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Abstract: Protein intake inadequacy has been considered to be one of the major nutritional problems
worldwide for many years and it appears that this issue will continue to increase sharply in the coming
decades. This deficiency can be partly overcome by the effective use of protein-rich bioresources
such as mollusks. In the present study, the oyster Pinctada radiata, collected from the Aegean Sea, is
fully nutritionally characterized as a new non-indigenous bioresource concerning mainly its protein,
carbohydrate and fat composition during the different seasons of the year. The results showed that
the protein content of the pearl oyster is at satisfactory levels, with its maximum value in winter
and minimum in summer. On the contrary, its fat and carbohydrates are at low levels, with their
maximum values in the summer period. Regarding the profile of fatty acids, polyunsaturated fats are
in the highest proportion, which is very encouraging, as a diet rich in this kind of fat is desired. The
entire nutritional profile of the studied oyster demonstrates its high nutritional value and supports
its possible use as a “new” seafood source for human consumption in the Mediterranean.

Keywords: pearl oyster; seasonal monitoring; protein composition; fatty acids; carbohydrates;
Pinctada radiata; Mediterranean

1. Introduction

During the last few years, the worldwide interest in the benefits of shellfish consump-
tion for health has increased. Mollusks are the largest marine invertebrates and represent
12% of the world’s total production. These include species such as gastropods, mussels
and oysters, which are popular foods rich in proteins and can be used by all cultures as an
important part of their diet [1]. Several studies support the idea that a diet incorporating
seafood prevents chronic diseases such as heart disease, some forms of cancer, hypertension,
etc. [2]. Edible bivalves are a source of high-quality proteins, vitamins, essential amino
acids, and minerals, and are low in fat, containing beneficial polyunsaturated fatty acids
(PUFAs), which have significant benefits for human health [3,4]. Many studies on fat
analysis in marine organisms have shown that fish and shellfish are important sources of
n-3 polyunsaturated fatty acids (PUFAs) such as eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA), which are not otherwise provided by oils from solid food [5]. This
fact is also indicative of the special biological functions of these organisms. However, most
studies focus on fish and protozoa such as phytoplankton and zooplankton and not on the
various species of mollusks (oysters, scallops, etc.) [6]. The aim of the present study is to
add scientific information to this field concerning the invasion of a non-indigenous species
(NIS) that is also a well-adapted new “bio-resource” in the Mediterranean: the pearl oyster
Pinctada radiata, collected from the Aegean Sea.
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Greece has a series of shallow and sheltered bays that allow for aquaculture activities.
The Evoikos Gulf is one of the most important fishing locations in the country because of its
special characteristics due to the strong tidal current occurring in alternating directions and
the natural nutrients and metal enrichment of the water through geological processes [7].
Moreover, the geographical position of Evia, in proximity to central Greece and Athens,
gives this location a strategic advantage compared to other more remote bays or islands
of the Aegean and Ionian concerning the accessibility to major markets, leading to the
attraction of many fish farms in this area [8]. The Saronic Gulf, including its industrial zone
gulf of Elefsina and the port of Piraeus, is one of the most developed and industrialized
areas of the Eastern Mediterranean. The port of Piraeus is one of the largest ports in the
Mediterranean Sea, the main container port in the Eastern Mediterranean basin and one of
the top ten container ports in Europe [9]. Moreover, in this location of the Aegean Sea, the
first appearance of the pearl oyster P. radiata was reported in the literature [10].

The oyster P. radiata is a benthic species that lives in sandy bottoms and coral reefs
(Leach, 1814). It comes from the Indo-Pacific Ocean and the Red Sea and has been recorded
in the Mediterranean as a nonendemic species since the 19th century (1874), immediately
after the opening of the Suez Canal [11]. In Greece, it seems that it was deliberately intro-
duced for aquaculture in the mid-1950s [10] and since then, although of little commercial
interest, it has been exploited as a domestic commercial stock of bivalves [12] with a sig-
nificant presence in the Aegean Sea [1]. It has also been identified in Crete as one of the
worst invasive species in terms of dispersal and impact on Greek waters [13], as it has
strong invasive potential, adapts locally and spreads rapidly. A recent assessment of wild
stocks in the Aegean showed the availability of resources in sufficient quantities for the
possible fishery exploitation of oysters [14,15] and their utilization as seafood for human
consumption. To strengthen this effort, promotion is required of the pearl oyster as an
edible bivalve. The nacreous shells consist of 60% shell and 40% soft parts, which are
usually discarded after the pearls are harvested. The utilization of the soft parts from the
oyster harvesting industries in the field of nutrition would lead to increased profit as a
result of the added value and lead to a reduction in pollution from the disposal of these
parts [2]. Regarding the studied oysters, the characterization of the nutritional profile of its
flesh supports the idea of the “new” product coming to the market [16].

