? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Shailendra Pratap Singh,
Banaras Hindu University, India

REVIEWED BY
Hakuto Kageyama,

Meijo University, Japan

Soumila Mondal,

University of Tubingen, Germany

*CORRESPONDENCE
ULf Karsten
ulf karsten@uni-rostock.de

RECEIVED 02 May 2024
AccepTED 03 July 2024
PUBLISHED 22 July 2024

CITATION
Bonin J, Hammerle FJ, Ganzera M,
Krumme U and Karsten U (2024)
UV-absorbing mycosporine-like amino
acids in the eyes of temperate marine
and freshwater fish species.

Front. Mar. Sci. 11:1426861.

doi: 10.3389/fmars.2024.1426861

COPYRIGHT

© 2024 Bonin, Hammerle, Ganzera, Krumme
and Karsten. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 22 July 2024
p0O110.3389/fmars.2024.1426861

UV-absorbing mycosporine-like
amino acids in the eyes of
temperate marine and
freshwater fish species

Jane Bonin?, Fabian J. Hammerle?, Markus Ganzera?,
Uwe Krumme? and Ulf Karsten®*

‘Department of Applied Ecology and Phycology, Institute of Biological Sciences, University of
Rostock, Rostock, Germany, 2Institute of Pharmacy, Pharmacognosy, University of Innsbruck,
Innsbruck, Austria, *Thuenen Institute of Baltic Sea Fisheries, Rostock, Germany, “Interdisciplinary
Faculty, Department of Maritime Systems, University of Rostock, Rostock, Germany

Ultraviolet radiation (UVR) is the photochemically most reactive waveband of
incident solar irradiation. Despite high absorption in aquatic environments, UVR
causes numerous biochemical, genetic, and cytotoxic effects in aquatic
organisms. To counteract UVR stress, many of those species are able to
synthesize, accumulate, or acquire UV-sunscreen compounds for
photoprotection from their diet. The most abundant UV sunscreens in marine
and freshwater organisms are mycosporine-like amino acids (MAAs), which
exhibit high molar extinction coefficients in the UVR range along with a strong
photo- and heat stability. In this study, we investigated the qualitative and
quantitative MAA distribution patterns in the eyes of 39 fish species, mainly
from the temperate northern hemisphere (Baltic Sea, Northern Atlantic), using
state-of-the-art analytical methods. The fish eyes of the most investigated
species (33 taxa) contained MAAs, between one and seven different
compounds. The MAAs palythine, asterina-330, palythene, and usujirene were
present (as previously reported), and three new compounds, aplysiapalythine A,
porphyra-334, and shinorine, were identified. Total MAA concentrations covered
a wide range from trace amounts to > 4.2 mg g™+ dry weight, thereby providing
the first quantitative data on MAAs in fish eyes. The highest MAA contents were
measured in Sprattus sprattus, which are comparable to those of intertidal red
seaweeds. The trophic transfer of MAAs from primary producers via zooplankton
to the fish is discussed, along with the localization in the fish eye as well as
possible additional functions.
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Introduction

Solar radiation reaching the Earth’s surface is composed of
infrared, visible, and ultraviolet wavelengths that affect many biotas
in aquatic ecosystems (Vincent and Neale, 2000). Although sunlight
is essential as an energy source for all primary producers, excessive
levels can also become detrimental to organisms. Of the incident
radiation, ultraviolet radiation (UVR, 280-400 nm) has the greatest
potential to negatively affect aquatic organisms given the high
energy content and the fact that these damaging wavelengths are
absorbed by several biomolecules that are metabolically important
(Pavlov et al., 2019).

UVR in aquatic ecosystems varies in space and time, e.g., due to
geographic location, season, and time of the day, clouds, waves,
currents, and/or optical properties of the water column. Particularly
high concentrations of chromophoric dissolved organic matter
(CDOM) and/or suspended particles can lead to reduced
penetration of UVR into the water column (Pavlov et al., 2019).

UVR damages living organisms by inducing DNA lesions and
reactive oxygen species (ROS) formation that further trigger adverse
processes such as protein degradation or lipid peroxidation
(Karsten, 2008; Schuch et al, 2017). From an evolutionary
perspective, UV exposure posed a limiting factor for most
organisms for a geologically long time, and hence numerous
protection strategies developed that include the avoidance of
sunlight, shielding, and UV response mechanisms that guarantee
constant repair (Cockell and Knowland, 1999). The evolution of
molecular protection and repair mechanisms enabled the transfer of
nonmodified genetic information to the offspring. Around 2.9
billion years ago, Cyanobacteria, as the first primary producers,
already possessed extra- and intracellular UV-sunscreen secondary
metabolites (Cockell and Knowland, 1999; Karsten, 2008). Some of
those compounds, named mycosporines, mycosporine-like amino
acids (MAAs), and related compounds, define the origin of the most
potent UV filters (Robson et al., 2019).

