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Estimates of genetic and
environmental (co)variances for
vertebral deformities and
vaccine-induced side effects
in Atlantic salmon
Bjarne Gjerde 1*, Tale Marie Karlsson-Drangsholt 1†,
Jørgen Ødegård1†, Frode Finne-Fridell2, Ingunn Thorland3

and Kirsti Hjelde4

1Department of Breeding and Genetics, Nofima AS, Ås, Norway, 2PHARMAQ AS part of Zoetis,
Oslo, Norway, 3Benchmark Genetics Norway, Sunndalsøra, Norway, 4Feed Development and
Nutrition, Nofima AS, Sunndalsøra, Norway
Vaccination is an effective tool to prevent disease outbreaks in Atlantic salmon.

However, oil-adjuvant vaccines, which may lead to negative side effects such as

adhesions of abdominal organs andmelanin deposits on abdominal organs and the

abdominal wall, have been linked to vertebral deformities. Themain objective of this

study was to estimate both the genetic and environmental (residual) correlations

between vaccine-induced side effects and vertebral deformities and the genetic

correlation between vertebral deformities measured at different ages. The recorded

fish were the offspring of 85 sires and 150 dams from SalmoBreed (year-class 2007)

and included two groups of vaccinated fish: pre-smolts exposed to 17°C freshwater

for 3 months (FW) and a group of post-smolts (SW) evaluated after 6 (SW6) and 12

(SW12) months in a net cage in the sea. Adhesions of abdominal organs and viscera

(score 0–6) and melanin deposits on abdominal organs and the abdominal wall

(score 0–3) were evaluated by trained personnel, and vertebral deformities were

recorded using radiography. The frequency of vertebral deformities was 6.4%, 5.2%,

and 6.4% for the FW, SW6, and SW12 groups, respectively. Fused vertebrae were the

most common type of deformity in all groups, with fused vertebrae (4.2%) in the FW

group and a low percentage of missing intervertebral space in the SW6 (0.5%) and

SW12 (0.6%) groups. The mean adhesion scores for the FW, SW6, and SW12 groups

were 2.06, 1.68, and 1.46, respectively, while the mean melanin scores were 0.95,

1.49, and 1.45. The heritability on the liability scale for fused vertebrae was of

medium magnitude for the FW (0.28 ± 0.11) group as well as for the SW6 (0.20 ±

0.10) and the SW12 (0.20 ± 0.10) groups. Across the experimental groups, the

genetic and residual correlations of fused vertebrae with adhesion and melanin

scores were all close to and not significantly different from zero. Therefore, no

evidence was found of a genetic or environmental association between the

negative side effects of vaccination (adhesions and melanin deposits) and fused

vertebrae in Atlantic salmon.
KEYWORDS

Atlantic salmon, Salmo salar, vaccine, adhesions, melanin, deformity, heritability,
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1 Introduction

Vaccination is an effective tool to prevent disease outbreaks in

the aquaculture industry (Sommerset et al., 2005; Ramstad et al.,

2007; Brudeseth et al., 2013). In Atlantic salmon (Salmo salar), oil-

adjuvanted vaccines have been found to cause negative side effects

like abdominal adhesions and melanin deposits (Midtlyng et al.,

1996), which are found to develop over time (Mutoloki et al., 2004).

Their severity may be caused by several factors like vaccine

formulation, temperature, and fish size at vaccination as well as

genetics (Gudding et al., 1999; Gjerde et al., 2005; Berg et al., 2006,

2007; Drangsholt et al., 2011). Focal dark melanin spots in Atlantic

salmon have also been associated with rib abnormalities, as they are

predominantly located at the cranio-ventral region of the

abdominal wall (Jiménez-Guerrero et al., 2022), as well as to a

sequence of events with the pivotal role of adiposity, hypoxia, and

fat necrosis (Bjørgen et al., 2024).

Based on an online survey to the processing industry in Norway,

Germany, and Poland, melanin spots together with pale fillet color

represent the most significant quality challenge in Norwegian

salmon farming with an estimated prevalence of approximately

16.4%, with vaccine and stress looked upon as the major causes to

the problem, and with an average economic loss from 8% to 44%

depending on the size of the melanin spots (Färber, 2017). Similar

estimates of prevalence and economic loss due to deformities have

not been found.

Vertebral deformities occur frequently in farmed Atlantic

salmon (see review by Fjelldal et al., 2012) and can be affected by

a number of factors like temperature during incubation (Takle et al.,

2005), minerals in feed (Helland et al., 2005; Fjelldal et al., 2009;

Baeverfjord et al., 2018), and genetics (McKay and Gjerde, 1986;

Gjerde et al., 2005). Vertebral deformities are potentially also a side

effect of vaccination as their frequency has been reported to be

higher in vaccinated than in unvaccinated fish (Berg et al., 2006)

and in fish vaccinated with different vaccines (Thorarinsson et al.,

2023). A relatively strong positive association between vaccine-

induced intra-abdominal lesions and prevalence of deformities has

also been reported (Berg et al., 2006; Aunsmo et al., 2008). The

likely reasons for such an association may be an additional direct

side effect of the vaccine (such as adhesions and melanin deposits),

an indirect effect induced by the abdominal vaccine side effects, or

due to a correlation, environmentally and/or genetically, between

deformity and side effects of the vaccine.

