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ABSTRACT
Atlantic salmon farming is faced with numerous environmental and production-related challenges affecting fish health and wel-
fare, globally and in Norway. An animal's requirement for a nutrient is the sum of the required supply of available nutrients for 
maintenance, growth, reproduction, health, and disease resistance. Available literature on micronutrient requirements (vitamins 
and trace minerals) was reviewed to identify knowledge gaps with a focus on health and disease resistance, potential life stage 
and production system-specific differences. Atlantic salmon's minimum requirement estimate for vitamin A was not available, 
while data on vitamins C, D, E, and K differ greatly between studies due to factors such as feed composition and rearing condi-
tions (stress). Knowledge of the requirements of B-vitamins is also scarce. Choline requirement in Atlantic salmon was recently 
estimated and is strongly affected by dietary lipid consumption. Dietary trace mineral needs differed with diet composition 
and between freshwater and seawater, largely influenced by differences in availability. Dietary trace mineral availability in 
practical feeds is a concern, especially for zinc and selenium being the most limiting in plant ingredient-based feeds and sup-
plementation restricted by maximum limits that are too low for optimal fish health. Hence, there is a need for renewed focus on 
how vitamin and trace mineral recommendations in Atlantic salmon feeds are assessed (research) and managed (regulation). 
Recommendations will have to be revised considering specific life stages, environmental and physiological changes, health sta-
tus, and evolving production methods in commercial Atlantic salmon farming.

1   |   Introduction

Micronutrients are required by all organisms in relatively small 
amounts to support optimal growth, development, reproduc-
tion, health, and disease resistance. Vitamins and minerals play 

critical roles in biochemical processes, acting together to cata-
lyze biochemical reactions. Vitamins have been broadly catego-
rized into fat- and water-soluble vitamins, while the minerals 
are broadly categorized into macro- and micro-minerals, the 
latter also called trace elements.
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1.1   |   Revisiting the Fundamentals of Nutrient 
Requirements

Nutrient requirement is defined as the supply of available nu-
trients, that is, of absorbable nutrients to support normal de-
velopment, growth, and health. The requirements are thus 
characteristics of animals which can change with developmental 
stage, growth rate and health. The classical definition on nutrient 
requirement has been divided into three parts as, (i) requirement 
for basal metabolism or maintenance, (ii) requirement for growth, 
and (iii) requirement for reproduction [1, 2]. Maintenance require-
ment for a nutrient is the level of intake required to compensate 
for loss due to obligatory endogenous losses, that is, a no gain-no 
loss situation [3–5]. Digestible or available intake of a nutrient be-
yond this point that results in body gain or growth is referred to 
as the requirement for growth. Apart from the requirement for 
maintenance and growth, reproduction was recognized to have 
specific requirements in fish like in other animals due to the ad-
ditional nutrient and energy demands required for gamete produc-
tion [1, 2]. In fish, requirements for maintenance and growth may 
vary with variation in dietary, environmental and genetic factors. 
Atlantic salmon is an anadromous species, and specific physiolog-
ical needs arise during critical life stages, such as smoltification, 
transfer to seawater and husbandry conditions. Further, stressors 
and other challenging conditions in aquaculture production such 
as infectious disease, handling and treatment methods can alter 
the requirements for maintenance, thereby compromising growth 
while dietary recommendations based on optimal/ideal rearing 
conditions are practiced. Thereby, we propose an additional com-
ponent of “requirement for health and welfare” to be considered 

along with the classical components of maintenance, growth, and 
reproduction (Figure 1).

Compared with amino acids and fatty acids, documentation in 
the scientific literature of micronutrient requirements in Atlantic 
salmon (Salmo salar L.) indicates many knowledge gaps. While 
NRC [6] is considered a reference regarding nutrient require-
ments in fish, for several nutrients, data were not available re-
garding Atlantic salmon. However, these recommendations, 
compared with those given by NRC in 1993, were at times mis-
leading and have had significant practical implications. For in-
stance, the recommendation on the Zn requirement for Atlantic 
salmon was reduced from 60 mg/kg in 1993 [7] to 37 mg/kg in 
2011 [6] citing the same original study. While in 1993 NRC re-
ferred to the upper limit, NRC in 2011 referred to the lower limit 
of the range reported in the original study [8]. Although the ra-
tionale of NRC 2011 [6] was to recommend “minimal” dietary 
requirements, implications for fish health and welfare were un-
fortunately not taken into consideration.

1.2   |   Fish Health Challenges in Atlantic Salmon 
Farming

Atlantic salmon is farmed in Norway, Scotland, Chile, Canada, 
and Australia, with Norway leading the production. Salmon 
farming has grown tremendously over the years globally and 
has several challenges. However, the biological challenges 
faced by Atlantic salmon are rather more pertinent at present. 
The Norwegian fish health report provides a detailed overview 

FIGURE 1    |    Conceptual illustration of the increased micronutrient requirement for health under challenging aquaculture environments. The il-
lustration presents the linear phase of the hypothetical response (R) as a function of increasing dietary micronutrient level (X) under optimal (black) 
and challenging (blue) conditions. The intercept on x-axis (m) and slope (β) of the curves represent the requirement for maintenance and efficiency 
(e.g., growth rate), respectively. The reduced performance under challenging conditions (R2

max) at dietary micronutrient concentration X1 is a re-
sult of the increased requirement for maintenance (m2 > m1) and reduced efficiency (β2 < β1), for example, slower growth rates. Hence an increase 
in requirement (X2) arises to achieve performance equivalent to R1

