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In vivo confocal Raman microscopy (CRM), polarized light microscopy and
Fourier transform infrared spectroscopy (FTIR) were used to determine if a
significant amount of amorphous calcium carbonate (ACC) exists within
larval shells of Baltic mytilid mussels (Mytilus edulis-like) and whether the
amount of ACC varies during larval development. No evidence for ACC
was found from the onset of shell deposition at 21 h post-fertilization
(hpf) until 48 hpf. Larval Mytilus shells were crystalline from 21 hpf
onwards and exhibited CRM and FTIR peaks characteristic of aragonite.
Prior to shell deposition at 21 hpf, no evidence for carbonates was observed
through in vivo CRM. We further analysed the composition of larval shells in
three other bivalve species, Mercenaria mercenaria, Crassostrea gigas and
Crassostrea virginica and observed no evidence for ACC, which is in contrast
to previous work on the same species. Our findings indicate that larval
bivalve shells are composed of crystalline aragonite and we demonstrate
that conflicting results are related to sub-optimal measurements and mis-
interpretation of CRM spectra. Our results demonstrate that the common
perception that ACC generally occurs as a stable and abundant precursor
during larval bivalve calcification needs to be critically reviewed.

1. Introduction

Molluscan larvae, whose calcium carbonate shells provide structural support
and protection, exhibit much higher relative calcification rates than adult
forms [1]. High energetic costs of larval bivalve calcification likely arise from
the transport and accumulation of calcification substrates (calcium and bicar-
bonate), the excretion of protons, which are generated during shell formation,
as well as shell organic matrix synthesis [2,3]. This high energetic investment
renders them vulnerable to environmental disturbances such as ocean acidifica-
tion [2,4,5]. The biological control and structural diversity of shell formation in
molluscs has received much attention because a better understanding of bio-
mineralization processes is crucial to understand vulnerability to abiotic
stressors [1,6—9]. Despite the high diversity in shell structure and polymorph
composition found in adult bivalve shells, calcification during larval develop-
ment is morphologically similar between species. Cell lineages involved in
shell formation are homologous and exhibit a similar enzymatic histochemistry
[10]. Furthermore, preceding shell formation, the cellular differentiation pro-
cesses of shell-forming cells are conserved in bivalve species [11,12]. In
bivalves, ectodermal cells in the dorsal region thicken and invaginate to form
the shell gland [10]. A subsequent evagination of the shell gland and flattening
of ectodermal cells gives rise to the so-called shell field [10]. Initial shell miner-
alization in bivalve molluscan larvae takes place during the trochophore larval
stage, within the shell field region [13]. The shell field evaginates during the tro-
chophore stage and the surrounding epithelia secrete an early organic layer
which is assumed to protect the first shell structures from dissolution during
adverse environmental conditions such as lowered saturation state for aragonite
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[2,13]. This early organic layer is continually mineralized as it
spans over the surface of the larval body, with a small frac-
tion that remains unmineralized at the growing edge of the
shell [14]. Shell calcification laterally compresses the larva
and the epithelial cells within the shell field are presumably
responsible for the secretion of the first larval shell, prodisso-
conch I (PD I, D-veliger stage) [15]. At this early stage, the
shell is composed solely of aragonite [16—19]. The formation
of PD I is followed by the secretion of prodissoconch II (PD II,
veliger stage), which is characterized by the presence of
growth lines. The shell-forming epithelial cells within the
shell field ultimately differentiate into the shell-forming
organ in juveniles and adults, the mantle. Following meta-
morphosis from the (pedi)veliger stage to juveniles, the
mantle secretes new shell layers (dissoconch) at the edge of
prodissoconch II that formed previously [11,20].

Adult and juvenile mytilid shells consist of two distinct
layers that are composed of different calcium carbonate poly-
morphs: aragonitic tablets (inner nacreous layer) and calcitic
prisms (outer layer) [21]. However, within the first 2 days
of development, larval bivalves rapidly secrete aragonitic
shells, the mass of which corresponds to approximately
90% of their somatic body mass [2]. This shell deposition pro-
cess must involve a rapid accumulation and transport of
calcium and carbonate ions to the shell field region. Organ-
isms may wuse transepithelial transport (cellular and
paracellular pathways) to enable accumulation of calcium
and carbonate ions directly at the site of calcification. Alterna-
tively, amorphous calcium carbonate (ACC) precursor phases
could be accumulated intracellularly to be exocytosed onto
the growing shell [22]. Such a mechanism has been demon-
strated in larval echinoderms, where intracellular vesicles
containing calcium carbonate are widely distributed across
the larva and are subsequently deposited onto the larval
spicules [23]. Such detailed understanding is lacking in mol-
lusc larval stages. Analysis of larval bivalve shells (Mercenaria
mercenaria, Crassostrea gigas) using Raman and infrared
spectroscopy has also suggested the presence of an ACC pre-
cursor phase [24]. However, more recently, lack of evidence
of ACC in the larval shells of oysters based on focused ion
beam transmission electron microscopy (FIB-TEM) tech-
niques [25,26] has necessitated a review of occurrence of
ACC in larval shell carbonates molluscs. Recent studies
have exclusively observed the presence of crystalline arago-
nite in the veliger larvae of the oysters Crassostrea nippona
and Pinctada fucata, with no evidence for the intermittent
presence of an ACC phase [25,26]. The advantage of using
amorphous precursors such as ACC during calcification is
that they may be moulded into intricate structures and their
isotropic nature allows for mechanical strain in all directions
[27]. ACC is a highly unstable polymorph of calcium carbon-
ate and its solubility is almost 30 times higher than that of
aragonite [4,28]. Therefore, an understanding of its role in
biomineralization is crucial for predicting the vulnerability
of early calcification processes to environmental disturbances,
in particular of the oceanic carbonate system [1,2].

