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Abstract The shell of the European abalone Haliotis
tuberculata is a model for studying mechanisms of mollusc
shell formation, but the early steps of shell formation and
calcification remain poorly documented. The microstruc-
ture and the mineralogical and geochemical composition
of larval and juvenile shells were investigated by scanning
electron microscopy, infrared spectroscopy and ion micro-
probe analyses (NanoSIMS). Analyses were performed on
shells obtained from controlled fertilisations at the hatch-
ery France-Haliotis (Plouguerneau, France) in July 2009
and 2010 using abalone from Roscoff. Shell cross sections

Communicated by J. Grassle.

Electronic supplementary material The online version of this
article (doi:10.1007/s00227-015-2615-y) contains supplementary
material, which is available to authorized users.

S. Auzoux-Bordenave (D<) - A. Badou

UMR BOREA “Biologie des Organismes et Ecosystemes
Aquatiques”, MNHN/CNRS 7208/IRD 207/UPMC, Muséum
national d’Histoire naturelle, Station de Biologie Marine de
Concarneau, 29900 Concarneau, France

e-mail: bordenav@mnhn.fr

S. Auzoux-Bordenave
Sorbonne Universités, UPMC, Université Paris 6, 4, place
Jussieu, 75005 Paris, France

C. Brahmi
UMR EIO, Université de Polynésie francaise, BP 6570,
98702 Faa’a, French Polynesia

M. de Rafélis

UMR 7193 “Biominéralisations et Environnements
sédimentaires”, UPMC-ISTeP, 4, place Jussieu, 75005 Paris,
France

S. Huchette
Ecloserie France-Haliotis, Kerazan, 29880 Plouguerneau, France

revealed the microstructural arrangement of the develop-
ing shell, showing progressive biomineral organisation into
two differentiated layers, i.e. the outer granular and the
internal nacreous layer. Infrared analysis confirmed that
the European abalone shell, at every stage of development,
was mostly composed of CaCOj; in the form of aragonite.
Variations in trace element composition, i.e. Sr/Ca, were
measured in the different stages and correlated with micro-
structural changes in the shells. Experimental manganese
labelling of live abalones produced cathodoluminescence
marks in the growing shell sections. The increase in shell
thickness can be used to determine the growth rate of an
early adult abalone shell.

Introduction

The European abalone Haliotis tuberculata is a marine gas-
tropod of economic interest and a model for studying basic
mechanisms of mollusc shell formation. The calcareous
abalone shell consists of two main biomineral layers under-
lying the periostracum, i.e. an outer prismatic layer and
an inner nacreous layer. The nacre layer is made of highly
ordered aragonite tablets (columnar) displaying remarkable
mechanical properties and potential uses in jewellery and
biomimetics (Jackson et al. 1990; Chateigner et al. 2000).
While the nacreous layer is exclusively composed of arago-
nite, which is one of the CaCO; polymorphs, the mineral-
ogical composition of the external shell layer may contain
various proportions of aragonite and calcite depending on
the species (Bgggild 1930; Mutvei et al. 1985; Dauphin
et al. 1989). For instance, the external layer of Haliotis
asinina adult shell is composed of 100 % aragonite, while
the same layer is entirely made of calcite in the red aba-
lone H. rufescens (Guo 2010). In the European abalone H.
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tuberculata, the mineralogical composition of the external
layer is still under debate. Indeed, previous studies reported
either small amounts (<1 %) or no calcite in the shell (Bgg-
gild 1930), while other studies reported a mixture of cal-
cite and aragonite within the outer shell layer (Mutvei et al.
1985). Recent studies from our group on the microstructure
(using SEM) and mineralogical composition (using FTIR)
of the H. tuberculata shell from the early protoconch to the
juvenile stage (Jardillier et al. 2008; Auzoux-Bordenave
et al. 2010; Gaume et al. 2011) found that the early pro-
toconch was mostly composed of amorphous calcium car-
bonate (ACC), while the shells of larval veligers to juve-
niles were essentially made of aragonite. Surprisingly, a
more recent in situ analysis of the mature adult shell found
a mixture of prismatic calcite and spherulitic-prismatic
aragonite in the outer layer (Dauphin et al. 2014).