Some vertebral deformities are reported to develop over time,

and both aggravation and stabilization of fused vertebrae have been

observed (Witten et al., 2006; Fjelldal et al., 2007; Drábiková et al.,

2022). Animals with low-mineralized vertebrae in freshwater

caused by low dietary phosphorus have been found to recover in

seawater and with no significant effect on the prevalence of

deformities at harvest, whereas progressive vertebral fusions

arising in freshwater that affect more than three vertebral bodies

worsen over time (Drábiková et al., 2022).

For genetic variation in adhesion and melanin deposits, there

are few reported estimates. In two year-classes of Atlantic salmon

that were vaccinated intraperitoneally as pre-smolts (one year-class
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with Norvax Protect, the other with Biojec 1900, both with 0.2 mL/

fish), Gjerde et al. (2009) reported significant genetic variation for

adhesions (score 0 to 6) and melanin deposits (score 0 to 3) with a

combined heritability estimate of 0.19 ± 0.03 for adhesions and 0.18

± 0.03 for melanin deposits recorded after 17 and 13 months in a

net cage in the sea, respectively. Similarly, in a year-class of Atlantic

salmon that was vaccinated intraperitoneally as pre-smolts with a

six-component vaccine, significant genetic variation was observed

in adhesions (score 0 to 6) and melanin deposits (score 0 to 3) both

recorded after 6 (heritability 0.19 ± 0.04 for adhesions and 0.28 ±

0.05 for melanin deposits) and 12 (0.16 ± 0.04 for adhesions and

0.30 ± 0.05 for melanin deposits) months in a net cage in the sea.

For vertebral deformities, the reported estimates of genetic

variation are from one paper only (Gjerde et al., 2005). They

scored Atlantic salmon externally for deformity (0 to 5) after 14–

17 months in a net cage in the sea and found substantial genetic

variation in four out of the five year-classes (heritability 0.22 ± 0.09,

0.25 ± 0.12, 0.36 ± 0.14, and 0.00 ± 0.00).

Consequently, the traits adhesions, melanin deposits, and

vertebral deformities have all been reported to show genetic

variation and have also been linked to vaccination. Berg et al.

(2006) reported a strong negative phenotypic correlation (r2 = 0.85)

between body size at vaccination and incidence of deformities.

However, no estimate of the genetic correlation of deformity traits

with growth or traits related to the negative side effects of

vaccination is available. The primary objective of this study was

therefore to obtain reliable estimates of the magnitude of both the

genetic and environmental correlations of vertebral deformity traits

with traits possibly associated with vaccine-induced side effects in

farmed Atlantic salmon.
2 Materials and methods

An outline of the experimental design with dates of the different

activities and trait recordings is shown in Appendix 1.
2.1 Fish

The Atlantic salmon in this study were from 150 full-sib

families, i.e., the offspring of 85 sires and 150 dams from the

breeding nucleus of SalmoBreed AS (now Benchmark Genetics

Norway). The parent fish had been selected for increased growth,

reduced proportion of early sexual maturing fish, normal body

shape and reduced incidence of deformities for several generations,

increased fillet color, reduced fillet fat content, increased resistance

to furunculosis (Aeromonas salmonicida) and infectious salmon

anemia (ISA), increased cage survival, and increased yield for

one generation.

Each sire was mated to one to three dams, and each dam to one

sire only. The families were produced on 10 different dates from the

12th of October to the 29th of November 2006 at two different sites

in southwest Norway: Bolaks AS, Eikelandsosen (28 families), and

Erfjord Stamfisk AS (now Grieg Seafood Rogaland), Erfjord (122
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families). The families were incubated in separate trays at Bolaks at

a water temperature varying from 5.2°C to 8.0°C, on average 7.7°

CC, or in separate compartments in a cylinder at Erfjord Stamfisk at

a water temperature varying from 3.0°C to 8.0°C, on average 7.1°C.

In December 2006 and January 2007, eyed-eggs were transported to

Nofima, Sunndalsøra, where they were reared further in separate

trays at an average water temperature varying from 6.5°C to 7.3°C.

The first feeding of the families took place from the 5th of

February to the 29th of March 2007 in separate 0.1 m3 tanks. All

tanks were supplied with water from the same source and with an

average temperature of 10.8°C (varying from 9.8°C to 13.7°C) from

the 5th of February to the 30th of April. During the following 3

months until PIT tagging, the average temperature in the tanks was

13.2°C (varying from 12.0°C to 14.2°C). From first feeding, the fish

were kept on a 24L:0D light regime until the start of the

smoltification regime.
2.2 Two experimental groups

There were two experimental groups of vaccinated fish

randomly sampled from the same 150 families: the FW group

from which the records of the studied traits were obtained after 3

months on an elevated temperature (17°C) in freshwater (FW) and

the SW group from which records of the studied traits of a sample

of the fish were obtained after 6 months (SW6) and of the

remaining fish after 12 months (SW12) in a net cage in the sea,

thus resulting in a total of three experimental groups for the

analyses of the recorded data.

The FW and SW groups were individually tagged over a 3-week

period from the 9th to the 27th of July 2007. For the FW group, a

total of 1,800 fish were tagged (a random sample of 12 per family)

with an average body weight of 11.5 g (SD 3.5), while for the SW

group, a total of 4,500 fish were tagged (a random sample of 30 per

family) with an average body weight of 11.5 g (SD 3.4).

In the freshwater phase, the oxygen saturation level of the water

in the rearing tanks was kept >80%, which was monitored twice a

week. Both in the freshwater phase and the seawater phase, the fish

were fed a commercial dry pelleted feed from Skretting AS.

