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Mollusc shells are typically made of calcite, aragonite or, in rare
cases, vaterite (Weiner et al., 2009; Ehrlich, 2010). These minerals
are interspersed with protein matrix and sometimes pigments
(Comfort, 1949a; Hedegaard, Bardeau & Chateigner, 2006).
Typically, the organic matrix is composed of β-chitin, silk-like pro-
teins rich in alanine and glycine, and aspartic acid-rich proteins
(Weiner & Traub, 1984; Addadi et al., 2006; Furuhashi et al.,
2010). This matrix creates an environment isolated from the sur-
rounding seawater that the mollusc can supersaturate with calcium
carbonate. Mineral layers of the shell develop by the nucleation of
crystals of calcium carbonate within the protein matrix (Weiner &
Traub, 1984). The proteins of the organic matrices of bivalve and
gastropod shells have been the most intensively studied. It has
been shown that these proteins determine the growth of specific
crystal polymorphs of calcium carbonate (Marin & Luquet, 2004;
Furuhashi et al., 2010; Marin, Roy & Marie, 2012; Suzuki &
Nagasawa, 2013).

Pigments found within the shell are typically melanins and tetra-
pyrroles, specifically porphyrins and bilins (Comfort, 1949a, b, c;
Nicholas & Comfort, 1949; Gysi, Chapman & Moshier, 1979; Cai
et al., 2011). Comfort (1949b) identified porphyrins by observing
their specific fluorescence in over 3,000 mollusc species. He also
identified porphyrins using talc-adsorption chromatography in
four pterioid bivalves, two caenogastropods and two vetigastro-
pods (Comfort, 1949a). Nicholas & Comfort (1949) confirmed the
presence of uroporphyrin in several mollusc shells using this meth-
od. In addition, Comfort (1949c) noted an unusual biliprotein ini-
tially suspected to be an indigoid. Cai et al. (2011) demonstrated a
blue polyene in the shell of Haliotis discus by using a combination
of UV-vis, infrared, NMR and ESI-mass spectroscopy. Using thin-
layer chromatography and electrophoresis, Gysi et al. (1979) identi-
fied the pigments of Haliotis californiensis as bilipeptides.

Raman spectroscopy can also be used to identify molluscan shell
pigments. Raman spectroscopy is a nondestructive analytical tech-
nique that uses lasers to identify compounds present within an
unknown sample. Raman microscopy combines Raman spectros-
copy with optical microscopy, thus allowing Raman spectra to be
obtained from precise locations within a sample. Using Raman spec-
troscopy, coloured pigments in a wide range of gastropods, bivalves
and Nautilus have been demonstrated to be polyenes (Thompson
et al., 2014), or specifically carotenoid polyenes (Barnard & de Waal,
2006; Hedegaard et al., 2006). The characteristics of Raman spectra

are determined by the specific chemical bonds present in the ana-
lysed material. While the technique cannot conclusively identify the
compounds present, identification is attempted by comparison of
spectra with known standards.

As in the case of shell proteins, work on shell pigments has
focused on bivalves and gastropods. Reports on shell pigments
from other classes of Mollusca are few (Matsuno, 2001; Barnard &
de Waal, 2006; Hedegaard et al., 2006; Karampelas et al., 2009;
Thompson et al., 2014) and entirely lacking for the clade Aculifera
(Polyplacophora and Aplacophora; Kocot et al., 2011; Kocot,
2013). This lack is surprising in the case of chitons, which are
common in the intertidal zone worldwide and include some spe-
cies with a wide range of colour variation (Sigwart, 2016).

Chitons have a shell structure that differs from that of other mol-
luscs. The shell of a chiton is composed of eight overlapping arago-
nitic plates, or valves. Each valve has an outer organic layer
(properiostracum) covering the shell and two primary mineral
layers, the outer (dorsal) tegmentum and the inner (ventral) articula-
mentum. The articulamentum forms the bulk of the valve and is a
composite prismatic layer (Connors et al., 2012). The dorsal tegmen-
tum is also a prismatic layer which, uniquely in molluscan shells,
incorporates sensory structures called aesthetes (Schwabe, 2010;
Connors et al., 2012). These are composed of a canal system, with
large and small surface pores (megalaesthetes and micraesthetes,
respectively; Schwabe, 2010). Acanthopleura granulata also incorporates
eye-like structures into the tegmentum that may have the ability to
form rudimentary images and in which the pigment pheomelanin
has been identified (Speiser et al., 2011; Li et al., 2015). In addition,
pigments in the tissues of six chiton species from Japan have been
shown to include 27 different carotenoids, although the extracellular
pigments within the mineralized layers of chiton valves, or in girdle
spicules, have not yet been studied (Tsushima, Maoka & Matsuno,
1989; Schwabe, 2010; Maoka, 2011; Speiser, Demartini & Oakley,
2014; Sigwart, 2016).

