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Sea and marine biodiversity exploration represents a new frontier for the discovery of new natural
products with human health benefits (“the exploitable biology”, [1]).

New compounds suitable for nutraceuticals, cosmeceuticals, or pharmaceuticals require
(i) eco-friendly production and (ii) bioactivity against illness, thus making microorganisms potential
interesting targets. Among them, microalgae provide advantages as they are photosynthetic, high
growth rate organisms that are easy to cultivate and require less space than higher plants, together
with displaying high chemodiversity—though this has barely been explored—coupled with high
biodiversity [2]. Although very attractive compared to higher plants, microalgae biotechnology still
requires further research and development to lower its cost and enhance practical and industrial
interest [3,4]. One of the main branches of the biotechnological exploration of marine algae concerns
bioactive and, especially, antioxidant compounds.

This Special Issue, concerning marine algal antioxidants, contains eleven contributions detailing
recent advances in this field; experimental results and technical improvements are presented
and discussed.

Antioxidant bioactivity concerns different families of compounds, but this issue is focused on the
microalgae richness of such compounds (e.g., [5,6]). Among the huge variety of antioxidant compounds,
algae derived carotenoids are the most well known, together with other bioactive compounds, such as
polyphenols, sterols, carbohydrates, and vitamins [6]. The synergistic effect of all of these families in
unicellular organisms induces the high antioxidant power of microalgae that is comparable, or even
higher than, the antioxidant activity of higher plants or fruits [5]. The potentiality of a single microalgae
cell compared with that of a multicellular plant presents a biotechnological challenge for developing
microalgae as an efficient and ecosustainable “bio factory” of bioactive molecules with antioxidant
activity. For this reason, it is very important to invest in research programs aiming to investigate
the diversity of bioactive molecules along the microalgal biodiversity scale and its intracellular
modulation [2].

In a recent study [7], the coastal diatom Skeletonema marinoi was used to investigate the modulation
of lipophilic antioxidant compounds and the hydrophilic vitamin ¢ by light manipulation. The results
revealed a significant effect of light (intensity and/or distribution) on the production of antioxidants as
well as a strong link between carotenoid operating photoprotection and the antioxidant molecules
and activity modulation. This study confirms the role of light manipulation as a powerful tool for
modulating the synthesis of antioxidant compounds in microalgae.

The most frequently investigated algae compounds are carotenoids due to their well-known
bioactivity and human wellness benefits as well as their plasticity which allows them to be enhanced
through abiotic factors, for example, light modulation in microalgae [2,8].

Dunaliella salina, a chlorophyte that is mostly used for biotechnological investigations and
applications, mainly relies on the production of 3-carotene [9], has been used as a model to study the
modulation of carotenoids and (-carotene concentration with respect to the light spectrum [10,11].
This study demonstrates that monochromatic red light strongly affects the carotenoid pool, enhancing
the 3-carotene concentration as well as modifying the ratio between the different forms of 3-carotene
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towards 9-cis 3-carotene. These studies confirm the relevant role of light in shaping the carotenoid
profile in microalgae, demonstrating that its modulation is of great interest for the biotechnological
production of such bioactive compounds.

The enhancement of carotenoid production in algae can use genetic engineering and biomanipulation.
In order to reach this goal, it is necessary to increase the knowledge about the biosynthetic pathways of
these compounds as well as the modulation factors affecting the gene expression involved. Two brown
algae, Saccharina japonica and Cladosiphon okamuranus, have been investigated thanks to the analysis of
Genome-Scale Metabolic Networks (GSMNS, [12]). The authors were able to reconstruct the biosynthetic
pathways of the main carotenoids in these two algae, highlighting the interest and scientific richness of
such approach for the study of targeted biochemical pathways.

Together with carotenoids, chlorophylls and their derivatives are also of interest for biotechnological
applications [13]. Enhancing the production of chlorophylls per biomass unit in microalgae and
understanding the biosynthetic and degradation pathways of such molecules is therefore biotechnologically
relevant. The study by Maroneze and collaborators [13] reported and discussed the modulation of the
chlorophyll and carotenoid contents in the model species Scenedesmus obliquus with respect to the growth
phase and the presence/absence of light, turning growth from autotrophy to heterotrophy. The authors
demonstrated that the content and chemical forms of these compounds are affected by growth
conditions, laying the foundation for up-scaling and massive production for industrial application.

On the other hand, i.e., in brown algae, fucoxanthin is now being investigated for its potential
activity related to human health protection [14]. This pigment might be extracted from numerous
classes of microalgae, including diatoms as well as brown macroalgae [14]. The anti-inflammatory,
antioxidant, and antiproliferative effects of fucoxanthin were investigated on blood mononuclear cells
and different cell lines [15]. The results clearly displayed the antiproliferative and antioxidant activities
of fucoxanthin in vitro, highlighting the great interest in its potential use in nutraceuticals.

Pigments are not the only compounds presenting antioxidant properties; other lipophilic
compounds such as phenols and hydrophilic compounds accompany them.

It is therefore of interest to investigate the best solvents for obtaining the best yield from the
extraction of bioactive compounds from algal biomass. For this reason, in three brown algae [16],
the antioxidant properties and antioxidant compound concentration were compared between seven
extraction solvents or mixtures between them. This work defined the best extraction procedure for
enhancing the harvesting of phenols, flavonoids, carotenoids, and chlorophylls. In the same framework,
a technical approach comparing methodologies for the quantification of polyphenols was undertaken
on the macroalga Ulva intestinalis [17], highlighting some uncertainties and difficulties in actual
methodologies that require further optimization of the extraction, identification, and quantification
of polyphenols.

In addition, polysaccharides are also relevant antioxidant compounds, and algae might be a
relevant source for their production and use as nutraceuticals [18]. In the contribution by Le et al. [19],
the authors compared data from different extraction procedures of the green alga Ulva pertusa in terms
of antioxidant activity together with polysaccharide and ulvan contents. The differences between
the various extracts were compared with regard to operational parameters such as power, time,
water-to-raw-material ratio, and pH, in order to optimize the quantity yield of ulvan.

Last, but not least, extracts from Fucus spiralis and Chlorella vulgaris were tested as enhancers of
the removal of heavy metals (Hg**, Ag, Sn, Pb) in patients with long-term dental titanium implants
and amalgam filling restoration [20]. The authors demonstrated that long-term effects from nutritional
supplementation with these algae result in the enhancement of heavy metal removal.

All of these contributions highlight the great potential of marine algae to provide
substances/extracts that are able to protect or increase human wellness, and the need for optimization
and technological/technical/scientific improvement to increase the biomass-harvesting efficacy with
reduction of the production cost. Marine biotechnology relies on the exploration, discovery,
and exploitation of marine algal species and/or products still requires research dealing with biodiversity



Antioxidants 2020, 9, 206

(searching for new targeted species with peculiar biochemical profiles, for instance), chemodiversity
(richness and diversity of bioactive molecule screening), bioactivity (antioxidant ability of the algal
extracts), technological cultivation improvement (lowering the costs, co-cultivation, environmental
modulation), and optimization of the extraction techniques. These steps are crucial to achieve the
challenges offered by the green (blue in case of marine) biotechnological revolution which, in our point
of view, cannot exist without deployment of the industrial use of (micro)algae.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this case study, we explored quantitative TH NMR (QNMR), HPLC-DAD, and the
Folin-Ciocalteu assay (TPC) as methods of quantifying the total phenolic content of a green macroalga,
Ulva intestinalis, after optimized accelerated solvent extraction. Tentative qualitative data was also
acquired after multiple steps of purification. The observed polyphenolic profile was complex with low
individual concentrations. The qNMR method yielded 5.5% (DW) polyphenols in the crude extract,
whereas HPLC-DAD and TPC assay yielded 1.1% (DW) and 0.4% (DW) respectively, using gallic acid
as the reference in all methods. Based on the LC-MS observations of extracts and fractions, an average
molar mass of 330 g/mol and an average of 4 aromatic hydrogens in each spin system was chosen for
optimized qNMR calculations. Compared to the parallel numbers using gallic acid as the standard
(170 g/mol, 2 aromatic H), the optimized parameters resulted in a similar gNMR result (5.3%, DW).
The different results for the different methods highlight the difficulties with total polyphenolic
quantification. All of the methods contain assumptions and uncertainties, and for complex samples
with lower concentrations, this will be of special importance. Thus, further optimization of the
extraction, identification, and quantification of polyphenols in marine algae must be researched.

Keywords: seaweeds; green algae; marine algae; Ulva intestinalis; Enteromorpha intestinalis;
quantification; polyphenols; flavonoids; apigenin; accelerated solvent extraction; ASE; HPLC-LRMS;
HPLC-HRMS; HPLC; TPC; Folin-Ciocalteu; TFC; gNMR

1. Introduction

Marine macroalgae, or seaweed, is a large group of macroscopic organisms that are an important
component in aquatic ecosystems. The wide diversity of marine organisms is being recognized as a
rich source of functional materials and, in 2015, the global seaweed aquaculture production reached
30 million tons [1]. Although marine algae have gained increasing attention over the last years due to
the fact of their bioactive natural substances with potential health benefits, they are still identified as
an underexploited resource [2-6].

Natural antioxidants with multifunctional potential are of high interest, and numerous studies have
focused on natural antioxidants, including polyphenols and flavonoids, from terrestrial plants [7-9].
However, the application potential of polyphenolic analyses of marine sources suffers from several
factors, most importantly, the lack of exactness with respect to quantitative and qualitative data at a
molecular level. Marine plant material with analytic matrices at very low concentrations and a high
and variable dissolved salt concentration makes polyphenol analyses challenging [4,10]. The diversity
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of phenolic compounds also varies from simple to highly polymerized substances which makes
qualitative and quantitative procedures, involving sample preparation and extraction, difficult to
standardize. Thus, this makes for a further challenge in the analyses and in furthering the research in
this field.

Colorimetric assays, such as Folin-Ciocalteu, have been extensively used to quantify phlorotannins
and polyphenolic content in seaweeds. However, since the assay is difficult to standardize and not
selective, it has been recommended to use the assay for approximate measurements of an extract’s
antioxidant potential only [11-15]. Since the colorimetric assays neither separate nor give a correct
quantitative measurement of the individual compounds, high-performance liquid chromatography
(HPLC) has been the method of choice for separation and quantification of polyphenols in plants.
The HPLC with multiple diode array UV-Visible detection (DAD) quantifies according to Lambert-Beer’s
law (A = ecl). A compound’s ability to absorb UV-Visible light (A) is related to the compound’s molar
absorptivity value (¢) and molar concentration (c). The diversity of molar absorptivity values of
polyphenols is almost as large as the number of polyphenols existing; even within the same polyphenol
class, there will be differences [16]. In the lack of commercially available standards, one standard is
often chosen when total amounts of polyphenols or phlorotannins are quantified. Gallic acid (GA)
seems to be the most used standard for total polyphenolic quantification and phloroglucinol (PG) for
the phlorotannin quantification in brow algae [17-20]. In addition to the limitations with commercially
available standards, HPLC will also suffer from a lack of separation of complex extract matrices and
loss of compound amounts due to the irreversible retention on the HPLC column during elution.

In recent years, quantitative TH NMR (QNMR) have gained increasing attention as a method for
quantitative determination of metabolites in complex biological matrices [21-23]. According to the
review by Pauli et al. (2012) [22] and references therein, qNMR methods have proven successful when
standard chromatographic methods have been ineffective [22]. In general, gNMR can be considered a
primary ratio method of measurement in which the analytes can be correlated directly to a calibration
standard, and since the reference compound differs from the analytes, generating a calibration curve
becomes unnecessary. However, the quantification needs to be validated with reference compounds.
Some work on quantification of phlorotannins in brown algae (Ascophyllum nodosum, Fucus vesiculosus,
and Cystoseira tamariscifolia) with qNMR has been done using internal standards [14,23].

In this case study, we examined the polyphenolic content of the green algae Ulva intestinalis
(syn. Enteromorpha intestinalis) collected on the west coast of Norway. An optimized extraction
of the polyphenolic content was performed. The extract and semi-purified fractions were further
analysed utilizing qNMR with an external reference for quantification of the total phenolic content.
For comparison, HPLC-DAD and TPC assay analyses were also performed. To further explore the
diverse group of polyphenols in Ulva intestinalis, qualitative analyses were performed with HPLC-DAD,
HPLC-LR, and HR-MS. We entered this case study with the overarching goal of examining which
analytical methods could lead to a more reliable value of polyphenolic content in seaweed and, thus,
obtain a better view of the grand potential of seaweed phenolics.

2. Materials and Methods

2.1. Plant Materials

Samples of Ulva intestinalis (syn. Enteromorpha intestinalis) were collected in June from the western
coast of Norway; Rogn, Ormhilleren (60°29'38.8” N 4°55’11.9” E). The voucher specimen of Ulva
intestinalis was deposited in the Herbarium BG (Voucher no. BG-A-75) at the University Museum of
Bergen, Bergen.

2.2. Chemicals

All chemicals used were of analytical grade. Methanol (>99.9%), acetonitrile (>99.8%), trifluoroacetic
acid (TFA) and Folin-Ciocalteu reagent were all acquired form Sigma-Aldrich (Sigma-Aldrich, St. Louis,
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MO, USA). Formic (98-100%) and acetic (99.8%) acids were both acquired from Riedel-de Haén (Honeywell
Inc., Charlotte, NC, USA). Luteolin, apigenin, myrcetin, diosmetin, quercetin, caffeic acid, coumaric acid,
ferulic acid, sinapic acid, and gallic acid reference standards were all purchased from Sigma—Aldrich
(Sigma-Aldrich, St. Louis, MO, USA). The analytical standard of tricin was purchased from PhytoLab
(PhytoLab BmbH & Co. KG, Vestenbergsgreuth, Germany), (+)-catechin was purchased from USP
(USP, Rockville, MD, USA), and DPPH free radical was purchased from Merck (Merck, Kenilworth, NJ,
USA). Deionized water was deionized at the University of Bergen (Bergen, Norway).

2.3. Extraction and Purification

The collected plant material was washed thoroughly in fresh water and air dried. Dried plant
material was stored at —20 °C when not used. Dried material was extracted using ASE (Accelerated
Solvent Extraction) (Dionex™ ASE™ 350, Thermo Fisher Scientific, Waltham, MA, USA). A dried
sample of Ulva intestinalis (55.9 g) was mixed with Dionex ASE prep DE sand and added to 66 mL
stainless-steel cells with two glass fiber filters placed at the bottom end of the cell, before being extracted
using a Dionex ASE 350 Accelerated Solvent Extractor. The extraction procedure consisted of two
different methods, one being a pre-soak method, and the other being the primary extraction method.
Pre-soaking consisted of extraction at 23 °C under 1500 psi. The static extraction period was 1 min
with a flush volume of 50% of cell volume, purged with N, for 70 s, and 100% deionized water was
used as the solvent in the pre-soak method. The primary extraction method consisted of preheating for
5 min, and samples were then extracted at 70 °C under 1500 psi. Static extraction time was 5 min with
a flush volume of 60% of the cell volume, purged with N for 100 sec. The solvent used for the primary
extraction was a mixture of deionized water and methanol (40:60, v/v). Primary extraction was repeated
two times. The volume of the combined extract was reduced using a rotavapor, and the concentrated
aqueous extract was partitioned against ethyl acetate (EtOAc) four times. The contents of both the
EtOAc phase and the water phase were examined using HPLC-DAD, HPLC-LRMS, HPLC-HRMS,
and colorimetric assays including Total Phenolic Content Assay (TPC) and Total Flavonoid Content
Assay (TFC). Before analysis, all phases were carefully reduced to dryness using rotavapor, and, finally,
the samples were dried under N gas.

The aqueous extract was applied to an Amberlite XAD-7 column and washed with distilled water.
Methanol was applied for elution. The pre-eluted washing water was analyzed for polyphenols with HPLC.
Collected methanolic fractions (XAD7-A, XAD7-B, XAD7-C) were reduced using a rotavapor and analyzed
on analytical HPLC. The XAD-7 fraction A contained the highest number of polyphenols and was chosen to
be submitted to preparative HPLC to obtain three purified fractions; prepLC-A1, -A2, and -A3 (Figure 1).

B
078 (D¥}\)D PrepLC_E(1-14)

3

Ulva intestinalis ASE_ Partition against
?| extraction EtOAc
55.9 g (DW) 9.1 g (DW)

MeOH : FL,O
(60:40)

PrepL.C-Al

B) Water-phase
11.9g (DW)

Prepl.C-A3

Figure 1. Overview of the extraction and purification steps in the Ulva intestinalis analysis.
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2.4. General Instrumentation

2.4.1. Preparative HPLC

The preparative HPLC system consisted of a Gilson 321 pump (Gilson Inc., Middleton, WI, USA),
an Ultimate 3000 variable wavelength detector (Dionex, Thermo Fisher Scientific, Sunnyvale, CA, USA),
and a 25 x 2.12 cm (10 pm) UniverSil C18 column (Fortis Technologies Ltd., Neston, UK). Two solvents
were used: (A) super distilled water (0.1% acetic acid) and (B) acetonitrile (0.1% acetic acid) with
initial conditions of 90% A and 10% B followed by an isocratic elution for the first 5 minutes, and the
subsequent linear gradient conditions, 5-18 min: to 16% B, 18-22 min: to 18% B, 26-31 min: to 28% B,
31-32 min: to 40% B, 32—40 min: isocratic at 40% B, 40-43 min: to 10% B. The flow rate was 15 mL/min,
and the aliquots of 750 uL were injected.

2.4.2. Analytical HPLC-DAD

All HPLC-DAD analyses were performed on an Agilent 1260 Infinity HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a 1260 diode array detector (DAD)
and a 200x C analysis was performed using two solvents, (A) super distilled water (0.5% TFA) and (B)
acetonitrile (0.5% TFA), in a gradient (0-10 min: 95% A + 5% B, 10-20 min: 85% A + 15% B, 20-34 min:
60% A + 40% B. 34-35 min: 95% A + 5% B). The flow rate was 1.0 mL/min, and aliquots of 20 uL were
injected with an Agilent 1260 vial sampler. UV-Vis absorption spectra were recorded during the HPLC
analysis over the wavelength range of 200-600 nm in steps of 2 nm.

The established HPLC method was validated for linearity, sensitivity, precision, and accuracy.
Table 1 presents data for calibration curves, test ranges, limit of detection (LOD), and limit of
quantification (LOQ) for gallic acid. The LOD and LOQ were calculated based on the standard deviation
of y-intercepts of the regression line (Sy) and the slope (5), using the equations LOD = 3.3 x S,/S and
LOQ =10 x Sy/S.

Table 1. Calibration curve, limit of detection (LOD), and limit of quantification (LOQ) for gallic acid
(GA) (Sigma-Aldrich) at 280 nm and 330 nm.

Calibration Curve 2 Test Range LOD LOQ

Standard (ug/mL) R (ug/mL) (ug/ml)  (ug/mL)
Gallic acid (280 nm) Y = 65.536x — 366.51 0.9988 10-500 14.1 4238
Gallic acid (330 nm) y =0.2603x — 0.8339 0.9993 10-500 18.5 56.0

2.4.3. HPLC-LRMS and HPLC-HRMS

Liquid chromatography low-resolution mass spectrometry (HPLC-LRMS) (ESI+/ESI-) was
performed using an Agilent Technologies 1260 Infinity Series system and an Agilent Technologies
6420A triple quadrupole mass spectrometry detector. The following conditions were applied: ionization
mode: positive/negative, capillary voltage = 3000 V, gas temperature = 300 °C, gas flow rate = 3.0 L/min,
acquisition range = 100-800 17/z. The elution profile for HPLC consisted of the following gradient: 0-3
min: 90%A + 10%B, 3-11 min: 86%A + 14%B, 11-15.5 min: 60%A + 40%B, 15.5-17 min: 90%A + 10%B,
at a flowrate = 0.3 mL/min, where solvent A was super distilled water (0.5% formic acid), and solvent
B was acetonitrile (0.5% formic acid). A 50 x 2.1 mm internal diameter, 1.8 pm Agilent Zorbax SB-C18
column was used for separation. Calibration curve of Apigenin ran on HPLC-LRMS and used for
quantification is listed in Table 2.
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Table 2. Calibration curve, limit of detection (LOD), and limit of quantification (LOQ) for apigenin
(Sigma-Aldrich) acquired using HPLC-LRMS.

Calibration Curve 2 Test Range LOD LOQ
Standard (mM) R (mM) (mM) (mM)
Apigenin y=(20x107%)x 20546 0995  0.00156-0.0125 0.0014 0.0041

Liquid chromatography high-resolution mass spectrometry (HPLC-HRMS) (ESI+/TOF) was
performed using an AccuTOF JMS-T100LC (JEOL, Peabody, USA) mass spectrometer in combination
with an Agilent Technologies 1200 Series HPLC system. The following instrumental settings/conditions
were used: ionization mode: positive, ion source temperature = 220 °C, needle voltage = 2500 V,
desolvation gas flow = 4 L/min, nebulizing gas flow = 3 L/min, orificel temperature = 125 °C, orifice2
voltage = 10 V, ring lens voltage = 20 V, ion guide RF voltage = 1600 V, detector voltage = 2350 V,
acquisition range = 15-1000 my/z, spectral recording interval = 0.50 sec, wait time = 0.033 nsec, and data
sampling interval = 2 nsec. The elution profile for HPLC consisted of the same gradient and column as
described for HPLC-LRMS, but the flowrate was increased to 0.35 mL/min.

2.4.4. NMR Spectroscopy

Quantification of the extracts of Ulva intestinalis was performed using 'H NMR analyses on a
Bruker 600 MHz instrument (Bruker BioSpin, Ziirich, Switzerland). All spectra were recorded in
DMSO-dg at 25 °C. The pulse sequence applied was zg30 with the following acquisition parameters:
sweep width of 19.8 ppm, 64 k data points, 16 scans, and 2 dummy scans. The relaxation delay, d1,
was set to 40 sec (equal to 5 X Ty max) to ensure complete relaxation between scans. The spectra were
processed using a line broadening of 0.3 Hz. The crude extract was used for T1 measurements, utilizing
the t1ir pulse sequence with a sweep width of 19.8 ppm, 16 k data points, 8 scans, 2 dummy scans, and
9 different inversion recovery delays between 1 ms and 5 s. Measured T values ranged from 1.0-8.1s.

Quantification using the 'H NMR spectra was performed using the ERETIC2 function in TopSpin
with DMSO, (10 mM) as an external reference. The DMSO; signal (~3.0 ppm) was integrated and
defined as the ERETIC reference (No. H = 6, Mm = 94.13 g/mol, V(sample) = 0.75 mL, C = 10 mM).

Reference compounds for validation were gallic acid (GA), p-coumaric acid, ferulic acid,
(+)-catechin, and luteolin (10 mM, DMSO-ds). An average standard deviation of < 10% was observed.
The integrations were repeated three times.

Two-dimensional heteronuclear single quantum coherence (*H-"*C HSQC), heteronuclear multiple
bond correlation (‘H-13C HMBC), and double quantum filtered correlation (*H-"H DQF COSY) spectra
were also recorded on the Bruker 600 MHz instrument.

2.5. Total Phenolic Content Assay

For the determination of total phenolic content, the Folin-Ciocalteu total phenolic content assay
(TPC) was used. The method used was adapted from Ainsworth and Gillespie (2007) [24]. 200 uL of
the sample or standard was added to the cuvettes (10 x 45 mm, 3 mL), followed by 400 uL 10% (v/v)
Folin—Ciocalteu reagent in super distilled water. Further, 1600 puL 700 mM Na,COjs in super distilled
water was added to the cuvettes. The mixture was incubated for 30 minutes, and the absorbance was
measured at 765 nm using a Shimadzu UV-1800 UV spectrophotometer and a Shimadzu CPS-100
cell positioner (Shimadzu, Kyoto, Japan). Data was expressed as gallic acid equivalents (GAE).
An incubation time of 2 h was also tested.

2.6. Total Flavonoid Content Assay

For the determination of the total flavonoid content, 2 mL test solution (standard or sample) was
added to four cuvettes (10 X 45 mm, 3 mL) and the absorbance measured at 425 nm with solvent in
the reference cuvette. An aliquot of AICI3 solution (0.5 mL, 1%, w/v) was added to three of the four
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cuvettes, and the same volume of solvent was added to the fourth (blank sample). The content of
the cuvettes was stirred thoroughly, and the absorbance measured at 1 minute intervals at 425 nm
for 10 minutes at 22 °C. For quantitative analysis apigenin was chosen as the reference compound
(concentration range of 1-500 pg/mL). Procedure modified from Pekal and Pyrzynska (2014) [25].

3. Results and Discussion

3.1. Quantification of Polyphenols in Ulva Intestinalis

In this work, extraction of polyphenols was performed after optimization of extraction parameters
utilizing a Dionex ASE 350 extraction instrument (see Section 2.3). Aliquots (10 mL) of the different
phases, ASE (Accelerated Solvent Extractor) Crude, (A) EtOAc and (B) water (see Figure 1) were
sampled and dried for weight determination and further quantification with HPLC-DAD, qNMR, TPC,
and TFC. The results of the different quantification methods are shown in Tables 3-5.

Table 3. Quantification of polyphenols in the crude extract and liquid-liquid extraction phases of crude

with HPLC.
Sample g DW %PP GAE mg (GAE)/g DW
ASE crude 9.1 1.1+0.14 11.3+14
(A) EtOAc 0.7 0.7+0.2 6.7 +0.2
(B) Water 11.9 0.6+0.1 55+0.9
A+B 12.6 1.2+0.1 121+£05

PP = polyphenol; (A) EtOAc = ethyl acetate phase; (B) water phase; GAE = gallic acid equivalents; DW = Dry Weight.

Table 4. Quantification of polyphenols in the crude extract and liquid-liquid extraction phases of crude

with QNMR.
mg
Sample  DW GAE 330 Mw eq. (GAEyg ™8 (330 Mw
DW eq.) g DW
g %PP %PP
2H aH 6H 2H aH 6H 4H 4H
ASECrude 9.1 55+05 27403 18+02 106+1 53405 35404 273427 52952
(A)EtOAc 07 050240002 0251+0001 016740001 101+007 050004 030+0.03 2514001  50+04
(B) Water 119 4903 25402 17201 97+07  48+03  32+£01  249+15  485+33
A+B 126  55+02 27+03 1901 107+04  53+02  36+01  274=11 53521

PP = polyphenol; (A) EtOAc = ethyl acetate phase; (B) water phase; GAE = gallic acid equivalents; 330 Mw eq. =
equivalents of average mass found from MS; 2H, 4H, and 6H = assumptions made related to the number of aromatic
H in each polyphenolic spin system; DW = Dry Weight.

Table 5. Quantification of polyphenols in the crude extract and liquid-liquid extraction phases of crude
with total phenolic content (TPC).

Sample g DW GAE %PP mg (GAE)/g DW
ASE crude 9.1 04+0.1 5x1
(A) EtOAc 0.7 0.035 + 0.001 03+0.2
(B) Water 11.9 04+0.1 36+15
A+B 12.6 05+0.1 4+1

PP = polyphenol; (A) EtOAc = ethyl acetate phase; (B) water phase; GAE = gallic acid equivalents; DW = Dry Weight.

3.2. Quantification Utilizing High-Performance Liquid Chromatography (HPLC) with Wavelength Detector (DAD)

Quantification of polyphenols in plants and foods has been a topic of discussion and research
for years, and among the different methods HPLC-DAD it has been the method of choice due to
the possibility of separation of compounds before individual quantification. However, with the use
of retention times, absorption spectra, and molar absorptivity, the technique is often limited when
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it comes to simultaneous determination of polyphenols of different groups [9]. Table 6 illustrates
the different area responses observed in HPLC for different standards with the same concentration,
reflecting the molar absorptivity differences.

Table 6. Illustration of molar absorptivity differences expressed with HPLC integrated peak areas
(280 nm and 330 nm) of selected standards (5 mM) used in polyphenolic quantification.

Standard Compound Class Amax (nm) 280 nm 330 nm
p-Coumaric acid HCA (230), 310 2754 + 43 4743 + 4
Gallic acid (GA) HBA 272 2884 + 2 8.7+ 0.3

(+)-Catechin Flavan-3-ol 279 5687 + 6 21+04

Apigenin Flavone (267), 340 801,120 + 2361 131,812 + 1525

HCA = hydroxycinnamic acid, HBA = hydroxybenzoic acid

When dealing with complex polyphenolic mixtures with unknown identities, which is the case for
seaweeds, one standard is often selected for quantification. Traditionally, gallic acid is chosen for total
polyphenolic quantification and phloroglucinol (PGE) for total phlorotannin quantification as seen for
brown algae [17-20]. In this work, gallic acid (GA) was chosen as the reference standard, since the
nature of the polyphenols in the green algae U. intestinalis was unknown, and since we wanted to
compare different quantification methods. However, there is no doubt that the estimation of the total
polyphenol content will suffer from this.

The HPLC peaks with maximum intensity in the 280 nm (R: 1-15 min) were quantified according
to the 280 nm GA standard curve (Table 1), while peaks with maximum intensity in the 330 nm
(R¢: 15-35 min) window were quantified according to the 330 nm GA standard curve. This resulted
in an HPLC-DAD quantification of 1.1% polyphenols in the algae, based on quantification on the
ASE crude extract (11.3 + 1.4 mg GAE/g DW) (Table 3). The recovery of the polyphenols after the
liquid-liquid ethyl acetate partition was quantified to be 1.2% (12.1 + 0.5 mg GAE/g DW), almost evenly
distributed into the (A) EtOAc phase (0.7%) and the (B) water phase (0.6%). Thus, the total recovery
for A + B was relatively close to the initial amounts found in the crude.

3.3. Quantitative NMR (gNMR)

In order to get closer to a “true” estimation of polyphenol content in seaweeds, quantifications
using 'H NMR (qQNMR) were performed (Table 4). One of the advantages of qNMR is that there
is no need to consider the large variation observed regarding the molar absorptivity of different
phenolic compounds (Table 6) nor the loss of sample during chromatography as with HPLC analyses.
When quantifying polyphenols from NMR, one can consider two regions for quantification: the -OH
spectral region, as shown by Nerantzakie et al. [23], or the aromatic 1H region [14,26]. Nerantzaki et al.
presented a method for total phenolic content determination of crude plant extracts based on phenol
type ~OH resonances in the region between 14-8 ppm. Signals were selected after observation of
elimination, or reduction, of the signal intensities after irradiation of the residual water resonance. In
our marine L. intestinalis samples, the phenol ~OH type resonances were observed at low intensities
and were too broad to perform reliable integration. The broad signals may be attributed to the nature of
the marine extract, containing many different types of phenol -OH resonances. Additionally, the ASE
crude and the water phase contained some water, even after careful drying, which increases the phenol
—OH exchange with the water peak. The 10-8.5 ppm region of the EtOAc phase (Figure 2) showed
several sharp signals; however, these signals were found to not represent phenol -OH resonances due
to the fact of their observed 'Jcy; correlations in the HSQC spectrum.

11
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Figure 2. 'H-NMR spectrum (600 MHz) for ASE crude (blue), (A) EtOAc phase (red), and (B) water
phase (green) recorded in DMSO-dg at 25 °C. 2D spectra were used to deselect peaks in the 8.5-6 ppm
region belonging to the same spin system, avoiding multiple quantification.

For qNMR calculations, characteristic aromatic signals in the 8.5-6 ppm region of the 'H NMR
spectra were integrated individually, and quantifications were added together to yield the total phenolic
content (Section 2.4.4, Figure 2) [21,25]. Additionally, two-dimensional NMR spectra, such as COSY,
HSQC and HMBC, were recorded to deselect signals belonging to the same molecule as far as possible
in order to avoid multiple quantifications. The gNMR calculations were validated with quantification
of standards (Section 2.4.4). Quantifications were calculated using the ERETIC2 function in TopSpin
(Bruker) with DMSQO, as an external reference (C = 10 mM). However, to quantify the signals, a molar
mass is needed. The molar mass of gallic acid was chosen in order to obtain comparable results.
Quantifications were also calculated using an average molar mass of 330 g/mol based on observed
masses from the MS analyses (Table 4). Additionally, an average value of aromatic protons found
in each polyphenolic spin system must be chosen. This assumption will also introduce uncertainty.
Nerantzakie et al. [23] made their quantification on phenol -OH and used an average of 2 OH for each
spin system related to their standard, caffeic acid. In Table 4, the polyphenolic content calculation
utilizing different average aromatic protons are shown, resulting in a 33% difference between the
maximum (2 aromatic H) and minimum (6 aromatic H) values calculated. Based on our tentatively
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identified compounds in Table 7 it seemed like 4 aromatic protons (H) was a reasonable assumption.
The gNMR method thus yielded a polyphenolic content of 5.3% in the crude (52.9 + 5.2 mg 330 Mw
eq./g DW). Due to the parallel numbers, using gallic acid (170 g/mol) and 2 aromatic protons yielded
similar results (Table 4).

Table 7. Overview of tentatively identified low-mass polyphenols/simple phenolics at different stages
of purification with HPLC-LRMS.

Observed L - LC-MS Re

Ry (min) (M+H)*  Tentative identification Confirmed Compound Class Phase
t .

with Standard
1.56 171 Gallic acid + HBA XAD7-A
4.74 127 Phloroglucinol * - benzentriol EtOAc
6.93 291 Catechin + flavan-3-ol EtOAc
8.11 181 Caffeic acid + HCA EtOAc, XAD7-C
8.67 169 Vanilic acid * - HBA EtOAc
9.02 165 Coumaric acid + HCA EtOAc
10.10 475 Chicoric acid * - HCA XAD7-B
10.27 195 Ferulic acid + HCA EtOAc
10.27 183 Veratric acid * - HBA EtOAc
10.51 225 Sinapic acid + HCA XAD7-B
10.65 321 Luteic acid * - HBA XAD7-A
. Ca Crude, H,0O,

12.31 475 Valoneic acid - HBA XAD7-A
12.50 319 Myricetin * - flavone pi‘(eilgé-f:?)
12.90 287 Luteolin * HR + flavone EtOAc, prepLC-A3
12.98 303 Quercetin + flavonol EtOAc, PrepLC-A3
13.16 273 Naringenin * - flavanone PrepLC-A3
13.69 271 Apigenin (2.62 ng/g) + flavone PrepLC-A3
14.43 303 Hesperetin * - flavanone PrepLC-A3
14.76 289 Aromadendrin/eriodictyol * - flavanonol/flavanone EtOAc
14.93 301 Diosmetin + flavone Pfé?)lgé:AAlz
14.95 303 Ellagic acid * - HT XAD7-A
15.61 331 Rhamnazin * HR - flavone EtOAc, prepLC-A3
16.12 579 Procyanidin B1 * - PAC PrepL.C-A2, EtOAc
16.76 256 Chrysin * - flavone Crude
16.80 317 Isorhamnetin * - flavonol PreL.C-A3

HCA = hydroxycinnamic acid, HBA = hydroxybenzoic acid, HT = hydrolysable tannins, PAC = proanthocyanidin.
* Several possible isomers; R HR-LC-MS mass; + = identity confirmed with standard on LR-LC-MS, - = identity not
confirmed with standard on LR-LC-MS.

3.4. Colorimetric Assays: Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

The Folin-Ciocalteu assay is the most common assay used to quantify phenolic content (TPC) in
both terrestrial plants and seaweeds. However, the assay is debatable due to the lack of standardization
and lack of specificity in the reaction mechanism resulting in the colorimetric quantification [11-15,27].
This is of importance for all colorimetric assays, including the total flavonoid content (TFC) assay [25,28].
With increasing purity of the samples, direct quantitative measurements seem to be more reliable.
However, the difficulty of standardizing this assay does not seem to be without importance.

The TPC assay (Table 5) resulted in a total of 0.4% in the ASE crude (5 + 1 mg GAE/g DW), with a
recovery of 0.04% in the (A) EtOAc phase (0.035 + 0.001 mg GAE/g DW) and 0.4% in the (B) water
phase (0.4 + 0.1 mg GAE/g DW). Relatively high standard deviations were observed for the aqueous
phases, potentially reflecting the lack of reliability of the method and difficulties with standardization.

The relative partition of polyphenols found between the two phases (A:B) in the TPC assay seem
to follow the pattern observed from the qNMR quantification (10:90) (Table 4), rather than the partition
ratio found in the HPLC-DAD analyses (50:50) (Table 3). The different ratio observed from the HPLC
analyses is most likely due to the impact of molar absorptivity difference between the standard used
and the compounds present.

13



Antioxidants 2019, 8, 612

The occurrence of flavonoids in algae is a central topic [29-32], and we chose to run a TFC assay
in parallel with our attempts to identify flavonoids in our extracts (Table 8). The TFC assay gave a total
of 0.03% flavonoids in the ASE Crude (0.2 + 0.4 mg apigenin eq./g DW) and 0.13% in the (A) EtOAc
phase (0.2 + 0.4 mg apigenin eq./g DW). No flavonoids were detected in the (B) water phase with the
TFC method.

Table 8. Quantification of flavonoids in the crude extract and liquid-liquid extraction phases of crude
with total flavonoid content (TFC).

sampi sow  mawn merisein ol
ASE crude extract 9.1 0.03 +0.042 03+04°
(A) EtOAc phase 0.7 0.13 +0.01 1.3+0.1
(B) Water phase 119 n.d. n.d.
A+B 12.6 0.13 £ 0.01 1.3+0.1

@ Three parallels measured from (0-34 mg); n.d.= not detected; PP = polyphenol; FL = flavonoid; (A) EtOAc = ethyl
acetate phase; (B) water phase; TFC = total flavonoid content; DW = Dry Weight.

3.5. Qualitative Analysis of Polyphenols in Ulva intestinalis

After ASE extraction of the polyphenols (Figure 3; HPLC profile and selected UV-Vis spectra)
and partition of the aqueous crude extract against ethyl acetate, the concentrated water phase (B) was
applied to a XAD-7 column, washed with distilled water, and then eluted with methanol (Figure 1).
The pre-eluted washing water was analyzed for polyphenols with HPLC-DAD. Collected methanolic
fractions (XAD7 A-C) were reduced using a rotavapor and analyzed using analytical HPLC. The XAD-7
fraction A showed the highest polyphenol content and was chosen to be submitted to preparative
HPLC to obtain three major fractions (prepLC A1-A3, Figure 1). The EtOAc phase was also submitted
to preparative HPLC. The liquid-liquid partition with ethyl acetate gave some selectivity with respect
to separation of compounds as seen in Figure 4. The compounds found in the EtOAc phase were most
likely less polar and seemed to have a shorter chromophore compared to compounds observed in the
water phase. The compounds in the water phase also showed an additional absorption band around
412414 nm.

The preparative HPLC gave some separation of compounds; however, the samples were still
complex. All the phases and fractions underwent extensive analyses with HPLC-DAD, HPLC-LRMS,
HPLC-HRMS, and NMR. The results of the HPLC-LRMS analyses are shown in Table 7, giving an
overview of the tentatively identified compounds.

Fragmentation patterns were difficult to obtain due to low concentrations. The ESI-MS spectra
were recorded in both positive and negative modes. The masses of a luteolin-isomer (M+H)*,
calculated: 287.05556, exact: 287.05599, C15H10Os, Appm 1.5) and a rhamnazin-isomer (M+H)*,
calculated: 331.08178, exact: 331.08178, C17H1407, Appm 1.24) were confirmed with HPLC-HRMS.
The rhamnazin-isomer (1m/z 331.08178) did not overlap with the commercial standard tricin (330 Mw)
in the HPLC-LRMS SIM scan.

The most conclusive evidence of the presence of flavonoids in the green algae U. intestinalis was
found in the late preparative fraction: prepLC-A3 (Figure 5). This fraction contained many of the peaks
observed between 15 and 35 min in the HPLC profile of the crude (330 nm) (Figure 3). Several of the
flavonoid masses found were tentatively identified from this fraction (Table 7) which has its origin from
the water phase (B). The TFC assay did not detect any flavonoids in the water phase (Table 8) which
illustrates the problem with relaying on these colorimetric assays. One flavonoid in the prepLC-A3
fraction was identified to be apigenin, using overlaid an HPLC-LRMS SIM scan at m/z 271 (M+H)*
with an apigenin standard (Figure 5). The amount of the apigenin in the algae was found to be 2.617
ng/g (DW) using an apigenin calibration curve (Table 2).
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Figure 5. Overlaid HPLC-LRMS (+ESI) SIM Scan at m/z 271 of prepLC-A3 fraction (red line, C (Api,
HPLC-LRMS) = 2.62 ng/g DW) and apigenin standard (C = 1.00 mM) (black line).

4. Conclusion

This case study provides an optimized extraction process for polyphenolic extraction of algae.
The total polyphenolic content was quantified with gNMR (5.3%), HPLC-DAD (1.1%), and TPC (0.4%).
Flavonoids and polyphenolic acids were tentatively identified in Ulva intestinalis samples. Apigenin
was confirmed in one of the semi-purified fractions.

The same samples yielded different total phenolic contents when utilizing the different analytical
methods, highlighting the difficulties related to polyphenolic quantification in extracts. All methods
utilized in this study depend on assumptions and, thus, also uncertainty. This will be of special
importance when analyzing complex samples at low concentrations as is the case for the polyphenolic
content in marine algae. Further standardization and optimization of total phenolic quantifications of
marine algae samples should be researched.
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Abstract: Different cultivation strategies have been developed with the aim of increasing the production
rate of microalgal pigments. Specifically, biotechnological approaches are designed to increase
antioxidant metabolites as chlorophyll and carotenoids. However, although significant advances
have been built up, available information regarding both the chlorophyll metabolism and their
oxidative reactions in photobioreactors is scarce. To unravel such processes, the detailed chlorophyll
and carotenoid fraction of Scenedesmus obliquus has been studied by HPLC-ESI/APCI-hrTOF-MS
from phototrophic and heterotrophic cultures. Scenedesmus is provided with a controlled strategy of
interconversion between chlorophyll 2 and b to avoid the formation of reactive oxygen species (ROS)
at high irradiances in addition to the photoacclimation of carotenoids. Indeed, precise kinetics of
132-hydroxy- and 15!-hydroxy-lactone chlorophyll metabolites shows the existence of a chlorophyll
oxidative metabolism as a tool to manage the excess of energy at high light conditions. Unexpectedly,
the oxidation under phototrophy favored chlorophyll b metabolites over the chlorophyll a series,
while the heterotrophic conditions exclusively induced the formation of 132-hydroxy-chlorophyll a.
In parallel, during the first 48 h of growth in the dark, the chlorophyll fraction maintained a promising
steady state. Although future studies are required to resolve the biochemical reactions implied in the
chlorophyll oxidative metabolism, the present results agree with phytoplankton metabolism.

Keywords: phototrophic; heterotrophic; Scenedesmus; chlorophylls; carotenoids; hydroxy-chlorophyll;
oxidative metabolism; ROS; lactone-chlorophyll; photoacclimation

1. Introduction

Chlorophyll and carotenoids are challenging compounds in microbial biotechnology that find
several applications in the food industry. The present food market trend is towards more natural
ingredients, and colorants are not an exception [1]. Hence, artificial food colorants have been associated
with health problems and consequently new sources of natural colorants are under investigation.
Although natural food colorants have been traditionally extracted from fruits and vegetables sources,
microalgae are currently a promising natural resource. Several advantages as the fast growth, the
high pigment concentration, and the physiologically plasticity, make microalgae the new objective of
biotechnological companies for pigment production. Among them, Scenedesmus obliquus stands out
as source of pigments in food and cosmetics as well as is considered for human consumption [2,3].

Antioxidants 2019, 8, 600; doi:10.3390/antiox8120600 21 www.mdpi.com/journal/antioxidants
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In addition, chlorophyll and carotenoids exert beneficial health properties for human beings that
increase their value as functional ingredients [4]. Specifically, both groups of pigments have shown to
develop antioxidant activities. The antioxidant behavior of chlorophylls is highly dependent of the
type of chlorophyll derivative, with significant antioxidative performances among metabolites [5]. The
porphyrin structure, the central magnesium, and the functional group at C7 seem to be determinants for
the antioxidant activity [6-9]. In the same line, carotenoids are highly appreciated by their antioxidant
properties [10]. Consequently, the production of chlorophyll and carotenoids is one of the most
successful applications of microalgal biotechnology [11], although the improvement of the feasibility
of their commercial production through better cultivation strategies is still the main goal.

Photo-autotrophy is the classical culture system to grow microalgae, where the energy source
comes from the sunlight and the carbon source from the atmospheric CO,. Different light regimes
(intensity, photoperiod, and wavelengths) generate different chlorophyll and carotenoid patterns. It is
generally assumed that sub saturating light intensities induce higher chlorophyll synthesis, while
high light irradiation reduces the chlorophyll content [12]. On the contrary, specific microalgae
(Haematococcus pluviales, C. zofingiensis) enhance the production of secondary carotenoids when grown
with high light intensities [13].

Open and closed photobioreactors present several disadvantages, such as the presence of
contaminants, the need of robust species, or the requirement of vigorous mixing [13]. Consequently,
growing microalgae in heterotrophic conditions in conventional bioreactors is at present an attractive
and economical option. An additional advantage is that green algae can synthesize chlorophylls in
dark conditions unlike angiosperms. This is possible thanks to the presence of a light-independent POR
(protochlorophyllide 2 oxidoreductase) enzymatic process, one of the key enzymes in the chlorophyll
biosynthetic pathway [14]. However, only a few microalgal species have been shown to grow in the dark
so far, because the capacity of sugar utilization is not a universal strategy. In this sense, a constitutive
glucose transport and utilization system has been reported for Scenedesmus obliquus growth [15]. In fact,
different new strategies are continuously developing. Cyclic autotrophic/heterotrophic cultivation,
where organic carbon is added during light or during the dark phase has been studied to optimize
the production of chlorophylls and carotenoids [16]. The strategy of cultivation in two stages has
been explored as an alternative to avoid the division between cell growth and the production of
secondary metabolites [17]. The first phase is dedicated to obtaining the maximum biomass production,
followed by a stressed second phase to increase the accumulation of lipid-derived compounds. In fact,
such strategy (two-stage heterotrophy/photoinduction) has been successfully applied in Scenedesmus
reaching values of lutein productivity 1.6 times higher than in autotrophic conditions [18]. With the
same aim, that is, to enhance the lutein productivity, the conditions during mixotrophic cultures of
S. obliquus have been optimized, determining the best operating parameters for photoperiod, source of
light, nutrients and batch system [11]. Different conditions have been established to modulate, improve,
or control the chlorophyll content in different Scenedesmus sp. [19,20]. Light conditions, stirring,
depletion of nutrients, open fields or bioreactors, and carbon source are among the most explored
variables [12]. Scenedesmus seems to have a lower sensitivity to photoinhibition and a higher capacity
to adapt to high irradiance conditions by increasing its photosynthetic capacity, in comparison with
other species such as Chlorella [21]. However, the following step is to analyze the chlorophyll profile in
detail, to decipher the responsible mechanism(s) for the synthesis and degradation of chlorophylls in
response to modifying parameters.

The biochemical reactions implied during the chlorophyll degradation pathway have been
unraveled in higher plants [22], but in green microalgae only a few steps have been discovered [23,24].
Thus, the initial catabolic steps of chlorophyll a are the de-esterification of phytol (Figure 1) and the loss
of the central magnesium to finally yield pheophorbide a. For these consecutive reactions, two plausible
alternative routes have been proposed [22], which are potentially catalyzed by different enzymes.
The last proposal has been to postulate that both enzymatic systems can operate simultaneously,
although at different functional levels [25]. Next, the macrocycle of the pheophorbide a intermediate is
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oxygenolytically open, yielding a sequence of linear chlorophyll catabolites denominated phyllobilins
(Figure 1). Regardless, it has been established that knowledge level of chlorophyll degradation
in microalgae is at present in a preliminary stage. Specifically, as it was regarding that of the
higher plants 30 years ago. A very close relationship has been always suggested between the
chlorophyll catabolic pathway in chlorophytes and in higher plants [26], which is not unlikely
assuming the phylogenetic relationship between both taxonomic groups. In fact, open chlorophyll
catabolites with similar structures to those of phyllobilins have been identified in Chlorella [26,27] or in
Desmodesmus subpicatus [28]. In parallel, chlorophylls are subjected to an oxidative metabolism [29,30].
At present, two reactions have been identified. Hence, the chlorophyll skeleton can be oxidized
at C13? to form 13?-hydroxy-compounds and secondly, while the isocyclic ring can further react
to form a lactone group, that is, the 152-hydroxy-lactone chlorophyll derivatives [31] (Figure 2).
Their formation could arise from different pathways, enzymatic [30] or by an increase in oxygen
reactive species, and even they can also be produced in dark anoxic conditions [32]. Regardless, the
presence of hydroxy-chlorophylls has been related with conditions of high environmental presence of
peroxide species, as the former are the main products of chlorophyll a in presence of the latter [33].
Therefore, hydroxy-chlorophylls are related to the response to oxidative stress. Physiologically, they
have been associated with senescence [34], virus infection [35], and even cell death [36]. In any
case, hydroxy-chlorophylls are common chlorophyll metabolites found in phytoplankton species
in their natural environments [36,37]. For some authors, oxidative chlorophylls are the origin of
“petrochlorophylls”, as they have been identified in numerous phytoplankton sediments [38]. However,
to the best of our knowledge, chlorophyll oxidation has not been analyzed in relation to microalgae
cell culture.

Chloroplast

Chlorophyll b

cHL
-z

Pheophy tin a

Phy llobilin
metabolism

OH

Pheophorbide a Phy llobilin

Figure 1. Chlorophyll degradation pathway. CHL: chlorophyllase, SGR: stay-green, PPH: pheophytinase.
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Figure 2. Oxidative chlorophyll reactions, following previous proposal [31]. The structures correspond
only with the V ring (or isocyclic ring) of the chlorophyll molecule. The wavy line means the rest of the
chlorophyll structure (see Figure 1). The oxidative reactions can be performed over diverse chlorophyll
compounds (see the tables).