A major challenge in the field of biomineralisation is to
relate the shell microstructure arrangement, the mineralogi-
cal and geochemical composition to shell growth dynam-
ics. In the black-lip abalone Haliotis rubra, shell growth
and microstructure were analysed by cathodoluminescence
(CL) microscopy, electron microprobe analysis and Raman
spectroscopy (Hawkes et al. 1996). Using labelling based
on manganese (Mn) incorporation, the authors found CL
bands of variable length and thickness behind the growing
shell surface. Electron microprobe analysis of labelled shell
layers confirmed that Mn concentrations within aragonite
and calcite layers were associated with colour changes of
the CL bands, respectively, yellow—green for aragonite and
orange-red for calcite. Raman spectroscopy analysis con-
firmed the mineral nature of both prismatic and nacreous
layers, while CL analysis showed that the mineralisation of
calcite and aragonite may occur simultaneously in the outer
prismatic layer. This showed that combining CL micros-
copy and spectroscopy analysis could be used to character-
ise the shell microstructure, the mineralogical composition
and shell growth dynamics.

To complement this approach, chemical analysis of
the shell allowed a better understanding of trace element
changes and their relationships with the ultrastructure. For
example, the ultrastructure components of the coral skel-
eton may have significant distinct geochemical signatures
(Meibom et al. 2008). Although elemental (e.g. Mg/Ca, St/
Ca) and isotopic 3'%0, 313C, 3''B) compositions of coral
skeletons have been widely used as proxies for (palaeo)
environmental reconstructions, only a few studies have
reported the relationships between trace element distribu-
tions and shell microstructure in molluscs (Gillikin et al.
2005), and their use as environmental proxies resulted in
contradictory results (Carre et al. 2006). Heterogenei-
ties observed in the biominerals within coral skeleton or
mollusc shells are partly due to the control exerted by the
organisms’ physiology on chemical element incorporation
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and distribution into the carbonates, commonly referred
to as the ‘vital effect” (Weiner and Dove 2003). Indeed,
the distribution of trace elements within the shell layers
appears complex and is influenced by ontogeny, physiology
and genetic controls as well as environmental conditions
(Klein et al. 1996; Purton et al. 1999).

Trace element variations in mollusc shells have been
previously attributed to kinetic effects (Lorrain et al.
2005), calcification rate, and/or variations in mantle tis-
sue physiology (Purton-Hildebrand et al. 2001; Lazareth
et al. 2007). Mineralogy was also shown to affect Sr incor-
poration in bivalve shell with aragonite typically contain-
ing twice as much Sr than calcite due to the difference in
the crystal lattice of these two CaCO; polymorphs (Kins-
man and Holland 1969; Gillikin et al. 2005). In abalone,
only one study previously investigated the trace element
composition in relation to shell growth and microstructure
(Hawkes et al. 1996). Electron microprobe analysis of shell
sections allowed measurement of levels of major (i.e. Ca)
and trace elements (Mg, Fe, Sr, Mn) incorporated into both
the calcite and aragonite shell layers of the abalone Hali-
otis rubra. While Mn concentrations were closely related
to the CL-band intensity (and thus to the mineral struc-
ture), Ca and Sr levels within the shell layers showed no
systematic relationship with the mineralogical nature of the
layers (Hawkes et al. 1996). Investigation of trace element
variations within the shell may provide new insights into
organic—mineral interactions during mollusc shell biomin-
eralisation and on the biological control of shell micro-
structure. Thus, further investigations at high spatial resolu-
tion are needed to specify the relationships between shell
microstructure, mineral composition and trace element dis-
tribution in abalone shell.

Furthermore, many biomineralisation studies are primar-
ily focused on the microstructure and composition of adult
shell and the ontogenetic changes leading to the elabora-
tion of a mature shell remain poorly documented. It is well
known that significant morphological, microstructural and
mineralogical changes occur during shell growth, from the
early larval and juvenile stages to the formation of the com-
posite bi-layered adult shell (Jackson et al. 2007; Auzoux-
Bordenave et al. 2010). Controlled production of the
European abalone H. tuberculata provides an opportunity
to compare the microstructure, the mineralogical and geo-
chemical composition of abalone shell at different growth
stages.

In the present study, analyses were focused on meta-
morphic, postlarval, juvenile and early adult stages not
previously examined. Shell microstructure, mineral-
ogy and geochemical composition were investigated
by scanning electron microscopy (SEM), Fourier trans-
form infrared spectroscopy (FTIR) and ion micro-
probe analyses (NanoSIMS) to specify the temporal
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and spatial distribution of the biominerals together with
trace elements. A combination of manganese chloride
(MnCl,) labelling and cathodoluminescence observa-
tions was used to measure shell growth rate, giving new
insights on the calcification dynamics over abalone shell
development.

