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Abstract: The objective of this study was to establish the morphological changes in the structure of
Mediterranean mussel (Mytilus galloprovincialis) after frozen storage. Two hundred Mediterranean
mussels (M. galloprovincialis) were collected from the Black Sea coastal waters. Forty mussels were
subjected to histological analysis in fresh state. The remaining 160 mussels were divided into 4 groups
and slowly frozen in a conventional freezer at —18 °C and subsequently stored at the same temperature
for 3, 6, 9 and 12 months, respectively. The histological assessment of posterior adductor muscle and
foot found a change in their morphological profile and overall structure. The fewest changes in the
histostructure were recorded after a 3-month period and the most after a 12-month period of storage in
frozen state. The results from that study can be used as an unambiguous marker in selecting optimum
conditions for storage of mussels in frozen state.
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1. Introduction

Mussel production worldwide has shown an exceptional growth [1], which is due to their high
nutritional value and high biodiversity [2]. Mussel meat contains a small amount of saturated fatty
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acids and is a good source of omega-3 fatty acids and proteins, therefore it has beneficial effects on
human health [3,4]. Mussels are a good source of vitamins C, B, A, as well as phosphorus, iron,
magnesium, calcium, selenium [5].

The Mediterranean mussel (M. galloprovincialis) is one of the most threatened species due to
marine pollution [6], but is nevertheless an important species consumed in Europe. In recent years, the
growing commercial interest in this species has been accounted for by its high nutritional value. The
meat of this species contains high-quality protein, polyunsaturated fatty acids and essential macro- and
micronutrients [7]. M. galloprovincialis is widely distributed in the Adriatic, Mediterranean and Black
Seas. It is obtained through traditional fishing and cultivation in coastal waters [7].

Consumers always prefer to consume fresh mussels, despite the great diversity of products offered
on the market. Fresh mussels are valued for their nutritional value, but unfortunately their shelf life as
such is extremely limited up to 3 days. This means that mussels are an ideal environment for the
development of bacteria, which leads to spoilage and risk when consuming them after this period [5].
In order to store them for a longer time, mussels are subjected to low temperatures. Freezing is an
economically advantageous method that minimizes microbial and enzymatic development and
achieves a relatively long shelf life. Regardless of these possibilities, tissue structures always develop
changes due to the aggressive action of the ice crystals. Ice is capable of causing damages that are
often irreversible. To reduce the risk of significant damage to the raw material when frozen, it is of
utmost importance to freeze only high quality raw materials [8,9]. Extreme care must be taken in
choosing a method and a suitable low temperature for freezing. During freezing, recrystallization of
ice and reduction of the quality of frozen foods should not be allowed [10]. In general, the changes
occurring after freezing have an impact on the physicochemical and microbiological profile on the one
hand, and on the other the physical state of the raw material is affected. Processes to be avoided or
limited during freezing are lipid oxidation, protein denaturation, enzyme activity, microbial spoilage
and excessive ice crystal formation [9,11-13].

To our knowledge, there is no scientific data on the changes in the histostructure of M.
galloprovincialis during storage for different periods in frozen state. Therefore, we set out to study the
morphological changes occurring in the structure of this mussel after storage for 3, 6, 9 and 12 months.

2. Materials and methods
2.1. Experimental setup

Two hundred Mediterranean mussels (M. galloprovincialis) were collected from the Black Sea
coastal waters by fishing trawlers of a company possessing a permit for that activity in June 2021.
Once the mussels were caught, they were immediately transported to the laboratory of the Department
of Veterinary Anatomy, Histology and Embryology, where the experimental part was carried out. Forty
of the fresh mussels were immediately subjected to histological analysis. From each fresh mussel,
material for histological study was taken from the foot and posterior adductor muscle (PAM). The
remaining 160 mussels were divided into 4 groups and slowly frozen in a conventional freezer at
—18 °C and subsequently stored at the same temperature for 3, 6, 9 and 12 months, respectively. After
each of these periods, the corresponding group of mussels was thawed at 4 °C for 24 hours. Material
for histological examination was taken from all frozen and thawed mussels in the respective
experimental groups, consisting of foot and PAM.
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2.2. Histological analysis

To make permanent histological preparations, the material was fixed immediately in 10% buffered
formalin. After the 48-hour fixation period, the samples were washed with water and processed
according to a standard paraffin embedding procedure. Cuts of 6 um thickness were obtained on a
rotary microtome (YD-335A, China), stained with the hematoxylin/eosin method according to a
standard protocol. Histological analysis and evaluation were made using an N-200 M microscope
(Hangzhou Sumer Instrument Co. Ltd, China). Photo documenting was done via camera OptikamB5
Digital Camera (OPTIKA MICROSCOPES, Italy) and software PROVIEW (Optika Srl, Ponteranica,
Italy).

