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Abstract: Mussel farming is a novel and growing aquaculture field in the Baltic Sea. Nevertheless,
there is very little published evidence on the processing of shellfish biomass in the region. The aim of
this study is to develop a methodology for the extraction of organic-rich fractions from small-sized
blue mussels of the Baltic Sea region that is applicable and economically viable for the feed and
food industry. The efficiency of mussel meat separation was evaluated using different processing,
drying, and filtration techniques. The laboratory experiments have succeeded in finding a method
that is operationally feasible and does not require overly complex and expensive laboratory settings.
These trials also showed that the separation of meat from fresh or frozen mussels can be achieved
by simple crushing and sedimentation methods and the extraction yielded a significant amount of
mussel meat (7.6%) with a high protein content (3.2%, i.e., half of the total protein found in the used
mussel-mass). It also appeared that the use of filtration is not practical because the protein loss was
extremely high. In addition, filtration makes the process of dry-matter separation more complex, and
costs are unlikely to be compensated by the energy saved in drying.

Keywords: Baltic Sea; green protein; mussel processing; mussel valorization; sustainable aquaculture

1. Introduction

While aquaculture is often associated with water-quality degradation, the spread
of invasive species, and the destruction of important coastal habitats, there is growing
evidence that well-planned and managed aquaculture can provide ecosystem services,
including habitats for fish and other marine organisms. Here, low trophic aquaculture
sectors such as shellfish and algae farming represent novel sustainable and environmentally
restorative aquaculture trends [1]. Cultivated mussels are filter feeders and during harvest,
a significant amount of excess nutrients can be removed from the marine environment [2,3].
Moreover, besides their nutrient sequestration potential, mussels act as nutrient sinks
by ingesting particles suspended in the water column and thereby directly improving
water quality. Importantly, mussel meat is rich in proteins, omega-3 fatty acids, glycogen,
magnesium, potassium, calcium, selenium, iron, and vitamin B12, just to name a few [4];
thus, its use for human consumption benefits both health and nature [4]. In highly eutrophic
waters, however, where mussels may not necessarily meet standards for food safety, mussels
may be also valorized for other purposes than human food.

As in other ecosystems, the Baltic Sea is characterized by its legacy nutrients that result
in adverse symptoms of eutrophication [5]. To date, mussel farming is considered one of
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the most promising measures to remove these excess nutrients from the Baltic Sea [3]. The
most promising aquaculture species in the Baltic Sea is the blue mussel, a hybrid of the two
species Mytilus edulis and Mytilus trossulus [6].

Earlier studies demonstrated that shellfish farming in the Baltic Sea is efficient, cost
effective, and removes large amounts of nutrients [3,7]. Comprehensive environmental
monitoring of all existing mussel farms in the Baltic Sea did not identify any significant
negative environmental impacts in any aspect over a three-year period [7]. In addition to
the above, Baltic Sea shellfish have very low levels of different toxins (e.g., heavy metals,
PCBs, benzopyrenes, algal toxins), which means that this resource can be effectively used
for human consumption and/or animal feed [8]. Despite these positive aspects, there are
still many challenges that hinder the development of the mussel farming industry in the
Baltic Sea region [9].

When prepared for human consumption, mussel meat yields should be >30% to have
a market as a food product. Thus, mussels with lower meat yields are normally rejected
due to their low commercial value and are classified as by-products. Salinity is low (below
10) in the large parts of the Baltic Sea, and therefore blue mussels are much smaller in the
Baltic Sea than in the North Sea. Looking at the average size of a mussel in the Baltic Sea
(2–3 cm), more than 95% of the catch is theoretically classified as by-products. For shellfish
aquaculture to be successful, it is necessary to address product valorization to make this
aquaculture sustainable [3]. The development of innovative products and production
lines is essential for the cultivation and marketing of new species, as at present there is no
effective use of shellfish collected from farms in the low-salinity parts of the Baltic Sea. The
small size of mussels farmed requires viable solutions of processing mussels for feed, food,
or some high-end product. To date, however, the biomass of mussels has been very poorly
exploited in the Baltic Sea region.

As blue mussels in marine waters are reasonably large enough to be directly used,
and fresh mussels are in high demand, there are not many studies on valorizing mussels
further for human consumption. Amongst commonly used methods of extracting meat
and protein fractions, acid and alkaline solubilization techniques have been used [10].
In addition, proteins can be efficiently extracted using enzymatic hydrolysis [11]. The
necessity for valorization mostly comes from by-products and the biomass that is discarded
from direct consumption [12]. Among very few publications on mussel valorization for
human consumption, the mussel by-products can be used to produce mussel pâte [13]
using the well-established technological methods of tuna pâte [14].

