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2 Abstract

Focal dark spots (DS) represent a major fillet quality issue, leading to significant economic
losses in farmed Atlantic salmon (Salmo salar L.). DS typically appear as discoloured
red/black areas in the anterior hypaxial skeletal muscle, with unknown aetiology. This
thesis aims to investigate rib abnormalities and to study their potential association with
DS. The thesis also aims to further understand the local immune response in DS by
exploring the B cell traffic across different tissues and DS.

In Paper I, a classification system for rib abnormalities was developed, based on X-ray
images of wild and salmon farmed in a commercial smolt farm, small experimental land-
based tanks or commercial sea-cages. Rib cage explorations showed that the number of
rib abnormalities doubled after transfer to sea-cages, primarily attributed to resorptive
rib morphologies: generalized radiolucent and shorter ribs. Over time, the abnormalities
gradually shifted towards fracture-like types, but the total number was maintained. Black
DS were only found in salmon farmed in commercial sea-cages, coinciding with the
environment with the highest prevalence of rib abnormalities. DS and rib abnormalities
shared anatomical location (ribs 11 - 14). Although, rib abnormalities where more
concentrated in distal parts, DS were more severe in mid-proximal parts. Black DS
exhibited twice as many rib abnormalities as unstained tissue, primarily as various forms
of bent and broken ribs, especially of flatter DS shapes. However, DS were also found
without any sign of abnormal ribs or fractures. There were signs of recurrent injury
processes and pathological interconnections in DS with rib fractures and mechanical
deformations. It is concluded that there is an association between rib abnormalities and
DS, but additional factors are involved in the DS development.

In Paper II, different methods were used to assess morphological rib abnormalities of
salmon within the broader musculoskeletal framework. The study focused on harvest-
sized salmon (3 kg) reared in experimental tanks on land and fed either marine- or plant-
based ingredients during smoltification. Histology showed that 29 % of sampled ribs
presented radiolucency without nearby tissue inflammation. The changes involved
cartilage core transformation and osteolysis, disorganized appositional growth, collagen
and osteoid deposits in compact bone, and increased external collagen layer - resulting in

18 - 20 % increased rib diameter. Salmon fed plant ingredients showed more generalized
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radiolucency and axis deviations, cooccurring with softer ribs with decreased phosphorus
content, and softer skeletal muscle. Rib morphology was more sensitive to dietary
composition during smoltification than vertebrae. Small DS were equally found in both
dietary groups. The research expands the understanding of the two most prevalent rib
abnormalities in Atlantic salmon, axis deviations and especially generalized radiolucency,
linking these changes to altered rib development, degeneration, and likely osteomalacia.
Paper III combined RT-qPCR of 16 immune genes and Ig-seq of [gM CDR3 sequences in
eight fish from Paper I with different DS morphologies. The flatter the DS, the higher the
cumulative frequency (CF) of shared B cell clonotypes within DS, gene expression for
macrophage, activation of CD4* and CD8* cells, and B cell maturation and activity.
However, the flatter the DS, the lower the expression of dendritic cells and lymphocyte
attenuator genes. Expression of immune genes was generally lower in DS than in the
lymphatic organs, head kidney, and spleen, but higher than in normal skeletal muscle. At
the earliest stage (increased migm and sigm ratio and minor CF with other tissues), naive
B cells likely migrated from visceral peritoneum fat and skeletal muscle to DS after injury.
In further differentiation stages (decreased migm and sigm ratio and high expression of
pax5 and cd79), activated B cells from DS were disseminated to the head kidney, visceral
peritoneum fat, and spleen. Traffic and expression of immune genes decreased at later
stages. B cells differentiation and traffic could be due to a local infectious process, but no
bacterial RNA or DNA were detected in DS. Viruses like SAV (7:8), and PRV-1 (2:8) were
found in DS, but without correlation to DS morphology, CF, or immune gene expression.
In summary, this thesis demonstrates that rib or muscle damage are likely the primary
cause of DS. The rearing environment significantly impacts DS aetiology as more severe
rib abnormalities and higher DS prevalence are observed in commercial sea-cages than in
land-based tanks. Environmentally unspecific immunostimulants common in commercial
sea-cages/practices may also affect melanogenesis of injuries. The composition of the diet
during smoltification does not influence the development of DS, though it has modulatory
effects on long-term musculoskeletal health, manifested by abnormal rib morphology and
softer muscle. The location of the injury in the rib cage and local adaptive immune
responses are important in developing the condition. B cells primarily migrate from the
visceral peritoneum fat and skeletal muscle to DS initiated by unidentified antigens.

The thesis highlights the need to create optimized farming conditions to prevent

musculoskeletal damage and mitigate the development of DS.
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3 Sammendrag

Mgrke filétflekker (DS) er en kvalitetsutfordring som fgrer til betydelige gkonomiske tap
for oppdrettet atlantisk laks (Salmo salar L.). DS kan veere rgde eller svarte/gra og de
sitter oftest i den fremre delen av bukomradet av fileten. Arsaken til at flekkene oppstar
er ukjent. Formalet med denne avhandlingen var a undersgke morfologiske ribbeinsavvik
ilaks og deres mulige sammenheng med forekomsten av DS. Avhandlingen tok ogsa sikte
pa a forstd den lokale immunresponsen i DS ved & utforske B-celletrafikken mellom ulike
vev og DS.

I Paper I ble det utviklet et Klassifiseringssystem for ribbeinsavvik, basert pa
rgntgenbilder av villaks og laks oppdrettet i ferskvann og i sjg. Forekomsten av
morfologiske ribbeinsavvik doblet seg etter overfgring fra ferskvann til kommersielle
merder i sjg, men ikke for laks overfgrt til sma forsgkskar pa land med sjgvann.
Ribbeinsavvikene var primaert resorptive: ribbein med sentrale oppklaringer og
forkortede ribbein. Over tid endret de morfologiske avvikene seg gradvis mot
bruddlignende typer, men det totale antallet avvik ble opprettholdt. Svarte DS ble bare
funnet i laks oppdrettet i sjgmerder, sammenfallende med gkt forekomst av
ribbeinsavvik. Den hgyeste forekomsten av bade DS og ribbeinsavvik var pa samme
anatomiske omrade, ved ribbein 11 - 14. Selv om forekomsten av ribbeinsavvik var
hgyest i distale delen av ribbeina, var DS mer alvorlig i midt-proksimale delen. Svarte DS
hadde dobbelt s3 mange ribbeinsavvik som normalt vev, primert bgyde og brukne
ribbein og seerlig for flate DS. Imidlertid ble det ogsa funnet DS uten tegn til ribbeinsavvik.
[ de mgrke flekkene var det tegn til gjentatte skadeprosesser og patologi i form av
ribbeinsbrudd og mekaniske deformasjoner. Det konkluderes med at det er en
sammenheng mellom ribbeinsavvik og DS, men at ytterligere faktorer pavirker DS-
utviklingen.

[ Paper II ble morfologiske ribbeinsavvik av laks analysert ved histologiske og mekaniske
metoder. Laksen som ble undersgkt veide 3 kg og var oppdrettet i sma forsgkskar med
sjgvann pa land. Laksen ble foret med et standard kommersielt for, bortsett fra under
smoltifiseringen i ferskvannsfasen da den fikk for med enten marine eller plantebaserte
ingredienser. Histologiske undersgkelser viste at 29 % av de analyserte ribbeinene hadde

sentral oppklaring, uten neaerliggende vevsbetennelse. Kjennetegn for ribbein med sentral
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oppklaring var bruskkjerne-transformasjon og osteolyse, uorganisert apposisjonell vekst,
kollagen- og osteoidavsetninger i kompakt bein og gkt ytre kollagenlag - noe som
resulterte i 18 - 20 % gkt ribbeinsdiameter. Laks foret med plantebaserte ingredienser
hadde generelt mer sentral oppklaring og akseavvik i ribbein, samtidig som ribbeina var
mykere med redusert fosforinnhold, og filetene var blgtere. Ribbeinsmorfologien var mer
sensitiv for forsammensetningen under smoltifisering enn ryggvirvlene. Sma DS ble
funnet i begge forgrupper. Resultatene fra dette forskningsarbeidet gir gkt forstaelse for
akseavvik og fenomenet sentral oppklaring, som er de mest utbredte ribbeinsavvikene i
atlantisk laks. De morfologiske avvikene knyttes til endret ribbeinsutvikling,
degenerasjon og sannsynligvis tilstanden osteomalasia.

Paper III kombinerte RT-qPCR av 16 immungener og Ig-seq av IgM CDR3-sekvenser i atte
fisk fra Paper I som hadde DS med ulike morfologier. Jo flatere DS var, jo hgyere var den
kumulative frekvensen (CF) av delte klonotyper av B-celler. Det ble samtidig observert
uttrykk av markgrgener for makrofager, aktivering av CD4* og CD8* celler, og for B-
cellemodning og aktivitet. Imidlertid, jo flatere DS, jo lavere uttrykk av markegrer til
dendritiske celler og lymfocytthemmere. Uttrykk avimmungener var generelt lavere i DS
enn i nyre og milt, men hgyere enn i normal skjelettmuskulatur. Pa det tidligste stadiet
(en gkt migm/sigm-ratio og en lavere CF til andre vev), migrerte sannsynligvis naive B-
celler fra innvollsfett og skjelettmuskulatur til DS etter skade. I senere
differensieringsstadier (en redusert migm/sigm-ratio og gkt uttrykk av pax5 og cd79), ble
aktiverte B-celler fra DS spredt til nyre, innvollsfett og milt. Bevegelse mellom vev og
uttrykk av immungener avtok i senere stadier. Differensiering av B-celler og bevegelse
kan skyldes en lokal infeksjonsprosess, men hverken bakterielt RNA eller DNA ble pavist
i DS. Virus som SAV (7:8), og PRV-1 (2:8) ble funnet i DS, men uten Korrelasjon til DS-
morfologi, CF, eller genuttrykk.

Oppsummert viser denne avhandlingen at skader pa ribbein eller muskel sannsynligvis
er arsaker til DS. Oppdrettsmiljget pavirker DS-etiologien betydelig ettersom mer
alvorlige ribbeinavvik og hgyere DS-prevalens ble observert i kommersielle merder i sjg
enn i sma forsgkskar pa land. Uspesifikke immunstimulerende faktorer som kan finnes i
oppdrettsmiljget gker sannsynligvis graden av melanisering. Sammensetningen av
dietten under smoltifisering pavirket ikke utviklingen av DS, selv om den hadde
modulerende effekter pa langsiktig muskel- og skjeletthelse, manifestert som

ribbeinsavvik og blgt filet. Hvor skaden oppstar, samt lokale, adaptive immunresponser
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har betydning for utviklingen av tilstanden. B-celler migrerer primeert fra fettet i visceral
peritoneum og skjelettmuskulaturen til DS, initiert av uidentifiserte antigener.
Avhandlingen understreker behovet for a skape optimale forhold i lakseoppdrett som kan

forebygge muskel- og skjelettskader, og slik ogsa redusere risikoen for utvikling av DS.
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5 Synopsis

5.1 General introduction

Currently, aquaculture contributes to 49 % of the global production of aquatic animals

(FAQ, 2022). Atlantic salmon (Salmo salar L.) is dominant among all marine species, with

2.7 million tons and 32.6 % of farmed volume. The increasing demand and elevated prices
for salmon have transformed the industry into one of the most profitable and

technologically sophisticated farming sectors (FAO, 2022). Norway is the largest

producer (1.6 million tons) (Fiskeridirektoratet, 2021a), with farmed salmon being a

significant contributor to the national economy (Fiskeridirektoratet, 2021b).
Atlantic salmon production has evolved through genetic selection programs and changes
of the farming systems and dietary composition. From the genetic side, growth, health,

and quality traits have been the focus (Neeve et al., 2022). However, faster growth may

lead to metabolic changes and altered nutritional demands that may impact fish welfare.
Regarding the environment, salmon have experienced modifications of their farming
systems in the freshwater phase to expand the harvest seasons, such as hatching

conditions (Ojanguren, Reyes-Gavilan, & Mufioz, 1999), parr growth, and time of

smoltification (Mgrkgre & Rgrvik, 2001; Ytrestgyl et al., 2023). Although most salmon are

currently farmed in open net pens fully exposed to the environment, there is interest in
expanding salmon farming in land-based systems due to environmental and health
limitations. However, to minimize energy and water expenses in these novel systems, fish
are raised at higher densities than in sea-cages, and water needs to be recirculated using

recirculating aquaculture systems (RAS) (Colt et al., 2008). These factors can potentially

impact water quality and fish welfare (Calabrese et al., 2017). Intensive systems can bring

large amounts of physical stress in freshwater and seawater operations (Noble et al.

2018).

To make more sustainable and affordable diets, the composition of the salmon feed has
drastically changed over the last decades from a very high inclusion of marine-based (in
the form of fish oil and meal) to plant-based ingredients (principally rapeseed oil and soy

protein concentrate (SPC)) (Aas, Ytrestgyl, & Asgard, 2019). Marine ingredients are

naturally rich in micronutrients (Lall, 1995), many of them essential and absent in plant

sources; for instance, choline (Hansen et al., 2020) and polyunsaturated fatty acids
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(PUFAs), such as eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (Bou et
al., 2017). Plant-based ingredients may also lack balanced amino acids (Hua & Bureau
2019) and mineral profiles (Baeverfiord et al, 2018), and contain higher levels of

antinutrients that can impact health and induce low digestibility (Hansen et al., 2020;

Krogdahl et al., 2010; Lall, 2022). Although the industry has fulfilled these known

unbalances through supplementation, some micronutrients may be unknown and

required in such small amounts that they are difficult to formulate in commerecial diets.

5.1.1 Focal dark spots
Focal dark spots (DS) are the main quality problem in farmed Atlantic salmon, affecting

~16 % of the market's sized fillets (Nordberg, 2018). DS are presented as either fillet red-
or black DS discolorations, as illustrated in Figure 1. Peritoneum DS of black/greyish

appearance can also be observed, but they do not seem to impact fillet quality directly.

Fillet-black DS

."')

Number of affected myocommatas

Figure 1. Haemorrhages/fillet-red and black focal dark spots (DS) of adult Atlantic salmon. Black
asterisks indicate intramuscular haemorrhage. Black arrows indicate the position of blood
vessels. White restricted bars on the bottom right corner of each picture show the scale, set to 1
cm. Unpublished material. Images from Raul Jiménez-Guerrero.

DS are histologically identified as a chronic-active inflammatory process with infiltration
of inflammatory cells, such as lymphocytes (B and T cells), major histocompatibility
complex (MHC) class II positive cells (melanomacrophages), fibrosis, myocyte necrosis,
fat infiltration, and or endo- and perimysial haemorrhage (Bjgrgen et al., 2019; Krasnov

Larsen et al, 2012). On one hand, fillet-red DS (likely haemorrhages; early

et al., 2016;
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stages) are characterized as a pro-inflammatory environment with M1 macrophages,
downregulation of interleukin 10 (IL-10), upregulation of inducible nitric oxide synthase
(inos2), MHC class I and II, with cluster of differentiation (CD) CD3* and CD8+ cells, and
granzyme A (GzmA) revealing targeted cytotoxic responses. On the other hand, fillet-black
DS (later stages) are characterized as an anti-inflammatory environment with M2
melanomacrophages, where IL-10 and arginase-2 (arg2) are found to be upregulated

(Bjgrgen etal., 2020; Malik et al.,, 2021). However, the same focal event may combine both

fillet-red and black DS forms simultaneously, making its characterization difficult.
Individual factors such as gender (male) and sexual maturation have shown an increase

in the prevalence of DS (Mgrkgre et al, 2015), probably due to induced myocyte

degeneration (Salem et al., 2006, 2010) caused by hormonal regulation. On the other

hand, DS prevalence is challenging to control through genetic selection (Mgrkgre et al.
2015).

The environment seems to be an important factor with large modulatory capacities in the
development of DS. Indeed, DS have only been found so far in farmed salmon (Bjgrgen et
al., 2015; Mgrkgre, 2012). Four groups of environmental factors are found to affect DS:

pathogens, farming practices, farming conditions, and diet.
Pathogens such as viruses and bacteria are colocalized with targeted immune responses
in DS. Piscine orthoreovirus-1 (PRV-1) has notably been the focus as it has been proposed

as the aetiological factor (Bjgrgen et al., 2015; Nylund et al., 2011). However, the virus is

not detected in all fish with DS, and fish do not develop DS after experimental inoculation

(Bjgrgen et al., 2019; Mgrkgre et al.,, 2016), but PRV-1 possibly enhances the local pro-

inflammatory environment (Malik et al., 2021), which may explain why PRV-1 is

especially prevalent in histologically severe DS (Bjgrgen et al, 2019). Salmonid
alphavirus-3 (SAV-3) infections are associated with increased DS prevalence (Mgrkgre et
al,, 2016). Krasnov et al. (2016) detected prokaryotic rRNA in DS. Though only in cardiac

muscle, piscine myocarditis virus (PMCV) is associated with pathological pigmentation

(Fagerland et al., 2013).

Farming practices such as immunoprophylaxis - intraperitoneal vaccines - has been
discussed as a cause since the first DS reports. Vaccine adjuvants have been shown to

produce melanised granulomas at the injection site (Haugarvoll et al., 2010; Koppang et

al., 2005). However, this is not a common reaction in the skeletal muscle of vaccinated

fish, and DS can be found in either vaccinated or unvaccinated fish (Berg et al., 2012;
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Larsen et al., 2014; Mgrkgre, 2012; Mgrkgre et al., 2015). Impact injuries generate local

haemorrhages that also increase the incidence of black DS in the long-term (Mgrkgre et
al., 2022; Mgrkgre et al., 2015). In organic farming, where fish are raised in lower densities

(10 vs. 25 kg/m3), synthetic ingredients and chemicals such as copper impregnations are
not used, and diets contain higher amounts of EPA and DHA, it is observed a reduction in

the prevalence of DS (Mgrkgre, 2012; Mgrkgre, 2017). The time in seawater increases the

prevalence (Bjgrgen etal., 2019). Handling large body weights at seawater transfer (Lund
etal., 2018), transportation, and a long waiting time in the resting cages before slaughter
may also increase DS prevalence (Mgrkgre, 2012). This might be explained by proteolytic

mechanisms in muscle after long-term stress (Valenzuela et al., 2020; Valenzuela et al.,

2018). Prolonged fasting also increases DS prevalence (Mgrkgre, 2012), probably due to

the switch to a catabolic metabolism producing cellular stress and degeneration (Karatas

Onalan, & Yildirim, 2021), which may be especially relevant in muscle pathologies.

The farming conditions have also proven to have significant effects. During freshwater, a
less intense photoperiod (12:12 vs. 24:00; light:dark) and lower temperatures (8 vs. 16
°C) increase the size and prevalence of DS (Mgrkgre et al., 2022; Mgrkgre et al., 2015).

The lower the water temperature at the transfer to seawater, the higher the prevalence of

DS (Mgrkgre et al., 2022). This relationship may be the result of the suppressive effects of

suboptimal temperature exposure on the immune system, particularly on adaptive

immunity (Abram, Dixon, & Katzenback, 2017). During seawater, it was found that acute

low oxygen exposure also increased DS prevalence (Mgrkgre et al., 2015). Northen parts

of Norway, where the water temperature and UV intensity are lower, and photoperiods
closer to 24:00 (in summer), exhibit lower DS prevalence (Mgrkgre, 2012).

The appearance of DS can also be modulated through the diet. The increasing trend of DS
prevalence coincides with the gradual increase of plant-based ingredients in commercial

salmon diets during the last two decades (Aas et al., 2019). This shift may result in low

ratios of n-3:n-6 fatty acids and lack of EPA and DHA (< 3.5 %), which likely promotes a
local pro-inflammatory environment in the skeletal muscle under infectious or physical

stressors and, therefore, increasing DS development (Lutfi et al., 2022; Mgrkgre, 2018;

Sissener et al., 2016). The protein:fat ratio in the diets seems also to impact the

development of DS (Dessen et al., 2019; Mgrkgre et al., 2022), likely by reducing the

amount of pro-inflammatory n-6 fatty acids or the concentration of fat in the hypaxial

musculature. Moreover, DS decreases in prevalence and size when supplementing diets
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with antioxidants such as vitamin C, E, and selenium (Se) (Mgrkgre et al., 2015; Rafiq,

2015; Weizhi, 2016), likely in response to a reduced oxidative microenvironment. The

stabilization of DS prevalence in the last years (Lund et al., 2018; Mgrkgre, 2017) may be

due to the implementation of these nutritional strategies by feeding companies and
farmers.

Fillet DS are primarily (90 - 94 %) located at the anterior hypaxial skeletal muscle, the
abdominal wall, especially in ventral mycommatas from vertebra number 12 to 20
(Mgrkgre, 2012; Mgrkgre et al., 2015). Moreover, the highest concentration of DS cores is
found approximately 3.5 cm below the horizontal transversal septum of the fillet (Weizhi,
2016). Unpublished data showed that dissecting petechial and focal red-fillet DS on the
myocommata plane (epimysium in mammals), connects the discoloration to blood vessels.
Similarly, the dissection of fillet-black DS also revealed blood vessels connecting to the
core of the discoloration (Figure 1). In fact, there seems to be a cooccurrence between the
anatomical location of these vessels and the concentration of DS (Figure 2). Moreover,
most DS are located under the parietal peritoneum beneath the ribs (costae or
pleurapophysis). As suggested in humans, this anatomical location might not have evolved

for physical stress resiliance (McDonnell, Hume, & Nolte, 2011). The hypothesis of a

traumatic event as part of DS aetiology has been previously discussed (Mgrkgre, 2017;
Mgrkgre et al., 2022; Mgrkgre et al., 2015), but no literature has investigated this

association using the impact of rib fractures or deformations as a model.

#9 #29

Figure 2. Cooccurrence of segmental parietal veins and focal dark spots (DS) in adult Atlantic
salmon fillet. Green circles illustrate the position of segmental parietal veins after myocommata
(epimysium in mammals) dissection of one salmon. Dark blue circles illustrate the position of DS
within the study region (black box) of a salmon population (n = 90). The study region ranges
between vertebrae numbers 9 and 29. The size of the circles indicates the relative area of DS.
Unpublished material. Image from Ratl Jiménez-Guerrero.

17



5.1.2 The anatomy of the abdominal wall
Understanding the anatomy of the area where DS are concentrated is essential for

interpretation, and for developing possible solutions to the problem. The abdominal wall
is the anatomical boundary between the aquatic habitat and the visceral cavity in fish. In

Atlantic salmon, it ranges longitudinally from the pericardial cavity to the anus while

vertically from the linea alba to the kidney (Kryvi & Poppe, 2016). It is structured in
different layers (medial-lateral): parietal peritoneum (serosa, subserosa, and transverse
fascia), rib bones and adjacent blood vessels and nerves, skeletal muscle, hypodermis,
dermis, and epidermis (Kryvi & Poppe, 2016; Smith & Bell, 1975).

Rib bones

In teleost, ribs give structural support and protection of viscera in the abdominal cavity,

presenting regional changes in their length and morphology (Bird & Mabee, 2003). In

salmonids, ribs are intersegmental long bones located at the abdominal and transitional

regions of the axial skeleton (De Clercq et al., 2017). While ribs of the abdominal region

form the rib cage (cavea thoracis), ribs of the transitional region are vestigial. The
proximal end of non-vestigial ribs (rib head), is predominantly cartilaginous and is
attached to the vertebra parapophyses by a joint made of different types of cartilage;
elastic/cell-rich connecting the hyaline cartilage of the rib to the hyaline cartilage of the
parapophyses ventrally in the center of the joint, while fibro/cell-rich cartilage and
Sharpley’s fibers connect adjacent ossified margins of parapophyses and rib head around
the hyaline union core, giving joint stability and serving as a bridge for connecting

periosteum of both independent structures (De Clercg et al., 2017).

Teleost ribs develop independently by specific centers close to the axial skeleton. They
appear as elongated cartilages that chondrify following a cranio-caudal sequence along
the abdomen. During early development, the rib cartilage elongates and grows in a

posteroventral manner (Britz & Bartsch, 2003; Emelianov, 1935), following the

intersection between the myocommata plane and the parietal peritoneum (Goette, 1879;
Goppert, 1895). Later, as shown in silver carp (Hypophthalmichthys molitrix) (Soliman
2018), ribs undergo perichondral ossification and appositional growth with minimal
endochondral ossification, but they may still experience longitudinal development by
linear expansion of growth plate at the rib head. Here, resting chondrocytes enter
differentiation into a proliferative phase with active cell replication. In salmonids, mature

rib cartilage core is believed to by hyaline (De Clercq et al., 2017), but according to
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Soliman (2018), after reaching a certain distance from the resting zone, chondrocytes
undertake a hypertrophic phase where an abundant cartilage matrix (pars cartilaginea)
is produced. Later, the hypertrophic zone undergoes extensive degradation and erosion
by chondroclasts. This leaves an empty medullary area (rib cavity), although remnants of
the hypertrophic zone may be seen. Distal rib parts are found to follow typical cartilage
growth as in the proximal side, with perichondral ossification and without medullary

bone formation (Soliman, 2018). At the beginning of the appositional growth, matured

peri- and endochondrium leaves peri- and endosteum with differentiated osteogenic cells

(osteoblasts) (Huysseune & Sire, 1992). Osteoblasts produce perichondral compact bone

(substantia compacta; pars ossea) at both periosteum and endosteum, where osteoclasts
may be found in an active (oval) or resting (flattened) phase. Slight projections of ossified

tissue may extend to the cartilage matrix (Soliman, 2018). Appositional growth and

remodelling may occur even after the animal fully develops in response to mechanical

stress (Ofer et al., 2019). Although many of these features are common in teleost species,
there is no available literature targeting Atlantic salmon ribs.
Bone composition and cellularity vary broadly among different fish species, as shown by

Cohen et al. (2012). Lower teleosts, such as Atlantic salmon or common carp (Cyprinus

carpio L.), have naturally more cellular-rich bones than higher teleost like tilapia

(Oreochromis aureus), whose bones are considered acellular (Cohen et al., 2012; Moss,

1963). However, cellularity may also vary according to the structural organization of
bone. For example, the osteocyte density is ten times higher in the trabecular than in the

compact bone of Atlantic salmon vertebrae (Nordvik et al., 2005).

Blood vessels

In salmon (Smith & Bell, 1975), the heart pumps blood through the ventral aorta to the

gills. Although part of this blood supplies cranial structures, most of the flow is distributed
to the body through the dorsal aorta. The subclavian artery supplies the pectoral girdle,
the coeliacomesenteric artery supplies blood to the intestinal organs, and the renal
arteries supply the kidney and segmental arteries trunk muscles. The circle is repeated
where blood is transported to the heart by the abdominal, hepatic, and common cardinal
veins. When it comes to the abdominal wall, blood is collected by the segmental parietal

veins (SPV) into the abdominal and common cardinal veins (Smith & Bell, 1975). Although

Kryvi and Poppe (2016) described the most superficial vessel to the parietal peritoneum

as segmental arteries, unpublished histological evaluations reveal tunica externa and
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media with typical vein features (Figure 3). Thus, lateral cutaneous branches would

collect blood from the abdominal wall to SPV (Figure 3. B) (Smith & Bell, 1975).

@ Skin % —
Segmental parietal vein
Red muscle TR

_ Parietal
f peritoneum

Figure 3. Anatomy of the rib cage (cavea thoracis) of Atlantic salmon. A) Macroscopic view of the
parietal peritoneum. B) Illustration of transversal rib cage anatomy. Black asterisks indicate the
presence of focal dark spots. C) Histological anatomy of the rib cage; horizontal cut. Movat
pentachrome staining. IN, intercostal nerve; SPV, segmental parietal vein; TF, transverse fascia; R,
rib. Unpublished material. Images from Raul Jiménez-Guerrero.
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Skeletal muscle

The largest functional unit of the skeletal muscle is the myotome, which corresponds to
the number of vertebrae (Kryvi & Poppe, 2016). The myotome consists of myomere
(muscle and intramuscular adipose tissue) and myocommata or intermyotomal

fascia/myosepta (Turnbull, 2006). The myocommata comprise adipose and connective

tissue, a network of tendons connecting the skeletal muscle fibers to bones and skin
(Kryvi & Poppe, 2016). The interface between two myotomes is symmetrically conformed
by the sarcolemma membrane, followed by the basal lamina (limit of the muscle fiber),

myocommat’s adipose, and connective tissue (Fletcher et al., 1997). Salmon myotome

follows a “W” shape with the side with three peaks (anterior cones) pointing towards the
head. This structural organization changes progressively from head to tail (Kryvi & Poppe

2016). Additionally, as shown in other species, there may be local muscle groups (obliquus

superioris) (Allen, Ladin, & Rowell, 2020) providing controlled movements of ribs.
Muscle growth (myogenesis) is contributed by hyperplasia (increase in myofiber
number) as well as hypertrophy (increase in myofiber size). In teleost, the dominance of

hyperplasia over hypertrophy depends on species and life stage (Froehlich et al., 2013;

Galloway, Kjgrsvik, & Kryvi, 1999; Manneken, Dauer, & Currie, 2022). There are three

different types of skeletal muscle fibers: red (muscularis lateralis superficialis), white

(muscularis lateralis profundus) (Kryvi & Poppe, 2016), and an intermediate type (pink)

(Wang et al., 2021). In salmonids, red fibers (~15 % of muscle mass), localized laterally

under the skin, are well vascularized and specialized in aerobic metabolism. This makes
them suitable for slow and repetitive contractions, such as during regular swimming.
White fibers (~85 % of muscle mass) are placed medially under the red fibers and have
less vascularization, specialized in anaerobic metabolism. Thus, white fibers are more

suitable for spontaneous, fast, and powerful contractions (Grunow et al., 2021; Kryvi &

Poppe, 2016).

The abdominal wall of Atlantic salmon has a higher muscle fat content versus posterior

and epaxial areas (Aursand etal., 1994). Morphologically, this region is thinner than other

axial areas, and its overall vertical length varies with the condition factor, which is highly
dependent on the viscera that fluctuates according to fish size, diet, and season in farmed

salmon (Dessen et al., 2017; Rgrvik et al., 2018).
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5.1.3 Skeletal pathology in salmonids
Deteriorated skeletal health impacts fish welfare (Noble et al., 2018) and business

profitability derived from reduced growth (Hansen et al.,, 2010), fillet quality (Haugarvoll

et al., 2010; Sullivan et al., 2007), and technology difficulties due to uniformities (e.g.,

malformations and fractures) affecting filleting and processing at the slaughterhouse
(Currey, 2003). Several factors may impact skeletal health, from individual-dependent

such as ploidy (Fraser et al, 2015) to environmental factors: farming practices such as

vaccines (Aunsmo et al, 2008; Holm et al, 2020; Trangerud et al., 2020), farming

conditions such as egg incubation temperature (Fraser et al., 2015), light regime (Fjelldal

et al., 2012), water speed/exercise (Solstorm et al., 2016), and diet (Baeverfjord et al.,

2018).

Currently, salmon bone research focuses on vertebrae (Drabikova et al., 2021, 2022;

Witten et al., 2019), but little is known about other skeletal parts, such as salmon ribs.

More than two decades ago, Baeverfjord, Asgard and Shearer (1998) reported axis

deviations in the form of wrinkly malformations and mechanical deterioration in ribs in

response to a phosphorus (P) deficient diet during fresh and seawater phases. Later,

Roberts, Hardy and Sugiura (2001) observed similar findings associated with dietary P
and vitamin C deficiency during early life stages. Axis deviations of the ribs have also been
associated with myocommata injury during the early life stages in other teleost species,

such as zebrafish (Danio rerio) (Akama et al., 2020). Other forms of rib abnormalities in

the form of supernumerary ribs associated with a dominant mutation mechanism have

been described in rainbow trout (Oncorhynchus mykiss) (Gislason et al., 2010). Here,

supernumerary ribs appeared as flouting segments on the distal rib area and partially
inserted on the myocommata plane, but with deep lateral muscle intrusion, and in severe
cases, they gave skin erosion or even perforations. In addition, compatible morphologies
with fractures and the subsequent healing process have also been identified in neural
spines of salmon (Fjelldal et al., 2004) and neural, haemal and ribs bones from wild and
farmed non-salmonid species (Fjelldal et al., 2020; Fjelldal et al, 2018; Horton &
Summers, 2009).

5.1.4 Regeneration and repair in the musculoskeletal system

The healing process is a complex and dynamic mechanism whose goal is to limit injury,

restore tissue homeostasis, protect against infections, regenerate the damaged tissue, and
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restore its function, if possible (Velnar, Bailey, & Smrkolj, 2009). This process can be

realized by either regeneration or repair, depending on whether the original tissue is fully
restored or replaced with connective tissue. In teleosts, the healing of the musculoskeletal
system is poorly understood, where most of the previous literature has focused on fin

skeleton injuries in zebrafish (Sousa, Valerio, & Jacinto, 2012; Tomecka et al., 2019).

However, in mammals, the healing process has been extensively studied, where there is a
consensus for dividing healing into several overlapping phases: the inflammatory, the

fibrovascular, and remodelling (Bahney et al., 2019; Khurana, 2009; Maruyama et al.

2020; Sciorati et al., 2016). Besides their evolutional distance - meaningful at the

immunological level - the healing process occurs in teleosts similar as in mammals.
Inflammatory phase - From innate to adaptative immunity

The initial phase of the healing process following a musculoskeletal injury (haemorrhage,
acute inflammation, and degeneration) is crucial as it establishes the foundation for the
subsequent development steps (Eming, Martin, & Tomic-Canic, 2014). The haemorrhage
is a temporary hypoxic source of essential growth factors and stem cells for healing (Guo

& Dipietro, 2010). Here, tissue-resident innate immune cells respond to damage-

associated molecular patterns (DAMPs), and/or microbe-/pathogen-associated

molecular patterns (MAMPs/PAMPs) (Soliman & Barreda, 2023), which results in

swelling, redness, and pain in higher vertebrates (Tang et al., 2012). MAMPs/PAMPs

induce the migration of myeloid leukocytes (e.g., monocytes, neutrophils), typically the
first immune cells to react. Leukocytes generate both intracellularly and extracellularly
reactive species of oxygen (ROS) and nitrogen (RNS), antimicrobial peptides, and pro-
inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin 1 (IL-
1B) and interleukin 6 (IL-6), which intensify local inflammation and damage (Havixbeck

& Barreda, 2015). Eventually, extracellular release of ROS and RNS also leads to local

collateral tissue damage (Havixbeck & Barreda, 2015).

