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Abstract: The biochemical composition, molecular diversity, and two different bioactivities of
Asparagopsis armata and Rugulopteryx okamurae (two alien species with different invasive patterns in
the southern Iberian Peninsula) were analyzed through spectrophotometric methods and Fourier
transform ion cyclotron mass spectroscopy (FT-ICR-MS). A total of 3042 molecular formulas were
identified from the different extracts. The dH2O extracts were the most molecularly different.
A. armata presented the highest content of nitrogenous compounds (proteins, CHON) and sul-
phur content, whereas R. okamurae was rich in carbonated compounds (total carbon, lipids, CHO,
and CHOP). Antioxidant capacity and phenolic content were higher in R. okamurae than in A. armata.
Antimicrobial activity was detected from both species. A. armata showed capacity to inhibit human
and fish pathogens (e.g., Staphylococcus aureus or Vibrio anguillarum), whereas R. okamurae only showed
inhibition against human bacteria (Staphylococcus aureus and Cutibacterium acnes). In R. okamurae,
molecules with a great number of pharmaceutical activities (e.g., anti-inflammatory or antitumoral),
antibacterial, biomaterial, and other utilities were found. The main molecules of A. armata had also
pharmaceutical applications (e.g., antimalarian, antithrombotic, anti-inflammatory, or antiarthritis).
The valorization of these species can help to counteract the environmental effects of the bioinvasions.

Keywords: antioxidant capacity; Asparagopsis armata; molecular composition; polyphenols;
Rugulopteryx okamurae; ultrahigh resolution mass spectrometry

1. Introduction

Introduced or non-native species are considered one of the major threats to biodiversity,
ecosystems, and resource values of the world’s oceans [1–4]. Invasive species can produce high
ecological impacts, modifying natural habitats, trophic relations, and community structures,
thereby reducing the growth capacity of native species [5]. Climate change is related to these
invasions since the increased temperature is favouring the colonization of exotic species [6].
Bioinvasions also produce socio-economical consequences, which affect the fishing or tourism
sectors, among others. The cost of the control, management, and remediation of these bioin-
vasions is very high [7–9]. Seaweeds constitute a dominant group of invasive species, with
the Mediterranean Sea being one of the most affected areas [10,11]. Several invasive seaweeds
have produced an extreme impact on the marine environment, such as Undaria pinnatifida in
Europe and Argentina [12,13] or Ulva prolifera in the Yellow Sea and East Sea of China [14].
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Shipping trade and aquaculture activities have been identified as the main pathways for in-
troducing species in marine environments [15–17]. In the Iberian Peninsula, forty-one exotic
seaweeds have been recorded [18], although only fifteen species are included in the Spanish
catalogue of invasive species [19]. Both species used in this work: Asparagopsis armata Harvey
(Bonnemaisonilaes, Rhodophyta) and Rugulopteryx okamurae ((E.Y.Dawson) I.K. Hwang, W.J.
Lee & H.S. Kim) (Dictyotales, Ochrophyta) are included in the catalogue. R. okamurae, the most
recent, was included in 2020.

The Rhodophyta A. armata is native to southern Australia and New Zealand [20].
Nowadays, this species is distributed in most of the temperate and tropical waters of
the world. It is recognized as a globally invasive species and is considered one of the
world’s “100 worst invasives” [21]. The introduction of A. armata into the Mediterranean
Sea is likely to be related to the opening of the Suez Canal and marine transport (fouling
or ballast water) [22]. On the Andalusian coast, it can be found from Cadiz to Almeria,
forming natural vegetation belts on exposed coasts. The genus Asparagopsis presents a
triphasic life cycle with a haploid gametophyte and a diploid filamentous tetrasporophyte
(named Falkenbergia, that in the first instance was considered a separate species) [23].
Tetrasporophytes can be dispersed through marine currents, releasing haploid tetraspores
that will form new thallus in different areas.

In the last years, Ochrophyta R. okamurae has been causing a drastic invasion on the
Andalusian coast. In 2015, R. okamurae was detected on the coast of Ceuta and northern
Morocco [24] and in the Strait of Gibraltar [25,26]. One year later, R. okamurae covered most
of the rocky areas from 0 to 40 m depth in the Strait of Gibraltar [27,28]. This species presents
vegetative propagules, tetra, and monospores, which explains the rapid propagation of this
species in the area [25]. Northern Africa and the southern Iberian Peninsula constitute the
most intensely affected area by the brown alga, which continues its expansion westward
and eastward with a trend to monopolize the sea rocky bottom to the detriment of the
photophilous resident biota. This species can be floating and transported by the horizontal
and vertical currents from the hot point of the Gibraltar Strait until far-extending areas [28],
colonizing them or producing high-density beach cast events. R. okamurae is drastically
reducing the biodiversity [29,30] of an area with high ecological status, such as the Atlantic
coast [31,32] and the Mediterranean Sea [33]. The first citation of this species in Europe was
in 2002 in the Thau lagoon (France), associated with oyster aquaculture [34]. In the Strait of
Gibraltar, it is believed to have been introduced through ballast waters due to high marine
trade in the area (Algeciras (Spain) and TangerMed, (Morocco) harbors) [28].

Forming algae blooms and invasive species can be used as a biomass source for
the extraction of bioactive compounds for different applications [18,35,36]. This can be
a strategy to obtain unique bioactive compounds from highly available biomass and,
therefore contribute to the mitigation of the negative effects caused by the alien species
through the collection. Over the last decades, the red algae, A. armata have been stud-
ied for their capacity to produce bioactive compounds, with the main results point-
ing towards their high potential as producers of antioxidant [37–39], antifouling [40],
antimicrobial [41–43], or antiviral [44] compounds. However, in R. okamurae, there are only
a few publications on biochemical composition or bioactivities. Terpenoids are almost the
sole molecules studied in R. okamurae, as they are interesting target compounds for being
exploited by the industry as feeding deterrents, antifungals, antibiotics, anti-inflammatories,
insecticides, or antivirals [45–51]. Metabolomics studies can help to elucidate the presence
of new molecules with promising applications in those species.

The aim of this study was (1) to analyze the biochemical composition, molecular
diversity, and bioactivities of both invasive species; (2) to evaluate the similarities and
differences in compounds possibly related to the invasion success; and (3) to determine
promising targeted molecules for miscellaneous biotechnological applications.
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2. Results
2.1. Biochemical Composition

The content of organic matter, ashes, total internal carbon, nitrogen, and sulphur, as
well as the carbohydrates, proteins, and lipids content are shown in Table 1. All variables
analyzed showed significant differences between both species (Student’s t-test, p < 0.05).

Table 1. Content of organic matter, ashes, total internal carbon, nitrogen and sulphur, total
proteins, carbohydrates, lipids (%), and C:N ratio from the biomass of Asparagopsis armata and
Rugulopteryx okamurae. Values are expressed as average ± standard deviation (SD) (n = 3).

