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Abstract

The study describes the anatomy vertebrae of the Common Carp (Cyprinus carpio; Linnaeus, 1758) using 3D micro-CT and
Semiquantitative Elemental Microanalysis (EDX), which helps to understand the ontogeny and factors that determine the
biomechanics of bones in wild fish. The study of Common carp vertebrae revealed a complex and heterogeneous structure,
with a variety of components contributing to their function and stability. The vertebral bodies were composed of lamellar
trabeculae and internal hollow spaces, while the neural and hemal arches were composed of bony trabeculae and connected
by a lace-like structure. The results of EDX analysis demonstrated the presence of oxygen, nitrogen, sodium, carbon, mag-
nesium, and chlorine, among others. The calcium to phosphorus ratio was within the ranges described in teleost, suggesting
good bone health. The presence of magnesium, sodium, potassium, chlorine, and nitrogen is due to their essential role in
different biological processes. In addition, a difference was observed between the trabeculae present in the vertebrae of the
abdominal and caudal segments, suggesting a relationship between the density of each bone and its function. These findings
contribute to the understanding of the structure and function of vertebrae in wild Common carp and may have implications

for understanding the evolution of the vertebral column in fish in general.
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Introduction

The vertebral column of teleosts, specifically cyprinids,
serves as an example of adaptability and structural complex-
ity, reflecting the wide diversity and specialization observed
in this group of fishes. This structure is regionalized into
three distinct areas, each with unique morphological char-
acteristics, which lays the groundwork for understanding the
evolutionary and functional development of these structures
in teleosts (De Clercq et al. 2017). Moreover, the plasticity
of the teleost skeleton, evidenced by changes in its anat-
omy, mechanical properties, and meristic traits, highlights
the capacity for morphological adaptation and variation in
response to epigenetic factors, emphasizing the dynamic
and adaptive nature of the skeleton (Witten & Hall 2015).
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As a model of an adaptive and cosmopolitan species, the
Common carp (Cyprinus carpio), a teleost species in the
family Cyprinidae, possesses characteristics that allow it
to survive and thrive in a wide range of aquatic environ-
ments worldwide (GISD 2023). The Common carp exhibits
remarkable adaptability, including tolerance to a wide range
of temperatures, with survival in waters ranging from 4 to
30 °C (Liang et al. 2015; Sfakianakis et al. 2004; Vajargah
& Vatandoust 2022). It can adapt to different oxygen levels,
surviving even in stagnant and poorly oxygenated waters
(Zhao et al. 2014; Bauer & Schlott 2006). Additionally, it
tolerates varying salinity levels, thriving in both freshwa-
ter and saltwater environments, such as rivers, lakes, reser-
voirs, lagoons, and estuaries (Mubarik et al. 2019; Ahmed
& Jaffar 2022; Malik et al. 2018). The carp's omnivorous
diet, which includes aquatic plants, invertebrates, and small
fish, allows it to exploit diverse food resources (Wei et al.
2021; Horvath 2019). Moreover, it can grow up to one meter
in length and several kilograms in weight, with a lifespan
extending to several decades, enabling it to withstand long-
term environmental changes (Vilizzi & Copp 2017; Vajargah

@ Springer


http://orcid.org/0000-0003-2273-0904
http://orcid.org/0009-0004-4084-0765
http://orcid.org/0009-0002-9853-6606
http://orcid.org/0009-0005-5520-1808
http://crossmark.crossref.org/dialog/?doi=10.1007/s00435-024-00683-2&domain=pdf

Zoomorphology

& Vatandoust 2022; Hailu 2013). Collectively, these traits
contribute to the Common carp's high adaptability.

In the vertebral anatomy of cyprinids (Kardong 2013),
precise use of anatomical terms is crucial for understanding
their structure and function. The centrum, or vertebral body,
serves as a central support that protects the spinal cord. The
neural and hemal arches form protective channels for the
spinal cord and blood vessels. The spinous and transverse
processes emerge from these arches, providing insertion
points for muscles and ligaments, important for locomotion
and structural stability. In the dorsal region, the parapophy-
sis is vital for articulation with the ribs, facilitating organ
protection and respiratory mechanics. The spine is adapted
to the aquatic environment and is divided into abdominal,
transitional, and caudal regions, each featuring specialized
structures. The abdominal region, less mobile than in other
vertebrates, is crucial for supporting the central nervous sys-
tem. The transitional and caudal regions support the main
muscles, allowing movements essential for survival. Spe-
cifically, the caudal region includes adaptive structures such
as the Weberian apparatus (Witten & Hall 2015; Criswell
et al. 2017), crucial for propulsion and sensory perception.
Additionally, key components of the spine, such as the prae-
zygapophyses and post-zygapophyses, facilitate the connec-
tion between vertebrae and promote controlled mobility.
The terminal plates and intervertebral ligaments distribute
loads and provide structural support, while the bone marrow
spaces, important for hematopoiesis and buoyancy regula-
tion, reflect the cyprinids' unique adaptation to their aquatic
environment. These aspects highlight the complexity and
evolutionary sophistication of the vertebral column in these
fish.

In teleosts, the vertebral structure demonstrates marked
functional adaptability, evidenced by the regionalization of
the spine and the presence of zygapophyses, which facilitate
adaptations to diverse habitats and lifestyles (De Clercq et al.
2017). Terminal plates, positioned between the interverte-
bral disc and the vertebral body, are crucial for load distri-
bution and disc nutrition. The intervertebral ligaments pro-
vide additional stability, complementing the functions of the
zygapophyses, while the bone marrow spaces, essential for
hematopoiesis, reflect the metabolic activity of the verte-
brae. These components, along with the neural and hemal
arches, contribute to the functional diversity and adaptability
of the spine across different body regions (De Clercq et al.
2017). The formation of vertebral bodies in teleosts, involvs
the mineralization of the notochordal sheath without carti-
lage and highlights the unique contribution of the sclerotome
in early vertebral development (Inohaya et al. 2007; Nordvik
et al. 2005). These details underscore the rich evolutionary
history and specialized adaptations of vertebral anatomy in
teleosts and cyprinids, reflecting their rich evolutionary his-
tory and specialized adaptations.
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The Common carp exhibits unique characteristics in its
spine that are crucial for detailed study. Recently, micro-
computed tomography (micro-CT) was used to examine the
morphology of the vertebral bodies (centrum) of grass carp
(Ctenopharyngodon idella), highlighting their amphicoelous
shape with concave terminal plates at both ends (Barak et al.
2024). The results showed that while the vertebral centrum
presents bilateral symmetry in the sagittal plane. Detailed
analysis revealed that the cranial terminal plate is smaller
and less circular than the caudal plate, suggesting a tapering
of the vertebral body from caudal to cranial. Additionally,
the cranial terminal plate proved to be more superficial than
the caudal, indicating that the caudal part of the vertebral
centrum is more robust. This morphological feature may be
related to the need to withstand greater muscular tensions
during swimming, creating a tension gradient that strength-
ens the caudal end of the centrum. These findings highlight
the importance of considering the morphological and bio-
mechanical variability of the spine in anatomical studies and
for understanding the functional adaptation of cyprinids to
their aquatic environment (Barak et al. 2024).

The Common carp, originally introduced from Europe
and Asia to southern Chile between 1895 and 1920, has been
shown to exert beneficial effects in polyculture ponds by
reincorporating nutrients from sediments, enhancing min-
eralization, and improving oxygen availability in the soil,
thus supporting ecosystem functioning (Rahman 2015). This
species, initially confined to artificial lagoons, adapted well
to the local environment, dispersing into nearby rivers due to
excessive rainfall and overflow of these lagoons (Prochelle
& Campos 2008). Today, the Common carp is firmly estab-
lished from the central to southern regions of Chile, thriv-
ing in various habitats, including national reserves (Habit
et al. 2006; Crichigno et al. 2016). The significance of the
Common carp extends beyond its ecological impact; it is
also valued in aquaculture as a food source and for its orna-
mental Koi varieties (Rahman 2015; Xu et al. 2014). In this
context, the National Reserve Lago Pefiuelas, part of Chile’s
National System of Protected Wild Areas, serves as a cru-
cial water resource for the central zone of Chile. However,
its role as a water supply has been severely compromised
by the extensive agricultural use of the Aconcagua River
waters (CONAF 1999). As of April 2022, Lago Pefiuelas’
reservoir has been reduced to less than 0.2 MMm? from a
total capacity of 95 MMm?, a decline of over 99.98% due
to prolonged drought conditions lasting nearly a decade and
the absence of significant rainfall (DGA 2022). This severe
reduction in water volume and consequent high temperatures
have drastically impacted the aquatic life in the reservoir.
Notably, several specimens of the Common carp, a species
known for its resilience and adaptability, were found dead
from dehydration, scattered around the drying lakebed. This
distressing scenario highlights the vulnerability of even
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adaptable species like the Common carp to extreme envi-
ronmental changes and underscores the broader implications
of habitat loss and climate change on aquatic ecosystems.

