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Abstract: Natural products from the marine environment as well as microalgae, have been known for
the complexity of the metabolites they produce due to their adaptability to different environmental
conditions, which has been an inexhaustible source of several bioactive properties, such as antioxidant,
anti-tumor, and antimicrobial. This study aims to characterize the main metabolites of three species
of microalgae (Nannochloropsis oceanica, Chaetoceros muelleri, and Conticribra weissflogii), which have
important applications in the biofuel and nutrition industries, by 1H High-resolution magic angle
spinning nuclear magnetic resonance (1H HR-MAS NMR), a method which is non-destructive, is
highly reproducible, and requires minimal sample preparation. Even though the three species
were found in the same ecosystem and a superior production of lipid compounds was observed,
important differences were identified in relation to the production of specialized metabolites. These
distinct properties favor the use of these compounds as leaders in the development of new bioactive
compounds, especially against environmental, human, and animal pathogens (One Health), and
demonstrate their potential in the development of alternatives for aquaculture.

Keywords: microalgae; coastal products; HR-MAS NMR; metabolomics; biotechnology; bioactivity

1. Introduction

Oceans cover 70% of the planet’s surface and contain about 97% of its water [1]. Marine
and coastal environments cover a diverse spectrum of habitats, from shallow coral reefs to
deep hydrothermal vents, and are home to an enormous diversity of species, from micro-
to macro-organisms. This species diversity is translated into unique metabolic abilities to
ensure survival in harsh marine conditions [2]. Compared to terrestrial environments, ma-
rine and coastal environments favor the production of natural products, as approximately
28,500 marine natural products were identified by the end of 2016, many with a high degree
of structural novelty [3].

Microalgae are unicellular organisms that convert carbon dioxide, light, water, and
macro- and micronutrients into biomass, mainly carbohydrates, lipids, proteins, and pig-
ments. Recent research estimated a diversity of 72,500 species of algae, of which 39%
are yet to be described [4]. Microalgae live in close relation with bacteria and predators;
therefore, microalgae have developed several chemical defense mechanisms [3]. They are
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adapted to a wide range of environmental conditions, which influence the production of
metabolites [5], which are a potential source of marine natural products [6].

Potential advantages of using microalgae as a raw material for various purposes in
biotechnology include its ability to synthesize and accumulate large amounts of neutral
lipids. These lipids are composed of a large percentage of polyunsaturated fatty acids that
are important for the diet of other aquatic organisms and for human health [7]. Further-
more, fatty acids have great commercial potential when incorporated into food, animal
feed, cosmetics, and pharmaceutical products [8]. Products from marine organisms have
shown many interesting activities, such as antimicrobial, cytotoxic, anticancer, antidiabetic,
antifungal, anticoagulant, anti-inflammatory, and other pharmacological activities [9–11].

Interest in the biotechnological potential of microalgae has increased due to their high
production rates and their production of several valuable substances [12]. The cultivation of
microalgae has gained great momentum among researchers in recent decades due to their
ability to produce valuable metabolites, remarkable photosynthetic efficiency, and versatile
nature [13]. In Brazil, the government has promoted a national strategy to encourage and
strengthen in vitro studies that validate the use of metabolites produced by microalgae
and other marine organisms in different aquaculture systems. The biomass produced will
be used as a raw material for the production of many biomolecules used in the food and
pharmaceutical industries [14]. In this scenario, we highlight Nannochloropsis oceanica, a
unicellular microalga that belongs to the class Eustigmatophyceae that has high biotechno-
logical potential due to its massive lipid production [15–18] and the diatoms of the genus
Chaetoceros and Conticribra, which are among the most cultivated diatoms for larvicul-
ture [19]. Diatoms belong to a large group of microalgae and are among the most abundant
classes in marine environments [20]. The microalgae Chaetoceros muelleri is used due to
its fatty acid profile, and the diatom Conticribra (Thalassiosira) weissflogii is an euryhaline
species [21] and has high carbon fixation rates, as well as excellent photosynthetic efficiency.
Both have been used as a model in physiological studies of photosynthesis [22,23]. The lipid
content of C. weissflogii was analyzed, mainly as a source of fatty acids for copepods [24].

The methodologies commonly used to study the chemical profile of microalgae are
laborious and require extraction with organic solvents. An alternative that has been used
to directly investigate the chemical composition of microalgae preserving the integrity of
the compounds is the High-resolution magic-angle spinning nuclear magnetic resonance
spectroscopy (HR-MAS NMR) [25–27]. The HR-MAS NMR has been used for investigations
based on the fingerprints or metabolomic profiles of biofluids [27], herbal medicines [28,29],
foods [30], and microalgae [31]. This technique allows the analysis of semi-solid samples
that are characterized by inhomogeneity and restricted molecular motion with spectral
resolution similar to the solution-state NMR [25,26]. This happens due to the molecular
mobility in the swollen samples, which is associated with fast spinning around of the
so-called “magic angle” (θ = 54.74◦). As a result, line broadening is drastically reduced due
to dipole coupling and chemical shift anisotropy (CSA) [26]. The main advantage of the
HR-MAS NMR is that it allows the identification of the metabolic profile under conditions
similar to the natural chemical environment of the compounds with the same spectral
resolution of NMR solution.

Several studies have demonstrated the abundance of primary metabolites produced
by microalgae; these metabolites include lipids, fatty acids, amino acids, and some sugars.
However, there are few studies that investigate the complex characterization of marine
microalgae, especially through more robust tools, and that enable fast, easy, non-destructive,
and unbiased screening such as 1H NMR-based metabolomics [32–35]

Carotenoids, polyphenols, and polyunsaturated fatty acids (PUFAs) have gained
prominence among the bioactive compounds produced by microalgae [36–38], which have
been widely proposed for biotechnological use in the area of food, fertilizers, bioenergy,
cosmetics, pharmaceuticals, and industries in general [39].

In this way, the aim of the present study was to evaluate the spectral profiles of
microalgae N. oceanica, C. muelleri, and C. weissflogii microalgae in polar and non-polar
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solvents by 1H HR-MAS NMR to provide a more comprehensive investigation of these
microalgae that can contribute to the targeting of applications in several areas.