Across vertebrates, DAMPs, and MAMPs/PAMPs also drive the migration of professional
antigen-presenting cells (APCs; e.g., dendritic-like cells (DCs), and resident macrophages)

to the injury (Soliman & Barreda, 2023). Macrophages and their M1/M2 dichotomy

profiles are evolutionarily conserved cells that evolved more than 500 million years ago

(Wiegertjes & Elks, 2022). During a pro-inflammatory environment, macrophages

become polarized to the M1 (pro-inflammatory) type. M1 produces an intracellular

release of ROS and RNS in their attempt to help remove damaged tissue and debris, as
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well as additional pro-inflammatory cytokines such as TNF-q, IL1-$, IL-6, and interleukin

12 (IL-12) (Soliman & Barreda, 2023; Wiegertjes & Elks, 2022). The result further

amplifies the pro-inflammatory environment and recruitment of other immune cells. In
addition, M1 cytokines are also responsible for the activation and non-differentiated

proliferation of satellite cells in the injury in higher vertebrates (Manneken et al., 2022).

There are two main different types of antigen presentation, either displaying intracellular
(MHC type [; all nucleated cells) or extracellular proteins (MHC type II; DCs, macrophages,
and B cells) (Wieczorek et al., 2017; Wu et al., 2020; Wu et al., 2022). In teleosts, under

regulatory cytokines such as IL-10 (Wu et al., 2020), B cells display robust phagocytic

capacity similar to mammalian B1 cells, increasing their APCs capabilities and role in
innate responses. Both teleosts B and B1 cells arise early during ontogeny, stay in the head

kidney, or migrate and reside in tissues, such as the peritoneal cavity, mucosal surfaces,

and spleen, where they reside as immature or naive (Abés, Bailey, & Tafalla, 2022). After
antigen processing, APCs migrate to lymphoid organs, presenting the antigen to
lymphocytes, beginning the transition from an innate to an adaptive immune response.

B and T lymphocytes are responsible for the specific adaptive immune responses. After

differentiation, lymphocytes mature into either effector or memory cells (Son etal., 2021).

Effector lymphocytes are well-described in teleosts (Abds et al., 2022). However, the

existence of lymphocytes with memory capabilities in teleosts similar to the mammalian
homolog systems is unclear. There is a debate on whether the innate immune system in
teleost fish primarily carries immune memory functions, termed trained immunity
(Stosik, Tokarz-Deptuta, & Deptuta, 2021; T. Yamaguchi et al., 2019).

Before proliferation and differentiation, naive B cells must enter activation by two main
mechanisms depending on whether CD4+ T (helper T) cells intervene or not. In the T cell-
independent (TI), direct activation occurs through the exposition by APCs of specific
antigens to an IgM B cell receptor (BCR) expressed in the surface of naive and memory-

like B cells (Abos et al.,, 2022; Jones et al., 2020). When an antigen binds to the BCR, it

initiates a signal transduction pathway that leads to effector B cell activation,
proliferation, and differentiation into mature antibodies (Abs) or immunoglobulins (Ig)-
secreting B cells (plasma cells) with both membrane IgM and IgD expression at the same

time (Abds etal,, 2022; Wu et al.,, 2019; Wu et al., 2022).

On the other hand, APCs can also present antigens to T cell receptors (TCR) of effector
CD4+ T cells (Tang et al., 2021), which enter activation capable of co-stimulating naive B
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cells in a T cell-dependent (TD) manner. The TD pathway requires the co-stimulation of
the BRC (signal 1), the cluster of differentiation 40 and its ligand (CD40/CD40L) (signal
2) (Granja etal., 2019), and the production of pro-inflammatory cytokines by the cognate-
activated CD4+* T cell (signal 3) that stimulate B cell proliferation and differentiation

(interleukin 2 (IL-2), interleukin 4/13B (IL-4/13B), and IL-10) (Maruyama et al., 2020;

Sciorati etal., 2016). T and B cells must be specific for the same antigen in the TD pathway.

As DCs may also express CD40L, innate cells may simulate naive B cells by using some of

the TD signals (Abds et al., 2022).

Activated CD4+* T cell cytokines can also activate M1 macrophages (TNF-a and interferon-
gamma (IFN-y)) and CD8* (cytotoxic T) cells maturation (IL-2 and IFN-y) (Maruyama et

al., 2020; Sciorati et al., 2016). Effector CD8* T cells, recognize aberrant antigens

presented by MHC class I, typical of infected or cancerous cells, where they induce
apoptosis by releasing cytotoxic granules containing perforin and granzyme (Takuyva
Yamaguchi et al., 2019). CD8* cells also produce pro-inflammatory cytokines, principally
IFN-y (Abds et al., 2022), that polarize M1 and activate other immune cells, while

inhibiting tissue regeneration - at least in mammals - (Maruyama et al., 2020; Sciorati et

al. 2016).

TI activation plays a role in maintaining homeostasis by contributing to the natural Ig
repertoire, which is present in the body even without prior exposure to specific
pathogens. This is crucial for providing a first line of defense against pathogens (Abds et
al., 2022). In mammals, though relatively slower, TD is usually more efficient than TI
activation as it promotes more differentiation into memory B cells (Cerutti, Puga, & Cols
2011). However, this dichotomy between TI and TD responses does not seem to be clear
in teleosts, as the degree of B cell activation can be reached through the accumulation of
signals or respond much more to certain co-stimulatory DCs signals (e.g,
lipopolysaccharide (LPS)) in TI than TD (Granja et al., 2019).

In teleosts, there are “two different waves” of Abs responses. The primary wave occurs
principally in the spleen, while in the head kidney during the secondary repose (Abds et
al., 2022). In the first wave, upon TI and TD exposure (Abos et al, 2022; Sunyer &

Boudinot, 2022), multiple naive B cells with different specificities are activated. On one

hand, a group of these activated B cells proliferate and matures into plasmablast and
plasma cells. Then, each plasma cell produces Abs (IgM; polyclonal) with slightly different

low-affinity for different antigen parts or epitopes. On the other hand, activated naive B
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cells also differentiate through somatic hypermutation affinity maturation. During
somatic hypermutation, the genes encoding their BCRs mutate rapidly. This results in a
pool of B cells with BCRs (thus, Abs, once they differentiate into plasma cells) of varying
affinities. Later, during affinity maturation, mutated B cells producing higher-affinity Abs
are preferentially selected to survive and further proliferate upon future activation of
specific clonotypes, producing more specific Abs (monoclonal) in the second wave.
Affinity maturation in teleosts is much less efficient than in mammals in terms of potential
specificity and quantity, taking several months to reach a 100-fold increase in IgM affinity
(Abds et al., 2022). In mammals, in addition to Abs, plasma cells can also produce pro-

inflammatory cytokines (IL-6, TNF-a, IL1-$, IFN-y) (de Gruijter, Jebson, & Rosser, 2022).

Although these cytokines are described in teleosts, no studies have reported their
production by plasma cells.

Fibrovascular phase

At some point, initial pro-inflammatory stimuli (by DAMPs and MAMPs/PAMPs) must be
controlled, reducing the production of pro-inflammatory mediators and inducing the

apoptosis of leukocytes. This will mark the beginning of the fibrovascular phase (Feehan

& Gilroy, 2019; Maruyama et al., 2020), which is poorly understood in teleostss.

Generally, in response to transforming growth factor-beta (TGF-f), and IL-10, M1
macrophages polarize to the M2 phenotype (anti-inflammatory) (Wiegertjes & ElKks,

2022). In Atlantic salmon, M2 macrophages have been associated with the production and

accumulation of melanin pigments (Malik etal., 2021). M2 macrophages play a crucial role

in promoting musculoskeletal injury healing through the resolution of inflammation by
phagocyting remaining apoptotic cells (efferocytosis) and debris, which clears the
inflammatory environment and prevents the pro-inflammatory stimuli from dead or
dying cells (Mills & Ley, 2014). M2 also contributes to tissue regeneration by secretion of
anti-inflammatory cytokines (TGF-f, IL-4, IL-10, and IL-13) (Abos et al., 2022), which

promote tissue repair by leading the differentiation and fusion of proliferated satellite

cells (Manneken et al., 2022; Soliman & Barreda, 2023).

In mammals, where the fibrovascular phase is extensively studied, M2 macrophages,
satellite cells, and mesenchymal stromal cells (MSCs) play a crucial role in local inter-
cellular communication. MSCs are recruited during the late inflammatory phase in

response to pro-inflammatory cytokines, such as TNF-a and IL-6 (Maruyama et al., 2020).

Cross-talk between secreted anti-inflammatory cytokines by M2 and MSCs such as IL-10,
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TGF-B, bone morphogenetic proteins, and growth factors initiate angiogenesis and a
transitory reparative granuloma, which serves as a template for the subsequent formation
of muscle and callus. These cytokines and most characteristic growth factors, such as
vascular endothelial growth factor (VEGF), platelet-derived growth factor, insulin-like

growth factor-1, and fibroblast growth factor-2, are present in teleosts (Cao et al., 2023).

This process ensures the delivery of oxygen and nutrients to the healing tissues, at least

in mammals (Maruyama et al., 2020; Sciorati et al., 2016). Growth factors such as VEGF

and an increase in lactate production (hypoxia) promote the polarization of M2

macrophages which accelerates the process (Colegio et al., 2014). Local hypoxia also

stimulates MSCs migration and tissue regeneration in mammals (Lin et al, 2017).
Although MSCs are also reported in teleosts (Lund et al., 2014), their osteogenic
precursors are mainly derived from dedifferentiated mature osteoblasts rather than MSCs

(Geurtzen et al.,, 2014). Osteogenic precursors may also be derived from adipocytes, as

shown in Atlantic salmon (Ytteborg et al., 2015).

In mammals, there are two types of MSCs; muscle-derived (MD-MSCs), and bone marrow-
derived (BM-MSCs). In muscle lesions, satellite and MSCs synthesize and secrete an
infiltrate of extracellular matrix components, such as collagen and fibronectin, which

provide structural support for the newly formed tissue (Csapo, Gumpenberger, &

Wessner, 2020). In bone healing, this process is dominated by BM-MSCs that create a

fibrovascular bud. This is followed by two different ossification strategies:
intramembranous ossification and endochondral ossification. Intramembranous
ossification occurs at the periosteum and directly forms a hard callus from differentiated
BM-MSCs into osteoblast that synthesizes and mineralizes bone matrix, where they
mature as osteocytes. On the other hand, in endochondral ossification, BM-MSCs
differentiate into chondroblasts followed by hyaline- and hypertrophic chondrocytes,
which create a cartilaginous template that undergoes mineralization to form a
cartilaginous callus (soft callus) (Maruyama et al., 2020).

During early phases of the fibrovascular phase, pro-inflammatory cytokines such as IL-
1B, IL-6, and TNF-a are absent. However, TNF-a increases in late healing phases to
facilitate chondrocyte apoptosis, cartilage resorption, and vascular invasion, leading to

osteoblast migration and osteocyte differentiation (Maruyama et al., 2020). This process

converts the cartilage matrix into a bone matrix (hard callus). The organic components of

the bone matrix are predominantly collagen, as well as other proteins like osteocalcin,
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osteopontin, and bone sialoprotein (Lin et al., 2020). These components create the

foundation for mineralization, the incorporation process of calcium (Ca) and P ions to
form hydroxyapatite crystals (the primary mineral component of bone) into the
surrounding collagen matrix.

During post-resolution in mammals, the successful completion of the fibrovascular phase
results in restoring tissue integrity and function (adapted homeostasis) through different
remodelling mechanisms. However, an imbalance in these physiological immune
mechanisms can lead to the failure of healing with chronic inflammation and fibrosis
(maladapted homeostasis) that may occur at clinical and subclinical levels after resolution

(Feehan & Gilroy, 2019).

Remodelling phase

Little is known about the remodelling phase in teleosts. As reviewed in mammals, the new
tissue is remodelled to restore its original structure, shape, and mechanical properties to
resist stress and strain. A local secondary increase of pro-inflammatory cytokines such as

IL-1B, IL-6, and TNF-a drives this process (Maruyama et al., 2020). In muscle, M2

macrophages produce matrix metalloproteinases, enzymes involved in the degradation of
damaged and granular extracellular matrix (excess fibrotic tissue or scar tissue) (Nagase

Visse, & Murphy, 2006; Sciorati et al., 2016). Thus, the extracellular matrix is reorganized

with the realignment of collagen fibers to optimize muscle function. Then, newly formed
muscle fibers mature, increase in size, and develop functional contractile properties. In
bone, the balance between the osteoblast and osteoclast activity of the hard callus
gradually results in a lamellar bone deposition (appositional growth), which gives
stronger tissue (Maruyama et al., 2020). This process is highly regulated by osteomacs
(not described in teleosts). Ostomacs are specialized local macrophages that support bone
remodelling and homeostasis by regulating osteoblasts and osteoclasts activity.

Failure of healing - Chronic inflammation

Understanding the implications of inadequate musculoskeletal healing is important for
DS as they are chronic inflammatory processes. However, DS have not been characterized
under this perspective, and there is a lack of studies exploring the failure of healing in
musculoskeletal injuries of teleosts. In mammals, excess of acute inflammatory stimuli
(e.g., infection, defective apoptotic cell clearance) induces TNF-a overexpression by
neutrophils which leads to more pro-inflammatory cytokines and chemokines (TNF-a, IL-

1B, and IL-6) by differentiated M1 macrophages (Epsley et al., 2021). This stimulates

28




differentiation and activation of osteoclast while inhibiting osteogenesis as it interferes
BM-MSC differentiation to osteoblast, producing net bone resorption. Targeted immune
activity with a high CD4+:CD8* ratio and more effector B and T cells in response to the

pro-inflammatory environment also inhibits osteogenesis (Maruyama et al., 2020).

Continuous upregulation of TNF-a and persistent activation of the nuclear factor kappa-
light-chain-enhancer (NF-kxB) of activated B cells pathway is a common feature of chronic
inflammation. Interestingly, the NF-kB signalling appears well conserved in teleosts

(Soliman & Barreda, 2023). The erosion/resorption of bone surfaces due to the pro-

inflammatory environment is typical of human inflammatory diseases (Maruyama et al.
2020). In muscle, continuously proliferating satellite cells and MD-MSCs in persistently
inflamed tissue generates self-perpetuating matrix deposition, fibrosis, and adipose tissue

infiltration (Sciorati et al., 2016). Consequently, as the tissue cannot recover homeostasis,

this may lead to defective healing with loss of tissue properties and function, which

resembles the typical histological features of DS (Bjgrgen et al., 2019).

5.1.5 Melanin

Melanin is an inert and highly stable molecule produced in various tissues of mammals

(Boissy & Hornyak, 2006), lower vertebrates (Agius, 1980), plants, and certain

microorganisms (El-Naggar & Saber, 2022). The process of melanin formation is termed
melanogenesis. Melanin is synthesized and stored inside cells in specialized organelles

called melanosomes (Raposo & Marks, 2007). The type of melanin produced relies on

available enzymes such as tyrosinase, and substrates such as tyrosine (Boissy & Hornyak,

2006; Hearing, 1993). Disturbances in its function lead to albinism. The synthesis
pathway involves multiple steps and intermediate compounds, with the presence or
absence of certain molecules determining the melanin type produced, either eumelanin

(black-brown) or pheomelanin (yellow-red) (Hennessy et al., 2005; Ito, Wakamatsu, &

Ozeki, 2000; Yamaguchi, Brenner, & Hearing, 2007). In fish, pheomelanin synthesis has

not yet been reported (Kottler, Kiinstner, & Schartl, 2015).

During its biosynthesis, melanin generates a small number of ROS (Sealy, 1984), while
absorbing and neutralizing ROS when polymerizing (de Cassia & Pombeiro-Sponchiado
2005; Dunford et al,, 1995; Rézanowska et al., 1999; Sarna, Menon, & Sealy, 1985; Sealy
et al., 1984; Wang, Dillon, & Gaillard, 2006; Wu et al., 2008). This (net redox) duality

allows melanin to regulate ROS production in favor of cellular functions. Together with
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other molecular properties, melanin can bind, oxidize, and neutralize molecules
efficiently, making it the preferred agent for various biological processes. In unicellular
organisms like bacteria and fungi, melanin provides resistance to environmental factors
such as UV light, high temperatures, desiccation, polysaccharide lytic enzymes,
encapsulating or isolating oxidizing chemicals, pesticides, and infectious organisms, as

well as reinforcing cell walls (Hullo et al., 2001; Kollias et al., 1991; Kuo & Alexander,

1967; Kuznetsov, Filippova, & Rybakova, 1984; Patel et al., 2013). These properties also

make melanin an exceptional tool for the immune response of more complex organisms.
Macrophages synthesizing melanin (melanomacrophages) are essential for the innate

immune system of invertebrates, lower vertebrates (Blazer, 1991), and poorly

vascularized areas like adipose tissue where the function of the adaptive immune system

is limited (Randhawa et al., 2009)

In Atlantic salmon, melanomacrophages are cells found in the anterior kidney as

aggregated structures called melanomacrophage centers (MMCs) (Agius, 1985; Agius &

Roberts, 2003; Reimschuessel & Ferguson, 1989), although adventitious forms may also

be found within chronic inflammatory processes (Roberts, 1975). It has been suggested

that MMCs are structurally like the germinal center in mammals and that MMCs play a
role in the humoral adaptive immune response serving as “primitive germinal centers”.

However, this designation may be premature (Steinel & Bolnick, 2017).

5.1.6 Knowledge gaps
e The potential traumatic causes of DS have not been explored using rib morphology

as a model.

e There is a lack of basic knowledge and diagnostic techniques for ribs.

e No studies have investigated the influence of environmental factors, such as the
growing conditions on DS.

e The effects of environmental factors, such as the growing conditions and the
composition of the diet, on rib morphology in the general musculoskeletal
framework are poorly understood.

e The population of B cells in DS has not been studied, nor has their traffic between

lymphoid tissues and DS.
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5.1.7 Objectives and hypothesis
The objective was to investigate the aetiology of DS in Atlantic salmon fillets through the

following sub-goals:

Explore the association between rib abnormalities and the occurrence of DS using
salmon reared in different environments (Paper I).

Understand long-term morphological rib abnormalities within the general
musculoskeletal framework using salmon fed either marine- or plant-based
ingredients during smoltification (Paper II).

Understand the local immune response in DS by investigating B cells and their

traffic between lymphoid tissues and DS (Paper III).

The initial hypothesis were:

5.2

Hoa: There is an association between abnormal rib morphology and DS.

Hob: The rearing/farming environment is an aetiological factor for DS.

Hoc: The composition of the diet during smoltification is an aetiological factor for
rib abnormalities and DS in the long-term.

Hod: B cells in DS primarily migrate from the head kidney and spleen.

Experimental overview

This workis based on two experiments (Experiment I and II) (Figure 4). In the Experiment

[ (Papers I and III), farmed salmon from the same smolt population were fed the same

commercial feed from the start feeding to slaughter. Fish were farmed in different

environments and sampled in different life stages, starting in the smolt farm (0.1 kg),

followed by either small experimental flow-through land-based tanks (non-vaccinated;

0.3 - 3.2 kg; 3 m3) or large commercial sea-cages (vaccinated; 0.5 - 4.5 kg; 120 m

circumference, 40 m depth). Wild-caught seawater (2.2 kg) and freshwater (5.1 kg)

salmon were used as additional materials. Paper III only used fish from the seacage

environment at the slaughterhouse (4.5 kg) (Figure 4).
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Figure 4. Experimental overview of the thesis. Two experiments (Experiment [ and II). Fish were
fed standard commercial diets adjusted to the life stage, except for fish prior to seawater transfer
in Experiment 1. Green color indicates fish fed a plant-based diet. Blue color indicates fish feed a
marine-based diet. Intraperitoneal vaccination was performed in fish prior to transfer to sea-
cages in the Experiment I and all fish groups in Experiment II. F-T, flow-through. The asterisk
indicates the fish material used for Paper III. RAS, recirculated aquaculture system.

In Experiment II (Paper II), farmed salmon derived from a common commercial genetic
lineage. Here, fish were fed two different diets during the smoltification phase: marine-
based (M-group) or plant-based (P-group) (Appendix - 1 to 4). Fish were sampled in
different life stages. Prior to seawater transfer, fish were vaccinated. Then, fish were fed
astandard commercial diet from the time of seawater transfer to small experimental flow-
through land-based tanks (similar to Paper I) for 10 months and then to a large common
experimental land-based tank from the same research facility for 11 weeks until slaughter

(3.1 kg) (Figure 4).

5.3

A broad selection of morphological, mechanical, chemical, and molecular methods were

Methodological considerations

chosen to accomplish the objectives. When the study of salmon ribs was initiated, there

were no established methods to evaluate their health. To address this gap, morphological
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(X-ray and histology), mechanical, and chemical methods were either custom-developed
or adapted.

X-ray

X-rays can simultaneously provide non-invasive, inexpensive 2D data from many bone
units (rib and vertebra) and individuals. Thus, allowing morphological evaluation and
relative estimation of mineral density. However, (in some cases) 2D assessment may not
be sufficient, requiring the use of 3D techniques such as micro-CT. X-ray imaging performs
well with bone but poorly with soft tissues. In contrast to higher vertebrates, teleost bones
are less mineralized. This feature, combined with small sizes, limits the image quality
when using conventional equipment. Therefore, studying the rib cage in small fish may
benefit from equipment with better resolution and sensitivity.

Every rib number 1 to 22 was divided into three regions (proximal, mid, and distal) where
the evaluations were taken. A classification system was developed (Paper I) based on the
type of rib abnormalities observed in fish from different sampling points, environments

(salmon, n = 176), and existing literature (Fjelldal et al., 2020; Gislason et al., 2010;

Khurana, 2009; Tomecka et al., 2019), aiming to identify abnormality prevalence’s and its

potential relation to DS development. Assuming a post-traumatic mechanical disturbance
of local tissue after a potential fracture, rib abnormalities were classified into two
categories: those with no relation to fractures (Category I) and ribs in different phases of
the healing process after fracture, with or without existing continuity breaks (Category
I). Category | was further divided into two sub-categories: generalized radiolucent -
normally at mid-distal parts - with increased rib diameter, and axis deviations. These
abnormalities could be linked to either mechanical stress or potential nutritional
deficiencies. Category Il was divided into six sub-categories, represented in Figure 5.
Hypothetically, if A) a fracture occurs, the healing process might take three different
directions (B, C, or D). As part of the normal healing responses in long bones, B1) a soft
radiolucent callus is formed, followed by Bz) a hard radiopaque callus and further stages
of B3) bone remodelling. On the other hand, the failure of callus formation would lead to
C1) radiolucent non-unions, as atrophic non-unions in different stages Cz to C3) with
resorption of free fragments Cs), followed by Cs) shorter or missing rib parts once free
fragments are fully reabsorbed. Free terminal rib fragments could continue their
longitudinal growth independently after rib fracture, giving D) supernumerary ribs

(Figure 5).
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Figure 5. Rib (costae) morphological abnormalities related to continuity breaks in Atlantic salmon
organized according to their potential healing process after a A) fracture. B) Soft radiolucent
callus is formed, followed by B>) hard radiopaque callus, and further B3) bone remodelling stages.
Failure of callus formation could lead to C1), radiolucent non-unions, as atrophic non-unions with
resorption of free fragments in different stages from C; to C3), followed by C4) shorter or missing
rib parts once free fragments are mostly or fully reabsorbed Cs). Free terminal rib fragments may
continue their longitudinal growth independently, giving D) supernumerary ribs. Lateral X-ray.
Raw material, Paper I.

Although Papers I and II focused on rib cages, X-ray evaluations in Paper Il were also
carried out on vertebrae as it is a well stablished evaluation system for skeletal health,
and would allow to understand rib morphology in the general skeletal framework. The
evaluation of vertebral morphology was done similarly to Bou et al. (2017) and Fjelldal,

Nordgarden and Hansen (2007), though separating major morphological abnormalities

(e.g., compression, fusion, and cross-stitch) from deviations in vertebral 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).

Histology

Histology allows for detailed analysis of tissue microstructure and can identify subtle
changes in tissue health or organization. However, its main weakness lies in its subjective
nature and potential for artifacts during tissue preparation. This is especially critical in
small mineralized structures, such as ribs, that are surrounded by soft tissues.
Furthermore, conventional histology offers only a 2D perspective of tissues, which may
not fully capture the complexity of specific structures or processes, as it poorly explores
the “Z” plane. However, advanced image analysis can improve objectiveness and its

diagnostic capabilities.
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Tissue samples from the abdominal wall (parietal peritoneum, ribs and skeletal muscle)
preserved in formalin (10 % phosphate-buffered formalin, pH 7.0, >3 days at 4 °C) were
examined for pathological changes. Decalcification was performed by incubating the
samples in 10 and 14 % ethylenediaminetetraacetic acid (EDTA) at pH 7 for up to 48
hours and two weeks in Paper I and II, respectively. Samples were then embedded in
paraffin wax and sectioned at 1.5 - 2 um. The stains included: Haematoxylin and Eosin for
standard morphology and histopathology; Periodic acid-Schiff for detecting glycogen
accumulation in muscle; Movat Pentachrome for morphology and structural composition;
and Picro Sirius Red for highlighting collagen. In addition to light microscopy, samples
with Picro Sirius Red were inspected under polarized light at 90 ° (cross-polarization) and
for confocal microscopy (emission bandwidth, 496 nm - 554 nm and 574 nm - 644 nm).
Subjective morphological image analysis was done using the Image] software (v1.52s, U.
S. National Institutes of Health, Bethesda, USA).

Mechanical properties

Revealing a potential relationship between rib fractures, deformations, and DS requires
an understanding of the mechanical properties. Mechanical testing provides critical data

on structural integrity and physical properties of biological tissues (Mgrkgre & Einen,

2003). Yet, these techniques can be invasive, potentially destructive, and may not
accurately reflect in vivo conditions (e.g, isolated bones). Variability in sample
preparation and testing conditions (temperature and moisture) can also introduce
inconsistency of the results. These issues might be magnified in smaller or more delicate
specimens, like fish ribs and vertebrae. Although the original focus was the rib cage,
potential challenges in repeatability and sample collection were anticipated. As a result,
the mechanical properties of vertebrae were also investigated.

In Paper II, techniques were developed to assess the mechanical properties of fish ribs
and vertebrae, specifically designed for large-scale sampling and practicality in salmon
research. Parameters recorded from the stress-strain curves included the elastic modulus
(N/mm), breaking force/load (N), and area (graph area, N*mm) at a given point (Figure

6).
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Figure 6. Load/distance graph. The elastic modulus or slope of the stress-strain curve is calculated
based on rise/run at a given point within the elastic region. The elastic limit [X, Y] is the
termination of the elastic and the beginning of the plastic region of the material. The breaking
point [X’, Y’] is the fast failure of material resistance. In certain materials, the elastic limit coincides
with the breaking point.

The trigger force was adjusted to either rib (N) or vertebra (N), the traveling speed of the
probe (guillotine knife; 70 mm width, 3 mm thickness) was set to 2 mm/s, and anatomical
regions of focus were chosen according to an unpublished experiment (Figure 7). Further
method development could include a thinner knife with a shaper edge to improve the
quality of the measurements. Mechanical tests were performed on every second rib from
numbers 2 to 22 and every fifth vertebra from number 11 to 55, starting from the head
after cleaning for surrounding soft tissue and trimming vertebrae for haemal and neural
spines. For the rib, the region of interest was set to ribs number 12 to 14, where there was
relatively high variation between proximal, mid, and distal rib parts and proximity to the
anatomical region with the highest prevalence of DS (Mgrkegre, 2012; Mgrkgre et al.
2015) (Figure 7. A). For vertebrae, every vertebra was latero-laterally compressed until
the knife reached up to 50 % of the vertebral thickness to emphasize the trabecular

fraction as it is naturally more active than compact bone (Gil Martens et al., 2006; Nordvik

et al., 2005), and it resembles the laminar structure of the rib. The region of interest was
established within the anatomical region corresponding to the Norwegian quality cut

(NQC) because values collected at various depths indicated that it was a mechanically
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stable vertebrae region, allowing measurements to be taken regardless of the selected
vertebra (Figure 7. B). Moreover, this easy-to-access region during sampling would allow

for multiple measurements of different vertebrae.
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Figure 7. Overview of mechanical properties of ribs (costae) and vertebrae of 5 kg Atlantic salmon
used for mechanical method design. A) Rib method. Red lines indicate the location of the rib cage
(cavea thoracis), subjected to mechanical test. Red box shows the region of interest (Paper I and
II) with the highest prevalence of focal dark spots and relatively high variation between proximal,
mid, and distal rib parts. Significant differences between breaking force of proximal, mid and
distal rib parts of the same rib are indicated with * (p < 0.05), ** (p < 0.01), and *** (p < 0.001)
over the top error bars. B) Vertebrae method. Data is collected as thickness and area at 50 % of
compression depth. Red lines indicate the anatomical location of interest for Paper II, the
Norwegian quality cut (NQC). Significant differences between anatomical locations are indicated
by different letters over the top error bars (p < 0.05). Least Squares Means, ANOVA. Data are
presented as mean + SEM, n = 10. Unpublished material. Images from Raul Jiménez-Guerrero.

Chemical analysis

Obtaining vital information on biological tissues' elemental composition contributes to
understanding pathological and physiological states. Chemical analysis can elucidate key
details such as mineral content and distribution, which are crucial in musculoskeletal
research. However, they require invasive sampling and extensive sample preparation.
Additionally, they typically focus on a targeted set of compounds or elements, potentially
missing other relevant aspects of the tissue's chemical profile. In the case of smaller or
less mineralized tissues, like teleost rib bones, the minimum amount of homogenized

material, sensitivity and resolution of the analysis can be limiting factors. In fact, the low
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volume of rib material would limit sampling and other analyses that had to be prioritized
in Paper I. Therefore, NQC vertebrae were chosen, expecting that if there were major
bone mineralization differences, they would also have been detected at the vertebrae
level.

Rib samples were cleaned for surrounding soft tissue before homogenization per rearing
unit. Paper Il had enough rib material to analyze the total concentration of three elements
(Ca, P, and magnesium (Mg)). Ca and Mg concentrations were assessed using inductively
coupled plasma mass spectrometry (ICP-OES) after microwaved digestion, while total P
concentration was estimated through an individual spectrophotometrically method

(IS06491, 1998). Regarding vertebrae, analyses were carried out using either gutted fish

(small fish size) or trimmed vertebrae for soft tissue, neural and haemal arches (large fish
size). In Paper I, the concentrations of major macrominerals of vertebrae (Ca; K,
potassium; Mg; P) were performed using acid digestion, extraction, and inductively
coupled plasma-mass spectrometry (ICP-MS), according to Liaset, Julshamn and Espe
(2003). In Paper II, gutted bodies and vertebrae were homogenized per original reading
unit, and heated for dry matter (ISO6496, 1999), and ash content (ISO5984, 2002)

determination. Then, concentrations of Ca, P, Mg, K, sodium (Na), zinc (Zn), iron (Fe),
manganese (Mn), and copper (Cu) were determined spectrophotometrically after
digestion with acid using an agilent microwave plasma atomic emission spectrometers
(MP-AES).

Molecular

In Paper III, eight fish with visible DS through the peritoneum from the same fish material
as Paper I (sea-cages) at the processing line were sampled for head kidney, spleen, and
visceral peritoneum fat, with one tissue sample taken from each fish. The peritoneum and
ribs were removed, and additional samples were collected from three different locations
of each DS. Samples from three different locations of normal skeletal muscle were also
obtained from the same anatomical region on the opposite fillet side to the DS. All samples
were preserved in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA), and
subsequently used for high-throughput sequencing of the complementarity determining
region 3 (CDR3) of the IgM heavy chains (Ig-seq). Additionally, Real-Time Quantitative
Reverse Transcription Polymerase Chain Reaction (RT-qPCR) was used to quantify the

expression of gene markers associated with B/T and antigen-presenting cells.
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Ig-seq of MmIgM

IgM exists in two forms, membrane-bound (mIgM) and secreted (sIgM). IgM can be found
in several structural states, such as monomer, hexamer, and pentamer (the most naturally
occurring sIgM) (Jones et al., 2020) (Figure 8). The IgM monomer consists of two heavy
chains with five domains (Vn, Cul, Cu2, Cu3, and Cn4) and two light chains with two
domains (V. and Cv.) (Davis, Roux, & Shulman, 1988). The variable regions of the light (VL)

and the heavy chain (Vu) conform to the antigen binding region (Figure 8. A). Generally,
the diversity and specificity of Ig are mainly determined by the variable region produced
during B cell development through insertions and deletions following the somatic
recombination of V and ] genes in the Vi and V, D, and ] genes in the Vu, which form a
variable-diversity-joining (VD]) region or CDR3 (Figure 8. A). Recombination and
enzymatic modification of VD] represent the major source of variation in Ig (Bassing,

Swat, & Alt, 2002; Jung et al., 2006; Schlissel, 2003). As the probability of independent

production of two identical CDR3 sequences is low, a specific combination of V, D, and ]
genes is referred to as a clonotype, a “barcode” for a B cell clone - cells having a common

ancestor.
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Figure 8. Structure of immunoglobulin M (IgM). A) Monomer structure of membrane IgM (mIgM)
is made up of two heavy chains with five domains (Vy, Cu1, Cu2, Cu3, and Cu4) and two light chains
with two domains (Vi.and Cy). The variable-diversity-joining (VD]) region is located in the variable
region of the heavy chains (Vy). VD] can be regarded as a clonotype “barcode”. The variable
regions of light (V) and Vy shape the antigen-binding region. The constant regions of the heavy
chains are attached to the B cell surface by a transmembrane signalling domain. B) Secreted form
of [gM as a pentamer structure (sIgM) of five monomers held together by a J-chain. Diffusive bonds
connect chains intramolecularly and heavy chains of different monomers intermolecularly.
Modified from Lee et al. (2019) and Britannica (2023). Based on Davis et al. (1988).
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High-throughput sequencing of the variable region or Ig-seq is a powerful technique for

studying the adaptive immune system (Sunyer & Boudinot, 2022). Ig-seq is unable to
identify the antigen-specific Ig, but it is a comprehensive overview of the immunoglobulin
repertoire. Regarding Atlantic salmon, Ig-seq was initially developed to evaluate the

complexity and diversity of IgM and detect responses to immunization Krasnov

Jgrgensen and Afanasyev (2017). The cooccurrence of CDR3 sequences in different tissues

of the same individual indicates the migration of B cells, which is stimulated by
immunization, such as vaccination or infection with pathogens.