Our research question focuses on elucidating how the
different regions of the vertebral column of the Common
carp (Cyprinus carpio; a representative of the Cyprinidae)
reflect their specific biomechanical functions using advanced
imaging techniques. The aim of this study is to describe the
vertebral structure of this species by examining the morpho-
logical differences between the cervical, dorsal, and caudal
regions of the spine, using methods such as micro-computed
tomography (micro-CT) and digital radiography. This analy-
sis seeks not only to identify unique structural features in the
vertebrae of the different sections but also to interpret these
features in the context of the biomechanical and evolution-
ary function of the Common carp's vertebral column. Here,
we present morphological characteristics of the vertebrae
and the caudal skeleton of the Common carp, including a
biomechanical and morphofunctional interpretation, which
would be useful as a reference for ecomorphological and
biological research.

Materials and methods

Sample collection. Skeletons of common carp (n=6) were
obtained from Lago Pefiuelas National Reserve, Region
de Valparaiso, Chile (341 masl; 33°09'08"S 71°31'50"W).
These specimens were deceased and had been skeletonized
prior to collection, ensuring no live animals were used.
Once collected, each specimen was labeled and measured
for precise identification at the Laboratory of Animal &
Experimental Morphology of the Institute of Biology
of the Pontificia Universidad Catdlica de Valparaiso.
To document their initial condition, all specimens were
photographed using a Canon Rebel T3i digital camera.
The vertebral columns of these carps were then carefully
dissected to extract three complete vertebrae from each
specimen. The examination of the vertebral structure and
the vertebral count previously mentioned were conducted
through visual inspection of the dry bone preparations.
These vertebrae were selected for their representation of
typical vertebral morphology and were used for subse-
quent internal structure studies, elemental microanalysis,
and histological examinations. This selection was made
to ensure that the results reflected general vertebral char-
acteristics, independent of anatomical variations such as
those influenced by the shape of the head or tail. To iden-
tify and describe the vertebral segments, structural criteria
related to the position of the fins and the specific charac-
teristics of the vertebrae in each segment were adopted
according to Barak et al. (2024). This approach facilitated
a detailed exploration of the vertebral anatomy of the carp.

The vertebral column was divided into three main regions:
the abdominal, transition and the caudal. The abdominal
region included the vertebrae anterior to the first dorsal
fin spine, and the transition vertebrae, where the parapo-
physes are fused to the vertebral body without articulation
with the ribs. The caudal region comprised the vertebrae
located before and after the first anal fin spine, (called
preanal and postanal by Naseka 1996), respectively. This
classification provided a solid foundation for further analy-
sis and comparisons within the group of cyprinids.

Micro-CT acquisition and image processing. Three-dimen-
sional (3D) reconstructions derived from datasets obtained
from the vertebrae of the abdominal, caudal, and complex-
caudal segments were analyzed using semi-automatic seg-
mentation to create 3D models of all vertebrae. For this
purpose, we utilized a Bruker SkyScan 1278 micro-CT,
operating under specific parameters: a source voltage of
59 kV, source current of 692 pA, and an image voxel size of
51.489 um. The exposure time for each image was 23 ms,
with the total scan duration amounting to approximately
57 min and 53 s. Image analysis was conducted using Slicer
software version 4.11.2021026 (Fedorov et al. 2012) with
the Slicer Morph extension (Rolfe et al. 2021) for DICOM
files that facilitated 3D reconstruction. The images illustrat-
ing this manuscript were processed with CTvox software
(Version 3.3.1, 3D SUITE Software, Bruker MicroCT, Kon-
tich, Belgium).

Scanning Electron Microscopy and Semi-Quantitative
Elemental Microanalysis. For visualization, a chemical
contrast detector (Backscatter, BSE Comp.) was used at a
variable pressure of 20 Pa and a working distance of 7 mm,
employing a Hitachi SU3500 scanning electron microscope
(Tokyo, Japan). Images were captured under an energy of
20 kV and analyzed using the Hitachi software controller.
To quantify chemical elements in vertebral bone tissue, an
energy-dispersive X-ray spectroscopy (EDX) detector, the
Bruker XFlash® 410 M with a resolution of 133 eV at the
MnKa line, was coupled to the same microscope. This sys-
tem was operated using the Quantax Esprit 1.8.1 software
(Bruker, Belgium), and volumes of interest (VOIs) from the
intervertebral joint region and the centrum were selected
for analysis.

Radiography. To describe the characteristics of the vertebral
column and caudal skeleton, we used a digital radiographic
system that included a high-frequency JADE X-ray genera-
tor, DRGEM—4 kW, 100 kHz, and an external membrane
console programmed at 41 25 kV and 1.0 mAs. The digi-
tal X-ray tablet used had dimensions of 2004 mm in width,
650 mm in depth, and 712 mm in height, with the distance
from the X-ray cathode to the tablet being 98 cm. The
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radiography time ranged from 0.01 to 10 s, with an average
exposure time per sample of approximately 3 s.

Histology. Vertebrae sections from Common carp were har-
vested and fixed in 4% formaldehyde for 24 h at a controlled
room temperature of 22 °C. The decalcification process for
the vertebrae of the Common carp was conducted using the
KOS system (Milestone Medical). Vertebral samples were
initially submerged in a decalcifying solution of 10% formic
acid and 10% hydrochloric acid in equal parts. The decalcifi-
cation was performed at a constant temperature of 37 °C for
4 h. After this process, the samples were removed from the
KOS system and allowed to cool for approximately 10 min
before being rinsed under running water for another 10 min.
The samples were then processed in a Leica tissue proces-
sor (TP1020, Leica Microsystems, Switzerland) for 12 h,
followed by dehydration in a graduated ethanol series, clear-
ing in xylene, and embedding in paraplast (Paraplast Plus
embedding medium; melting point: 54 °C; Sigma-Aldrich
Chemical Co., St Louis, MO, USA) to prepare for section-
ing. Serial sections were cut at a thickness of 5 pm and
routinely stained with hematoxylin and eosin to visualize
basic structural details. For collagen analysis, we utilized the
histochemical Picrosirius staining technique (Salinas et al.
2016). This method enhances the birefringence of collagen
fibers under polarized light, allowing for detailed observa-
tion of collagen alignment and density. Different regions of
the vertebral column were examined using a Leica®DM?750
optical microscope equipped with polarized light capability
(Leica Microsystems, Switzerland), focusing particularly
on the intervertebral joint and on the longitudinal bony tra-
beculae of the vertebral body. Image analysis was conducted

Fig.1 A Vertebrae of Com-
mon carp (Cyprinus carpio;
Linnaeus, 1758), B Volume-ren-
dered micro-computed tomog-
raphy of a typical vertebra, C
Ilustration of structures present
in a typical vertebra. Ns: neural
spine; Na: neural arch; Vb:
vertebral body; Ha: hemal arch;
Hs: hemal spine, Cc: canal cord
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using ImageJ v1.49 software (National Institutes of Health,
USA), which facilitated the quantification of aligned and
non-aligned collagen fibers. The “color segmentation” plug-
in was employed to distinguish and quantify the different
types of collagens based on their color properties and align-
ment within the tissue (Salinas et al. 2018). This compre-
hensive approach allowed for a nuanced understanding of
the structural and compositional characteristics of vertebral
collagen in Common carp.

