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Abstract
Bioactive compounds from marine environments represent a rich source of bioproducts for potential use in medicine and
biotechnology. To discover and identify novel marine natural products (MNPs), evaluating diverse biological activities is critical.
Increased sensitivity and specificity of omics technologies, especially next-generation high-throughput sequencing combined
with liquid chromatography-mass spectrometry and nuclear magnetic resonance, are speeding up the discovery of novel bioactive
compounds. Mycosporine-like amino acids (MAAs) isolated from many marine microorganisms are among highly promising
MNPs characterized by ultraviolet radiation (UV) absorbing capacities and are recognized as a potential source of ecologically
friendly sunscreens. MAAs absorb damaging UV radiation with maximum absorption in the range of 310–360 nm, including
both UVA and UVB ranges. MAAs are also characterized by other biological activities such as anti-oxidant, anti-cancer, and
anti-inflammatory activities. The application of modern omics approaches promoted some recent developments in our under-
standing of MAAs’ functional significance and diversity. This review will summarize the various modern tools that could be
applied during the identification and characterization of MNPs, including MAAs, to further their innovative applications.

Key points
• New omics technologies are speeding up the discovery of novel bio-products
• The vast diversity of bioactive capacities of marine natural products described
• Marine microorganisms as a source of environmentally friendly sunscreens

Keywords Marine bio-products . Mycosporine-like amino acids . Sunscreens . Ultraviolet-absorbing compounds . Oxidative
stress . Genomics . Transcriptomics . Proteomics

Introduction

Marinemicroorganisms are being used inmultiple biotechnolog-
ical applications in industry and for curing diseases. The diversity
of marine microorganisms encompasses bacteria (e.g., phyla
Actinobacteria and Cyanobacteria), fungi (e.g., phyla
Ascomycota and Basidiomycota), microalgae (e.g., phylum
Dinoflagellate), diatoms (e.g., phylum Heterokont), and yeast
(e.g., the family Saccharomycetaceae). Many novel bioactive

molecules have been found in marinemicroorganisms, including
phytoplankton, marine bacteria, cyanobacteria, marine fungi, and
dinoflagellates. Recent technological developments, including
the application of omics technologies, allowed the exponential
increase in the discovery of novel bioproducts. Specifically for
marine natural products (MNPs), there is a continual growth in
discoveries, with 643 new compounds reported in 2016 (Blunt
et al. 2018); 723 in 2017 (Carroll et al. 2019), and even 1884 new
bioproducts in 2018 (Carroll et al. 2020). Invertebrates are also at
the top of the list of bioproduct valuable organisms, with the
second-largest number of new compounds being isolated from
the sponge, cnidarians, mollusks, tunicates, and others (Carroll
et al. 2019). However, in invertebrates, most MNPs are actually
microbe-driven due to their symbiotic relationshipwithmicrobial
endosymbionts (Jiménez 2018). TheseMNPs have a wide range
of pharmacological activities, including anti-bacterial, anti-viral,
anti-malarial, anti-oxidative, antifungal, anti-inflammatory, anti-
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cancer, anti-allergic, and protective roles such as anti-grazing or
anti-fouling. An overview of themajorMNP biological activities
is provided in Fig. 1, including examples of novel promising
bioproducts isolated from marine microorganisms. These roles
are important for various industrial applications (Blunt et al.
2018; Carroll et al. 2019, 2020; Rosic 2019), such as in modern
trend nutraceuticals and for production of functional foods
(Dewapriya and Kim 2014), as well as in the cosmetic industry
(Alves et al. 2020).

Mycosporine-like amino acids (MAAs) are one of the high-
ly promising MNPs found in many marine species. The diver-
sity of these hydrophilic compounds have been reported from
micro- andmacroalgae to cyanobacteria and a diverse range of
marine animals, including invertebrates like corals, sea, ur-
chins, and vertebrates such as fish (Carreto and Carignan
2011; Dunlap and Chalker 1986; Dunlap and Yamamoto
1995; Figueroa 2021; Gröniger et al. 2000; Korbee et al.
2006; Llewellyn and Airs 2010; Orfanoudaki et al. 2020;
Sinha et al. 1998). MAAs are characterized by a small mass
of less than 400 Da, and a core molecule of either a
cyclohexenone or cyclohexenimine ring (Fig. 2) conjugated
to an additional molecule such as an amino acid residue or
imino alcohol (Garcia-Pichel et al. 1993; Singh et al. 2008b).
Over 30 MAAs have been identified so far (Bandaranayake

1998; Llewellyn and Airs 2010; Sinha et al. 1998), ranging
from primary to secondary MAAs (Carreto and Carignan
2011; Rastogi et al. 2010). The diversity inMAA composition
and UV absorbing capacity have been observed in MAAs
isolated from different marine species (Rosic et al. 2015).
MAAs are UV-absorbing compounds, with maximum absorp-
tion between 310 and 360 nm (Cockell and Knowland 1999).
The photo-protective capacities of MAAs are the result of
their ability to absorb the light without the production of free
radicals in the UVA wavelength range of 315–400 nm (cor-
responding to ~95% of UV energy that reaches the surface of
the Earth) and UVB range of 280–315 nm (Fig. 2).