The conflicting results mentioned above illustrate the
need for studying more molluscan species using a variety
of methodological approaches. Here, we address the question
whether ACC is a precursor phase involved in mytilid mussel
shell formation using in vivo confocal Raman microscopy
(CRM) for the first time. CRM offers a high-spatial resolution
(sub-micron) to follow the initial appearance of crystalline

structures and to determine their phase composition from n

the earliest calcifying stages (trochophore stages) to D-veligers
and freshly settled juveniles. In addition, we present results
from Fourier transform infrared (FTIR) spectroscopy on
Muytilus D-veliger shells and CRM analyses on larval shells
from three additional bivalve species, M. mercenaria, C.
gigas and Crassostrea virginica to investigate the role of ACC
in bivalve larval shell formation. Finally, we follow the depo-
sition of polyenes (pigments) within the shell during initial
calcification in trochophore larvae, using CRM.

2. Material and methods
2.1. Animal collection and larval culture

Adult and juvenile mussels Mytilus were collected in Kiel Fjord
(54°19.8' N; 10°9.0' E) in June 2015 and 2016. Kiel mytilids are
Muytilus edulis x trossulus hybrids similar to M. edulis. We will
refer to them as Baltic M. edulis-like according to Stuckas et al.
[29]. Adult animals were spawned as described previously, at
pHnis 8.1 and a salinity of 16 psu [14]. Larvae were maintained
at GEOMAR at 17°C until 48 h post-fertilization (hpf). Larvae
from five separate fertilizations were analysed for the presence of
ACC, aragonite and calcite. Adult Pacific oysters, C. gigas were col-
lected from Sylt, Germany and spawned as described previously
[30] at pHngs 820 and a salinity of 34 psu. Larval cultures were
maintained at GEOMAR at 22°C until 24 hpf, when D-veliger
stages were reached. Adult hard clams, M. mercenaria were
obtained from Ocean Rich distributors (Brookhaven, NY, USA)
and adult Eastern oysters, C. virginica were obtained from the
Shinnecock Bay Restoration Program (NY, USA; 40°51'50.4" N;
72°29'27.6" W). Adult M. mercenaria and C. virginica were spawned
as described previously at pHngs 8.12 and a salinity of 30 psu [31].
Larval cultures were maintained at 24°C until 12 days post-
fertilization (dpf, M. mercenaria) and 10 dpf (C. virginica) at Stony
Brook University’s Southampton Marine Sciences Center (South-
ampton, NY, USA). Baltic M. edulis-like larvae were analysed
alive and frozen, whereas larvae of M. mercenaria, C. gigas and C.
virginica were analysed frozen. Frozen larval samples were brought
to room temperature and Raman spectra were collected on samples
within 30 min. CRM analyses were performed on samples within
three months of sample collection. Samples of M. mercenaria and
C. virginica were transferred to GEOMAR, Kiel from the USA on
dry ice. Specimens of Baltic M. edulis-like juveniles were collected
in Kiel Fjord (54°19.8' N; 10°9.0' E) in August 2015. Samples were
flash frozen in liquid nitrogen and stored at —20°C until further use.