max under challenging conditions, referred to as the “requirement for health and 
welfare.” Most of the micronutrient requirement data available in Atlantic salmon pertains to optimal environmental conditions (X1), while the com-
mercial farming environment presents multiple challenges leading to sub-optimal performance. Information on the increased requirement for health 
and welfare (X2) for specific micronutrients is lacking and needs to be studied.
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of the health status in Norwegian aquaculture regarding 
mortality rate, prevalence of infectious and non-infectious 
diseases, and potential factors involved in different stages of 
operation such as hatchery/smolt production and grower/pro-
duction at sea [9]. The mortality rate of Atlantic salmon at sea 
is the prime concern; the percentage per se, as well as the re-
cent increase, is an issue as it had increased from 15% to 18.8% 
over the last 5 years, 2019–2024 [9]. Some of the major under-
lying causes for mortality in Norwegian salmon farming were 
identified as infectious diseases (38%) and injuries/trauma 
(33%) due to repeated handling/delousing. Several health chal-
lenges are prevalent also in Chilean salmon farming, the sec-
ond largest salmon producer globally. The health crisis caused 
by the infectious salmon anemia (ISA) virus in Chile forced 
the Chilean salmon farming industry to redefine the produc-
tion, health, and environmental model for salmon farming 
[10]. Improving the health and welfare of Atlantic salmon in 
commercial farming is one of the major challenges faced by the 
industry globally. Nutrition is an important factor in the func-
tioning of immune and stress responses, potentially affecting 
the outcome to one or more of the above challenges. One of 
the common modes of action (or response) to these diseases/
challenges is inflammatory or oxidative damage, including 
disruption of membrane integrity, redox imbalance, and de-
creased immunocompetence, leading to poor growth/health 
and increased mortality. The levels and/or balance between 
different micronutrients needed for optimal health and welfare 
during challenging conditions may differ from those required 
for growth or avoiding other production-related deficiency 
symptoms (Figure 1). Further, the requirements of a single nu-
trient can depend on the levels of others and their interactions. 
To understand nutrient functions and study requirements, by 
necessity, we take a reductionist approach, but as stated, these 
nutrients work as part of an interacting collective. However, 
knowledge of and data on interactions, the effect of production 
stress, and its potential differential effects on nutrient utiliza-
tion are still lacking.

1.3   |   The Changing Dietary Needs—Requirement 
for Health

Feeds for farmed Atlantic salmon have changed tremendously 
over the last decades [11]. Currently, there is a high inclusion 
of plant ingredients, affecting both the supply and utilization of 
several micronutrients, including vitamins and trace minerals. 
Plant ingredients may not only be low in critical micronutrients 
but also reduce the availability of premixes due to the presence 
of anti-nutritional factors such as phytic acid, saponins, or high 
fiber content [12]. Nutrient requirement studies often use pu-
rified diets or fish meal/fish oil-based diets, excluding such is-
sues. Heat treatment during feed production may also lead to 
degradation of certain micronutrients, such as B-vitamins [13] 
and vitamin A [14] and K [15]. Furthermore, there has been a 
large increase in feed efficiency and diet lipid/energy content 
[16], which may impact the requirement of micronutrients (vita-
mins and minerals). The growth rate of fish has also increased, 
which means higher nutrient turnover and more energy going 
toward growth relative to maintenance. Hence, the results from 
earlier studies may not always be relevant for modern farming 
conditions.

The life cycle of Atlantic salmon comprises both freshwater 
and seawater stages, which may affect nutrient requirements. 
For all animal species, early development stages are generally 
considered to be more sensitive to nutrient deficiencies, due 
to high growth rates and organ development, combined with 
lower nutrient stores. For Atlantic salmon, the parr–smolt trans-
formation and the period just after seawater transfer are also 
considered sensitive life stages due to multiple biological and 
production-related challenges. The physiological and immuno-
logical remodulations that occur during smoltification need to 
be taken into consideration in dietary nutrient recommenda-
tions for this stage. In NRC [6], Atlantic salmon was classified 
under freshwater species as most of the data, until then, was 
available only for parr. Later studies have shown that dietary re-
quirements of specific micronutrients can vary between parr in 
freshwater and post-smolts in seawater, and in some cases even 
during smoltification [17]. Besides, production systems may also 
affect nutrient requirements, for instance, in land-based recir-
culating aquaculture systems (RAS), sea-based closed contain-
ment systems (CCS), and more recently sinking or snorkel cages 
with the concept of deep farming that are becoming increasingly 
common. These advanced production technologies can exert ad-
ditional stress on the biology and physiology of salmon, thereby 
increasing their need for essential nutrients.

According to the NRC [6], “whether dietary micro-nutrient re-
quirements should be based at minimal levels needed to prevent 
clinical deficiency signs or impaired growth or based on other 
criteria is an open question.” Growth as the response criterion 
leads to the requirement estimates being minimal compared 
with estimates based on other criteria based on body or tis-
sue saturation [18]. In accordance, requirements for improved 
health and welfare can be higher than required for tissue satu-
ration or growth. The relationship between micronutrients and 
health or welfare in salmonids has been suggested or demon-
strated in certain cases, for example, zinc on skin health and 
cataracts [17, 19, 20], selenium on hypoxic and oxidative stress 
[21, 22], immune status against anti-bacterial and anti-viral 
challenges [23–25], vitamin-E and vitamin-C on innate and ac-
quired immune responses [26–28] and oxidative stress [29–32].

Increased supplementation or improved availability and/or bio-
efficacy of specific micronutrients is suggested to provide addi-
tional health benefits [33–35]. However, very little information 
is available regarding the specific requirements for improved 
health and welfare under challenging conditions. Further, max-
imal levels of several micronutrients in fish feeds are governed 
under EU legislation on feed additives. Excess supplementation 
could also result in adverse metabolic effects in fish, increased 
excretion, and may represent an additional burden to the en-
vironment. Refinement and balance in the supply of micronu-
trients for improved fish health and welfare under challenges 
faced in commercial aquaculture operations is therefore highly 
warranted.