3. Results

3.1. Histological evaluation of PAM from fresh Mediterranean mussel (M. galloprovincialis),
Figure 14,B

Posterior adductor muscle was used whole and the pictures show its structure in cross-section.
Histological analysis showed that the muscle fibres were grouped in the form of bundles of different
size and shape. They are observed as compact structures. The muscle fibres were polygonal in shape
and surrounded by a layer of connective tissue. The borders of the muscle bundles were clearly visible.
They were visible due to the presence of delicate connective tissue surrounding the contours of these
bundles. The source of this delicate connective tissue was the outermost connective tissue sheath of
the entire muscle.
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Figure 1. Posterior adductor muscle (PAM) of fresh M. galloprovincialis (H&E). A&B:
cross-section of PAM from fresh M. galloprovincialis (10%; scale bar = 100 pm). Key: 1:
connective tissue; 2: muscle fibres.

AIMS Agriculture and Food Volume 8, Issue 2, 278-291.
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Figure 2. Posterior adductor muscle (PAM) of frozen M. galloprovincialis (H&E). A&B:
cross-section of PAM from M. galloprovincialis frozen for 3 months at —18 °C (10x; scale
bar = 100 um); C&D: cross-section of PAM from M. galloprovincialis frozen for 6 months
at—18 °C (10x%; scale bar = 100 pm); E&F: cross-section of PAM from M. galloprovincialis
frozen for 9 months at —18 °C (10x; scale bar = 100 pm); G&H: cross-section of PAM
from M. galloprovincialis frozen for 12 months at —18 °C (10x%; scale bar = 100 pm). Key:
1: connective tissue; 3: broken muscle fibres; 4: increased void spaces; 5: contracted
muscle bundles; 6. descructured muscle bundles.

AIMS Agriculture and Food Volume 8, Issue 2, 278-291.



282

3.2. Histological assessment of PAM from frozen Mediterranean mussel (M. galloprovincialis) after 3
months at —18 T, Figure 24,B

The histological finding showed a change related to muscle fibres and bundles. At certain places
their shape was broken due to rupture of the connective tissue. Despite these breakings, after 3 months
of storage in frozen state, areas with a preserved shape but with changed volume of the bundles were
still found. Freezing had caused these structures to shrink, which in turn reflected a greater presence
of optical gaps between the bundles. The void spaces between the bundles were increased. From
Figure 2A it is clear that the outermost sheath retained its position.

3.3. Histological assessment of PAM from frozen Mediterranean mussel (M. galloprovincialis) after 6
months at —18 C; Figure 2C,D

The histological analysis revealed more pronounced changes associated with greater contraction
of bundles, presence of more ruptured muscle fibres and connective tissue (endomysium) and their
aggregation into a common eosinophilic mass. The increase in empty spaces between bundles was
more pronounced. Sections were encountered in which it was not possible to determine the end borders
of the muscle bundles. The tissue was damaged to a large extent since a change in the organization of
the fibre bundles was recorded.

3.4. Histological assessment of PAM from frozen Mediterranean mussel (M. galloprovincialis) after 9
months at —18 TC; Figure 2E,F

The histological picture revealed an extremely affected structure with irreversibly broken
structures at a greater extent than the previous temperature regimes of freezing. It was clearly noted
that the distance between muscle masses had increased due to their contraction.