2. Materials and Methods
2.1. Microalgae Cultivation

The microalgae used in this study, namely Nannochloropsis oceanica Suda and Miyashita
2002 (Eustigmatophyceae), Chaetoceros muelleri Lemmermann 1898 (Mediophyceae), and Con-
ticribra weissflogii (Grunow) Stachura-Suchoples and D.M. Williams 2009 (Mediophyceae),
were obtained from the collection of the Laboratory of Microalgae Production from the In-
stitute of Oceanography, Federal University of Rio Grande (FURG/Brazil). The microalgae
were cultivated in natural seawater (salinity 28), which was measured using a hand-held
salinity refractometer (ATAGO, Bellevue, WA, USA). The seawater was first filtered by a
sand filter. Next, it was further filtered through a 1.0 µm polypropylene filter cartridge,
disinfected with sodium hypochlorite 12% (NaClO, 0.15 mL L−1) for 24 h, and then neu-
tralized with ascorbic acid (C6H8O6, 30 mg L−1). Batch culture technique was employed,
using Guillard’s medium [32], composed of sodium nitrate (NaNO3, 75 mg L−1), sodium
phosphate (NaH2PO4·H2O, 5 mg L−1), EDTA (C10H14N2O8Na2·2H2O, 4.36 mg L−1), ferric
chloride (FeCl3·6H2O, 3.15 mg L−1), cupric sulfate (CuSO4·5H2O, 0.01 mg L−1), zinc sulfate
(ZnSO4·7H2O, 0.02 mg L−1), cobalt chloride (CoCl2·6H2O, 0.01 mg L−1), manganese chloride
(MnCl2·4H2O, 0.18 mg L−1), sodium molybdate (Na2MoO4·2H2O, 0.006 mg L−1), thiamine
(C12H17ClN4OS·HCl, 0.1 mg L−1), cyanocobalamin (C63H88CoN14O14P, 0.0005 mg L−1), and
biotin (C10H16N2O3S, 0.0005 mg L−1). Diatoms were supplemented with sodium silicate
(Na2SiO3·9H2O, 30 mg L−1). All chemicals were analytical grade (Dinâmica, Indaiatuba,
São Paulo, Brazil). The microalgae were cultured in a 330 L bubble column acrylic photo-
bioreactor (0.5 m diameter, 1.5 m height), and kept indoors under controlled conditions
(23 ◦C, 150 µmol m−2 s−1, and a light period of 16h L: 8h D). The culture growth was moni-
tored daily by counting the cell abundance using an improved Neubauer hemocytometer
(Marienfeld, Lauda-Königshofen, Baden-Württemberg, Germany), and cultivation was
maintained for 12 days until the stationary phase was reached.

2.2. Biomass Harvesting

The microalgae were harvested by flocculation using Flopam FO 4800 SH, an organic
synthetic polyacrylamide-based polymer [34]. The flocculant was prepared by adding
3.3 g of polymer to 3.3 L of deionized water and by mixing at 300 rpm until dissolution
(ca. 1 h). Then, the flocculant solution was poured into the photobioreactor. Concurrently,
the microalgae suspension was mixed intensively (100 rpm) for 5 min to allow uniform
flocculant dispersal, followed by gentler mixing (20 rpm) for 15 min to allow floc formation.
The flocculated biomass settled within 10 min and was collected after the supernatant was
siphoned. The biomass was further dewatered by centrifugation (2527× g) at 4 ◦C for 5
min, and then dried at 60 ◦C for 24 h.

2.3. Sample Preparation for 1H HR-MAS NMR

An amount of 10 mg of dried marine microalgae was inserted into the zirconia rotor
(50 µL), then 40 µL of deuterated solvent was added, homogenized, and packed. The
solvents used were chloroform (CDCl3) and methanol (CD3OD), both at 0.05% of TMS, and
water (D2O) at 0.01% of TMSP.

2.4. Acquisition of 1H HR-MAS NMR Spectra

The 1H HR-MAS NMR spectra were acquired on a Bruker AVANCE 400 NMR spec-
trometer (Bruker, Karlsruhe, Germany), which was operated at 9.4 T, with observation
of the 1H core at 400.13 MHz, and which was equipped with a quadrinuclear probe
(1H/13C/15N/2H) at a high resolution with 4mm magic angle (θ = 54.74◦) rotation and
field gradient in the magic angle direction. The 1H HR-MAS NMR spectra were acquired
with the zgpr pulse sequence, a recycle delay (D1) of 1.0 s, and 64 transients and 64k points
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(TD) distributed in a spectral window of 8012.820 Hz, resulting in time acquisition (AQ) of
4.01 s and a temperature of 298 K. During acquisition, the samples were rotated at a speed
of 5 KHz around the magic angle.

The 1D and 2D NMR spectra were obtained at 298 K in a AVANCE III NMR spectrom-
eter (Bruker, Karlsruhe, Germany) which operated at 14.7 T (1H at 600.13 MHz and 13C at
150.92 MHz) and was equipped with a TCI CryoProbe Prodigy 5 inverse detection probe
with a z-gradient. Tuning (matching and tuning) for 1H and 13C and adjustment of the
homogeneity of the magnetic field spatially (shimming) were performed for each analysis.

2.5. Sample Preparation and Acquisition of 1D and 2D NMR Spectra

To support NMR chemical shift assignments, experiments of 1D and 2D NMR in
solution with N. oceanica, C. muelleri, and C. weissflogii were also performed. For this
purpose, 100.0 ± 1.0 mg of each sample was submitted to extraction directly in 1 mL
of CDCl3, D2O, and CD3OD sonicated and subsequently centrifuged at 12,000 rpm for
10 min. After this procedure, 600 µL of the extracts were added to 5 mm tubes for further
analyses. Direct and long-range 1H-13C NMR correlations were acquired on a Bruker
Avance III 600 NMR spectrometer operating at 14.1 T and observing 1H and 13C at 600.13
and 150.92 MHz, respectively. The spectrometer was equipped with a 5 mm inverse
detection four-channel probe (1H, 13C, 15N and 31P) with z-gradient. One-bond and long-
range 1H-13C correlations from HSQC and HMBC NMR experiments were optimized for
average coupling constants 1J(H,C) and LRJ(H,C) of 140 and 8 Hz, respectively.