In addition to the photo-protective role of MAAs, these
compounds also act as anti-oxidants and suppressing singlet
oxygen-induced damage by scavenging free radicals and other
reactive oxygen species (ROS) (De La Coba et al. 2009;
Dunlap and Yamamoto 1995; Rastogi et al. 2016). Anti-
oxidants (from natural resources and synthetic) are commonly
used in modern medicine as bioactive compounds due to their
ability to decrease the number of free radicals in cells and
tissues (Koltover 2010). Furthermore, MAAs demonstrate
multiple biotechnological potentials beyond their UV-
protective and anti-oxidative properties (Vanessa Geraldes &
Ernani Pinto, 2021). MAAs also exhibit anti-inflammatory

Fig. 1 Diverse activities of marine natural poducts (MNPs) have been
reported in numerous compounds isolated from different marine species,
including microscopic algae, sea stars, sea urchins, corals, and other
microbe-animal symbiotic partnerships (photos done by N. Rosic). The
example of novel MNPs includes compounds with antifungal properties
such as janthinopolyenemycins isolated from bacteria Janthinobacterium

spp. (Anjum et al. 2018). A new compound with anti-bacterial activities
kocumarin was isolated from actinobacterium associated with the brown
seaweed (Uzair et al. 2018). Neaumycin B isolated from a marine-derived
Micromonospora species exhibits potent anti-cancer activity against
glioblastoma (Kim et al. 2018b)
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capacity (Rosic 2019; Suh et al. 2014), anti-cancer (Fuentes-
Tristan et al. 2019; Rajneesh et al. 2017), and other pharma-
cologically relevant activities (Rojas et al. 2016).

This review will focus on (1) providing an overview of
various recently discovered MNPs, with a specific focus on
MAA potential for various biotechnological applications, (2)
discussing the MNP discovery pipeline that employs novel
omics technologies, and finally, (3) debating about some gen-
eral tools that are employed in the characterization process for
new MNPs. Specifically, this review will assess MAA’s bio-
logical properties and their potential biotechnological
applications.

MNP/MAA biotechnological applications

Natural products are characterized by various biological activ-
ities and have been used since ancient times, although they
mainly come from terrestrial sources. The chemical structures
of nearly half a million natural products are available in dif-
ferent public databases such as PubChem, ZINC, NaprAlert,
REAXYS, ChEMBL, and Super Natural II. However, only
~10% of these natural compounds are used commercially
(Banerjee et al. 2015; Pereira 2019; Florbela Pereira & Joao
Aires-de-Sousa, 2018). Furthermore, MNPs coming from a
marine environment, covering ~71% of the Earth’s surface,
are not sufficiently used in terms of biotechnological applica-
tions. A recently opened MNP database (“Comprehensive

Marine Natural Products Database”; https://www.cmnpd.
org/) provides detailed information regarding the diversity of
MNPs, their physicochemical and pharmacological properties
for potential application in drug discoveries (Lyu et al. 2020).
So far, the majority of MNPs that have been used in clinical
trials and later approved as official drugs were isolated from
bacterial and cyanobacterial sources (Pereira and Aires-de-
Sousa 2018). The vast potential for the development of new
medicines from marine-based sources has been supported by
several initiatives in the field of marine biotechnology, includ-
ing “Blue Growth” of Horizon 2020, which aims to increase
the use of marine resources for various biotechnological ap-
plications by optimization of cultivation conditions and en-
hanced sampling processes (Lauritano 2018). Furthermore,
the analyses of “Big Data” in chemistry using artificial intel-
ligence and machine learning are a novel promising trend
(Tetko and Engkvist 2020). The application of computational
methodologies such as chemoinformatics, combining
structure-based (SB) and ligand-based (LB) approaches,
allowed virtual screening of multiple natural products for
computer-assisted drug discovery (Pereira and Aires-de-
Sousa 2018).

The MNP pharmacological activities include a diverse
range of properties from anti-bacterial, anti-viral, anti-malari-
al, anti-oxidative, antifungal to anti-inflammatory, anti-can-
cer, anti-allergic, and anti-grazing or anti-fouling activities,
which are important in industrial applications (Blunt et al.
2018; Carroll et al. 2019, 2020; Rosic 2019). However, one

Fig. 2 The impact of UVR on different skin layers (a). Chemical
structures of mycosporine-like amino acids (MAAs): (b) MAA core
compounds; (c) MAA precursor 4-deoxygadusol, plus commonly found

MAAs (mycosporine-glycine, mycosporine-2-glycine, shinorine,
palythine, and porphyra-334) including the wavelength of maximum
absorbance (λmax)
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of the critical limitations when attempting to discover specific
biological activities is the screening process, as other mole-
cules may be required (a type of co-action) for the execution
of the biological activity. This mixture of compounds may
result in actions being detected only in the mix or when com-
bined with appropriate molecules facilitating the biological
activity (Álvarez-Gómez et al. 2019). The examples of differ-
ent MNPs characterized by various biological properties are
provided in Table 1. These compounds show the potential for
multifactorial application in biotechnology, specifically in the
cosmetic industry for skin protection and anti-aging
(Kageyama and Waditee-Sirisattha 2019; Oren and Gunde-
Cimerman 2007; Řezanka et al. 2004; Richa and Sinha
2013; Rosic 2019). UV-absorbing MAAs are characterized
by multiple biological activities and photo-protective proper-
ties that will be further specifically discussed (Alves et al.
2020a, 2020b; Geraldes and Pinto 2021; Huwaidi et al.
2020; Parailloux et al. 2020a, 2020b; Rosic 2019; Singh
et al. 2019; Whittock et al. 2020).

