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Abstract

Developing methodologies employed to trace the gmauc origin of seafood as
accurate and fast as possible can help to spedteimlelivery of results to legal
authorities, reduce associated costs and minimxéraamental impacts (associated
with the residues generated). The present studiyatea if trace element fingerprints
(TEF) of a small homogenized subsample of Maniéand Ruditapes philippinarum)
right valve yielded a representative elemental atigre of the whole shell. Four

elemental ratios (Ba/Ca, Mg/Ca, Mn/Ca and Sr/Cajproonly employed to trace the
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geographic origin of bivalves were determined fremtosamples of 0.2 and 3 g of the
homogenized right valve and the whole left valvegl4 A Canonical Analysis of
Principal Coordinates developed for the subsampfesmall portions (0.2 g) of the
homogenized right valve revealed an accuracy of%,0€hat led to the correct
classification of the subsample of 3 g to theipextive valve and that of 4 g to its
matching shell. Results achieved indicate that ®E& small homogenized portion of a
bivalves valve is representative of the whole shatl can be employed to provide an

accurate, fast, reliable and environmentally safethod to trace its geographic origin.

1. Introduction

The production of bivalves plays a key role in glbbiisheries and aquaculture
worldwide, with commercial catches/production extieg 33 million tons in 2017 and
yielding over 26 million euros (FAO, 2018). Duertarket globalization and recurrent
alerts on food safety issues, a growing awarentessrsumers on the need of seafood
traceability (i.e. the authenticity origin of spe€) is emerging (Leal, Pimentel, Ricardo,
Rosa, & Calado, 2015). The mislabeling of seafoedggaphic origin is particularly
relevant for bivalves due to their trophic ecola@¥yaloy, Culloty, & Slater, 2009).
Bivalves are recognized for their potential to amalate pathogenic microorganisms
which represents a risk to human health when coaduaw or lightly cooked (Rippey,
1994). Thus, the determination of bivalves geogi@phigin is crucial for controlling
their quality and safeguarding the interest of comars.

Although bivalve shells are primarily composed glcmim carbonate, other minor
elements are incorporated during their growth (Beckodrie, McMillan, & Levin,
2004; Poulain et al., 2015), reflecting in largecaimt the surrounding environmental

information in their ecosystem of origin (Schone&llikin, 2013; Thorrold, Zacherl, &
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Levin, 2007; Wanamaker, Kreutz, Schone, & Intro@811). This feature allows
researchers to use trace element fingerprints (PEE9ent in bivalve shells as a proxy
to assess their geographic origin (Sorte, Etteackman, Boyle, & Hannigan, 2013;
Honig, Etter, Pepperman, Morello, & Hannigan, 2020§leed, the use of TEF for
bivalve’s traceability can be performed through ucively coupled plasma-mass
spectrometry (ICP-MS) considering the concentratioh a wide range of
element/calcium ratios commonly recorded in bivadhells (e.g. Ba, Cd, Cu, Cr, Mg,
Mn, Pb, Sr, U and Zn) (Bennion, et al., 2019; Ricaret al., 2015; Ricardo, Pimentel,
Génio, & Calado, 2017). The differences in tracemant concentrations between
bivalve shells from different locations can at témee subtle and, as such, using a
technigue as ICP-MS that allows a multi-elementyansis preferred.

Before performing ICP-MS analysis, trace elementgstmbe made available for
detection by extracting them from bivalve shelltngsa digestion method. The basic
configuration for the ICP-MS analysis requires ititeoduction of the sample as a liquid
and, therefore, for solid matrices, an acid digestprocedure is necessary. The
selection of the acid digestion method is crucralthe elemental analysis, so it is
important that the dissolution of the matrices ah@ny remaining organic component
are complete, avoiding analytical interferencesaBorado-Baez, Abril, & Gdmez-
Guzman, 2013). The most common reagent used tctdigealve shells is HNE
having already been successfully used in shell® fnaultiple species, such dytilus
edulis (Bennion, et al., 2019) an@erastoderma edule (Ricardo et al., 2015; Ricardo,
Pimentel, Génio, & Calado, 2017).