Materials and methods
Biological material

Haliotis tuberculata parental stock was collected on the
northwest Brittany coast (Roscoff) and conditioned at the
hatchery France-Haliotis (Plouguerneau, France) in flow-
ing sea water. Larvae were obtained from controlled ferti-
lisations in July 2009 and 2010 at a water temperature of
17 £ 0.5 °C. Larvae were sampled at a veliger stage 69 h
postfertilisation, filtered on a 40-pm mesh filter and trans-
ferred to 15-mL tubes for further analysis. Ten-day post-
larvae and 2-month juvenile abalones, grown on plates
covered with microalgae, were detached with a pipette
and sampled in 15-mL tubes for further analysis. Juvenile
abalones grew in 1,000-L tanks where they were fed with
green algae (Ulvella lens and Ulva sp.) until 8 months of
age; at this time the diet was changed from green to red
algae, Palmaria palmata, and juveniles were transferred
to the open sea in cages. One-year-old abalones were
obtained from open sea cages where they were fed with
the red macroalga P. palmata for the last 4 months. For
experimental Mn labelling, juvenile abalones were incu-
bated for 2 h in sea water containing 90 mg L™' of man-
ganese chloride tetra-hydrate (MnCl,-4H,0). The aba-
lone shells were marked every 2 months from 6 week to
6 months. After the last Mn labelling, abalone were main-
tained in flowing sea water for 6 months to allow further
shell deposition on top of the marked Mn-layer. Abalo-
nes were then dissected, and the shells were prepared for
cathodoluminescence analyses.

Scanning electron microscopy (SEM)

After a 3 % glutaraldehyde fixation, larval and postlar-
val samples were dehydrated through a graded ethanol
series and critical point dried with liquid carbon dioxide.
Cross sections were obtained by cutting larval shells with
a razor blade. For juvenile and adult abalone, soft tissue
was removed by dehydration of the shell, cross sections
were performed along the longitudinal axis. Samples were
gold-coated (JEOL JFC 1200 fine coater) and observed at
5-15 kV with a JEOL JSM-840A scanning electron micro-
scope (SEM, Service Commun de Microscopie Electron-
ique, MNHN, Paris, France).

Fourier transform infrared spectroscopy (FTIR)

Larvae were fixed in 50 % ethanol and stored in 70 % eth-
anol until analysis. FTIR spectroscopy was performed on
whole larval samples by direct attenuated total reflection
(ATR) and on powdered samples mounted in KBr pellets
according to a previously described method (Pichard and
Frohlich 1986; Gendron-Badou et al. 2003). For adult aba-
lones, dried shells were cut along the longitudinal growth
axis and embedded in Araldite 2020 (Huntsman). After a
48-h polymerisation at 37 °C, samples were polished at 3, 1
and 0.25 pm to eliminate streaks that can disrupt quality of
FTIR analysis. FTIR-microscopy analyses were performed
directly on shell sections. All spectra were obtained using
a Briiker-Vector 22 FTIR spectrometer by accumulating 64
scans with a resolution of 2 cm~! in the wavenumber range
2,000-650 cm~!. The inner nacreous layer of adult abalone
shell was used as a reference for further larval shell FTIR
analysis. FTIR bands were interpreted according to the
standard infrared transmission spectra of carbonate miner-
als (Jones and Jackson 1993).

Geochemical analysis using the NanoSIMS ion microprobe

Three to four samples of 69-h larvae and 10-day postlarvae,
and one to two samples of 2-month juveniles and 1-year
adults were analysed. A summary of the abalone speci-
mens used and the number of shells analysed per stage are
presented in Table 1 (ESM). Samples were cut along the
growth longitudinal axis, embedded in Koérapox® epoxy,
and polished to 0.25 pwm with a diamond suspension and
gold-coated. Chemical mapping and spot analyses of trace
element composition (i.e. Sr/Ca ratios) were carried out
using a Cameca NanoSIMS ion microprobe at the Muséum
national d’Histoire naturelle (Paris) following established
procedures for biogenic carbonates (Meibom et al. 2008;
Brahmi et al. 2010). Briefly, a primary beam of O™ deliv-
ered to the sample produced secondary ions of **Ca* and
8Srt that were transmitted to the mass spectrometer and
detected simultaneously in electron multipliers at a mass
resolving power of ~5,000. Line scans in spot mode (step
size ~3 wm) and images of 88Sr/**Ca ratios were obtained
by rastering the primary beam focused to about 300 nm
spot size across a pre-sputtered surface to remove the gold-
coating and establish sputtering equilibrium. Measured
88Sr/*4Ca ratios obtained in spot mode were converted to
molar ratios using the OKA-C carbonate standard analysed
under identical conditions (Sr/Ca = 19.3 mmol mol™')
from Bice et al. (2005). The external reproducibility of the
Sr/Ca ratios of the standard was ~3 % (1 SD), respectively.
Images of the ¥¥Sr/**Ca ratios were obtained by combin-
ing five sequential, drift-corrected images of each isotope.
Chemical maps were performed on all stages except for
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the adult. Because the shells of young stages (i.e. 69 h and
10 days) were too thin, transect analyses in spot mode were
only performed on juveniles and adult shells. To determine
the variations of 33Sr/**Ca within early shells, line profiles
were made on the chemical maps from the young stages.
Data obtained from line profiles performed on chemical
maps have no dimensions, while data obtained from tran-
sects in spot mode are expressed in mmol mol~.