3. Results

Initially, the metabolite fingerprinting of the marine microalgae N. oceanica, C. muelleri,
and C. weissflogii were explored by 1H HR-MAS NMR. Due to restricted and low molecular
motion conditions of semi-solid samples such as microalgae, several anisotropic trends
such dipolar interactions, magnetic susceptibility, and chemical shift anisotropy affect
T2 relaxation, producing a line-broadening of signals, low signal-to-noise ratio, and low
resolution in the NMR spectra. The high spinning rates of the samples, which occur at
a magical angle (θ = 54.74◦), minimize the line-broadening effects coming from dipolar
interactions. Additionally, the HR-MAS technique is applied in swollen samples, employing
suitable NMR solvents, which provide sufficient molecular motions in order to improve
spectral resolution. In this sense, to have a more comprehensive view of the mobility of
microalgal compounds, 1H HR-MAS NMR spectra were recorded directly from samples
by employing 40 µL of chloroform, methanol, or water as solvents (Figures 1–3) without
sample pretreatment steps and then preventing changes in the chemical compositions
during extraction and isolation procedures.
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According to the 1H HR-MAS NMR spectra of marine microalgae C. muelleri, C. weiss-
flogii, and N. oceanica analyzed in deuterated chloroform (Figure 1), it was possible to
observe that the three species of microalgae presented a similar chemical profile because
they are constituted of mono- or polyunsaturated fatty acids. From the ampliation of the
region between δH 5.40–0.50, characteristic signals of vinylic hydrogens were observed
at δH δH 5.40–5.30 (m), bis-allylic at δH 2.81 (m), α–C=O in δH 2.34 t (J = 7.5 Hz), allylic
at δH 2.06 (m), β–C=O in δH 1.62 (m), methylene at δH 1.35–1.25(m), and methyls at δH
0.87 (m). Only for the microalgae N. oceanica, a triplet at δH 0.98 (J = 7.0 Hz) relative to
methyl hydrogens of typeω-3 was observed.

The spectral profile acquired directly from dried marine microalgae samples using
deuterated water (or D2O) as the solvent seemed to be more complex, with several sig-
nals overlapped; thus, it was difficult to clearly identify the signals from the chemical
compounds (Figure 2). The entire signal assignments of C. muelleri, C. weissflogii, and N.
oceanica were confirmed based on 2D NMR experiments, which were performed in solution
state (Figures S1–S13), as well as previously reported data [35]. From these spectra, it
was possible to identify eight chemical compounds, including amino acids and organic
acids. Regarding amino acids, a doublet at δH 1.47 (J = 7.2 Hz) was observed for the methyl
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hydrogen of alanine for the microalgae N. oceanica and C. weissflogii. On the other hand, for
C. muelleri, a broad simplet at δH 1.49 was observed due to the lower spectral resolution for
this microalga. The three microalgae presented a simplet at δH 3.59 relative to the methine
hydrogen of glycine.

In the three microalgae, typical relative signals of hydrogens from the para-substituted
aromatic ring of tyrosine were observed. However, for N. oceanica, these signals presented
with higher spectral resolution because a two doublet was observed at δH 6.89 (J = 8.1 Hz)
and 7.19 (J = 8.1 Hz). Furthermore, it was also observed that only C. weissflogii presented
a simplet at δH 8.23 relative to the N-H hydrogen of the tripeptide cysteine amino acid,
glutathione. Furthermore, organic acids have also been identified. A doublet at δH 1.33
(J = 6.7 Hz) was observed for the methyl lactate hydrogens for the three microalgae, and a
simplet was observed at δH 2.40 for the succinate methylene hydrogens only for Figure 2.
A simplet at δH 3.20 relative to the methyl hydrogens of the choline was observed for
the three microalgae in question. A signal at δH 8.47 (s) was also observed relative to the
methynic hydrogen of the formate only for N. oceanica. The attributions of these metabolites
in comparison with the literature [35] are presented in Table 1.

Table 1. Assignment of main resonances of marine microalgae by 1H HR-MAS NMR (400 MHz).

Class Compound δH mult. (J in Hz)
CDCl3 D2O CD3OD

N. O C. M C. W N. O C. M C. W N. O C. M C. W

Amino Acids

Isoleucine 0.95 t (7.0), 1.02 d
(7.0) - - - x x x x x x

Leucine 0.99 m - - - x x x x x x

Valine 1.02 d (7.0), 1.07 d
(7.0) - - - x x x x x x

Alanine 1.48 d (7.0) - - - x x x x x x
Proline 1.97–2.07 m - - - - - - x x x

Glutamate 2.08 m, 2.14 m, 2.35 m - - - - - - x x x
Choline 3.20 s - - - x x x x x x

Glycinebetaine 3.26 s - - - x x x x x x
Glycine 3.59 s - - - x x x x x x

Phenylalanine 7.24 m, 7.30 m, 7.34 m - - - x x x x - x
Histidine 7.24 m, 8.13 s - - - - - - x - x

Tyrosine 6.89 d (8.1), 7.19 d
(8.1) - - - x x x x x x

Glutatione 8.23 s - - - x x x - - -

Organic
acids

Lactate 1.33 d (6.7) - - - x x x - - -
Succinate 2.30 s - - - x - x x x x
Formate 8.47 s - - - x - - x - -

Sterols 0.73 m x x x - - - x x x

Monounsa-
turated

Fatty acids

Methylic 0.89 m x x x - - - x x x
Methylenic 1.35–1.25 m x x x - - - x x x
–CH2–CH2–

COOR 1.59 m x x x - - - x x x

–CH2–CH2–
COOR 2.34 m x x x - - - x x x

PUFAs

Methylic$-3 0.98 t (7.0) x - - - - - x - -
–CH2–CH2–

COOR 1.62 m x x x - - - x x x

Allylic 2.06 m x x x - - - x x x
–CH2–CH2–

COOR 2.34 m x x x - - - x x x

bis-allylic 2.81 m x x x - - - x x x
Vinylic 5.40–5.30 m x x x - - - x x x

N. O—N. oceanica; C. M—C. muelleri; C. W—C. weissflogii. (δ) Chemical shift in ppm. x—Indicates the presence of
the metabolite.