2.2. Confocal Raman microscopy

To investigate the calcium carbonate polymorphs present during
shell formation of Baltic M. edulis-like, we used a WITec alpha
300R (WITec GmbH, Germany) confocal Raman microscope
(CRM) equipped with a 488 nm laser diode housed at the
Alfred Wegener Institute in Bremerhaven. An ACC standard
was prepared at 1°C according to the method described in
Rodriguez-Blanco et al. [32]. Briefly, equal volumes of cooled
(1°C) 10 mM CaCl, and Na,CO; solutions were combined and
the resulting suspension was vacuum filtered (0.2 um). Stable
ACC as described in [32] was recovered by washing the filtered
solids with isopropanol and drying them in air. Reference spectra
of calcite (Iceland spar) and aragonite (single crystal, Spain) were
obtained using in-house standards also reported in a previous
publication [33]. An ACC-aragonite mixture was prepared by
mixing equal masses of powdered ACC and aragonite standards
using a pestle and mortar. The resulting mixture was placed
between a glass slide and coverslip and mapped using CRM to
demonstrate the ability of the technique to discriminate between
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Figure 1. Trochophore shell deposition in Baltic Mytilus edulis-like using polarized light and CRM. (a,b) Birefringent shells are denoted by arrows in trochophore
larvae (21 hpf). (¢) Transmission image of a calcifying trochophore larva at 21 hpf in dorsal view. The boxed region was subjected to a Raman scan. (d) Raman
spectra of the organic shell cover in focal plane, prior to shell deposition at 20 hpf. (e) Raman scan for the boxed region in (c) was integrated for CO%‘ =stretching
(1082.5-1087.5 rel. cm ). (f(i)) Raman spectrum of an ACC standard. (g(i)) Raman spectrum of an aragonite standard. (h(i)) Raman spectrum of an in vivo
trochophore larval shell. (f{ii)) The C0§‘-stretching mode of ACC in (f(i)). (g(ii)) The CO%f-stretching mode of aragonite in (g(i)). (h(ii)) The CO%‘-stretching
mode of an in vivo trochophore shell in (h(i)) to illustrate the presence of aragonite-specific CO%‘-stretching in the shell.

multiple calcium carbonate polymorphs in a sample. Initial ana-
lyses were performed on previously frozen, 48 hpf D-veliger
Baltic M. edulis-like larvae that were stored and prepared as
described by Weiss et al. [24]. In brief, 48 hpf larvae were
shock-frozen in liquid nitrogen and stored at —20°C until further
use. Samples were thawed at room temperature and analysed
wet on calcium fluoride discs (Korth Kristalle GmbH, Germany).

In vivo Raman measurements were performed on Baltic
M. edulis-like larvae between 20 and 48 hpf. The same samples
investigated by means of CRM in vivo measurements were
characterized using a Zeiss Axio Scope.Al polarized light micro-
scope, located beside the CRM instrument. In vivo measurements
on individual larvae at the CRM were performed for up to 1 h
and the vitality of larvae was ensured by visual observation of
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Table 1. Characteristic Raman shifts of calcium carbonate polymorphs and polyene pigments.

sample

ACC C0; stretching 1079
aragonite (05 stretching

calcite (0 stretching

ACC lattice vibrations 150-250

aragonite lattice vibrations
calcite lattice vibrations
Mytilus edulis polyenes

ciliary movement. Larvae were concentrated in filtered seawater
(0.2 pm) using a 20 wm sieve. The drop containing the larvae
(approx. 30 pl) was sandwiched between a glass slide and a
glass coverslip, using cotton fibres as a spacer to prevent
damage and confine the larvae in a hydrated environment.
CRM measurements on Baltic M. edulis-like shells exhibited the
presence of the typical Raman peaks associated with polyenes
[24]. The polyene-related Raman peak in Baltic M. edulis-like
(at 1098 rel. cm ') occurs very close to the position of the stron-
gest carbonate peak for calcite and aragonite (1086 rel.cm ™)
(e.g. [34,35]). High spectral resolution grids (grating with 1800
and 2400 gmm ', BLZ 500 nm) were used to resolve these
peaks. Resin-embedded (Araldite 2020, Huntsman International
LLC, USA), polished cross-sections of freshly settled juveniles
from Kiel Fjord were used to study the transition zone of the
larval shell to the dissonconch. Prior to embedding, juvenile
M. edulis-like samples were brought to room temperature. Indi-
vidual juvenile M. edulis-like samples were positioned in
Araldite 2020 resin for embedding. Cross-sections of juvenile
Baltic M. edulis-like resin-embedded shells were ground on a
LOGITECH PM2A Precision Lapping/Polishing Machine using
waterproof silicon carbide paper in the qualities of P1200,
P2400, P4000 (Struers, Denmark). This grinding step was fol-
lowed by a polishing step using a Struers diamond suspension
of 3 pm and subsequent rinsing of the sample using de-ionized
water. A detailed description of the method used to map and
identify the calcium carbonate polymorph distribution by CRM
was described elsewhere [36,37]. Briefly, Raman scans were per-
formed using a motorized scan table and spectra were acquired
with an integration time of between 0.5-1 s. Identification of cal-
cium carbonate polymorphs was based on the characteristic peak
positions of lattice vibrational modes and CO3;  symmetric
stretch. Raman spectra for frozen D-veliger larvae of the three
additional species were collected on wet samples using a water
immersion objective (Nikon, NIR APO 60x, WI NA 1.0). The
theoretical lateral and axial resolutions for this objective are 250
and 430nm, respectively. The in vivo CRM measurements
(larval samples) were performed using a 20x objective (Zeiss,
LD Plan NeoFluar NA 0.4). Juveniles were measured using the
20x objective having a numerical aperture of 0.4. For each
sample, 5-10 spectra were acquired along a transect across the
longitudinal section of the shell. Spectral analysis and image pro-
cessing were performed using WITec Project software v.2.04
(WITec GmbH, Germany). Spectra collected from single pixel
positions were plotted using R (v. 3.3.2, R Development Core
Team, R: http://www.R-project.org/.2011) and packages
ggpmisc, ggplot2 and ggspectra.