Besides human consumption, mussels can be used for many other applications. The
inhibitor found in the liquid extracted from the mussel successfully inhibits enzymatic
browning, making it a valuable “preservative” in the fruit and vegetable industry, as
natural inhibitors are better absorbed by humans [15]. Mussel shells can be heat treated
to effectively produce CaO powder [16] to be used in building materials, food additives,
pharmaceuticals, animal feed, and plastics [17]. Further refining technology of this material
results in high-purity nano-sized calcium carbonate powder that can be used for niche
applications such as scaffold fabrication, bone regeneration, and as a catalyst for high-
temperature reactions [18]. Moreover, mussel meal can be used for bird feed. Here, mussels
are seen as a good and high-quality protein source for poultry, and may replace fish meal
in organic diets for laying hens and broiler chickens [19]. Similarly, mussel meal has been
effectively used as a fish-feed attractant for farming turbot, where it significantly improved
the palatability of rapeseed-protein-based diets [20,21]. On the other hand, although Arctic
Charr consumed the novel feed well, their growth was diminished with mussel meal
compared to the traditional fish-meal-based feed [22].

The aim of this work was to develop a simple and viable methodology for the separa-
tion of the organic-rich fraction from edible mussel biomass that is applicable for the food
and feed industry. A simple methodology that can be easily scaled up to meet the needs of
industrial applications is a prerequisite of the development of sustainable mussel farming
in the Baltic Sea region and beyond. To achieve the objective, we carried out experiments,
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during which we evaluated the efficiency of separating the unprocessed mussel meat from
the mussel shell and its potential for use in the production of proteins. Crushed mussels
were submitted to different processing conditions (different ratios of raw mussels to water,
different sedimentation times) to seek an optimal methodology for organic-rich fraction and
protein-rich extract production. In addition, the impact of filtration on the overall process
was assessed to see whether an additional processing step that prolongs the process could
be justified. The efficiency of methods was evaluated both in terms of meat yields and pure
protein content. In addition, the concentration of dissolved calcium in the suspension of
mussels and water was measured as elevated calcium levels in solution directly reflect the
increase in mineral part proportion apparent after drying.

2. Materials and Methods
2.1. Raw Materials Used in the Tests

The blue mussel complex (a hybrid of Mytilus edulis and M. trossulus) was used for
the experiments. The Mytilus complex includes three incompletely isolated species of
marine mussels, Mytilus edulis (Linné, 1758), Mytilus trossulus (Gould, 1850), and Mytilus
galloprovincialis (Lamarck, 1819). The Baltic populations of Mytilus spp. were established
after the glaciation period during the Holocene and have retained unique characteristics
compared to populations from other geographic areas characterized by a high frequency of
M. trossulus and M. edulis genes [6].

The material for the study was collected from a mussel farm at 0–3 m depth in
Tagalaht Bay (58.45644◦ N, 22.05452◦ E), the eastern Baltic Sea on 23 September 2020.
Harvesting was carried out by diving and manually removing shells from the net. The
samples were collected from different depths and different locations on the net to ensure
the representativeness of the samples. By the time of harvesting, the mussels had been
growing on the nets for one and a half years. After harvesting mussels were immediately
washed with clean seawater, packed in 300 g batches in plastic bags, labeled, and placed in
a freezer, where they were stored until the day of the laboratory analyses.

2.2. Laboratory Trials

Experimental analyses were carried out at the Laboratory for Food Chemistry and
Technology of the Estonian University of Life Sciences and at the Laboratory of the School
of Natural Sciences and Health of Tallinn University in 2020–2021. A schematic diagram for
meat and protein separation is shown in Figure 1. Before starting the experiment, mussels
were defrosted and then rinsed with tap water to reduce salts. In the first set of experiments,
the mussels were crushed with water in a blender (Philips HR3652, 1400 W) for 2 min at
full power. In this experiment, different ratios of raw mussels (uncleaned) to water were
used (1 volume of mussels and 2, 3, or 4 volumes of water). After 2 min, the top portion
of the suspension (without the crushed shells) was decanted into a 1000 mL measuring
cylinder (height 45 cm, internal diameter 6.3 cm) and allowed to settle for 1, 5, and 15 min.

