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Abstract: The European seabass is one of the most important species of the Mediterranean, specifically
Greece. Individuals with different numbers of vertebrae have been reported. This number ranges
from 24 to 26 vertebrae. In this study a sample of 73 individual seabass were collected from fish farms
and divided into three age groups. The first group included fingerling individuals, the second group,
juvenile individuals and the third group, adult individuals. The number and the length of their
vertebrae were measured by radiographs. The individuals were divided into subgroups according
to their vertebrae number, and from each one the tenth vertebra was taken. Ca and P levels (%) of
each tenth vertebra were measured by X-ray spectroscopy (EDS), and the Ca/P ratio was determined.
Vertebrae length, Ca and P levels and Ca/P ratio were compared among age groups and among
individuals with different numbers of vertebrae. It was shown that the European seabass’s vertebral
column can be divided to three sections—cervical, abdominal and caudal—following the striped bass
(Morone saxatilis) model.
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1. Introduction

Since the late 1980s the European seabass has become increasingly important for Europe,
and specifically for the Mediterranean region, with a steady increase in demand. In 2017,
Europe produced 84,319 tons (t) of European seabass. Greece produced 48,000 t, which constituted more
than half of the total European production and had a value of €251.5 million, with an average price of
€ 5.24 per kg [1]. Of the 48,000 t, 39,000 t were exported. In 2018 the production of European seabass in
Greece was 41,500 t [1]. The European seabass is an actinopterygian, and more specifically, a neoteleost
fish. Its skeletal system is divided into three parts: the axial skeleton or vertebral column, the cranial
skeleton and the zonal skeleton [2,3]. It includes bones, cartilage, scales, teeth, connective tissue, fin rays,
tendons and all the associated stem cells [2]. The axial skeleton is made up of bones and cartilage,
acts as a support for body muscles, protects organs and plays an important role in the metabolism of
calcium as a source of stored ions [4—6]. The axial skeleton is structurally varied from a cartilage that
encloses the notochord to a fully ossified vertebral column in the teleosts. The vertebral column is
formed by vertebrae, with each one consisting of the vertebral body, the neural arch and the hemal
arch. The front two vertebrae, which are the atlas and the axis, are differentiated for head adhesion.
At the other end of the vertebral column, the last vertebra, the undertail, has specially flattened bows
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for symmetrical adhesion to the tail fin rays [3,7]. The vertebral column of fish has traditionally been
divided into just two distinct regions, the abdominal and caudal [8,9]. The abdominal vertebrae are
located anterior to the anus and they generally bear ribs, while the caudal vertebrae are defined as
the hemal spine-bearing vertebrae located posterior to the anus. According to Nowroozi et al. [7],
in striped bass (Morone saxatilis) the vertebral column can be divided into three regions: the cervical
(vertebrae 1-4), the abdominal (vertebrae 5-12) and the caudal (vertebrae 13-25). The vertebrae
number in the European seabass ranges from 24 to 26, and the medial vertebral spaces range from 23
to 25 [10]. These meristic characteristics, like skeletal deformities, are known to be affected by genetic,
environmental and nutritional factors [11]. European seabass larvae tend to develop 24 vertebrae
when they are intensively reared; when they are reared in mesocosm systems they tend to develop
26 vertebrae [11].

Fish bones are cellular or acellular. They consist of cells (osteoblasts, osteocytes and bone lining
cells), hydroxyapatite salts (almost 65% of the dry mass of bone) and a collagen fiber matrix [12,13].
Although the inorganic material of fish bone (calcium phosphate hydroxyapatite) is the same as a
mammal’s bone, the organization is quite different in that it is often acellular [14]. It is generally
accepted that bone strength can be estimated by the measurement of bone material content. From the
existing literature, there is no evidence of differences in Ca and P levels relevant to differences in
the number or size of bones. The determination of the vertebral Ca and P levels may provide a
sensitive measure of bone mineral changes that complements existing studies [15,16] and may help to
understand the changes occurring as a result of bone malformation or disease.

The purpose of the present study was to measure and compare vertebral morphological
characteristics, the levels of Ca and P, and the Ca/P ratio in European seabass vertebrae between
individuals with different age classes and different vertebrae numbers.