Carotenoids were identified using Raman spectroscopy within the
valves of eight chitons from New Zealand: Acanthochitona zelandica,
Chiton glaucus, Ischnochiton maorianus, Leptochiton inquinatus, Notoplax viola-
cea, Onithochiton neglectus, Sypharochiton pelliserpentis and S. sinclairi.
Chitons were collected from the Otago Peninsula, South Island,
New Zealand. At least three individuals of each of the eight species
were collected and killed in 75% ethanol immediately after collec-
tion. The valves were dissected post-mortem and the soft tissues
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removed. The isolated valves were soaked overnight in a 0.5M
bleach solution to remove the properiostracum and any algal con-
taminants. The valves were then embedded in epoxy resin and
warmed at 60°C for 2 h to harden. The resin block was cut with a
diamond saw to section the valves. The exposed valve material was
polished with a series of sandpapers (240 grit, 600 grit, then 1200
grit) followed by polishing on a Kent 3 automatic lapping machine
with grit sizes of 3 μm then 1 μm. The polished valve sections were
examined using a Senterra confocal Raman microscope (Bruker
Optics, Ettlingen, Germany). The parameters used for Raman
microscopy were: laser wavelength 785 nm, 100mW laser power,
50 μm pinhole aperture, 20× objective, scan time 5 s with six co-
additions and a spectral resolution of 9–18 cm−1. Three line maps
(each containing 20 spectra) were taken vertically through each

valve, taking care to avoid the aesthete channels so that signals were
strictly from the mineral layers. For each chiton species, line maps
were obtained from each of the valves (I–VIII) for one of the three
individuals and, from the head (I), fourth (IV) and tail (VIII) valves
for the remaining two individuals. The Raman microscope was cali-
brated daily using a polystyrene standard.

The Raman spectra from complete valves showed prominent
Raman bands at 704 cm−1 (aragonite), 1085 cm−1 (calcium carbon-
ate), 1099–1126 cm−1 (C–C bond stretching) and 1498–1513 cm−1

(C=C bond stretching). The pigment signals were of the same rela-
tive strength as the calcium carbonate signal at 1085 cm−1. The ara-
gonite signal at 704 cm−1 was the smallest of the prominent peaks
(Fig. 1). Aragonite signals were present in all spectra from all valves.
The Raman bands at 1099–1126 and 1486–1513 cm−1 appeared
only in the tegmentum; these bands are consistent with other Raman
studies of molluscan shell pigments that have suggested carotenoids,
based on peaks within the ranges 1070–1210 and 1450–1680 cm−1

(Britton et al., 1997; Barnard & de Waal, 2006; Hedegaard et al.,
2006) (Fig. 1, Table 1). The occurrence of these putative carotenoids
can be further refined by closer examination of the spectra. A green
pigment was found in all analysed chiton valves with signals between
1486–1500 and 1099–1122 cm−1. Onithochiton neglectus, S. pelliserpentis,
S. sinclairi and I. maorianus (Chitonina) had an additional brown pigment
in their tegmenta with signals at 1510–1513 and 1122–1126 cm−1.
The sole lepidopleuridan, L. inquinatus, the acanthochitonids (A.
zelandica and N. violacea) and C. glaucus only contained the green
pigment. The pigment signals detected in L. inquinatus were gen-
erally weaker than those found in the other chitons. Pigment sig-
nals detected from each species only varied by at most 8 cm−1,
except for those found in O. neglectus, which were shifted by at
least 12 cm−1. The Raman spectra of the chitons did not show
features at 1400 or 1588 cm−1, suggesting that eumelanin was
not present at high concentrations within the valves (Huang
et al., 2004; Capozzi et al., 2005; Coccato et al., 2015; Perna,
Lasalvia & Capozzi, 2016).

These green and brown carotenoids found in the tegmentum of
chitons are the first instances of carotenoids reported in chiton skel-
etal material. Tsushima et al. (1989) have previously identified caro-
tenoids within the tissue of Liolophura japonica, Placiphorella japonica,
P. stimpsoni, Acanthochitona defilippii, A. rebrolineata and Cryptochiton stelleri,
but did not analyse the valves or spicules of these species. Pigment
signals in L. inquinatus (order Lepidopleurida) were weaker than
those of the other seven species examined and the brown pigment
was restricted to four members of the order Chitonida. Despite this
apparent correlation between pigments and phylogeny, the presence
of carotenoids could also be linked with the environment of the chit-
ons. Since carotenoids can only be synthesized by plants (Barnard &
de Waal, 2006), it is likely that the chitons incorporate pigments
from their diet of intertidal algae. Dietary differences could explain
the results for O. neglectus, which was found on kelp holdfasts rather
than on rock as with the other sampled chitons. It is unlikely that
these pigment signatures reported here are from algae living on or
in the chiton valves, since in our data there were no cellular or non-
pigment signals from algae (such as adhesion proteins, haemoglobin,
chlorophylls and carbohydrates, as previously associated with algae;
Parab & Tomar, 2012).