Paper III compared the IgM repertoire in DS and other tissues: head kidney, spleen,
visceral peritoneum fat, and normal skeletal muscle (opposite fillet side). The numbers
and percentage of clonotypes detected in different tissues of the same fish were assessed,
and their cumulative frequencies (CF; sums of frequencies) were calculated (Figure 9. A
and B). CF depends on the phase of B cells migration between the source and recipient
tissues, as shown in the model (Figure 9. C). CF of clonotypes co-expressed in several
samples of a tissue reflects homogeneity of the local B cell population, such as DS or

normal skeletal muscle.
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Figure 9. Example of the cooccurrence of complementarities determining region 3 (CDR3) of IgM
within samples using Ig-seq results. A) Clonotype repertoire in Source and Recipient tissues. The
overlapping region indicates those clonotypes transcripts shared/expressed in both samples. B)
Example of the cumulative frequencies (CF) of shared clonotypes from A). The relative fraction of
shared transcripts (dark blue, red, and light green clonotypes) is compared to not shared
transcripts in each sample. In this case, shared clonotypes take a larger relative fraction of the
total number of clonotype transcripts in Recipient than in Source. C) Approximate phase
(discontinuous line) of the B cell response in A) and B) according to the model. Based on Paper
IIL.
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RT-qPCR

RT-qPCR is a reliable method for quantifying gene expression, providing precise and
sensitive results. However, it only simultaneously measures a selected number of genes
and has a limiting scope as it may not capture the complexity of biological systems.
Additionally, gene expression does not always correlate with protein synthesis, making
interpretation of the result more difficult if not combined with other methods such as Ig-
seq, histology, or gross macroscopy.

RT-qPCR was used to understand better the adaptive immune response phase in each fish
used in Ig-seq. A reference gene, elongation factor 1-alpha (efIa) (Julin, Johansen, &

Sommer, 2009), and several markers of immune cells and phases of their development

were selected. Antigen presentation: cluster of differentiation 83 (cd83) as a marker of

dendritic cells (Steinman, Pack, & Inaba, 1997), colony-stimulating factor receptor (csfr)

(Pefiaranda et al., 2019), macrophage receptor (marco) as makers for macrophages (van

der Wal etal., 2021), and cluster of differentiation 40 (cd40) and major histocompatibility

complex II (mhc2) as markers for antigen presentation (Lagos et al, 2012). Master

regulators of B cell differentiation: membrane IgM (migm) as a marker of undifferentiated

B cells (Tadiso, Lie, & Hordvik, 2011), cluster of differentiation 79 (cd79) as signalling for

binding of antigen to B cell receptor (Chu & Arber, 2001), paired box protein 5 (pax5) as

a marker for regulation of expansion and differentiation of progenitors B cells (Cobaleda
etal., 2007), lymphocyte-induced maturation protein 1 (blimp1) as a marker for terminal

differentiation (Nutt, Fairfax, & Kallies, 2007), B cell lymphocyte tyrosine kinase (blk)

expressed in differentiating and mature B cells, but not in plasma cells (Dymecki et al.
1992). Three Ig isotypes: Secretory IgM (sigm), 1gT (igt), and IgD (igd) as markers of Ig-

producing (plasma cells) B cells (Tadiso et al., 2011). Markers of T cells: cluster of
differentiation 28 (cd28) as a contact stimulator marker for naive CD4* and CD8* cells

with APCs (Vallejo et al.,, 1999), cytotoxic T-lymphocyte-associated antigen (ctla) as a

marker for activated cytotoxic T cells (Bernard et al., 2006), and B and T lymphocyte

attenuator (btla) as a marker for inhibitory regulation or B and T cells (Zeng et al., 2005).

5.4 Main results and general discussion
In our attempt to understand DS aetiology, the potential relationship between

musculoskeletal damage in the abdominal wall and DS was explored. Furthermore, the

influence of environmental factors and local immune responses driven by secondary
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infections on the following healing process was examined. The focus was placed on the
rib cage since bone fractures in this area would be a determinant link to mechanical stress
in the abdominal wall.

Before exploring the relationship between rib morphology and DS and its healing process,
a detailed anatomical study of normal ribs from farmed and wild salmon is provided using
the knowledge from Papers I (X-ray and histology) and II (histology, and mechanical
properties). This is followed by a study and classification of the most typical abnormal
morphologies. In Paper I, different types of rib abnormalities in many different forms and
numbers were observed in virtually all explored fish, independently of the presence of DS,

including wild salmon. This fact largely complicated the study of the association.

5.4.1 Atlantic salmon ribs
Paper I showed that the typical rib cage of Atlantic salmon presented ribs following a

ventro-caudal orientation with a progressively decreasing angle towards the tail (Figure
10). There was a gradual change in rib length in the caudal direction. Starting from the 34
vertebra, where the shortest rib - often missing - is usually found, ribs generally increased
in length until they reach the 9t to 12th vertebra. The total number of non-vestigial ribs

attached to vertebrae basiventral typically ranges between 21 and 23 (Figure 10).

Figure 10. Overview of the Atlantic salmon rib cage (cavea thoracis). Vertebrae and rib (costae)
reference numbers for Paper I and II are indicated. The original first rib (1’) which corresponds
to the 3rd vertebra, is the shortest and is often missing. As a result, it is not included in rib cage
evaluations (indicated by red dashed selections; proximal, mid, and distal areas). The rib cage is
divided into three regions: anterior (ribs 1 - 7), central (ribs 8 - 15), and posterior (ribs 16 - 22).
The Norwegian quality cut ranges from vertebra number 31 to 41. I, Postcranial vertebrae; II,
Abdominal vertebrae; 1], Transitional vertebrae; IV, Caudal vertebrae; PA, Parapophyses starting
from vertebrae number 26; VR, vestigial ribs from vertebra number 26 to 36. The white bar on
the bottom right corner shows the image scale, set to 12 mm. Lateral X-ray. Based on De Clercg

etal. (2017), and Paper 1.
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According to their morphology, ribs were longitudinally divided into proximal, mid, and
distal parts (Figure 10 and Figure 11). Micro-CT scans in Paper I revealed that ribs
present a tubular structure, where sometimes bone processes ventrally oriented on the
exterior surface of proximal parts could be seen. The cross-sectional morphology of
proximal parts was flattened and laterally oriented, reaching into deeper layers of the
muscle wall, becoming increasingly rod-like and less integrated into the muscle wall at

distal parts (Figure 11), similar to zebrafish (Bird & Mabee, 2003). Distal rib parts seemed

to have high motility within their periosteal sheath. Histological examinations from Paper
I and II showed that ribs (core and compact bone), and their associated tissues (cellular
and fibrous periosteum) (Figure 11. A), were separated from the abdominal cavity by
different tissue layers (medial-lateral): serosa, subserosa (where melanomachrophages

were seen) and transverse fascia (Figure 11. B and C). Rib cores at proximal and distal

parts were usually abundant in cell-rich hyaline cartilage (immature-like) (Witten

Huysseune, & Hall, 2010). At mid rib parts (rib numbers 11 - 14), 71 % of rib cores

featured hyaline-cell cartilage (hypertrophic-like) (Witten et al., 2010) with a matrix rich

in collagen with perpendicular type III collagen fibers (thin fibers) of trabeculae
formation (slight radiolucency) (Figure 11. A, B, and C, and Figure 12). More detailed
histological characterization featured appositional growth of compact bone with multiple
concentric layers of osteocytes (Figure 12). Here, osteocyte density was around 0.003
cells/um2. Compared to the cartilage core, the bone matrix contained a relatively lower
amount of collagen with mainly perpendicular type III fibers, and non-collagen proteins
organized around the rib core. The rib periosteum presented an irregular thickness on
the fibrous fraction (internal and external). Radial glycoproteins and collagen type I (thick
fibers) and III seemed to connect the fibrous periosteum to the outermost compact bone,
sometimes forming a layer of perpendicular type I collagen fibers under the osteoblasts
(Figure 12. B and C). The external fibrous periosteum layer, which perpendicularly
surrounds the rib, had the richest content of collagen, presenting abundant perpendicular
type I and IlI fibers (Figure 12. B and D). The polarized signal near the compact bone and
the external fibrous periosteum layer was stronger than in the internal fibrous
periosteum, suggesting that some fibers may run back into the bone (Sharpey's fibers)
(Figure 12. C and D). Osteoblasts were mainly found in the cellular periosteum (Figure

12).
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Figure 11. General anatomical overview of adult Atlantic salmon rib (costae) and adjacent
structures. A) Anatomical description combining 3D model, transversal micro-CT slices, and
histology at the proximal, mid, and distal rib parts. The box at the proximal area of the 3D model
shows a magnified view of the rib process on the external rib side. B) Cross-section micro-CT slice
for rib mid part and adjacent structures. Boxes with letters indicate histological illustrations of
corresponding anatomical regions. C) and D) Anatomical description of adjacent rib structures,
both peritoneum and myocommata (epimysium in mammals), respectively, combining transversal
micro-CT slice and histology. The black arrow points to melanomachrophages. Haematoxylin and
eosin staining. CPB, Compact perichondral bone; Oc, Osteocytes; HCC, Hyaline-cell cartilage
(hypertrophic-like) of the rib core (pars cartilaginea); CRHC, Cell-rich hyaline cartilage
(immature-like); RPCF, Radial periosteal collagen/Sharpey's fibers; Ob, Osteoblast; CP, Cellular
periosteum with Ob; FP, Fibrous periosteum; MCT, Myocommata connective tissue; MF,
Myocommata fat; Mt, Mesothelium; S, Serosa; Ss, Subserosa; TF, transverse fascia; F, fat; SM,
Skeletal muscle. Figure from Paper I.
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Figure 12. Cross-sectional anatomy of normal mid ribs (costae) number 11 - 14 of adult Atlantic
salmon. Box with letters indicates the region of zoom of image B). 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). C) and D) rib cross-sections 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). Picro Sirius red staining. CB, Compact
bone (substantia compacta; pars ossea); Oc, Osteocytes; BM, Bone matrix; HCC, Hyaline-cell
cartilage (hypertrophic-like) of the rib core (pars cartilaginea); 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 corners show the image scale, set to 250 um. White bars on the
bottom right corners show the image scale, set to 100 pm. Based on Paper II.

No blood vessels were observed in the periosteum. The external fibrous periosteum fuses
with the myocommata's connective tissue (Figure 11. B and D). Mechanical testing in
Paper II showed that the breaking load of the ribs consistently tends to decrease from
proximal to distal parts, similar to Figure 7. A. The elasticity showed a similar pattern,

with lower values at the proximal than the mid and distal parts.
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5.4.2 Understanding rib abnormalities
X-ray explorations of rib cages revealed up to eight types of morphological rib

abnormalities. Some rib abnormalities (generalized radiolucency and axis deviations)
were not classified as continuity breaks, in contrast to others (fracture, supernumerary
ribs, radiolucent callus, radiopaque callus, radiolucent non-unions, and shorter or missing
rib parts) (Paper I). Except from radiolucent non-unions in wild fish, all rib abnormalities
were found in all environments and most life stages (Table 1). The most prevalent
abnormalities across different experiments, environments, and live stages were axis
deviations followed by generalized radiolucency and shorter or missing rib parts (Papers
I and II). X-ray evaluations in Paper I showed that the number of axis deviations was
vulnerable to post-mortem handling and filleting, and its degree varied with fish size. As
aresult, axis deviations were not included in the total sums of the time-based study of rib
cages to minimize the influence of artifacts. However, this problem was later addressed
in Paper II and therefore considered in total sums of abnormalities in rib cages.

Table 1. Number of different rib (costae) abnormalities per rib cage (cavea thoracis) side for wild
and farmed Atlantic salmon before and after seawater transfer in Sep.2018 to land-based tanks
and sea-cages until harvest in Nov.2019 (Land-based tanks, 3.2 kg; Sea-cages, 4.5 kg).

Wild Smolt farm  Land-based tank Sea-cage
Jun.2020  Aug.2018  Nov.2018 Feb.2019 May. 2019 Nov.2019  Nov.2018 Feb.2019 May. 2019 Nov. 2019
Abnormality group n 15 20 15 15 15 23 10 30 10 23
Category I - No continuity break
Generalized radiolucent 1305 0.1+0.1%  1.7£05% 07202 1.1£05% 0301 52+14° 17£04% 22+07° 1303

Axis deviation S7£11%  67+08%  65+12™ 48+08% 42+09° 129+1" 70414% 12+04" 1806 82+09°

Any Category | 7212 68+08% 82+13"¢55+08% 53+00% 131+1.1°  123+21%29+06° 4+1%  95+09™
Category II - Continuity break

Fracture 0303 030.1 0+0 0+0 0.1+0.1 0302 03£02 05+02 00 0+0
Supernumerary 0.10.1 0.1£0.1 01+01 0101 01=01 02+0.1 01401 06+03 0303 0201
Radiolucent callus 11£04®  01+01° 0101 01+01° 01+01° 14+03"  02+02° 01+01° 07+04™ 07+02"
Radiopaque callus 05+03"  1.7£03%  09+04° 05+02° 04+02° 07+02° 09+04° 12+04° 1.7£05° 3+05°
Radiolucent non-union 0+0 0.1+0.1 0+0 0101 00 00 0+0 0.1£0 00 0+0
Shorter or missing part 07403  15+03%  14+03% 12+03% 13+03% 1.5+03% 34408 32+04" 27+09" 2.6+0.6"
Any Category IT 27+06° 37205 26407 2+04° 19404 41+06" 49+13° 57+09" 54+18" 65+08"

Values shown as mean + SEM in the same row between environments and life stages with different
letters are significantly different (p < 0.05). Most frequent variables were analysed using linear
model and Tukey’s honest significant difference using squared root-transformed data. Less
frequent variables (from fracture to shorter or missing rib parts) were analysed using a
generalized linear model adjusted for Poisson distributions, and Wilcoxon signed rank test using
non-transformed data. Table from Paper L

There seems to be a consistent number of four rib abnormalities in wild and farmed
salmon in land-based tanks of Paper I during the seawater phase, which could be
considered basal or “normal” for future comparisons (e.g., Paper II). The number was

found to increase in salmon farmed in sea-cages, principally contributed by generalized
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radiolucent ribs, shorter or missing rib parts in a time-decreasing trend, and radiopaque
callus in a time-increasing trend (Figure 13 and Table 1). The results proved the influence
of the growing environment on rib morphology and suggested a switch in the potential
aetiology of rib abnormalities between early (potentially vaccine side effects and
nutritional deficiencies) and late life phases (e.g., higher mechanical stress). Though not
necessarily reflected in the rib cage, there were indications of mechanical stress in the
form of intramuscular haemorrhages after grading in freshwater. At laughter, there were
more radiopaque calluses in rib cages of sea-cage fish than land-based tanks, presenting

evidence of a higher incidence of rib fractures when fish grow in sea-cages.
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Figure 13. Life stage and growing environment effects in the number of rib (costae) abnormalities
per rib cage (cavea thoracis) side for wild and farmed Atlantic salmon before (0.1 kg) and after
seawater transfer in Sep.2018 to land-based tanks and sea-cages until harvestin Nov.2019 (Land-
based tanks, 3.2 kg; Sea-cages, 4.5 kg). Significant differences between groups are indicated by
different letters over the top brackets (p < 0.05). Linear model and Tukey’s honest significant
difference using squared root-transformed data. Data are presented as non-transformed mean *
SEM, n = 15, 20, 68, 73, for wild, smolt farm, land-based tank, and sea-cage groups, respectively.
Figure from Paper I.

The abrupt increase from four to 10 rib abnormalities when transferring fish to seawater
in sea-cages observed in Paper I was mainly attributed to resorptive-like rib
morphologies, such as shorter or missing rib parts and generalized radiolucent ribs. This
justifies future studies focusing on any source/form of stress in this period (partially
explored in Paper II). The increase in the number of shorter or missing rib parts was
characteristic of the transfer to seawater in sea-cages, which highlights factors affecting
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exclusively the sea-cage group in this period (Figure 14 and Table 1). The resorptive
morphology and location of these abnormalities (distal parts of rib numbers 11 - 19), near
the vaccination site might suggest vaccine-induced rib defects that have not been
observed before. Side effects of vaccines in the skeleton are documented in the form of
spinal deformities, sometimes cooccurring with melanomachrophage infiltration as part

of the inflammatory process (Holm et al., 2020; Trangerud et al., 2020). Here, the local

inflammatory process in the rib cage possibly induced osteolysis and disruption of

myocommata stem cells in the short-term, followed by abnormal rib development in later

stages (Akama et al., 2020), as the presence of supernumerary ribs in the exact location
indicates. Therefore, in addition to the mutation mechanism presented by Gislason et al.

(2010), new potential causes for the occurrence of supernumerary ribs are presented.
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Nov. 2018

Sea-cage
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Figure 14. Example of distal rib (costae) changes of Atlantic salmon from commercial smolt farm
(Aug. 2018, 0.1 kg) to sea-cages (Nov. 2018, 0.5 kg; Feb. 2019, 1.2 kg). Discontinuous red lines
highlight ventral angle change in myomere as reference from rib number 1 - 22. Lateral X-ray.
Supplementary 1 in Paper L.
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Although the number of generalized radiolucent ribs increased in both farmed groups in
Paper I after seawater transfer, the magnitude of the increase at seawater transfer to sea-
cages was 3.1 times higher than transfer to land-based tanks. Therefore, there seem to be
common factors acting at different magnitudes, but higher for commercial seawater
transfer (e.g., more mechanically intensive practices, environmentally dependent dietary
requirements). This difference was also manifested in the distribution of rib
abnormalities along the rib cage. Here, farmed salmon groups showed a tendency for rib
abnormalities to concentrate in the central and distal parts of the rib cage (more
pronounced in sea-cages than land-based tanks) than wild fish.

The abrupt increase of the generalized radiolucent rib morphology in Paper I coincided
with a known period - seawater transfer - with a high risk of mineralization imbalance

(Fielldal et al., 2006; Fjelldal et al., 2007). It is near seawater transfer when the first DS

are reported. Reduced structural integrity of the abdominal wall due to weaker ribs may
be a risk factor for more severe mechanical deformations of the abdominal wall and,
therefore, damage. To further understand the predominant morphological changes in ribs
after seawater transfer, rib morphology was examined within the general
musculoskeletal framework using two different diets during smoltification (Paper II).
Paper II confirmed that the dominant rib abnormalities in farmed salmon were axis
deviations and generalized radiolucency. There were two subtypes of axis deviations:
parallel bending of several mid rib parts probably resulting from mechanical
deformations of the abdominal wall, as observed in Paper I; and wrinkly malformations
in mid-distal ribs mainly concentrated in the anterior areas of the rib cage due to
alterations in bone development in response to a suboptimal diet (Baeverfjord et al.
1998).

Paper II showed that generalized radiolucent ribs were primarily localized in the central
regions of the rib cage. Histologically, these rib abnormalities typically lacked a
surrounding local inflammatory process and featured a degenerated hyaline-cell cartilage
core followed by an enlarged osteolytic and fibrotic cavity (high radiolucency) with
internal lipid vacuoles and vascularization. Additionally, there was an increased rib
diameter, possibly as a compensatory mechanism to maintain mechanical properties. Rib
cartilage core degradation and internal vascularization were also reported by Brimsholm
et al. (2023), who suggested that these changes could be mere anatomical variations in

salmon ribs because of the aquatic environment, similar to other marine species where
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this bone erosion may be normal in late growth phases (Soliman, 2018). Paper Il showed

that these changes potentially represent the degradation and transformation of hyaline-

cell cartilage to mesenchymal-like cells in the central core of the rib (de la Fuente et al.

2004; Witten et al, 2010). Here, the newly formed blood vessels resulting from

remodelling would facilitate osteoclasts to enter rib cavities (Veis & O'Brien, 2023), which

could be an essential step for the progression of generalized radiolucency if osteoclasts
are naturally absent in salmon rib cores. Vascularization was also observed in the
metaplastic periosteum at the site of the advancing osteolytic cavity.

This thesis finds evidence for pathology in generalized radiolucent ribs when they are not
associated with local inflammation, especially in higher grades where the morphological
changes clearly correspond with detectable X-ray changes:

e Generalized radiolucency is not a common morphology as only < 29 % of ribs in a
defined anatomical area present an osteolytic and fibrotic cavity instead of a
hyaline-cell cartilage core (Paper II).

e The prevalence of generalized radiolucency was very low in adult wild fish (5.1 kg;
2.6 rib abnormalities per rib cage) (Paper I).

e There was no increase in prevalence in later growth phases in farmed fish, but
there was a response to environmental (Paper I) and dietary factors (Paper II).

e The concentric appositional growth pattern was altered, with abnormal deposition
of disorganized type I and III collagen islands (slight radiolucency) (Paper II).

e The osteolysis of the compact bone around the rib cavity was irregular (Paper II).

o New osteoid deposits were present at the inner layers of osteolytic cavities with
the invasion of cellular periosteum (Paper II).

Altogether, 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 in the ribs was indicated by increased periosteal
collagen, likely compensating for deteriorated mechanical strength, and was further
confirmed by the link between increased elasticity, lower P levels, and morphological
changes (generalized radiolucency and axis deviations). However, the increased elasticity
of the ribs could also be due to the relative enlargement of the cavity, osteoid deposits,
altered concentric mineralized layers, or the presence of collagen-rich islands in the

compact bone. As our data shows, these features could elevate the likelihood of rib




deformities, making it clinically significant. When choosing ribs to evaluate elasticity and
P deficiencies, differentiating between normal and abnormal ribs through visual
inspection proved challenging. This resulted in an increased standard deviation that
impacted significance levels between dietary groups.

Papers I and II show that distal rib parts concentrate most rib abnormalities, probably
due to their anatomical features and higher mechanical vulnerability than proximal parts.
In Paper II, the deteriorated rib health was associated with long-term deterioration of the
mechanical properties of the trabecular fraction of vertebrae, but this did not correspond
with vertebral morphological deviations, indicating subclinical vertebral effects. Thus, rib
morphology appeared more sensitive to the smoltification diet than vertebrae. In addition
to bone, dietary differences influenced fillet firmness. This marks the first evidence of the
long-term effects of the smoltification diet on muscle integrity in salmonids.
Consequently, these results highlight the importance of including rib bones and final fillet
firmness for future musculoskeletal evaluations when planning early stage nutrition-
related experiments.

The parallel long-term effects on bone strength and skeletal muscle fiber integrity in the
P-group (Paper II) point to a generalized alteration of the extracellular collagen matrix
(essential for bone and muscle). This has not been reported earlier in nutritional
deficiency studies. The extracellular collagen matrix is known to be mediated by collagen

type I (Aubin, 1998) and collagen type Il alpha 1 chain (col2a1) (Dale & 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, llesanmi-Oyelere, & Kruger, 2021; Aubin, 1998; Ytteborg et al., 2015), col2al

may be downregulated by plant-based protein concentrates (Dhanasiri et al., 2020).

Transformation of rib cartilage can relate to dietary-dependent components or be

induced through mechanical factors (Hall, 2015). For example, n-3 PUFAs can suppress

collagen matrix degradation in cartilage (Abshirini et al., 2021), one of the characteristic

histological changes in generalized radiolucent rib. Therefore, combining fish oil and non-
plant-based proteins might have a positive synergic effect on musculoskeletal health in
the long-term, at least during the smoltification phase.

Interestingly, there were high rib morphological similarities between fish fed marine

ingredients in Paper II and the wild fish investigated in Paper 1. Moreover, sustained
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higher Na concentrations in the P-group salmon than in the M-group was found. This
establishes an association between Na levels in bone and long-term deterioration of the
strength of vertebral trabeculae and ribs' strength, morphology, and composition. Such
association could be due to the stimulatory effects of Na-based hydroxyapatite on bone

osteolysis and remodelling of compact bone (Yoo et al., 2021), which are histological

features of generalized radiolucent ribs.

5.4.3 Relationship between rib abnormalities and focal dark spots
An association between rib abnormalities and DS was found in Paper 1. Sea-cages, the

only environment developing DS, exhibited the largest number of rib abnormalities per
rib cage. Analyses of these DS by X-ray revealed a higher prevalence of rib abnormalities
in fillet-black DS (72 %) and peritoneum DS (87 %) compared to haemorrhages (33 %)
and control samples (40 %). Although generalized radiolucency was present, mainly
different forms of bent and broken ribs numerically contributed to increased fillet-black
DS and peritoneum DS compared to haemorrhages and control samples. Control samples
belonged to the ribs that usually concentrate most rib abnormalities (number 11 - 14);
therefore, it shows a maximum prevalence that is not representative of the entire rib cage.
Generalized radiolucency explained most of the abnormalities in control samples (63 %),
which agrees with the findings in targeted samples from Paper II.

The anatomical location of fillet DS's followed a similar symmetric distribution as rib
abnormalities along the rib cage's horizontal plane. However, this spatial association was
not consistent in the vertical plane. While most rib abnormalities were concentrated
towards distal areas of the rib cage, most fillet DS were located in mid rib parts. Moreover,
the severity of DS increased towards the proximal rib parts (Figure 15). Thus, those (less
frequent) rib abnormalities occurring in mid and proximal parts were associated with
most fillet-black DS and most severe forms (larger area and intensity level). The
association also depended on DS morphology; the flattest DS forms were concentrated in
mid and distal rib parts, while they were rounder towards proximal parts. Generally,
rounder forms, typically of larger relative DS size and intensity level, were less associated
with rib abnormalities, although generalized radiolucent if occurring, which gave an
osteolytic porotic appearance (Figure 16). On the other hand, flatter forms, typically of

relatively small DS size and intensity level, were more associated with mechanical




deformations of rib abnormalities, with axis deviations as principal contributors (Figure

15).

DS S . Most likely rib
i DS shape i : i
location severity abnormality type in DS

Figure 15. Model for the association between the number of rib (costae) abnormalities and focal
dark spot (DS) location, severity and shape in each rib part: proximal (P), mid (M), and distal (D).
DS severity = DS area*Focal color. The asterisk indicates that the association is based on the DS
severity and shape but not the rib position. Lateral X-ray. Based on Paper 1.

Figure 16. Generalized radiolucent ribs (costae) in a focal dark spot. A) Lateral X-ray. B) 3D model
from micro-CT. C) and D) micro-CT slice. The yellow asterisk in A) indicates the rib of interest in
B and C). Red asterisks in A) indicate the rib of interest in D). Based on Paper L.

Similar fracture-like rib abnormalities could be found in DS of different severity levels and
locations of the rib cage in Paper I, suggesting the implications of additional factors
involved in developing the DS besides a rib abnormality. This was also supported by the
presence of similar abnormality types in fish and abdominal wall areas without DS
development. One of these factors could be the location of the injured muscle/rib. The
cross-sectional rib shape, orientation, and depth in the muscle wall suggest more support
for musculature and natural endurance to continuous latero-lateral flexion at mid-

proximal than mid-distal rib parts (Van Leeuwen, 1999). Latero-lateral forces would be

derived from internal organ pressure (Jiao et al., 2020), but also from oblique and radial
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forces of the anterior cones (between mid-proximal rib parts and the horizontal septum)

(Van Leeuwen, 1999). At the muscular level, continuous mechanical stress can lead to

recurrent injuries, adversely affecting normal healing and remodelling. This could result

in chronic-active inflammation and fibrosis, typical features of DS (Bjgrgen et al., 2019;

Larsen et al.,, 2012; Nikolaou et al., 1987). In mammals, fibrosis can lead to pathological

interconnections (myofascial adhesions) thatincrease local stiffness and elevate re-injury

risk (Bernabei, van Dieén, & Maas, 2017). In the case of a rib injury, recurrent mechanical

stress could lead to conditions ranging from atrophic to hypertrophic non-union or
pseudarthrosis. Although this condition has not been described in salmon, it has been
reported in terrestrial animals, where factors such as inadequate stabilization can directly

delay the union of bone segments (Kumar, Abbas, & Aster, 2018; Miclau et al., 2007).

Paper I reported all these features typical of recurrent muscle and bone injuries. In
mammals, myofascial adhesions are associated with varying degrees of musculoskeletal
pain and abnormal proprioception (Langevin, 2021). If this is the case in salmon, DS might
be a source of acute and chronic pain and, therefore, a persistent welfare problem.

Accordingly, three scenarios can be proposed for DS pathophysiology after a traumatic
event in the abdominal wall (Figure 15). A first scenario, where trauma in proximal parts
of the rib cage primarily results in muscle haemorrhages, with occasional rib
deformation/fractures. Here, the injured tissue would evolve into severe outcomes
attributed to these areas experiencing high mechanical stress due to their anatomical
location. These events would be difficult to detect by X-ray due to the lack of initial bone
damage, but the intense pro-inflammatory microenvironment may generate secondary

rib changes, such as osteomyelitis with different levels of osteolysis (Mbalaviele et al.

2017).Inasecond scenario, trauma affecting mid parts causing muscle haemorrhages and
rib damage, principally manifested as rib deformations (but also fractures) in a linear
pattern involving several ribs, which would be easily detected by X-ray and visible
through the peritoneum. Traumas located in the mid parts would still be subjected to
continuous mechanical stress from the anterior cones. However, this stress would be
relatively lower than experienced in the proximal parts. Therefore, it could result in a
lower pro-inflammatory microenvironment and, subsequently, the intensity of DS
development. A third scenario, where traumatic events occurring in distal rib parts
generate rib deformations/fractures with minor muscle haemorrhage. Here, an injury

would be possible to detect by X-ray. However, it would be unable to create an intense
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pro-inflammatory microenvironment and, subsequently, DS due to the residual
mechanical stress of the hypaxial musculature in this anatomical location. Haemorrhages
in these three scenarios would most likely result from the rupture of muscle fibers and/or
major local vessels, such as lateral cutaneous branches and their union to SPV (Figure 1

and Figure 3. B) (Smith & Bell, 1975).

In addition to the location in the abdominal wall, the association between rib
abnormalities and DS also depends on the life stage. In Paper I, the prevalence from the
first observed black DS (five months after seawater transfer) to those last recorded (14
months after seawater transfer; slaughter) increased from 41 to 72 % in fillet-black DS,
and from 68 to 87 % in peritoneum DS. Therefore, the life stage or body weight could also
be an essential factor in the pathophysiology. On one hand, typical handling practices with
pre- and post-smolts could generate rounder DS principally because of muscle
haemorrhages with no significant rib damage. This would be possible due to relatively

lower body weight and softer ribs (Cohen et al., 2012; Fiedler etal., 2021; Jiao et al., 2020),

which would prevent larger structural bone damage after a traumatic event. On the other
hand, typical practices in late phases near slaughter would cause more flattened DS due
to a higher number of rib deformations or fractures after a traumatic event. Here, as fish
gain weight, the force exerted on the rib cage may proportionally increase, especially
during out-of-water situations where the rib cage would likely be subjected to abnormal
forces of varying direction and intensity.

On the contrary, in the unlikely scenario where all DS forms have a common
pathophysiology, the data from Paper I might be used to propose a model for the time-
based morphological changes of DS (Figure 17). Here, the model predicts a relative size
and intensity decrease in fillet-black DS while transitioning from a round to a flat-like
shape with time. Thus, the first fillet-black DS in seawater would not appear before three
months after the first haemorrhage’s registration. Moreover, over the following nine
months, black DS would experience a series of morphological changes derived from
healing. Unfortunately, the age of these DS could not be determined and, therefore, verify

the model.




Fillet-red DS Early fillet-back DS Late fillet-back DS

Chronic-active Resolving

Haemorrhage : : 3 :
ITiag! inflammation inflammation

Start 3 months +12 months

Figure 17. Proposed model for time-based morphological changes of focal dark spots (DS)
assuming common pathophysiology and healing. A) Start the process as muscle haemorrhage,
round haemorrhages/fillet-red DS. B) Inflammatory process with melanin pigment deposition in
the focal area, round fillet-black DS. C) Possible pigment dilution and relative size reduction due
to fish growth and dorso-ventral compression of DS as a result of contraction after scar formation,
flat fillet-black DS. Based on Paper L.

5.4.4 The effects of the environment on focal dark spots

It was hypothesized that environmental factors directly influence DS development
(traumatic events, Paper I) or indirectly (diet, Paper II; and secondary infections, Paper
IIT). An overview of the salmon groups is given in Figure 18. In Paper I, haemorrhages
were found in all farmed environments, starting from the smolt farm. However, fish over
0.3 kg in small land-based tanks did not exhibit these haemorrhages, and only those in
sea-cages developed fillet-black DS (43 - 45 %). Accordingly, muscle haemorrhages are
more prevalent in farming than in experimental environments. Moreover, these
haemorrhages in fish farmed in small flow-through land-based tanks did not evolve into
melanised chronic processes/fillet-back DS. Therefore, it is concluded that the presence

of black DS is environmentally dependent.
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Paper | Paper 11 Paper 1

In-door In-door
flow-through (3m®) flow-through (103 m*) Commercial sea-cage
No No Yes Vs
No No Yes*

Low

Fillet DS

Yes (up to 17% of fish)

Petequial and focal
I rrt plus mild black
DS (low economic impact)

No Yes (up to 45% of fish)

Petequial and focal

Fillet DS type : h hages only in
carlier stages (< 0.3 kg)

— = ) :

Focal hacmorrhages and black
Ds

Rostral view

Mechanical stress

Yes

Yes (low) Yes (intense)

mechanical stress

Skin appearance

Low pigmentation Low pigmentation Medium pigmentation High pigmentation

Figure 18. Summary of farmed Atlantic salmon material at slaughter from Paper I and II. Pigment
deposition in skeletal muscle, as dark spots (DS), and rostral and lateral skin. * While the fish
population tested positive for PRV-1 and SAV, DS were mostly negative for PRV-1 in Paper III.