A. armata R. okamurae

Organic matter 58.2 ± 1.4 72.2 ± 1.4
Ashes 41.8 ± 1.4 27.8 ± 1.4

Carbon 19.0 ± 0.9 35.3 ± 0.3
Nitrogen 2.3 ± 0.3 1.7 ± 0.1

C:N 8.6 ± 0.7 19.9 ± 1.0
Sulphur 1.9 ± 0.3 0.8 ± 0.1

Total proteins 10.56 ± 0.8 9.15 ± 0.6
Carbohydrates 13.73 ± 2.1 8.8 ± 0.4

Lipids 2.5 ± 0.1 8.0 ± 0.4

The organic matter was higher in Ruguloteryx okamurae than in Asparagosis armata (72.2
and 58.2%, respectively), whereas ashes were higher in A. armata than in R. okamurae (41.8 and
27.8%, respectively). The different compounds can be divided into carbonated or nitrogenous.
R. okamurae presented a higher C content, whereas A. armata presented a higher N percentage.
Therefore, the C:N ratio was much higher in R. okamurae. A. armata also presented the highest
content of total sulphur, total proteins, and carbohydrates, whereas R. okamurae presented the
highest lipids content.

The total phenolic compounds (TPC) of both species are shown in Figure 1. Different
solvents (aqueous and hydroalcoholic) were compared for the extraction of these molecules
and PVPP was used to obtain a more accurate content. R. okamurae presented a higher
phenolic compound content than A. armata. In R. okamurae, the highest content was obtained
when the extraction was made in the two combinations of dH2O:EtOH solvents. After the
use of PVPP, TPC content drastically decreased (around 68–84%, depending on the solvent
used). In A. armata, TPC content was highest in the two combinations of dH2O:EtOH and
in dH2O:MeOH (1:4). In this case, the decrease in the phenol content after the use of PVPP
was much higher (around 88–94%, depending on the solvent used).

2.2. Molecular Diversity and Published Bioactivities

A total of 3042 molecular formulas were identified from the extracts of both species.
In Figure 2, the formulas are grouped according to their heteroatomic composition. In
A. armata, the CHON content exceeded the CHO content in all extracts, with a maximum
of 44% and 42% in dH2O:EtOH (1:4) and dH2O:MeOH (1:1), respectively. The percentage
of CHO compounds varied from 16 to 34% and of “others” from 15 to 21%. The presence
of CHOS was also significant, with a maximum of 28% in the aqueous solution. CHOP
content was minimal in this species. R. okamurae presented a majority of CHO formulas
in all extracts, with more than 50% of the total number of formulas. In this species,
CHON formulas are less abundant, ranging from 7 to 12%. Contrary to A. armata, CHOP
formulas are more abundant in this species, ranging from 9% in dH2O:MeOH (1:1) to 22%
in dH2O:MeOH (1:4). Table S1 shows the percentages of the different molecular groups.
A. armata extracts were more enriched in unsaturated formulas (with nitrogen -N- and
oxygen -O- poor), especially using dH2O:EtOH (1:1), dH2O:EtOH (1:4), and dH2O:MeOH
(1:4). This species also showed a high aromatic content (O poor) in the aqueous extract
(26 ± 4%). Saturated formulas were scarce all over the extracts, with a maximum of 4% in
A. armata dH2O:EtOH (1:1). R. okamurae extracts were more enriched in highly unsaturated
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formulas (O poor), exceedingly even 50% of the total molecular formulas in three of the
extracts. Unsaturated (O poor) and aromatic (O poor) were the next more abundant
groups in R. okamurae (19–35% and 10–20%, respectively). The dH2O extracts were the
most molecularly different in the two species (Figure 3), showing the highest number of
exclusive formulas (Table S1).

Figure 1. Total phenolic compounds (TPC) content before and after the use of PVPP (mg g−1 DW)
of the different extractions in different solvents, including water (dH2O), dH2O:Ethanol (EtOH)
(1:1), dH2O:EtOH (1:4), dH2O:Methanol (MeOH) (1:1), and dH2O:MeOH (1:4), from the biomass of
(A) Asparagopsis armata and (B) Rugulopteryx okamurae. Values are expressed as average ± standard
deviation (SD) (n = 3). Different letters indicate significant differences among solvents for each species
(ANOVA, p < 0.05, SNK test).

The molecular formulas with the highest intensities were further investigated for
the two species with the software ChemCrawler. Only those formulas with identified
bioactivities associated with an isomer of natural origin are shown (Tables 2 and 3). Those
isomers of artificial synthesis were discarded.

In A. armata (Table 2), three molecules (two chromones and one trihydroxyoctade-
cenoic acid) with anti-inflammatory activity and two with analgesic properties were found
in dH2O and dH2O:MeOH(1:4) [52–54]. Multiple other health benefits were observed in
the formula C22H28O11 in the form of chromones [55–58]. Metabolites with astringent
properties, iron chelators, nephroprotective agents, and members of the human blood
serum were also detected [59]. A non-essential amino acid with a nutraceutical, protective,
and micronutrient role has also been identified in dH2O:EtOH(1:1) [60]. The sweetener mal-
totriose (C18H32O16) has also been found in three extracts [61–63]. The second top isomer
of the same molecular formula C18H32O16 was associated with dextran, a natural product
with an anti-thrombotic effect [64] and bread texture improver [65]. A sesquiterpene lactone
(C20H24O8) with anti-malarial activity [66] and a phenolic (C23H30O11) with anti-tobacco
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mosaic virus (TMV) activity [67] were identified in dH2O:MeOH(1:4). Lastly, ascorbic acid
(Vitamin C) was also detected in dH2O:MeOH(1:4) [68].

Figure 2. Heteroatomic composition in relative abundance of the different extractions in different
solvents of water (dH2O), dH2O:Ethanol (EtOH) (1:1), dH2O:EtOH (1:4), dH2O:Methanol (MeOH)
(1:1), dH2O:MeOH (1:4), from the biomass of (A) Asparagopsis armata and (B) Rugulopteryx okamurae.

Figure 3. Bray–Curtis dissimilarity analyses of the different extracts in different solvents of wa-
ter (dH2O), dH2O:Ethanol (EtOH) (1:1), dH2O:EtOH (1:4), dH2O:Methanol (MeOH) (1:1), and

dH2O:MeOH (1:4), from the biomass of Asparagopsis armata (Asp) and Rugulopteryx okamu-
rae (Rug). All molecular formulas detected in the different samples via FT-ICR-MS signal intensities
were included, with black representing 100% similar and white 100% dissimilar.

In R. okamurae (Table 3), the majority of the most abundant molecular formulas were
present in all extracts, except the aqueous extract, which was the most molecularly different.
Among those, two prostaglandins were identified (C20H34O5 and C20H34O6) with roles
as an oxytocic, luteolytic, abortifacient, and vasodilator agents [69,70], together with a hy-
droxycoumarin (C10H8O5) with multiple medical applications [71–73]. Multiple sesquiter-
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penes were also present with the molecular formulas C24H34O10, C20H24O8, C19H28O6,
C17H20O7, C15H18O4, and C15H18O3, with a myriad of benefits, namely mycotoxic, anti-
malarial, anti-diabetic, anti-inflammatory, anti-tumoral, anti-allergenic, anti-fungal, and
anti-bacterial activity, among others [66,74–79]. A coumarin (C15H16O3) with antioxidant,
immunomodulatory, and estrogen-like properties was observed in all extracts, other than
the aqueous [80–82].

As both species present a relevant content of polyphenols, a search for common polyphe-
nols was reported. Twenty-eight polyphenols were found in both species, although only those
with the highest intensities and clear bioactivities are shown (Table 4). Various molecules
with antioxidant, anti-cancer, and anti-inflammatory activities were identified [83–87]. Anti-
bacterial activity against Staphylococcus epidermidis and Staphylococcus aureus [88], anti-leishmanial
agent [89], natural UV-A filtering agent [90], among other bio-activities, were also associated to
the top isomers of the common polyphenols.