Next, 10 mL of the mussel suspension was removed from the upper third of the
cylinder by pipetting and used for the dry-matter content determination (by drying for
24 h at 60 ◦C). The mass of the residue was then recorded. For the determination of protein
content, 50 mL of the sample was pipetted from the upper third of the cylinder, and the
protein content of the sample was then determined spectrophotometrically by the Bradford
assay (according to the manufacturer’s instructions). To achieve this, the protein content of
the sample was diluted to between 0.1 and 1.4 mg/mL. Then, 900 µL of Bradford reagent
(Sigma-Aldrich B6916, Saint Louis, MO, USA) was added to 900 µL of the diluted sample
and the absorbance of the solution was measured at 595 nm after 25 min. For calibration,
bovine serum albumin (BSA) was used. The content of calcium ions was determined by the
complexometric titration method directly from the untreated sample by titrating the test
samples with ethylenediaminetetraacetic acid (EDTA) solution using Patton and Reeder’s
indicators.
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Figure 1. Schematic diagram for meat and protein separation. Dashed boxes represent optional
processing steps.

In the second set of the experiment, the filtration of the liquid meat mass was tested to
assess whether there could be an economic advantage in removing excess liquid prior to
drying, i.e., whether the higher concentration of the filtered meat mass, and hence, lower
potential drying energy input, would compensate for the dry matter that is discarded
during filtration.

In this experiment, the raw mussel samples were crushed on a Grindomix GM200
homogenizer (RETSCH, Haan, Germany). The crushing speed was selected to be 6000 rpm
between 7 and 9 s. From a visual assessment, 7–9 s appeared sufficient to separate the meat
from the shells while leaving a fraction of the shells that were practically clean from meat
particles and not too fine. Prior to the test, 250 mL of deionized water was added for every
100 g of shell mass. The water was added in three stages, each time settling the shells and
decanting the liquid meat mass. The shells are heavier than the meat and settle quickly, so
each sedimentation process took only a few seconds.

Half of the material was then filtered. The filtration of the liquid meat material was
carried out using a 100 µm cloth mesh. The mesh was placed on a Bunsen flask and excess
water was removed by vacuum. The filtered mass was placed on a tray and weighed. In
order to heat dry the filtered and unfiltered samples, the liquid meat mass was poured
into porcelain tubes and dried in a thermal oven until the liquid was completely removed.
Then, the content of dry matter was found. The total protein content of the samples was
determined by the Kjeldahl method [23] by heating the sample with concentrated sulfuric
acid at 360–410 ◦C.
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In addition, control samples were taken to measure the dry weight and protein content
in the clean mussel meat before the experiments started. For this purpose, three batches
of mussels were separated, 10 g per batch. The mussel flesh was extracted from the
shells using tweezers. The dry matter and protein contents of the mussel meat were then
measured. The measured values were used as reference values for the evaluation of the dry
matter and protein content of the mechanically separated mussel meat and the efficiency of
the separation methodology in a later phase (Figure 1).

2.3. Statistical Analyses

The effect of different treatments was tested by the analysis of variance. In the first
experiment, the content of dry matter, protein, and calcium ions were dependent variables
and the ratio of raw mussels to water (3 levels) and sedimentation time (3 levels) were used
as factors. In the second experiment, the content of dry matter, protein, and calcium ions
were dependent variables and filtration (2 levels) was used as a factor. Tukey’s post-test
was used to compare the effect of pairwise factor levels. The significance level was set at
0.05. Data analysis was performed in the statistical software R [24].

3. Results

One liter of wet mussel mass contains about 695 g of wet matter and 250 g of dry
matter. From this amount of dry matter, it is possible to extract around 40 g pure meat in
dry weight, the remainder being mainly minerals.

The first experiment showed that adding less water to the mussels increases the solids
content of the sample. Moreover, the shorter the settling time, the more solids the sample
contained. If the dry weight was calculated on the basis of the mussel volume, its content
was mainly determined by the settling time, with a shorter settling time having higher
amounts of solid material (Figure 2).
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Figure 2. Average dry-matter content with 95% CI (g per liter suspension or g per liter mussel
volume) among different treatments. The mean values with different letters are significantly different
from each other at p < 0.05. N indicates the number of replicates.