Cathodoluminescence analysis

Samples cut along the longitudinal growth axis were
embedded in Araldite 2020 epoxy (Huntsman) and pol-
ished to 0.25 wm using diamond suspensions. Shell sec-
tions of specimens labelled with Mn were observed
under cathodoluminescence using an optical microscope
coupled with a cold cathode device (Cathodyne-OPEA,
15-20 keV and 200-350 wA mm~2 under a pressure of
0.06 Torr). Digital images were obtained to observe the
Mn-labelled increments mineralised using the method
previously developed for bivalve shells (Lartaud et al.
2010; Mahé et al. 2010). Grey levels were extracted by
image analysis using Image J software (http://rsbweb.nih.
gov/ij/) measuring the luminous intensity of each pixel
along a radial axis parallel to the growth axis. Grey peaks
can be validated as labelled increments following simul-
taneously the grey-scale curve and its location along the
main growth axis. Mn labelling was used as temporal
point of reference to measure shell growth rate. The aver-
age daily shell growth rate was determined under an opti-
cal microscope from replicate measurements of the dis-
tance between the manganese mark and the shell surface
(n = 80 measurements).

Results

Variations in the 33Sr/**Ca were investigated in parallel
with the microstructure and mineral composition over aba-
lone shell development. One-year abalone shells were used
to determine shell growth rate from cathodoluminescence
marks recorded following experimental manganese (Mn)
incorporation.

Microstructure and trace element composition in the early
developing shell

The microstructure and trace element composition of the
abalone protoconch, from 69 h to 10 days, are presented
(Fig. 1). As previously described (Auzoux-Bordenave et al.
2010), the mineralised protoconch of 69-h veliger larvae
exhibited a uniform granular texture, without any sculp-
tural pattern (Fig. la). The shell section revealed a thin
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mineralised layer, 2-3 um thick, with irregular-shaped
granules (Fig. 1b).

For the NanoSIMS chemical maps, blue indicates a
lower St/Ca ratio than bright colours (orange—yellow). In
the 69-h veliger shell, the chemical map of the 3¥Sr/*Ca
ratio indicates that the Sr/Ca in the first 4 pm (starting from
the inner part of the shell) was rather homogeneous and
increased in the last micron of the outer part of the shell
(Fig. 1c). The line profile of the chemical map from the
inner to the outer shell confirmed the increase in the St/
Ca ratio by a factor of ~1.5 in the outer part of the shell
[Fig. 1d; Table 1 (ESM)].

After metamorphosis, the postlarval shell shows a well-
defined transition between the original protoconch and the
newly formed juvenile shell (Fig. 1e). A cross section in the
late protoconch revealed three distinct mineralised layers:
an inner and an outer prismatic layer, and a granular layer
in between (Fig. 1f). The chemical map of the 3¥Sr/*Ca
ratio showed a heterogeneous Sr concentration in the late
protoconch related to its microstructure heterogeneity
(Fig. 1g). The line profile starting from the inner part of the
shell (black arrow Fig. 1g) confirmed this heterogeneous
composition with a significant increase in the Sr/Ca ratio
by a factor of 5 in the outer layer (Fig. 1h).