A search for common terpenoids was also done. A total of six monoterpenes, namely
C10H16O, C10H16O2, C10H16O3, C10H16O4, C10H16O5, and C10H16N2O2, and four sesquiter-
penes, namely C15H24O2, C15H24O3, C15H24O4, and C15H24O6, were identified in both species.
Other sesquiterpenes were species-specific, and some of them were even found in high amounts,
mostly in R. okamurae (Tables 2 and 3). Monoterpenes and sesquiterpenes with sulphur con-
tent were only present in A. armata in the form of C10H16O10S, C10H16O11S, C10H16O12S, and
C14H24O15S. Diterpenoids (C20H32O) and sesterpenes (C25H40O9, C25H40O10) were only present
in R. okamurae.

Table 2. Identification of possible top isomers of natural origin, molecular types, and associated
bio-activities from the main formulas found in the different extraction solvents of water (dH2O),

dH2O:Ethanol (EtOH) (1:1), dH2O:EtOH (1:4), dH2O:Methanol (MeOH) (1:1), and dH2O:MeOH (1:4),
from the biomass of Asparagopsis armata.

Abbreviation Formulas Top Isomer(s) Molecule Type Bio-Activities Ref.

dH2O C18H34O5

Pinellic acid Trihydroxyoctadecenoic
acid

Adjuvant and an
anti-inflammatory agent [53]

9,10,13-
TriHOME

Monounsaturated fatty
acid

It has a role as a human blood
serum metabolite [91]

dH2O:EtOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:1)
C18H32O16

Maltotriose Trisaccharide

Sweetener produced from
starch

Used in baked goods, and
beer and other fermented

drinks production
Prebiotic effect

[61–63]

Dextran Glucan

Anti-thrombotic effect, blood
viscosity reducer and a

volume expander
Bread texture improvers

[64,65]

dH2O:EtOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:1)
C10H18N2O3 Dethiobiotin Conjugate acid

Agonists of nuclear receptor
subfamily 2, group E,
member 3 (NR2E3)

[92]

dH2O:EtOH(1:1) C8H12N2O2 Pyridoxamine Monohydroxypyridine

Human, Saccharomyces
cerevisiae, Escherichia coli,

plant, and mouse metabolite,
an iron chelator, and a
nephroprotective agent

[93]

dH2O:EtOH(1:1) C7H6O5 Gallic acid Phenolic

Astringent, a cyclooxygenase
2 inhibitor, a plant metabolite,

antioxidant, antineoplastic
agent, a human xenobiotic

metabolite, an EC 1.13.11.33
(arachidonate

15-lipoxygenase) inhibitor, an
apoptosis inducer, and a

geroprotector

[59]
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Table 2. Cont.

Abbreviation Formulas Top Isomer(s) Molecule Type Bio-Activities Ref.

dH2O:MeOH(1:1) C6H13N3O3 Citrulline Non-essential amino acid

EC 1.14.13.39 (nitric oxide
synthase) inhibitor, a

protective agent, a
nutraceutical, a micronutrient,
and a human, an Escherichia

coli, a Saccharomyces cerevisiae,
and a mouse metabolite

[60]

dH2O:MeOH(1:4) C22H28O11

Prim-O-
glucosylcimifugin Chromone

Anti-pyretic, analgesic and
anti-inflammatory activities

Used in many Kampo
prescriptions

Anti-rheumatoid,
anti-inflammatory,

immunosuppressive, and
pain-relieving properties

[52,55,56,58,94–96]

4′-O-Glucosyl-5-
O-

methylvisamminol
Chromone

Analgesic, anti-inflammatory,
anti-psoriasis, and

antiplatelet aggregation
effects

[54,57]

dH2O:MeOH(1:4) C23H30O11 Yadanzioside D Anti-Tobacco Mosaic Virus
(TMV) activity [67,97]

dH2O:MeOH(1:4) C20H24O8 Vernodalol Sesquiterpene lactone

Angeloylated
germacranolides from Daucus

virgatus and their
plasmodium transmission

blocking activity

[66]

dH2O:MeOH(1:4) C6H8O6
Ascorbic acid
(Vitamin C)

Natural water-soluble
vitamin

Potent reducing and
antioxidant agent found in

citrus and other fruits, and in
vegetables

[68]

Table 3. Identification of possible top isomers of natural origin, molecular types, and associated
bio-activities from the main formulas found in the different extraction solvents of water (dH2O),

dH2O:Ethanol (EtOH) (1:1), dH2O:EtOH (1:4), dH2O:Methanol (MeOH) (1:1), and dH2O:MeOH (1:4),
from the biomass of Rugulopteryx okamurae.

Abbreviation Formulas Top Isomer(s) Molecule Type Bio-Activities Refer.

dH2O C10H8O5 Fraxetin Hydroxycoumarin

Antimicrobial agent,
apoptosis inhibitor, apoptosis

inducer, antioxidant,
anti-inflammatory agent, a

hepatoprotective agent,
antibacterial agent, and a

hypoglycemic agent

[71–73]

dH2O C20H34O5

Prostaglandin
F2alpha Prostaglandin

Oxytocic, luteolytic,
abortifacient, and

vasocontractile activities
[69]

Alprostadil Prostaglandin

Potent vasodilator agent that
increases peripheral blood

flow, inhibits platelet
aggregation, and induces

bronchodilation

[70]

dH2O C18H28O3

12-Oxo-
phytodienoic

acid
Unsaturated fatty acid

Inhibitor of the protein
serine/threonine kinase 33

(STK33)
[98]

dH2O C20H34O6

Thromboxane B2 Stable metabolite Human and mouse
metabolite [99]

6-Keto-
prostaglandin

F1alpha
Prostaglandin Human and mouse

metabolite [100]
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Table 3. Cont.

Abbreviation Formulas Top Isomer(s) Molecule Type Bio-Activities Refer.

dH2O:EtOH(1:1)
dH2O:MeOH(1:1)
dH2O:MeOH(1:4)

C20H24O8 Vernodalol Sesquiterpene lactone

Angeloylated
germacranolides from Daucus

virgatus and their
plasmodium transmission

blocking activity

[66]

dH2O:EtOH(1:1)
dH2O:EtOH(1:4)
dH2O:EtOH(1:4)

dH2O:MeOH(1:4)
C17H22O4

1-Dehydro-[6]-
gingerdione Hydroxycinnamic acid Antiallergic potential [101]

dH2O:EtOH(1:1)
dH2O:MeOH(1:1)
dH2O:MeOH(1:4)

C14H16O5
1′-

Acetoxyeugenol
acetate

Phenylpropanoid Anti-breast cancer properties [102]

dH2O:EtOH(1:1)
dH2O:MeOH(1:1) C12H14O2 Precocene I Chromene, aromatic

ether
Member of precocenes and a

plant metabolite [103]

dH2O:EtOH(1:1)
dH2O:MeOH(1:4) C12H14O3 Acetyleugenol Phenol, benzoate ester

Antivirulence potential
against pathogenic bacteria of

medical importance
[104]

dH2O:EtOH(1:1)
dH2O:MeOH(1:1)
dH2O:MeOH(1:4)

C24H34O10
3. ′-Hydroxy-T2

Toxin Sesquiterpene A trichothecene with
mycotoxin effects [79,105]

dH2O:EtOH(1:1)
dH2O:MeOH(1:4) C19H28O6 Tirotundin Sesquiterpene lactone Antidiabetic effect through

PPARγ pathway [106]

dH2O:EtOH(1:1)
dH2O:MeOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:4)
C19H24O3

2-
Methoxyestrone Steroid

Indicator of the risk of
prostate, colorectal, and

breast cancer
[107–109]

dH2O:EtOH(1:1)
dH2O:MeOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:4)
C15H18O4

Helenalin Sesquiterpene lactone
Anti-inflammatory and

anti-neoplastic agent
Anti-tumoral effects

[75,110,111]

Parthenin Sesquiterpene lactone

It is genotoxic, allergenic, and
an irritant

It is believed to be responsible
for the dermatitis caused by

Parthenium hysterophorus

[77,112]

dH2O:EtOH(1:1)
dH2O:MeOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:4)

C15H16O3

Osthole Coumarin

Antioxidant and
immunomodulatory

properties, commonly
applied in clinical practice of
Traditional Chinese Medicine
for cancer, inflammation, etc.