As expected, the higher the concentration of mussels in the solution, the more protein
was present in the suspension. The solution containing one part mussels and two parts
water contained about two times more protein than the solution containing one part mussels
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and four parts of water. The longer the sample was allowed to settle, the less protein was
present in the solution, i.e., some of the protein settled to the bottom of the cylinder with
the mussel shells. Similar to solid material, on the basis of the mussel volume, the content
of proteins was mainly determined by the settling time, with a shorter settling time having
higher amounts of solid material (Figure 3).
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The second experiment showed that as a result of filtration, dry-matter yields were
significantly reduced at p < 0.05. Although filtration had no effect on the percentage share
of protein in the dry matter, the filtered sample contained only 30% of the protein yield of
the unfiltered sample (Figure 5).
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4. Discussion

Our experiment showed that using conventional methods, it is possible to obtain
about 40 g of pure meat from 1 L (290 g) of fresh mussel-mass cultivated in the low-salinity
conditions of the Baltic Sea. This is about 2–3 times lower amounts than observed in fully
oceanic waters [25]. Moreover, the shells of the Baltic Sea mussels are smaller, and they
are much thinner compared to their counterparts in oceans [26,27]; thus, the traditional
processes that are used to effectively separate meat from intact mussels in other seas cannot
be used in the Baltic Sea region.

Our study also revealed that the separation of meat from fresh or frozen mussels can
be achieved by simple means without requiring overly complex and expensive machinery.
Simple and industrially scalable technology (i.e., crushing and sedimentation) allowed us
to extract a significant amount of meat with a high protein content (i.e., half of the total
protein found in the used mussel-mass).

Importantly, the mussels need to be crushed with water. Optionally, the biomass could
first be heat treated to minimize foam formation during the homogenization process. The
meat is light and sinks slowly in the water column, while the shells sink quickly. This
helps to separate a significant amount of the mussel meat through simple sedimentation.
However, the technology can be further improved, and thereby the dry matter separation
performance can be optimized even further.

The experiments showed that both the ratio of raw mussels to water and the sub-
sequent sedimentation time significantly affect the protein and dry-matter contents of
the separated suspension. A 15 min exposure time allows significantly lower calcium
concentrations to be achieved compared to 1 and 5 min exposure times. Therefore, 15
min is the preferred time for lower-calcium yields. Lower-calcium yield is often a desired
outcome when extracting meat and protein mass, as it increases the quality of extracted
products. However, a longer sedimentation time will also reduce the protein content, with
an estimated 1.5-fold difference observed between 1 min and 15 min sedimentation times.

Nevertheless, the calcium content of the Baltic Sea mussel shell estimated in the current
study was about two times lower than estimated in oceanic waters [25] and this difference
is caused by low salinity [28]. Reduced salinity is coupled with lower availability of calcium
and inorganic carbon in seawater, which often results in thin, small, and fragile shells of
mussels inhabiting the Baltic Sea [29]. When Baltic mussels are moved to more saline
environments, they grow larger, indicating that the rate of calcification and maximum
shell size depends on the environment [30]. Moreover, one of the most striking features
of the Baltic Sea is low predatory pressure on mussels, and this is another reason why
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mussels do not have to invest in thicker shells and their morphology differs between the
Baltic and higher-salinity seas [31]. Lower calcium content and more fragile shells make
the Baltic Sea mussels better material for meat and protein extraction compared to their
oceanic counterparts. Even if higher calcium content was measured at shorter exposure
times, the concentrations are not too high to cause a significant deterioration in product
quality during the industrial extraction of meat and proteins.

It also became clear that the filtration resulted in high losses of the dry matter and
protein content of suspension. Averaged over all samples, only 20% of the proteins that
were present in the manually separated meat were recovered after filtration. One-third of
the protein originated from the settled shell material that partly contains meat. In addition,
the residual water from the filtration contained a quarter of the total protein of the sample,
with the protein content of the residual water being significantly higher than that of the
filtered meat mass. Thus, in the context of the present experiment, filtration makes the
process of dry-matter separation more complex, the losses during filtration were high,
and the potentially lower energy input during subsequent drying does not compensate
for the lost protein. In addition, the filtration process prolongs the protein-extraction
process, making it more economically costly. Nevertheless, in the current experiment, we
only used one mesh size, and it may be possible that other mesh sizes result in better dry
matter and protein yields. However, we believe that even if other mesh sizes are used,
filtration still involves considerable losses of dry matter and proteins, along with high
energy-consumption and challenges related to mesh clogging.

