic extracts at 80 μg mL−1 with the TBARS assay and between 88.4 and
97% for extracts at 200 μg mL−1 with the FTC assay (Ferric ThioCyanate assay, indirect
measurement of the quantity of hydroperoxides formed during the first stages of lipid
oxidation). The ability of the genera Tetraselmis to inhibit lipid peroxidation is confirmed
by Coulombier et al. [21] who have obtained an IC50 up to 3,4 μg mL−1 with a methanol-
dichloromethane extract. Euglena tuba also seems to be an interesting species for its ability
to inhibit lipid peroxidation (IC50 with TBARS assay = 42 μg mL−1) and to neutralize
the superoxide radical (IC50 = 5.2 μg mL−1, [49]). Some species show good ability to
neutralize superoxide radical such as Chaetoceros sp. (1029 μmol TE g−1 dichloromethane
extract), Nannochloropsis sp. (3224 μmol TE g−1 methanol extract), Chlorella stigmatophora

318



Mar. Drugs 2021, 19, 549

and Phaeodactylum tricornutum (IC50 of 48.37 and 68.61 μg mL−1 with aqueous extracts, [87]).
Chloroform and methanol extracts of Chaetoceros sp. also show interesting results with the
FRAP assay (610 and 492.50 μmol TE g−1, [86]). Good results are also obtained with the
TAC assay with IC50 below 100 μg mL−1 for methanolic extracts of Chlorella vulgaris and
Chlamydomonas reinhardtii [47].

The antioxidant activity of the genus Chlorella has been demonstrated by several
authors with different antioxidant assays. In addition to the results obtained with the
DPPH, TBARS, FTC, TAC, and superoxide radical neutralization assays presented above,
Aremu et al. [44,48] obtained IC50 up to 25 μg mL−1 with the β-carotene bleaching assay
for Chlorella minutissima and Chlorella sp. and Plaza et al. [81] showed activities up to
1008 μmol TE g−1 of Chlorella vulgaris extract with the ORAC assay.

Overall, few links are made between these antioxidant activities and the metabolites
involved. Still, correlations have been shown with carotenoid content [44,83], pheno-
lic compound content [44,106] including flavonoids [47] and gallic acid and vitamin E
content [114].

Despite cellular assays potentially giving more biological relevant information, as they
take into account the bioavailability and metabolism of the tested compounds, we found
only four studies using cellular assays to determine antioxidant activity of microalgae
extract (Table 3). Those studies use different antioxidant cellular assays and different cell
models (mouse fibroblast, macrophage or lymphoma cells and human liver cancer cell line).

Chloroform, methanol, acetone and 70% ethanol extracts of Chaetoceros calcitrans
showed high nitric oxide scavenging activity in mouse macrophage with IC50 values of
3.46, 3.83, 15.35 and 17.94 μg mL−1, respectively, that is closed to reference compounds
(IC50 of 4.7 and 6.1 μg mL−1 for quercetin and curcumin, [88]). This strong inhibitory
activity of nitric oxide was attributed to the carotenoid content of Chaetoceros calcitrans
(fucoxanthin, astaxanthin, violaxanthin, zeaxanthin, canthaxanthin and lutein). Karawita
et al. [92] showed that Pediastrum duplex extract has a good protective effect against DNA
damage induced by hydrogen peroxyde exposure (Comet assay). Indeed, a decrease of
80% of DNA damage on mouse lymphoma cells was measured with Pediastrum extract at
100 μg mL−1 compared to control with no microalgae extract. Good antioxidant activity
was also measured with CAA (cellular antioxidant activity) and CLPAA (cellular lipid per-
oxidation antioxidant activity) assays on human liver cancer cell line with Ostreopsis ovata
and Alexandrium minutum; however, both species extracts showed toxicity in cytotoxicity
assay [91].

Similarly to cellular assays, the evaluation of the antioxidant activity of microalgae ex-
tracts by in vivo experimentations are limited compared to in vitro assays (Table 4). Those
studies used different antioxidant in vitro assays couple with other physiological mea-
surement, such as antioxidant enzyme activity, on various animal models (e.g., shrimps,
chicken, catfish, rats, turbots or trouts, Table 4) to assess the effect of microalgae. The
microalgae (Schizochytrium sp., Chlorella vulgaris, Amphora coffeaformis, Schizochytrium limac-
inum, Acutodesmus obliquus, Nannochloropsis spp., Tetraselmis chuii and Botryococcus braunii)
were mostly included in the animal feed as dry microalgae with a percentage of inclusion
mainly going from 1–10% or as a molecule equivalent of given antioxidant compounds. The
results are variable depending on species from no effect of the microalgae tested [120,123]
to a decrease in oxidative stress measurements such as the malondialdehyde or hydrogen
peroxide content [124–129] or a decrease in DNA damage [123]. In most cases, it seems
that the inclusion of microalgae directly in the fed has a positive effect on the animal
physiology, which is promising regarding further used of microalgae in the food industry
either in human or animal nutrition as functional ingredients. It also raises the question
of the bioavailability of an antioxidant compound in the algal matrices and thus of the
digestibility of the microalgae tested.
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6. Applications in the Food Industry