The current review summarizes and evaluates existing data 
and knowledge on vitamin and trace mineral requirements for 
Atlantic salmon (Tables 1 and 2), how they can vary between dif-
ferent life stages, during stressful conditions during commercial 
production, diseases, and highlights important knowledge gaps 
for future research. Data on levels in Norwegian commercial 
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salmon feeds and legislative issues are also included and dis-
cussed. The micronutrients that are covered are the lipid-soluble 
vitamins A, D, E, and K; hydro-soluble vitamins such as choline, 

vitamin C, B-vitamins (thiamine, riboflavin, niacin, pantothenic 
acid, biotin, folate, pyridoxine, and cobalamin) and the trace 
minerals (zinc, selenium, iron, copper, manganese, and iodine).

TABLE 1    |    Vitamin requirement estimates in Atlantic salmon for different life stages.

Vitamin Requirement (mg/kg) Stage References

Vitamin A Unknown

Vitamin D 0.06–0.09 Post-smolt [36]

Vitamin E 30–60 First feeding fry [37]

120 Fry [38]

150 Parr and post-smolt [39]

Vitamin C 10–20 Juvenile [40]

10 Juvenile [41]

79 Post-smolt [42]

Thiamine (vitamin B1) 6.2–10 Parr and post-smolt [6, 43]

Riboflavin (vitamin B2) 10–12 Parr [43]

Niacin (vitamin B3) 66 Parr and post-smolt [43]

Pantothenic acid (vitamin B5) 22 Parr [43]

Pyridoxine (vitamin B6) 5 [6]

10 Parr [43]

8–9 Parr and post-smolt [44]

Biotin (vitamin B7) 0.3 Fry [45]

Folate (vitamin B9) > 3.3 Parr [43]

Cobalamin (vitamin B12) 0.17 Parr and post-smolt [43]

TABLE 2    |    Available data on trace mineral requirements and their corresponding practical dietary recommendation estimates for Atlantic 
salmon parr in freshwater and post-smolt in seawater (mg/kg).

Species
Trace 

element
Requirementa 

(mg/kg) References

Practical 
dietary needb 

(mg/kg) References

Fold-change 
(dietary need/
requirement)

Atlantic salmon 
(Parr)

Se 0.4 [36] 0.6–0.8 [36] 1.5–2

Zn 37–67 [8] 110–170 [17, 36] 2.5–3

Fe 30–60 [46] 150–185 [36] 3–5

Cu 3 [36] 11–13 [36] 3–4

Mn 12–14 [36] 34–60 [36] 3–4

Atlantic salmon 
(Post-smolt)

Se 0.3 [23] 0.7–0.9 [23, 36] 2.5–3

Zn 58–70 [17] 160–210 [17, 36] 2.5–3

Fe — — — —

Cu 5c [36] 14–16 [36] 2.8–3.2

Mn 12–14 [36, 47] 26–34 [36, 47] 2–2.5
aOn available basis.
bOn total basis.
cUsing Cu apparent availability of 35% from another study [47].
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2   |   Vitamins

2.1   |   Vitamin A

Compounds belonging to the group termed vitamin A which 
are of relevance in fish nutrition comprise the retinoids ret-
inol, retinal, and retinoic acid, as well as the carotenoid 
β-carotene, and the keto-carotenoids astaxanthin and can-
thaxanthin [6]. Retinol can be converted to, and regained 
from, retinal, whereas the production of retinoic acid from 
retinol is a one-direction reaction. Some of the β-carotene, 
astaxanthin, and canthaxanthin in the diet can be converted 
to retinol in Atlantic halibut, but are also absorbed and act 
as such in various tissues [48]. A similar mechanism may be 
present in salmonids [49].

Retinoic acid plays key roles in developmental processes as 
regulators of cell differentiation, that is, maturation from 
stem cells and immature to mature cells. Regulation of cell 
differentiation is fundamental, for example, for an animal's 
development from conception to mature stages as well as for 
appropriate adaptation to environmental changes, and not at 
least immune responses induced upon exposure to pathogens 
[50–52]. Accordingly, the impact of suboptimal supply to an 
animal body, whether too little or too much, would be global. 
Retinol, as such, is involved in redox processes in an animal 
[53, 54]. Retinal's involvement in the vision processes is well 
established wherein it is converted to retinol [52]. Deficient 
vitamin A supply, as well as excess, causes vision disturbance 
and blindness, well documented in humans. Eye disturbances 
have also been documented in other animals, for example, rats 
and fish [50, 55]. Retinoic acid also plays a role in pigmenta-
tion of fish and in eye migration in flatfish [56].

The carotenoids and keto-carotenoids, besides being precur-
sors of retinol [57], serve as important antioxidants that protect 
against lipid peroxidation and seem to modulate immune func-
tions in animals [58–61]. They have been documented to protect 
against the health challenges that deficient antioxidant capac-
ity may cause. The work of Christiansen et al. [49] shows that 
astaxanthin, as such, that is, when retinol supply is sufficient, 
is required in starter feed for Atlantic salmon. The study indi-
cates that the level of astaxanthin in starter feed should be at 
least 5 mg/kg to cover the needs for growth and survival. In fish, 
carotenoids also act as coloring agents, with functions not least 
during reproduction periods, in which they are moved between 
tissues. The carotenoids may supply retinoic acid to key func-
tions via routes other than retinol, which may be of importance 
in situations of retinol deficiency [62]. The interrelationships be-
tween the various retinol metabolites and the precursors are not 
well understood [63].

