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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% CO,. The addition of either glycerol or CO,-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 1
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in a light-dependent manner (mixotrophs). Mixotrophy is the trophic mode in which both
CO; 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, Drasov, 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 Sla). We used a constant light intensity of 300 pmol photons m~2 s~! 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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Ln normalized RFU

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).

Growth curve Photosynthetic analysis Biomass yield

59 *
4
3 E
1]
2+ i
1
0 T T T T 1 ™1
o 4 1] 8 10 12 14 16
Days Days
-o- FHOTO -e~ MINO N FHOTO R MIXO Bl PHOTO . MIXO
(a) (b) (@

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 pmol photons m2s 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 (1 = 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., Fy/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% CO;) or with
1-2% COs-enriched air (MIXO_AIR and MIXO_CO,, respectively) was compared with a
phototrophic control grown with the same aeration system (PHOTO_AIR and PHOTO_CO5,
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 COy, i.e., MIXO_CO, and PHOTO_CO,, 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_CO, and MIXO_CO;; hence,
the better growth in these conditions as compared to the others could be attributed to the
addition of CO, rather than glycerol [20].

Daily light intensity Growth curve
e 6
"o 1000
'.‘E g 5
£ 800 3
E T
= 600 =
: 400 g 2
£ 200 S
5 . i
50 — T T 1
0 5 10 15 20 1] D 2 4 6 B 10 12 14 16 18 20 22
Day's hours Days

= MIXO CO, -a PHOTO_CO;

- MIXO_AIR -e= PHOTO_AIR

(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% CO,-enriched air (PHOTO_CO;, black square); in a medium supple-
mented with 10 mM glycerol and injected with 1-2% CO;-enriched air (MIXO_CO,, 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 (1 = 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_CO,,
MIXO_CO,, 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_CO,, only
phosphate consumption was increased as compared to PHOTO_CO,, while nitrate con-
sumption was similar in the three conditions MIXO_AIR, PHOTO_CO,, and MIXO_CO,.
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_CO, 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 CO,.
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Table 1. Maximum specific growth rate (umax), 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% CO;-enriched air (PHOTO_CO), and with
light in a medium supplemented with 10 uM glycerol and injected with 1-2% CO;-enriched air
(MIXO_COy). Each parameter is expressed as mean =+ standard deviation (n = 3-5). Different letters
(@, ) 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_CO, MIXO_CO,
Maximum specific growth rate (tmax, d 1) 0.26 +0.02 0.42 +0.05° 0.46 +0.01° 0.41+0.02°
Biomass yield (g DW/L) 0.90 +0.14 2 3.23 +025P 3.36 +0.38° 3.38 +£0.82P

Biomass productivity (g DW/L/d) 0.05 £0.01° 0.18 +0.01° 0.19 +0.02° 0.19 +0.05°
Calorific value (MJ/kg DW) 18.20 + 0.80 @ 24.90 + 0.99 24.60 +1.20° 24.50 +0.71°
Energy productivity (kJ/L/d) 0.93 4+ 0.152 447 +039° 414 +058° 460 £1.13°

P removal rate (mg/L/d) 1.84 +£0.26 2 6.72+1.03° 3.07 £0.30¢ 758 £1.70P

N removal rate (mg/L/d) 14.90 +0.30 2 63.26 +2.76 ° 63.61 +4.30° 60.30 £ 5.40°

Gly removal rate (mg/L/d) n.a. 61.67 +9.93 2 n.a. 68.77 +8.40°

Ash content (% DW) 2500 +1.202 8.024+0.20P 7.95+0.49P 6.70 £1.40°

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_CO,, and MIXO_CO; 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_CO; 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_CO, and PHOTO_AIR, respectively. HPLC analysis of pigment extracts from Ng
revealed the presence of chlorophyll a4, violaxanthin, and 3-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. 3-carotene content was doubled in
PHOTO_CO; and MIXO_CO; 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_CO; (about 0.02 ug/mg of dry weight)
than in PHOTO_CO, (about 0.002 ug/mg of dry weight) and was not detected in the
other conditions.
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Biomass composition
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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 uM glycerol and injected with air (MIXO_AIR); with light in a
medium injected with 1-2% CO,-enriched air (PHOTO_CO;); with light in a medium supplemented
with 10 uM glycerol and injected with 1-2% CO,-enriched air (MIXO_CO;). Each graph shows data
as mean =+ standard deviation (1 = 3-5). Different letters (a, b, ¢, d) denote significant differences

