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Abstract: In the Adriatic lagoons of northern Italy, manila clam (Ruditapes philippinarum) farming
provides important socio-economic returns and local clams should be registered with the Protected
Designations of Origin scheme. Therefore, there is a need for the development of rapid, cost-effective
tests to guarantee the origin of the product and to prevent potential fraud. In this work, an elemental
analysis (EA) coupled with isotope ratio mass spectrometry (IRMS) was employed to identify the
isotopic fingerprints of clams directly collected onsite in three Adriatic lagoons and bought at a local
supermarket, where they exhibited certification. In particular, a multivariate analysis of C/N, §'3C
and §°N in manila clam tissues as well as 513C in shells and A3C (calculated as 8'3Cgpe;—813 Cissues)
seems a promising approach for tracking the geographical origin of manila clams at the regional scale.

Keywords: seafood; Ruditapes philippinarum; traceability; isotope ratio mass spectrometry

1. Introduction

The manila clam (Ruditapes philippinarum, Adams and Reeve, 1850) is a filter-feeding
bivalve that lives buried in sandy mud sediments of lagoons, tidal flats and shallows. Today,
manila clams are distributed worldwide, being one of the most important commercial
shellfish species [1]. They are native to the Indo-Pacific waters and were introduced into
Europe for aquaculture in the 1970s [2]. In 1983, the manila clam was introduced into the
north-western Adriatic lagoons in Italy for the first time [3] (Figure 1) and now, the manila
clam market represents a multi-million-euro business, supporting thousands of jobs in
coastal communities. Recently, the Emilia-Romagna region (Northern Italy; Figure 1) aimed
to register the manila clam habitat of Sacca di Goro, one of the most productive Adriatic
lagoons, as a Protected Designation of Origin (PDO). The determination of clam authenticity
is, therefore, essential to recognize clams with a misleading origin or adulteration, which
(i) lower the product quality; (ii) contribute to illegal, unreported and unregulated (IUU)
fishing; and (iii) may even constitute a risk to consumer’s health [4]. It follows that the
ability to determine the origin of seafood is a powerful tool to protect both producers
and consumers from potential fraud. Previous research proposed the use of genetic tools
and multi-element analyses to identify the clam’s fingerprint [5-7]. However, there is still
a need for the development of rapid, cost-effective tests that can shed light on the clam
provenance to guarantee product quality and consumer safety.
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Figure 1. Geographic setting and locations of the investigated lagoons within the Po river delta area along the north-western
Adriatic coast of the Emilia-Romagna and Veneto regions (Italy). Photos of (a) Sacca di Goro; (b) Sacca di Scardovari; and

(c) Manila clams from Sacca di Goro.
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Isotope ratio mass spectrometry (IRMS) is an automated, efficient and sensitive tech-
nique that is used for the identification, authenticity and traceability of materials. It is
applied in different scientific fields, such as archaeology, biology, medicine and food au-
thenticity [8-14]. The IRMS technique relies on the characteristic isotopic ratios of materials,
which constitute unique signatures, as isotope enrichment or depletion processes depend
on kinetic fractionation and environmental features [15]. Therefore, isotope signatures
can be used to distinguish compounds by geographic origin that otherwise are chemically
identical [8,11,15]. For example, carbon, nitrogen, sulfur, oxygen and hydrogen isotopic
ratios measured with IRMS have been used to trace the geographical origins of a wide
variety of products (e.g., wine, apple, pear, honey, potato, meat, rice [8,16-23]). Coherently,
it is well known that a stable isotope composition of organic matrices, particularly “animal
source foods”, reflects the environmental conditions of a product’s area of origin, the food
web and the characteristic physiology of the organism [24]. Therefore, the investigation of
isotopic variations of organism bodies (or part of them) represents a potential tool for their
traceability and authentication.

Like other products, the provenance of seafood can be traced using the isotopic ratios
of the organism tissues, as the carbon (C) and nitrogen (N) isotopic ratios are functions
of the isotopic composition of the food source as well as the fractionation associated
with biochemical processes [25-28]. However, Briant et al. [29] highlighted that temporal
(from seasonal to multi-decadal) climatic variations can shift the isotope composition of
mollusks. Seasonal variability has been related both to the reproduction cycle of bivalves
and to changes in trophic resources, whereas multi-decadal climatic variations can modify
the hydrological environment, thus affecting the biological or ecological responses of
organisms. In addition, anthropogenic impacts can also alter the food web and the uptake
of nutrients [28]. This, in turn, implies that isotope analyses represent potential tracers for
the seafood origin but require the creation of datasets that must be updated periodically.
In particular, manila clams feed exclusively on particles that are naturally present in the
water column and on particles resuspended from the sediment [2,28]. Thus, stable isotopes
could be used as a proxy to trace the provenance of these organisms, as there is a direct
relationship between the isotopic composition of nutrients available in the in the ecosystem
and the isotopic composition of consumer tissues [28,30-33]. Therefore, differences in
isotopic values among manila clam tissues reflect a change of composition or shift in
isotopic values of the relative food source [33], which can be used as fingerprint to trace
the provenance of the organisms.

In this work, we evaluated the C and N isotopic ratios of whole clam tissues (i.e., foot,
muscles, mantle and visceral mass) and the shells of manila clams as potential tools to
be used in traceability in order to distinguish the organisms grown in selected Adriatic
lagoons from those produced in other areas of the world, as well as to trace the exact
Adriatic lagoon provenance for our samples. Such data were used to establish an archive
that should be progressively updated to emphasize differences between the studied manila
clams from north-western Adriatic lagoons and those from other productive areas, in order
to identify possible frauds.