Results

The skeletons of the Common carp exhibited an average
total length of 36 cm (2 2.5 cm). The vertebral column of
these specimens consisted of an average of 34 amphicoelous
vertebrae, ranging from 32 to 38 vertebrae, each generally
characterized by the presence of neural and hemal arches
emerging from the upper and lower parts of the vertebral
bodies (Fig. 1). The vertebral column was subdivided into
three main segments: the anterior segment, consisting of
the abdominal or trunk vertebrae (V1 to V11), the middle
segment composed of transitional vertebrae (V12 to V17),
and the posterior segment, consisting of the caudal verte-
brae (V18 to V34). The distinction between the abdominal
and caudal regions was typically identified at the level of
vertebra 15 or 17 (approximate dorsal fin), marking a clear
functional and structural change in the vertebral column
(Fig. 2A). The first vertebra was distinguished by its special-
ized morphology, adapted to articulate with the skull, while
the last caudal vertebra was integrated into the caudal skel-
etal complex, known as the urostyle complex. Each vertebra
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Fig.2 A Common carp skeleton (Cyprinus carpio; Linnaeus, 1758).
B Digitals X-ray image displays the volume of interest (VOI). Each
vertebral body was formed by two hollow cones fused at their ver-
tices. Vertebrae are oriented so that anterior is to the left and poste-

displayed a "diabolo" shape with the exception of the first
and the last (prior to the caudal complex). The vertebral
centrum had an amphicoelous shape, similar to a biconcave
hourglass, surrounded by a complex three-dimensional net-
work of trabeculae, both longitudinal and transverse. The
spinal cord cavities in these vertebrae were not directly
connected due to the ossification of the neural canal, which
could imply additional protection for the spinal cord in an
aquatic environment.

The vertebrae individually exhibited specific anatomical
characteristics according to the studied segments, with simi-
larities and differences among them. Each vertebra presented
an amphicoelous vertebral body with an hourglass shape,
consisting of two robust and smooth cones, typical of the
vertebral structure that allows for fluid movements under-
water. The vertebrae from the abdominal segment were more
robust than those from the caudal segment. However, in the
abdominal vertebra, a complex network of longitudinal and
transverse trabeculae was observed, forming an intricately

Caudal

rior to the right. C Volume-rendered computed tomography images
showing lateral (X-axis), transverse (Y-axis), and horizontal (Z-axis)
sections of vertebral bodies from abdominal, transitional and caudal.
Scale bars: 5 mm

perforated mesh with holes, grooves, and ridges. In contrast,
the transitional vertebra shared the amphicoelous shape but
was distinguished by having branched longitudinal trabecu-
lae and one or two transverse trabeculae at the midpoint, also
reinforced with ridges of compact bone tissue. The neural
and hemal arches of the transitional vertebra were promi-
nent and robust, giving rise to curved spinous processes
oriented caudally. The caudal vertebra similarly maintained
the amphicoelous shape and the two robust cones, but its
trabeculae were predominantly longitudinal, some branched,
and equally reinforced. The neural and hemal arches were
small in the caudal vertebrae, and the spinous processes
were straight and longer than in the transitional vertebrae.
Additionally, both transitional and caudal vertebrae exhib-
ited pre-zygapophyses and post-zygapophyses, although in
the caudal ones these were smaller, sharper, and oriented
almost at 90 degrees, facilitating greater articulated stability.

Micro-CT allowed for a detailed visualization of the
mineralized portions in the abdominal and caudal segments
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of the vertebral column. Fully mineralized vertebral arches
and spines were distinguished, along with vertebral bodies
that exhibited distinctive terminal plates, showing an "X"
shape representative of complete mineralization and mature
vertebral structure. Axial (X), sagittal (Y), and coronal (Z)
views revealed the internal structures of the abdominal, anal,
and post-anal vertebrae with exceptional clarity. In the axial
view, the abdominal vertebrae displayed a typical amphicoe-
lous shape, with vertebral centers resembling an hourglass,
characterized by the presence of two opposing cones. The
internal texture of these vertebrae showed bone marrow
spaces surrounded by a well-organized trabecular pattern.
In the sagittal view, the neural and hemal arches were high-
lighted, extending from the dorsal and ventral parts of the
vertebral bodies, respectively, clearly outlining the channels
through which the spinal cord and blood vessels pass. The
bone marrow spaces appeared as lighter areas within the
denser bone tissue, suggesting the presence of active mar-
row tissue in the hematopoietic process. The coronal view
offered a transverse perspective, displaying the symmetry
and arrangement of the vertebral structures. Details of the
trabecular bone tissue extending along the vertebral bodies
could be observed. The anal and post-anal vertebrae main-
tained the amphicoelous pattern but showed differences in
the size and shape of the bone marrow spaces and in the
arrangement of the trabecular bone tissue, reflecting the
functional transition along the spine. Additionally, a pattern
of flattening in the terminal plates of some vertebrae was
noted, specifically in their conical morphology, accompa-
nied by a reduction in the intervertebral spaces, suggesting
a decrease in disc height that could be the result of natural
variations or degenerative processes. Despite these observa-
tions, no signs of abnormal fusion of the vertebral bodies nor
evidence of ectopic chondrogenesis in the terminal plates
were detected, indicating the absence of active bone pathol-
ogy in these areas (Fig. 2B).

The caudal complex (urostyle complex) consisted of a set
of four preural vertebrae (Pu), characterized by having less
robust vertebral bodies with a concave amphicoelous shape
similar to an hourglass. This complex included the preural
vertebrae from Pu4 to Pul, forming the structure of the most
caudal segment of the axial axis (Fig. 3C). These vertebrae
lacked neural and hemal arches, but two long and sharp
spinous processes (dorsal and ventral) were present. Unlike
previous segments, these vertebral bodies, while maintain-
ing an amphicoelous hourglass shape with two robust and
smooth cones, were shorter. Additionally, each side of the
vertebral body displayed a thick and double longitudinal
bone structure composed of compact bone tissue fused in
the center. The dorsal surface of the first preural (Pul +U)
displayed a rudimentary neural arch (Rna), which articu-
lated with the epural (Epu). A pleurostyle (Pls) was also
observed on the neural arch, articulating with the hypurals
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(Hpu 2—6). The ventral surface of the first preural articu-
lated with the parhypural (Pah) and hypural 1 (Hpul; Fig. 4),
highlighting the complexity of the skeletal connections in
this terminal region of the vertebral column.

The detailed histological and microstructural analysis of
the vertebrae in the intervertebral joint region and along
the longitudinal trabeculae revealed a differentiated micro-
architecture between the abdominal and caudal vertebrae.
The abdominal vertebrae were distinguished by an internal
architecture composed of radially oriented bone trabeculae
around the central core, creating a series of cavities that
gave the vertebral tissue a spongy texture. A high density of
these trabeculae was observed in the abdominal vertebrae,
particularly in the intervertebral joint region, where compact
bone tissue predominated along with oval-shaped canaliculi.
A distinctive pattern of predominantly aligned collagen was
noted, colocalized at 79.28 +5.68% with non-aligned colla-
gen fibers. On the other hand, the caudal vertebrae exhibited
a network of thicker and less dense bone trabeculae com-
pared to the abdominal ones. The intervertebral joint region
was characterized by a lower density of canaliculi and more
compact bone tissue, with a predominance of aligned col-
lagen (69.33 +£3.71%) over non-aligned collagen (Fig. 5).
Regarding the longitudinal bone trabeculae of the vertebral
body, the presence of compact bone tissue with a high den-
sity of canaliculi and a predominance of aligned collagen
(62.1 +£4.22%) was notable. Additionally, elemental analysis
of both vertebral regions identified the presence of calcium
and phosphorus in the vertebral cone and in the longitudinal
bone trabeculae of the vertebral body (Fig. 6; Table 1).

Discussion

In the field of fish structural biology, the present research
contributes to the characterization of the vertebrae of the
Common carp. To date, to our knowledge, there has been
no study that integrates radiography, micro-CT, differential
collagen staining, and semi-quantitative elemental analysis
to describe these structures. This study provides valuable
knowledge in terms of the macroscopic and microscopic
anatomy of the vertebrae, as well as offering insights into
the factors that affect bone biomechanics, such as the
composition of collagen and the elements constituting the
extracellular matrix and bone structure. Although vari-
ability in the number of vertebrae among the specimens
of Common carp examined was observed, it is noteworthy
that such variation did not necessarily correlate with dif-
ferences in body length, challenging the notion that ver-
tebration has a direct impact on the size or morphology
of the body. Conversely, in taxonomically unrelated spe-
cies such as the seabass, it has been reported that certain
nutritional factors, including vitamin C deficiency, can
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Fig.3 Volume-rendered micro-computed tomography (micro-CT) images of vertebral bodies. Anterior, lateral, dorsal and ventral views of the A
abdominal, B transitional and C caudal vertebra of Common carp (Cyprinus carpio; Linnaeus, 1758)

induce skeletal malformations and affect vertebral count
(Berillis 2015). Additional studies in teleosts suggest that
environmental conditions—including temperature, salin-
ity, and oxygen—impact vertebral configuration (Fjelldal
et al. 2013). Understanding the determinants of the num-
ber of vertebrae in Common carp remains a challenge that
requires further research. Future studies, focused on spe-
cific populations and genetic and environmental variables,
are imperative to elucidate the underlying causes of the
observed variability and their implications on the physiol-
ogy and evolution of these fish. These findings underscore

the need to continue exploring the biological complexity
that defines vertebral morphology in different fish species.

