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Poor rib health in Atlantic salmon (Salmo salar L.) can lead to negative effects on welfare and fillet quality. The
present research aimed to enhance the comprehension of long-term rib morphology within a broader muscu-
loskeletal framework of harvest-sized salmon (3 kg), examining a population fed different smoltification diets.
Generally, X-ray examinations revealed the highest concentration of abnormalities in the anterior-central area of
the rib cage, and the mid-distal rib parts. The different diets, based on either marine (M-group) or vegetal (V-
group) ingredients, modulated the morphology of the ribs in the central area of the rib cage. Compared to the V-
group, the M-group had a lower prevalence of generalized radiolucency (GR) (19 vs. 26% of mid-distal rib parts),
and axis deformations/malformations (12 vs. 17% of mid rib parts). Histological examination of GR, unrelated to
near inflammatory processes, revealed potential degradation/transformation of central core chondrocytes to
mesenchymal-like cells. The newly formed cavity progressed/expanded through osteolysis until it reached the
periosteum. In parallel, there were progressive alterations of the concentric appositional growth pattern of the
compact bone, with an increase of the external collagen layer under the cellular periosteum. Disorganized
collagen-rich islands were also seen in the compact bone, as were signs of new osteoid deposition in the cavity.
The degenerative process in GR was accompanied by an 18-20% increase in the cross-sectional diameter of the
rib. The M-group presented numerically higher mechanical rib strength (p = 0.06), and phosphorus content (p =
0.07). The sensitivity of rib morphology to smoltification diet was higher than vertebrae in the long-term. This
study enhances understanding of the etiology of the primary morphological rib abnormalities in Atlantic salmon,
particularly in GR, by providing detailed histomorphology of pathological changes. The study associates these
changes with altered rib development, degeneration, and possibly osteomalacia.

1. Introduction

Understanding the skeletal health of Atlantic salmon (Salmo salar L.),
is of critical importance, as it is essential for the shape and protection of
soft tissues, structure support, and swimming (Gray, 1957; Kryvi and
Poppe, 2016). Poor skeleton health directly impacts fish welfare (Noble
et al., 2018), but also business profitability as it negatively affects fish
growth (Hansen et al., 2010), product and technological quality of fillets
(Currey, 2003; Haugarvoll et al., 2010; Sullivan et al., 2007). Currently,
salmon bone research is focused on vertebral health (Drabikova et al.,
2021, 2022; Witten et al., 2019), while there has been much less focus
on the rib cage. Rib (pleurapophysis) morphology, mechanical properties
and chemical composition of cellular and acellular bone have already
been studied in several fish species (Cohen et al., 2012; De Clercq et al.,
2017; Horton and Summers, 2009; Jiao et al., 2020; Soliman, 2018).
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Although rib malformations have been described in zebrafish (Danio
rerio) (Akama et al., 2020), and rainbow trout (Oncorhynchus mykiss)
(Gislason et al., 2010), to our knowledge, only a few studies focus on
Atlantic salmon.

Recently, Jiménez-Guerrero et al. (2022) and later Brimsholm et al.
(2023) used X-ray and histology to explore rib morphology and its
relationship with red (acute; hemorrhages) and black (chronic) focal
dark spots (DS) of fillets, the largest fillet quality concern of farmed
salmon (Nordberg, 2018). They described the presence of deviations
along the proximo-distal axis (axis deviations), changes in radiodensity,
and fractures in farmed and wild salmon. Jiménez-Guerrero et al. (2022)
reported occurrence of eight different types of morphological rib ab-
normalities in the rib cage, where the number of axis deviations,
generalized radiolucency (dark X-ray appearance indicating lower
mineral density), shorter or missing rib parts, radiolucent and
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radiopaque (light X-ray appearance indicating high mineral density)
calluses may depend on the life stage and growing environment. The
transition from fresh- to seawater appeared to be critical, causing
increasing generalized radiolucency and shorter or missing ribs. Among
different etiological factors, traumatic events causing rib cage defor-
mation/damage, local inflammatory processes, and time-specific dietary
deficiencies were suggested.

Skeletal malformations usually develop during early life stages
(Baeverfjord et al., 2018; Fjelldal et al., 2009; Vielma and Lall, 1998).
Though Brimsholm et al. (2023) suggested that generalized radiolu-
cency and axis deviations in ribs are a normal morphological variation,
Baeverfjord et al. (1998) previously reported axis deviations in the form
of malformed wrinkly ribs (irregularity in surface contour marked by
folds, creases, and ridges) and mechanical deterioration in response to a
phosphorus (P) deficient diet during fresh and seawater phases. Later,
Roberts et al. (2001) observed similar findings associated with dietary P
and vitamin C deficiency during early life stages. While many of these
studies are primarily descriptive, our understanding of salmon rib health
remains nascent. Hence, the present study aimed to improve the un-
derstanding of rib abnormalities of adult Atlantic salmon and to reveal
whether abnormal rib morphology is influenced by smoltification
feeding.

2. Material and methods
2.1. Fish material

Atlantic salmon eggs of common genetic origin (BO 1-20, AS Bolaks,
Eikelandsosen, Bjgrnafjorden, Norway) were hatched at the Research
Station for Sustainable Aquaculture (Nofima, Sunndalsgra, Mgre and
Romsdal, Norway) December 6th 2019. On July 7th 2020 1600 fish
averaging 30 g were PIT-tagged and fed either a marine-based diet (M-
group) or a vegetal-based diet (V-group) in quadruplicate tanks per di-
etary treatment (n = 200 per tank; flow-through; tank volume, 0.5 m®)
(Supplementary 1, Supplementary 2, and Supplementary 3). Smoltifi-
cation was induced following a 12:12 Light:Dark hours regime from July
13th 2020. On August 26 — 27th 2020, all fish were vaccinated with
Alpha JECT® micro 6 by hand injection (PHARMAQ AS, Overhalla,
Norway). Smoltification status was checked by challenge test, plasma
osmolality determination, chloride content, and gill Na®, Kt-ATPase
activity on September 4th, 11th, and 15th 2020 (n = 12, 12, and 12)
(Clarke et al., 1996). On September 16th 2020, 25 fish from each tank (n
= 100 per dietary treatment) were mixed and randomly transferred to
two seawater tanks (flow-through; 3 m?). Fish were fed a standard
commercial diet with pellet size and composition adjusted to fish size
according to feed producer recommendations (Skretting, Stavanger,
Norway) during the entire seawater phase. The light regime was
continuous, tank biomass was kept under 30 kg/m? by splitting the fish
into two to three (February 12th 2020) and four (June 1st 2020) tanks,
and water flow was 100 1/min. On 22nd July 2021, 168 fish (n = 84 per
dietary group; n = 21 per original quadruplicate tank; 2.6 kg average
body weight) were carefully transferred to a large common tank (flow-
through; 103 m®), where experience from the research station has shown
that DS can develop. The water flow gradually increased from 700 to
1200 1/min, and the light regime was kept continuous. On September
16th — 17th 2021 (3 kg average body weight), the experiment was
terminated. More details about the experiment can be found in Sup-
plementary 4 and Supplementary 5.