2. Materials and Methods
2.1. Study Area

This study was focused on three different lagoons located along the Italian northern
Adpriatic coast within the delta of the Po river, which is the principal Italian fluvial sys-
tem [34,35]. In particular, we investigated clams from “Sacca di Goro” (44.82° N, 12.31° E)
and “Sacca di Scardovari” (44.86° N, 12.42° E), two embayments connected to the Adriatic
Sea through a wide mouth that are partly obstructed by sandy banks and are influenced by
the interaction between fresh and marine waters that contributes to widespread deposit of
the related sediment load [36,37]. Sacca di Goro is a micro-tidal lagoon (area: 26 km?; mean
depth: 1 m; Figure 1a [36]) that receives nutrient-rich freshwater from two branches of the
Po river, Po di Goro and Po di Volano (Figure 1). Sacca di Scardovari is a micro-tidal, large
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embayment (area: 32 km?; mean depth: 1.5 m; Figure 1b [36]) that receives nutrient-rich
freshwater from other two branches of the Po river: Po di Gnocca and Po di Tolle (Figure 1).
The third lagoon considered in this study was the Comacchio Lagoon (44.61° N, 12.17° E),
which is a large non-tidal lagoon (area: 100 km?; mean depth: 0.8 m [36]) as it does not
directly open toward the sea.

Shellfish farming in Sacca di Goro and Sacca di Scardovari occurs in zones at the
boundary with open sea conditions and provides important socio-economic return [36,38].
On the contrary, in the Comacchio lagoon, although clams are observed among the benthic
species present, shellfish farming is not so effective, because of the scarce oxygenation of
water and organic matter-rich sediments.

2.2. Sample Collection and Pre-Treatment

Sampling of clams in the Sacca di Goro and Sacca di Scardovari was mainly carried
out in May 2015 and May 2016 during site surveys focused on the study of sediments
that were characterized by Natali and Bianchini [37]. For these samples the collection of
clams was precisely georeferenced and sample numeration corresponded to that of the
adjoining sediments studied by Natali and Bianchini [37]. Further samples from Sacca di
Goro were provided by a local fisherman in June 2018 and were also bought from a local
supermarket exhibiting certified provenance. A minor number of samples were collected
from the Comacchio Lagoon in September 2017.

The shell lengths of the studied bivalves were measured (Figure 1c) and it was ob-
served that they had sizes between 2 and 3 cm. Samples were dried at 60 °C and clam
tissues were carefully separated from shells. The latter were washed (and brushed) with
hydrogen peroxide and then dried again. Both shells and tissues were subsequently
powdered with an agate mill.

2.3. Isotope Ratio Mass Spectrometry (IRMS)

The C and N elemental and isotope analyses were carried out at the Department of
Physics and Earth Science of University of Ferrara (Italy) using an elemental analyzer
(Vario Micro Cube, Elementar, Langenselbold, Germany) coupled with an isotopic ratio
mass spectrometer (IsoPrime 100, Elementar, Manchester, UK) (Supplementary Figure S1)
as proposed by Braint et al. [29] and McConnaughey and Gillikin [39], which analyze the C
elemental and isotopic composition of mollusk tissues and shells, respectively.

Homogenous powdered samples (2-3 mg for clam shells, 5-10 mg for clam tissues)
were weighed in tin capsules, wrapped and, finally, loaded in the Vario Micro Cube
(Elementar, Langenselbold, Germany) autosampler to be analyzed. In this analytical
system samples are burnt via flash burning with O, at 950 °C in a quartz “combustion”
tube. The N and C gaseous species released by the burnt samples are transferred in a
second quartz “reduction” tube (heated at 550 °C), which reduces the nitrogen oxides
(NOx) to Np. The formed N, and CO; are separated and the relative abundances are
quantitatively determined on a thermo-conductivity detector. After the elemental analyses,
N; and CO; flow in sequence to the coupled IRMS (Elementar, Manchester, UK) for isotopic
composition determination. In the mass spectrometer the molecules of the sample gas are
ionized by the source (i.e., a thorium oxide filament) and the ions pass through a magnet,
which deflects and sorts them into beams with distinctive mass/charge ratios (1m/z). Then,
ion beams arrive at the collector where three Faraday cups detect the ions of each of the
three different masses of analyzed gas simultaneously (i.e., for N, the masses are 28, 29
and 30 and for CO, the masses are 44, 45 and 46). In the cups, the impact of the ions is
translated into a recordable electrical signal, forming peaks, with areas proportional to
the number of incident ions. The isotope ratios are calculated through peak definition
and integration.
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Calibration of the instrument was performed using several standards: limestone JLs-
1 [40], peach leaves NIST SRM1547 [41], caffeine IAEA-600, Jacupiranga carbonatite [42,43],
Carrara Marble (cross-calibrated in a series of Italian laboratories) and synthetic sulfanil-
amide provided by Isoprime Ltd. Further details of the EA-IRMS technique are in the
Supplementary Material.

13C/12C and >N /™N isotopic ratios (R) were expressed in & notation (in %o units):

5= (Rsam — 1) x 1000 (1)
Rstd

where Rsam is the isotopic ratio of the sample and R4 is the isotopic ratio of the interna-
tional isotope standards Pee Dee Belemnite (PDB) and air Ny, for C and N, respectively [44].

Analytical uncertainties (1 sigma) were in the order of £0.1%. and £0.3%. for C and
N, respectively, as described by previous research [37,45-48].

2.4. Statistical Analysis

The statistical analysis was conducted in R [49]. The analysis of variance (ANOVA
test) was applied to every variable in order to determine the statistical differences between
clams from distinct lagoons. Pairwise comparisons were performed using Tukey’s HSD
(honestly significantly different) test. Principal component analysis (PCA) was applied
to examine differences in elemental and isotopic parameters between manila clam tissue
samples of different origin (package “FactoMineR” [50]; package “factoextra” [51]).

3. Results

The contents of C and N and the respective isotopic ratios of the manila clam shells
and tissues are reported in Table 1 and Figure 2.