among treatments (f-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_CO,,
and PHOTO_CO,) 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_CO,) 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 pg/mL) (49.5% for PHOTO_AIR and 54.7% for PHOTO_CO;). A similar
effect was observed using the same extracts (PHOTO_AIR and PHOTO_CO,) on normal
cells PNT2; 1 and 10 ug/mL showed comparable viability levels in control cells, while
100 pg/mL reduced the percentage of viable cells comparably to that observed in cancer cells
(61.5% for PHOTO_AIR and 67.2% for PHOTO_CO,). The MIXO conditions (MIXO_AIR and
MIXO_CO,) produced metabolites that strongly reduced the percentage of viable PC3 cells at
100 pug/mL (21.2% for MIXO_AIR and 7.6% for MIXO_CO,) and only a slight reduction at
10 ug/mL (76.3% for MIXO_AIR and 76.6% for MIXO_CO,). The same extracts (MIXO_AIR
and MIXO_CO,) did not induce any variations at 1 and 10 pg/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_CO,).

PC3 PNT2

120

o of viable cells

"% of viable cells

PHOTO _AIR  MIXO AIR  PHOTO CO, MIXO CO, PHOTO_AIR  MIXO_AIR  PHOTO CO, MIXO CO,
. gt B0 il B 100 jgiml B [gnl B L0 gl B 100 gmL
() (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 ug/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 ug/mL of the fractions did not show reduction in cell viability after 48 h
(see Supplementary Materials, Figure S3). The intermediate concentration (10 pug/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_CO, growth condition (Figure 5a). All
fractions at 100 ug/mL induced a strong or moderate reduction in viability in both PC3 and
PNT?2 cells. In particular, all the fractions deriving from the PHOTO_AIR, MIXO_AIR, and
PHOTO_CO; extracts induced comparable levels of viability in both PC3 and PNT2, while
fractions B, C, D, E, and F from MIXO_CO, 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 pg/mL and (b) 100 pug/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_CO; 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 ug/mL while that of fraction E was 54 ug/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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Figure 6. Cell viability assay on PC3 and PNT2 cells after treatment for 48 h with 0.5, 1, 5, 10, 50, and
100 pug/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_CO,) 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_CO; 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)-B-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 n1/z 236.1492 (C1oH,NOs5*), which is indicative
of diacyl- and monoacyl-glycerol-trimethylhomoserine (DGTS and MGTS) or diacyl- and
monoacyl-glyceryl-hydroxymethyl-N,N,N-trimethyl-3-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_CO, 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_CO, 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_CO, crude extract (mass error < 3 ppm).

mlz [M + HI* Ry Fatty Acyl Chains !

674.4620 CsoHgsOsN 313 9:1,0/20:5
600.4464 Cs3HgOsN 313 9:1,0/14:0
588.4098 C51Hs500N 313 5:1;02/16:0
628.4776 Ca5HgsOsN 326 9:1,0/16:0
630.4932 Ca5HegOsN 327 9:0,0/16:0
734.5558 C43H7608N 344 16:0/17:4;0
780.5397 Cy47H7,08N 34.5 17:4,0/20:5
732.5399 C43H7408N 347 16:1 /17:4;0
7245715 CyHy505N 348 16:0/16:2;0
776.5456 CygH7407N 35.0 18:5/20:5
702.5298 CyH7»O7N 35.1 12:0/20:5
752.5455 Cy3Hpg0oN 35.2 16:4/20:5
734.5559 Cu3HygOgN 35.2 16:0/17:4,0
778.5597 CugH7607N 354 18:4/20:5
790.5613 CuoH7607N 35.4 19:5/20:5
754.5612 CuH7607N 355 16:2/20:5
804.5760 CsoHys07N 35.6 20:5/20:5
680.5453 CioHzO0/N 35.6 14:0/16:2
780.5764 CygH730;N 35.7 18:3/20:5
730.5605 Cy4H7607N 35.7 14:0/20:5
706.5608 CyHz607N 35.8 16:2/16:1
756.5760 Cy46H7307N 35.8 16:1/20:5
806.5903 CsoHgoO7N 359 20:5/20:4
682.5605 Cy4oH7607N 36.0 14:0/16:1
782.5917 CysHgyO/N 36.0 18:2/20:5
732.5737 CyyHy50,N 36.1 14:0/20:4

10
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Table 2. Cont.