2. Results

Using X-ray images (Figure 1) the number of vertebrae from each fish was counted (Table 1).
All three age groups (fingerlings, juveniles and adults) had individuals with different numbers
of vertebrae. Fingerlings (45 individuals) had 17 individuals with 24 vertebrae (37.8%), 22 with
25 vertebrae (48.9%) and 6 with 26 vertebrae (13.3%). Juveniles (18 individuals) had 4 individuals with
24 vertebrae (22.2%), 8 with 25 vertebrae (44.5%) and 6 with 26 vertebrae (33.3%). Adults (10 individuals)
had 3 individuals with 24 vertebrae (30%), 5 with 25 vertebrae (50%) and 2 with 26 vertebrae (20%).
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Figure 1. X-ray of (A) adult European seabass with 24 vertebrae, (B) juvenile European seabass with
25 vertebrae and (C) juvenile European seabass with 26 vertebrae. Note: 1 is cervical region, 2 is
abdominal region and 3 is caudal region. The arrowhead shows the interhaemal bone and the arrow
shows the 24th vertebra. Individuals with different vertebrae numbers (24, 25 and 26 vertebrae) but
within the same age group had similar mean total lengths (p > 0.05).
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Table 1. Mean total length (mm) of European seabass individuals grouped by age and total number

of vertebrae.
Group 1—Fingerlings Group 2—]Juveniles Group 3—Adults
Individuals with 24 vertebrae 95.352 +1.54 (17) 145.132 £ 4.93 (4) 328.032 +16.31 (3)
Individuals with 25 vertebrae 94.812 +1.48 (22) 142.57 @ + 3.67 (8) 313.46 2 + 3.89 (5)
Individuals with 26 vertebrae 94.452 + 1.33 (6) 144.53 2 +£2.18 (6) 319.42 +1.00 (2)

Note: The results are presented as mean + standard error. Numbers in brackets show the number of measurements.
The means having different superscript letters per column are significantly different (p < 0.05).

We assumed that the vertebral column of the European seabass could be divided into three sections
in accordance with the vertebral column of the linear European seabass [7]. The vertebral column
of each fish was divided in three sections: cervical (vertebrae 1-4), abdominal (vertebrae 5-12) and
caudal (vertebrae 13-last one) (Figure 1). In order to confirm this assumption, the mean length of each
vertebral column section was measured using X-ray images (Table 2, Figure 2). A comparison of the
mean vertebrae lengths from cervical to abdominal and caudal to abdominal from individuals within
the same age group but within different vertebrae number groups revealed significant differences
(p < 0.05) (Table 2). The mean vertebrae length of the vertebral column regions within the same age
group but within different vertebrae number groups were similar (p > 0.05), with the only exception
being the cervical region of the 24 vertebrae group of the fingerlings (Table 2). Finally, the length of the
24th vertebra, the last common one of the individuals with 24, 25 and 26 vertebrae, was measured
(Table 3). No statistical differences were found among individuals of the same age (Table 3).
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Figure 2. X-rays and vertebrae length measurements of (A) fingerling European seabass, (B) juvenile
European seabass and (C) adult European seabass. Note: The mean lengths of the 24th vertebra
(for individuals with 24, 25 and 26 vertebrae) for individuals within the same age group were similar
(p > 0.05).
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Table 2. Mean length of vertebrae (mm) of European seabass individuals for each vertebral column

region, grouped by age and total number of vertebrae.

Group 1—Fingerlings

Group 2—Juveniles

Group 3—Adults

Individuals with 24
vertebrae (Group A)

Cervical region
Abdominal region
Caudal region

1.50 22 + 0.06 (68)
1.64 ¥P + 0.02 (136)
1.34 %€ + 0.02 (204)

2.31 4 £ 0,11 (16)
2,59 22 + (.08 (32)
2.21 3¢ + 0.07 (48)

55222 + (.44 (12)
7.05 b +0.21 (24)
5.78 34 1 (.24 (36)

Individuals with 25
vertebrae (Group B)

Cervical region
Abdominal region
Caudal region

1.32b2 + 0.04 (88)
1.60 2P + 0.02 (176)
1.35 34 4+ (.02 (286)