It has estrogen-like effects
that prevent osteoporosis and

reduce bone loss in
ovariectomized rats by

activation of β-catenin-BMP
signaling

It is a chromatin regulator
implicated in the inhibition of
histone deacetylases (HDACs)

in order to cure or prevent
cancer

[80–82,113]

Batatasin III Stilbenoid Anti-inflammatory and
anti-cancer activity [114,115]

dH2O:EtOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:1)
dH2O:MeOH(1:4)

C15H18O3

Santonin Propionic acid Effective for treating
intestinal roundworms [116,117]

Irofulven Sesquiterpene

A natural toxin with
anti-cancer potential isolated
from the fungus Omphalotus

illudens

[59]

Xanthatin Sesquiterpene lactone Tumor suppressor function [78]

dH2O:EtOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:1)
dH2O:MeOH(1:4)

C17H20O7

Dihydrosc
andenolide

Sesquiterpene
lactone

Anti-fungal and
anti-bacterial activity [74]

Yomogiartemin Sesquiterpene
lactone

Anti-malarial
activity [76]
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Table 3. Cont.

Abbreviation Formulas Top Isomer(s) Molecule Type Bio-Activities Refer.

dH2O:EtOH(1:4)
dH2O:MeOH(1:1) C23H34O7 Nargenicin A1 Saturated alicyclic

polyketide

Bacterial macrolide
Anti-cancer activity,

immunomodulation, and cell
protective effect

[118]

dH2O:EtOH(1:1)
dH2O:EtOH(1:4)

dH2O:MeOH(1:1)
dH2O:MeOH(1:4)

C18H24O5
Zearalanone,

β-,α-Zearalenol Nonsteroidal estrogen

Mycotoxin
It has major effects on

reproduction in females, it
causes cytotoxicity,

neurotoxicity, and oxidative
stress at the molecular level

[119,120]

Table 4. List of most abundant polyphenols shared by the two algal species Asparagopsis armata and
Rugulopteryx okamurae. Possible top isomers and their associated identified bioactivities are attached.

Formulas Top Isomer(s) Bio-Activities References

C6H6O3

Maltol An antioxidant found in Korean red ginseng [85]

Pyrogallol

Highly cytotoxic effect on human lung cancer
cell lines, induces apoptosis in endothelial cells.

Antibacterial activity against Staphylococcus
epidermidis and Staphylococcus aureus

[84,87,88]

C8H8O2 Phenylacetic acid Antimetabolite useful in cancer chemotherapy [121]

C6H6O4 Kolic acid

NF-kappaB inhibitor, skin lightening agent, an
EC 1.10.3.1 (catechol oxidase), EC 1.10.3.2

(laccase), EC 1.13.11.24 (quercetin
2,3-dioxygenase), EC 1.14.18.1 (tyrosinase), and

EC 1.4.3.3 (D-amino-acid oxidase) inhibitor

[122]

C10H10O4 Ferulic acid
Antioxidant, a MALDI matrix material, a plant

metabolite, an anti-inflammatory agent, an
apoptosis inhibitor, and a cardioprotective agent

[123]

C11H10O4 Scoparone
Major constituent of the Chinese herbal medicine

Yin Chen Hao, exhibits anti-inflammatory,
anti-allergic, and anti-tumor activities

[124]

C10H8O5 Fraxetin

An Arabidopsis thaliana metabolite, antimicrobial
agent, apoptosis inhibitor and inducer,

antioxidant, anti-inflammatory, hepatoprotective
agent, antibacterial, and hypoglycemic agent

[125]

C12H12O4
Hispolon Anti-cancer activity [83]

Eugenitin Anti-leishmanial and cytotoxicity assays [89]

C14H12O3 Resveratrol
A phytoalexin, antioxidant, glioma-associated
oncogene inhibitor, and geroprotector found in

high concentrations in red grapes
[86]

C14H14O4 Marmesin Potential natural UV-A-filtering product [90]

2.3. Antioxidant Capacity

The antioxidant capacity (AC) using two different methodologies (ABTS and DPPH)
based on the free radical scavenging activity is shown (Figure 4). In general, the antioxidant
capacity was higher in R. okamurae than in A. armata. The AC of R. okamurae was similar with
both methodologies (only in three cases significant slight differences were observed), and with
both methodologies, the AC was highest in the most polar solvents: dH2O≥ dH2O:EtOH (1:1)
> dH2O:MeOH (1:1) > dH2O:EtOH (1:4)≥ dH2O:MeOH (1:4). In contrast, A. armata presented
the highest AC using the ABTS method. Values obtained with the DPPH assay were very low,
and when water was used as solvent no signal was detected.
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Figure 4. Antioxidant capacity (AC) using two methodologies expressed as µmol TE g−1 DW of the
different extracts in different solvents of water (dH2O), dH2O:Ethanol (EtOH) (1:1), dH2O:EtOH (1:4),

dH2O:Methanol (MeOH) (1:1), and dH2O:MeOH (1:4), from the biomass of (A) Asparagopsis armata
and (B) Rugulopteryx okamurae. Values are expressed as average ± standard deviation (SD) (n = 3).
Different letters indicate significant differences among solvents for each species (ANOVA, p < 0.05,
SNK test).

2.4. Antimicrobial Activity

The antimicrobial activity of the different extracts is shown in Table 5. Concerning
human pathogens, R. okamurae inhibited the bacterial growth of S. aureus and C. acnes in
both dH2O:EtOH (1:4) and dH2O:MeOH (1:4) extracts at a concentration of 50 and 25 mg
mL−1, respectively. A. armata inhibited the growth of S. aureus and P. aeruginosa in both
dH2O:EtOH (1:4) and dH2O:MeOH (1:4) extracts at a concentration of 25 and 50 mg mL−1,
respectively. Aqueous extracts did not inhibit any of the human pathogens. In the case
of fish pathogens, none of the extracts of R. okamurae inhibited any bacteria. However,
different extracts of A. armata inhibited bacterial growth. The minimum concentration to
inhibit V. anguillarum was 6.25 mg mL−1 in the case of dH2O:EtOH (1:4). V. harveyi and
T. maritimum were only inhibited by aqueous extract at a concentration of 50 and 25 mg
mL−1, respectively. P. damselae subsp. piscicida was inhibited by both dH2O:EtOH (1:4)
and dH2O:MeOH (1:4) at a concentration of 50 mg mL−1. T. soleae and T. gallaecium were
inhibited by all the extracts tested at a concentration of 12.5 mg mL−1. Finally, A. hydrophila
was also inhibited by all the extracts tested at a concentration of 25 mg mL−1.