Anti-bacterial activities

Anti-microbial resistance (AMR) is an increasing public health
problem, impacting people all around the world (WHO 2018a).
Due to a rise in the number of antibiotic-resistant strains, there
are growing issues around potential complications following
major operations or anti-bacterial treatments. For example,
multi-drug resistant Mycobacterium tuberculosis causes tuber-
culosis, which is still one of the deadliest infectious diseases
(Parish 2019). Omics technologies were lately applied to search
for improved anti-bacterial compounds to address multidrug-

resistant bacterial strains and for the development of novel anti-
bacterial compounds, which are not toxic to human cells. New
compounds isolated from marine microorganisms Zobellia
galactanivorans associated with seaweed (e.g., dialkylresorcin
and zobelliphol) were discovered by the application of bioin-
formatics, mass spectrometry (MS), and bioactivity-guided sep-
aration processes (Harms et al. 2018). The mechanism of
zobelliphol action was confirmed using bacterial reporter strain
assays to impact the bacterial DNA biosynthetic processes.
Furthermore, a new anti-microbial peptide polyphemusin III
(PMIII) was recently isolated from the horseshoe crab
Limulus polyphemus (Marggraf et al. 2018). The anti-bacterial
activity was confirmed against gram-positive and gram-
negative bacteria via cytotoxic activity. By application of recent
advances in genomics and proteomics, a recombinant peptide
was created and expressed in Escherichia coli, then purified
and tested against different bacterial strains, including human
cancer cells. Anti-bacterial activity of this β–hairpin peptide
was confirmed, as well as additional hemolytic and cytotoxic
activities, indicating that bioactive molecules often have multi-
ple pharmacologically relevant properties. Two new antibiotics,
branimycins B and C, were isolated through the fermentation of
marine bacteria (Pseudonocardia carboxydivorans), living at a
3000 m water depth (Braña et al. 2017). These compounds
showed a wide range of anti-bacterial activities inhibiting the
growth of 28 different gram-positive and gram-negative bacte-
rial strains.

Using known sequencing information for specific peptides
and manipulation on the molecular level resulted in the crea-
tion of novel peptides with improved anti-microbial properties
(Conceição et al. 2020). The designing of novel bioactive

Table 1 Examples of different bioactivities characterized for specific compounds discovered during the last couple of years, including the organisms as
a source of these compounds. The microbial-host partnership drives the majority of the presented compounds

Bioactivity Compound name Source of the compounds Reference

Anti-bacterial Scutinins Scutus antipodes (mollusc) (Chand and Karuso 2017)

Antifungal Hippolide J Mycosporine-glycine (Jiao et al. 2017)

Anticancer Carotenoid pigment, fucoxanthin Laminaria japonica (brown algal) (Mei et al. 2017)

Anti-viral Merosesquiterpenoid
metachromin A

Dactylospongia metachromia (sponges) (Yamashita et al. 2017)

Anti-oxidative Spinochromes, naphthoquinones Echinometra mathaei,
Diadema savignyi (urchins)

(Brasseur et al. 2017)

Anti-inflammatory Lobophyolides A and B Lobophytum crassum (Cnidarians) (Lai et al. 2017; Mohamed et al.
2017)

Anti-allergic Dysivillosins Hippospongia lachne (sponges) (Hong et al. 2017)

Anti-fouling Triterpene glycoside Holothuria polii (echinoderms) (Mert Ozupek and Cavas 2017)

Anti-diabetic Sterols Petrosia (Strongylophora) sp. (sponges) (Pailee et al. 2017)

Anti-proliferative Bromotyrosine alkaloids Hexadella sp., Jaspis sp. and Bubaris sp. (sponges) (Tarazona et al. 2017)

Anti-malarial Isonitriles Phyllidiella pustulosa (molluscs) (White et al. 2017)

Anti-grazing Bioluminescence Lingulodinium polyedra, Alexandrium tamarense
(dinoflagellates)

(Lindström et al. 2017)
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peptides was based on the computational algorithm and pro-
duced different analogs that were then tested for physiochem-
ical stability and screened for anti-microbial properties. This
recently developedmethodological approach in the creation of
new anti-microbial peptides is a promising approach for the
creation of further anti-bacterial applications. Furthermore, the
directed evolution (molecular evolution in vitro) approach,
including the so-called DNA shuffling method, was proposed
to be a highly efficient tool in creating additional chemical
biodiversity and increasing the bioactivity potential of existing
natural products (Arnold 2018; Rosic 2009). By using this
directed evolution approach, it was possible to engineer novel
antibiotics (Cebria-Mendoza et al. 2019), predict AMR
(Orencia et al. 2001), or create completely novel protein prop-
erties (Rosic 2013).