The one-way ANOVA test showed that most elemental and isotopic variables of manila
clams were highly affected by the geographical area and time of sampling (p-values < 0.0001),
with the only exception of tissues C content (p-value < 1) (Figure 3).

The C isotopic values of aragonite shells of sampled clams were similar: samples
collected onsite from Sacca di Goro are similar to those of Comacchio, but they were more
negative than those from Sacca di Scardovari and those from the supermarket, despite
having the same provenance.

Considering the manila clam tissues, the C and N contents varied among the samples
without defined inter- or intra-lagoon trends. For all manila clam samples, the C/N ratio
was ~4, which is indicative of the similar lipid contents, which is in turn correlated with
the size of the bivalve [2,52].

Table 1. Average elemental and isotopic compositions of carbon (C) and nitrogen (N) in the shells and tissues of manila clam

samples collected onsite from north-western Adriatic lagoons and bought at the local supermarket. A'>C was calculated as

the difference between the 5'3C of shell and tissues of the clam samples. Means followed by the same letter did not differ
significantly (Tukey’s HSD, p > 0.05).

Shell Tissues
Adriatic lagoons Samples ABC
513C (%) C (Wt%) N (Wt%) CIN 513C (%0) 815N (%)

Sa"c(godllgoro 10 424037  361+£27%  79404% 46+£02° 2374062 974+13%®  195+04P
Sa“&?lls?om 4 40+£042  366+£222 91+03¢ 40+£01% 215402  1034+02°  175+04°2
(from Ssauc}zgrgf‘crgf; 2018) 3 36+05%  350+£21¢2 92+£07°¢ 38+£01° 202401 944+01®  166+06°
Sacca O}lzg;z;d‘”a“ 4 30+04>  341£343 724052 474+02%  -208+08°> 80+072 17.8 £ 0.62
Comacchio Lagoon 3 42404 380410  85+05>  454+03b 238409 147+05°  196+12°

(2017)
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Figure 2. (a) Carbon (C) isotopic composition of carbon of shells and tissues and (b) nitrogen (N) isotopic composition of
tissues of manila clam samples collected onsite from north-western Adriatic lagoons and bought at the local supermarket.

The 8'3C values of tissues were homogeneous among the clams collected from the
same lagoons: 5'C values of Sacca di Goro clams sampled in 2015 and Comacchio Lagoon
clams are similar and they were more negative than those from Sacca di Goro sampled in
2018, the supermarket, and Sacca di Scardovari (Table 1; Figure 2a).

The 5'°N ratio values were uniform among samples with the same origin, but there
were significant variations among bivalves from different lagoons to another. The clams
with less positive values were from Sacca di Goro and Sacca di Scardovari (Table 1;
Figure 2b), whereas the most positive values were recorded for samples from Comac-
chio Lagoon (Table 1; Figure 2b). This was probably related to persistent oxygen depletion
in this area, as the circulation of water is limited.
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Figure 3. Box plot of elemental and isotopic compositions of carbon (C) and nitrogen (N) in the shells and tissues of manila
clam samples collected onsite from north-western Adriatic lagoons and bought at the local supermarket. One-way ANOVA
is also reported (* p < 1; **p < 0.0001).

4. Discussion
4.1. 513. C vs. 8'°N Binary Diagram: An Approach to the Seafood Traceability at the Regional Scale

The related body of literature shows that the C isotopic ratio of seafood [2,24,53]
has routinely been utilized for the identification of food sources, whereas the N isotopic
ratio provides information about the circulation of water and nutrients, as less positive
values are associated with better exchange of water in the environment [54,55]. Thus, the
§13C-815N composition of the samples reflect the characteristics of their area of origin and
could be used to trace the provenance of organisms. In fact, in Figure 4, a simple binary
diagram §'3C vs. §!°N is able to distinguish the different provenances of the investigated
manila clams at least at the regional scale.
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Figure 4. Comparison of carbon (C) and nitrogen (N) isotopic compositions of manila clam tissues from northern Adriatic

lagoons with those from fisheries worldwide (Tagus estuary, Portugal [2]; Seonjae Island, Korea [52]; Tokyo Bay, Japan [56]).

The grey area represents the C-N isotopic composition of Po suspended solids (data from [57,58]).

In general, the 5!C values of Adriatic manila clam samples resemble that of Po river
suspended solids analyzed by Tesi et al. [57] and Corazzari et al. [58]. Determination of
the 813C-8'5N composition of Adriatic manila clams is useful to depict the “state of health”
of the lagoons during the sampling survey. In fact, considering the samples collected
onsite in lagoons, less negative §'>C and less positive 5!°N tissues are typical of Sacca
di Scardovari, where the circulation of freshwater and/or nutrients is limited. On the
contrary, very positive 5!1°N ratios coupled with very negative §'3C ratios are characteristic
of Comacchio Lagoon clams, as the lagoon is poorly connected with the sea, limiting the
exchange of water and causing consistent input of nutrients from the agricultural run-
off [36]. The composition of Sacca di Goro samples is between those of Sacca di Scardovari
and the Comacchio Lagoon. For the Sacca di Goro samples, the isotopic composition varied
year-by-year, demonstrating that climate and environmental changes also play significant
roles in determining on the isotopic compositions of the organisms. In addition, the Sacca
di Goro samples obtained from the market had the least negative §'3C values, as before
selling, clams expel sediment and nutrients in ranks of saline water, where they continue
their filtering activity and consequently, biological fractionation proceeds.