2.2. Diets

The test diets were produced by extrusion at the Aquafeed Tech-
nology Centre (Nofima, Bergen, Norway). Diets were qualitatively
different, isoenergetic, and of similar pellet size (2 mm). While the M-
group diet was formulated with exclusively fish meal and oil, and wheat
starch (binder), the V-group diet was formulated using soy protein
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concentrate, wheat gluten, corn gluten, and rapeseed oil. The raw
formulation and composition of the M- and V-group diets are presented
in Supplementary 1, Supplementary 2, and Supplementary 3. Pellet
properties are described in Karki (2022).

Test and standard feed samples were homogenized and analyzed for
protein (ISO5983-2, 2009), fat (EC152, 2009), dry matter (ISO6496,
1999), ash content (ISO5984, 2002), fiber (AOCSBa6a-05, 2017), com-
bustion value (energy) (ISO9831, 1998), total starch and free astax-
anthin (BioLab internal protocol, Nofima, Bergen, Norway), and amino
acid composition (ISO13903, 2005). The fatty acid composition was
determined by gas chromatography (GC) as fatty acids methyl esters
using 23:0 as the internal standard. The concentrations of calcium (Ca),
P, magnesium (Mg), potassium (K), sodium (Na), zinc (Zn), iron (Fe),
manganese (Mn), and copper (Cu) were determined spectrophotomet-
rically after digestion with acid using an MP-AES (Microwave Plasma
Atomic Emission Spectrometer) (Agilent Technologies, Santa Clara,
California, USA). Soluble P was indirectly estimated by the colorimetric
detection (880 nm absorption) of ascorbic acid-molybdate phosphate on
a spectrophotometer (Shimadzu UVmini 1210, Shimadzu Europe,
Duisburg, Germany) (ISO6878, 2004).

2.3. Sampling

Fish were sampled three times during the experimental period;
September 16th 2020 (prior to seawater transfer), December 3rd 2020
(10 weeks after seawater transfer), and September 16th — 17th 2021
(harvest). Fish for analyses after seawater transfer were sampled rep-
resenting the original dietary tanks in freshwater based on PIT-tags
readings. At sampling, fish were euthanized by an overdose of MS-222
(Metacaine 0.1 g 1 — 1; Alpharma, Animal Health Ltd., Hampshire,
UK) before blood was collected from the caudal vein. Thereafter, fish
were bled out by the gill section, and individual weight and length were
recorded. On September 16th 2020, randomly selected fish were
sampled from three tanks per dietary treatment (n = 15 per dietary
group). All fish were sampled for blood, gutted and kept at —20 °C for X-
ray and mineral analyses. On December 3rd 2020 (n = 50 per dietary
group), blood samples were taken from 10 fish per dietary group. The
presence of DS was recorded (n = 40 per dietary group). A group of
gutted fish (n = 10 per dietary group) was kept at —20 °C for X-ray
analyses. On September 16th — 17th 2021, at harvest (n = 80 per dietary
group), blood samples were taken from 12 fish per dietary group. The
abdominal right-side wall (parietal peritoneum, rib, and adjacent skel-
etal muscle) corresponding to rib numbers 11 to 14 at the mid position
(median region between proximal rib head and distal tip) of the ribs was
sampled for histomorphology examinations of 12 fish per dietary group.
These samples and DS (red, n = 4; black, n = 3) were fixed in formalin
(10% phosphate-buffered formalin, pH 7.0, 4 °C). Twenty fish per di-
etary treatment were filleted pre-rigor and transported in styrofoam
boxes with ice to Nofima As laboratory for fillet quality analysis (color,
firmness, gaping, and DS) after five days, whereas a group of 40 gutted
fish per dietary group was kept at —20 °C for X-ray, mechanical prop-
erties and mineral analyses of ribs and vertebrae. Strength and mineral
analyses of the rib cage (n = 12 per dietary group) and vertebrae (n = 20
per dietary group) were performed using selected fish with no vertebrae
abnormalities.

2.4. X-ray

X-rays of frozen fish and formalin-fixed material were performed at
the Nofima radiography laboratory in Sunndalsgra. Samples of fish prior
to and after seawater transfer, the right and left sides of the rib cage of
fish at harvest, and targeted formalin-fixed samples of fish at harvest
were X-rayed using an IMS Giotto mammography equipment (Giotto,
Pontecchio Marconi, BO, Italy), with 20 pixels per mm? resolution,
exposure at 22 kV and 100 mAs. For gutted fish sampled at harvest, X-
rays were taken using a semi-digital computed radiography system (Fuji
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Medical AS, Oslo, Norway). Prior to rib cage X-rays, frozen gutted bodies
were thawed at 4 °C for three days. Rib cages were cut and trimmed at
room temperature. Images were taken on coated photo-reactive phos-
phorous imaging plates Fujifilm Computed Radiography (FCR) (Fuji-
film, Tokyo, Japan), and read using FCR Profect Reader (Fujifilm,
Tokyo, Japan). Sample preparation and evaluation of rib morphology at
proximal, mid and distal parts, as well as at the anterior (ribs 1-7),
central (ribs 8-15) and posterior (ribs 16-22) areas of the rib cage were
performed according to Jiménez-Guerrero et al. (2022). Evaluation of
vertebral morphology was done similarly to Bou et al. (2017) and
Fjelldal et al. (2007). However, major morphological abnormalities like
compression, fusion, and cross-stitch were distinguished from deviations
in vertebra width or length (X) versus height (Y) (X:Y ratio) (Bou et al.,
2017), and internal structural malformation of the vertebral body
(Witten et al., 2019). The impaired mineralization score was performed
according to the scale in Supplementary 6. After X-ray analyses, fish
sampled prior to seawater transfer were pooled per original freshwater
tank based on the PIT-tag numbers and stored at —20 °C for mineral
analyses. Rib cage skeletons and vertebrae from vertebra number 31 to
41 of harvest fish were kept at 4 °C for mechanical analysis. Formalin-
fixed material was stored at 4 °C.