1.95 32 £ 0.10 (28)
2.69 %0 1 0.06 (56)
2.332¢ 1 0.05 (91)

59522 +0.30 (20)
75230 +0.14 (40)
5.93 3¢ + (.26 (65)

Individuals with 26
vertebrae (Group C)

Cervical region
Abdominal region

1.26 22 + 0.06 (24)
1.60 2P +0.03 (48)
1.3224¢ + 0.04 (84)

1.93 22 + (.11 (20)
2.78 b 1 0.05 (40)
2.312< +0.06 (70)

6.0522 + 0.34 (8)
7.56 P +0.14 (16)
5.75 3A¢ 1 (.33 (28)

Caudal region

Note: The results are presented as mean + standard error. Numbers in brackets show the number of measurements.
The means (by column) of the same vertebral region from individuals from different groups having different first
superscript letters are significantly different (p < 0.05). The means (by column) of different vertebral regions from
individuals within the same group having different second superscript letters are significantly different (p < 0.05).

Table 3. Mean length of the 24th vertebra (mm) of European seabass individuals grouped by age and
total number of vertebrae.

Group 3—Adults

3.972+0.69 (3)
3422 + 047 (5)
3.502 +0.70 (2)

Group 1—Fingerlings
1.19% £ 0.08 (17)
1.122 £ 0.07 (22) 1.822 £ 0.19 (8)
1.272 +0.12 (6) 2.232 £ 0.16 (6)

Note: The results are presented as mean + standard error. Numbers in brackets show the number of measurements.
The means having different superscript letters per column are significantly different (p < 0.05).

Group 2—Juveniles
1.802 +£0.20 (4)

Individuals with 24 vertebrae
Individuals with 25 vertebrae
Individuals with 26 vertebrae

The EDS atomic percentage (At %) Ca and P levels and Ca/P ratios according to different age
group and different total vertebrae number are shown in Table 4. Adults showed higher levels of
intervertebral Ca and P than fingerlings and juveniles (p < 0.05). Fingerling and juvenile individuals
with different total numbers of vertebrae (24, 25 or 26) had similar intervertebral Ca levels (p > 0.05).
Juvenile individuals with different total numbers of vertebrae (24, 25 or 26) had similar intervertebral
P levels (p > 0.05). Fingerlings with 26 vertebrae had almost twice the intervertebral P than fingerlings
with 24 or 25 vertebrae. Adults with 25 vertebrae had significantly lower (p < 0.05) intervertebral
P than adults with 24 or 26 vertebrae. Fingerling, juvenile and adult individuals with 24 vertebrae had
similar Ca/P ratios (p > 0.05). Adults with 25 vertebrae had significantly higher Ca/P ratios (p < 0.05)
than fingerlings and juveniles with 25 vertebrae. Fingerlings with 26 vertebrae had the lowest Ca/P
ratio (0.73).
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Table 4. The Ca (% At) and P (% At) levels and Ca/P ratio of the 10th vertebra of the European seabass grouped by age and number of vertebrae.

Group 1—Fingerlings Group 2—]Juveniles Group 3—Adults
Ca P Ca/P Ca P Ca/P Ca P Ca/P
Individuals with ~ 19.9922 + 1.60 114822 +095 20822 +0.16 23.6922+157 141822 +327 27822 +050 5232P2+145 2699Pa+111 19522 +0.20
24 vertebrae (51) (51) (51) (12) (12) (12) 9) 9) )
Individuals with 192422 £+ 134 134132 +1.19 22632 +£028 226732 +235 144232 +139 1.8232+024 41.00°P+408 2266PP+252 2282k 4+ 098
25 vertebrae (66) (66) (66) (24) (24) (24) (15) (15) (15)
ac,a
Individuals with ~ 14.8322 £2.02 25202P +285 07320 £0.14 24002 +2.19 1438P2+137 190P2+023 5483 +220 28'71378 * 1.96bca + 0.44
26 vertebrae (18) (18) (18) (18) (18) (18) (6) (.6) 6)

Note: The results are presented as mean + standard error. Numbers in brackets show the number of measurements. Comparison per row gives statistically significant differences for Ca,
P and Ca/P levels among different age groups but with the same vertebrae number. The means per row having a different first superscript letter are significantly different (p < 0.05).
Comparison per column gives statistically significant differences for Ca, P and Ca/P levels among different vertebrae number groups but of the same age. The means per column having a
different second superscript letter are significantly different (p < 0.05).
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3. Discussion