Previous studies have used TEF of whole valve (Raaet al., 2015; Ricardo,
Pimentel, Génio, & Calado, 2017), or a small pietéhe outer most part of the valve

(Bennion, et al.,, 2019; Morrison, Bennion, Gill, &raham, 2019) to trace their
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geographic origin and never tested the use of all ssudsample of the whole

homogenized shell. The use of the whole bivalveerad a time-consuming approach
and requires the use of higher volumes of nitrid & perform a suitable digestion for
posterior ICP-MS analysis. The present study aintedevaluate if TEF from a

subsample of the homogenized valve could be sucttlyssised as a representative
proxy for the TEF of the whole shell of this comeially important bivalve. This cost-

efficiency optimization of TEF, as a tool for tragithe geographic origin of bivalves,
can be paramount to more readily deliver resuliedal authorities fighting fraudulent
practices that mislabel the place of origin of eedf (particularly Manila clams) and
puts consumers health at risk. This optimizatioll also allow to reduce processing
costs associated with these methods and minimizeosmental impacts associated

with the residues generated when digesting shallECfP-MS analysis.

2. Material and methods

2.1 Samples collection and ICP-MS analysis

Fresh Manila clamBuditapes philippinarum (n=5) were collected in the Tagus estuary
(38° 41.456° N 9° 17. 430" W), the most importaminmercial fishing area for this
species in Portugal. Alspecimens were collected by hand-raking, storedseptic
plastic bags and kept refrigerated until being pssed in the laboratory. Valves were
separated and all organic tissues were removedy ustnamic coated blades and
tweezers. Valves were carefully washed with tapewand distilled water to remove
mud and any debris, air-dried and stored for furdmalysis.

In order to remove organic matter from the shelbmo elemental analysis valves were
transferred to falcon centrifuge tubes (®VWR Mdtak Centrifuge Tubes) , and

soaked in high-purity D, (30% w/v) (AnalaR NORMAPUR, VWR Scientific
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Products) overnight (14-16 h) (Ricardo, et al., 301Five right valves were
individually homogenised using a mortar grinder (RBIO, Retsch, Hann, Germany),
that was carefully cleaned with silicate followeg ddcohol (70%) between samples to
avoid cross-contamination. The following subsamptds each right valve were
weighed: five of 0.2 g and one of the remainingticn for a total of 3 g (1 species X 5
right valves X 6 samples = 30 samples). Left val{&g) were not homogenized in
order to test in which way TEF response could beienced by this procedure (1
species X 5 left valves = 5 samples) (Figure 1)e Tigestion of the 0.2 and 3 g
subsamples of the right valve, and of the wholevalve (4 g) was performed through
the addition of 1, 3 and 5 mL of high-purity contrated HNQ (70% w/v). Average
times required to achieve a full digestion werefafows: 1 minute for a 0.2 ¢
subsample, 3 minutes for a 3 g subsample and q@r(i4-16 h) for the whole valve
(Figure 1). After digestion, the resulting solutias diluted with Milli — Q (Millipore)
water to a final acid concentration of 1-2% HNarium (Ba), calcium (Ca),
magnesium (Mg), manganese (Mn) and strontium (8ncentrations were analysed
using an Agilent 7700 ICP-MS equipped with an ootepreaction system (ORS)
collision/reaction cell technology to minimize spatinterferences using the operation
conditions summarized in Table 1. A rigorous gwalitontrol program was
implemented for the determination of elements, uditlg method blanks, certified
reference materials, and replicate samples. Theracg of the proposed method was
evaluated through the analysis of certified refeeematerial BCS-CRM-513 (SGT
Limestone 1), with results being within certifiedlwes, ranging from 88 to 108 %.
Precision was estimated using the relative standexgation (RSD) of five replicate
samples and was 10% (Table S2). The detection limits (DL) wereccddted as three

times the standard deviation of blanks (n=10), wébults being summarized in Table
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S2. In order to evaluate the cost-efficiency basethe volume of HN@consumed and
disposed and the time needed for the digestionegsydwo different scenarios were set
up: 1) a set of 30 samples and, 2) mimicking a temteability study scenario to
pinpoint the geographic origin of seafood as déschi in project TraSeafood
(https://www.rjcalado.com/traseafood) for Manilamls R. philippinarum), where 30
specimens were collected per sampling area in dachtion, over ten different

locations (2 areas X 10 locations X 30 specimefi6Gsamples).