2.5. Histology

Formalin-fixed samples were decalcified (EDTA 10%; pH 7) at room
temperature for two weeks, before they were dehydrated, embedded in
paraffin wax, and sectioned at 2-2.5 pm. Sections of the abdominal wall
were performed horizontally at the center of the sample to obtain a
cross-sectional view of 3—4 ribs and adjacent tissues (Supplementary 7).
DS were sectioned parallel to the parietal peritoneum. Sections were
mounted on glass slides, stained with Haematoxylin and Eosin, Periodic
acid-Schiff, Movat Pentachrome, and Picro Sirius Red, scanned using
NanoZoomer S360 (C13220-01, Hamamatsu Photonics K-K, Hama-
matsu, Japan), and visualized with NDP.view.2 (v.2.7.43, Hamamatsu
Photonics K-K, Hamamatsu, Japan). Picro Sirius Red-stained sections
were inspected under polarized light by a Leica DM6B Light microscope
with a DMC4500 Digital Camera (Leica Microsystems, Wetzlar, Ger-
many) at 90° (cross polarization), and for confocal microscopy with a
Leica TCS SP5 Confocal laser scanning microscope (Leica Microsystems,
Wetzlar, Germany) using two channels (emission bandwidth, 496 nm —
554 nm and 574 nm - 644 nm).

The morphometry of the ribs was evaluated using the transverse
fascia as a reference point. The parallel line, representing the combined
thickness of the rib bone, periosteum, and adjacent fat (referred to as the
rib cluster), was collected at the rib’s center (Supplementary 7). The
cross-sectional micro-organization of the compact bone from normal (n
= 4) and abnormal ribs (n = 6) was studied by gray level co-occurrence
matrix texture analysis, using the ImageJ software (v1.52s, U. S. Na-
tional Institutes of Health, Bethesda, USA), plug-in “GLCM Texture” on
Picro Sirius Red-stained images. Prior to grayscale transformation (8-bit
images), images from individual ribs and adjacent soft tissues were
generated, and histogram equalized. Then, compact bone was manually
selected (Supplementary 8) to perform the gray level co-occurrence
matrix texture analysis with the size of the step-in pixels set to 1 using
0 and 90° directions. The following parameters were extracted (Zaletel
et al., 2017): angular second moment and inverse difference moment as
measures of image homogeneity; and contrast and entropy as a measure
of heterogeneity. Values for 0 and 90° direction were averaged because
the aleatory position of ribs made it impossible to study linear
dependencies.

Osteocyte density was calculated by dividing the number of local
maxima corresponding to osteocytes or lacunae in compact bone (“Find
Maxima” function; prominence >25; excluding edges maxima; light
background) by the selected area (um?) (Supplementary 8).
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2.6. Bone dissection, strength measurement, and mineral content

Rib numbers 1-22 from rib cages sampled at harvest were dissected
from the fish peritoneum using metal pincers, and the remaining
attached flesh was carefully removed. Ribs number 12, 13, and 14 from
the left and right sides were selected for mechanical analyses. Prior to
the mechanical test, ribs were kept for two hours on a dry surface at
room temperature to standardize moisture levels. Mechanical analyses
were performed instrumentally (TA-XT2 Texture Analyzer, Stable Micro
Systems, Surrey, UK), with a guillotine knife (70 mm width, 3 mm
thickness) and well bottom surface at three different rib parts: proximal,
mid, and distal (Jiménez-Guerrero et al., 2022). The trigger force was 1
Newton at a traveling speed of 2 mm/s. Strength values were recorded as
breaking load (N) and the elasticity (slope) at 50% of the breaking load.
Following the test, all ribs were pooled per original freshwater tank
based on the PIT-tag numbers and stored at —20 °C for mineral analysis.

Vertebrae were dissected and trimmed to minimize the contact be-
tween the knife and those parts not belonging to the vertebral body. Two
separated vertebrae from each fish were latero-laterally compressed to
emphasize the trabecular fraction as it is naturally more active than the
compact bone (Gil Martens et al., 2006; Nordvik et al., 2005). Analyses
were performed using the same instruments and guillotine knife as ribs
but with a trigger load of 10 Newton at a traveling speed of 2 mm/s.
Strength values were collected from the given time-load graphs as load
(N), elasticity (slope), and area as work (N*mm) at 50% of the
compression depths due to the structural symmetry of the vertebra body.
Values from both vertebral measurements per fish were averaged. After
the test, vertebrae were pooled per original freshwater tank based on the
PIT-tag numbers (n = 4 per dietary treatment) and stored at —20 °C for
mineral analysis.

Ribs and vertebrae from harvest fish were homogenized. Fish bodies
sampled prior to seawater transfer were gutted and homogenized.
Excluding ribs, homogenized samples were heated for dry matter
(ISO6496, 1999) and ash content (1SO5984, 2002) determination. The
concentrations of Ca, P, Mg, K, Na, Zn, Fe, Mn, and Cu were determined
spectrophotometrically after digestion with acid using an MP-AES. Due
to the low volume of pooled homogenized ribs, only total Ca, P, and Mg
were analyzed. Ca and Mg concentration was assessed using inductively
coupled plasma mass spectrometry (ICP-OES) after microwaved diges-
tion. Total P concentration was estimated through an individual spec-
trophotometrically method (ISO6491, 1998).

2.7. Macroscopic muscle straits

Fillet color was assessed using DSM SalmoFan™ (F. Hoffmann-La
Roche AG, Basel, Switzerland), and the severity of gaping was
assessed by the average gaping score (from 0, no gaping, to 5, severe
gaping) (Andersen et al., 1994) of the left and right fillets. The me-
chanical properties of fillets were determined as the firmness at the
dorsal loin (epaxial skeletal muscle) of the right fillet as the force
required to break the fillet surface (breaking force, N) using the same
instruments as for bone, but with a flat-ended 12.5 mm probe at a
traveling speed of 1 mm/s (Mgrke¢re and Einen, 2003). The presence of
DS was evaluated according to their size and color using a log-2 scoring
system from O (no visible DS) to 8 (DS > 6 cm width) (Mgrkgre, 2012).

2.8. Serum chemistry

Blood was extracted using 6 ml vacutainer tubes and centrifuged at
3700 RPM at ambient temperature for 10 min, using an Avanti J-15R
centrifuge (Beckman Coulter, Inc., Indianapolis, United States) with a
radius rotor of 207.8 mm for serum extraction. Serum was pooled in
groups of five fish per original freshwater tank and stored at —20 °C for
clinical biochemistry analysis (Faculty of Veterinary Medicine, NMBU,
Norway). Due to the high dietary differences, the concentration of
several standard health parameters in serum was explored to monitor
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Table 1
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Morphology, mechanical properties, and mineral composition of ribs of Atlantic salmon at harvest (3 kg). The fish were fed either a marine-based diet (M-group) or a

plant-based diet (V-group) during smoltification.