The vertebrae number in the European seabass ranges from 24 to 26, with most having
25 vertebrae [11,17,18]. According to Zuiten et al. [11], in intensively reared European seabass,
24, 25 and 26 vertebrae develop in 26.4%, 69.8% and 3.8% of the total reared population, respectively.
Striped bass (Morone saxatilis) was found to have 24 vertebrae in most cases, but some individuals
developed 25 vertebrae, with the extra vertebra added to the caudal area [7,19]. Our results were
similar, as we identified 24 to 26 vertebrae in all three European seabass age groups (fingerlings,
juveniles and adults), with most having 25 vertebrae.

The number of vertebrae in European seabass is not related to the presence of skeletal
malformations; however, nutrition factors contribute to both vertebrae number and skeletal
malformation [10,20]. In Dicentrarchus labrax and Sparus aurata, vitamin C deficiency is associated with
skeletal anomalies [21]. In particular, vitamin C deficiency can lead to a decrease in the bone collagen
content and therefore to the formation of spinal kyphosis, scoliosis and lordosis [22]. According to
Darias et al. [10] European seabass fed with low vitamin C levels (<15 mg per kg of diet) may develop
24 or 25 vertebrae, whereas European seabass fed the highest vitamin C levels (<400 mg per kg of diet)
may develop 24, 25 or 26 vertebrae. Our results confirm those of Darias et al. [10], as we detected 24 to
26 vertebrae in fingerlings, juveniles and adult European seabass fed 400-500 mg of vitamin C per kg
of diet. The number of vertebrae seems also to be unrelated to total body length. Our results showed
that individuals with different vertebrae numbers (24, 25 and 26 vertebrae) but of the same age group
had similar body length. Darias et al. [10] also reported that the changes observed in European seabass
body shape were not correlated with the variation of the number of vertebrae.

Our vertebral column morphology measurements detected three distinct vertebral column sections
(cervical, abdominal and caudal), the same ones that Nowroozi et al. [7] detected for the striped
bass (Morone saxatilis). Seabass and striped bass belong to the same family (Moronidae) and both
species show a variability in their vertebrae number [7,11,17,18]. According to our results, cervical to
abdominal and caudal to abdominal mean vertebrae length comparison from individual European
seabass of the same age group (fingerlings, juveniles or adults) but of different vertebrae number
groups (24, 25 or 26 vertebrae) revealed significant differences, suggesting that these three vertebral
sections can be clearly distinguished. Same-age individuals with different vertebrae numbers had
similar mean vertebrae lengths of the vertebral column regions (cervical, abdominal and caudal).
This suggests that the division of the vertebral column into these three sections was not affected by
the development of one more or one less vertebra. Darias et al. [10] concluded that European seabass
larvae presenting one less vertebra generally lacked that vertebra from the cephalic region, whereas
European seabass larvae with one extra vertebra added that vertebra to the caudal region. Our results
support that both the addition and absence of a vertebra takes place in the caudal region. Between the
head and the interhaemal bone there are 12 vertebrae. This number does not seem to be affected by the
total vertebrae number of the vertebral column (24, 25 or 26 vertebrae). As the end of the abdominal
section is the twelfth vertebrae, the one just before the interhaemal bone, we assume that the loss of one
vertebra or the development of an extra one takes place in the caudal region. This conclusion can also
be supported by the fact that in same age group European seabass with 24, 25 or 26 total vertebrae had
similar lengths of the 24th vertebra. The 24th vertebra is the last common vertebra among individuals
with different total vertebrae numbers.