Existing information on vitamin A requirement in salmo-
nids has severe knowledge gaps (see review by Liu et al. [64]). 
In the most recent NRC report [6] no numbers are given for 
Atlantic salmon at any stage of development. For rainbow trout 
(Oncorhynchus mykiss) an estimate of 0.75 mg retinol/kg feed 
(2500 IU/kg) is given. The more recent dose response study 
of Liu et al. [65] presents an estimate of the optimal level of 
1.9 mg retinol/kg feed (6333 IU/kg) for post-smolt coho salmon 
Oncorhynchus kisutch. The results for higher doses indicate 

that levels above 3 mg/kg (10,000 IU) may be detrimental by 
reducing growth rate and feed efficiency. In general, both de-
ficient and excessive supply of vitamin A have been found to 
be detrimental for both growth and health in fish. The litera-
ture review presented in the most recent NRC publication on 
nutrient requirement in fish [6] mentions the following defi-
ciency signs in salmonids: reduced growth rate and feed effi-
ciency, high mortality, anemia, twisted gill opercula, eye and 
skin lesions, and high mortality. The work of Ørnsrud et al. 
[66] identified the following symptoms of excessive supply of 
vitamin A in Atlantic salmon: reduced growth rate and con-
dition factor, an antagonistic effect on circulating 1,25 (OH)2 
vitamin D3, and bone deformities with reduced bone strength. 
The study further addressed the question of toxicity of vitamin 
A for post-smolt Atlantic salmon, observing a linear, negative 
dose–response relationship on specific growth rate (SGR) at 
inclusion levels between 6 and 750 mg/kg diet. The linear 
regression seemed to suggest that 6 mg/kg may be too high 
for optimal growth. When choosing craniofacial deformities 
as the critical endpoint, the authors' conclusion was, how-
ever, that the dietary level should not exceed 37 mg/kg body 
weight/day. In Atlantic halibut, fish fed less than 0.75 mg/kg 
vitamin A had reduced growth in body length and showed 
hemorrhages; however, there were no differences in mortality 
and no apparent tissue saturation [67]. For intestinal cell pro-
liferation and differentiation evaluated by minimum PCNA 
(proliferating cell nuclear antigen)/DNA concentration and 
brush-border digestive enzyme activity, the indicated optimal 
vitamin A level was 2.5 mg/kg. The digestive enzyme activ-
ity indicated that 25 mg/kg was too high, but intestinal DNA 
concentration was similar at 2.5 and 25 mg/kg. The maximum 
concentration (250 mg/kg) was too high, as indicated by nega-
tive effects on brush border enzyme activities.

The recent review of Hernandez and Hardy [50] on vitamin 
A functions and requirements summarizes available informa-
tion on the effects of vitamin A level in the diet on immune 
biomarkers for a range of fish species. The information on 
effects in salmonids is rather old, that is, from two studies 
published in 1994 and 1995 [68, 69]. From all the studies sum-
marized in this review, it becomes clear that vitamin A plays 
important roles for the function of the immune mechanisms. 
However, in light of indications in Wuchang bream/blunt 
head bream (Megalobrama amblycephala) that the upper limit 
may be as low as 3 mg/kg [65], most of the studies may have 
been conducted with levels of vitamin A at or well above the 
required level, and for some of the studies, the levels may have 
been severely excessive.

To understand the consequences for the fish health of varia-
tion in vitamin A supply on immune biomarkers, for example, 
disease resistance, challenge studies are required. The study 
of juvenile Wuchang bream/blunt head bream is one of very 
few fish studies observing disease resistance in fish under 
practically relevant conditions [65]. In this study, the fish diets 
contained vitamin A levels from deficient (0.6 mg/kg) to ex-
cessive (14.4 mg/kg). The fish were fed for 90 days before they 
were challenged with Aeromonas hydrophila. Based on feed 
conversion ratio (FCR), the requirement was estimated to be 
1.1 mg/kg, while based on mortality results, 1.9 mg/kg, that 
is, an estimate 60% higher than based on production-related 
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results. Moreover, levels only twice as high as apparent opti-
mum severely reduced growth as well as disease resistance in 
this species.

Information relevant for salmon nutrition is not available in 
the scientific literature on vitamin A requirements during 
stressful or challenging conditions. However, experiments 
with land animals indicate that vitamin A is necessary for 
optimal stress handling [70, 71]. On the other hand, too high 
levels may also affect stress tolerance negatively [72, 73]. It 
is therefore likely that stress, such as too high temperature 
and oxidative stress, may affect vitamin A requirements also 
in salmon, or that the outcome of deficient and excessive vi-
tamin A levels may be more severe under stressful than op-
timal conditions. Regarding different production systems, no 
information relevant for salmon nutrition is available in the 
scientific literature.

Data on micronutrient interactions involving vitamin A are 
not available in A. salmon; however, certain micronutrients 
are highly involved in vitamin A metabolism and function in 
other species, hence likely also in salmon [52, 74]. No informa-
tion on the interaction effects between vitamin A and Zn supply 
on vitamin A requirement is available for fish. However, results 
from a rat study, in which three-way interactions between vi-
tamin A, Zn, and Se supply were studied, document important 
relationships [75]. Dependency on Cu has also been observed 
[75]. The close relationship between vitamin A and D, both 
playing important roles in cell differentiation and maturation, 
has been documented in abalone [76]. The closest relationship 
has been described for bone tissue [77]. Studies with rats have 
documented that the supply of iron and vitamin D may affect 
vitamin A status (reviewed by Oliveira et al. [78]). A study with 
pigs confirms interaction effects between vitamin A and iron 
supply [79]. Retinol and the related vitamin A metabolites are 
easily oxidized, implying that antioxidative compounds will pro-
tect, whereas oxidants will inactivate vitamin A in the feed, and 
possibly also in the animal body. Carotenoids, keto-carotenoids, 
vitamin E, and vitamin C are relevant examples of antioxidants 
that may interact with vitamin A.