Structural diversity of the vertebra in the common
carp

The vertebral centrum of the Common carp aligns with the
general morphological pattern observed in teleosts (Sakash-
ita et al. 2019; Schultze & Arratia 2013; Barak et al. 2024).
It is crucial to recognize that the macroscopic structure of
the vertebrae is not homogeneous and, as confirmed by
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Fig.4 Photograph, radiograph, and illustration of the caudal skeleton
complex of the common carp (Cyprinus carpio; Linnaeus, 1758). Ns:
neural spine; Hs: hemal spine; Pu: pre-ural vertebrae, Pul + U: first

histological studies, neither are the microscopic character-
istics. The shape variation between abdominal and caudal
vertebrae, particularly in the hemal and neural arches, is
undoubtedly linked to their respective functions — the artic-
ulation with the head for abdominal vertebrae and participa-
tion in the caudal peduncle for caudal vertebrae. Although
all vertebrates share endoskeletal elements that constitute
the vertebral axis, the vertebrae themselves are not struc-
turally homologous across different classes of vertebrates
and evolve through diverse patterning mechanisms (Arratia
et al. 2001). The neural and hemal arches of the transitional
vertebrae in the Common carp exhibit notable structural
robustness, indicating their role in protecting the spinal cord
and supporting caudal movement. Micro-CT and scanning
electron microscopy have revealed that these arches are com-
posed of intricate bony trabeculae connected by a cord-like
structure, which enhances both their strength and flexibility
(Eastman et al. 2014). These morphological characteris-
tics are adapted to the biomechanical demands placed on
the vertebrae. The robust and prominent neural and hemal
arches maintain the stability and integrity of the spinal col-
umn during various movements and stresses encountered in
the aquatic environment (Naseka 1996; Baxter et al. 2022).
These structural features underscore the importance of the
vertebral column in the Common carp, providing essential
protection for the spinal cord and the mechanical support
necessary for efficient locomotion, thereby highlighting the
critical role of the vertebral column in the species' survival
and functionality (Fjelldal et al. 2013; Baxter et al. 2022).
The vertebral bodies exhibit an amphicoelous hourglass
shape common among vertebral segments, which is typical
in fish (Fig. 2B; Nordvik et al. 2005). Nonetheless, the pat-
tern of the longitudinal bony trabeculae in the vertebral body
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preural; Rna: rudimentary neural arch; Ans: Accesory neural spine;
Epu: epural vertebra; Hpu: hypural vertebra; Pah: parhypural vertebra

varies between segments, as has been observed in other spe-
cies (Laerm 1976; Arratia et al. 2001; Eastman et al. 2014;
Sakashita et al. 2019). These traits reflect an evolutionary
adaptation aimed at optimizing the function and biomechani-
cal efficiency of the spine in Common carp. From a radio-
logical perspective, the integrity of vertebral mineralization
is critical for biomechanical function and structural stability,
and these images provide evidence of the overall health and
robustness of the skeleton in Common carp.

Radiographic analysis of vertebral morphology

Radiography of the abdominal, transitional, and caudal
vertebrae of the Common carp provided evidence of both
shared characteristics and distinctive variations in their bone
structure (Fig. 2). The common amphicoelous morphology,
representative of the hourglass shape across all vertebrae,
highlights an adaptation for flexibility and force dissipation
during swimming, essential for the fish's undulatory move-
ments. Studies suggest that the internal shape of vertebrae
can predict swimming modes and ecological adaptations,
emphasizing the significance of vertebral shape in swim-
ming biomechanics (Donatelli et al. 2021). The trabecular
bone tissue patterns present in each vertebral segment of the
Common carp suggest structural optimization for load man-
agement and mechanical stress distribution. Detailed studies
using advanced imaging techniques, such as micro-CT, have
shown that the trabecular bone in vertebrae is highly porous
and anisotropic, enhancing its ability to withstand mechani-
cal loads and resist fractures. The trabecular architecture
in vertebral bodies is particularly adapted to handle com-
pressive forces, with variations in density and orientation
reflecting regional biomechanical demands (Baxter et al.
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Fig.5 Scanning electron microscopy, hematoxylin eosine and picrosirius red staining in Common carp (Cyprinus carpio; Linnaeus, 1758). (A-
C) vertebral cone region and (B-D) longitudinal trabecula
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cps/eV.
9 Mass Mass
Element At. No. Netto %] Norm. [%]
Oxygen 8 79865 77.59 49.49
Carbon 6 39863 44.92 28.65
Calcium 20 95055 14.70 9.38
Phosphorus 15 80219 8.72 5.56
Nitrogen 7 2978 7.88 5.03
Sodium 11 6923 1.75 1.11
Magnesium 12 7327 1.23 0.78
Enevgy?l(ev]
Mass Mass
Element At. No. Netto (%] Norm. [%]
Carbon 6 20437 63.08 40.97
Oxygen 8 16856 59.33 38.53
Calcium 20 26429 12.69 8.24
Nitrogen 7 785 7.73 5.02
Phosphorus 15 19928 6.25 4.06
Sodium 11 2715 1.90 1.24
Potassium 19 3258 1.26 0.82
Chlorine 17 2894 0.99 0.64
Magnesium 12 1569 0.74 0.48
Energy [KeV]
cps/eV
Mass
Element At. No. Netto Mass [%] Norm.
[%]
Oxygen 8 42872 73.00 44.35
Carbon 6 33855 57.30 34.81
Calcium 20 47791 12.65 7.68
Nitrogen 7 2198 10.10 6.14
Phosphorus 15 40759 6.96 4.23
Fluorine 9 1118 2.14 1.30
Sodium 11 3778 1.48 0.90
Magnesium 12 3700 0.96 0.59

2

4 6
Energy [KeV]

Fig.6 SEM and Elemental Microanalysis EDX in A abdominal, B transicional and C caudal vertebra of Common carp (Cyprinus carpio; Lin-

naeus, 1758)

Table 1 Semi-quantitative
elemental microanalysis in
Common carp vertebrae
(Cyprinus carpio; Linnaeus,
1758) by SEM-EDX
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Mass per cent  Abdominal Transition Caudal

(% W) Mean DE min max Mean DE min max Mean DE min max
Oxygen 463 2.8 444 495 365 1.8 352 385 35.0 1.2 3418 35.86
Carbon 320 3.1 287 348 422 3.6 393 462 412 26 3931 43.03
Calcium 6.1 43 1.3 94 77 27 48 10.1 9.5 09 8.87 10.08
Phosforus 36 24 09 56 35 1.1 23 43 43 0.1 4.2 4.33
Nitrogen 87 5.0 50 143 70 17 50 80 72 1.1 6.4 7.98
Sodium 09 02 0.7 1.1 1.1 0.2 0.9 1.2 1.2 02 1.11 1.34
Magnesium 0.7 0.1 06 08 03 0.1 02 05

Silicon 0.8 0.8 0.8

Aluminium 0.5 05 05

Fluor 1.3 1.3 1.3 05 03 02 0.7

Potasium 0.8 0.1 07 08 09 03 0.73 1.12
Chlorine 0.6 06 06 06 04 0.25 0.86
Sulfur 0.5 05 05
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2022; Barak et al. 2024). In Common carp vertebrae, the tra-
becular bone exhibits a complex network of interconnected
rods and plates that contribute to the overall mechanical
strength and flexibility of the spine (Fig. 2). This structural
arrangement allows for efficient load transfer and energy
dissipation during movements, thereby reducing the risk of
structural damage (Fiedler et al. 2019, 2021). The bone mar-
row spaces, consistent throughout the spine, vary in size
and shape, potentially reflecting functional differences in
hematopoiesis. The trabecular architecture of the vertebrae
in Common carp reflects a specific adaptation of its skeleton
for biomechanical function and structural integrity, as dem-
onstrated by the lacunarity analysis in trabecular bone tis-
sue (Dougherty and Henebry 2002). Furthermore, the close
relationship between form and function of trabecular bone
underscores the relevance of this structure in resistance and
load management (Smit et al. 1997). Previous studies have
elucidated how mechanical forces are essential for adapting
and maintaining the structure of trabecular bone, potentially
reflecting the tissue's ability to adjust to varying levels of
stress and preserve its functionality (Huiskes et al. 2000).
The variability in bone marrow spaces along the spine, indi-
cating differences in hematopoiesis, adds to the complex
functionality of the vertebrae, maintaining both structural
strength and the metabolic and hematopoietic capacities
necessary for the organism.