2.5. Correlations and Principal Component Analysis

The Pearson correlation (Table S2) analysis showed a positive correlation (p < 0.01)
between the total phenolic content (without and with PVPP) and both antioxidant capacity
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methodologies. Phenols content also showed a positive correlation with CHO, CHOP, and
highly saturated O poor molecules. However, a negative correlation was obtained with
CHON, CHOS, aromatic O rich, highly saturated O rich, unsaturated O rich, unsaturated
N, and saturated O poor compounds. Antioxidant capacity (ABTS and DPPH) showed a
positive correlation with CHO and highly saturated O poor (only ABTS), and a negative
correlation with CHON, CHOS (only ABTS), aromatic O rich (only ABTS), unsaturated O
rich, unsaturated N, and saturated O poor compounds.

Table 5. Antimicrobial activity of the aqueous (dH2O), ethanolic (dH2O:Ethanol (EtOH) (1:4)), and
methanolic (dH2O:Methanol (MeOH) (1:4)) extracts from the biomass of Asparagopsis armata and
Rugulopteryx okamurae. The results are expressed as the minimum inhibitory concentration (MIC,
mg mL−1).

R. okamurae A. armata

dH2O dH2O:EtOH
(1:4)

dH2O:MeOH
(1:4) dH2O dH2O:EtOH

(1:4)
dH2O:MeOH

(1:4)

HUMAN

S. aureus - 25 25 - 25 25

E. coli - - - - - -

P. aeruginosa - - - - 50 50

S. enterica - - - - - -

E. faecium - - - - - -

C. acnes - 50 50 - - -

FISH

V. anguillarum - - - 25 6.25 12.5

V. harveyi - - - 50 - -

P. damselae
subsp. piscicida - - - - 50 50

T. maritimum - - - 25 - -

T. soleae - - - 12.5 12.5 12.5

T. gallaecicum - - - 12.5 12.5 12.5

A. hydrophila - - - 25 25 -

In PCoA analysis, samples were correlated to nine chemical/bioactive parameters
(Figure 5). In the ordination plots, the first two axes explained 64% of the algal extract’s
molecular variability. In PCoA, the projection of sample points onto the vectors depicts
correlations with the corresponding molecular/bioactivity parameters. PCoA and cluster
analyses revealed two molecular clusters in relation to the two species evaluated and
two independent samples, which correspond to the dH2O extracts. The R. okamurae cluster
correlated strongly with phenolic compounds (both no PVPP and PVPP) and antioxidant
capacity (both ABTS and DPPH) (Figure 5). R. okamurae extracts correlated with highly
unsaturated (O poor) molecules. A. armata extracts correlated with C/Hw, N formulas,
unsaturated (O poor and with N), and saturated (O rich and O poor). The R. okamurae
dH2O extract correlated significantly with AImodw, whereas the A. armata dH2O extract
correlated with S-enriched formulas, O/Cw ratio, DBEw, aromatics (O rich and O poor),
highly unsaturated (O rich) and unsaturated (O rich).
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Figure 5. Principal coordinate analyses (PCoA) based on Bray–Curtis dissimilarities of the relative
abundance of molecular formulas in Asparagopsis armata and Rugulopteryx okamurae. The percentages
give the molecular variability as explained by the axes. Chemical/bioactivity parameters are indicated
by orange arrows: (a) phenolic compounds (no PVPP) (mg g−1 DW), (b) phenolic compounds (PVPP)
(mg g−1 DW), (c) antioxidant capacity (ABTS) (µmol TE g−1 DW), and (d) antioxidant activity
(DPPH) (µmol TE g−1 DW). Molecular parameters are indicated by gray arrows: formulas with
N, S, and P content (N. formulas, S. formulas, P. formulas), O/Cw, H/Cw, and DBEw. Molecular
categories are indicated by black arrows: aromatic (Ar), highly unsaturated (H. un), saturated (Sat),
unsaturated (Un), oxygen rich (Or), oxygen poor (Op). All parameters were fitted onto the ordination.
All correlations with chemical/bioactivity parameters were significant (p < 0.001). The projections
of sampling points onto the vector arrows show maximum correlations with the corresponding
chemical/bioactivity parameters, molecular parameters, and molecular categories.

3. Discussion

Marine organisms present a wide biochemical composition with promising appli-
cations, although thousands of molecules remain still uncovered [126–130]. Non-target
metabolomic studies are required to discover the role of new molecules, which aim to
examine all detectable metabolites (specific to isolation and analytical method) [131]. This
approach has the power to identify relevant and new metabolites at a faster pace with
the appropriate data analysis tools [132]. High-resolution mass spectrometry (HR-MS),
coupled with bioinformatics tools, has gained momentum in this type of study [133,134].
Ultrahigh-resolution FT-ICR-MS can address the molecular diversity of a sample most
closely and allows a first molecular screening, noting that some compound classes escape
MS detection as they do not ionize efficiently. Because of the high mass accuracy and
resolution, this method detects thousands of molecular formulas in complex mixtures with-
out iterative fractionation [135,136]. However, HR-MS is unable to differentiate between
structural isomers of a molecular formula [137,138].

In the first instance, the internal composition of both invasive species (Asparagospsis armata
and Rugulopteryx okamurae) was analyzed through elemental analysis and spectrophotometric
methods. In general, A. armata presented the highest content of nitrogenous compounds
(proteins) and minerals (ash), whereas R. okamurae was rich in carbonated compounds (total
carbon or lipids). Compared to other studies, Regal et al. [139] observed similar content in
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the ash (~45%) or lipids (~3%) content in Asparagopsis taxiformis. On the other hand, this
study showed a lower protein content than that observed by other authors (11 vs. 19%,
respectively) [139,140]. Jard et al. [141] also observed a high sulphur content in compari-
son to other species. The results obtained for R. okamurae were in line with the review by
Bogaert et al. [142] in the genus Dyctiota: inorganic elements (or ashes) varied from 17–30%,
total carbohydrates varied from 10–54%, or total proteins varied from 1.7–27.6%, among
others. High content of lipids seems to be common in this genus (0.5–20.2%). These results
are in accordance with the heteroatomic composition obtained after the FT-ICR-MS, in which
the highest content of CHON and CHOS formulas were observed in A. armata. Marked
differences in the internal composition were observed between species.

Phenolic compounds were quantified in the different extracts. These compounds are
mainly present in brown algae, although some red and green algae can also have relevant
content of phenols [143,144]. In this work, A. armata presented a higher or similar phenol
concentration compared to that obtained by other authors [139,140,143]. The content of phenolic
compounds found in R. okamurae were in the range of other brown seaweeds, although it did
not reach the highest values observed in Sargassum sp. or Cystoseira sp. [37,145–148]. After
the treatment with PVPP, the phenol content drastically decreased in both species (mainly in
A. armata). These results indicate a possible interference with other compounds (e.g., aromatic
amino acids, sugars, ascorbic acid, or sulfite, among others) in the methodology [149]. Other
authors obtained a lower decrease in the phenols content in different brown algae such as
Cystoseira, Sargassum, Fucus, or Ascophyllum [144,150] species that present a higher phenol
content than R. okamurae. There is little information about the use of PVPP in red algae extract.
Vega et al. [144], analyzed the phenolic content before and after the use of PVPP in some red
algae (Pterocladiella capillaceae, Hypnea spinella, Dermocorynus dichotomus, and Halopithys incurva),
and after the use of PVPP, phenols were only detected in H. incurva.