The Norwegian Fish Feed surveillance for 2022, analyzing 10 
diet samples of each of start feed, smolt feed, and grower feed, 
showed Vit-A levels in Norwegian fish feeds varying from 1.6 
to 27 mg/kg, with an average value of 5.8 in grower feeds and 
slightly higher in start- and smolt feeds [80]. The results indi-
cate that most diets contained sufficient vitamin A, but some 
diets may have contained detrimentally high levels. Levels have 
been decreasing in recent years, as data from the same surveil-
lance program in the period 2002–2008 showed a mean value 
of 17.5 mg/kg and a maximum of 108 mg/kg [81]. The vitamin 
A levels in the feed appear extremely variable, probably reflect-
ing variation in the raw materials [82] as well as variation in 
supplementation strategies of the feed companies. There are no 
regulatory issues relevant for vitamin A content in salmon feed.

2.2   |   Vitamin D

Vitamin D became known, at first, as a key vitamin in bone cal-
cification preventing rickets in humans [83, 84] due to its role in 

Ca transport and regulation of absorption of Ca in the intestine 
and kidneys [85, 86], and has been shown to play similar roles in 
fish [87]. It has hormone-like functions and works in close coop-
eration with calcitonin and parathyroid hormone. More recent 
studies have documented important roles also in the differentia-
tion of bone, skin, and blood cells, in the secretion of insulin and 
prolactin, muscle function, immune and stress responses, and 
melanin synthesis [88, 89]. It is also clear that excessive intake of 
vitamin D is detrimental, as indicated by irreversible calcifica-
tion of the heart, kidneys, and other soft tissue (reviewed in NRC 
[6]). Two forms of vitamin D, that is, cholecalciferol (D3) found 
in animal-based ingredients, and ergocalciferol (D2) in plant in-
gredients, may be converted to the active, hydroxylated vitamin 
D forms (for D3: 1,25 OH-vit D, called calcitriol) in most land 
animals. Whether ergocalciferol is useful for fish is not clearly 
established. A study with rohu (Labeo rohita) indicates that D2 
is biologically inactive [90], in line with cell studies indicating 
that the conversion to active forms is negligible [91]. Further, 
simultaneous use with vitamin D2 and D3 as a supplementation 
source is not allowed as per the EU commission feed regula-
tions. For fish, the diet has been thought to be the sole source of 
vitamin D; however, studies indicate that sunlight has an impact 
on the vitamin D status in rainbow trout and Atlantic salmon, 
based on light-dependent observations of clear seasonal varia-
tions in plasma vitamin D as well as differences between open 
and closed production systems [92, 93].

The essentiality of vitamin D for fish is indisputable as clearly 
documented in amago salmon (Oncorhynchus rhodurus) fed two 
purified diets supplemented with 0 or 500 μg D3/kg for 22 weeks 
[94]. Fish fed the unsupplemented diet showed hypocalcemia, 
a thinned epidermis with atrophied and necrotic epidermal 
cells, extensive necrosis of the caudal peduncle, the skin, and 
the underlying musculature, degenerated and necrotic hepato-
cytes, swollen respiratory epithelium, and cardiac muscle fibers. 
The pathological changes were reversed after 4 weeks of feed-
ing with a vitamin D3-supplemented diet. In NRC [6], no values 
for vitamin D requirement of Atlantic salmon are presented. A 
study indicated a requirement in Atlantic salmon to be 60 μg/kg 
dietary vitamin D3, a result which is supported by another trial 
showing tissue saturation at 80 μg/kg [36]. Two studies found 
that 200 and 40 μg/kg fed for 11 and 14 weeks, respectively, did 
not induce vitamin D deficiency in Atlantic salmon [95, 96].

Important interactions between vitamin D and K have been ob-
served in humans and mammalian model organisms, suggest-
ing that both vitamins are needed in a certain proportion range 
for bone and cardiovascular health [97]. Also, dietary calcium 
and phosphorus must be present in sufficient amounts; other-
wise, the minerals will be resorbed from bone. Such interactions 
in fish were explored with Atlantic salmon by Graff et al. [95]. 
However, the dietary concentrations of vitamin D and K were 
not low enough to create suboptimal conditions, and no signifi-
cant effects were observed. Similar studies have been done with 
larvae of Gilthead Seabream (Sparus aurata) [98]. The conclu-
sion was in line with that of the mammalian studies, that is, 
healthy bone development requires that the two essential nutri-
ents are supplied in balance.