mlz [M + HI* Ry Fatty Acyl Chains !
708.5763 CuHyg07N 36.1 14:0/18:2
708.5763 C42H7807N 36.1 1621/1621
7345913 Cu4HgoO7N 363 16:1/18:2
734.5913 CyqHgoO7N 36.3 16:0/18:3
734.5913 CyqHgoO7N 36.3 14:0/20:3
758.5913 CisHgyOsN 36.4 16:0/20:5
784.6071 CygHgrO7N 36.5 18:1/20:5
710.5918 C42H3007N 36.7 1611/16:0
760.6056 Cy6HgrO7N 36.8 16:0/20:4
736.6074 CyyHgpyO7N 37.0 16:1/18:1
736.6074 C44H8207N 37.0 16:0/18:2
724.6074 Cu3HgrO7N 374 16:0/17:1

! 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_CO, crude extract (mass error < 3 ppm).

mlz [M + HI* R¢ Fatty Acyl Chain !

534.3414 C3oHyO7N 25.5 20:6,0
504.3518 CaeHs0OsN 25.7 16:1;02 2
496.3259 C27H46O7N 26.1 17:5;0
552.3520 CsoHs0OsN 265 20:5,02
492.3309 CosHyON 27.8 18:5
506.3465 CaoHugOgN 28.8 19:5
494.3465 C28H4306N 28.8 18:4
470.3467 C25H4806N 28.9 16:2
446.3468 C24H4306N 29.4 14:0
472.3624 CagHs0O06N 294 16:1
520.3621 C30H5006N 29.7 20:5
472.3623 CaHs0O6N 30.0 16:1
522.3780 C30Hz06N 30.1 20:4
498.3780 CogHzOgN 30.6 18:2
522.3778 C30Hz06N 30.7 20:4
474.3782 CogHzpOgN 313 16:0
500.3936 CogHs406N 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. 2MGTS/A witha 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-H,OJ* daughter ion and allowed us to infer the
fatty acyl substituent by the presence of the C;0H»NOs* 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 [C1oH»nNOs]* fragment, the mass tandem spectra of the [M + HJ*
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 pg/mL of fraction E (i.e., IC50 value) of MIXO_CO, 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-«B1 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).

12
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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-ACT

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 CO,-rich air (PHOTO_CO, and MIXO_CO,). We
found that the mixotrophic growth of Ng in the presence of both organic and inorganic
carbon (MIXO_CO;) 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 CO; inhibits the mixotrophic growth of the Nannochloropsis
genus [13,28]. Further studies in the presence of different concentrations of CO, 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_CO,, MIXO_AIR, and MIXO_CO,) doubled the fatty acid content as compared with
the control PHOTO_AIR. This result was expected as both CO, 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_CO;, 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_CO,, 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 3-carotene and canthaxanthin [16]. The increased amount of
these carotenoids in the Ng extracts PHOTO_CO; and MIXO_CO, (0.1 and 0.02 pg/mg
dry weight, respectively) was previously reported with the addition of glycerol and of
NaHCOj3 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_CO, decreased from 50%
to 10-20% when treated with 100 ug/mL of total extracts as compared to PHOTO_AIR and
PHOTO_CO;. 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_CO,
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 pg/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_CO, were shown to exert highly
selective antiproliferative activity towards tumor cells as compared to normal cells at 10 and
100 pg/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 ug/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;0, (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], ATGS5, ATG16L1, ATG12 [49], RPS6KB1 [50], ULK1, and BECNT1 [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 CO; 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 CO, 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 ug/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
20 umol photons m2slandal2/12hL/D (Light/Dark) cycle. The medium used was
natural seawater collected from a depth of 30 m at the Tjarno Research Station, University
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of Gothenburg, Sweden. The seawater was filtered using two 0.4 um 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 (NaNOj, NaH;PO,4, microelements, vitamins [56]) were sterilized with
cellulose filter paper (with pore size of 0.22 um) 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 pmol
photons m~2 57, 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 (NaNOjs, NaH;POy,
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 pL
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 425nm for
excitation and 680 nm for emission. The growth profiles in the different conditions were
normalized as a function of In (RFU/RFUj), where RFU; was the chlorophyll a fluorescence
at a certain time (t), and RFU( 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 5mL 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 150 umol photons m~2 s~! 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