2.3. Replication

In vivo CRM spectra were collected from N =16 Baltic
M. edulis-like larvae: four larvae at both 20 and 21 hpf, three at
25 hpf and five at 28 hpf. At least three positions on the shell

characteristic wavenumber (cm ")

10861087

1155, 206 and double 'peaksvavt”7(')v4 S
156, 282 and 711

1098 and 1484

references

Razeta 28]
Urmos et al. [39]
Urmos et dl. [39]

Raz et al. [28]

Nehrke et al. [36]
Nehrke et al. [36]
Hedegaard et al. [34]
of each larva were analysed. For analyses on frozen D-veligers,
spectra were collected from 15, five, four and five larvae of
Baltic M. edulis-like, M. mercenaria, C. virginica and C. gigas,
respectively, with spectra taken from four to eight positions of
the shell, per larva. CRM spectra were collected from three juvenile
animals at five to 10 positions along the shell.

2.4. Fourier transform infrared spectroscopy

Reference spectra were measured for powdered aragonite and ACC
standards that were prepared or acquired as described above. Infra-
red absorption spectra for larval shells were obtained according
to Weiss ef al. [24]. Briefly, ca. 100 000 Baltic M. edulis-like larvae
were harvested at 48 hpf and shock-frozen in liquid nitrogen.
Samples were stored at —20°C for subsequent analyses and
thawed at room temperature prior to use. Whole larvae were trea-
ted with 2.5% sodium hypochlorite for 7 min followed by three
rinses in de-ionized water to remove organic tissue [38]. The
tissue-free larval shells were subsequently air-dried and ground
to a fine powder using a plastic pestle suitable for Eppendorf
tubes. FTIR spectra were collected using a Spectrum Two FT-IR
spectrometer (Perkin Elmer), equipped with a UATR (single reflec-
tion diamond) on dried larval shell powder. Spectra were obtained
in the range of 450-4000 cm ™' and Spectrum 10 software was used
to perform background subtractions.

3. Results

3.1. In vivo confocal Raman microscopy analyses of

larval shell composition

The initial larval shell formation was detected at 21 hpf by
using the birefringence of aragonite observed between
crossed polarizers (figure 1a, [13]). The birefringence
increased gradually and was observed for both shell valves
(arrows in figure 1b). The mineralized shell entirely covered
the embryo surface after 48 hpf. No birefringence was
observed before 21 hpf, indicating the absence of a shell.
However, larvae exhibited an evagination of the shell field,
which has been previously been determined to be related to
the presence of an early organic layer between 18 and
20 hpf [14]. Raman spectral analysis of the region of the
shell field prior to calcification at 18 hpf, using multiple
point measurements, revealed characteristic spectra for
organic pigments at 1157 and 1524 rel. cm ™ '(figure 1d). Spec-
tra of organic shell polyenes following calcification in Baltic
M. edulis-like larval shells showed peaks at 1098 and
1479 rel. cm ™ (electronic supplementary material, figure S1).

We next analysed the larval shells at their earliest pres-
ence and followed their growth. In order to identify the
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Figure 2. Confocal Raman microscopy analyses of an ACC—aragonite mixture. (a) Raman scan of ACC—aragonite mixture that was integrated for C0§*-stretching
mode of both polymorphs (red, aragonite, 1080.4—1090.4 rel. ) (blue, ACC, 1070.6-1075.6 cm ™~ "). (b,c) Raman spectra of ACC and aragonite in the mixture at
positions ‘b" and ‘C’ in (a), respectively, to illustrate the sensitivity of CRM techniques to detect the presence of multiple polymorphs on a sub-micron scale. (d) The
C0§*-stretching mode of the ACC standard. (e,f) Raman spectra of the (Oﬁf-stretching mode presented in (b) and (c), respectively.

occurrence of ACC, we measured an ACC standard (showing
a characteristic Raman peak at 1079 rel. cm figure 1F1, 1F2,
table 1) and aragonite and calcite standards showing charac-
teristic peaks for aragonite at 155.3, 208.9 rel. cm™ ' and
1086 rel. cem ™' with  double peaks at 7026 and
704.8 rel. cm ! (figure 1G1, 1G2, table 1) and characteristic
peaks for calcite at 156, 283.1 and 1087 rel. cm™! (table 1).
The standards were measured under the same conditions