The microstructure and trace element composition of the
newly formed juvenile shell were examined in 10-day and
2-month juvenile abalone (Fig. 2). The 10-day postlarva is
a similar stage to the individual shown in Fig. le. The pol-
ished section of the postlarval stage indicates the two areas
analysed with the ion microprobe in the protoconch (white-
dotted box) and in the newly formed juvenile shell (black
box) (Fig. 2a). A cross section of the newly formed juvenile
shell showed a less defined 4-um-thick crystalline layer
compared to the protoconch (Fig. 2b). The chemical map
of the 38Sr/**Ca ratio from the juvenile shell area (Fig. 2c)
and a line profile performed on the chemical map revealed
a rather homogeneous Sr composition from the inner (i) to
the outer (o) shell (Fig. 2d; Table 1). A small region in the
middle of the shell showed a lower ¥Sr/*/Ca ratio (by a
factor 1.4) than the external parts of the shell (i.e. inner and
outer parts). The 2-month juvenile abalone shell exhibited
the typical ear shape and the growth rings of an adult shell
(Fig. 2e) with the protoconch being enclosed by the new
shell (arrowhead, Fig. 2e). The cross section through the
juvenile shell showed a transition in crystalline microstruc-
ture, with minerals ordered in tablets within the inner layer
(Fig. 2f). Chemical mapping of the ¥Sr/*Ca ratio revealed
a spatially heterogeneous Sr composition (Fig. 2g),
which was confirmed by the spot analyses obtained from
the transect shown in Fig. 2h. The inner part of the shell
shows a quite homogeneous St/Ca ratio ranging from 1.8
to 4.5 mmol mol~! along the inner 40-50 um, while the
outer part of the shell (15 pm thick) was characterised by
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Fig. 1 Microstructure and trace element composition of abalone
(Haliotis tuberculata) protoconch (69-h veliger and 10-day post-
larva). a SEM of 69-h veliger. Larval shell with uniform granular
texture. b Cross section of larval protoconch showing thin miner-
alised shell with poorly defined biominerals. ¢ Chemical image of
8Sr/*Ca profile from inner (i) to outer (o) shell (black arrow) indi-
cates homogeneous distribution of Sr in protoconch. d Line profile on
chemical map reveals slight increase in Sr/Ca ratio in outer shell. e
After metamorphosis, postlarval shell shows well-defined transition

a higher Sr/Ca ratio which gradually increased and reached
a maximum of 6.8 mmol mol™! [Fig. 2h; Table 1 (ESM)].

Microstructure, mineralogy and trace element composition
in early adult abalone shell

Optical and SEM observations were made on 1-year aba-
lone shells to characterise the changes in shell micro-
structure (Fig. 3). The length of cultured 1-year abalones
is 14—18 mm (n = 50). The shell surface is brick-red and
exhibits 8-9 open respiratory holes (Fig. 3a). A greenish-
to-red colour transition is observed on the shell surface
(Fig. 3a) as a consequence of the change in diet from green
to red algae when juvenile abalones were transferred into
open sea cages. This change in surface shell colour marks
the transition between the juvenile and pre-adult stage. The
larval protoconch is still visible at the origin and is enclosed
within the juvenile shell. The inner surface of the abalone
shell is made of an iridescent nacreous layer, and the nacre
growth region has a dull appearance (Fig. 3b). The exter-
nal layer has a granular structure, the nacreous layer a typi-
cal columnar structure and the thin inner layer (3—4 pm)
is prismatic (Fig. 3c). The thickness of both external and

0.30

0.25 +

0.20

0.15

0.10 +

0.05 +

0.00

0 1 2 3 4
Distance (um)

between protoconch (pr) and newly deposited sculptured, juvenile
shell (js). f SEM of cross section of protoconch showing three crys-
talline layers: inner prismatic (ip), outer prismatic (op), and granular
(gl) in between. g Chemical map of *8Sr/**Ca along transect (black
arrow) reveals heterogeneous composition. h Line profile on this
image (black arrow in g) confirming heterogeneous composition with
increase in Sr/Ca ratio by a factor of 5 from inner (i) to outer (o) shell
layer

nacreous layers varies along the section from 80 to 150 um
depending on the shell region, and the inner prismatic layer
is not always observable. In some specimens, thin prismatic
layers were interspersed within the nacreous layer (data not
shown). The outer layer exhibits a homogeneous granular
architecture, with biominerals lacking first-order structural
arrangement (Fig. 3d), while the nacre cross section shows
highly organised platelets of aragonite crystals stacked in a
columnar structure (Fig. 3e). The nacre growth surface is
characterised by confluent polygonal platelets, 6—8 pum in
diameter (Fig. 3f). At higher magnification, the nacre sur-
face shows the arrangement of aragonite platelets forming
the typical stack of coins reported previously (Nakahara
et al. 1982; Lin and Meyers 2005; Heinemann et al. 2011)
in abalone nacre (Fig. 3g). Remnants of organic—mineral
bridges were observed between the stacks.