16



Mar. Drugs 2022, 20, 424

with light in a medium injected with air (i.e., 0.04% CO,); (2) MIXO_AIR: growth with light
in a medium supplemented with 10 mM glycerol and injected with air (i.e., 0.04% CO,);
(8) PHOTO_CO;: growth with light in a medium injected with 1-2% CO,-enriched air;
(4) MIXO_CO;: growth with light in a medium injected with glycerol and injected with
1-2% CO;y-enriched air. The concentration of CO, in PHOTO_CO, and MIXO_CO, varied
based on the need to maintain the pH values of cultures at 8 through the automatic injection
of CO,. The pH of the other cultures was maintained at the same value by manual injection
of 0.4 N H,SO,4 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% CO;, 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
(Fy/Fm) was determined by measuring 2 mL of a 20 min dark-adapted algae sample with the
use of saturated actinic red light (300 pmol photons m~2 s~1). F, /Fp, represents the maximum
quantum yield of PSII and gives an indication of the physiological state of photosynthetic
organisms, where Fy is equal to F, — Fy, and Fy, and Fj 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 (}/max) was calculated during the exponential
phase (days 3-6) from RFU data as follows:

fimax = (INRFUg, — InRFU;)/(d2 — d1), @)

where RFUy4, and RFUy; 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 7000x 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 ug) 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 pg 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 Ny, and 1.5mL of 2.5% H,SO4
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 x 0.25 mm DB-23 capillary column (Agilent), using helium as a carrier
gas at a constant flow of 0.6 mLmin~! 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 pug/mg of dried weight.

4.3.3. Pigment Profile

A certain amount of freeze-dried (2-6 ng) 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 um
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 x 4.6 mm column,
using 100 uL 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, Hersholm, 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 pg/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 um. 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 uL and an eluent of 3.2 mM Na,CO3
and 1 mM NaHCOj3; 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 pL, flowrate was at 0.5 mL min~!, 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
6000x 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% H,O; fraction B,
25% MeOH and 75% H,O; fraction C, 50% MeOH and 50% H,0; fraction D, 75% MeOH and
25% H,O; 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_CO,, PHOTO_AIR, and PHOTO_CO,, 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 x 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 (H,O + 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 x 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
N3 (ca. 150 mL/min), and an auxiliary gas rate of 15 units N (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 HRMS? fragmentation. The m/z range for DDA was set between 150 and
2000 amu. HRMS? 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 PNT?2 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 pug/mL) were added to the cell medium. Cells were grown in a 5% CO,
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 x 10% cells x well !, with a final volume of 100 uL
for each well), and incubated in 5% CO, atmosphere at 37 °C overnight. Total extracts
(four dried methanolic extracts of microalgal biomasses obtained from the MIXO_AIR,
MIXO_CO,, PHOTO_AIR, and PHOTO_CO, 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 ug/mL, for 48 h in a complete cell medium. Two fractions
(D and E, Mixo_CO,) 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 pug/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 pg/mL of the MTT solution were added.
Plates were Incubated in a 5% CO, 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 pL) 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, Mannedorf, 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-HRMS?2 Data Processing and Molecular Networking

LC-HRMS? 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 1/ 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 MS? scan = 0.05, retention time range = 0.5 min. Chromatogram
peaks were aligned by the Join aligner algorithm with the following settings: 111/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=d0d43c1f93cc4a5db75020e59299334¢
(accessed on 4 April 2022).

4.9. RNA Extraction and RT? Profiler PCR Array

Prior to the RNA extraction, PC3 cells were seeded in 6-well culture plates (2 x 10° cells x
well =1, with a final volume of 3 mL for each well) using a complete RPMI medium and incubated
in 5% CO, atmosphere at 37 °C overnight. PC3 cells were treated with 52 ug/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 x 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 RT? first strand kit (Qiagen, cat. 330401, Hilden, Germany)
according to the manufacturer’s instructions. Real-time quantitative reverse transcription-PCR
(GRT-PCR) was performed in biological triplicate using the RT? 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 pL 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 ug/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-MS? spectra of the
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[M + HJ* 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 CO, 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 3-carotene [4]. Phytoene and
phytofluene are precursors of 3-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 [3-carotene accumulation [4].

Phytoene and phytofluene are similar to 3-carotene in being comprised of a C40 back-
bone of isoprenoid units, which confer antioxidant and anti-inflammatory properties [5].
Unlike (3-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 uM-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.

28



Mar. Drugs 2022, 20, 367

N

R .