MAA anti-bacterial activity has not been reported so far,
which is in some way the expected outcome as many marine
microorganisms produce these secondary metabolites.
Therefore, the application of antibiotics may actually have a
negative effect on MAA production as anti-bacterial com-
pounds would inhibit the microbial growth and biosynthesis
of MAAs. For example, bacteriostatic antibiotics such as
chloramphenicol in freshwater copepods cultured conditions
resulted in reduced MAA bioaccumulation, confirming the
microbial origin of their MAAs (García et al. 2010).

Anti-cancer activities

Based on the World Health Organization, cancer is one of the
leading causes of death globally and in 2018, approximately
~9.6 million people died from cancer (WHO 2018b). The
increasing number of cancer cases worldwide is partially due
to population growth and an increase in the aging population
(WCRF 2018). Consequently, there is an apparent increase in
the demand for more efficient cancer treatments, and the use
of MNPs presents one of the options to be explored further for
novel anti-cancer drugs. For evaluating the compounds with
anti-cancer or anti-tumor properties, human cancer cell lines
such as human breast and cervix (HeLa) cancers and HL60 are
often used during screening and efficiency analyses. The ex-
amples of potential novel anti-cancer compounds include
lipopeptides (i.e., jahanene and jahanane), which were recent-
ly isolated from marine cyanobacteria (Okeania sp.) and were
found to inhibit cancer cell growth (Iwasaki et al. 2018). The
structures of these compounds were established by the appli-
cation of proteomic methodologies, including nuclear magnet-
ic resonance (NMR) and MS. However, the variability in the
level of their anti-cancer effectiveness was found to be impact-
ed by the molecular conformation, which was influenced by
the level of unsaturation at the end of the fatty acid molecule
(Iwasaki et al. 2018). This presents a challenge that will be
important to be addressed for improved consistency if these
compounds are selected to be used in anti-cancer therapy.

Recent testing on rats found that compound bryostatin-1,
isolated from marine invertebrate Bryozoan, could potentially
treat colorectal cancer by reducing oxidative stress and
delaying cellular proliferation (Salim et al. 2018). Similarly,
numerous other bioactive compounds with anti-cancer prop-
erties, which were initially isolated frommarine animals, were
confirmed to be produced by their bacterial endosymbionts by
application of genomic tools for analyses of the biosynthetic
pathways (Kwan et al. 2012; Schofield et al. 2015). Multiple
compounds recently isolated and characterized from marine
organisms demonstrated the potential for the treatment of
breast cancer, the most common cancer type in women
(WCRF 2018). The newly isolated guaiane sesquiterpene de-
rivative from green algae showed a dose-dependent cytotoxic
effect on the triple-negative breast cancer (TNBC) cell line
(Martin et al. 2014). Pseudopterosin isolated from the sea
whip (the genus Antillogorgia) was found to inhibit the
growth of TNBC cells by switching off glucocorticoid recep-
tor α (Sperlich and Teusch 2018), while a cyanobacterial me-
tabolite grassystatin F also demonstrated anti-cancer activity
on TNBC cells (Al-Awadhi et al. 2017).

MAA anti-cancer activity was confirmed via inhibition of
cancer cell proliferation (Chrapusta et al. 2017). For example,
different MAAs isolated from the red algae species Palmaria
palmata resulted in dose-dependent inhibition of melanoma
cells’ growth (Yuan et al. 2009). Two methanol extracts were
isolated from algae exposed to UV-low and UV-high environ-
ments, containing multiple MAAs (Fig. 2): palythine,
shinorine, asterina-330, palythinol, and porphyra-334; and
usujirene (only at high UV). Both extracts showed similar
oxygen radical absorbance capacity (ORAC). In contrast, the
anti-proliferative capacity of the sample exposed to higher UV
was greater, indicating how variation in external conditions
could modify the bioactive properties coming from the same
organism. A similar anti-proliferative effect was reported with
other cancer cell lines (Yuan et al. 2009). MAA isolated from
different red algae species also showed a dose-dependent neg-
ative impact on HeLa cancer cells via activation of apoptotic
mechanisms (Athukorala et al. 2016).

Anti-viral activities

Discovery attempts for new anti-viral compounds have mainly
targeted the activities against anti-human immunodeficiency
virus (HIV) and human herpes viruses (HHVs) (Asai and
Nakashima 2018). The current outbreak of coronavirus disease
(COVID-19), due to the action of the severe acute respiratory
syndrome (SARS)-like coronavirus-2 (SARS-CoV-2),
highlighted the potential of using MNPs for their anti-viral
properties, as the development of protective treatments could
help in reducing the devastating impact of the current pandem-
ic. New MNPs such as lambda-carrageenan, sulfated polysac-
charides, isolated from marine red algae, were found to
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efficiently inhibit influenza A and B viruses and SARS-CoV-2
(Jang et al. 2021). Spirostaphylotrichin X isolated from marine
fungus Cochliobolus lunatus also showed anti-viral activity by
inhibiting influenza A virus replication (Wang et al. 2018).
Neoechinulin B (NeoB) is another marine fungus-driven com-
pound that exhibits anti-viral properties against hepatitis C virus
(HCV) cells in vitro (Nakajima et al. 2016). The NeoB activity
against HCV was tested on human hepatocytes and resulted in
the reduction of infection. Furthermore, NeoB showed a nega-
tive effect on influenza viruses, as it bound to the viral hemag-
glutinin envelope and disrupted the influenza viruses’ attach-
ment to the host cells (Chen et al. 2015a). Stachybotrin D is a
phenylspirodrimane compound isolated from the marine
sponge-associated fungus Stachybotrys chartarum that had an
inhibitory effect on HIV replication (Ma et al. 2013).
Furthermore, there are many promising MNPs with anti-viral
properties like Nortopsentin alkaloids, which also demonstrate
antifungal and insecticidal activities (Ji et al. 2018). As a result,
additional nortopsentin derivatives were designed, produced,
and characterized for anti-viral, for phytotoxic, and also for
physicochemical properties using biological assays and
proton-nuclear magnetic resonance spectroscopy (1H-NMR).
These alkaloids have been proposed for further drug develop-
ment as competent anti-viral agents.