3.5. Histological assessment of PAM from frozen Mediterranean mussel (M. galloprovincialis) after
12 months at —18 C; Figure 2G,F

The performed histological assessment of the posterior adductor muscle revealed the greatest
level of damage of muscle components after one-year freezing. Muscle fibres were destructured and
ruptured at the greatest extent and that resulted in difficulties in outlining the end borders of muscle
bundles. The change in shape and proportions of muscle fibres was the most pronounced there. Void
spaces between the formed total eosinophilic mass of ruptured fibres formed were significantly
increased. It proved impossible to indicate the connective tissue sheaths again due to their damage and
rupture. Histological analysis of the posterior adductor muscle showed that irreversible morphological
changes occurred to the highest extent after freezing and storage for a period of one year.

3.6. Histological assessment of foot from fresh Mediterranean mussel (M. galloprovincialis);
Figure 34,B,C,D

The histological analysis of the foot revealed that it consisted of epithelial, connective, muscle
and glandular tissue. The foot surface is highly folded (plied). Its end or border zone is formed by a
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single-layer prismatic ciliated epithelium with the presence of secretory cells among the main ones. Its
end zone is presented in the form of folds of different sizes, which are more pronounced in its proximal
part. Their size decreased reaching its middle part, being absent in the area of the top of the foot.
Moreover, the cells had the tallest shape in the apical part. They were also the densest there with the
most numerous cilia. In the interfold area they were shorter and with fewer cilia on their surface. A
clear border was formed between the epithelial and the connective tissue, comprising a basal
membrane of collagen fibres. The muscles were presented in the form of muscle fibre groups of
different size made up of smooth muscles, i.e., the smooth muscle tissue was distributed in separate
areas and was not represented as a complete layer. Regarding the quantitative distribution of the muscle
groups, it was also different in the individual sections. Zoning was absent at the tip because no muscles
were found there. This area was occupied by glandular and epithelial tissue. The smooth muscle tissue
appeared connected to the connective tissue in the form of a net. The glandular part appeared to be
represented by a set of glandular structures.
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Figure 3. Foot of fresh M. galloprovincialis (H&E). A, B, C&D: longitudinal section of
foot of fresh M. galloprovincialis (H&E) (10x; scale bar = 100 um). Key: 1: epithelial
tissue; 2: connective tissue; 3: muscle tissue; 4: glandular tissue; 5: byssus groove.

AIMS Agriculture and Food Volume 8, Issue 2, 278-291.
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Figure 4. Foot of frozen M. galloprovincialis (H&E). A&B: longitudinal section of foot
from M. galloprovincialis frozen for 3 months at —18 °C (10x; scale bar = 100 pm); C&D:
longitudinal section of foot from M. galloprovincialis frozen for 6 months at —18 °C (10%;
scale bar = 100 um); E&F: longitudinal section of foot from M. galloprovincialis frozen
for 6 months at —18 °C (10x%; scale bar = 100 um); G&H: longitudinal section of foot from
M. galloprovincialis frozen for 12 months at —18 °C (10%; scale bar = 100 pm). Key: 1:
epithelial tissue; 2: connective tissue; 3: muscle tissue; 4: glandular tissue.

AIMS Agriculture and Food Volume 8, Issue 2, 278-291.
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3.7. Histological assessment of foot from frozen Mediterranean mussel (M. galloprovincialis) after 3
months at —18 T, Figure 44,B

Disorganization of the structural components was observed. The epithelial cover was totally
missing. There were void spaces among the components.

3.8. Histological assessment of foot from frozen Mediterranean mussel (M. galloprovincialis) after 6
months at —18 C; Figure 4C,D

The histological analysis showed more pronounced damage and contraction of the components.
Epithelial cover was missing and the muscle and glandular part were demarked by the presence of
large optical void spaces that made the foot appear deformed.

3.9. Histological assessment of foot from frozen Mediterranean mussel (M. galloprovincialis) after 9
months at —18 C; Figure 4E,F

Freezing had affected and damaged the foot at a greater extent compared to the previous
temperature regimes. Extremely contracted and destructured muscles were observed. The presence of
void spaces among the components was considerably greater than the previous regimes. The foot was
ragged and torn in appearance due to fragmentation of its constituent structures.

3.10.  Histological assessment of foot from frozen Mediterranean mussel (M. galloprovincialis)
after 12 months at —18 C; Figure 4G,H

The histological analysis of frozen foot for a period of one year revealed a different picture
compared to the previous temperature regimes. Structural components were damaged to the highest
extent. The foot appeared to be dehydrated and destructured. Conformational changes such as
contracted structures in the muscles and glandular part were noted. They predominated in the
monitored areas and resulted in an increase of void spaces (in white colour) among them. The changes
that occurred were serious and irreversible to the highest extent here.