4.2. Multivariate Analyses for the Seafood Traceability at the Local Scale

It is clear that a bivariate analysis is not sufficient for tracking the geographical origin
of manila clam samples in a restricted area. Therefore, more parameters must be considered
to constrain the provenance of these products. For example, shells are generally excluded
when assessing the traceability of manila clams, as the isotopic values of shell carbonates of
marine and freshwater mollusks reflect the §'3C isotopic value of the dissolved inorganic
carbon, not the dietary resources [32]. However, according to the results obtained in a
feeding experiment conducted by Poulain et al. [59] on Ruditapes philippinarum, the §'3C of
shell is affected by both the HCO3;™ content in seawater and the diet of the bivalve. In fact,
in this study, the isotopic C values of manila clam shells were shifted toward negative 5'3C
values, as they incorporated isotopically light metabolic C. Therefore, in our view, the §'3C
of shells can be also used as index of the seafood provenance, as this isotopic ratio could
reflect the medium-long term isotopic growth of these low motile species.

Thus, to trace the geographical provenance of the samples, we conducted a principal
component analysis (PCA) in order to group the clams on the basis of many variables
called principal components, which can describe correlations among the studied samples.
As principal components, we considered the §'3C and 5!°N of tissues, the 5'3C of shells,
C/N, as well as A13C, a new parameter calculated as the difference between the 513C of
shells and §'3C of tissues. Validation of the model was obtained by cross-validation (CV)
using the leave-one-out procedure (LOO).
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The resulting PCA (Figure 5) explains more than 80% of the total variation and
well clusters the samples into four groups reflecting their different geographical origins
and, in the case of Sacca di Goro, also the year in which clams were collected. Sacca
di Scardovari and Comacchio Lagoon samples formed distinct groups, with Sacca di
Scardovari samples being characterized by less negative '>C values for both shells and
tissues and the Comacchio Lagoon group was driven by high !N and more negative §3C
values of tissues. For Sacca di Goro, samples collected in 2015 were separated from those
collected in 2018, mainly in terms of the A'*C and C/N values. Interestingly, the clams
bought at the supermarket, with the label certifying they were collected in Sacca di Goro
in 2018, were plotted near to the group of samples collected onsite in Sacca di Goro in the
same year, as they are characterized by similar values in §'3C of tissues and shell, C/N and
A'3C. Contrary to the binary plot shown in Figure 4, the PCA plot of Figure 5 clearly shows
that the certified manila clams bought at the supermarket were similar to the samples
collected onsite in Sacca di Goro in 2018. This demonstrates that a multivariate analysis is
the best approach for tracing clams at the regional scale, as it condenses a large number of
original variables into a composite dimension with a minimum loss of information.

PC2 (24.0%)

2

@ Sacca di Goro (2015)
M Sacca di Goro (2018)

X Supermarket (from Sacca di Goro; 2018)
@ Sacca di Scardovari (2016)

A Comacchio Lagoon (2017)

-3

T T T
2.5 00 25
PC1 (58.7%)

Figure 5. Principal component analysis (PCA) for the §!3C of shells, §'3C, §'5N and C/N of tissues and A'3C in manila
clams collected onsite from north-western Adriatic lagoons and bought at a local supermarket.

On the other hand, at the world scale, the C and N isotopic compositions of manila
clams seem to be sufficient for the identification of at least the country of the origin.
In fact, in Figure 4 the entire manila clam population from the north-western Adriatic
lagoons is shown to be isotopically distinct from those of other Ruditapes philippinarum
populations growing in other fisheries widespread throughout the world (e.g., Portugal,
Korea, Japan [2,52,59]), as it has the most negative d13C (up to —24.7%o) value and the
most positive §1°N (up to +15.2%0) value. Therefore, at a large scale, the diet of bivalves
becomes the main variable for the isotopic characterization of the clams. Generally, filter-
feeding bivalves feed on marine particulate organic matter suspended in the water column
(e.g., phytoplankton, microphytobenthos and detritus [36]). In the north-western Adriatic
lagoons, the dispersed particulate is deeply affected by the fluvial contribution of the
Po river system that conveys a large amount of solid suspended load with §'*C and
815N signatures up to —28.2%. and +8.6%o, respectively, toward the sea [57,58]. In fact,
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as shown in Figure 4, considering the trophic enrichments of Ruditapes philippinarum
(0.6%o for 813C and 3.4%. for 61°N; [32]), the isotopic compositions of the tissues of the
investigated clams can easily be related to the average 5'>C and §'°N signatures of the Po
river suspended load.

5. Conclusions

Food safety is generally monitored through protocols involving physicochemical or
biological parameters that are compared with tolerance thresholds, but these analyses often
do not guarantee the identification of the specific geographic origins of the considered
products. The certification of the area of provenance of food products is difficult to
constrain, but it is needed to increase the consumer confidence. In fact, consumers want
to make an informed choice to have genuine products for both health and ecological
reasons and therefore, products have to be traceable and authenticated. Scientific tools for
food traceability are crucial to avoid product mislabeling and fraudulent activities, which
sometimes occur due to increasing demand, resource limitations, or the high value of the
original supply chain. Therefore, product differentiation appears to be a fundamental issue
in the further development of the fish farming industry widespread in different rearing
and environmental systems across the whole Mediterranean area.

In this framework, the presented research emphasizes that IRMS is a promising
technique for tracking the geographic origin of mollusks, in particular, manila clams from
the north-western Adriatic lagoons, which are affected by counterfeiting with clams of
exotic and dubious provenance. The IRMS has many applications in several fields including
geology, biology, ecology and, more recently, food sciences, thanks to the high levels of
accuracy and precision that can be reached and the ability to analyze low masses of material
without sample pre-treatment.

The isotopic composition of clams obviously reflects that of the ecosystem in which
they live, their trophic level and the food web. Manila clams from selected north-western
Adriatic lagoons live in an aquatic environment that is rich in nutrients and characterized
by low (very negative) '>C and high 5'°N values. This isotopic fingerprint of tissues,
although slightly modified by biological fractionation, is transferred to local clams, which,
on this basis, can be distinguished from products that have originated elsewhere in the
world. More difficult is the identification of the precise point of origin of different manila
clams produced in nearby lagoons with similar environmental and climatic conditions. In
this case, the use of more variables (e.g., isotopic fingerprint of shells and C/N as well as the
isotopic composition of tissues) is requested to trace the sample provenance in more detail.