Anti-viral activity has not yet been confirmed or tested for
MAA compounds.

Anti-allergic activities

During the last decades, a rise in the number of allergic diseases
was reported around the world (Sicherer 2011; Research and
Markets 2020). The frequent prevalence of allergy, including
specific diseases such as allergic rhinitis, allergic conjunctivitis,
asthma, atopic eczema, food allergy, and other allergic conditions
in the population, is becoming a huge problem for the health
system. Anaphylaxis, an allergic reaction, can be triggered by
food, insect bites, or medications, with potentially fatal conse-
quences (Turner et al. 2020). Based on recent business analyses,
the allergy treatment market is rapidly increasing and new drugs
are urgently required to be developed (Research and Markets
2020). The marine environment may provide some resourceful
options. The bicyclic peptides, seongsanamides A–D, extracted
from marine bacteria, exhibit significant anti-allergic activity
through the inhibition of degranulation and generation of mast
cells (Kim et al. 2018a). Butyrolactone I, isolated from the deep-
sea-derived Aspergillus species, exhibited anti-allergic capacity
by decreasing the number of mast cells in the spleen and some
lymph nodes (Liu et al. 2018). From another deep-sea-derived
species, actinomycete Nesterenkonia flava were isolated
cyclo(D)-Pro-(D)-Leu and indol-3-carbaldehyde compounds that
showed promising anti-allergic activity based on immunoglobu-
lin E-mediated effects on rat mast cells (Xie et al. 2017). Based
on the total polyphenol content and assessment using the

hyaluronidase inhibition assay, in the fivemarine algae analyzed,
the highest anti-allergic activity was detected in Scytosiphon sp.
(Chen et al. 2015b). Marine algae were found to be a promising
source of MNPs with anti-inflammatory and anti-allergic prop-
erties (Vo et al. 2012).

MAA anti-inflammatory activity was also observed for
some MAA compounds (Rosic 2019). Mycosporine-glycine
and mycosporine-2-glycine, porphyra-334, and shinorine
showed an anti-inflammatory effect under certain conditions.
When immortal human keratinocytes, the HaCAT cell, were
exposed to UV radiation, anti-inflammatory activity was de-
tected for mycosporine-glycine and shinorine, but not
porphyra-334 (Suh et al. 2014). On the other hand, both ana-
lyzed MAAs, porphyra-334 and shinorine, demonstrated anti-
inflammatory activity on human myelomonocytic cells
(Becker et al. 2016). These results indicate the variability in
MAA bioactive properties under various conditions and cel-
lular environments and the potential for applications in anti-
allergic treatments.

MNPs with photo-protective potential
for novel sunscreens

Ultraviolet radiation (UVR) levels reaching the Earth’s sur-
face are predicted to increase during this century further
(Watanabe et al., 2011). Excessive UVR exposure leads to
the development of >95% of human skin cancers (Trager
et al. 2020) due to UV-induced DNA damage either directly
or indirectly via the production of free radicals (Bertram and
Hass 2008). A high-energy UVB radiation has a highly mu-
tagenic and carcinogenic effect resulting in direct DNA dam-
age (Ichihashi et al. 2003). However, through oxidative stress,
both UVA and UVB radiation may damage DNA, whereas
the ozone layer and atmosphere completely remove the most
mutagenic and dangerous UVC. The longer wavelengths,
UVA, penetrate deeper, reaching the dermis skin layer, while
the shorter wavelengths of UVB, known as burning rays,
reach only the epidermal skin layer of skin and are absorbed
mostly by keratinocytes (Fig. 2). In humans, the pigment mel-
anin protects the skin from UVR via its UV-absorbing and
anti-oxidant properties (Brenner and Hearing 2008). Two
forms of melanin pigments are found in the human body and
are characterized by some different features. Pheomelanin (or-
ange/yellow pigment) is photosensitizing, resulting in ROS
production and potentially DNA damage. On the other hand,
eumelanin (brown/black insoluble pigment) is photo-
protective (Napolitano et al. 2014). Superoxide and nitric ox-
ide produced by pheomelanin can damage DNA even 2–3
hours after UV exposure due to increased CPD formation
(Premi et al. 2015). Importantly, via melanin, human skin will
only absorb 50–70% of UVR (Brenner and Hearing 2008).
Consequently, human skin needs additional UV protection via
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externally applied sunscreens. However, current chemical
UVR protection is not adequate because commercially avail-
able sunscreens lack photostability and can produce free rad-
icals leading to further skin damage, irritation, and allergic
reactions (Gaspar et al. 2008; Gaspar and Maia Campos
2006; Greenspoon et al. 2013; Kawakami and Gaspar 2015).
In addition, the UV-filter compounds (i.e., oxybenzone and
benzophenone-3) used in cosmetic products (within sun-
screens) and in the packaging industry, usually reach waste-
water and groundwater, resulting in the destruction of ecosys-
tems and environmental pollution (Chaves Lopes et al. 2020;
Sánchez-Quiles et al. 2020; Sharifan et al. 2016). As the level
of UVR reaching the surface of the Earth will continue to rise,
it is critically important to get enhanced UV protection, and
using natural marine sunscreens like MAAs presents an excit-
ing opportunity to be explored further.