In the present study, pearl oysters, P. radiata, were sampled seasonally for a full year,
in two regions, the Evia and the Saronic Gulf, where this species occurs in competent
populations. Then, they were nutritionally characterized concerning mainly the protein,
carbohydrate and fat composition during the different seasons of the year.

2. Materials and Methods
2.1. Study Area and Sampling Positions

Pearl oyster samples were collected and stored from a high- (Saronikos Gulf, 37◦59′11.3′′

E/23◦26′059.254′′ N) and a low (Evoikos Gulf, 38◦30′7.83′′ E, 23◦32′ N)-productivity region in
the Western (W) Aegean Sea, during the period February 2019–July 2020, according to the
procedure described in previous works [1,15]. Geographical areas and sampling sites from
which mussels were collected are indicated in Figure 1.

2.2. Physicochemical Seawater Characterization

Seasonal physicochemical measurements such as pH and salinity were measured in
situ with a portable HACH HQ40D instrument.

Water samples were analyzed for the total organic carbon (TOC) and total nitrogen
(TN) using a Shimadzu TOC-VCSH TOC/TN analyzer coupled to a chemiluminescence
detector (TNM-1 TN unit). This creates a simultaneous analysis system, where TOC
analysis is performed using the combustion-infrared method, Standard Method (SM)5310B
(Standard Methods for the Examination of Water and Wastewater, American Water Works
Association) [17], while TN analysis is performed using the Pyrolysis–Chemiluminescence
detection method (ASTM D5176-08) [18,19]. Ammonium, nitrite, nitrate and phosphate
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ions were measured using a HACH DR2800 absorption spectrophotometer and Hach
Lange LCK cuvette tests (ammonium: LCK 304/0.015–2.0 mg/L NH4-N, nitrites: LCK
341/0.015–0.6 mg/L NO2-N, nitrates: LCK 339/0.23–13.50 mg/L NO3-N, phosphates:
LCK 349/0.05–1.50 mg/L PO4-P). A Shimadzu UV 1800 spectrophotometer was used for
the trichromatic determination (630 nm, 647 nm, 664 nm, 750 nm) of chlorophyll-a. The
concentration of chlorophyll-a was calculated according to the equations of Jeffrey and
Humphrey (1975) [20].
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2.3. Biochemical Composition Analysis

The samples were analyzed for their protein (Kjeldahl), ash (gravimetric, 500 ◦C, 6 h),
carbohydrate (calculated) and total fat (Soxlet) content and their caloric/nutritional value
(calculated), while for the fatty acids, a more detailed analysis was performed through gas
chromatography to fully identify the fatty acids in the samples. Lyophilized microalgae
were analyzed for fatty acids according to the method of Laurens et al. [21]. For each
treatment, three biological repeats were analyzed (n = 3). Briefly, in 15 mg lyophilized
microalgae, 0.2 mL chloroform/methanol (2:1 v/v) solution (Merck KGaA, Darmstadt,
Germany) and 0.3 mL HCl/methanol (5% v/v) (Merck KGaA, Darmstadt, Germany)
solution were added simultaneously. The mixture was heated for 1 h at 85 ◦C in the
presence of 250 µg tridecanoic acid methyl ester (Fluka Analytical, Sigma-Aldrich, St. Louis,
MO, USA) as an internal standard. The resulting fatty acid methyl esters (FAMEs) were
extracted with 1 mL hexane at room temperature for at least 1 h. The FAMEs were analyzed
by GC-FID (Agilent 6890 N, Centerville Road, Wilmington, NC, USA) with an HP 88
column (60 m × 0.25 mm i.d. with 0.20 µm film thickness, Agilent Technologies, Santa
Clara, CA, USA). The flame ionization detector temperature was set at 260 ◦C, and the
chromatographic analysis involved a temperature-programmed run starting at 50 ◦C and
held for 5 min. The temperature was initially increased at a rate of 5 ◦C/min to 150 ◦C
followed by an increase at a rate of 1.5 ◦C/min to 210 ◦C, at which point, it was eventually
maintained for 5 min. Hydrogen was used as the carrier gas with a linear velocity set
at 30 cm/s. Each peak was identified and quantified using a 37-component FAME mix
standard (Supelco, Sigma-Aldrich, St. Louis, MO, USA).