The amount of protein in the residual water suggests that the solids in the suspension
are of a very fine fraction and that a more efficient method of filtration is needed. It is
possible to improve the efficiency of the decanting process and thereby increase the number
of solids and protein that can be extracted from the crushed meat mass.

To our knowledge, there are no similar valorization experiments in the Baltic Sea re-
gion, and therefore we cannot compare our results with other experimental trials. However,
the BONUS Optimus project [32] investigated the efficiency of a Super Heat Steam Dryer
System as well as grinding and winnowing to separate meat from the mussel mass; but
all their experiments resulted in a very poor separation of shells and mussel meat (actual
data were not reported). Outside of the Baltic Sea region Naik et al. [25] reported very
similar protein content in the processed mussel meat (58.7%) as obtained in the current
study (54.8%). Joyner and Spinelli [33] achieved a very high protein yield in their experi-
ment (13.5% of meat wet weight opposing to 6.3% obtained in this study). However, their
separation process was overly complex and thereby costs are expected to be very high.
Moreover, the extraction of meat using their preprocessing method is difficult to conduct
with the Baltic Sea small-sized mussels.

The reason why we had lower protein levels was that the share of free proteins in
the raw mussel homogenate was relatively low, and most of the proteins were present
in the meat particles. In order to increase the proportion of soluble proteins, chemical
and/or enzymatic digestion, optionally combined with ultrasonication or microwave
digestion of the meat particles, is necessary [34]. Due to increased/faster digestibility,
insulinotropic effect and flavor-enhancing properties, such protein hydrolysates, could
be effectively used in specialized food and feed applications. Peptide-rich fractions have
been shown to act as prebiotics and exert potential biological activities (e.g., antioxidant,
antihypertensive properties), also making them valuable ingredients for cosmetic and
pharmaceutical industries [11,35]. In order to obtain high-quality protein hydrolysates, the
optimal hydrolysis techniques and conditions for this particular raw material have yet to
be determined. Nevertheless, the production of meat hydrolysates by enzyme technology
is generally well established and scalable in practice.

It is rewarding to develop new uses of separated mussel meat and the remaining resid-
ual material in order to better valorize the Baltic Sea mussel biomass. To date, employing
residual meat as an additive for fishmeal and animal feed [36] and separated shell fractions
with some protein as a source to produce poultry feed are a few of the most common
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industrial valorizations [19,37]. Even though the required industrial technologies are well
established, other sustainable options such as emulsions for human consumption or as
food-flavoring agents are not quite extended in an industrial context [38]. Moreover, the cur-
rent processing chains need to be further explored to find commercially feasible solutions.
An additional exciting feature of mussel meat is its anti-inflammatory properties, which
make mussel protein a suitable component for both fitness and dietary supplements [39,40].
Further research is needed to develop commercial processing solutions from mussel-meat
mass to a purified protein powder. Moreover, mussels also contain many components that
could be used in the pharmaceutical industry and, if successfully extracted, would add
even more value than food components [41].

Shellfish aquaculture is a blue aquaculture with no significant adverse environmental
impact [9]. Mussel farming has the potential to remove nutrients that have already accumu-
lated in the Baltic Sea and beyond, as well as to compensate for the pollution emitted by, for
example, fish farming [9,42]. In the coming years, an increase in the demand for alternative
protein is expected, which mussels will fulfill perfectly. Protein from mussels is a sustain-
able, blue protein that does not pollute the environment, but improves it. Consumers are
becoming more environmentally conscious and food producers are under pressure to use
greener technologies and alternative biomass. In order to develop the mussel farming
industry in the Baltic Sea region, however, the products need to be valorized, as at present,
due to the small size of the Baltic Sea mussels, there is no effective use of shellfish collected
from the Baltic mussel farms [3]. In the present work, we developed an extraction method
that would be cost effective and also industrially applicable without the use of too-complex
processing chains. It is expected that by visually assessing the shell fraction after decanting,
even larger amounts of dry matter can be extracted. Importantly, drying techniques also
need to be further explored. In the present experiment, the drying time was not quantified,
but obviously there are still possibilities for optimization of the process. The method needs
to be further developed for upscaling and use; however, due to the simplicity of the method,
it is easy to scale it up to meet the needs of industrial applications.