Absorbance (240 mAU)

WA i
Time (min)

Figure 1. HPLC chromatograms of (a) chlorpropham (7.5 ug/mL) and 3-chloroaniline (1 pg/mL)
standard spiked in D. salina, and extracts from D. salina treated with (b) 20 uM, (c) 50 1M, (d) 200 uM
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.
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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 4= 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.
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Figure 3. (a) The cell density of the D. salina cultures treated with 20 uM 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 M 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 uM herbicide (full line) and washed twice (broken line); (d) chlorpropham
(mg/g AFDW) in D. salina total biomass treated with 20 M herbicide when cells were not washed
(full line) and washed twice (broken line).

30



Mar. Drugs 2022, 20, 367

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 3¢,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 uM chlorpropham-
treated cultures, the amount of chlorpropham in the cells was three times higher than
that in 20 uM chlorpropham-treated cells. Additionally, in 200 uM chlorpropham-treated
cultures, the amount was 15 times higher than that in 20 uM treated cultures.
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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 x 10°/mL and 0.4 x 10°/mL)
were treated with 20 M 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 5¢). 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 uM chlorpropham. (b) Cell volume measure-
ments of cultures treated at the cell densities of 1.36 x 10° cells/mL (H) and 0.4 x 10* 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 uL in each test and that the
concentration of chlorpropham in the culture was 20 uM, the calculated herbicide carried
over by water in the pellet volume was ~0.21 pg. 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 pg) and washed
biomass (3.75 ug) extracted from the pellet, suggesting that the biomass had concentrated
chlorpropham from the extracellular medium.
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Figure 6. Loss of cellular chlorpropham amount in the harvested D. salina cells treated with 20 M
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 pg) removed from the biomass of D. salina was
washed with a different number of cycles by fresh culture medium or dH,O; 10 mL of culture was
harvested and washed with 10 mL of washing solution.

Wash Type Chlorpropham Removed [ug] Loss, % Chlorpropham Tot Intact Cell Number (x10%)
No wash 0 0 266.10 £ 2.90
Wash (x2) 7.446 £ 0.353 83.89 262.11+ 44.5
Wash (x5) 8.681 £ 0.314 97.77 250 £ 25.70
Wash (x10) 8.848 4 0.337 99.69 162 4 19.50
dH,0 wash (x2) 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)
11
h . + 0.007
washed 0.066 =+ 0.00! 112
unwashed 0.59+ 0.008
2/1
washed 0.035 + 0.004 593
unwashed 0.063 £ 0.093
4/1
washed 0.015 £ 0.003 16
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 3-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.
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Figure 8. (a) Phytoene and (b) 3-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 x 10.
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 pmol m~2s~ 1 at25 4 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 uM
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 3000x 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 um 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 x 10*/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 x g for 5 min. The upper phase with the solvent was collected,
filtered with 0.2 pum 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, H,O/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 x 4.6 mm Waters Spherisorb 5 um ODS2. MeOH/ dH,O 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/ dH,O (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 Amax (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 Amax (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 uM 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 uM x 425.1 uM, and the pixel size was 0.42 um. 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 3000x g for 5 min, the supernatant discharged, and
the biomass pellet was resuspended completely in 10 mL washing solution (either cul-
ture medium or dH,O) 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 x 10°/mL and low = 0.4 x 10°/mL) that had been
treated with 20 M 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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20 pm

(8

Figure A1. Confocal microscopy images of cultures treated with 20 uM 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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(c) (d)

Figure A2. Confocal microscopy images of cultures treated with 20 uM 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~! 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 «-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: Chlamydononas 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. cerevisine [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£53
Reducing carbohydrates 15.6 £2.1
Fatty acids 0.34 +0.02
Elementary Composition Content (Percentage of Dry Weight)
Total carbon 349 £04
Total nitrogen 78 +0.2
Ash 11.2+0.1

The green algal lipid-extracted biomass showed high amounts of total carbon and
nitrogen, representing 34.9 4 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 1la 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 (itmax) 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 H Specific Growth Cell Concentration Generation Time Stationary
Medium p Rate (h—1) (10° Cells-mL~1) (h—1) Phase (h)
Y. lipolytica W29 55 0.28 4 0.03 1082.8 + 4.61 2550 4 0.26 35
YPD medium
Y. lipolytica W29 3.5 0.28 + 0.05 59.6 £ 8.1 2.56 £+ 0.49 15
Lipid-extracted 5.5 0.27 + 0.06 200.8 £+ 94.2 2.67 £ 0.59 15
C. vulgaris residue 7.5 0.26 + 0.01 2354 £+ 81.5 2.64 £ 0.09 25
Y- lipolytica IMY3501 55 0.3238 -+ 0.0004 1501.7 + 33.4 214 +0.00 35
YPD medium
Y. lipolytica J]MY3501 35 0.28 + 0.08 77.1 £ 13.7 2.60 £ 0.76 15
Lipid-extracted 5.5 0.28 + 0.01 62.8 +18.3 249 £ 0.11 15
C. vulgaris residue 7.5 0.26 + 0.03 739 + 6.6 2.69 £ 0.30 15