As stated before [39], a deep knowledge of their metabolic pathways is necessary to select the best
cultivation conditions to improve the microalgal pigment production. Although significant advances
have been developed to maximize the total chlorophyll and carotenoid content in some microalgae
species, it is necessary to understand the individual behavior within the heterogenous pigment profile.
It is necessary not only to consider the total pigment content, but also to determine which metabolites
are producing or degrading. The aim of this study was to analyze in detail the chlorophyll and
carotenoid metabolism during the phototrophic and heterotrophic cultivation of Scenedesmus with
special emphasis in the oxidative reactions occurring at the chlorophyll fraction.

2. Materials and Methods

2.1. Microorganisms and Culture Media

The axenic culture of Scenedesmus obliguus (CPCCO05) was supplied by the Canadian Phycological
Culture Centre (Waterloo, Canada). We applied the following incubation conditions, 26 °C, photon
flux density of 30 pmol m™2 s™! and a photoperiod of 12 h to obtain the stock cultures, which were
propagated and maintained in synthetic BG11 medium [40].

2.2. Cultivation Conditions

The phototrophic experiments were carried out in a 2 L bubble column photobioreactor (Tecnal,
Piracicaba-SP, Brazil) operated in batch mode [41]. We applied the following experimental conditions:
100 mg/L for the initial cell concentration, and 26 °C for the isothermal reactor, which was fed with 2 L
of B11 medium, pH set to 7.6, 150 umol m~2 s~! for the photon flux density and a light cycle of 24:0 h
(light:dark). Continuous aeration of 1 VVM (volume of air per volume of culture per minute) was
applied with the injection of air enriched with 15% carbon dioxide. The conditions for the heterotrophic
cultivations were set up in a 2 L bubble column bioreactor operating under a batch regime [42]. It was
operated at 26 °C in the absence of light, with a carbon/nitrogen ratio of 20, pH adjusted to 7.6, aeration
of 1 VVM, and initial cell concentration of 100 mg/L. The culture medium consisted of BG11 synthetic
medium supplemented with 12.5 g/L of D-glucose.

2.3. Kinetic Parameters

We used the biomass data to calculate the biomass productivity [Px = (X; — Xj—1) X (t —
ti1)7, mg/L h], the maximum specific growth rate [In(Xi/Xp) = wmax X t, 1/h], and generation time
[tg = 0.693/umax, h]. Hence the X; is the biomass concentration at time t; (mg/L), while X;_; is the
biomass concentration at time t;_; (mg/L) and X is the biomass concentration at time 0. pmax: maximum
specific growth rate (h-1). Residence time (t, in h) is defined as the time required for cells to reach the
end of the stationary phase.
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2.4. Extraction of Photosynthetic Pigments

Aliquots of microalgae or cyanobacteria biomass (5 mL) were filtered with a Whatman grade
GF/F glass microfiber filter (47-mm diameter, Merck, Darmstadt, Germany), and immediately frozen
at —80 °C [43]. The filter was grinded with liquid nitrogen into powder and mixed with 10 mL of
DMF:water (9:1) under stirring at 4 °C for 15 min and spinning (10,000 rpm, 5 min). Subsequently, the
solvent phase was collected in a separation funnel whereas the solid residue was re-extracted with
10 mL hexane, ultrasonicated (5 min, 720 W), and vortexed (5 min). Then, 10 mL NaCl solution (10%
w/v) was added to the mixture, centrifuged (10,000 rpm, 5 min) and the supernatant was added to the
first extract in the funnel. Finally, the pellet was dissolved with 10 mL diethyl ether in an ultrasonic
bath (5 min, 720 W) and finally vortexed for 5 min. Then, the solution was mixed with 10 mL NaCl
solution (10% w/v) and the mixture was centrifuged (10,000 rpm, 5 min) and added to the previous
extracts in the funnel. There, the mixed solvent layers were extracted with diethyl ether and NaCl
solution (10% w/v). The water layer was discarded, and the organic phase was concentrated to dryness
in a rotary evaporator. The residue was dissolved in acetone. Samples were stored at —20 °C until
analysis within 1 week.

2.5. Identification of Photosynthetic Pigments by HPLC-ESI/APCI-HRTOF-MS"

The chromatographic separation of the individual chlorophyll derivatives and carotenoids was
achieved in a Dionex Ultimate 3000RS U-HPLC equipment (Thermo Fisher Scientific, Waltham, MA,
USA). The column applied for chlorophyll pigments was a reversed-phase C18 column (200 x 4.6 mm
i.d., Teknokroma, Barcelona, Spain), 3 um particle size, while the elution gradient was the one described
previously [44]. The separation of the carotenoid profile required different chromatographic conditions.
A reversed-phase C30 column (250 x 4.6 mm i.d., YMC, Schermbeck, Germany), with 3 um particle
size, was applied with the elution gradient described earlier [45,46]. For chlorophyll and carotenoids,
the injection volume was 30 pL and the flow rate utilized was 1 mL/min. The UV-visible spectra of the
chromatographic peaks were recorded in the 300-700 nm range with a PDA detector. Subsequently,
a split post-column of 0.4 mL/min was introduced directly on the mass spectrometer ion source
(micrOTOF-QIITM High Resolution Time-of-Flight mass spectrometer with Qq-TOF geometry, Bruker
Daltonics, Bremen, Germany). The analysis was developed with an ESI interface (for chlorophyll
compounds) or an APCI source (for carotenoid compounds). The instrument was operated in positive
ion mode and scanning the m/z values in the 50-1200 Da range. We operated the acquisition of the
mass spectra in broad-band Collision Induced Dissociation mode (bbCID), so that MS and MS/MS
spectra were recorded simultaneously. The instrument control was performed with Bruker Compass
HyStar software (Bruker Daltonics version 3.2, Bremen, Germany), whereas the processing of MS data
was made with the Bruker Compass DataAnalysis software (Bruker Daltonics version 4.1, Bremen,
Germany). For the automated screening of signals corresponding to identified chlorophyll derivatives
and carotenoids on the EICs, we applied the TargetAnalysis™ software (Bruker Daltonics version
1.2, Bremen, Germany). The validation of the automated identifications was carried out according to
different filtering rules, including mass accuracy (tolerance limit set at 5 ppm) and isotopic pattern
comparison calculated with the SigmaFit™ (Bremen, Germany) algorithm (tolerance limit set at
50) [44]. The interpretation of the MS/MS spectra and the consistency of the product ions, which have
to fulfil the previous filtering rules for mass accuracy and isotopic pattern, was developed with the
SmartFormula3D™ (Bremen, Germany) module [44]. The software MassFrontier™ software (Thermo
Scientific™ version 4.0, Waltham, MA, USA) allowed the acquisition of the in silico tandem MS spectra
of the filtered analytes to compare the theoretical product ions with the corresponding experimental
ones. This software allows the evaluation of different product ions when different isomers show the
same bbCID spectrum.
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2.6. Quantification of Photosynthetic Pigments by HPLC-UV-Visible Detection

The identified pigments were quantified by reversed-phase HPLC using a Hewlett-Packard HP
1100 liquid chromatograph with the same columns and eluent gradients as for the MS analyses. The
on-line UV-visible spectra were recorded in the 350-800 nm wavelength range. Sequential detection
was performed at 410, 430, 450, and 666 nm with a photodiode-array detector. Data were collected
and processed with the HP ChemStation (Rev.A.05.04) software (Agilent Technologies, Waldbronn,
Germany). Calibration curves (amount versus integrated peak area) were obtained by the least-squares
linear regression analysis for quantification of pigments. The concentration range considered to build
the calibration equations was ascertained from the observed levels of the pigments in the samples.
Triplicate injections were made for five different volumes of each standard solution.

2.7. Statistical Analysis

Normality of data (mean values of three independent measurements) was checked with the
Shapiro-Wilk test, and one-way analysis of the variance was performed using the Statistica software
(version 6, StatSoft, Inc., 2001, Palo Alto, Santa Clara, CA, USA). Post-hoc comparison for detecting
statistic significant differences was made with the Tukey test, setting the significance value a p < 0.05.

3. Results

3.1. Microalgae Growth/Kinetic Parameters

Knowledge regarding the growth pattern of microalgae and its parameters is not only interesting for
the quantitative production of both biomass and metabolites, but also for increasing our comprehension
of both the synthesis regulation and degradation dynamics of photosynthetic products. In this
sense, Figure 3 depicts representative growth curves for the microalgae Scenedesmus obliquus through
phototrophic and heterotrophic metabolic pathways, whereas the growth parameters are presented in
Table 1. Hence, both culture conditions followed an exponential growth from the beginning without lag
phase, at the specific growth rates of 0.023 and 0.024 h1, generation intervals of 30.13 and 28.8 h, and
finally reaching a stationary phase at 144 h and at 96 h in photosynthetic and heterotrophic cultures,
respectively. The highest biomass accumulation was achieved under the photosynthetic cultivation
(2650 mg/L) which was only 2% higher than the high biomass concentration of heterotrophic condition
(2600 mg/L). The greatest impact of the type of cultivation was on the biomass productivity, where
the highest value was obtained under heterotrophy (19.75 mg/L h), which is a consequence of the low
residence time (120 h) reached in this condition, when compared with the phototrophic culture (216 h)
that resulted in a productivity of 10.87 mg/L h. Regardless, at very long incubation times during the
phototrophic growth, it is impossible to ensure that no nutrient deprivation occurs. However, assuming
this possibility, we extended the study to analyze the effects of excess of light on pigment composition.

Table 1. Kinects parameters of Scenedesmus obliquus in phototrophic and heterotrophic growth conditions

(mean + SD).
Parameter Phototrophic Heterotrophic
Xmax (mg/L) 2650 +111.8 2600 + 97.5
tmax (h™1) 0.023 + 0.00 0.024 + 0.00
RT (h) 216 + 0.00 120 + 0.00
GT (h) 30.13 + 0.60 28.8 £ 0.49
Px (mg/Lh) 10.87 £ 0.43 19.75 £ 0.29

Xmax: maximum cell biomass; pmax: maximum specific growth rate (h™1); RT: residence time (h); GT: generation
time (h); Px: average biomass productivity (mg/L h).
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Figure 3. Growth curves in phototrophic and heterotrophic culture regimes of Scenedesmus obliquus.
3.2. Pigment Profile During Phototrophic Growth

The characteristics of the chromatographic and mass spectrometric data for the different pigments
analyzed in the present study are shown in Table S1. Scenedesmus exhibits the typical carotenoid profile
of the Chlorophyta taxon, which mainly contains lutein, 3-carotene, and relative amounts of minor
xanthophylls, such as violaxanthin and neoxanthin [47]. The chlorophyll fraction has been generally
described as comprised by chlorophyll a and chlorophyll b, a feature of this taxonomic group of green
algae. However, our detailed analysis reveals the presence of intermediary chlorophyll metabolites
within the chlorophyll profile. Figure 4 displays the structures of the chlorophyll derivatives present in
the profile of Scenedesmus obliquus.

(@ (b) (©

Figure 4. Chlorophyll structures identified in Scenedesmus obliquus: (a) chlorophyll (R® is phytol,
CyoHyp) and chlorophyllide (R? is H) structure, R! is CHj for chlorophyll 4, and CHO for chlorophyll
b, R? is H for chlorophyll (a2 and b) and OH for 132-hydroxy-chlorophyll (a and b); (b) pheophytin
(R3 is phytol, CoHyp) and pheophorbide (R® is H) structure, R? is H for pheophorbide, and OH for
132-hydroxy-pheophorbide; (c) 152-hydroxy-lactone chlorophyll b structure.
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It was observed that the total amount of carotenoids (Table 2) increased with the radiation time
until the microalgae reached the stationary phase (144 h), to subsequently present a steady state until
the end of the phase. In Scenedesmus, this behavior is due to the response of the main carotenoids,
lutein and f-carotene, to the continuous illumination. As it has been stated [39], the same carotenoid
kind may develop different roles in the cell depending on its location. According to the observed data
(Table 2), lutein and (-carotene behave as primary photosynthetic pigments in Scenedesmus, although
[-carotene could perform secondary activities in other chlorophytes, and even transported into oil
droplets where they accumulate under stress conditions [17]. Regardless, lutein and -carotene are
photoprotective pigments, minimizing the photoinhibition through additional roles as quenchers or
scavengers [39]. However, the minor xanthophylls display a different behavior under continuous
radiation in Scenedesmus cells. Neoxanthin, violaxanthin, luteoxanthin, and antheraxanthin increased
their concentrations in the microalgae culture even after the stationary growth phase. Specifically,
violaxanthin and antheraxanthin are involved in the so-called xanthophyll cycle, intimately related
with the ability to dissipate the excess of absorbed light. During high light irradiance conditions,
the de-epoxidation reaction of violaxanthin to produce antheraxanthin reduces the light-harvesting
efficiency in the antenna [48]. Finally, although neoxanthin could be considered as a light harvesting
pigment, it also develops a role as photoprotective compound, reacting towards reactive oxygen species
and preventing cell damage [49].

Table 2. Evolution of the carotenoid profile during the phototrophic growth of Scenedesmus obliquus

(mg/kg dw).

Time (h) Neox Violax Luteox Antherax Lutein 3-Carotene Total
0 + + + 0.0 703.3 30.0 703.3
24 127.0 11.0 20.0 0.0 689.5 30.1 877.2
48 142.0 104 26.3 0.0 860.7 38.9 1174.3
72 130.3 28.1 37.0 7.0 795.4 459 1044.0
96 83.7 25.8 40.7 15.6 931.2 53.2 1150.1
120 146.7 28.5 36.7 20.4 1238.3 176.4 1647.0
144 147.0 40.0 45.1 32.0 1443.9 224.7 19524
168 1223 19.8 51.3 26.2 1125.0 220.0 1679.6
192 156.2 38.9 67.0 30.0 1313.2 227.1 1832.4
216 321.9 108.9 44.0 49.2 1408.7 212.6 2145.3

Neox: neoxanthin, Violax: violaxanthin, Luteox: luteoxanthin, Anterax: anteraxanthin, Total: total carotenoids. +,
means presence but under the LOQ. (coefficient of variance < 10% in all cases).

In relation to the response of the chlorophyll fraction to the continuous irradiance (Table 3), it
was observed that light exposure initially induces chlorophyll synthesis. Although this result was
anticipated, prolonged irradiance times (which means an excess of light) result in a net degradation
of the chlorophyll fraction. The detailed analysis of the chlorophyll profile during the phototrophic
growth of Scenedesmus shows chlorophyll a and b as the main pigments, but the accumulation of
the intermediary metabolites pheophytin and pheophorbide a2 was also concomitant. Pheophytin a
(Figure 4b) is produced by the substitution of the central Mg?* ion by hydrogens, while pheophorbide
a (Figure 4a) involves an additional dephytylation step at the C173 position. However, the outstanding
results are the production of a heterogeneous profile of oxidized chlorophylls. Among them, the
13%-hydroxy-compounds stand out, which result from the oxidation at the C13% carbon atom (R? is OH
in Figure 4) in chlorophyll of the a and b series, and in pheophorbide a. Furthermore, the formation of
a lactone functional group is considered a further step in the oxidative level of the original chlorophyll
structure [31]. In this sense, it was very surprising to find 15!-hydroxy-lactone chlorophyll b (Figure 4c)
in the chlorophyll profile of Scenedesmus under radiation conditions.
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Table 3. Evolution of the chlorophyll profile from series a during the phototrophic growth of
Scenedesmus obliquus (mg/kg dw).

Time (h) Pheo a OH-Pheoa  OH-Chla Chl a Phy a
0 0.0 0.0 0.0 2438.3 2787.7
24 0.0 0.0 85.0 2420.0 3350.0
48 20.4 0.0 1111 3955.2 2950.7
72 33.0 0.0 148.6 3718.6 2375.9
96 155.6 0.0 114.0 4079.3 2413.7
120 210.0 229 133.3 3981.3 2590.0
144 262.7 13.7 127.5 7417.5 897.8
168 86.7 8.3 134.6 5935.8 878.5
192 31.7 11.3 0.0 6170.0 708.7
216 8.5 0.0 0.0 6878.1 192.1

Pheo: pheophorbide, OH-Pheo a: 132-hydroxy-chlorophyll a, Chl: chlorophyll, OH-Chl a: 13?-hydroxy-chlorophyll
a, Phy: pheophytin. (CV < 10% in all cases).

It is noteworthy to highlight the different behavior of chlorophyll derivatives from a series
(Figure 4a, CHj; at C7) from that observed for the b series (Figure 4a, CHO at C7). The chlorophyll
compounds from a series, except pheophytin a, were biosynthesized until the maximum growth stage
was reached (144 h), and subsequently a progressive degradation initiated. However, metabolites from
chlorophyll b series (chlorophyll b, 132-hydroxy-chlorophyll b and 15!-hydroxy-lactone chlorophyll b)
showed their maximum concentrations between 48 and 72 h of illumination, around half of the period
required to reach the residence time. After the apex peak, the metabolites of the chlorophyll b initiated
a net degradation. The interconversion of chlorophyll a and b, through the denominated chlorophyll
cycle (Figure 1 [50]), is an essential mechanism in photosynthetic organisms, as they can adapt their
photosynthetic apparatus to the irradiance level. At high levels of illumination, the organism reduces
the antenna complexes to avoid excess of photons, so that the production of reactive oxygen species
(ROS) is minimized. As antenna complexes are rich in chlorophyll b compounds, at high irradiances
the relative amounts of chlorophyll b decreased. On the contrary, at low irradiance (shadow) conditions,
the organism rises the antenna complexes to capture as many photons as possible, which results in an
increase of the chlorophyll compounds of the b series. Consequently, microalgae modify the ratio of
chlorophyll a/b according to the irradiance levels [51]. As it can be observed in Table 4, at the initial
72 h of growth the ratio of a/b series decreased in Scenedesmus, as the biosynthesis rate of chlorophyll b
was higher than that for the chlorophyll 2. However, when the quantity of light was excessive for the
culture (after 72 h of continuous illumination), the antenna complexes decreased, the concentration of
chlorophyll b diminished and, consequently, the 4/b ratio increased. Similar changes in the /b ratio have
been observed for Chlorella and Dunalliela [52]. At high irradiances, the energy received by chlorophyll
a molecule is higher than its capacity to transfer it towards the photosynthetic electron transport chain,
and chlorophyll 2 switches to the triplet excited stage [39]. Next, overexcited chlorophyll 2 molecule is
quenched by molecular oxygen yielding ROS. As we can observe in Tables 3 and 4, the interconversion
between chlorophyll a and b contents is the preferred mechanism of Scenedesmus cells to avoid the
formation of ROS at high irradiances.

Nevertheless, once the maximum concentrations for chlorophyll a (144 h, Table 3) and b (72 h in
Table 4) were reached, the net degradation of chlorophyll compounds was not exhaustive. Otherwise,
Scenedesmus cells reached a steady state for the chlorophyll content (around 6200 mg/kg dw. for
chlorophyll a, 1900 mg/kg dw. for chlorophyll b) until the end of the controlled period. It seems that
once the top biosynthetic capabilities were accomplished, the microalgae found an ‘ideal’ chlorophyll
content, which allows an equilibrated photosynthetic performance, that is, a productive one but
not harmful, at least at the irradiance assayed for Scenedesmus. As it has been previously stated,
photoacclimation is complete only when a balanced growth condition is achieved [53]. However, this
is accurate when the chlorophyll content is determined as a whole value. As we have shown, a detailed
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study of the complete chlorophyll profile allows to observe different biosynthetic capabilities with
some chlorophyll metabolites reaching steady state earlier, precisely to fit with the photoacclimation at
144 h.

Table 4. Evolution of the chlorophyll profile from series b during the phototrophic growth of
Scenedesmus obliquus (mg/kg dw).

Time (h) OH-Lact.-Chl b OH-Chl b Chl b Series a/b
0 100.0 116.7 1408.3 3.22
24 175.0 124.5 1472.5 3.30
48 179.3 418.1 2023.0 2.71
72 275.1 437.6 5557.0 1.02
96 122.6 308.6 1757.2 3.02

120 116.7 3104 1724.0 3.13
144 132.0 231.8 2016.7 3.55
168 90.0 286.3 1802.7 3.19
192 56.8 31.1 1878.3 3.50
216 409 50.6 1747.2 3.85
240 51.0 63.5 2038.6 3.14

OH-Lact.-Chl b: 15'-hydroxy-chlorophyll b; OH-Chl b: 132-hydroxy-chlorophyll b; Chl b: chlorophyll b. (CV < 10%
in all cases).

Pheophorbide a and pheophytin a are currently considered the metabolites of the chlorophyll
degradation pathway (Figure 1). In fact, pheophorbide, pheophytin, and pyropheophorbide have
been associated with the chlorophyll degradation in cyanobacteria in sedimentary surfaces [54] and
chlorophyll senescence in marine environments [34]. Recently, the gene responsible of the formation
of pheophytin (SGR) a has been identified in Chlamidomonas reinharditii [24]. However, while the
kinetics of production and degradation of pheophorbide a is parallel to the chlorophyll 4, the profile
of metabolism of pheophytin a seems to progress in a different fashion and not correlated with the
metabolism of chlorophyll 2. The maximum concentration of pheophytin a2 was observed at 24 h, while
its progressive decay through the continuous illumination period made the interpretation of the results
in base to its implication in the chlorophyll degradation pathway challenging.

In addition, the HPLC-ESI/APCI-hrTOF-MS analyses of the chlorophyll fraction revealed the
existence of a specific chlorophyll oxidative metabolism (Tables 2 and 3) during the Scenedesmus
phototrophic cultivation. As stated before (Figure 2), hydroxylation at C13?2 is the first step in
the oxidative pathway of chlorophylls. Hence, 13?-hydroxy-chlorophyll a and b increased their
concentrations in the cell with the continuous illumination for the initial 72 h period, and afterwards a
progressive degradation was observed. In any case, it is important to highlight that the maximum of
132-hydroxy-chlorophyll a cellular content was not concurrent with the maximum concentration of
chlorophyll a, which pointed towards a specific linking reaction between both compounds instead of
an unspecific process. Noteworthy, 132-hydroxy-pheophorbide a was also produced around 3 days of
illumination, once pheophorbide a is biosynthesized in the microalgae. A further oxidative process is
the generation of the lactone rearrangement at the C15! position (Figure 4). During the phototrophic
growth of Scenedesmus a progressive accumulation of 15'-hydroxy-lactone chlorophyll b is observed,
reaching the maximum value after 72 h (Table 3). In our experimental conditions it seems 72 h is the
timeframe for Scenedesmus to reach the ‘buffer capacity’ (from the point of view of chlorophylls) and
manage both the excess of energy and, consequently, the potential accumulation of ROS. Afterwards,
profound physiological changes are required to avoid oxidative stress, as the commented restructuration
of antenna complexes.

Moreover, no 15!-hydroxy-lactone chlorophyll a formation was detected in any moment of the
phototrophic growth, although chlorophyll a is the main chlorophyll pigment in the chlorophyll
profile of Scenedesmus. In fact, although a chlorophyll metabolite with this functional group is not
easy to distinguish [1], it is the 15!-hydroxy-lactone chlorophyll a catabolite observed (if any) in
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photosynthetic organisms, but not the 15!-hydroxy-lactone chlorophyll b catabolic product [30]. Indeed,
both proportionally and in absolute concentration, the total biosynthesized chlorophyll oxidative
compounds of the b series overcame those of the a series. To the best of our knowledge, this is
the first time to describe such phenomenon. The biochemical origin of the oxidized chlorophyll
metabolites is still under discussion. In higher plants, different enzymatic systems have been assumed
as responsible for such oxidation (lipoxygenase and/or peroxidase) [29-31]. However, although
different oxidative mechanisms have been observed in microalgae (peroxidase, superoxide dismutase,
polyphenol oxidase, glutathione peroxidase, etc.) [55,56], none of them have been correlated with the
chlorophyll metabolism so far. Two possible hypotheses can explain the higher rate of oxidation of
chlorophyll b catabolism. Thus, the preferential accumulation of chlorophyll b catabolites could be
due to an unknown chlorophyll b affinity by the pool of oxidative enzymes pool, or this singularity
could be caused by the different localization of both chlorophyll series in the photosynthetic apparatus.
Further research is required to unravel the exact mechanism.

3.3. Pigment Evolution During Heterotrophic Growth

As it can be seen in Table 5, heterotrophy means carotenoid degradation for Scenedesmus obliquus
in our experimental conditions, although at very different rates depending on the carotenoid sort. The
initial 24 h in darkness produces a significant carotenoid degradation except for neoxanthin, while
the concentration of (3-carotene and violaxanthin decreased by half. This decrease was extended
in a lower degree for lutein. From 24 to 48 h of growth in the darkness, carotenoids were highly
stable, the next 24 h interlude (72 h) only being a significant stage for the stability of neoxanthin and
violaxanthin. Extending the heterotrophic culture of Scenedesmus obliquus far from 96 h implied a
carotenoid degradation of at least 85%. In fact, carotenoid production in heterotrophic cultivation
requires additional oxidative stress: high salt concentration, high light, etc. [13]. In any case, it is
important to highlight the different stability of carotenoids in heterotrophic conditions, to face the
future biotechnological strategies aimed to enhance the production of carotenoids.

Table 5. Evolution of the chlorophyll and carotenoid profile during the heterotrophic growth of
Scenedesmus obliquus (mg/kg dw).

Residence Time (h)

Pigment 0 24 48 72 96 120
Neoxanthin 86.4 76.9 80.0 435 36.5 133
Violaxanthin 422 187 184 104 85 18
Lutein 4293 3232 3183 319.2 284.3 63.2
B-carotene 2415 1443 151.2 131.8 1288 6.6
Chld 34 35 35 35 85 108.0
Pheo a 783 157.7 145.0 672 372 299.9
Chlb 20840 26444 27782 19929 11640 895.4
OH-chl a 15.1 111.6 187.5 35 35 2025
Chla 44071 43430 41902 46363 28419 825.4
Phy a 10635 11026 766.1 326.4 262.0 207.0
Tot. carot 799.4 563.2 568.0 505.1 4582 85.0
Tot. chls 78516 83629 80707 70301 43174 25383

Chld a: chlorophyllide a; Pheo a: pheophorbide a; Chl a, Chl b: chlorophyll a, chlorophyll b; OH-chl a:
132-hydroxy-chlorophy11 a; Phy a: pheophytin a; carot: carotenoids. (CV < 10% in all cases).

On the contrary, it was remarkable to observe the behavior of the chlorophyll fraction at
heterotrophic culture conditions. During the initial 48 h of growth, the total amount of chlorophylls
was constant and after that time interval, the chlorophyll profile initiated a phase of net degradation
with increased rate at the end of the controlled period. Such modification in the chlorophyll metabolism
is coincident with an increase of biomass. The initial steady state of the chlorophyll content means
that the biosynthetic and the degradative reactions are evolving at the same rate. Although the exact
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quantity is unknown, the half-life of a chlorophyll molecule is estimated around several hours [57].
This fact implies that during the steady state of chlorophylls in the initial 48 h of heterotrophic culture,
biosynthetic and degradative reactions are running in Scenedesmus cells. Regarding the biosynthetic
metabolism, as stated before green algae can synthesize chlorophylls in dark conditions. Consequently,
during 48 h of heterotrophic cultivation of Scenedesmus, a continuous synthesis of chlorophylls took
place, although at the same rate as the degradative reactions. The first assumption to consider is that
under heterotrophic conditions, the cell does not invest energy in chlorophyll synthesis but focuses on
the cell division and growth process with the available resources. In fact, it has been argued that glucose
can inhibit the chlorophyll biosynthesis, by means of an inhibitory activity towards the precursor
coprophorphyrin III [58]. On the contrary, some reports have shown a certain degree of chlorophyll
retention during heterotrophic growth [59], as we have found for Scenedesmus. The exact physiological
meaning of such energetic investment is unknown to date, although our results are an important
starting point for future biotechnological applications aimed to enhance the chlorophyll production.

In addition, the detailed analysis of the chlorophyll profile during the heterotrophic growth
of Scenedesmus shows accumulation of chlorophyll metabolites produced during the chlorophyll
degradation, that mirror the masked reactions that were under progress. Pheophorbide, chlorophyllide,
and pheophytin are intermediary catabolites during the chlorophyll degradation pathway. Table 5
shows a significant increment of pheophorbide and chlorophyllide a at the end of the controlled period,
concomitant with the main degradation of chlorophylls. However, pheophytin levels continuously
decreased through the cycle, showing no parallelism with the chlorophyll breakdown. The results
suggest that the operating pathways during the heterotrophic cultivation of Scenedesmus are better
related with the chlorophyllase (CHL) pathway (Figure 1) than with pheophytinase one (PPH).
Homologous PPH proteins have been found through BLASTP (Basic Local Alignment Search Tool for
Proteins) searches in green algae but not in cyanobacteria, and it has been proposed that PPHs are also
likely to be operative in the green algae [60], although no functional analysis has been developed so far.
Although such data are not available, PPH seems to not be responsible for the chlorophyll degradation
during heterotrophic conditions, at least during the culture conditions assayed in Scenedesmus.

To the best of our knowledge, accumulation of 132-hydroxy-chlorophylls is described for the first
time in this study during the heterotrophic culture of green microalga, although no 15'-hydroxy-lactone
derivatives were detected. Interestingly, the heterotrophic strategy only induced oxidation in
chlorophyll 2 molecules and no oxidized chlorophyll b compounds were detected in any moment of the
cycle. 132-hydroxy-chlorophyll a production, observed during the initial 48 h of growth in the darkness
could involve a role during the chlorophyll turnover, although the main synthesis is accomplished
with the net degradation of chlorophylls at the end of the cultivation period. As stated before, the
exact role of oxidized chlorophylls in phytoplankton is unclear, but associated with defense, grazing,
senescence, or even death cell [33-38]. Our results show both production and degradation kinetics
during the heterotrophic culture of Scenedesmus, with more than a plausible role during the chlorophyll
degradation. Consequently, the results obtained in Table 5 open a door for future research, with a
focus on the biochemical mechanisms involved in the chlorophyll oxidative metabolism during the
heterotrophic cultivation of green microalgae.

4. Conclusions

As stated in the introduction, the improvement of pigment production with biotechnological
parameters requires a deep understanding of the reactions that take place during the different culture
approaches. In this sense, it is essential to know the physiological strategies that green microalgae
develop to become acclimatized to the environmental conditions. In addition to the technological data,
our study introduces a specific and different chlorophyll oxidative metabolism during phototrophic
and heterotrophic cultivation, which agrees with the measurement of oxidized chlorophyll metabolites
in natural phytoplankton environment [35,36]. Future assays in controlled bioreactors are required to
unravel the precise implication of such oxidative metabolism.
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Abstract: Lipophilic compounds of seaweed have been linked to their potential bioactivity.
Low polarity solvents such as chloroform, diethyl ether, n-hexane and their various combinations were
used to extract the lipophilic antioxidants from brown seaweed namely Himanthalia elongata, Laminaria
saccharina and Laminaria digitata. An equal-volume mixture of chloroform, diethyl ether and n-hexane
(Mix 4) gave the highest total phenol (52.7 + 1.93 to 180.2 + 1.84 mg gallic acid equivalents/g), flavonoid
(31.9 £ 2.65 to 131.3 + 4.51 mg quercetin equivalents/g), carotenoid (2.19 + 1.37 to 3.15 + 0.91 ug/g) and
chlorophyll content (2.88 + 1.08 to 3.86 + 1.22 pg/g) in the tested seaweeds. The extracts were screened
for their potential antioxidant capacity and the extracts obtained from the selected solvents system
exhibited the highest radical scavenging capacity against 2,2’-diphenly-1-picrylhydrazyl radical (ECsq
98.3 +2.78 t0 298.8 + 5.81 mg/L) and metal ions (ECsp 228.6 + 3.51 to 532.4 + 6.03 mg/L). Similarly,
the same extract showed the highest ferric reducing antioxidant power (8.3 + 0.23 to 26.3 + 0.30
mg trolox equivalents/g) in all the seaweeds. Rapid characterization of the active extracts by liquid
chromatography coupled with photodiode array detector and electrospray ionization tandem mass
spectrometry (LC-PDA-ESI-MS/MS) identified cyanidin-3-O-glucoside, fucoxanthin, violaxanthin,
B-carotene, chlorophyll a derivatives and chlorophyll b derivatives in the tested seaweed. The study
demonstrated the use of tested brown seaweed as potential species to be considered for future
applications in medicine, cosmetics and as nutritional food supplement.

Keywords: lipophilic antioxidant; solvent blending; macroalgae; LC-ESI-MS/MS; carotenoid pigment;
anthocyanin; chlorophyll derivative

1. Introduction

The concepts of nutrition are changing rapidly as consumers all over the world have become
more cautious regarding nutritionally healthier food and its ingredients. Recently, a great interest in
using natural plant-derived bioactive compounds in foods, cosmetics and pharmaceuticals has arisen,
due to their nutritional and therapeutic effects [1,2]. The epidemiological and observational literatures
suggest that free radicals play an important role in affecting human health by causing cancers or age
associated neurodegenerative diseases. However, antioxidant-rich foods have shown their relevance
in the prevention of these diseases by mitigating the harmful free radicals or reactive oxygen species
(ROS) [3]. Chemical compounds such as butylated hydroxytoluene (BHT; E-321), butylhydroxyanisole
(BHA; E-320) and ascorbic acid (E-300) are commonly used as synthetic antioxidants in food products to
improve the product quality and shelf life. However, due to possible toxicity of synthetic antioxidants
as well as consumer preference towards natural substances, natural antioxidants are considered safe
and more acceptable for use as ingredients in functional foods, nutraceuticals and cosmetics [4,5].
Among the most studied classes of natural antioxidants, phenolic compounds and carotenoid pigments
are widely distributed in the plant kingdom and have received much attention for their high antioxidant
activity [6]. Although these functional ingredients are not restricted to terrestrial resources, plants in
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general and seaweeds (marine plants) in particular, are good sources of natural antioxidants. Seaweed
grows in extreme environmental conditions thus producing a variety of antioxidant compounds to
counteract environmental stresses [7]. The most important naturally occurring seaweed substances
showing antioxidant properties are polyphenols, phlorotannins, flavonoids, carotenoids, fatty acids,
polysaccharides and amino acids, which in varying proportion and quantities, are reported in different
seaweed species [8-10]. A variety of in vitro studies have shown that lipophilic compounds such as
carotenoid pigments and some polyphenols and flavonoids exhibit strong antioxidant activity [11-14].
These compounds are capable of acting as primary antioxidants by reacting with free radical species
or could act as secondary antioxidants (metal chelator) by blocking the generation of hypervalent
metal forms [15]. Such antioxidant activities of carotenoids and polyphenols may protect cells from
ROS-induced cellular damage, thereby reducing the risk of diseases associated with oxidative stress [16].

Multiple compounds from hundreds of algal species have been studied up until now and a range
of compounds possessing antioxidant properties have been discovered. Among these compounds,
some compounds are of polar or hydrophilic nature (e.g., phlorotannins), some are semi-polar
(e.g., phenolic acids and simple flavonoids), some and others are non-polar or lipophilic in nature
(e.g., carotenoids, fatty acids). They may also exist as complexes with sugar, proteins and other cell
membrane components; which make them quite insoluble and a selective solvent system is required
to solubilize and extract them [17]. Extractability of bioactive compounds is associated with the
polarity of solvents (polar/semi-non-polar) used, as well as their complexity with other constituents.
Finding a solvent system suitable for the extraction of all classes or a specific class of antioxidant
is restricted by the chemical nature of these bioactive compounds. These bioactives are present in
matrices as a complex mixture of compounds that provide a cocktail of many active components
present in the free, esterified, glycosylated and bound states as conjugates with other components that
lead to the formation of insoluble complexes. The solubility of these compounds is administered by
the nature of raw material, degree of polymerization and the polarity of solvent used [1]. Therefore,
the extraction of these active ingredients from seaweed matrices is the key step to utilizing them
for pharmaceutical, cosmeceutical, and foods as well as nutraceutical preparations. Thus, to obtain
extracts enriched in lipophilic compounds, it is of critical importance to select efficient extraction
solvent systems to improve their extractability and to maintain stability. Additionally, extraction
solvent can have a significant effect on the performance of antioxidant reaction mechanisms which
can change the chemical behavior of antioxidant compounds [18]. Therefore, there is no uniform
or completely satisfactory procedure that is suitable for extraction of all compounds or a specific
class of compounds from plant materials [17]. Thus, the objective of the present study was to select
the appropriate solvent system that is capable of extracting lipophilic compounds from Irish brown
seaweeds and to evaluate the antioxidant capacity and phytochemical constituents of those extracts.
Seaweeds were extracted with semi/non-polar solvents and their mixtures, in order to get the lipophilic
antioxidant compounds. The crude extracts were screened for total polyphenol, flavonoid, chlorophyll
and carotenoid content along with antioxidant reducing power and potential radical scavenging
capacity against 2,2’-diphenyl-1-picrylhydrazyl (DPPH) radicals and metal-ions. The identification and
characterization of antioxidant compounds were carried out by using liquid chromatography coupled
with electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) and UV-visible spectroscopy.

2. Materials and Methods

2.1. Chemicals, Solvents and Standards

Folin-Ciocalteu’s phenol reagent, 2,2’-diphenyl-1-picrylhydrazyl (DPPH), 3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-4’,4’’-disulphonic acid monosodium salt (ferrozine), 2,4,6-tripyridyl-s-triazine
(TPTZ) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were purchased from
Sigma-Aldrich Chemical Co. (Steinheim, Germany). For LC-MS analysis, solvents such as water,
methanol and acetonitrile were chromatography grade which was purchased from Fisher Chemicals
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(Thermo Fisher Scientific Inc., Dublin, Ireland). Authentic standards including L-ascorbic acid,
gallic acid, quercetin, cyanidin 3-glucoside, fucoxanthin and violaxanthin were purchased from
Sigma-Aldrich Chemical Co. (Arklow, Co. Wicklow, Ireland). All other chemicals used in the study
were analytical grade and purchased from Sigma-Aldrich Chemical Co. (Ireland).

2.2. Seaweed Materials and Extraction Procedure

Irish brown seaweeds (Figure 1) used in this study namely, Laminaria digitata, Laminaria saccharina
and Himanthalia elongata (Phaeophyta) were purchased from Quality Sea Veg., Co Donegal, Ireland.
Among the tested seaweeds, L. digitata and L. saccharina (also known as Saccharina latissima) are large
conspicuous dark brown and yellow brown kelp, commonly found down to a maximum depth
of 20 m and 30 m in clear waters respectively. The stipes of L. digitata are smooth, flexible and
oval in cross section while L. saccharina has a long undivided frond with a distinct bullations and a
distinctive frilly undulating margin. Both are usually found attached to bedrock or other suitable
hard substrata in the low water in Intertidal pools and occasionally in the shallow subtidal zones.
H. elongata is a light yellow-brown fucoid species which has long, narrow, strap-like branched fronds
with basal mushroom-like buttons. It is found attached to rocks or hard substrata on moderately
semi-wave-exposed shore. Seaweed species were harvested and collected in winter (January/February),
washed thoroughly with fresh water to remove epiphytes, eliminate salt, sand or shells and stored at
—20 °C until analysis.

L. digitata H.elongata

Figure 1. Images of brown Irish seaweeds studied.

Extraction of lipophilic components from seaweed was carried out by crushing the fresh sample
with liquid nitrogen followed by extraction with semi/non-polar organic solvents such as chloroform,
diethyl ether, n-hexane and thereof mixtures according to the method described earlier [19,20].
The mixtures of solvents used were; Mix 1 (n-hexane and diethyl ether), Mix 2 (n-hexane and
chloroform), Mix 3 (diethyl ether and chloroform) and Mix 4 (n-hexane, diethyl ether and chloroform).
All the solvents were mixed either 1:1 (v/v) or 1:1:1 ratio (v/v/v) depending upon the mixtures, and
dielectric constant (¢) of individual solvent as well as their mixture were taken into account. The
extracted samples were filtered with Whatman #1 filter paper and centrifuged at 9168x g (Sigma 2-16PK,
SartoriusAG, Gottingen, Germany) for 15 min. The resulting supernatant was evaporated to dryness,
and the dried lipophilic extract was dissolved in HPLC (high performance liquid chromatography)
grade methanol for further analysis. The whole extraction procedure was carried out under dark
conditions to minimize the possibility of oxidation/degradation of antioxidant compounds by light.

2.3. Phytochemical Constituent Analysis

Crude lipophilic extracts of seaweed were screened for total phenolic content (TPC), total flavonoid
content (TFC), total chlorophyll content (TChC) and total carotenoid content (TCC). TPC was determined
according to Ganesan et al. [9]. Samples were read at 720 nm and the results were expressed as mg
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gallic acid equivalents (GAE)/g dry weight (dw) extract. TFC and TTC were determined according to
Liu etal. [21]. Samples were read at 510 nm and 500 nm, and the results were expressed as mg quercetin
equivalents (QE)/g extract (dw) and mg (+)-catechin equivalents (ChE)/g extract (dw), respectively.
TChC and TCC were determined according to Arnon (1949) and Kirk and Allen (1965) respectively.
For chlorophyll, the samples were read at 645 nm and 663 nm, and total content was calculated by
using Equation (1), while for total carotenoids, the absorbance of the same chlorophyll samples was
recorded at 480 nm and content was calculated by using Equation (2).

TChC (ug/g; dw) =20.2 X (Agss) + 8.02 X (Agg3) (1)
where A = Absorbance at respective wavelength
TCC (ug/g; dw) = Asgp + (0.114 X Aggs) — (0.638 X Agys) )
where, A = Absorbance at respective wavelength
2.4. Antioxidant Capacity Analysis

2.4.1. DPPH Radical Scavenging Capacity Assay

This assay was carried out according to the method reported earlier [22]. Ascorbic acid was used
as a standard and the absorbance of the standard or samples was recorded at 517 nm using a 96-well
plate reader. The ability of samples to scavenge the DPPH radical was calculated using Equation (3):

DPPH radical scavenging capacity (%) = [1 = (Asample = Asample blank)/Acontro1] X 100 3)
where, A = Absorbance of sample/sample blank or control

2.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

Total antioxidant reducing power of various extracts of seaweed was measured using modified
FRAP assay [23]. Trolox was used as a standard and the absorbance of the standard or samples was
recorded at 593 nm, and the results were expressed as mg trolox equivalents (TE)/g extract (dw).

2.4.3. Metal Ion-Chelating Ability Assay

The chelating ability of metal ion (ferrous ion) by seaweed extracts was estimated using the original
method of Decker and Welch [24] with minor modifications. This assay is based upon the formation
of blue colored ferrous ion-ferrozine complex which has a maximum absorbance at 562 nm. EDTA
(ethylenediaminetetraacetic acid) was used as a standard compound. The percentage of inhibition of
ferrozine-FeZ* complex formation was calculated using Equation (3).

2.5. Characterization of Lipophilic Compounds using Liquid Chromatography Mass Spectrometry (LC-MS)

Antioxidant compounds in the lipophilic extracts were analyzed on 6410 Triple Quadrupole
LC/MS, fitted with Agilent 1200 series LC, G1315B variable-wavelength photodiode array (PDA)
detector and MassHunter Workstation software (version B.04.00, Agilent Technologies, Santa Clara, CA,
USA). The separation was performed at 25 °C using an Atlantis C-18 (250 X 4.6 mm, 5 pum particle size)
column fitted with a suitable C-18 (4.0 x 3.0 mm) guard cartridge (Waters, Dublin, Ireland). The mobile
phase consisting of ternary solvents of acetonitrile/methanol/water (75:15:10, v/v/v) containing 1.0 g/L
ammonium acetate, eluted at 1.0 mL/min for 25 min, was adopted from Sugawara [25]. The injection
volume of 10 uL was kept constant for samples and standard compounds. UV-vis absorption of the
selected extracts was recorded from 190 to 600 nm using LC-PDA detector and the Amax (absorption
maxima) of each peak was noted. Peaks assignments were made by comparing the UV/visible spectra
of analytes to standard compounds, and available literature. Mass spectral data were recorded on
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positive ionization mode using electrospray ionization (ESI) interface with 3.5 kV capillary voltage,
120 V fragmentor voltage and 10 eV collision energy in the mass range of m/z 100-1000. Nitrogen
gas was used as the nebulizer and drying gas with 50 psi pressure, 10 L/min flow rate, 350 °C drying
temperature and 35 nA capillary current. The identification of the peaks was carried out using mass
spectral data of standard compounds where possible. Identification of remaining peaks was based on
UV-visible spectral (Amax) characteristics and the results were compared with the literature when no
standards were available.

2.6. Statistical Analysis

Statistical analyses were carried out using STATGRAPHICS Centurion XV software (version XV,
Statgraphics Technologies, Inc., The Plains, VA, USA). All the experiments were carried out in triplicate
and repeated twice. Results are expressed as mean + standard deviation. Statistical differences
between antioxidant activities or phytochemical content of extracts were determined using Analysis of
Variance (ANOVA) followed by Least Significant Difference (LSD) testing. Differences were considered
statistically significant when p < 0.05.

3. Results and Discussion

3.1. Phytochemical Content in Lipophilic Extracts

It is widely accepted that bioactive compounds can be classified by their solubility into hydrophilic
and lipophilic compounds. Similar to hydrophilic compounds, lipophilic compounds also play an
important role in a wide spectrum of biochemical and physiological processes [11]. These lipophilic
compounds can be extracted with semi/non-polar solvents in plants wherein polarity of the solvents
play a significant role in the resulting yield, extractability and biological activity of bioactive compounds.
In this study, various organic solvents and their combinations with varying dielectric constant were
used to extract lipophilic compounds from 3 brown seaweed.

Results from Table 1 have shown a considerable variation in the extraction yield among the
extracts recovered from various low polarity solvents and their mixtures. The extraction yield varied
from 0.05% to 0.20% among all the tested seaweeds. The extracts recovered from n-hexane and Mix 1
solvents exhibited significantly (p > 0.05) the highest and the lowest extraction yield respectively. It is
reported that low polarity (semi/non-polar) solvents generally give less extraction yield as compared
to polar solvents [26] which is in agreement with the results obtained in this study.

Table 1. Extraction yield and phytochemical content of lipophilic extracts of brown seaweed obtained
from various organic solvents and their mixtures (semi/non-polar solvents).

Organic Dielectric Yield TPC TFC TCC TChC
Solvents Constant (&) % mg GAE/g mg QE/g (ug/g) (ug/g)
H. elongata
n-hexane 2.0 0.20 + 0.02 P 14.1+0.792 11.3+2502 1.55+0.12°2 3.23+1.01°
Diethyl ether 43 0.17 +0.01° 165.2 + 1.46 P 92.1+5.64° 218 £0.93° 2.41+1.00°
Chloroform 5.0 0.11 +0.01 ¢ 712 +233¢ 375+3.75°¢ 2.81+1.03°¢ 6.62 +1.34°¢
Mix 1 32 0.05 +0.02¢ 121.5 +3.67 4 60.4 +4.024 1.79 +0.224 1.70 + 0.91 4
Mix 2 35 0.16 + 0.03 >4 152.3 +1.98¢ 55.8 +2.60 4 19340314 1.56 +0.61 94
Mix 3 47 0.16 + 0.02° 88.9+2.96° 85.8 +3.82P 2.66 + 1.04 ¢ 3.68 +1.12°¢
Mix 4 * 3.8 0.14 +0.01 ¢ 1802+ 1.848P 1313 +4.51°P 3.15+0.91 tp 3.86 +1.22 %P
L. saccharina
n-hexane 2.0 0.19 +0.03 >4 9.5+1.932 6.9 +0.88 2 1.45+042° 4.66 +1.03°
Diethyl ether 43 0.12+0.01° 53.4 +0.96 33.1+2.65° 214 +0.83° 3.48 +0.93°
Chloroform 5.0 0.08 + 0.02 4 125+0.32¢ 7.5+0.002 2,59 + 091 ¢ 7.82 +154¢
Mix 1 3.2 0.06 +0.01 ¢ 29.1 +0.64 4 175+ 1.77¢ 1.86 +0.63 4 2.75+1.08 4
Mix 2 35 0.11 +0.04° 252 +1.61°¢ 15.0 +3.54¢ 2,08 +0.39° 246 +1.17¢
Mix 3 47 0.09 + 0.01 ¢ 39.8+1.61° 225+1774 2.73+0.84° 348 +1.32°
Mix 4 * 3.8 0.07 +0.01 4 734 +0.32 84 56.3 + 1.77 %4 2.75 +0.88 %4 3.62 +1.22 P
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Table 1. Cont.

Organic Dielectric Yield TPC TFC TCC TChC
Solvents Constant (g) % mg GAE/g mg QF/g (ug/g) (ug/g)
L. digitata

n-hexane 2.0 0.17 +0.02 2% 7.7 +0.642 4.4+088° 1.20 £1.242 619+ 1422
Diethyl ether 43 0.14 + 0.02 >4 489 +225° 29.4 +2.65° 135+1.64° 5.65+1.64°
Chloroform 5.0 0.09 + 0.01 be 152+225¢ 8.1+0.88¢ 193 +1.17°¢ 8.86 +1.93¢
Mix 1 32 0.08 +0.02¢ 29.1+2574 18.1+0.88 4 1.39 +1.28° 462+1.764
Mix 2 35 0.11 +0.04° 29.5+257¢ 18.1+2.654 144 +0.689 247 +148¢
Mix 3 4.7 0.12 + 0.00 >4 46.8 +257F 263 +1.77 % 143+1294 271+139f
Mix 4 * 3.8 0.11+0.02° 52.7 +1.93 8" 31.9 +2.65°F 219 +1.37 % 2.88 +1.08 4

Values are expressed as mean =+ standard deviation (SD). Values within a species with different letters (a-g) in
columns are significantly different (p < 0.05), n = 6. * Values among the three species with different letters (p-r) in
columns, are significantly different (p < 0.05). Yield (%) is calculated in terms of g of dry extracts/100 g of fresh
weight. TPC (total phenolic content) and TFC (total flavonoid content) are expressed as mg gallic acid equivalents/g
(dw) and mg quercetin equivalents/g (dw), respectively. TCC (total carotenoid content) and TChC (total chlorophyll
content) are reported in pug/g (dw). Mix 1: n-hexane and diethyl ether; Mix 2: n-hexane and chloroform; Mix 3:
diethyl ether and chloroform; Mix 4: n-hexane, diethyl ether and chloroform. All the solvents were mixed in 1:1 or
1:1:1 (v/v/v) ratio.