Mycosporines and MAAs represent a group of colorless and
very hydrophilic substances with a low molecular weight (smaller
than 400 Da) that play an essential role in the photoprotection of
diverse marine and freshwater organisms. Moreover, they exhibit
antioxidative activities and are involved in stress response (Shick
and Dunlap, 2002; Karsten, 2008; Peng et al., 2023). These
biomolecules are characterized by a cyclohexenone
(mycosporines) and cyclohexenimine (MAAs) core, respectively,
that is substituted with an amino acid or its amino alcohol. The
molecules exhibit extraordinarily high molar extinction coefficients
in the UVR region (£ = 28,100 M~ em™ to 50,000 M~ cm™!) with
typical absorption maxima between 310 nm and 360 nm due to the
presence of conjugated double bonds. Moreover, cyclohexenimine-
type MAAs like shinorine, porphyra-334, or palythine are known to
be chemically very stable and heat/photoresistant (Karsten, 2008
and references therein).

Peng et al. (2023) listed 78 MAAs, mostly occurring in primary
producers such as red macroalgae but also in other algal groups and
cyanobacteria. MAAs were also reported in many marine
invertebrates like sponges, sea urchins, or corals, as well as in
vertebrates like fish (Shick and Dunlap, 2002). Various primary
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producers synthesize these UV-sunscreen molecules, which are
then transferred via the food web to higher trophic levels, such as
zooplankton or fish. Notably, sea urchins can even transfer these
compounds to their eggs (Shick and Dunlap, 2002). The MAAs
palythinol, palythene, and asterina-330 were reported from the
ocular lenses of tropical fish species (Dunlap et al, 1989). The
ocular tissues from 52 species of tropical marine fish from the Great
Barrier Reef contained variable levels of MAAs, with interspecific
variations in total lens concentrations ranging from 7.96 pmol mg ™"
protein (white-tip reef shark) to 2,357 nmol mg ™' protein (scarlet-
breasted Maori wrasse), the latter equivalent to a concentration of
about 60 mM (calculated from Dunlap et al, 1989). In warm-
temperate to tropical fish species, MAAs were found in around 170
taxa (Dunlap et al., 1989; Mason et al., 1998; Siebeck and Marshall,
2001), mainly located in the eyes and the mucus (Zamzow and
Losey, 2002; Zamzow, 2004, 2007; Eckes et al., 2008), as well as in
eggs (Chioccara et al.,, 1980; Grant et al., 1980; Planck et al.,, 1981;
Arbeloa et al,, 2010). For temperate to coldwater fish, we are not
aware of any study analyzing fish eyes for MAAs.

At present, only a few MAAs could be detected in the eyes of
about 170 fish species screened for their composition of MAAs, out
of > 34,000 known fish species (www.fishbase.org). One aspect
related to the poor state of knowledge on MAAs in fish eyes might
be explained by the analytical HPLC method widely applied in the
previous publications (e.g., Dunlap et al., 1989; Thorpe et al., 1993),
which turned out to be inaccurate due to insufficient resolution
(double peaks or coelution) (Karsten et al., 2009). As a consequence,
the application of this previous HPLC approach led to the detection
of only four MAAs in the red alga Bostrychia scorpioides, while the
use of a new state-of-the-art analytical technique resulted in 12
additional and new MAAs (Bostrychines A to L) (Orfanoudaki
etal,, 2019, 2023). Due to these methodological constraints, the true
chemical diversity of MAAs in fish eyes from different
biogeographic regions is poorly studied, and their specific
functions and roles are still mostly putative, given the great
species diversity in fishes.

The present study aims at chemically screening the eyes of 39
fish species from European waters for their composition of MAAs,
both in terms of compounds and the amount of MAAs per dry
weight. We assumed that the eyes of most fish species contain
MAAs, as they are part of an aquatic food web that is based on
MAA-forming primary producers.

Materials and methods
Fish samples and eye dissection

In total, 39 fish species identified by experts to species level were
provided by different German institutions (Tables 1, 2), such as the
Federal German Thiinen-Institute of Baltic Sea Fisheries (Rostock,
Germany), the German Oceanographic Museum (Stralsund,
Germany), the Alfred-Wegener-Institute for Marine and Polar
Research (Bremerhaven, Germany), and independent local
fishermen. Of the 39 species, 26 were almost marine taxa and 13
originated from freshwater habitats (Tables 1, 2). Some species,
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TABLE 1 Overview of sampled marine fish species, phylogenetic family (after Naylor et al., 2012; Hughes et al., 2018; Fricke et al., 2022), date and
location of capture, behavior, and diet information according to literature.