2.2.1 The vaccine
The FW (see 2.2.2) and SW (see 2.2.3) groups received a

commercial six-component vaccine (ALPHA JECT® 6–2

produced by PHARMAQ AS, Oslo, Norway) with an injection

volume of 0.1 mL per fish of an oil-in-water-adjuvant (mineral oil)

emulsion containing antigens of Aeromonas salmonicida, Vibrio

anguillarum, Vibrio salmonicida, Moritella viscosa, and infectious

pancreatic necrosis virus (IPNV), which protects against

furunculosis, classical vibriosis, cold water vibriosis, winter ulcer,

and IPN, respectively.

2.2.2 The FW group
The FW group was kept in a separate ~4 m3 water volume tank

with freshwater (average 11.6°C, varying from 8° to 13°) until the

fish were vaccinated on the 19th of October 2007. On the 28th of
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October 2007, the fish were randomly distributed into two

replicated tanks, each with ~6 m3 of freshwater, which over 12

days was gradually increased to 17°C and kept at approximately this

temperature for 3 months (see Appendix 2). This elevated

temperature regime had previously been shown to be a stable

laboratory model to obtain the worst-case scenario with respect to

vaccine-induced side effects observed, such as adhesions of organs

in the abdominal cavity and melanin spots on internal organs and

the abdominal wall (PHARMAQ AS, pers. comm.). Unfortunately,

there were several short-lasting drops in the water temperature due

to technical problems with the water pump (Appendix 2).

2.2.3 The SW group
The SW group was kept in a common tank with freshwater

(water volume of ~10 m3, average 9.4°C, SD = 2.3, varying from 6.5°

C to 13.6°C) until the fish were vaccinated on the 3rd to the 7th of

March 2008 and distributed on four tanks each with ~4 m3 of water

and, therefore, on average, approximately 58 kg/m3 (including

approximately 1,800 fish that were vaccinated with a reduced 0.05

mL/fish injection volume, but not recorded for deformity and

therefore not included in this study; see Drangsholt et al., 2011).

Prior to their transfer to seawater, the fish were smoltified for 6

weeks (269 day-degrees) on a 0L:24D light regime followed by 6

weeks (287 day-degrees) on a 24L:0D light regime.

On the 20th of May 2008, two and a half months (460 day-

degrees) after vaccination, the SW fish were transferred to a

common net cage (400 m3) in the sea at Nofima Averøy, Norway,

where they were reared until the studied trait records were obtained

on a random sample of the fish in early November 2008 (SW6) and

of the remaining fish in early June 2009 (SW12).

At the November 2008 sampling, the biomass in the cage was

~15 kg/m3 (including approximately 1,800 fish mentioned above),

and at the June 2009 slaughter, approximately 10 kg/m3, both well

below the recommended biomass (<25 kg/m3) to secure the fish

sufficient access to oxygen under the seawater current levels at the

Averøy locality. The average weekly seawater temperature during

the 12-month rearing period at Averøy is shown in Appendix 3.
2.3 Data recording

The FW fish in the two replicated tanks were all killed and

recorded for the studied traits on the 29th to the 31st of January

2008. A random sample of the SW fish within each family (a

maximum of 12 fish per family) was recorded on the 3rd to the 5th

of November 2008 (8 months after vaccination, 6 months after sea

transfer), while the remaining SW fish were recorded on the 2nd to

the 5th of June 2009 (15 months after vaccination, 12 months after

their transfer to the net cage in the sea).

At each of the three recording samplings or slaughter events (of

the FW, SW6, and SW12 fish), a dip net was used to catch fish from

the tanks or the cage. At the FW and SW6 samplings, the fish were

anesthetized with ethyl 3-aminobenzoate methanesulfonate

(FINQUEL®, SCANAQUA), while at the SW12 sampling, the fish

were anesthetized with CO2 gas before being killed by cutting the
frontiersin.org
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gills and bled in running water. For each fish, their ID, body weight,

and sex (male, female, or unknown based on gonad inspection after

gutting the fish) were recorded. Furthermore, the fish were

examined for vaccine-induced side effects and vertebral

deformities as described below. Sexually maturing or mature fish

were excluded from the data (in total, 21 fish at the FW sampling, 12

at the SW6 sampling, and none at the SW12 sampling).

2.3.1 Evaluation of vaccine-induced side effects
Adhesions of internal organs in three separate regions of the

abdominal cavity (the anterior, dorsal and posterior, and ventral

part of the abdominal cavity, see Figure 1) were subjectively scored

using a scale (Speilberg Skala) from 0 to 6 with 0.5 score intervals (0

= no adhesions, 6 = extremely severe adhesions including

granuloma; Table 1 in Midtlyng et al., 1996). Melanin deposits on

internal organs and abdominal wall were scored using a four-point

scale from 0 to 3 (0 = no visible melanin, 1 = some faint melanin on

some organs and/or peritoneum, 2 = moderate amount of melanin

on some organs or on the peritoneum that may cause downgrading

of the final product, 3 = severe melanin spots on the viscera or the

peritoneum resulting in significant downgrading of the

final product).

The scored traits were evaluated by two (for the FW and the

SW12 groups) or four (for the SW6 group) trained persons from

PHARMAQ. Two of the total four persons scored fish at all three

samplings, while the other two persons took part only at the SW6

sampling. Within each of the three samplings, each fish was

evaluated by one person only. At the time of scoring, information

about the experimental group and family was not known to the

scoring personnel.