Phytochemical content was majorly affected by the polarity of the extraction solvents as depicted
in Table 1. In each of the tested seaweed, TPC from all the extracts was significantly different (p > 0.05)
among the tested solvent systems. The extracts obtained from n-hexane exhibited the lowest TPC
(varied from 7.7 + 0.64 to 14.1 + 0.79 mg GAE/g) while the extracts recovered from Mix 4 (n-hexane,
diethyl ether and chloroform) solvents showed the highest TPC (ranging from 52.7 + 1.93 to 180.2 + 1.84
mg GAE/g), in all the species studied. The highest and significantly different (p < 0.05) amount of TPC
was obtained in H. elongata followed by L. saccharina and L. digitata with the Mix 4 solvent system.

In the case of total flavonoid, the results showed that TFC in seaweeds varied considerably with
the solvent polarity. The TFC of extracts obtained from different low polarity solvents and their
mixtures ranged from 11.3 + 2.5 to 131.3 + 4.51 mg QE/g in H. elongata, 6.9 + 0.88 to 56.3 + 1.77 mg
QE/g in L. saccharina and 4.4 + 0.88 to 31.9 + 2.65 mg QF/g in L. digitata. The extract from Mix 4
solvents exhibited the highest and significantly different (p < 0.05) TFC in H. elongata followed by
L. saccharina and L. digitata. However, the extract obtained from n-hexane showed the lowest TFC in all
the seaweed species (Table 1). There was no significant difference observed in TFC between the extract
of Mix 1 (n-hexane: diethyl ether) and Mix 2 (n-hexane: chloroform) solvents within an individual
seaweed species.

Pigments such as carotenoids play an important role in seaweed reproduction and are responsible
for different colors. Fucoxanthin, a major pigment of brown seaweeds, is one of the most abundant
carotenoids in nature and constitute 10% to total carotenoid production [27]. It is an orange-colored
pigment, found along with chlorophyll pigment (7 and c) and f-carotene, to give a brown or olive-green
color to brown seaweed [28-30]. Numerous studies have shown that brown seaweed pigments such
as fucoxanthin, violaxanthin and g-carotene have substantial applications in human health. These
pigments have been explored for its potential bioactivities including antioxidant, anti-inflammatory,
anticancer, anti-obese and antidiabetic property [14,31,32]. Table 1 shows that the spectrophotometric
measurement of total carotenoids and total chlorophyll content in various extracts of 3 brown seaweed
studied. The results revealed that the Mix 4 solvent system produced significantly higher TCC in
H. elongata followed by L. digitata and L. saccharina whereas n-hexane extracts presented the lowest
values among the tested seaweed. In the case of chlorophyll content, extracts from chloroform (instead
of Mix 4 solvents) exhibited the highest TChC while extracts recovered from Mix 2 solvents showed the
lowest TChC (p < 0.05), among the tested seaweeds and their extracts (Table 1). It was observed that
the chloroform extract of L. digitata exhibited the highest TChC (p < 0.05) whereas H. elongata extract
presented the lowest TChC.

Furthermore, upon analyzing TPC, TFC, TChC and TCC results against the polarity or dielectric
constant of extraction solvents and their mixtures, an interesting relationship was observed. The results
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interpreted that the phytochemical content was primarily affected by the semi/non-polar extraction
solvents. The dielectric constant of solvents and their mixtures was in the range of 5.0 to 2.0 with the
following decreasing order: chloroform (5.0) > Mix 2 (4.7) > diethyl ether (4.3) > Mix 4 (3.8) > Mix 3 (3.5)
> Mix 1 (3.2) > n-hexane (2.0). The dielectric constant of the mixed solvents is calculated on the basis of
percentage (v/v) of each solvent used for the combinations. The dielectric constant of a solvent is an
index of its polarity, and an increase in polarity shows a similar increase in the dielectric constant [10].
Mixing of solvents with different polarities is an approach to form a solvent system of optimum
polarity to extract the various bioactive compounds. This approach is referred to as “solvent blending”
or “co-solvency” and uses the dielectric constant as a guide to develop the co-solvent system [33].
The results indicated that the polarity/dielectric constant of Mix 4 solvent system (1-hexane, diethyl
ether and chloroform) was more selective to the lipophilic phenolic compounds present in selected
seaweeds than the other tested solvents and their mixtures. These findings are also in agreement with
the report of Sahreen [34] wherein a range of polarity solvents gave different values of TPC, TFC and
extraction yield. Furthermore, these findings also suggest that yield may not be a good indicator of
phytochemical content of extracts based on the fact that phytochemical content was the lowest in the
n-hexane extract, but had the highest extraction yield in all the studied seaweeds, which agrees with
the previous reported results [35].

This study, as well as other previously reported publications [1,17,36], clearly illustrates that it is
essential to systematically evaluate and optimize the extraction solvent composition for accurate and
reproducible estimation of structurally diverse antioxidant compounds from different plants. In the
present study, the highest recoveries of lipophilic antioxidants from seaweeds samples were obtained
from Mix 4 solvents mixture using a solvent extraction technique.

2

3.2. Antioxidant Capacity of Lipophilic Extracts

The lipophilic extracts of all the three tested seaweed, obtained from various solvents and their
mixtures, were screened for their potential antioxidant capacity using the stable DPPH radicals, FRAP
reagent and by metal ion-chelating ability assay. The results of antioxidant capacity are illustrated in
Figures 2 and 3. It was observed that all the seaweed exhibited a treatment effect and the scavenging of
DPPH radicals by the seaweed extracts was dose-dependent. Results interpreted that ECs, values of
all the extracts obtained from different solvents were significantly different (p < 0.05) in each seaweed
species. The extracts from Mix 4 solvent exhibited the highest scavenging (lowest ECs values) while
the extracts from n-hexane depicted the lowest scavenging capacity (highest ECs( values) against DPPH
radicals (Figure 2a). Among the tested seaweed, H. elongata showed the highest scavenging capacity
(ECs0 98.3 + 2.78 pg/mL) followed by L. saccharina (ECsy 222.4 + 0.84 pug/mL) and L. digitata (ECsg
298.8 + 5.81 ug/mL). The scavenging capacity of the standard ascorbic acid (ECsp 50.6 + 0.79 ug/mL)
was recorded higher than the seaweed extracts.
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Figure 2. 2,2’-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity (a) and ferric reducing
antioxidant power (b) of the Irish brown seaweeds extracts obtained from semi/non-polar organic
solvents and thereof mixtures (1:1 or 1:1:1, v/v/v). [Mix 1: n-hexane and diethyl ether; Mix 2: n-hexane
and chloroform; Mix 3: diethyl ether and chloroform; Mix 4: n-hexane, diethyl ether and chloroform].

[: H. elongata; E4: L. saccharina; : L. digitata]. Data are expressed as mean + SD (n = 6). Ferric
Reducing Antioxidant Power (FRAP) values are expressed as mg Trolox equivalent (TE)/g extract (dry

weight). Letters (a—g) on each bar are significantly different (p < 0.05) for various solvents, for each
individual species. Letters (p-r) on bars at a specific solvent (Mix 4) are significantly different (p < 0.05)
among the three species. Mix 1: n-hexane and diethyl ether; Mix 2: n-hexane and chloroform; Mix 3:
diethyl ether and chloroform; Mix 4; n-hexane, diethyl ether and chloroform. All the solvents were
mixed either 1:1 or 1:1:1 ratio (v/v).

Reducing power appears to be related to the degree of hydroxylation and the extent of conjugation
in polyphenols. The ferric reducing antioxidant power in the various extracts of brown seaweeds
was studied and the results are presented in Figure 2b. The reducing ability of all the extracts were
significantly different within each species and ranged from 5.5 + 0.20 to 26.3 + 0.30 mg TE/g dw extract
in H. elongata, 1.6 + 0.06 to 10.9 + 0.29 mg TE/g dw extract in L. saccharina and 1.7 + 0.06 to 8.3 + 0.23
mg TE/g dw extract in L. digitata. Of the tested extracts, Mix 4 solvent extracts (n-hexane, diethyl
ether and chloroform) exhibited the highest and statistically different (p < 0.05) FRAP value in H.
elongata followed by L. saccharina and L. digitata, while the extract obtained from the n-hexane showed
the lowest reducing power in the tested seaweed. Jiménez-Escrig [37] reported that Fucoid species
contained more reducing power than Laminaria species which is in agreement with the present results.

Ferrous ions are the most powerful pro-oxidants among various species of transition metals
present in food systems. Dietary antioxidants (nutrients) having the metal chelating ability, form
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o-bonds with metal ions and reduce the redox potential thereby stabilizing the oxidized form of the
metal ions [38]. As seen in Figure 3, the formation of Fe?*-ferrozine complex is disrupted in the
presence of various extracts from brown seaweeds. The absorption of this complex decreased linearly
in a dose-dependent manner. All the extracts had a high level of metal ion chelating ability but were
significantly lower as compared to the EDTA. Among all the tested solvents, the extract from Mix
4 solvents showed the highest chelating ability (p < 0.05) while extracts from n-hexane showed the
lowest metal chelating ability at any tested concentration. In contrast to FRAP and DPPH scavenging
activity, the metal chelating ability was recorded higher in Laminaria species compared to H. elongata.
The percentage of the metal chelating ability of all the extracts at 1000 pug/mL concentration was found
to be 22.7 to 57.8% in H. elongata, 48.9 to 81.9% in L. digitata and 52.8 to 82.3% in L. saccharina, while
standard EDTA exhibited almost 100% chelating ability even at very low (125 ug/mL) concentration
(Figure 3).
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Figure 3. Metal-ion chelating ability of ethylenediaminetetraacetic acid (EDTA) standard and the Irish
brown seaweeds extracts obtained from semi/non-polar solvents and mixtures (1:1 or 1:1:1, v/v/v) thereof
(a) H. elongata; (b) L. saccharina; (c) L. digitata. [Mix 1: n-hexane and diethyl ether; Mix 2: n-hexane and
chloroform; Mix 3: diethyl ether and chloroform; Mix 4: n-hexane, diethyl ether and chloroform].
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Results also concluded that dielectric constant of extraction solvent has a significant role in
antioxidant properties of extracted compounds. In this study, the results interpreted that the n-hexane
(& = 2.0) extracts exhibited the lowest while Mix 4 (¢ = 3.8) extracts demonstrated the highest DPPH
scavenging capacity, reducing power and metal ion chelating ability among the tested seaweed.
The pattern of DPPH radical scavenging capacity shown by different solvent extracts were in the
order of Mix 4 > diethyl ether > Mix 3 > Mix 1 > Mix 2 > chloroform > n-hexane (Figure 2a). While
the arrangement of reducing power (FRAP) and metal chelating ability shown by different solvent
extracts was as follows: Mix 4 > diethyl ether > Mix 3 > Mix 2 > Mix 1 > chloroform > n-hexane
(Figures 2b and 3). The recovery of lowest antioxidant activity by n-hexane extracts is in agreement
with the previous findings wherein, Carissa opaca fruit extract obtained from n-hexane showed the
lowest antioxidant capacity as compared to other higher polarity solvents indicating that solvents
polarity significantly affects the antioxidant capacity [34].

3.3. Characterization of Lipophilic Antioxidant Compounds by LC-ESI-MS/MS

The most active extract recovered from Mix 4 solvent system was used for the identification
of lipophilic antioxidant compounds from all the seaweed studied. The selected extracts were
characterized by liquid chromatography coupled with mass spectrometry using positive electrospray
ionization mode (LC-ESI-MS). The identification of bioactive compounds in the extracts was carried out
by comparing retention time, characteristic UV/visible (UV/vis) spectra and ESI-MS fragmentation data
of each separated peak with that of the authentic standard. The UV/vis spectra provide characteristic
chromophore information in pigments which cannot be obtained from MS data [39]. Therefore,
chlorophyll and carotenoid pigments which could not be differentiated by only MS, were characterized
by a combination of UV/vis spectral data with ESI-MS.

The selected extracts exhibited good separation by reverse phase (RP) HPLC and showed 12 distinct
peaks in H. elongata, 13 peaks in L. saccharina and 12 peaks in L. digitata. The UV-vis absorption maxima
(Amax) recorded by online HPLC-PDA analyses of each peak are shown in Table 2. The absorption
maxima (Amax) of peaks recorded at 280 and 532 nm corresponds to anthocyanin pigments (flavonoid
derivatives) in all the extracts [40]. Compounds with typical absorptions between 400 and 500 nm
with Amax at around 425 nm corresponding to carotenoids. Absorption bands between 400-500 nm
and 500-600 nm with Amax at 430 nm and 660 nm (chlorophyll a derivatives) and at 450 nm and
640 nm (chlorophyll b derivatives) representing chlorophylls [39,41]. The characteristic UV spectra
revealed the presence of 8 carotenoid derivatives, 2 chlorophyll derivatives and 1 anthocyanin pigment
while 1 peak was unidentified in H. elongata. Similarly, L. saccharina extract showed the presence of 9
carotenoid derivatives, 2 chlorophyll derivatives while 2 peaks were unidentified. UV spectral data
from L. digitata extract exhibited the occurrence of 7 carotenoid derivatives, 2 chlorophyll derivatives
and 1 anthocyanin pigment while 2 peaks were unidentified. The pattern of the absorption spectrum, as
well as corresponding Amax, was similar for numerous compounds extracted among 3 seaweed species
studied which indicates that the tested seaweed may have a few similar compound compositions. Due
to the presence of the long chromophore of conjugated double bonds, carotenoid pigments can absorb
UV and visible light and provide precious information about their structure [42]. Hence, characteristic
UV-visible maxima (Amax) of each individual peak of HPLC-PDA profile of selected extracts were
recorded. On the basis of UV-visible spectra, these pigments can be summarized under three categories
i.e., tetrapyrroles (chlorophyll derivatives), carotenoids (carotene and xanthophyll derivatives) and
flavonoids (anthocyanin derivatives). Generally, both chlorophylls and carotenoids show absorption
maxima within the region of 400-500 nm but only chlorophyll derivatives show an additional band
within the region of 550-700 nm, which differentiate them from carotenoid derivatives [43].
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Table 2. UV/visible (Amax) and characteristic mass spectra (MS/MS) of the compounds isolated from

lipophilic extracts of brown seaweeds H. elongata, L. saccharina and L. digitata.

Peak . Molecular Ion Species Fragment Ions e s
No tg [min] Amax [nm] M* [m)z] (MS-MS) [m/z] Identification
H. elongata
1 21 269,424 - - Unidentified
2 25 282,532 449 [M + HJ* 287 [M + H - 162]* Cyanidin-3-O-glucoside
3 3.2 326,425 - - Carotenoid
. 4442 [M + H - 92]* 3
4 3.8 453,480 536.9 [M + H] 4303 [M + H — 106]* p-carotene
. 5835 [M + H - 18]* ) )
5 53 272,408,505 601.5 [M + H] 565.5 [M + H — 18 — 18]+ Violaxanthin
6 6.2 278,430,620,662 893.5[M + H]* 615.2 [M + H — 278]* Chlorophyll a derivative
7 8.5 276,420,446 - - Carotenoid
8 9.8 275,430,592,664 - - Chlorophyll
9 11.5 273,423,513 - Carotenoid
10 13.5 327,420,472,505 - - Carotenoid
641.6 [M + H — 18]* .
+
11 154 266,332,448 659.6 [M + H] 5815 [M + H - 78]+ Fucoxanthin
12 241 278,422,508 - - Carotenoid
L. saccharina
1 19 278,424 - - Unidentified
2 25 326,425 - - Carotenoid
3 3.0 269,425 - - Unidentified
4 34 424,572 - - Carotenoid
5 3.8 430,620,662 893.5[M + H]* 615.2 [M + H — 278]* Chlorophyll a derivative
6 4.2 272,425,532 - - Carotenoid
583 [M + H — 18]* . .
-
7 5.0 276,413,504 601 [M + H] 565 [M + H — 18 — 18]+ Violaxanthin
8 5.9 422,532 - - Carotenoid
9 8.3 276,424,504 - - Carotenoid
10 8.9 431,483,665 - - Chlorophyll
11 109 421,572 Carotenoid
641.2 [M + H — 18]* )
-
12 12.6 266,332,448 659.2 [M + H] 5815 [M + H — 78]* Fucoxanthin
13 19.7 276,429,527 - - Carotenoid
L. digitata
1 1.8 282,532 449 [M + H]* 287 [M + H - 162]* Cyanidin-3-O-glucoside
2 4.4 425,572 - - Carotenoid
583.5 [M + H — 18]* ) )
.
3 5.6 273,410,505 601.5 [M + H] 5655 [M + H — 18 — 18]+ Violaxanthin
4 7.4 320,531 - - Unidentified
5 8.1 425,483,529 - - Carotenoid
6 9.4 451,484,507,641 906.2 [M + HJ* 6282 [M + H - 278]* Chlorophyll b derivative
7 10.4 275,430,620,662 893.5[M + H]* 615.2 [M + H — 278]* Chlorophyll a derivative
8 11.1 328,536 - - Unidentified
9 13.0 277,359,420 - - Carotenoid
10 13.7 425,572 - - Carotenoid
11 15.9 274,376,427,527 - - Carotenoid
12 18.8 274,399,429,528 - - Carotenoid

Isolated lipophilic compounds from each extract were submitted for LC-ESI-MS/MS analysis.
HPLC coupled to mass spectrometry with ESI proved extremely useful for peak assignment and gives
a great deal of structural information and characterization of individual substances. Table 2 shows
the typical ions resulting from mass spectra of lipophilic compounds obtained by LC-ESI-MS and
MS/MS fragmentation. The ESI-MS spectra produced 5 protonated ([M + H]*) molecules at m/z 449
(peak 2), 536.9 (peak 4), 891.2 (peak 6), 601.5 (peak 7) and 659.6 (peak 11) in H. elongata; 3 protonated
molecules at m1/z 891.2 (peak 5), 601.5 (peak 7) and 659.6 (peak 12) in L. saccharina and 4 protonated
molecules at m1/z 449 (peak 1), 601.5 (peak 3), 891.2 (peak 6) and 905.5 (peak 7) in L. digitata (Table 2).
However, MS spectra did not show any other protonated molecules from the remaining peaks of tested
seaweed extracts.

Furthermore, all protonated ions were submitted for MS/MS fragmentation and their major
fragmented ions are presented in Table 2. Results indicated that MS-MS fragmentation of peak 2
(tr 2.5 min) in H. elongata and peak 1 (tg 1.8 min) in L. digitata produced a major fragmented ion at
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mfz 287 [M + H — 162]* due to loss of a glucose molecule from the base peak ion m/z 449 (Table 2),
suggesting the presence of cyanidin-3-O-glucoside, which corresponds to aglycone cyaniding [44].
Anthocyanin derivatives exhibit the characteristic UV-visible maxima at a range of 515-550 nm (band I)
and 275-285 nm (band II) whereas, these compounds do not show any absorption at around 400 nm [23].
Characteristic UV spectra recorded for peak 2 (H. elongata) and peak 1 (L. digitata) which showed a
Amax at 282 nm and 532 nm are in agreement with reported literature [23].

p-carotene, a carotenoid pigment, was identified only in H. elongata extract. A characteristic
UV spectrum of peak 4 (fg 3.8 min) showed a Amax at 453 nm and 480 nm while MS data exhibited
a molecular ion m/z 536.9 and upon MS/MS fragmentation, the major fragments were produced
at m/z 444.2 and 430.3 corresponding to the elimination of toluene (92 u, atomic mass unit) and
xylene (106 u), part of the central acyclic chain of the f-carotene skeleton, respectively (Table 2).
This fragmentation pattern indicates the presence of extensive conjugation within the molecule or
the cyclization of fragments of the polyene chain of the p-carotene skeleton [45]. The -carotene is
identified in accordance with the published results [41,46,47].

Peak 5 (tg 5.3 min) in H. elongata, Peak 7 (g 5.0 min) in L. saccharina and Peak 3 (tg 5.6 min) in
L. digitata extracts were identified as violaxanthin according to the Amax and its molecular ions. From
MS analysis of these peaks, protonated molecular ion [M + H]* was detected at m/z 601.5 and fragment
ions at m/z 583.5 and 565.5 corresponding to the loss of one (18 u) and two water molecules (36 u)
from the protonated ion respectively (Table 2). These assignments are consistent with the ESI-MS/MS
fragmentation pattern of violaxanthin standard and are also in agreement with the mass fragmentation
data described by Rivera et al. [45] wherein similar MS/MS fragmented ions (1m/z 583 and 565) were
recorded for violaxanthin pigment.

Peaks 11 in H. elongata and Peak 12 in L. saccharina extracts showed the same absorption spectra
with the Apax at 266 nm, 332 nm and 448 nm, but have the different retention times (fg 15.4 and
12.6 min respectively). The MS data showed a molecular ion m1/z 659.6, suggesting the presence of
fucoxanthin pigment, which was confirmed by the fragment ions at m/z 641.6 and 581.5 due to the
loss of water (18 u) and acetic acid along with water (78 u) from the base precursor ion respectively
(Table 2). A similar ESI-MS/MS fragmentation pattern was recorded with fucoxanthin standard which
confirmed the presence of fucoxanthin pigment in both seaweed extracts [14].

Identification of chlorophyll in all 3 tested extracts was confirmed by characteristic Amax, MS
and MS/MS fragmentation data. Peak 6 (fg 6.2 min) in H. elongata, peak 5 (fg 3.8 min) in L. saccharina
and peak 7 (R 9.4 min) in L. digitata extracts exhibited the same absorption spectra with the Anax at
430 nm, 620 nm and 662 nm which corresponds to chlorophyll a derivatives. Different retention time
of chlorophyll a derivative in different tested seaweeds are probably due to the presence of different
epimers of chlorophyll 2 molecule. Chlorophyll epimers exhibit identical absorption spectra to the
chlorophyll molecule but show different chromatographic abilities [48]. For instance, chlorophyll a’,
an epimer of chlorophyll g, is less polar and appears on the longer retention time than chlorophyll a,
because the -CHOOCHj3 group at the C-132 position in the chlorophyll a molecule is on a different
plane of the C-17% phytyl chain and is therefore less hindered, thus more polar than chlorophyll a’ [49].
Epimers of chlorophyll and its derivatives are mostly naturally present but sometimes chlorophylls
can be converted into its epimers during the extraction process. Therefore, it is anticipated that
different seaweed extracts had different epimers of chlorophyll a derivative thus eluted at different
time intervals. The most abundant product ions in ESI positive ion mass spectra of chlorophyll and
its derivatives, usually relate to the dissociation of a quite weak esterifying phytyl linkage at the
C-17 position of chlorophyll skeleton resulting in a fragmentation with the loss of the phytyl chain
(as the phytadiene, CyoHsg) which appeared in the mass spectrum at the m/z value corresponding
to [M + H — 278]* [48,50]. The MS spectra showed the precursor ion [M + H]* at m/z 893.5 and the
fragment ions detected at m/z 615.2 correlating to the loss of the phytyl chain [M — 278]+ (Table 2).
On the contrary, chlorophyll b derivative was detected only in L. digitata extract which was identified by
absorption spectra of peak 6 (fg 10.4 min) with the Amax at 411 nm, 484 nm and 507 nm, and protonated
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molecular ion [M + H]* at m/z 905.5. The presence of chlorophyll b derivative was confirmed by the
fragment ions m/z 629.2 correlating to the removal of the phytyl chain from the chlorophyll skeleton
(Table 2). Chlorophyll b has 14 u higher molecular weight than chlorophyll 2 because of the presence of
formyl group (-CHO) instead of a methyl (-CHj) group at the C-7 position in chlorophyll skeleton.
The presence of aldehyde group increases the polarity of chlorophyll b thus elutes prior to chlorophyll
a on a non-polar C-18 column [49]. The identification of chlorophyll compounds was carried out as
reported by Zvezdanovi¢ et al. [50] who described a similar fragmentation pattern of chlorophyll
derivatives using ESI-MS/MS.

Brown seaweeds are a valuable source of lipophilic antioxidants and these compounds have
a tendency to dissolve in low polarity solvents and are considered to be lipophilic in nature [43].
Our results revealed that the extraction yield in the extracts from n-hexane (least polar) was significantly
higher in all the seaweed, however, the same extracts exhibited the lowest antioxidant capacity and
phytochemical constituents. Furthermore, extracts from Mix 4 showed lower extraction yield but
displayed the highest antioxidant capacity and phytochemical constituents. This indicated that polarity
of an extraction solvent has no direct relation with the extraction yield and antioxidant activity,
and a selective solvent system (with optimum polarity) is required to extract lipophilic antioxidant
compounds from seaweed. On a contrary, Matanjun [26] reported that more polar compounds were
found in seaweed extracts and increasing solvent polarity increased the extraction yield.

It was observed that H. elongata was better seaweed than L. saccharina and L. digitata as a source of
antioxidants. Results interpret that all extracts from H. elongata exhibited highest antioxidant capacity
(DPPH and FRAP), total phenol and flavonoid content compared to L. saccharina and L. digitata. Previous
studies also reported that Fucoid species (H. elongata) contained higher phytochemical constituents and
antioxidant activity than kelps (L. saccharina and L. digitata) which is in agreement with the present
results [22,37,46]. The high antioxidant activities of HE may be due to the high phenolic, flavonoid and
carotenoid content. The results also indicated a strong correlation between the antioxidant activity
(DPPH, FRAP) and total phenolic content, which agree with study of Duan et al. [36]. On a contrary, the
metal-ion chelating ability was detected higher in L. saccharina and L. digitata as compared to H. elongata
which are in agreement with our previous findings wherein methanolic extracts from Laminaria species
exhibited higher chelating ability than H. elongata [22]. Metal chelating ability in terms of ferrous ion
chelating capacity is claimed as one of the important mechanisms of antioxidant activity. The ferrous
ions are the most powerful pro-oxidants among various species of transition metals present in food
systems [51]. Antioxidants from seaweed could either act as free radical scavengers and mitigate the
ROS/free radicals [52] or could prevent the formation of hydroxyl radicals by either deactivating free
metal ions through chelation or converting H,O; to other harmless compounds (such as water and
oxygen) [11].

Previous studies have reported many compounds in seaweed, for example zeaxanthin,
fucoxanthin, violaxanthin, p-carotene, phlorotannins, anthocyanin, gallic acid, kaempferol, gallic
acid 4-O-glucoside, cirsimaritin, carnosic acid, epigallocatechin gallate, epicatechin and fatty acids,
which are strong antioxidant components [11,14,39-41,45,53-55]. In this study, the antioxidant capacity
in lipophilic extract were the result of pigments and phenolic compounds. Compounds such as
cyanidin-3-O-glucoside, p-carotene, violaxanthin and fucoxanthin were identified in the Mix 4 extract
of H. elongata which could be the reason that the selected seaweed exhibited the highest antioxidant
capacity. Carotenoids compounds such as violaxanthin and fucoxanthin were identified in the
L. saccharina extract while violaxanthin and cyanidin-3-O-glucoside were identified in the L. digitata
extract. The extract from H. elongata exhibited more antioxidant compounds than L. saccharina and
L. digitata, and the antioxidant capacity in 3 species follow the following order: H. elongata > L. saccharina
> L. digitata. Itis also anticipated that chlorophyll compounds were least responsible for the antioxidant
capacity as Mix 4 extracts from tested species showed moderate total chlorophyll content but exhibited
the highest antioxidant capacity. Lanfer-Marquez et al. [56] reported that chlorophyll derivatives
shows antioxidant capacity at very high concentration by behaving as pro-oxidants. However, they do
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not seem to donate hydrogen when exhibiting antioxidant capacity but may be involved in protection
of linoleic acid against oxidation or by preventing breakdown of hydroperoxides. The study screened
a selective solvent system for extracting lipophilic antioxidants and identified a range of antioxidant
compounds. The identification of these lipophilic antioxidant compounds in selected brown seaweeds,
can constitute a new move in the understanding of the health benefits of Irish brown seaweed as
functional ingredients in food, cosmetics and medicinal preparation.

4. Conclusions

In conclusion, lipophilic extracts from Irish brown seaweed H. elongata, L. saccharina and L. digitata
exhibit strong antioxidant property and metal-ion chelating ability. The phytochemical content and
antioxidant capacity were majorly affected by the polarity or dielectric constant of extraction solvents.
The highest phytochemical content and antioxidant capacity were achieved by an equal volume mixture
of n-hexane, diethyl ether and chloroform (Mix 4) in all the seaweed studied. Among all the tested
species, H. elongata was the most potent species which contained the highest antioxidant capacity
followed by L. saccharina and L. digitata. The antioxidant capacity of H. elongata was comparable with
that of reference ascorbic acid. A total of 10-11 lipophilic compounds with potential antioxidant
capacity across the tested seaweed were identified by comparing retention times and UV spectral data.
LC-ESI-MS/MS based characterization of lipophilic extracts confirmed the presence of fucoxanthin,
violaxanthin, g-carotene, cyanidin-3-O-glucoside and other carotenoid and chlorophyll derivatives in
the extracts. This suggests that algal derived lipophilic antioxidants may be the principal constituents
responsible for the antioxidant properties from these species. These findings indicate that there
may be a potential to further characterize these compounds in such extracts which can be used in
pharmaceuticals, foods and cosmetics to act as antioxidants thus enhancing the quality and nutritive
value of such products. Although seaweed has a great potential to be used as a source of natural
antioxidant in food and cosmetics, their application as a dietary supplement or as a food ingredient
should not be based only on in-vitro analysis which is just a preliminary screening tool. More research
focusing on mechanisms of antioxidant action and activity against various free radicals will be
advantageous in leading to the development of food and medicinal products to protect against certain
age-related diseases. The identified lipophilic compounds/extracts should also be screened for their
toxicity as well as for bioavailability and bioaccessibility in an in-vivo system prior to their application
in commercial products.
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Abstract: Understanding growth mechanisms in brown algae is a current scientific and economic
challenge that can benefit from the modeling of their metabolic networks. The sequencing of the
genomes of Saccharina japonica and Cladosiphon okamuranus has provided the necessary data for the
reconstruction of Genome-Scale Metabolic Networks (GSMNs). The same in silico method deployed
for the GSMN reconstruction of Ectocarpus siliculosus to investigate the metabolic capabilities of these
two algae, was used. Integrating metabolic profiling data from the literature, we provided functional
GSMNs composed of an average of 2230 metabolites and 3370 reactions. Based on these GSMNs
and previously published work, we propose a model for the biosynthetic pathways of the main
carotenoids in these two algae. We highlight, on the one hand, the reactions and enzymes that have
been preserved through evolution and, on the other hand, the specificities related to brown algae.
Our data further indicate that, if abscisic acid is produced by Saccharina japonica, its biosynthesis
pathway seems to be different in its final steps from that described in land plants. Thus, our work
illustrates the potential of GSMNs reconstructions for formalizing hypotheses that can be further
tested using targeted biochemical approaches.

Keywords: genome-scale metabolic networks (GSMNs), data integration; brown algae; oxygenated
carotenoid biosynthesis; fucoxanthin; abscisic acid; Saccharina japonica; Cladosiphon okamuranus

1. Introduction

Saccharina japonica and Cladosiphon okamuranus are two brown algal species widely used in Asian
aquaculture, known, respectively, as kombu and mozuku. S. japonica is the most important edible alga
from an economic viewpoint. Its production was multiplied by 8 over the last 40 years: 0.8 million
tons harvested in 1976 against 4.5 million tons in 2004 [1]. The annual production of C. okamuranus
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is estimated to be 20,000 tons [2,3]. Thus, studying the mechanisms of biomass production of those
organisms through their Genome-Scale Metabolic Networks (GSMNs) may have a direct interest
for algoculture [4]. Indeed, to produce molecules with high added value through biotechnological
engineering, one first needs to understand their biosynthetic pathways. Brown algae produce specific
carotenoids, some of them having potentially positive effects on human health, in particular, due to
their antioxidant properties [5-10]. Some cleaved carotenoid derivatives are also signaling molecules
and important phytohormones in land plants, like strigolactones or abscisic acid (ABA) [11-13].

Carotenoids are a ubiquitous class of molecules found in many organisms, such as plants, fungi,
algae, and even metazoans. They are membrane-stabilizing hydrophobic molecules that also play a
crucial role as photoprotective pigments in photosynthetic organisms [11,12,14,15]. Some carotenoids
have been preserved through evolution, such as violaxanthin, which is detected in plants, green algae,
and brown algae, among other organisms. This molecule is, on the one hand, the entry point for
the biosynthesis of xanthophylls specific to brown algae, like fucoxanthin, which is the main marine
carotenoid of this lineage [16-18] and, on the other hand, one of the precursors in the biosynthesis of
ABA. Except for Laminariales [19], nothing is known about ABA in brown algae, including Ectocarpales
like the model species Ectocarpus siliculosus or C. okamuranus. Given the potential importance of this
signaling molecule in the biology of brown algae, one of our objectives when reconstructing the GSMNs
of S. japonica and C. okamuranus was to clarify the possible contribution of land plant-like biosynthetic
enzymes to the production of ABA in brown algae.

There have been extensive efforts to improve GSMN reconstructions from a computational
perspective [20,21]. One current challenge is to integrate the knowledge of genome-based evidence and
the knowledge coming from metabolome-based evidence, which is usually much more heterogeneous [22].
Following the protocol recommended in Palsson and Thiele [23] and in line with previous work on
the model algae E. siliculosus [24], Tisochrysis luteae [21] and Chondrus crispus [25], the automated
reconstruction methods and labor-intensive manual curation were combined to build a genome—scale
metabolic model in the brown algae S. japonica and C. okamuranus, with a specific focus on the carotenoid
biosynthesis pathway.

2. Materials and Methods

2.1. Data Sources and Cleaning

Genome and protein sequences of S. japonica and C. okamuranus are freely available, respectively,
in references [26] and [3]. These algae are usually grown in non-axenic media, and the presence of
contaminating sequences was demonstrated in the published genome of S. japonica [27]. Therefore,
Taxoblast analysis (version 1.21beta) was carried out to discriminate prokaryote and eukaryote in order
to filter out all prokaryotic sequences from the genome of S. japonica. Blast analyses were performed
using diamond blastx (version 0.9.18) [28] against the nr database (downloaded on 13 August 2016)
and the nodes.dmp (downloaded on 23 March 2018) from https://ftp.ncbi.nlm.nih.gov/pub/taxonomyy/.
The cleaned version of the S. japonica genome is available under the following link: http://abims.sb-
roscoff.fr/resources/genomic_resources.

2.2. Reconstruction of Genome—Scale Metabolic Networks

AuReMe (AUtomatic REconstruction of MEtabolic models—version 1.2.4) dedicated to “a la carte”
reconstruction of GSMNss [21] was used to reconstruct the GSMNs of S. japonica and C. okamuranus.
This workflow was installed locally from a docker image. As suggested for state-of-the-art GSMN
reconstruction methods [23], this workflow allowed, through the encapsulation of several tools and the
local installation of specialized tools in the docker container, to create a high-quality GSMNs based on
genomic and metabolic profiling data. It combined 2 complementary approaches to extract information
from the genome sequences. One results from the functional annotation of the genome (see Table S1
and Figure S1 of Supplementary Materials), and the other is derived from the comparison with

56



Antioxidants 2019, 8, 564

GSMNs and protein sequences of organisms selected as templates. These intermediate networks were
then merged, analyzed both qualitatively (topological analysis) and quantitatively (constraint-based
analysis), refined by manual curation and enriched with metabolic profiling data extracted from the
literature (see Table S2 and Table S3 of Supplementary Materials).

To reconstruct the intermediate annotation-based network, predicted coding regions in transcripts
were functionally annotated using the Trinotate pipeline (version 3.0.1) [29]. An internal Trinotate script
extracted the Gene Ontology Terms (GOT) [30,31]. The Kyoto Encyclopedia of Genes and Genomes
identifiers (KEGG) [32] from the annotation file were used to retrieve the EC numbers associated
with the genes. This step was performed via the KEGG-APi REST (REpresentational State Transfer)
application programming interface (http://www.kegg jp/kegg/rest/keggapi.html). The annotation
concerning S. japonica was enriched by further analyses carried out with Kobas [33] and Blast2GO [34]
with an e-value cutoff of 1e-05. A file created in the GenBank format, containing all the available data,
was then generated using the following script: https://github.com/ArnaudBelcour/gbk_from_gff. This
GenBank file was used as an input to the PathoLogic software from the Pathway Tools suite (version 20.5,
default settings) [35]. The database containing the information from the annotation was then exported
in attribute-value flat files, which were necessary for further analysis in the AuReMe workspace.

To reconstruct the intermediate orthology-supported network, templates from 3 model organisms
were used: Arabidopsis thaliana [36], E. siliculosus [24], and Nannochloropsis salina [37]. Those templates
were chosen according to the quality of their GSMNSs or their phylogenetic proximity to the 2 studied
algae. Orthology searches between the 2 studied algae, and these 3 templates were carried out using the
OrthoMCL (version 1.4) [38] and Inparanoid (version 4.0) [39]. The results of the latter were combined
using the pantograph (version 0.2) [37]. Since the S. japonica GSMN was the first to be generated,
it was added to the 3 previous templates during the reconstruction of the C. okamuranus GSMN. As the
A. thaliana and N. salina data refer to the KEGG [32] and BIGG [40] databases, respectively, a mapping
operation, intrinsic to AuReMe, against the MetaCyc database (version 20.5) [41-43] was performed to
standardize the identifiers with the MetaNetX dictionary [44].

Once the networks resulting from the annotation-based and orthology-based approaches were
merged, an automatic gap-filling step was conducted using Meneco (version 1.5.0) [45]. This tool first
tests the ability of the topological GSMNs to produce a set of metabolite targets defined by metabolite
occurrences from the literature (Tables S2 and S3 of the Supplementary Materials) according to a
Boolean abstraction of the metabolic network expansion [46]. We tested here whether or not metabolic
paths existed between specific compounds known to be present in the studied algae. When one or
more target(s) was (were) not reachable in the GSMNs, Meneco proposed a list of missing reactions to
complete the GSMNSs. For this qualitative analysis, it was necessary to provide 2 lists, one containing
the target metabolites and the other containing a description of the culture medium, including the
cofactors (seeds) essential for biochemical reactions (Table S4 of the Supplementary Materials).

One established criterion to consider the GSMN functional was the production of biomass with
balanced growth. Flux Balance Analysis (FBA) is a widely used method to quantitatively model
the behavior of the system under given conditions. This optimization problem was based on the
principle of mass conservation and considered the steady state assumption (intracellular metabolites at
equilibrium). Mathematically, this reaction was modeled by a linear function to be optimized. This
point was tested using the quantitative FBA python scripts from the Padmet toolbox, based on the
CobraPy package [47] and provided in AuReMe. To do this, the same production reactions, transport,
and exchange of biomass used in the reconstruction of E. siliculosus GSMN [24] were added to our
GSMNis (Table S5 of the Supplementary Materials). Biologically, the biomass reaction modeled the
synthesis of essential amino acids, membrane lipids, and sugars by the organism. When the flux
associated with a metabolite was nil, this implied the incompleteness of the GSMNSs resulting either
from missing reactions in the biosynthesis pathway or from an accumulation of one or more reaction
products due to the absence of a degradation reaction for those metabolites. To overcome this issue,
manual analysis was then carried out, either by adding outward transport reactions or by determining
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the reactions missing through the analysis of GSMNs of similar organisms. This manual analysis was
guided by the predictions performed by the Fluto gap-filling tool [48].

The Venn diagrams presented in the results section illustrating the comparison between S. japonica,
C. okamuranus, and E. siliculosus GSMNs were obtained using http://bioinformatics.psb.ugent.be/
webtools/Venn/. The final versions of those GSMNs are available through their respective Wiki-websites:
https://gem-aureme.genouest.org/sjapgem and https://gem-aureme.genouest.org/cokagem. They are
designed to allow the visualization and specific search of the different components of a GSMN
(pathways, metabolites, reactions, genes) [21]. The traceability of the reconstruction procedure was
ensured by the display of the source(s) of each reaction: Annotations, orthology, and manual curation or
gap-filling. These user-friendly wiki websites allow semantic searches according to the W3C standards,
and they are designed to enable updates according to the expertise of the scientific community.

2.3. Exploration and Assessment of Carotenoid Biosynthesis Pathways in Brown Algae

The manual exploration of the carotenoid biosynthesis pathway (CAROTENOID-PWY) and
the first cycle of xanthophylls (PWY-5945) was conducted starting from the pathways encoded
in the MetaCyc database (version 22.6) [43] and completed by further literature searches. These
2 pathways encoded the activity of 10 enzymes whose protein sequences were selected, when identified,
in E. siliculosus or, if not available, in A. thaliana (sometimes supplemented with other terrestrial
plants). These protein sequences are accessible either via the Uniprot database (https://www.uniprot.
org) or via the Online Resource for Community Annotation of Eukaryotes (ORCAE) website for
E. siliculosus (https://bioinformatics.psb.ugent.be/orcae/overview/EctsiV2) [49]. Sequences homologous
to these enzymes were then searched for in the proteomes of 3 green algae Chlamydomonas reinhardtii,
Volvox carteri, Ulva mutabilis, 3 red algae Chondrus crispus, Porphyra umbilicalis, Galdieria sulphuraria
and 6 stramenopiles Nannochloropsis gaditana, N. salina, Phaeodactylum tricornutum, C. okamuranus,
S. japonica. With the exception of Ulva mutabilis and E. siliculosus, for which homology searches were
carried out through the ORCAE portal [49], all proteomes are accessible in the Genome database
(https://www.ncbinlm.nih.gov/genome) of the NCBI. All accession numbers used are available as
Table S6 in Supplementary Materials. Proteome indexing was performed using formatdb (version 2.2.16),
then homology searches were done with blastp (version 2.7.1+). Hits with an e-value of less
than le-5 were selected for alignment after checking the organization of their protein domains
(HmmerWeb [50] version 2.30.0—https://www.ebi.ac.uk/Tools/hmmer/search/phmmer). The sequence
files previously obtained were aligned using the Muscle algorithm implemented in the Seaview software
(version 4.4.2) [51]. The associated phylogenetic trees were generated in Seaview using maximum
likelihood (PhyML) with the LG (Le et Gascuel) model, the BION] algorithm (BIO Neighbor—joining)
for the starting tree, and 100 bootstrap replicates. The 5 trees presented in the supplementary data
have been edited with Figtree (version 1.4.4). The modifications made to the GSMNSs are detailed in
Appendix A. Some of them are related to the second cycle of xanthophylls (PWY-7949), and fucoxanthin
biosynthesis pathway (PWY-7950) encoded in MetaCyc.

3. Results

3.1. Genome—Scale Metabolic Network Reconstructions

Presented here are the functional GSMNs for S. japonica and C. okamuranus, both of which are
of similar size. The S. japonica GSMN is composed of 3345 reactions and 2211 metabolites, and the
C. okamuranus GSMN comprises of 3390 reactions, 2255 metabolites. Both GSMNs were expected to
sustain biomass production since Flux Balance Analysis (FBA) analyses evidenced that their maximal
growth rates were 3.67 mmol-gDW~!-h~! and 3.56 mmol-gDW~-h~! (millimole per gram dry weight
per hour), respectively. They constituted valuable tools for assessing and visualizing the currently
available knowledge on the metabolism of these organisms.
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Both GSMNs were compared with the one from E. siliculosus [24], which was a brown algal model
more closely related to C. okamuranus than to S. japonica. This was intended to test, at the global scale,
if the differences between closely related species can be attributed to biological factors, or if they were
merely due to technical differences in the reconstruction procedure. The results are shown in Figure 1.

S. japonica  C. okamuranus S. japonica  C. okamuranus S. japonica C. okamuranus

B -
@ @ | €

E. siliculosus E. siliculosus E. siliculosus

Metabolites Reactions Pathways

Figure 1. Comparison of the content of genome-scale metabolic networks of the three brown algae
S. japonica, C. okamuranus, and E. siliculosus.

Strikingly, there were more reactions, metabolites, and pathways shared exclusively between
S. japonica and C. okamuranus (1553 reactions) than exclusively between E. siliculosus and C. okamuranus
(22 reactions), although the latter were phylogenetically closer. This was explained by examining
the sources of reactions in the GSMNs (Figure 2). Of the reactions resulting from the annotations,
52% (S. japonica) and 44% (C. okamuranus) were not supported by the orthology with E. siliculosus.
These differences were partly due to recent improvements in databases and annotation methods.
The functional annotation of E. siliculosus that we used was done manually 10 years ago by an expert
consortium [52], whereas we used Trinotate for S. japonica and C. okamuranus GSMNs. Therefore,
the strong differences between E. siliculosus and the two other algae did not reflect biological differences,
but different ways of annotation. One crucial point for the quality check was to build strong
pathway-by-pathway expertise by scrutinizing them. AuReMe enabled the curation work to be stored
and to reiterated on later versions of the GSMNs. To illustrate these points, intense manual curation
centralized on the carotenoid biosynthesis pathway was performed.

3.2. Focused Exploration of GSMNs Regarding the Carotenoid Biosynthesis Pathway, Generalities,
and Specificities

In order to facilitate the reading and understanding of the following sections, all the details related
to the manual curation of GSMNs (names of enzymes or reactions, modifications of gene-reaction
associations, adding or removing reactions, etc.) are available in Appendix A. Based on known pathways
in terrestrial plants [53] and MetaCyc pathways (CAROTENOID-PWY), we conducted our exploration
of the carotenoid pathway by starting with the transformation of geranylgeranyl diphosphate.

It should be noted, however, that this essential metabolic component was derived from isopentyl
diphosphate (IPP). This fundamental and ubiquitous building block of the metabolism was itself
obtained by the biosynthetic pathways methylerythritol phosphate pathway (MEP) and/or the
mevalonate pathway (MVA) [54] (Figures S2 and S3 and Tables S7 and S8 of the Supplementary
Materials). These pathways belonged to a set of reactions preserved through evolution that we will
call core reactions. These reactions were easily and quickly identifiable within the GSMNs since they
corresponded to those that have been inferred from the orthological search with a phylogenetically
distant organism (here A. thaliana). In other words, these reactions were supported by all the
components (orthology and annotations—square in Figure 2) that were used to build the GSMNSs.
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Reactions associated with the enzyme, common to terrestrial plants and various algal phyla, which
catalyzed the transformation of lycopene into 3—carotene, also belonged to this set of core reactions.
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Figure 2. Sources of reactions in the S. japonica (a) and C. okamuranus (b) genome—scale metabolic
networks. Reactions supported by orthology with A. thaliana (O.A), E. siliculosus (O.E), N. salina (O.N),
and S. japonica (O.S). The different colors refer to the core reactions (blue and green gradient, from
darkest to lightest). The square and triangle shapes are the examples corresponding to the mevalonate
pathway (MVA), methylerythritol phosphate pathway (MEP), and the geranylgeranyl diphosphate
pathways presented in the main text.

From geranylgeranyl diphosphate, five conserved enzymes were involved in producing lycopene
(Figure 3). The genes of these enzymes have been characterized in green, red, and brown algae [55].
Homology searches based on E. siliculosus proteins coupled with network annotations confirmed
the accuracy of the enzymes associated with those reactions (triangle in Figure 2) in S. japonica and
C. okamuranus.
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Figure 3. Carotenoid biosynthesis. The mechanisms of carotenoid synthesis seem to be common to
all algae and terrestrial plants. The first connection point is made from lycopene. The synthesis of
d—carotene and its derivatives is absent in red microalgae and brown algae (grey insert), while the
synthesis of f—carotene is also common to all organisms. The second point of divergence appears during
the first xanthophyll cycle (black circle) partially found in red algae. In terrestrial plants, violaxanthin
is transformed into neoxanthin, the starting point for the synthesis of abscisic acid (ABA), among other
metabolites. Nevertheless, if this step exists in various algal groups, it seems to be carried out by
different enzymes. Finally, stramenopiles have a second xanthophyll cycle (black square), for which one
of the supposed precursors is also neoxanthin and whose enzymes remain to be determined (brown
insert). Since pathways have been hypothesized for diatoms, we extended this hypothesis to brown
algae. The figure is based on our results and the following references [5,53,55-62].
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Among the terrestrial plants, red, green, and brown algae, lycopene was the first point of connection
in the synthesis of carotenoids, since it offered two possible routes: The one of x—carotene and the one
of f—carotene. These pathways started respectively, with the action of lycopene e—cyclase (LYCE) for
a—carotene and lycopene —cyclase (LYCB) for —carotene [63]. f—carotene is a carotene present in the
majority of photosynthetic organisms, while x—carotene seems to be absent in stramenopiles and red
microalgae [56]. These results were confirmed manually by our homology search. This search also
allowed us to identify a single sequence containing one lycopene cyclase domain (PF05834) within
the proteomes of brown algae: The lycopene 3—cyclase [55,56,64] (Figure 54 of the Supplementary
Materials). Nevertheless, within the GSMNSs of the two brown algae, all the reactions leading to the
synthesis of x—carotene and its derivatives (the grey part of Figure 3) were wrongly predicted and
supported by this lycopene 3—cyclase. Manual curation, therefore, led us to correct and suppress the
reactions associated with a—carotene synthesis within the GSMNss.

The topology of the GSMNs, and in particular the presence of gaps, also revealed the specificities
of the lineages. For instance, within the initially reconstructed GSMNs, no reaction allowing 3—carotene
transformation into zeaxanthin was automatically inferred. However, we know that this transformation
involved different enzymes in different lineages, and in stramenopile species. Recent studies have
suggested that this modification was catalyzed by an enzyme belonging to the P450 monooxygenase
family [58,64]. During a homology search within the proteomes of S. japonica and C. okamuranus, we found
two CYP97 contiguous paralogs sequences that we associated with this transformation (Figure 3).