Species Family Date Location Ecology
Agonus cataphractus | Agonidae October 2021 Belt Sea, Baltic Sea Marine, on soft and sandy grounds, invertivorous
Alosa fallax Clupeidae October 2021 Arkona Sea, Baltic Sea Marine, migratory schools along the coast,
invertivorous/piscivorous
Belone belone Belonidae October 2021 Belt Sea, Baltic Sea Marine, migratory schools near the surface, piscivorous
Boreogadus saida Gadidae 2013/July 2021 Billefjorden/Hornsund, North Marine, surface to 1,300 m depth, invertivorous/piscivorous
Atlantic, Arctic
Chelidonichthys Triglidae October 2021 Belt Sea, Baltic Sea Marine, mainly on sand and silt ground in 20 m to 300 m,
lucernus invertivorous/piscivorous
Clupea harengus Clupeidae October 2021 Arkona Sea, Baltic Sea Mainly marine, schools spend the day in deeper water, rise
higher at night, planktivorous
Coryphaenoides Macrouridae September 2021 | Ahead of Bergen, Norway, North Sea Marine, mainly 400 m to 1,200 m, invertivorous/piscivorous
rupestris
Crystallogobius Gobiidae October 2021 Belt Sea, Baltic Sea Marine, benthic and free swimming, planktivorous
linearus
Ctenolabrus rupestris | Labridae October 2021 Arkona Sea, Baltic Sea Marine, coastal down to 20 m, invertivorous
Engraulis encrasiolus | Engraulidae October 2021 Arkona Sea, Baltic Sea Mainly oceanic, large schools in shallow depth; enters lagoons/
estuaries during spawning, planktivorous
Gadus morhua Gadidae 2013/ Barents Sea, North Atlantic/Belt Sea, Marine, shoreline down to the continental shelf, omnivorous
September 2021 | Baltic Sea
Gasterosteus Gasterosteidae October 2021 Arkona Sea/Belt Sea, Baltic Sea Freshwaters and coastal salt- and brackish waters, plant-rich
aculeatus areas with sandy/muddy ground, invertivorous
Limanda limanda Pleuronectidae September 2021 | Hiddensee, Baltic Sea West and north European coasts down to 100 m, invertivorous
Mallotus villosus Osmeridae 2013 Barents Sea, North Atlantic Mainly marine, entering fresh- and brackish water, in schools in
open water, invertivorous/piscivorous
Merlangius Gadidae October 2021 Arkona Sea, Baltic Sea Marine, mainly over mud and gravel bottoms, 30 m to 100 m,
merlangus invertivorous/piscivorous
Nemadactylus Latridae April 2022 Ahead of Wellington, New Zealand Marine, continental shelf and upper slope down to
macropterus 450 m, invertivorous
Platichthys flesus Pleuronectidae | September Hiddensee, Baltic Sea; North Atlantic Coast of the Baltic Sea, sporadic migration into rivers,
2021; invertivorous/piscivorous
March 2023
Pleuronectes platessa | Pleuronectidae September 2021 = Hiddensee, Baltic Sea Schools at European coasts, 100 m to 200 m over sandy/muddy
ground, invertivorous
Pomatoschistus Gobiidae October/ Belt Sea/Arcona Sea, Baltic Sea Brackish and salt water, coastal, down to 20 m, invertivorous
minutus December 2021
Sander lucioperca Percidae October 2021; Arkona Sea, Baltic Sea; Aquaculture Freshwaters and Baltic Sea, mainly deeper waters, piscivorous
April 2022 Dummerstorf; Lake Hohen Sprenz
Scomber scombrus Scombridae October 2021 Belt Sea/Arcona Sea, Baltic Sea Marine, migratory schools mainly near the surface,
invertivorous/piscivorous
Scophthalmus Scophthalmidae = September 2021 | Hiddensee, Baltic Sea European coasts, 20 mto 70 m, invertivorous/piscivorous
maximus
Sprattus sprattus Clupeidae October 2021 Arkona Sea, Baltic Sea Mainly marine, schools spend the day in deeper water, rise
higher at night
Squalus acanthias Squalidae April 2022 Ahead of Wellington, New Zealand Highly migratory in large schools; usually demersal but also in
midwater and at surface, invertivorous/piscivorous
Trachinus draco Trachinidae October 2021 Kattegat/Belt Sea, Baltic Sea Marine, coastal, day: buried in sand, night: free swimming,
invertivorous/piscivorous
Trachurus trachurus | Carangidae October 2021; Belt Sea/Arcona Sea, Baltic Sea; Marine, in schools, summer: coastal over sandy ground, winter:
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such as Sander lucioperca, for example, widely occur in freshwater
habitats (lakes, rivers) but also in the brackish water of the
Baltic Sea.