Among all the different environmental factors in Experiment I (Paper I), the diet
composition was excluded as a primary contributor to DS development as all farmed fish
were fed the same commercial diet. However, the parallel deterioration of rib health (rib
strength, mineralization, and morphology) and skeletal muscle strength in Paper II
pointed to a theoretically increased susceptibility to musculoskeletal damage. Although
fish from Paper II developed DS with a lower prevalence and economic relevance than
reported in sea-cages in Paper I (Figure 18), the presented musculoskeletal deterioration
did not impact DS. Regardless of this lack of effects, the possibility that smoltification

feeding modulates DS in more challenging environments, such as sea-cages, can not be
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excluded. Here, better musculoskeletal health could be a protective factor. Regarding
healing, there was enough evidence in Paper II suggesting that the composition of the
diet during smoltification would not modulate the focal inflammatory response of
musculoskeletal injuries in the long-term, in contrast to other studies where the dietary
treatment was applied in later life stages and longer duration than eight weeks (Dessen

etal.,, 2019; Lutfi et al., 2022; Sissener et al., 2016).

Paper Il showed that haemorrhages from vaccinated fish farmed in small- but transferred
to large flow-through land-based tanks in the last 11 farming weeks can evolve into fillet-
black DS, in contrast to non-vaccinated fish in small experimental tanks in PaperI (Figure
18). Such a pattern also agrees with the absence of melanisation in skin areas exposed to
high mechanical stress (e.g., snout) and the amount of melanin pigmentation and
macroscopically healthy skin. The results were consistent throughout fish from Papers I
and IL. Though on a low level, the association of melanisation between skin and muscle
seems to exist even between salmon from a specific farming environment. In an
unpublished study from a commercial R&D farm (n = 90), a weak positive correlation was
identified between the relative length of DS and both the darkness of the skin and the
number of melanin dots (r = 0.23 and 0.25; p = 0.03 and 0.02, respectively) (Jiménez-

Guerrero, 2018). These findings suggest that melanisation of injured tissue appears to be

a systemic feature in fish that can be modulated with environmental factors. Moreover,
the snout could be a cheap and efficient external indicator of melanizing capabilities
between Atlantic salmon of different populations, as shown in Figure 18.

This thesis identifies several critical differentiating environmental factors that could
regulate melanogenesis between the conditions described in Papers I and Il experiments.
These were intraperitoneal vaccination, farming system (in-door flow-through vs.
commerecial sea-cage), and infection pressure/presence (Figure 18).

Regarding immunoprophylaxis, only vaccinated fish developed fillet-black DS, though in
different degrees. The land-based experiments in controlled conditions from Papers I and
II were conducted in the same research facility, utilizing flow-through with UV-treated
water inlets, and underwent comparable handling conditions by the same team of
technicians and personnel. Thus, intraperitoneal vaccination remained the main
differential melanogenic factor between both experiments under controlled conditions in
Papers I and II. Tank size was also different during the 11 weeks before harvesting, but

it seems unlikely that an increase in tank size may modulate melanogenesis to that extent.

59




Although the vaccination is not a determinant for DS (Berg et al., 2012; Mgrkgre, 2012),

several DS samples with chronic musculoskeletal damage at slaughter from Paper I
presented histiocytic-like granuloma and large lipid vacuoles under the peritoneum in the
hypaxial musculature (Figure 19). These pathological changes were similar to foreign
body reactions, as the mineral oil adjuvant used in intraperitoneal salmon vaccines

(Carlton et al., 2001; Hwang et al., 2012; Larsen et al., 2012). Although the hypothesis

needs to be proven, in a very likely scenario, the local inflammatory stimuli in the
musculoskeletal injury after a traumatic event and the ongoing recurrent processes, well
documented in Paper I, might cause the migration of loaded macrophages with vaccine
compounds from parietal peritoneum layers to the adjacent skeletal muscle. Thus, it

would enhance the chronification of the process.
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Figure 19. Characterization of focal dark spots granuloma of a sample with chronic
musculoskeletal pathology. A) Image, B) lateral X-ray, and C) D) E) histology. Boxes with letters
indicate the region of histology of D), E), and F). Red asterisks indicate the reference across
different images from A) to C). Black asterisks indicate areas of large lipid vacuoles in histiocytic-
like granulomas. The black arrow highlights melanomacrophages infiltrate. Black bars on the
bottom right corner from C) to E) images show the image scale, set to 1mm. Haematoxylin and
eosin. R, Rib (costae); PP, Parietal peritoneum. Sample from Paper L

Intraperitoneal vaccination, farming system, and infection pressure/presence share a

common feature; they determined different exposition levels to environmental
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immunostimulants that seemed the most plausible candidate to explain the melanisation
model of Figure 18. As melanisation is a very unspecific response, according to the model,
fish farmed in land-based tanks of Paper I were exposed to a lower concentration of
immune-stimulating factors (e.g., no vaccination, lower antigen concentration in UV-
treated flow-through water) than in sea-cages (e.g., vaccinated, circulating antigens,

infections) (Bateman et al., 2021; Lund et al., 2022). Such immune-stimulating factors

might have increased systemic melanin production to enhance immunocompetence to a
disease threat - an important component of the innate immune system of insects and

teleosts (Gagnaire et al., 2013; Wilson et al., 2001). This could be especially evident in

recurrent local inflammatory processes such as DS. In mammals (Fu et al., 2020), pro-
inflammatory cytokines such as IL-18, IL-33, and granulocyte-macrophage colony-
stimulating factors are known to stimulate melanogenesis by stimulating the protein
kinase A pathway. IL-4 also stimulates melanogenesis by stimulating the signal
transducer and activator of the transcription pathway. Prostaglandin E2 and F2 alpha, IL-
la, and IL-6 also stimulate melanogenesis through unidentified signaling pathways.
These pathways can be activated in response to several environmental factors (e.g., LPS
and allergens), while individual factors like autoimmune diseases can trigger the release

of several cytokines, including IL-1a, IL-4, IL-6, and IL-18 (Fu et al., 2020; Page, Kell, &

Pretorius, 2022). Some of these cytokines are used as adjuvants in fish vaccines (Guo & Li

2021). Thus, if fish are vaccinated, they could be artificially exposed to a similar activation
as given in commercial sea-cage environments. The smaller potential immune stimulation
in Paper II (vaccination) compared to sea-cages of Paper I (vaccination, more
environmental antigens, and pathogens), might explain why DS of smaller size and
pigmentation levels were found after transferring fish to a large tank compared to sea-
cages (Figure 18). However, this difference could also be attributed to potential

differences in the age of musculoskeletal damage.

5.4.5 The role of B cells on focal dark spot development

Immune-stimulating factors, such as environmental antigens, may impact DS
development. The cause-relationship between viruses or bacteria infection and DS has

been previously hypothesized (Bjgrgen et al., 2015; Krasnov et al., 2016), but not

confirmed in Bjgrgen et al. (2019) and our work (Figure 18).
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The results of Paper IIl indicated a strong local antigenic stimulation in DS. However, no
universal bacterial DNA/RNA and muscle-specific viral RNA, like PRV-1 and PMCV, that
might influence the antigenic response in various DS phases were detected. On the other
hand, RT-qPCR consistently detected the presence of SAV in most DS and control skeletal
muscle. Virtually all fish were infected with either SAV (7:8) or PRV-1 (2:8), with slightly
higher expression of SAV in DS (Ct = 29.7) than in control skeletal muscle from the
opposite side of the fish (Ct = 33.5). As these fish were not vaccinated with SAV-
inactivated whole virus or plasmids vaccines, one may suspect that these exogenous
antigens could be the main driver for the Ab response. On the other hand, though the viral
load was higher in DS than in control skeletal muscle, its presence was not restricted to
DS. Moreover, viral Ct-values were not aligned with the phase of the inflammatory process
or DS morphology. This discrepancy suggests a lack of direct causal association between
the viral antigenic activity and these DS. Factors such as a potential higher tropism for
myoblasts during the regenerative process or the anti-inflammatory local environment
due to increased IL-10 levels might provide more direct mechanisms for increased viral

loads in DS than in control samples (Bjgrgen et al., 2020; Dahle & Jgrgensen, 2019). The

exact contribution of these factors and their interplay leading to higher viral loads in DS
would likely require further research.

Consequently, in the most likely scenario, opportunistic bacteria, SAV, and other muscle-
infecting viruses are not causative agents, but they may be one of the predisposing factors
to the development of fillet-black DS in some instances (Malik et al., 2021). This may
explain the previously reported association with bacteria Krasnov et al. (2016) or PRV-1
Bjgrgen etal. (2019). Nevertheless, itis possible that the material was degraded in chronic

DS forms (bacterial especially) or that there may be too few samples to draw a
determinant conclusion.

The molecular characterization of DS in Paper III showed that larger and more intense
DS were associated with higher expression of all analysed innate and adaptive immune
genes, especially mhcZ2, cd83, and igt. Here, the flatter the DS (high probability of a trauma
involving rib damage and recurrent injury; Paper I), the higher the Spot-Spot CF and the
expression of csfr, cd28, ctla, igt, and particularly sigm, but lower of cd83 and btla. These
findings suggest that trauma and recurrent injury processes are associated with a higher
presence of macrophage, CD4* and CD8* cells activation, and B cell maturation and

activity, but lower dendritic cells and lymphocyte attenuators. Alternatively, the DS
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appearance might be associated with different stages of immune responses, which would
invalidate the model proposed in Figure 17. Unfortunately, the events' duration could not
be estimated because all DS in Paper III were sampled simultaneously at the end of the
commercial-scale experiment.

In mammals, local recurrent injuries can create a reactive immune microenvironment
with persistent endogenous alarm signals from necrotic, distressed, injured -cells,
neutrophils, and APCs such as TNF-a, IL1-$, IL-6, and IL-12. Such a reactive immune

microenvironment would contribute to a maladaptive repair (Soliman & Barreda, 2023;

Wiegertjes & Elks, 2022). Such immune microenvironments could also generate

disrupted cytokine and cell balance (Farini et al., 2021; Sciorati et al., 2016). The DS

cytokine microenvironment seems to be especially rich in IL-10 in most chronic forms

(Bjgrgen et al., 2020). This is consistent with its role as a natural mechanism to control

excessive inflammation and facilitate tissue regeneration. However, if the inflammatory
stimuli persists, as seen in recurrent injuries, the anti-inflammatory effects of increased

levels of IL-10 might be insufficient. This is a common finding in chronic inflammatory

conditions, such as rheumatoid arthritis (Cush et al., 1995; Hernandez-Bello et al., 2017).
In addition to endogenous alarm signals, as shown in mammals, the continuous cell
damage in recurrent injuries may expose lymphocytes to a constant source of

autoantigens (Kimura et al., 2015; Madaro & Bouché, 2014; Sciorati et al., 2016) thatin a

pro-inflammatory context would activate lymphocytes. A trauma and recurrent injury
scenario could also induce tissue regeneration with myoblasts expressing high levels of

myositis autoantigens (Casciola-Rosen et al., 2005; Kimura et al., 2015; Suber, Casciola-

Rosen, & Rosen, 2008). Consequently, if neither bacterial nor viral antigens were

responsible for the local maturation of early ontogeny B cells in Paper III, in the most
likely scenario, the antigenic stimulation and transition from haemorrhages to melanised
chronic processes/fillet-back DS could be contributed by an autoimmune inflammatory
myopathy driven by autoantigens (Farini et al., 2021), an endogenous pathway. Similar
studies addressing the clonotype repertoire in autoimmune processes in humans mirror
a local maturation of B cells - also of early ontogeny - that could play a role in developing
chronic inflammatory conditions, such as inflammatory myopathies (Salajegheh et al.,
2010) and rheumatoid arthritis (Cowan et al., 2020). Unfortunately, due to a lack of time

and resources, the presence of autoantibodies in the serum from these fish, as undertaken
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by Koppang et al. (2008), was not investigated, which would have helped reinforce the

hypothesis.
Activation and maintenance of the immune response in DS in the absence of pathogens
align with the "danger model" proposed by Matzinger (1994) or now the “damage theory”

as reviewed by Pradeu and Cooper (2012). The model suggests that the immune response

has evolved mainly to be triggered by “alarm or damage signals” produced by the body’s
own cells, rather than foreign entities (e.g., bacteria and viruses). However, if the
endogenous antigens model is correct, what is the reason for the failure of some fish
groups to develop chronification and melanisation of musculoskeletal injuries? A possible
scenario would be that these fish may lack or still develop chronic inflammation with
endogenous antigenic stimulation where melanogenesis as a part of the innate immune

system is disabled/downregulated, as described in Chapter 5.4.4.

According to the current views on the teleost immune system (Abds et al, 2022),
preferential migration of B cells from the head kidney and spleen to peripheral tissues
such as DS was expected. However, our analyses in Paper III suggested that an antigen-
stimulated proliferation and differentiation of naive to mature B cells was instead
initiated in DS followed by subsequent migration. Thus, the first wave of naive B cells most
likely migrated from visceral peritoneum fat (principally) and/or locally by resident B
cells in normal skeletal muscle. The process in Figure 20. A was possibly mediated in a TI
way as Fish #4 had the lowest expression of cd28 and ctla, but the highest pax5 and cd79
expression. This may be potentially interpreted as a significant binding of antigens to B
cell receptors. However, there was insufficient gene expression data to support a Tl in this
first wave. Later, B cells either stayed at the site of antigen deposition (DS; MMCs) or
migrated to other tissues, such as the head kidney, visceral peritoneum fat, and spleen
(likely in this order), causing a systemic immunization to the target antigen (Figure 20.
B). These B cell dynamics provide new insights into teleost immunity as they reveal the
maturation of B cells in DS and a preferential implication of naive B cells from serous areas
as the visceral peritoneum fat, and skeletal muscle in the first stages of the adaptive

immune response of musculoskeletal injuries of the abdominal wall.
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Figure 20. Model of B cell traffic in Atlantic salmon between focal dark spots (DS) and other tissues
based on cumulative frequencies (CF) and expression of migm and sigm. A) After stimulation by
local antigens in the musculoskeletal injury, B cells likely migrate from visceral peritoneum fat
(VF) and skeletal muscle (SM) to DS, as illustrated by discontinuous yellow arrows. Then, B) B
cells migrate from DS to other tissues, including head kidney (HK), VF, and spleen (S), indicating
systemic immunization, as illustrated by continuous red arrows between DS and B cell resident
organs or tissues. The thickness of the arrows indicates the order of shared CF. Based on Paper
IIL

5.4.6 Implications for the aquaculture industry
Before this work, DS were principally considered the result of PRV-1 infection, and there

was little focus on the anatomic relationship with other structures of the hypaxial skeletal

muscle, such as rib bones. The present thesis demonstrated that DS most likely originated
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from damaging incidents affecting the abdominal wall of salmon, and that their transition
from haemorrhages/fillet-red DS to melanised chronic processes/fillet-back DS was
probably regulated by a series of factors in a cascade. This can represent a turning point
in the approach and aetiological focus of the problem, offering numerous critical control
points (CCPs) of significant interest for future research that will help to control the
prevalence of DS in farmed salmon (Figure 21). The model predicts a significant reduction
in the prevalence of DS by blocking or controlling one or several of these CCPs. Moreover,
this work provides evidence of important production-related musculoskeletal issues

concerning fish health, welfare, and product quality.
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Figure 21. Critical control points (CCPs) for focal dark spots (DS). The model predicts six CCPs: A)
Environmental factors generating damaging incidents; B) Individual factors influencing the
degree of musculoskeletal damage; C) The position and the formation of a recurrent injury, which
might influence the development of the healing process; D) The local immune response; E)
Environmental factors modulating the melanogenesis as part of the immune response, and F)
Post-mortem processing of DS (trimming). Based on Papers I, II, III and literature in Chapter
5.1.1.

Complementary, methods that can be the basis for future research on the rib cage of
Atlantic salmon were developed. These methods included a novel approach for DS
morphology evaluation (molecularly validated), a rib classification system (X-ray and
histology), histological protocols for rib pathology, bone strength methods (ribs and

vertebrae), a cheap and efficient potential external indicator of melanizing capabilities in
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an Atlantic salmon population (melanisation of the rostral area of the mouth). General
dietary insight that could potentially build the basis of future nutritional strategies to

improve salmon musculoskeletal health were also provided.

5.5 Identified gaps for future studies
The shift to focus on mechanical stress as a main aetiological factor for DS brings new

possibilities that must be explored in future research. Thus, focusing on any source of
mechanical stress during the fresh and seawater phases of commercial salmon
farming should be further explored to evaluate their impact on the abdominal wall.
Precisely, the lack of related available information, the presence of relatively larger
haemorrhages in freshwater fish, and the abrupt increase of rib abnormalities after
seawater transfer to sea-cages, are evidence that more research in these stages should be
done.

Smoltification diet is an important factor for rib morphology and general musculoskeletal
traits, and that ribs are more sensitive than vertebrae in the long-term. Therefore, ribs
should be included in bone health evaluations in future dietary experiments to
improve fish welfare and fillet quality. Positive effects when using high percentages of
marine ingredients were also observed. Hence, high inclusion of marine ingredients
during smoltification and factors modulating Na-based hydroxyapatite concentrations
in fish bones and their impact on musculoskeletal health should be a focus in future
salmon nutrition research.

There is potential evidence of vaccination's impact on rib morphology and the
chronification process of musculoskeletal injuries. Thus, the reactivity of vaccine
components in the parietal peritoneum and ribs, and targeted studies exploring the
possible migration of loaded macrophages with vaccine compounds from parietal
peritoneum layers to the adjacent skeletal muscle in response to a traumatic event and
the ongoing recurrent injury processes stimuli, should be considered.

There is evidence that some forms of salmon production can potentially limit the
development of DS, suggesting a potential for developing specially designed solutions.
Therefore, the impact of the production systems on the development of DS should be
further understood in future studies, particularly the interaction of the host-

environmental immunostimulants on melanogenesis.
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The source of the antigenic responses in DS remains unidentified, and more studies in this
direction should be planned. The thesis suggests focussing on autoantigens generated
in the recurrent injury as a possible candidate for an autoimmune disease driving DS
development.

Salmon farmers should consider the development and implementation of a CCP plan

for DS adjusted to their production system based on the conclusions of this thesis.

5.6 Conclusions
This thesis concludes that rib and muscle damage, which may develop into recurring

injury processes, are the primary cause of DS in Atlantic salmon fillets. The rearing
environment has a significant impact on the aetiology of DS as the severity of the rib
abnormalities and DS prevalence was larger in commercial sea-cages than in land-based
tanks. The rearing environment also affected DS development as it may influence systemic
immune-mediated melanin synthesis during healing, likely through unspecific
immunostimulants common in commercial sea-cages/practices.

The composition of the diet during smoltification does not influence the development of
DS but can have modulatory effects on long-term musculoskeletal health by inducing
altered rib development, degeneration, possibly osteomalacia, and softer muscle. The
development of DS is significantly influenced by factors such as the degree and location
of the musculoskeletal injury (higher in mid and proximal rib parts), and local adaptive
immune responses. The study highlights a local differentiation and maturation of naive B
and their migration, primarily from the visceral peritoneum fat and skeletal muscle to DS
in response to unidentified local antigens (most likely endogenous). These B cells later
migrate to other tissues, implying systemic immunization.

The findings highlight the need to create optimized farming conditions to prevent

musculoskeletal damage and mitigate the development of DS.
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7 Appendices

71 Appendix — 1: Supplementary table

Formulation and chemical composition of the marine- (M-group) and plant-based diet (P-group)
of salmon fed during smoltification.

M-group P-group

Formulation
Fish meal (%) 61.0 0.0
Wheat (%) 20.7 8.4
SPC (%) 0.0 34.6
Wheat gluten (%) 0.0 22.0
Corn gluten (%) 0.0 10.0
Fish oil (%) 15.4 0.0
Rapeseed oil (%) 0.0 20.4
MgS04 (500 ppm extra) (%) 0.2 0.2
K2CO03 (500 ppm extra) (%) 0.1 0.1
Vitamin premix (%) 0.5 0.5
Monosodium phosphate (%) 2.5 2.5
Astaxanthin (%) 0.1 0.1
Mineral premix (%) 0.5 0.5

Chemical composition
Protein (%) 46.1 46.5
Lipids (%) 21.2 18.2
Starch (%) 12.6 9.3
Energy (M] kg-1) 21.2 22.2

SPC, Soy protein concentrate.
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7.2 Appendix — 2: Supplementary table

Amino acid and fatty acid composition of the marine- (M-group) and plant-based diet (P-group)
of salmon fed during smoltification.

M-group P-group

Amino acid composition

Aspartic acid (g g") 3.9 35
Glutamic acid (g g™) 6.1 12.0
Hydroxyproline (g g") 0.4 <0.1
Serine (g g") 1.9 2.4
Glycine (g g") 2.7 1.8
Histidine (g g™) 1.0 1.0
Arginine (g g") 2.6 2.3
Treonine (g g'l) 1.8 1.5
Alanine (g g") 2.6 1.9
Proline (g g") 1.9 3.9
Tyrosine (g g'l) 1.3 1.4
Valine (g g™ 22 2.0
Methionine (g g™) 1.3 0.7
Isoleucine (g g™) 1.8 1.9
Leucine (g g") 3.2 4.0
Fenylalanine (g g) 1.7 24
Lysine (g g") 3.4 1.8
Fatty acid composition
14:0 (g 100g lipids™) 6.3 0.1
16:0 (g 100g lipids™) 13.3 4.9
18:0 (g 100g lipids™) 1.6 1.8
20:0 (g 100g lipids™) 0.2 0.5
16:1 n-7 (g 100g lipids™) 4.1 0.2
18:1 (n-9)+(n-7)+(n-5) (g 100g lipids™) 11.8 56.6
20:1 (n-9)+(n-7) (g 100g hpids'l) 8.7 1.5
22:1 (n-11)+(n-9)+(n-7) (g 100g lipids™) 13.5 0.4
18:2 n-6 (g 100g lipids™) 2.5 20.4
183 n-3 (g 100g lipids™") 1.2 7.8
18:4 n-3 (g 100g lipids™) 29 <0.1
205 n-3 (EPA) (g 100g lipids™) 7.0 0.1
22:6 n-3 (DHA) (g 100g lipids™) 10.2 0.1
Sum of saturated fatty acids (g 100g lipids™) ~ 21.5 7.7
Sum of unsaturated fatty acids (g 100g lipids™) 38.8 58.9
Sum of -6 (g 100g lipids™) 33 20.5
Sum of n-3 (g 100g lipid*™") 23.1 8.1
Sum of EPA + DHA (g 100g lipids™) 17.2 0.2

Fatty acids results shown for values > 1 g 100g lipids-1 in both dietary groups.

EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid
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7.3 Appendix — 3: Supplementary table

Analysed chemical and mineral composition of the standard commercial diets during the seawater
phase.

Skretting Skretting Skretting  Skretting Skretting Skretting

Feed Nutra Supreme Supre me Prime Spirit Express
Olympic Plus 75 Plus 150 300 Trout 1200/2500-50A
Pellet size (mm) 3 3 4.5 5 6 9
Protein (%) 50.6 47.7 47.6 43.1 433 35.7
Drymatter (%) 93.8 92.1 91.8 92 92.1 92.6
Ash (%) 8.8 55 52 4.4 4.4 4.2
Mineral composition (wWw)
Total Ca (gkg) 19.5 7.3 6.4 3.5 3.4 35
Total Na (gkg ") 6.8 2.1 2.0 1.7 1.7 1.4
Total Mg (gkg ") 3.1 2.2 2.0 1.9 1.9 22
Total K (gkg) 11.1 10.1 8.9 7.9 7.9 7.3
Total P (gkg ) 12.0 10.6 10.6 10.2 10.1 9.8
Soluble P (g kg™ 2.5 5.2 53 5.9 6.0 4.9
Ca:P ratio 1.6 0.7 0.6 0.3 0.3 0.4
Total Fe (mgkg") 214 265 265 309 259 233
Total Mn (mg kg ") 54 63 55 54 58 52
Total Cu (mg kg’ 16 13 14 14 14 16
Total Zn (mg kg™ 153 165 245 149 152 147
Fat (%) 22.8 24.5 26.5 27 27.7 36.2
Fiber (%) 2.1 2.1 1.8 2 22 24
Starch (%) 6.8 12.3 10.7 15.5 8.1 6.9
Free Astaxantin (mg kg') 7.2 58 61 49 2 41
Energy (MJ kg™) 22.4 22.8 23.2 235 23.5 24.9
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Experimental overview and feeding plan. Red values are theoretical estimations.
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ARTICLE INFO ABSTRACT

Keywords: Focal dark spots (DS) represent the most common quality problem in farmed Atlantic salmon (Salmo salar L.). DS
Fish farming are predominantly located in the cranio-ventral region of the fillet, that is characterized by the presence of ribs.
Rib fracture

The current study explores the possible association between abnormal rib morphology and DS types and the
frequency of rib abnormalities in the rib cage by X-ray imaging. The fish used were salmon from a common smolt
group that were sampled in freshwater (smolt farm) and subsequently two, five, eight and 14 months after sea
transfer to small-scale land-based tanks or commercial sea-cages. Large size wild salmon were used as additive.
Rib abnormalities were found in most fish, with a consistent number of four abnormalities per rib cage side of
smolts, land-based and wild salmon. After transfer from freshwater to sea-cages, there was an abrupt increase
from four to 10 abnormal ribs per rib cage side, mainly explained by low-density and shorter ribs. The number of
abnormal ribs stabilized in further samplings at around eight abnormalities per rib cage side. In contrast to wild
salmon, abnormalities in farmed salmon were symmetrically concentrated in the center of the rib cage in mid and
distal parts of ribs, where also most DS were concentrated. No typical black DS were observed in smolts, salmon
farmed in land-based tanks or wild salmon. Two months after transfer to sea-cages, 15% of the salmon had fillet-
red DS, while fillet-black DS were observed five months after sea transfer (30%). The prevalence of fillet-red DS
oscillated between 15 and 3% during the seawater phase, while fillet-black DS increased until the eighth month
after seawater transfer, stabilizing in further samplings at 43-45%. The prevalence of rib abnormalities was 1.6
times higher in fillet-black DS than in control tissue, and 2 times higher for peritoneum DS, principally because of
various forms of bent-, and broken ribs. There was an association between rib abnormalities and DS, although
additional factors influenced the final DS phenotype. Preventing damaging incidents in the late smolt phase and
sea-cage operations can likely reduce the prevalence of abnormal ribs and DS.

Rib morphology
Melanin spots
Welfare

1. Introduction

Focal dark spots (DS) represent the most common fillet quality
problem in all regions globally with significant farming of Atlantic
salmon (Nordberg, 2018), affecting 16% of marketable sized fish, and
causing 9-67% price losses, depending on the intensity and size of the
discoloration (Farber, 2017). Most fillet DS are about 3 cm wide with
brown/black discoloration, but spots can also be reddish, or diffuse
grayish covering larger areas (Mgrkgre, 2012). DS are principally

concentrated in the cranio-ventral region of the fillet, under the parietal
peritoneum from ventral myocommata number 12 to 20 (Mgrkere,
2012; Mgrkgre et al., 2015). Histological examination of DS has revealed
degeneration and necrosis, fibrosis and granulomatous inflammation
containing varying numbers of melano-macrophages (Larsen et al.,
2012) of unclear etiology. Koppang et al. (2005), concluded that DS are
an unpredictable side-effect of vaccination, while Bjgrgen et al. (2015)
proposed that Piscine orthoreovirus (PRV) is a premise for the develop-
ment of DS. On the other hand, Krasnov et al. (2016) pointed to chronic

* Corresponding author at: Department of Animal and Aquacultural Sciences, Norwegian University of Life Sciences, NO-1430 As, Norway.

E-mail address: raul.jimenez.guerrero@nmbu.no (R. Jiménez-Guerrero).

https://doi.org/10.1016/j.aquaculture.2022.738697

Received 17 February 2022; Received in revised form 1 August 2022; Accepted 2 August 2022

Available online 6 August 2022

0044-8486/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



R. Jiménez-Guerrero et al.

inflammation initiated by trauma without specific causative agents.

The anatomical region where the majority of DS are found is char-
acterized by relatively high fat deposits (Aursand et al., 1994; Zhol et al.,
1995), the presence of ribs (pleurapophysis) (De Clercq et al., 2017), and
a thin muscle layer that may be susceptible to mechanical deformations.
Long bone fractures and phases of the healing processes have been
described in wild and farmed non-salmonid fish species (Fjelldal et al.,
2020; Fjelldal et al., 2018; Horton and Summers, 2009; Tomecka et al.,
2019). In farmed salmonids, rib abnormalities have been observed in
form of sigmoid deviations associated with phosphorous deficiency
(Baeverfjord et al., 1998). Gislason et al. (2010) reported supernumer-
ary ribs due to dominant mutations. There is no literature investigating
the association between ribs abnormalities and DS.

This study aimed to explore the association between rib abnormal-
ities and DS of the abdominal wall of Atlantic salmon. This was done by
characterizing normal and deviant rib bone morphology, and DS of
salmon in freshwater and subsequently throughout the seawater grow-
out phase in land-based tanks and commercial sea-cages until harvest
(3.2-4.5 kg). Further, rib abnormalities and occurrence of DS were
studied in large wild salmon as reference group.

2. Material and methods
2.1. Fish material

The fish material used were farmed and wild Atlantic salmon (Salmo
salar L.). The farmed salmon (SO; Benchmark Genetics Norway, Bergen,
Norway, line: trio QTL PD/IPN/Lice) were obtained from a commercial
smolt producer making use of freshwater recirculation aquaculture
technology (RAS) (Belsvik, Lergy Midt, Hemne, Norway). The fish were
farmed at the commercial RAS facility until smoltification and trans-
ferred to seawater in September 2018 (360,000 fish; 100 g), or they were
transferred to flow-through land-based 0.7 m® tanks at the Research
Station for Sustainable Aquaculture (Nofima, Sunndalsgra, Mgre and
Romsdal, Norway) as 20 g pre-smolts (June 5th 2018; 2000 fish). The
salmon at the RAS facility were vaccinated July 2018 using Alpha ERM®
salar bath treatment, and Alpha JECT® micro 6 by machine injection
(PHARMAQ AS, Overhalla, Norway). The fish kept in land-based tanks
were not vaccinated. Smoltification was induced with artificial photo-
period regimes (6 weeks winter signal of 12:12 Light:Dark hours, post
and prior to 24 L:0D) at both pre-smolt farming locations. The smolti-
fication status was checked by conducting a seawater challenge test,
followed by determination of plasma osmolality, chloride content, and
gill Na™,K™-ATPase activity (Clarke et al., 1996) before sea transfer in
September 2018 when the average weight was 100 g. The smolts at the
land-based facility were transferred to 3.2 m® tanks, supplied with UV-
treated seawater from Tingvollfjorden (pumped from 40 m depth).
The smolts from the commercial RAS facility were transported by a well-
boat and distributed into four open commercial-sized sea-cages (120 m
circumference, 40 m depth) with 80,000 fish in each cage at Nofima
commercial-scale research and development (R&D) facility in Ting-
vollfjorden (Lergy Midt AS, Gjemnes, Norway; 62°North, 8° 5 0” East
east). The distance between the farming locations was 45 km, i.e., the
land-based tanks and sea-cages were supplied with seawater from the
same fjord. The fish in sea-cages were mechanically deloused using the
SkaMik 1.5 system (SkaMik AS, Ottersgy, Norway) in September and
October 2019.

Both fish groups were fed the same standard grower feed, with pellet
size and feed composition adjusted to fish size according to the recom-
mendation from the feed producer (BioMar, Trondheim, Norway).

As additive material, wild Atlantic salmon by-caught in the sea
outside Finnmark, Norway April 2018 and in the Namsen River,
Trgndelag, Norway by net in June 2019 were purchased from a fish-
monger and shipped frozen and on ice, respectively to Nofima AS, As,
Norway for analyses.
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2.2. Sampling of fish material

Farmed salmon were sampled for analyses prior to seawater transfer
after vaccination at the commercial smolt farm and four times
throughout the seawater rearing phase in land-based tanks and sea-
cages (Table 1). At each sampling point, fish representing the average
weight of the rearing units were anesthetized using MS-222 (Metacaine
0.1 g1 — 1; Pharmagq Ltd., Hampshire, UK) or Benzoac (Benzoac® 2 ml x
150 10 L-1, ACD Pharmaceuticals AS, Leknes, Norway) and killed by a
lethal blow to the head before bleeding out, evisceration and filleting by
hand. Left and right rib cages of each salmon (farmed and wild) were
examined by X-ray.

In November 2019, the ventricle tip of 32 salmon farmed in land-
based tanks and sea-cages were sampled in RNA later® for real-time
RT-PCR analysis of Piscine orthoreovirus-I (PRV—I) (PatoGen AS, Ale-
sund, Norway).

2.3. Radiography

Rib morphology changes with growth were studied by X-ray of
farmed salmon rib cages at each sampling timepoint (Table 1). Wild
salmon caught in freshwater were additive, and not part of the time-
based study. Left and right sides of rib cages were placed on trays
before X-ray analyses using an IMS Giotto mammography equipment
(Giotto, Pontecchio Marconi, BO, Italy) (Fig. 1A). The image resolution
was 20 pixels per mm?, with exposure at 22 kV and 100 mAs. X-ray
images were recorded on coated photo-reactive phosphorous Fujifilm
Computed Radiography (FCR) Imaging Plates (Fujifilm, Tokyo, Japan).
Plates were read using FCR Profect Reader (Fujifilm, Tokyo, Japan).