From the spectra acquired employing methanol, it was possible to identify a greater
number of compounds from different classes, indicating that methanol promoted greater
molecular mobility. In addition, it was observed that with this solvent, the spectral profiles
presented a better spectral resolution. Thus, signals were observed in the regions of
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aliphatic hydrogens, amino acids, sugars, and aromatics (Figure 3). The attributions of
these metabolites by 1D and 2D NMR and in comparison with the literature [35,40,41] are
presented in Table 1.

4. Discussion

In this study, the spectra revealed the presence of different classes of metabolites
including amino acids and mono- and polyunsaturated fatty acids and organic acids. In
addition, 13 amino acids were identified in at least one of the samples evaluated using
water or methanol as solvents in spectral regions compatible with the description in the
literature, ranging 0.50–8.50 ppm [35,42]. The choice of solvent used to swell the samples
showed great importance for identifying the compounds present in the microalgae matrix.
Spectra recorded with the addition of methanol and water, for example, were able to
increase molecular mobility and, thus, result in more defined and resolved signals that
identified more compounds than chloroform, with amino acids and organic acids emerging
in the spectra. However, monounsaturated fatty acids and PUFAs were identified more
frequently with chloroform.

Some compounds seem to be characteristic markers according to the species of mi-
croalgae analyzed, with N. oceanica showing the greatest diversity of compounds, followed
by C. weissflogii and C. muelleri. We emphasize that, unlike other species of the genus
Nannochloropsis, N. oceanica has been described as having mostly lipids and proteins,
which represent approximately half of the dry weight of the biomass, according to Zanella
and Vianello (2020). This genus of microalgae has high photosynthetic efficiency and can
convert carbon dioxide to storage lipids mainly in the form of triacylglycerols and to the
$-3 long-chain polyunsaturated fatty acid eicosapentaenoic acid (EPA) [17]. Interestingly,
N. oceanica was the only coastal species evaluated that presented, at 8.47 s, a characteristic
peak of formate. Inhibition of the folate biosynthetic pathway, which may have formate
as a product, has been proposed as a promising target for the development of several
antimicrobial compounds with cytotoxic activity against tumor cells, for example [43–45].
In addition, formate can act as a by-product of anaerobic fermentation of some bacterial
species and interfere, as a secondary metabolite, in different pathophysiological conditions.

With regard to fatty acids, which are already widely recognized as important metabo-
lites present and biotechnologically important in microalgae of the genus Nannochloropsis,
and EPA and PUFAS [37,42], which are the major fatty acids in N. oceanica, only this mi-
croalgae presented omega-3 fatty acids ($-3), and this metabolite is referenced by many
authors as beneficial to human and animal health, as well as in the pharmaceutical, food,
environmental, and cosmetic industries [17,42].

On the other hand, recent studies have proposed that α-linolenic acid (ALA), EPA,
and docosahexaenoic acid (DHA) are major bioactive compounds in different species of the
genus Chaetoceros [46].

Surprisingly, among the evaluated polyunsaturated fatty acids in the metabolomics
analyses for C. muelleri, only methylic$-3 (0.98 t) was not identified, contrary to the findings
of Ramos et al (2022), which identified potential antibacterial activity in extracts of differ-
ent polarities which contained this metabolite through 1H Nuclear Magnetic Resonance
(NMR) analysis.

To the best of our knowledge, this is the first study that characterizes metabolites
through assays with 1H HR-MAS NMR of C. weissflogii, which is a model species for environ-
mental studies and in the development of energy and feed supplements for animals [47,48].
Since before its reclassification (previously known as Thalassiosira weissflogii) [48,49], this
species has demonstrated important cytotoxic and immunomodulatory bioactivity related
to the presence of polysaccharides, as well as the important production of metabolites that
are toxic against different microorganisms; for example, it interferes with quorum sensing
and the adhesion and formation of bacterial biofilms [47,50,51].

Therefore, metabolomics studies of species belonging to coastal ecosystems—such
as microalgae, which suffer intensely from abiotic factors such as constant changes due
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to seasonal heat input and thermal stratification, as well as ecosystem variations—are
increasingly necessary. Such studies are necessary in order to understand specific responses
of organisms to abiotic stressors and the organism–environment interactions and between
the communities that constitute this niche [52].

In this sense and in corroboration with the objectives of the Brazilian Biotecmar [14]
strategy, innovative, technological strategies are necessary to favor marine biotechnology
as a whole. These strategies would aid in the understanding of the impacts of each
individual that comprises this ecosystem on the biosphere, the monitoring of the impacts
of environmental disturbances, and the use of bioactive metabolites for the development
of therapeutic products in favor of sustainable development and the maintenance of
One Health.