Most samples were fresh, others were provided as frozen fish,
and there was no difference between both conditions in the later
chemical analysis. Duplicate samples were always processed.

The fish eyes were dissected by (1) cutting the retro bulbar fat
tissue with blood vessels around the eye (Duke-Elder, 1958; Jurk,
2002), followed by (2) dissection of the four straight and the two
oblique ocular muscles as well as the optical nerve (Demoll et al.,
1964; Reimann, 2015).

After dissection, the intact fish eyes were briefly washed with
distilled water to remove external tissue remains, frozen at — 18°C,
and freeze-dried with a lyophiliser (Alpha 1-4 LSCPlus, Martin
Christ GmbH, Osterode am Harz, Germany). The freeze-dried eyes
were stored at — 18°C prior to MAA extraction.

MAA extraction

For the MAA extraction, 1 mL of aqueous methanol v/v (25%)
was added to 10-15 mg of freeze-dried, pulverized fish eye sample in
screw-capped vials. The samples were vortexed and left in a water
bath at 45°C for 3-4 h. Extracts were vortexed after 2 h and after 3-4
h. This approach has been previously evaluated as a complete

10.3389/fmars.2024.1426861

quantitative and qualitative extraction method (e.g., Carreto et al.,
1990; Bandaranayake, 1998; Karsten et al., 2009). After 5 min of
centrifugation (2,376xg) (Biofuge pico, Heraeus, Hanau, Germany),
800 UL of the supernatant was transferred into a new vial and
evaporated overnight to dryness using a rotational vacuum
concentrator (Christ RVC 2-25, Martin Christ GmbH, Osterode
am Harz, Germany). The dried pellets were redissolved in 800 UL of
high-pressure liquid chromatography (HPLC)-grade water,
vortexed for 30 s, and centrifuged for an additional 5 min
(16,058xg) (Biofuge pico, Heraeus, Hanau, Germany). The
supernatant was then transferred into HPLC vials and stored in a
freezer at — 18°C until being analyzed.

MAA analysis by high-pressure
liquid chromatography

Solvents and chemicals used for liquid chromatography were
purchased from Merck (Darmstadt, Germany). Ammonium formate
was obtained from Serva (Heidelberg, Germany) and MS-grade
formic acid from VWR International (Vienna, Austria). Ultra-pure
water was prepared in-house with an Arium 611 UV purification
system (Sartorius, Gottingen, Germany). Standards of mycosporine-
like amino acids with confirmed chemical structure and purity were
available from previous projects (Orfanoudaki et al., 2019, 2023).

TABLE 2 Overview of sampled freshwater fish species, phylogenetic family (after Naylor et al., 2012; Hughes et al., 2018; Fricke et al., 2022), date and

location of capture, behavior, and diet information according to literature.

Species Family  Date Location
Abramis brama Leuciscidae ~ April/ Lake Hohen Sprenz, Germany
June 2022
Alburnus alburnus Leuciscidae = August 2021 Gahlkow, Bay of Greifswald, Baltic Sea
Anguilla anguilla Anguillidae =~ April 2022 Lake Hohen Sprenz, Germany
Blicca bjoerkna Leuciscidae = August 2021; Gahlkow, Greifswald, Baltic Sea, Lake
June 2022 Hohen Sprenz
Coregonus albula Salmonidae = June 2022 Lake Stechlin, Germany
Coregonus maraena Salmonidae = November Aquaculture Dummerstorf
2021
Cyprinus carpio Cyprinidae = April 2022 Lake Hohen Sprenz, Germany
Neogobius melanostomos | Gobiidae August 2021 Gahlkow, Greifswald, Baltic Sea,
Perca fluviatilis Percidae August 2021; Gahlkow, Greifswald, Baltic Sea; River Elbe; Lake
June 2022 Hohen Sprenz; Stedtinian lagoon
Rutilus rutilus Leuciscidae = June 2022 Lake Hohen Sprenz, Germany
Salmo salar Salmonidae = April 2022 Lake Hohen Sprenz, Germany
Salmo trutta Salmonidae = April 2022 Lake Hohen Sprenz, Germany
Scardinius Leuciscidae = June 2022 Lake Hohen Sprenz, Germany
erythrophthalmus

Note that some species can also occur in brackish water.
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Lakes, large- to medium-sized rivers, brackish estuaries,
in schools, invertivorous (piscivorous)

Schools near the surface in lakes and slow-flowing
waters, planktivorous/invertivorous