FTIR spectroscopy and NanoSIMS analysis were per-
formed on abalone shell cross sections along the longi-
tudinal growth axis (Fig. 4a). The polished shell section
used for mineralogical and geochemical analysis exhibits
the typical bi-layered microstructure (Fig. 4b). Trace ele-
ment analyses were performed on polished shell sections
along a transect shown in Fig. 4c. Measured Sr/Ca ratios
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Fig. 2 Microstructure and trace element composition of the juve-
nile Haliotis tuberculata shell (10-days and 2-months). a Polished
section of a 10-days shell indicating the two areas analysed using
NanoSIMS in the protoconch (white-dotted box) and in the new juve-
nile shell (black box); b SEM of a cross section in the 10-day juve-
nile shell showing less defined crystalline layers. ¢ Chemical image
of 8Sr/**Ca ratio from the juvenile shell area (boxed in a) reveals a
pretty homogeneous Sr concentration from inner (i) to outer (o) shell;
d line profile performed on chemical image (black arrow in c) reveals
a slight increase of 88Sr/44Ca ratio in outer shell; e SEM image of

(in spot mode) revealed a more homogeneous Sr concen-
tration compared to the 2-month shell with an average of
1.85 £ 0.26 (RSD = 15 %) and small variations along the
transect ranging from 1.4 (min. value) to 2.6 mmol mol ™!
(max. value) [Fig. 4d; Table 1 (ESM)]. Starting from the
inner part of the shell, the first 100 um revealed a small and
gradual decrease in Sr concentration. Then, over 15 um
a transition seemed to occur, after which the Sr/Ca ratio
gradually increased up to one of the highest Sr/Ca values
(2.5 mmol mol™!). This transition seems correlated with
the transition between the nacreous layer and the granular
outer layer. Infrared spectra were obtained from four shell
areas (Fig. 4e) and evidenced the five characteristic peaks
of the aragonite polymorph of CaCO; (Fig. 4f).

Shell growth rate determined from Mn-labelling
and cathodoluminescence analyses

Mn labelling was used as temporal point of reference to meas-
ure shell growth rate. Manganese uptake was detected on a
polished cross section from a 1-year abalone shell (Fig. 5).
The oblique axis along which the sections were made is
shown in Fig. 5a. The protoconch is enclosed by the juvenile
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2-month juvenile shell showing typical ear shape and growth rings
(arrow); larval protoconch (arrowhead) is enclosed by juvenile
shell; f SEM of cross section reveals a transition in crystalline micro-
structure, with minerals ordering in tablets within inner layer (white
arrow). g Chemical map of 3¥S1/**Ca ratio reveals a spatially hetero-
geneous composition in Sr trace element from inner (i) to outer (o)
shell; h The inner shell shows a homogeneous composition in Sr with
a Sr/Ca ratio averaging 2 mmol mol~!, while outer part is character-
ised by a Sr/Ca ratio which gradually increases and reaches a maxi-
mum of 6.8 mmol mol™"; error bars are SEM

shell, the white arrow indicating the shell growth direction.
A polished cross section of the shell along the oblique axis
shows the protoconch in the middle, the juvenile shell on the
left and the early adult shell on the right side (Fig. 5b).

The detail of the section, showing the different parts of
the abalone shell, is shown in Fig. 5c. A cathodolumines-
cence image of the section (Fig. 5c) reveals a clear green
band behind the growing surface (Fig. 5d). One to three CL
bands could be distinguished according to the number of
labelling events. The last Mn labelling performed on live
6-month abalones was used for the determination of shell
growth rate (expressed in um day~!) by measuring the dis-
tance (d) between the Mn mark and the shell growing sur-
face (Fig. 5e). The average shell growth rate, determined
from different zones of the shell sections, was estimated
at 0.35 um day~! & 0.05 um (n = 80 replicate measures
pooled from three Mn-labelled shells).

Discussion

The present study investigated shell microstructure and
composition in various stages of the abalone Haliotis
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Fig. 3 Morphology and micro-
structure of early adult Haliotis
tuberculata shell. a Shell of
1-year abalone is red—brown
and exhibits 9—10 open respira-
tory holes; transition between
juvenile and adult shell is
marked by greenish-to-red col-
our change; protoconch is still
visible at the origin (arrowhead)
and is enclosed by juvenile shell
(black arrow); white arrow indi-
cates growth direction; b view
of inner nacreous layer; ¢ SEM
of shell cross section show-

ing outer granular layer (gr),
nacreous layer (nac) and inner
prismatic layer (ip); d SEM
magnification of outer granular
layer, showing biominerals
lacking structural arrangement;
e magnification of the nacreous
layer (nac) showing arrange-
ment of aragonite platelets and
thin inner prismatic layer (ip); f
SEM of the nacre growth region
boxed in b showing confluent
polygonal platelets; g magnifi-
cation of nacre growth region
shown in f: the arrangement of
aragonite platelets (ap) form
typical stack of coins linked
with remnants of organic—min-
eral bridges (white arrow)

tuberculata to better understand the relationships between
biomineral organisation, mineralogy and trace element
composition throughout shell development. Furthermore,
the combination of Mn labelling and CL microscopy
allowed a determination of the growth rate of early adult
shell (thickness).