General rib morphology and abnormalities were evaluated from the
first fully developed rib (vertebra number 4) to 22nd rib at three
different positions of each rib; proximal, mid, and distal (Fig. 1A). Before
rib evaluation, a classification system was developed based on the type

Table 1
Fish material description and purpose.
Environment Sampling Body n
time ‘weight DS Rib NQC
(kg)
prevalence cage bone
X-ray analysis
Wild-Seawater April 2019 22+ 21
0.2
Wild- June 2019 51+ 15 15 15
Freshwater 0.2
Smolt farm - August 01+0 20 20
Freshwater 2018
Land-based November 03+0 15 15
tank - 2018
Seawater
Land-based February 08+0 15 15
tank - 2019
Seawater
Land-based May 2019 1.4+0 15 15
tank -
Seawater
Land-based November 32+£0 60 23 15
tank - 2019
Seawater
Sea-cage - November 05+0 60 10
Seawater 2018
Sea-cage - February 1.24+0 60 30
Seawater 2019
Sea-cage - May 2019 2+0 60 10
Seawater
Sea-cage - November 45+0 113 23 10
Seawater 2019

DS, focal dark spots.
NQC, Norwegian quality cut.
Weight values are shown as mean + SEM.
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Fig. 1. Method for salmon rib morphology evaluation in rib cage of Atlantic salmon. A) Fillet map evaluation. B) Classification system for rib abnormalities. White
restricted bars on the bottom right corner of each picture show the scale, set to 1 cm.

of abnormalities observed in rib cages from different sampling points
and environments (salmon, n = 176) and existing literature (Fjelldal
et al., 2020; Gislason et al., 2010; Khurana, 2009; Tomecka et al., 2019),
aiming to identify different abnormality types and severity (Fig. 1B).
Assuming a post-traumatic mechanical disturbance of local tissue in
continuity breaks, abnormalities were classified into two distinct cate-
gories: rib abnormalities with no continuity break (Category I) and ribs
with or related to continuity breaks (Category II). Category I was further
divided into two sub-categories: 1) generalized radiolucent at mid-distal
parts with an increase of rib diameter and 2) axis deviations. Category II
was divided into six sub-categories: 1) fracture, 2) supernumerary ribs,
where free terminal rib fragments could continue their longitudinal
growth independently, 3) radiolucent callus, 4) radiopaque callus as
normal healing responses in long bones, 5) radiolucent non-unions, as
atrophic non-unions with resorption of free fragments, and 6) shorter or
missing rib parts. Rib axis deviations were not included in total sums of

the time-based study of rib cages to minimize artifacts given their
vulnerability during handling and filleting different fish sizes. However,
rib axis deviations were considered in the targeted study of DS and
control areas, since the risk of artifacts is considered minimal for the
dissected small DS areas.

Morphology of ribs attached to dark-stained skeletal muscle and
peritoneum was characterized using the same classification system
(Fig. 1) and compared to their non-pigmented surroundings.

2.4. Targeted study of DS

DS observed in left and right fillets of sea-cage farmed fish (Fig. 2)
were macroscopically examined and categorized from seawater transfer
to harvest (Lergy processing plant, Hitra island, Norway) (fillet-red DS,
n = 23; fillet-black DS, n = 94; peritoneum DS, n = 63). Due to the low
number of detected fillet-red DS at the smolt farm and land-based tanks,
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Fig. 2. Illustration of different focal dark spots (DS) of Atlantic salmon fillets.
A) Fillet-red DS of salmon in freshwater (smolts), B) fillet-red DS after seawater
transfer, C) fillet-black DS of salmon in seawater with low- and D) high aspect
ratio, and E) peritoneum DS. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

they were not included in statistical analysis (Fig. 2), though they were
evaluated and examined by X-ray. If the fish presented several DS (e.g.,
left and right fillet, or fillet and peritoneum), they were studied as in-
dependent focal discolorations. Randomly selected DS from sea-cage
fish were chosen for X-ray examinations, (fillet-red DS, n = 15; fillet-
black DS, n = 76; peritoneum DS, n = 63). From harvest size fish,
randomly selected black DS with adjacent ribs and peritoneum (n = 46)
were put in formalin (10% phosphate-buffered formalin, pH 7.0, >3
days at 4 °C). Rib and peritoneum samples without macroscopic evi-
dence for DS were sampled as controls (n = 20) from the same fish be-
tween rib number 11 to 14 at the mid position of the rib and placed in
formalin. Based on macroscopic appearance and X-ray examinations,
formalin-fixed samples were selected for micro-CT (control, n = 9; black
DS, n = 21), followed by histopathology. Additional ribs (n = 5) from
adult wild fish were sampled and placed in formalin for complementing
morphological descriptions.

2.5. Evaluation of fillet DS

A novel method for evaluating red and brown/black DS of the cranio-
ventral fillet region was developed to facilitate objective continuous
measurements of discoloration and area separately, while correcting for
different fish sizes (Fig. 3). After filleting, the peritoneum and rib cage
were carefully trimmed to visualize aberrant DS. Pictures of the cranio-
ventral fillet region with visible DS were taken using a Canon PowerShot
G7 X Mark II (Canon Inc., Tokyo, Japan), 5472 x 3648 resolution, using
“Auto” mode with flash off, and ambient lighting. Images of skeletal
muscle DS were further processed, and fillet-red DS were excluded at
slaughter-exclusive explorations due to insufficient available X-rayed
material (n = 3).

DS features based on the photographic images included: rib numbers
corresponding to discolored myomeres, absolute distance from the
horizontal septum (mid-line) to DS center (cm), absolute area (mm?),
maximum horizontal (X) and vertical length (Y) to estimate aspect ratio
(AR = X/Y) as a scale-independent factor; number of affected myomeres,
and color as darkness intensity (Fig. 3). Inputs for estimating aspect ratio
were assessed using the ImageJ software (v1.52s, U. S. National
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Institutes of Health, Bethesda, USA), and DS area was calculated
assuming that most DS have an ellipse-like shape (DS area = * a * b).
The number of affected myomeres (starting from 0.2 when it affects only
one myocommata) was transformed (times 5) to relative DS length to
avoid values between 0 and 1, which might disturb area calculations.
Thus, a equals 0.5 * Relative DS length, while b equals 0.5 * Relative DS
length/AR. The relative DS area was transformed to DS area as myo-
mere? units. Darkness intensity was determined at the DS core using a
scale with five levels, from 0 (no visible dark pigmentation) to 4 (intense
and homogeneous dark pigmentation with or without visible scar for-
mation). DS level was calculated by multiplying the DS area by their DS
darkness intensity (Fig. 3).

2.6. Micro computed tomography (micro-CT)

Samples were scanned at the Nofima center of nutrition and feed
technology (Kjerreidviken, Bergen, Norway) using a Skyscan 1275 X-ray
microtomograph (Bruker micro-CT, Kontich, Belgium) by a source
voltage of 50 kV and 200 pA current, with exposure time set to 46 ms.
360-degree images, pixel size 20-28 pm, and rotation step of 0.3°. Image
reconstruction was done using NRecon (v. 1.7.3.1, Bruker micro-CT,
Kontich, Belgium), with the following parameters: 0 smoothing, 5 ring
artifact reduction, 25 beam hardening correction, post alignment
adjusted for every sample, and CS to 0.000000-0.030000. After scan-
ning, 3D models for rib bones were made with CTAn (v.1.17.7.2, Bruker,
Kontich, Belgium). Video files for each sample were created using
CTVox (v.3.3.0, Bruker, Kontich, Belgium). The bone tissue threshold
was set manually for every sample.

2.7. Vertebra mineral analysis

Selected macrominerals in vertebrae of wild and slaughter size land-
based and sea-cage farmed salmon were analyzed in the axial skeleton
between the caudal end of the dorsal fin and the gut, commonly termed
the Norwegian quality cut (NQC). The vertebrae were cleaned for sur-
rounding soft tissue and trimmed for haemal and neural spines. There-
after samples were pooled and homogenized in groups of five fish (per
rearing unit farmed salmon). Analyses of the macrominerals (Ca, K, Mg,
P) was performed using acid digestion, extraction, and inductive
coupled plasma-mass spectrometry (ICP-MS) according to Liaset et al.
(2003).

2.8. Statistics

Statistical analyses were conducted using R software (v. 4.0.3, R Core
Team, Vienna, Austria). Figures were produced using Microsoft® Excel®
software (v. 16.0.12527.21294, Microsoft Corporation, Redmond,
United States). Parametric responses were modeled using the “lIm()” R
function, while “glm()” adjusted for Poisson or binomial distribution
when dealing with non-parametric responses. The pair-wise comparison
was made using the “HSD.test()” R function with square root normali-
zation of the response if possible when dealing with non-parametric
distributions, or Wilcoxon signed rank test using the “pairwise.wilcox.
test()” R function when diagnostic plots revealed no optimum distribu-
tion of residuals after transformation. Models were adjusted for unbal-
anced design when required. Results from vertebral mineral analyses
were evaluated with SAS® (V9.4, SAS Institute Inc., Cary, US). No
random effects were considered in the models. The significance level
was set at p < 0.05, and results are presented as mean =+ standard error
(SEM).

2.9. Histopathology
Tissue samples in formalin were examined for pathological changes

by light microscopy. Decalcification was performed by incubating the
samples in 14% ethylenediaminetetraacetic acid (EDTA) for up to 48 h.
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DS area calculation.

Samples were then embedded in paraffin wax and sectioned at 1.5-2 pm.
Sections were mounted on glass slides and stained with haematoxylin
and eosin. Slides were scanned at a resolution of 221 nm/pixel, with an
image size of 126.720 x 87.296 pixels in a Nanozoomer digital pa-
thology image (ndpi) format, and created in a NDP.scan 3.2.15. Images
were examined and sampled using NDP.view.2 (v.2.7.43, Hamamatsu
Photonics K-K, Hamamatsu, Japan).

3. Results
3.1. Rib morphology of rib cages

X-ray evaluations showed ventro-caudally orientation of the ribs in a
decreasing angle towards the tail. Ribs changed the length gradually

along the rib cage. The shortest rib, usually the first one and frequently
missing, was found at the 3rd vertebra. Generally, the length of the ribs

increased from vertebra number 3 to 9-12 counted from the head. The
total number of ribs attached to the vertebra basiventral (non-vestigial
ribs) was between 21 and 23.

X-ray evaluations showed all rib abnormality types in each studied
environment, except for radiolucent non-unions, which were not found
in wild fish (Table 2), and at least one rib abnormality was observed in
every rib cage at any life stage and environment. The overall average rib
abnormalities per rib cage side was four for wild salmon, salmon
sampled at the smolt farm and land-based tanks. The salmon farmed in
sea-cages had eight rib abnormalities per rib cage side on average, that
was significantly higher from the other groups (p < 0.01). The abrupt
increase in the number of rib abnormalities from the smolt farm (Aug.
2018) to two months after seawater transfer to sea-cages (Nov. 2018) (p
= 0.03), was mainly due to an increased number of generalized radio-
lucent ribs (0.1 vs. 5.2; p < 0.0001) and shorter or missing rib parts (1.5
vs. 3.4; p = 0.004). The prevalence of generalized radiolucent ribs was
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Table 2
Number of different rib abnormalities per rib cage side for wild and farmed Atlantic salmon before and after seawater transfer to land-based tanks and sea-cages.
Abnormality group n wild Smolt farm Land-based tank Sea-cage
Jun. 2020 Aug. 2018 Nov. 2018 Feb. 2019 May. 2019 Nov.2019  Nov. 2018 Feb. 2019  May. 2019  Nov. 2019
15 20 15 15 15 23 10 30 10 23
Category I - No continuity break
Generalized 1.3+ 0.1+01¢ 1.7 + 0.5 0.7 + 1.1+05" 03+019 52+1.4° 1.7 + 22+07° 13+
radiolucent 0.5 0.2 0.4 0.3
Axis deviation 5.7 + 67+08" 65+12" 48+08%" 42+09° 129 £1° 71+1.4*  1.2+04" 18+06 82+09°
Llcde
Any Category I 7+£1.2" 68+ 8.2+ 5.5+ 5.3+ 131+ 123 + 29+06° 4+1% 95+
O_sbcd l_3abcd 0»8“‘6 0_9cde 1.12 Z.Iab O_Qabc
Category II - Continuity break
Fracture 0.3+0.3 0.3+0.1 0+0 0+0 0.1+0.1 0.3+0.2 0.3+0.2 05+02 040 0+0
Supernumerary 0.1+0.1 0.1+0.1 0.1+0.1 0.1+0.1 0.1+0.1 0.2+0.1 0.1+0.1 06+03 03+03  02+0.1
Radiolucent callus 1.1+04"  01+01° 0.1 +0.1° 01+01° 01+01> 14+03" 02+02° 01+01> 07+ 0.7 + 0.2
0.4
Radiopaque callus 0.5 + 0.3" 1.7+03®  09+04° 0.5 + 0.2° 0.4 + 0.2° 07402  0.9+04" 12+04° 1.7+ 34 0.5°
0.5%
Radiolucent non-union 0 + 0 0.1+0.1 0+0 0.1+0.1 0+0 0+0 0+0 0.1+0 0+0 0+0
Shorter or missing part 0.7 + 0.3° 1.5+03%  1.4+03" 1.24+03"  1.3+03" 1.5+03* 3.4+08 32+0.4° 27+ 2.6 + 0.6
0.9%
Any Category 1T 27+06° 37+05° 26+07° 2+0.4° 1.9+04°  41+06® 49+1.3" 57+ 5.4+ 6.5+ 0.8
0.9 1.8%

Values shown as mean + SEM in the same row between environments and life stages with different letters are significantly different (p < 0.05).

the only abnormality type increasing two months after seawater transfer
to land-based tanks (0.1 vs. 1.7; p = 0.02) (Table 2).

Time-based changes in seawater for the total number of rib abnor-
malities in fish from land-based tanks and sea-cages remained stable
(Fig. 4). The main contributors for higher numbers in sea-cages were
generalized radiolucent ribs and shorter or missing rib parts, although a
decreasing tendency was observed from two months after seawater
transfer to slaughter (5.2-1.4; p < 0.0001 and 3.4-2.6; p = 0.8,
respectively). On the other hand, the prevalence of radiopaque callus
increased during sweater phase (0.9-3; p = 0.0005) (Table 2). At har-
vesting, the number of shorter or missing rib parts and radiopaque callus
were four and six times higher in farmed salmon in sea-cages than in
wild salmon (p = 0.002 and p < 0.0001, respectively) (Table 2).

The total number of abnormalities per rib of salmon sampled at the
smolt farm increased in the posterior direction to a maximum level of 0.4
at rib number 21 (Fig. 5A). The pattern changed two months after
transfer to seawater to a consistent increasing tendency towards rib
number 12-14, with a peak at each third rib. Thereafter, the prevalence

of rib abnormalities decreased posteriorly for the salmon farmed in land-
based tanks, while the prevalence of rib abnormalities continued to be
high towards rib 19 for sea-cage farmed salmon (Fig. 5A) (Supplemen-
tary 1). The number of abnormalities per rib of sea-cage farmed salmon
was consistently higher compared with salmon farmed in land-based
tanks, reaching a maximum level of 1 and 0.75 rib abnormalities per
rib of the cage side, respectively. At slaughter (Nov. 2019) (Fig. 5B), the
rib abnormality pattern was similar in salmon farmed in sea-cages and
land-based tanks, with an increasing frequency up to rib number 12 for
both farming environments while decreasing gradually in the posterior
direction. The wild salmon showed a non-consistent longitudinal
pattern. Abnormalities increased in the proximal-distal direction of the
ribs for all fish groups, with significantly highest values for salmon
farmed in sea-cages compared with wild (p = 0.04), and salmon farmed
in land-based tanks (p = 0.04) (Fig. 6).
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Fig. 4. Life stage and growing environment effects in the number of rib abnormalities per rib cage side for wild, and farmed Atlantic salmon before and after
seawater transfer to land-based tanks and sea-cages. Significant differences between groups are indicated by different letters over the top brackets (p < 0.05). Data
are presented as non-transformed mean + SEM, n = 15, 20, 68, 73, for wild, smolt farm, land-based tank, and sea-cage groups, respectively.
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Fig. 5. Distribution of rib abnormalities and fillet DS along the rib cage of
Atlantic salmon. A) farmed salmon in freshwater (smolts after vaccination, 80 g;
n = 20) and two months after (Nov. 2018) seawater transfer to sea-cages (0.5
kg; n = 10) or land-based tanks (0.3 kg; n = 15). B) Slaughter size wild (5.1 kg;
n = 15) and farmed salmon in land-based tank (3.2 kg; n = 23) and sea-cages
(4.5 kg; n = 23). C) Mean values for the number of stained myomeres per fillet
of salmon five months after transfer to sea-cages (Feb. 2019, 1.2 kg; n = 20),
and slaughter (Nov. 2019, 4.5 kg; n = 34).

3.2. Targeted study of DS

3.2.1. DS prevalence, distribution, and morphology

Fillet-black DS were only observed in salmon farmed in sea-cages and
only five months following sea transfer (30% of fish) and onwards
(43-45% of fish). At the first sampling following seawater transfer (body
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Fig. 6. Growing environment effects in the number of rib abnormalities at
proximal, mid, and distal rib parts per rib cage side of slaughter size wild, and
farmed Atlantic salmon using two rearing conditions after seawater transfer:
land-based tank and sea-cage. Significant differences between groups and rib
parts are indicated by different letters over the bars (p < 0.05). Data are pre-
sented as mean + SEM, n = 15, 23, and 23 for wild, land-based tank and sea-
cage farmed salmon, respectively.

weight 0.5 kg), all fillet DS were red, but subsequently both fillet-red DS
and fillet-black DS were observed (body weight 1.2-4.5 kg). Fillet-red
DS in sea-cage fish followed a non-increasing prevalence ranging from
3 to 15% (Fig. 7). Fillet-red DS, determined as focal intramuscular
hemorrhages, were detected at the smolt farm and land-based tanks only
following seawater transfer. Focal peritonitis in the form of hyperemic
areas was observed in some fish at the smolt farm near the vaccination
site.

At slaughter, 73% of salmon showed some form of DS (peritoneum
and/or fillet). Peritoneum DS prevalence was 52%, and 79% of fillet DS
were visible through the overlying peritoneum (n = 33). Diffuse dark
pigmentation was observed in some parietal peritoneum areas in contact
with voluminous organs (e.g., liver). Dark pigmentation was also
observed in the adjacent peritoneum of rib terminal regions, where there
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2018 2019 2019 2019
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Fig. 7. Prevalence of focal black and red dark spots (DS) of fillets of Atlantic
salmon farmed in sea-cages. The fish were sampled for analyses in Nov. 2018 (n
= 60), Feb. 2019 (n = 60), May. 2019 (n = 60), and Nov. 2019 (n = 113). (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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is a certain degree of rib motility.

The location of the DS in salmon fillets five months after seawater
transfer to sea-cages (Feb. 2019) showed an increasing tendency to-
wards rib number 14 where a maximum level of 0.34 stained myomeres
was observed. Thereafter, the pattern oscillated between 0.15 and 0.3
myomeres in the posterior direction. At slaughter, the occurrence of
fillet DS increased towards rib number 11-14 with 0.4 stained myo-
meres as maximum. The prevalence of fillet DS decreased gradually
from rib 14-22 (Fig. 5C). Moreover, most of fillet DS were located at 3
cm bellow the horizontal septum, (mid rib parts), following a normal
distribution from 0.9 cm (proximal rib parts) to 4.8 cm (distal rib parts).

Macroscopic evaluations revealed that fillet-red DS were consistently
darker (p = 0.0005), relatively larger (p = 0.04), of higher level (p <
0.0001), and rounder (p = 0.008) than fillet-black DS (Table 3). Fillet-
black DS area became larger in absolute terms (338 vs. 210 mm?%; p =
0.03), smaller relative to the fish size (2.4 vs. 6.5 myomerez; p <
0.0001), flatter (4 vs. 1.7 aspect ratio; p < 0.0001), and lower intensity
level (4.5 vs. 17.1 DS level; p < 0.0001) at harvesting than those first
observed five months after seawater transfer. At harvesting, the
appearance of fillet DS depended on where on the fillet the spot was
located. The closer the DS was to the horizontal septum, the larger the
relative DS area (myomerez; p = 0.02), intensity level (DS level; p <
0.0001), and the rounder the shape (lower aspect ratio; p < 0.0001).

3.2.2. Relationship between DS and rib abnormalities

Besides a few ribs with axis deviations, no major X-ray findings
compatible with rib fractures or other abnormalities associated with
continuity break were observed in fillet-red DS of fish from the smolt
farm and land-based tanks.

X-ray analysis of DS from all sampling times in sea-cages showed that
the prevalence of rib abnormalities was significantly higher in perito-
neum DS (79%) compared with the control tissue (40%) (p = 0.002), and
the prevalence of rib abnormalities also tended to be higher in fillet-
black DS (63%) (p = 0.07). The prevalence of rib abnormalities was
lower of fillet-red DS (33%) compared with fillet-black DS (p = 0.04),
but similar with control tissue (Table 3). Rib abnormality prevalence of
fillet-black DS was higher at slaughter (72%; n = 46) than those first
detected in five months after seawater transfer (41%; n=17) (p = 0.03),
and rib abnormalities in peritoneum DS followed the same trend (87 and
68%; p = 0.08). No differences were observed in relative prevalence for
individual rib abnormality types among DS, except from higher preva-
lence of shorter or missing rib parts in fillet-black DS (43% vs. 6% of DS
with rib abnormalities; p = 0.02) and peritoneum DS (59% vs. 6% of DS
with rib abnormalities; p = 0.0004) five months after seawater transfer
than at slaughter.

At slaughter, the difference between rib abnormality prevalence of
peritoneum DS and fillet-black DS was not significant, but both were

Table 3

Discoloration and morphological characteristics of focal dark spots (DS) of fillets
and peritoneum of Atlantic salmon sampled during the seawater period, and
their associated rib abnormality prevalence. Fillet DS parameters are presented
as pigment intensity (darkness score), shape (aspect ratio), relative area (myo-
mere?) and relative area times pigment intensity (DS level).

Control Fillet-red Fillet-black Peritoneum
DS DS DS
Darkness score 3.2+0.2" 1.8 +0.1°
Aspect ratio 19404  3.1+04°
DS area (myomere?) 55+ 1.0° 4.3 +05"
DS level 192+ 8.8+1.2°
4.0%
Any rib abnormality 40> 33¢ 63" 79°

(%)

Values shown as prevalence or mean + SEM in the same row with different
letters are significantly different (p < 0.05).
" Control samples exclusively from slaughter.
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higher than control samples (40%) (p = 0.0005 and p = 0.02, respec-
tively). Axis deviation was the most prevalent abnormality type in DS
(76% of DS with rib abnormalities), followed by radiolucent callus and
generalized radiolucent ribs (30-39% of DS with rib abnormalities). The
relative prevalence for individual rib abnormality types between DS and
control tissues did not differ significantly. Rib fractures, supernumerary
ribs, radiolucent callus, and shorter or missing rib parts were not found
in control tissues. These are called “DS-specific Category II” rib abnor-
malities, being present in 42% of DS samples with rib abnormalities at
slaughter (Supplementary 2). Hence, the number of these most charac-
teristic rib abnormalities in DS of the targeted study (either quantitively,
axis deviations; or qualitatively, DS-specific Category II), were found to
be similar in general rib cage evaluations of fish with none or any form of
DS.

At slaughter, rib X-ray morphology in targeted fillet-black DS was
compared against their DS features. Fillet-black DS with larger intensity
levels had fewer presence of rib abnormalities (p = 0.002), and larger
presence of the generalized radiolucent type (p = 0.0007) than lower
intensity levels. In contrast to rounder DS, flattened phenotypes showed
smaller relative DS area (p = 0.02) and larger presence rib abnormalities
(p = 0.0003), especially axis deviations (p < 0.0001). Generally, flat-
tened phenotypes presented a series of rib abnormalities in a linear
pattern perpendicular to the rib direction.

3.3. PRV status

Heart samples of slaughter size farmed salmon showed positive re-
sults for PRV in all sampled individuals from sea-cages, while fish
sampled in land-based tanks were negative for PRV.

3.4. Micro-CT and 3D model

The morphology of salmon ribs presents a tubular structure with
bone processes ventrally oriented in the exterior surface of some prox-
imal parts (Fig. 8A). Proximal cross-sectional ribs parts were flattened
and laterally oriented, reaching deeper layers into the muscle wall,
becoming increasingly rod-like and less integrated into the muscle wall
at distal parts (Fig. 8A and B).

The 3D model for bone density of rib abnormalities from the DS-
specific Category II group at distal (radiolucent non-union), mid
(radiolucent callus), and mid-proximal (fracture) rib parts, presented
different degrees of bone callus formations (Fig. 9; Video 1, 2 and 3,
respectively), and larger DS area and levels at mid-proximal than distal
rib positions with dark pigments concentrated focally on the affected
area (Fig. 9A). This morphological classification (Fig. 9A - C) was
positively associated to the general homogeneous appearance of myo-
mere (Fig. 9D - F). Samples showed similar features through micro-CT
imaging; fusiform structure of similar radiodensity as near skeletal
muscle with some radiopaque islands at continuity breaks (Fig. 9J and
K). The sample at mid-proximal rib part showed two rib abnormalities
(Fig. 9I); continuity break with no visible callus and diffuse non-
mineralized radiolucent callus (Fig. 9L and O); radiopaque callus
without visible non-mineralized callus (Fig. 91 and L). Radiolucent
structures at the continuity break from inspected samples showed con-
nections with near myomere and transverse fascia (Fig. 9M - O).

Micro-CT of axis deviations in ribs showed alterations of myo-
commata structure with a tissue of similar radiodensity as skeletal
muscle irregularly infiltrated in the myocommata at the axis deviation
(Fig. 10D).

Some undetected rib abnormalities from X-ray images were visual-
ized by the 3D model, such as latero-lateral axis deviations, overlapping
fractures (Fig. 9F), or bi-tubular rib morphology. Bi-tubular ribs were
found to be linked to generalized radiolucent morphology in X-rayed
ribs when oriented in the cranio-caudal plane. The generalized radio-
lucent morphology showed other different forms on the 3D model as
thickening with irregular rib lumen, and thinner porotic compact bone
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Fig. 8. Anatomical overview of adult Atlantic salmon rib and adjacent structures from targeted rib samples. A) Anatomical description combining 3D model,
transversal micro-CT slices and histology at the proximal, mid, and distal rib parts. Box at the proximal area of the 3D model shows a magnified view of the rib
process on the external rib side. CB, Compact bone; CP, cellular periosteum; CPB, compact perichondral bone; FP, fibrous periosteum; IHC, immature hyaline
cartilage; HC, hypertrophic chondrocytes; Ob, osteoblast; Oc, osteocytes; PL, periosteal ligaments. B) Cross-section micro-CT slice for rib mid part and adjacent
structures. Boxes with letters indicate histological illustration of corresponding anatomical regions. C) and D) Anatomical description of adjacent rib structures, both
peritoneum and myocommata, respectively, combining transversal micro-CT slice and histology. MCT, myocommata connected tissue; MF, myocommata fat; Mt.,
mesothelium; S, serosa; SM, skeletal muscle; Ss, Subserosa; TF, transverse fascia; F, fat. Black arrow points to melanomachrophages. Haematoxylin and eosin staining.

cortex of osteolytic and resorptive appearance (Video 4). (80,409 + 3435 vs. 104,165 + 1692 mg kg~' dw; p = 0.0001), P
(39,350 + 1702 vs. 50,979 + 848 mg kg’l dw; p = 0.0005), and Mg
(1198 + 57 vs. 1578 & 24 mg kg ! dw; p = 0.0002). The Ca:P ratio was

3.5. Mineral composition of axial skeleton similar in all groups (2.04 + 0.01).

Mineral composition of the axial skeleton of slaughter size salmon
was similar for salmon farmed in land-based tanks or sea-cages. Wild
salmon had significantly lower content than farmed groups for Ca
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3.6. Histopathology

The histological morphology of salmon ribs showed a core rich in
immature hyaline cartilage in proximal parts, whereas the mid area
contained hyaline cartilage in a hypertrophic phase with trabeculae
formation. In more distal areas, ribs contained hyaline cartilage
(Fig. 8A). Ribs were surrounded by myocommata’s connective tissue
and located adjacent to the parietal peritoneum, separated by different
tissue layers; serosa, subserosa (with visible melanomachrophages), and
transverse fascia (Fig. 8B - D). The periosteum presented a series of
periosteal ligaments connecting cellular layers with compact rib bone
(Fig. 8A).

10

focal dark spots (DS) of fillets of farmed
Atlantic salmon with different DS levels
at different rib parts. Images A) to O) are
organized by column. Image, X-ray, 3D
model for bone density, and micro-CT
cut are provided for each sample. Box
with letters on image M) indicates the
region of histology P) and Q) (haema-
toxylin and eosin staining). Parallel
discontinuous red lines in X-ray images
indicate micro-CT planes if transversal.
Blue color marks connect X-ray with
micro-CT images. Red arrows point to
non-mineralized callus with similar
radiodensity as muscle. Red arrowhead
indicates the connection between non-
mineralized callus and adjacent skeletal
muscle or peritoneal transverse facia.
Restricted white bars on bottom right
corners of A — F show the X-ray and or-
dinary image scale, set to 1 cm. Major
squares in 3D models show the scale, set
to 1 * 1 cm. (For interpretation of the
references to color in this figure legend,
the reader is referred to the web version
of this article.)

Histological evaluations of radiolucent fusiform bodies showed signs
of external callus formations with hyaline cartilage in several hyper-
trophic stages non-covered by a compact bone. Fibrous areas with
different mineralization degrees were seen near hypertrophic cartilage,
whereof trapped active osteoblasts and osteoclasts could be observed
(Fig. 9P and Q). The near myomere of mid and mid-proximal DS pre-
sented muscle fibrosis and a chronic-active process with melanomach-
rophage, fat infiltration, and histiocytic-like granuloma formation.

Histology of ribs with axis deviations revealed muscle fibrosis in a
chronic-active inflammatory process with melanomachrophage infil-
tration. Such fibrosis affected the totality of the length of near myocytes.
Fat infiltration was observed between muscle fibrosis (Fig. 10E and H).
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Fig. 10. Characterization of axis deviations in targeted focal dark spots (DS) of fillets of farmed Atlantic salmon shown by A) image, B) X-ray, C) 3D model for bone
density, D) micro-CT cut, and E) F) G) H) histology. Blue color mark connects ribs from X-ray to histology images. Boxes with letters on image D) indicate the region
of histology of F), G), and H). Discontinuous red line in image B) indicates the micro-CT plane in image D). Red arrowhead indicates the connection between non-
mineralized connective tissue around the rib and adjacent structures. Black arrows point to melanomachrophages. The restricted white bar on the bottom right corner
of image A) and B) shows the X-ray and ordinary image scale, set to 1 cm. Major squares in the 3D model show the scale, set to 1 * 1 cm. Haematoxylin and eosin
staining. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The fibrous periosteum and myocommatas entire architecture from axis infiltration in some affected areas (Fig. 10F). Periosteal ligaments were
deviations were found altered. Metaplastic periosteum with granuloma- found altered (Fig. 10G).

like structures and melanomachrophages infiltration between fibrous

and cellular layers was observed, giving the periosteum a relatively 4. Discussion

thicker appearance. Extended vacuolization of cells from the cellular

periosteum was also observed, with necrotic melanomachrophage Fillet-red DS were present in sea-cage farmed salmon throughout the
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whole seawater phase as expected (Bjorgen et al., 2019), but the present
study is the first to report typical fillet-red DS of the cranio-ventral fillet
region of smolts in freshwater. The occurrence of fillet-black DS after
five months in seawater coincides with Bjorgen et al. (2019), who pro-
posed that fillet-red DS are acute focal changes that develop into chronic
melanized fillet-black DS (Bjgrgen et al., 2015). The prevalence of fillet-
black DS was 43% on average at harvesting, which is higher than former
reports for harvest sized salmon (range 8-33%) (Bjgrgen et al., 2019;
Dessen et al., 2019; Lutfi et al., 2022; Sissener et al., 2016), though our
evaluation method was more sensitive.

The study was initiated with no presumption of the magnitude of
morphological rib abnormalities. Hence a consistent deviation from the
expected rib morphology of all salmon groups, complicated the under-
standing of rib abnormality effects on fillet DS. Black DS (either fillet or
peritoneum) only occurred in sea-cage farmed salmon, coinciding with
twice as high rib abnormalities compared with smolts, salmon farmed in
land-based tanks, and wild salmon, however, the association between
rib abnormalities and DS is complex. Because all DS were located in the
same anatomical area (cranio-ventral), shared healing responses, and rib
abnormality types, we assume they share similar ethology with different
pathophysiological scenarios. On one hand, muscle strains and hemor-
rhages (fillet-red DS) of generally round appearance without rib dam-
age, result from either local myositis or traumatic events that exclusively
affect soft tissues. Such processes would not be detected by X-ray of the
ribs in acute forms, but secondary rib changes may evolve over time
when transitioning to fillet-black DS (e.g., generalized radiolucent and
shorter or missing rib parts), typically observed at early seawater phase.
On the other hand, rib deformations or fractures that evolve into flat-
tened focal lesions, resulting from multiple rib damage in a linear
pattern. In this scenario, acute and chronic forms are normally detected
by X-ray, unless they are produced in the latero-lateral plane or over-
lapped, being more typical near slaughter. The presence of ribs with
primary and potential secondary changes suggests a combination of both
pathophysiologies.

Non-mechanical stress-related forms such as generalized radiolucent
could indicate either osteomyelitis (Epsley et al., 2021; Gu et al., 2017),
osteoporosis, or osteomalacia. Osteomalacia-derived changes may bring
abnormal flexibility (Khurana, 2009), reducing the risk of rib fracture
while increasing deformation. However, osteomyelitis and osteoporosis
may increase fracture risk. As DS levels depend on the size of the lesion
and melanomachrophages density, with a positive trend to muscle
fibrosis (by X-ray), this parameter may be a good macroscopic indicator
of the focal inflammatory degree, as proposed by Malik et al. (2021).
Given the positive association between higher DS levels and the preva-
lence of generalized radiolucent ribs, focal osteomyelitis is a potential
process, as micro-CT analyses suggest.

Similar numbers for most characteristic rib abnormalities in DS be-
tween farmed sea-cage salmon rib cages with or without DS, suggest
implications of additional major factors than rib abnormalities influ-
encing the development of DS.

Pigmentation of areas of the rib cage under a continuously high
degree of motility suggests a natural melanizing response to mechanical
stress. Pigmentation related to mechanical stress was likewise present in
DS with radiolucent non-mineralized callus, where the chronicity of the
histological study indicates abnormal healing responses with delayed
mineralization and hypertrophic non-unions (pseudoarthrosis), typical
of inadequate stabilization (Khurana, 2009; Kumar et al., 2018; Miclau
et al., 2007). Mechanical stress might also cause metaplastic changes
resulting in thicker periosteum with altered periosteal unions near axis
rib deviation (Sakai et al., 2011). Thus, the degree of mechanical stress
in near soft tissue should depend on the type of rib abnormality. On the
other hand, distal rib parts, which concentrated most of rib abnormal-
ities, did not coincide with the cranio-ventral fillet region with largest
DS, and similar rib abnormalities did not produce the same degree and
type of pigmentation at proximal and distal parts. Therefore, there must
be other factors contributing to the melanizing response of the healing
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process in injured tissue.