Catadromous, invertivorous/piscivorous

Schools in standing waters and weak flowing river
parts, invertivorous

Baltic Sea, schools in deeper lakes, planktivorous

Baltic Sea, invertivorous/piscivorous

Warm, slow-flowing, and still waters (lowland rivers,
large, well-vegetated lakes), omnivorous

Coastal brackish water region, river lower reaches,
invertivorous/piscivorous

Flowing or stagnant freshwaters and Baltic Sea,
invertivorous/piscivorous

Wide variety of habitats (streams, lakes, rivers, coastal
waters), omnivorous

Anadromous, invertivorous/piscivorous
Anadromous, invertivorous/piscivorous

In schools in lakes and slow-flowing rivers over soft
muddy ground, herbivorous (invertivorous)
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HPLC analyses were performed on a Merck-Hitachi Elite La
Chrom instrument (Tokyo, Japan) equipped with a quaternary
pump, autosampler, column thermostat, and diode-array detector.
Separation conditions were according to the method described by
Orfanoudaki et al. (2020). The stationary phase was a YMC-Pack
ODS column (250 mm x 4.60 mm, 5 wm; YMC Europe, Dinslaken,
Germany), which was protected by a respective guard column. The
mobile phase consisted of 20 mM ammonium formate and 0.25%
(v/v) formic acid in water (A) and methanol (B). The applied
gradient was as follows: 100% A from 0 min to 20 min, 80% A at
30 min, 2% A at 35 min, and held at this composition for 5 min
(total runtime of 40 min), followed by 15 min of re-equilibration
under the initial conditions. Flow rate, temperature, and injection
volume were adjusted to 0.65 mL min~Y, 9°C, and 5.0 UL. Detection
wavelengths were set to 310 nm, 330 nm, and 350 nm. All samples
were membrane-filtered (0.45 um pore size) prior to analysis. The
integration of target peaks was carried out with the EZChrom Elite
software using the chromatograms recorded at 330 nm.

Stock solutions of shinorine, palythine, asterina-330, porphyra-
334, and aplysiapalythine A originating from a previous study
(Orfanoudaki et al., 2020) were used for calibration. At least six
calibrator levels per compound were prepared by dilution in water,
and each level was tested in triplicate. Calibration curves were
prepared by plotting the peak areas versus the concentrations of
each MAA. The regression parameters (intercept, slope, and
determination coefficient) were calculated by linear regression
analysis using Microsoft Excel. The limit of detection (LOD) and
limit of quantification (LOQ) for each MAA were calculated from
the regression models. The LOD was calculated as 3.3 times the
residual standard deviation of the regression line divided by the
slope of the calibration curve, whereas the LOQ was calculated as 10
times the residual standard deviation divided by the slope.
Usujirene and palythene were quantified by using the calibration
curve of aplysiapalythine A.

UHPLC-HRMS/MS experiments served to confirm the identity
of the assigned/quantified MAAs and were performed according to
the method described by Zwerger et al. (2023). The experiments
were performed on a Vanquish system (Thermo Scientific,
Waltham, MA, USA) consisting of a quaternary pump,
autosampler, column oven, and variable wavelength detector
connected to a Thermo Scientific Exploris 120 Orbitrap HRMS
unit. Separation was carried out on a Luna Omega C18 100 A
column (100 mm x 2.1 mm; particle size, 1.6 pm; Phenomenex,
Torrance, CA, USA) protected by a SecurityGuard ULTRA Guard
C18 precolumn. The mobile phase comprised water with 0.25%
formic acid and 20 mM ammonium formate (A) and acetonitrile
(B). All other parameters and settings can be found in the
aforementioned publication (Zwerger et al., 2023).

Results

Representative HPLC chromatograms with the seven MAAs
found in fish eyes are given, along with their chemical structures
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(Figure 1). Mass spectra of the individual MAAs are provided in
the Supplementary Material.

UV-absorbing MAAs were found in the eyes of 33 out of 39
investigated fish species using the HPLC approach (Figure 2). The
MAAs palythine, asterina-330, palythene, and usujirene were, as
previously reported in the literature, present, and three new
compounds, aplysiapalythine A, porphyra-334, and shinorine,
could be identified. Total MAA contents covered a wide range
from trace amounts up to 4.2 mg g~' dry weight, thereby providing
the first quantitative data on MAAs in fish eyes.

Most of the marine fish species (24 out of 26 taxa) contained
MAAs in their eyes, some even in high concentrations (Table 1;
Figure 2). In contrast, 12 out of 13 freshwater species revealed only
traces or lacked MAAs, except Abramis brama, which exhibited
0.36 mg palythine g ' dry weight (Table 2; Figure 2).