Rib parameters M-group V-group p value
Longitudinal morphology (number of rib abnormalities)
Category I (no continuity break) 6+ 0.9 11.5+1.2 < 0.001
Generalized radiolucent 19+04 50+1 < 0.001
Axis deviations 4.0 £ 0.9 6.6 1 0.01
Category II (continuity break) 3.0+ 0.7 3.7 £ 0.4 0.36
Fracture 0+0 0.1+0.1 1.00
Supernumerary 0+0 0+0 1.00
Radiolucent callus 0.8 +0.2 0.7 £ 0.2 0.86
Radlopaqu'e callus or 034 0.2 024 0.2 0.75
hyperostosis
Radiolucent non-union 0.1+0.1 0+0 0.65
Shorter or missing parts 1.8+ 0.5 2.7+£03 0.18
Total 9.0 +1.3 153 + 1.4 < 0.001
Proximal 0.5+ 0.2 0.7 £0.2 0.52
Mid 1.0+ 0.5 5.0 +£0.7 < 0.001
Distal 7.4 + 0.9 9.5+ 0.9 0.08
Cross-sectional morphology (mm)
Bone diameter 0.5 +£0.03 0.5 + 0.04 0.92
Periosteum width 0.2 +0.03 0.2 +0.01 0.74
Rib hub diameter 2.1 +£0.22 2.0 +0.14 0.80
Mechanical properties
Breaking load (N)
Proximal 10.8 + 0.7 10.4 £ 0.6 0.65
Mid 7.1+04 7.0+ 0.3 0.87
Distal 5.5+ 0.3 5.3+0.2 0.70
Modulus of Elasticity (N mm™)
Proximal 39.4 £25 36.8 £1.9 0.43
Mid 30.6 £ 1.5 26.7 £ 1.4 0.06
Distal 325+ 31 289+ 1.2 0.27
Mineral composition (ww)
Ca(gkg™ 137.5 + 4.8 127.6 + 2.5 0.11
P(gkg ™) 63.8 +£2.9 55.3 +2.7 0.07
Ca:P ratio 22402 23+0.1 0.51
Mg (gkg™h) 2.8+0.3 3.0+0.1 0.65

The longitudinal morphology is described as the number of rib abnormalities per rib cage side (22 ribs). Significant differences between groups were set to p < 0.05.
Data are presented as non-transformed mean + SEM, n = 12 (morphology), 20 (mechanical properties), and 4 (mineral composition; pooled per tank) per dietary

group. N, Newton; ww, Wet weight; Ca, Calcium; P, Phosphorus; Mg, Magnesium.

different fish health indicators: alkaline phosphatase (ALP), a specific
bone formation marker (Kuo and Chen, 2017); creatine kinase (CK) as a
marker for disruption of cell membranes due to hypoxia or injury (Baird
et al., 2012); creatinine as muscle development indicator (Patel et al.,
2013); inorganic phosphorous (Pi), calcium (Ca2+), sodium (Na™), and
potassium (K1) for available ions and electrolyte balance. Samples were
analyzed using Atellica® CH (Siemens Healthcare Diagnostics Inc.,
Deerfield Road Deerfield, United States).

2.9. Statistics

Comparative tests were conducted between the V-groups and M-
groups. The statistical analyses were performed with R software (v.
4.0.3, R Core Team, Vienna, Austria). For parametric traits, analyses
were conducted using a linear model (“Im” R function), whereas for non-
parametric traits, a generalized linear model (“glm” R function) was
employed adjusted for either Poisson or binomial distributions. Pairwise
test of non-parametric distributions between both dietary groups at
different areas of the rib cage was performed using the Wilcoxon rank
sum test (“pairwise.wilcox.test” R function, p.adjust.method = “BH”).
The models did not consider random effects. Microsoft® Excel® soft-
ware (v. 15,128.20280, Microsoft Corporation, Redmond, United States)
was used to create figures. The significance level was set at p < 0.05, and

results were presented as mean + standard error (SEM).
3. Results
3.1. X-ray

At harvest, the number of rib abnormalities was found to increase
from the proximal to distal rib parts. Rib abnormalities were mostly
concentrated around rib number 9 for both dietary groups. However, the
V-group showed 1.9 more abnormalities than the M-group in central (p
= 0.02) and 5 times more abnormalities in mid areas (p < 0.001;
Table 1) of the rib cage. These differences were contributed principally
by two abnormality forms (Fig. 1). Firstly, axis deviations in the form of
several parallel rib deformations in a linear pattern and particularly
wrinkly malformations affecting 19% (M-group) and 26% (V-group) of
studied ribs (p = 0.01; Table 1) in a decreasing number from anterior to
posterior areas of the rib cage. Mid rib parts of the V-group presented
more axis deviations than the M-group (p < 0.001). Secondly, general-
ized radiolucency affected 12% (M-group) and 17% (V-group) of studied
ribs (p < 0.001), concentrated in central (p = 0.061) and mid-distal areas
of the rib cage (p < 0.001) in the V-group, contrasting to the even dis-
tribution from rib number 1 to 22 in the M-group (Table 1).

Prior to seawater transfer, virtually no vertebral abnormalities nor
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Fig. 2. Cross-sectional morphology of normal mid rib parts of Atlantic salmon (3 kg). For A) and B) Movat Pentachrome staining was used for proteoglycans and
mucins (blue), collagen/reticular fibers (yellow), colocalization of collagen/reticular fibers and proteoglycans (green), muscle and osteoid (or decalcified bone
matrix) (reddish-brown), nuclei and elastin (black) and active nucleus (osteoblast in cellular periosteum) (violet/purple). The box in image A) indicates the region of
zoom of image B). Picro Sirius Red staining was used in C) to highlight the collagen fiber network (red) in the periosteum. CB, Compact bone; RC, Rib core with
hyaline-cell (hypertrophic-like) cartilage; Oc, Osteocytes; BM, Bone matrix, ECL; External collagen layer of the CB; Ob, Osteoblast; CP, Cellular periosteum with Ob;
FP, Fibrous periosteum; IFP, Internal fibrous periosteum; EFP, External fibrous periosteum; RPCF, Radial periosteal collagen/Sharpey’s fibers. Black bars on the
bottom right corner show the image scale, set to 250 pm. Color print. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

viewed by light microscopy, whereas a smaller proportion (29%) dis-
played noticeable deviations regardless of the dietary treatment before
seawater transfer.