However, the robustness of the vertebral bodies and the
prominence of the neural and hemal arches differ among
segments (Fig. 3). The abdominal vertebrae are notable for
their greater robustness and more pronounced arches com-
pared to the transitional and caudal vertebrae. Additionally,
there is significant variability in the length and angulation
of the spinous processes, particularly elongated in the cau-
dal vertebrae. This pattern may be related to their role in
supporting the fins and participating in caudal propulsion.
Barak et al. (2024) analyzed the morphology of the vertebrae
of the grass carp, providing data that can be extrapolated
to understand the vertebral structure in the Common carp.
They report that the vertebral bodies exhibit an hourglass
shape and asymmetry between the cranial and caudal ends,
with the caudal end being more robust, suggesting a specific
adaptation to better withstand the forces generated during
active swimming and caudal propulsion. In the context of
the Common carp, this pattern of increased robustness in
the caudal vertebrae may be related to their support function
for the caudal fins and their critical role in propulsion dur-
ing swimming. The more robust vertebrae, with elongated
and angled spinous processes in the caudal region, would
help manage mechanical stress during rapid tail movements,
facilitating efficient and powerful swimming movements.
The caudal vertebrae, while sharing the amphicoelous
morphology, are distinguished by their greater articular
complexity and the prominence of the spinous processes,

suggesting an evolutionary specialization linked to the
biomechanical functions of the anal fins. Together, these
observations reflect how the overall structural coherence of
the vertebral column is modulated by adaptive variations
in each segment, reaffirming the divergent evolution of
bone structures in response to specific mechanical demands
within the axial skeleton (Moran et al. 2016). Radiographic
findings also indicated the presence of vertebral compres-
sions and fusions in mild degrees, implying alterations in
the intervertebral space rather than damage to the vertebral
bodies per se. These anomalies suggest that altered mechani-
cal load could cause the replacement of intervertebral tissue
by cartilaginous tissues, resulting in vertebral compression
and fusion. It remains unclear whether intervertebral tissue
damage in wild conditions could be due to elevated biome-
chanical demands or excessive mechanical stress (Witten
et al. 2005).

Micro-CT analysis of trabecular architecture
and bone resorption

In this study, we analyzed the intricate 3D internal struc-
ture of vertebral bodies from specimens using micro-CT
scans (Figs. 2 and 3), identifying two common structural
units: lamellar trabeculae and internal hollow spaces,
which have been previously described in teleosts (Barak
et al. 2024). Nordvik et al. (2005) observed that in Atlan-
tic salmon, trabeculae in the lateral portion of each verte-
bral body radiate and branch from the center, with densely
assembled osteoblasts covering the tips. They hypothe-
sized that vertebral bodies grow outward by selectively
adding bone at the trabeculae ends. Our findings confirm
that such trabecular structures are typical in Common
carp vertebrae. While some fish species exhibit internal
hollow spaces, these do not depend on the arrangement
of laminar trabeculae; rather, their presence varies among
species and even among closely related species (Atkins
et al. 2015). The determinants of these hollow spaces
remain unclear and warrant further investigation. How-
ever, their presence in Common carp vertebral bodies can
be a useful parameter for species identification. Notably,
the walls of these hollow spaces often display an alveo-
lar pattern due to multiple Howship lacunae, indicating
osteoclastic activity (Francillon-Vieillot et al. 1990). The
prevalence of trabeculae in the abdominal vertebrae sug-
gests bone erosion at the vertebral center, as depicted in
volume-rendered computed tomography images (Fig. 2C).
This erosion uncovers a radiated bone architecture around
the spinal canal, highlighting its mechanical properties.
Our study implies ongoing vertebral bone turnover in the
Common carp, with resorption predominating, a phe-
nomenon that further studies should confirm. This domi-
nance of bone resorption might result from accelerated
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osteoclastic processes or a reduction in basic bone forma-
tion, as described in adult eels (Lopez & Martelly-Bagot
1971; Lopez 1973). Additionally, Sakashita et al. (2019)
suggest that bone tissue adapted to withstand compres-
sion and tension is preferable, particularly in bones with
a higher trabeculae proportion, like those in abdominal
vertebrae. The higher surface-volume ratio of trabecu-
lar bone allows for extensive interaction with surround-
ing tissues, enhancing biomechanical responses such as
increased bone remodeling and strength, observed in our
histological analysis. The substantial presence of trabecu-
lae also enhances the bone's capacity to distribute forces
evenly, reducing the likelihood of fractures (Baxter et al.
2022; Sakashita et al. 2019). This trabecular architecture
functions effectively under mechanical stress, distribut-
ing forces throughout the bone structure and providing a
superior adaptation to diverse environmental conditions.

Collagen in vertebra

Type I collagen, predominantly found in the extracellular
matrix of the vertebral bodies studied, plays a crucial role
in maintaining spinal rigidity in wild fish, while its colo-
calization with non-aligned type II collagen adds viscoe-
lasticity, essential for preserving flexibility and range of
motion during swimming (Fig. 5). This collagen not only
reinforces the spinal column by distributing compres-
sive forces and resisting tension but also facilitates bone
mineralization by serving as a substrate for calcium salt
deposition, thereby increasing spinal rigidity (Yamada
et al. 2021). The composition and proportion of collagen
types in Common carp vertebrae have significant impli-
cations for both fish ecology and their nutritional value
as a supplementary food source for humans and other
animals. The presence of a higher proportion of aligned
collagen in the vertebral centrum suggests that this area
is well-suited to withstand bending and torsional forces
commonly experienced during swimming and propul-
sion, enhancing the stability and damage resistance of
the Common carp's vertebral column, thereby maintaining
its swimming performance (Donatelli et al. 2021). Fur-
thermore, since aligned collagen is involved in regulating
bone mineralization (Yamada et al. 2021), it may indicate
that the centrum has enhanced mineralization capacity,
potentially leading to a more rigid and mineralized bone
structure. However, the precise morphofunctional impli-
cations of aligned collagen concentration and proportion
in the centrum of Common carp remain unclear, as they
cannot be directly extrapolated from other species due
to potential variations among species and environmental
conditions. Thus, further research is necessary to fully
understand these effects.

@ Springer

Elemental composition and bone health in Common
carp via EDX

Our study utilized, for the first time, an EDX detector to
assess elemental composition in the bones of a wild fish,
showcasing its significant potential in investigating bone
mineralization and chemical makeup. The EDX facilitated
a precise and non-destructive evaluation of elemental dis-
tribution within the vertebral body tissue, including essen-
tial elements such as calcium, phosphorus, magnesium,
and trace elements. The most prevalent elements identified
were oxygen, carbon, and calcium, crucial for the structural
and functional integrity of bones. Oxygen and carbon are
primary components of organic tissue, whereas calcium
plays a vital role in bone mineralization. Variations in the
concentrations of these elements across different vertebral
segments might indicate local adaptations to the specific
biomechanical demands of each region (Lall & Kaushik
2021). Additionally, phosphorus, nitrogen, and magnesium
are essential for key biological processes. Phosphorus is a
critical component of bone tissue and central to bone matrix
construction and calcium regulation. Nitrogen suggests the
presence of organic compounds such as proteins and nucleic
acids, essential for tissue growth and repair. While present
in smaller quantities, magnesium is crucial for numerous
enzymatic reactions and the metabolism of calcium and
phosphorus (Kim & Jung 2007). The analysis also detected
traces of other elements like sodium, potassium, and chlo-
rine, important for osmotic regulation and neuromuscular
function. The presence of aluminum and silicon, albeit in
minor amounts, could relate to the ingestion of sediments
or particles from the fish's natural habitat, as these elements
are common in aquatic and terrestrial environments (Wetzel
& Likens 2000).