2.3.2 Radiography
Evaluation of radiographs was used to score each fish for

vertebral deformities. For the FW group, this was obtained using

a high-resolution semi-digital system (IMS Giotto mammography

X-ray source, serial number 61/01/08 2005/03, Model number

6020/3, dosage 22 kV and 100 mAs). The image reader was an

FCR Profect delivered from Fuji Medical, linked to a computer (Fuji

CR Console) with digital software delivered from Fujifilm.
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This allowed us to pre-set the best possible adjustments for each

fish group to get images of high quality for our needs. The

resolution of the image is 20 pixels/mm2 and there were one to

six fish in each image, depending on their size. Images were stored

full size in the original DICOM format.

The images of fish in the SW6 and SW12 groups were obtained

by a transportable radiation source (Sedecal portable X-ray unit,

dosage 40 kV and 40 mAs). The image plate reader was a Fuji FCR

XG1, the computer a Fuji CR Console, and the image resolution 10

pixels/mm2, and there were one to four fish in each image,

depending on their size.

The image of the vertebrae of each fish was subjectively scored by

a trained veterinarian (the last author of the paper) using a diagnostic,

high-resolution Eizo LCD screen. The four main diagnostic

categories in the material were non-deformed spine, fused

vertebrae, “missing intervertebral space,” and hyperdense vertebrae.

The number of affected or deformed vertebrae and the type of

deformity were recorded for each fish. The number of affected fish

with more than two fused vertebrae was very low, which made it

impossible to explore the magnitude of genetic variation in the

number or severity of fused vertebrae in this study. Consequently,

each of the three types of deformity categories was defined as a

binary trait (1 = fused, missing intervertebral space or hyperdense; 0

= no deformed vertebra). In addition, a binary trait called deformity

was defined as 1 = one or more vertebrae with any deformity (fused,

missing intervertebral space) and 0 = no deformed vertebrae of any

type. The term deformity in this setting includes even minor

vertebral deviations that would not be considered a deformity on

the slaughter line or be detectable by external evaluation.
2.4 Statistical analyses

Estimates of (co)variances for the random effects of the studied

traits were obtained using a multitrait animal model or a multitrait

sire and dam threshold model and the ASReml software (Gilmour

et al., 2009). The two binary traits, missing intervertebral space and

hyperdense vertebrae, were not included in these analyses due to

their very low frequency in all three experimental groups.
FIGURE 1

The three separate regions of the abdominal cavity scored for adhesions of organs and viscera. Region 1: anterior and anterior-dorsal of the cavity
including the esophagus, liver, and anterior parts of the swim bladder; region 2: posterior and posterior-dorsal parts of the cavity including the hind
gut; and region 3: ventral region of the cavity (PHARMAQ AS).
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The animal model, with a separate analysis for each of the

three experimental groups as well as across these groups, included

the five traits deformity (Def, i.e., deformity or fused vertebrae,

one at a time), adhesions of organs (Adh), melanin deposits on

organs and abdominal wall (Mel), whole body weight at

vaccination (Bwv), and sampling (Bws) and can be written in

matrix notation as (model 1):

y =

yDef

yAdh

yMel

yBwv

yBws

2
666666664

3
777777775
=

XDef bDef + ZuDef + eDef

XAdhbAdh + ZuAdh + eAdh

XMelbMel + ZuMel + eMel

XBwbBwv + ZuBwv +WcBwv + eBwv

XBwsbBws + ZuBws +WcBws + eBws

2
666666664

3
777777775

where

yDef,yAdh, yMel, yBwv, and yBws are vectors of observations for the

abovementioned traits; bDef, bAdh, bMel, bBwv, and bBws are vectors
of the combined fixed effects of tank-sex for the Def, Bwv, and Bws

traits of the FW data; tank-sex-person for the Adh and Mel traits of

the FW data; sex for the Def and Bwv and Bws traits of the SW data;

and sex-person for the Adh and Mel traits of the SW data and of the

regression coefficient of the actual trait on the age of the fish (from

first feeding); X is the incidence matrix for the fixed effects; Z is the

incidence matrix for the random animal additive genetic effect;Wis

the incidence matrix for the random effect common to full sibs; u is

a vector of animal additive genetic effects; cBwvand eBws are vectors

of the random effects common to full sibs for the two body weight

traits; and eDef, eAdh, eMel, eBwv, and eBwv are vectors of the random

residual for each of the five traits.

Further u eN(0,G⊗A), eeN(0,R⊗ I)where u and e are as

defined above; A is the additive genetic relationship matrix among

the animals and their parents, I is an identity matrix of appropriate

size, G is the additive genetic (co)variance matrix, and R is the

residual variance–covariance matrix among the traits.

Drangsholt et al. (2011), using the same data as in this study, found

high positive genetic correlations between melanin score on organs and

abdominal wall (on average 0.84; range 0.68–0.99) and high positive

genetic correlations between adhesion scores in the three regions of the

abdominal cavity (on average 0.78; range 0.56–0.99). Therefore, for the

trait melanin score and adhesion score for each fish in this study, the

average melanin score (across organs and abdominal wall) and the

average adhesion score (across the three regions) were used.

Sex had three levels: males, females, or unknown. The unknown

were fish in the FW (159/1,631 = 9.7%) and SW12 (74/1,565 =

4.7%) groups for which sex could not be determined upon

inspection of the gonads after being gutted, and for some surplus

randomly sampled SW6 fish (325/1,897 = 17.1%) for which only

their whole body weights were recorded and were left for rearing for

another 6 months until the SW12 recording.

The effect common to full sibs was only included for the body

weight traits. When this effect was included for the other traits, the

log-likelihood of the model did not converge. Consequently, this

effect had to be omitted from the model for these traits.