2.2 Data and statistical analysis

Prior to all statistical analysis, Ba, Mg, Mn and c®ncentrations determined f&
philippinarum valves were converted to element/Ca ratios (mna)/rm order to
minimize total mass effects (Thorrold, Jones, SwarfTargett, 1998). A Canonical
Analysis of Principal Coordinates (CAP) is a coaisted ordination tool that was
performed to visualize inter-individual spatial fdiiences in TEF among different
procedures and to evaluate the classification acgufleave-one-out diagnostic) of
matching each individual subsample with its origisiaell (Anderson & Willis, 2003).
Based on a calibration dataset, the CAP permiutlh & reference model that could be
used to classify new samples. This classificat®obased on the resemblaces between
the new samples and the groups used to built thererece model (Anderson &
Robinson 2003). Briefly, a CAP predictive model wasilt using 25 samples (5
samples of 0.2 g from each right valve) as a catlibn set, being evaluated with cross-
validation (leave-one-out) method (Anderson, Garle& Clarke, 2008). The
representativeness of the small portion was ewadudiy classification of each

individual sample on this model (3 g subsample ftbmright valve and the whole left



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

valve (4 g)). All statistical analyses were perfednusing Primer v7 with add-on

PERMANOVA+ (Clarke & Gorley, 2015).

3. Results and discussion

Trace element fingerprints (TEF) from the rightweabub-sets and the left valve of five
shells of Ruditapes philippinarum are shown in Table S1 (see supplementary
information). The most abundant elements considered in the gresek and recorded
in right valve sub-sets and the left valve wereust Mg, contrarily to Ba and Mn, with
their concentration ranging between 1.38-1.52 ab@d-0.87 mmol/mol, respectively.

In line with the high concentrations of Sr, folladvby Mg, Mn and Ba in the TEF &
philippinarum shells, previous studies targeting other bivalvecsgs have already
reported similar patterns, such as on the commokle€erastoderma edule (Ricardo,

et al., 2015; Ricardo, et al., 2017), in New Zedlaockle Austrovenus stutchburyi
(Norrie, Dunphy, Baker, & Lundquist, 2016) and blmeisselMytilus edulis (Sorte,
Etter, Spackman, Boyle, & Hannigan, 2013). At pnéseost studies available on the
TEF of bivalve shells are focused on the analysidshe whole valve and not in
subsamples of one single valve (Bellotto & Miekel@p07; Phung, et al., 2013;
Ricardo, Pimentel, Génio, & Calado, 2017).

The first two canonical discriminant functions cAE model explained 91.68% of TEF
variation in the data set (CAP 1. 55.63%, CAP 208®%; Figure 2), with results
revealing an overall accuracy of 100% for the semaubsamples (0.2 g) of the
homogenized right valve (Figure 2 and Table 2). Glassification using the remaining
homogenized right valves (3 g) and the entire aftres (4 g) to the respective shells

was assigned with a success of 100% (Figure 2 atdeT2). These findings suggest
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that TEF of only 0.2 g subsamples of right valves laghly representative of the TEF
of entire shells and, therefore, any significanttsh the composition of the whole shell
will be reproduced in these subsamples.

TEF of biogenic carbonates have been successfudlgd uas “natural tags” to
discriminate the geographic origin of bivalves (NerDunphy, Baker, & Lundquist,
2016; Ricardo, et al., 2015; Ricardo, Pimentel, iGé& Calado, 2017; Sorte, Etter,
Spackman, Boyle, & Hannigan, 2013). Indeed, thiesanonitored in the present study
(Mg/Ca, Mn/Ca, Sr/Ca and Ba/Ca) have been repaaetisplay significant variations
in bivalve shells, likely as a consequence of stgfenvironmental conditions (Poulain,
et al., 2015; Thébault, et al., 2009; Zhao, Sch@&élertz-Kraus, 2017). However,
Ricardo et al. (2015) showed that TEF can be ssbadbsemployed to discriminate the
geographic origin ofCerastoderma edule at a high spatial resolution using whole
valves. Moreover, Bennion et al. (2019) and Momigb al. (2019), used smaller pieces
of shells to discriminate specimens from geograghjiclose populations (6-220 km).
Nonetheless, the methodology used in these twaestud not easy to replicate and
safeguard that identical subsamples of each shelirdeed be retrieved, as replicates.
Cutting exact subsamples of the outer most antoifigathe whole shell of a bivalve
using a ceramic blade is prone to error, as wiakddo the naked eye as distinct annuli
in the shell are indeed a multitude of annuli.sltikely that accuracy to perform this
task may likely only be possible through the use ddser cutter coupled to a scanning
electron microscope (SEM). The present study adkarnte state of the art by
evaluating the use of a much smaller subsampledPpdf the whole valve to achieve
the same goal.