In most vertebrates the skeleton represents a reservoir of Ca and P. Calcium and phosphorus
are related to the development of the skeletal system, and the stability of the vertebrae is maintained
by a solid phase of calcium phosphate [23]. A fish skeleton is made up of complex, metabolically
active tissue (composed of bones and cartilage) that undergoes continuous remodeling throughout a
fish’s life [24]. Fish can absorb calcium directly from water, so calcium deficiency is quite rare in fish.
Phosphorus concentration in seawater is low, and thus diet is the main source of phosphorus [15,24].
Bone development and growth are highly dependent on phosphorus concentration in water as well as
the availability of dietary phosphorus [24]. Phosphorus deficiency signs include the slow growth of the
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fish, slow bone calcification and the appearance of skeletal malformations [15]. According to Food and
Agriculture Organization (FAO) [25] there is a definite lack of data on the requirements for minerals
and trace elements for seabass. It has been estimated that 0.65% of the dry diet [26] is required to be
phosphorus for the normal development of European seabass in all life stages and size classes. In our
study the phosphorus level in the fed diet was twice of that required according to Oliva-Teles and
Pimentel-Rodrigues [26] for the fingerlings and juveniles and three times for the adults, suggesting no
phosphorus deficiency.

Many techniques can be used to measure the inorganic components of the bones and the Ca/P ratio
(EDS, Auger electron spectroscopy, high photon flux X-ray beam) [5,25]. It has been reported [27,28]
that the Ca/P ratio may provide greater reliability for the diagnosis of bone disorders than detecting
the amounts of Ca and P. Different fish species may have different Ca/P ratios. Lall [15] reported
that the calcium-to-phosphorus ratio in fish bones ranges from 0.7 to 1.6. The Ca/P ratio for sea
bream individuals ranges from 1.79 to 2.36 [5,6,16]. According to Song et al. [29] (2017) the Ca/P ratio
for Japanese seabass with a mean weight of 12.5 g ranged from 1.71 to 1.79. Fortes-Silva et al. [30]
calculated a Ca/P ratio of approximately 1.16-1.33 in European seabass operculum. In Japanese
seabass (Lateolabrax japonicus), a 11.88-16.50% vertebral Ca and a 6.00-7.90% vertebral P were detected.
These amounts reflect a 1.98-2.09 Ca/P ratio [29]. Elsadin et al. [31], working with white grouper
(Epinephelus aeneus), referred to an even higher Ca/P ratio of 2.6 in vertebrae. Our results for Ca/P
ratios vary among different age groups and different vertebrae number groups. The Ca/P level was
similar for fingerlings, juveniles and adult European seabass with 25 vertebrae (2.08, 2.78 and 1.95,
respectively). The Ca/P levels of fingerlings, juveniles and adults with 24 vertebrae were also similar
(2.26, 1.82 and 2.28, respectively). Fingerings with 26 vertebrae had the lowest Ca/P ratio, 0.73, which
was in the range of Ca/P ratios that Lall [15] reported. Juveniles and adults with 26 vertebrae had
similar Ca/P levels (1.90 and 1.96, respectively). Our results suggested that age did not affect the Ca/P
ratio of European seabass with a normal number of vertebrae (25) or one less (24). The absorption of Ca
and P through the water and food seemed also to be sufficient. In European seabass with 26 vertebrae,
the Ca/P ratio seemed to increase with age, while the P accumulation in vertebrae seemed to be
greater than the Ca level at the fingerling age. Bone mineralization is associated with hardness of the
bones. The higher the Ca and P levels, the harder the bone. According to Driessens and Verbeeck [32],
an increase in the Ca/P ratio in bones can be observed during the first stages of life in mammals. Bone
Ca accretion or accumulation is also positive during the first years of life of mammals [32]. An almost
fully mineralized skeleton is evident in sea bream larvae of 16 mm body length or at about 30 days
post-hatching [33]. Fish vertebrae differ from mammal vertebrae and may contain appreciably less
mineral [34], reflected by lower bone densities. A fish skeleton is made up of complex, metabolically
active tissue that undergoes continuous remodeling throughout a fish’s life [24]. Fish bones may be
cellular or acellular. Although the material of fish bone (calcium phosphate hydroxyapatite) is the
same as mammal bone, the organization is quite different in that it is often acellular. The lack of
Haversian systems, trabeculae, and the remodeling that accompanies cellularity imply significant
differences in the ultrastructural organization of fish bone [6,14]. Bones, as biomaterials, are adapted to
different loading situations and functions. Consequently, their composition may vary. The metabolism
of acellular bone is poorly defined and remains an area that requires systemic investigation to better
understand the skeletal development and growth of fish [24].