A first molecular screening of these invasive species has been performed in this work
by using FT-ICR-MS, and the presence of different bio-compounds has been suggested. To
facilitate the search for published bioactivities and possible applications in the founded
molecules, the software ChemCrawler was used. ChemCrawler will facilitate the selection
of those samples with an apparent higher potential and will direct the next steps to be
followed for the detection and isolation of the molecule of interest.

Metabolomic information obtained from marine algae is still very limited in compar-
ison to terrestrial plants. Most of the studies done with algae extracts were focused on
the identification/quantification of selected compounds (named as target metabolomics)
such as carotenoids, phycobiliproteins, mycosporine-like amino acids, polysaccharides, or
fatty acids. Kumar et al. [151] reviewed some metabolic studies in marine macrophytes,
identifying compounds involved in chemical defence or adaptative strategies. For example,
in A. armata, bromoform and dibromoacetic acid with anti-bacterial properties were identi-
fied [41]. In Dyctiota sp., some terpenoids such as pachydictyol A, dictyol B/E/H, or 10–18-
diacetoxy-8-hydroxy-2,6-dolabelladiene were identified [152]. Non-targeted metabolic
studies in seaweed have identified differences in the metabolome profile of brown, green,
and red species [153], or have observed variabilities in the metabolome among species from
the same genus [154]. Nylund et al. [155] studied the chemical defence responses of the
invasive species Gracilaria vermiculophylla using mass spectrometry techniques in combina-
tion with bioassays. More recently, Dixit et al. [156] identified 16 potential metabolites in
Dictyota dichotoma using liquid chromatography with time-of-flight mass spectrometry.

Among the most abundant molecules found in this work, some of them have previ-
ously been observed. Gallic acid, found in the most abundant molecules in A. armata, is
one of the most commonly reported phenols in green, red, and brown seaweeds [157,158].
In R. okamurae, three different prostaglandins were identified. This type of molecule was
also identified by Nylund et al. [155] in the invasive red algae G. vermiculophyla. Dixit et al.
also observed coumarins and different terpene lactones in Dictyota dichotoma [156].

A deeper search was done for common phenolic compounds and terpenoids. These
molecules can be involved in the chemical defence of the algae and, for instance, in the
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success of their invasion. In addition, they are also well known for their possible applica-
tions in the industry. Phenolic compounds can have wide applicability such as antidiabetic,
antiobesity, cardiometabolic, neuroprotective, UV protective, anticancer, and antimicrobial
activity, most of them related to their antioxidant activity [157]. Terpenoids have also been
described to have a wide range of applications, such as anti-herbivory, anti-inflammatory,
anti-fouling, anti-tumoral, or insecticidal properties [48,50,51,152].

There is limited information about the phenolic compounds profile in seaweeds.
Pinto et al. [159] observed that polar extracts of A. armata were rich in bromiated phenolics
such as caffeic or p-coumaric acid. Zhong et al. [160] analyzed the phenolic profile of 8
different seaweeds and identified a total of 54 compounds. Recently, different diterpenoids
have been identified in R. okamurae [50,51]. One of them, dilkamural, was observed in a
higher amount in R. okamurae and tracked down in sea urchins (Paracentrotus lividus) fed
with these algae, observing not only deterrent properties but also harmful and even lethal
effects over the sea urchins [51]. In this work, one of the more abundant diterpenoids
(C20H32O) can be associated with Pachydictyol A [152].

Two different bioactivities were analyzed in vitro. The antioxidant capacity can protect
the cell against oxidative stress, which have been described to be involved in different
pathologies such as certain cancers, arthritis, Parkinson´s disease, gastrointestinal dis-
eases, or aging [161–164]. Several authors have studied the antioxidant capacity of A.
armata using different methodologies (i.e., DPPH, ORAC, β-carotene linoleic acid system,
reducing activity, nitrite oxide radicals, copper chelating activity, or ion chelating activity).
Pinteus et al. [35] and Felix et al. [165] reviewed the antioxidant capacities observed in A.
armata, among other possible biotechnological applications. Different expression units have
been used by the authors, so it is difficult to be compared with the results presented in
this work. Most of the results have been obtained using organic solvents. In this work, the
antioxidant capacity of aqueous extracts has been studied, showing even higher antioxidant
capacity in comparison to the organic solvents. In R. okamurae, very little information on
antioxidant capacity has been published. Brown algae normally present higher antioxidant
capacity values than red or green algae [143,144], although R. okamurae did not show such
a high antioxidant capacity [148]. Schneider et al. [148] observed even lower values than
those obtained in this work. Some authors have studied the antioxidant capacity of other
species from the Dyctiotaceae family (Dictyota sp. or Padina sp.) [166–168], although the
different expression units make difficult the comparisons.

The antimicrobial activity of A. armata and R. okamurae extracts was evaluated against
six human bacteria. R. okamurae inhibited two opportunistic bacteria related to skin infec-
tion, Staphylococcus aureus and Cutibacterium acnes. The second one, C. acnes, is the bacteria
responsible for acne vulgaris [169]. A. armata also showed the capacity to inhibit S. aureus
and P. aeruginosa. Other authors also observed antimicrobial activity against S. aureus and
P. aeruginosa in species such as Sargassum wightii, Padina tetrastromatica, Ulva fasciata, or
Hypnea pannosa [170,171]. These authors obtained the highest values using organic solvents
such as dyethilether or methanol:toluene (3:1) in fresh biomass. Lee et al. [172] analyzed
the capacity to inhibit C. acnes of several seaweeds from Korea and observed that ethanolic
extract of R. okamurae could inhibit its growth with an MIC of 256 µg mL−1. Other ethano-
lic and methanolic plant extracts exhibited inhibitory activity against C. acnes [173,174],
ranging from 7.81 to 32 µg mL−1. Regarding fish pathogens, while R. okamurae did not
inhibit any of the strains assayed, A. armata inhibited several fish pathogens. The increasing
bacterial resistance against commercial antibiotics has led to the search of new sources
of antimicrobial compounds. Marine algae are promising sources of new antibacterial
compounds. In aquaculture, the resistance against antibiotic is causing a significant eco-
nomic loss in the industry associated with mortalities [175–178]. The results suggest the
possible use of R. okamurae extracts in skin care products as natural anti-acne or antibacterial
compounds, and that A. armata extracts could be a promising, safe, and environmentally
friendly alternative to antibiotics in the treatment of fish diseases, which could have a
tremendous impact on the aquaculture sector. Nonetheless, the extraction method and
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solvent polarity could modify the antimicrobial potential of the algae biomass, i.e., the use
of novel extraction techniques could increase its activity [177]. Future studies determin-
ing the toxicity and optimal doses in in vivo trials are necessary to confirm our positive
in vitro results.

Other bloom producers of brown algae, autochthonous or invaders, have been an-
alyzed for their possible valorization and exploitation. For example, Sargassum sp. has
been studied for its possible use in bioremediation, bioenergy production, or obtention
of target molecules such as alginates or fucoidans with interest in the pharmaceutical in-
dustry [18,178–181]. In relation to the genus Asparagopsis, different authors have analyzed
possible applications for its valorization [35,165,182].