MAAs isolated from many marine microorganisms are
among the most promising MNPs characterized by ultraviolet
radiation (UV) absorbing capacities and are recognized as a
potential source of ecologically friendly sunscreens (Fig. 2).
MAAs are found in numerous marine and freshwater species,
including cyanobacteria, algae (i.e., macro-algae and micro-
algae), fungi, and higher-order animals such as cnidaria, fish-
es, echinoderms, mollusks, arthropods, rotifers, and tunicates
(Rosic and Dove 2011; Sinha et al. 2007).MAAs are excellent
candidates for use in the cosmetic industry and for improved
skin protection in an ecologically friendly way. MAAs are
water-soluble and highly diverse compounds characterized
by photostability and good heat tolerance. The ability of
MAAs’ to change their physicochemical and biological prop-
erties through modification of their side-chain, including their
UV spectral and anti-oxidant capacities, is an exciting oppor-
tunity for various biotechnological applications. Additional
anti-inflammatory, anti-proliferative, and anti-aging proper-
ties could be further utilized for more efficient skin UV pro-
tection and skin cancer prevention.MAA biosynthesis is mod-
ifiable due to changes happening in the environment (i.e.,
UVR levels). A better understanding of MAA biosynthesis
will permit bigger industry and cosmetics applications in the
future. The application of modern omics approaches could be
further used to promote our understanding of MAAs’ func-
tional significance and diversity.

The discovery pipeline employing novel
omics technologies

The application of omics technologies contributed to the signif-
icant increase in the number of new discoveries and added a new
layer of complexity and power when analyzing novel com-
pounds (Ambrosino et al. 2019). Genomic, transcriptomic, pro-
teomic, metatranscriptomic, and metabolomic tools have sub-
stantially contributed to the processes of MNP discoveries and

characterizations during the last decade (Ambrosino et al. 2019;
Lauritano et al. 2019), with some representative examples pro-
vided in Table 2. The extractionmethodology used can influence
the molecular structures of isolated compounds and, consequent-
ly, their biological activity. Furthermore, the biological extracts
often contain multiple compounds, and to maximize their simul-
taneous separation and detection, it is crucial to complete analy-
ses in a fast, accurate, and comprehensive way minimizing the
potential degradation of unstable molecules and contaminations.

After decades of using Sanger sequencing methodology,
the fields of genomics and transcriptomics exploring genes
and corresponding RNA (or transcripts) start using next-
generation sequencing (NGS). NGS allows fast and efficient
ways to analyze millions of DNA fragments simultaneously.
The application of bioinformatics pipelines via transcriptomics
and proteomics has been proven to allow for quicker identifica-
tion and functional characterization of newMNP such as marine
toxins (Xie et al. 2017). For exploring potentially useful venoms
to be used as pharmaceuticals, the powerful combination of NGS
and liquid chromatography-tandem mass spectrometry resulted
in improved sensitivity and discovery of novel venomproteins as
potential candidates for drug discovery (Fry et al. 2010).
Proteomics analyses, using two-dimensional gel electrophoresis,
combined with MALDI-TOF/TOF resulted in the identification
of 413 proteins extracted from the sea anemone Bunodactis
verrucosa (Domínguez-Pérez et al. 2018). On the contrary, in
sea anemone B. verrucose, using the old methodology such as
gel-based analyses only eight proteins were identified. Similarly,
using a multidimensional approach and combining liquid chro-
matography with MALDI-TOF-MS resulted in improved sepa-
ration of compounds extracted from sea anemone Phymanthus
crucifer (Rodríguez et al. 2012). This approach allowed for pep-
tide fingerprinting of the sea anemone exudate with 504 different
acidic and basic peptides, extending the discovery of novel bio-
active compounds.

In metabolomics, the comprehensive exploration of metab-
olites within biological sample analyses is done using multiple
platforms, combining liquid chromatography-mass spectrom-
etry (LC-MS)-based metabolomics (Clish 2015; Kuehnbaum
and Britz-McKibbin 2013). The measurement of molecules in
this evolving technology is done based on their physical prop-
erties and separated metabolites based on polarity, functional
groups, or chemical structure (Kuehnbaum and Britz-
McKibbin 2013). A variety of metabolomic profiles were de-
tected in three genotypes of the coral Acropora cervicornis,
using proton-nuclear magnetic resonance spectroscopy (1H-
NMR) and LC-MS metabolomics profiling (Lohr et al.
2019). Specific metabolite profiles were identified, which in-
dicated the differences in protein pathways due to intraspecific
variability within coral species. Furthermore, analyzing 13
diatom species via a lipidomics platform that combined an
Ultra-Performance Liquid Chromatography (UPLC) and a
high resolution/high mass accuracy mass spectrometer made
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it possible to identify and annotate 142 different lipid com-
pounds (Bromke et al. 2015).