These findings are particularly crucial as they establish
a baseline for future research aimed at understanding the
relationship between nutrition, bone mineralization, and
the health of the Common carp, as well as identifying pat-
terns and factors influencing bone mineralization and health.
Calcium, detected in the vertebrae of Common carp, is pri-
marily sourced from its environment, such as the water and
food it consumes. The presence of calcium and phosphorus
was identified in the Common carp vertebrae, with a rela-
tive ratio of approximately 2:1, indicative of typical miner-
alization of mature and functional bone in areas critical for
the structural integrity and biomechanics of the vertebrae.
This is consistent with findings by Drabikova et al. (2021),
where phosphorus deficiency in the diet was linked to spinal
deformities in Atlantic salmon, including areas of unminer-
alized bone in the vertebrae, highlighting the importance of
phosphorus in proper bone mineralization. Nordvik et al.
(2005) describe how preformed bone tissues in salmonids
mineralize through specific processes, resulting in a complex
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structural organization that supports specific biomechani-
cal functionalities. This includes the formation of different
layers in the vertebral structure, where the inner layers have
an orderly laminar collagen matrix similar to that observed
in this study, crucial for structural integrity, while the outer
layers are made of spongy bone with a more woven matrix,
also playing a role in impact absorption and structural sup-
port. A deficiency in calcium or phosphorus can lead to bone
weakness, osteoporosis, and bone deformities (Cotti et al.
2020), which can impact the fish’s ability to swim, feed, and
reproduce. Based on our results, we did not observe skeletal
alterations in any of the specimens studied. Therefore, we
can infer that while the appropriate (or normal) proportion
of calcium and phosphorus is unknown in the Common carp,
our data could be considered a baseline for further studies.
We found no trace elements such as iron and zinc in the
vertebral bone tissue.

EDX adds a practical dimension crucial for understand-
ing bone health in widespread and wild fish species like
the Common carp. Since bone growth and mineralization
are inherently linked to the availability and absorption of
essential microelements such as calcium and phosphorus,
this analysis provides a solid foundation for assessing envi-
ronmental impacts on the skeletal integrity of these fish. By
identifying specific concentrations of these elements in the
vertebrae, it is possible to correlate the quality of aquatic
habitats with the bone health of carp populations, offering
an invaluable tool for conservation efforts and fisheries man-
agement. This approach not only enhances our understand-
ing of the biological processes affecting the Common carp
but also sets a precedent for similar studies in other species
of wild fish.

Limitations of the study

Research efforts have often been impeded by the destruc-
tion of anatomical samples from dissections of wild spe-
cies, such as the Common carp. To address this, micro-
CT has been adopted as a non-invasive, non-destructive
method to study vertebral anatomy. The 3D reconstruction
from micro-CT scan proved invaluable for visualizing the
spatial configuration of vertebral trabecular tissue and
has enhanced the sharing of species information in digital
libraries and museums. However, a notable limitation of
3D reconstruction is the poor visibility of certain struc-
tures, complicating the delineation of some vertebrae and
the identification of specific arches, spines, and trabecu-
lae due to image shading. This study confirms that the
morphology of Common Carp vertebrae aligns with the
species’ ecology and phylogeny, allowing comparisons
with similarly habituated and closely related animals. The
use of radiographic and tomographic imaging for observ-
ing complete skeletons was found to be complementary,

suggesting that the findings could significantly support
further research and serve as a valuable reference for
identifying wild fish. A further limitation of our study
revolves around the lack of detailed information regard-
ing the size and number of fish used, an inherent challenge
when dealing with wild specimens such as the Common
carp. We addressed this limitation by utilizing measures
of approximate length (around 36 cm), which provides a
reliable indicator of the developmental stage and maturity
of the species, as evidenced by similar methodologies in
ecological and fish biology research (Johnson et al., 2005).
Although the sample size was limited to six fish, this num-
ber aligns with the standards for preliminary and explora-
tory studies in vertebrate biology, where larger sample
sizes may not be feasible due to conservation concerns and
ethical considerations (Smith & Brown, 2010). To mitigate
the impact of this limitation on our findings, we employed
rigorous statistical methods to ensure that our results are
robust and reflective of broader patterns within the popula-
tion, thus providing valuable insights despite the sample
size constraints. Additionally, future studies could leverage
collaborative efforts with fisheries and wildlife agencies to
access a broader range of specimens, thereby enhancing
the generalizability of the research outcomes.

In conclusion, the morphological study of the vertebrae
of the Common carp using micro-CT and EDX has revealed
a complex and heterogeneous vertebral structure, character-
ized by a series of lamellar trabeculae and internal hollow
spaces. These structural features are consistent across the
studied vertebral regions, with each vertebra displaying a
distinctive amphicoelous body that reflects its primary struc-
tural function. Histologically, an internal architecture was
observed, which includes radially oriented bone trabeculae
around a central core, providing a spongy texture crucial for
the biomechanical functionality of the spine. Furthermore,
a predominant pattern of aligned type I collagen was iden-
tified, essential for vertebral rigidity and bone mineraliza-
tion, thereby facilitating the deposition of calcium salts that
increase vertebral stiffness. Analysis using SEM and EDX
allowed for a precise and non-destructive evaluation of the
elemental composition in the bone tissues of the vertebrae,
revealing the presence of essential elements such as calcium,
phosphorus, magnesium, as well as other trace elements.
These elements play a vital role in the structural and func-
tional integrity of the bones, indicating adequate mineraliza-
tion without signs of active bone pathologies. This in-depth
analysis of vertebral morphology and elemental composi-
tion provides a detailed understanding of the bone structure
in the Common carp, highlighting the sophistication of its
vertebral anatomy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00435-024-00683-2.

@ Springer


https://doi.org/10.1007/s00435-024-00683-2

Zoomorphology

Acknowledgements . The authors acknowledge the support of PUCV-
DI 039.407/2021 (PS) for Innovative Interdisciplinary Research and the
Plataforma Experimental Bio-CT, Faculty of Dentistry, Universidad
de Chile (FONDEQUIP EQM150010), for conducting the Micro-CT
analysis.

Authors’ contributions Study conception and anatomical description
were performed by A.N, F.V, F.N and P.S. The histological technique
and description were performed by C.S and P.S. Data collection and the
first draft of the manuscript was written by A.N, F.V, F.N and P.S. All
authors contributed to data analysis, discussion and approved the final
manuscript. Paulo Salinas was responsible for supervision of the study.

Funding No funds, grants or other support was received.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Conflict of interest The authors declare no competing interests.

Ethical approval Approval by research ethics committees was not
required to achieve the objectives. Skeleton care and handling were
carried out in accordance with Chilean Law 20.380.

References

Ahmed S, Jaffar R (2022) Effect of salt stress on energy usage and
growth in grass carp Ctenopharyngodon idella (Valenciennes,
1844) and common carp Cyprinus carpio L. juveniles. Iraqi J
Agric Sci 10(1):1-24

Arratia G, Schultze HP, Casciotta J (2001) Vertebral column and asso-
ciated elements in dipnoans and comparison with other fishes:
development and homology. J Morphol 250:101-172. https://doi.
org/10.1002/jmor.1062

Atkins A, Milgram J, Weiner S, Shahar R (2015) The response of
anosteocytic bone to controlled loading. J Exp Biol 218:3559—
3569. https://doi.org/10.1242/jeb.124073

Barak MM, Schlott J, Gundersen L, Diaz G, Rhee V, Villoth N, Ferber
A, Blair S (2024) Morphological examination of abdominal verte-
bral bodies from grass carp using high-resolution micro-CT scans.
J Anat 245:84-96. https://doi.org/10.1111/joa.14032

Bauer C, Schlott G (2006) Reaction of common carp (Cyprinus carpio,
L.) to oxygen deficiency in winter as an example for the suitability
of radio telemetry for monitoring the reaction of fish to stress fac-
tors in pond aquaculture. Aquac Res 37:248-254. https://doi.org/
10.1111/5.1365-2109.2005.01426.x

Baxter D, Cohen KE, Donatelli CM, Tytell ED (2022) Internal verte-
bral morphology of bony fishes matches the mechanical demands
of different environments. Ecol Evol 12:9499. https://doi.org/10.
1002/ece3.9499

Berillis P (2015) Factors that can lead to the development of skeletal
deformities in fishes: a review. J Fish Sci 9:17-23

CONAF (1999) Plan de Manejo Reserva Nacional Lago Pefiuelas.
Santiago, Chile

Cotti S, Huysseune A, Koppe W, Riicklin M, Marone F, Wolfel EM,
Fiedler IAK, Busse B, Forlino A, Witten PE (2020) More bone
with less minerals? The effects of dietary phosphorus on the post-
cranial skeleton in zebrafish. Int J Mol Sci 21:5429. https://doi.
org/10.3390/ijms21155429

Crichigno S, Cordero P, Blasetti G, Cussac V (2016) Dispersion of
the invasive common carp Cyprinus carpio in southern South

@ Springer

America: changes and expectations, westward and southward. J
Fish Biol 89:403-416. https://doi.org/10.1111/jfb.12969

Criswell KE, Coates M, Gillis J (2017) Embryonic origin of the
gnathostome vertebral skeleton. Proc Biol Sci. https://doi.org/
10.1098/rspb.2017.2121