5. Conclusions

The fingerprinting approach of coastal microalgae by HR-MAS NMR proved to be
an interesting tool to identify metabolites with minimal sample preparation that may
contribute to future investigations of unpublished compounds or little explored compounds,
which can contribute to the development of biotechnological products. Marine microalgae,
such as the diatom Conticribra weissflogii, the major chemical composition of which has
been described for the first time in this study, have highlighted as a fundamental element
in the food chains of aquatic ecosystems, in addition to its use in the production of food
and new drugs. In addition, our study allowed us to identify different metabolite profiles
among the three evaluated species, evidencing the possibility of these marine microalgae
to act as raw materials for bioactive compounds applied to One Health, the food industry,
animal production, and cosmetics. Lastly, the results demonstrate that methanol was the
best solvent; however, it must be noted that the choice in the solvent depends on the type
of compound ones wants to extract.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo13020202/s1, Figure S1. 1H-13C one-bond correlation
map from multiplicity edited HSQC NMR experiment acquired from Conticribra weissflogii (1H and
13C, 600 and 150 MHz, D2O)—regions A, B, and C; Figure S2. Ampliation from 1H-13C one-bond
correlation map from multiplicity edited HSQC NMR experiment acquired from Conticribra weissflogii
(1H and 13C, 600 and 150 MHz, D2O)—region A; Figure S3. Ampliation from 1H-13C one-bond
correlation map from multiplicity edited HSQC NMR experiment acquired from Conticribra weissflogii
(1H and 13C, 600 and 150 MHz, D2O)—region B; Figure S4. Ampliation from 1H-13C one-bond
correlation map from multiplicity edited HSQC NMR experiment acquired from Conticribra weissflogii
(1H and 13C, 600 and 150 MHz, D2O)—region C; Figure S5. 1H-13C one-bond correlation map from
multiplicity edited HSQC NMR experiment acquired from Chaetoceros muelleri (1H and 13C, 600.13 and
150.92 MHz, CD3OD)—regions A, B, and C; Figure S6. Ampliation from 1H-13C one-bond correlation
map from multiplicity edited HSQC NMR experiment acquired from Chaetoceros muelleri (1H and 13C,
600.13 and 150.92 MHz, CD3OD)—region A; Figure S7. Ampliation from 1H-13C one-bond correlation
map from multiplicity edited HSQC NMR experiment acquired from Chaetoceros muelleri (1H and 13C,
600.13 and 150.92 MHz, CD3OD)—region B; Figure S8. Ampliation from 1H-13C one-bond correlation
map from multiplicity edited HSQC NMR experiment acquired from Chaetoceros muelleri (1H and 13C,
600.13 and 150.92 MHz, CD3OD)—region C; Figure S9. 1H-13C long-distance correlation map HMBC
NMR experiment acquired from Chaetoceros muelleri (1H and 13C, 600.13 and 150.92 MHz, CD3OD);
Figure S10. 1H-13C one-bond correlation map from multiplicity edited HSQC NMR experiment
acquired from Nannochloropsis oceanica (1H and 13C, 600.13 and 150.92 MHz, CD3OD)—regions A,
B, and C; Figure S11. Ampliation from 1H-13C one-bond correlation map from multiplicity edited
HSQC NMR experiment acquired from Nannochloropsis oceanica (1H and 13C, 600.13 and 150.92 MHz,
CD3OD)—region A; Figure S12. Ampliation from 1H-13C one-bond correlation map from multiplicity
edited HSQC NMR experiment acquired from Nannochloropsis oceanica (1H and 13C, 600.13 and
150.92 MHz, CD3OD)—region B; Figure S13. Ampliation from 1H-13C one-bond correlation map
from multiplicity edited HSQC NMR experiment acquired from Nannochloropsis oceanica (1H and 13C,
600.13 and 150.92 MHz, CD3OD)—region C.

https://www.mdpi.com/article/10.3390/metabo13020202/s1
https://www.mdpi.com/article/10.3390/metabo13020202/s1


Metabolites 2023, 13, 202 9 of 11

Author Contributions: Conceptualization, C.D.R.M.D. and D.F.R.; methodology, C.d.S.C.C., T.K.M.
and M.d.F.C.S.; formal analysis, M.G.M.D.; investigation, C.d.S.C.C., M.d.F.C.S. and F.R.; resources,
D.F.R. and P.C.A.; data curation, M.G.M.D.; writing—original draft preparation, C.d.S.C.C. and
M.d.F.C.S.; writing—review and editing, C.d.S.C.C., M.d.F.C.S., M.G.M.D., C.D.R.M.D. and F.R.;
supervision and project administration, C.D.R.M.D., D.F.R. and P.C.A.; funding acquisition, D.F.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq), grant number 428243/2018-5 and Research Productivity, Grant number 305921/2019-3.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Figures 1–3, Table 1,
and Figures S1–S4 in the Supplementary Material.

Acknowledgments: This work is dedicated to the memory of our dear colleague and mentor, Pro-
fessor Paulo Cesar Abreu, who passed away on 19 July 2022. During his career, he made a notable
contribution to research on microalgae, biofuels, and metabolites of commercial interest. Furthermore,
the authors thank the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES),
Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Rede Brasileira de Pesquisa
em Tuberculose (REDE-TB), and Fundação de Amparo à Pesquisa do Estado do Rio Grande do
Sul (FAPERGS).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Altmann, K.H. Drugs from the oceans: Marine natural products as leads for drug discovery. Chimia 2017, 71, 646–651. [CrossRef]

[PubMed]
2. Martins, A.; Vieira, H.; Gaspar, H.; Santos, S. Marketed marine natural products in the pharmaceutical and cosmeceutical

industries: Tips for success. Mar. Drugs 2014, 12, 1066–1101. [CrossRef] [PubMed]
3. Blunt, J.W.; Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2018, 34,

235–294. [CrossRef]
4. Guiry, M.D. How many species of algae are there? J. Phycol. 2012, 48, 1057–1063. [CrossRef]
5. Hopes, A.; Mock, T. Evolution of Microalgae and Their Adaptations in Different Marine Ecosystems. eLS 2015, 1–9. [CrossRef]
6. Lauritano, C.; Ferrante, M.I.; Rogato, A. Marine Natural Products from Microalgae: An -Omics Overview. Mar. Drugs 2019, 17,

269. [CrossRef]
7. Matos, Â.P. The Impact of Microalgae in Food Science and Technology. JAOCS J. Am. Oil Chem. Soc. 2017, 94, 1333–1350. [CrossRef]
8. Borowitzka, M.A. High-value products from microalgae-their development and commercialization. J. Appl. Phycol. 2013, 25,

743–756. [CrossRef]
9. Gul, W.; Hamann, M.T. Indole alkaloid marine natural products: An established source of cancer drug leads with considerable

promise for the control of parasitic, neurological and other diseases. Life Sci. 2005, 78, 442–453. [CrossRef]
10. Habbu, P.; Warad, V.; Shastri, R.; Madagundi, S.; Kulkarni, V.H. Antimicrobial metabolites from marine microorganisms. Chin. J.