3.3. No Plant-Like Abscisic Acid Synthesis Pathway in Brown Algae

Because ABA has been reported in various kelp species [19] and associated with biological effects
on kelp growth and maturation [65,66], we thought it would be important to clarify if both S. japonica
and C. okamuranus can produce it. The enzymes responsible for the synthesis of ABA from violaxanthin
have been identified and characterized in embryophytes [67]. According to the MetaCyc pathway
PWY-695, five enzymes are essential for the biosynthesis of ABA [67-70] (Figure 4a). We searched for
orthologs of these five proteins in the brown algal genomes, but only paralogs were found (Figure 4b).
All of them are members of large multigenic families whose conserved domains are general and,
therefore, prevent the inference of their precise catalytic activities (Figure 4b and Figures S4-S7,
and Table S9 of the Supplementary Materials).
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Figure 4. Enzymes of the abscisic acid biosynthesis pathway. (a) The ABA biosynthesis pathway in
embryophytes (A. thaliana) [67]. (b) Phylogenetic tree representing the putative apparition and loss
of the biosynthetic enzymes. NSY: Neoxanthin synthase; NCED: Abscisic-aldehyde oxidase; ABA2:
Xanthoxin dehydrogenase; ABA3: Molybdenum cofactor sulfurase; AAO3: Abscisic—aldehyde oxidase;
SDR: Short-chain alcohol dehydrogenase/reductase; CCD: Carotenoid cleavage dioxygenase.
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We also examined two reactions involved in the regulation of ABA availability through its
conjugation with glucose by an ABA glucosyltransferase (AOG — RXN-8155). Glycosylated ABA
is inactive and can be stored for regulatory purposes. The activation of glycosylated ABA pools was
performed by glucosidase (BG1 or BG2 — RXN-11469) [71,72]. However, a homology search carried out
on these enzymes in predicted brown algal proteomes did not reveal any homologous sequences either.

3.4. Extending the Fucoxanthin Biosynthesis Models from Diatoms to Brown Algae

With the exception of the interconversion of zeaxanthin, antheraxanthin, and violaxanthin,
violaxanthin was not consumed and corresponds at the GSMN level, to a dead end [73]. This, in silico
dead end does not represent a biological reality since we know that this molecule is the entry point
for the biosynthesis of fucoxanthin, but also of diatoxanthin and diadinoxanthin, two xanthophylls
strongly suspected of being present in brown algae [56,59]. The reconstruction of the GSMNSs was based,
among other things, on the functional annotation of their genome, but on average, 35% of the predicted
coding sequences in the two algae were devoid of annotations (See Figure S1 of Supplementary
Materials). Among the sequences without any type of annotation, 28% (1984 S. japonica sequences)
and 22% (1015 C. okamuranus sequences) can be considered as taxonomically restricted or orphan
genes (sequences from one species not homologous to the other species). They represent on average,
11% and 7% of all predicted coding sequences. The other sequences without annotation 5088 and
3640 sequences in S. japonica and C. okamuranus, respectively, represent conserved proteins of unknown
function. These unannotated sequences constitute a protein reservoir with unknown biochemical
functions, probably including these sought enzymes.

The number and nature of cycling xanthophylls, metabolites involved in photoprotection and
which depend on light conditions, differ among the algal lineages (black insert Figure 3) [59,60,74,75].
Based on previous studies, two distinct cycles have been described in stramenopiles: The zeaxanthin
to violaxanthin interconversion cycle [74,75] and the diatoxanthin to diadinoxanthin interconversion
cycle [59]. The enzymes involved in the first cycle are zeaxanthin epoxidase (ZEP) and violaxanthin
de-epoxidase (VDE). The sequences corresponding to those involved in the second cycle, diadinoxanthin
de-epoxidase (DDE) and diatoxanthin—epoxidase (DEP), have not yet been identified. However,
it would appear that these enzymes are very close to ZEP and VDE since they catalyze the same type
of reaction (opening or epoxide formation on the cyclic ends of molecules) [5,18,60]. Indeed, it has
previously been suggested that one copy of the VDE gene, identified as VDL, could correspond to
the DDE enzyme [5,60]. Within the various algal proteomes queried, we found only one sequence
associated with the ZEP and, as expected, three known out—paralogues of VDE: VDE, VDR-related,
and VDL-like (Figure S8 of the Supplementary Materials). Consistent with the absence of a xanthophyll
cycle, no copy of the VDE gene was found in red algal proteomes, and the presence of a VDL appeared
to be a specificity of stramenopiles [5,61]. We decided to associate this sequence with the reaction
catalyzed by the DDE within our reconstructions

Finally, a hypothetical pathway leading to the production of fucoxanthin has been proposed
in P. tricornutum (diatoms), but the enzymes are not yet known biochemically [60]. Nevertheless,
two production hypotheses exist: Either through neoxanthin, whose presence is discussed in the
literature [5,56,60,76] or directly through violaxanthin [18,60,61]. However, the investigation of the
proteomes of the two brown algae has shown that the conversion of violaxanthin to neoxanthin,
if it takes place, cannot be performed by neoxanthin synthase (NSY), as in terrestrial plants [53,77].
Whatever the hypothesis considered, in view of molecular structures, these biosynthetic steps require
the intervention of at least three enzymes. It is likely that the latter, if they exist, are in the set of
non-annotated sequences. Awaiting biological confirmation, we propose these two pathways in our
reconstructions (brown insert in Figure 3).
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4. Discussion

The use of automatic or semi-automatic, GSMN reconstruction workflows allows efficient and
rapid modeling of GSMNSs, even for emerging model organisms, as is the case for S. japonica and
C. okamuranus. The theoretical biomass reaction we have tested here is mainly composed of the list of
amino acids and some essential sugars. All these compounds were predicted to be producible, and our
GSMN s are considered functional. In fine, for instance, adding compounds such as fucoxanthin, a
molecule with pharmaceutical interest [17], could make it possible to understand and improve their
production in the coming years

The reconstruction of the GSMNSs is partially based on the assumption that two orthologous
sequences, resulting from a speciation event, share the same function. Such reactions, called core
reactions, reflect an ancient evolutionary origin and indicate which metabolites are preserved through
the various kingdoms of life. For the most part, they correspond to metabolites historically qualified as
primary (amino acids, essential sugars, ATP, ADP) but also ubiquitous secondary metabolites such
as lycopene. The preliminary steps to the IPP synthesis are highlighted by the orthology component
of the reconstruction, suggesting and confirming their ancestral origin. In general, all the reactions
present within the GSMNss that are supported by orthology with A. thaliana illustrate this phenomenon.
However, the list proposed based on this criterion is not exhaustive since, on the one hand, the A. thaliana
GSMN preferentially targets “primary metabolites” and, on the other hand, some reactions may have
been lost during the mapping steps between the various databases. This point is illustrated by the
reactions allowing the synthesis of lycopene from geranylgeranyl diphosphate (triangle in Figure 2).
They belong to the core reaction set (similar enzymes in plants and various algal lineages) but are not
supported by the A. thaliana component. In contrast, reactions supported only by annotation may
indicate a specificity of the species or lineage.

A contrario, the presence of gaps, and a fortiori dead ends within GSMNs has a high predictive
power by informing either on the computational limit and/or biological specificity related to one
species. From a purely bioinformatic point of view, the presence of gaps is directly related to the
quality and quantity of data present in the databases. Apart from encoding issues of some metabolites,
there is currently little Phaeophyceae referenced data. As such, a gap in the GSMNs may be a direct
reflection of the biological specificities of the studied lineages and open up to new questions and
biological investigations (i.e., identification of fucoxanthin biosynthesis enzymes). The first source
of answers is probably to be found in the set of unannotated sequences, which are not taken into
account in the reconstruction of the GSMNs. Indeed, the reconstruction is based on the functional
annotation of coding sequences. Among all sequences, about 35% of them do not have any annotation
and are of sufficient size to encode functional enzymes (average of 525 amino acids — see Figure S9
of the Supplementary Materials). There is no doubt that these sequences constitute a reservoir/pool
of candidates for the shadows that persist within the current knowledge of brown algae. Moreover,
diversifying the tools used during the annotation step could be considered in order to compensate
slightly for computational artifacts listed above. Indeed, using Kobas and Blast2GO on S. japonica
data allow finding 3.2% additional GO terms and 6.0% Kegg identifiers, which are necessary to track
EC numbers (Figure S10 of the Supplementary Materials) Among the unannotated sequences, some
may be candidates to be assigned to a reaction inferred by gap-filling without any known associated
enzymes. Correlating gene expression data, targeted chemical profiling can help to narrow down
candidates for full biochemical characterization, as already done in some model bacteria [78].

The GSMNs have been tested and enriched with targeted metabolic profiling data from the
literature. Few or none of these targets were reachable before the gap-filling stage. The effectiveness
of this step, more than two-thirds of the targets are now achievable, allowing us to propose a better
topology of the GSMNs that can mimic the biological behavior of the brown algae (see Appendix A).
Nevertheless, despite the presence of a positive flux under constraint-based modeling, some of the
target metabolites are topologically not structurally producible in the GSMNs. These problems of
unproducible compounds within bacterial and eukaryotic GSMNs are known [22,25]. The first intuitive
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constatation is that if the targets are not found during the topological analysis, this implies that at
least some genomic data (e.g., an enzyme) is missing and that there is a need for further development
of functional approaches. However, among the 12 and 7 unreachable targets—in S. japonica and
C. okamuranus GSMNSs, respectively—we found mainly fatty acids, which are rarely found in their free
forms. By focusing on conjugated forms, particularly with acetyl-CoA, we realize that some of these
compounds are present in the GSMNs thanks to the addition of gap-filling reactions. To summarize,
the non-producibility of these targets can also come from the encoding choice of the referenced
metabolites, and in this case, the GSMNs already reflect the biochemical reality of fatty acid metabolism.
An additional category of metabolites is those that could even not be incorporated as targets for gap
filling because they are not yet connected to biochemical reaction models and thus not incorporated in
the Metacyc database. For such molecules, specific tools have been developed to infer new reaction
models using detailed comparisons of already known reactions and molecules substructures or to infer
the precise structures of the unknown intermediates leading to known metabolites [25].

The curation of the carotenoid pathway has pointed out one of the limits of automatic GSMN
reconstructions with the proposal of genes and reactions leading to the synthesis of x—carotene and
its derivatives. This point highlights the need for manual curation steps since, in this specific case,
only the user’s expertise could make it possible not to infer these reactions. Indeed, the in silico
proposal of these pathways is not aberrant since the enzyme that catalyzes the transformation of
lycopene into «—carotene, LYCE, is very similar to LYCB, which transforms the same substrate into
—carotene [57,77,79]. The approaches used here are based on the EC numbers of enzymes, and in this
case, the proximity of their EC numbers (EC 5.5.1.18 and EC 5.5.1.19 respectively) explains why these
undesired reactions were added and associated with the LYCB sequence.

In any case, as we have seen, these two in silico reconstructions of GSMNs provide a satisfactory
model of the carotenoid biosynthesis pathway. We highlighted, on the one hand, the common
skeleton (reactions and enzymes) that have been preserved through evolution and, on the other
hand, the specificities related to brown algae. One of them corresponds to the presence of a second
cycle of xanthophylls, and even if we are not able to propose a synthesis pathway with certainty,
we propose a candidate for one of the two enzymes involved in the interconversion of diatoxanthin
and diadinoxanthin. Another major point is the production of fucoxanthin. Here, we extend the
biosynthetic hypotheses that were previously formulated in diatoms to brown algae.

On the contrary, there is not enough knowledge yet to identify the ABA synthesis pathway in
filamentous brown algae from the kelp data for a number of reasons. In the European kelp species
Laminaria hyperborea, Laminaria digitate, and Saccharina latissima, the presence of ABA in sporophytic
tissues were reported about 20 years ago [19]. The characterization of this phytohormone has been
performed by GC-MS (gas chromatography coupled with mass spectrometry). It has been reported
that ABA concentration varies according to the seasons, with a maximum peak around November,
and that a negative correlation exists between the increase in ABA concentration and vegetative
growth of sporophytes [19]. Later, the presence of ABA was also detected in S. japonica by LC-MS/MS
analysis (liquid chromatography coupled with two tandem mass spectrometers) [80]. In addition, it
has been shown that the application of exogenous ABA may inhibit sporophyte growth and induce the
accelerated formation of reproductive tissues called sori [65]. ABA has also been proposed to play a
role in the control of elicitor-induced oxidative bursts [66].

Two pathways for the biosynthesis of ABA are known in the literature: The direct pathway and
the indirect pathway. Chemically, two other pathways related to the regulation of ABA production
have been proposed, but they are not supported by characterized enzymes thus far. ABA could be
obtained by transformation of acid xanthoxin resulting from the oxidation of xanthoxin or by abscisic
alcohol resulting from the oxidation of abscisic aldehyde [69]. In fungi, ABA is produced by the direct
pathway within the cytoplasm from farnesyl diphosphate with ionylidene derivatives. In terrestrial
plants, the existence of a pathway derived from farnesyl diphosphate is assumed but has not yet
been identified [67]. The indirect pathway, the one explored here (see Figure 4a), is carried out in
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the plastids of the photosynthetic organisms following carotenoid cleavage [72,77,81]. Violaxanthin
is transformed into neoxanthin by an intramolecular oxidoreductase, neoxanthin synthase (NSY).
A series of structural modifications likely carried out by isomerases produces the 9-cis forms of the
epoxycarotenoids (C40) violaxanthin or neoxanthin (main epoxycarotenoid) [67]. These two molecules
undergo oxidative cleavage by a 9-cis-epoxycarotenoid dioxygenase belonging to the NCED family
to form xanthoxin (C15). After the export of xanthoxin to the cytosol, an enzyme (ABA2) of the SDR
family (short-chain alcohol dehydrogenase/reductase) oxidises this molecule. The opening of the epoxy
forms the abscisic aldehyde. Finally, an abscisic aldehyde oxidase acid (AAO3) oxidises the abscisic
aldehyde to ABA. This transformation is only achievable in the presence of a molybdenum cofactor
sulfurase (MoCo - ABA3) that catalyzes the sulfarylation of a dioxo form of MoCo into a mono-oxo
sulfide form necessary for the activation of abscisic aldehyde oxidase acid [82,83]. Homology searches
did not allow us to find any orthologs of the corresponding genes in brown algae (see Figure 4b,
Figures 54-S7, and Table S9 of Supplementary Materials). Thus, the paralogue sequences identified
during the homology searches may be involved in the metabolism of carotenoids, but not specifically
in the metabolism of plant-like intermediates in the ABA synthesis pathway from violaxanthin and
this pathway, therefore, probably emerged in terrestrial plants.

To conclude, if brown algae are able to synthesize ABA, the corresponding pathway is either
unknown at the moment or it could be close to that of fungi. Collecting metabolic data about
biosynthetic intermediates would be key to discriminate between both hypotheses. Another possibility
is that the metabolite reported as ABA is another structurally close oxidized carotenoid, like f—ionone,
which could have an equivalent role [84]. Aside from ABA, there is a huge diversity of oxidized
carotenoids involved in signaling processes [85], which gives ample room for possible structural
variation in signaling molecules across lineages. Facing such diversity, integrative approaches through
genome-scale metabolic models should be helpful tools to prioritize further experimental efforts, in a
context where the discovery of drugs coming from natural products is experiencing a revival, fuelled
by an increasing integration with genomics data [86].

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/11/564/s1.
Table S1: Data from the annotation of algal protein-coding genes, Figure S1: Source of the S. japonica (a) and
C. okamuranus (b) annotations, Table S2: Targets for S. japonica from metabolic data in the literature [19,87-95],
Table S3: Targets for C. okamuranus from metabolic data in the literature [2,96-99], Table S4: List of cofactors (seeds)
added to the S. japonica and C. okamuranus GSMNs, Table S5: List of biomass reactions added to the S. japonica
and C. okamuranus GSMNss [24], Table S6: Accession numbers of enzymes and protein sequences used, Figure S2:
Pathways of methylerythritol phosphate (MEP) within the S. japonica and C. okamuranus GSMNs [43,54], Table S7:
List of reactions and genes associated with the MEP pathways [43,54], Figure S3: Pathways of mevalonate (MVA)
within the S. japonica and C. okamuranus GSMNs [43,54], Table S8: List of reactions and genes associated with the
MVA pathways [43,54], Figure S4: Maximum likelihood tree of the lycopene cyclase family [57,77,100], Figure S5:
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oxidase family [106,107], Table S9: Type of SDR found in the genomes of S. japonica and C. okamuranus [108],
Figure S7: Maximum likelihood tree of the Mocos family [109-113], Figure S8: Maximum likelihood tree of the
VDE [5,18,60,61], Figure S9: Amino acid length of unannotated S. japonica and C. okamuranus coding sequences,
Figure S10: Enrichment of the annotation in GO terms and KEGG identifiers: data fusion. The wiki-website
is available under the following links: https://gem-aureme.genouest.org/sjapgem/index.php/Main_Page and
https://gem-aureme.genouest.org/cokagem/index.php/Main_Page.

Author Contributions: Conceptualization, SM.D., E.C. and G.V.M; data curation, D.N., APL, C.L.,, SM.D.,
E.C., and G.V.M,; formal analysis, D.N., C.E, X.L., and A.P.L.; funding acquisition, C.L., A.S., SM.D., and E.C,;
investigation, D.N.; methodology, A.S.; resources, L.B.-G., P.B., O.G.; software, M.A., AB., C.F, and ASS,;
supervision, E.C. and G.V.M.; writing—original draft, D.N., E.C., and G.V.M.; Writing—review and editing, D.N.,
CEFE,APL,CL,AS,SMD, E.C, and G.V.M. All authors approved the submitted version and agreed to be
personally accountable for the authors” own contributions.

Funding: This research received funding from the French Government via the National Research Agency
investment expenditure program IDEALG (ANR-10-BTBR-04) and from Région Bretagne via the grant « SAD
2016 — METALG (9673) ».

Acknowledgments: The authors thank Catherine Boyen, Jonas Collén, and Philippe Potin for their comments and
suggestions. We acknowledge the GenOuest bioinformatics core facility (https://www.genouest.org) for providing
the computing infrastructure.

66



Antioxidants 2019, 8, 564

Conflicts of Interest: The authors declare no conflict of interest
Appendix A

A.1. Qualitative Analysis of Genome-Scale Metabolic Networks and Gap-Filling

Lists of 61 and 29 metabolites were compiled for S. japonica and C. okamuranus (Tables S1 and S2 of
Supplementary Materials) and used to test the topology of the GSMNs. According to topological criteria
modeling the Boolean behavior of the system dynamics and before the gap-filling step conducted by
Meneco, five targets (L-o—alanine, mannose—1-phosphate, GDP-mannose, D-mannitol 1-phosphate,
GDP-mannuronate) were reachable in the S. japonica GSMN. The topological gap-filling allowed
reaching 45 and 22 additional metabolites by adding 90 and 67 gap-filling reactions, respectively,
in S. japonica and C. okamuranus GSMNSs, including 46 common reactions to both algae. The targets that
could not be reached were mainly fatty acids. From a dynamic point of view, the presence of a target
was then verified and supported by the possibility of producing a flux. This means that all import,
export, and production reactions of these compounds were present in the GSMNs. In our analyses,
all targets had a positive flux.

A.2. Manual Curation Made to the S. japonica and C. okamuranus Genome—Scale Metabolic Networks

All modifications are reported in Table A1 and Figure Al.

Carotenoids (xanthophylls and carotenes) are synthesized from geranylgeranyl diphosphate,
which was transformed into phytoene and then into lycopene under the action of five enzymes, three
of them being common to all photosynthetic organisms: Phytoene synthase (PSY — EC 2.5.1.32),
phytoene desaturase (PDS — EC 1.3.5.5) and (—carotene desaturase (ZDS — EC 1.3.5.6). As the genes
of these enzymes are known in algae [55], a homology search based on E. siliculosus proteins coupled
with annotations from the GSMNs have made it possible to identify one candidate for PSY (SJ02885
and g11610), one candidate for PDS (SJ08891 and g10852), and one to two candidates for ZDS (5]05680,
SJ05681 and g16199) in S. japonica and C. okamuranus, respectively.

The two other steps in the synthesis of all-trans lycopene were either catalyzed by (—carotene
isomerase (Z-iso — EC 5.2.1.12) and prolycopene isomerase (crtISO — EC 5.2.1.13) or compensated
by photoisomerization [53,62,102]. Based on the results published in reference [55], annotations,
and homology searches, it appeared that one copy of the Z-iso gene (SJ04715 and g9721) was found in
the brown algae. However, two and three copies of crtISO were found in S. japonica and C. okamuranus,
respectively. According to the evolutionary history of these sequences, the most likely hypothesis
would be the loss of the copy annotated as amine oxidase in S. japonica after a successive triple
duplication [55]. Therefore, we propose two potential candidates for this gene for each of the algae,
one of which is annotated with the expected EC number (SJ05083 and g8850) and the other without EC
annotation (SJ22161 and g4521).

All-trans lycopene is the first carotenoid from which the biosynthesis pathway diverges since
it allows forming both p—carotene and o—carotene. The cyclization of lycopene is ensured by a
lycopene cyclase, which adds one 3-ring (lycopene f—cyclase — EC 5.5.1.19) or one ¢-ring (lycopene
e—cyclase — EC 5.5.1.18) at the extremity of the molecule [63]. The a—carotene, composed of a e-ring
and a 3-ring is the precursor of lutein while the f—carotene, composed of two -rings is the entry
point for xanthophylls biosynthesis. The search for proteins homologous to lycopene p—cyclase
(LYCB) and lycopene e-cyclase (LYCE) of A. thaliana coupled with the check for the presence of the
lycopene cyclase protein domain PF05834 made it possible to identify a lycopene cyclase sequence
for each of the studied algae (5J04962 and g10898). The reconstruction of the phylogenetic tree
(see Figure 54 of the Supplementary Materials for more details) of the previously selected sequences
allows linking these sequences to the lycopene -cyclase, thus confirming the absence of x—carotene
and its derivatives in these two brown algae [55-57]. However, all these reactions were inferred from
the GSMNs and were supported, among other things, by the gene identified as LYCB (EC 5.5.1.19).
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This point, therefore, led us to remove from the GSMNs reactions associated with the synthesis of
d—carotene (RXN1F-147), a—carotene (RXN1F-148), e—carotene (RXN-8028), zeinoxanthin (RXN-5961),
a—cryptoxanthin (RXN-12226—only for C. okamuranus GSMNs) and lutein (RXN-8962).

The addition of a hydroxyl group at each end of the f—carotene forms zeaxanthin. Within the
reconstructed S. japonica and C. okamuranus GSMNs, no reaction allows this modification. However,
there are two reactions (RXN-8025 and RXN-8026) within the MetaCyc database that ensure this
transformation using an intermediate, 3—cryptoxanthin. The enzyme responsible for this transformation
in algae is probably a monooxygenase belonging to the P450 family and more particularly of the
CYP97B type [58,64]. In each of the genomes, two genes (SJ07227 and SJ07228 for S. japonica; g4983 and
g4984 for C. okamuranus) were identified as such and one of them could ensure the hydroxylation of
B—carotene to zeaxanthin [58].

The first cycle of xanthophylls in brown algae involves two enzymes and allows, depending on
light conditions, the interconversion of zeaxanthin to violaxanthin through antheraxanthin [59,74].
In poor light conditions, a zeaxanthin epoxidase (ZEP — EC 1.14.15.21) causes the opening of the
cycles positioned at the ends of zeaxanthin and then antheraxanthin to form epoxides. Within the algal
genomes, there is a copy of this enzyme (5]19373 and g5910), but only one reaction, that corresponding
to the transformation of antheraxanthin into violaxanthin (RXN-7979) appears within the GSMNSs.
As a result, the reaction allowing the transformation of zeaxanthin into antheraxanthin (RXN-7978)
was added manually to the GSMNSs. In excess light, violaxanthin de-epoxidase (VDE — EC 1.23.5.1)
converts violaxanthin into antheraxanthin (RXN-7984), which is then further modified to create
zeaxanthin (RXN-7985). Within the GSMNs obtained, there is also a reversible reaction (RXN-13185)
allowing the direct conversion of violaxanthin to zeaxanthin. For each of the algae, three sequences are
associated with these reactions and the analysis of their phylogeny makes it possible to identify the
three known out-paralogs: VDE (5]03764 and g11316), VDL (VDE-like S]J20456 and g16187), and VDR
(VDE-related, SJ19927 and g4586). The second cycle of xanthophylls, known in diatoms [60,61],
and suspected in brown algae [56,59] operates on the same principle as the first cycle. Thus, the reactions
linked to the interconversion of diatoxanthin into diadinoxanthin (RXN-19200 and RXN-19202) were
added to the GSMNSs. VDL (SJ20456 and g16187) has been associated with the reaction that converts
diadinoxanthin to diatoxanthin (RXN-19202) [5,61] (see Figure S8 of the Supplementary Materials for
more details).

According to the two hypotheses reviewed in reference [18], we have added seven reactions related
to the synthesis of fucoxanthin and diadinoxanthin. According to the violaxanthin hypothesis [59],
we created two reactions to allow the transformation of violaxanthin into diadinoxanthin (opening
of the epoxide and formation of a triple bond—probably related to the action of a single enzyme)
and the transformation of diadinoxanthin into fucoxanthin (reactions probably carried out by three
independent enzymes). According to the neoxanthin hypothesis, we have added the three reactions
presented in reference [60] (RXN-19203, RXN-19197 and RXN-19196) and also chose to add the reaction
related to the transformation of violaxanthin into neoxanthin (RXN1F-155), even if there is no NSY in
the two brown algae. Finally, a reaction allowing the transformation of neoxanthin into diadinoxanthin
having been proposed by reference [60], we also added it to the GSMNs.
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Abstract: The exploration of natural antioxidants for nutraceuticals and pharmaceuticals industries
has recently increased. This communication aims to grasp the relevance of microalgae in the panorama
of natural antioxidant molecules supply to industrial applications as alternatives and/or complements
to those typically used from higher plants. Microalgal richness in antioxidant compounds and
scavenging ability compared to higher plants is discussed in the context of microalgal biodiversity.
We mainly focus on families of powerful antioxidant compounds that have been scarcely investigated
in microalgae, such as phenolic compounds, sterols, or vitamins, discussing the promise and
challenges of microalgae as providers of health benefits, for instance, through their use as functional
food ingredients.

Keywords: microalgae; antioxidant; biodiversity

1. Antioxidants and the Ability of Organisms to Finely Balance Oxygen between Cell Life
and Death

Oxygen is essential but can be harmful for life on Earth, causing oxidative stress in cells and
tissues through the development of ROS (reactive oxygen species) [1]. Lipids, nucleic acids (RNA and
DNA), and proteins represent the main targets of ROS, reactive nitrogen species (RNS), and reactive
sulfur species (RSS) [2].

Antioxidants, scavengers of ROS, are substances able to protect, scavenge, and repair oxidative
damage, thereby protecting target structures or molecules from oxidative injuries [3]. In protecting
against ROS, antioxidants help optimize human physiological functions, thus helping to maintain a
healthy state and protect against diseases. Numerous compounds, such as some vitamins, carotenoids,
and polyphenols (such as flavonoids), play a relevant role in preventing oxidative damages caused
by free radicals by scavenging activity, and/or have a key role in the prevention of degenerative
neuropathies or diabetes or in preventing cardiovascular diseases or cancers, as well as exerting
anti-inflammatory, anti-viral, or anti-ageing activities [4-9].

The antioxidant endogenous machinery in humans, although highly efficient, is not enough
by itself to counteract the development or harmful effects of ROS, thus requiring a supplement of
exogenous antioxidant molecules. Indeed, recent studies report that human longevity is also related
to the ingestion of food with high content of antioxidants, which help in protecting the body against
ROS [10]. Exogenous antioxidants are mainly derived from photosynthetic organisms and belong
to different families such as polyphenols (phenolic acids, flavonoids, anthocyanins, lignans, and
stilbenes), carotenoids (xanthophylls and carotenes), sterols, or vitamins (vitamins B, D, E, and C) [11].
Some of them are only synthesized in vegetables and bio-accumulate in animals [10] and along
ecosystem trophic web, such as in marine systems [12]. The sea is a rich source of antioxidants, such
as vitamins Bip, C, D, E, peptides, amino acids, chitooligosaccharide derivatives, astaxanthin and
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generally carotenoids, sulphated polysaccharides, sterols, phlorotannins, phenolic compounds, and
flavones [13-18].

Investigating new natural antioxidants for nutraceuticals and pharmaceuticals industries is a
relevant key-research topic [19]; microalgae are highly promising in this context [11-20].

2. The Small Size of the Bioactive Power: Promises of Microalgae as Antioxidant Providers

Microalgae are characterized by a high biodiversity (Table 1) and richness in terms of adaptive
traits allowing them to colonize all kind of aquatic ecosystems.

Table 1. Principal marine microalgal classes (ca. 50,000 known species, estimated to be 200,000-800,000
species [21]; microalgal biomass represents ca. one-quarter of the total vegetation biomass in the world)
and their potential in antioxidant biotechnology.

Species Known Interests
Classes Number Distribution Forms for Bioactive Applications Expectations
Estimation Families
single, filament polyphenols,
Bacillariophyceae 10,000 [22] ubiquitous gl 1l carotenoids little vitamins [23];
colonial
sterols [16]
Chlorophyceae 8000 [21] ubiquitous flagellate single ~ PUFAs, carotenoids yes
. oligotrophic, filament, phycobiliproteins . vitamin B12 [26]
Cyanophyceae 2000 (24,29] coastal colonial single  proteins carotenoids yes vitamin E [27]
Dinophyceae 1500 [28] ubiquitous flagellate sterols [16] little MAAs [29]
Prymnesiophyceae single, filament DMSP [30]
Pavlovophyeeae 500 [21] ubiquitous ﬂa’ellate DMSP little carotenoids
PRy’ 8 sterols [16,31]
. mostly filament,
Crysophyceae 4001211 ubiquitous colonial single B ne
Cryptophyceae 200 [32] ubiquitous Often flagellate phycobiliproteins little
. mostly
Prasinophyceae 100 [21] ubiquitous flagellate - no
oligotrophic, .
Pelagophyceae 10 [21] coastal single - no
Bolidophyceae 15[21] oligotrophic single - no

PUFAs = polyunsaturated fatty acids; MAAs = mycosporine-like amino acids; DMSP = dimethylsulph
oniopropionate.

The metabolic diversity of microalgae, stemming from the adaptive flexibility of the microalgal
world, makes them promising candidates to be exploited in biotechnological applications [33]. The
advantages of microalgae compared to higher plants or fruits—the actual main source of antioxidants
for human—derive from the combination of being photosynthetic, mainly unicellular, displaying high
growth rate, and occupying reduced space for their large cultivation.

In Table 2, we report data from literature comparing the antioxidant activity of microalgae vs.
higher plants or fruits.
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Table 2. Antioxidant activity (Trolox equivalents, umol (g7'DM)) of different higher plants and
microalgal classes.

Species Trolox Equivalents 1 mol (g~1DM) References

Rubus sp. ~224.80 [34]
Rosmarinus sp. ~116.00 [35,36]
Zataria multiflora Boiss ~108.00 [35,37]
Perlagonium graveolens L'Hér. ~36.00 [35,38]
Chamaemelum nobile L. ~7.60 [35,39]
Achillea wilhelmsii C. Koch ~3.00 [35,40]
Carthamus tinctorius L. ~1.80 [35,41]
Eustigmatophyceae 46.16-258.20 [42,43]
Chlorophyceae 5.50-214.34 [42-44]
Xanthophyceae ~122.52 [42,43]
Cryptophyceae 30.44-110.42 [42,43]
Pavlophyceae 24.19-94.19 [43,45]
Euglenoidea ~86.99 [42,43]
Different classes of Rhodophyta 16.61-67.95 [42,43]
Chrysophyceae ~57.35 [42,43]
Bacillariophyceae 4.55-48.90 [42-46]
Cyanophyceae 2.40-38.90 [42-47]

Dinophyceae 2.20-6.30 [42]

The antioxidant power of microalgae is comparable, and even higher than, the antioxidative
activity of higher plants or fruits (Table 2). In both cases, the variability is high (ranging from ~4
to 260 Trolox equivalents pmol g~!DM). Interestingly, the antioxidant potential of some classes of
microalgae such as Chlorophyta and Eustigmatophyceae (Table 2, highest values ranged from 214 to
258 Trolox equivalents pmol g~'DM) is comparable to the antioxidant activity displayed by Rubus sp.
(raspberry) fruits (224 Trolox equivalents tmol g~"DM [34]). These results point to the reason that there
is such great interest in the highly promising microalgae as antioxidant providers for nutraceuticals
and human wellness, and invoke the necessity of further exploring this great potential. The relevant
antioxidant activity is probably related to the high content and diversity of antioxidant molecules in
microalgae, which are a source of a wide range of antioxidant molecules [42-48] (Figure 1), some of
which are aquatic-specific, while others are shared with terrestrial plants.

Astaxanthin, an “aquatic” carotenoid, is one of the most known for its health properties [49].
Among carotenoids, many are shared with higher plants [50], while algae (micro- and macro-) contain
peculiar ones, such as fucoxanthin, which is well known for its bioactivity [51], and many others,
such as diatoxanthin, diadinoxanthin, siphonein, or siphonaxanthin, with potentially interesting
bioactivity [21,52]. Also, aquatic protein pigments such as phycobiliproteins are of great interest
for their antioxidant and pharmaceutical activity [53]. Aquatic organisms, like microalgae, can also
be providers of other sources of antioxidant molecules, such as the mycosporine-like amino acids
(MAAs, [29]), which act as sunscreens against UVs and also possess antioxidant and osmoprotectant
activities [54]. Moreover, the osmolyte dimethylsulphoniopropionate (DMSP) and its enzymatic
cleavage product dimethylsulphide (DMS), produced in some microalgae have also been shown to
display antioxidant activity [30].

Other families with powerful antioxidant activity that are well known in higher plants are also
present in microalgae, although they tend to be far less studied in microalgae than in terrestrial plants
(e.g., phenolic compounds, sterols and vitamins). Phenolic compounds, including several classes of
flavonoids, such as isoflavones, flavanones, flavonols, and dihydrochalcones, have a protective effect
on the liver, which is one of the principal targets of ROS-related diseases [55]. Spirulina sp., aquatic
cyanobacteria, are a rich source of phenolic compounds including gallates, chlorogenates, cinnamates,
pinostrobates, and p-hydroxybenzoates [56] as well as salicylic, trans-cinnamic, synapic, chlorogenic,
and caffeic acids [57]. Previous studies have looked at the content and diversity of sterols in microalgae
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(see [16] and references therein) and have reported that microalgae can be relevant producers of
sterols. Microalgal sterols have beneficial health effects in diseases such as hypocholesterolemia
and neurological diseases like Parkinson illness, and also possess anticancer and anti-inflammatory
activities [17].

Polyphenols
P Carotenoids

v Phenolic acids
(hydroxybenzoic acids, V' Astaxanthin v Vitamin A
hydroxycinnamic acids), V' Green alga v v Vitamin E N
1'v" Flavonoids carotenoids Cholesterol v
! (flavones, flavonols, flavanones) (lutein, neoxanthin, v" Occelasterol >
v' Isoflavonoids zeaxanthin,etc.) v" Desmosterol 4
(isoflavones, coumestans), v Brown alga v Ergosterol '
v’ Stilbenes carotenoids v " al
v’ Lignans (diatoxanthin, SIEGSHEKG] v Y
v Phenolic polymers diadinoxanthin, v’ Clionasterol | Sulfated
(proanthocyanidins fucoxanthin) | Carbohydrates .
condensed tannins) L |
. P od
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Figure 1. Challenging microalgal antioxidants of interest for biotechnological issues. DMS:
dimethylsulphide.

Together with phenols and sterols, microalgae are also a rich source of vitamins, such as vitamin E
(tocopherols), D, and C, as well as 3-carotene (pro-vitamin A), pyridoxine, nicotinamide (vitamin Bs),
thiamine (vitamin By), riboflavin, and biotin [58]. Sulfated polysaccharides isolated from microalgae
also display relevant antioxidant properties with effective scavenging abilities on superoxide radicals,
hydroxyl radicals, and hydroxyl peroxide [59]. Furthermore, microalgae are also a rich source of
protein enzymes, peptides, and amino acids [60], which are necessary for the normal physiological
activities of cells and tissues and have strong health-protecting effects [60].

3. BioDivAct (Biodiversity and Bioactivity): A Microalgal Antioxidant Challenging Project

Activation of physiological regulation pathways induced by environmental stress generates the
synthesis of molecules that are able to react against ROS. These bioactive molecules are of strong interest
for biotechnological applications, especially for nutraceuticals and cosmetics. Investigating natural
sources of bioactive molecules and enhancing their synthetic yield are biotechnological requirements
for further addressing societal needs in terms of human wellness. Marine microalgae, which represent
a reservoir of known and unknown biodiversity, can majorly contribute to this goal [61]. Indeed,
microalgal diversity (Table 1) offers a broad range of adaptive biological features (which may be fruitful
for biotechnological applications [48]) related to their growth in the most varied marine systems,
from intertidal sediments, polar or ultra-oligotrophic systems, to coastal ecosystems. Yet, a lack of
information on regulative processes and their variability among biodiversity is notable, except on what
is regarding the photoprotective responses such as the xanthophyll cycle and NPQ activation [62].

The challenge is to investigate the diversity of bioactive molecules and its modulation along the
microalgal biodiversity scale.
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The steps to reach the “microalgal antioxidant illuminated life” are defined below:

Deeply investigate the content and diversity of the least known families of microalgal bioactive
molecules. Phenolics, flavonoids, and vitamins (A, B, C, D, and E) have been scarcely documented
in microalgae [16-20,23,63-77]. Compared to these families, microalgal sterols have been
more documented thanks to the pioneering works of Volkman [16,63]. These groups of
biotechnologically appealing bioactive molecules require deep investigations in microalgae.
Also, other promising bioactive molecules such as the mycosporine-like amino acids [29,78] have
to be further investigated.

Deploy a large screening of the little-known antioxidant molecules/families among the microalgal
biodiversity, as recently conducted by Volkman on microalgal sterols [16]. One of the aims of
this action is to generate a crossed biodiversity (BioDivAct) matrix providing information on the
relationship between taxa/groups and the concentrations and relative contributions of the diverse
families. From this, the “key molecule concept” can be proposed for the different microalgal
groups (i.e., with “key” defined as molecules present in high quantity in cells, or by their high
and/or peculiar bioactivity interest.).

Understand the role of these key molecules and their place in cells (e.g., chloroplasts,
mitochondria, etc.).

Decipher the main biosynthetic pathways of these molecules.

Assess and compare the antioxidant activities of single molecules or families harvested from the
microalgal diversity. These data must thus be included in the BioDivAct matrix. It is expected
that some single molecules or subfamilies of molecules display greater activity of scavenging
and/or repairing than others, as it is generally found in higher plants/fruits.

Investigate the regulative properties driving the synthesis of bioactive molecules in the different
microalgal groups in relation to the functional groups they belong. This approach was already
carried out by Dimier et al. [79] on the xanthophyll cycling pigments modulation with respect
to the ecosystem properties where the microalgae come from. This can be done on cells grown
under different environmental conditions, mainly by manipulating light (intensity, daily light
dose, spectral composition [16,23,78]), or through others forms of manipulations [16], such as
temperature, salinity, nutrient concentrations, and water movement during cultivation. Spectral
light modulation, mainly varying the red:blue ratio, is of great interest for manipulating microalgal
physiology and regulative properties [23].

Assess the antioxidative power of mixes of molecules/families harvested from mono-microalgal
cultures. This feature is relevant since one way to enhance bioactivity concerns the synergism
between different molecules/groups extracted together [80].

Optimize protocols to maximize the harvested yield of the targeted compounds and investigate
procedures to maximize the extraction efficiency of bioactive mixtures from microalgae.
Investigate the biological and environmental conditions for developing the co-cultivation
of different microalgal groups in order to provide an efficient complementary of the
bioactive molecules.

The microalgal antioxidant challenge, with the specific aims described previously, will enhance

the added value of microalgal harvested biomass in terms of bioactivity and thus its role in nutraceutics
and/or cosmetics. Indeed, this will help to lower the cost of the production rate for obtaining a
high-quality biomass. The costs of microalgal growth for cosmetics or nutraceutical applications (i.e.
using them for bioactive compounds) have not yet been estimated. Attempts on comparing the costs
of microalgal production vs. terrestrial plants production have been carried out [81], especially for
energetics application, such as lipid production. The results of the previous study suggested that the
production of algal biomass can be profitable, compared to higher plants, but requires a maximization
of yields, and an optimization of harvesting and processing strategies for microalgal cultivation and
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for the enhancement of biomass quality (e.g., antioxidant richness for cosmetics or nutraceutical

applications).
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Abstract: Microalgae contain a multitude of nutrients and can be grown sustainably. Fucoxanthin,
a carotenoid from Phaeodactylum tricornutum, could have beneficial health effects. Therefore, we
investigated the anti-inflammatory, antioxidative and antiproliferative effects of fucoxanthin derived
from this diatom in vitro. The effects of purified fucoxanthin on metabolic activity were assessed
in blood mononuclear cells and different cell lines. In cell lines, caspase 3/7 activity was also
analyzed. Nitrogen monoxide release and mRNA-expression of proinflammatory cytokines were
measured. For antioxidant assays, cell free assays were conducted. Additionally, the antioxidant
effect in neutrophils was quantified and glutathione was determined in HeLa cells. The results
show that neither did fucoxanthin have anti-inflammatory properties nor did it exert cytotoxic
effects on mononuclear cells. However, the metabolic activity of cell lines was decreased up to 58%
and fucoxanthin increased the caspase 3/7 activity up to 4.6-fold. Additionally, dose-dependent
antioxidant effects were detected, resulting in a 63% decrease in chemiluminescence in blood
neutrophils and a 3.3-fold increase in the ratio of reduced to oxidized glutathione. Our studies show
that fucoxanthin possesses antiproliferative and antioxidant activities in vitro. Hence, this carotenoid
or the whole microalgae P. tricornutum could be considered as a food or nutraceutical in human
nutrition, showcasing beneficial health effects.

Keywords: microalgae; Phaeodactylum tricornutum; fucoxanthin; antioxidative; antiproliferative

1. Introduction

Microalgae are microscopic small unicellular organisms that are abundant in various habitats
around the globe. They can be cultured in open ponds or photobioreactors without the use of arable
land and thus represent a promising sustainable alternative to plant-based proteins. They do not only
produce high amounts of proteins but are also a good source for fatty acids, and vitamins, which can
provide health promoting effects in a human diet. Hence, they can serve as novel functional foods or
be incorporated into existing food products [1,2].

The unicellular pennate diatom Phaeodactylum tricornutum exists in three different morphotypes
and its genome has been already fully sequenced [3]. The diatom contains a multitude of different
components that could provide health beneficial effects. These include the omega-3 fatty acid
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eicosapentaenoic acid (EPA), polyphenols like (epi-) catechin and oxygenated carotenoids like
fucoxanthin [4-8]. Fucoxanthin, a major marine carotenoid, is located in the thylakoids of chloroplasts
and forms a light harvesting complex (LHC) with chlorophyll a/c [9,10]. It was shown in several studies,
that fucoxanthin from macroalgae possesses health-conducive effects, including anti-inflammatory,
antioxidant, antiobesity and anticancer activities [11-15]. Since most of these studies used fucoxanthin
derived from macroalgae, only little is known about the health-beneficial effects of fucoxanthin derived
from P. tricornutum, although this microalga was shown to have a high content of fucoxanthin between
16.5 to 26.1 mg per gram dry matter (dm) [16,17]. Thus, diatom biomass can contain up to ten
times more fucoxanthin than macroalgae. Additionally, diatoms, different from macroalgae, can be
cultivated indoors and outdoors not only during specific seasons but all around the year with a high
biomass productivity [18]. It is already demonstrated that they can be produced in various types of
different closed photobioreactors, like bubble columns and flat panel airlift bioreactors [19-21]. Hence,
P. tricornutum might be a suitable source for the commercial production of fucoxanthin.

The prevalence of diseases linked to oxidative stress and inflammation is constantly increasing in
developed countries [22-24]. The occurrence of those diseases can also be linked to the emergence
of cancer [25,26]. Therefore, research is trying to identify new compounds that could be used to
reduce inflammation, oxidative stress, and the viability of cancer cells. Fucoxanthin derived from
P. tricornutum might be used as a new nutraceutical, if it also exhibits the health beneficial effects that
were already shown for the carotenoid derived from macroalgae.

2. Materials and Methods

2.1. Cultivation of Microalgae and Fucoxanthin Extraction

P. tricornutum UTEX 640 was cultivated in 180 L Flat-Panel-Airlift photobioreactors in an outdoor
pilot scale plant located at the Fraunhofer Center for Chemical-Biotechnological Processes CBP in
Leuna, Germany. Modified Mann and Myers medium was used as culture medium as described
in Meiser et al. [19,27]. The biomass was disrupted using stirred ball milling (PML-2, Biihler) and
freeze-drying prior to fucoxanthin extraction. The cell disruption and extraction method were
previously described in detail in Derwenskus et al. [17]. Briefly, Fucoxanthin was extracted from the
disrupted biomass by pressurized liquid extraction (ASE 350, Thermo-Fisher) for a static extraction
time of 20 min at 100 °C and 100 bar using adequate subcritical organic solvents (described in [28]).
Subsequently, the fucoxanthin was purified by multiple separation steps using filters (0.25 pm)
consisting of polytetrafluoroethylene to a final purity of 99.2% (w/w) (HPLC). It was compared to a
commercial fucoxanthin standard (16337, Sigma-Aldrich) using UHPLC-MS.

It was compared to a commercial fucoxanthin standard (16337, Sigma-Aldrich) using UHPLC-MS.

2.2. Determination of Fucoxanthin by HPLC and UHPLC-MS

Fucoxanthin was quantified using the HPLC method described by Gille et al. [28] with slight
modifications. Briefly, the purified fucoxanthin was resolved in pure ethanol with BHT (250 mg/L)
and compared to a commercial analytical standard (16337, Sigma-Aldrich, St. Louis, MO, USA) using
reverse-phase HPLC with a Suplex pKb 100 column (5 pm, 250 X 4.6mm, Supelco, Bellefonte, PA, USA).
Samples (injection volume 5 pL) were analyzed using a HPLC (1200 Infinity, Agilent, Santa Clara,
CA, USA) equipped with a multi-wavelength UV detector at 450 nm and a flow rate of 1 mL/min.
The gradient used for the method is described in detail elsewhere [29].

Additionally, fucoxanthin from P. tricornutum was analyzed and compared to the commercial
standard by UHPLC-DAD (1290 Infinity, Agilent Technologies) using a Zorbax Eclipse Plus C18
(2.1 x 50 mm) column with a particle size of 1.8 um. Mobile phase A contained water with 0.1% formic
acid and mobile phase B consisted of methanol with 0.1% formic acid. The gradient used is shown
in Table 1. The fucoxanthin was detected at 450 nm and analyzed in a mass spectrometer (LTQ XL,
Thermo Scientific) using ESI in full scan mode from 200 to 1000 m/z at a temperature of 275 °C and

90



Antioxidants 2019, 8, 183
—9.0 V. The m/z values (see supplementary material, S1) were compared to the analytical standard and
to literature [30].

Table 1. Solvent gradient for the UHPLC-MS-Method used in this study. Mobile phase A consisted of
water with 0.1% formic acid and mobile phase B was methanol with 0.1% formic acid.

Time [min] Mobile Phase A [%] Mobile Phase B [%]
0 70 30
8 3 97
11 3 97
11.1 70 30
14 70 30

2.3. Isolation of Human Primary Blood Cells Band Cell Cultures

Anticoagulated blood was collected from healthy volunteers, approved by the local ethics
committee (F-2015-064, Landesdrztekammer Baden-Wiirttemberg). Isolation of polymorphonuclear
leukocytes (PML) and peripheral blood mononuclear cells (PBMCs) via dextran sedimentation and
density gradient centrifugation was conducted as previously described by El Benna & Dang (2007) [30]
and Neumann et al. (2018) [31]. PMLs were resuspended in DPBS, PBMCs in RPMI medium with
10% fetal calf serum and 1% penicillin / streptomycin. HepG2 cells were provided by the Max
Rubner-Institute (Karlsruhe, Germany). RAW 264.7, HepG2, Caco-2 and HeLa cells were cultured in
DMEM with 10% fetal calf serum and 1% penicillin / streptomycin.

2.4. Metabolic Activity

Metabolic activity was assessed using the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT). PBMCs (3 x 10 cells per well) and RAW 264.7 cells (1 x 10* cells
per well) were incubated with fucoxanthin (0.1, 1, 10 and 50 ug/mL), -carotene (1 ug/mL), dimethyl
sulfoxide (DMSO, 0.1%) as solvent control or DMSO (5%) as positive control for 24 h. Subsequent,
MTT assay was conducted as previously described [31].

2.5. Antiinflammatory Assays

Nitric oxide (NO) production in RAW 264.7 cells was measured using the Griess assay. Therefore,
5 x 105 cells were treated with fucoxanthin (0.1 and 1 pg/mL) or 3-carotene (1 pg/mL) and stimulated
with lipopolysaccharide (LPS, 1 ug/mL) for 24 h. The level of NO was measured using the Griess
reaction, as previously described [32].

The effects of fucoxanthin on the LPS-induced mRNA expression of the cytokines interleukin-
(IL-)1B, IL-6, tumor necrosis factor « (TNF-«) and the enzyme cyclooxygenase-2 (COX-2) in PBMCs
was measured by quantitative real-time polymerase chain reaction (QRT-PCR). Cells were incubated
with fucoxanthin (0.1, 1 or 10 pug/mL), 3-carotene (1 pg/mL) or DMSO (0.1%) as solvent control for 24 h.
Cells were stimulated with LPS (1 pg/mL) for 6 h. The mRNA expression was measured as formerly
described [31].

2.6. Antioxidant Assays

Total phenolics content (TPC) was determined using the Folin-Ciocalteu method [33] with minor
modifications. In a 96-well microplate, 30 pL of fucoxanthin (0.1, 1 or 10 ug/mL) were mixed with
150 uL Folin-Ciocalteu reagent (diluted 1/10 in water) and 120 pL sodium carbonate solution (75 g/L).
To obtain an individual blank, samples were mixed with 120 uL sodium carbonate solution and 150 uL
water. After 2 h in the dark at room temperature, the absorbance was measured at 765 nm with a
BioTek Synergy HT plate reader (BioTek Instruments, Winooski, VT, USA). Gallic acid was used to
establish a calibration curve (30-580 uM) and results are expressed as gallic acid equivalents (GAE) per
gram dry matter (dm).
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The ferric reducing antioxidant power (FRAP) assay was performed in accordance to the method
of Benzie and Strain [34]. An individual blank was measured for each sample. Ferrous sulphate
solutions were used for calibration (50-1000 uM) and the results are expressed as mmol Fe?+ per
gram dm.