4. Discussion

The main muscles of M. galloprovincialis are posterior adductor muscle and byssus retractor
muscle. Muscles are represented by smooth muscle tissue and they are characterized as
specialized [14,15]. According to Castro-Claros et al. [16] adductor muscles of the mussels are
connected to the valves and their main role is to control the opening and closing of these valves. Thus,
they are vitally important for their survival in the aquatic environment. Mediodia [17] believes that the
size of the anterior and posterior adductor muscles is not the same, with the posterior adductor muscle
being larger. Cappello et al. [15] found that the main muscle system in mussels are actually the adductor
muscles. Some studies indicate that there is a difference in the morphological structure of the adductor
muscles of bivalve molluscs and they may be species specific [16,18]. In mussels Ostrea stentina and
Anomia ephippium, adductor muscles are composed of both smooth and striated fibres. McElwain and
Bullard [19] describe the connective tissue sheaths of the adductor muscles as perimysium and
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endomysium, and the outermost is epimysium. According to Simone [20], adductor muscles are
strategically located at the ends of the shells and this allows them to react and close quickly. It turns
out that mussels do not have the so-called abductors and their function is performed by a ligament.

The morphological features of the Mediterranean mussel (M. galloprovincialis) have been
described by Vitellaro-Zuccarello et al. [21]. The foot is a set of muscle and glandular tissue. Its dorsal
part consists of muscles, while the ventral part is byssus glands. The primary role of the muscle-
glandular foot is to form the byssus for the formation of the byssus threads. McElwain and Bullard [19]
reckon that varied muscle fibres form the muscles of the foot. They define the outer part of the foot as
striated, which is also clearly visible from results in the present study. Balamurugan and
Subramanian [22] describe the foot in bivalves as an organ with a motor function that allows them to
burrow. They also found that its outer part was composed of fold-forming epithelium. The results of
our study coincide with those of Balamurugan and Subramanian [22] since we also found the presence
of differently sized folds formed with the participation of epithelial tissue from the foot structure in
mussels. We are also in agreement with the statements that epithelial cells have different sizes in the
individual parts of these folds. Larger sized and clearly visible oval and basally located nuclei are
found in the apical parts. Lee et al. [23] support the statement that foot muscles are smooth muscle
tissue. Smooth muscle myocytes are composed of thick and thin myofilaments. Radwan et al. [24]
studied the foot of the Pinctata radiata mussel and found that it was built in a similar way to other
mussels, having an epithelial part, a connective tissue zone and muscles of smooth muscle fibres. Our
results coincide with what was found by Radwan et al. [24] regarding the morphological characteristic
of the foot. We also confirm the presence of the same tissues in its histological structure.

Foot structure in fresh Greenshell™ mussel (Perna canaliculus) was studied by Angane et
al. [25]. The presence of a membrane surrounding the shape of the foot, as well as well-preserved and
recognizable muscles have been found. After freezing, damage and rupture of the muscles due to the
aggressive action of the ice crystals have been observed. The position of the so-called outer membrane,
broken in places, has been changed. To a certain extent, we find similar changes, and in our study
epithelial tissue detachment has been observed due to foot detachment in mussels that had been frozen.
This means that its border zone has been damaged and we thus confirm the affected surrounding
membrane described by Angane et al. [25], since our results made it clear that in fact the epithelial
covering of the foot is its outermost part or end border. Park et al. [26] also studied and revealed the
histological structure of the foot in Gomphina veneriformis, which has epithelial, connective and
muscle tissue. The typical shape of the foot is maintained by the epithelial layer, which is a very well-
recognizable borderline here as well. In the other case, when distinguishing the muscle part from the
connective tissue one, no clearcut border has been observed. The surface is repeatedly folded. As a
type of epithelial tissue, a prismatic ciliated epithelium with the presence of secretory cells has been
established. The section covered by the connective tissue is presented in the form of a strip of small
dimensions, composed mainly of fibres of collagen origin. The muscle part is formed by a compilation
of collagen fibres and muscle fibres in separate groups. This descriptive feature fully coincides with
our results, and this structure is also confirmed in the present study. Mohamed et al. [27] also found
that the structure of the mussel foot is related to the presence of an outer plicated epithelial part,
connective and muscle tissue. The authors again share the view that a sharp boundary exists between
connective and epithelial tissue, whereas no such boundary is found between connective and muscle
tissue.