Nat. Med. 2016, 14, 101–116. [CrossRef]
11. Mayer, A.M.S.; Rodríguez, A.D.; Taglialatela-Scafati, O.; Fusetani, N. Marine pharmacology in 2009–2011: Marine compounds

with antibacterial, antidiabetic, antifungal, anti-inflammatory, antiprotozoal, antituberculosis, and antiviral activities; affecting
the immune and nervous systems, and other miscellaneous mechanisms of action. Mar. Drugs 2013, 11, 2510–2573. [CrossRef]
[PubMed]

12. Roselet, F.; Vandamme, D.; Muylaert, K.; Abreu, P.C. Harvesting of microalgae for biomass production. In Microalgae Biotechnology
for Development of Biofuel and Wastewater Treatment; Springer: Singapore, 2019. [CrossRef]

13. de Freitas Coêlho, D.; Tundisi, L.L.; Cerqueira, K.S.; da Silva Rodrigues, J.R.; Mazzola, P.G.; Tambourgi, E.B.; de Souza, R.R.
Microalgae: Cultivation aspects and bioactive compounds. Braz. Arch. Biol. Technol. 2019, 62, e19180343. [CrossRef]

14. Thompson, F.; Krüger, R.; Thompson, C.C.; Berlinck, R.G.S.; Coutinho, R.; Landell, M.F.; Pavão, M.; Mourão, P.A.S.; Salles, A.;
Negri, N.; et al. Marine Biotechnology in Brazil: Recent Developments and Its Potential for Innovation. Front. Mar. Sci. 2018, 5,
236. [CrossRef]

15. Radakovits, R.; Jinkerson, R.E.; Fuerstenberg, S.I.; Tae, H.; Settlage, R.E.; Boore, J.L.; Posewitz, M.C. Draft genome sequence and
genetic transformation of the oleaginous alga Nannochloropis gaditana. Nat. Commun. 2012, 3, 686. [CrossRef] [PubMed]

16. Al-Hoqani, U.; Young, R.; Purton, S. The biotechnological potential of Nannochloropsis. Perspect. Phycol. 2017, 4, 1–15. [CrossRef]
17. Ma, X.N.; Chen, T.P.; Yang, B.; Liu, J.; Chen, F. Lipid production from Nannochloropsis. Mar. Drugs 2016, 14, 61. [CrossRef]

http://doi.org/10.2533/chimia.2017.646
http://www.ncbi.nlm.nih.gov/pubmed/29070409
http://doi.org/10.3390/md12021066
http://www.ncbi.nlm.nih.gov/pubmed/24549205
http://doi.org/10.1039/C6NP00124F
http://doi.org/10.1111/j.1529-8817.2012.01222.x
http://doi.org/10.1002/9780470015902.a0023744
http://doi.org/10.3390/md17050269
http://doi.org/10.1007/s11746-017-3050-7
http://doi.org/10.1007/s10811-013-9983-9
http://doi.org/10.1016/j.lfs.2005.09.007
http://doi.org/10.1016/S1875-5364(16)60003-1
http://doi.org/10.3390/md11072510
http://www.ncbi.nlm.nih.gov/pubmed/23880931
http://doi.org/10.1007/978-981-13-2264-8_10
http://doi.org/10.1590/1678-4324-2019180343
http://doi.org/10.3389/fmars.2018.00236
http://doi.org/10.1038/ncomms1688
http://www.ncbi.nlm.nih.gov/pubmed/22353717
http://doi.org/10.1127/pip/2016/0065
http://doi.org/10.3390/md14040061


Metabolites 2023, 13, 202 10 of 11

18. Ben-Sheleg, A.; Khozin-Godberg, I.; Yaakov, B.; Vonshak, A. Characterization of nannochloropsis oceanica rose bengal mutants
sheds light on acclimation mechanisms to high light when grown in low temperature. Plant Cell Physiol. 2021, 62, 1478–1493.
[CrossRef]

19. Guedes, A.C.; Malcata, F. Nutritional Value and Uses of Microalgae in Aquaculture. In Aquaculture; IntechOpen: London, UK,
2012. [CrossRef]

20. Serôdio, J.; Lavaud, J. Diatoms and Their Ecological Importance. In Life Below Water. Encyclopedia of the UN Sustainable Development
Goals; Leal Filho, W., Azul, A.M., Brandli, L., Lange Salvia, A., Wall, T., Eds.; Springer: Cham, Switzerland, 2020. [CrossRef]

21. Radchenko, I.G.; Il’yash, L.V. Growth and photosynthetic activity of diatom Thalassiosira weissflogii at decreasing salinity. Biol.
Bull. 2006, 33, 242–247. [CrossRef]

22. Halac, S.R.; Villafañe, V.E.; Helbling, E.W. Temperature benefits the photosynthetic performance of the diatoms Chaetoceros gracilis
and Thalassiosira weissflogii when exposed to UVR. J. Photochem. Photobiol. B Biol. 2010, 101, 196–205. [CrossRef]

23. Antal, T.K.; Osipov, V.; Matorin, D.N.; Rubin, A.B. Membrane potential is involved in regulation of photosynthetic reactions in
the marine diatom Thalassiosira weissflogii. J. Photochem. Photobiol. B Biol. 2011, 102, 169–173. [CrossRef]

24. Klein Breteler, W.C.M.; Schogt, N.; Rampen, S. Effect of diatom nutrient limitation on copepod development: Role of essential
lipids. Mar. Ecol. Prog. Ser. 2005, 291, 125–133. [CrossRef]

25. Farooq, H.; Courtier-Murias, D.; Soong, R.; Bermel, W.; Kingery, W.M.; Simpson, A.J. HR-MAS NMR Spectroscopy: A Practical
Guide for Natural Samples. Curr. Org. Chem. 2013, 17, 3013–3031. [CrossRef]