Estimates of genetic correlations between the same deformity

trait (deformity or fused vertebrae, one at a time), recorded at each
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sampling (FW, SW6, and SW12), were obtained from a multitrait

sire and dam threshold model assuming a normally distributed

underlying liability variable, lijk, which determines the outcome of

the binary trait, such that lijk ≤ 0 corresponds with Yijk = 0, and lijk >

0 corresponds with Yijk = 1. In matrix notation, the model for each

trait can be written as (model 2):

Pr (Yijk = 1) = Pr (lijk > 0) = F(Xb + (Zs + Zd)usd +Wc + e)

where k represents an offspring of sire i and dam j; F( : ) is the

cumulative standard normal distribution, Zs and Zd are the

incidence matrices for the random effect of sire and dam,

respectively; X is the incidence matrix defined in model 1; usd is

the random effect of sire or dam; and the other parameters are as

described above. The effect common to full sibs was omitted from

the model for all traits, as the log-likelihood of the model did not

converge. The estimated variance component for sires was set equal

to the variance component for dams, and equal to one quarter of the

additive genetic variance (s 2
s = s 2

d = s 2
u = 1

4 s
2
a ); and where the

residual variance of l, s 2
e , was set equal to 1.0. The heritability for

each trait was calculated as:

h2 =
4s 2

u

2s 2
u + s 2

e

3 Results

3.1 The four scored spine categories

Figure 2 shows a radiographic image of four fish, each with one

of the four scored vertebral categories.

Fused vertebrae include all proper fusions and incomplete fusions

that we knew from experience would develop into complete fusions

as the fish grows (Witten et al., 2006) (Figure 2B). Some fused

vertebrae will stabilize and not cause problems, but radiography is not

sensitive enough as a tool for deciding which processes are finished

and which are still active. In this material, we chose not to include the

last four tail vertebrae because they have a large normal variation in

morphology due to tail development (Kryvi et al., 2020). This

includes twin vertebral units, a single vertebra with two neural or

hemal spines that were never separated in the notochord stage. Based

on our observations and experience from this and earlier materials,

these twin vertebral units seem to be of little or no clinical importance

to the fish. Vertebral deformities are of less clinical importance in the

tail area and are hard to separate from the normal variation in their

morphology, and hence are not included in the material.

Hyperdense vertebrae (Helland et al., 2006; Baeverfjord et al.,

2018) are seen in smaller fish, seldom after sea transfer, and linked

to low phosphorus levels. They are single vertebrae with increased

radiodensity, appearing more radiopaque than the others on

radiographs (Figure 2C). Sometimes, they affect their neighboring

vertebrae, leading to higher radiopacity in the vertebral end-plate

closest to the affected vertebrae. Some of these hyperdense vertebrae

normalize as the fish grows, while others develop into fused

vertebrae (Baeverfjord et al., 2009).
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Missing intervertebral space (type 1 deformity described by

Witten et al., 2009) is a diagnosis seen in, for example, 3–5 kg fish

(Holm et al., 2020), and with a less-known etiology since there are few

deformity trials from the grow-out phase in the sea. In missing

intervertebral space, the vertebrae appear to lose their intervertebral

space, and sometimes, a dorsoventral shift in position is observed.

Diagnosis of vertebral defects is still not classified properly due

to a lack of knowledge on causes and possible correlations between

different types of deformities. Therefore, a descriptive term was

chosen in the classification of the observed changes.

Relatively similar deformities classified as platyspondyly

(Kvellestad et al., 2000), decreased intervertebral space (Witten

et al., 2009), compressions (Witten et al., 2009; Baeverfjord et al.,

2018), or cross-stitch vertebrae (Holm et al., 2020; Thorarinsson

et al., 2023) may be related to or the same as the deformity observed

in this material (Figure 2D), with the early stages of “cross-stitch
Frontiers in Animal Science 06
vertebrae” being the ones appearing most similar. Classification of

vertebral deformities is complicated by pathology that overlaps or is

very similar but with different causes and at different developmental

stages, so a differentiation into major groups is necessary to draw

relevant information out of the material.
3.2 Descriptive statistics

In the FW group, 9.4% of the fish died during the 3 months

from tagging (mid-July 2007) to vaccination (mid-October 2008).

In the SW group, 11.5% of the fish died during the 7 months from

tagging to vaccination, 19.0% died during the 8 months from

vaccination (first week of March 2008) to the SW6 sampling (first

week of November 2008), while 3.6% died during the 7 months

from the SW6 sampling to the SW12 slaughter (June 2009).
FIGURE 2

Radiographic images of (a) normal spine (fish of 3,480 g, SW12 group), (b) fused vertebrae (fish of 2,605 g from the SW12 group), (c) hyperdense
vertebrae (fish of 143 g, FW group), and (d) missing intervertebral space (fish of 1,700 g, SW12 group). Numbers denote the vertebral number
counted from the cranium.
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Descriptive statistics for the traits recorded for the FW, SW6, and

SW12 groups are shown in Table 1. The frequency of all types of

deformities was 6.4% in the FW group, while the incidence increased

significantly (P < 0.001), rising from 5.2% at the SW6 recording to

6.4% at SW12. Fused vertebrae were the most dominant deformity in

all groups, with significantly higher frequency (P < 0.05) in the SW12

group (5.7%) than in the FW group (4.2%). The frequency of

hyperdense vertebrae was 2.2% in the FW group, but as expected,

it was very low (SW6) or non-existent (SW12) in the two other

groups as this type of deformity is seldom seen after sea transfer. The

frequency of missing intervertebral space was very low in the SW6

and SW12 groups and did not occur in the FW group.