For the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay a calibration curve was obtained by using
DPPH concentrations in the range of 0-100 uM. A DPPH solution was freshly prepared in methanol.
150 uL DPPH (0.1 MM) were mixed with 50 pL fucoxanthin (0.1, 1, 10 or 50 pug/mL), 150 uL methanol
instead of DPPH were used for blank measurement. The percentage inhibition was calculated using
the following formula:

%Inhibition = (ODpppy — ODSample)/ODDPPH x 100

The half maximal inhibitory concentration (IC50) was calculated by linear regression, plotting the
percentage inhibition against the different extract concentrations.

The glutathione (GSH) to glutathione disulfide (GSSG) ratio as a marker for oxidative stress was
determined using the GSH/GSSG-Glo™ Assay (Promega, Mannheim, Germany). 2 x 104 HeLa cells
were incubated with fucoxanthin (0.1, 1, 10 and 50 ug/mL), 3-carotene (1 ug/mL), DMSO (0.1%) as
solvent control or menadione (40 uM) as control for 24 h.

2’,7'-dichlorofluorescin (DCF) fluorescence and ROS production using luminol chemiluminescence
were measured in human PMLs. For DCF fluorescence 100 uL of freshly drawn blood were incubated
with 2’,7’-dichlorofluorescin diacetate (20 uM) at 37 °C for 15 min. Lipopolysaccharide (10 ng/mL)
and fucoxanthin (0.1, 1, 10 or 50 ug/mL) or 3-carotene (1 pg/mL) were added for 1 h at 37 °C. Cells
were then stimulated with N-formylmethionyl-leucyl-phenylalanine (fMLP, 500nM). The reaction was
stopped after 5 min by placing the samples on ice. After red blood cell lysis using the BD FACS lysing
solution according to the manufacturer’s instructions, DCF fluorescence was measured with a BD
FACS Canto II (BD Biosciences, Becton, Dickinson and Company, San Jose, CA, USA). The percentage
of fluorescent PMLs was calculated using the BD FACS Diva Software.

In luminol assays, PMLs were incubated with fucoxanthin (0.1, 1, 10 and 50 ug/mL), -carotene
(1 pg/mL), DMSO (0.1%) as solvent control or menadione (40 uM) as control. The assay was conducted
as previously described [35] and cells were stimulated with phorbol 12-myristate 13-acetate (PMA,
100 ng/mL). Chemiluminescence was measured in a Berthold-Biolumat LB937 (Berthold Technologies
Co., Bad Wildbad, Germany) at 37 °C for 15 min. Percentage inhibition of luminescence was calculated
using the area under the curve (AUC) values.

2.7. Cytotoxic and Apoptotic Assays

MTT assays were conducted with Caco-2, HeLa and Hep G2 cells to assess cytotoxic activity
of fucoxanthin on cancer cells. Cells were incubated with fucoxanthin (0.1, 1, 10 and 50 pg/mL),
[3-carotene (1 pug/mL), DMSO (0.1%) or staurosporine (1 uM) for 48 h, as described elsewhere [32].
For apoptotic properties, the caspase-glo®3/7 assay (Promega, Mannheim, Germany) was conducted
according to the manufacturer’s instructions.

2.8. Statistics

Data are expressed as mean =+ standard error of the mean (SEM) in graphs or + standard deviation
(SD) in tables. Graphs were generated using GraphPad Prism 5 (La Jolla, CA, USA), statistics were
done using IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, USA), graphs. Normal distribution was
tested using the Shapiro-Wilk test. One-way analysis of variance (ANOVA) was used to evaluate
statistic significant differences (p < 0.05) between groups. The equality of variances was tested utilizing
Levene’s test. For equal variances, Tukey’s HSD post hoc test was used; for unequal variances,
Dunnett’s T3 post hoc test3.
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3. Results

3.1. Metabolic Activity

For PBMCs, only the positive control with a final concentration of 5% DMSO led to a significant
decrease in metabolic activity analyzed using the MTT assay. Fucoxanthin up to a concentration
of 50 ug/ml did not influence the metabolic activity (Table 2). For RAW 264.7, however, a decrease
in metabolic activity was shown for the positive control and the highest fucoxanthin concentration
tested (50 pg/mL, Table 2). Hence, the following anti-inflammatory assays were only conducted with
non-cytotoxic concentrations.

Table 2. Effects of fucoxanthin from P. tricornutum, vehicle control (DMSO, 0.1%), positive control
(DMSO, 5%) and B-carotene on metabolic activity of PBMCs and RAW 264.7 cells. Data are presented
as mean + SD (n = 4-6).

[ug/mL] Metabolic Activity [%]
PBMCs RAW 264.7
Vehicle control 100 100

Positive control 5427 +4.23 ** 3.39 £ 3.02 ***
Fucoxanthin 50 104.7 + 14.16 20.88 + 6.33 **
10 98.76 + 5.38 73.28 +9.60

1 95.25 + 3.84 89.64 + 13.76

0.1 88.35 + 14.13 93.12 + 5.09

[B-carotene 1 87.65 + 13.47 80.30 + 13.09

Asterisks mark significant differences to vehicle control as analyzed by ANOVA with Dunnett’s T3 post hoc test
(*<0.05, ** <0.01, *** <0.001).

3.2. Antiinflammatory Effects

To analyze the anti-inflammatory effects of fucoxanthin, the NO production of RAW 264.7 cells
was measured, and mRNA-expressions of inflammatory cytokines were determined in PBMCs (Table 3).
Neither fucoxanthin nor B-carotene showed anti-inflammatory effects in the tested concentrations
(Table 3). Additionally, no pro-inflammatory effect was seen in unstimulated cells (Table 3).

Table 3. Effects of fucoxanthin from P. tricornutum, vehicle control (DMSO, 0.1%) and p-carotene on
relative mRNA expression of pro-inflammatory cytokines in PBMCs and on NO production in RAW
264.7 cells. Data are presented as mean + SD (1 = 5-7).

[ug/mL] IL-1B [%] IL-6 [%] TNF« [%] NO [uM]

PBMCs PBMCs PBMCs RAW 264.7

Vehicle control 100 100 100 59.66 + 7.59

Fucoxanthin 10 110.1 + 26.55 99.15 + 26.14 160.4 + 68.13 56.53 + 6.58

1 97.65 + 18.09 92.10 £22.18 133.3 £ 60.35 60.84 + 7.65

0.1 101.3 +£18.29 122.5 +32.23 133.9 + 55.50 59.21 +7.69

3-carotene 1 75.07 + 44.36. 104.2 + 57.37 158.7 + 80.90 59.84 +£7.10
Vehicle control, 02+0.1 0.1+0.1 5.6 +5.7 0.0 £0.0

unstimulated

Fucoxanthin, unstimulated 10 03+05 0.1 +0.04 51+62 0.03 +0.1
-carotene, unstimulated 1 02+02 01+02 3.8+22 0.0+0.0

No differences between stimulated groups and no differences between unstimulated groups were found by ANOVA
(p < 0.05). Abbreviations: IL interleukin; TNF tumor necrosis factor, NO nitrogen monoxide.

3.3. Antioxidant Effects

Various assays were conducted to analyze the antioxidant properties of fucoxanthin. In the DPPH
assay, fucoxanthin had an IC50 value of 201.2 + 21.4 pg/mL, while the value for ascorbic acid was
70.3 + 18.7 ug/mL and for astaxanthin 79.32 + 18.10 pug/mL. Due to low antioxidant effects, an IC50 for
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[-carotene could not be calculated. Results of the FRAP assay show that fucoxanthin is equivalent to
64.74 + 3.93 mmol Fe?* per gram dm, B-carotene to 6.55 + 0.33 and astaxanthin to 63.97 + 6.79 mmol
Fe?* per gram.

Neither fucoxanthin nor -carotene showed effects on the DCF fluorescence of PMLs (data not
shown). Menadione decreased the GSH/GSSG ratio. However, according to statistical analysis this
change was not significant (p = 0.09). Fucoxanthin in the highest concentration (50 pg/mL) increased
the ratio significantly (Figure 1A). Lower concentrations, however, showed no effects. Luminol
chemiluminescence was measured to evaluate the antioxidant properties of fucoxanthin in PMLs.
The results are depicted in Figure 1B and show that menadione decreased the luminescence by 96%,
fucoxanthin by 63% at 50 pug/mL. The antioxidant effect is dose-response dependent.

A 1504

100+

504

GSH/GSSG ratio

100+

50+

Luminescence [%]

0
Menadione [pM]

Fucoxanthin [pg/ml]
B-carotene [ug/mi] - - - - - - 1

Figure 1. Effects of fucoxanthin from P. fricornutum on GSH to GSSG ratio in HeLa cells (A) and
on luminol chemiluminescence in freshly isolated PMLs (B) (n = 3-5). Different letters represent
significantly different groups (ANOVA followed by Tukey post hoc test for GSH/GSSG assay or with
Dunnett’s T3 post hoc test for luminol chemiluminescence, p < 0.05). Abbreviations: GSH glutathione,
GSSG glutathione disulfide.

3.4. Cytotoxic and Apoptotic Effects

Fucoxanthin was able to reduce the metabolic activity of Hep G2, HeLa and Caco-2 cells in
a dose-dependent manner (Figure 2A—C). An inhibitory effect of up to 58% was measured in Hep
G2 cells. In HeLa and Caco-2 cells, the effect was stronger than that of the positive control with a
final concentration of 5% DMSO. In order to evaluate if the decrease in metabolic activity is linked
to apoptosis, the caspase 3/7 activity was determined. The results show that fucoxanthin led to a
dose-dependent increase in caspase 3/7 activity (Figure 2D-F). A 4.6-fold increase in caspase activity
was measured in HeLa cells for the highest fucoxanthin concentration. 50 pg/mL of the carotenoid led
to a higher caspase 3/7 activity than 1uM staurosporine in all tested cell cultures.
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Figure 2. Effects of fucoxanthin from P. tricornutum on metabolic activity of HeLa (A), Caco-2 (B) and
HepG2 (C) cells (1 = 4-6). Cells were incubated for 48 hours, DMSO (5%) was used as a positive control.
Caspase 3/7 activity as a marker for apoptosis was assessed in HeLa (D), Caco-2 (E) and HepG2 (F) cells
(n = 4). Here, staurosporine (1 uM) was used as a positive control. Different letters mark significant
differences (ANOVA followed by Tukey post hoc test for D or with Dunnett’s T3 post hoc test, p < 0.05).

4. Discussion

Fucoxanthin, a major marine carotenoid that is up to now obtained from macroalgae, was
successfully extracted from the microalgae P. tricornutum. In this study, we found that fucoxanthin
had no influence on the metabolic activity of PBMCs, which was also reported by Ishikawa et al. [36].
This leads to the assumption that fucoxanthin, up to concentrations of 50 ug/mL, has no cytotoxic
effects on these cells. However, the carotenoid had a cytotoxic effect on the mouse macrophage cell line
RAW 264.7 at 50 ug/mL. This is not concordant to a study by Islam et al. (2013), who only reported a
reduced cell viability at much higher doses of fucoxanthin [37].

This study found no effects of fucoxanthin on the NO production of LPS-stimulated RAW 264.7
cells. A study by Islam et al. (2013) supports these findings [37]. Authors showed anti-inflammatory
effects only at higher concentrations [37]. However, other studies were able to show a dose-dependent
inhibition of NO production by fucoxanthin at lower concentrations [12,38,39]. Here, we also reported
that the carotenoid had no effect on the mRNA-expression of pro-inflammatory cytokines in human
PBMCs. This is also not concordant to the study by Heo et al. (2010), who showed an inhibitory effect
on the mRNA expression in RAW 264.7 cells [12]. Yet, to date, no studies on the anti-inflammatory
effects of fucoxanthin on human primary blood cells have been published. It is noteworthy that all
mentioned studies utilized fucoxanthin extracted from seaweeds. Therefore, it can be assumed that the
carotenoid from P. tricornutum might have different effects or that the measured effects in other studies
are based on impurities resulting from extraction.

Fucoxanthin showed strong antioxidant effects in cell-free and cell-based assays. The IC50
concentration of fucoxanthin with 201 ug/mL in the DPPH assay was higher than that reported by
Sachindra et al. (2007) [40]. The higher values might be caused by differences in extraction or on the
origin of the carotenoid. As previously described, 3-carotene showed no DPPH radical scavenging
activity [41]. Antioxidant effects of ascorbic acid, however, were stronger in FRAP and DPPH assays.
The FRAP assay revealed that the antioxidant effects of fucoxanthin extracted from P. tricornutum does
not significantly differ from that of astaxanthin, a carotenoid with strong antioxidant effects derived
from the red algae Haematococcus pluvialis which is already successfully commercialized [42,43]. Both,
fucoxanthin as well as astaxanthin showed a strong antioxidant effect in the FRAP assay compared to
[3-carotene.
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In the DCF fluorescence assay, neither fucoxanthin nor (3-carotene showed antioxidant effects
while the luminol assay revealed dose-dependent antioxidant properties of fucoxanthin. The DCF assay
is used for the intracellular detection of ROS, especially H202 [44]. Luminol, on the other hand, can
detect the sum of extra- and intracellular ROS, especially those generated by the myeloperoxidase [45].
Hence, it can be assumed that fucoxanthin is either inhibiting the myeloperoxidase activation or
quenching the bactericidal hypochlorite produced by this enzyme. Fucoxanthin was also able to
increase the GSH level in HeLa cells, which was already shown by a study in human keratinocytes [46].
GSH as an antioxidant is able to scavenge ROS; the ratio of GSH to GSSG is often used as a marker
for oxidative stress. A multitude of diseases is linked to a decreased GSH to GSSG ratio, including
Alzheimer’s and Parkinson’s disease [47—49]. Fucoxanthin could help to increase reduced GSH and
hence ameliorate the negative effects of oxidative stress.

Although fucoxanthin had no effect on the metabolic activity of human blood cells, a
dose-dependent influence on different carcinoma cell lines was shown. For Caco-2 cells and different
cell lines, this was already shown previously [50-52]. To analyze if the reduced metabolic activity
is linked to an increased apoptosis of cells, we also measured the caspase 3/7 activity. An increase
in activity was shown for all cells, leading to the conclusion that fucoxanthin from P. tricornutum
is able to induce apoptosis in different cancer cells. Kim et al. (2010) were able to show, that the
induced apoptosis is caused by the formation of ROS by fucoxanthin [51]. The authors state that the
production of intracellular H,O, and superoxide in the carcinoma cells triggers the apoptosis. This is,
however, inconsistent with the antioxidant effects of the carotenoid that was shown in this study.
On the other hand, Kotake-Nara et al. (2005) reported that the induced apoptosis is not accompanied
by the production of ROS and caused by the loss of mitochondrial membrane potential [53]. It is
assumed that oxidative stress is linked to the initiation and promotion of cancer [25]. ROS might lead
to DNA damages and hence lead to uncontrolled cell proliferation and decreased apoptosis in cancer
cells. On the other hand, antitumor drugs often function by producing ROS that induce oxidative
stress in tumor cells and lead to cell death [54]. The role of antioxidants in tumor therapy is therefore a
controversial issue. Some studies show that antioxidants can promote the outcome of therapy, while
others show negative effects [54,55].

In summary, we were able to show antioxidant and antiproliferative but no anti-inflammatory
effects of the carotenoid fucoxanthin extracted from the microalgae P. tricornutum. Fucoxanthin was
able to inhibit the oxidative burst in human PMLs, scavenge radicals and increase the GSH to GSSG
ratio. Additionally, the metabolic activity was decreased, and apoptosis increased by the carotenoid.
This leads to the conclusion that fucoxanthin or the whole microalgae biomass, including fucoxanthin
in high amounts, could be considered in nutrition in order to ameliorate the effects of diseases linked to
oxidative stress. Additionally, fucoxanthin could help to support traditional cancer treatment because
of its beneficial health effects. Human trials are needed in future to further support these suggestions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/6/183/s1,
Figure S1: UHPLC-MS spectra of a commercial fucoxanthin standard (A) and fucoxanthin derived from the
diatom P. tricornutum (B) showing the specific m/z-values of precursor ions (1/z = 659.6 [M+H]+; 681.5 [M+Na]+)
of fucoxanthin and related daughter ions (117/z = 641.8 and 581.9). Abbreviations: m/z mass-to-charge ratio.
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Abstract: Little is known on the antioxidant activity modulation in microalgae, even less in diatoms.
Antioxidant molecule concentrations and their modulation in microalgae has received little attention
and the interconnection between light, photosynthesis, photoprotection, and antioxidant network in
microalgae is still unclear. To fill this gap, we selected light as external forcing to drive physiological
regulation and acclimation in the costal diatom Skeletonema marinoi. We investigated the role of
light regime on the concentration of ascorbic acid, phenolic compounds and among them flavonoids
and their connection with photoprotective mechanisms. We compared three high light conditions,
differing in either light intensity or wave distribution, with two low light conditions, differing in
photoperiod, and a prolonged darkness. The change in light distribution, from sinusoidal to square
wave distribution was also investigated. Results revealed a strong link between photoprotection,
mainly relied on xanthophyll cycle operation, and the antioxidant molecules and activity modulation.
This study paves the way for further investigation on the antioxidant capacity of diatoms, which
resulted to be strongly forced by light conditions, also in the view of their potential utilization in
nutraceuticals or new functional cosmetic products.

Keywords: light; ascorbic acid; phenolic compounds; flavonoids; photoprotection

1. Introduction

Aerobic organisms need to deal with reactive oxygen species (ROS) which are harmful to their
metabolism since high ROS concentrations can damage cellular machinery ultimately threatening cell
survival; simultaneously ROS play also a role as secondary messengers. In all cells, mitochondria,
NADPH oxidase (NOX) complexes and the enzyme lipoxygenase are major ROS sources. Photosynthetic
eukaryotic cells possess, in addition, the chloroplasts, in which ROS are formed via energy transfer from
chlorophyll or via electron transfer. Indeed, ROS intracellular concentration controls the photosystem
IT (PSII) activity and therefore photosynthesis and defense strategies [1]. The balance between
toxicity, when ROS are in excess, and the signaling action requires cells to finely tune the ROS
concentration [2—4], thanks to an efficient intracellular network composed by antioxidant molecules
and enzymes. Antioxidants include molecules such as ascorbic acid (AsA), carotenoids, glutathione
(GSH), tocopherols as well as phenolic compounds. AsA is a strong antioxidant component of the
cell plasma [5]. AsA is also substrate of antioxidant enzymes such as peroxidases and violaxanthin
de-epoxidase, thus contributing to dissipate excess energy [6]. Carotenoids occur in the chloroplast
membranes interacting directly where photosynthesis-derived ROS are generated. Besides their role
as photosynthetic pigments, carotenoids can efficiently quench peroxides and singlet oxygen thus
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preventing the formation of ROS [5,7-9]. GSH buffers the redox equilibrium of the cell by undergoing
oxidation or reduction reactions, according to the redox potential of the cell. Specifically, GSH can act
as an electron donor inactivating free radicals. Moreover, GSH is also a cofactor of several antioxidant
enzymes [10]. Tocopherols are only produced by photoautotrophic taxa, they are lipophilic and can use
resonance energy transfer to scavenge singlet oxygen, thus protecting PSII [11]. Phenolic compounds
are present in all plants and derive from the shikimate-phenylpropanoids-flavonoids pathways [12].
They include a wide range of molecules with several phenol structural units. The most important
phenolic compounds are flavonoids, which can donate both electrons or hydrogen atoms directly to
ROS [13]. A wide range of flavonoids are present in photosynthetic microorganisms [14]. A recent
study highlighted the diversity of flavonoids in phytoplankton and found that ferulic acid and apigenin
are the dominant flavonoids in both cyanobacteria and eukaryotic microalgae [14]. In contrast with
higher plants, their distribution and functions in microalgae are not fully clear [14,15]. Antioxidant
enzymes are located in various cell compartments and include catalase (CAT), superoxide dismutase
(SOD), and several peroxidases. Ascorbate peroxidase (APX) and glutathione peroxidase (GPX) accept,
as substrates, AsA and GSH, respectively, in order to detoxify ROS. Furthermore, three additional
enzymes, the monodehydroascorbate reductase (MDHAR), the dehydroascorbate reductase (DHAR),
and the glutathione reductase (GR) contribute to regenerate the antioxidant substrates.

With the exception of carotenoids [16-18], the knowledge on antioxidant molecules and enzymes
from marine microalgae is still scarce. Few studies focused on the concentration and composition
of antioxidants in marine microalgae [17,19-24], and even fewer on the mechanisms for antioxidant
defense in these microorganisms [24]. Indeed, both the photoprotective and antioxidant network
appeared strongly controlled by light spectral composition and intensity, resulting in a complex
regulation system, which allows planktonic diatoms to survive in their highly fluctuating light
environment they naturally inhabit [24].

While the photoprotective mechanisms have been investigated in diatoms [25-29], only few
studies investigated the role of the antioxidant network as a second defense line able to reduce the
light stress [30,31]. Being light a crucial ecological axis in ruling the metabolism of photosynthetic
organisms, and thus modulating the growth, the objective of this study was to investigate the impact of
light intensity, photoperiod, and wave light distribution on the cellular concentrations of antioxidant
molecules such as AsA and flavonoids, and total phenolic content. This knowledge can thus to
be exploited to improve microalgal culturing with a productivity-driven purpose. Indeed, marine
microalgae are gaining increasing attention for ecofriendly production of new antioxidant compounds.
The ultimate aim of this study is to clarify the role of microalgal antioxidants in modulating light stress.

2. Materials and Methods

2.1. Skeletonema marinoi and Culture Conditions

The experiments were conducted on the diatom Skeletonema marinoi Sarno and Zingone
(CCMP 2092); we selected S. marinoi since it is a cosmopolitan centric diatom broadly used in
aquaculture [32] that can be cultured in different media [33] under different conditions of light
intensity [34] and salinity [35].

This strain was grown at 20 °C in 4.5 L glass tanks in autoclaved seawater, pre-filtered through a
0.7 um GEF/F glass-fiber filter under water movement using an aquarium wave maker pump (Sunsun,
JVP-110, Sunsun manufacturer, Zhoushan, China). A modified f/2 medium, in which the concentrations
of phosphate, dissolved silica, vitamins, and trace metals are twice compared to those typically present
in f/2 [36], was used.

Cells were pre-acclimated to a sinusoidal light distribution with a midday peak of 150 pumol
photons m™2 s7! and with a photoperiod equal to 12:12 dark:light, following the results obtained
by [24,34,37].
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The white light was composed by Red:Green:Blue (RGB) with a ratio of 10:40:50 and provided
by a custom-built LED illumination system (European patent registration number: EP13196793.7),
allowing to modulate the spectral composition and light intensity [38]. The three colors were provided
at wavelengths of 460 nm (+36 nm, blue), 530 nm (+50 nm, green) and 626 nm (+36 nm, red).

Light intensity (Photosynthetically Active Radiation, PAR) was measured inside each tank by
using a laboratory PAR 4 7t sensor (QSL 2101, Biospherical Instruments Inc., San Diego, CA, USA).

2.2. Experimental Strategy

All experiments were run in triplicate and consisted in monitoring the biological responses of
S. marinoi after the shift from pre-acclimation light condition to different light conditions, spanning
from prolonged darkness to very high light climate (Table 1). The light shift started after the 12 h dark
period of the previous day. The experimental conditions are presented in the Figure 1 and described in
Table 1.

Table 1. Experimental strategy.

Condition Growth Phase Photoperiod Light Intensity (umol  Daily Light Dose (mol Light
at T, (Light:Dark) Photons m~2 s~1) Photons m2d~1) Distribution
Sin150 Exponential 12:12 150 3.6 Sinusoidal
Stat Stationary 12:12 150 3.6 Sinusoidal
Dark Exponential 00:24 0 0 -
Sin10 Exponential 12:12 10 0.24 Sinusoidal
Conl0 Exponential 24:00 10 1 Continuous
Sin600 Exponential 12:12 600 144 Sinusoidal
Quad300 Exponential 12:12 300 144 Square wave
Quad600 Exponential 12:12 600 28.8 Square wave

300 Quad 300
150 Sin 150/Stat

ght intensitly {umol photons m?2 s1)

—Continuous
z | —Sinusoidal
2 '.
1] \ —Square wave
[ = 1
£ i
- £L 1
= ]
E
5 0 12 24
E Time (h)
=
.
0.24 1 3.6 14.4 28.8

Daily light dose (mol photons m?)

Figure 1. Details of the experimental setting used here. The different light wave distributions are
explained in the inset. Treatments based on sinusoidal, quadratic or continuous light wave are shown
in green, blue, and red, respectively. Refer to Table 1 for abbreviations.

The condition-oriented sampling strategy was carried out as follows. All the cultures were sampled
at predawn (in the dark before the new condition operation), at 6 h (midday) and at 24 h (at the end of
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the dark period). Since phytoplankton cells are known to operate a rapid photoprotective mechanism
when exposed to high (>200 umol photons m~2s 1) light conditions [39] an additional sampling after 2 h
from the light shift was performed in all the high light experiments (Sin 600, Quad 300 and Quad 600).
Furthermore, since cultures incubated to square light wave experienced a sharp shift from 0 to 300 or 600
pmol photons m=2 s
shift in order to evaluate the short-time response of S. marinoi to cope with this unnatural and drastic
enhancement of light.

, samples were harvested from these cultures also 10 and 30 min after the light

2.3. Ancillary Data

2.3.1. Cell Concentration and Growth Rate

To assess cell density, 2 mL of cell suspension were collected from each tank and fixed with Lugol’s
iodine solution (1.5% v/v). Then, 1 mL of this solution was used to fill a Sedgewick Rafter counting
cell chamber. Cells were then counted using a Zeiss Axioskop 2 Plus light microscope (Carl Zeiss,
Gottingen, Germany).

The growth rate was estimated from cell concentration measurements using the following equation:

w(d™) = I(Croa /Cr)/(tn = ta-1),
where 1 is the growth rate, C,,_; and C,, are cell concentrations (mL™1) at dayn —1 (ty—1) and day n (tn).

2.3.2. Photochemical Efficiency of the Photosystem II and Non-Photochemical Quenching Measurements

To assess the photosynthetic capacities and the photophysiological state of phytoplankton cells,
active chlorophyll a (Chl-a) fluorescence was measured using a DUAL-PAM fluorometer (Heinz Walz
GmbH, Effeltrich, Germany). The photochemical efficiency of the PSII (Fy/Fp,) was estimated by:

¢’p: (Fm — Fo)/Fm = Fy/Fm,

where Fy is the variable fluorescence (F, = Fy, — Fy).

The measurement of F, was done using light of low intensity (1 pmol photons m~2 s7!) and low
frequency (approximately 25 Hz). F, was measured by applying a short and intense flash of actinic
light which completely reduces QA. In our case, the saturation flash of bright red light (655 nm) were
applied at an intensity of 2400 pmol photons m~2 s7! for a duration of 450 ms. Fy/Fm corresponds
to the maximal photochemical efficiency of the PSII (or the maximal light utilization efficiency of
PSII) and dark acclimation for 15 min allows the recovery of photosystems II, this leading to reliable
measurements of F, [38].

Estimation of the non-photochemical quenching is calculated by the Stern—Volmer expression [40]:

NPQ = (Fim = Fm)/F'm = Fn/F'm — 1.

The estimation of NPQ consisted of measuring F, and F, on 15 min dark-acclimated samples and
then measuring Fp,,” and Fy’ every minute on the same sample illuminated by an actinic light (setup at
399 umol photons m~2 s71) for 10 min.

2.3.3. Electron Transport Rate-Light Curves Determination

The electron transport rate (ETR) vs. irradiance (E) curves were determined on 15-min
dark-acclimated samples by applying a series of 10 increasing intensity actinic lights (composed
by 2/3 of blue and 1/3 of red light, lasting 1.5 min each, ranging from 1 to 1222 umol photons m2s71).
The photochemical efficiency of the PSII was measured on the 15-min dark-acclimated sample, while

the light utilization efficiency of the PSII (A®) was measured after each actinic light level.
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The relative ETR, taking into account the part of incident light energy effectively absorbed by the
photosystem, was calculated as follows:

relETR = F'y/F'-E-0.5-a %,

where E is irradiance, and a * is the cell specific absorption coefficient expressed in m? cell™! [24].
A factor of 0.5 was applied since it is assumed that half of the incident light is absorbed by the PSI and
half by the PSII. The relative ETR is expressed in nmol e” h™! cell™.

Determination of relETRmax was retrieved according to the equation of Eilers and Peeters
(1988) [41].

2.4. Pigment Analysis

Pigment analysis was conducted by High Performance Liquid Chromatography (HPLC) as
described by Smerilli et al. [24]. An aliquot of algal culture (10 mL) was filtered on GF/F glass-fiber
filter (25 mm, Whatman, Maidstone, UK) and immediately stored in liquid nitrogen until further
analysis. Pigments were extracted by mechanical grounding for 3 min in 2 mL of absolute methanol.
The homogenate was then filtered onto Whatman 25-mm GEF/F filters and the volume of the extract
accurately measured. Prior to injection into the HPLC, 250 pL of 1 M ammonium acetate were added
to 500 puL of the pigment extract and incubated for 5 min in darkness at 4 °C. This extract was then
injected in the 50 uL loop of the Hewlett Packard series 1100 HPLC (Hewlett-Packard, Wilmington, NC,
USA). The reversed-phase column (2.6 mm diameter C8 Kinetex column; 50 X 4.6 mm; Phenomenex®,
Torrance, CA, USA) corresponded to an apolar stationary phase composed of silica beads possessing
aliphatic chains of eight carbon atoms (C8). The temperature of the column was steadily maintained at
20 °C and the flow rate of the mobile phase was set up at 1.7 mL min~".

The mobile phase was composed of two solvents mixtures: A, methanol:0.5 N aqueous ammonium
acetate (70:30, v/v) and B, absolute methanol. During the 12-min elution, the gradient between the
solvents was programmed: 75% A (0 min), 50% A (1 min), 0% A (8 min), 0% A (11 min), 75% A (12 min).

Pigments were detected at 440 nm using a Hewlett Packard photodiode array detector model
DAD series 1100 which gives the 400-700 nm spectrum for each detected pigment. A fluorometer
(Hewlett Packard standard FLD cell series 1100) with excitation at 410 nm and emission at 665 nm
allowed the detection of fluorescent molecules (chlorophylls and their degraded products). Pigments
were identified based on their retention time and quantified based on pure standards from the D.H.L
Water and Environment (Horsholm, Denmark) as described previously [38].

2.5. Antioxidant Molecules and Antioxidant Activity Analysis

2.5.1. Ascorbic Acid Content Determination

To assess the ascorbic acid (AsA) content in cells, the procedure modified from [42] was the
following. A 150 mL volume of culture was centrifuged at 3600 g for 15 min at 4 °C (DR15P centrifuge,
B. Braun Biotech International, Melsungen, Germany), the pellet was weighed, flash frozen in liquid
nitrogen, and stored at —20 °C. Pellets were resuspended in 5% trichloroacetic acid (TCA) and sonicated
for 1 min with a microtip at 20% output on ice (5-250A Branson Ultrasonic). Cell debris were precipitated
by centrifugation at 5000x g for 5 min at 4 °C. The supernatant was then used for spectrophotometric
analysis after mixing it with a reagent. The reagent consisted of a 0.5% solution of 2,2’-dipyridyl mixed
with an 8.3 mM ferric ammonium sulfate solution in 15% (v/v) o-phosphoric acid in a ratio 4 to 1.
Supernatant and reagent were mixed (1:5) immediately before use. After 1 h the absorbance was read
at 520 nm and AsA concentration was calculated thanks to factor calibration retrieved from calibration
curves using AsA standards. AsA concentration is reported in fg AsA cell™!.
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2.5.2. Preparation of the Methanolic Extracts

For the determination of 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical
scavenging activity, total phenolic content (TPC) and total flavonoid content (TFC), the pellets were
prepared as follows. Cells were re-suspended in methanol and sonicated for 1 min with a microtip at
20% output on ice (5-250A Branson Ultrasonic). The suspension was left for 30 min at room temperature
in the dark, and then was centrifuged at 3600x g for 10 min at 4 °C. Supernatant was collected and the
pellet was re-suspended in an equal volume of methanol and left other 30 min at room temperature in
the dark. The suspension was centrifuged again in the same conditions, and the two supernatants
were combined.

2.5.3. Total Phenolic Content

Polyphenols in plant extracts react with specific redox reagents (Folin-Ciocalteu reagent) to form
a blue complex that can be quantified by visible-light spectrophotometry. Total phenolic content (TPC)
was estimated by the Folin-Ciocalteu method [43] as described by Li and collaborators [44].

Briefly, 200 uL of the sample was mixed with 1 mL of Folin-Ciocalteu’s phenol reagent, pre-diluted
in distilled water 1:10 v/v. After 4 min, 800 pL 75 g/L Na,CO3; were added to the mixture, shacked
vigorously and stored at room temperature for 2 h. The absorbance was read at 765 nm. Gallic acid
was used for the standard calibration curve. The results were expressed in fg of gallic acid equivalents
(GAEq) cell1,

2.5.4. Total Flavonoid Content

The total flavonoid content was estimated by aluminum chloride colorimetric method [45]. Briefly,
600 uL of sample were pre-diluted 1:2 v/v in methanol 80% v/v and mixed with an equal volume of
AICl3 2%. The mix was shaken and incubated at room temperature for 1 h. The absorbance was
measured at 410 nm and quercetin was used for the standard calibration curve. The results were
expressed in fg of quercetin equivalents (QEq) cell ™.

2.5.5. ABTS Radical Scavenging Activity

The antioxidant activity was assessed by the 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) radical scavenging activity assay. The scavenging activity of ABTS radical was measured
following [16]. The ABTS free radical was generated by mixing 7 mM ABTS diammonium salt with
2.45 mM potassium persulfate and stored overnight at room temperature. The solution was diluted
with methanol till the absorbance at 734 nm reached 0.70 + 0.01 units. Then one part of sample was
mixed with three parts of ABTS radical solution. The mix was shaken and left 1 h at room temperature
in the dark. The absorbance was read at 734 nm. Ascorbic acid was used for the standard calibration
curve. The results were expressed in fg of ascorbic acid equivalents (AEq) cell™!.

2.6. Statistical Analysis

Calculations of mean, standard deviation, variance, coefficient of variation (CV), Student’s t-test
for mean comparison, Spearman rank correlation, analysis of variance (ANOVA) and Tukey test for
multiple comparisons were performed using the PAST software package, version 3.10 [46].

3. Results

3.1. Growth Rate and Photosynthesis

After 24 h from the light shifts, in all the experimental conditions the growth rate of S. marinoi
decreased (Table 2), in contrast with what observed in the control condition, revealing a physiological
stress induced by the variations of light environment. The highest decrease in cell abundance was
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observed for cultures shifted to square wave light distribution at 600 pmol photons m~=2 s™! and to
continuous light (Table 2).

Table 2. Cell concentration and growth rate at time T, and after 24 h from the start of the experiment.

Condition Cell Concentration (10 5 Cells mL-1) Growth Rate (u, s™1)
0Oh 24 h 0Oh 24h
Sin150 29+04 6.7 £0.5 1.2+0.1 1.2+03
Stat 53+0.7 40+04 -04+£03 -
Dark 4.6 +0.5 40+04 1.0+£0.2 —-0.1+£0.1
Sinl10 4.4 +0.6 48 +0.4 1.0+0.2 0.1+0.1
Con10 6.8 +0.5 0.8+04 1.0+0.1 -1.5+0.6
Sin600 72+04 8.1+21 1.1+£0.1 0.1+0.2
Quad300 47 +1.0 1.8+20 0.5+02 -15+14
Quad600 59+1.7 1.5+1.0 0.8+0.2 -15+04

Photosynthetic electron transport rate (ETR) did not vary significantly over time under Sin 150,
dark conditions, and Sin 10. Significant increases were observed under continuous light (Con 10),
stationary conditions (Sin 150 Stat), and for cultures incubated under high light conditions (Table 3).
The photochemical efficiency of photosystem II (Fv/Fm, Table 3) decreased significantly after 6 h
for cultures exposed to square-wave light distribution type. Fv/Fm restored after 24 h in Quad 600,
whereas it did not reach its initial value in Quad 300 probably because of photoinhibition. Fv/Fm
decreased over time in Sin 10, Con 10 and Sin 600 treatments, whereas it did not change significantly
for the control and the dark treatments.

Table 3. Electron photosynthetic rate (ETR, nmol e~ h™! cell™!), Fv/Fm, Chlorophyll-a concentration
(Chl-g, fg cell™!), and Fucoxanthin concentration (Fuco, fg cell™!) measured under the different
light conditions.

?;i‘ﬁfl(‘h“)g Sin150 Dark Sin10 Con10 Sin600 Quad300 Quad600
0 26+62  1155+301 2321+570 8201+£2681 15924228  30.14+1460 2056 +5.31
017

ETR 05 3360520  19.79 +1.00
2 26.18 + 6.25 42.03 +15.53 21.39 +1.00
6 251437  858+168 2382+463 4785+746  1620+3.03  2671+072 2672 +1.02
24 192479 833374 15394352 2256+303  2392+397  3287+023  3535+1.00

0 080+006  082+008 097+004 092004 0.78 + 0.03 078+0.00  079+003

0.17 0.82+0.11  0.81+0.08

Fv/Fm 05 0.81+006  0.81+0.10
2 0.77 +0.06 0.82+005  0.82+004

6 079004  094+004 093+008  0.79+0.04 0.74 +0.08 056+0.03  0.65+005

24 074001  072+009 078+005 068005 0.88 = 0.01 063+000  0.75+001
0 937+139  4950+135 55704274 2380+130  87.50+240  237.80+840  10.39 + 441
0.17 24270 £396 1740 +3.73
Chia 05 24270530  20.07 +853
2 9650199  150.60 + 6.04  17.30 +7.37
6 1265+220  8070+113 27004098 1740+077  10400+3.16 22170 £2.30 2067 +2.14
24 10200 £574  7830+216 2150 +253 2280+11.80 9830374 63640+ 6130 2675+ 894

0 32050 25+107  181+88 202447 393+100  9510+18.00 442 +12.0

0.17 979 + 84 643+ 65

Fuco 05 109957 667 +268
2 354+76 60.6+160  788+253

6 264102 2760070  281+92 364+12 33.1+53 796+160  57.7+163

24 356+150  286+11.0  523+84  101.60+258  372+98  287.60+2993  89.5+59.0

3.2. Photosynthetic Pigments

The cellular concentration of Chl-a varied differently depending on the light climate cells were
exposed to. Decreases were observed in the Sin 150 Stat (6 h), whereas sharp increases occurred in the
dark treatment (6 h) and in the Con 10 (24 h). In the Quad 300 the concentration of Chl-a decreased
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(24+1t015.1+6.0fg cell™") after 2 h and then increased again in the following 4 h (22.2 + 2.1 fg cell™).
The cellular concentration of fucoxanthin (fuco) increased in the cultures incubated under low light
conditions (Con 10 and Sin 10) and did not change significantly in the other cultures except in Quad 300,
where it decreased after 2 h and then increased again during the following 22 h (Table 3). Under
control condition (Sin 150), the increase in Chl-a content per cell at midday was attributed to cell cycle
progression, and its decrease at 24 h was the result of cell division occurring during night (Table 3).
Conversely, under Sin 600 or Quad 600 and 300, cell pigment content did not change significantly with
time, probably because of the arrest of cell cycle progression or related to the two antagonist effects of
high light regulation (lowering Chl-a concentration) and cell cycle progression (increasing it).

Prolonged darkness induced an increase of Chl-a with time revealing an acclimation strategy in
the reaction centers of photosystems (Table 3). Under Sin 10, after 6 h Chl-a decreased significantly
while Fuco tended to increase.

Under Con 10, both Fuco and Chl-a were strongly enhanced the second day of experiment (Table 3).

3.3. Photoprotection: NPQ and Xanthophyll Cycle

Major changes in NPQ as well as the pigments related to the xanthophyll cycle were mostly
observed in the cultures exposed to high light. Indeed, the NPQ was found to be more variable in
cultures incubated under Sin 600 and square light wave conditions compared to the other treatments
(Figure 2). Under continuous light (Con 10) the cellular concentration of Dt increased and the NPQ
decreased over time. While the increase in Dt (Figure 2A—C) mostly occurred in the last 18 h, the
NPQ decreased during the first 6 h (Figure 2D-F). Cells incubated under sinusoidal conditions in
both exponential (Sin 150) and stationary (Sin 150 stat) phases did not exhibit significant infradiel
variations in Dt and NPQ (Figure 2B,D). Under Sin 600, NPQ increased rapidly in the first 2 h (p < 0.05),
coming back to the pre-dawn values at midday (Figure 2F). At 24 h NPQ was significantly higher
(p < 0.001) with respect to the previous predawn day value (Figure 2F). Under Quad 300, NPQ slightly
increased after 10 min and later on decreased progressively reaching the lowest value after 6 h (p < 0.05,
Figure 2C). Conversely, Dt progressively increased reaching its maximal concentration at 6 h (p < 0.05,
Figure 2C) and the DES significantly increased after 30 min (data not shown). Under Quad 600, the
cellular concentration of Dt increased after 2 h and then decreased again; the NPQ was fairly constant
within the first 2 h while it decreased significantly after 6 h (p < 0.05, Figure 2F).

The cellular concentrations of Dd and (-car did not change significantly over time in most
cases (Figure 3). A small increase in both Dd and (3-car was only observed in the Con 10 treatment
after 24 h since the beginning of the experiments (Figure 3A,D). NPQ and the concentration of the
photoprotective pigment Dt were thus not correlated (Table 4), as previously observed under sinusoidal
light distribution [24,47].
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Figure 2. Temporal changes in the cellular concentrations of diatoxanthin ((A): low light climates,
(B): moderate light, (C): high light climates) and non-photochemical quenching (NPQ; (D): low light
climates, (E): moderate light, (F): high light climates) in the different culturing treatments of Skeletonema
marinoi CCMP 2092. Refer to Table 1 for abbreviations. “*” means significantly different from time 0
(p < 0.05); “**” means significantly different from time 0 (p < 0.01).
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Figure 3. Temporal changes in the cellular concentrations of diadinoxanthin ((A): low light climates,
(B): moderate light, (C): high light climates) and 3-carotene ((D): low light climates, (E): moderate light,
(F): high light climates)in the different culturing treatments of S. marinoi CCMP 2092. Refer to Table 1
“*” means significantly different from time 0 (p < 0.05); “**” means significantly
different from time 0 (p < 0.01).

for abbreviations.
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Table 4. Spearman correlation matrix between the antioxidant capacity, antioxidant molecules,

and the photoprotection-related parameters evaluated under control (Sin150) and stationary phase

(Stat) conditions 12.

Sin150 Stat

Sin150 Stat

Sin150 Stat

Sin150 Stat

Sin150 Stat

Sin150 Stat

ABTS AsA Phenolics Flavonoids Dd Dt
AsA 0.83 083
Phenolics 0.87 095 081 0.80
Flavonoids 0.84 n.s 0.60 n.s 0.76 n.s
Dd 0.64 n.s 0.53 n.s 0.58 n.s 0.62 n.s
Dt 060 070 0.63 ns 0.61 0.62  0.66 ns ns n.s
{3-car 0.54 n.s 0.47 n.s 0.51 n.s 0.54 n.s n.s n.s 0.84 —0.58
Light 0.75 n.s 0.68 n.s 0.72 n.s 0.75  0.61 n.s n.s 0.57 n.s
NPQ n.s n.s n.s n.s n.s n.s n.s —-0.67 ns n.s n.s n.s

! Abbreviations and units used for the correlation are as follows: Ascorbic acid (AsA in fg/cell); Phenolics (in fg
GAEg/cell); Flavonoids (in fg QEg/cell); ABTS test (in fg AEQ/cell); Diatoxanthin (Dt in fg/cell); Diadinoxanthin (Dd

in fg/cell); B-carotene ((3-car in fg/cell); Light (in umol photons m

3.4. Antioxidant Molecules and Activity

Similarly to the NPQ and the xanthophyll-cycle related pigments, most changes in the cellular
concentrations of antioxidant molecules occurred in the cultures incubated under high light (Figures 4
and 5). Under the control condition (Sin 150), the cellular concentration of ascorbic acid (AsA) increased
at midday (Figure 4). The phenolic content followed the same trend, with higher values found at
midday compared to pre-dawn (Figure 5A-C). As AsA and phenolic content, flavonoids increased at
midday compared to pre-dawn (Figure 5D-F). In contrast when cells entered stationary phase, these
daily variations disappeared and the flavonoids, phenolics, and AsA concentrations stabilized on

-2 S—l)' 2

n.s. = non-significant (p-value > 0.01).

higher values with respect of those recorded in the exponential phase (Figures 4 and 5).

Consistent with this observation, the ABTS test reflected the trend observed for the antioxidant
molecules, following infradiel variations, with an enhancement at midday, and further increase during

the stationary phase (Figure 6).
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Figure 4. Temporal changes in the cellular concentrations of ascorbic acid ((A): low light climates, (B):
moderate light, (C): high light climates) in the different culturing treatments of S. marinoi CCMP 2002.

Refer to Table 1 for abbreviations.
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Figure 5. Temporal changes in the cellular concentrations of phenolic compounds ((A): low light climates,
(B): moderate light, (C): high light climates) and flavonoids ((D): low light climates, (E): moderate light,
(F): high light climates) in the different culturing treatments of S. marinoi CCMP 2002. Refer to Table 1
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Figure 6. Radical scavenging activity of the different culturing treatment based on the assay of

2,2’-azino-bis (3 ethylbenzthiazoline-6-sulfonic acid, ABTS; (A): low light climates, (B): moderate light,

(C): high light climates). Data are indicated in fg of ascorbic acid equivalent per cell (fg AEq cell™!).
s

Refer to Table 1 for abbreviations. means significantly different from time 0 (p < 0.05); “**” means
significantly different from time 0 (p < 0.01).

Antioxidant activity (ABTS) and antioxidant compounds (AsA, phenolics, and flavonoids content)
were significantly correlated with all the parameters related to photoprotection (Dt and its two
precursors Dd and 3-car) except NPQ as well as light intensity (Table 4). The situation changed a
little when cells entered into the stationary phase, in which light was no longer the only parameter
inducing antioxidant response (lack of correlation, Table 4). ABTS activity was linked to phenolic
content, AsA, and Dt, these three parameters being linked between them (Table 4). In this condition, a
negative correlation between Dt and 3-car was noticed on the opposite to the exponentially grown
cells, revealing that Dt might be enhanced from {3-car pool that was not fully replenished.

Under Sin 600, AsA conserved the infradiel variation previously observed (Figure 4C). AsA
concentration doubled already at 2 h, keeping its concentration fairly constant towards the end of
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the experiments. The total phenolic content and flavonoids concentration followed a trend similar to
AsA in Sin 600, although the increase was observed after 6 h since the beginning of the experiments
(Figure 5C,F). Under Quad 600 the infradiel trend of AsA previously observed was still present
(Figure 4C). Intriguingly, AsA concentration was halved in 10 min revealing its very fast consumption,
then AsA was recycled and newly synthesized, reaching the highest values at 2 and 6 h (p < 0.05 and
p < 0.01, respectively, Figure 4C). The increase between the time 0 and 2-6 h was greater than the
increase observed in the control condition, being of circa three times against 2.4 in Sin 150 and 1.8 in
Sin 600 (Figure 4B,C).

The ABTS test paralleled the increase of the antioxidants’ concentration, remaining high at 6 h
(Figure 6). After one day since the light shift, the antioxidant capacity was still higher than Ty (p < 0.01),
while the antioxidant molecules decreased or were stable with respect to the previous day (Figures 4-6).

Under both square light wave conditions AsA content (Figure 4C) did not vary within the
first minutes of the experiment, increasing at 2 and 6 h (p < 0.05) and restoring the starting values after
24 h. The increase in AsA found in Sin 600 was lower than the one observed in Quad 300 and Quad
600 (Figure 4C). The phenolic content in both Quad 300 and Quad 600 peaked at 2 h (p < 0.05), then
decreased restoring the initial values at 24 h while flavonoids did not show any significant variation
(Figure 5C,F). The ABTS followed the same trend of AsA, increasing at 2 h and keeping high values at
6 h (p < 0.05, Figure 6).

During the shift to Sin 600, the ABTS activity was correlated with light distribution as well as
with phenolic content and the pigments Dt and f-car (Table 5). On the difference to the Sin 150
condition, AsA and flavonoids seemed to do not be involved in ABTS activity (lack of correlation,
Table 5), conversely to what was observed in Sin 150. When cells coped with high light square wave
distribution, the correlations changed again. Under Quad 600, ABTS activity was only related to
flavonoids content (Table 5) while phenolic content was linked to Dt. Under Quad 300, i.e., a square
wave distribution with a daily light dose similar to Sin 600, the ABTS activity was related to AsA, with
the latter negatively correlated to NPQ (Table 5).

Under prolonged darkness, phenolic compounds, flavonoids, AsA, and ABTS did not vary
significantly over time (Figures 4-6). Under continuous light the cellular concentration of AsA did not
change over time while that of both phenolic compounds and flavonoids doubled and quadrupled,
respectively, after 24 h (Figure 4). The increase of ABTS by five fold after 24 h in the Con 10 treatment
was coupled to the antioxidant molecules increase (Figures 5 and 6).

Changes in the cellular concentration of antioxidants, as well as ABTS over time were not
significant for both Sin 10 and dark treatments (Figure 5A-D and Figure 6A). In continuous dark, ABTS
scavenging activity was significantly related to the Dt and 3-car while none of the antioxidant molecules
was correlated to ABTS (Table 6). Conversely, under Con 10, the unique parameter significantly
involved in the ABTS activity was the flavonoids concentration. Under Sin 10, ABTS activity was
correlated to phenolic compounds (but not flavonoids, Table 6). These results highlighted the diversity
of the responses of the cells when copying with different low light treatments.