SEM analysis of shell cross sections revealed a pro-
gressive biomineral organisation from the larval proto-
conch to the early juvenile stage, as previously described
in Haliotis tuberculata (Auzoux-Bordenave et al. 2010). A

well-defined shell microstructure was observed in 2-month
juvenile shells with biominerals ordered in tablets in the
inner layer, setting up the future nacreous layer of the early
adult shell. In 1-year abalone shell, two to three distinct
layers were observed, an outer granular layer, a nacreous
layer and a very thin prismatic inner layer. Since the inner
prismatic layer was not present in all specimens, or some-
times occurred inside the nacreous layer, it may be compa-
rable to the growth lines previously described in H. rufe-
scens and related to changes in environmental conditions,
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Fig. 4 Mineralogy and trace element composition of early adult
Haliotis tuberculata shell. a External view of abalone shell show-
ing longitudinal axis along which sections were made (dotted line);
white arrow indicates shell growth direction; b polished cross section
of adult shell showing three crystalline layers: outer granular layer
(gr), nacreous layer (nac) and inner prismatic (ip); ¢ polished sec-

namely temperature (Su et al. 2002). The outer layer had
a granular appearance where biominerals progressively
assembled in the older shell to form the so-called spheru-
litic layer of the adult abalone shell (Lin and Meyers 2005).
A cross section in the nacreous layer revealed the typical
columnar organisation of abalone nacre, with nacre plate-
lets ~8—10 um in diameter, the growth morphology being
very similar to that described earlier in other abalone spe-
cies such as H. laevigata and H. rufescens (Nakahara et al.
1982; Heinemann et al. 2011).

FTIR spectra acquired from 1-year-old abalone shell
indicated that the early adult shell of Haliotis tuberculata
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tion showing transect analysed with the ion microprobe from inner
(i) to outer (o) shell; d variation of *¥Sr/*Ca ratio along shell transect
shown in ¢; error bars are SEM; e, f infrared spectra obtained from
four areas within shell section (squared shown in e) showing five
characteristic peaks of aragonite (arrows)

is mostly composed of the aragonite polymorph of CaCO;.
Aragonite was previously identified as the first mineral
phase occurring in early abalone shell with an increase in
the characteristic bands (700-712 and 853 cm™") from lar-
val to juvenile shell (Auzoux-Bordenave et al. 2010). In
the same way, aragonite appeared to be the only CaCO,
polymorph in these Haliotis tuberculata shells at any stage
of their development and we detected no calcite. These
results contrast with recent data reported on the mineralogi-
cal composition of Haliotis tuberculata shells using high-
resolution analysis, namely FTIR mapping combined with
NanoSIMS analyses (Dauphin et al. 2014). In this paper,
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1 mm

Fig.5 In situ manganese uptake and shell growth evaluation in
Haliotis tuberculata. a Photograph of a 1-year abalone shell show-
ing oblique axis along which sections were made (dotted line); white
arrow indicates shell growth direction, protoconch (pr), juvenile shell
(js), early adult shell (ad); b polished cross section along the oblique
axis shown in a; ¢ detail of the section at higher magnification show-

the authors reported the coexistence of large amounts of
calcite with smaller aragonite patches within the outer layer
in adult abalone. The differences between the two studies
could be due either to individual variations within the aba-
lone shell or to the higher resolution in the Dauphin et al.
study (i.e. 5 x 5 um compared to our 15 x 15 um). Indeed,
shell microstructure and composition may vary among
populations due to various environmental conditions (per-
sonal observation). The difference in calcite composition
in H. tuberculata in the present study and in Dauphin et al.
(2014) might also be explained by the age of the abalone
used for the analysis (1 year in our study and ~3 years in
Dauphin et al.). It is interesting to note that in younger aba-
lone specimens (present study), no calcite was detected.
This observation raises questions about potential environ-
mental and/or biotic factors that control the formation of
CaCO; crystals by the gastropod.