We are aware that C and N isotopic shifts could be partly related to the different
climatic conditions that possibly occurred during the diachronous sampling survey con-
ducted in this study. For this reason, further research should involve the analysis of a larger
number of samples, possibly collected simultaneously in the distinct north-western Adri-
atic lagoons, with the aim of creating a more robust isotopic archive to compare unknown
samples with referenced datasets. Moreover, additional isotopic tracers should be taken
into account to corroborate the robustness of the hypothesis. In this light, our research
will continue, in order to (1) analyze further manila clams from the considered lagoons
to validate the outlined §'>C-8'°N compositional range and (2) to explore other isotopic
parameters (e.g., sulfur and oxygen isotope analyses) measurable by IRMS that could be
useful as a proxy of their origin and provenance.

Supplementary Materials: The following are available online, Supplementary material: Details of
EA-IRMS technique; and Figure S1: (a) Photos and (b) configuration of elemental analyzer (EA, Vario
Micro Cube, Elementar, Langenselbold, Germany) in line with an isotope ratio mass spectrometer
(IRMS, IsoPrime 100, Elementar, Manchester, UK) of the Department of Physics and Earth Science of
University of Ferrara (Italy).



Molecules 2021, 26, 1859 11 of 13

Author Contributions: Conceptualization, G.B.; methodology, G.B.; formal analysis, V.B., EM.,
C.N. and G.M.S;; investigation, C.N. and G.M.S.; data curation, G.B., V.B., EM., C.N. and G.M.S;
writing—original draft preparation, G.B. and V.B.; writing—review and editing, G.B., V.B. and P.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the Editorial Office and all the reviewers for their criticism
and suggestion to improve the early version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

Chiesa, S.; Filonzi, L.; Ferrari, C.; Vaghi, M.; Bilo, F.; Piccinini, A.; Zuccon, G.; Wilson, R.C.; Ulheim, J.; Nonnis Marzano, F.
Mapping the stranger: Genetic diversity of Manila clam in European coastal lagoons. Bull. Jpn. Fish. Res. Educ. Agen. 2016, 42,
55-65. [CrossRef]

Dias, E.; Chainho, P.; Barrocas-Dias, C.; Adao, H. Food sources of the non-indigenous bivalve Ruditapes philippinarum (Adams and
Reeve, 1850) and trophic niche overlap with native species. Aquat. Invasions 2019, 14, 638-655. [CrossRef]

Bartoli, M.; Castaldelli, G.; Nizzoli, D.; Fano, E.A.; Viaroli, P. Manila clam introduction in the Sacca di Goro Lagoon (Northern
Italy): Ecological implications. Bull. Jpn. Fish. Res. Educ. Agen. 2016, 42, 43-52. [CrossRef]

Agnew, D.].; Pearce, J.; Pramod, G.; Peatman, T.; Watson, R.; Beddington, J.R.; Pitcher, T.J. Estimating the worldwide extent of
illegal fishing. PLoS ONE 2009, 4, e4570. [CrossRef]

Chiesa, S.; Lucentini, L.; Freitas, R.; Nonnis Marzano, F; Minello, F.; Ferrari, C.; Filonzi, L.; Figueira, E.; Breda, S.;
Baccarani, G.; et al. Genetic diversity of introduced Manila clam Ruditapes philippinarum populations inferred by 16S rDN.
Biochem. Syst. Ecol. 2014, 57, 52-59. [CrossRef]

Chiesa, S.; Lucentini, L.; Freitas, R.; Nonnis Marzano, F; Breda, S.; Figueira, E.; Caill-Milly, N.; Herbert, RJ.H.; Soares, AM.V.M,;
Argese, E. A history of invasion: COI phylogeny of Manila clam Ruditapes philippinarum in Europe. Fish. Res. 2017, 186, 25-35.
[CrossRef]

Zhao, H.; Zhang, S. Effects of sediment, seawater, and season on multi-element fingerprints of Manila clam (Ruditapes philip-
pinarum) for authenticity identification. Food Control. 2016, 66, 62-68. [CrossRef]

Wadood, S.A.; Boli, G.; Xiaowen, Z.; Hussain, L; Yimin, W. Recent development in the application of analytical techniques for the
traceability and authenticity of food of plant origin. Microchem. J. 2020, 152, 104295. [CrossRef]

Castro-Puyana, M.; Herrero, M. Metabolomics approaches based on mass spectrometry for food safety, quality and traceability.
Trends Anal. Chem. 2013, 52, 74-87. [CrossRef]

Camin, F; Perini, M.; Bontempo, L.; Galeotti, M.; Tibaldi, E.; Piasentier, E. Stable isotope ratios of H, C, O, N and S for the
geographical traceability of Italian rainbow trout (Oncorhynchus mykiss). Food Chem. 2018, 267, 288-295. [CrossRef]

Birch, Q.T.; Potter, PM.; Pinto, P.X.; Dionysiou, D.D.; Al-Abed, S.R. Isotope ratio mass spectrometry and spectroscopic techniques
for microplastics characterization. Talanta 2021, 224, 121743. [CrossRef]

Francois, G.; Fabrice, V.; Didier, M. Traceability of fruits and vegetables. Phytochemistry 2020, 173, 112291. [CrossRef]

Pianezze, S.; Bontempo, L.; Perini, M.; Tonon, A.; Ziller, L.; Franceschi, P.; Camin, F. 634S for tracing the origin of cheese and
detecting its authenticity. . Mass Spectrom. 2020, 55, e4451. [CrossRef] [PubMed]