The identification and quantification of fatty acids also allowed for the calculation of
important indicators of the nutritional quality of lipids. Specifically, the nutritional quality
of the fatty acids was determined by the following values [22,23]:

1. AI: atherogenicity index (Ulbricht and Southgate 1991) [22]:

AI =
C12 : 0 + 4 × C14 : 0 + C16 : 0

ΣMUFAs + ΣPUFAs
(1)



Appl. Sci. 2024, 14, 9757 4 of 12

2. TI: thrombogenicity index (Ulbricht and Southgate 1991) [22]:

TI =
C14 : 0 + C16 : 0 + C18 : 0

0.5 × ΣMUFAs + 0.5 × Σn6PUFAs + 3 × Σn3PUFAs +
( n3

n6
) (2)

3. HH: hypocholesterolemic/hypercholesterolemic ratios [23]:

HH =
C18 : 1cis9 + C18 : 2n6 + C20 : 4n6 + C18 : 3n3 + C20 : 5n3 + C22 : 5n3 + C22 : 6n3

C14 : 0 + C16 : 0
(3)

where ΣMUFAs is the quantity of all monounsaturated fatty acids and ΣPUFAs is the
quantity of all polyunsaturated fatty acids.

Finally, statistical analysis of the results was carried out with the STATISTICA software
(version 10, StatSoft®Inc., Palo Alto, CA, USA), specifically using one-way and two-way
ANOVA combined with Tukey’s test (p < 0.05 corresponds to a statistically significant dif-
ference) to investigate the correlation of the values of the studied quantities with respect to
the change in location, season and year and therefore to evaluate any statistically significant
differences between samples.

3. Results and Discussion
3.1. Physicochemical Seawater Parameters of the Sampling Sites

The physicochemical environmental parameters of seawater from both sampling sites
for the four seasons are presented in Table 1.

Table 1. Environmental seawater parameters (mean ± SE) from both sampling sites for the
four seasons.

Sampling Season Evoikos Gulf Saronikos Gulf

pH
Autumn 8.1 ± 0.02 8.2 ± 0.02
Winter 8.2 ± 0.02 8.2 ± 0.02
Spring 8.0 ± 0.02 8.5 ± 0.02

Summer 8.4 ± 0.02 8.4 ± 0.02

Salinity (ppt) Autumn 40 ± 3 39 ± 3
Winter 40 ± 3 39 ± 3
Spring 37 ± 3 39 ± 3

Summer 36 ± 3 37 ± 3

TOC (mg C/L) Autumn 6.93 ± 0.5 c 3.69 ± 0.3 d

Winter 7.13 ± 0.5 c 3.96 ± 0.3 d

Spring 19.4 ± 1.5 a 12.6 ± 1.0 b

Summer 19.2 ± 1.5 a 12.8 ± 1.0 b

TN (mg N/L) Autumn 0.16 ± 0.01 e 0.06 ± 0.01 g

Winter 0.21 ± 0.02 c,d 0.08 ± 0.01 f,g

Spring 0.39 ± 0.03 b 0.18 ± 0.01 d

Summer 0.50 ± 0.03 a 0.25 ± 0.02 c

NO3-N (mg N/L) Autumn 0.12 ± 0.01 e 0.02 ± 0.01 g

Winter 0.18 ± 0.01 c 0.04 ± 0.01 f

Spring 0.36 ± 0.03 b 0.16 ± 0.01 d

Summer 0.41 ± 0.03 a 0.18 ± 0.02 c

NO2-N (mg N/L) Autumn <0.01 <0.01
Winter <0.01 <0.01
Spring <0.01 <0.01

Summer <0.01 <0.01
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Table 1. Cont.