De Clercq A, Perrott M, Davie P, Preece M, Wybourne B, Ruff N,
Huysseune A, Witten P (2017) Vertebral column regionalisation
in Chinook salmon. J Anat, Oncorhynchus tshawytscha. https://
doi.org/10.1111/joa.12655

Direccién General de Aguas (DGA) (2022) Informacién Pluviomé-
trica, Fluviométrica, Estado de Embalses y Aguas Subterraneas.
Boletin N°528-534, MES Abril - Octubre

Donatelli CM, Roberts AS, Scott E, DeSmith K, Summers D, Abu-
Bader L, Baxter D, Standen EM, Porter ME, Summers AP,
Tytell ED (2021) Foretelling the flex-vertebral shape predicts
behavior and ecology of fishes. Integr Comp Biol. https://doi.
org/10.1093/icb/icab110

Dougherty G, Henebry GM (2002) Lacunarity analysis of spatial
pattern in CT images of vertebral trabecular bone for assess-
ing osteoporosis. Med Eng Phys 24:129-138. https://doi.org/
10.1016/S1350-4533(01)00106-0

Drabikova L, Fjelldal PG, De Clercq AMN, Morken T, McGurk
C, Witten PE (2021) Vertebral column adaptations in juvenile
Atlantic salmon Salmo salar, L. as a response to dietary phos-
phorus. Aquaculture 541:736776. https://doi.org/10.1016/j.
aquaculture.2021.736776

Eastman JT, Witmer LM, Ridgely RC, Kuhn KL (2014) Divergence
in skeletal mass and bone morphology in antarctic notothenioid
fishes. J] Morphol 275:841-861. https://doi.org/10.1002/jmor.
20258

Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin
JC, Pujol S, Bauer C, Jennings D, Fennessy F, Sonka M, Buatti
J, Aylward S, Miller JV, Pieper S, Kikinis R (2012) 3D Slicer
as an image computing platform for the quantitative imaging
network. Magn Reson Imaging 30:1323-1341. https://doi.org/
10.1016/j.mri.2012.05.001

Fiedler IAK, Zeveleva S, Duarte A, Zhao X, Depalle B, Cardoso L,
Jin S, Berteau JP (2019) Microstructure, mineral and mechani-
cal properties of teleost intermuscular bones. J Biomech 94:59—
66. https://doi.org/10.1016/j.jbiomech.2019.07.009

Fiedler IAK, Elmogazy O, Courtemanche G, Cardoso L, Berteau JP
(2021) Bones of teleost fish demonstrate high fracture strain. J
Biomech 120:110341. https://doi.org/10.1016/j.jbiomech.2021.
110341

Fjelldal PG, Totland GK, Hansen T, Kryvi H, Wang X, Sgndergaard
JL, Grotmol S (2013) Regional changes in vertebra morphology
during ontogeny reflect the life history of Atlantic cod (Gadus
morhua L.). J Anat 222:615-624. https://doi.org/10.1111/joa.
12049

Francillon-Vieillot H, de Buffrénil V, Castanet J, Géraudie J, Meunier
FJ, Sire JY, Zylberberg L, de Ricqles A (1990) Microstructure and
mineralization of vertebrate skeletal tissues. In: Carter JG (ed)
Skeletal Biomineralization: Patterns, Processes and Evolutionary
Trends. Van Nostrand Reinhold, New York, pp 471-529

Global Invasive Species Database (GISD) (2023) Species profile Cypri-
nus carpio. Retrieved January 13, 2023, from http://www.iucng
isd.org/gisd/species.php?sc=60

Habit E, Dyer B, Vila I (2006) Current state of knowledge of freshwa-
ter fishes of Chile. Gayana 70:100-113. https://doi.org/10.4067/
S0717-65382006000100016

Hailu M (2013) Reproductive aspects of common carp (Cyprinus car-
pio L, 1758) in a tropical reservoir (Amerti: Ethiopia). J Ecol
Nat Environ 5:260-264. https://doi.org/10.5897/JENE2013.0387

Horvéth L (2019) Egg development (oogenesis) in the common carp
(Cyprinus carpio L.). Recent Adv Aquac. https://doi.org/10.1007/
978-1-4684-8736-7_2


https://doi.org/10.1002/jmor.1062
https://doi.org/10.1002/jmor.1062
https://doi.org/10.1242/jeb.124073
https://doi.org/10.1111/joa.14032
https://doi.org/10.1111/j.1365-2109.2005.01426.x
https://doi.org/10.1111/j.1365-2109.2005.01426.x
https://doi.org/10.1002/ece3.9499
https://doi.org/10.1002/ece3.9499
https://doi.org/10.3390/ijms21155429
https://doi.org/10.3390/ijms21155429
https://doi.org/10.1111/jfb.12969
https://doi.org/10.1098/rspb.2017.2121
https://doi.org/10.1098/rspb.2017.2121
https://doi.org/10.1111/joa.12655
https://doi.org/10.1111/joa.12655
https://doi.org/10.1093/icb/icab110
https://doi.org/10.1093/icb/icab110
https://doi.org/10.1016/S1350-4533(01)00106-0
https://doi.org/10.1016/S1350-4533(01)00106-0
https://doi.org/10.1016/j.aquaculture.2021.736776
https://doi.org/10.1016/j.aquaculture.2021.736776
https://doi.org/10.1002/jmor.20258
https://doi.org/10.1002/jmor.20258
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.jbiomech.2019.07.009
https://doi.org/10.1016/j.jbiomech.2021.110341
https://doi.org/10.1016/j.jbiomech.2021.110341
https://doi.org/10.1111/joa.12049
https://doi.org/10.1111/joa.12049
http://www.iucngisd.org/gisd/species.php?sc=60
http://www.iucngisd.org/gisd/species.php?sc=60
https://doi.org/10.4067/S0717-65382006000100016
https://doi.org/10.4067/S0717-65382006000100016
https://doi.org/10.5897/JENE2013.0387
https://doi.org/10.1007/978-1-4684-8736-7_2
https://doi.org/10.1007/978-1-4684-8736-7_2

Zoomorphology

Huiskes R, Ruimerman R, van Lenthe GH, Janssen JD (2000) Effects
of mechanical forces on maintenance and adaptation of form in
trabecular bone. Nature 405:704-706. https://doi.org/10.1038/
35015116

Inohaya K, Takano Y, Kudo A (2007) The teleost intervertebral region
acts as a growth center of the centrum: In vivo visualization of
osteoblasts and their progenitors in transgenic fish. Dev Dyn.
https://doi.org/10.1002/dvdy.21329

Kardong KV (2013) Vertebrates: Comparative Anatomy, Function,
Evolution, 7th edn. McGraw-Hill Higher Education, Boston, USA

Kim S, Jung W (2007) Fish and Bone as a Calcium Source 2007:328-
339. https://doi.org/10.1533/9781845692087.2.328

Laerm J (1976) The development, function, and design of amphicoe-
lous vertebrae in teleost fishes. Zool J Linn Soc 58:237-254.
https://doi.org/10.1111/j.1096-3642.1976.tb00830.x

Lall SP, Kaushik SJ (2021) Nutrition and metabolism of minerals in
fish. Animals 11:2711. https://doi.org/10.3390/ani11092711

Liang L, Chang Y, He X, Tang R (2015) Transcriptome analysis to
identify cold-responsive genes in Amur carp (Cyprinus carpio
haematopterus). PLoS ONE 10:e0130526. https://doi.org/10.
1371/journal.pone.0130526

Lopez E (1973) Eutude morphologique et physiologique de 1’os cel-
lulaire des poissons teleosteens. Mém Mus Natl Hist Nat 80:1-90

Lopez E, Martelly-Bagot E (1971) L'os cellulaire d’un poisson téléos-
téen, Anguilla anguilla L. 3. Etude histologique et histophysique
au cours de la maturation provoquée par injections d’extrait hypo-
physaire de carpe. Z Zellforsch Mik Ana 117:176-190

Malik A, Abbas G, Jabbar A, Shah S, Muhammad A (2018) Effect of
different salinity level on spawning, fertilization, hatching and
survival of common carp, Cyprinus carpio (Linnaeus, 1758) in
semi-artificial environment. Iran J Fish Sci 17:790-804. https:/
doi.org/10.22092/1JFS.2018.116857

Moran C, Ferry L, Gibb A (2016) Why does Gila elegans have a bony
tail? A study of swimming morphology convergence. Zoology
119:175-181. https://doi.org/10.1016/j.z001.2016.03.002