Pironti, C.; Motta, O.; Ricciardi, M.; Camin, E.,; Cucciniello, R.; Proto, A. Characterization and authentication of commercial
cleaning products formulated with biobased surfactants by stable carbon isotope ratio. Talanta 2020, 219, 121256. [CrossRef]
[PubMed]

Kelly, S.; Brodie, C.; Hilkert, A. Isotopic-Spectroscopic Technique: Stable Isotope-Ratio Mass Spectrometry (IRMS). In Modern
Techniques for Food Authentication; Sun, D.-W., Ed.; Academic Press: London, UK, 2018; pp. 349—-413. [CrossRef]

Kahle, K.; Preston, C.; Richling, E.; Heckel, E,; Schreier, P. On-line gas chromatography combustion/pyrolysis isotope ratio mass
spectrometry (HRGC-C/P-IRMS) of major volatiles from pear fruit (Pyrus communis) and pear products. Food Chem. 2005, 91,
449-455. [CrossRef]

Longobardi, E; Casiello, G.; Sacco, D.; Tedone, L.; Sacco, A. Characterisation of the geographical origin of Italian potatoes, based
on stable isotope and volatile compound analyses. Food Chem. 2011, 124, 1708-1713. [CrossRef]

Mimmo, T.; Camin, E; Bontempo, L.; Capici, C.; Tagliavini, M.; Cesco, S.; Scampicchio, M. Traceability of different apple varieties
by multivariate analysis of isotope ratio mass spectrometry data. Rapid Commun. Mass Spectrom. 2015, 29, 1984-1990. [CrossRef]


http://doi.org/10.1016/j.fishres.2015.12.009
http://doi.org/10.3391/ai.2019.14.4.05
http://doi.org/10.1023/A:1011910422400
http://doi.org/10.1371/journal.pone.0004570
http://doi.org/10.1016/j.bse.2014.07.008
http://doi.org/10.1016/j.fishres.2016.07.024
http://doi.org/10.1016/j.foodcont.2016.01.045
http://doi.org/10.1016/j.microc.2019.104295
http://doi.org/10.1016/j.trac.2013.05.016
http://doi.org/10.1016/j.foodchem.2017.06.017
http://doi.org/10.1016/j.talanta.2020.121743
http://doi.org/10.1016/j.phytochem.2020.112291
http://doi.org/10.1002/jms.4451
http://www.ncbi.nlm.nih.gov/pubmed/31697858
http://doi.org/10.1016/j.talanta.2020.121256
http://www.ncbi.nlm.nih.gov/pubmed/32887147
http://doi.org/10.1016/B978-0-12-814264-6.00011-6
http://doi.org/10.1016/j.foodchem.2004.06.026
http://doi.org/10.1016/j.foodchem.2010.07.092
http://doi.org/10.1002/rcm.7306

Molecules 2021, 26, 1859 12 of 13

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

Wu, Y,; Luo, D.; Dong, H.; Wan, J.; Luo, H.; Xian, Y.; Guo, X.; Qin, E; Han, W.; Wang, L.; et al. Geographical origin of cereal
grains based on element analyzer-stable isotope ratio mass spectrometry (EA-SIRMS). Food Chem. 2015, 174, 553-557. [CrossRef]
[PubMed]

Da Silva, D.A.F,; Biscola, N.P; dos Santos, L.D.; Sartori, M.M.P.; Denadai, J.C.; da Silva, E.T.; Ducatti, C.; Bicudo, S.D.;
Barraviera, B.; Ferreira, R.S., Jr. Detecting animal by-product intake using stable isotope ratio mass spectrometry (IRMS).
Vet. J. 2016, 217, 119-125. [CrossRef]

Dong, H.; Xiao, K.; Xian, Y.; Wu, Y. Authenticity determination of honeys with non-extractable proteins by means of elemental
analyzer (EA) and liquid chromatography (LC) coupled to isotope ratio mass spectroscopy (IRMS). Food Chem. 2018, 240, 717-724.
[CrossRef]

Kukusamude, C.; Kongsri, S. Elemental and isotopic profiling of Thai jasmine rice (Khao Dawk Mali 105) for discrimination of
geographical origins in Thung Kula Rong Hai area, Thailand. Food Control. 2018, 91, 357-364. [CrossRef]

Zhao, S.; Zhao, Y.; Rogers, KM.; Chen, G.; Chen, A.; Yang, S. Application of multi-element (C, N, H, O) stable isotope ratio
analysis for the traceability of milk samples from China. Food Chem. 2020, 310, 125826. [CrossRef]

Fry, B. Stable Isotope Ecology, 3rd ed.; Springer-Verlag: New York, NY, USA, 2006; pp. 1-308.

Minagawa, M.; Wada, E. Stepwise enrichment of 515N along food chains- further evidence and the relation between 515N and
animal age. Geochim. Cosmochim. Acta 1984, 48, 1135-1140. [CrossRef]

Peterson, B.J.; Fry, B. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Evol. Syst. 1987, 18, 293-320. [CrossRef]

Stewart, S.D.; Hamilton, D.P,; Baisden, W.T.; Dedual, M.; Verburg, P.; Duggan, 1.C.; Hicks, B.J.; Graham, B.S. Variable littoral-
pelagic coupling as a food-web response to seasonal changes in pelagic primary production. Freshw. Biol. 2017, 62, 1-18.
[CrossRef]

Sroczyniska, K.; Williamson, T.J.; Claro, M.; Gonzalez-Pérez, J.A.; Range, P.; Boski, T.; Chicharo, L. Food web structure of three
Mediterranean stream reaches alsong a gradient of anthropogenic impact. Hydrobiologia 2020, 847, 2357-2375. [CrossRef]
Briant, N.; Savoye, N.; Chovelon, T.; David, V.; Rodriguez, S.; Charlier, K.; Sonke, ].E.; Chiffoleau, ].E; Brach-Papa, C.; Knoery, J.
Carbon and nitrogen elemental and isotopic ratios of filter-feeding bivalves along the French coasts: An assessment of specific,
geographic, seasonal and multi-decadal variations. Sci. Total Environ. 2018, 613-614, 196-207. [CrossRef] [PubMed]