Recently, the drastic colonization of R. okamurae in the Strait of Gibraltar has been
related to the increase in temperature and nutrients in the water column [28,183]. Just in the
last four years, millions of tonnes per year of R. okamurae biomass have been collected on the
Andalusian coast as beach-cast algae. On this basis, a high amount of biomass is available
for the extraction of interesting bio-compounds that could help to control the invasive
species. FT-ICR MS cannot give us precise information on enzymes or molecules related
to the acclimation to physical and chemical variables, but, on the other hand, information
about molecules related to the success of invasion as anti-herbivory, antibacterial, and
antiviral activities, among others, could be obtained.

4. Materials and Methods
4.1. Algal Material

Two invasive species in southern Spain were used in the study. Asparagopsis armata was
collected in Punta Chullera (Manilva, Malaga; 36◦18′38.8′ ′ N, 5◦14′55.8′ ′ W) in June 2019,
and Rugulopteryx okamurae was collected in Playa de la Caleta (Tarifa, Cadiz; 36◦00′41.7” N,
5◦35′59.3” W) in May 2019. Algae biomass was transported to the laboratory in a portable
fridge at 4 ◦C, washed and cleaned to remove salt, sand, and epiphytes, frozen at −40 ◦C,
and freeze-dried (Cryodos, Telstar, Barcelona, Spain).

4.2. Preparation of Algal Extracts

Lyophilized samples were ground with a coffee grinder to a powder and extracted in
distilled water (dH2O) and different combinations of ethanol (EtOH) and methanol (MeOH)
in dH2O, dH2O:EtOH (1:1), dH2O:EtOH (1:4), dH2O:MeOH (1:1), and dH2O:MeOH (1:4).
Two and a half grams of dry biomass was homogenized using Ultra-Turrax (T-25 digital,
IKA, Germany) in 50 mL of the different solvents. Extracts were incubated at 45 ◦C for 2 h
in a water bath. Extracts were filtered and centrifuged (Labofuge 400R, Heraeus, Kendro
Laboratory products, Langenselbold, Germany). For the molecular analysis, extracts were
dried under vacuum in a rotary evaporator (Jouan RC 10-09, France).

4.3. Biochemical Composition
4.3.1. Internal Carbon, Nitrogen, and Sulphur

Total internal carbon, nitrogen, and sulphur contents were determined from dry
biomass of algae using an elemental analyzer (CNHS-932, LECO, St. Joseph, MI, USA) in
the Research Support Central Services of the University of Malaga.

4.3.2. Ashes

Ashes were determined by combustion of the dry biomass at 500 ◦C for 12 h in a
muffle oven. The organic matter was estimated by measuring the weight loss before and
after the mentioned combustion.

4.3.3. Total Proteins

Total proteins were calculated using the nitrogen-to-protein conversion factor of 4.92
for seaweeds [184].
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4.3.4. Carbohydrates

Carbohydrates were quantified according to the phenol-sulfuric acid method by
DuBois et al. [185]. A total of 5 mg of dry biomass was homogenized in 5 mL of 1 M H2SO4
and incubated for 1 h at 100 ◦C. For the reaction, 1 mL of the extract was mixed with
1 mL of 5% phenol and 5 mL of concentrated H2SO4. Absorbance was measured at 485 nm
(UV-mini-1249, Shimadzu, Kyoto, Japan). Glucose was used as a standard.

4.3.5. Lipids

Lipids were determined using the gravimetric method described by Folch et al. [186].
A total of 200 mg of dry biomass was homogenized in 5 mL of chloroform:methanol (2:1).
The lipid fraction was separated by adding 2 mL of KCl 0.88% and by centrifugation. Lipids
were quantified gravimetrically once the solvent (chloroform) was completely evaporated
with nitrogen.

4.3.6. Phenolic Compounds

Total phenolic compounds (TPC) were determined from the different extracts using
the Folin–Ciocalteu method according to Singleton & Rossi [187] with some modifications.
A total of 100 µL of the extracts obtained in item 2.3 were mixed with 700 µL of distilled
water and 50 µL of Folin–Ciocalteu phenol reagent (Sigma-Aldrich, St. Louis, MO, USA).
After the vortex, 150 µL of Na2CO3 20% was added and samples were mixed again. The
mixtures were incubated for 2 h at 4 ◦C in darkness. Absorbances were measured at 760 nm.
Phloroglucinol was used as standard. Treatment of the extracts with polivinilpolipirroline
(PVPP) was also used to eliminate possible interference with proteins or amino acids in the
method [149]. PVPP is an insoluble polymer that can bind small phenolic compounds such
as phlorotannins (van Alstyne, 1995) [188]. The difference between the measurements with
and without PVPP can provide a more accurate phenols content.

4.4. Molecular Diversity and Published Bioactivities

The molecular diversity was determined using Fourier-transform ion cyclotron reso-
nance mass spectrometry (FT-ICR-MS). A total of 1 mL of the different algae extracts was
dried and diluted with ultrapure H2O:MeOH (1:1). Dilutions at a concentration of 2.5 mg
C L−1 were prepared. Duplicates of each extract were measured using a Solarix FT-ICR-MS
(Bruker Daltonik GmbH) connected to a 15 Tesla superconducting magnet (Bruker Biospin).
Samples were injected at a flow rate of 120 µL h−1 into the electrospray ionization source
in negative mode. Ions were accumulated in the hexapole for 0.1 s prior to transfer into the
ICR cell. Samples were acquired from 100 to 1000 Da with an accumulation of 200 scans.
The calibration of the spectra resulted in a mass error of <0.1 ppm. Instrument assessment
was done with an in-house molecularly stable standard [189,190].

The software ICBM-OCEAN was used to eliminate instrumental noise (i.e., method
detection limit (MDL) of 2.5), mass alignment, and molecular formula attribution [191].
In the formula attribution, the N, S, P rule, isotope verification, and homologous series
were applied to exclude unlike formulas and improve formula assignment [192]. Identified
contaminants were removed before statistical analyses. Only the formulas present in
duplicated measurements were considered for further analyses.

The obtained formulas were sorted into groups containing the atoms CHO, CHON,
CHOS, CHOP, CHONS, CHOSP, and CHONP (the latter three are referred to as “oth-
ers”). The identified molecular formulas were distributed into compound groups, namely
(1) aromatics (AImod > 0.5), (2) polyphenols (0.5 ≤ Aimod ≤ 0.666), (3) highly unsaturated
(Aimod < 0.5, H/C < 1.5), (4) unsaturated (1.5 ≤ H/C ≤ 2), and (5) saturated (DBE = 0).
The five molecular categories were subdivided into oxygen rich (O rich, O/C > 0.5) and
oxygen poor (O poor, O/C ≤ 0.5), with an extra category for the unsaturated category
named “with N” (1.5 ≤ H/C ≤ & N) [191]. The formulas were normalized to the sum of all
molecular formula intensities for each sample, and, subsequently, the intensity weighted
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averages (indicated by the subscript w) of elemental ratios H/Cw and O/Cw, DBEw, and
AImodw were calculated [193].