4. Materials and Methods

4.1. Fish Sampling

From two local fish farms, 73 individuals of Dincentrarchus labrax were obtained. Fish at the
age of fingerlings and juveniles were obtained from the first one, while from the second one adults
were obtained. For the study, ethical approval was not required as no live fish were used or cultured.
The fish obtained from the fish farms were dead (the personnel of the fish farms killed the fish). The fish
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were transported in ice to the lab and divided into three age groups. Group 1 included fingerlings
(45 fish, mean weight 5.27 + 0.06 g, mean length 94.96 + 0.9 mm, 5 months old), group 2 included
juveniles (18 fish, mean weight 25.25 + 1.05 g, mean length 143.79 + 1.98 mm, 10 months old) and
group 3 included adults (10 fish, mean weight 291.9 + 29.68 g, mean length 319.43 + 5 mm, 15 months
old). The number of individuals in each group was sufficient for statistical analysis as it was similar
or higher than previously reported research [5-7,19,35]. In the fish farms, fish were fed and kept as
follows. Fingerlings and juveniles were fed to satiation with a commercial diet (55% crude protein,
15% fat, 1.6% P, 500 mg/kg of vitamin C and 350 mg/kg of vitamin E). Average water temperature
during the sampling period was 20.6 °C, average pH was 7.5 and the average water dissolved oxygen
was 8.6 mg/L. Adults were fed to satiation with a commercial diet (44% crude protein, 16% fat, 1.1% P,
750 mg/kg of vitamin C and 400 mg/kg of vitamin E). Average water temperature during the sampling
period was 22.6 °C, average pH was 7.5 and the average water dissolved oxygen was 8.6 mg/L.

4.2. X-ray

Each individual fish was examined by X-ray (50 kV). Their total length, the number of vertebrae
and vertebrae length were measured through Siemens syngo fastView program. Nowroozi et al. [7]
suggested that the vertebral column of the striped bass (Morone saxatilis) can be divided in three sections:
the cervical (vertebrae 1-4), the abdominal (vertebrae 5-12) and the caudal (vertebrae 13-last one).
Using vertebrae length measurements we checked if this pattern could be applied to European seabass.

4.3. Ca and P Level Measurement

The tenth vertebra, which was considered as a representative sample, was taken from each
individual fish and incinerated in order to measure calcium and phosphorus levels (%). For each
vertebra three measurements were taken. Stoichiometric analysis of the vertebrae was done by energy
dispersive spectroscopy (EDS). For this purpose, a scanning electron microscope (Jeol JSM-6510 LV,
Ltd., Tokyo, Japan) equipped with an X-ray analyzer (x-act Oxford, Abingdon, United Kingdom)
was used.

4.4. Statistical Analysis

For the statistical analysis the OriginPro8 program was used. All values are given as the means
+ standard errors. The Shapiro-Wilk test or the Kolmogorov-Smirnov test, depending on the data
number, was used for normality checking. One-way ANOVA was used for statistical comparison of
total fish length, vertebrae length, Ca level, P level and Ca/P ratio. All the differences presented at the
0.05 level were considered significant [36].

5. Conclusions

Our results confirmed that the vertebrae number in the European seabass (Dincentrarchus labrax)
ranges from 24 to 26, with most having 25 vertebrae. Direct measurements of Ca, P and Ca/P levels in
vertebrae of European seabass showed that age seems not to affect the Ca/P ratio of European seabass
with a normal number of vertebrae (25) or with one less (24). In European seabass with 26 vertebrae,
the Ca/P ratio seems to increase with age. It was shown for the first time in this study that the seabass
vertebral column can follow the linear seabass (Morone saxatilis) model and can be divided into three
sections. Three distinct parts of the European seabass vertebral column were detected: the cervical
(vertebrae 1-4), the abdominal (vertebrae 5-12) and the caudal (vertebrae 13-last one). The total body
length of same-age seabass seems to be independent of the vertebrae number (24, 25 or 26).

Author Contributions: P.B. and S.Z. were involved in the conception of the idea, methodology design, and data
analysis and interpretation. P.B., S.Z., N.V. and V.N. participated in the design of the methodology, sampling,
and the laboratory work and data analysis. P.B. prepared the manuscript for publication and revision. All authors
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