The flattened cross-sectional rib shape at mid-proximal parts and
their deeper location in the muscle wall than in distal rib parts, suggest
insertion support for musculature and natural endurance to latero-
lateral flexion (Van Leeuwen, 1999). Ribs resist expansion and
contraction of fish organs (Jiao et al., 2020), but also oblique and radial
expansion of white muscle during explosive starts and turning maneu-
vers. This concentrates most of the tension at the anterior cones, be-
tween mid-proximal rib parts and the horizontal septum (Van Leeuwen,
1999). The association of the higher severity of the spots (larger, more
intense, and rounder) at mid-proximal than mid-distal rib anatomical
regions evidences such specific mechanical effect on injures, evolving
into more severe muscle fibrosis with recurrent injury, chronic-active
inflammation (Bjorgen et al., 2019; Larsen et al.,, 2012; Nikolaou
et al., 1987), hypertrophic non-unions (given a rib injury), and patho-
logical interconnections (myofascial adhesions) that increases local
stiffness (Bernabei et al., 2017).

While land-based tank smolts were carefully transferred to flow-
through seawater tanks and no vaccination was performed, smolts in
commercial sea-cages experienced more intensive production-related
activities. Such procedures were pumping, grading, vaccination, trans-
portation by well-boat, and mechanical delousing one- and two-months
prior harvesting. Additionally, fish in sea-cages experienced different
swimming activity, faster growth, and infections (e.g., PRV). There were
similar fillet-red DS and rib abnormality types (though in different
numbers) in fish from land-based tanks and sea-cages after seawater
transfer. Therefore, the absence of melanin during healing in fish from
land-based tanks, points to environmental factors as determinants for
the final DS phenotype.

Teleost ribs are soft and flexible to sustain constant mechanical loads
during swimming (Cohen et al., 2012; Fiedler et al., 2021; Jiao et al.,
2020), but in out-of-the-water situations (e.g., grading, vaccination,
crowding), fish may experience abnormal forces in either direction or
intensity. This migth be seen in the consistent concentration of rib ab-
normalities in central parts of the rib cage, which reveals a vulnerable
area that coincides with the highest occurrence of DS in fillets (rib
number 10-14). Nevertheless, no increase in DS and the total number of
rib abnormalities after mechanical sea lice treatments was observed.
Either delousing did not have an effect on the number of injuries, or
there was efficient healing, as the increase of radiopaque callus shows.
Although, we must consider a dilution effect of some abnormality types
by appositional growth when comparing fish of different sizes.

In view of the abrupt increase in the number of rib abnormalities
shortly after transfer to sea-cages, focus on any sources of stress during
this period seems justified. The increased number of generalized
radiolucent ribs from smolt farm to land-based tanks and sea-cages,
suggests a common etiology acting at different magnitudes in both
seawater environments. For example, seawater transfer might affect rib
bone mineralization in the form of osteomalacia due to different nutri-
tional requirements in response to standard stressful farming procedures
(Iversen et al., 2005), not occurring in land-based tanks. Because the
mineral composition of the vertebrae was similar for the farmed groups
at slaughter and higher than wild salmon, we could exclude general
alterations in bone mineralization at slaughter. On the other hand, we
should also consider osteomyelitis as a result of inflammatory processes
in the muscle wall derived from mechanical stress (e.g., traumatisms) or
immune stimulants (e.g., vaccine, infections).

Smolts sampled two weeks after vaccination did not show an in-
crease in the number of rib abnormalities compared to non-vaccinated
smolts, even though vaccinated smolts presented fillet-red DS in fresh-
water. However, the higher numbers of shorter and missing rib parts,
and concentration in caudal and distal areas near the vaccination site
after transfer to sea-cages, suggest a potential association with vacci-
nation. This fact dissipates the acute effect of a mechanical disturbance
of ribs during vaccination and related activities such as pumping and
grading. Although, it suggests long-term effects such as alteration of the
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path of rib ossification after myotome injury as Akama et al. (2020)
reported, and osteomyelitis triggered by the vaccine component or
traumatic events between late smolt operations and transfer to sea-
cages. The decreasing tendency towards slaughter of shorter or
missing and generalized radiolucent ribs highlights the possible effects
of production-related factors shortly after transfer to sea-cages, which is
considered a particularly critical period in farmed salmon (Borng,
2021).

Effects of farming operations, such as pumping, grading, and vacci-
nations on DS in salmon were found negative by Mgrkgre (2012).
Similarly, Berg et al. (2012) found no cause-effect relationship between
vaccine components and DS, although side effects of vaccines on spinal
deformities are observed, sometimes co-occurring with focal melaniza-
tion as part of the inflammatory process (Holm et al., 2020; Trangerud
et al., 2020). We found evidence for vaccine-induced rib defects and
associated sparse pigmentation, but in line with previous studies, our
results can not directly link vaccination component to the presence of
DS. However, the presence of histiocytic-like granuloma in fillet-black
DS at slaughter was similar to foreign body reactions, as the mineral
oil adjuvant used in intraperitoneal salmon vaccines (Carlton et al.,
2001; Hwang et al., 2012; Larsen et al., 2012). This might suggest
migration of loaded macrophages with vaccine compounds from parietal
peritoneum layers (Koppang et al., 2005) to the adjacent skeletal muscle
after inflammatory stimuli (e.g., trauma).

Although the salmon farmed in sea-cages showed positive results for
PRV, the presence of PRV in sea-cage fish is not considered as the pri-
mary cause for DS, since similar Ct-values of PRV were observed in
unstained salmon muscle and DS by Mgrkgre et al. (2016). Moreover,
Bjorgen et al. (2019) did not find PRV in all DS, nor experimental
inoculation of salmon muscle caused the development of DS. However,
PRV may play a role in modulating the inflammatory response locally
(Bjorgen et al., 2019; Krasnov et al., 2016; Malik et al., 2021), as well as
other opportunistic pathogens (e.g., Staphylococcus aureus) (Tomecka
et al., 2019).

The fact that fish farmed in land-based tanks could be exposed to a
low concentration of antigenic compounds (no vaccination, UV-treated
flow-through water) than in sea-cages (vaccinated, circulating antigens,
infections) (Bateman et al., 2021), determines a differential factor for
the melanization process in DS. This might be an effect of increased
systemic melanin production to enhance immunocompetence to a dis-
ease threat, an important component of the innate immune system
(Gagnaire et al., 2013; Wilson et al., 2001).

5. Conclusion

Rib abnormalities were common findings in both wild and farmed
Atlantic salmon, seemingly a consequence of mechanical stress, and
secondary changes due to an inflammatory process. The prevalence
doubled after transferring farmed smolts to large commercial sea-cages,
coinciding with the presence of fillet-red focal dark spots (DS) and
subsequent development of fillet-black DS five months after sea transfer,
as opposed to wild salmon and salmon reared in small land-based tanks,
that did not develop black DS (either fillet or peritoneum). Rib abnor-
malities were more prevalent in black DS, and both co-occurred most
frequently at the center of the rib cage. The black DS phenotype was
associated with a higher presence of rib fractures and rib deformations
in the injured area, but DS also occurred without any sign of abnormal
ribs or fractures. Other factors such as the anatomical position of the
injury contributed to the association. While feed and genetic origin were
not primary causes, environmental factors such as damaging incidents in
the commercial late smolt phase and sea-cage operations are more likely
determinants for the presence of DS.

CRediT authorship contribution statement

Jiménez-Guerrero Raiil: Methodology, Validation, Formal analysis,

13

Aquaculture 561 (2022) 738697

Investigation, Data curation, Visualization, Writing - original draft,
Writing - review & editing. Baeverfjord Grete: Conceptualization,
Methodology, Validation, Investigation, Resources, Visualization, Su-
pervision, Project administration, Writing - review & editing. Evensen
Oystein: Methodology, Investigation, Resources, Visualization, Super-
vision, Writing - review & editing. Hamre Kristin: Investigation, Re-
sources, Writing - review & editing. Larsson Thomas: Methodology,
Investigation, Resources, Data curation. Dessen Jens-Erik: Investiga-
tion, Resources. Gannestad Kjellrun-Hoas: Methodology, Investiga-
tion, Resources, Data curation. Mgrkgre Turid: Conceptualization,
Methodology, Validation, Formal analysis, Investigation, Resources,
Visualization, Supervision, Project administration, Funding acquisition,
Writing - review & editing.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Turid Mgrkgre reports financial support was provided by Norwegian
Seafood Research Fund.

Data availability

Data will be made available on request.

Acknowledgments

The Norwegian Seafood Research Fund (FHF) and Norwegian Uni-
versity of Life Sciences (NMBU) supported this study. The study in sea-
cages was carried out using Nofima’s R&D licenses granted by the
Norwegian Directorate of Fisheries for large-scale Industrial Research.
The authors acknowledge the skillful assistance and dedicated fish
management of the technicians at Lergy Midt AS, with special thanks to
Helge Endresen. The authors remark on the excellent work provided by
staff at the Research Station for Sustainable Aquaculture (Nofima) and
laboratories. Thanks to Dr. Elisabeth Ytteborg for helping to interpret
some results. Thanks to M.Sc. Sumeng Galdat for your assistance pro-
cessing part of the data. Thanks to Gunhild Haustveit for your help with
micro-CT scans during COVID-19 restrictions. Thanks to Professor
@ivind Andersen for valuable contributions to the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2022.738697.

References

Akama, K., Ebata, K., Maeno, A., Taminato, T., Otosaka, S., Gengyo-Ando, K.,
Kawamura, A., 2020. Role of somite patterning in the formation of Weberian
apparatus and pleural rib in zebrafish. J. Anat. 236 (4), 622-629. https://doi.org/
10.1111/joa.13135.

Aursand, M., Bleivik, B., Rainuzzo, J.R., Leif, J., Mohr, V., 1994. Lipid distribution and
composition of commercially farmed Atlantic salmon (Salmo salar). J. Sci. Food
Agric. 64 (2), 239-248. https://doi.org/10.1002/jsfa.2740640214.

Baeverfjord, G., Asgard, T., Shearer, K.D., 1998. Development and detection of
phosphorus deficiency in Atlantic salmon, Salmo salar L., parr and post-smolts.
Aquac. Nutr. 4 (1), 1-11. https://doi.org/10.1046/j.1365-2095.1998.00095.x.

Bateman, A.W., Teffer, A.K., Bass, A., Ming, T., Hunt, B.P.V., Krkosek, M., Miller, K.M.,
2021. Atlantic salmon farms are a likely source of Tenacibaculum maritimum infection
in migratory Fraser River sockeye salmon. Can. J. Fish. Aquat. Sci. 00, 1-16. https://
doi.org/10.1101/2021.06.15.448581.

Berg, A., Yurtseva, A., Hansen, T., Lajus, D., Fjelldal, P.G., 2012. Vaccinated farmed
Atlantic salmon are susceptible to spinal and skull deformities. J. Appl. Ichthyol. 28
(3), 446-452. https://doi.org/10.1111/j.1439-0426.2012.01988.x.

Bernabei, M., van Dieén, J.H., Maas, H., 2017. Altered mechanical interaction between
rat plantar flexors due to changes in intermuscular connectivity. Scand. J. Med. Sci.
Sports 27 (2), 177-187. https://doi.org/10.1111/sms.12644.

Bjorgen, H., Wessel, @., Fjelldal, P.G., Hansen, T., Sveier, H., Sabg, H.R., Koppang, E.O.,
2015. Piscine orthoreovirus (PRV) in red and melanised foci in white muscle of



R. Jiménez-Guerrero et al.

Atlantic salmon (Salmo salar). Vet. Res. 46 (1), 89. https://doi.org/10.1186/513567-
015-0244-6.

Bjgrgen, H., Haldorsen, R., Oaland, @., Kvellestad, A., Kannimuthu, D., Rimstad, E.,
Koppang, E.O., 2019. Melanized focal changes in skeletal muscle in farmed Atlantic
salmon after natural infection with Piscine orthoreovirus (PRV). J. Fish Dis. 42 (6),
935-945. https://doi.org/10.1111/jfd.12995.

Borng, G., 2021. Miscellaneous health problems in farmed salmonids. In: Sommerset, I.,
Bang Jensen, B., Borng, B., Haukaas, A., Brun, E. (Eds.), The Health Situation in
Norwegian Aquaculture 2020. Norwegian Veterinary Institute.

Carlton, W.W., Boitnott, J.K., Dungworth, D.L., Ernst, H., Hayashi, Y., Mohr, U., Ward, J.
M., 2001. Assessment of the morphology and significance of the lymph nodal and
hepatic lesions produced in rats by the feeding of certain mineral oils and waxes.
Exp. Toxicol. Pathol. 53 (4), 247-255. https://doi.org/10.1078/0940-2993-00198.

Clarke, W.C., Saunders, R.L., McCormick, S.D., 1996. Smolt production. In: Pennel, W.,
Barton, B.A. (Eds.), Principles of Salmonid Culture. CRC Press, Elsevier, Amsterdam,
The Netherlands, pp. 517-567.

Cohen, L., Dean, M., Shipov, A., Atkins, A., Monsonego-Ornan, E., Shahar, R., 2012.
Comparison of structural, architectural and mechanical aspects of cellular and
acellular bone in two teleost fish. J. Exp. Biol. 215 (11), 1983-1993. https://doi.org/
10.1242/jeb.064790.

De Clercq, A., Perrott, M.R., Davie, P.S., Preece, M.A., Wybourne, B., Ruff, N., Witten, P.
E., 2017. Vertebral column regionalisation in Chinook salmon, Oncorhynchus
tshawytscha. J. Anat. 231 (4), 500-514. https://doi.org/10.1111/joa.12655.

Dessen, J.E., Mgrkgre, T., Bildgy, J.I., Johnsen, S.N., Poppe, L.T., Hatlen, B., Rorvik, K.A.,
2019. Increased dietary protein-to-lipid ratio improves survival during naturally
occurring pancreas disease in Atlantic salmon, Salmo salar L. J. Fish Dis. 42 (1),
21-34. https://doi.org/10.1111/jfd.12904.

Epsley, S., Tadros, S., Farid, A., Kargilis, D., Mehta, S., Rajapakse, C.S., 2021. The effect
of inflammation on bone. Front. Physiol. 11 (1695) https://doi.org/10.3389/
fphys.2020.511799.

Farber, F., 2017. Melanin Spots in Atlantic Salmon Fillets — An Investigation of the
General Problem, the Frequency and the Economic Implication Based on an Online
Survey. Norwegian University of Life Sciences, As, Norway.

Fiedler, .A.K., Elmogazy, O., Courtemanche, G., Cardoso, L., Berteau, J.P., 2021. Bones
of teleost fish demonstrate high fracture strain. J. Biomech. 120, 110341 https://doi.
org/10.1016/j.jbiomech.2021.110341.

Fjelldal, P.G., van der Meeren, T., Fraser, T.W.K., Sambraus, F., Jawad, L., Hansen, T.J.,
2018. Radiological changes during fracture and repair in neural and haemal spines
of Atlantic cod (Gadus morhua). J. Fish Dis. 41 (12), 1871-1875. https://doi.org/
10.1111/jfd.12899.

Fjelldal, P.G., Madaro, A., Hvas, M., Stien, L.H., Oppedal, F., Fraser, T.W.K., 2020.
Skeletal deformities in wild and farmed cleaner fish species used in Atlantic salmon
Salmo salar aquaculture. J. Fish Biol. 98 (4), 1049-1058. https://doi.org/10.1111/
jfb.14337.

Gagnaire, B., Cavalie, 1., Camilleri, V., Adam-Guillermin, C., 2013. Effects of depleted
uranium on oxidative stress, detoxification, and defence parameters of zebrafish
Danio rerio. Arch. Environ. Contam. Toxicol. 64 (1), 140-150. https://doi.org/
10.1007/500244-012-9814-z.

Gislason, H., Karstensen, H., Christiansen, D., Hjelde, K., Helland, S., Baverfjord, G.,
2010. Rib and vertebral deformities in rainbow trout (Oncorhynchus mykiss)
explained by a dominant-mutation mechanism. Aquaculture 309 (1), 86-95. https://
doi.org/10.1016/j.aquaculture.2010.09.016.

Gu, Q., Yang, H., Shi, Q., 2017. Macrophages and bone inflammation. J. Orthop.
Translat. 10, 86-93. https://doi.org/10.1016/j.jot.2017.05.002.

Holm, H., Ytteborg, E., Host, V., Reed, A.K., Dalum, A.S., Baverfjord, G., 2020.

A pathomorphological description of cross-stitch vertebrae in farmed Atlantic
salmon (Salmo salar L.). Aquaculture 526, 735382. https://doi.org/10.1016/j.
aquaculture.2020.735382.

Horton, J.M., Summers, A.P., 2009. The material properties of acellular bone in a teleost
fish. J. Exp. Biol. 212 (9), 1413-1420. https://doi.org/10.1242/jeb.020636.

Hwang, S.H., Kim, H.H., Park, D.J., Jee, Y.S., Lee, K.H., Kim, Y.H., Yang, HK., 2012.
Local tissue reaction after injection of contrast media on gastric wall of mouse:
experimental study for application of contrast media to computed tomography
lymphography. J. Korean Surg. Soc. 82 (2), 70-78. https://doi.org/10.4174/
jkss.2012.82.2.70.

Iversen, M., Finstad, B., McKinley, R.S., Eliassen, R.A., Carlsen, K.T., Evjen, T., 2005.
Stress responses in Atlantic salmon (Salmo salar L.) smolts during commercial well
boat transports, and effects on survival after transfer to sea. Aquaculture 243 (1),
373-382. https://doi.org/10.1016/j.aquaculture.2004.10.019.

14

Aquaculture 561 (2022) 738697

Jiao, Y.Y., Okada, M., Hara, E.S., Xie, S.C., Nagaoka, N., Nakano, T., Matsumoto, T.,
2020. Micro-architectural investigation of teleost fish rib inducing pliant mechanical
property. Materials 13 (22), 5099. https://doi.org/10.3390/mal3225099.

Khurana, J.S., 2009. Bone Pathology, Second ed. Humana Press, Springer, New York, NY,
USA.

Koppang, E.O., Haugarvoll, E., Hordvik, 1., Aune, L., Poppe, T.T., 2005. Vaccine-
associated granulomatous inflammation and melanin accumulation in Atlantic
salmon, Salmo salar L., white muscle. J. Fish Dis. 28 (1), 13-22. https://doi.org/
10.1111/j.1365-2761.2004.00583.x.

Krasnov, A., Moghadam, H., Larsson, T., Afanasyev, S., Mgrkere, T., 2016. Gene
expression profiling in melanised sites of Atlantic salmon fillets. Fish Shellfish
Immunol. 55, 56-63. https://doi.org/10.1016/j.fsi.2016.05.012.

Kumar, V., Abbas, A.K., Aster, J.C., 2018. Robbins Basic Pathology, Tenth ed
(Philadelphia, Pennsylvania, USA).

Larsen, H.A., Austbo, L., Morkore, T., Thorsen, J., Hordvik, L, Fischer, U., Koppang, E.O.,
2012. Pig producing granul bus myopathy in Atlantic salmon: a novel
inflammatory response. Fish Shellfish Immunol. 33 (2), 277-285. https://doi.org/
10.1016/j.f5i.2012.05.012.

Liaset, B., Julshamn, K., Espe, M., 2003. Chemical composition and theoretical
nutritional evaluation of the produced fractions from enzymic hydrolysis of salmon
frames with Protamex™. Process Biochem. 38 (12), 1747-1759. https://doi.org/
10.1016/50032-9592(02)00251-0.

Lutfi, E., Berge, G.M., Baverfjord, G., Sigholt, T., Bou, M., Larsson, T., Ruyter, B., 2022.
Increasing dietary levels of the n-3 long-chain PUFA, EPA and DHA, improves the
growth, welfare, robustness and fillet quality of Atlantic salmon in sea cages. Br. J.
Nutr. 1-19 https://doi.org/10.1017/50007114522000642.

Malik, M.S., Bjorgen, H., Nyman, I.B., Wessel, @., Koppang, E.O., Dahle, M.K.,
Rimstad, E., 2021. PRV-1 infected macrophages in melanized focal changes in white
muscle of Atlantic salmon (Salmo salar) correlates with a pro-inflammatory
environment. Front. Inmunol. 12, 664624 https://doi.org/10.3389/
fimmu.2021.664624.

Miclau, T., Lu, C., Thompson, Z., Choi, P., Puttlitz, C., Marcucio, R., Helms, J.A., 2007.
Effects of delayed stabilization on fracture healing. J. Orthop. Res. 25 (12),
1552-1558. https://doi.org/10.1002/jor.20435.

Mgrkgre, T., 2012. Mgrke flekker i laksefilet — Kunnskapsstatus og tiltak for & begrense
omfanget. Nofima. 17, 1-59.

Mgrkgre, T., Larsson, T., Kvellestad, A.S., Koppang, E.O., Asli, M., Krasnov, A., Rervik, K.
A., 2015. Mgrke flekker i laksefilet — Kunnskapsstatus og tiltak for & begrense
omfanget. Nofima. 34, 1-79.

Mgrkere, T., Dessen, J.-E., Larsson, T., Jiménez-Guerrero, R., Rorvik, K.-A., 2016. Effekt
av for pd melaninflekker i laks infisert med bade PRV og SAV. Nofima. 31, 1-23.

Nikolaou, P.K., Macdonald, B.L., Glisson, R.R., Seaber, A.V., Garrett Jr., W.E., 1987.
Biomechanical and histological evaluation of muscle after controlled strain injury.
Am. J. Sports Med. 15 (1), 9-14. https://doi.org/10.1177/036354658701500102.

Nordberg, M., 2018. Seasonal Variation in Fillet Quality of Atlantic Salmon (Salmo salar).
Norwegian University of Life Sciences, As, Norway.

Sakai, D., Kii, I., Nak K., H.N., Takahashi, M., Yoshida, S., Kudo, A.,
2011. Remodeling of actin cytoskeleton in mouse periosteal cells under mechanical
loading induces periosteal cell proliferation during bone formation. PLoS One 6 (9),
€24847. https://doi.org/10.1371/journal.pone.0024847.

Sissener, N.H., Waagbg, R., Rosenlund, G., Tvenning, L., Susort, S., Lea, T.B., Breck, O.,
2016. Reduced n-3 long chain fatty acid levels in feed for Atlantic salmon (Salmo
salar L.) do not reduce growth, robustness or product quality through an entire full
scale commercial production cycle in seawater. Aquaculture 464, 236-245. https://
doi.org/10.1016/j.aquaculture.2016.06.034.

Tomecka, M.J., Ethiraj, L.P., Sdnchez, L.M., Roehl, H.H., Carney, T.J., 2019. Clinical
pathologies of bone fracture modelled in zebrafish. Dis. Model. Mech. 12 (9),
dmm037630. https://doi.org/10.1242/dmm.037630.

Trangerud, C., Bjgrgen, H., Koppang, E.O., Grgntvedt, R.N., Skogmo, H.K., Ottesen, N.,
Kvellestad, A., 2020. Vertebral column deformity with curved cross-stitch vertebrae
in Norwegian seawater-farmed Atlantic salmon, Salmo salar L. J. Fish Dis. 43 (3),
379-389. https://doi.org/10.1111/jfd.13136.

Van Leeuwen, J.L., 1999. A mechanical analysis of myomere shape in fish. J. Exp. Biol.
202 (23), 3405-3414. https://doi.org/10.1242/jeb.202.23.3405.

Wilson, K., Cotter, S.C., Reeson, A.F., Pell, J.K., 2001. Melanism and disease resistance in
insects. Ecol. 4 (6), 637-649. https://doi.org/10.1046/j.1461-0248.2001.00279.x.

Zhol, S., Ackman, R.G., Morrison, C., 1995. Storage of lipids in the myosepta of Atlantic
salmon (Salmo salar). Fish Physiol. Biochem. 14 (2), 171-178. https://doi.org/
10.1007/BF00002460.










O 39 aNn B~ W S} —_

—_
o

—_—
W N =

—_ =
(O NN

16

17

18

19

20
21

Understanding morphological rib abnormalities in Atlantic salmon

Rail Jiménez-Guerrero®, Grete Baeverfjord®, Qystein Evensen®, Turid Merkore?

# Department of Animal and Aquacultural Sciences, Faculty of Biosciences, Norwegian
University of Life Sciences, NO-1432 As, Norway

®Nofima, NO-6600 Sunndalsera, Norway

¢ Department of Paraclinical Sciences, Faculty of Veterinary Medicine, Norwegian University
of Life Sciences, NO-1433 As, Norway

* Corresponding author: Ratl Jiménez-Guerrero; Department of Animal and Aquacultural
Sciences, Faculty of Biosciences, Norwegian University of Life Sciences, NO-1432 As,
Norway; Tel: +4767232638

Email: raul.jimenez.guerrero@nmbu.no

Keywords: Rib deformity; Chondrocyte transformation; Osteomalacia; Farmed fish;

Fish welfare

Manuscript, intended peer review journal:

e Aquaculture (4.5) (Q1)




22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Abstract

Poor rib health in Atlantic salmon (Sa/mo 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 musculoskeletal framework of harvest-sized salmon (3 kg),
examining a population fed contrasting smoltification diets. Histological examination revealed
that 29 % of the sampled ribs exhibited abnormal morphologies, primarily characterized by
varying degree of generalized radiolucency (GR), unrelated to ongoing inflammatory processes
in adjacent tissues. Initial development of GR was potential transformation or dedifferentiation
of central core chondrocytes to mesenchymal-like cells and lumen osteolysis, progressing as
an expanded osteolytic lumen, reaching 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 osteolytic
lumina. Due to the presence of GR, the cross-sectional diameter increased by 18 —20 %. 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 contrasting diets, based on either marine (M-
group) or plant (P-group) ingredients, modulated the morphology of the ribs in the central area.
The M-group had lower prevalence of GR (19 and 26 % of mid-distal rib parts) and axis
deviations (12 and 17 % of mid rib parts), and numerically lower mechanical rib strength and
phosphorus content (»p = 0.06 and 0.07, respectively). 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 osteomalacia.
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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 vertebrae health

(Drabikova et al., 2021, 2022; Witten et al., 2019), while there has been much less focus on the

rib cage (cavea thoracis). Rib (costae or pleurapophysis) morphology, mechanical properties
and chemical composition have already been studied in several fish species of cellular and

acellular bone (Cohen et al., 2012; Horton and Summers, 2009; Jiao et al., 2020; Soliman

2018). Although rib deformations 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) explored rib

morphology through X-ray and histopathology and its relationship with red (acute;
hemorrhages) and black (chronic) focal dark spots (DS) of fillets, the largest fillet quality
concern (Nordberg, 2018). They reported the presence of axis deviations, changes in

radiodensity, and rib fractures of farmed and wild salmon. Jiménez-Guerrero et al. (2022)

reported up to eight different types of morphological rib abnormalities can occur in the rib cage
and that the number of axis deviations, generalized radiolucency, shorter or missing rib parts,
radiolucent and radiopaque 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
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causing rib cage deformation/damage, local inflammatory processes, and time-specific dietary

deficiencies were suggested.

Skeletal deformities 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 radiolucency and axis deviations are normal morphological variation, Baeverfjord
et al. (1998) already 25 years ago reported axis deviations in the form of wrinkly ribs 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 understanding of rib abnormalities of adults Atlantic salmon and to reveal

whether deviating rib morphology is anticipated or influenced by early feeding.

2 Material and methods

2.1 Fish material

Atlantic salmon eggs of common genetic origin (BO 1 - 20, AS Bolaks, Eikelandsosen,
Bjoernafjorden, Norway) were hatched at the Research Station for Sustainable Aquaculture
(Nofima, Sunndalsera, Mere and Romsdal, Norway) December 6 2019. On July 7% 2020 1600
fish averaging 30 g were PIT-tagged and fed either a marine-based diet (M-group) or a plant-
based diet (P-group) in quadruplicate tanks per dietary treatment (n = 200 per tank; flow-
through; tank volume, 0.5 m®) (Supplementary 1, Supplementary 2, and Supplementary 3).
Smoltification was induced following a 12:12 Light:Dark hours regime from July 13" 2020.
On August 26 — 2712020, all fish were vaccinated with Alpha JECT® micro 6 by hand injection
(PHARMAQ AS, Overhalla, Norway). Smoltification status was checked by challenge test,
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plasma osmolality determination, chloride content, and gill Na*, K*-ATPase activity on

September 4", 11" and 15" 2020 (n = 12, 12, and 12) (Clarke et al., 1996). On September 16"

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 were adjusted to fish size according to feed producer
recommendations (Skretting, Stavanger, Norway) during the entire seawater phase. The
Light:Dark hours regime was 24:00, tank biomass was kept under 30 kg/m? by splitting the fish
into two to three (February 12 2020) and four (June 1% 2020) tanks, and water flow was 100
1/m. On 22" July 2021, 168 fish (n = 84 per dietary group; n = 21 per original quadruplicate
tank; 2.6 kg, individual 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:Dark hours regime
was kept at 24:00. On September 16™ — 17" 2021 (body weight 3 kg), fish were slaughtered.

More details about the experiment can be found in Supplementary 4 and Supplementary 5.

2.2 Diets

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

properties are described in Karki (2022).
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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), combustion value (energy) (ISO9831, 1998), total starch and free

astaxanthin (BioLab internal protocol, Nofima, Bergen, Norway), and the amino acid

composition was analyzed (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 spectrophotometrically 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 16 2020
(prior to seawater transfer), December 3™ 2020 (10 weeks after seawater transfer), and
September 16" — 17" 2021 (slaughter). Fish for analyses after seawater transfer were sampled
representing 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 vessels. Thereafter,
fish were bled out by the gill section, and individual weight and length were recorded. On
September 16™ 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 3™ 2020 (n = 50 per dietary group), blood
6
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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 16" — 17" 2021, at slaughter (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 skeletal muscle) corresponding to rib numbers 11 to 14 at the
mid rib position 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 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 properties 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 Histology

Histological 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 6). 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, Hamamatsu,
Japan), and visualized with NDP.view.2 (v.2.7.43, Hamamatsu Photonics K.K, Hamamatsu,
Japan). Picro Sirius Red-stained glasses were inspected under polarized light by a Leica DM6B

Light microscope with a DMC4500 Digital Camera (Leica Microsystems, Wetzlar, Germany)
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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 6).
The cross-sectional micro-organization of the compact bone (substantia compacta) 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. National 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 7) 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 since 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 7).
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2.5 X-ray

X-rays of frozen fish and formalin-fixed material were performed at the Nofima
radiography laboratory in Sunndalsera. Samples of fish prior to and after seawater transfer, the
right and left sides of the rib cage of fish at slaughter, and targeted formalin-fixed samples of
fish at slaughter 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 slaughter, X-rays were taken using a semi-digital computed
radiography system (Fuji Medical AS, Oslo, Norway). Prior to rib cage X-rays, frozen gutted
bodies were thawed at 4 °C for three days before cutting and trimming at room temperature.
Images were taken on coated photo-reactive phosphorous imaging plates Fujifilm Computed
Radiography (FCR) (Fujifilm, Tokyo, Japan), and read using FCR Profect Reader (Fujifilm,
Tokyo, Japan). Sample preparation and evaluation of rib morphology was performed according

to Jiménez-Guerrero et al. (2022). Evaluation of vertebrae morphology was done similarly to

Bou et al. (2017) and Fjelldal et al. (2007), but separating major morphological abnormalities

(e.g., compression, fusion, and cross-stitch) from vertebra X:Y ratio deviations and internal
structural bending of the vertebra body. The impaired mineralization score was performed
according to the scale in Supplementary 8. After X-ray analyses, fish sampled prior to seawater
transfer were pooled per original tank and stored at -20 °C for mineral analyses, while rib cage
skeleton and vertebrae from vertebra number 31 to 41 of slaughter fish were kept at 4 °C for

mechanical analysis.

2.6 Bone dissection, strength measurement, and mineral content
Rib numbers 1 — 22 from rib cages sampled at slaughter 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
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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 (approx. 44 per fish) were pooled per original tank in

freshwater (n = 4 per dietary treatment) and stored at -20 °C for mineral analysis.

Vertebrae were dissected and trimmed for neural (arcus vertebrae and processus
spinosus) and haemal spines (arcus hemalis) to minimize the contact between the knife and
those parts not belonging to the vertebrae body (corpus vertebrae). Two separated vertebrae
from each fish were latero-laterally compressed to emphasize the trabecular fraction
(substantia spongiosa) since 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 vertebrae measurements per fish were averaged. After
the test, vertebrae were pooled per original tank in freshwater (n = 4 per dietary treatment) and

stored at -20 °C for mineral analysis.

Ribs and vertebrae from slaughter-sized fish were homogenized. Fish bodies sampled
prior to seawater transfer were gutted to exclude feces and homogenized. Excluding ribs,

homogenized samples were heated for dry matter (ISO6496. 1999) and ash content (ISO5984

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
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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 digestion. Total P concentration was estimated through an individual

spectrophotometrically 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 mechanical

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 (Merkere and Einen, 2003). The presence of DS was evaluated according to their size

and color using a log-2 scoring system from 0 (no visible DS) to 8 (DS > 6 cm width) (Merkere

2012).

2.8 Serum chemistry

Blood was extracted using 6 ml vacutainer tubes and centrifuged at 3700 RPM at ambient
temperature for 10 minutes, 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 contrast, the concentration of several standard health parameters in serum was explored

to monitor different fish health indicators: alkaline phosphatase (ALP), a specific bone
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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 (Ca?"), sodium (Na"), and

potassium (K") for available ions and electrolyte balance. Samples were analyzed using

Atellica® CH (Siemens Healthcare Diagnostics Inc., Deerfield Road Deerfield, United States).