Sampling Season Evoikos Gulf Saronikos Gulf

PO4-P (mg P/L) Autumn <0.01 <0.01
Winter <0.01 <0.01
Spring <0.01 <0.01

Summer <0.01 <0.01

Chlorophyll-a (µg/L) Autumn 0.3 ± 0.05 b,c 0.1 ± 0.05 c,d

Winter 0.4 ± 0.05 a,b 0.2 ± 0.05 c

Spring 0.5 ± 0.05 a 0.3 ± 0.05 b,c

Summer 0.5 ± 0.05 a 0.5 ± 0.05 a

Superscripts letters when present, denote statistically significant difference between the values of each parameter
(p < 0.05).

From Table 1, we can see that the pH and salinity do not show any notable differences
for all seasons and both studied gulfs (Evoikos and Saronic). The levels of nutrients and
organic matter and chlorophyll-a in the water showed a slight seasonal pattern, with the
values of TOC, TN, nitrites, nitrates and chlorophyll-a being highest in summer. The main
conclusion coming from the TOC and chlorophyll-a time series is that the Evoikos Gulf has
a higher productivity than the Saronic Gulf. This favors the development of organisms that
are dependent on the productivity of the area they live in, such as the oysters studied in
this case [24]. Moreover, the best final yields for the oyster cultures in the bays with high
concentrations of chlorophyll-a were directly correlated with better survival/performance
rates [25].

3.2. Pearl Oyster Proximate Composition and Calorific Value

The biochemical analysis of the oyster samples in the Evoikos and Saronic Gulfs
concerning the ash, crude protein, total fat (%) and carbohydrates (%) over the four different
seasons is presented in Figure 2.
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2020. Superscripts letters denote statistically significant different values (p < 0.05) for each component
between different seasons.

From the biochemical analysis of the samples (Figure 2), it can be observed that the
proteins have the largest percentage for both locations and the four seasons, with the
maximum values being found in the Evoikos Gulf in autumn (69.29% ± 1.43%) and in the
Saronic Gulf in spring (65.72% ± 1.29%), indicating that this oyster is a very important
source of proteins while it has a very low fat content. Moreover, the above findings agree
with those of previous studies for P. margaritifera radiata, which have shown a superior
protein content [26,27]. The results of the statistical analysis indicated that statistically
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significant differences were observed between the Evoikos Gulf in autumn and the Saronic
Gulf in summer, Evoikos Gulf in winter and Evoikos Gulf in summer, while the most
significant difference was found between the Evoikos Gulf in autumn and the Evoikos
Gulf in summer. Consequently, for the Evoikos Gulf location, variations were found with
the season and between regions for the different seasons. The results are presented in
Figure S1.

Regarding ash, the highest content was measured for the Evoikos Gulf in summer
(13.86% ± 1.40%) and for the Saronic Gulf in autumn (16.41% ± 1.18%). As can be seen
from Figure S2, for the same location, the year did not affect the ash value. However, there
were statistically significant differences for the values between the two sites. It also seems
that overall, the change in the season and location significantly affected the values of that
component. The most noticeable difference is found between the Evoikos region in winter
and the Saronic region in autumn and winter, where the values are significantly higher.

Regarding the levels of carbohydrates measured in the samples, it appeared that none
of the examined factors (location and season) led to any statistically significant variation in
their values, which shows the relative stability of these components throughout the year
(Figure S3). The carbohydrate content reached its highest values in the Evoikos region in
spring (20.89% ± 4.84%) and in the Saronic region in summer (19.87% ± 2.51%).

Finally, based on the results of the total fat in the samples, the difference observed in
the value for summer in Saronikos was statistically significant, and was found to be higher
than the rest, except for that in winter for the same location, where the value was very
similar (Figure S4). The detection of higher fat values during the summer agrees with the
literature and is attributed to the fact that during this season, the oysters mature [25].

Based on the biochemical analysis of the samples, their corresponding calorific values
were also calculated.