Small Raman bands appeared at 832–835 cm−1 (C–N bond stretch-
ing), 1270–1291 cm−1 (amide III band stretching), 1534–1536 cm−1

(amide II band stretching) and 1618–1620 cm−1 (C=O bond stretch-
ing) and were consistent between and within each examined spe-
cies. These are indicative of protein, which is most likely part of
the protein matrix of the shell. These signals were smaller than
both aragonite signals and were found primarily in the outer
mineralized layer, the tegmentum (Fig. 1). Few or no protein sig-
nals were found in the articulamentum, which only showed the
strong aragonite signals (Fig. 2).

Decalcification of chiton valves was attempted using 0.5M
EDTA in order to remove the dominant aragonite signals and

Figure 1. Raman spectra from the tegmentum and articulamentum of
Leptochiton inquinatus, Onithochiton neglectus and Sypharochiton sinclairi. Bands at
704 and 1085 cm−1 indicate aragonite, peaks at 1099–1117 and
1486–1499 cm−1 indicate C=C and C–C bonds of carotenoids. Raman
intensity is measured in arbitrary units (au).

Table 1. Stretching modes indicating presence of carotenoid pigments in
chiton valves; υ1 can be attributed to C=C; υ2 can be attributed to C–C.

Species υ1 (cm
−1) υ2 (cm

−1)

Acanthochitona zelandica 1501 1118

Chiton glaucus 1506 1122

Ischnochiton maorianus 1500, 1513 1116, 1126

Leptochiton inquinatus 1499 1117

Notoplax violacea 1498 1115

Onithochiton neglectus 1486, 1510 1099, 1122

Sypharochiton pelliserpentis 1498, 1510 1116, 1122

Sypharochiton sinclairi 1499, 1510 1117, 1122
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measure the isolated proteinaceous component of the chiton valves.
This decalcification process resulted in the aragonite material dis-
solving, leaving a firm protein structure. Since the polysaccharides
α-chitin and β-chitin have been described as major components of
chiton valves, the decalcified valves should theoretically reveal the
presence of chitin (Evans & Alvarez, 1999; Treves et al., 2003;
Weaver et al., 2010; Connors et al., 2012). However, while the dec-
alcified valves showed stronger protein-related peaks in the same
location as in the mineralized valves, and no aragonite signal, the
spectra did not conclusively indicate the presence of chitin when
compared with a chitin standard (Fig. 3; De Gelder et al., 2007;
Ehrlich et al., 2007). The decalcified valves consistently showed
peaks at 534, 930, 955, 1267 and 1621 cm−1, whereas reference

spectra from α-chitin showed peaks at 953–955, 1267 and
1621–1622 cm−1 (Fig. 3). The similarities indicate only that both
the decalcified material and α-chitin have a C–C bond (955 cm−1)
and an amide group (1267 cm−1). Notably, α-chitin also shows
peaks at 1621 and 1656 cm−1 (Mikkelsen et al., 1997), of which the
decalcified valves show only the first, at 1621 cm−1. The decalcified
material also appears to be missing the characteristic chitin peaks
at 1087, 1109, 1149, 1204, 1324, 1374, 1417 and 1450 cm−1

(Mikkelsen et al., 1997). The match between the spectra of the dec-
alcified valves and the α-chitin standard is not sufficiently close to
identify chitin with confidence.

These are the first data to suggest an unusual composition of chi-
ton shells among molluscs. In other mollusc shells each aragonite

Figure 2. Raman bands from a representative line map across valve of Sypharochiton sinclairi. The lack of protein signals at 1110–1600 cm−1 from the teg-
mentum, and of pigment signals at 1117 and 1499 cm−1 from the articulamentum, were observed in all analysed species. The inset shows location of typical
line maps on cross section of a valve; each grey dot is the location of a spectrum taken by the Raman microscope. Raman intensity is measured in arbitrary
units (a.u.). Scale bar = 1 mm.
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crystal is surrounded by an organic matrix of protein and chitin,
which is integral to the process by which the shell is formed (Bøggild,
1930; Weiner & Traub, 1984; Addadi et al., 2006). The absence of
evidence of α-chitin and β-chitin in the chiton valves is therefore
intriguing, especially since chitin has previously been reported in
chitons. Treves et al. (2003), using IR spectroscopy, found that chitin
was abundantly present in the valves of Acanthopleura villantii, although
absent from its girdle spicules. Weaver et al. (2010) examined the rad-
ula of C. stelleri using both transmission electron microscopy and
Raman spectroscopy and found α-chitin. FTIR spectroscopy has
been used to detect α-chitin in the matrix component of valves and
girdle spicules of Tonicella marmorea and in the radula of S. pelliserpentis
(Evans & Alvarez, 1999; Connors et al., 2012). These conflicting
results should be examined by future studies using both Raman and
IR microscopy. The lack of protein signals in the articulamentum is
also unexpected, since the organic matrix used for calcification
should be present throughout the valve. It is likely that matrix pro-
teins were present in the articulamentum but below detection levels,
since a solid material did remain when the valves were decalcified.
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