DeNiro, M.J.; Epstein, S. Influence of diet on the distribution of carbon isotopes in animals. Geochim. Cosmochim. Acta 1978, 42,
495-506. [CrossRef]

DeNiro, M.].; Epstein, S. Influence of diet on the distribution of nitrogen isotopes in animals. Geochim. Cosmochim. Acta 1981, 45,
341-351. [CrossRef]

Yokoyama, H.; Tamaki, A.; Harada, K.; Shimoda, K.; Koyama, K.; Ishihi, Y. Variability of diet-tissue isotopic fractionation in
estuarine macrobenthos. Mar. Ecol. Prog. Ser. 2005, 296, 115-128. [CrossRef]

Yokoyama, H.; Ishihi, Y. Variation in '3C and §!°N among different tissues of three estuarine bivalves: Implications for dietary
reconstructions. Plankton Benthos Res. 2006, 1, 178-182. [CrossRef]

Marchina, C.; Bianchini, G.; Natali, C.; Pennisi, M.; Colombani, N.; Tassinari, R.; Knoeller, K. The Po river water from the Alps to
the Adriatic Sea (Italy): New insights from geochemical and isotopic (§'80-8D) data. Environ. Sci. Pollut. Res. 2015, 22, 5184-5203.
[CrossRef]

Marchina, C.; Bianchini, G.; Knoeller, K.; Natali, C.; Pennisi, M.; Colombani, N. Natural and anthropogenic variations in the Po
river waters (northern Italy): Insights from a multi-isotope approach. Isot. Environ. Health Stud. 2016, 52, 649-672. [CrossRef]
Abbiati, M.; Mistri, M.; Bartoli, M.; Ceccherelli, V.U.; Colangelo, M.A.; Ferrari, C.R.; Giordani, G.; Munari, C.; Nizzoli, D.;
Ponti, M.; et al. Trade-off between conservation and exploitation of the transitional water ecosystems of the northern Adriatic Sea.
Chem. Ecol. 2010, 26, 105-119. [CrossRef]

Natali, C.; Bianchini, G. Natural vs anthropogenic components in sediments from the Po River delta coastal lagoons (NE Italy).
Environ. Sci. Pollut. Res. 2018, 25, 2981-2991. [CrossRef]

Turolla, E.; Castaldelli, G.; Fano, E.A.; Tamburini, E. Life Cycle Assessment (LCA) Proves that Manila Clam Farming (Ruditapes
Philippinarum) is a Fully Sustainable Aquaculture Practice and a Carbon Sink. Sustainability 2020, 12, 5252. [CrossRef]
McConnaughey, T.A.; Gillikin, D.P. Carbon isotopes in mollusks shell carbonates. Geo-Mar. Lett. 2008, 28, 287-299. [CrossRef]
Kusaka, S.; Nakano, T. Carbon and oxygen isotope ratios and their temperature dependence in carbonate and tooth enamel using
GasBench II preparation device. Rapid Commun. Mass Spectrom. 2014, 28, 563-567. [CrossRef] [PubMed]

Dutta, K.; Schuur, E.A.G.; Neff, ].C.; Zimov, S.A. Potential carbon release from permafrost soils of Northeastern Siberia. Glob.
Chang. Biol. 2006, 12, 1-16. [CrossRef]

Santos, V.; Clayton, R.N. Variations of oxygen and carbon isotopes in carbonatites: A study of Brazilian alkaline complexes.
Geochim. Cosmochim. Acta 1995, 59, 1339-1352. [CrossRef]

Beccaluva, L.; Bianchini, G.; Natali, C.; Siena, F. The alkaline-carbonatite complex of Jacupiranga (Brazil): Magma genesis and
mode of emplacement. Gondwana Res. 2017, 44, 157-177. [CrossRef]

Gonfiantini, R.; Stichler, W.; Rozanski, K. Standards and intercomparison materials distributed by the International Atomic
Energy Agency for stable isotope measurements. In Reference and Intercomparison Materials for Stable Isotopes of Light Elements;
Stichler, K., Ed.; IAEA: Vienna, Austria, 1993; pp. 13-29.

Natali, C.; Bianchini, G. Thermally based isotopic speciation of carbon in complex matrices: A tool for environmental investigation.
Environ. Sci. Pollut. Res. 2015, 22, 12162-12173. [CrossRef] [PubMed]


http://doi.org/10.1016/j.foodchem.2014.11.096
http://www.ncbi.nlm.nih.gov/pubmed/25529718
http://doi.org/10.1016/j.tvjl.2016.10.002
http://doi.org/10.1016/j.foodchem.2017.08.008
http://doi.org/10.1016/j.foodcont.2018.04.018
http://doi.org/10.1016/j.foodchem.2019.125826
http://doi.org/10.1016/0016-7037(84)90204-7
http://doi.org/10.1146/annurev.es.18.110187.001453
http://doi.org/10.1111/fwb.13046
http://doi.org/10.1007/s10750-020-04263-5
http://doi.org/10.1016/j.scitotenv.2017.08.281
http://www.ncbi.nlm.nih.gov/pubmed/28915456
http://doi.org/10.1016/0016-7037(78)90199-0
http://doi.org/10.1016/0016-7037(81)90244-1
http://doi.org/10.3354/meps296115
http://doi.org/10.3800/pbr.1.178
http://doi.org/10.1007/s11356-014-3750-6
http://doi.org/10.1080/10256016.2016.1152965
http://doi.org/10.1080/02757541003693193
http://doi.org/10.1007/s11356-017-0986-y
http://doi.org/10.3390/su12135252
http://doi.org/10.1007/s00367-008-0116-4
http://doi.org/10.1002/rcm.6799
http://www.ncbi.nlm.nih.gov/pubmed/24497295
http://doi.org/10.1111/j.1365-2486.2006.01259.x
http://doi.org/10.1016/0016-7037(95)00048-5
http://doi.org/10.1016/j.gr.2016.11.010
http://doi.org/10.1007/s11356-015-4503-x
http://www.ncbi.nlm.nih.gov/pubmed/25893627