(laser intensity, pinhole) as the samples to guarantee compar-
ability. Note the difference of seven to eight wavenumbers
between the spectra of ACC and crystalline phases for the
carbonate stretching mode (1079 (ACC) versus 1086 (arago-
nite), figure 1F2, 1G2). This difference in stretching mode is
due to the fact that each calcium carbonate polymorph has
a unique set of Raman bands, related to their unique struc-
ture. The bond length, bond strength and thus the
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structural neighbourhood around the CO3~ groups differ,
resulting in different positions of the Raman peaks [36,39].
A Raman spectrum obtained from a sample in which two
phases are present will result in a spectrum that exhibits
the peaks of both phases, but peaks will not merge into
one peak with an intermediate peak position. We prepared
and mapped an ACC—-aragonite mixture to highlight the suit-
ability of the CRM techniques to detect multiple phases
present in a sample, on a sub-micron scale using appropriate
grids (2400 g mm ', BLZ 500 nm). Figure 2 demonstrates the
suitability of CRM techniques to accurately distinguish peak
positions of the v; carbonate stretching mode in the ACC—
aragonite mixture mapped, where the presence of ACC can
be inferred from the asymmetric shape of the v; peak due
to the addition of the characteristic v; band of ACC at
1079 rel. cm ™! (figure 2b—f). Similar asymmetric v; peaks
were found by Jacob et al. [40] when studying ACC —crystalline
carbonate mixtures present in the sternum of the isopod,
Porcellio scaber.

In vivo CRM spectral analyses of Baltic M. edulis-like tro-
chophore larval shells at 21 hpf reveal peaks at 703.1-703.8
and 1086 rel. cm ™, indicating the presence of only aragonite
in shell carbonates at the onset of shell formation (electronic
supplementary material, figure S2). The larval shell at the
PD I stage (48 hpf, 106 + 2.3 pm length, figure 3a) shows
characteristic aragonite peaks at 155, 207, 704 and
1087 rel. cm ™' (figure 3d). Figure le shows the Raman
spectral map for the carbonate stretching mode (1082.5—
10875 rel. cm ') for the boxed region of a trochophore
larva at 21 hpf in figure 1c. In addition, CRM spectra revealed
strong peaks at 1098 rel. cm ™! which is a reported polyene
pigment peak specific to M. edulis shells [34,35]. All speci-
mens examined exclusively contained aragonite in their
larval shell. There was no evidence for the presence of ACC
in the spectral analyses of Baltic M. edulis-like larval shells
from the onset of calcification at 21-48 hpf.

3.2. Confocal Raman microscopy analyses on previously

frozen larval shells

In order to test whether ACC precursors form the bulk of PD
I larval shell carbonates in other bivalve species, we investi-
gated Raman spectra of three additional larval bivalve
species, M. mercenaria, C. gigas and C. virginica. The spectra
from all three species exclusively revealed peaks at 155, 208,
703 and 1086 rel.cm ™' indicative of crystalline aragonite in
the PD I shell (figure 4a-g).

3.3. Confocal Raman microscopy analyses on resin-
embedded juveniles

A two-dimensional Raman map was obtained for the cross-
section of the juvenile Baltic M. edulis-like shell to map the
distribution of calcium carbonate polymorphs (figure 5a).
The larval prodissoconchs clearly show the characteristic
Raman peaks of aragonite at 155, 207 and 1087 rel. cm ™'
(figure 5e, red). For the transition from aragonite to calcite,
we recorded peaks specific to aragonite and calcite, indicat-
ing that the two polymorphs exist as distinct phases in the
shell with no signs for ACC phases at the layer boundaries
(figure 5). The transformation to a calcitic shell marks the
start of the dissoconch with characteristics calcitic peaks at
156, 282 and 1087 rel. cm ' (figure 5f, blue).
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Figure 3. Prodissoconch | shell deposition in Baltic Mytilus edulis-like using
CRM. (a) Transmission image of a D-veliger larva at 48 hpf in lateral view, for
which multiple point Raman spectra were acquired. (b) Raman spectrum of
an ACC standard. (c) Raman spectrum of an aragonite standard. (d) Raman
spectrum collected at a single point on the D-veliger larval shell in (a) at
point ‘D",

3.4. Additional measurements using Fourier transform
infrared spectroscopy

The aragonite standard exhibited characteristic peaks of crys-
talline calcium carbonate polymorphs with distinct bands at
713 cm ™t (vy), 860 cm ™! (v,), a small band at 1086 cm ™' (vy)
and a large vibration between 1440 and 1500 cm™ ! ()
(figure 6). FTIR spectra of the ACC standard are characterized
by the lack of the vibration at v, region (713 cm Y figure 6)
which is attributed to the OCO bending [41], consistent
with previous research [42,43]. Bulk measurements of Baltic
M. edulis-like larval shell samples revealed peaks at 713 and
860 cm ™! indicative of crystalline aragonite (figure 6).