2.2.2. The Effect of pH on the Cell Growth of J]MY3501

We then examined the effect of pH (3.5, 5.5, and 7.5) on the growth of the J]MY3501
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 -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—!, Table 2)
at different pH levels when the same residue was used (Figure 1b, Table 2). However, we
obtained a maximum specific growth rate (1max) of 0.3238 4= 0.0004 h~! 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 10° cells.ml !
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.
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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: a-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~! of biomass dry weight), while linolenic acid (C18:2)
reached 7.2 mg.g~! 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.
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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 J]MY3501 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:

a-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.

. . Total Concentration Total Dry
Strains pH Media of FAMEs mg.g~1 Biomass (g) Total FAMEs (mg)
Lipid-extracted 7.5 33402 54+09 178 + 4.1
C. vulgaris residue
Y. lipolytica W29 55 YPD 254 +184 40404 101.6 & 83.8
Y. lipolytica W29 35 Lipid-extracted 41405 38+04 15.6 +3.3
C. vulgaris residue
Y. lipolytica W29 55 Lipid-extracted 39407 44403 171+ 44
C. vulgaris residue
Y. lipolytica W29 75 Lipid-extracted 51407 40402 201+ 39
C. vulgaris residue
Y. lipolytica JMY3501 55 YPD 26.5 £ 6.1 44405 115.8 4 39.8
Y. lipolytica IMY3501 35 Lipid-extracted 49+15 41407 19.1 494
C. vulgaris residue
Y. lipolytica JMY3501 55 Lipid-extracted 39406 50401 195435
C. vulgaris residue
Y. lipolytica JMY3501 75 Lipid-extracted 53406 5.26 + 0.02 276+12

C. vulgaris residue

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!). 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, ]MY3501
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 ata 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 (itmax) of 0.28 h~! 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 J]MY3501 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~! 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 J]MY3501 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 J]MY3501 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 a-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 a-linolenic acid occurs through desaturation of linoleic
acid (C18:2 ¢9, c12) with A15 desaturase. Synthesis can also be carried out by a A12-15
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 J]MY3501 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 Apox1-6 Atgld + 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 -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 YIDGA2 and YIGPD1, 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 O, injection. The working pH (adjusted after sterilization in an autoclave at 121 °C
for 20 min) was maintained using KOH 4M or H,SO4 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 x 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~! 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 Biirker cell chamber. The growth
parameters were calculated with Excel® using the natural logarithm of cells.mL~! versus
time (h). The curve slope during the exponential phase provided the maximum growth
rate (Umax) (Equation (1)). Exponential phase tangent intersection with the x-axis provided
the lag time (A). 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].

dN
Hmax = ar 1)
C— In2 o)
Hmax
N e
X(t) =1 Xmax ,—e No 3
(1) = tn e ®

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 H,SO4 2M at 90 °C for 6 h in a reaction tube (Reacti-
Vial™, 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 um PVDF syringe filter (VWR®), and 0.67 mL of 3,5-dinitrosalycilic acid
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solution 2.8M (NaOH 0.6M, KNaC4H;O4-4H,0 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 Pierce™ 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 HCI 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 um 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~!. 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~! 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~! of Hy, 30 mL.min ! of
He, and 400 mL.min~! 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
(IMAO053) 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 DAO0580 [15] and Fistulifera solaris strain JPCC
DAO0580, 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 185 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 IMAO053, 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 185 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.

[T Trebouxiophyceae (outgroup)
[ 7. cordiformis ciade

[] 7 indica clade

[T] 7. astigmatica clade

[ 7. convolutae clade

[ 7. marina dade

[ . canteriformis/subcordiformis clade

[ T chuii'suecica clade
[T T. stristatconvolutae clade

0.1

Figure 1. Maximum likelihood (ML) phylogeny based on the 185 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 185 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 185 rRNA gene sequences of Naviculales confirmed our identification

61



Mar. Drugs 2022, 20, 207

Clades legend

[ ] stauroneidaceae
[ Berkeleyaceae |
L| Amphipleuraceae |
[ ] Berkeleyaceae Ii
["] Diploneidaceae