The costs associated with each procedure testie ipresent work (sub-samples of 0.2

and 3 g, as well as the whole valve (4 g)) are shmwTable 3, mimicking a realistic
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sampling scenario as described on TraSeafood wdsgaoject (referred above).
Optimizing ICP-MS analysis by reducing the amouhtvalve used to produce the
homogenate reduces the amount of nitric acid, db agsetime, used for digestion.
Consequently, the environmental impact relatedhéouse of acids and associated waste
disposal is also optimized. The costs associatéld wging 0.2 or 4 g samples ranged
from € 12.60 to € 60.75 for 30 samples, which istté relevance when compared with
the processing of 600 samples. In this case, tls¢s cassociated with the different
approaches differ significantly, ranging from € 24bto € 1215.00 for a sample of 0.2
or 4 g, respectively. The same trend is recordedaitac acid consumption, as it ranges
from 30 to 150 mL when processing 30 samples ofd.2 g, respectively. These
figures are even more contrasting if one consitlergligestion of 600 samples of 0.2 or
4 g, as it requires 600 and 3000 mL of nitric acgspectively. It is worth highlighting
that if one considers bivalves of considerabledargjzes, such as the Pacific oyster
(Crassostrea gigas), the Mediterranean mussalytilus galloprovincialis) or the great
scallop Pecten maximus) with commercial sizes ranging from 100 to 400 nthe
consumption of nitric acid to digest a whole vaisesignificantly higher. Thus, as the
present study revealed, the TEF of only a smallbsample (0.2 g) of the valve can be
used as a proxy of the fingerprint present in thele shell, making this approach

cheaper, faster and as reliable.

4. Conclusions

The present study confirms that TEF of a smalliporof a single valve can be used as
a reliable proxy of their whole shell. In spitetbé small number of samples employed,
this new approach can play a key role in redudnggtime required to process samples

and deliver results to legal authorities. Moreovitre consumption of nitric acid
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employed is significantly reduced, improving thestsinability of this practice. Future
studies should try to apply these methodologiethéoshells of other bivalve species,
namely those that display larger commercial siassyell as ascertain their suitability
to differentiate them if they are sourced from &liéint of geographic locations. Also, try
to optimize the use of hydrogen peroxide employecliminate the organic matter
associated with bivalve shells prior to their diges Overall, it is likely that there is
still room to optimize associated costs with thegessing of large numbers of samples
of bivalve shells for ICP-MS analysis to determiheir TEF and verify the claims

associated with their geographic origin.
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Figure Captions

Figure 1. Outline of experimental design and the protocokdusr acid digestion.

Figure 2. Canonical Analysis of Principal Coordinates (CARp&d on Trace element

fingerprints (TEF) fronRuditapes philippinarum shells.

Table 1.Operating conditions of the Agilent 7700 ICP-MS.

RF power 1550 W

Plasma gas flow rate Ar 15 L min

Auxiliary gas flow rate Ar 0.9 L min

Carrier gas flow rate Ar 1.05 L niin

Sample depth 10.0 mm

Interface Pt sampler cone, Ni skimmer cone
CeOt/Ce+ 1.0%
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Collision gas/flow rate

He 2.8 mL niin

Octopole bias 8BV
Octopole RF 20/
Energy Discrimation 50V

Internal standards

7ZGe’ lOcR h ’ 194Tb
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343 Table 2.Classification success (by shell; S1-S5) of caredranalysis of principal coordinates (CAP) Ruditapes philippinarum subsamples
344 based on trace element fingerprints and classificauccess from remaining subsamples of rightesa(8 g) (R1-R5) and whole left valves (4

345 ) (L1-L5) homogenates.

Predicted shell % % Classification
Original total per
correct
shell S1 S2 S3 S4 S5  shell el Rland Ll R2andL2 R3andL3 R4andL4 R5andL5

S1 5 5 100 100

S2 5 5 100 100

S3 5 5 100 100

S4 5 S 100 100

S5 S 5 100 100
346
347
348
349
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350 Table 3.Estimated costs (consumables and services) faepsing 30 and 600 samples. Note: costs assowidtechanpower (ICP-MS and

351 laboratory technician time) were considered tohgesame for all biomasses.

Consumables and services

Total nitric acid

Nitric Nitric acid Total cost (€)
Biomass | Nitric acid Digestion (mL)
acid/sample| disposal/sample
(9) (mL/sample)| (minutes) 30 600 30 600
(€/mL) (€/mL)
sampleg sampleg sampleg samples
0.2 1 1 0.390 0.019 12.60 245.40 30 600}
3 3 3 1.170 0.057 36.81 736.20 90 1800
4 5 960 1.930 0.095 60.75 1215.00 150 3000
352
353
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