Information on the role of vitamin D in immune functions in 
fish is weaker than for land animals. This regards in particular 
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Atlantic salmon. A study by Soto-Dávila et al. [91] exposing pri-
mary macrophages from Atlantic salmon to vitamin D in the 
form of cholecalciferol (D3) and ergocalciferol (D2) indicates 
that the D3, but not the D2 form, is important for disease resis-
tance, as indicated by response to Aeromonas salmonicida infec-
tion. A role in the immune apparatus in fish is also shown by the 
work of Cerezuela et al. [99] on gilthead seabream (Sparus au-
rata L.). The study showed effects of the level of vitamin D, vary-
ing from 0 to 950 μg/kg, on innate immune parameters in serum 
and head kidney leukocytes. The results suggest that dietary vi-
tamin D3 plays important roles in the innate immune apparatus 
of gilthead seabream, and that similar receptors to those present 
in mammals are involved in the action of this vitamin in the 
fish immune system. In line with these results, the study of Shao 
et al. [100] confirms the importance of D3 in fish in a dose–re-
sponse study with turbot (Scophthalmus maximus L.) observing 
effects on immune status, intestinal health, as well as microbi-
ota. Deficient, as well as excess, supply induced inflammation 
in the intestine. Moreover, after injection of Edwardsiella tarda, 
mortality increased and weight gain decreased. The results in-
dicated an optimal level of 10–20 μg/kg diet. Studying yellow 
catfish (Pelteobagrus fulvidraco), Cheng et  al. [101] showed 
dependency on vitamin D supply for mortality after challenge 
with Edwardsiella ictaluri, and effects on various biomarkers of 
immune function as indicated by downregulation of ifn-β and 
pro-inflammatory factors tnf-α, il1-β, il-6, il-8 and upregulation 
of the anti-inflammatory factor il-10. Studies with European 
sea bass (Dicentrarchus labrax) [102], as well as with grass carp 
(Ctenopharyngodon idella) [103] challenged with Aeromonas hy-
drophila underline the role of vitamin D in fish immune func-
tions. In the latter study, alleviation of A. hydrophila-induced 
skin lesions and oxidative damage by vitamin D supplemen-
tation were observed along with attenuated cell apoptosis, im-
proved tight junction protein expression, and enhanced immune 
barrier function. The results showed increased antibacterial 
compound and immunoglobulin production, downregulation 
of pro-inflammatory cytokine expression, and upregulation of 
anti-inflammatory cytokine expression. The works of Darias 
et al. [104] and Sivagurunathan et al. [105] document the high 
toxicity of vitamin D at high levels and underline the need for 
controlling supplementation to levels within the optimal range.

A recent study of the roles and requirements of vitamin D in 
fish was conducted with juvenile black carp (Mylopharyngodon 
piceus) [106]. A curvilinear relationship with growth was ob-
served, with the conclusion that the optimum level for growth 
was 25 μg/kg diet. The variation in vitamin level, that is, from 
2 to 75 μg/kg diet, induced curved responses in hemocytes and 
liver regarding the expression of genes coding for IFN-α, ly-
sozyme, hepcidin, natural resistance-associated macrophage 
protein, and C3 and C9, which showed a peak response in the 
range 15–40 μg/kg diet. Above this range, adverse effects were 
indicated in warm water species. A study of vitamin D toxicity 
in blunt head bream/Wuchang bream [107] which also included 
observation of survival after infection by A. hydrophila, showed 
that high doses of vitamin D3 induced structural changes in the 
intestine and liver, abnormal lipid metabolism, weakened he-
patic antioxidant function, increased mortality after pathogen 
infection, and a decline in immunity and anti-stress function. 
The studies with yellow catfish (Pelteobagrus fulvidraco) [101] 
and juvenile turbot (Scophthalmus maximus L.) [108] confirm 

the importance of the role of vitamin D in immune mechanisms 
and disease resistance.

Vitamin D3 was analyzed in 85 commercial fish feeds in 
2020 and showed a mean level of 130 μg/kg (min–max level 
60–500 μg/kg) [80], while the mean level for the time period 
2000–2010 was 260 μg/kg (min–max level 50–1040 μg/kg) [81]. 
EU regulations set an upper limit for the level of supplemented 
vitamin D of 1500 μg/kg, recently increased from 75 μg/kg, 
considering animal and human health consequences, as well 
as environmental concerns. The EFSA document summarizes 
scientific literature relevant for evaluation of the upper level 
of vitamin D in diets for Atlantic salmon [109] as follows: 
Some documentation shows that carnivorous species, such as 
Atlantic salmon, have evolved having a normally high intake 
of vitamin D and may tolerate overdosing of two magnitude 
orders. The conclusion is based on experiments in Atlantic 
salmon given diets containing 40, 2210, and 28,680 μg vitamin 
D3/kg feed, with no effects on weight gain, survival, plasma 
level of calcium, red blood cell count, or hematocrit [96]. The 
effects on growth, mortality, calcium content, and bone for-
mation were investigated in Atlantic salmon fry fed diets con-
taining 200, 5000, and 57,000 μg vitamin D3/kg feed from first 
feeding for 14 weeks. No differences were observed in growth 
parameters, kidney calcium concentration, skeletal malfor-
mations, or histopathological changes between the different 
feeding groups, suggesting that salmon can tolerate up to 
57,000 μg/kg feed [95]. High tolerance has been documented 
for rainbow trout [110]. It should be noted, though, regard-
ing the survival results, that they were observed under control 
and without exposure to challenging pathogens. Whether high 
levels of vitamin D may weaken disease resistance in Atlantic 
salmon after pathogen challenge remains to be investigated. 
Negative effects of high dietary vitamin D levels have been 
observed in other fish species such as black carp [106], blunt 
head bream [107], and gilthead seabream [111].

Information indicating differences in vitamin D requirements 
between life stages or under stressful conditions is lacking in 
Atlantic salmon, nor in any other fish species. Recent findings 
from the industry [92, 112] indicate that special attention needs 
to be paid to vitamin D levels of salmon kept in any form of 
closed containment system and possibly also submersible farm-
ing systems such as sinking or snorkel cages. Rider et al. [113] 
reported that rainbow trout raised in indoor facilities had very 
limited photo-production of endogenous D3, suggesting that the 
dietary need for vitamin D3 could be higher in production sys-
tems limiting exposure to sunlight. Accordingly, high latitude 
may also affect vitamin D requirements and should be investi-
gated. Knowledge of effects of duration, intensity, and type of 
light is required, as the use of such production systems is in-
creasing. This might also imply seasonal differences in require-
ments and increased requirements in early life stages, as these 
are kept in indoor facilities.