Normal ribs showed multiple concentric layers of osteocytes from the
appositional growth of the compact bone. The radiopaque bone matrix
presented collagen and non-collagen proteins organized around a
hyaline-cell cartilage (hypertrophic-like) of relatively higher radiolu-
cency. Perpendicular collagen fibers in the rib core showed a type III
signal (Fig. 2. A; Fig. 3. A and C). Compact bone had a relatively lower
amount of collagen fibers than the periosteum, where their perpendic-
ular fibers were mainly type III (Fig. 2. C; Fig. 3. A and C). Osteocyte

density was around 0.003 cells/pmz. The rib periosteum presented an
irregular thickness on the internal and external fibrous fractions. Radial
glycoproteins and collagen type I and III fibers seemed to connect the
fibrous periosteum to the outermost compact bone layer, occasionally
forming a small shield with visible perpendicular collagen type I under
the osteoblasts (Fig. 2. B and C; Fig. 3. C and E). Within the periosteum,
the polarized signal near the compact bone and the external fibrous
periosteum layer was stronger than in the center of the internal fibrous
periosteum, suggesting that some fibers may run back (not perpendic-
ular signal) into the bone (Sharpey’s fibers) (Fig. 3. A). The external
fibrous periosteum layer surrounding the ribs had the richest content of
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Fig. 3. Collagen distribution in cross-sections of normal (left panel) and abnormal/degenerated (right panel) mid ribs with generalized radiolucency of Atlantic
salmon (3 kg). A) to D) under polarized light. E) and F) confocal microscope. Yellow-orange birefringence in polarized images stands for perpendicular collagen type I
(thick fibers), while green birefringence perpendicular type III (thin fibers). C) and E), and D) and F) correspond to the same rib, respectively. Picro Sirius red
staining. IFP, Interior fibrous periosteum; EFP, Exterior fibrous periosteum. White arrows indicate the external collagen layer of the compact bone under the cellular
periosteum (CP). White asterisks indicate either rib core with hyaline-cell (hypertrophic-like) cartilage (normal rib) or a fibrous osteolytic cavity (abnormal/
degenerated rib). White arrowheads indicate the internal collagen layer in rib cavities. Blue arrows indicate radial periosteal collagen/Sharpey’s fibers. White bars on
the bottom right corner of images show the image scale, set to 100 pm. Color print. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

perpendicular collagen type I and III fibers (Fig. 2. B and C; Fig. 3. A and
C). No blood vessels were observed in the periosteum. Both dietary
groups shared no abnormal glycogen accumulation nor significant signs
of necrosis and fibrosis in adjacent muscle areas to the ribs. In 8% of the
samples, sparse melanomachrophages without near inflammatory pro-
cesses or fibrosis were seen in deeper layers of the myocommata near
blood vessels.

Ribs with abnormal histomorphology exhibited 18-20% greater
overall diameter than those with normal histomorphology (p = 0.04),

and there were no indications of acute or chronic inflammation, mela-
nisation of the ribs or the surrounding soft tissue. The cross-sectional
area of the compact bone and osteocyte density were similar for
normal and abnormal ribs. However, the hyaline-cell (hypertrophic-
like) cartilage rib core possibly degraded/transformed into an irregular
cavity of large radiolucency, and an amorphous fibroblasts/fibroblast-
like cell network (fibrous rib cavity) with adipose tissue (lipid vacu-
oles), blood vessels, osteoclasts, and sparse leucocytes (Fig. 4). The rib
cavity was surrounded by a thick collagen layer rich in perpendicular
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Fig. 4. Proposed model for the cross-sectional progressive degenerative changes of generalized radiolucent ribs of Atlantic salmon (3 kg). A) Grade 0, normal rib; rib
core (RC) with hyaline-cell (hypertrophic-like) cartilage. B) Grade 1; first stages of degeneration with increased in rib cross-sectional thickness, abnormal appositional
growth, transformation of cartilaginous RC to small fibrous cavity (FC), and mild osteolysis. C) Grade 2; thick rib with large FC, and advanced uneven osteolysis. D)
Grade 3; thick rib with large FC and osteolytic opening to the periosteum (P). E) Grade 4; thick rib with large FC, advanced osteolytic opening to P, and infiltration of
cellular periosteum (CP). Generalized radiolucency reaches its maximum in grade 4 as it generally depends on the extension and location of the osteolytic areas. Boxes
with letters indicate the region of zoom of F) and G). Movat pentachrome staining for proteoglycans and mucins (blue), collagen/reticular fibers (yellow), colocal-
ization of collagen/reticular fibers and proteoglycans (green), muscle and osteoid (or decalcified bone matrix) (reddish-brown), nuclei and elastin (black) and active
nucleus (osteoblast in CP) (violet/purple). CB, Compact bone; V, Blood vessels; L, Leucocytes. Black arrows indicate osteoclast. Black asterisks indicate regions with
osteomalacia. Black bars on the bottom right corner show the image scale, set to 250 pm. Color print. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Quantitative concentric appositional growth pattern of the compact
bone from normal and abnormal/degenerative ribs in Atlantic salmon (3 kg).
Data is generated through gray level co-occurrence matrix texture analysis of
compact bone from histology sections. A) Angular second moment (ASM), B)
inverse difference moment (IDM), C) contrast, and D) entropy. Data are pre-
sented as non-transformed mean 4+ SEM, n = 4 and 6 for normal and abnormal
ribs, respectively. Significant differences between groups are indicated by
different letters over the SEM (p < 0.05).
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type I fibers in non-active osteolytic borders (Fig. 3. B and D). Another
wide layer of perpendicular type I collagen was observed surrounding
the outermost compact bone in contact with the cellular periosteum.

Image texture analyses of rib histology revealed that homogeneity
values were found higher in the compact bone of abnormal ribs than
normal ribs (ASM, p = 0.03; IDM, p = 0.02), while heterogeneity values
were found lower (Contrast, p = 0.058; Entropy, p = 0.02) (Fig. 5). Thus,
compact bone was more uniform with less gray levels variation in
abnormal than normal ribs, hence less organized concentrical osteocyte
growth pattern. Notably, the collagen-rich low mineralized halo of slight
radiolucency around the chondroid core was reduced in size or appeared
with “polar” localization. This was further manifested as isolated islands
of disorganized type I and III collagen fibers (none or poor birefringence
signal) and glycoprotein composition more visible in the most advanced
phases (Fig. 4 and Fig. 6).