Mubarik MS, Asad F, Zahoor MK, Abid A, Ali T, Yaqub S, Ahmad
S, Qamer S (2019) Study on survival, growth, haematology and
body composition of Cyprinus carpio under different acute and
chronic salinity regimes. Saudi J Biol Sci 26:999-1002. https://
doi.org/10.1016/j.sjbs.2018.12.013

Naseka AM (1996) Comparative study on the vertebral column in the
Gobioninae (Cyprinidae, Pisces) with special reference to its sys-
tematics. Publ Espec Inst Esp Oceanogr 21:149-167

Nordvik K, Kryvi H, Totland G, Grotmol S (2005) The salmon ver-
tebral body develops through mineralization of two preformed
tissues that are encompassed by two layers of bone. J Anat. https://
doi.org/10.1111/5.1469-7580.2005.00372.x

Prochelle O, Campos H (2008) The biology of the introduced carp
Cyprinus carpio L., in the river Cayumapu, Valdivia. Chile J Appl
Ichthyol 20:65-82. https://doi.org/10.1080/01650528509360673

Rahman MM (2015) Role of common carp (Cyprinus carpio) in aqua-
culture production systems. Front Life Sci 8:399-410. https://doi.
org/10.1080/21553769.2015.1045629

Rolfe S, Pieper S, Porto A, Diamond K, Winchester J, Shan S, Kirve-
slahti H, Boyer D, Summers A, Maga AM (2021) SlicerMorph:
An open and extensible platform to retrieve, visualize and analyze
3D morphology. Methods Ecol Evol 12:1816-1825. https://doi.
org/10.1101/2020.11.09.374926

Sakashita M, Sato M, Kondo S (2019) Comparative morphological
examination of vertebral bodies of teleost fish using high-reso-
lution micro-CT scans. J] Morphol 280:778—-795. https://doi.org/
10.1002/jmor.20983

Salinas P, Miglino MA, Del Sol M (2016) Quantification of collagen
fibers in canine uteri treated with medroxyprogesterone acetate.
Pesq Vet Bras 36:1221-1226. https://doi.org/10.1590/S0100-
736X2016001200014

Salinas P, Sanhueza J, Sandoval C (2018) Color-based segmentation
vs. stereology: a simple comparison between two semi-automated
methods of image analysis for the quantification of collagen. Int
J Morphol 36:1118-1123. https://doi.org/10.4067/S0717-95022
018000301118

Schultze HP, Arratia G (2013) The caudal skeleton of basal teleosts,
its conventions, and some of its major evolutionary novelties in
a temporal dimension. In: Arratia G, Schultze HP, Wilson MVH,
eds. Mesozoic Fishes 5-Global Diversity and Evolution. Munich:
Dr. Friedrich Pfeil. p. 187-246. Available from: https://www.antik
makler.de/bv516482-en

Sfakianakis DG, Koumoundouros G, Divanach P, Kentouri M (2004)
Osteological development of the vertebral column and of the
fins in Pagellus erythrinus (L. 1758). Temperature effect on the
developmental plasticity and morpho-anatomical abnormalities.
Aquaculture 232:407—-424. https://doi.org/10.1016/j.aquaculture.
2003.08.014

Smit TH, Odgaard A, Schneider E (1997) Structure and function of
vertebral trabecular bone. Spine 22:2823-2833. https://doi.org/
10.1097/00007632-199712150-00005

Vajargah M, Vatandoust S (2022) An overview of carp. J Biomed Res
Environ Sci. https://doi.org/10.37871/jbres1616

Vilizzi L, Copp GH (2017) Global patterns and clines in the growth of
common carp Cyprinus carpio. J Fish Biol 91:3—40. https://doi.
org/10.1111/jfb.13346

Wei X, Yao T, Fall EN, Xue M, Liang X, Wang J, Du W, Gu X (2021)
An integrated bile acids profile determination by UHPLC-MS/MS
to identify the effect of bile acids supplement in high plant protein
diet on common carp (Cyprinus carpio). Foods 10:2465. https://
doi.org/10.3390/foods 10102465

Wetzel R, Likens G (2000) Inorganic nutrients: nitrogen, phosphorus,
and other nutrients. In: Wetzel RG, Likens GE (eds) Limnological
Analyses. Springer, New York, pp 85-111

Witten PE, Hall BK (2015) Teleost skeletal plasticity: modulation,
adaptation, and remodelling. Copeia 103:727-739. https://doi.org/
10.1643/CG-14-140

Witten PE, Gil-Martens L, Hall BK, Huysseune A, Obach A (2005)
Compressed vertebrae in Atlantic salmon Salmo salar: evidence
for metaplastic chondrogenesis as a skeletogenic response late
in ontogeny. Dis Aquat Org 64:237-246. https://doi.org/10.3354/
dao064237

Xu P, Zhang X, Wang X, Li J, Liu G, Kuang Y, Xu J, Zheng X, Ren
L, Wang G, Zhang Y, Huo L, Zhao Z, Cao D, Lu C, Li C, Zhou
Y, Liu Z, Fan Z, Shan G, Sun X (2014) Genome sequence and
genetic diversity of the common carp, Cyprinus carpio. Nat Genet
46:1212-1219. https://doi.org/10.1038/ng.309

Yamada S, Yamamoto K, Nakazono A, Matsuura T, Yoshimura A
(2021) Functional roles of fish collagen peptides on bone regen-
eration. Dent Mater J 40:1295-1302. https://doi.org/10.4012/dmj.
2020-446

Zhao ZX, Xu P, Cao DC, Kuang YY, Deng HX, Zhang Y, Xu LM,
LiJT, Xu J, Sun XW (2014) Duplication and differentiation of
common carp (Cyprinus carpio) myoglobin genes revealed by
BAC analysis. Gene 548:210-216. https://doi.org/10.1016/j.gene.
2014.07.034

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1038/35015116
https://doi.org/10.1038/35015116
https://doi.org/10.1002/dvdy.21329
https://doi.org/10.1533/9781845692087.2.328
https://doi.org/10.1111/j.1096-3642.1976.tb00830.x
https://doi.org/10.3390/ani11092711
https://doi.org/10.1371/journal.pone.0130526
https://doi.org/10.1371/journal.pone.0130526
https://doi.org/10.22092/IJFS.2018.116857
https://doi.org/10.22092/IJFS.2018.116857
https://doi.org/10.1016/j.zool.2016.03.002
https://doi.org/10.1016/j.sjbs.2018.12.013
https://doi.org/10.1016/j.sjbs.2018.12.013
https://doi.org/10.1111/j.1469-7580.2005.00372.x
https://doi.org/10.1111/j.1469-7580.2005.00372.x
https://doi.org/10.1080/01650528509360673
https://doi.org/10.1080/21553769.2015.1045629
https://doi.org/10.1080/21553769.2015.1045629
https://doi.org/10.1101/2020.11.09.374926
https://doi.org/10.1101/2020.11.09.374926
https://doi.org/10.1002/jmor.20983
https://doi.org/10.1002/jmor.20983
https://doi.org/10.1590/S0100-736X2016001200014
https://doi.org/10.1590/S0100-736X2016001200014
https://doi.org/10.4067/S0717-95022018000301118
https://doi.org/10.4067/S0717-95022018000301118
https://www.antikmakler.de/bv516482-en
https://www.antikmakler.de/bv516482-en
https://doi.org/10.1016/j.aquaculture.2003.08.014
https://doi.org/10.1016/j.aquaculture.2003.08.014
https://doi.org/10.1097/00007632-199712150-00005
https://doi.org/10.1097/00007632-199712150-00005
https://doi.org/10.37871/jbres1616
https://doi.org/10.1111/jfb.13346
https://doi.org/10.1111/jfb.13346
https://doi.org/10.3390/foods10102465
https://doi.org/10.3390/foods10102465
https://doi.org/10.1643/CG-14-140
https://doi.org/10.1643/CG-14-140
https://doi.org/10.3354/dao064237
https://doi.org/10.3354/dao064237
https://doi.org/10.1038/ng.309
https://doi.org/10.4012/dmj.2020-446
https://doi.org/10.4012/dmj.2020-446
https://doi.org/10.1016/j.gene.2014.07.034
https://doi.org/10.1016/j.gene.2014.07.034

	Anatomy, 3D micro-CT and semiquantitative elemental microanalysis in common carp vertebrae (Cyprinus carpio; Linnaeus, 1758)
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Structural diversity of the vertebra in the common carp
	Radiographic analysis of vertebral morphology
	Micro-CT analysis of trabecular architecture and bone resorption
	Collagen in vertebra
	Elemental composition and bone health in Common carp via EDX
	Limitations of the study

	Acknowledgements 
	References