The eyes of Anguilla anguilla, Cyprinus carpio, Nemadactylus
macropterus, Rutilus rutilus, Salmo trutta, and Squalus acanthias
did not contain any trace of MAAs (Figure 2). In their eyes,
Ctenolabrus rupestris exhibited a trace of palythine and Salmo
salar a trace of asterina-330. In the other species, aplysiapalythine
A occurred only in Boreogadus saida (Figures 2, 3). Shinorine and
porphyra-334 were measured as trace concentrations in some fish
eyes and only in a relatively small number of marine species.
Although usujirene occurred in a few marine species only,
concentrations between 0.2 mg g”' and 0.6 mg g dry weight
were detected in Clupea harengus, Scophthalmus maximus, and
Sprattus sprattus (Figure 2). Palythene was determined in nine
different marine species, and values up to 1.9 mg g ' dry weight
were measured, the highest amount in the eyes of Sprattus sprattus.
In contrast, palythine and asterina-330 were the most abundant
MAAs among all investigated fish species. The palythine
concentration in the eyes of Clupea harengus reached 2.3 mg g’
dry weight, which was the highest individual quantitative MAA
value (Figure 2). Total MAA concentrations covered a wide range
from trace amounts to 4.2 mg g ' dry weight in Sprattus sprattus.

To evaluate how static or variable the MAA amounts in the fish
eyes might be, numerous samples of Boreogadus saida (polar cod) were
analyzed, which were all captured at different seasons in the Billefjord,
North Sea, between 2013 and 2021 (Figure 3). In this species, all seven
MAAs could be detected, but the qualitative and quantitative patterns
exhibited a high variability. Palythine was always the most abundant
MAA (> 60% of total content), ranging from 0.2 mg g to 1.7 mg g~
dry weight. The other six identified MAAs occurred in different
combinations and concentrations across all samples, i.e., shinorine
and porphyra-334 were not always present (Figure 3).

Trachinus draco (greater weever) was captured on four different
dates in October 2021 in the Belt Sea, Baltic Sea. The eyes of this
species also exhibited variable qualitative and quantitative MAA
patterns. While samples from 10th October showed only trace
amounts, those of 16th, 17th, and 26th October exhibited solely
0.2 mg g ' to 0.4 mg g ' dry weight of palythine (Figure 4). In
addition, the eye samples contained asterina-330, palythene, and
usujirene, resulting in total MAA concentrations between 0.3 mg
g ' and 0.6 mg g ' dry weight (Figure 4).
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FIGURE 1
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Discussion

Mycosporines and MAAs are well-described and experimentally
proven as natural UV-sunscreen compounds (Robson et al., 2019;
Peng et al, 2023). They are mainly distributed among different
marine algal groups and marine invertebrates. In fish, the date of
the first report back to 1980 when Grant et al. (1980) and Planck et al.
(1981) reported the occurrence of the MAAs palythine and palythene
in the eggs of Gadus morhua (Atlantic cod). Dunlap et al. (1989)
undertook the first systematic screening of MAA distribution
patterns in the ocular tissues of 52 tropical fish species. They also
determined palythine and palythene but additionally found asterina-
330 and palythinol, and all investigated fish eyes contained at least
one of these MAAs, some even all four. A few years later, Thorpe et al.
(1993) studied the ocular lenses of 120 fish species from freshwater
and marine habitats in temperate and tropical regions, and UV-
absorbing compounds were present in the majority of examined taxa.

Boreogadus saida

10.3389/fmars.2024.1426861

In 10 species, the MAAs palythine, palythene, and asterina-330 could
be identified but not quantified.

Overall, our qualitative and quantitative MAA data on the eyes
of 39 fish species originating mainly from the southern Baltic Sea
and northern Atlantic are in close agreement with these earlier
studies. Nevertheless, MAAs occurred mainly in the eyes of marine
or brackish fish species, while in freshwater fish, only Abramis
brama out of 13 taxa exhibited a low but clearly a detectable amount
of palythine (Figure 2). These data are difficult to discuss as most
lakes in northern Germany are shallow, eutrophic, and hence
turbid, and as a consequence, light transparency is typically low.
Therefore, we expect that most freshwater fish species in these
aquatic systems are rarely confronted with incident UVR, which
might explain the lack of or traces of MAAs only in their eyes. In
addition, to the best of our knowledge, we are not aware of MAA
studies of freshwater communities in German lowland lakes, i.e., we
do not know about the presence of UV-sunscreen compounds in
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such aquatic systems. In clear-water mountain lakes such as in the
Alps and the Pyrenees, phytoplankton assemblages contain MAAs,
which can be transferred via the food chain at least to zooplankton
(Laurion et al., 2002), while data on fish in such water bodies
are missing.