26. Keifer, P.A.; Baltusis, L.; Rice, D.M.; Tymiak, A.A.; Shoolery, J.N. A comparison of NMR spectra obtained for solid-phase-synthesis
resins using conventional high-resolution, magic-angle-spinning, and high-resolution magic-angle-spinning probes. J. Magn.
Reson. Ser. A 1996, 119, 65–75. [CrossRef]

27. Lindon, J.C.; Beckonert, O.P.; Holmes, E.; Nicholson, J.K. High-resolution magic angle spinning NMR spectroscopy: Application
to biomedical studies. Prog. Nucl. Magn. Reson. Spectrosc. 2009, 55, 79–100. [CrossRef]

28. Dutra, L.M.; da Conceição Santos, A.D.; Lourenço, A.V.F.; Nagata, N.; Heiden, G.; Campos, F.R.; Barison, A. 1H HR-MAS NMR
and chemometric methods for discrimination and classification of Baccharis (Asteraceae): A proposal for quality control of
Baccharis trimera. J. Pharm. Biomed. Anal. 2020, 184, 113200. [CrossRef]

29. Ali, S.; Rech, K.S.; Badshah, G.; Soares, F.L.F.; Barison, A. 1H HR-MAS NMR-Based Metabolomic Fingerprinting to Distinguish
Morphological Similarities and Metabolic Profiles of Maytenus ilicifolia, a Brazilian Medicinal Plant. J. Nat. Prod. 2021, 84,
1707–1714. [CrossRef]

30. da Conceição Santos, A.D.; Fonseca, F.A.; Dutra, L.M.; de Fátima Costa Santos, M.; Menezes, L.R.A.; Campos, F.R.; Nagata, N.;
Ayub, R.; Barison, A. 1H HR-MAS NMR-based metabolomics study of different persimmon cultivars (Diospyros kaki) during fruit
development. Food Chem. 2018, 239, 511–519. [CrossRef]

31. Chauton, M.S.; Størseth, T.R.; Krane, J. High-resolution magic angle spinning NMR analysis of whole cells of Chaetoceros muelleri
(Bacillariophyceae) and comparison with 13C-NMR and distortionless enhancement by polarization transfer 13C-NMR analysis
of lipophilic extracts. J. Phycol. 2004, 40, 611–618. [CrossRef]

32. Couto, C.; Hernández, C.P.; Alves Sobrinho, R.C.M.; Mendes, C.R.B.; Roselet, F.; Abreu, P.C. Optimization of a low-cost fertilizer-
based medium for large-scale cultivation of the coastal diatom Conticribra weissflogii using response surface methodology and its
effects on biomass composition. J. Appl. Phycol. 2021, 33, 2767–2781. [CrossRef]

33. Kubelka, B.G.; Roselet, F.; Pinto, W.T.; Abreu, P.C. The action of small bubbles in increasing light exposure and production of the
marine microalga Nannochloropsis oceanica in massive culture systems. Algal Res. 2018, 35, 569–576. [CrossRef]

34. Roselet, F.; Vandamme, D.; Roselet, M.; Muylaert, K.; Abreu, P.C. Effects of pH, Salinity, Biomass Concentration, and Algal
Organic Matter on Flocculant Efficiency of Synthetic Versus Natural Polymers for Harvesting Microalgae Biomass. Bioenergy Res.
2017, 10, 427–437. [CrossRef]

35. Martínez-Bisbal, M.C.; Carbó Mestre, N.; Martínez-Máñez, R.; Bauzá, J.; Alcañiz Fillol, M. Microalgae degradation follow up
by voltammetric electronic tongue, impedance spectroscopy and NMR spectroscopy. Sens. Actuators B Chem. 2019, 281, 44–52.
[CrossRef]

36. Sathasivam, R.; Radhakrishnan, R.; Hashem, A.; Abd_Allah, E.F. Microalgae metabolites: A rich source for food and medicine.
Saudi J. Biol. Sci. 2019, 26, 709–722. [CrossRef] [PubMed]

37. Zanella, L.; Vianello, F. Microalgae of the genus Nannochloropsis: Chemical composition and functional implications for human
nutrition. J. Funct. Foods 2020, 68, 103919. [CrossRef]

38. Hughes, A.H.; Magot, F.; Tawfike, A.F.; Rad-Menéndez, C.; Thomas, N.; Young, L.C.; Stucchi, L.; Carettoni, D.; Stanley, M.S.;
Edrada-Ebel, R.; et al. Exploring the chemical space of macro-and micro-algae using comparative metabolomics. Microorganisms
2021, 9, 311. [CrossRef]

39. Park, Y.H.; Han, S.-I.; Oh, B.; Kim, H.S.; Jeon, M.S.; Kim, S.; Choi, Y.-E. Microalgal secondary metabolite productions as a
component of biorefinery: A review. Biooresour. Technol. 2022, 344 Pt A, 126206. [CrossRef]

40. Abreu, A.C.; Molina-Miras, A.; Aguilera-Saéz, L.M.; López-Rosales, L.; Cerón-Garciá, M.D.C.; Sánchez-Mirón, A.; Olmo-Garciá,
L.; Carrasco-Pancorbo, A.; Garciá-Camacho, F.; Molina-Grima, E.; et al. Production of Amphidinols and Other Bioproducts of
Interest by the Marine Microalga Amphidinium carterae Unraveled by Nuclear Magnetic Resonance Metabolomics Approach
Coupled to Multivariate Data Analysis. J. Agric. Food Chem. 2019, 67, 9667–9682. [CrossRef]

http://doi.org/10.1093/pcp/pcab094
http://doi.org/10.5772/30576
http://doi.org/10.1007/978-3-319-71064-8_12-1
http://doi.org/10.1134/S106235900603006X
http://doi.org/10.1016/j.jphotobiol.2010.07.003
http://doi.org/10.1016/j.jphotobiol.2010.11.005
http://doi.org/10.3354/meps291125
http://doi.org/10.2174/13852728113179990126
http://doi.org/10.1006/jmra.1996.0052
http://doi.org/10.1016/j.pnmrs.2008.11.004
http://doi.org/10.1016/j.jpba.2020.113200
http://doi.org/10.1021/acs.jnatprod.0c01094
http://doi.org/10.1016/j.foodchem.2017.06.133
http://doi.org/10.1111/j.1529-8817.2004.03134.x
http://doi.org/10.1007/s10811-021-02519-8
http://doi.org/10.1016/j.algal.2018.09.030
http://doi.org/10.1007/s12155-016-9806-3
http://doi.org/10.1016/j.snb.2018.10.069
http://doi.org/10.1016/j.sjbs.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31048995
http://doi.org/10.1016/j.jff.2020.103919
http://doi.org/10.3390/microorganisms9020311
http://doi.org/10.1016/j.biortech.2021.126206
http://doi.org/10.1021/acs.jafc.9b02821