2.3   |   Vitamin E

Vitamin E comprises several fat-soluble molecules that possess 
α-tocopherol activity. Tocopherols inhibit lipid peroxidation 
by scavenging lipid peroxyl radicals faster than they can react 
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with adjacent fatty acid sidechains or membrane proteins, hence 
forming a radical by acting as a chain-breaking antioxidant 
[114]. This review will focus on α-tocopherol, which possesses 
the highest tocopherol activity and is the only known vitamin 
E compound to prevent deficiency symptoms, thus cannot be 
replaced with other forms. Free α-tocopherol is easily degraded 
by oxidation in feeds and is therefore supplemented as the stable 
form α-tocopheryl-acetate. The function and importance of vita-
min E in farmed fish have been previously reviewed by Hamre 
[115] and El-Sayed and Izquierdo [116]. Gross deficiency symp-
toms in Atlantic salmon include lean body shape, light skin 
pigmentation, anemia, and yellowish liver color and are mostly 
caused by tissue oxidation [117].

In Atlantic salmon, a minimum α-tocopherol requirement to 
support survival and growth of the fish was determined to be 
30–60 mg/kg in first feeding fry [37] as also reflected in NRC 
recommendation [6]. Similarly, in chinook salmon fingerlings, 
the requirement was determined to be 30 mg/kg [118]. Optimal 
dietary vitamin E levels were primarily determined based on 
nutrient tissue homeostasis and blood parameters. In Atlantic 
salmon fry, an optimal dietary level of 120 mg/kg was suggested 
[37, 38]. Later studies indicate that the requirement levels for 
parr and post-smolt Atlantic salmon range from 150 to 310 mg/
kg using slope-regression models in a nutrient package design 
set-up with a feed formulation high in plant ingredients [39] 
or comparing tissue levels to levels known to give deficiency 
[31, 32].

The vitamin E requirement increases with increasing dietary 
lipid and especially PUFA levels as indicated through an in-
verse relationship in vitamin E and PUFA tissue levels in 
Atlantic salmon [119]. In rainbow trout fed diets containing 
48% EPA and DHA, a minimum of 100 mg α-tocopherol/kg 
diet was required to support growth [120]. This was linked to 
the importance of vitamin E as an antioxidant preventing the 
accumulation of dangerous levels of lipid hydroperoxides. The 
α-tocopherol tissue homeostasis indicates no specific require-
ment of vitamin E during smoltification, although a sharp in-
crease in liver and plasma α-tocopherol levels several weeks 
post smoltification has been reported [39, 121, 122]. Also, 
post-smolts may have increased requirements due to challeng-
ing conditions in sea cages and especially during the “spring 
drop” [31, 32]. Broodstock keep the whole-body concentration 
of vitamin E constant during the starvation period before 
spawning at the expense of vitamin C. Levels of vitamin E of 
~400 mg/kg in the broodstock feed gave first-feeding juveniles 
with whole body vitamin E levels 4–5 times above deficiency 
levels [123].

Vitamin E status affects the immune system and has been as-
sociated with the progression of disease in several fish spe-
cies, including Atlantic salmon. This is often accompanied 
by a general decrease in liver α-tocopherol levels, as observed 
in Atlantic salmon infected with acute pancreatic necrosis 
or pancreatic disease [124, 125]. In Atlantic salmon fed four 
levels of vitamin E ranging from depleted (7 mg/kg) to high 
(800 mg/kg), depleted fish had a significantly increased mor-
tality rate after infection with A. salmonicida [26]. In the 
study, leucocyte numbers and function were similar between 
groups; however, non-specific humoral factors, including 

total hemolytic activity or the ability to opsonize bacteria, 
were significantly impaired in the depleted salmon. The study 
recorded no immunostimulatory response above 326 mg α-
tocopherol/kg [26]. In Atlantic salmon challenged with P. 
salmonis, the effect of α-tocopherol supplementation (150 vs. 
750 mg/kg) on the immune response was dependent on the 
ratio between vitamin E and arachidonic acid, with high α-
tocopherol reducing cumulative mortality by 65%, but only at 
medium arachidonic acid levels [126]. Also, other studies sug-
gest a relation between fatty acids, especially polyunsaturated 
fatty acids, and vitamin E levels on the immune response of 
Atlantic salmon [127]. No immunomodulatory effect on vari-
ous baseline immune parameters or the capability of the fish 
to withstand furunculosis was detected in Atlantic salmon 
fed 40, 300, or 1100 mg/kg α-tocopherol, although liver α-
tocopherol levels were significantly reduced post vaccination 
[128]. The observation that in some studies antioxidants such 
as vitamin C and selenium simultaneously decrease during 
disease progression [124, 128] suggests that the role of vitamin 
E in the immune system might relate to mediating oxidative 
stress, for example, during the respiratory burst of immune 
cells, as suggested by Waagbø [35].

The “spring drop” in Atlantic salmon involves a decrease in fillet 
pigmentation, increased tissue oxidation, and consumption of 
antioxidants, along with an increasing growth rate [129]. Post-
smolt raised in sea cages showed low tissue levels of various an-
tioxidants, including vitamin E, after the spring growth phase 
[29] and a diet high in vitamins containing 210 mg α-tocopherol/
kg lowered the observed oxidative stress effects of manipulated 
high growth [30]. Furthermore, the spring drop caused the vita-
min E requirement to increase to 230–310 mg/kg [31, 32]. Other 
conditions that give oxidative stress may also increase the vita-
min E requirement.

In rainbow trout, vitamin E was described to be an import-
ant regulator of oxidative stress under crowding conditions. 
Diets supplemented with 276 versus 26 mg α-tocopherol/kg 
were able to reduce the mortality in crowded groups when 
fish were fed diets formulated with high levels of long-chain 
omega-3 fatty acids [130], while in another trial a supplemen-
tation of 500 versus 100 mg/kg improved growth performance 
and overall health of rainbow trout under crowding condi-
tions [131].