4. Discussion

4.1. Polymorph composition of the shell
In this study, we aimed to clarify whether ACC plays a
major role in larval shell formation in Baltic blue mussels
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Figure 4. Raman spectra acquired from the veliger larval shells of three different larval species. (a) Raman spectrum of a M. mercenaria larval shell acquired using a
20 objective and a grid 600 g mm ", BLZ 500 nm. (b) Raman spectrum of a M. mercenaria larval shell acquired using a 20 objective and a grid 1800 g mm ', BLZ
500 nm. (¢) Raman spectra of seawater acquired using the 60 x water immersion objective to illustrate the similarity of peak positions of water and ACC peaks between
75 and 225 rel. cm ™. () Raman spectra at the outer surface of a M. mercenaria larval shell acquired using the 60 water immersion objective. (¢) Raman spectra at
the focal plane of the M. mercenaria larval shell acquired using the 60 water immersion objective. The spectral peak at wavenumber 1131 is attributed to shell
pigments previously reported for this species [19]. (f) Raman spectra of a C. virginica larval shell. (g) Raman spectra of a C. gigas larval shell.

(M. edulis-like). At the onset of calcification during the trocho-
phore stage (21 hpf), we observed characteristic spectra for
aragonite using in vivo CRM analyses (figure 1). To our
knowledge, this is the first in vivo phase identification in a
mollusc species, and during early shell deposition (trocho-
phore stage). This developmental point was chosen for
analyses since previous work has demonstrated that mussel
larvae do not accumulate calcium carbonate prior to this
developmental time point [14]. Our data do not provide evi-
dence for the presence of amorphous precursors during
larval calcification in Baltic M. edulis-like, although we ana-
lysed the larval shell at the earliest time point possible
(trochophore stage). In addition, cross-sections of juvenile
Baltic M. edulis-like shells reveal a distinctive separation
between aragonitic and calcitic areas. Raman scans of juven-
ile shells with a sub-micron scale spatial resolution provide
no evidence for ACC in the region close to the outer organic
layer (periostracum) as observed previously for two fresh-
water adult bivalve species, Hyriopsis cumingii and Diplodon
chilensis using Raman spectroscopy and FIB-TEM, high-
resolution TEM and electron energy-loss spectroscopy methods
[40]. The FTIR spectra collected from larval shells also exhibited
only characteristic bands of aragonite with v, and v, bands at
713 cm ™! and 860 cm ™Y, respectively (figure 6). As we could
demonstrate that we are able to detect small quantities of
ACC in ACC-aragonite mixtures (figure 2), we are confident
that we would have detected ACC if it had been present.
Other investigators have determined ACC inbiological samples
using CRM, including marine taxa, which further lends
support to our methods [28,44—46].

Our findings suggest that the rapid calcification of PD I in
Baltic M. edulis-like larvae may arise from the direct depo-
sition of aragonite. The absence of ACC phases and direct
deposition of crystalline phases has also been proposed for

initial shell formation in bivalve larvae [25,26], nacre for-
mation in adult molluscs [47] and the polychaete larval
tubeworms, Hydroides elegans [48]. The rapid precipitation
of a crystalline shell supports the necessity for a rigid external
skeleton during larval development in bivalves. Rapid PD I
shell formation enables muscle attachment and lateral com-
pression of the larval body for swimming and feeding [49].
Our results indicate that the observed sensitivity of larval
bivalves to ocean acidification stress [1,2,4,5] is not related
to the presence of high amounts of ACC, which is more sol-
uble than aragonite. Rather, the high sensitivity of larval
bivalves to acidification may be associated with the reduced
ability of these organisms to modulate the carbonate chem-
istry of their calcification space [14], limited maternally
derived energy reserves [2] and the very high rates of shell
deposition during that life stage [2,49].