112



Antioxidants 2019, 8, 154

‘F 9[qe], Ul Se Sjiun juswainsesaws pue suoierAaIqqy 1

su su 8/°0— su su su su su su 68°0— su su su su su 96'0— su su OdN
su su su su su su su /8°0 su su /8°0 su su su su su /870 su Sy
su su 89°0 su 780 950 18°0 su su su su su su 80 su su su 040 Ted-¢
su su 08°0 su su su su su su su su su su su 190 1d
su su su su su su su su su su su su ra
su 060 su su su su su 060 su SpIOUOAR[]
su su su 80 su su SOT[OUdYJ
su su su VSY
a pa SprouoAeff sorjoudyq VsV SLAV

OTUIS  QIUoD  reg  OUiS  QrUoDy  reg  OIuiS  Qruop  pred  O[uiSs  Oruoy  pred OLuiS  ruoy  Spred Oruis  0ruoy e

" SUORIPUOd Iep pue Jy3I|
MO[ Japun pajen[ead siajawered pajefar-uondajordojoyd ayy pue ‘sandsjowr juepixonue ‘Ajpeded JuepIxonue Ay} UM} XLIJEW UOTJe[a110d uewreads -9 ajqer,

“§ S[qeL UI S S}TUN JUSWSINSEIW Pue SUORRIAIAQY |

su su su su ¥20 su su su su su su su 60 su su su su su DN
su 9470 9470 su su su su su 190 su €90 su su su 6L°0 su su 190 W8y
su su 9570 680 180 L0 su su su su su su su su su su su 940 Te0-¢
su su su su su su su 180 su su su su su su 950 1a
su su su su su su su su su su su su pa
su su 90 su su su su $L0 su SPIOUOAR]
su £9°0 su su su 650 soTjouaYyJ
80 su su VsV
a pa sprouoAe]y satjousyJ VsV S1Lav

00€pPend  009PENO 009UIS 00€pend  009PeNO 009U1S 00€PEND  009PENO 009u1S 00€PEN®OIPEND  009UIS 00€pend  009PeNO 009U1S 00€PEND  009PERO  009WIS

" suonIpuod 131y opun pajenyess smwjowered pajepr-uondajordojoyd ayy pue ‘safnosour jueprxonue ‘Ajoeded JuepIxonue A} UsdMId] XLIJEW UOHL[aLI0d ueurreads g a[qer,

113



Antioxidants 2019, 8, 154

4. Discussion

Current results highlighted that Skeletonema marinoi turned out to be rich in phenolic compounds,
which are the most widespread antioxidant substances in photosynthetic organisms [48,49]. Phenolic
compounds are able to act directly against radical species as well as indirectly via the inhibition of
pro-oxidant enzymes such as lipoxygenase or through metal chelation, preventing the occurrence of the
Haber-Weiss and the Fenton reactions, which are important sources of radical species [50]. Although
some studies reported that phenolic compounds are the main contributors to microalgal antioxidant
capacity [17,24,48,51], the microalgal phenolic content is studied little [14,17,20]. The most abundant
phenolic compounds in phytoplankton are phloroglucinol, p-coumaric acid as well as flavonoids such
as ferulic acid and apigenin [14]. Among them, few studies explored their modulation in response to
environmental forcing changes [44,49,52,53]. As reported previously [17,24], the content of phenolic
compounds in microalgae is higher than in macroalgae and many higher plants. Assuming a dry
weight per cell equivalent to 55 pg as in Skeletonema costatum [54], we estimate an average phenolic
content ~ 5.5 mg GAE g~! DW, with values up to 12.7 mg GAE g~! DW in some conditions. These
values are in the range of previous estimations on the same species object of the present study [24]
and in the higher range of results from different studies [17,44,48,51]. Yet, another study [20] reported
high phenolic content (8-17.5 mg GAE g‘1 DW) in four microalgae from different taxa: Nannochloropsis
oceanica (Eustigmatophyceae), Chaetoceros calcitrans (diatom), Skeletonema costatum (diatom), and
Chroococcus turgidus (cyanophyte).

Among the phenolic compounds family, recent findings demonstrated diatoms’ ability to produce
flavonoids [49], which display relevant antioxidant activity and act as signaling molecules able to
up-regulate the defense strategies [13,49]. In most of the light conditions tested in our study, flavonoids’
concentration generally shows the same trend observed for the phenolic compounds. Flavonoids
are located in different organelles, including chloroplasts where they play a key photoprotective
role [55-57]; in particular, they can scavenge radical species and stabilize membranes containing
non-bilayer lipids, such as monogalactosyldiacylglycerol (MGDG) [58].

Our study shows that flavonoids are strictly related to ABTS scavenging activity under unnatural
light stress, such as continuous (0:24 h, light: dark) and very high light (600 umol photons m2s7;
Quad 600), conversely to AsA. This might confirm the powerful capacity of flavonoids to act as defense
against stress as photoprotector [59]. Their concentration ranges from circa 50 to 400 fg quercetin
equivalent (QEq) cell™!, corresponding to ~ 1 to 8 mg quercetin equivalent (QEq) g~! DW. Interestingly,
these values correspond to concentrations reported in a wide range of vegetables, fruits or higher
plants [60-62].

AsA concentration in S. marinoi is also high, with values spanning from 10 to 300 fg AsA cell™!
(*1.8-5.5 mg AsA g~! DW) in the range of the values previously reported for the same species [24],
as well as other phytoplankters [32,63,64]. The latter study highlighted the high variability of AsA
concentration among different groups and between exponential and stationary growth phases, with
concentrations up to 16 mg AsA g~! DW. Our results highlight the huge potential of S. marinoi, the
diatom model used in this study, as alternative source of antioxidant molecules. This study also shows
the relevance of light driven-modulation on the intracellular concentrations of these molecules.

Current results highlight a substantial infradiel variability in the cellular concentrations of
antioxidants. The increase in antioxidants observed at midday confirms the role of light in controlling
antioxidant synthesis; antioxidants counteract the detrimental effect of the ROS which are produced as
consequence of light exposure, as already observed in higher plants [65,66]. In the absence of light or
under an extremely low sinusoidal light, infradiel variations of protective or antioxidant responses
disappear, highlighting a direct light stimulus control, excluding an internal circadian clock, of these
variations. A circadian clock synchronized with predictable daily environmental cyclic variations
generally represents an evolutionary adaptation able to increase the fitness of the organism [67].
Instead, under the highly fluctuating light environment naturally experienced by diatoms, which
frequently move along the water column, the presence of a rigid scheme ruling cell physiology could
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be a disadvantage. A better strategy might consist of promptly modifying the metabolism following
the external stimuli, resulting in a great plasticity, which is a known feature attributed to diatoms.

In contrast with what was reported under sinusoidal light distribution, square wave distribution
does not induce cyclical infradiel variability. The sinusoidal high light distribution, although
slowing microalgal growth, is well tolerated, thanks to the activation and functioning of the
antioxidant-photoprotective network. By contrast, square wave distribution with high light intensity
strongly affects cell performance impairing the normal functioning of the defense processes network.

Light climate changes experienced by cells induce an uncoupling of the regulative responses
(photoprotection vs. AsA, phenol and flavonoid contents) compared to the synergy of these photoresponses
observed under pre-acclimation light (Sin 150). Sinusoidal high light exposition leads ABTS scavenging
activity to be related to phenolic content as well as Dt and (3-car while a non-significant role of flavonoids
or AsA content is observed. Parallel responses of Dt and phenolic compounds’ concentrations have been
already reported [24], along with no significant relationship between Dt and NPQ ([24,37,47]; this study)
confirming an alternative role of this pigment, which is likely to have an additional antioxidant function.
Under sinusoidal light distribution, with either moderate or high intensity, significant contribution of Dt
in ROS scavenging activity is detected. Intriguingly, the relationship between Dt and ABTS is always
accompanied by the significant correlation between 3-car and ABTS (except when cells enter the stationary
phase) that might reveal a similar role of these two pigments in ROS scavenging. The discrepancy between
NPQ and Dt is related to an earlier NPQ response compared to Dt as observed under Sin 600, with the
highest NPQ recorded after 2 h and subsequently decreasing. This uncoupling between NPQ and Dt
confirms the role of NPQ as first defense strategy against light-related stress and that of Dt as a less quick
ROS quencher [47].

In Quad 600 the significant role of flavonoids into the ABTS scavenging activity, by contrast to the
other phenolic compounds, agree with the fact that flavonoids are known to have strong antioxidant
activity [68-70], together with a relevant role in photoprotection [58] that relies on their enhanced
concentration in chloroplasts, sites of light-driven ROS production [71,72].

The peculiar response of AsA under Quad 600, with a decrease recorded after 10 min of light
exposure, might be due to its fast consumption to counteract the oxidative process induced by abrupt
and strong high light exposure.

By contrast in lower light square wave distribution (Quad 300) AsA seems to control ABTS
scavenging activity since they are both significantly correlated.

Under low light conditions, different bioactive compounds families with respect to the light
climate modulate ABTS scavenging activity.

Under prolonged darkness the increased concentration of Dt is induced by the chlororespiration-
dependent trans-thylakoid ApH [39,73,74], and significantly linked to ABTS scavenging activity. Under
very low light conditions (Sin 10), ABTS only significantly relies on phenolic content, as it was also
observed—together with Dt—in Sin 600. This very low light intensity does not determine any increase
in Dt, probably because of the absence of chlororespiratory pathway development as observed in
prolonged darkness.

By contrast, the continuous low light causes a strong impairment of the normal cell functioning
inducing high cell mortality. Under this condition, such as under Quad 600 ABTS scavenging activity
is only related to flavonoids content.

Not only light distribution and/or intensity, but also culture age changes dramatically the
photoresponses of the cells. All the antioxidant molecules as well as Dt increase during cell senescence.
The accumulation AsA has been already observed in the senescent diatom S. marinoi [64]. The infradiel
variations observed during the active growth phase were disrupted during the stationary phase,
vouching for the drastic changes to which the cells were subjected [75]. Conversely to exponentially
grown cells, NPQ remains high at midday together with the antioxidant capacity and molecule
concentration. The integrated defense strategy development suggests the high level of ROS produced
in senescent cultures. In higher plants, the early event of cell senescence is the inactivation of
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the enzyme Rubisco [76,77] not paralleled by a loss of the thylakoid proteins, which happens at a
later time [77]. Therefore, the potential exposure to increasing light induces the development of
the first defense mechanism represented by NPQ and, subsequently, the antioxidant network is
involved in the scavenging of the ROS, which are produced by the accumulation of electrons from the
photosynthetic process.

5. Conclusions

In conclusion, phenols do account for scavenging activity in the case of natural gradual light
variations (moderate, high, or extremely low light), while flavonoids are the family of compounds
“selected” in the case of un-natural and very stressful change of light (Con 10, Quad 600).

This study provides evidence of the interconnection between xanthophyll-cycle-relied photoprotection
and synthesis of antioxidant molecules. This study highlights the great potential of diatoms as alternative
source of natural antioxidant molecules such as carotenoids, phenolic compounds, flavonoids, and ascorbic
acid—as well as on the role of light manipulation as an effective tool for enhancing antioxidant molecules
synthesis in diatoms.
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Abstract: Dunaliella salina is a rich source of 9-cis 3-carotene, which has been identified as an important
biomolecule in the treatment of retinal dystrophies and other diseases. We previously showed that
chlorophyll absorption of red light photons in D. salina is coupled with oxygen reduction and phytoene
desaturation, and that it increases the pool size of 3-carotene. Here, we show for the first time that
growth under red light also controls the conversion of extant all-trans 3-carotene to 9-cis (3-carotene
by -carotene isomerases. Cells illuminated with red light from a light emitting diode (LED) during
cultivation contained a higher 9-cis 3-carotene content compared to cells illuminated with white or
blue LED light. The 9-cis/all-trans (3-carotene ratio in red light treated cultures reached >2.5 within
48 h, and was independent of light intensity. Illumination using red light filters that eliminated blue
wavelength light also increased the 9-cis/all-trans 3-carotene ratio. With norflurazon, a phytoene
desaturase inhibitor which blocked downstream biosynthesis of 3-carotene, extant all-trans (3-carotene
was converted to 9-cis 3-carotene during growth with red light and the 9-cis/all-trans (3-carotene
ratio was ~2. With blue light under the same conditions, 9-cis 3-carotene was likely destroyed at a
greater rate than all-trans (3-carotene (9-cis/all-trans ratio 0.5). Red light perception by the red light
photoreceptor, phytochrome, may increase the pool size of anti-oxidant, specifically 9-cis 3-carotene,
both by upregulating phytoene synthase to increase the rate of biosynthesis of 3-carotene and to
reduce the rate of formation of reactive oxygen species (ROS), and by upregulating 3-carotene
isomerases to convert extant all-trans (3-carotene to 9-cis 3-carotene.

Keywords: 9-cis 3-carotene; all-trans 3-carotene; Dunaliella salina; red LED; blue LED; growth; light
intensity; carotenoids; isomerisation

1. Introduction

Carotenoids are synthesized by photosynthetic organisms for light-harvesting and for
photo-protection of the pigment-protein light-harvesting complexes and photosynthetic reaction
centres in the thylakoid membrane [1-4]. Dunaliella salina, a halotolerant chlorophyte, is one of the
richest sources of natural carotenoids, and accumulates up to 10% of the dry biomass as 3-carotene
under conditions that are sub-optimal for growth, i.e., high light intensity, sub-optimal temperatures,
nutrient limitation and high salt concentrations [5-8]. Two pools of 3-carotene have been identified,
which may be distinguished on the basis of geometric isomer configuration, cis or trans (Z/E), and
enzyme complement. Thylakoid 3-carotene consists principally of all-trans 3-carotene (all-trans 3C),
and may be constitutively expressed; the ‘accumulated’ 3-carotene, which is found in globules of lipid
and proline-rich, 3-carotene globule protein (the 3C-plastoglobuli) in the inter-thylakoid spaces of the
chloroplast, appears in high concentration of both cis/trans (Z/E) configurations, ratio ~1 [5,9-11].

Antioxidants 2019, 8, 148; doi:10.3390/antiox8050148 121 www.mdpi.com/journal/antioxidants
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The occurrence of such high concentrations of 9-cis BC in D. salina is of great pharmaceutical
interest. 9-cis BC has a higher antioxidant activity than all-trans C, and may also be more efficient than
all-trans BC in vivo [12,13]. 9-cis BC has been proposed in treatments for retinal dystrophies, chronic
plaque psoriasis and atherosclerosis and as an anti-ageing therapy [14-18]. Importantly, a synthetic
pure preparation of 9-cis BC has recently been shown to inhibit photoreceptor degeneration of eye
cups from mice with a retinoid cycle genetic defect [19].

However, the mechanism and regulation of the biosynthesis of 9-cis 3C in D. salina is unclear.
Using different inhibitors of 3-carotene biosynthesis, Shaish et al. [20] found that all the intermediates
between phytoene and 3-carotene in cultures maintained under low light intensity and N-starvation
contained similar ratios of 9-cis/all-trans stereoisomers. They concluded that the isomerisation step
must occur at or before phytoene, and that no further isomerisation was likely to occur during the
further transformation of phytoene to 3-carotene. On the other hand, in cultures maintained under
light stress, 9-cis/all-trans 3C isomerases were identified in high concentrations in plastidic globules,
and were shown in vitro to catalyse conversion of all-trans BC to 9-cis C, whilst the expression of
the corresponding genes was enhanced under stress conditions [21]. The 9-cis/all-trans 3C ratio has
been shown to increase four-fold and the 3-carotene content two-fold when the culture temperature
decreased from 30 °C to 10 °C [22], and to increase with increased light intensity [21,23,24], but to be
independent of light wavelength within the photosynthetically active range [7]. There have also been
reports of a higher 9-cis/all-trans 3C ratio in D. salina cultivated under low light intensities [25,26].

Recently, we showed that growth of D. salina under high intensity red light was associated
with carotenoid accumulation and a high rate of oxygen uptake [1]. We proposed a mechanism for
carotenoid synthesis under red light, which involved absorption of red light photons by chlorophyll to
reduce plastoquinone in photosystem II, coupled with phytoene desaturation by a plastoquinol:oxygen
oxidoreductase, with oxygen as electron acceptor. Partitioning of electrons between photosynthesis
and carotenoid biosynthesis would depend on both red photon flux intensity and phytoene synthase
upregulation by the red light photoreceptor, phytochrome.

In this paper, the effects of red, white and blue light on the 3-carotene isomeric composition in
D. salina were investigated. Isomerisation between all-trans and 9-cis fC in D. salina was regulated by
light wavelength but not light intensity, with red light shifting the equilibrium in the direction of 9-cis
BC production. In blue light, 9-cis BC was more rapidly destroyed than all-trans 3C.

2. Materials and Methods

2.1. Strains and Cultivation

D. salina strain CCAP 19/41 (PLY DF15) was isolated from a salt pond in Israel and obtained
from the Marine Biological Association (MBA, Plymouth, UK). Algae were cultured in Modified
Johnsons Medium [27] in an ALGEM Environmental Modeling Labscale Photobioreactor (Algenuity,
Bedfordshire, UK) and growth was monitored as described previously [1]. For initial experiments
described by Figure 1, D. salina cells were grown under 12/12 light/dark (L/D) with 200 pmol photons
m~2 s7! supplied by white light emitting diode (LED) light (Figure Ala) to exponential growth phase,
then dark-adapted for 36 h. After dark adaptation, they were transferred to continuous white, blue or
red LED light at light intensities of 200, 500, or 1000 umol photons m2s 1 for48h. Samples were taken
at 0, 24 and 48 h for carotenoids analysis. For experiments with norflurazon described by Figure 5,
cultures were grown for 24 h under white LED light then norflurazon as added to cultures to a working
concentration of 5 pM and maintained for a further 48 h under red, blue or a mix of red and blue LED
light at 200 pmol m—2s1or kept in the dark. Red filters (Lee filter 26 Bright red, 27 Medium red, and
787 Marius red (Figure Alb—d)) when used, were purchased from Lee Filters Andover (Hampshire,
UK) and placed over the LED lights. The cultures were shaken for 10 min at 100 rpm every hour before
taking samples to monitor cell growth in order to minimise sheer stress to the cells which have no
cell wall.
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2.2. Carotenoids Analysis

The composition of pigments was analysed by High-Performance Liquid Chromatography with
Diode-Array Detection (HPLC-DAD) (Agilent Technologies 1200 series, Agilent, Santa Clara, United
States). Biomass was harvested and extracted for HPLC analysis as described previously [1], and
analysed at least in triplicate. A carotene standard for all-trans fC was obtained from Sigma-Aldrich
Inc. (Merck KGaA, Darmstadt, Germany); a carotene standard for 9-cis 3C was obtained from Dynamic
Extractions (Tredegar, Gwent, UK). The all-trans and 9-cis BC contents were quantified from their
absorption at 450 nm.

2.3. Statistical Analysis

Each experiment was carried out at least in triplicate. The collected data were analyzed in
R by one way analysis of variance (ANOVA) with posterior Dunnett’s test and Turkey multiple
pairwise-comparisons. A p < 0.05 value was considered significant.

3. Results

9-cis BC and all-trans 3C were the major carotenoids that accumulated in D. salina biomass after
48 h exposure to red or blue LED light, but the relative pool sizes of each depended on the concentration
of red and blue photons of light received. Under blue light, the contents of both 9-cis- and all-trans fC
per cell increased with time (Figure 1a,b), and the ratio of cis/trans BC isomers remained approximately
the same at all light intensities (Figure 1c). The concentration of 9-cis fC was ~half as much as all-trans
BC. Under red light, by contrast, the concentration of 9-cis BC and total pool of carotenoids increased
massively compared to that in blue in all light intensities and the content of 9-cis C was ~twice as
much as all-trans BC (Figure 1a,b). With increasing light intensity, the relative pool sizes of the isomers
changed; that of all-trans BC decreased and that of 9-cis 3C increased. Furthermore 9-cis 3C increased
with time to >60% of total 3-carotene under red light (Figure 1d). HPLC profiles of the carotenoid
extracts showed 9-cis 3C and all-trans C were the major carotenoids that accumulated in D. salina
biomass, and that the ratios of the two isomers were different under different wavelengths (Figure 1e).

To test the effect of blue light exposure on carotene isomers that had accumulated in red light
and vice versa, dark-adapted cultures of D. salina were cultivated in red or blue LED high intensity
light for 24 h (T0), and then cultivated for a further 24 h in red, blue, or a mixture of red and blue LED
light (1:1) with the same light intensity, or the dark. As before, red-shifted cells maintained in red light
produced the greatest amount of carotenoids with ~twice as much as 9-cis 3C as all-trans BC (Figure 2).
On the other hand, 9-cis fC decreased when red-shifted cells were transferred to blue light (Figure 2),
to the same level as for blue-shifted cells maintained continuously in blue (Figure 3); the pool size
of carotenoids for both conditions was about the same and the concentration of 9-cis BC was ~half
as much as all-trans BC. Conversely, blue-shifted cells when transferred to red LED produced more
carotenoids (28% greater content), principally as 9-cis BC (Figure 3).

Since red light increased the net content of 9-cis C, the effects of red light/dark cycles of increasing
red light duration during cultivation were tested. Increasing red light duration increased the total
amount of (3-carotene, in particular the amount of 9-cis 3C (Figure 4). With a red light/dark cycle of
10 min/110 min, the ratio of 9-cis/all-trans BC was 1.1, but in a red light/dark cycle of 30 min/30 min,
this increased to 2.2, similar to that in continuous red (2.3). However, in continuous red light, the total
pool size B-carotene was nearly 25% greater.
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Figure 1. Cultivation of D. salina under continuous blue or red LED light at three different light
intensities of 200, 500 and 1000 umol m~2 s~! for 48 h. (a) Cellular content of 9-cis BC, (b) cellular
content of all-trans BC; (c) 9-cis/all-trans C ratio. (d) Percentage of 9-cis and all-trans fC in total BC.
(e) HPLC profiles at 450 nm of carotenoid extracts from D. salina cultivated under continuous white
light, red light or blue light, each at 1000 umol m~2 s~! for 48 h. Peak 1: all-trans B-carotene; peak
2: 9-cis B-carotene. Biomass was collected at 48 h illumination and carotenoids extracted for HPLC
analysis. Each culture condition was set up at least in triplicate. mAU: milli-absorbance unit.
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Figure 2. (a) Cellular content of 9-cis BC and all-trans 3C and (b) 9-cis/all-trans BC ratio in D. salina cultures
exposed to continuous red LED light at 1000 pmol m~2 s ™! for 24 h followed by 24 h under either red light,
a mix of 1:1 red and blue light, blue light at the same light intensity of 1000 tmol m~2 s~! or dark. Each
culture condition was set up at least in triplicate. Results were analysed by one way analysis of variance
(ANOVA) with posterior Dunnett’s test compared to TO and Tukey multiple pairwise-comparisons.
Asterisks represent different levels of significance (*** 0 < p < 0.001, ** 0.001 < p < 0.01,*0.01 < p < 0.05).
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Figure 3. (a) Cellular content of 9-cis $C and all-trans BC and (b) 9-cis/all-trans BC ratio in D. salina
cultures exposed to continuous blue LED light at 1000 umol m~2 s~! for 24 h followed by 24 h under
either red light, a mix of 1:1 red and blue light, blue light at the same light intensity of 1000 pmol m~2
s7! or dark. Each culture condition was set up at least in triplicate. Results were analysed by one
way ANOVA with posterior Dunnett’s test compared to TO and Tukey multiple pairwise-comparisons.
Asterisks represent different levels of significance (*** 0 < p <0.001, ** 0.001 < p <0.01, * 0.01 < p < 0.05).
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Figure 4. Effect of cultivating D. salina under different red light/dark cycles. (a) Cellular content
of 9-cis BC, all-trans BC and total BC and (b) 9-cis/all-trans BC ratio and (c) specific growth rate of

D. salina cultures grown under different light/dark cycles of red LED light supplied at 500 mol m~2 s~

1

Cultures of D. salina were grown to a cell density of ~0.2 million cells mL~! under white LED light and
then transferred into red LED light growth cycles of different duration. Carotenoids were analysed

after 6 days growth.
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The accumulation of carotenoids under red light has previously been shown to involve upregulation
of phytoene synthase to increase the pool size of phytoene in D. salina cultures [1]. In order to test the
effect of blue and red light on the 3-carotene isomer composition, but without interference of de novo
synthesis of (3-carotene from phytoene, norflurazon, a phytoene desaturase inhibitor, was applied
to the D. salina cultures (Figure 5). After 48 h without light, the total pool size of carotenoids was
the same as that at the outset of the experiment (T0) before light treatment i.e., norflurazon blocked
any further downstream synthesis of 3-carotene. Under these conditions, the (3-carotene isomer
composition, 9-cis/all-trans 3C, was 1.1, the same as that recorded for growth in a red light/dark cycle
of 10 min/110 min. Both red and blue light treatments lowered the total pool size of total 3-carotene,
blue more than red: ~31-32% total 3-carotene was destroyed under red light and under the 1:1 red/
blue light mix, and ~41% under blue light. Carotenoids absorb photons in the range 400-550 nm,
exactly overlapping the emission spectrum of the blue LED (440-500 nm) therefore the greater loss
in blue light compared to red was to be anticipated. Furthermore, although both all-trans C and
9-cis BC were destroyed under blue light, the loss of 9-cis C was very much greater: only ~40% of
the content of 9-cis BC recorded in dark-treated cultures remained, compared to 78% for all-trans 3C.
Since 9-cis BC has a higher antioxidant activity than all-trans BC, this result might also be anticipated.
Somewhat surprisingly, however, loss of 9-cis BC under red light compared to blue was much smaller
and the ratio of 9-cis/all-trans 3C was 3-fold greater than under blue light. Since the emission spectrum
of the red LED (625-680 nm) emits photons that are not absorbed by p-carotene, these data imply
isomerisation of extant all-trans BC to 9-cis BC to increase the content of 9-cis BC at the expense of
all-trans BC during growth.
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Figure 5. Production of carotenes in D. salina cultures treated with 5 uM norflurazon. (a) cellular content
of 9-cis C, all-trans C and total BC and (b) 9-cis/all-trans C ratio. Cultures were grown for 24 h under
white LED light then treated with norflurazon and maintained for a further 48 h under red, blue or a mix
of red and blue LED light at 200 pmol photons m~2 5! or kept in the dark. T0: time point after growth
for 24h under white LED light only, before addition of norflurazon. Results were analysed by one
way ANOVA with posterior Dunnett’s test compared to TO and Tukey multiple pairwise-comparisons.
Asterisks represent different levels of significance (*** 0 < p < 0.001, ** 0.001 < p < 0.01, *0.01 < p < 0.05).

A similarly greater loss of all-trans 3C compared to 9-cis BC in red light was obtained using Lee
Bright Red, Medium Red or 787 Marius Red filters: these transmitted only a fraction (8.6%, 3.6% and
1.0%) of the light intensity applied with a red LED (1000 umol m~2 s71), but importantly excluded
light wavelengths below 550 nm (Figure Alb—d). Each increased the total 3-carotene pool size and
the 9-cis/all-trans 3C ratio was higher (Figure 6). With the 787 Marius Red filter, cells received only
approximately 10-17 pmol m~2 s7! light intensity of the red wavelength but this was still sufficient
to increase the ratio of 9-cis/all-trans 3C ratio, the amount of 9-cis 3C per cell and total (3-carotene to
values approaching those found using white light at 1000 pumol m~2 s71.
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Figure 6. Cultivation of D. salina using red light filters. D. salina was cultivated under white light to
early orange phase (cell density of ~0.5 x 10 cells mL~!; carotenoid: chlorophyll ratio ~3), and then
cultures were diluted with fresh medium to a cell density of ~0.2 x 10° cells mL~! (no nutrient stress)
(T0) and then further cultivated for 48 h under white, red or blue LED light at 1000 pumol m~2 s~! or
under white LED light at 1000 umol m~2 57! covered with one of three different red filters (Lee filter
26 Bright red; Lee filter 27 Medium red; or Lee filter 787 Marius red). (a) Cellular content of 9-cis,
all-trans and total B-carotene. (b) 9-cis/all-trans (3-carotene ratio. Results were analysed by one way
ANOVA and Tukey multiple pairwise-comparisons. Asterisks represent different levels of significance
(**0<p<0.001,*0.001 < p <0.01,*0.01 < p <0.05).

The co-regulation by light and temperature on the 3-carotene production and isomeric composition
in D. salina is shown in Figure 7. Cultivation at 15 °C compared to 25 °C increased the 9-cis/all-trans C
ratio, especially under red light, but decreased the pool size of 3-carotene measured over the same
time frame (48 h).
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Figure 7. D. salina cultivated under red or blue light at either 15 °C or 25 °C. (a) Cellular content of 9-cis
BC and all-trans BC (b) 9-cis/all-trans BC ratio. Cells were cultured under a light:dark 12h:12h white
light growth regime to mid-log phase of the growth cycle (0.1-0.2 x 10° cells mL ') then transferred to
the dark for 24 h before treatment for 48 h at either 15 °C or 25 °C under continuous blue or red LED
light at 1000 umol m~2 s~1. Each culture condition was set up at least in triplicate.

Finally, the effects of blue and red light on the destruction of all-trans 3C were evaluated.
No reaction of all-trans C solutions was detected under red light in nitrogen (Figure 8a). Under red
light in air, (Figure 8b), 40% destruction of all-trans pC was recorded, whereas in blue light (Figure 8c),
all-trans C was fully destroyed within the same time frame. These data show that blue light is more
damaging to all-trans BC than red light.
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Figure 8. Effect of red or blue LED light on the photo-destruction of all-trans BC. All-trans BC was
dissolved in chloroform to a final concentration of 2.4 uM and vials were thoroughly flushed with either
nitrogen or air, sealed and incubated for 24 h at 25 °C under different LED lights at 200 pumol m=2 s~
(a) Red light under nitrogen; (b) Red light in air; (c) Blue light in air.

4. Discussion

In the present work, we found that under high intensity red LED light (up to 1000 umol m~2 s71)
but in conditions of nutrient sufficiency, D. salina accumulated carotenoids rapidly within 48 h.
Surprisingly, the major accumulated isomer was 9-cis C, ~twice as much as all-trans fC. In vitro, 9-cis
BC is a better scavenger of free radicals than all-trans BC [12], and reportedly degrades more rapidly
compared to all-frans BC under both light and dark conditions [28]. Furthermore, chlorophyll absorbs
photons in the range of the emission spectrum of the red LED used here (625-680 nm) and therefore
in D. salina cultures in high intensity red light, a high rate of photo-oxidation of 9-cis 3C might have
been anticipated. Carotenoids are known antioxidants synthesized by many microalgae to prevent
photoinhibition caused by photo-oxidation of photosynthetic reaction centres. Photooxidative damage
occurs when species such as singlet oxygen (O,) are formed under saturating light conditions as a
result of transfer of energy from chlorophyll in the triplet excited state (*Chl*) to the ground state of O,.
10, react readily with fatty acids to form lipid peroxides and will set up a chain of oxygen activation
events that may eventually lead to a hyperoxidant state and cell death [29]. Carotenoids protect the
photosystems in the following ways: (i) by reacting with lipid peroxidation products and terminating
free radical chain reactions as a result of the presence of the polyene chain; (ii) by scavenging 'O, and
dissipating the energy as heat; and (iii) by reacting with triplet excited chlorophyll 3Chl* to prevent
formation of 1O, or by dissipation of excess excitation energy through the xanthophyll cycle [3,30,31].

The simplest explanation to resolve the seeming anomaly, namely accumulation of the more
readily degraded 9-cis fC under high intensity red light conditions that should be associated with high
rates of photo-oxidation, invokes the activity of 3-carotene isomerases, the gene transcripts of which
are increased in light stress [21]. Davidi et al. [11] showed that all the enzymes in the biosynthetic
pathway from phytoene to (3-carotene were present in the plastidic lipid globules and included enriched
concentrations 3-carotene isomerases; two of these, 9-cis-BC-ISO1 and 9-cis-C-ISO2, were shown
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to be responsible for the catalytic conversion of all-trans C to 9-cis BC. Based on the data presented
here we propose that the expression of gene transcripts of f-carotene isomerases may be triggered by
specific light sensing, possibly through phytochrome.

In red light compared to blue, the apparent loss of 9-cis C with norflurazon was surprisingly
small and the ratio of 9-cis/all-trans 3C was 3-fold greater than in blue light (Figure 5). Accumulation of
9-cis BC by phytoene synthase (PSY) gene activation, whose expression has been shown to be greatly
increased 6-48 h following stress [11] was precluded by the presence of norflurazon, which blocked
phytoene desaturation and consequent carotene synthesis. Under these conditions, the relative increase
in pool size of 9-cis $C in red light implies a much higher rate of 9-cis BC formation from extant
all-trans BC, caused by increased isomerase activity, than the rate of 9-cis BC destruction (see Figure 5).
Carotenes absorb photons in the range 400-550 nm, exactly overlapping the emission spectrum of
the blue LED (440-500 nm). However blue light catalysed a much more rapid rate of destruction of
carotenes than red light (Figure 8). In blue LED light, 9-cis C would be destroyed more rapidly than
could be replenished by adjustment of the 9-cis/all-trans BC equilibrium position because increased
[3-carotene isomerase activity from red-light activated gene expression for 3-carotene isomerases is not
possible in blue light (see Figure 5).

Red light stimulation of the expression of gene transcripts of -carotene isomerases by a
phytochrome to increase the rate of accumulation of 9-cis fC by (-carotene isomerases is also
supported by the increase in pool size of 9-cis BC under low intensity red light (Figure 6). Each of the
Lee red light filters increased the total 3-carotene pool size and the 9-cis/all-trans BC ratio was higher
despite the much lower light intensity of the red wavelength compared to the red LED light. The
effects of low temperature on 9-cis fC-accumulation in D. salina are also noteworthy, since enzyme
catalysis typically shows a Qg (temperature coefficient) ~2, yet in the present work, formation of 9-cis
BC in low temperature compared to high was increased under red light, and had little effect in blue.
In higher plants, the activated phytochrome B, a red light photoreceptor, is considered to function as
the thermal sensor to sense environmental temperature [32]. Mutants with no phytochromes showed
a constitutive warm temperature transcriptome even at low temperatures [33]. Red light sensing to
increase the concentration of 3-carotene isomerases and catalyse conversion of all-trans C at low
temperatures, as well as high, may play a significant role in photoprotection in D. salina.

We recently proposed that red light enhanced the production of carotenoids in a mechanism
dependent on both photon flux density as well as upregulation of phytoene synthase by the red light
photoreceptor phytochrome and that chlorophyll absorption of red light photons and subsequent
plastoquinone reduction in photosystem II was coupled with oxygen reduction and phytoene
desaturation by plastoquinol:oxygen oxidoreductase [1]. According to the findings in the previous
work [1], the partitioning electron flux between photosynthesis and carotenoid biosynthesis could be
augmented by addition of the regulation of the pool size of 9-cis fC, as seen in the Scheme 1.

Red light sensing by phytochrome to increase the pool size of phytoene by phytoene synthase
has been reported in higher plants [34]. Red light control of carotenoid biosynthesis coupled with the
accumulation of the more readily oxidized 9-cis fC as a consequence of isomerisation from all-trans 3C
reserves would therefore rapidly increase the pool size of anti-oxidant to reduce the rate of formation
of ROS under stress (See Scheme 1).
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Scheme 1. Regulation of the pool size of 9-cis BC. Red photon flux intensity controls the partitioning of
electrons either for carotenoid biosynthesis or for photosynthesis, via energy absorption by chlorophyll
and the PQ pool [1]. Red photon flux also controls phytochrome regulation of the production of gene
transcripts for phytoene synthase and (3-carotene isomerases. CHL A: chlorophyll a; P680: chlorophyll a,
primary electron donor of Photosystem II; PQoyx: plastoquinone, oxidised form; PQ,.q: plastoquinone,
reduced form; Cyt bgoy: cytochrome béf complex, oxidised form; NADP*: NADP oxidised form;
NADPH: NADP reduced form; PSY: phytoene synthase; 9-cis-BC-ISO: 9-cis fC isomerase.

5. Conclusions

Red light availability regulates the isomerisation of all-trans 3-carotene to 9-cis 3-carotene and
upregulates carotenoid biosynthesis in the halotolerant microalga Dunaliella salina. In red light 9-cis
BC accumulated, caused by increase in the rate of isomerisation of all-trans BC to 9-cis fC relative to
the rate of its destruction. Red light may have industrial value as an energy-efficient light source for
production of natural 9-cis 3C from D. salina.
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Abstract: The use of green marine seaweed Ulva spp. as foods, feed supplements, and functional
ingredients has gained increasing interest. Microwave-assisted extraction technology was employed
to improve the extraction yield and composition of Ulva pertusa polysaccharides. The antioxidant
activity of ulvan was also evaluated. The impacts of four independent variables, i.e., extraction time
(X1, 30 to 60 min), power (Xp, 500 to 700 W), water-to-raw-material ratio (X3, 40 to 70), and pH (X4, 5 to
7) were evaluated. The chemical structure of different polysaccharides fractions was investigated via
FT-IR and the determination of their antioxidant activities. A response surface methodology based
on a Box-Behnken design (BBD) was used to optimize the extraction conditions as follows: extraction
time of 43.63 min, power level of 600 W, water-to-raw-material ratio of 55.45, pH of 6.57, and maximum
yield of 41.91%, with a desired value of 0.381. Ulvan exerted a strong antioxidant effect against
1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) and showed reducing power in vitro. Ulvan protected RAW 264.7 cells against H,O,-induced
oxidative stress by upregulating the expression and enhancing the activity of oxidative enzymes
such as superoxide dismutase (SOD) and superoxide dismutase (CAT). The results suggest that the
polysaccharides from U. pertusa might be promising bioactive compounds for commercial use.

Keywords: antioxidant activities; Box-Behnken design; microwave-assisted extraction; polysaccharide;
Ulva pertusa; seaweed

1. Introduction

The genus Ulva (Chlorophyta) is a cosmopolitan, abundant, and fast-growing green macroalgae
forming natural beds in shallow waters throughout the world [1]. Ulva is widely distributed, grows
rapidly, and causes “green tides” in response to elevated levels of nitrogenous and phosphorus
materials in coastal areas [2]. Ulva spp. are a relatively rich source of different bioactive compounds, in
particular, polyphenols and dietary fiber [3].

Ulva contains a polysaccharide present in high amounts in the cell wall (38% to 54% in dry weight)
and commonly known as ulvan [4], which belongs to a group of sulfated hetero-polysaccharides
comprising glucose, glucuronic acid, rhamnose, xylose, and galactose [5]. Ulvan has been demonstrated
to play an important role as an antitumor [6] and antihyperlipidemic [7] substance in living organisms
and induces a defense mechanism in crops [8]. It is also one of the important antioxidant compounds,
whose antioxidant properties are mainly attributed to its scavenging activity against superoxide and
hydroxyl radicals, its chelating ability, singlet and triplet oxygen quenching activity, and reducing
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power [9]. However, the understanding of the structural characteristics of polysaccharides extracted
from Ulva pertusa is limited, which affects their application.

Hot water or aqueous organic solvents are the most common and conventional methods for
extracting water-soluble polysaccharides from Ulva sp. [7]. However, such methods are time-consuming
and have a low extraction efficiency owing to the complex polymers of the algae cell wall [10]. Therefore,
additional methods are being used to improve the extraction process, such as microwaving [11],
ultrasonication [5], and enzymatic reduction [12]. Microwave-assisted extraction (MAE) methods have
demonstrated better performances with the advantages of a short operation time, simplicity, low cost,
and high efficiency [13]. MAE is a “green” extraction process based on the use of electromagnetic
waves with high frequencies. The high temperature produced by molecular motions increases the
solubility of the extracted compounds and the solvent diffusion rate, thereby enhancing their quality
and yield [14]. Although this extraction method has been proved efficient in fucoidan and carrageenan
isolation from brown and red seaweed [15,16], only a few studies have been carried out on green
seaweed such as Ulva meridional, Ulva ohnoi, and Monostroma latissimum [11].

The main aim of this study was to optimize the operational parameters (power, time,
water-to-raw-material ratio, and pH) of MAE to obtain the maximum yield of ulvan extracted
from U. pertusa. Furthermore, the antioxidant activity of ulvan was evaluated in hydrogen peroxide
(Hp0O,)-treated RAW 264.7 cells through in vitro assays.

2. Materials and Methods

2.1. Seaweeds and Chemicals

U. pertusa gametophytes were collected from June to July 2018 in Dolsan, Yeosu, Korea (34°40” N,
127°46" E), put into sterilized plastic bags containing seawater, placed in an ice box, and transferred to
the laboratory immediately. The vegetative materials were rinsed several times to clear their surface,
oven-dried at 40 °C, and maintained at —80 °C until use. All chemicals and reagents applied were of
analytical grade.

2.2. Microwave Extraction of Ulvan

The dried U. pertusa thallus (100 g) was ground in a high-speed disintegrator to make a fine powder.
The powder was pretreated with 80% ethanol (400 mL) in a water bath at 85 °C for 2 h to remove
pigments and low-molecular-weight compounds. After incubation, the precipitate was collected
through centrifugation at 4000x g for 10 min and was then dried in an oven at 50 °C. The pretreated
sample (1 g) was extracted using MAE based on specific extraction time, amount of microwave power,
water-to-raw-material ratio, and pH (Table 1). The aqueous extract was separated from the insoluble
residue through centrifugation (6000x g, 20 min). The solution was precipitated with the addition of
ethanol to a final concentration of 85% and maintained at 4 °C overnight. The crude polysaccharide
was separated through centrifugation (6000x g for 20 min) and air-dried for 12 h. Ulvan was weighed
and stored at —20 °C until analyzed. The total content of the polysaccharides was measured using a
phenol-sulfuric acid method [17]. The yield of ulvan (%) was calculated as follows:

Yield of ulvan (%) = polysaccharides content of the extract (g)/weight of the pretreated sample (g) 1)

2.3. Single-Factor MAE Experiments

The influence of the process parameters including extraction time, microwave power,
water-to-raw-material ratio, and pH on the extraction yield and identify the independent variables as
well as on the optimum ranges of the Box-Behnken Design (BBD) was determined using a series of
single-factor experiments. The effects of each factor were evaluated by determining the ulvan yield.
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Table 1. Box-Behnken (BBD) matrix of the four variables, levels for response surface methodology
(RSM), experimental data, and predicted values of ulvan extraction.

Variable Levels Ulvan Yield (%)
Run X; (Time, min) X, (Power, W) X3 (Water-To-Raw-Material, mL/g) X4 (pH) Predicted Observed
1 45 500 70 6 32.72 32.22
2 45 700 55 5 31.61 31.26
3 45 600 70 7 32.30 31.38
4 30 600 70 6 32.18 32.48
5 30 600 40 6 29.93 29.46
6 45 600 55 6 40.84 40.84
7 45 500 55 5 35.22 35.47
8 60 600 70 6 27.36 28.46
9 60 600 40 6 30.45 30.78
10 45 500 55 7 34.78 35.75
11 60 600 55 5 25.88 25.71
12 30 600 55 5 30.51 29.79
13 45 500 40 6 36.29 35.89
14 60 600 55 7 32.92 33.11
15 45 600 40 5 28.15 28.97
16 45 700 70 6 37.27 37.14
17 30 600 55 7 32.60 32.24
18 30 500 55 6 32.94 33.45
19 45 700 55 7 41.18 41.56
20 60 500 55 6 32.46 31.63
21 45 600 70 5 31.85 32.01
22 30 700 55 6 36.01 36.74
23 45 600 55 6 40.84 40.84
24 45 600 55 6 40.84 40.83
25 45 700 40 6 34.53 34.51
26 45 600 40 7 36.83 36.56
27 60 700 55 6 32.18 31.56

2.4. Experimental Design

A response surface methodology (RSM) was used to optimize the effects of the independent
variables on the extraction yield of ulvan polysaccharide. Four processing variables, i.e., time (Xj),
power (X;), water-to-raw-material ratio (X3), and pH (X4) were chosen on the basis of the results of
single-factor experiments and were then investigated using BBD (Table 1). The yield was taken as the
response to the design experiments. The selected variables were coded using the following equation:

x; = (X = Xo)/AX, (2)

where X; is a variable, X, and X; are the actual values for the ith independent variable at the center
point, and AX is the value of the step change.

A second-order regression analysis of the data was defined using the response function (Y)
including the linear, quadratic, and interactive components and the proposed model, as follows:

Y=03,+ Zﬁixi + Zﬁiixiz + Zﬁijxixj ®)

where Y is a dependent variable, (3, is a constant coefficient, and B;, Bj;, and Bj; are the regression
coefficients for the intercept, linear, quadratic, and two-factor interaction variables, respectively.

2.5. FT-IR Spectrometric Analysis

The ulvan extract was ground with potassium bromide (KBr) powder before measurement. IR
spectra were acquired on an FT-IR spectrophotometer (VERTEX 70, Bruker, Germany) in the frequency
range of 4000-400 cm™1.

2.6. Determination of the Antioxidant Activity of Ulvan Extracts in Vitro

2.6.1. DPPH Radical-Scavenging Activity

The free scavenging activity on 1,1-diphenyl-2-picrylhydrazyl (DPPH) was investigated using the
method mentioned by Bondet et al. [18]. The reaction mixtures consisted of 2 mL of ulvan extracted
under optimal conditions (0 to 0.8 mg/mL) and 2 mL DPPH (0.05 mM in ethanol). The reaction tubes
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were incubated in darkness at 25 °C for 30 min. The absorbance of the mixture was measured at 517 nm
using ascorbic acid as a positive control. The scavenging DPPH activity was calculated according to
Equation (4):

Scavenging activity (%) = (1 — (A1 — Az)/Ap) x 100 4)

where Ay, A1, A; are the absorbance of the DPPH solution used as a negative control, of the sample
with the DPPH solution, and of the sample without the DPPH solution, respectively.

2.6.2. ABTS Radical-Scavenging Activity

The assay was carried out using the procedure described by Hromadkova et al. [19]. The working
solution was prepared by mixing 25 mL of a 7 mM 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) solution and 12.5 mL of 2.4 mM potassium persulfate. The mixture was kept in the dark
at room temperature for 12 to 16 h prior to use. The ABTS solution was adjusted to an absorbance of
0.7. For the assays, 0.1 mL of extract was allowed to react with 1 mL of the ABTS solution, and the
absorbance was recorded at 734 nm after 7 min using a spectrophotometer. The scavenging ABTS
activity was calculated according to Equation (5):

Scavenging activity (%) = (1 — (A; — Az)/Ag) x 100 (5)

where Ay, A1, A are the absorbance of the ABTS solution used as a negative control, of the sample
with the ABTS solution, and of the sample without the ABTS solution, respectively.

2.6.3. Determination of the Reducing Power

The reducing power was evaluated using a method by Dahmoun et al. [20]. The reaction mixture
consisted of 2.5 mL of a 0.2 M phosphate solution, 2.5 mL of 1% (w/v) potassium ferricyanide, and 2.4 mL
of varying concentrations of the ulvan extracts. After the mixture was incubated at 50 °C for 20 min,
2.5 mL of 10% (w/v) trichloroacetic acid was added, and the mixture was centrifuged at 900x g for
10 min. The supernatant (5 mL) was mixed with 5 mL of distilled water and 1 mL of 0.1% (w/v) ferric
chloride. The absorbance of the resulting solution was measured for 2 min at 700 nm.

2.7. In Vitro Antioxidant Activity

The RAW 264.7 murine macrophage cell line was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Wellgen, Daegu, Korea) containing 4.5 g/L glucose, 4 mM L-glutamine, 25 mM HEPES,
1 mM sodium pyruvate, 15 mg/L phenol red, 3.7 g/L sodium bicarbonate, 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 50 ug/mL streptomycin in a humidified atmosphere at 37°C, 5%
CO,. RAW 264.7 cells were split and seeded in 96-well cell culture plates (2.0 x 10* cells/well) and
incubated in the same culture conditions overnight. The medium was replaced with fresh DMEM
medium containing various concentration of ulvan or 600 uM hydrogen peroxide (H,O,) for 24 h.
After incubation, the cell viability was determined using the 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl
tetrazolium bromide (MTT) (Sigma Aldrich, St. Louis, MO, USA) assay [21].

Oxidative damage of the cells was induced using hydrogen peroxide [22]. RAW 264.7 cells
(2.0 x 10* cells/well) were seeded in 96-well cell culture plates and incubated overnight. The cells
were then washed with 0.1 PBS (pH 7.2) and pretreated with fresh DEME medium containing various
concentrations of ulvan for 2 h. To stimulate oxidative stress, the cells were then incubated with
600 uM H,O; for 24 h under the same conditions. Ascorbic acid was used as a positive control. After
incubation, the cells were collected, suspended in 0.1 M cold PBS buffer, and lysed using ultrasonic
decomposition in an ice-water bath. The cell-free supernatant was used for analysis of superoxide
dismutase (SOD; cat. no. STA-340, Cell Biolabs Inc., San Diego, CA, USA) and catalase (CAT; cat.
no. STA-340, Cell Biolabs Inc., San Diego, CA, USA) activities using commercial kits following the
manufacturers’ instructions.
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To determine the expression levels of antioxidant-related genes, total RNA from the treated RAW
264.7 cells was purified by using the Trizol reagent (Invitrogen, USA) according to the manufacturer’s
protocol. Total RNA (1 ug) was reverse-transcribed into cDNA using the ImProm-II"™ Reverse
Transcription System (Promega, USA), and the target cDNA was amplified using the following primers:
B-actin, forward 5'-AAG ACC TCT ATG CCA ACA CAG T-3, reverse 5'-CAT CGT ACT CCT GCT
TGC TGA T-3’; glutathione S-transferases (GST), forward 5’-TGA GAG GAA CCA AGT GTT TGA
G-3, reverse 5'-CAG GGG GAC TTT AGC TTT AGA A-3’; catalase (CAT), forward 5'-GGG ATT CCC
GAT GGT-3, reverse 5'-GCC AAA CCT TGG TCA G-3’; MnSOD, forward 5'-TCC CAGACC TGC
CTT ACG A-3’, reverse 5'-TCG GTG GCG TTG AGA TTG-3’; GPx, forward 5’-CTC GGT TTC CCG
TGC AAT CAG-3’, reverse 5-GTG CAG CCA GTA ATC ACC AAG-3’ [23].