[ "] Phaeodactylum tricornutum clade

D Diadesmidaceae

[7] Neidiaceae

E] Amphipleuraceae Il

[ ] sellaphoraceae |

[] sellaphoraceae II

[7] sellaphoraceae Ill

[ ] Naviculales incertae sedis
[T pinnulariaceas

[ ] Pleurosigmataceae

[ ] Plagiotropidaceae

| | Naviculaceae

|| Mediophyceae (outgroup)

of strain IMAO53 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 pm 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 IMAO053 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
IMAO043, scale bar = 20 um; (b) nonmotile vegetative stage of T. marina IMA043, scale bar = 20 um;
(c) valve view of a single cell of the naviculoid diatom IMA053, scale bar = 20 um; (d) lipid-rich cells
of naviculoid diatoms IMAO053, scale bar = 20 pm.

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
IMAO53 (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 (IMAOQ53).

Extract TPC
Water 2045 +1.874
T. marina (IMA043) Methanol 25.19 4+ 1.26 <d
DCM 86.14 + 4.522
Water 17.80 + 0.88 4
Naviculoid diatom (IMA053) Methanol 31.85+092°¢
DCM 40.58 4 0.66 P

Data represent the mean =+ standard error of mean (SEM) (1 > 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 IMAOQ53 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 (IMAO053) 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
(IMAO053), 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
(IMAO053) and T. marina (IMA043). Results are expressed as antioxidant activity (% activity).

ABTS DPPH
Extract
1 mg/mL 5 mg/mL 10 mg/mL 1 mg/mL 5 mg/mL 10 mg/mL
. . Methanol n.a. 23.37 +0.58 35.54 +1.28° na. 1253 £044°¢ 1891 £0.46°¢
Naviculoid d
. Water n.a. 11.06 + 1.27 2351 +1.81°¢ n.a. n.a. na.
diatom (IMA053) b b b b b b
DCM 10.09 £ 0.53 46.91 + 0.42 43.83 +0.84 18.25 £ 6.08 41.55+2.47 91.38 4+ 11.80
Methanol n.a. na. n.a. na. 1729 £0.35°¢ 2494 +071°¢
T. marina Water na. na. na. na. na. na.
(IMA043) DCM 24.66 +0.32° 8819+ 2412 99.65 +3.76 @ 40.96 +0.94 2 103.43 +7.122 17875+ 6.132
BHT * 94.77 £ 0.04 80.07 + 0.72

Values represent the mean + standard error of mean (SEM) (1 > 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 (Cu?*) and iron (Fe?*), 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 Fe?*; 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
(IMAO053) and T. marina (IMA043). Results are expressed as antioxidant activity (% activity).

FRAP
Extract
1 mg/mL 5 mg/mL 10 mg/mL
Methanol 22.01 4+ 0.68 € 60.68 -+ 3.54 2P 70.23 £ 547"
Naviculoid diatom (IMA053) Water n.a. 2329 +4.24b 26.75 +1.73 ¢
DCM 46.35 + 8.26 2P 135.10 + 45.63 2 150.10 +17.852
Methanol 36.17 + 2.04 b¢ 9228 +4.132b 103.17 +3.26®
T. marina (IMA043) Water n.a. 19.56 +2.15b 2147 £2.14°¢
DCM 67.16 +£3.46°2 40.02 +5.622b n.a.

Values represent the mean =+ standard error of mean (SEM) (1 > 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 (IMAO053) and T. marina (IMA043).

ICA CCA
Extract
1 mg/mL 5 mg/mL 10 mg/mL 1 mg/mL 5 mg/mL 10 mg/mL
Naviculoid diatom Methanol n.a. n.a. n.a. n.a. n.a. n.a.
(IMAOS3) Water na. 83.43 42222 92.05 + 3.542 13.92 +2.39" 29.23 + 5.532 3531 +3.89P
DCM na. 49.18 +3.77° 63.57 4+ 5.34° na. 21.114+8.012 67.48 + 14.68°
Methanol 34.12 £+ 3.00 n.a. n.a. n.a. n.a. n.a.
. Water na. 59.25 4+ 4.23 P 68.00 + 6.13° 21.00 4+ 2.88 2 25.92 4 3.412 28.87 +1.57°
T. marina (IMAQ43) DCM na. na. na. na. na. 11.58 +1.49°¢
EDTA * 72.28 + 2.79 89.69 + 0.55

Values represent the mean =+ standard error of mean (SEM) (1 > 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 R? = 0.75, whereas, for the correlation between antioxidant activity
(DPPH and ABTS) and TPC, it was higher (R? = 0.85 for DPPH and R? = 0.95 for ABTS)
(Figure 4). These positive correlations suggest that 75% of the capacity of the naviculoid
diatom (IMAO053) 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 (IMAO053) 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 IMA(053
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 (C18:1n9¢) 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 IMAO053, 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 IMAO043, 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 (Kiitzing) 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 (IMAO053) 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)
Y SFA 38.28 + 2.00 45.70 4 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 042 £0.12 0.37 £0.11
(C24:0) Methyl lignocerate 0.09 +0.09 n.d.