In the food industry, antioxidants are used for human and animal nutrition as func-
tional ingredients to provide nutritional benefits to a product (e.g., orange juice enriched
with vitamin C), and as preservatives to extend the shelf life of foods and beverages to
prevent their degradation by oxidation [130,131]. The use of antioxidant ingredients in
food products intended for humans is highly regulated by country-specific laws owing
to their potential toxicity. In the European Union, there is a list of authorized antioxidant
additives, some of which may be of natural origin such as vitamin C (E300-E304), vitamin E
(E306-E309), guaiac resin (E314) and rosemary extract (E392). Certain carotenoids are also
authorized as dyes but can have an antioxidant role such as β-carotene (E160a), lycopene
(E160d), lutein (E161b), violaxanthin (E161e), zeaxanthin (E161h), canthaxanthin (E161g) or
astaxanthin (E161j) [130]. For foods and ingredients that were not significantly consumed
before 1997, such as most microalgae, the "Novel Food" regulation framework was to be
applied in Europe [132]. New microalgae on the market must obtain this authorization;
however, to receive it, it has to be demonstrated that the product does not present any
risk in terms of safety for human health [133] as some microalgae are known to produce
phytotoxins [134–136]. In addition, and beyond the regulatory framework, to be of interest
to the food industry, an antioxidant should not affect the color, smell and taste of the food
and should be effective at low concentrations (0.001–0.01%), be easily usable, stable during
processing and storage and be inexpensive [130,131]. The use of microalgae may thus be
regarded as promising additive for human food, livestock feed and shelf life; however,
it greatly depends on the microalgae productivity and nutrient compositions in protein,
carbohydrates, lipids, vitamins, and antioxidants, which also strongly depend on species,
mode of cultivation and culture medium composition e.g., [7,21,22]. Currently, around
10 species of microalgae or microalgae extract are authorized for human consumption in
Europe as a food or food ingredient [137].

For livestock feed, antioxidant additives are subject to authorization before going on
the market, an authorization that remains only valid ten years. On the other hand, raw ma-
terials are not subject to authorization, but a contribution of microalgae as an antioxidant in
animal feed could only be considered as a raw material if it also provides proteins, minerals,
fats, fibers, energy or carbohydrates [138]. Microalgae presents growth rate and dietary
value of interest (e.g., polyunsaturated fatty acids, vitamins, pigments, polysaccharides) for
livestock feed or aquaculture feed either fish, live feed and shellfish applications (e.g., in
Table 4). Indeed, in aquaculture, the polyunsaturated fatty acids (PUFAs) eicosapentaenoic
acid (DHA) and docosahexanoic acid (DHA) are of nutritional importance in aquafeeds and
are hitherto ensured by inclusion of fish oil in aquafeeds. However, this resource is limited,
and microalgae offer an alternative to fish oil. In addition, microalgae are not only seen
as a source of PUFAs but also as source of other metabolites of interest such as pigments,
polysaccharides, vitamins (e.g., vitamin E and C) and sterols which are introduced as
dietary supplements for dietetic and therapeutic purposes [3,129]. In terms of applications,
antioxidant molecules (asthaxanthin, lutein, β-carotene) carotenoids are produced by a
wide variety of microalgae (see Table 2).

7. Conclusion

Antioxidant molecules from microalgae are more and more considered as a potential
source of natural antioxidant compounds by the food, the cosmetic and nutraceutical
industries as they may bring benefits to their products.

However, it is very crucial to assess properly the antioxidant activity of an algal extract
owing to the wide diversity of antioxidant compounds and the mode of action combined
with the diversity of ROS involved. This review highlights the lack of standardization be-
tween extractions procedures used to assess antioxidant activity from microalgae matrices,
and more disturbingly, it highlights the inappropriateness between the assay used and the
molecules studied. These often hamper the comparison between studies and bring the
authors to false or incorrect interpretation of their results.
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Therefore, although all the assays have their merits and demerits, the appropriate
selection of a given assay was to be made based on the mode of action of a studied molecule
in front of the principle and mechanism of an assay, especially in vitro assays. In addition
to the need of normalization of the extraction procedures and to the appropriate use of
an assay, we conclude that it is crucial to combine many assays to assess microalgae full
antioxidant activity.

This review also highlights that microalgae are rich in antioxidant molecules with
more or less potent activities, which can be used as an ingredient in food, cosmetic and
nutraceutical industries. In addition, research publications are available on modern in vitro
chemical methods, but application on cellular assays and in vivo experimentations are still
lacking. There is a need to develop models to improve our ability to assess the activity
of antioxidant molecule on these kinds of models to further improve industrial adaption
and application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19100549/s1, Figure S1. Top 15 microalgae genus studied for their antioxidant activ-
ity, Figure S2. In vitro chemical assays used to evaluate the antioxidant activity of microalgae
crude extracts.
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