5. Conclusions

The experiments of this study showed that the separation of meat from fresh or frozen
small Baltic Sea mussels is feasible by simple means. Simple crushing and sedimentation
succeeded in extracting a significant amount of dry matter with high protein content. It
also became clear that the use of filtration was not feasible because of the exceptionally
high protein loss. In addition, filtration makes the process of dry-matter separation more
complex and costly, which is unlikely to be compensated by the energy saved in drying.
To confirm this, it would be necessary to determine the exact energy-consumption of the
respective processes in the future. The study also suggested that further valorization of
both the residual material and the extracted dry matter is needed, e.g., through enzymatic
digestion. In order to achieve this goal, it is necessary to identify optimal enzymes or
enzyme combinations, hydrolysis durations and processing temperatures to break down
this mussel meat and residual material.
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Árnyasi, M.; et al. Trans-Atlantic distribution and introgression as inferred from single nucleotide polymorphism: Mussels
Mytilus and environmental factors. Genes 2020, 11, 530. [CrossRef]

7. Baltic Blue Growth: Initiating Large Scale Mussel Farming in the Baltic Sea. Summary of Key Findings. Available online:
https://www.submariner-network.eu/images/BBG_project_summary_web.pdf (accessed on 18 April 2022).

8. Mussel Farming in the Baltic Sea as an Environmental Measure. Available online: https://kese.envir.ee/kese/downloadReportFile.
action?fileUid=18390487&monitoringWorkUid=18390206 (accessed on 18 April 2022).

9. Kotta, J.; Futter, M.; Kaasik, A.; Liversage, K.; Rätsep, M.; Barboza, F.R.; Bergström, L.; Bergström, P.; Bobsien, I.; Díaz, E.; et al.
Response to a letter to editor regarding Kotta et al. 2020: Cleaning up seas using blue growth initiatives: Mussel farming for
eutrophication control in the Baltic Sea. Sci. Total Environ. 2020, 739, 138712. [CrossRef]

10. Vareltzis, K.; Undeland, I. Protein isolation from blue mussels (Mytilus edulis) using an acid and alkaline solubilisation technique—
Process characteristics and functionality of the isolates. J. Sci. Food Agric. 2012, 92, 3055–3064. [CrossRef]

11. Cunha, S.A.; de Castro, R.; Coscueta, E.R.; Pintado, M. Hydrolysate from mussel Mytilus galloprovincialis meat: Enzymatic
hydrolysis, optimization and bioactive properties. Molecules 2021, 26, 5228. [CrossRef]

12. Bongiorno, T.; Iacumin, L.; Tubaro, F.; Marcuzzo, E.; Sensidoni, A.; Tulli, F. Seasonal changes in technological and nutritional
quality of Mytilus galloprovincialis from suspended culture in the Gulf of Trieste (North Adriatic Sea). Food Chem. 2015, 173,
355–362. [CrossRef]

13. Iribarren, D.; Moreira, M.T.; Feijoo, G. Implementing by-product management into the Life Cycle Assessment of the mussel sector.
Conserv. Recycl. 2010, 54, 1219–1230. [CrossRef]

14. Grupo Calvo. Available online: https://calvo.es/productos/?pates (accessed on 18 April 2022).
15. Schulbach, K.F.; Johnson, J.V.; Simonne, A.H.; Kim, J.M.; Jeong, Y.; Yagiz, Y.; Marshall, M.R. Polyphenol Oxidase Inhibitor from

Blue Mussel (Mytilus edulis) Extract. J. Food Sci. 2013, 78, C425–C431. [CrossRef]
16. Hamester, M.R.R.; Balzer, P.S.; Becker, D. Characterization of calcium carbonate obtained from oyster and mussel shells and

incorporation in polypropylene. Mater. Res. 2012, 15, 204–208. [CrossRef]
17. Hellen, T.; Mesquita-Guimarães, J.; Henriques, B.; Silva, F.; Fredel, M. The potential use of oyster shell waste in new value-added

by-product. Resources 2019, 8, 1–15.
18. Boyjoo, Y.; Pareek, V.K.; Liu, J. Synthesis of micro and nano-sized calcium carbonate particles and their applications. J. Mater.