The application of a more advanced HPLC method for MAA
analysis with improved separation and resolution features compared to
that of Dunlap et al. (1989) and Thorpe et al. (1993) allowed the
identification and confirmation of the already known UV-sunscreen
compounds shinorine, palythine, asterina-330, porphyra-334,
palythene, and usujirene. In addition, the so-far unreported MAA
aplysiapalythine A could be unambiguously identified with our
improved method and by comparison with chemically well-
characterized standard compounds. Palythene is a geometric isomer
of usujirene (Whittock et al., 2022), and hence both compounds
exhibited a very similar retention time in previous HPLC approaches
and were often treated as a pair. With our improved HPLC method,
both MAAs could be separated with different retention times of
35.69 min (usujirene) and 36.07 min (palythene) (Figure 1),
respectively, along with slightly different absorption maxima (357 nm
versus 360 nm), which serve as a diagnostic feature.

Frontiers in Marine Science

The qualitative data presented in this study clearly indicate that
the composition of MAAs in fish eyes can be more complex than
considered before (Dunlap et al., 1989; Thorpe et al., 1993), as species
like Boreogadus saida contained seven different MAAs (Figure 3).
One explanation for this increase in the number of MAAs is of course
related to the strong improvements in the development of new
analytical methods over the last 20-30 years, such as in liquid
chromatography and mass spectrometry, as well as the recent and
successful application of feature-based molecular networking
(Zwerger et al., 2023). This suggests that state-of-the-art analytical
facilities and chemical networking approaches are required to
qualitatively and quantitatively evaluate the “real”, mainly complex
composition of MAAs of any biological sample. A good example is
the red alga Bostrychia scorpioides, which grows as an epiphyte on
European salt marsh plants and hence is regularly exposed to UV,
salt, and desiccation stress (Orfanoudaki et al., 2019). The
composition of MAAs of this species was first investigated by
Karsten et al. (2000), who reported mycosporine-glycine, shinorine,
porphyra-334, palythine, asterina-330, and palythinol by applying an
HPLC method comparable to that of Dunlap et al. (1989). Using
various chromatographic techniques in combination with nuclear

frontiersin.org


https://doi.org/10.3389/fmars.2024.1426861
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Bonin et al.

magnetic resonance (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS), Orfanoudaki et al. (2019) reported six
additional and so far unknown MAAs, bostrychines A to F, which
chemical structures could also be elucidated. However, they found
numerous peaks in their chromatograms that were unknown and
considered putative MAAs but could not be isolated. A modified
isolation protocol that included silica gel column chromatography,
flash chromatography on reversed phase material, and
semipreparative HPLC finally led to the purification and structural
elucidation of these unknown peaks/compounds, resulting in another
six MAAs, bostrychines G to L (Orfanoudaki et al., 2023). So, B.
scorpioides contained at least 18 chemically identified MAAs based on
progress in analytical chemistry, and for fish eyes, we also expect a
plethora of UV-sunscreen compounds, most of which have yet to be
isolated, purified, and elucidated.

The total MAA concentrations in the eyes of 39 fish species
ranged from trace amounts to 4.2 mg g~' dry weight. Comparison
with published quantitative data on other fish eyes is difficult, as, for
example, Thorpe et al. (1993) provided only qualitative information.
The ocular tissues of tropical marine fish from the Great Barrier Reef
contained variable levels of MAAs, with interspecific variations in
total lens concentrations ranging from 7.96 pmol mg ' protein
(white-tip reef shark) to 2,357 nmol mg ™' protein (scarlet-breasted
Maori wrasse) (Dunlap et al., 1989). Since these data are given on a
protein basis, they are difficult to recalculate on a dry weight basis, as
we do not have information on the protein content of our
investigated fish eyes. If the quantitative data presented in this
study are compared with those of different marine and terrestrial
algae, it is obvious that 4.2 mg MAAs g ' dry weight in Clupea
harengus can be considered a relatively high amount. In many green
and red algae, total MAA contents range from 1 mgg ' to 10 mg g’
dry weight, and 4 mg g~' dry weight is typical for intertidal seaweeds,
which are regularly confronted by high UVR during low tide (Karsten
et al., 2000; Karsten, 2008).

Fish eyes are morphologically and anatomically very similar to the
human eye (Reimann, 2015), which is a highly sensitive organ that can be
easily damaged by UVR. UV-induced damage to ocular tissue may result
in pathology to the cornea, lens, or retina. The particular combination of
exposure parameters, such as wavelengths and total energy delivered,
determines the primary target tissue(s). UVA can reach deeper layers of
the eye, like the lens. UVB only affects the eye’s surface, but it is energy
richer and consequently causes more cell damage (Zuclich, 1989; Chen
et al, 2009). If the cornea remains intact, only small amounts of UVB
reach the retina. Although the exact location of MAAs in fish eye tissues
is unknown, it is reasonable to assume that the cornea and/or vitreous
eye are of uttermost importance as the photoprotective layer/structure for
the radiation-sensitive retina. Although an exact dissecting protocol is
missing, Dunlap et al. (1989) provided UV absorption spectra of
methanolic extracts of cornea, iris, and lens ocular tissues isolated from
Makaira indica (black marlin). Each of these tissue extracts exhibited UV
absorption in the range of 328 nm to 332 nm, with the highest values in
the cornea and lens. These data at least support the hypothesis of MAA
location primarily in the cornea.