The results are presented in Figure 3.
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Figure 3. Mean values of calorific value of oyster samples in relation to season and location. The
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Finally, concerning the moisture content, as shown in Figure 4, it remained relatively
constant between the studied seasons and locations without any significant variations. This
result is of high importance as it is reported that the moisture content of the edible part
indicates the quality and freshness of shellfish since it affects the physical and chemical
processes of the flesh [28].
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3.3. Total Fatty Acid (TFA) Analysis

In addition to the determination of total fat (%), a more detailed analysis and identifi-
cation of the contained fatty acids were carried out for all the samples using gas chromatog-
raphy. The results are presented in Figures 4 and 5.
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As can be seen in Figures 5 and 6, which depict the total fatty acids detected in
the samples, for the Evoikos Gulf, it is observed that palmitic acid (C16:0) was detected
in the largest amount compared to the other fatty acids throughout the year. It is also
observed that the highest fatty acid concentrations were found in autumn (C16:0 = 16.53%,
C18:0 = 13.34%, C22:2 = 11.63%, etc.). For the Saronic Gulf, fatty acids C18 (18.03%) and
C22:6n3 (16.58%) were detected in the highest concentrations. In addition, it was also
observed here that the highest concentration was measured in autumn.
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Figure 6. Summary chart of the fatty acid composition of samples in the Saronic Gulf. The sampling
was performed from autumn 2019 to summer 2020.

Figure 7 shows the seasonal distribution of grouped fatty acids based on the existence
of double bonds in their molecules. From this diagram, it is observed that overall, the
polyunsaturated fats were the ones that were detected in the highest amounts for each
month and for each location, apart from spring in the Evoikos Gulf, where the monounsat-
urated fats had a higher value. The values of the grouped fatty acids are also presented
in Table 2, where it is verified from their statistical analysis that no statistically significant
differences were detected for each category of acids between the locations and seasons.
Moreover, in Table 2, the ratios of polyunsaturated to saturated fatty acids are presented, as
these parameters are very important indicators of the nutritional quality of seafood [29].
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Figure 7. Summary chart of the fatty acid composition of samples in both studied locations. The
sampling was performed from autumn 2019 to summer 2020.

Table 2. Content (%) of the samples in saturated (ΣSFAs), monounsaturated (ΣMUFAs), and polyun-
saturated (ΣPUFAs) fatty acids and ratio of polyunsaturated/saturated (ΣPUFAs/ΣSFAs) fatty acids
for the two studied locations for a whole year.

Location Season ΣSFAs ΣMUFAs ΣPUFAs ΣPUFAs/ΣSFAs

Evoikos Gulf

Autumn 31.55 a ± 5.096 30.33 a ± 6.125 44.34 a ± 14.56 1.380 a ± 0.235
Winter 27.33 a,b ± 2.028 21.25 a ± 9.639 29.56 b ± 6.128 1.083 a ± 0.226
Spring 19.04 b ± 2.937 30.60 a ± 3.506 26.11 b ± 14.03 1.321 a ± 0.561

Summer 24.86 a,b ± 2.868 25.26 a ± 2.673 32.80 a,b ± 6.416 1.328 a ± 0.304
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Table 2. Cont.

Location Season ΣSFAs ΣMUFAs ΣPUFAs ΣPUFAs/ΣSFAs

Saronic Gulf

Autumn 32.94 a ± 0.543 23.78 a ± 1.813 41.46 b ± 4.931 1.260 b ± 0.170
Winter 19.08 b ± 7.777 18.10 a ± 11.58 61.84 a ± 5.533 3.665 a ± 1.561
Spring 23.47 a ± 11.93 18.35 a ± 5.340 49.77 b ± 14.38 3.049 a ± 2.846

Summer 23.79 a ± 4.377 16.50 a ± 3.023 39.88 b ± 17.19 1.747 a,b ± 0.974

Values per line (season) that do not have the same exponent (superscripts letters) show statistically significant
differences (p < 0.05).