In metatranscriptomics, multiple gene transcripts were
assessed, which were produced by microbe-host-based inter-
actions. This approach is helpful as most MNPs are found to
be a result of interaction microbe-driven products from sym-
biotic interactions with other marine organisms (Jiménez
2018), while changes in gene expression are useful for detect-
ing modified pathways important for in bioactive product pro-
duction. The metatranscriptome approach was also efficiently
applied to estimate the variation in ocean microbial commu-
nities (Salazar et al. 2019). Consequently, this approach will
be useful when combined with already established proteomics
and metabolomics pipelines to improve the estimate of novel
bioactive product profiles.

Environmental factors impact
the biosynthesis of important bioactive
molecules

Changes in the external environment are inevitable affecting
omics profiles of different marine species. The sequences of
hologenomes of ten coral species were recently used to better
understand physiological and adaptational changes (Voolstra
et al. 2015), with the potential to be used to extend

biotechnological capacities of the diverse marine environ-
ment. Applying various external conditions may allow for
improved and more extensive use of natural biodiversity for
the production of desired metabolites (Bode et al. 2002;
Dewapriya and Kim 2014). In addition to improving the dis-
covery pathways of novel compounds and increasing the yield
of isolated compounds, the culturing conditions could be
modified to include the variability in the external conditions
(Bode et al. 2002; Figueroa et al. 2014). For example, this may
be possible in groups such as marine microalgae, which are a
highly potent source of biologically active molecules, are easy
to cultivate, have a short generation time, and represent an
environmentally friendly option (Lauritano et al. 2018). The
screening of 32 microalgal species for anti-bacterial, anti-ox-
idant, anti-inflammatory, anti-cancer, and anti-diabetes activ-
ities, under various culturing conditions, including nitrogen
and phosphate-limited environments, resulted in considerable
changes in biological activities (Lauritano et al. 2016).
Similarly, microalgae under changed light conditions, temper-
ature, modified salinity, and nutrient conditions produce var-
ious compounds (Ingebrigtsen et al. 2016; Lauritano et al.
2016) and can adapt to changes happening in the external
environment (Dewapriya and Kim 2014. The improved anti-
tuberculosis activity was observed in two diatoms only when
culturing was done under control and phosphate–starvation
conditions, but not under low nitrogen conditions (Lauritano

Table 2 Examples of different omics approaches used for evaluating organisms’ diversity are important for the biodiscovery of new compounds and
characterization of novel bioactivities

Omics approach Definition Methodology used Bioactive compounds (reference)

Genomics/meta-genomics Studying genome
(complete set of
genes present in the
organism/s)

Next-generation sequencing (NGS): Illumina
HiSeq technology produced sequence data
assembled into contigs and consensus
genome

Confirmation of biosynthetic pathway
responsible for producing anti-cancer drug
from endosymbiotic bacteria Candidatus E.
frumentensis (Schofield et al. 2015)

Transcriptomics Studying
transcriptome
(complete set of
transcribed genes)

Next-generation sequencing (NGS)
transcriptome data; sequence analyses using
computational software (BLAST search,
ClustalW); phylogenetic analyses (maximum
likelihood estimates and bootstrap analysis)

Transcriptome mining for analysis of genes
involved in the biosynthesis of
mycosporine-like amino acid (MAA) in
symbiotic dinoflagellates (Rosic 2012)

Proteomics Studying proteome
(complete set of
proteins)

Liquid chromatography-tandem mass
spectrometry (MS); two-dimensional gel
electrophoresis combined with
matrix-assisted laser
desorption/ionization-time of flight
(MALDI-TOF) MS

Exploring venoms (Fry et al. 2010); protein
identification extracted from the sea anemone
(Domínguez-Pérez et al. 2018)

Metabolomics Studying metabolome
(complete set of
metabolites)

Liquid chromatography-mass spectrometry
(LC-MS)-based metabolomics;
proton-nuclear magnetic resonance
spectroscopy (1H-NMR) and liquid
chromatography-mass spectrometry
metabolomics profiling

The measurement of molecules (Kuehnbaum and
Britz-McKibbin 2013); metabolomic profiles
were detected in three genotypes of the coral
Acropora cervicornis (Lohr et al. 2019);
characterization of new deep-sea fungi
anti-allergic compounds (Xie et al. 2017)

Multi-omics Combined
approaches using
multiple datasets

DNA sequencing, microarray, MS, and NMR The effect of perfluoroalkyl substances on
environmental health (Yao et al. 2019)
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et al. 2018). Consequently, nature’s bioproduct diversity can
be further utilized through the manipulation of environmental
conditions combined with emerging omics technologies for
improved detection and screening.