Two fused vertebrae were most common in all groups, but a few

fish had up to 16 affected vertebrae. Hyperdense vertebrae were

mostly seen in the FW group, with one to two affected vertebrae as

the most common (Figure 3). The number of vertebrae diagnosed as

missing intervertebral space varied from 2 to 9 in the SW6 group

and from 1 to 7 in the SW12 group.

The average body weight of the deformed fish was 4.8% (FW),

4.9% (SW6), and 2.9% (SW12) lower than the non-deformed

(Table 1), in accordance with an earlier report (Gjerde et al.,

2005), but none of these differences were significantly different

from zero (P > 0.05).

Adhesion score was higher in the FW group than in the SW6

and SW12 groups, while the opposite was the case for melanin

deposits. In the SW6 and SW12 groups, the average adhesion and

melanin scores were very similar.
3.3 Heritability

For the FW and SW6 groups, the (underlying) heritability

estimate for fused vertebrae was of medium magnitude and

higher than for deformity. However, for the SW12 group,

heritability was low for both deformity and fused vertebrae

(Table 2). On the observed scale, heritability across the three

experimental groups was 0.07 ± 0.02 for deformity and 0.08 ±

0.02 for fused vertebrae.

The heritability estimates for adhesion, melanin deposits, and

body weight were of medium magnitude (Table 2) and, as expected,

very similar to the estimates obtained from the same fish material

(Drangsholt et al., 2011; Drangsholt et al., 2012).
3.4 Effect common to full sibs

For the trait body weight at vaccination, the effect common to

full sibs did not converge for the SW12 group. For the two other

groups (FW, SW6), the estimates of this effect, as a proportion of the

total variance, were low for both body weight at vaccination (<0.08)

and body weight at the SW6 sampling (<0.03). Across the three

experimental groups, the effect common to full sibs was low for both

body weight at vaccination (0.02 ± 0.02) and body weight at the SW

samplings (0.03 ± 0.02).
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TABLE 1 Descriptive statistics of the recorded traits (N, number of
recorded fish; SD, standard deviations) for fish reared 3 months on 17°C
freshwater (FW) and for 6 (SW6) and 12 (SW12) months in a net cage in
the sea.

Fish group/trait N Mean SD

FW

Body weight at vaccination, g 1,631 44.3 13.5

Body weight at slaughter, g 1,630 235 58

- Deformed 105 224 59

- Non-deformed 1,525 236 57

Deformity, % 1,630 6.4 –

- Fused vertebrae, % 1,630 4.2 –

- Missing intervertebral
space, %

1,630 0.0 –

- Hyperdense vertebrae, % 1,630 2.2 –

Adhesion, score 0–6 1,631 2.06 0.49

Melanin, score 0–3 1,631 0.95 0.44

SW

Body weight at vaccination, g 3,981 153 45

SW6

Body weight at slaughter, g 1,896 1,003 298

- Deformed 91 961 340

- Non-deformed 1,560 1,010 292

- Missinga 245 976 314

Deformity, % 1,643 5.2 –

- Fused vertebrae, % 1,643 4.6 –

- Missing intervertebral
space, %

1,643 0.5 –

- Hyperdense vertebrae, % 1,643 0.1 –

Adhesion, score 0–6 1,628 1.68 0.65

Melanin, score 0–3 1,628 1.49 0.62

SW12

Body weight at slaughter, g 1,582 2,362 733

- Deformed 106 2,299 798

- Non-deformed 1,444 2,368 729

- Missinga 32 2,300 691

Deformity, % 1,525 6.4 –

- Fused vertebrae, % 1,525 5.7 –

- Missing intervertebral
space, %

1,525 0.6 –

- Hyperdense vertebrae, % 1,525 0.0 –

Adhesion, score 0–6 1,565 1.46 0.56

Melanin, score 0–3 1,564 1.45 0.68
fro
aFish with a recorded body weight but with a missing record for deformity.
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3.5 Genetic correlations of deformities
across groups

The genetic correlation between the FW and SW6 groups was

very high for both deformity and fused vertebrae, while the genetic
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correlations of FW and SW6 with SW12 were intermediate for

deformity but lower for fused vertebrae, albeit uncertain as

indicated by their large standard errors (Table 3).
3.6 Genetic and residual correlations of
fused vertebrae with the other traits

Across the three experimental groups (FW, SW6, and SW12),

the genetic and residual correlations of fused vertebrae with the

other studied traits were all close to and not significantly different

from zero (P > 0.05) (Table 4). Within each of the experimental

groups, the genetic correlations were more variable and with larger

standard errors (0.18 to 0.24) than for those across groups, and

none were significantly different from zero (P > 0.05). The same

pattern was seen for the correlations of deformity with each of the

other traits (results not shown).
4 Discussion

Themagnitude of the estimated genetic and residual correlations of

fused vertebrae, the most dominant deformity in the FW, SW6, and

SW12 groups, with adhesions and melanin deposits, was close to and

not significantly different from zero, which strongly indicates that

vaccine-induced side effects and vertebral deformities are caused by

different genetic and environmental factors. This agrees with Grini et al.