Molecules 2021, 26, 1859 13 of 13

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

Ferretti, G.; Di Giuseppe, D.; Natali, C.; Faccini, B.; Bianchini, G.; Coltorti, M. C-N elemental and isotopic investigation in
agricultural soils: Insightson the effects of zeolitite amendments. Chem. Erde 2017, 77, 45-52. [CrossRef]

Natali, C.; Bianchini, G.; Vittori Antisari, L.; Natale, M.; Tessari, U. Carbon and nitrogen pools in Padanian soils (Italy): Origin
and dynamics of soil organic matter. Chem. Erde 2018, 78, 490—499. [CrossRef]

Natali, C.; Bianchini, G.; Carlino, P. Thermal stability of soil carbon pools: Inferences on soil nature and evolution. Chem. Erde
2020, 77, 45-52. [CrossRef]

R Core Team. R: A language and environment for statistical computing. Available online: https://www.R--project.org/
(accessed on 22 June 2020).

Le, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Softw. 2008, 25, 1-18. [CrossRef]
Kassambara, F. Mundt factoextra: Extract and Visualize the Results of Multivariate Data Analyses. R Package Version 1.0.7.
Available online: https://CRAN.R--project.org/package=factoextra (accessed on 22 June 2020).

Suh, Y.J.; Shin, K.-H. Size-related and seasonal diet of the manila clam (Ruditapes philippinarum), as determined using dual stable
isotopes. Estuar. Coast. Shelf Sci. 2013, 135, 94-105. [CrossRef]

Graniero, L.E.; Grossman, E.T.; O'Dea, A. Stable isotopes in bivalve sas indicators of nutrient source in coastal waters in the Bocas
del Toro Archipelago, Panama. Peer] 2016, 4, €2278. [CrossRef]

Orlandi, L.; Bentivoglio, F.; Carlino, P.; Calizza, E.; Rossi, D.; Costantini, M.L.; Rossi, L. 515N variation in Ulva lactuca as a
proxy for anthropogenic nitrogen inputs in coastal areas of Gulf of Gaeta (Mediterranean Sea). Mar. Pollut. Bull. 2014, 84, 76-82.
[CrossRef] [PubMed]

Orlandi, L.; Calizza, E.; Careddu, G.; Carlino, P.; Costantini, M.L.; Rossi, L. The effects of nitrogen pollutants on the isotopic signal
(81°N) of Ulva lactuca: Microcosm experiments. Mar. Pollut. Bull. 2017, 115, 429-435. [CrossRef] [PubMed]

Watanabe, S.; Katayama, S.; Kodama, M.; Cho, N.; Nakata, K.; Fukuda, M. Small-scale variation in feeding environments for the
Manila clam Ruditapes philippinarum in a tidal flat in Tokyo Bay. Fish. Res. 2009, 75, 937-945. [CrossRef]

Tesi, T.; Miserocchi, S.; Acri, F; Langone, L.; Boldrin, A.; Hatten, J.A.; Albertazzi, S. Flood-driven transport of sediment, particulate
organic matter, and nutrients from the Po River watershed to the Mediterranean Sea. J. Hydrol. 2013, 498, 144-152. [CrossRef]
Corazzari, L.; Bianchini, G.; Billi, P.; Marchina, C.; Natali, C. A preliminary note on carbon and nitrogen elemental and isotopic
composition of Po River suspended load. Rend. Lincei, Sci. Fis. Nat. 2016, 27, 89-93. [CrossRef]

Poulain, C.; Lorrain, A.; Mas, R.; Gillikin, D.P.; Dehairs, F.; Robert, R.; Paulet, Y.-M. Experimental shift of diet and DIC stable
carbon isotopes: Influence on shell '3C values in the Manila clam Ruditapes philippinarum. Chem. Geol. 2010, 272, 75-82.
[CrossRef]


http://doi.org/10.1016/j.chemer.2017.02.002
http://doi.org/10.1016/j.chemer.2018.09.001
http://doi.org/10.1016/j.tca.2019.178478
https://www.R--project.org/
http://doi.org/10.18637/jss.v025.i01
https://CRAN.R--project.org/package = factoextra
http://doi.org/10.1016/j.ecss.2013.06.029
http://doi.org/10.7717/peerj.2278
http://doi.org/10.1016/j.marpolbul.2014.05.036
http://www.ncbi.nlm.nih.gov/pubmed/24923814
http://doi.org/10.1016/j.marpolbul.2016.12.051
http://www.ncbi.nlm.nih.gov/pubmed/28027782
http://doi.org/10.1007/s12562-009-0113-1
http://doi.org/10.1016/j.jhydrol.2013.06.001
http://doi.org/10.1007/s12210-015-0460-z
http://doi.org/10.1016/j.chemgeo.2010.02.006

	Introduction 
	Materials and Methods 
	Study Area 
	Sample Collection and Pre-Treatment 
	Isotope Ratio Mass Spectrometry (IRMS) 
	Statistical Analysis 

	Results 
	Discussion 
	13. C vs. 15N Binary Diagram: An Approach to the Seafood Traceability at the Regional Scale 
	Multivariate Analyses for the Seafood Traceability at the Local Scale 

	Conclusions 
	References