Our results conflict with those of Weiss et al. [24], as we
could not detect ACC in veliger shells. We attribute these
differences to a number of factors. First, it has to be pointed
out that in the study of Weiss et al. [24], the identification of
ACC in M. mercenaria larval shells was based on the presence
of the Raman peak at 1087 rel. cm ™!, which is an incorrect
assignment. For calcite and aragonite, 1087 rel. cm ™' is the
typical peak position , whereas the ACC peak is characteristi-
cally about 8 rel. cm™ ! lower (1079 rel. em ') [28,32]. Second,
weak peaks or absence of peaks at 156 and 205 rel. cm ™" (lat-
tice modes) and analyses of peak intensity ratios of the lattice
mode (205 rel. em 1) and v, peak (1086 rel. cm ) have been
attributed to the presence of ACC phases in veliger larval
mollusc shells [24]. However, weak peaks at 156 and
205 rel. cm ™! can be related to high background-to-signal
ratio. Additionally, peak intensities at 156 and 205 rel. cm "
are influenced by the orientation of crystallites [50]. This is
illustrated by figure 4a,b,d, where we analysed the same
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Figure 5. Juvenile shell deposition in Baltic Mytilus edulis-like using CRM. ()
Transmission image of a resin-embedded juvenile shell. The boxed region was
subjected to a Raman scan. (b) Raman scan for the boxed region in (a) was
integrated for Coﬁf—stretching mode (1081.3=1091.3 rel. cm ™", in red) and
calcite lattice mode (268.4—298.4 rel. cm ™", in blue). (c) Raman spectrum of
an aragonite standard. (d) Raman spectrum of a calcite standard. (¢) Raman
spectrum of the juvenile shell in (a) at point 7. (f) Raman spectrum of the
juvenile shell in (a) at point 8.

M. mercenaria larval shell with different objectives: the switch
from a 20x to a 60x water immersion objective with a high
numerical aperture reduces the background to signal ratios
of Raman spectra. An important consideration during CRM
analyses is the focal plane spectra are collected due to the
presence of peaks at similar wavenumbers in water and
ACC spectra (broad peak between wavenumbers 100—
300 rel. Cmfl). However, the spectra for water are not
accompanied by a v; peak for carbonate, as observed for
ACC (figure 4c). We re-analysed both species studied by
Weiss et al. ([24], M. mercenaria, C. gigas) and could not
confirm the presence of ACC in their shells using our
improved technical set-up. Instead, we were able to detect
aragonite exclusively as the major carbonate phase in
D-veliger shells. Additionally, we observe Raman spectra
characteristic of aragonite at the outer surface of the larval
shell (figure 4d) and also in the inner layer of approximately

3—-5-um thick shells. Based on previous structural observations [ 8 |

using scanning electron microscopy, the granular structure of
the inner bivalve larval shell was inferred to consist of ACC
precursors [24]. We demonstrate that the previously reported
structural differences in bivalve larval shell layers are not
associated with a change in calcium carbonate polymorph
composition. By using a 488 nm laser to reduce intrinsic fluor-
escence, we could acquire Raman spectra in both, M. mercenaria
and C. gigas shells (figure 4f-g). For C. gigas shells, Weiss et al.
[24] suggested that the peak height ratio of FTIR peaks at
856 cm ™~ '/713 cm ™! points towards the presence of ACC in
larval shells. However, such ratios have been empirically
demonstrated to be influenced by particle size [51] similar to
particle sizes previously reported for ACC in larval shells
[24] thus are not diagnostic for ACC. In addition, the presence
of a peak at 713 cm ™! in FTIR spectra is a characteristic of crys-
talline calcium carbonate polymorphs [44] and the assignment
of amorphous phases using FTIR in other marine taxa is based
solely on the lack of a peak at 713 cm ™' [42,52]. Controlled ACC
crystallization experiments by the addition of water clearly
demonstrate the appearance of a v, peak at 712 cm ! in FTIR
spectra [53].

Recently, it has been suggested that molluscan larvae may
use seed crystals to initiate shell formation based on empirical
data from a FIB-TEM study on the D-veliger larvae of P. fucata
[26]. FIB-TEM techniques have been demonstrated to suitably
identify the presence of ACC in biological [54,55] and syn-
thetic samples [56], avoiding laser-induced transformation
of ACC or cryogenic sample preparation. This novel model
for larval shell formation suggests the direct precipitation of
seed crystals onto the organic matrix, which subsequently
induces the inorganic precipitation of carbonate mineral.
Based on these observations and our findings, we suggest
that the direct deposition of aragonite may be an alternative
mechanism for initial shell formation in bivalve larvae. Alter-
natively, the formation of ACC precursors that transform
rapidly into a crystalline phase during larval calcification
cannot be excluded, as we would have not been able to
detect such a phenomenon with our methods. For example,
DeVol et al. [57] observed ACC to be localized to small
regions of the surface of nacre tablets in the abalone, Haliotis
rufescens using nanometre resolution methods, photo-
emission electron spectromicroscopy (PEEM) and X-ray
absorption near-edge structure (XANES) spectroscopy. In
summary, evidence from the present study suggests that
the major stable mineral phase during biomineralization in
Baltic M. edulis-like larvae and juveniles, as well as other
bivalve larvae, is crystalline calcium carbonate and not ACC.

