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Polyenes were analysed in two species of marine gastropods (the periwinkles Littorina brevicula and Littorina mandshurica) and two species of marine bivalves (the
mussels Mytilus trossulus and Crenomytilus grayanus) to determine the relationship of these compounds with the fouling of molluscs shell. It was found that the shells
of the Littorina gastropods and M. trossulus, which are rarely overgrown by fouling organisms in nature, contained polyenes. In rare cases of fouling by Balanus barnacles,
there were no polyenes at the sites of their attachment on the shells. Polyenes were not found in the shells of C. grayanus, which are often prone to fouling. The role of

polyenes in the possible anti-fouling properties of molluscan shells is discussed.

Introduction

Integumentary colour is a fundamental aspect of the
physiology and functional morphology of integuments that has
probably played a crucial role in all stages of their evolution.
Colour patterns serve for crypsis, an advertisement for
mates, aposematism (warning), and startling prey, and also
have non-communication functions like thermoregulation
and resistance to mechanical wear. Colours are produced
by a variety of pigment molecules, nanostructures, or a
combination of both. This mechanistic diversity provides
complex opportunities for natural and sexual selection on
the many functions of the integumentary colour [1]. Polyenes
play a substantial role as pigments in several molluscan taxa.
Using Raman micro-spectrometry, these compounds have
been identified as pigments in coloured parts of shells in 13
gastropods, one cephalopod, and four bivalve taxa. There are
no trivial relationships between colour, pigment, and taxon.
The same colour in different taxa may be due to different
pigments; different colours in the same taxon are due to
different pigments [2]. Based on an analysis of 89 polyene-

based pigments in 45 molluscan species, Ishikawa, et al. [3]
found that different pigments (from yellow, orange, and red to
purple) are associated with polyenes characterised by different
conjugation lengths (from 7-9, 9-10 to 10-12, respectively).
Polyenes with less than seven conjugation lengths exhibit no
visible colour because their absorption maxima are outside the
visual light range [3]. The latter, as well as their antifungal
properties, suggests that the role of polyenes may be reduced
to providing not only shellfish colour, but also bioprotective
functions. Fungicidin, the first known antifungal polyene
subsequently referred to as nystatin, was isolated as a
fermentation product of Streptomyces noursei cultured from
a soil sample in 1949 [4]. In 1953, two active compounds—
amphotericin A and amphotericin B (AmB), named for their
amphoteric properties—were also isolated from Streptomyces
nodosus. These polyenes were chemically similar to nystatin.
Depending on the number of conjugated double bonds,
polyenes are classified into trienes, tetraenes, pentaenes,
hexaenes, heptaenes, etc. The tetraene amphotericin A showed
an antifungal activity similar to that of nystatin, while the
antifungal activity of heptaene AmB was significantly higher
compared to nystatin and amphotericin A [5].
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Taking into account the antifungal activity of polyenes, as
well as the antifouling activity of bacterial extracts containing
polyenes [5-7], we suggest that the fact that the clean, free-
of-fouling surface of the shells in the molluscs under study
may be explained by polyenes, which until recently have been
investigated mainly as substances that determine the shell
colour. The present study aimed to analyse several types of
molluscan shells in order to confirm or refute this suggestion.

Materials and methods
Animals

To study the polyenes in molluscan shells we collected two
species of marine gastropods (the periwinkles Littorina brevicula
(Philippi 1844) and Littorina mandshurica (Schrenk, 1861)) and
two species of marine bivalves (the mussels Mytilus trossulus
(Gould, 1850) and Crenomytilus grayanus (Dunker, 1853)) in
the Amur Bay, Peter the Great Bay, Sea of Japan. 7 Littorina
mandshurica, 12 Littorina brevicula, 12 Crenomytilus grayanus and
18 Mytilus trossulus were examined.

Raman spectroscopy

The Raman spectra were recorded on an inVia Reflex Raman
microspectrometer (Renishaw, United Kingdom) coupled
with a Leica DM2500M incident light microscope (Leica
Microsystems, Germany). For excitation, we used a 532-nm
diode-pumped laser at a power of 1.0 mW and exposure time
of 0.1 s and 100 — 200 scans. A laser spot with a diameter of
~1.4 pm on the sample was formed with a lens (50x, NA = 0.75,
Leica). The spectra were processed using smooth, baseline
subtraction, and peak fit functions in the WiRE 4.1 software. For
peak fitting, a mixture of Gaussian and Lorentzian algorithms
was used. The spectrum of each object at each location was
measured over a range of 170 to 1800 cm™.

Results and discussion

A Raman spectroscopy of the M. trossulus shells that did not
have signs of fouling showed the presence of polyenes. Figure 1
shows a typical pattern where visual fouling (barnacles Balanus
sp. etc.) is absent and Raman signals characteristic of polyenes
are present. Two strong bands are observed: one corresponding
to C = C stretching near 1489 cm™ and another at 1107 cm™.
Number of double bonds, estimated using the formula (1)
applied by Stemmer and Nehrke [8], is 16.

N4 = 830/(R4-1438) (1)

where: N4 - number of double bonds, R4 - raman shift of
double bond

In the M. trossulus overgrown by barnacles, the same pattern
was observed. However, a more detailed study showed the
absence of polyenes in the shell at the point of attachment of
barnacles that had settled in the cypris larva stage (Figure 2A).
At a small distance (about 50 pm) from the attachment point,
the signal from polyenes reappeared, representing polyenes
with 14 double bonds (Figure 2B).