ChemCrawler was introduced in this work as a novel software-based tool for finding
relevant information about chemical compounds. Developed within the context of this
research project in collaboration with ValueData GmbH, ChemCrawler utilizes publicly
available data to provide information on the most common isomers for a given molec-
ular formula. In addition, it provides a selection of abstracts of relevant publications
related to these isomers, enabling fast and convenient analysis of their potential pharma-
ceutical and biotechnological applications. ChemCrawler is a web application developed
using the Python programming language and open-source libraries such as Flask [194] and
requests [195]. To initiate a search, the user enters a molecular formula (Figure S1), which is
then fed into an algorithm systematically searching for relevant data in the open-access
databases PubChem [196] and MetaboLights [197]. Programmatic access to PubChem is im-
plemented using its representational state transfer (REST) interface, which allows complex
queries on chemical and bibliographic data [198]. Entries in the MetaboLights database
are queried in a similar manner [199]. Once all relevant information has been collected,
a concise report consisting of each isomer and its respective references is generated and
made available via the web interface (Figure S1). By clicking on one of the references
provided, the user is redirected to the original data source for further information. At
present, ChemCrawler is available for internal use only, however, access to this service may
be expanded upon further interest in the scientific community.

4.5. Antioxidant Capacity (ABTS and DPPH)

Antioxidant capacity (AC) of the different extracts (obtained in item 2.3) was evaluated
through two different methods based on the free radical scavenging activity:

The ABTS assay was performed according to Ree et al. [200] with some modifications.
The ABTS radical cation (ABTS+•) was generated by a reaction of 7 mM ABTS (2,2-azino-
bis(3- ethylbenzothiazoline-6-sulfonic acid)) and 2.45 mM K2S2O8 (potassium persulphate)
in phosphate buffer solution (PBS: 0.1M; pH: 6.5). This reaction was stored for 12-16 hours
at room temperature to ensure the complete formation of the radical. ABTS+• solution was
diluted with PBS until the absorbance at 727 nm was around 0.75 ± 0.05. For the reaction,
50 µL of the samples was mixed with 950 µL of the diluted ABTS+•. The mixture was
incubated for 8 minutes at room temperature and darkness, and absorbance was measured
at 727 nm.

The DPPH assay was made according to Brand-Williams et al. [201] with some mod-
ifications. For the reaction, 200 µL of the samples was mixed with 1 mL of the DPPH
(2,2-diphenyl-1-picrylhydrazyl) solution (0.06 mM of DPPH in methanol 80%). After
30 minutes of incubation at room temperature and darkness, absorbance was measured at
517 nm.

For both methods, a standard solution of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid) was used as a reference, and the results were expressed as µmol TE (Trolox
equivalent) g−1 DW.

4.6. Antimicrobial Activity

The antimicrobial activity of the dH2O, dH2O:EtOH (1:4), and dH2O:MeOH (1:4)
extracts were analyzed for different human and fish pathogens:

Human pathogens: Cutibacterium acnes (CECT 5684, obtained from the Spanish Culture
Collection) was cultivated in Reinforced Clostridial Medium (RCM) (#CM0149, Oxoid
Ltd., Basingstoke, Hampshire, England) supplemented with 1.5% bacteriological agar
(RCMA) (#LP0011, Oxoid). As this strain is anaerobic, the plates were incubated under
anoxic conditions at 37 ◦C for 24-48 h using a GasPak anaerobic system (BD GasPakTM EZ
Container System, Becton Dickinson & Co., Sparks, BD, USA). Escherichia coli, Pseudomonas
aeruginosa, Salmonella enterica, and Staphylococcus aureus (obtained from the stock collection
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of the Microbiology Department of the University of Málaga) were cultivated in Tryptic
Soy Agar (TSA, Oxoid) for 24 h at 37 ◦C.

Fish pathogens: Tenacibaculum maritimum, T. soleae, and T. gallaecium (obtained from
the stock collection of the Microbiology Department of the University of Málaga) were
cultivated in Flexibacter maritimum medium (FMM; Condalab, Madrid, Spain) for 48 h at
28 ◦C (FMMA). Vibrio anguillarum (CECT 522, obtained from the Spanish Culture Collection),
Vibrio harveyi Lg16/00, Photobacterium damselae subsp. piscicida Lg41/01, and Aeromonas
hydrophila Lg28/4 (strains isolated from diseased specimens of Solea senegalensis and stocked
by the Microbiology Department of the University of Malaga) were cultivated in TSA
supplemented with 1.5% NaCl (TSAs) for 24–48 h at 22 ◦C.

Firstly, serial dilutions of the different algae extracts were made. The antimicro-
bial activity was tested using the diffusion method [202] with some modifications. In
brief, bacterial colonies were suspended in saline solution and adjusted to OD600 = 0.2
(108 cfu mL−1, approximately). The bacterial suspension was spread over the surface
of RCMA, FMMA, TSA, and TSAs agar plates (5 mm agar thickness) to obtain an even
inoculum. For aqueous extracts, wells of 6 mm diameter were made in the agar and then
filled with different algae extract concentrations. dH2O was added as a negative control.
For hydroalcoholic extracts, a sterilized filter paper disc of 6 mm diameter (Whatman no. 1
filter paper) was used. An inoculum of 10 µL for each extract concentration was transferred
to each disc. As a negative control, different solvents were used. The disks were dried at
37 ◦C for 15 min to evaporate the ethanol and methanol, and then the discs were placed over
the plates with the bacteria. Plates were incubated for 24–48 h (depending on the bacteria).
The antimicrobial activity was determined by the presence/absence of an inhibition area
around each well or disc. The lowest extract concentration that inhibited bacterial growth
was designated as the minimum inhibitory concentration (MIC).

4.7. Statistical Analysis

The software STATISTICA (V.7) was used for statistical analysis. Student’s t-test and
analysis of variance (ANOVA) were used to compare the obtained data. Student’s t-test
was performed to determine significant differences between species. One-way ANOVA
was used to evaluate the effect of the solvents in the different analyses (TPC and AA). A
Student–Newman–Keuls (SNK) post hoc test was performed to obtain significant groups
after significant interaction in the ANOVA. Homogeneities of variance was tested using the
Cochran test and by visual inspection of the residuals. Correlations among variables were
calculated using Pearson´s correlation coefficients.

Principal coordinate analysis (PCoA) was performed on a Bray–Curtis dissimilarity
matrix of the normalized peak intensities of all identified molecular formulas. For the anal-
yses, extracts were included in triplicates. The molecular categories, phenolic compounds
(with and without PVPP), and antioxidant capacity (ABTS and DPPH) were fitted post hoc
to the PCoA scores using the envfit function of the vegan package [203]. The correlation
of chemical/bioactivity parameters to the molecular composition (PCoA) was tested with
10,000 permutations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md21010005/s1, Table S1: Molecular composition and pres-
ence of molecular groups (percentage with respect to the total of formulas) for the different extractions
in different solvents: water (dH2O), dH2O:Ethanol (EtOH) (1:1), dH2O:EtOH (1:4), dH2O:Methanol
(MeOH) (1:1), dH2O:MeOH (1:4), from the biomass of Asparagopsis armata and Rugulopteryx okamurae.
The average of triplicates for each extract are presented.; Table S2: Pearson coefficient (r) between the
different variables analyzed in this work for the different extract of both species (Asparagopsis armata
and Rugulopteryx okamurae). Green: Positive correlation, Red: Negative correlations. **: p < 0.01,
* p < 0.05; Figure S1: ChemCrawler Interface (a) and an example of molecular search (b)
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