(2011), who reported no effect of vaccination on deformity, and with

Bjørgen et al. (2024), who found evidence that melanized focal changes

in the fillet of Atlantic salmon are due to a sequence of events with the

pivotal role of adiposity, hypoxia, and fat necrosis, but in contrast to

two earlier studies that reported a strong phenotypic association

between these traits (Berg et al., 2006; Aunsmo et al., 2008) and a

recent study that observed a significant difference in the percentage of

deformed fish between fish that received two different vaccines

(Thorarinsson et al., 2023). The incidence rates of deformities in this

study (6.4%, 5.2%, and 6.4% at the FW, SW6, and SW12 recording,

respectively) were, in general, lower than in other studies in which the

fish were examined 6–13 months after sea transfer (Witten et al., 2006;

Aunsmo et al., 2008; Fjelldal et al., 2009; Grini et al., 2011; Thorarinsson

et al., 2023). Therefore, it cannot be ruled out that the estimated genetic

correlations may be different at higher deformity incidence rates.

The close to unity genetic correlation between the same

deformity trait (deformity or fused vertebrae) in the FW and

SW6 groups showed that fused vertebrae, the dominant deformity

trait in this study, has a strong common genetic base (Table 3). The

reason for the much lower genetic correlations between fused

vertebrae in the FW and SW12 groups, as well as in the FW6 and

the SW12 groups, may be the lower heritability of fused vertebrae in

the SW12 than in the SW6 group (Table 2).

Similarly, a significant genetic variation in adhesion score and

melanin score was supported by Drangsholt et al. (2011) who, using

the same data as in this study, found a medium genetic correlation

of adhesion score in the FW group with adhesion score in the SW6

(0.62 ± 0.12) and SW12 (0.48 ± 0.14) groups; a medium to relatively
FIGURE 3

The distribution of the number of deformed vertebrae per fish (fish with
no deformities excluded) of the vaccinated fish recorded in freshwater
(FW) and after 6 (SW6) and 12 (SW12) months in a net cage in the sea.
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high genetic correlation of melanin score in the FW group with

melanin score in the SW6 (0.84 ± 0.08) and SW12 (0.61 ± 0.11)

groups; and a high genetic correlation between adhesion scores in

the SW6 and SW12 groups (0.92 ± 0.11) and between melanin score

in the two groups (0.89 ± 0.07).

In this study, as observed from the SW6 to the SW12 recording,

an increase in the frequency of deformity as fish grow was also

reported both prior to (Witten et al., 2006) and after (Witten et al.,

2006; Grini et al., 2011) smoltification and may have increased to a

higher level if the fish were reared to a larger marketing body size of,

for example, 4–5 kg. Factors that may have contributed to these

differences are different temperatures during egg incubation (Takle

et al., 2005; Gjerde et al., 2005), the use of yearling smolt (+1) as

compared to under yearling smolt (0+), and differences in time and

body weight at vaccination (Vågsholm, 1998; Berg et al., 2006).

The very low number of affected fish with more than two fused

vertebrae made it impossible to explore the magnitude of genetic

variation in the number or severity of fused vertebrae in this study.

As expected, hyperdense vertebrae were mostly seen in the FW

group as this deformity is typically seen in small fish before sea

transfer (Helland et al., 2005), while missing intervertebral space,

normally observed in larger fish (Witten et al., 2006; Thorarinsson

et al., 2023), was observed at a very low frequency at the two

seawater samplings in this study. In Atlantic salmon, reduced

growth was first observed in fish with more than 10 affected

vertebrae (Hansen et al., 2010). Therefore, the deformity in this

study was most likely a minor welfare problem for the fish due to
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the low frequency of fish with deformed vertebrae and the very low

number of affected vertebrae.

The lower melanin score in the FW group than in the SW6 and

SW12 groups indicates that vaccine-induced intra-abdominal

lesions take a longer time to develop than adhesions. The very

similar adhesion and melanin scores of the vaccinated SW6 and

SW12 fish show that their severity did not develop over time as the

vertebrae deformity did. A similar trend was observed by Grini et al.

(2011) with a slightly decreasing lesion score from the time of

seawater transfer until 26 and 36 months in seawater for fish that

were reared at 10°C both in the freshwater and seawater phase, but

with a higher lesion score for fish that had been reared at a higher

fresh and seawater temperature. The lack of further development of

the vaccine-induced side effects from the SW6 to the SW12

recordings may therefore be due to the relatively low seawater

temperature during this period.

The intermediate heritability estimates for fused vertebrae in

the FW and SW6 groups indicate a significant additive genetic

component for this type of deformity in Atlantic salmon. The lower

heritability for the composite trait deformity (fused vertebrae,

missing intervertebral space, and hyperdense vertebrae) may

indicate that these types of deformities have a somewhat different

etiology. However, due to the low frequency of missing

intervertebral spaces and hyperdense vertebrae and the relatively

large standard errors of the heritability estimates, this explanation

should be interpreted with caution. That vertebral deformities in

Atlantic salmon has a genetic component is in agreement with
TABLE 3 Estimates of genetic correlations with standard errors between
the same trait (deformity or fused vertebra) recorded after 3 months on
17°C freshwater (FW) and after 6 (SW6) and 12 (SW12) months in a net
cage in seawater (model 2).

Group Deformity Fused vertebrae

FW vs. SW6 0.99a 0.99a

FW vs. SW12 0.64 ± 0.86 0.19 ± 0.78

SW6 vs. SW12 0.67 ± 0.73 0.37 ± 0.85
aThe correlation was fixed at the upper boundary of the parameter space; consequently,
ASReml does not provide standard errors. When the genetic correlation was fixed to 0.99 as
compared to 0.95, a likelihood ratio test showed that 0.99 was a more likely value than 0.95 for
both traits (P < 0.01).
TABLE 4 Estimates of genetic and residual (environmental) correlations
with standard errors of the trait fused vertebra with the other mentioned
traits across the three experimental groups: FW, SW6, and SW12 (model 1).