Y MUFA 45.41 + 1.75 49.81 4 1.00
(C16:1) Methyl palmitoleate 0.71 £0.20 47.25 £0.92

(C18:1n9¢) 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
Y PUFA 16.31 + 1.64 4.57 + 0.47
(C19:3n3) Methyl linolenate 2.38 +1.43 n.d.
(C18:2n6¢) 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.
Y n-3 5.28 + 1.61 3.43 £+ 0.32
Y n-6 11.01 & 0.29 1.14 £ 0.35
Y n-6/Yn-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 um. 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 umol photons m~2 s~ ! under a 12-h:12-h light/dark cycle. Microalgal
biomass was harvested by centrifugation and immediately frozen at —20 °C. Freeze-dried

68



Mar. Drugs 2022, 20, 207

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 185 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 185 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 IMAQO43.

For the phylogenetic analysis, two separate datasets were created for the 18S rRNA par-
tial sequences of the strains IMA043 and IMAOQ53, 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://igtree.cibiv.univie.ac.at/,
accessed on 27 December 2021) [70] using the best-fitting models (TIM3 + F + I + G4 for the
IMAO043-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 IMA(043 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
Custddio et al. [21]. Extracts (5 uL at the concentration of 10 mg/mL) were mixed with
100 uL of 10-fold-diluted F-C reagent in distilled water. After 5 min of incubation at RT,
100 pL 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 Custédio et al. [77]. Briefly, 22 uL of the
extracts was mixed with 200 pL of an ethanol DPPH solution (120 pM) 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 pL of the extracts was mixed with 190 pL 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 Megias et al. [79]. In brief, 50 uL of the samples
was mixed in 96-well microplates with 50 uL of potassium ferricyanide (1% in water) and
50 puL of distilled water. After 20 min of incubation in the dark at 50 °C, 50 uL of 10% TCA
(trichloroacetic acid in water) and 10 pL 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 Megias et al. [79]. Samples
(30 uL) were mixed in 96-well microplates with 200 uL of 50 mM sodium acetate buffer
(pH 6), 6 UL of pyrocatechol violet (PV, 4 mM in the acetate buffer), and 100 uL of copper
sulphate (50 ug/mL in water). The absorbance was measured at 632 nm. Iron chelating
activity (ICA) was determined as described by Megias et al. [79] by measuring the formation
of the Fe?* ferrozine complex. Briefly, 30 uL of the extracts was mixed in 96-well microplates
with 200 pL of distilled water and 30 uL of an iron (II) chloride solution (0.1 mg/mL in
water) and incubated for 30 min at RT. Afterward, 12.5 uL 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 pm) and the FAME:s 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 x 0.25 mm internal
diameter, 0.25 pum 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~! to0 120 °C, 4 °C min ! to 250 °C,
and 20 °C min~! 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 (IMAO043), 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 (IMAO053) 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 IMAO053 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 CO, aeration under mixotrophy, the mutant accumulated
lutein up to 31.93 = 1.91 mg L~! with a productivity of 10.57 & 0.73 mg L~! day !, 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 !
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; CO, 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 CO, 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~! 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).

WT (b) +Glucose +2-DOG

Figure 1. (a) Phenotypes of Cz-pkg and WT cultures under autotrophy, 5 g L~! and 30 g L~! glucose-
addition mixotrophy. (b) Growth status of Cz-pkg and WT cultures under 5 g L' 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' glucose, WT accumulated
mostly ketocarotenoids, mainly astaxanthin (1.06 + 0.12 mg g~! DW) (Figure 2). In contrast,
Cz-pkg mainly accumulated chlorophylls and lutein (4.08 & 0.19 mg g~! DW), which was
over 10-fold of WT (0.37 £ 0.06 mg g~ ! 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~! addition. Data in the figure were
presented in the form of means (1 = 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' 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 protochl