MAAs are synthesized through the major four-enzymeMAA
pathway identified in cyanobacteria (Balskus and Walsh 2010).
However, a genetic discrepancy has been reportedwith the three-
gene shinorine pathway also found in many organisms
(D'Agostino et al. 2019; Miyamoto et al. 2014). The main vari-
ability was reported regarding the presence/absence of certain
discrete enzymes, whichwere encoded bymysE andmysD genes
(D'Agostino et al. 2019; Gao and Garcia-Pichel 2011). The pres-
ence of genetic diversity within genes from MAA pathways
among marine species (Rosic 2019) indicates the additional po-
tential for the discrepancy in regulatory processes during MAA
biosynthesis among various species that still need to be explored
further. Consequently, these are significant gaps in understanding
the genetic variability andmechanisms of gene regulations of the
MAA biosynthetic pathway. However, the application of multi-
ple omics approaches may help in better understanding of regu-
latory mechanisms of MAA synthesis important for improving
the discovery options of biotechnologically important MAAs.
Some examples of omics applications used include a tran-
scriptome mining approach to determine new MAA pathway
genes (Rosic 2012), while proteomic dataset analyses revealed
UV-stimulated MAA synthesis mainly via the shikimate path-
way (Pope et al. 2015). Using transcriptomic data, the impact UV
and far-red lights on transcriptional regulation of MAA were
evaluated (Llewellyn et al. 2020), and the MAA gene counter-
parts were characterized for different microalgal species (Rosic
2012). Recently, a metabolomics approach via Hydrophilic
Interaction Liquid Chromatography (HILIC)-Electrospray
Orbitrap MS2/MS3 was used to explore MAAs in four algae

and resulted in the discovery of 23 new, previously non-
reportedMAAs (Parailloux, 2020). This study should encourage
more extensive use of omics technologies for the exploration of
MAAs.

InMAAs, depending on the external conditions and extrac-
tion methods used, specific pharmacological activities could
be further enhanced or diminished when manipulated under
strictly controlled biotechnological processes. The general
MAA extraction protocol can utilize ice-cold methanol for
MAA extraction from different species (e.g., red algae and
microalgae isolated from the cnidarian host) applied HPLC
and LC-MS (Fig. 3) to confirm the identity of isolated com-
pounds (Rosic et al. 2015). However, variations in MAA pro-
files due to changes in environmental conditions have been
reported for various marine species (Oren and Gunde-
Cimerman 2007; Singh et al. 2008a; Waditee-Sirisattha et al.
2015; Waditee-Sirisattha et al. 2014). The biotechnological
manipulations, including variations in the abiotic factors such
are temperature, salinity, and light conditions, resulted in var-
iations in the MAA levels and profiles (Ingebrigtsen et al.
2016) and were affected by seasonal fluctuations (Al-Utaibi
et al. 2009). The light levels and spectra, specifically UV
conditions, temperature conditions, water acidity, and salinity,
had a critical influence on quantities and qualities of MAAs
(Rosic 2019; Tartarotti and Sommaruga 2006). UV radiation
has been found to act as a major factor influencing the MAA
accumulation and resulting in changes to the organisms’
MAA profile (Yakovleva and Baird 2005). Spectral variabil-
ity and intensity were found to affect the synthesis of MAAs
(Rastogi et al. 2010). Although MAA production was mainly
induced by exposure to UVR (Portwich and Garcia-Pichel
1999), blue light within photosynthetically active radiation
together with UVB also had a significant impact on MAA

Fig. 3 The HPLC-MS
chromatogram at 330 nm of a
methanol extract of the red alga
Acanthophora spicifera (adapted
from Rosic et al. 2015). Total ion
chromatogram (TIC) that includes
a summary of intensity for the
mass range of m/z 200–450 of
positive ions targeting the masses
of known MAAs was applied for
MAA peak identification based
on retention time, absorption
maxima, and m/z of positively
charged ions [M+H]+
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synthesis (Hernando et al. 2002; Sinha et al. 2003). The pos-
itive impact on MAA biosynthesis was reported to some ex-
tent to exposure to far-red light suggesting the potential role of
MAA in the process of thermoregulation (Llewellyn et al.
2020). Consequently, external factors can be further adjusted
to maximize MAA production in vivo and maximize MAA
therapeutic potentials and biotechnological applications.

Conclusion and further perspectives

The application of new technologies such as omics technolo-
gies provides more efficient ways to obtain novel bioactive
compounds. Combining data from various sources and data-
bases, including transcriptomes, proteomes, metabolomes,
and epigenomes, will speed up the discovery of new MNPs,
their biosynthetic pathways, and prospective biotechnological
applications. MAAs, as one of the highly promising MNPs,
are excellent candidates for use in the cosmetic industry and
for improved skin protection in an ecologically friendly way.
The ability of MAAs to change their physicochemical and
biological properties due to UVR and exposure to other envi-
ronmental stressors resulting in improved photo-protective,
anti-oxidant, and anti-inflammatory capacities is highly pro-
pitious for various biotechnological applications. Improving
our understanding of the regulatory mechanisms dictating
MAA biosynthesis via the application of novel omics technol-
ogies will get us a step closer to the use of MAAs on a bigger
industry scale and will unlock numerous biotechnological po-
tentials for these MNPs in the future.
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