Given the common histology features of abnormal ribs, and variable
generalized radiolucency affecting 70% of samples accompanied by
thickening displayed by X-ray, they were designated as generalized
radiolucent ribs. Initial histological changes (Grade 1; Fig. 4. B),
included the disappearance of chondrocytes, and the rib core — now
cavity — was filled with an amorphous fibrotic substance with lipid
vacuoles, accompanied by blood vessels and osteoclasts. The osteolytic
changes progressed (Grade 2; Fig. 4. C), and the core penetrated through
to the periosteal area (Grade 3; Fig. 4. D and F). Here, the periosteum
underwent metaplastic changes, including loss of linear organization of
protein fibers and vascularization. The progressive changes were
accompanied by loss of linear organization of the concentric apposi-
tional growth pattern. Then, cellular periosteum cells infiltrated the
osteolytic layer of the cavity, in an endosteum-like manner (Grade 4;
Fig. 4. E and G). The different degrees of histomorphology of the
compact bone seemed to be positively associated with homogeneity
values (Angular second moment, p = 0.08; Inverse difference moment, p
= 0.07), while negatively with heterogeneity (Contrast, p = 0.02; En-
tropy, p = 0.07) from the gray level co-occurrence matrix texture
analysis. Progressive processes of osteogenesis by appositional growth in
the cellular periosteum and osteolysis in the rib cavity likely contributed
to the (abnormal) changes in cross-sectional rib morphology, giving a bi-
tubular appearance to ossify the opening by appositional growth (Fig. 6.
A). Osteoid was observed in newly formed compact bone (Fig. 4. E and
G). Typically, the more advanced the changes, the more visible the
generalized radiolucency. Variations to what is described included
multiple fibrous rib cavities, and rib core (sometimes exposed to peri-
osteum) containing chondrocytes in the immature hyaline phase (Fig. 6,
B, C, and D). As no signs of herniation of the exposed cartilage core were
observed in response to internal pressure, it was assumed to be invagi-
nation (Fig. 6. C). Although these histological stages were observed in
different radiolucent ribs, a combination of some stages could also occur
within the same rib (Supplementary 10).

Histologically, red DS were characterized by the presence of intra-
muscular hemorrhage with infiltration of erythrocytes and inflamma-
tory cells, mainly macrophages. In some cases, melanomachrophages
were observed. Black DS presented dispersed melanomacrophages
mainly in myocommata and between myocytes in a lower number. Some
necrotic myocytes were seen with macrophage infiltration. No major
fibrotic areas were observed (Supplementary 11).

3.3. Dietary effects on fish performance and fillet quality

The body weight of the V-group was 28% lower compared with the
M-group prior to seawater transfer (p < 0.001), while the weight dif-
ference was 11% in favor of the M-group 10 ten weeks after seawater
transfer (p = 0.003). At harvesting, the weight of both dietary groups
was similar (Table 2), but the condition factor of the V-group was
slightly higher (p = 0.02). The mortality rate of both dietary groups was
similar (< 1%). Fillet quality analyses at harvest revealed comparable
color intensity of both dietary groups (Score; 23.5-23.7), but the V-
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Fig. 6. Alternative cross-sectional morphologies for advanced degenerative stages of generalized radiolucent ribs with cores (RC) of cell-rich (immature-like) hyaline
cartilage and fibrous cavity (FC) in Atlantic salmon (3 kg). A) to D) Movat pentachrome staining for proteoglycans and mucins (blue), collagen/reticular fibers
(yellow), colocalization of collagen/reticular fibers and proteoglycans (green), muscle and osteoid (or decalcified bone matrix) (reddish-brown), nuclei and elastin
(black) and active nucleus (osteoblast in cellular periosteum) (violet/purple). Boxes with letters on images B) and C) indicate the region of zoom of images E) and F).
Serie histology image in Haematoxylin and Eosin. Black bars on the bottom right corner from A) to D) show the image scale, set to 250 pm. E) and F) Picro Sirius red
staining under polarized light. Yellow-orange birefringence in polarized images stands for perpendicular collagen type I (thick fibers), while green birefringence
perpendicular type III (thin fibers). EFP, Exterior fibrous periosteum. White arrows indicate the external collagen layer of the compact bone (CB). Blue arrows
indicate radial periosteal collagen/Sharpey’s fibers. Black and white asterisks indicate regions of the CB rich in collagen and glycoproteins. White bars on the bottom
right corner of E) and F) images show the image scale, set to 100 pm. Color print. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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group had a higher gaping score (p = 0.03) and softer fillets (p = 0.049)
than the M-group (Table 2).

3.4. Bone mechanical properties

Mechanical tests of salmon ribs revealed a decreasing breaking load
from proximal to distal rib parts, with no differences between dietary
groups (Table 1). The elasticity showed a similar trend with lower values
at the proximal than mid and distal rib parts. Mechanical rib analyses
showed no significant differences between the dietary groups, but the V-
group showed a numerically higher elasticity (p = 0.06) than the M-
group in mid rib parts (Table 1).

The area and load of vertebrae were lower of the V-group than the M-
group at 5, 10, 15, and 20% compression depth (p < 0.04). These values
increased with compression depth for both groups (Supplementary 12).
Among all compression depths, only elasticity at 15% was different
between dietary groups, with higher modulus in the V-group than M-
group (136.8 £ 5.1 vs. 121.9 + 5 N/mm; p = 0.045).

Assuming no body weight and diet interaction, the most significant
correlations with rib morphology were between the number of ribs with
axis deviations per rib cage side and either area (r = —0.37; p = 0.049),
load (r = —0.38; p = 0.04) at 5%, or area (r = —0.37; p = 0.04) at 10% of
compression depth of vertebrae. Regarding rib mechanical properties,
the most significant correlations were between the modulus of elasticity
in mid rib parts and either area (r = 0.36; p = 0.02) or load (r = 0.32;p =
0.03) at 15% of the compression depth of vertebrae.

3.5. Bone mineral content

No differences were observed in the composition of macrominerals in
ribs between the dietary groups, although the V-group tended to have a
lower P concentration than the M-group (p = 0.07) (Table 1).

There were only few significant differences in the mineral compo-
sition of vertebrae between the dietary groups. Fish prior to seawater
transfer showed a higher % of ash with a higher Ca:P ratio (p = 0.03), Na
(p = 0.01), and Mn levels (p = 0.02) in the V-group than in the M-group
(Supplementary 3). At harvest, the mineral analysis revealed a higher Na
content in the V-group than in the M-group (p = 0.002) (Supplementary
12).