From the polyunsaturated fatty acids, docasapentanoic acid (DPA), eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) are very important ingredients for nutrition
with proven beneficial properties in the treatment of heart diseases, cancer, etc. [2]. For
this reason and as shown in Figure 8, they were also studied separately from the rest of the
fatty acids.
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From the results presented in Figure 8, it is evident that in the Saronic Gulf, the levels
of these specific unsaturated fatty acids were higher than those in the Evoikos Gulf for all
four seasons, with the highest amount appearing in the Saronic Gulf in winter, while in the
Evoikos Gulf, for the same season, the overall lowest price is detected.

Finally, from the above parameters, the nutritional quality of the fatty acids AI, TI and
HH were calculated, and the results are presented in Table 3.

For the AI and TI indices, values between 0.2 and 2.37 and 0.01–1.18, respectively,
are reported in the literature for different seafood [5]. The results of the present study are
within these limits. Regarding HH, higher values indicate the presence of more PUFAs in
the samples. In the literature, values between 0.25 and 3.23 are reported, which seem to
be verified except for the samples from winter and spring from the Saronikos Gulf, which
have higher values due to the increased polyunsaturated fat content in these samples [5].
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Table 3. Dietary lipid quality indices for the Evoikos and Saronic Gulfs over a full year.

Location Season AI TI HH

Evoikos Gulf

Autumn 0.297 a,b ± 0.068 0.359 a ± 0.089 1.615 a± 0.476
Winter 0.365 a ± 0.023 0.333 a± 0.054 1.651 a ± 0.199
Spring 0.315 a ± 0.073 0.278 a ± 0.094 1.650 a ± 1.065

Summer 0.370 a ± 0.048 0.374 a ± 0.076 1.661 a ± 0.337

Saronic Gulf

Autumn 0.306 a,b ± 0.005 0.446 a ± 0.108 2.019 a ± 0.639
Winter 0.108 b ± 0.008 0.174 a ± 0.075 5.127 b ± 1.047
Spring 0.223 a,b ± 0.120 0.263 a ± 0.131 3.623 a,b ± 1.454

Summer 0.278 a,b ± 0.083 0.317 a ± 0.085 2.240 a ± 0.369
Values per line (season) that do not have the same exponent (superscripts letters) show statistically significant
differences (p < 0.05).

4. Conclusions

As the present study shows, the oysters collected from the Aegean Sea are rich in
proteins and contain a considerable amount of carbohydrates and few fats. Collectively,
it was observed that the protein content of the pearl oyster is at its maximum in winter
and at its minimum in summer. The fat content is at its maximum during summer and
the carbohydrates are at their maximum in spring, while ash shows its maximum values
during autumn. Finally, regarding the profile of fatty acids, several compounds were
identified, with polyunsaturated fats being in the highest proportion. In contrast, saturated
fat was detected in smaller amounts, which is very encouraging given that a diet rich in
such fats increases the risk of cardiovascular disease (CVD) by increasing the blood total
cholesterol and low-density lipoprotein (LDL). The nutritional profile of the oyster P. radiata
demonstrates its high nutritional value and supports its emergence as a “new” bivalve
bioresource; a “superfood” for human consumption in the Mediterranean seafood supply
and value chain [30,31].

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/app14219757/s1: Figure S1: Plot of mean calculated crude protein
values of oyster samples in relation to season and location. The sampling was performed from autumn
2019 to summer 2020; Figure S2: Plot of mean calculated ash (%) values of oyster samples in relation to
season and location. The sampling was performed from autumn 2019 to summer 2020; Figure S3: Plot
of mean calculated carbohydrate (%) values of oyster samples in relation to season and location. The
sampling was performed from autumn 2019 to summer 2020; Figure S4: Plot of mean calculated total
fat (%) values of oyster samples in relation to season and location. The sampling was performed from
autumn 2019 to summer 2020; Table S1: Total fatty acids as mg/g of dry weight between sampling
site and season. Superscripts letters denote statistical differences (p < 0.05); Table S2: Pinctada radiata
FAMEs as mg/g dry weight sampled in Evoikos Gulf in different seasons. Highest values with
statistical differences (p < 0.05) are marked with a superscript; Table S3: Pinctada radiata FAMEs as
mg/g dry weight sampled in Saronic Gulf in different seasons. Superscripts letters denote statistical
differences (p < 0.05).
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