2.8. Statistical Analysis

The experimental design and graphical and statistical analysis for the RSM were conducted
using Minitab 17 (Minitab Inc., State College, Pennsylvania). All trials were conducted in triplicate.
Data differences between two groups were analyzed using the Student’s t test (p < 0.05) by the SPSS
16.0 software (SPSS, Inc., Chicago, IL, USA).

3. Results

3.1. Effect of Process Parameters on Microwave Extraction Efficiency

As shown in Figure 1a, the yield of the polysaccharides increased significantly with increasing
extraction times ranging from 15 to 45 min; the highest extraction yield was obtained at 45 min.
To study the effect of microwave powers on the yield of the polysaccharides, the extraction processes
were carried out at 300, 400, 500, 600, 700, and 800 W for 45 min. The results shown in Figure 1b
indicate that the maximum ulvan yield (35.14%) occurred when the power was 600 W. The yield of
ulvan affected by the different ratios between water and raw materials is shown in Figure 1c, whereas
the other extraction variables were as follows: 600 W power, pH of 6, and extraction time of 45 min.
The extraction yields increased as the water-to-raw-material ratio ascended slightly from 25 to 85 mL/g
and reached the maximum value (25.23%) when the ratio was 70 mL/g. To evaluate the pH effects on
the yield, the extraction process was conducted at different pH values, and the results are shown in
Figure 1d. As shown in the figure, the polysaccharide yield increased with an increase in the pH level
and significantly decreased when the pH was higher than 7.

3.2. Optimization of the Procedure Using RSM

In the present study, the ulvan extraction yield was investigated according to BBD (27 batch
experiments), and the corresponding results are shown in Table 1. The experimental data were then
investigated using a multiple regression analysis and an analysis of variance, and the adequacy and
fitness of the models are summarized in Table 2. As the results demonstrated, the fitness of the model
was highly significant (p < 0.0001). According to the multiple regression analysis, the independent
variables were related on the basis of a mathematical model describing the ulvan extraction yield (Y)
and following a second-order polynomial equation:

Y = 40.84 — 1.076X; + 0.697X5 — 0.207X5 + 2.283X4 — 0.84X; X5 — 1.335X; X3 + 1.238X1 Xy

+ 1.575X,X3 + 2.505X,X4 — 2.055X3Xy — 6.333X;2 — 1.111X,2 — 4.526X32 — 4.032X,2 ©)

where X1, X5, X3, and X4 are the time, power, water-to-raw-material ratio, and pH, respectively.
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Figure 1. Effect of different times (a), powers (b), water-to-raw material ratios (c), and pH (d) on the
extraction yield of ulvan. Different letters show statistically significant differences among the groups

(p <0.05).
Table 2. ANOVA of the RSM model for the prediction of ulvan yield.
Source Sum of Squares DF Mean Square F Value p-Value
Model 433.962 14 30.997 49.48 <0.0001 **
X1 13.889 1 13.889 2217 0.001 *
Linear effects Xa 5.824 1 5.824 9.30 0.010*
X3 0.513 1 0.513 0.82 0.384
Xy 62.518 1 62.518 99.79 <0.0001 **
X1-Xo 2.822 1 2.822 4.51 0.055
X1-X3 7.129 1 7.129 11.38 0.006 *
Interaction effects Xq-Xy 6.126 1 6.126 9.78 0.009 *
X2 X3 9.923 1 9.923 15.84 0.002 *
Xo-Xy 25.100 1 25.100 40.06 <0.0001 **
X3-Xy 16.892 1 16.892 26.96 <0.0001 **
X12 128.979 1 213.870 341.38 <0.0001 **
X5? 6.76 1 6.586 10.51 0.007 *
X32 60.754 1 109.264 174.41 <0.0001 **
X42 86.726 1 86.726 138.43 <0.0001 **
Residual 7.518 12 0.626
Quadratic effects Lack of fit 7.518 10 0.752
Pure error 0.000 2 0.000
Cor. Total 441.480 26
R? 98.30
Adj. R? 96.31
Pred. R? 90.19
CV.% 1.37

* Significant coefficient (p < 0.05). ** Highly significant coefficient (p < 0.01).

Among the four independent variables studied, only the power and pH exerted a positive linear
effect on ulvan extraction. However, the quadratic effects of all parameters negatively affected the
extraction process (Table 2). In this study, ulvan yield was significantly influenced by nitrate, time,
power, water-to-raw-material ratio, and pH.

The coefficient of determination (R* = 0.9830) and the adjusted determination coefficient (adj.
R? = 0.9631) for the model exhibited a high correlation between the experimental and theoretical
values [24]. In this study, the coefficient of variation (C.V., 1.15%) was no greater than 10%, indicating a
high precision and strong reliability of the experimental values. A smaller C.V. is a better expression of
low variance than the percentage of the mean [25].
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The optimal extraction conditions used to obtain the maximum ulvan extraction yield were
determined according to Derringer’s desired function methodology [26], with extraction time of
43.63 min, power level of 600 W, water-to-raw-material ratio of 55.45, pH of 6.57, and maximum yield
of 41.91%, with a desired value of 0.381. The verification experiments were carried out under the
optimized conditions, and the mean values (42.12 + 0.674%, n = 3) demonstrated the validity of the
optimized conditions.

Response surface plots were generated to understand the significant interaction between the
variables. Figures 2a and 3a, which show the polysaccharide extraction yield as a function of extraction
time and power, showed that the extraction yield increased rapidly with the increase of the extraction
time from 30 to 45 min, while it only slowly increased with the increase of power from 500 to 600 W.
Time affected the yield more than power. The interaction effects of different extraction times and
water-to-raw-material ratios are illustrated in Figures 2b and 3b. Ulvan yield increased linearly at
first with the increase of time from 30 to 45 min and of the water-to-raw-material ratio from 40 to 55
but then decreased for further increases of these variables. Figures 2c and 3c show the relationship
between extraction time and pH. The yield initially increased quickly reaching its maximum as both
time and pH increased and decreased thereafter. Moreover, the interaction between power and
water-to-raw-material ratio (Figures 2d and 3d, and power and pH (Figures 2e and 3e) on the yield were
shown to be both positive and significant. In Figures 2f and 3f, the yield improved significantly with
the increase of pH from 6 to 6.5. However, the interaction between pH and water-to-raw-material ratio
on the yield was characterized by a negative coefficient in the fitting equation. In summary, extraction
time and pH were the major factors causing significant effects on the yield of polysaccharides.

(b) ()

500
40
60 o
X

Figure 2. Response surface (3D) showing the effects of variables on the yield of ulvan. Effects of
(a) extraction time (X;) and power (X;), (b) extraction time and water-to-raw-material ratio (X3),
(c) extraction time and pH (X4), (d) power and water-to-raw-material ratio, (e) power and pH,
(f) water-to-raw-material ratio and pH on ulvan yield (Y, %).
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Figure 3. Contour plots showing the effects of the above-mentioned variables on the yield of ulvan.
Effects of (a) extraction time (X;) and power (X3), (b) extraction time and water-to-raw-material ratio
(X3), (c) extraction time and pH (X4), (d) power and water-to-raw-material ratio, (e) power and pH,
(f) water-to-raw-material ratio and pH on ulvan yield (Y, %).

3.3. FT-IR Spectral Analysis

The FT-IR spectrum of the ulvan extract is shown in Figure 4a. The high absorptions at 874
and 1623 cm~! were attributed to the bending vibration of sulfate in axial position in C-O-S [27].
The specific intense peaks at 3353, 2926, and 1034 cm™! were due to O-H, C-H, C-O stretching
vibrations, respectively. The absorption at 1623 cm™! was indicative of C=O [28]. The signal at
approximately 1414 cm™! may suggest the presence of uronic acid [16]. In addition, the spectra of
ulvan extract obtained by MAE were quite similar to those obtained after autoclaving [27]. Overall,
these results showed that the ulvan extract exhibited the typical absorption peaks of a polysaccharide.
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Figure 4. FT-IR spectra and antioxidant activity of the polysaccharide extracts from Ulva pertusa by
the microwave-assisted extraction (MAE) method (mean + SD, n = 3). (a) FI-IR spectra, (b) ABTS free
radical scavenging assay, (c) DPPH free radical scavenging assay and (d) Reducing power assay. ABTS:
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), DPPH: 1,1-diphenyl-2-picrylhydrazyl.
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3.4. In Vitro Antioxidant Activities of Ulvan

In this study, the scavenging capabilities of different ulvan extracts for ABTS radicals were
measured and are shown in Figure 4b. The scavenging capability of ulvan for ABTS radicals was 20.15%
at 0.5 mg/L, with a 1.5-fold increase in activity at 0.8 mg/mL. As shown in Figure 4c, ulvan showed
a dose-dependent DPPH scavenging effect weaker than that of ascorbic acid at each concentration.
The scavenging capability of the polysaccharide increased from 5.61% to 46.51% as the concentration
of the polysaccharide increased from 0.025 to 0.800 mg/mL. The reducing power of ulvan is depicted in
Figure 4d. The reducing power of ulvan increased with increasing concentrations (0.5-3 mg/mL).

3.5. Effect of Ulvan on RAW 264.7 Macrophage Cell Viability and SOD and CAT Activities

The toxicity of ulvan in RAW 264.7 macrophage cells was evaluated in Figure 5A. An MTT assay
demonstrated that ulvan did not significantly affect cell viability at concentrations below 200 pg/mL
compared with untreated cells. At the concentration of 400 pug/mLof ulvan, cell viability reduced
significantly (p < 0.05) (Figure 5A). Ulvan at concentration from 50 to 200 pg/mL showed no cytotoxic
effects, thus concentrations in this range were selected for further study.

(a) (b)

L

~

Cell viability (%)
o
8
50D activity (U/mg protein)

[

CAT activity (U/mg protein)

0

Unvan - - 50 100 200 -
H,0, - + + + + +
AA - - - - - 100

Figure 5. Effects of ulvan (ng/mL) on cell viability (a) and production of superoxide dismutase (SOD)
(b) and catalase (CAT) (c) in RAW 264.7 cells. The results are presented as means + SD (n = 3); * p < 0.05
and ** p < 0.01 vs H202 treatment; # p < 0.05 compared with control group. AA, ascorbic acid at
concentration of 100 pug/mL.

The induction of SOD and CAT was determined to evaluate the antioxidant activity of ulvan
in RAW 264.7 cells stimulated by HyO,. As shown in Figure 5B, compared with the control group,
treatment with 600 uM of H,O, significantly decreased SOD activity (p < 0.05). SOD activity was
significantly increased after treatment with 100 and 200 ug/mL of ulvan. At 200 pg/mL of ulvan,
SOD activity was close to that measured in cells treated with ascorbic acid (positive control) at
100 pg/mL. In addition, CAT activity showed a similar trend to that of SOD activity in cells treated
with HyO,. However, CAT activity increased upon ulvan treatment at 200 pg/mL. We found that the
reduction of SOD and CAT activities in RAW 264.7 cells stimulated by H,O, could be prevented by a
high concentration of ulvan (>200 pug/mL).
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3.6. Effects of Ulvan on the Expression of Antioxidant Genes

We examined whether ulvan affected the transcriptional profiles of genes associated with the
antioxidant system, such as GST, CAT, MnSOD, and GPx, in RAW 264.7 cells (Figure 6). The results
showed the downregulation of mRNA expression for these genes compared with the control group
(p < 0.05) upon treatment with HyO,. In contrast, ulvan significantly increased the expression of
GST, CAT, MnSOD, and GPx compared in the presence of H,O, in macrophage RAW 264.7 cells in a
dose-dependent manner.
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Figure 6. Effects of ulvan (ug/mL) on the expression of the antioxidant genes GST (a), CAT (b), MnSOD
(c), GPx (d) in 264.7 cells treated with HyO,. The results are presented as means + SD (n = 3); * p < 0.05
and ** p < 0.01 vs H,O, treatment; # p < 0.05 compared with the control group.

4. Discussion

In this study, we developed an extraction process that allows to obtain high yields of
polysaccharides from U. pertusa while maintaining their antioxidant effects, as confirmed through
functional and molecular experiments. To our knowledge, this is the first study to describe the
mechanism of the antioxidant activity of ulvan on RAW 264.7 cells.

A single-factor experimental analysis was applied to select the appropriate conditions and enhance
ulvan extraction yields. The microwave power controls the extraction temperature, which is the
main parameter influencing water physicochemical properties, thereby increasing the solubility of
lowly polar compounds in water [29]. Therefore, four extraction parameters including extraction
time, microwave power, water-to-raw-material ratio, and pH were investigated separately. After
45 min of extraction, the extraction efficiency decreased slightly owing to the degradation of the
polysaccharides [30]. The diffusion coefficient and solubility of the polysaccharides increases at high
temperatures [31] which were achieved using the microwave power control. Moreover, high power
causes the disruption of the vegetable cell, which allows the target compounds to dissolve more
quickly. However, the structure of the target compound is degraded at high values of microwave
power [19]. The degradation of polysaccharides by temperature was reported in different materials
such as the roots of valerian [19], Polygonatum sibiricum [32], and Eucommia ulmoides Oliver leaves [33].
As the water-to-raw-materials ratio continued to increase, the yield tended to decrease. Many studies
have reported that a high water-to-raw-material ratio is beneficial for the enhancement of the solvent
diffusivity and polysaccharide desorption [26]. However, excess water can absorb the energy in the
extraction process, resulting in a lower ulvan extraction yield [34]. The optimal water-to-raw-material
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ratio to ensure homogeneous and effective heating was determined to be from 40 to 70 mL/g. A possible
reason for this phenomenon is that the increase in pH enhances the dissociation of the acidic groups
of the polysaccharide, thereby leading to an increase in the polysaccharide solubility in water [35],
whereas a decrease of the solubility of the polysaccharide occurs in alkaline solutions [36]. On the
basis of the result of single-factor experiments, time, power, water-to-raw-material ratio, and pH were
further optimized by RSM using the BBD method to increase the extraction yield of ulvan.

ABTS and DPPH radical scavenging activity and reducing power were determined as reference
indicators to evaluate the potential antioxidant activities of the polysaccharide [37]. The antioxidant
activity of ulvan depend on many factors, such as the sulfate group, the contribution of the
monosaccharides with a variable content of hydroxy and carboxyl groups, as well as the hydrogen
donation capability [37]. Ulvan reducing power was weaker than that of ascorbic acid at all
concentrations tested. However, it was relatively higher than at the absorption of no more than
0.15 reducing power of Laminaria japonica at 3 mg/mL [38]. The antioxidant activity of polysaccharides
has been confirmed in other species including Ulva linza and Ulva intestinalis [39,40]. The antioxidant
activity of polysaccharides depends on the degree of substitutions, monosaccharides, and glycosidic
linkages [41]. These relations are not always described by linear regression. Wang, Hu, Nie, Yu,
and Xie [41] found that DPPH radical scavenging ability of polysaccharides from Pleurotus eryngii was
improved by an increasing degree of sulfation. Another study also revealed a unlinear regression
between the polysaccharides from pumpkin (Cucurbita moschata) and the scavenging effects [42].
Lo et al. [43] investigated the relationship between the antioxidant properties of polysaccharides and
monosaccharides or glycosyl linkages, using four conventional antioxidant models (conjugated diene,
reducing power, DPPH scavenging activity, and ferrous ions chelation) by multiple linear regression
analysis (MLRA).

Macrophages are usually employed to evaluate the response to oxidative stress for host defense.
Hydrogen peroxide (H,O,) is commonly used for inducing oxidative stress-mediated cell injury in
various kinds of cells [44,45]. We confirmed that 600 uM H,O, was sufficient to induce oxidative
injury in RAW 264.7 macrophages. The present study was designed to investigate whether treatment
with ulvan decreased the cytotoxicity caused by HyO, in RAW 264.7 cells and, thus, if ulvan could be
proposed as an antioxidant agent. In order to evaluate the protective mechanism of ulvan against H,O,
stress in RAW 264.7 cells, we analyzed SOD and CAT enzymatic activities and the mRNA expression
of GST, CAT, MnSOD, and GPx. In our study, SOD and CAT activities were found to be significantly
increased after 24 h of ulvan treatment in RAW 264.7 cells. These results are in line with those of
Yan et al. [46], who reported that polysaccharides from green tea could decrease HyO,-induced cell
death and increase the levels of SOD and CAT in human ARPE-19 cells. Although many studies
have shown a strong protective effect of polysaccharides from green and other seaweed [47] and
have suggested a correlation between the antioxidant activity of polysaccharides and the expression
of antioxidant gene, they did not provide any experimental evidence proving these observations.
In this study, the expression of antioxidant genes was also found to increase in a dose-dependent
manner. These results indicate that ulvan may upregulate antioxidant enzymes and enhance their
enzymatic activity.

5. Conclusions

This study provides an efficient extraction process leading to a high yield of polysaccharides from
U. pertusa according to an RSM model. An analysis of variance showed that the optimal extraction
conditions leading to a yield of 41.91% were 43.63 min with 600 W of power, water-to-raw-material
ratio of 55.45, and pH of 6.57. Ulvan extracted from U. pertusa showed a strong in vitro antioxidant
capacity by increasing the activity of anti-oxidant enzymes. Ulvan provided a protective effect against
cytotoxicity induced by H,O, in macrophage cells. This effect was related to the upregulation of SOD
and CAT.

145



Antioxidants 2019, 8, 129

Ulvan can be useful as a potential supplement food and reduce the problems in utilizing waste

algae from “green bloom”. Further studies are needed to understand the relationship between the
chemical properties of ulvan and its antioxidant activity.
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Abstract: The halotolerant photoautotrophic marine microalga Dunaliella salina is one of the richest
sources of natural carotenoids. Here we investigated the effects of high intensity blue, red and white
light from light emitting diodes (LED) on the production of carotenoids by strains of D. salina under
nutrient sufficiency and strict temperature control favouring growth. Growth in high intensity red light
was associated with carotenoid accumulation and a high rate of oxygen uptake. On transfer to blue
light, a massive drop in carotenoid content was recorded along with very high rates of photo-oxidation.
In high intensity blue light, growth was maintained at the same rate as in red or white light, but without
carotenoid accumulation; transfer to red light stimulated a small increase in carotenoid content.
The data support chlorophyll absorption of red light photons to reduce plastoquinone in photosystem
II, coupled to phytoene desaturation by plastoquinol:oxygen oxidoreductase, with oxygen as electron
acceptor. Partitioning of electrons between photosynthesis and carotenoid biosynthesis would depend
on both red photon flux intensity and phytoene synthase upregulation by the red light photoreceptor,
phytochrome. Red light control of carotenoid biosynthesis and accumulation reduces the rate of
formation of reactive oxygen species (ROS) as well as increases the pool size of anti-oxidant.

Keywords: Dunaliella salina; microalgae; red LED; blue LED; growth; carotenoids; plastoquinol:oxygen
oxidoreductase; photosynthesis

1. Introduction

Carotenoids are orange, yellow or red pigments which are synthesized by all photosynthetic
organisms for light-harvesting and for photo-protection, and for stabilising the pigment—protein
light-harvesting complexes and photosynthetic reaction centres in the thylakoid membrane. They may
also be accumulated by some non-photosynthetic archaea, bacteria, fungi and animals for
pigmentation [1-3]. Carotenoids are also the precursors of a range apocarotenoids of biological
and commercial importance, such as the phytohormone abscisic acid, the visual and signalling
molecules retinal and retinoic acid, and the aromatic or volatile beta-ionone [4]. Increasingly sought
after as natural colorants, there is accumulating evidence that carotenoids protect humans against
ageing and diseases that are caused by harmful free radicals and may also reduce the risks of cataract,
macular degeneration, neurodegeneration and some cancers [5,6]. They have also been implicated as
the actives for treating diseases associated with retinoids [4].

In most plants and algae containing chlorophyll a (Amax ~680 nm) and b (Amax ~660 nm), photons
with a wavelength of 660-680 nm yield the highest quantum efficiencies. However the solar spectrum at
the surface of the Earth is at its maximum intensity in the blue and green regions of the visible spectrum
(400-550 nm), which is where carotenoids have strong absorption. In photosynthetic organisms in the
light, carotenoids drive photosynthesis by transferring absorbed excitation energy to chlorophylls,
which have poor absorption in this range. Carotenoids are also able to protect photosynthetic organisms
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from the harmful effects of excess exposure to light by permitting triplet-triplet energy transfer from
chlorophyll to carotenoid and by quenching reactive oxygen species (ROS) [2].

Dunaliella salina, a halotolerant chlorophyte, is one of the richest sources of natural carotenoids
and, similar to various members of the Chlorophyceae, accumulates a high content (up to 10% of
the dry biomass) of carotenoids under conditions that are sub-optimal for growth i.e., high light
intensity, sub-optimal temperatures, nutrient limitation and high salt concentrations. In D. salina, the
major accumulated carotenoid is (3-carotene, which is stored in globules of lipid and proline-rich,
carotene globule protein in the inter-thylakoid spaces of the chloroplast (3C-plastoglobuli) [7-10].
The pathway for 3-carotene synthesis and accumulation in D. salina has been partly mapped out [11,12],
but the physiological role and signals triggering its accumulation are not well established. In other
members of the Chlorophyceae, such as Haematococcus pluvialis and Chlorella zofingiensis, high levels of
oxygen-rich, secondary ketocarotenoids, astaxanthin and canthaxanthin, also accumulate under high
light stress or nutrient stress, often in lipid bodies located outside the chloroplast in the cytoplasm.
Accumulation of these may also be accompanied by cell encystment. Lemoine and Schoefs [13]
proposed that these carotenoids accumulate as a metabolic means of lowering ROS levels by lowering
cellular oxygen concentration, as well as serving as a convenient way to store energy and carbon
for further synthesis under less stressful conditions [13,14]. Chemically generated ROS will trigger
astaxanthin accumulation [15] and recently Sharma et al. [16] showed that a small dose (up to 50 m]
cm?) of short wavelength ultraviolet C (UV-C ) light (100-280 nm) in cultures of either D. salina or
H. pluvialis massively increased carotenoids accumulation as well as detached the flagellae to increase
cell settling, 24 h after exposure: UV-light exposure is typically accompanied by ROS formation.

However in D. salina there may be additional mechanisms leading to carotene accumulation.
Jahnke [17] for example found that whilst supplements to visible radiation of long wavelength
ultraviolet A (UV-A) radiation (320-400 nm) specifically increased carotenoid levels and the ratio of
carotenoids to chlorophylls in the closely related D. bardawil, neither blue light nor medium wavelength
ultraviolet B (UV-B) light (290-320 nm) supplements were similarly effective. In blue light, Loeblich [8]
found that green cells of D. salina with a low carotenoid to chlorophyll ratio had a relatively depressed
photosynthetic activity, which was even more exaggerated in red cells with a high carotenoid to
chlorophyll ratio. They proposed that blue light, which was absorbed by the accumulated 3-carotene,
was not available for photosynthetic oxygen evolution. Amotz et al. [18] on the other hand found
a marked photo-inhibition for both red and green cells under high intensity red light, which is
absorbed by chlorophylls, but red cells, when transferred to high intensity blue light were seemingly
photoprotected. Since the accumulated carotenoids were physically distant from chlorophylls located
in thylakoid membranes, Amotz et al. [18] proposed that in high intensity red light, the carotenoids
were unable to provide photoprotection against chlorophyll-generated ROS or quench chlorophyll
excited states, supporting the argument that carotene globules may function as a screen against high
irradiation in blue light to protect photosynthetic reaction centres in D. salina. Fu et al. [19] examined the
effects of different light intensities of red LED light on carotenoid production in D. salina, and showed
that the major carotenoids changed in parallel to the chlorophyll b content and that both carotenoids
and chlorophyll b decreased with increasing red light intensity and increased with nitrogen starvation.

Light-emitting diodes (LEDs) can be applied to adjust the biochemical composition of the biomass
produced by microalgae via single wavelengths at different light intensities [20-23] and recently
Han et al. [20] successfully used a low light intensity blue-red LED wavelength-shifting system to
increase carotenoid productivity in D. salina. In this paper we explore the effects of red, blue and white
LEDs on the growth and content of carotenoids and chlorophyll in four different D. salina strains under
nutrient-sufficient conditions using a temperature-controlled photobioreactor (PBR) favouring growth.
We show that in this system, cultivation using red LED was particularly effective in supporting a high
rate of carotenoid productivity. We suggest that in strains of Dunaliella salina, accumulating carotenoids
may be synthesised principally as a mechanism for maintaining cellular homeostasis under conditions

150



Antioxidants 2019, 8, 123

which might otherwise lead to over-reduction of electron transport chains, formation ROS and of a
hyperoxidant state and ultimately lead to cell death.

2. Materials and Methods

2.1. Strains and Cultivation

Strains D. salina rubeus CCAP 19/41 and D. salina salina PLY DF17 were isolated from a salt pan
in Eilat, Israel. D. salina CCAP 19/40 was isolated from a salt pond in Monzon, Spain. Strain UTEX
2538 (D. salina bardawil) was purchased from the Culture Collection of Algae and Protozoa (CCAP),
Scotland, UK.

Algae were cultured in 500 mL Modified Johnsons Medium [24] containing 1.5 M NaCl and 10 mM
NaHCOj3 in Erlenmeyer flasks (Fisher Scientific, UK) in an ALGEM Environmental Modelling Labscale
Photobioreactor (Algenuity, Bedfordshire, UK) at 25 °C. The cultures were shaken for 10 min at 100 rpm
every hour before taking samples to monitor cell growth. Cells were grown under 12/12 light/dark
(L/D) with 200 umol photons m~2 s~! supplied by white LED light to exponential growth phase and
then dark-adapted for 36 h. After dark adaption, cultures were exposed continuously to blue, red or
white LED light at light intensities of 200, 500, or 1000 pmol photons m~2 s~!. Cultures acclimated to
white, red or blue LED light for 24 h were used to monitor the changes in cellular carotenoids after
further growth for 24 h in white, red or blue LED light. Cell density of the cultures was determined by
counting the cell number of cultures using a haemocytometer after fixing with 2% formalin.

2.2. Pigment Analysis

The composition of pigments was analysed by High-Performance Liquid Chromatography with
Diode-Array Detection (HPLC-DAD) (Agilent Technologies 1200 series, Agilent, Santa Clara, United
States), using a YMC30 250 x 4.9 mm 1D S-5p HPLC column (YMC, Europe GmbH) at 25 °C with an
isocratic solvent system of 80% methanol: 20% methyl tert-butyl ether (MTBE) and flow rate of 1 mL
min~! ata pressure of 78 bar. Carotenoid standards of 3-carotene, x-carotene, lutein, zeaxanthin and
phytoene were obtained from Sigma-Aldrich Inc. (Merck KGaA, Darmstadt, Germany) and dissolved
in methanol or acetone to generate standard curves and DAD scans analysed at wavelengths of 280 nm
(phytoene), 355 nm (phytofluene), 450 nm (p3-carotene, c-carotene, lutein and zeaxanthin), and 663 nm
(chlorophylls). Pigments were extracted from the biomass of 15 mL samples of culture. Samples were
harvested by centrifugation at 3000x g for 10 min and pigments extracted after sonication for 20 s with
10 mL MTBE-MeOH (20:80). Samples were clarified at the centrifuge then filtered (0.45 um filter) into
amber HPLC vials before analysis.

Total carotenoids and total chlorophyll in the cultures were measured using a Jenway 6715 UV/Vis
spectrophotometer (Cole-Parmer, Staffordshire, UK). Pigments were extracted from the harvested
algal biomass of 1 mL culture using 1 mL of 80% (v/v) acetone, then clarified at 10,000x g for 10
min. The content of total carotenoids was calculated from absorbance values at 480 nm according to
Strickland & Parsons [25]. Chlorophyll a, b and total chlorophyll content was measured at 664 nm and
647 nm according to Porra et al. [26].

2.3. Oxygen Evolution and Dark Respiration

Samples of cultures exposed to white, red or blue LED light were collected and the rates of O,
evolution and dark respiration were measured as described by Brindley at al. [27] at 25 °C using a
Clark-type electrode (Chlorolab 2, Hansatech Instruments Ltd, Norfolk, UK). O, evolution/uptake was
induced by white, red, or blue LED light supplied by the manufacturer at a light intensity of 1000 umol
m~2 sl After an initial period of 30 min of dark adaption of 1.5 mL of each culture, the rate of O,
evolution/uptake was measured for 20 min followed by dark respiration for 20 min. The average rate
of photosynthesis was determined from the linear rate of oxygen evolution during 5-15 min of the light
period. Dark respiration was determined by following the same procedure, except that the rate was
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calculated using the data from the last 15 min of the measurement. Air saturated water and nitrogen
were used to calibrate the electrode.

3. Results

3.1. Cell Growth and Carotenoids Production in Acclimated Cultures

Figure 1a shows that in high intensity blue, white or red LED light, the growth rate recorded as
cell density for D. salina CCAP 19/41 was the same. There was no significant difference in cell size
(data not shown). However the contents of total carotenoids and total chlorophyll depended on the
relative proportions of blue or red light supplied. The initial phase of growth in all high intensity light
conditions, apart from blue, caused an initial sharp drop in chlorophyll content; the drop was greatest
in high intensity red LED light but decreased depending on the relative proportions of red: blue light
supplied. On the other hand, cultures maintained in red LED accumulated carotenoids at the highest
rate; in blue, the content declined depending again on the relative proportions of red and blue light
supplied (Figure 1b,c). The carotenoids/chlorophyll ratio is often used to evaluate carotenogenesis in
D. salina. As shown in Figure 1d, the ratio increased rapidly with the increasing proportion of red light
supplied but remained the same for blue light.
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Figure 1. (a) Cell growth; (b) Cellular content of total carotenoids; (c) cellular content of total chlorophyll;
(d) Carotenoids/Chlorophyll ratio in D. salina CCAP 19/41 grown under different ratios of red and blue
light (Red/Blue 1/0, 2/1, 1/1, 1/2, 0/1) or white light with a total light intensity of 1000 mol photons
m~2 57! after dark-acclimation. Each culture condition was set up at least in triplicate.

Different Dunaliella strains responded differently to cultivation in high intensity blue or white
LED (see Figure 2). All showed a decline in chlorophyll content in white LED compared to cultivation
in high intensity blue but only strain CCAP 19/41 showed a significant increase in carotenoid content
in white compared to blue light.
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Figure 2. Cellular content of total carotenoids and of total chlorophyll for different D. salina strains
cultivated each to the mid log phase under either white (a) or blue (b) light with a total light intensity of
1000 pmol photons m~2 s~ ! after dark-acclimation. Each culture condition was set up at least in triplicate.
Results were analysed by one way ANOVA comparing blue light to white light, **: 0.001 < p < 0.01;
*0.01 <p <0.05.

Carotenoids in D. salina CCAP 19/41 cultures exposed to different light conditions: white, red or
blue LED light at 1000 umol photons m~2 s7!, a mixture of white and red (1:1) or a mixture of white
and blue (1:1) with a total intensity of 1000 pmol photons m~2 s~ for 48 h were extracted and the major
carotenoids were identified and quantified by HPLC. Cultures exposed to continuous red LED light
had the highest contents of all the identified carotenoids, while cultures maintained under blue LED
light showed the lowest content. The difference was mainly due to variation in 3-carotene content

between treatments: there was no significant difference in relative content of all other carotenoids
(Figure 3).

40 ORed ©Blue OWhite SWhite/Red  oWhite/Blue
100

©
S

80

60

Total carotenoids
(pg Cell")
N
S

40

20

Composition in total carotenoids (%)

Red Blue White White/Red White/Blue B-carotene a-carotene Phytoene Lutein Zeaxanthin

(a) (b)

Figure 3. (a) Cellular content of total carotenoids; (b) Relative composition of major carotenoids
characterised by HPLC in total carotenoids in D. salina CCAP19/41 cells exposed to continuous LED of
different wavelength distribution (red, blue, white, white/red 1:1, and white/blue 1:1) for 48 h. The total
light intensity for all conditions was the same at 1000 umol photons m~2 s™!. Results were analysed by
one way ANOVA.

The total carotenoids and total chlorophyll contents after 48 h exposure to red or blue LED at
different light intensities are shown in Figure 4. Carotenoids accumulated with increasing blue LED
intensity between 200 umol m~2 s~! and 1000 pmol m~2 s~1. In red LED light, cultures contained high
amounts of carotenoids even under low light intensity and the content increased with increasing red
LED intensity up to 500 pmol m~2 s~1. With further increase in light intensity to 1000 pmol m=2 s71,
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carotenoids declined slightly (<10% of the value recorded at 500 umol m~2 s7!), but chlorophylls
declined 34%. The carotenoids/chlorophyll ratio increased with the increase of light intensity both
red and blue LED light, however, under red LED light a much higher carotenoids/chlorophyll ratio
was recorded than under blue. Cellular content of (-carotene and phytoene showed a similar
trend to that of total carotenoids, except that the highest 3-carotene content under red light was
achieved at 500 pmol m~2 s71, while the highest phytoene content under red light was achieved at
1000 pumol m~2 571,
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Figure 4. Cellular content of total carotenoids and total chlorophyll (a) and carotenoids/chlorophyll
ratio (b) in D. salina CCAP19/41 grown under continuous red (R200; R500; R1000) or blue (B200;
B500; B1000) LED light at three different light intensities of 200, 500 and 1000 pmol m~2 s~! for 48 h.
Each culture condition was set up at least in triplicate.

A phytoene desaturase inhibitor norflurazon known to cause accumulation of phytoene was used
to treat D. salina cultures maintained under red, blue or white LED light. Figure 5 shows that under
these conditions the cellular content of phytoene increased, as expected, but cultures maintained under
red LED accumulated a significantly higher amount of phytoene compared to cultures maintained
under white or blue light.

OWhite Red Blue
20
15
o=
S5=
gg 10
2
5
04
Control Norflurazon

Figure 5. Cellular content of phytoene in cultures treated with no inhibitors (control) or with 5 uM
norflurazon. Cultures were maintained under red, blue and white LED light at 200 umol m2s! for
48 h.

3.2. Acclimation and Carotenoids Production in Response to Wavelength Switching

Dark-adapted cultures of D. salina CCAP19/41 were cultivated in red, white or blue LED light for
24 h (T0), and then cultivated for a further 24 h in red, blue, or a mixture of red and blue LED light (1:1),
or the dark. Blue-acclimated cells produced slightly more carotenoids (14% greater content) when
transferred to red LED but chlorophyll content declined from that at the start of the experiment to an
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amount only 62% of that in continuous blue (Figure 6a). On the other hand the chlorophyll content
increased when red-acclimated cells were exposed to blue light, but the total carotenoids content
declined sharply, approximately in proportion to the amount of blue LED supplied (see Figure 6b).
Red LED cultures maintained for a further 24 h in red LED accumulated 24.5 + 1.3 pg carotenoid
cell™!, but after 24 h in blue LED instead of red, the carotenoid content was 50% lower (11.4 + 0.4 Ps
carotenoid cell™!) and less than if they had been transferred to the dark (12.3 + 0.5 pg carotenoid cell™).
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Figure 6. Cellular content of total carotenoids and chlorophyll under continuous blue (a) or red (b)
LED light at 1000 pmol m~2 s7! for 24 h followed by 24 h growth under either red light, a mix of 1:1
red and blue light, blue light at the same light intensity of 1000 umol m~2 s™! or dark. Each culture
condition was set up at least in triplicate. TO: time point after growth for 24h only, in either blue (a) or
red (b) light at 1000 pmol m™2 s71.

Dark-adapted cultures were cultivated in red, blue or white light at 1000 pmol m~2 s7! for 48 h
before measuring the rates of oxygen evolution/uptake over a 20 min period with illumination supplied
once more by white, red or blue LED lights at 1000 pmol m2s7! (Figure 7a). Dark respiration was
also recorded (Figure 7b). The rate profiles of oxygen uptake/evolution are shown in Figure 8. Red
LED supported net oxygen evolution (55 + 15 nmol O, h™! g chlorophyll~!) but on transfer to blue
light in the Clark-type electrode, photo-oxidation massively exceeded the rate of oxygen evolution
and oxygen was consumed at an exponentially increasing rate (Figure 7a; 222 + 32 nmol O, h™!
ug chlorophyll™1). Significantly cultures grown in red LED also supported the highest rate of dark
respiration (320 + 17 nmol O, h™! pg chlorophyll~!, ~2.6-fold greater than that for cultures maintained
in either blue or white LED light), but this also declined when cultures were transferred to blue light
in the Clark-type electrode. By contrast, cultures maintained in blue LED supported ~3-fold higher
rate of net oxygen evolution (141 nmol O, h™' ug chlorophyll~!) in the Clark-type electrode in blue
light, compared to those in maintained in red LED. On transfer of blue light cultures to red light in
the Clark-type electrode, the rate of oxygen evolution doubled to 280 nmol O, h! pig chlorophyll~!
(Figure 7b), and was maintained at a linear rate during the period of measurement. The rate of dark
respiration also increased slightly from 123 + 2.7 nmol O, h™! pg chlorophyll™! to 175 + 5.0 nmol
O, h™! ug chlorophyll~'.
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Figure 7. Oxygen evolution/uptake by D. salina cultures in different white, red or blue LED light
sources (a) and in the dark (b). Cultures were grown under continuous red, blue or white light at

1000 pmol m~2 s~ for 48 h before measurement.
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Figure 8. Rate profiles for oxygen uptake/evolution measured with different wavelengths of LED
lights measured using a Clark-type electrode for 1.5 mL cultures of D. salina CCAP19/41 maintained at
25 °C. (a) Red light acclimated cultures measured under blue light. (b) Blue light acclimated cultures
measured under red light; (c) White light acclimated cultures measured under red light; (d) White light

acclimated cultures measured under blue light.

4. Discussion

LEDs with different wavelengths have been increasingly used to study the wavelength
effects on the growth and productivity of photoautotrophic microalgae, and much effort is being
invested to understand the most energy-efficient way to incorporate their use for large-scale algal
cultivation [20-23,28,29]. In the present work we explored the effects of using red, white, blue and
mixtures of red and blue LEDs at different intensities to evaluate the basis for carotenoid accumulation
in strains of Dunaliella salina.
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The emission spectrum of the red LED used in the present work (625-680 nm) emits photons with
the exact range required by molecules of chlorophyll a and chlorophyll b to initiate photosynthesis [30].
In D. salina, action spectra of O evolution rates show maximum photosynthetic activity within the
red absorption bands of the chlorophylls [8]. Photosystems I and II (PSI, PSII), which both contain
chlorophyll a, work together in a series of more than 40 steps that proceed with the efficiency of nearly
100% to transfer electrons from water to nicotinamide adenine dinucleotide phosphate in its oxidised
form (NADP™) [2]. Consequently the wavelength range of the red LED should be the most efficient
emission required for photosynthesis in this alga and deliver the highest specific growth rate. However
this also depends on the rate at which the absorbed light energy from any given applied photon flux
density is converted to chemical energy: with increasing photon flux density, photosynthesis eventually
achieves a light-saturated maximum rate that is limited by the rate of carbon fixation in the Calvin
cycle. Spirulina platensis for example exhibited the highest specific growth rate using high intensity
red LED [28]. C. reinhardtii however, showed unstable growth in high intensity orange-red and deep
red LED, which ceased completely after a few days and was accompanied by cell agglomeration [22]:
agglomeration is typical of oxidant stress and formation of a hyperoxidant state [31].

In the present work, we found that in high intensity red light in conditions of nutrient sufficiency,
D. salina strains maintained a growth rate at least equal to that in white light or blue LED light, seemingly
in contrast with the work of others [8,18,19]. However we also found that some but not all strains
accumulated carotenoids rapidly, within 48 h of exposure. Carotenoids are known antioxidants that
are synthesized by many microalgae as part of the battery of photoprotective mechanisms necessary
to prevent photo-inhibition caused by photo-oxidation of photosynthetic reaction centres [2,32,33].
Photo-oxidation may occur in photon flux density levels that result in absorption of more light than is
required to saturate photosynthesis. At the molecular level, when a photon is absorbed by a chlorophyll
molecule, it enters a short-lived singlet excited state (!Chl*): the longer the excitation of 'Chl* lasts,
which increases under saturating light conditions, the greater the chance that the molecule will enter
the triplet excited state (}Chl*) via intersystem crossing. 3Chl* has a longer excitation lifetime and can
transfer energy to the ground state of O, to form singlet oxygen, 10,, predominantly at the reaction
centre of PSIT and, to a lesser extent, in the light-harvesting complexes. Photo-oxidative damage occurs
to the photosynthetic apparatus when species such as !0, react with fatty acids form lipid peroxides,
setting up a chain of oxygen activation events that may eventually lead to a hyperoxidant state and
cell death. Carotenoids may protect the photosystems by reacting with lipid peroxidation products to
terminate these chain reactions; by scavenging 10, and dissipating the energy as heat; by reacting with
3Chl* to prevent formation of 'O, or by dissipation of excess excitation energy through the xanthophyll
cycle. It is tempting therefore to suppose that the differences observed by different workers simply
reflects differences in carotenoids content between different strains, but this does not explain what
triggered the differences in carotenoids content.

In the D. salina strain CCAP 19/41, accumulation of carotenoids was accompanied by the highest
rate of O, consumption and a low rate of net O, evolution, which might imply 10, formation and ROS
accumulation. In the non-photosynthetic, astaxanthin-accumulating yeast, Phaffia rhodozyma, artificially
generated 'O, was proposed to degraded astaxanthin to relieve feedback inhibition of carotenoid
biosynthesis and also to induce carotenoid synthesis by gene activation [34]. However these authors also
found that carotenoid biosynthesis was linked to O, consumption by a cyanide-insensitive alternative
oxidase, serving to consume oxygen without chemiosmotic synthesis of adenosine triphosphate (ATP).
In C. reinhardtii, a specific thylakoid-associated, terminal plastoquinol:oxygen oxidoreductase has
been identified with homology to the mitochondrial alternative oxidase [35]. The smaller rate of
oxygen uptake compared to mitochondrial respiration suggested a function in directly coupling
oxygen uptake and the exergonic reaction of plastoquinol oxidation with plastoquinone reduction
by a phytoene/phytoene desaturase couple, to permit endergonic carotene desaturation without
ATP involvement [35]. In D. bardawil, a decrease in oxygen consumption rate coupled to phytoene
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accumulation caused by norflurazon inhibition of phytoene desaturase also suggests a connection
between direct desaturation of phytoene and chloroplastic oxygen dissipation [36].

In the present work, high intensity red light in conditions of nutrient sufficiency maintained
growth at the same rate as in blue or white light, and red light also led to carotenoid accumulation
albeit to different extents in different strains. These data support involvement of a plastoquinol:oxygen
oxidoreductase as originally proposed for C. reinhardtii [35], but controlled by red photon flux
intensity (see Scheme 1). In this scheme, chlorophyll absorption of red light photons is coupled to
plastoquinone reduction in photosystem II, and oxygen reduction is coupled to phytoene desaturation
by plastoquinol:oxygen oxidoreductase leading to carotenoid accumulation. Partitioning of electrons
between photosynthesis and carotenoid biosynthesis would depend on both red photon flux intensity
as well as upregulation of phytoene synthase. The observed increase in O, consumption coupled to
accumulation of carotenoids via the carotenoid biosynthetic pathway would reduce the tendency for
10, formation under high photon flux and maintain cytosolic redox potential.

Red light
\\> Phytochrome

2H,0

CHLA 2

l ( 10 Gene

o+ o »
e 2 transcription

/
r P680 ﬂ
NADP I €L PQOXD Hzox PQ,, XPHYTOENE

NADP Cyt bgy, PQ,.4 0, PQ,.4 PHYTOFLUENE P

PHOTOSYNTHESIS CAROTENOID BIOSYNTHESIS

Scheme 1. Partitioning electron flux between photosynthesis and carotenoid biosynthesis. Red photon
flux intensity controls the partitioning of electrons either for carotenoid biosynthesis or for
photosynthesis, via energy absorption by chlorophyll and the plastoquinone (PQ) pool. Red photon
flux density also controls phytochrome regulation of phytoene synthase. CHL A: chlorophyll a; P680:
chlorophyll a, primary electron donor of Photosystem II; PQoy: plastoquinone, oxidised form; PQ;eq:
plastoquinone, reduced form; Cyt bgox: cytochrome béf complex, oxidised form; NADP*: NADP
oxidised form; NADPH: NADP reduced form.

The coupling of reduction of the plastoquinone pool to carotenoid synthesis driven by chlorophyll
absorption of red light may involve the red light photoreceptor phytochrome. Photosynthetic organisms
are known to perceive red light signals via phytochrome. The synthesis of phytoene by phytoene
synthase is under phytochrome regulation [37-39] and is upregulated by both red and far-red light [37].
Red light also lowers the concentration of the transcription factor PIF1, a repressor of carotenoid
biosynthesis [40]. In those strains which do not accumulate carotenoids, alternative mechanisms
may serve to consume energy e.g., via NAD(P)H reduction of dihydroxyacetone phosphate to form
glycerol [41].

In support of this model, transfer from high intensity red light to blue with higher energy content
caused a massive drop in the accumulated carotenoid content, very high rates of photo-oxidation
and low respiratory rates. Carotenoids in both the accumulated pool and in the light harvesting
antenna, but not chlorophyll, absorb photons in the range 400-550 nm, exactly overlapping the
emission spectrum of the blue LED (440-500 nm). Failure of chlorophyll molecules to use the absorbed
energy to reduce the plastoquinone pool would be expected to reduce the rate of electron flux through
the plastoquinol:oxygen oxidoreductase as well as uncouple carotenoid synthesis and consequently
increase cellular O, concentration. This would lead in turn to increased ROS formation by reaction

158



Antioxidants 2019, 8, 123

of O, with reduced electron transport chains, initiating further oxygen radical chain reactions, and
carotenoid oxidation. Furthermore, in continuous high intensity blue LED, growth was maintained
without carotenoid accumulation, but transfer to high intensity red LED light stimulated a small
increase in carotenoid content, once again putting red light absorption by chlorophylls and transfer
of absorbed energy to the plastoquinone pool at the centre of carotenoid biosynthesis. Transfer from
blue to red light in the Clark-type electrode would cause absorption of more light than was required
to saturate photosynthesis; if upregulation of the carotenoid biosynthetic pathway via phytochrome
perception was required before coupling with O, uptake via the plastoquinol:oxygen oxidoreductase,
this would result in initial increase in the rate of photoinhibition and O, uptake in the Clark-type
electrode, and consequent loss in chlorophyll content, as was observed.

{3-carotene accumulation in BC-plastoglobuli has parallels with that for astaxanthin accumulation,
serving both as a carbon sink and end-product of an alternative oxygen-consuming biosynthetic
pathway that on the one hand, controls over-reduction of photosynthetic (and respiratory) electron
transport chains at the same time as removes oxygen from the plastid to limit formation of ROS.
It is also able to quench any ROS that form. In blue light it may serve as a screen to absorb excess
irradiation [7,18] but clearly offers photoprotection in red light as well. These functions are seen as
distinct from its role as an accessory pigment in light-harvesting antennae systems.

Recently Davidi et al. [10] showed that the formation of cytoplasmic triacylglyceride (TAG) under
N deprivation preceded that of BC-plastoglobuli, reaching a maximum after 48h of N deprivation and
then decreasing. They suggested that 3C-plastoglobuli are made in part from hydrolysis of chloroplast
membrane lipids and in part by a continual transfer of TAG or of fatty acids derived from cytoplasmic
lipid droplets. TAG synthesis represents a pathway for restricting over-reduction of electron transport
chains [42] and its recruitment in formation of BC-plastoglobuli is entirely consistent with steps to
dissipate excessive energy absorbed by chlorophyll in high intensity red light.

Overall, cultivation with red light may hold potential to enhance carotenoids production in
carotenoid-accumulating strains of D. salina. Red light treatment has also been reported as an effective
way to accelerate ripening of tomato fruit and increase the content of carotenoids [43]. Compared
to other commonly used approaches to induce carotenogenesis, such as high light stress, high salt
stress and addition of hydrogen peroxide or sodium hypochlorite, the use of red light provides a clean,
convenient and economic alternative to promote carotenoids production from D. salina in a short time.

5. Conclusions

This study shows that under conditions of nutrient sufficiency, high intensity red light enhanced
the production of carotenoids, mostly -carotene, by upregulating the entire biosynthetic pathway
of carotenoids, and that accumulation of carotenoids was accompanied by the highest rate of O,
consumption and a low rate of net O, evolution. The data support a model of flexible co-operation
between photosynthesis and carotenoid production via the plastoquinone pool. Chlorophyll absorption
of red light photons and plastoquinone reduction in photosystem II is coupled to oxygen reduction
and phytoene desaturation by plastoquinol:oxygen oxidoreductase. Partitioning of electrons between
photosynthesis and carotenoid biosynthesis depends on photon flux intensity as well as upregulation
of phytoene synthase by the red light photoreceptor phytochrome. Red light control of carotenoid
biosynthesis and accumulation reduces the rate of formation of ROS as well as increases the pool size
of anti-oxidant.