2.9 Statistics

Statistical analyses were performed with R software (v. 4.0.3, R Core Team, Vienna,
Austria). The “Im()” R function was used in parametric traits, while “glm()”” was adjusted for
Poisson or binomial distribution for non-parametric traits. Pairwise test of non-parametric
distributions was performed using the Wilcoxon rank sum test wusing the
“pairwise.wilcox.test()” function, with p.adjust.method = "BH". The models did not consider
random effects. Microsoft® Excel® software (v. 15128.20280, 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 Rib histomorphology
Most (71 %) rib's cross-sections showed normal histological traits viewed by light
microscopy, whereas a smaller proportion (29 %) displayed noticeable deviations regardless of

the dietary treatments before seawater transfer.

Normal ribs showed multiple concentric layers of osteocytes from the appositional

growth of the compact bone (pars ossea). The bone matrix presented collagen and non-collagen
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proteins organized around a core (pars cartilaginea) with chondrocytes near the hypertrophic
phase of slight radiolucency. The rib core showed low birefringence collagen type III signal,
probably due to the disorganized distribution of the fibers (Figure 1. A; Figure 2. A and C).
Osteocyte density was around 0.003 cells/um?. Compact bone had a relatively low amount of
collagen, mainly type III (Figure 1. C; Figure 2. A and C). The rib periosteum presented an
irregular thickness on the internal and external fibrous fraction. Radial glycoproteins and
collagen type III (mainly) and I fibers were seen connecting the fibrous periosteum to the
outermost compact bone layer, occasionally forming a small shield of collagen type [ under the
osteoblasts (Figure 1. B and C; Figure 2. C and E), exclusively found in the cellular periosteum.
The external fibrous periosteum layer surrounding the ribs had the richest content of collagen
type I and III fibers (Figure 1. B and C; Figure 2. A and C). No blood vessels were observed
in the periosteum. Both dietary groups shared common features in adjacent muscle areas,
indicating no abnormal glycogen accumulation nor significant signs of muscle necrosis or
fibrosis. In 8 % of the samples, sparse melanomachrophages without near inflammatory

processes or fibrosis were seen in deeper layers of the myocommata near blood vessels.
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Figure 1. Cross-sectional morphology of normal mid rib (costae) 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 (substantia
compacta; pars ossea); RC, Rib core with hypertrophic chondrocytes (pars cartilaginea); 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 fibers. Black bars on the bottom
right corner show the image scale, set to 250 um. Color print.
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Figure 2. Collagen distribution in cross-sections of normal (left panel) and abnormal (right
panel) mid ribs (costae) 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 collagen type I (thick fibers), while green birefringence 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 (substantia compacta; pars ossea) under the
cellular periosteum (CP). White asterisks indicate either rib core with hypertrophic
chondrocytes (pars cartilaginea) (normal ribs) or a fibrous lumen. White arrowheads indicate
the internal collagen layer in rib lumen. Blue arrows indicate radial periosteal collagen fibers.
White bars on the bottom right corner of images show the image scale, set to 100 um. Color
print.
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Ribs with abnormal histomorphology exhibited 18 - 20 % greater overall diameter than
those with normal histomorphology (» = 0.04), and there were no indications of acute or
chronic inflammation or melanisation 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 rib core possibly transformed into an irregular osteolytic lumen of large
radiolucency with an amorphous fibroblasts/fibroblast-like cell network (fibrous rib lumen)
containing lipid vacuoles, blood vessels, osteoclasts, and sparse leucocytes (Figure 3). The rib
lumen was surrounded by a thick collagen type I layer in non-active osteolytic borders (Figure
2. B and D). Another wide collagen type I layer was also observed surrounding the outermost

compact bone in contact with the cellular periosteum.
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Figure 3. Proposed model for progressive cross-sectional morphological changes in
generalized radiolucent ribs (costae) of Atlantic salmon (3 kg). A) Grade 0, normal rib; rib core
(RC) with hypertrophic chondrocytes (pars cartilaginea). B) Grade 1; increase in thickness,
rib with small fibrous lumen (FL), and mild osteolysis. C) Grade 2; thick rib with large FL, and
advanced uneven osteolysis. D) Grade 3; thick rib with large FL and osteolytic opening to the
periosteum (P). E) Grade 4; thick rib with large FL, 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), 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 CP)
(violet/purple). CB, Compact bone (substantia compacta; pars ossea); 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 um. Color
print.
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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) (Figure
4). 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 osteoid 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 collagen type I and III fibers (none or poor birefringence signal), and glycoprotein

composition were more visible in the most advanced phases (Figure 3 and Figure 5).
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Figure 4. Quantitative concentric appositional growth pattern of the compact bone from normal
and abnormal ribs (costae) 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 presented as non-transformed mean £ 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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Figure 5. Alternative cross-sectional morphologies for advanced stages of generalized
radiolucent ribs (costae) with cores (RC) of immature hyaline cartilage (pars cartilaginea) and
fibrous lumen (FL) 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 um. E) and F) Picro Sirius
red staining under polarized light. Yellow-orange birefringence in polarized images stands for
collagen type I (thick fibers), while green birefringence type III (thin fibers). EFP, Exterior
fibrous periosteum. White arrows indicate the external collagen layer of the compact bone (CB)
(substantia compacta; pars ossea). Blue arrows indicate radial periosteal collagen fibers. Black
and white asterisks indicate regions of the CP rich in collagen and glycoproteins. White bars
on the bottom right corner of E) and F) images show the image scale, set to 100 um. Color
print.
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Given the common histology features of abnormal ribs, and variable generalized
radiolucency (70%) accompanied by thickening displayed by X-ray, they were designated as
generalized radiolucent ribs. Initial histological changes (Grade 1; Figure 3. B), included the
disappearance of chondrocytes, and the rib core — now termed the lumen — was filled with an
amorphous fibrotic substance with lipid vacuoles, accompanied by blood vessels and
osteoclasts. The osteolytic changes progressed (Grade 2; Figure 3. C), and the core penetrated
through to the periosteal area (Grade 3; Figure 3. D and F), accompanied by loss of linear
organization of the concentric appositional growth pattern. Then, cellular periosteum cells
infiltrated the osteolytic layer of the rib lumen, in an endosteum-like manner (Grade 4; Figure
3. 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; Entropy,
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 lumen
likely contributed to the (abnormal) changes in cross-sectional rib morphology, giving a bi-
tubular appearance to ossify the opening by appositional growth (Figure 5. A). Osteoid was
observed in newly formed compact bone (Figure 3. E and G). Typically, the more advanced
the changes, the more visible the generalized radiolucency. Variations to what is described
included multiple fibrous rib lumens, and rib core (sometimes exposed to periosteum)
containing chondrocytes in the immature hyaline phase (Figure 5, 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 invagination (Figure 5. C).

Histologically, red DS were characterized by the presence of intramuscular hemorrhage
with infiltration of erythrocytes and inflammatory cells, mainly macrophages. In some cases,

melanomachrophages were observed. Black DS presented dispersed melanomacrophages
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mainly in myocommata (intermyotomal fascia; epimysium) and between myocytes in a lower

number. Some necrotic myocytes were seen with macrophage infiltration. No major fibrotic

areas were observed (Supplementary 11).

3.2 Dietary effects on fish performance and fillet quality

The body weight of the P-group was 28 % lower compared with the M-group prior to

seawater transfer (p < 0.001), while the weight difference 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 1), but the condition factor of the P-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 P-group

had a higher gaping score (p = 0.03) and softer fillets (p = 0.049) than the M-group (Table 1).

Table 1. Biometric traits, fillet quality, and vertebrae morphology of Atlantic salmon prior, 10
weeks after seawater transfer, and at slaughter, fed either a marine (M-group) or a plant-based

diet (P-group) during smoltification.

Prior to seawater transfer After seawater transfer Slaughter
Parameters M-group P-group  p value n M-group P-group  p value n M-group _P-group  p value n
Biometric traits
Body weight (g) 111.7+3.6 81.3+29 <0.001 15 281+3.9 250.8+5.9 0.003 40 304668 3132+71 0.24 80
Condition factor 1.28£0.03 1.29+0.02 0.28 15 1.12£0.01 1.15+0.02 0.14 40 1.46£0.01 1.48+0.01 0.02 80
Fillet quality
Firmness (N) . . . . . . 11.8+27 105+24 0.049 20
Gaping (score) . . . . . . 0.1+0.1 0.4+0.1 0.03 20
Vertebrae morphology
Abnormal vertebrae (%) 0 8 0.33 15 20 10 0.56 10 17 23 0.52 40
Impaired mineralization score 0 0 . 15 076+024 1.4£0.19 0.049 10 0 0 . 20
Vertebra X:Y ratio 0.96+0.01 0.93+0.01 0.01 15 0.93+0.01 0.90+0.01 0.04 10 1.03£0.01 1.02+0.01 0.39 20
Intervertebral space (mm) 0.36+0.01 0.34+0.01 0.12 15 0.50+0.03 0.50+0.02 0.97 10 0.15+0.03 0.16+0.03 0.81 20
Significant differences between groups were set to p < 0.05. Data are presented as non-

transformed mean + SEM. Condition factor = 100¥body weight/(body length)*.
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3.3 X-ray

At slaughter, the number of rib abnormalities increased from the proximal to distal rib
parts. Rib abnormalities were mostly concentrated around rib number 9 for both dietary groups.
However, the P-group showed 1.9 more abnormalities than the M-group in the central (ribs 8 -
15) (p = 0.02) and 5 times more in mid areas (p < 0.001; Table 2) of the rib cage. These
differences were contributed principally by two abnormality forms (Figure 6). Firstly, axis
deviations in the form of several parallel rib bendings in a linear pattern and wrinkly
deformations affecting 19 (M-group) and 26 % (P-group) of studied ribs (p = 0.01; Table 2) in
a decreasing number from anterior (ribs 1 - 7) to posterior (ribs 16 - 22) areas of the rib cage.
Mid rib parts of the P-group presented more axis deviations than the M-group (p < 0.001).
Secondly, generalized radiolucency affecting 12 % (M-group) and 17 % (P-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 P-group, contrasting to an even distribution from rib number 1 to 22 in the M-

group (Table 2).

Table 2. Morphology, mechanical properties, and mineral composition of ribs (costae) of
Atlantic salmon (3 kg), fed either a marine (M-group) or a plant-based diet (P-group) during
smoltification.

Rib parameters M-group P-group p value
Longitudinal morphology (rib abnormalities)
Category I (no continuity break) 6+0.9 11.5+1.2 <0.001
Generalized radiolucent 1.9+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+04 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
Radiopaque callus or hyperostosis 0.3+0.2 0.2+0.2 0.75
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+13 153+1.4 <0.001
Proximal 0.5+0.2 0.7+0.2 0.52
Mid 1.0£0.5 50£0.7 <0.001
Distal 74+09 9.5+09 0.08
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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 55+03 53+£0.2 0.70
Modulus of Elasticity (N mm™)
Proximal 394+£25 36.8+1.9 0.43
Mid 30.6+1.5 26.7+1.4 0.06
Distal 325+3.1 289+1.2 0.27
Mineral composition (ww)
Ca(gkg™") 137.5+4.8 127.6 £2.5 0.11
P (gkg) 63.8+29 553+£2.7 0.07
Ca:P ratio 22+0.2 2.3+0.1 0.51
Mg (g kg™) 2.8+0.3 3.0+0.1 0.65

The longitudinal morphology is described as the number of rib abnormalities per rib cage
(cavea thoracis) side. 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.

Proximal €

el

Figure 6. Typical rib (costae) morphologies of Atlantic salmon (3 kg). Lateral X-ray. A) Rib
cage side (cavea thoracis) with examples of generalized radiolucent ribs (white frames). B)
Rib cage side with examples of axis deviations in the form of parallel bent ribs in a linear
pattern (white frame with an asterisk) and wrinkly morphology (white frames). C) Zoom in of
normal rib, D) generalized radiolucency, E) axis deviation (wrinkly), and F) axis deviation
(bending). A simplified illustration of the respective rib morphology from C) to F) is added in
the top right corner. The white bars on the bottom right corner show the image scale, set to 12
mm.
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Prior to seawater transfer, virtually no vertebrae abnormalities nor clinical morphological
signs of impaired mineralization was observed. On the other hand, the vertebra X:Y ratio was
lower in the P-group than in the M-group (p = 0.01). Ten weeks after seawater transfer, fish
from both dietary treatments presented clear signs of impaired mineralization (likely P
deficiency). However, the severity was more pronounced for the P-group, as indicated by a
higher impaired mineralization score (p = 0.049) and a lower vertebra X:Y ratio (p = 0.04)
(Table 1). Numerically lower vertebra X:Y ratio and more fussed vertebrae were found in both
groups than before seawater transfer (). At slaughter, the vertebra X:Y ratio increased to normal
values, and no signs of residual dietary-induced internal deformations of the vertebra body
were observed. The prevalence of fish from the M-group with abnormal vertebrae (17 %) was
not significantly different from the P-group (23 %), nor was the magnitude. No differences
were observed in the width of the intervertebral space (symphysis intervertebralis) between the

dietary groups at any sampling time.

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 2). 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 fish groups, but the P-group

showed a numerically higher elasticity (p = 0.06) than the M-group in mid rib parts (Table 2).

The area and load of vertebrae were lower of the P-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 10). Among all compression depths, only elasticity at 15 % was
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different between dietary groups, with higher modulus in the P-group than M-group (136.8 +

5.1vs. 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 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 P-group tended to have lower a P concentration than the M-group

(p = 0.07) (Table 2).

There were only relatively few differences in the mineral composition 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 P-group than in the
M-group (Supplementary 3). At slaughter, the mineral analysis revealed a higher Na content in

the P-group than in the M-group (p = 0.002) (Supplementary 10).

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 (» < 0.001), and free fatty acids (p = 0.02) than the

P-group (Supplementary 12). Ten weeks after seawater transfer, only ALP levels differed
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significantly between the fish group, being higher for the P-group than the M-group (p <0.001).

At slaughter, all blood parameters were similar for the dietary groups (Supplementary 12).

3.7 Focal dark spots

At slaughter, DS were observed in large experimental land-based flow-through tanks. 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 13).

4 Discussion

In the present study, we could confirm and describe the dominance of two subtypes of
rib abnormalities in Atlantic salmon. On the one hand, axis deviations such as parallel bending
of several mid rib parts resulting from mechanical deformations of the rib cage (Jiménez-

Guerrero et al., 2022) and wrinkly ribs, earlier associated with suboptimal (P-deficient) diet

(Baeverfjord et al., 1998). On the other hand, generalized radiolucent ribs previously related to

osteolytic secondary changes due to a local inflammatory process such as DS (Jiménez-

Guerrero et al., 2022). Generalized radiolucent ribs showed consistent histological

characteristics across our samples, where there was an absence of any surrounding local
inflammatory process or DS. Here, the observed expanded osteolytic and fibrotic lumen with
internal lipid vacuoles and vascularization possibly led to the increase in rib diameter through
compensatory appositional growth to preserve the mechanical properties. Internal

vascularization in salmon ribs has also been observed by Brimsholm et al. (2023). They

suggested that rib core erosion and vascularization could be mere anatomical variations in
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salmon ribs because of the aquatic environment, similar to other marine species where bone

erosion may be expected in late growth phases (Soliman, 2018). We found that the erosion of

the rib core potentially represents the transformation or dedifferentiation of chondrocytes to

mesenchymal-like cells (de la Fuente et al., 2004) (e.g., fibroblast, adipocytes, and endothelial

cells). Blood vessels resulting from such a remodeling process would facilitate myeloid-like

cells (osteoclast and lymphocytes) (Veis and O'Brien, 2023) to enter the cores. Rib core erosion

and vascularization could be an essential step for the progression of generalized radiolucency

if osteoclasts are naturally absent in the inner compact bone and cartilage core of salmon ribs.

On the other hand, our findings indicate clear evidence of pathology in generalized
radiolucency, particularly in advanced stages where morphological alterations 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 contrasts. Combined with the
histopathological changes, altered rib development and osteomalacia are the likely diagnoses
of generalized radiolucent ribs when no associated inflammatory responses exist. 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 lumen, 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 deviations), 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 significance levels between dietary groups. Since

distal rib parts that concentrate most rib abnormalities have the weakest breaking load and
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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 contrast on rib morphology in
the broader musculoskeletal framework, we additionally explored the growth performance,
vertebrae, and skeletal muscle. Regarding growth performance, compared to Kaushik et al.

(1995) and Drabikova et al. (2021), we observed reduced growth in the P-group from

freshwater to 10 weeks after seawater transfer, at least. This poor growth was reflected in the
lower creatinine levels of the P-group, likely as 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 level of methionine in the

P-group diet (0.7 vs. 0.9 - 1.1 g/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/100g of lipids) (Qian et al., 2020). Later,
the P-group experienced compensatory growth, allowing both groups to exhibit similar
slaughter traits (body weight and fillet color) and serum chemistry, which evidence exceptional
compensatory capabilities of salmon under dietary contrast during smoltification. Therefore,
the effects of dietary contrast in growth would not have been detected in our fish by standard

evaluations at the slaughterhouse.

As vertebrae are a proven marker of skeleton health in salmon, they were monitored in

the period prior to after seawater transfer and at slaughter. As expected in the short-term

(Drabikova et al., 2021, 2022; Fjelldal et al., 2012), we found a similarly low number of
morphological vertebrae abnormalities prior to and after seawater in both salmon groups, which
aligned with the Pi concentrations between both groups, similar to fish fed a regular P diet in

Drabikova et al. (2021), suggesting that dietary Pi might have been absorbed and made
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available at similar levels. The availability of Pi was further supported by the lack of observable
effects on the width of the intervertebral space, a short-term indicator of P deficiency

(Drabikova et al., 2021). Despite these similarities, we identified differences in bone

mineralization in response to dietary contrast, as indicated by the lower vertebra X:Y ratio in
the P-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 mineralization. Intriguingly, the gutted body
of the P-group had a higher ash content even though the fish were fed lower ash levels than the
M-group during smoltification. Since 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 macroscopic 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 mineralization balance in ribs after

seawater transfer. Here, we show that the observed short-term impaired mineralization
generally impacted the P-group more as they likely started with a subclinical lower mineral
status prior to seawater transfer. However, the impaired vertebrae mineralization was resolved,
and both groups presented similar normal vertebra morphology and mineral composition at

slaughter (excluding Na) (Drabikova et al., 2021, 2022), contrasting to what Fjelldal et al.

(2009) reported. Therefore, in contrast to ribs, the impaired mineralization did not cross the
point of no return, as the number of fish with vertebraec 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 P-group than the M-group prior
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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 slaughter. 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 P-group at slaughter
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 mechanical properties
of vertebrae trabeculae. Potential stimulatory effects of Na-based hydroxyapatite on bone
osteolysis and remodeling due to its 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 contrast during smoltification on muscle

quality in salmonids. Thus, we hypothesized a response of the diet near seawater transfer on

DS at slaughter, as Sissener et al. (2016) reported. However, 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-Guerrero et al., 2022), the dietary contrast did not

modulate the prevalence and focal inflammatory response of these musculoskeletal injuries in
the long-term. The lack of DS modulation contrasted with dietary treatments in the early

seawater phase and of longer duration (Dessen et al., 2019; Lutfi et al., 2022). Moreover, the

lack of effects in DS did not correspond to the modified number of axis deviations and
mechanical properties of ribs. Here, these rib axis deviations were mostly contributed by
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wrinkly deviations resulting from impaired mineralization rather than traumatic events, which
may explain the lack of relationship. On the other hand, it is possible that a lower incidence of
damaging mechanical impacts on the rib cage in our experimental conditions made it difficult
to evaluate any difference between both dietary groups as the lower number of radiopaque
calluses in the M-group than in farmed salmon in commercial sea-cages from Jiménez-

Guerrero et al. (2022) indicates. Altogether, we cannot exclude the potential protective effects

of nutrition during smoltification on musculoskeletal health against DS in more challenging

environments.

Although the dietary contrast did not aim to be comparable to commercial diets, we found
the marine-based diet to have positive effects on rib development. Compared to a previous
study where wild and farmed fish in different environments from different life stages using the

same facilities, equipment, evaluation methods, and radiologist (Jiménez-Guerrero et al.

2022), we observed a similar number for most rib abnormalities in M-group as 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 wild fish. Moreover, the M-
group showed 1/3 and 1/2 of the number of axis deviations in farmed salmon fed a standard

diet and grown in land-based tanks or sea-cages.

Several factors may explain the positive effects of marine ingredients. Nutritional
deficiencies during smoltification would explain the observed increase in axis deviations in
ribs due to structural defects during early development. However, the long-term osteomalacia
in ribs after fish were fed commercial diets suggests persistent changes in either absorption of
nutrients or osteogenesis after the dietary treatment. The parallel affection of the mechanical
properties of skeletal muscle and bone suggest a generalized alteration of the extracellular
collagen matrix, which is known to be mediated by collagen type I alpha 1 chain (collal)

(Aubin, 1998) and collagen type IT alpha 1 chain (col2al) (Dale and Topczewski, 2011) among
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other genes. While co/lal can be upregulated by n—3 PUFAs (Abshirini et al., 2021; Ytteborg

et al., 2015), col2al is downregulated when using plant-based protein concentrates in diet

(Dhanasiri et al., 2020). Transformation 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-plant-based protein concentrates probably had a
synergic effect on musculoskeletal health. We suggest further study of the potential nutritional
programming effects of high inclusion of marine-based ingredients in diets of farmed salmon,

at least 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 radiolucent ribs were characterized by different forms of
altered appositional growth with dedifferentiated chondrocytes, lumen osteolysis, and

osteomalacia.
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9 Supplementary

9.1

Supplementary

Supplementary 1. Formulation and chemical composition of the marine- (M-group) and plant-

based diet (P-group) of salmon fed during smoltification.

M-group P-group

Formulation

Fish meal (%)

Wheat (%)

SPC (%)

Wheat gluten (%)

Corn gluten (%)

Fish oil (%)

Rapeseed oil (%)

MgSO4 (500 ppm extra) (%)
K>COs (500 ppm extra) (%)
Vitamin premix (%)
Monosodium phosphate (%)
Astaxanthin (%)

Mineral premix (%)

Chemical composition

Protein (%)
Lipids (%)
Starch (%)
Energy (MJ kg™")

61.0
20.7
0.0
0.0
0.0
154
0.0
0.2
0.1
0.5
2.5
0.1
0.5

46.1
21.2
12.6
21.2

0.0
8.4
34.6
22.0
10.0
0.0
20.4
0.2
0.1
0.5
2.5
0.1
0.5

46.5
18.2
9.3

22.2

SPC, Soy protein concentrate.
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9.2 Supplementary

Supplementary 2. Amino acid and fatty acid composition of the marine- (M-group) and plant-
based diet (P-group) of salmon fed during smoltification.

M-group P-group
Amino acid composition
Aspartic acid (g g7) 3.9 3.5
Glutamic acid (g g) 6.1 12.0
Hydroxyproline (g g™) 0.4 <0.1
Serine (g g) 1.9 2.4
Glycine (g g!) 2.7 1.8
Histidine (g g) 1.0 1.0
Arginine (g g!) 2.6 2.3
Treonine (g g™) 1.8 1.5
Alanine (g g") 2.6 1.9
Proline (g g) 1.9 3.9
Tyrosine (g g") 1.3 1.4
Valine (g g™) 2.2 2.0
Methionine (g g™ 1.3 0.7
Isoleucine (g g) 1.8 1.9
Leucine (g g) 3.2 4.0
Fenylalanine (g g™) 1.7 2.4
Lysine (g g7) 3.4 1.8
Fatty acid composition
14:0 (g 100g lipids™) 6.3 0.1
16:0 (g 100g lipids™) 13.3 4.9
18:0 (g 100g lipids™) 1.6 1.8
20:0 (g 100g lipids™) 0.2 0.5
16:1 n-7 (g 100g lipids™) 4.1 0.2
18:1 (n-9)+(n-7)+(n-5) (g 100g lipids™) 11.8 56.6
20:1 (n-9)+(n-7) (g 100g lipids™) 8.7 1.5
22:1 (n-11)+H(n-9)+(n-7) (g 100g lipids™) 13.5 0.4
18:2 n-6 (g 100g lipids™) 2.5 20.4
18:3 n-3 (g 100g lipids™) 12 7.8
18:4 n-3 (g 100g lipids™) 2.9 <0.1
20:5 n-3 (EPA) (g 100g lipids™) 7.0 0.1
22:6 n-3 (DHA) (g 100g lipids™) 10.2 0.1
Sum of saturated fatty acids (g 100g lipids™) 21.5 7.7
Sum of unsaturated fatty acids (g 100g lipids™) 38.8 58.9
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Sum of n-6 (g 100g lipids™) 3.3 20.5
Sum of n-3 (g 100g lipid*?) 23.1 8.1
Sum of EPA + DHA (g 100g lipids™) 17.2 0.2

883  Fatty acids results shown for values > 1 g 100g lipids™! in both dietary groups.

884  EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid

885
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9.3 Supplementary

Supplementary 3. Dry matter, ash, and mineral composition of the marine- (M-group) and
plant-based diet (P-group) provided to Atlantic salmon during smoltification, and mineral
composition of gutted bodies per dietary group at the end of the smoltification in freshwater.

Diet Gutted body
Composition M-group P-group M-group P-group p value
Dry matter (%) 90.0 90.4 031+£0.0 030+0.0 0.93
Ash (%) 9.5 5.0 7.7+0.1 8.1+0.1 0.02
Mineral (ww)
Ca(gkg") 12.2 2.4 134=+1 158+0.2 0.08
P (gkgh 17.7 10.5 153£0.7 16.1£0 0.29
Soluble P (g kg™) 9.3 6.6 . . .
Ca:P ratio 0.7 0.2 09+0 1+£0 0.03
K (gkg™h) 9.0 7.8 121£02 11.9+0.1 057
Na (g kg™") 12.2 4.8 24+0.1 2.8+0.1 0.01
Mg (g kg™ 2.7 2.5 1.1£0 1.1£0 0.98
Zn (mg kg™ 158.1 172.0 614+13 658+1.1 0.11
Fe (mg kg™) 266.7 265.4 24 +0.6 36+7.1 0.16
Mn (mg kg™) 59.9 86.9 39+0.3 53+0.1 0.02
Cu (mg kg™!) 16.7 20.9 2.6+£0.2 24+0.1 0.50

Significant differences between groups were set to p < 0.05. Data are presented as non-
transformed mean £ SEM, n = 15 fish per dietary group. ww, Wet weight; Ca, Calcium; P,
Phosphorus; Mg, Magnesium; K, Potassium; Na, Sodium; Zn, Zinc; Fe, Iron; Mn, Manganese;

Cu, Copper.
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895 9.4 Supplementary

896  Supplementary 4. Experimental overview and feeding plan. Red values are theoretical
897  estimations.
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899  FW, Fresh water; SW, Seawater.
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901 9.5 Supplementary

902  Supplementary 5. Analyzed chemical and mineral composition of the standard commercial

Skretting Skretting Skretting  Skretting Skretting Skretting
Feed Nutra Supreme Supreme Prime Spirit Express
Olympic Plus 75 Plus 150 300 Trout 1200/2500-50A
Pellet size (mm) 3 3 4.5 5 6 9
Protein (%) 50.6 47.7 47.6 43.1 433 357
Dry matter (%) 93.8 92.1 91.8 92 92.1 92.6
Ash (%) 8.8 5.5 52 44 44 42
Mineral composition (ww)
Total Ca (g kg!) 19.5 7.3 6.4 35 34 3.5
Total Na (g kg™) 6.8 2.1 2.0 1.7 1.7 1.4
Total Mg (g kg™) 3.1 22 2.0 1.9 1.9 22
Total K (g kg™ 11.1 10.1 8.9 7.9 7.9 7.3
Total P (g kg™ 12.0 10.6 10.6 10.2 10.1 9.8
Soluble P (g kg™) 25 5.2 53 59 6.0 4.9
Ca:P ratio 1.6 0.7 0.6 0.3 0.3 0.4
Total Fe (mg kg™) 214 265 265 309 259 233
Total Mn (mg kg™) 54 63 55 54 58 52
Total Cu (mg kg™ 16 13 14 14 14 16
Total Zn (mg kg™) 153 165 245 149 152 147
Fat (%) 22.8 245 26.5 27 27.7 36.2
Fiber (%) 2.1 2.1 1.8 2 22 24
Starch (%) 6.8 12.3 10.7 15.5 8.1 6.9
Free Astaxanthin (mg kg') 7.2 58 61 49 42 41
Energy (MJ kg™) 22.4 22.8 23.2 23.5 23.5 24.9

903  diets during the seawater phase.

904  Ca, Calcium; P, Phosphorus; Mg, Magnesium; K, Potassium; Na, Sodium; Zn, Zinc; Fe, Iron;

905  Mn, Manganese; Cu, Copper.
906

44



907

908
909
910
911
912
913
914

915

916

9.6 Supplementary

Supplementary 6. Method for cross-sectional morphology evaluation of ribs (costae) and
associated tissues in histological sections of Atlantic salmon (3 kg). A) Perpendicular reference
of the transverse fascia to the center of the rib (red dot). Morphological estimations are
collected from cross-sections of different regions passing through the rib center, parallel to the
discontinuous reference line. B) Rib cluster thickness (cross-section including bone and
surrounding fat and periosteum). C) Rib and periosteum thickness. D) Rib thickness.
Haematoxylin and eosin staining.
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9.7 Supplementary

Supplementary 7. Selection of cross-sectional compact bone area (A) in gray scale Picro Sirius
Red-stained images for estimation of micro-organization and osteocyte density in ribs (costae)
(B). Dots in B) indicate the detection of osteocytes.
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9.8 Supplementary

Supplementary 8. Scale for impaired mineralization score in salmon vertebrae from number 31
to 41. The score is determined according to the aspect ratio of vertebrae and the mineral density
around the intervertebral space (symphysis intervertebralis). Score 1, aspect ratio near 1 and
good mineral density around the intervertebral space; Score 2, aspect ratio near 0.9 and little
mineral density around the intervertebral space; Score 3, aspect ratio near 0.9 and very low
mineral density around the intervertebral space.
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9.9 Supplementary

Supplementary 9. Vertebrae morphology of Atlantic salmon prior, 10 weeks after seawater
transfer, and at slaughter. Typical morphology of vertebra number 31 to 41 prior (A), 10 weeks
after seawater transfer (C) and slaughter (E). Abnormal vertebrae morphology in the form of
fusion prior (B), 10 weeks after seawater transfer (D) and slaughter (F). The white bars on the
bottom right corner show the image scale, set to 12 mm. X-ray images.

Normal

Abnormal

Prior to seawater
transfer

After seawater
transfer

Slaughter
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938  9.10 Supplementary

939  Supplementary 10. Mechanical properties and composition of vertebrae of Atlantic salmon (3
940  kg) fed either a marine (M-group) or a plant-based diet (P-group) during smoltification.

M-group P-group p value

Mechanical properties of vertebrae

Load (N)
5% 22.7£0.5 19.6 0.8  0.004
10 % 53.7+14  464+2.1 0.01
15 % 922+28 81.5+£35 0.02
20 % 128.6+4.4 115+4.8 0.04

Area (N mm)
5% 4.9+0.1 44+02 0.01
10 % 20.2+0.5 173+£0.8  0.01
15% 503+13 432+22 0.01
20 % 96.6+2.7 83.8+43  0.02

Composition

Dry matter (%) 0.56+0.0 055+£0.0 0.76

Ash (%) 25.1£04 247+£03 046

Mineral (ww)
Ca(gkg?) 78.1+£2.5 764+1 0.56
P (gkgh) 504+18 493+05  0.59
Ca:P ratio 1.5+£0 1.5+0 0.89
K (g kg™) 6.7+£0.2 6.4+0.2 0.36
Na (g kg™ 26£0 27£0 0.002
Mg (gkg™) 1.6+0.1 1.6+£0 0.64
Zn (mg kg'!) 52.1+53  571+£52  0.53
Fe (mg kg!) 7.7£0.8 6.5+£03 0.25
Mn (mg kg) 38.1+£29 426+1.7 023
Cu (mg kg 0.5+0.1 0.6+0.1 0.49

941  Analyses were based on the vertebrae region from vertebra number 31 to 41. Significant
942  differences between groups were set to p < 0.05. Data are presented as non-transformed mean
943  + SEM, n = 20 (mechanical properties), and 4 (mineral composition; pooled per tank) per
944  dietary group. N, Newton; ww, Wet weight; Ca, Calcium; P, Phosphorus; Mg, Magnesium; K,
945  Potassium; Na, Sodium; Zn, Zinc; Fe, Iron; Mn, Manganese; Cu, Copper.
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9.11 Supplementary

Supplementary 11. Histology of focal dark spots (DS) of Atlantic salmon (3 kg). A)
Intramuscular hemorrhage with infiltration of inflammatory cells and degeneration of
myocytes; red DS. B) Disperse melanomachrophage infiltration (asterisks) in myocommata
(epimysium) and myomere (hypaxial muscularis lateralis profundus); black DS. Discrete
myocyte degeneration can be observed (black arrows). Black bars on the bottom right corner
show the image scale, set to 100 um. Movat pentachrome staining.
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9.12 Supplementary

Supplementary 12. Blood serum chemistry of Atlantic salmon fed either a marine (M-group)
or a plant-based diet (P-group) during smoltification sampled prior, 10 weeks after seawater
transfer, and at slaughter.

Prior seawater transfer After seawater transfer Slaughter

Serum parameters M-group P-group p value  M-group P-group p value  M-group P-group p value
ALP (UL 178 +9 124+5 0.03 214+3 264+ 4 0.001  209+7 192+12 0.28
CK (UL 7384 + 3588 8753 + 3460 0.60 3700+ 1032 5563 + 797 0.29 10999+ 1702 12294+ 779 0.51
Creatinine (umol L™) 51.3+1.9 15713 <0.001 19+1 2141 029 <13 <13

Pi (mmol L) 45+0 4+02 0.15 3.1+05 3.6£04 0.51  6=0.5 6.1+£0.5 0.95
Ca®" (mmol L") 3+£0.1 29+0.1 0.87 29+0.1 3+£0 0.1 33+0 32+0 0.67
Na" (mmol L) 158+ 1 157+ 1 0.75 1641 165+ 1 0.1 170+1 170+ 1 0.39
K (mmol L) 1.8+0.3 2.1£0.5 091  1.4+0.6 1.3+£04 085 <1 <1

Significant differences between groups were set to p < 0.05.
Data are presented as non-transformed mean £ SEM, n = 10 - 15 per dietary group.