Trait
Correlations

Genetic Residual

Adhesions of
internal organs

0.04 ± 0.15 0.00

Melanin depositsa −0.03 ± 0.14 0.02

Body weight at vaccination 0.10 ± 0.18 0.01

Body weight at sampling −0.22 ± 0.16 0.02
aOn internal organ and the abdominal wall.
TABLE 2 Estimates of heritability with standard errors for the studied traits recorded after 3 months on 17°C freshwater (FW) and after 6 (SW6) and 12
(SW12) months in a net cage in seawater.

Group
Vertebral deformitiesa Other induced effectsb Body weightb

Deformity Fused vertebrae Adhesions Melanin Vaccination Sampling

FW 0.18 ± 0.09 0.28 ± 0.11 0.31 ± 0.05 0.26 ± 0.05 0.41 ± 0.13 0.55 ± 0.11

SW6 0.10 ± 0.08 0.20 ± 0.10 0.21 ± 0.05 0.28 ± 0.05 0.30 ± 0.11 0.31 ± 0.09

SW12 0.05 ± 0.07 0.06 ± 0.08 0.15 ± 0.04 0.24 ± 0.06 nac 0.28 ± 0.11

All 0.10 ± 0.04 0.13 ± 0.05 0.17 ± 0.03 0.25 ± 0.04 0.11 ± 0.04 0.18 ± 0.06
aEstimates on the liability scale obtained from model 2.
bEstimates obtained from model 1.
cThe genetic parameters for this trait in model 1 converged.
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Gjerde et al. (2005) who, based on visual scores of external

deformities of fish from three different year-classes with relatively

low to intermediate deformity (9.5%, 7.6%, and 21.5%), found

medium heritability estimates (on the liability scale: 0.22, 0.25,

and 0.36, respectively) but zero heritability in a four year-class with

a much lower deformity (2.3%).

The discrepancy between our results of no evidence of an

association between vaccine-induced side effects and deformities

in Atlantic salmon and a positive association as referred to in the

abovementioned studies (Berg et al., 2006, 2007; Aunsmo et al.,

2008) may be due to a number of reasons. First, the level of adhesion

and melanin deposits was slightly higher in the other studies, which

can be due to differences in both the vaccine formulation and

volume injected, as a new formulated vaccine with a smaller

injection volume (0.05 mL vs. 0.1 mL) resulted in lower adhesion

and melanin scores (Drangsholt et al., 2011). Second, considering

the different etiologies of different types of vertebral deformities,

fused vertebrae were the most frequent deformity in our study,

whereas platyspondyly was the most prominent in Berg et al. (2006)

and platyspondyly and fused vertebrae were the most common in

Aunsmo et al. (2008). Third, the use of yearling smolt (1+) in our

study, such as under yearling smolts (0+), showed a higher risk of

deformities (Vågsholm, 1998). Fourth, it has been proposed that

both the time of vaccination and body weight at vaccination can

influence the development of both adhesions and vertebral

deformities (Berg et al., 2006). However, in this study, the effect

of body weight on deformity was not likely, as both the genetic and

residual correlations of body weight at vaccination with adhesions,

melanin deposits, and deformity were all close to zero.

The etiology of deformities in vaccinated Atlantic salmon is not

fully understood, but periodic mineral deficiency due to starvation

prior to vaccination and reduced feed intake due to vaccination have

been proposed as explanatory factors (Aunsmo et al., 2008). However,

Berg et al. (2012) found no long-term effects of starvation on bone

mineralization or deformity incidence in Atlantic salmon. The

development of a structural weakness in the vertebrae at the time of

vaccination is shown in Holm et al. (2020), leading to the development

of “cross-stitch vertebrae.” This particular type of deformity tends to

develop near slaughter size and is not easily observed in early life stages.

Missing intervertebral space, as observed at low frequency in the

SW6 and SW12 groups in this material, may be an early stage of cross-

stitch vertebrae (Thorarinsson et al., 2023) or reduced mineralization,

resulting in compressed vertebrae/platyspondylia (Kvellestad et al.,

2020). Fish with more severe vaccine-induced side effects may

exhibit poorer feed intake and/or mineral absorption; however, these

effects may be difficult to observe when the side effects of vaccination

are mild, or the high availability of minerals in the feed compensates for

the reduced feed intake and absorption. However, this is a less likely

reason for themissing intervertebral space deformity in this material, as

it was only observed after 6 and 12 months in seawater, at which point

animals with low-mineralized vertebrae caused by low dietary

phosphorus in the freshwater period may have recovered during the

seawater period (Drábiková et al., 2022).

The close to zero genetic and residual correlations of the

deformity trait fused vertebrae with body weight at vaccination
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and body weight of the fish both at the FW, SW6, and SW12

samplings (Table 4) indicate that high growth rate is a minor, if any,

cause of the fused vertebrae.

To conclude, no evidence was found of a genetic association between

the trait of fused vertebrae and adhesions of internal organs or melanin

deposits on internal organs and the abdominal wall in Atlantic salmon.

The reliability of this finding is supported by the significant genetic

variation in both the deformity trait and the adhesions andmelanin trait.

That the genetic correlation of fused vertebra with adhesions and/or

melanin deposits should be significantly different from zero in another

material with, for example, a higher proportion of deformed fish cannot

be ruled out, but not very likely.
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Appendix 1. The experimental design
with dates of the different activities
and trait recordings.
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Appendix 2. Freshwater temperature
during the 3-month test period of the
FW group.
Appendix 3. Seawater temperature
during the seawater period of the SW
group.
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