Irrespective of the exact localization of MAAs in fish eyes, the
high concentrations found in the present study suggest that they
fulfill important functions. Although experimental evidence is
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missing for fish, studies on marine invertebrates (sea urchins,
etc.) and numerous micro- and macroalgae unambiguously prove
that MAAs act as natural UV-sunscreen compounds (for review, see
Karsten, 2008; Peng et al., 2023, and references therein). In algae,
MAAs are induced and accumulated after natural or artificial
exposure to enhanced UVR (Karsten, 2008), and the presence of
MAAs in terrestrial microalgae typically results in a strongly
reduced UV sensitivity of growth and photosynthesis compared
to related aquatic taxa without the capability for MAA biosynthesis
(Karsten et al., 2007). The UV-protective function of MAAs is
further supported by their chemical structure, which is based on
conjugated double bonds, resulting in the highest known molar
extinction coefficients of natural products in the UVR region along
with impressive photostability (Whittock et al., 2022).

Apart from the sunscreen function, MAAs in the fish eye may
strengthen the visual acuity by filtering out short-wavelength
radiation (Dunlap et al, 1989). As a consequence, such filtering
would reduce chromatic aberration caused by the misfocusing of
shorter wavelengths on the retina, filter molecular scattering of
short wavelength radiation (Rayleigh scattering), and improve
optical contrast in the underwater blue light environment
(Muntz, 1973; Dunlap et al., 1989).

In addition, various biochemical functions of MAAs, such as
protecting against UVR-induced DNA damage (Peng et al., 2023)
or acting as antioxidants (Dunlap and Yamamoto, 1995), have been
reported. Different MA As are capable of scavenging reactive oxygen
species or inhibiting cellular damage caused by singlet oxygen,
along with exerting antioxidative effects through their UVR
screening (Peng et al.,, 2023, and references therein).

The obvious trophic transfer of MAAs from the primary producers
to the consumers seems to be a rather complex but still unstudied
process, as the main producers are algae, which are eaten by
zooplankton, which is the diet of many fish species in the juvenile
and/or adult stage. While shinorine is an abundant MAA in the algal
diet, fish eyes typically contain palythine and/or asterina-330 but mainly
lack shinorine (Dunlap et al.,, 1989; Thorpe et al., 1993; this study). These
MAAs differ structurally and functionally because palythine and asterina-
330 (bonded to ammonia and ethanolamine, respectively, at the C-1
iminocarbonyl position of the ring chromophore) are neutral owing to
zwitterion formation, whereas shinorine (bonded to an amino acid,
serine, at the C-1 position) has a net acidic character (Mason et al., 1998).
Whether these intrinsic chemical differences might account for their
differential uptake from the algal diet into the fish (e.g, Medaka fish
(Oryzias latipes)), perhaps by distinct carriers, or whether fish have the
metabolic capability to biochemically modify the sequestered MAAs as
discussed for corals (Shick et al, 1999), is still an open question. In
addition, the underlying molecular mechanisms, i.e., the prevention of
digestion of MAAs and their transport into the eyes, are not understood.
Recently, an unexpected discovery was reported, namely the de novo
synthesis of gadusol in zebrafish—a compound with UVB (280-315 nm)
protective activity. Gadusol is chemically related to the MAA precursor
4-deoxygadusol, but different enzymes are involved in the synthesis.
Nevertheless, it is still unclear whether fish can actually synthesize MAAs
or not (Osborn et al., 2015).

The presented data on Boreogadus saida and Trachinus draco
indicate strong variability in the concentration and composition of
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MAAs across the seasons and between catches. Consequently,
sufficient numbers of replicates are required for robust
conclusions, and at present, it is difficult to link the MAAs
detected in the fish eyes to habitat and diet information.

Many schooling zooplanktivorous fish species, such as herring
or mackerel, preferentially inhabit subsurface waters, where they
rely on vision for successful predation. These schooling fish species
are confronted with incident UVR, and hence their eyes need
protection against harmful wavelengths to avoid damage to
biomolecules and cells (Dunlap et al., 1989; Thorpe et al., 1993).
MAAs provide such UV-sunscreen function and hence are
considered photobiological antistress metabolites for fish eyes.
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