Red light may have industrial value as an energy-efficient light source for carotenoid production
by D. salina.
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Abstract: The toxicity of heavy metals such as Hg** is a serious risk for human health. We evaluated
whether 90 days of nutritional supplementation (d90, n = 16) with Chlorella vulgaris (CV) and Fucus sp
extracts in conjunction with aminosulphurate (nutraceuticals) supplementation could detox heavy
metal levels in patients with long-term titanium dental implants (average: three, average: 12 years
in mouth) and/or amalgam fillings (average: four, average: 15 years) compared to baseline levels
(dO: before any supplementation, n = 16) and untreated controls (without dental materials) of similar
age (control, n = 21). In this study, we compared levels of several heavy metals/oligoelements in
these patients after 90 days (n = 16) of nutritional supplementation with CV and aminozuphrates
extract with their own baseline levels (dO, n = 16) and untreated controls (1 = 21); 16 patients
averaging 44 age years old with long-term dental amalgams and titanium implants for at least
10 years (average: 12 years) were recruited, as well as 21 non-supplemented controls (without dental
materials) of similar age. The following heavy metals were quantified in hair samples as index of
chronic heavy metal exposure before and after 90 days supplementation using inductively coupled
plasma-mass spectrometry (ICP-MS) and expressed as pg/g of hair (Al, Hg**, Ba, Ag, Sb, As, Be,
Bi, Cd, Pb, Pt, Tl, Th, U, Ni, Sn, and Ti). We also measured several oligoelements (Ca**, Mg*™,
Na*, K*, Cu**, Zn**, Mn**, Cr, V, Mo, B, I, P, Se, Sr, P, Co, Fe**, Ge, Rb, and Zr). The algae
and nutraceutical supplementation during 90 consecutive days decreased Hg**, Ag, Sn, and Pb
at 90 days as compared to baseline levels. The mercury levels at 90 days decreased as compared
with the untreated controls. The supplementation contributed to reducing heavy metal levels.
There were increased lithium (Li) and germanium (Ge) levels after supplementation in patients with
long-term dental titanium implants and amalgams. They also (d90) increased manganesum (Mn*%),
phosphorum (P), and iron (Fe**) levels as compared with their own basal levels (d0) and the untreated
controls. Finally, decreased SuperOxide Dismutase-1 (SOD-1) activity (saliva) was observed after 90
days of supplementation as compared with basal levels (before any supplementation, d0), suggesting
antioxidant effects. Conversely, we detected increased SOD-1 activity after 90 days as compared
with untreated controls. This SOD-1 regulation could induce antioxidant effects in these patients.
The long-term treatment with algae extract and aminosulphurates for 90 consecutive days decreased
certain heavy metal levels (Hg**, Ag, Sn, Pb, and U) as compared with basal levels. However, Hg**
and Sn reductions were observed after 90 days as compared with untreated controls (without dental
materials). The dental amalgam restoration using activated nasal filters in conjunction with long-term
nutritional supplementation enhanced heavy metals removal. Finally, the long-term supplementation
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with these algae and aminoazuphrates was safe and non-toxic in patients. These supplements
prevented certain deficits in oligoelements without affecting their Na*/K* ratios after long-term
nutraceutical supplementation.

Keywords: algae; Chlorella; Fucus; detoxification; environmental pollution; antioxidants; heavy metals;
selenium; SOD-1; neurotoxicology; aminoazuphrates; clinical medicine; nutrition; neuropathology

1. Introduction

Humans are exposed to pollutants, xenobiotics, and heavy metals that can be accumulated in the
body when detox mechanisms are defective. Heavy metals can affect metallothionein and glutathione
levels (its reduced form labeled herein as GSH) as well as SuperOxide Dismutase-1 (SOD-1) enzymatic
activity [1-4]. Selenium (Se) is a crucial element for heavy metal removal by conjugation with GSH [2].
These xenobiotics can provoke hypertension and other clinical alterations in patients [5,6]. Mercury
may cause neurodevelopmental disorders as autism spectrum disorders. Dental amalgams contain
50% of mercury (Hg), 41% of silver (Ag), Tin (Sn: 5-8%), Zn**, and Cu™* as minority oligoelements;
titanium dental implants contain Ti-6Al-4V alloy [7]. Levels of heavy metals/oligoelements can be
measured by inductively coupled plasma-mass spectrometry (ICP-MS) [8] in human samples such as
urine, plasma, or hair [9,10]. The toxicity of heavy metals (e.g., mercury, cadmium) depends on the
route, the concentration [11], and the exposure time and mixtures of heavy metals [12]. The function of
oligoelements in odontology is still little studied (to review its functions, consult reference number [13].

The increasing concern of health problems associated with environmental pollutants is a serious one
in humans because aluminum (Al) [14], lead (Pb), mercury (Hg**), cadmium (Cd), arsenic (As), nickel
(N1i), copper (Cu™*), iron (Fe*™*), chromium (Cr), and cobalt (Co) could provoke health problems in the
case of heavy metal accumulation [14-16], which could be reduced by microalgae [17]. The occupational
exposure to Cd and Hg** are associated with antropometric activities, cremation, plastics, glass, and
metal alloys. These heavy metals are also present in electrode material, nickel-cadmium batteries,
water, and cigarette smoke [18,19].

Detoxification is the ability to remove drugs, mutagens, and other harmful agents from the body.
The detoxification takes place in the intestinal tract, the liver, and the kidneys by microbiota able to
chelate several heavy metals [20,21]. For instance, increased blood lead, mercury, and zinc levels were
associated with Sarcopenia in the elderly population [6]. In addition, increased hair mercury levels
(but not urinary levels) were correlated with the elevated title for the Lupus Eritematose marker in
women (nuclear antigen: ANA) [10]. Several metabolic pathways in food-derived compounds are
involved in detoxification [21]. Thus, clinical protocols able to prevent heavy metal accumulation
are necessary in patients in conjunction with long-term nutritional supplementation. Antioxidants
contribute to chelating reactive oxygen species (ROS) by removing heavy metals; thus, the screening of
new antioxidants from plants is important from a clinical view point.

Some microalgae can remove heavy metals from wastewater. Chlorella vulgaris (CV) is a unicellular
marine algae rich in chlorophyll (1-4%) that contains 55-67% protein, 9-18% dietary fiber, minerals,
vitamins, and several oligoelements [17,22]. The CV algae are considered to be highly resistant to
heavy metals and are widely used as a food supplement in Japan [17,23]. The Chlorella sorokiniana can
promote antioxidant responses under zinc tolerance by increasing antioxidant enzymatic activities and
increasing flavonoids, polyphenols, tocopherols, glutathione, and ascorbate (ASC) levels [24]. The CV
extract can also excrete dioxin [25] and remove Cd levels by inducing metallotionein-like proteins.
The biosorption of Pb?* and Cd?* have been described on a fixed bed column with immobilized
Chlorella algae biomass [26]. Chlorella protothecoides algae promote heavy metal detoxification in
chlordecone poisoned-treated rats by reducing the half-life of the toxin from 40 to 19 days. In addition,
the Fucus spiralis is a marine brown alga (spiral wrack) that contains phlorotannins (antioxidant) [22].
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The phytochelatins are short produced peptides from plants, algae, and fungi in response to heavy
metal exposure, which detoxificate heavy metals by its high cysteine-content. Fucus versiculosus also
may chelate Zn** [22,27]. Phytochelatins are a natural source of novel angiotensin-I converting enzyme
(ACE) inhibitors [28].

Our hypothesis is that the use of nasal filters (active carbon) in conjunction with long-term
algae extract (Chlorella and Fucus sp) and aminosulphurates supplementation for 90 consecutive days
contributes to the removal of heavy metals (Hg**, Ag, Sn, Pb) in patients with long-term dental
titanium implants and amalgam fillings restorations.

2. Aim

We evaluated whether dietary chronic supplementation with CV and aminoazuphrates during 90
consecutive days could contribute to detoxificating heavy metals and/or prevent certain oligoelement
deficits in patients with long-term dental titanium implants and amalgam fillings restorations. Therefore,
the study was conducted to investigate whether long-term dietary CV contributed to the prevention of
heavy metal accumulation after 90 days of supplementation (d90) in patients with long-term dental
titanium implants and amalgam fillings restorations as compared with their own baseline levels (before
any nutritional supplementation: d0) as well as untreated controls (without dental materials).

3. Materials and Methods

3.1. Patients

All selected patients were 49-68 years old (average: 58.5 years). The percentage of smokers was
7%, and their sociocultural states were medium-high levels (higher school education: 70%). Similar
untreated (non-supplemented) control patients were included in this study. Their average age was
similar to the rest of the patients. These untreated controls did not receive nutritional supplementation
with the formulations. They did not have dental materials in their mouths (1 = 21 controls).

The average number of dental amalgam fillings was 4, and there were 3 dental titanium implant
alloys on average. All selected patients had a dental filling at least 10 years in their mouths (average:
15 years) and long-term titanium dental alloys for at least 10 years as well (average: 12 years).
We selected 16 patients who had at least two or more long-term dental amalgams.

The number of enrolled patients suitable according to inclusion criteria was 21 untreated controls
as well as 16 patients.

They received nutritional algae extracts (Chlorella/Fucus sp) and aminoazuphrates supplementation
during 90 consecutive days (d90). Their heavy metal/oligoelement levels were compared at day 90 (d90,
n = 16) with their basal levels (d0: before any supplementation, baseline, n = 16) as well as untreated
controls (without dental materials in mouth, n = 21). These controls did not receive supplementation.

Their dental amalgams fillings were progressively replaced by composites (bisphenol A free) every
20 days following a clinical safe protocol by using active carbon filters (®InspiraHealth, Barcelona,
Spain) and nutritional supplementation [29]. There are four quadrants in the mouth, and these
amalgams were progressively replaced by each quadrant (each session within 20 days). Thus, some
patients still had dental fillings during the 90 consecutive days of supplementation before their complete
removal. The patients took supplements by oral intake (formulations) from the beginning (day 0,
baseline levels) until the end of supplementation (d90: 90 consecutive days). We also compared levels of
heavy metals/oligoelements after 90 days of supplementation with untreated controls (control, n = 21)
and baseline levels (day zero, d0: before any supplementation). The nutritional supplementation
took place during the time of dental amalgam restoration by composites. It is noteworthy that all
dental materials were progressively replaced by composites at the time of collecting hair samples
(90 days of supplementation). The fish consumption was 1-2 times per week in all recruited patients,
including the controls. The basal heavy metals/oligoelements levels were taken at the initial visit
to the dental clinic (CIROM: Centro de Implantologia y Rehabilitacion Oral Multidisciplinaria,
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https://clinicacirom.com/) before taking any nutritional supplementation, which were termed d0 (day 0)
patients in the present study.

All supplemented patients received nutritional treatment by oral intake during 90 consecutive
days with the following formulations: GREEN-FLOR (2-0-2; 4 capsules/day: Chlorella and Fucus algae
extract), ERGYTAURINE (1-0-1; 2 capsule/day), and ERGYLIXIR formulations (Laboratorios Nutergia)
during 90 consecutive days [from the initial day that patients visited the dental clinic (day 0) until the
end of nutritional supplementation (d90: day 90)]. Controls without dental materials did not receive
these treatments.

All ICP-MS heavy metal or oligoelements data were evaluated as percentiles (median, 25% and
75%) for non-parametric data (Kruskal-Wallis) and expressed as pg/g of hair in all cases (except
vadanium). The ANOVA (analysis of variance) evaluated differences for vanadium levels, which were
expressed as mean values =+ standard error media (S.E.M). S.E.M was the variance divided by root
square, and n was the size simple. The size sample was n = 16 patients at d90 and d0 and n = 21
untreated controls; the following heavy metals and oligoelements, respectively, were quantified by
ICP-MS in the hair samples (Al, Hg**, Ba, Sn, Ag, Sb, As, Be, Bi, Cd, Pb, Pt, Tl, Th, U, Nji, Sn, Ti); (Ca**,
Mg**, Na*, K*, Cu**, Zn**, Mn**, Cr, V, Mo, B, I, P, Se, Sr, P, Co, Fe, Ge, Rb, Zr).

These heavy metal/oligoelements were compared after 90 days of nutritional supplementation
(d90) with their own basal levels (d0: before any supplementation) as well as untreated controls
without dental materials (control, n = 21, non-supplemented). These untreated controls did not receive
supplements and they did not carry dental materials. Saliva samples were taken at these study times
for SOD-1 determination.

The limitation of the present study was the size sample (pilot study) and the absence of a placebo
group. However, we included untreated controls (without dental materials and non-supplemented).
This placebo group in patients with long-term dental implants and amalgam fillings could be not
ethically justifiable since it is not possible to keep dental amalgam fillings, which release mercury in
patients [9]. The implementation of this protocol in the Caucasian population (Spaniards) was the
other limitation.

A dentist assessed 152 interviews or call phones to select potentially eligible patients. There were
35 patients who declined to participate and 30 patients who did not meet the inclusion criteria. We also
excluded patients with fish consumption higher than 2 times by week. We did not enroll patients
with periodontal disease or metabolic alterations. Thus, we selected 40 patients, and 37 participated
in the end, which comprised the untreated controls (n = 21) and the baseline patients [before taking
supplements (d0, n = 16) and after 90 days of nutritional supplementation (d90, n = 16), see study
groups in Figure 1]. All statistical analyses were evaluated in 37 patients and 53 hair samples for each
heavy/metal oligoelement determination here.

3.2. Inclusion Criteria

This study followed the Declaration of Helsinki (1974, updated 2000), and it was approved by the
Institutional Review Board from CIROM (Murcia, #2016/014). All subjects were properly instructed
by signing the appropriate consent paperwork. In addition, all efforts were made to protect patient
privacy and anonymity. The CIROM Center was approved and certified by AENOR Spain (Spain;
CIROM CERTIFICATE for dentist services, CD-2014-001 number; ER-0569/2014 following UNE-EN
ISO 9001: 2008 as well as UNE 179001-2001 Directive from Spain). We selected 16 patients who had
at least two or more long-term dental amalgams. They had long-term dental amalgam fillings for at
least 10 years in their mouths (average: 15 years) and long-term titanium dental implants for at least
10 years (average: 12 years). The fish consumption was 1-2 times per week in all recruited patients.
The average number of dental amalgam fillings was 4, and the average number of dental titanium
implant alloys was 3.
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Controls were selected after clinical examination. They did not have dental materials in their
mouths, nor did they show signs of periodontal diseases. We excluded patients who had fish
consumption higher than 2 times by week.

January 2015-January 2017: period of recruitment

Assesed for potential elegibility (n=152)

(152 interview and call phones for selecting candidates according to inclusion criteria)
><18years old (n=14)
Not meet the inclusion criteria (n=30)

. 8 controls excluded by high fish comsumption
(more than 3 times/week) and patients with fish
comsumption (n=18)

> Decline to participate (n=35)
Other reasons (metabolic disease or periodontal
diseases, n=10

Finaly included (n=40).

(hair codes for ICP-MS analysis (before (d0)/after supplementation (d90) and untreated
controls (Cont)

[

| cont J do d9o |
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-non ;:2 :;Di(iept Hair ICP-MS analysis the supplementation | the end of treatment
supplemented analysis before supplementation | 0 2boralreasons (n=16)
%;Zi’;lv)ls analysis (n=16) \L
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Figure 1. Study groups.

3.3. Exclusion Criteria

Physically handicapped patients who had metabolic diseases [diabetes, metabolic syndrome,
liver/kidney disease, systemic inflammation, lupus/autoimmune disease, thyroid disease, adrenal
disease, or neuropsychiatry disorders Diagnostic and Statistical manual of Mental disorders (4%
Edition, DSM 1V)] [30], were excluded in the present study. Patients taking regular medication or
stimulants, anticonvulsants, atypical antipsychotic drugs, or those who had history of liver/kidney
disease or DMSA (dimercaptosuccinic acid) prescribed (or chelators) patients were also excluded.
Particularly, hypertensive patients and those who had periodontal disease tattoos or were taking
nutritional supplements were excluded in the present study. Finally, patients who had orthodontic
devices were not included here. The correct diagnostic of periodontal disease was based on several
parameters, such as visual exploration (palpation), presence of dental calculus, radiographic evaluation,
dental mobility, and oclusal exploration (pathological eroding facets). Periodontal disease was also
a cause of exclusion, which was identified by following several criteria by an expert dentist, such
as a deep dental probe higher than 3 mm, loss of bone (radiography), possible bleeding, and dental
mobility [31].

3.4. Composition of Nutritional Supplementation (Algae and Other Bioactive Phytomolecules)

All patients took the following nutritional supplementation during 90 consecutive days (oral
intake): GREEN-FLOR (2-0-2), ERGYTAURINE (1-0-1), and ERGYLIXIR formulation (Nutergia,
1 bottle/month) following the patterns of their antioxidants properties (see Table 1). The controls of
the intakes were registered by dentists every 20 days, and we administered the following dosages
according our previous clinical experience.
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Table 1. Composition (nutraceuticals) of formulations.

GREEN-FLOR (Formulation-1)

Nutritional supplementation during 90 consecutive days (4 capsules/day 2-0-2) dosage (mg/day)
Chlorella: 80 mg/capsule 320 mg/day
Spirulina: 80 mg/capsule 320 mg/day

Kelp of Pacific: 60 mg/capsule 240 mg/day
Fucus: 30 mg/capsule 120 mg/day
Cardille: 25 mg/capsule 100 mg/day
Pectine of apple: 60 mg/capsule 240 mg/day
Acerole (rich in vitamin C): 50 mg/capsule 200 mg/day
Fructooligosacarides: 280 mg 1120 mg/day
Scolymus hispanicus: 60 mg/capsule 240 mg/day
ERGYTAURINE (Formulation-2)
Treatment: 90 consecutive days (2 capsules/day; 1-0-1) dosage (mg or ug/day)
Selenium (Se): 25 ug/capsule 50 ug/day
Vitamin B6: 0.8 ug/capsule 1.6 pg/day
Folic Acid (B-9): 100 pg/capsule 200 ng/day
Zinc (Zn++): 3.5 mg/capsule 50 pg/day
Taurine: 120 mg/capsule 240 mg/day
Extract of Raphanus niger L. 15 mg/capsule 30 mg/day
ERGYLIXIR (Formulation-3)
Extracts from: dosage: mg/month
Cynara scolymus (artichoe) 1440 mg
Raphanus niger 900 mg
Taraxacum officinale 400 mg
Arctium lappa 320 mg
Vaccinium macrocarpo 228 mg
Solidago virgaurea 200 mg
Rosmarinus officinalis 640 mg
Sambucus niger (elderberry: antocianines) 200 mg
Sodium Moligdate 50 pg
Selenium 50 pg

3.5. Inductible Coupled Mass Spectromery Analysis (ICP-MS)

In the weight of the dental amalgam fillings, mercury (Hg) was 50%, and silver (Ag) was 41%,
Sn was approximately 5-8%, and Cu*™* and Zn™* levels were in the minority. Hair samples close
to the scalp were taken from all subjects (0.25 g from the occipital area) to measure a plethora of
heavy metals/oligoelements by ICP-MS (Doctor’s Data, USA). Doctor’s Data is a pioneer laboratory
specializing in the toxicology of heavy metals with over 35 years of experience, and they provide
analytical tests for healthcare practitioners. ICP-MS values for heavy metals were expressed in ug/g
of hair.

3.6. Super Oxide Dismutase-1 (SOD-1 Activity)

The saliva SOD-1 activity was measured following a modified protocol by [9] Cabana-Mufioz et al.,
2015. Briefly, the buffer assay contained 0.1 mM EDTA (Ethylenediaminetetraacetic acid), 50 mM
sodium carbonate, and 96 mM of nitro blue tetrazolium (NBT). Then, 470 uL of the above mixture was
added to 100 pL of saliva, and the auto-oxidation of hydroxylamine was observed by adding 0.05 mL of
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hydroxylamine hydrochloride (pH 6.0). Finally, SOD-1 activity was measured by the change in optical
density at 560 nm for 2 min at 30/60 s intervals and normalized as optical density (D.O) by protein [9].

3.7. Statistical Analysis

All data were analyzed by SPSS software (v17.0) (U.C.M: Universidad Complutense, Madrid,
Spain) and Sigma Plot (v11.0, U.C.M, Madrid, Spain). Mean 25%, 75%, and median values (ug/g of
hair) were estimated for heavy metals/oligoelements in the hair samples. Non-parametric tests were
applied in cases without homogeneity of variance (Mann Whitney/Kruskal Wallis). The Bonferroni
tests were applied for multiple comparisons when there was homogeneity of variance (e.g., vanadium,
V). All results were expressed as percentiles 25%, 75%, and median (ug/g of hair) according to Kruskal
Wallis values (H value) and Mann Whitney (MW) and Dunn’s post hoc test in the case of non-parametric
data between (d0: n = 16, d90: n = 16) and controls (control: n = 21). The Levene test identified
whether or not there was homogeneity of variance depending on its significance. Correlations between
variables were performed by Spearman’s rank correlation. Differences were considered statistically
significant if p < 0.05 and highly significant when p < 0.01.

4. Results

4.1. SOD-1 Activation Reflects Antioxidants Responses in Patients after Long-Term Supplementation with
Algae Extract and Aminoazuphrates Compared with Untreated Controls

There was a statistically significant effect for SOD-1 activity in the Kruskal Wallis analysis (H =
45.1, p £0.001) for SOD-1 activity (saliva). The parametric Dunn’s non-analysis revealed decreased
SOD-1 activity after 90 days of supplementation (d90) compared to their basal levels (d0: before any
supplementation, p < 0.05); Conversely, increased activity SOD-1 activity was detected before any
supplementation as compared with untreated controls (without dental materials, p < 0.05, Table 2).

Table 2. Regulation of SuperOxide Dismutase-1 (SOD-1) by long-term algae and aminosulphurate
supplementation and SOD-1 activity.

Group Median 25% 75%

SOD-1 activity (control) 100 100 100

SOD-1 activity (d0) 143.5 139.500 * 149

SOD-1 activity (d90) 121 119.000 *# 125
SOD-1 Activity Difference of Ranks Q p <0.05?

Control vs. dO (before treatment) 34.000 6.7 Yes

do vs. d90 (after 90 days) 16.000 2.920 Yes

d90 vs. Cont: controls 18.500 3.600 Yes

*p < 0.05 vs. control, # p < 0.05 d90 vs. dO; control: controls without dental materials and non-supplemented
(n = 21); dO: patients with long-term titanium implants and dental amalgam fillings restorations before any
nutritional supplementation (d0, n = 16); d90: patients with long-term titanium implants and dental amalgam
fillings restorations after 90 days of supplementation (d90, n = 16).

4.2. Reduced Mercury (Hg*) and Silver (Ag) Levels after 90 Days of Nutritional Supplementation (d90) as
Compared with Their Baseline Levels (d0) as ell as Untreated Controls (Without Dental Materials and non
Supplemented, cont)

We compared levels of heavy metals (Hg**, Ag, Sn) as well as titanium alloys (Ti-6Al-4V) in
patients with long-term dental titanium implants and amalgam:s fillings after 90 days of nutritional
supplementation as compared with their own basal levels (before any supplementation, d0) as well with
non-supplemented controls (without dental materials, controls). The Kruskal Wallis and Mann Whitney
post hoc analyses revealed mercury (Hg**) and tin (Sn) reductions after 90 days of supplementation
as compared with their own basal levels (d0) without reaching a significant effect in Zn**, Co, Ni,
or Cu** levels (Table 3).
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Finally, Ag levels decreased after 90 days as compared to their basal levels (d0, before any
supplementation) without reaching a significant effect as compared to untreated the controls.

The aluminium (Al) levels decreased after 90 days of supplementation (d90) as compared with
untreated controls (p < 0.05); increased d90 vanadium (V) levels were observed as compared with basal
levels (d0, p < 0.05). There were no effects in Ti or Co levels by treatment (p > 0.05, non-supplemented,
Table 3).

Table 3. Heavy metals/oligoelements of dental materials.

Heavy Metals from Dental Amalgams

Hg++ Median 25% 75% H

Control 1.6 1.25 23 H =13.85, p < 0.001.
do 19 19 3.7* MW (* p < 0.005).
d9o 1.15 0.34 214 MW (#d90 vs. d0, p = 0.049); * p < 0.05 d90 vs. Cont
Ag Median 25% 75% H

Control 0.03 0.02 0.06 H=93,p=0.01.
do 0.1 0.03 0.155 # MW (* p = 0.005 dO vs. control). (# d90 vs. dO, p = 0.031)
d9o 0.055 0.025 0.075
Sn Median 25% 75% H

Control 0.045 0.02 0.095 H=6.27p=043.
do 0.11 0.04 0.20* MW (*d0 vs. Cont, p = 0.023).
doo 0.03 0.02 0.105 # MW (#d90 vs. d0, p = 0.047).

Zn** Median 25% 75% H

Control 195 180 230 H=5,p=0.078
do 245 208 275* MW (* p < 0.05 dO vs. control).
d9o 210 180 242

Cutt Median 25% 75% H

Control 13.5 10.5 35.5 H=1.01,p=06ns
do 15 11 31
d90 13.5 10 19.5

Materials from Dental Titanium Alloys (Cr, Ni, Co)

Al Median 25% 75% H

Control 2.9 2.05 5.6 H=46,p=0.1,ns.
do 3 1.6 46
d9o 1.6 1.5 24 MW (* d90 vs. control, p = 0.029).
Cr Median 25% 75% H

Control 0.35 0.31 0.39 H=9.64, p = 0.008
do 0.35 0.35 0.39
doo 0.41 0.36 0.45 *# MW or Dunn’s.* p < 0.05 vs. cont, # p < 0.05 d90 vs. d0
Co Median 25% 75% H

Control 0.004 0.004 0.010 H=497,p=0.083, n.s.
do 0.017 0.04 0.035* MW *p < 0.05 d0 vs. control.
d90 0.06 0.035 0.012
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Table 3. Cont.

Ni Median 25% 75% H
Control 0.055 0.04 0.10 H=3.07,p=021,ns.

do 0.09 0.08 0.16* MW (* p < 0.05, d0 vs. Cont).

d90 0.11 0.04 0.16

v Media S.EM F
Control 0.04 0.003 F (2.50) =2.73,p = 0.07, n.s.

Bonferroni (p = 0.043, alpha (cx) = 0.05, beta (B) = 0.42).
N
do 0.031 0.004 *p < 0.05 vs. control
d90 0.041 0.0035 # (#p <0.05,d90 vs. d0)
P Eg:f v :9% f/so?:l50 n.s: non significant effect (p > 0.05, n.s).

Percentiles analysis for heavy metals/oligoelement levels in Kruskal-Wallis (H) between patients with long-term
titanium implant and dental fillings after 90 days of supplementation (d90, n = 16) as compared with their own basal
levels (dO: before any supplementation, 1 = 16) and untreated (non-supplemented) controls without dental materials
(control, n = 21). All heavy metals and oligoelements were expressed as pg/g of hair. H is the Krukal-Wallis analysis
and F is ANOVA data. MW = Mann Whitney, S.E.M = standard error media; Control: controls without dental
materials and non-supplemented (1 = 21); dO: patients with long-term titanium implants and dental amalgam
fillings restorations before any supplementation (d0, n = 16); d90: patients with long-term titanium implants and
amalgams after 90 days of supplementation (1 = 16); n.s: not significant effect, p > 0.05. * p < 0.05 vs. Control; # p <
0.05 d90 vs. dO.

4.3. Levels of Oligoelements Involved in Metabolic Functions (Se, Mn**, Li, Mg**, Ge, S, P, I, Ca?t, Sr,
Na*, KF)

Patients with long-term titanium implants and amalgam fillings increased germanium (Ge),
manganesum (Mn**), chromium (Cr), vanadium (V), phosphorum (P), and lithium levels (Li) after
90 days of supplementation (day 90) as compared with untreated controls (control, n = 21). In addition,
after 90 days (d90, nn = 16), their selenium (Se) levels decreased in comparison to their basal levels (d0,
n =16, p < 0.05, ug/g of hair); however, they were higher than the control values (Table 4, p < 0.05).
These supplements could promote antihypertensive effects by rising certain oligoelements. Finally,
there were no effects in other oligoelements (Ca?*+ Mg2+' I, Sr, B, Rb) or for Be, Bi, Tl, To (data not
shown, p > 0.05, n.s).

Table 4. Percentiles for oligoelements involved in metabolic functions in patients with long-term
titanium implant and dental fillings after 90 days of supplementation (d90, n = 16) and their basal levels
(d0: before any supplementation, n = 16) and non-supplemented controls (control: without dental
materials and non-supplemented, 7 = 21). All heavy oligoelements were expressed as pg g/g of hair.

Se Median 25% 75% H
Control 0.66 0.59 0.73 H=10.91, p = 0.004.
do 0.6 047 0.67 * MW (* d0 vs. control, p = 0.05).
d90 0.55 0.48 0.62*# MW (#d90 vs. d0, p = 0.039; * p < 0.05 vs. cont).
Mo Median 25% 75% H
Control 0.034 0.0140 0.0032 H=145,p <0.001.
do 0.022 0.0079 0.023 * MW or Dunn’s (* p < 0.05 dO vs. control).
d90 0.020 0.0084 0.150 * MW or Dunn’s: * p < 0.05 d90 vs. control
Mntt Median 25% 75% H
Control 0.075 0.06 0.10 H =5.42,p=0.066, n.s.
do 0.085 0.04 0.11
490 0115 0.07 018%# MW (* d90 vs. control, p = 0.05);

MW (d90 vs. d0, p < 0.05; * p < 0.05 vs. cont)
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Table 4. Cont.

Li Median 25% 75% H
Control 0.008 0.006 0.012 H =1.45,p <0.001.
do 0.005 0.0045 0.0075 * MW (* d0 vs. control, p = 0.03).
d9o 0.023 0.010 0.010 * # Mr\\//[\/v(\: gfgg\gvsoggo;,f (;00535);
Ge Median 25% 75% H
Control 0.031 0.024 0.033 H=131,p=001
do 0.024 0.021 0.032 MW (* d0 vs. control, p = 0.1, n.s).
d9o 0.023 0.032 0.035 # MW or Dunn'’s (# p < 0.05 d90 vs. d0).
S Median 25% 75% H
Control 47700 47200 49250 H=397,p=0.13,ns.
do 46900 46350 47600 * MW (* d0 vs. control, p < 0.05).
d9o 46850 45600 49950
r Median 25% 75% H
Control 185 155 197 H =888, p=0012.
do 153 134 160 * MW (* d0 vs. control, p < 0.05).
d9o 170 154 179 # MW (# d90 vs. d0, p = 0.004).
1 Median 25% 75% H
Control 0.58 0.37 2.05 H=3.67,p=0.15,ns
do 0.39 0.29 0.5
d90 047 0.31 0.77
Catt Median 25% 75% H
Control 488 285 705 H=137,p=05ns
do 785 410 1262
d9o 676 380 1060
Sr Median 25% 75% H
Control 2.7 0.93 6.55 H=441,p=011,ns
do 7 297 11.7 dO0 vs. control, p = 0.064, n.s.
doo 11.81 19 17.75 d90 vs. control, p = 0.099, n.s
B Median 25% 75% H
Control 0.5 0.41 0.87 H=15,p=046,ns.
do 0.63 0.56 11
d9o 0.71 0.52 0.8
Nat Median 25% 75% H
Control 35 14.5 73.25 H=6,p=0.05.
do 62.5 52 140 * MW or Dunn’s (* d0 vs. control, p = 0.046).
d9o 48 33 75 d90 vs. control, p=0.1, n.s.
K* Median 25% 75% H
Control 13.5 4 31.5 H=13,p=052ns
do 5.5 3.5 44
doo 85 3 15
Mgt* Median 25% 75% H
Control 50 32.5 94 H =3.63,p=0.16, n.s.
do 99 435 184.5
d9o 137 57 345 MW (d90 vs. control, p = 0.088, n.s).
Rb Median 25% 75% H
Control 0.015 0.0045 0.031 H=272,p=025ns.
do 0.014 0.0040 0.019
d9o 0.011 0.0030 0.013
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Table 4. Cont.

Fet* Median 25% 75% H
Control 6.7 6.2 7.7 H=37p=015ns.
do 6.6 6.4 7.4
d90 7.7 6.5 84# MW (d90 vs. dO, # p = 0.022).
*p <0.05vs. #p<0.05
control d90 vs. d0

*p <0.05 vs. control; # p < 0.05 d90 vs. d0; controls (without dental materials and non-supplement; control, n = 21);
d0: patients with long-term titanium implants and dental amalgam fillings restorations before any supplementation
(d0, n = 16); d90: patients with long-term titanium implants and dental amalgams after 90 days of supplementation
(d90, n = 16); (n.s: not significant effect, p > 0.05; * p < 0.05 vs. Control; # p < 0.05 d90 vs. d0).

4.4. Metals of Environmental Exposure

The algae extract and aminoazuphrates supplements decreased lead (Pb) levels after 90 days
of supplementation (day 90) as compared with baseline levels (d0: before any supplementation);
the aluminium (Al) levels were reduced after 90 days in comparison to untreated controls (see Table 5).

There was a lack of effect in several heavy metals (As, Ti, Pt, Sb, T1, To, Cd, Be, Bi, Zr, p > 0.05,
n.s) and oligoelements by treatment (Zn**, Cu*™, Ca™, Sr, B, I, K*, Mg**, Rb) after 90 days of
supplementation as compared with their baseline (d0) and control levels.

Table 5. Decreased lead (Pb) levels after 90 days of supplementation as compared with baseline levels.

Ba Median 25% 75% H
Control 017 0.1 0.33 H=773,p=0.021.
do 0.54 0.25 0.84* MW (* d0 vs. control, p = 0.05).
d9o 0.28 0.2 0.36 MW (d90 vs. control, p = 0.11, n.s).
Pb Median 25% 75% H
Control 0.11 0.07 0.3 H=341,p=0.18,ns.
do 0.14 0.09 0.21
d9o 0.085 0.05 0.14 # MW (#d90 vs. d0, p = 0.047).
Cd Median 25% 75% H
Control 0.009 0.009 0.010 H=473,p=0.09%,ns.
do 0.009 0.009 0.009
d9o 0.009 0.009 0.009 MW (d90 vs. control, p = 0.08, n.s).
Sb Median 25% 75% H
Control 0.01 0.01 0.018 H=35,p=0.16,ns.
do 0.01 0.01 0.01
d9o 0.01 0.01 0.01
As Median 25% 75% H
Control 0.038 0.01 0.018 H=09,p=062ns.
do 0.028 0.022 0.042
d9o 0.028 0.023 0.052
*p <0.05vs. #p<0.05
Cont d90 vs. dO

These tables show percentile values (median, 25%, and 75%) in Kruskal Wallis analysis for several heavy
metals/oligoelements (Hg*™*, Ag, Sn, Zn**, Cu**, Al, Cr, V, Co, and Ni), metabolic oligoelements (Se, Mo,
Mn**, Li, Ge, S, P, 1, Ca*™, Sr, B, Na*, K*, Mg**, Rb, B, and Fe*"), and metals of environmental exposure in Table 6
(Ba, As, Pt, Sb, Tl, To, Cd, Be, Bi, Zr, Pb, Cd, As, and U). The ANOVA data for V are shown by mean values +
S.E.M [the root square divided by n; n was the size sample; n = 16 (d90), n = 16 (d0), n = 21 controls]. Post hoc
differences were evaluated by the Mann Whitney or Dunn’s method; Control: controls without dental materials and
non-supplemented (1 = 21); dO: patients with long-term titanium implants and dental amalgam fillings restorations
(d0, n = 16); d90: patients with long-term titanium implants and dental amalgams after 90 days of supplementation
(n = 16); n.s: not significant effect, p > 0.05). * p < 0.05 vs. Control; # p < 0.05 d90 vs. d0).
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4.5. Effects on Selenium (Se) Ratios and Heavy Metals after 90 Days of Nutritional Supplementation

For example, we found decreased Se/Hg**, and increased Se/Al, and Mo/Hg™** ratios after 90 days
of supplementation (d90) compared to their respective basal levels (before any treatment, d0, p < 0.05);
However, these Se/Hg*™*, Se/Ag, and Mo/Hg**" and Na*/K* ratios decreased before any treatment (d0)
as compared with non-supplemented patients (controls, p < 0.05, Table 6).

Table 6. Effects on Se/Hg**, Se/Ag, Se/Al, Se/Pb, Mo/Hg**, Na+/K+ before/after nutritional
supplementation and untreated controls.

SeME™  \fedian 25% 75% H
Ratio
Control 221 1.6 32 H =31.42, p <0.001.
do 0.23 0.17 0.31* MW (* d0 vs. control, p < 0.001).
d9o 0.28 0.24 0.56 * # MW (#d90 vs. dO, p = 0.05. * p < 0.05 vs. cont).
SUAE Median 2% 75% H
Control 223 12.26 37.7 H=16.25p=0.044
do 7.16 4.12 20.5 MW (* dO vs. control, p = 0.04).
d90 11 6.8 18.2* MW (* d90 vs. control, p = 0.032).
Se/Al Median 25% 75% H
ratio
cont 0.26 0.1 0.39 H=3.76,p=0.15n.s.
do 0.14 0.07 0.29
d90 0.34 0.19 0.36 # MW (#d90 vs. d0, p = 0.05).
Se/Pb Median 25% 75% H
Control 4.57 1,79 9.1 H=112,p=057,ns
do 3.81 22 6.9
d9o 5.72 3.76 8.24
Mo/Hg*+ Median 25% 75% H
Control 0.018 0.011 0.03 H=1351, p=0.001
do 0.0089 0.0067 0.011 * MW or Dunn’s, * d0 vs. Cont, p = 0.001
d90 0.026 0.011 0.112*# MW or Dunn’s, # d90 vs. d0, p < 0.001, * p < 0.05 vs. control
Nat/K* Median 25% 75% H
Control 3.57 4.46 0.94 H=259,p=02,ns.
do 7.74 16.3 0.82* MW (* p < 0.05, dO vs. control).
doo 8 13.6 0.79 MW (d90 vs. control, p = 0.065, n.s).
*p<0.05vs. #p <0.05
control d90 vs. d0

Control: controls without dental materials and non-supplemented (1 = 21); d0: patients with long-term titanium
implants and dental amalgam fillings restorations (d0, = 16); d90: patients with long-term titanium implants and
dental amalgams after 90 days of supplementation (1 = 16); n.s: not significant effect, p > 0.05; * p < 0.05 vs. Control;
#p <0.05d90 vs. dO.

4.6. Correlations between Selenium (Se) and Heavy Metals Ratios after 90 Days of Nutritional Supplementation

The r Spearman correlations between selenium and heavy metal ratios are shown in Table S1.
For example, there was a strong correlation between the Se/Hg** (d90) ratio and Se levels after
90 days of supplementation [Se (d90), r = —0.76, p = 0.004] as well as with Mo/Hg** (d90) ratio
after 90 days (d90, r = 0.6, p = 0.02). Two outlier values were excluded for statistical analysis herein
(Table S1, see Supplementary Materials). Table S2 showed other correlations between heavy metals
and oligoelements (see Supplementary Materials).
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5. Discussion

This section discusses the effects of dental amalgam restoration in mercury reduction in patients
with long-term titanium implants and dental amalgam restorations using carbon active (nasal filters)
and long-term algae and aminoazuphrates supplementation.

The exposure derived from amalgam fillings exceeds that from food, air, or beverages. Chronic
nutritional supplementation contributes to preventing mercury release peaks caused by dental amalgam
restoration (replacement by biocompatible materials like Bisphenol A free composites). A study of
12 patients demonstrated that the long-term presence of dental amalgam (at least five years) did not
result in any remarkable changes in mercury or tin levels in the pulp tissue after comparing 12 restored
amalgams and 12 non-restored patients. However, elevated blood mercury levels were observed
even five years after the placement of the restoration [32]. These data suggest that mercury release is
important even after complete dental amalgam restoration with composites, because five years after its
restoration, mercury is still present in the blood [32]. Bergerow et al. reported that within 12 months
after removing dental amalgam fillings (restoration by composites), patients showed substantially
lower urinary mercury levels [33]. In the present study, the period of supplementation was shorter
(three months: 90 days), which minimized mercury release by using carbon active (nasal filters) during
dental restorations [29]. The synergic algae and aminoazuphrates treatment contributed to activating
the detoxification because the mercury reached peaks shortly at 24 h after replacement with composites
until 3-7 days later [34].

5.1. Detoxification of Heavy Metals in Patients with Long-Term Amalgam Fillings and Titanium
Dental Implants

We determined that chronic nutritional Chlorella and Fucus algae extract supplementation in
conjunction with aminosulphurates lowered certain heavy metal levels in patients with long-term
titanium implants and dental amalgams restoration using activated carbon active nasal filter as well
as the nutraceuticals. Preclinical findings suggest a role of Chlorella vulgaris as a heavy chelator in
preventing toxicity of certain xenobiotics and accelerating dioxin excretion in rats [25,35]. The mercury
and tin reduction after 90 days in patients agreed with enhanced heavy metal removal by Chlorella
sp [36-38]. However, the exact mechanism by which chronic algae consumption removes heavy metals
has not been tested yet in humans. Our aim is to develop a clinical and practical protocol to chelate
heavy metals with a mixture of bioactive nutraceuticals such as algae extracts and aminosulphurates
that could act independently of signaling pathways involved in detoxification.

Supplementation with Chlorella sp promoted detoxification of heterocyclic amines (carcinogenic
chemical) in six young Korean adults [39]. This randomized, double blind, placebo-controlled crossover
study was performed in six female supplemented-patients; the nutritional period of three months
in our study was longer than in the Korean study. Our findings also reflected enhanced removal of
certain heavy metals, including lead (a metal of environmental exposure). Our patients’ Hg**, Sn, and
Pb accumulations were strongly reduced after 90 days of consecutive nutritional supplementation
as compared with basal levels (before any supplementation). Interestingly, mercury and Sn levels
reductions were observed after 90 days as compared with untreated controls (without dental materials
and non-supplemented).

5.2. SOD-1 Activity in Patients with Long-Term Dental Titanium Implants and Amalgams Restorations

Although it was not possible to elucidate the exact nutraceutical involved in SOD-1 activation here,
we must consider that SOD-1 activation decreased after 90 days as compared with their basal levels
(dO, before any supplementation). Conversely, higher SOD-1 activity was observed after long-term
supplementation (day 90) compared with untreated controls; this suggests algae and aminoazuphates
treatment may activate SOD-1. In addition, increased Mn** levels could suggest enhanced antioxidant
responses after 90 days of supplementation. In fact, Alal6Val MnSOD-2 polymorphism has been
described in cells exposed to methylmercury [40]. We have previously observed higher SOD-1 activation

175



Antioxidants 2019, 8, 101

in women with long-term dental amalgams only (without titanium dental alloys) as compared with
controls (without dental materials) [9]. Our clinical findings were in consonance with the detoxification
induced by Ag nanoparticles through inducing SOD, peroxidase, catalase, and glutamine synthetase
enzymatic activities [41,42]. The silver (Ag) reduction after 90 days of supplementation as compared
with the patients’ baseline levels (before any supplementation) agreed with the enhanced removal of
heavy metals. However, silver levels after 90 days did not differ with controls.

Heavy metals detox requires (i) a healthy gut microbiome state [20], (ii) the induced-activation of
endogenous hepatic I-II-enzyme, which can be activated by phytonaturals in these formulations [43],
and (iii) the chelation and excretion of these heavy metals [44]. Steps (i) and (ii) are activated by
natural products from these formulations. The ERGYLIXIR formulation contains synergic depurative
bioactive compounds from extracts such as Cinara scolymus (artichoke) [45], Raphanus niger [46],
Taraxacum officinale [47], Arctium lappa (dandelion root) [48], Vaccinium macrocarpo [49], Solidago virgaurea
(quercitin, afzelin) [50], Rosmarinus officinallis [51], Scolymus hispanicus [52], and Sambucus nigra
(elderberry with antocianines) [53]. In addition, sulfur-rich extracts such as garlic acid (Allium sativa
in the ERGYTAURINE formulation) may enhance heavy metal removal by inducing antioxidant
activities [54-56]. Apple pectin [56] and acerole (very rich in vitamin C) also contribute to heavy metals
removal [57]. In addition, Sambucus nigra (elderberry) contains antocyanines that supply 87% of the
daily vitamin C levels necessary for humans [57]. Vitamins B6, B-9, and B-12, as well as Se, Zn**, and
Mg** (ERGYTAURINE formulation) [58] are necessary for certain enzymatic activities.

5.3. Possible Role of Selenium (Se) in Detox after Long-Term Chlorella CV Supplementation in Patients

Because Se levels decreased after 90 days of supplementation, we cannot exclude the possibility
that selenomercurials reflect the Se-heavy metal complex formation in order to prevent mercury toxicity
(or other metals) in patients with long-term dental amalgams and titanium alloys. As the Na*/K*
ratio did not differ after 90 days as compared with their basal levels (before any supplementation),
we can confirm that chronic algae and aminoazuphrates supplementation are safe and non-toxic for
humans. The increased Se/Hg™* ratios suggest enhanced detoxification after 90 days compared to their
basal levels (before any supplementation) as well as untreated controls. Surprisingly, a toxic effect has
been demonstrated in autistic children who had elevated hair selenium levels [59]. These lower Se
levels observed in conjunction with the lack of effect on the Na*/K* and Se/Pb ratios could prevent
mercury accumulation at 90 consecutive days of supplementation. In fact, antagonistic interaction
between selenomethionine enantiomers and methylmercury toxicity was described with Chlorella
sorokiniana [60]. Mercury loss with Chlorella vulgaris is largely influenced by amino acids, cysteine
being the most effective in promoting the detoxification of mercury (Hg?*)™ in Chlorella sp exposed to
this metal [61]. The amino acid taurine (ERGYTAURINE formulation) is derived from cysteine [62]
and also contributes to heavy metal detoxification. In fact, increased oxidative stress and low systemic
taurine levels were demonstrated in patients with long-term dental amalgam fillings and/or titanium
alloys [63]. This indirect evidence agreed with a study in which selenocystine (SeCys,) reduced
MeHg cytotoxicity in Hepatic HepG; cells by inducing MeHg-glutathione (GSH) and also formed
MeHg-cysteine (Cys) complex in vitro [64]. These indirect findings suggest that selenium contributed
to detoxification in the present clinical study. Uchikawa et al. (2011) described the enhanced removal
of tissue methylmercury in (BP) Parachlorella beijerinckii-fed mice; this continuous BP intake (10%)
accelerated MeHg excretion and subsequently decreased tissue mercury accumulation by inducing the
GSH metabolism [65].

Other metals such as Pb, Cd, and U that are associated with occupational exposure were
significantly decreased after three consecutive months of supplementation compared with their basal
levels (before any supplementation) without affecting the untreated controls (without dental materials).
The biosorption of Pb?* and Cd?* was detected using a fixed bed column analysis with immobilized
Chlorella algae biomass [66]. Pb levels decreased after 90 days of supplementation, agreeing with
the 56% Pb reduction at four days of algae Chlorella sp supplementation, 69% at eight days, and
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77% at 12 days of treatment [26]. Although U levels were within the normal detection range in
our patients, their decrease after 90 days of supplementation was crucial. As selenium-enriched
spirulina formulation reduces the development radiation that is pneumonitis-induced [67], the lower
U levels after chronic algae supplementation are important from a clinical view point. In addition,
a glutathione-dependent detoxification pathway has been described in Chlorella algae exposed to
U [68-70].

5.4. The Nutritional Supplementation after 90 Days Prevented Certain Oligoelements Deficit in Patients with
Long-Term Titanium Implants and Dental Amalgam Restorations

These polyphenols from Azorean brown algae (Fucus spiralis or Fucus vesiculosus in GREEN-FLOR
formulation) may enhance heavy metal removal in patients with long-term dental fillings and titanium
alloys. In fact, the marine algae Ulva lactuca and Fucus vesiculosus can sequester Cd and Cu** [70],
which explained the induced-detoxification here. The phlorotannins have potential impact on public
health, particularly in hypertensive patients [71,72]. The in situ determination of trace elements in
fucoids by field-portable-X-ray fluorescence (FP-XRF) provides a rapid monitoring environmental
contamination [73]. Increased mercury levels can provoke hypertension, and Se may exhibit a
protective effect against cardiovascular disease [6]. Long-term nutritional supplementation could
increase germanium (Ge) levels in patients with long-term dental amalgam fillings and titanium
implants, seemingly by reflecting antihypertensive effects. However, a direct causal relationship
between antihypertensive effects and Cr and Ge elevations was not conclusive in the present study.
The Sn-Se correlation observed in conjunction with Ge, Li, Cr, P and I elevations after 90 days of
supplementation could be explained by the high oligoelement content (10-15%) in the supplement,
resulting from its marine origin [74]. The detoxification of Hg** and Cd levels here agreed with
the enhanced Hg**, Cd**, and Pb removal by Fucus from contaminated salt waters exposed to
heavy metals for seven days [74]. The Fucus sp algae is also traditionally used to prevent obesity
or gastrointestinal diseases. As Fucus vesiculosus extracts reduced the blood glucose peak in mice
fed with a normal diet [75], the possibility that chromium Cr and Ge elevation could contribute to
these antihypertensive effects should not be excluded here. These oligoelements also increased after
90 days of supplementation as compared with untreated controls. The increased Li levels suggest a
better regulation of gut microbiota after treatment with these formulations, since the host serotonine
biosynthesis is regulated by intestinal microbiota [76]. In fact, the strong r Spearman correlation
together with the Se/Li ratio and Li correlation suggest a better state of gut microbiota in treated
patients at 90 days of supplementation as compared with their basal and control levels. Finally,
the augmented phosphorous (P) levels described here may have been a consequence of chronic
spirulina supplementation (GREEN-FLOR). Since undernourished children receiving Spirulina platensis
plus Misola extract treatment have a better hematocrite that those taking Misola alone [77], the chronic
algae-supplementation could prevent iron deficit. These synergic supplementations contribute to
heavy metal removal in these patients. Moreover, increased systemic malondialdehyde levels and
lower Mo/Co and Mo/Fe?* ratios have been described in patients with long-term dental titanium
implants and dental amalgams [74]. Further studies should evaluate detoxification pathways by
which long-term supplementation Chlorella or Fucus vesiculosus treatment contribute to the removal of
heavy metals in patients with long-term dental amalgam fillings and titanium implants. The absence
of placebo, the non-RCT (randomised controlled trials), the size sample (pilot study), as well as the
Caucasian population (Spaniards) are limitations in this study.

6. Conclusions

The aminosulphurates and Chlorella and Fucus sp algae supplementation enhanced detoxification of
heavy metals by reducing Hg*™*, Ag, Sn, and Pb levels in patients with long-term dental amalgam filling
and titanium implants. The chronic nutritional supplementation with algae extract reduced Hg** and
Sn levels in patients with long-term titanium implants and dental amalgam restorations as compared
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with untreated controls (without dental materials). In addition, increased Mn**, Li, Ge, Cr and lower
U levels, and decreased Se levels were observed after 90 days of supplementation as compared to their
basal levels (before any supplementation). These findings suggest that these nutraceuticals promote
beneficial effects in patients. The safety of long-term algae and aminoazuphrates supplementation were
confirmed by the lack of effect in Ka*/K* and Se/Pb ratios after 90 days compared to their basal levels
(before any supplementation) and untreated controls. The SOD-1 activity could explain antioxidant and
enhanced detoxification of certain heavy metals by nutritional supplementation in the present study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/4/101/s1,
Table S1: correlations between Se, Mo and heavy metal ratios, Table S2: correlations between heavy metals and
oligoelements (r Spearman).
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