3.6. Blood serum

Prior to seawater transfer, the serum from the M-group showed
higher levels of ALP (p = 0.01), creatinine (p < 0.001), cholesterol (p <
0.001), and free fatty acids (p = 0.02) than the V-group (Supplementary
13). Ten weeks after seawater transfer, only ALP levels differed signif-
icantly between the fish group, being higher for the V-group than the M-
group (p < 0.001). At harvest, all blood parameters were similar for the
dietary groups (Supplementary 13).

3.7. Focal dark spots

At harvest, fish presented DS. No differences were observed in the
prevalence of red (5%) or black DS (3-12%) between the dietary groups.
DS were primarily found in the form of petechial, focal hemorrhages,
and mild melanisation (score 0.5-1), which is generally not considered a
cause for quality downgrading (Supplementary 14).

4. Discussion

In the present study, we could confirm and describe the dominance
of two subtypes of rib abnormalities in Atlantic salmon which addi-
tionally are particularly sensitive to the composition of the diet during
smoltification. On the one hand, axis deviations such as parallel defor-
mation of several mid rib parts resulting from mechanical deformations
of the rib cage (Jiménez-Guerrero et al., 2022) and wrinkly ribs, earlier
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associated with suboptimal (P-deficient) diet (Baeverfjord et al., 1998).
On the other hand, generalized radiolucent ribs previously related to
seawater transfer and osteolytic secondary changes due to a local in-
flammatory process such as DS (Jiménez-Guerrero et al., 2022).
Generalized radiolucent ribs showed consistent histological character-
istics across our samples with no surrounding local inflammatory pro-
cess or DS. Here, the hyaline-cell cartilage rib core degraded, evolving
into an expanded osteolytic and fibrotic cavity with internal lipid vac-
uoles (Witten et al., 2010), and vascularization that possibly led to the
increase in rib diameter through compensatory appositional growth to
preserve the mechanical properties. In the most likely scenario, the
presence of non-cartilage tissue in the rib cavity represents the trans-
formation of chondrocytes to mesenchymal-like cells (de la Fuente et al.,
2004; Giovannone et al., 2019; Witten et al., 2010) (e.g., fibroblast,
adipocytes, and endothelial cells). Blood supply to the rib and internal
vascularization is likely an essential step for rib core degradation and the
progression of generalized radiolucency, by facilitating the first core
infiltration of myeloid-like cells (e.g., osteoclasts and lymphocytes)
(Veis and O’Brien, 2023). On the one hand, as observed by Brimsholm
et al. (2023), blood vessels in periosteum and rib cavities may naturally
exist and, though not showed, have access to the rib core by rib head or
openings along the compact bone. They suggested that rib core degra-
dation and vascularization could be mere anatomical variations in
salmon ribs because of the aquatic environment, similar to other marine
species where bone degradation may be expected in late growth phases
(Soliman, 2018). On the other hand, our systematic study showed vas-
cularized periosteum and core exclusively in radiolucent ribs, suggesting
that along the rib length, generalized radiolucency might have induced
metaplastic changes in the periosteum followed by neovascularization.
Hence, the initial osteolysis along the rib could have either been initi-
ated from anatomical vessel connections or emerged from a vasculari-
zation event in a specific rib region. In the later scenario, the compact
bone would experience an initial osteolysis from the periosteum side.

Our findings indicate clear evidence of pathology in generalized
radiolucency, particularly in advanced stages where morphological al-
terations align with discernible X-ray changes. Jiménez-Guerrero et al.
(2022) found that generalized radiolucency prevalence is notably low in
adult wild fish, and it does not increase in later growth stages in farmed
fish, indicating that these changes are not associated with late growth
phases. On the contrary, there is a response to environmental factors and
dietary differences. Combined with the histopathological changes,
altered rib development, degeneration, and possibly osteomalacia
seemed to be the likely diagnosis of generalized radiolucent ribs when
there was no associated local inflammatory process. Osteomalacia was
also supported by the increase of periosteal collagen, possibly in an
attempt to compensate for the observed higher elasticity and the lower P
content in ribs. Softer ribs might also be contributed by the relative
increase of the fibrotic cavity, osteoid, and distortion of the concentric
mineralized layers or disorganized collagen-rich islands in the compact
bone, which would increase the risk of rib deformations (axis de-
viations), and, therefore, clinical relevance as our data shows. When
selecting ribs for assessing elasticity and P deficiencies, we could not
discriminate between normal and abnormal ribs by visual inspection,
which resulted in an increased standard deviation that impacted sig-
nificance levels between dietary groups. Because distal rib parts that
concentrate most rib abnormalities have the weakest breaking load and
relatively higher elasticity than proximal parts, it reinforces that mid
and predominantly distal areas of the rib cage are more susceptible to
external mechanical stress (Jiménez-Guerrero et al., 2022).

To understand the observed long-term effects of dietary differences
on rib morphology in the broader musculoskeletal framework, we
additionally explored the growth performance, vertebral health, and
skeletal muscle. The initial poor growth of the V-group was likely a
response to the lower muscle development. The poor performance was
unlikely due exclusively to a P deficiency (Baeverfjord et al., 1998;
Drabikova et al., 2021), but possibly as a response to the suboptimal
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level of methionine in the V-group diet (0.7 vs. 0.9-1.1 g/100 g) (Hua
and Bureau, 2019; Mai et al., 2022) among other nutritional differences
such as EPA and DHA, which were under recommended levels for
maximizing growth performance (< 0.1-0.2 vs. 0.5 g/100 g of lipids)
(Qian et al., 2020). At the end of the experiment, despite significant
deterioration in rib health observed in the V-group, it displayed
compensatory growth. This enabled both groups to demonstrate similar
traits at harvest, including body weight, fillet color, and serum chem-
istry. These findings evidence the remarkable compensatory abilities of
salmon. Therefore, the effects of dietary differences in growth would not
have been detected in our fish by standard evaluations at the
slaughterhouse.