ALP, Alkaline phosphatase; CK, Creatine kinase; Pi, Inorganic phosphorous; Ca’+, Calcium
ion; Na+, Sodium ion; K+, Potassium ion.
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965 9.13 Supplementary

966  Supplementary 13. Focal dark spots (DS) morphology of Atlantic salmon (3 kg).
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Focal dark spots (DS) in farmed Atlantic salmon fillets contain a significant number of B cells as revealed by the
high abundance of immunoglobulin (Ig) transcripts in transcriptome data. The immune response in DS remains
unknown while they represent a major problem in commercial aquaculture. Here, we characterized the diversity
and clonal composition of B cells in DS. Sixteen gene markers of immune cells and antigen presentation were
analyzed with RT-qPCR. All genes expression showed a positive correlation with DS area and intensity. The
flatter the DS, the higher the expression of ¢d28, csfr, ctla, igt, and sigm, the lower expression of cd83 and btla, and
the larger the cumulative frequency within DS. The expression of most of the analyzed immune genes, including
three Ig types and markers of B cells was lower in DS than in the lymphatic organs, head kidney and spleen, but
significantly higher compared to skeletal muscle. High levels of ctla4 and cd28 in DS might indicate the
recruitment of T cells. Sequencing of IgM repertoire (Ig-seq) assessed migration of B cells by co-occurrence of
identical CDR3 sequences in different tissues. The combination of gene expression and Ig-seq revealed the
presence of several stages of B cell differentiation in DS. B cells at the earliest stage, with high ratio of membrane
to secretory IgM (migm and sigm), showed minor Ig repertoire overlap with other tissues. Further differentiation
stage (increased sigm to migm ratio and high expression of pax5 and cd79) was associated with active movement
of B cells from DS towards lymphatic organs and visceral fat. Traffic and expression of immune genes decreased
at later stages. These B cells could be involved in a response directed against viruses, pathogenic or opportunistic
bacteria in DS. Seven of eight fish were positive for salmon alphavirus, and levels were higher in DS than in
unstained muscle. PCR with universal primers to the 16S rRNA gene did not detect bacteria in DS. Although the
evolution of DS most likely implies local exposure to antigens, neither this nor previous studies have found a
necessary association between DS and pathogens or self-antigens.

1. Introduction

of DS finds varying numbers of erythrocytes, inflammatory cells, and
fibrous infiltrations in different forms of chronic-active inflammatory

Focal dark spots (DS) are red and black discolorations responsible of
the major quality problem in farmed Atlantic salmon (Salmo salar L.),
affecting about 16-18% of harvest size salmon [1]. Transcriptome
profiling of DS suggested trauma as a possible etiology [2], and a recent
study found a relationship between DS and damaging incidents in the rib
cage [3]. Hemorrhages or red (early) DS are changes associated with a
pro-inflammatory micro-environment and M1 type macrophages, while
M2 type macrophages were dominating in black DS [4]. Histopathology

processes [5]. Moreover, black DS typically contain abundant T cells,
and MHC class I and IT* cells [4,6]. Transcriptome analysis revealed the
presence of many B cells [2], which besides from anti-
body/immunoglobulin (Ig) production, might be involved in immuno-
regulation [7] and tissue repair [8]. The co-localization of immune
responses with Piscine orthoreovirus-1 (PRV-1) [4,5] suggests possible
intervention of pathogens in DS development.

B cells are defined as antibody-producing cells. In human and mouse,
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following activation by antigen, B cells can differentiate into antibody-
secreting cells, specifically, short lived plasmablasts that divide and
long lived plasma cells that do not proliferate [9], as well as memory B
cells, which are long-lived membrane-bound Ig cells that quickly
respond to antigen upon recall [10]. In the last decade, different subsets
of regulatory B cells have also been identified. In particular, plasma cells
with immune regulatory functions have been described as producing
interleukin-10 or interleukin-35 [7]. A first wave of B cell response
against pathogens often occurs in a T-independent way, followed by a
T-dependent immune response in the spleen (S) and lymph nodes, with
the development of the germinal center reaction and production of
antibody-secreting cells and memory cells that largely locate in the S and
bone marrow [11]. However, other populations of memory B cells are
located in multiple tissues with specific signatures, and the role of these
tissue-resident memory B cells in protection and adaptive responses has
been recently reevaluated [12]. In fish, and in particular in salmonids,
both involvement of B cells in inflammatory mechanisms and circulation
of responding antibody-secreting cells are poorly understood. In absence
of lymph nodes, hematopoietic bone marrow and clear division of S into
white and red pulp, the specialized niches of B cells are different [13].
Sequential expression of key transcription factors strongly suggest that B
cell differentiation occurs in the pronephros [14], which seems to be also
a niche for plasma cells. However, as very few B cell markers are tar-
geted by available monoclonal Igs, it remains very complicated to track
B cells involved in responses and inflammatory mechanisms. In this
context, IgHmu repertoire comparison across different organs provides
an interesting approach.

We previously developed an Ig-seq protocol — sequencing of the
junctional region of IgM heavy chain transcripts (i.e., the Complemen-
tarity Determining Region (CDR)-3) [15], which led us to discover a
migration pattern of B cells assessed by co-occurrence of IgHmu CDR3
sequences expressed in different tissues of the same individual [16].
Each IgHp CDR3 sequence can be considered as a barcode for a B cell
clone. Indeed, a very large diversity of junctional sequences is produced
in developing B cell populations by recombination of V, D, and J genes
with enzymatic insertions and deletions at joints [17]. Hence, the
probability of independent production of identical CDR3 sequences is
low. Such events may occur mainly for rearrangements in which no or
very few nucleotides are added to the germline sequences [18]. There-
fore, co-occurrence of IgHp CDR3 sequences in different tissues or sites is
generally explained by the migration of B cells belonging to the same
clone, ie., deriving from a common precursor. Our previous reports
suggested that traffic increases under various conditions, such as smol-
tification [19], vaccination, and viral infections [20].

In this work, we propose to use IgHmu CDR3 sequences (i.e., the
region encoding IgHm CDR3) to track B cell clones across different tis-
sues, which are potentially relevant for the development of DS. Com-
bined with other markers, including the three Ig isotypes, master
regulators of B cell differentiation, markers of antigen presentation, T
cells, and macrophages analyzed with RT-qPCR, we present the first
geographic analysis of B cells recirculation between DS and other niches
for lymphocytes that are potentially important in the development/
evolution of the event. We also attempted to detect and characterize
bacteria and viruses in DS.

2. Materials and methods
2.1. Fish material

Non-sexually mature and externally healthy Atlantic salmon
(average weight 4.5 kg) from a commercial-scale research and devel-
opment (R&D) facility were used [3]. The salmon were sampled
immediately after slaughtering (electrical stunning and bleeding), and
eight fish were selected for further analyses based on clearly visible DS
through the parietal peritoneum. Each selected fish was sampled for
head kidney (HK), S, and visceral peritoneum fat (VF) (one sample per
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tissue from each fish). Samples were stored in RNAlater solution
(Thermo Fisher Scientific, Waltham, MA, USA). Pictures of the DS were
taken before and after the removal of the parietal peritoneum and ribs,
using a Canon PowerShot G7 X Mark II (Canon Inc., Tokyo, Japan),
5472 x 3648 resolution, “Auto” mode, flash off, and ambient lighting.
Dark-stained tissue from each DS was sampled (three different samples
per DS from each fish). Normal skeletal muscle (SM) was sampled from
the same anatomical region on the opposite fillet side to the DS (three
different samples per opposite side from each fish). Samples were stored
in RNAlater solution. The same DS and SM samples were used for
RT-qPCR, IgM sequencing, and PCR amplification. DS were visually
evaluated using a log - 2 score system based on diameter (1, grey DS < 3
cm; 2, DS < 3 cm; 4, DS 3 - 6 cm), and estimating the relative focal area
(myomerez), intensity level (relative area*darkness), and shape (aspect
ratio; horizontal length/vertical length) [3].

2.2. RNA extraction and RT-qPCR

Sixteen selected and a reference gene for RT-qPCR were selected
with preference to the markers of antigen presentation (cd40 and mhc2)
and cell lineages. Analysis included the three isotypes of salmon Ig: igd,
igt and igm. The transition from a membrane to a secretory isoform (migm
and sigm) marks the beginning of antigen-dependent differentiation of
naive B cells into antibody-secreting cells. Pax5 is essential for
commitment of progenitors to B cells [21], while blimp1 controls their
terminal differentiation [22]. The temporal expression patterns of these
genes in salmonid fish support their roles [23]. Cd79 is involved in
signaling after binding of antigens by B cell receptors [24]. Tyrosine
kinase blk is expressed in differentiating and mature B cells, but not in
plasma cells [25]. Btla (also known as cd272) is a negative regulator of B
and T cells [26], while cd28 and especially ctla are specific for activated
T cells [27]. Cd83 is a marker of dendritic cells [28], activated B cells
and peripheric Tregs, csfr and marco were included in analysis as
markers of macrophages. We used published primers to blimpl [29],
¢d40, mhc2 [30], cd83 [31], csfr [32], igt, igd, migm and sigm [33], marco
[34] and reference gene efla [35] (Supplementary 1). Other primers
were designed using OligoPerfect Primer Designer (Thermo Fisher Sci-
entific, Waltham, MA, USA) from the same provider.

Gene expression was analyzed in the DS, SM, HK, and S samples.
Tissues (5-10 mg) were placed in tubes with 400 pL lysis buffer (Qiagen,
Diisseldorf, Germany) and beads, and 20 pL proteinase K (50 mg/mL)
was added to each tube. Samples were homogenized in FastPrep 96 (MP
Bio-medicals, Eschwege, Germany) for 120 s at maximum shaking
speed, centrifuged, and incubated at 37 °C for 30 min. RNA was
extracted on Biomek 4000 robot using Agencourt RNAdvance Tissue kit
according to the manufacturer’s instructions. RNA concentration was
measured with NanoDrop One (Thermo Fisher Scientific, Waltham, MA,
USA), and quality was assessed with Bioanalyzer 2100 (Agilent, Santa
Clara, CA, USA). RNA was treated with DNase I (Thermo Fisher Scien-
tific, Waltham, MA, USA) and ¢cDNA was synthesized using TaqgMan
Reverse Transcription Reagent (Applied Biosystems, Waltham, MA,
USA) and random hexamers. PCR was run in QuantStudio5 real-time
quantitative PCR system (Applied Biosystems, Waltham, MA, USA),
the reaction mixture contained 4 pL (21 pg/pL) of diluted cDNA, 5 pL
SYBR™ Green Master Mix (Applied Biosystems, Waltham, MA, USA),
and 1 pL of the forward and reverse primer. The program included
heating for 1 min at 95 °C, amplification (1 s at 95 °C, 20 s at 60 °C) and
melting curve stage. Each biological sample was run in duplicates for all
genes to ensure reproducibility. After subtraction the Ct values of the
reference gene, the average ACt was calculated for each gene in the
entire data set and subtracted from each datapoint.

2.3. IgM sequencing

Analyses were performed in DS, SM, VF, S and HK samples. Synthesis
of ¢cDNA was primed with oligonucleotide to the constant region of



R. Jiménez-Guerrero et al.

Atlantic salmon IgM (TAAAGAGACGGGTGCTGCAG), using SuperScript
IV reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. Libraries were prepared
with two PCR reactions. The first PCR amplified cDNA with a degenerate
primer TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGARGACWC
WGCWGTGTATTAYTGTG, which aligns to the 3'-end of all Atlantic
salmon VH genes and a primer GTCTCGTGGGCTCGGAGATGTGTA-
TAAGAGACAGGGAACAAAGTCGGAGCAGTTGATGA to the 5-end of
CH. Both primers are complementary to Illumina Nextera adaptors.
Reaction mixtures (20 pL) included 10 pL 2X Platinum™ Hot Start PCR
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 pL of
each primer (10 pmol/pL), 8 pL water, and 1 pL template. The second
PCR used Nextera™ XT Index Kit v2 (Illumina, San Diego, CA, USA), and
the reaction included 2 pL of each primer and 2 pL product of the first
PCR. PCR program included heating: 1 min at 94 °C, amplification: 10 s
at 94 °C, 20 s at 53 °C, and 20 s at 72 °C (30 cycles in first PCR and 9
cycles in second PCR) and extension: 5 min at 72 °C. DNA concentration
of the amplified product was measured with Qubit (Thermo Fisher Sci-
entific, Waltham, MA, USA). Aliquots of libraries were combined and
purified twice with PCR clean-up kit (Qiagen, Diisseldorf, Germany).
Sequencing was carried out using Illumina MiSeq™ Reagent Kit v3, 150-
cycle (Illumina, San Diego, CA, USA). Libraries were diluted to 4 nM and
PhiX control was added to 0.8 nM. After the trimming of Illumina
adaptors and primers and removal of low quality reads, CDR3 sequences
were identified in IgHp sequences according to the IMGT standards and
definition [36], and transferred to a relational database. The frequencies
of unique CDR3 sequences represented with at least two reads per 10°
reads were evaluated. Cumulative frequencies (CF), i.e. the sums of
frequencies of the 50, 100, and 500 most expressed CDR3 were calcu-
lated. The traffic of B cells was assessed by pairwise comparison of tis-
sues or samples from the same tissue (DS and SM). CF of CDR3 sequences
detected in both compared tissues or samples were calculated. The se-
quences were registered in NCBI SRA (PRINA966774).

2.4. Targeting prokaryotic DNA and RNA by PCR amplification

Samples from the RT-qPCR were used, both ¢cDNA and a pooled
sample of the corresponding RNA. The amplification of 16S rRNA gene
was performed in two ways. The first used degenerate versions of the
universal bacterial 16S rRNA gene primers 27F (5'- AGRGTTTGA-
TYMTGGCTCAG) and 1492R (5-GGYTACCTTGTTACGACTT), with an
expected amplicon of ~1400 bp. The second was with degenerate ver-
sions of primers 341F (5-CCTACGGGNGGCWGCAG) and 785R (5'-
GACTACHVGGGTATCTAATCC), with expected amplified fragments of
~440 bp. PCR of the 16S rRNA gene was performed using 150 ng and
diluted 15 ng samples, 1 x Phusion Master Mix, 0.5 pmol/L 16S-F
primer, 0.5 pmol/L 16S-R primer, in a 50 pL reaction volume. Extracted
bacterial genomic DNA was used as positive control. Negative controls
included master mix and primers without template, and reagent mix of
c¢DNA. Samples were prepared on ice and amplified in the thermocycler
with the block preheated to 98 °C. The reactions were performed using
the following cycling conditions: preincubation at 98 °C for 2 min, fol-
lowed by 32 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C
for 15 s, elongation at 72 °C for 60 s, and a final extension step at 72 °C
for 3 min. Aliquots of 8 pL of each reaction were visualized on 1.5% (w/
v) agarose gel in TBE buffer using SYBR Safe stain (Edvotek Corp. USA).
Absence of distinct positive 16S bands indicated low abundance or no
live bacteria, except from the positive control of bacterial genomic DNA.

A further attempt used the same sample material but new <10 mg
tissue from DS (trimmed to include melanin clusters or granulomas), SM,
S and HK. Tissue was added to ZR BashingBead Lysis Tubes (0.1 & 2.0
mm, Zymo Reasearch) prefilled with DNA/RNA Shield™ and homoge-
nized with the mechanical bead beater device Precellys®24 (Bertin
Technologies) for 1 x 20 s at 5.000 rpm. Further extraction of DNA was
performed using the Quick-DNA/RNA Pathogen Miniprep kit (Zymo
Research, Irvine, CA) according to the manufacturer’s specifications.
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The DNA was eluted in ZymoBIOMICS™ DNase/RNase-Free Water and
the concentration determined using a Thermo Scientific Nanodrop
2000c. PCR amplification and visualization of the 16S rRNA gene
product with primers 27F/1492R was performed as described above
using 1 pL of normalized 21 ng/pL concentration of the extracted DNA as
template. The reactions were performed using the following cycling
conditions: preincubation at 98 °C for 60 s, followed by 32 cycles of
denaturation at 98 °C for 10 s, annealing at 59 °C for 15 s, elongation at
72 °C for 60 s, and a final extension step at 72 °C for 2 min.

2.5. Detection of viruses by RT-PCR

Analyses were performed in DS, and SM samples. The presence of
viruses infecting skeletal muscle of Atlantic salmon was checked
(PatoGen AS, f\lesund, Norway) using RT-PCR. Analyses included
piscine myocarditis virus (PMCV), PRV-1, and salmonid alphavirus
(SAV).

2.6. Statistics

Data was analyzed with TIBCO Statistica® (v. 14.0, TIBCO Software
Inc., Palo Alto, USA), R software (v. 4.0.3, R Core Team, Vienna,
Austria), and Microsoft® Excel® software (v. 16.0.12527.21294,
Microsoft Corporation, Redmond, USA). Correlation was assessed be-
tween gene expression (AACt values) and squared root of DS charac-
teristics: visual score, relative area, intensity level, and shape. Gene
expression in tissues was analyzed with ANOVA followed by Tukey test.
SAV levels (Ct values) were compared with paired t-test. The signifi-
cance level was set at p < 0.05. The missing values (not detected) were
set to 37.

3. Results
3.1. DS description

Sampled fish with visible peritoneum discoloration presented DS of
different morphologies with a visual color score ranging from 1 to 4
(Fig. 1). All fish presented black DS, excluding fish #4, which presented
an apparent combination of red and black DS. The relative area of DS
ranged from 0.8 to 4.2 myomere®. When including the color score, the
intensity levels of DS ranged from 2.7 to 16.8. The shape of DS ranged
from round (aspect ratio = 1) to very flat (aspect ratio = 8).

3.2. Correlation between gene expression, DS morphology, and CF Spot-
Spot

All analyzed immune genes showed a positive correlation (r > 0.42;
p < 0.05) between gene expression and DS area and intensity level,
especially mhe2 (r = 0.88 and 0.82 respectively; p < 0.001), cd83 (r =
0.81 and 0.71 respectively; p < 0.001) and igt (r = 0.79 and 0.71
respectively; p < 0.001). The flatter the DS, the higher the expression of
¢d28, csfr, ctla, igt (r > 0.22; p < 0.05), and especially sigm (r = 0.57; p =
0.02), the lower expression of ¢cd83 (r = —0.34; p = 0.01) and btla (r =
—0.31; p = 0.04), and the larger the CF Spot-Spot (r = 0.5; p = 0.02).
There was a positive relationship between sigm (r = 0.85; p = 0.005),
blimp1 expressions (r = 0.66; p = 0.045), and the CF Spot-Spot.

3.3. Tissue expression of immune genes

Overall, the expression levels of the 16 selected immune genes in DS
were intermediate between the lymphatic tissues and SM. Expression of
12 genes was significantly lower in DS than in HK and S and differences
were greatest in Ig (migm, sigm, igd, and igt) and four genes specific for B
cells: pax5, blimp1, blk and c¢d79 (Fig. 2). Possibility of massive recruit-
ment of activated T cells to DS was indicated by expression of cd28
(higher than in HK) and ctla4 (increased in comparison with both
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VISUAL RELATIVE INTENSITY

SCORE  AREA  LEVEL  SHAPE
1 1.4 35 5.0
2 0.8 29 1.0
1 3.1 7.9 1.0
4 36 10.7 8.0
2 4.2 16.8 3.0
2 26 10.2 1.2
2 27 8.0 47
4 36 14.5 7.8

Fig. 1. Visualization of focal dark spots (DS) in skeletal muscle through parietal peritoneum used for RT-qPCR and Ig-seq. DS are characterized according to visual
score (1, grey DS < 3 cm; 2, DS < 3 cm; 4, DS 3-6 cm), relative area (myomerez), intensity level (relative area*darkness), and shape (aspect ratio; horizontal length/

vertical length). DS are ordered according to their ID. Color print.

lymphatic organs). Transcripts of 11 genes including the membrane
form of IgM (migm), igd and pax5 were more abundant in DS than in SM
of the same individual and only cd40 was expressed at higher levels in
SM. The expression of mhc2 showed no difference between tissues (not
included in Fig. 2). Though melanomacrophages are believed to play an
important part in the development of DS, expression of csfr and marco in
these areas was not higher than in SM.

3.4. Differentiation stages of DS B cells

Ig-seq in combination with RT-qPCR (Fig. 3) was used to investigate
the circulation of B cells at different differentiation stages between DS
and other (lymphoid) organs. A total of 90 libraries were sequenced
(Supplementary 2). The number of high quality reads, and unique CDR3
nucleotide sequences per samples were respectively 128945 + 28628
and 5666 + 1686 (mean + SD). By CF100, which is inversely related to
the repertoire diversity, tissues were divided in two groups: S and HK
(6.40%o0 and 8.75%o) on the one hand, and VF, DS and normal SM (15.55
— 19.58%0) on the other hand; CF100 in DS was 17.66 + 1.36%o. As a
guide for the assessment of B cells traffic, we suggest a model (Fig. 4. A)
that integrates our results with those of our previous studies. The model
defines a source tissue (the donor) and a target tissue (the recipient)
based on the kinetics of Ig repertoire modifications. In this model, under
basal conditions in the absence of recent immunization, the Ig

repertoires are different in each site, ie., the CF of shared junctional
sequences is low. The traffic is stimulated shortly after B cell expansion
in the donor (source) tissue. Because migration to a recipient tissue
begins with a lag, initial CF is higher in donor tissue. The CF of co-
expressed CDR3 sequences gradually grows in the recipient tissue,
while in donor tissue the frequency of the corresponding clones de-
creases. Egress of B cells from donor tissue continues and co-occurrence
of junction sequences returns to the basal level. The B cells can reside in
recipient tissues for a long time, but their connection with the original
organs is not detectable anymore.

The DS from different individual fish were classified according to the
stage of differentiation of their B cells (Fig. 3). High level of migm and
low levels of sigm were expressed in DS of fish #4 (Fig. 3. A), suggesting
that most B cells had not entered antigen-dependent differentiation into
antibody-secreting cells. This was in line with higher expression of genes
promoting B cell differentiation (pax5 and cd79). In DS from fish #7 and
9, expression of migm was higher or equal to expression of sigm and
expression of B cells-specific genes (igd, igt, pax5 and cd79) was rela-
tively high. These DS contained B cells which had started an antigen-
dependent differentiation into antibody-secreting cells. Fish #5 was
most likely at a subsequent stage characterized by an increased sigm to
migm ratio, and lower expression of B cell-specific genes. DS from fish
#1, 6, 3 and 8 (Fig. 3. B), ordered by decreasing expression level of sigm,
still expressed more sigm than migm, and overall low levels of B cell
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(ANOVA, Tukey test, p < 0.05).

markers (migm, igd, igt, pax5 and cd79) suggesting a reduced amount of B
cells likely due to egress.

3.5. CDRS3 sharing between organs shed light on B cell recirculation
pattern

The abundance of shared IgHm CDR3 between DS and other tissues
was used to assess the circulation of B cells within each individual fish.
To do so, we identified CDR3 in DS detected in other organs and
calculated the cumulative frequencies of shared CDR3, which are rep-
resented as bar plots in Fig. 3 (right panels). These CF provide an
overview of the fraction of the expressed IgM repertoire corresponding
to clones shared by different organs. Sharing across DS from studied fish
was analyzed following the differentiation gradient described above.

Spot/spot. The CF of shared CDR3 between the two independent
samples from each DS were analyzed as a good measure of the fraction of
the whole repertoire they represent. In fish #4, it is the lowest (10%), in
a diverse repertoire in which Top frequent CDR3 do not represent a large
fraction; The proportion is much higher in DS of fish #9, 7, 5, 1, and 6
(ranging from 30 to 60%), during B cell response while decreased is DS
from fish #3 and 8 containing much fewer B cells due to egress towards
other sites.

Spot/VF-HK-Spleen: CDR3 from DS of fish #4 are present at very low
frequency in other tissues, while they are abundant in VF, HK, and
spleen in fish #9, 7, and 5. Interestingly, these clones are particularly
frequent in VF, suggesting that this tissue is an important recipient for
expanded B cells migrating out of DS. The CF of DS CDR3 present in
other tissues is around 10 - 15% in fish #1, 6, 3, and 8, likely

representing the situation post DS B cell responses and egress.

VF-HK-Spleen/Spot: Most frequent CDR3 sequences expressed in VF
or HK or spleen were overall less frequent in DS, than CDR3 from DS
were in the other organs. An interesting observation, which looks
consistent across the putative developmental stages of DS B cells (hence,
with fish order in Fig. 3), was that the highest sharing was between VF
and DS (see fish #4, 5, 1, 6, 3), suggesting privileged B cell circulation
between these tissues.

Overall, our analysis suggests that B cells can expand and maturate
into antibody-secreting cells within DS, then egress towards lymphoid
organs, possibly with a preference for VF (Fig. 4).

3.6. Prokaryotic RNA and DNA, viral RNA

PCR analyses with universal primers found no evidence of bacterial
RNA or DNA in DS and SM. All fish were free from PMCV. PRV-1 was
detected in fish #5 (normal muscle and DS) and #6 (DS). Fish #6 and
normal muscle of fish #2 were SAV negative. SAV was detected in all
other samples and in DS its level was significantly higher: 3.9 + 1.4 (Ct
+ SE), p = 0.03, paired t-test (Supplementary 3). No relationship was
observed between SAV Ct values and DS morphology parameters (score,
area, level, and shape), expression of immune genes, and CF Spot-Spot.

4. Discussion
Different hypotheses have been proposed to explain the development

of DS in Atlantic salmon. Red DS are most likely initiated by damaging
events in the rib cage [3], but the transition from red to black DS still
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Fig. 3. Association between gene expression in focal dark spots (spots) and co-occurrence of IgM sequences in spots and tissue samples from the same individuals.
Fish at early (A), mid and late stages (B) of B cells differentiation in spots: gene expression in spots (left) and cumulative frequencies (CF) of CDR3 sequences detected
in spots replicates and pairs of tissues (right). VF — visceral peritoneum fat. HK - head kidney, Norm - normal skeletal muscle. The right panels represent averaged
cumulative frequency of CDR3 sequences from a tissue that are expressed in another site. For example, Spot-VF and VF-Spot are cumulative frequencies of CDR3
present in both tissues are calculated in respectively spots and VF. As two independent samples have been sequenced from each spot, the first bar (Spot-Spot)

corresponds to the mean of pairwise comparisons of samples from the same spot.

remains unclear. Accumulations of activated B and T cells in DS could be
induced by exogenous antigens due to presence of opportunistic bacteria
and/or viruses in the lesion. Previously, parallel sequencing detected
higher numbers of bacterial 16s RNA transcripts in DS compared to SM
from the same fish [2], supporting this first hypothesis. Infection with
the PRV-1 has also been involved in the development of DS. However,
given the ubiquity of this virus, the absence of DS after experimental
inoculation, and the presence of DS in PRV-1 negative fish in this and
previous studies [5], the PRV-1 hypothesis is put in doubt. For the same
reasons, higher levels of SAV in DS shown in the present study do not
mean that this virus is the causative agent, as proven by similar Ct values
in all DS phases in different phases, although the presence of SAV may
predispose to the development of DS. In another model, traumatic
conditions might stimulate macrophages to migrate from the perito-
neum to the musculoskeletal injury. These migrating macrophages could
be loaded with vaccine antigens and mineral adjuvants coming from the
injection site and participate in the maturation of DS [3]. Since DS can
develop in non-vaccinated fish [37,38], aberrant processing of vaccine

components as a prerequisite for the development of DS can be also
ruled out. Overall, the mechanisms of DS development remain poorly
understood. It is possible that different antigens can cause reactions
leading to the accumulation of melanin.

In the present work, we analyzed DS from healthy salmon from a
commercial population aged 14 months (4.5 kg) after seawater transfer.
From these DS samples, we failed to amplify any bacterial RNA or DNA
with PCR, indicating there were not association to ongoing bacterial
infection. It might be possible that melanomacrophages had remained in
skeletal muscle after an infection had been eliminated. Gene expression
profiles revealed that DS contained several populations of B cells with
different proportions of naive and Ab-secreting cells and different levels
of IgHmu (sigm/migm) expression. IgHm CDR3 sequencing further
showed that B cells present in DS belong to many clones, and circulate to
other issues including VF, S, and HK. Thus, B cells represent an impor-
tant and complex cellular component of these inflammatory events, with
potential consequences on both DS fate and B cell repertoire.

The local environment of DS is characterized by a high density of
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Fig. 4. Model of B cell traffic in Atlantic salmon be-
tween focal dark spots (DS) and other tissues. (A)
Model of B cell traffic between a “source” tissue and
“recipient” tissue. CF — cumulative frequency. (B)
Schematic illustration of B cell traffic. Discontinuous
yellow arrows illustrate the likely B cell traffic be-
tween tissues before the formation of DS. SM -
normal skeletal muscle. VF — visceral peritoneum fat.
(C) After exposure to antigens, B cells migrate from
DS to other tissues including head kidney (HK), VF
and spleen (S) indicating systemic immunization.
Continuous red arrows represent the traffic between B

The panel below illustrates the model and the trade off between source and recipent tissues. cells resident organs or tissues, and DS. The thickness

Each analysed fish is also placed at the the stage of the response suggested by the repertoire of the arrows indicates the order of shared CF. Based
analysis. A on Fig. 3. Color print.

Y]

s Source Reciplent

(4]

)

w

o
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© Bcell traffic from tissues to DS

@ B cell traffic from DS to other tissues

melanomacrophages, which are involved in antigen processing and
presentation [39]. The role of these cells in fish B cell activation and
differentiation seems to be complex. In lymphoid organs, it has been
proposed that aggregates of melanomacrophages are associated with B

cells that express activation-induced cytidine deaminase and undergo
somatic hypermutation [40], reminiscent of mammalian germinal cen-
ters. However, melanomacrophages are also found in other tissues,
especially in the liver in fish, amphibians, and reptiles, and those do not
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express activation-induced cytidine deaminase. Incidentally,
melano-macrophage centers may also function as focal depositories for
intracellular pathogenic bacteria [41], which might explain the associ-
ations with bacteria previously reported.

We consider that our data are more in favor of an endogenous path
scenario for DS formation [42]. Firstly, there seemed to be an associa-
tion between DS morphology and the phase of the process, being the CF
Spot-Spot and sigm expression larger the flatter the DS. Therefore, this
points to more B cell activity in flatter DS, which is a link between the
type/degree of the initial damage and the immune microenvironment.
Secondly, flatter, larger, more intense DS, which is associated with
recurrent injury processes [3], also showed higher expression of both
innate (macrophage, antigen presentation) and adaptative (B cells, and
T helper and cytotoxic cells) immune response genes. Thus, it seems
reasonable that continuous mechanical stress in damaged muscle and
ribs generates cell damage that may expose lymphocytes to a constant
source of autoantigens [43,44] in a pro-activating context leading to
melanomacrophage aggregates, where B cells may also acquire a regu-
latory phenotype driven by local inflammation [45], or respond to tissue
regeneration with myoblasts expressing high levels of myositis auto-
antigens [43,46]. Activation of the immune response in DS in absence of
pathogens is in line with the “danger model” proposed by Matzinger
[47]. B cells and Ig isolated from DS could be useful for identifying key
(auto)antigens involved in DS development in future research. Further
transcriptome analysis of DS antibody-producing B cells (with a focus on
key factors like BAFF, transcription factors like HIF and TRAF3) might
provide insights into their autoimmune phenotype, as reviewed in
Mubariki and Vadasz [48].

To gain insight into the involvement of B cells in DS biology, we
studied differentiation and traffic of B cells. B cells could enter the
antigen-dependent differentiation in the lymphatic tissues and later
migrate to DS. Alternatively, B cells might be activated locally, in
developing DS in skeletal muscle, and either reside at the site of antigen
deposition or migrate to other tissues. We expected preferential migra-
tion of B cells from the HK and S to peripheral tissues, including DS.
However, our analyses suggested that an antigen stimulated differenti-
ation was rather initiated in DS followed by subsequent migration of
cells, a typical finding in inflammatory myopathies in humans [42,49].

We propose here a model (Fig. 4. A) that integrates the conclusions of
our data with previous studies [15,19,20]. B cells would recognize their
cognate antigen in the DS, start differentiating into antibody-secreting
cells and move from DS to other tissues. This model predicts low
co-occurrence of clones in different tissues under basal condition and
higher CF of shared CDR3 sequences in donor at early phase, and in
recipient tissue at late phases. The IgM repertoire in DS with the highest
migm to sigm ratio showed minor overlap with other tissues and
co-occurrence of CDR3 sequences was very low even in the replicates
from the same area (fish #4 in Fig. 3. A). In fish with relatively high
expression of both membrane and secreted IgM in DS, CF of shared
CDR3 sequenceswas greater in DS than in other tissues including the S
and HK; this suggested co-ordination between antigen stimulated dif-
ferentiation and traffic of B cells. CF in non-DS samples was higher than
in DS in only one individual in concordance with decreased migm to sigm
ratio in DS (fish #1 in Fig. 3. B). Low expression of B cell-specific genes
corresponding to the late phase of B cells development coincided with
limited sharing. Co-occurrence of CDR3 sequences in DS and VF was
greater than in the lymphatic organs indicating that adipose tissue
serves as a depot of lymphocytes and can be a transition point in their
migration. B cells residing in VF and their responses to vaccination have
been characterized in rainbow trout [50] and may constitute a particular
B cell population. It will be interesting to investigate the origin and fate
of this population, and its relationship with DS B cells. Taken together,
our results suggest a local exposure to antigens initiated in melanized
foci, which may lead to systemic responsiveness of fish due to active
migration of B cells. Thus, if the development of DS is triggered with
muscle autoantigens, this might pose a risk of immune-mediate

Fish and Shellfish Immunology 139 (2023) 108858

inflammatory myopathies [42].The phenotype of B cells relocated from
DS to other tissues will have to be further characterized to understand
their functionality.

5. Conclusion

We show here that B cells traffic between melanized foci and other
tissues, implying systemic spreading of clones involved in local DS re-
sponses. While the role of DS B cells in the formation of black DS remains
unknown, our data provide a new frame to associate B cell responses and
maturation with DS evolution. Longitudinal studies starting from the
first detection of DS to complete maturation will be important to better
understand the mechanisms underlying the development.
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