Since Sr substitutes for Ca in the aragonite lattice, trace
element analyses were focused on the 38Sr/**Ca ratio.
This study describes for the first time variations in the St/
Ca composition of abalone shell at different life stages in

ing protoconch (pr) and new juvenile shell (js); d cathodolumines-
cence image of ¢ showing green line resulting from the Mn-marking
experiment. e Detail of shell area boxed in d showing Mn-labelled
line (green line shown by white arrow). Vertical white line indicates
the distance (d) between manganese mark (m) and shell growing sur-
face (gs)

relation to its microstructure. Sr/Ca ratios measured in all
abalone stages are within the broad range of Sr/Ca com-
position previously reported in mollusc shells (Carre et al.
2006; Lazareth et al. 2013). In abalone shell, Sr/Ca seems
to be homogeneous when the shell layer is newly formed
and not well organised (e.g. in the 69-h larvae and newly
formed juvenile shells). In both postlarval and juvenile aba-
lone shell, higher Sr/Ca ratios were found in the ‘not well-
defined’ crystalline layers, while the lowest Sr/Ca ratio was
measured in the inner well-defined crystalline layers. Since
no changes in CaCO; polymorphs (mineralogy) were evi-
dent in the developing abalone shell, the variations in Sr
concentration at a given stage may be attributed to micro-
structural changes occurring over the maturation of the
aragonite lattice.

There are only a few studies on trace element incorpora-
tion into the larval shells of marine molluscs. Sr incorpora-
tion was shown to increase with temperature in the proto-
conch of the gastropod Kelletia kelleti (Zacherl et al. 2003).
The results suggested the use of protoconch shell as prox-
ies for environmental reconstructions, but the relationship
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between trace element composition and shell microstructure
was not investigated. In the developing abalone shell, the
Sr/Ca ratio appeared significantly higher in juvenile than
in adult shells. This is consistent with previous data show-
ing that trace element incorporation varied with age in
marine bivalves (Klein et al. 1996; Carre et al. 2006). Pur-
ton et al. (1999) reported an increase in Sr/Ca over bivalve
shell growth inversely related to the calcification rate (i.e.
Sr/Ca decreased with age). Variations in trace element con-
centrations were also observed in the shell of the gastropod
Concholepas concholepas between day and night (Lazareth
et al. 2007) and in various stages of the bivalve Protothaca
thaca (Lazareth et al. 2013). In these examples, metabolic
processes and/or calcification rate were thought to control
element incorporation (Sr, Mg) through changes in the bio-
logical activity of the calcifying mantle (Carre et al. 2006;
Lazareth et al. 2013). In the present study, the higher St/
Ca ratio found in early abalone shell could be related to the
higher calcification rate in the forming shell where crystal
growth influences trace element concentration, especially Sr.

In abalone, there is only one previous study on trace ele-
ment composition in relation to shell microstructure and
mineralogy (Hawkes et al. 1996). Ca and Sr levels within
the shell layers showed no systematic relationship with the
mineralogical nature (calcite, aragonite) of the layers. In
the present work, Sr/Ca ratio in early adult shell was quite
homogeneous and exhibited only small decreases in the
middle of the shell section. Although this slight decrease
corresponded to the transition between the nacreous layer
and the outer layer, the Sr/Ca composition in the adult shell
cannot be directly related to heterogeneity in shell micro-
structure. But the homogeneous Sr composition is consist-
ent with the aragonite nature of the shell layers.

The combination of manganese chloride (MnCl,) label-
ling and cathodoluminescence observations on 1-year aba-
lone allowed us to visualise the green CL bands character-
istic of the aragonite polymorph. These results are consistent
with previous data on the red abalone H. rufescens, show-
ing that Mn incorporation was closely related to the min-
eral structure (Hawkes et al. 1996). In addition to FTIR
spectroscopy analysis, these results confirm that the aba-
lone shells were essentially composed of aragonite at every
stage of their development. Manganese marks were used as
a temporal reference to measure the rate at which abalone
shell increased in thickness. The average shell growth rate,
determined from different zones of abalone shell sections,
was estimated at 0.35 um day~! + 0.05 um. From our SEM
observations of the shell sections, the increase in thickness
from 6 to 12 months was estimated at 100—150 um (data not
shown), corresponding to 0.55-0.85 um day ™. Allowing for
some uncertainty about shell section orientation, the shell
growth rate calculated from cathodoluminescence marks is
consistent with in situ measurements of shell thickness.

@ Springer

In the present study, Mn labelling of living abalones
was performed at the end of March which corresponds to
the beginning of active shell growth. The shell growth rate
determined from CL marks in shell sections is also con-
sistent with the growth dynamics previously reported for
the European abalone (Clavier and Richard 1986; Roussel
et al. 2011).

Our study brings new insights to the relationships
between shell microstructure, shell growth and trace ele-
ment distributions, especially Sr, over abalone develop-
ment. Since the mineral composition of adult abalone
(Haliotis tuberculata) shell is still under debate, additional
high-resolution analysis would help specify the nature of
the CaCO; polymorph (ACC, aragonite, calcite) in abalone
shells of various ages and from different populations.
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