Chem. 2014, 2, 14270–14288. [CrossRef]
19. Jönsson, L.; Elwinger, K. Mussel meal as a replacement for fish meal in feeds for organic poultry—A pilot short term study. Acta

Agric. Scand. Sect. A Anim. Sci. 2009, 59, 22–27. [CrossRef]
20. Nagel, F.; von Danwitz, A.; Schlachter, M.; Kroeckel, S.; Wagner, C.; Schulz, C. Blue mussel meal as feed attractant in rapeseed

protein-based diets for turbot (Psetta maxima L.). Aquac. Res. 2014, 45, 1964–1978. [CrossRef]
21. Weiss, M.; Buck, B.H. Partial replacement of fishmeal in diets for turbot (Scophthalmus maximus, Linnaeus, 1758) culture using

blue mussel (Mytilus edulis, Linnaeus, 1758) meat. J. Appl. Ichthyol. 2017, 33, 354–360. [CrossRef]
22. Carlberg, H.; Lundh, T.; Cheng, K.; Pickova, J.; Langton, M.; Gutiérrez, J.L.V.; Kiessling, A.; Brännäs, E. In search for protein

sources: Evaluating an alternative to the traditional fish feed for Arctic charr (Salvelinus alpinus L.). Aquaculture 2018, 486, 253–260.
[CrossRef]

23. Havilah, E.J.; Wallis, D.M.; Morris, R.; Woolnough, J.A. A microcolorimetric method for determination of ammonia in Kjeldahl
digests with a manual spectrophotometer. Lab. Pract. 1977, 26, 545–547.

24. R Foundation for Statistical Computing. R: A Language and Environment for Statistical Computing; R Foundation for Statistical
Computing: Vienna, Austria, 2022. Available online: https://www.R-project.org/ (accessed on 18 April 2022).

http://doi.org/10.1038/s41586-021-03308-6
http://doi.org/10.1016/j.scitotenv.2020.139624
http://doi.org/10.1016/j.scitotenv.2019.136144
http://doi.org/10.3389/fmars.2021.629629
http://www.helcom.fi/baltic-sea-trends/holistic-assessments/state-of-the-baltic-sea-2018/reports-and-materials/
http://www.helcom.fi/baltic-sea-trends/holistic-assessments/state-of-the-baltic-sea-2018/reports-and-materials/
http://doi.org/10.3390/genes11050530
https://www.submariner-network.eu/images/BBG_project_summary_web.pdf
https://kese.envir.ee/kese/downloadReportFile.action?fileUid=18390487&monitoringWorkUid=18390206
https://kese.envir.ee/kese/downloadReportFile.action?fileUid=18390487&monitoringWorkUid=18390206
http://doi.org/10.1016/j.scitotenv.2020.138712
http://doi.org/10.1002/jsfa.5723
http://doi.org/10.3390/molecules26175228
http://doi.org/10.1016/j.foodchem.2014.10.029
http://doi.org/10.1016/j.resconrec.2010.03.017
https://calvo.es/productos/?pates
http://doi.org/10.1111/1750-3841.12059
http://doi.org/10.1590/S1516-14392012005000014
http://doi.org/10.1039/C4TA02070G
http://doi.org/10.1080/09064700902730158
http://doi.org/10.1111/are.12140
http://doi.org/10.1111/jai.13323
http://doi.org/10.1016/j.aquaculture.2017.12.027
https://www.R-project.org/


Appl. Sci. 2022, 12, 5163 11 of 11

25. Naik, A.S.; Hayes, M. Bioprocessing of mussel by-products for value added ingredients. Trends Food Sci. Technol. 2019, 92, 111–121.
[CrossRef]

26. Bøhle, B. Effects of adaptation to reduced salinity on filtration activity and growth of mussels (Mytilus edulis L.). J. Exp. Mar. Biol.
Ecol. 1972, 10, 41–47. [CrossRef]

27. Seed, R. Factors influencing shell shape in the mussel Mytilus edulis. J. Mar. Biol. Assoc. UK 1968, 48, 561–584. [CrossRef]
28. Remane, A.; Schlieper, C. Biology of Brackish Water; Die Binnengewässer: New York, NY, USA, 1971.
29. Arivalagan, J.; Marie, B.; Chiappett, G.; Vinh, J.; Gallet, X.; Lebon, M.; M’Zoudi, S.; Dubois, P.; Berland, S.; Marie, A. Deciphering

shell proteome within different Baltic populations of mytilid mussels illustrates important local variability and potential
consequences in the context of changing marine conditions. Sci. Total Environ. 2020, 748, 140878. [CrossRef] [PubMed]

30. Kautsky, H.; van der Maarel, E. Multivariate approaches to the variation in phytobenthic communities and environmental vectors
in the Baltic Sea. Mar. Ecol. Prog. Ser. 1990, 60, 169–184. [CrossRef]

31. Reimer, O.; Harms-Ringdahl, S. Predator-inducible changes in blue mussels from the predator-free Baltic Sea. Mar. Biol. 2001, 139,
959–965.