All the C. grayanus analysed were heavily overgrown by
calcareous algae, bryozoans, and other epibionts. It was
impossible to find any single specimen of C. grayanus free of
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Figure 1: Left panel: Image of site of M. trossulus shell surface. Crossed lines
indicate the probe point. Scale bar: 50 um. Right panel: Raman spectrum at this
point. Numerals indicate peaks characteristic of polyene(s).
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Figure 2: Crossed lines indicate the probe point. (A) — The point of the barnacle’s
attachment on the M. trossulus shell surface and (A’) - its Raman spectrum; (B) - a

point at a distance from the barnacle’s attachment and (B’) - its Raman spectrum.
Numerals indicate peaks characteristic of polyene(s). Scale bar: 50 um.

fouling, and Raman spectroscopy of their shells showed the
absence of polyenes in them (Figure 3A). The Raman spectrum
for M. trossulus is shown (Figure 3B) for comparison.

Shells of the studied Littorina gastropods are rarely
affected by fouling, and all of the examined specimens showed
the presence of polyenes. Among the collected L. brevicula, no
specimens with attached barnacles were found. The Raman
spectra at different points in L. brevicula shells show the
presence of various polyenes (Figure 4). Polyenes are present
regardless of the presence or lack of fouling. However, for a
specimen overgrown by calcareous algae, the position of the
characteristic peaks is shifted to a longer wavelength side (1107
and 1490 cm™ vs. 1119 and 1510 cm™, respectively) than for a
non-fouled specimen, which indicates the presence of various
polyenes with different numbers of conjugated double bonds,
from 16 to 12, the same as in fouled and non-fouled shells

(Figure 5).
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A study of the shells of L. mandshurica has shown that some
of the characteristic peaks are composite peaks that indicate
the presence of several polyenes. Figure 6 presents a magnified
part of the peak in the 1500 cm™ region actually consisting of
two peaks, 1498 and 1516 cm™, which can indicate the presence
of polyenes with estimated numbers of double bonds of 14 and
11, respectively.

As in the case of M. trossulus, polyenes were not found in the
L. mandshurica shell surface at the barnacle’s attachment points.
Figure 7 shows a Raman spectrum for the L. mandshurica shell
surface at the point of the barnacle’s attachment. No essential
modes associated with polyenes have been recorded. However,
a point at 50 pm from the point of the barnacle’s attachment
on the L. mandshurica shell surface contains polyenes, which is
clearly visible in the Raman spectrum in Figure 8.

The authors do not claim that polyenes completely protect
mollusk shells from fouling. More detailed research on a
wider range of species is required as well as obtaining polyene
extracts and directly determining their antifouling activity.
Also, fouling classification is required to find any correlation
with different polyenes distributions. However, the results
indicate that antifouling may be one of the functions of
polyenes, which until now have only attracted researchers as
the cause of shell color. Considering the harm fouling causes
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Figure 3: Raman spectrum for the surfaces of C. grayanus (1) and M. trossulus (2)
shells. A shell of C. grayanus had significant biofouling.
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Figure 4: Raman spectra for different points on the L. brevicula shell surface. For

clarity see text.
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Figure 5: Raman spectrum for the L. brevicula shell surface. The curve with modes
of 1107 and 1490 cm™" is f fouling brevicula. For clarity see text.
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Figure 6: Raman spectrum for the Littorina mandshurica shell surface. Left panel: a
site of L. mandshurica shell surface. Crossed lines indicate the probe point. Scale
bar: 20 pm. Right panel: Raman spectrum at this point. Numerals indicate peaks
characteristic of polyene(s). The inset in the right part of the Raman panel is the
maghnified part of the N4 peak. For clarity see text.
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Figure 7: Raman spectrum for the L. mandshurica shell surface at the point
of barnacle’s attachment. Left panel: a site of the L. mandshurica shell surface.
Crossed lines indicate the probe point. Scale bar: 50 pm. Right panel: Raman
spectrum at this point. For clarity see text.
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Figure 8: Raman spectrum for an area of L. mandshurica shell surface at a distance
from the barnacle’s attachment point. InVia reflex microspectometer screen
snapshot. Left panel: a site of L. mandshurica shell surface. Crossed lines indicate

the probe point. Scale bar: 50 um. Right panel: Raman spectrum at this point.
Numerals indicate peaks characteristic of polyene(s).
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to shellfish cultivation, reducing production yield [9-11],
research in this area is of great importance, providing another
parameter that should be taken into account when choosing
shellfish for cultivation.

Conclusion

Observations of tropical molluscs have shown that their
brightly coloured shells, in contrast to the molluscs from
temperate waters considered in the present study, are usually
free of fouling. The assumption that polyenes, besides
pigmentation, have an antifouling function seems to be
plausible, especially considering that most of the pigments in
molluscan shells are polyenes of which some have antifungal
properties and are colourless. However, our study does not
fully confirm this. Only C. grayanus represents an example of
heavily fouled shells with a complete lack of polyenes on the
surface. Among the examined gastropods and bivalves, with
the exception of C. grayanus, there were shells covered by
fouling despite the presence of polyenes in general. Among
the druse of the bivalve M. trossulus, there are both druse that
(in the fewest cases) are highly susceptible to fouling and
those (in most cases) with a clean shell. The fact that barnacle
attachment sites on molluscs’ shells lack polyenes suggests
that the latter generally counteracts fouling.
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