As vertebrae morphology and composition are proved markers of
skeleton health in salmon, they were monitored in the period prior to
and after seawater transfer, and at harvest. As expected in the short-term
(Drabikova et al., 2021, 2022; Fjelldal et al., 2012), we found a similarly
low number of morphological vertebral abnormalities prior to and after
seawater in both salmon groups. Additionally serum Pi concentrations of
both groups were similar to fish fed a regular P diet in Drabikova et al.
(2021), suggesting that dietary Pi might have been absorbed and made
available at similar levels. This was also supported by the lack of
observable effects on the width of the intervertebral space between the
M- and V-groups, a short-term indicator of P deficiency as noted by
Drabikova et al. (2021). Despite these similarities, we identified differ-
ences in bone mineralization in response to dietary differences, as
indicated by the lower vertebra X:Y ratio in the V-group before and after
seawater transfer. Before the transfer, lower vertebra X:Y differences did
not correspond to variations in mineral composition (excluding Ca:P
ratio, Na, and Mn) or clinically observable impaired bone mineraliza-
tion. Intriguingly, the gutted body of the V-group had a higher ash
content even though the fish were fed lower ash levels than the M-group
during smoltification. As these mineral composition results are not
specific to the bone, it is important to consider other factors, such as a
relatively lower mineral concentration in fast-growing fish (Baeverfjord
et al., 2018).

Ten weeks after seawater transfer, vertebra X:Y ratio and macro-
scopic evaluations indicated that both groups went through a period in
which they were in negative bone mineralization balance. The effects of
seawater transfer in vertebrae of both farmed and wild salmon have
already been reported (Fjelldal et al., 2006; Fjelldal et al., 2007). Later,
Jiménez-Guerrero et al. (2022) also reported signs of negative miner-
alization balance in ribs after seawater transfer. Here, we show that the
observed short-term impaired mineralization generally impacted the V-
group more as they likely started with a subclinical lower mineral status
prior to seawater transfer. However, the impaired vertebral minerali-
zation was resolved, and both groups presented similar normal vertebral
morphology and mineral composition at harvest (excluding Na)
(Drabikova et al., 2021, 2022), contrasting to what Fjelldal et al. (2009)
reported. Therefore, contrary to what was found in ribs, the impaired
mineralization did not cross the point of no return, as the number of fish
with vertebral abnormalities did not differ between the dietary groups in
the long-term. Such bone development behavior was in line with serum
ALP (osteoblast activity), which showed lower values in the V-group
than the M-group prior to seawater transfer, followed by an inversion of
the trend 10 weeks after seawater transfer. The ALP pattern is probably a
sign of compensatory skeleton growth with a recovery to similar values
at harvest. Nevertheless, besides the lack of clinical evidence, there were
subclinical long-term effects on the mechanical properties of the
trabecular fraction of vertebrae.

The higher concentration of Na in the vertebrae composition of the
V-group at harvest was in accordance with our findings in body
composition prior to seawater transfer, and it establishes a link between
high levels of Na in bone composition and long-term deterioration of the
mechanical properties, morphology, and composition of ribs and me-
chanical properties of vertebral trabeculae. Potential stimulatory effects
of Na-based hydroxyapatite on bone osteolysis and remodeling due to its
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higher instability likely affected the mechanical properties of compact
bone (Yoo et al., 2021). Unfortunately, we did not have enough material
to determine Na concentrations in rib bones, which would strengthen
these findings. Factors modulating Na concentrations in fish bones and
their impact on skeleton health should be the focus of future research.

Regarding the skeletal muscle, we present the first evidence for long-
term effects (beyond three weeks; Kaushik et al. (1995)) of dietary dif-
ferences during smoltification on muscle quality in salmon at harvest.
Thus, we hypothesize a response of the diet near seawater transfer on DS
at harvest, as Sissener et al. (2016) reported, although red and black DS
of lower prevalence and economic relevance than previously reported in
commercial sea-cages were found (Bjorgen et al., 2019; Jiménez-Guer-
rero et al., 2022). Moreover, the lack of effects in DS did not correspond
to the modified number of ribs with axis deviations and mechanical
properties of ribs. Here, these rib axis deviations were mostly contrib-
uted by wrinkly malformations resulting from impaired mineralization
rather than traumatic events, which may explain the lack of relation-
ship. On the other hand, it is possible that a low incidence of damaging
mechanical impacts on the rib cage in our small-scale experimental
conditions made it difficult to evaluate any difference between the di-
etary groups. Altogether, we cannot exclude the potential protective
effects of nutrition during smoltification on musculoskeletal health
against DS in more challenging environments.

Although the dietary treatments did not aim to be comparable to
commercial diets, we found the marine-based diet to have positive ef-
fects on rib development. Compared to a previous study (Jiménez-
Guerrero et al., 2022), we observed a similar number for most rib ab-
normalities in the M-group as in wild fish. We could also see a reduction
of the characteristic concentration of rib abnormalities in central parts of
the rib cage in the M-group, drawing a similar pattern as for wild fish.
Moreover, the M-group showed a 33% and 50% lower number of axis
deviations compared with salmon fed a standard diet and grown in land-
based tanks or sea-cages respectively.

Several factors may explain the positive effects of high dietary in-
clusion of marine ingredients during smoltification. For example nutri-
tional deficiencies could explain the observed increase in axis deviations
in ribs due to structural defects during early development. However, the
degeneration and possibly long-term osteomalacia in ribs after fish were
fed commercial diets suggests persistent changes in either osteogenesis
or absorption of nutrients after the dietary treatment. The parallel
affection of the mechanical properties of skeletal muscle and bone
suggests a generalized alteration of the extracellular collagen matrix,
which is known to be mediated by collagen type I (Aubin, 1998) and
collagen type II alpha 1 chain (col2al) (Dale and Topczewski, 2011)
among other genes. In teleost, there are three type I collagens, alpha 1a
(collala), 1b (collalb) and 2 (colla2) chains (Gistelinck et al., 2016;
Morvan-Dubois et al., 2003). Although little literature is available, while
collal can be upregulated by n — 3 PUFAs (Abshirini et al., 2021;
Ytteborg et al., 2015), col2al is downregulated when using vegetal-
based protein concentrates in diet (Dhanasiri et al., 2020). Trans-
formation or dedifferentiation, feasible in mesenchymal lineage cells,
could be induced through dietary-dependent or mechanical factors
(Hall, 2015); in fact, n — 3 PUFAs have been proven to suppress collagen
matrix degradation in cartilage (Abshirini et al., 2021), which would
explain the lower fibrotic changes in cartilage rib cores in the M-group.
Thus, combining fish oil and non-vegetal-based protein concentrates
probably had a synergic effect on musculoskeletal health. We recom-
mend further investigation into the potential nutritional programming
effects of incorporating a high proportion of marine-based ingredients in
the diets of farmed salmon, particularly during the smoltification phase.

5. Conclusions
Generalized radiolucency and axis deviation are the two major types

of morphological abnormalities in salmon ribs. Salmon rib morphology
was more sensitive to the smoltification diet than vertebrae. Generalized
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radiolucent ribs were characterized by different forms of altered rib
development, degeneration, and possibly osteomalacia.
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