32. BONUS-OPTIMUS. Optimization of Mussel Mitigation Cultures for Fish Feed in the Baltic Sea. WP6. Deliverable Report (D6.1).
Available online: https://www.bonus-optimus.eu/Results/Publications (accessed on 13 April 2022).

33. Joyner, T.; Spinelli, J. Mussels—A potential source of high-quality protein. In Food-Drugs from the Sea: Proceedings 1969; Youngken,
H.W., Jr., Ed.; Marine Technology Society: Washington, DC, USA, 1970; pp. 70–85.

34. Zhou, Y.J.; Yi, X.L.; Wang, J.Y.; Yang, Q.; Wang, S.J. Optimization of the ultrasonic-microwave assisted enzymatic hydrolysis of
freshwater mussel meat. Int. J. Agric. Biol. Eng. 2018, 11, 236–242. [CrossRef]

35. Zhang, C.; Zhang, Y.; Li, H.; Liu, X. The potential of proteins, hydrolysates and peptides as growth factors for Lactobacillus and
Bifidobacterium. Current research and future perspectives. Food Funct. 2020, 11, 1946–1957. [CrossRef]

36. Baltic Blue Growth. Mussels to Feed through the Use of Black Soldier Fly. Available online: https://www.submariner-network.
eu/images/20190418_BBG_Factsheet_Processing_line.pdf (accessed on 19 April 2022).

37. Baltic Blue Growth. Poultry Trial Feeding Result. Available online: https://www.submariner-network.eu/images/20190418
_BBG_Factsheet_Poultry.pdf (accessed on 19 April 2022).

38. Medina Uzcátegui, L.U.; Vergara, K.; Martínez Bordes, G. Sustainable alternatives for by-products derived from industrial mussel
processing: A critical review. Waste Manag. 2021, 40, 123–138. [CrossRef]

39. Kim, Y.S.; Ahn, C.B.; Je, J.Y. Anti-inflammatory action of high molecular weight Mytilus edulis hydrolysates fraction in LPS-induced
RAW264.7 macrophage via NF-κB and MAPK pathways. Food Chem. 2016, 202, 9–14. [CrossRef] [PubMed]

40. Cheong, S.H.; Lee, S.H.; Jeon, Y.J.; Lee, D.S. Mussel (Mytilus coruscus) Water extract containing taurine prevents LPS-induced
inflammatory responses in Zebrafish model. In Taurine 10. Advances in Experimental Medicine and Biology; Lee, D.H., Schaffer, S.W.,
Park, E., Kim, H.W., Eds.; Springer: Dordrecht, The Netherlands, 2017; Volume 975, pp. 931–942.

41. Grienke, U.; Silke, J.; Tasdemir, D. Bioactive compounds from marine mussels and their effects on human health. Food Chem. 2014,
142, 48–60. [CrossRef]

42. Suplicy, F.M. A review of the multiple benefits of mussel farming. Rev. Aquac. 2020, 12, 204–223. [CrossRef]

http://doi.org/10.1016/j.tifs.2019.08.013
http://doi.org/10.1016/0022-0981(72)90091-3
http://doi.org/10.1017/S0025315400019159
http://doi.org/10.1016/j.scitotenv.2020.140878
http://www.ncbi.nlm.nih.gov/pubmed/32721612
http://doi.org/10.3354/meps060169
https://www.bonus-optimus.eu/Results/Publications
http://doi.org/10.25165/j.ijabe.20181105.4104
http://doi.org/10.1039/C9FO02961C
https://www.submariner-network.eu/images/20190418_BBG_Factsheet_Processing_line.pdf
https://www.submariner-network.eu/images/20190418_BBG_Factsheet_Processing_line.pdf
https://www.submariner-network.eu/images/20190418_BBG_Factsheet_Poultry.pdf
https://www.submariner-network.eu/images/20190418_BBG_Factsheet_Poultry.pdf
http://doi.org/10.1177/0734242X21996808
http://doi.org/10.1016/j.foodchem.2016.01.114
http://www.ncbi.nlm.nih.gov/pubmed/26920260
http://doi.org/10.1016/j.foodchem.2013.07.027
http://doi.org/10.1111/raq.12313

	Introduction 
	Materials and Methods 
	Raw Materials Used in the Tests 
	Laboratory Trials 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