Metabolites 2023, 13, 202 11 of 11

41. Ma, N.L.; Aziz, A.; Teh, K.Y.; Lam, S.S.; Cha, T.S. Metabolites Re-programming and Physiological Changes Induced in Scenedesmus
regularis under Nitrate Treatment. Sci. Rep. 2018, 8, 9746. [CrossRef]

42. Azizan, A.; Bustamam, M.S.A.; Maulidiani, M.; Shaari, K.; Ismail, I.S.; Nagao, N.; Abas, F. Metabolite profiling of the microalgal di-
atom chaetoceros calcitrans and correlation with antioxidant and nitric oxide inhibitory Activities via 1H NMR-Based Metabolomics.
Mar. Drugs 2018, 16, 154. [CrossRef]

43. Crable, B.R.; Plugge, C.M.; McInerney, M.J.; Stams, A.J.M. Formate formation and formate conversion in biological fuels
production. Enzym. Res. 2011, 2011, 532536. [CrossRef]

44. Pietzke, M.; Meiser, J.; Vazquez, A. Formate metabolism in health and disease. Mol. Metab. 2020, 33, 23–37. [CrossRef] [PubMed]
45. Eadsforth, T.C.; Gardiner, M.; Maluf, F.V.; McElroy, S.; James, D.; Frearson, J.; Gray, D.; Hunter, W.N. Assessment of Pseudomonas

aeruginosa N5,N10-methylenetetrahydrofolate dehydrogenase-cyclohydrolase as a potential antibacterial drug target. PLoS ONE
2012, 7, e35973. [CrossRef] [PubMed]

46. Ramos, D.F.; Bartolomeu Halicki, P.C.; da Silva Canielles Caprara, C.; Borges, P.; da D’Oca, C.R.M.; de Santos, M.F.C.; D’Oca,
M.G.M.; Roselet, F.; Almeida da Silva, P.E.; Abreu, P.C. Chemical Profile and Antimicrobial Activity of the Marine Diatom
Chaetoceros muelleri. Chem. Biodivers. 2022, 19, e202100846. [CrossRef] [PubMed]

47. Sonnenschein, E.C.; Syit, D.A.; Grossart, H.P.; Ullrich, M.S. Chemotaxis of Marinobacter adhaerens and its impact on attachmentto
the diatom Thalassiosira weissflogii. Appl. Environ. Microbiol. 2012, 78, 6900–6907. [CrossRef] [PubMed]

48. Li, L.; Wang, H.; Wang, S.; Xu, Y.; Liang, H.; Liu, H.; Sonnenschein, E.C. The Draft Genome of the Centric Diatom Conticribra
weissflogii (Coscinodiscophyceae, Ochrophyta). Protist 2021, 172, 125845. [CrossRef] [PubMed]

49. Stachura-Suchoples, K.; Williams, D.M. Description of Conticribra tricircularis, a new genus and species of Thalassiosirales, with a
discussion on its relationship to other continuous cribra species of Thalassiosira Cleve (Bacillariophyta) and its freshwater origin.
Eur. J. Phycol. 2009, 44, 477–486. [CrossRef]

50. Ribalet, F.; Intertaglia, L.; Lebaron, P.; Casotti, R. Differential effect of three polyunsaturated aldehydes on marine bacterial
isolates. Aquat. Toxicol. 2008, 86, 249–255. [CrossRef]

51. Rizzi, J.; Moro, T.R.; Winnischofer, S.M.B.; Colusse, G.A.; Tamiello, C.S.; Trombetta-Lima, M.; Noleto, G.R.; Dolga, A.M.; Duarte,
M.E.R.; Noseda, M.D. Chemical structure and biological activity of the (1→ 3)-linked β-D-glucan isolated from marine diatom
Conticribra weissflogii. Int. J. Biol. Macromol. 2022, 224, 584–593. [CrossRef]

52. Barrera-Alba, J.J.; Abreu, P.C.; Tenenbaum, D.R. Seasonal and inter-annual variability in phytoplankton over a 22-year period in a
tropical coastal region in the southwestern Atlantic Ocean. Cont. Shelf Res. 2019, 176, 51–63. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41598-018-27894-0
http://doi.org/10.3390/md16050154
http://doi.org/10.4061/2011/532536
http://doi.org/10.1016/j.molmet.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31402327
http://doi.org/10.1371/journal.pone.0035973
http://www.ncbi.nlm.nih.gov/pubmed/22558288
http://doi.org/10.1002/cbdv.202100846
http://www.ncbi.nlm.nih.gov/pubmed/35290725
http://doi.org/10.1128/AEM.01790-12
http://www.ncbi.nlm.nih.gov/pubmed/22820333
http://doi.org/10.1016/j.protis.2021.125845
http://www.ncbi.nlm.nih.gov/pubmed/34916152
http://doi.org/10.1080/09670260903225431
http://doi.org/10.1016/j.aquatox.2007.11.005
http://doi.org/10.1016/j.ijbiomac.2022.10.147
http://doi.org/10.1016/j.csr.2019.02.011

	Introduction 
	Materials and Methods 
	Microalgae Cultivation 
	Biomass Harvesting 
	Sample Preparation for 1H HR-MAS NMR 
	Acquisition of 1H HR-MAS NMR Spectra 
	Sample Preparation and Acquisition of 1D and 2D NMR Spectra 

	Results 
	Discussion 
	Conclusions 
	References