4.2. Pigments in the shell

We show that prior to mineral deposition at 21 hpf, CRM
analyses of larvae between 18 and 21 hpf reveal characteristic
spectra for organic pigments in the region of the shell field
(figure 1d). These peaks are located at 1158 and
1524 rel. cm ™!, which are characteristic peaks for carotenoid
pigments attributed to the carbon-carbon double bond
stretching mode and the carbon-carbon in-plane single
bond stretching mode ,respectively (figure 1d, [58,59]). The
presence of carotenoids in molluscs is widely reported for
soft tissues, shells and pearls with putative roles of these mol-
ecules in mollusc defence and crystallography [34,60,61]. The
spectral position of Raman peaks for organic pigments, such

gz[dﬂo? 51 a)‘npajt//“")dg. y [ ‘ ‘.Bjd'ﬁlj.!q.s!|qhd‘/(19‘1)6§[é/(01';jsj


http://rsif.royalsocietypublishing.org/

Downloaded from http://rsif.royalsocietypublishing.org/ on April 12, 2018

(©)

(@)
(b)\/\/m\//
713 W

713

(d)

transmission percentage (arb. units)

-

713
858 1447\) 1468

= synthetic ACC
= aragonite standard

= larval shell
= adult shell

1000 2000

3000 4000

wavenumber (cm™)

Figure 6. FTIR spectra of Baltic M. edulis-like larval shells. (a) FTIR spectrum of an ACC standard. (b) FTIR spectrum of an aragonite standard. (c) FTIR spectrum of

D-veliger Baltic M. edulis-like shells. (d) FTIR spectrum of aragonite from an adult Baltic M. edulis-like shell.

a
@ 1530 A (b)
carotenoids
+
1520 - -
polyenes &
T
E 1510 A
=
5
=
<
£ 1500 A
&
« Hedegaard er al. [34]
4 this study
= Stemmer & Nehrke [35]
1490 A R + Tschirner et al. [58]
Mytilus edulis polyenes
1480 1 10 um

1100 1110 1120 1130 1140 1150 1160

Raman shift (rel. cm™)

1158

|
ﬂ F “ 1098
1086 \\
||
/ |
500 600 700 800 900 100011001200 1300

Raman shift (rel. cm™)

Raman intensity (arb. units)

Figure 7. Presence of pigment polyenes in larval shells of Baltic M. edulis-like using CRM. (a) Plot of the relative wavenumbers for pigment polyenes measured
in the shells several mollusc species. Data presented from Hedegaard et al. [34], Stemmer & Nehrke [35] and Tschirner et al. [58]. (b) Raman scan for the boxed
region in figure Te was integrated for C0§*-stretching mode and Baltic M. edulis-like shell polyene (1076—1146rel. cm™", in red) and carotenoids
(1150.5—- 11705 rel. cm ", in blue). (c) Raman spectra for carotenoids around the growing edge of the shell (blue) and the larval shell and associated polyenes (red).

as carotenoids and polyenes, relates to the structure and com-
position of these molecules, defined by the carbon-carbon
bonds [33]. A comparison of our data with previous data
for carotenoid pigments and polyenes in M. edulis and
other species is given in figure 7a [34,35,58]. Note the dis-
tinctly different grouping of polyenes (shifted to smaller
wavenumbers) in comparison to carotenoid pigments,

where the peaks recorded in the present study prior to calci-
fication fall in line with characteristic organic peaks for
B-carotene in figure 7a. In calcifying 21 hpf larvae, spectra
for carotenoid pigments are recorded on the surface of the
larval body, whereas characteristic organic peaks for
M. edulis polyene pigments around 1098 rel. cm ™" as reported
by Hedegaard et al. [34] are only observed when calcium
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carbonate is incorporated (figure 7c), suggesting that these
carotenoid pigments undergo structural changes when they
are incorporated into the mineral phase. Despite the estab-
lished association of polyene pigments in molluscan shells,
there is no information on the mechanisms of shell pigment
formation for any mollusc species. In corals, the structural
transformation of polyenes within mineralized structures
has been demonstrated by Maia et al. [62], where deminerali-
zation resulted in shifts of the polyene peaks, related to
changes in the composition of double and single carbon
bonds of pigments. Gene expression analyses for one shell
protein (ependymin-related protein) revealed a strong corre-
lation to shell pigmentation in the tropical abalone, Haliotis
asinina [63]. These authors suggest that changes in the com-
position of polyenes during calcification may be linked to
the formation of organic complexes with shell matrix proteins
[63]. The formation of such organic complexes between cal-
cium carbonate and carotenoids has been reported for the
hydrocoral Errina antarctica [64]. To our knowledge, this is
the first report of Raman spectral shift of organic pigments
in the shell of the Baltic M. edulis-like larvae. Such Raman
shifts may be attributed to structural transformation (C=C
and C-C bonds) from carotenoid pigments to the species-
specific pigment polyenes previously reported for M. edulis
[34]. The conversion of carotenoids to species-specific shell
polyenes may be a conserved mechanism and further analy-
sis of pigments during the course of calcification in other
mollusc species is needed to investigate this possibility.
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