Parisi et al. [28] described posterior adductor muscle of M. galloprovincialis as proper
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organization of muscle fibres and connective tissue. Our research is in agreement with Parisi et al. [28]
concerning the proper distribution of muscle fibres and connective tissue of posterior adductor muscle
in fresh M. galloprovincialis. In another study Parisi et al. [29] found severe changes in posterior
adductor muscle after freezing M. galloprovincialis. Loss of muscle volume has been found which is
a cause for the appearance of void spaces among fibres and the bundles. In our study contacted muscle
bundles and presence of large void spaces among them were also available after freezing. Sheir et
al. [30] and Al-Subiai et al. [31] proved that posterior adductor muscle of the Mytilus edulis mussel
was made of muscle bundles surrounded by connective tissue coat and the muscle fibres were
polygonal in shape. Our results coincide with the characteristics pointed out by Parisi et al. [29], Sheir
et al. [30] and Al-Subiai et al. [31].

Freezing is widely used in the trade of sea species because they are products of short shelf
life [32,33]. The recommended temperature for freezing molluscan shellfish is —18 °C and this slow
freezing method takes between 3 and 72 hours depending on the amount of product to be frozen [34].
It is a well-known fact that freezing affects the composition of meat, while the loss of integrity of cell
membranes is initiated by the formed ice crystals [35]. Tissue damage is the essential image most
clearly recognized in mussels subjected to freezing. During slow freezing, the occurrence of osmotic
phenomena is the main cause of change in the shape of fibres and their bundles. The observed changes
are visible and show contracted fibres and bundles. As a result, the tissue appears dehydrated. The fact
is that the slow freezing method results in the formation of extracellular and large ice crystals. This, in
turn, is an exceptional prerequisite and a real reason for the disruption of the cell membranes of the
fibres [36]. Void spaces localized among bundles of grouped muscle fibres resulted from the freezing
and ice mass formation in these places [37]. Furnesvik et al. [38] claim that freezing resulted in the
formation of ice crystals in the spaces among fibres, which is the cause for the occurrence of void
spaces among them. In this way, they look separated and distant from each other, and some are of
broken integrity. Disruption and damage to cellular components and structures are inevitable after
freezing. Its consequence is the deterioration of the quality of the raw material due to lipid oxidation,
protein denaturation and water loss after thawing. As a result, these processes will have a negative
impact on the taste of the respective product [33]. After freezing, the changes that are visualized are
related to disruption of cellular structures and the appearance of biochemical components in the
intercellular spaces [39]. According to Shafieipour and Sami [40], tissue damage during freezing
comes from the pressure of ice crystals, which results in the release of cellular contents into the spaces
around fibres and bundles. The use of the histological method provides reliable information about the
type of fibres and muscle bundles. With its help, the overall picture in the studied tissues is
unambiguously interpreted [41]. As already stated, slow rate freezing is responsible for the formation
of the large and extracellular ice crystals. It is in this type of freezing that the water found in the
intercellular spaces is first affected and the ice masses are formed there. These masses result in tissue
damage that is irreversible. After thawing such a product, its quality is questionable because water and
all components dissolved in it are lost. Freezing rate is the parameter that shapes the type and size of
ice crystals [42]. Our study fully supports these views and confirms the disruptive role of extracellular
ice crystals.

5. Conclusions

The study elucidates the histological changes occurring during different freezing storage periods

AIMS Agriculture and Food Volume 8, Issue 2, 278-291.



288

of Mediterranean mussels (M. galloprovincialis). The histological assessment of the posterior adductor
muscle and foot after different freezing storage revealed a change in their morphological profile and
overall structure. The fewest changes in histostructure were reported after a 3-month period, and the
greatest number after a 12-month period of frozen storage. The results of this study can be used as an
unambiguous marker in the selection of optimal conditions for storage of mussels in the frozen state.
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