Vitamin E shows synergistic effects with other dietary anti-
oxidants, especially vitamin C and selenium. The interac-
tive effects become apparent under deficiency situations. In 
vitamin C-deficient Atlantic salmon, tissue vitamin E levels 
showed a significant drop, which was not detected in fish 
fed vitamin C above requirement level [41]. In this regard, it 
was proposed that vitamin C-deficient fish are at risk of de-
veloping a secondary vitamin E deficiency through depletion 
of body stores [115]. However, supplementing α-tocopherol 
in vitamin C-deficient fish from 150 to 300 mg/kg seemed to 
equally cause problems observed by prooxidant effects [41]. 
Indeed, it has been proposed by Tappel [132] that vitamin C is 
required to recycle tocopheroxyl radicals, the radicals formed 
by tocopherol oxidation. This process has been validated in 
in vitro studies, but in vivo studies gave inconclusive results in 
various animals [114]. In Atlantic salmon, the accumulation 
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of tocopheroxyl radicals at limited recycling capacity might 
explain the prooxidant effects of vitamin E supplementation 
in vitamin C-deficient fish [41].

High mortality and advanced clinical symptoms were observed 
in Atlantic salmon fed diets dually deficient in selenium and 
vitamin E [117]. The histopathology and biochemistry of fish 
agreed with damage caused by lipid peroxidation of membranes, 
and the combined selenium and vitamin E deficiency caused 
muscular dystrophy, as opposed to vitamin E deficiency alone 
[38]. The vitamin E deficient fish showed higher activity of glu-
tathione peroxidase enzymes. Several glutathione peroxidases 
are selenoproteins and thus seleno-dependent [133]. Glutathione 
peroxidases can reduce hydrogen peroxides and protect cell 
membranes against lipid peroxidation. Such synergetic roles 
might explain why dietary selenium levels above 0.3 mg/kg pro-
moted tissue α-tocopherol levels in Atlantic salmon and rainbow 
trout [117, 134].

In the most recent evaluation of commercial fish feeds in 
Norway, the average levels of α-tocopherol were 373 mg/kg in 
starter feed, 385 mg/kg in smolt feed, and 340 mg/kg in grower 
feed [80]. The concentrations ranged between 200 and 600 mg/
kg in all feeds. These levels are above the minimum require-
ments mentioned in NRC, and closer to suggested optimal lev-
els, thus reported beneficial under stressful conditions and in 
line with the conclusion following a review on the topic [64]. 
Negative effects of excess vitamin E at the reported levels have 
not been described. Few studies explored the effects of excess 
dietary vitamin E levels in fish. Effects include a reduced blood 
erythrocyte concentration and a prooxidant effect as described 
in fingerling brook trout given excess levels of 5000 mg/kg DL-
α-tocopherol supplementation [135].

A revision of current levels might be warranted in view of the 
on-going replacement of synthetic with natural antioxidants in 
fish feeds. Synthetic antioxidants are used to prevent lipid ox-
idation of raw ingredients and feeds. Oxidized lipids can have 
deleterious effects in fish [136]. Free vitamin E found in plant-
based feed and feed additives prevents lipid oxidation in feeds, 
and both free and esterified vitamin E protect to a certain degree 
from the negative consequences when elevated levels of oxidized 
lipid are consumed [137]. In this regard, it was also proposed 
that vitamin E might improve flesh quality similar to mecha-
nisms of synthetic antioxidants preventing lipid oxidation [138]. 
There is no maximum limit of vitamin E content in feeds. The 
practical used levels are safe for consumers [139].

2.4   |   Vitamin K

Two reviews are the main sources of the information below on 
the source and functions of vitamin K in animals by [140, 141]. 
Vitamin K is a group of compounds with a similar structure. They 
all contain the core structure 2-methyl-1,4-naphthoquinone 
to which a carbon side chain is attached. They differ regard-
ing chain length and desaturation. In a nutritional context, 
three of these compounds are most often in focus. K1, phyllo-
quinone, is produced in photosynthetic organisms like cyano-
bacteria, algae, and green plants. Animal products contain, 
in addition, K2, menaquinone, produced by bacteria of the 

intestinal tract. K2 is again a group of compounds containing 
the 2-methyl-1,4-naphthoquinone ring structure and increasing 
numbers of isoprene units in the side chain. MK4 contains 4 iso-
prenes and is the most abundant K2 form in Atlantic salmon, 
although other forms are also found (Adam et  al., forthcom-
ing). Both K1 and K2 are fat soluble. Interconversion between 
K1 and K2, that is, exchange of side chain, seems to occur in 
the intestine as well as in some other organs [142]. Vitamin K3, 
menadiol, is a water-soluble form of vitamin K, which lacks the 
carbon chain, and is the form most often used as a supplement. 
The K3 form is a metabolite of vitamin K in land animals and 
is converted to active vitamin K metabolites when included in 
the diet [143]. The various forms of vitamin K seem to differ in 
bioavailability depending on the matrix of the source as well as 
the nature of the side chain, species, and possibly also the devel-
opmental stage of the animal [144–147]. Moreover, there is evi-
dence indicating that K3, unlike K1 and K2, may be toxic at high 
inclusion levels, as shown in Atlantic salmon [148] and Atlantic 
cod [149]. However, as no detrimental effects were observed in 
rainbow trout fed high K3 levels [150], species differences may 
exist. Atlantic salmon has been fed up to 47 mg/kg vitamin K3 
without negative effects on growth [15].

Knowledge from land animal studies has documented that vi-
tamin K is involved in γ-carboxylation of glutamic acid residues 
in several proteins. Until now, 19 γ-carboxylated proteins have 
been identified in humans. Among these, seven are mainly in-
volved in the blood coagulation process. They comprise pro-
coagulation factors, including thrombin, as well as several 
anticoagulation factors, all with affinity for Ca. Others of these 
proteins, primarily, have effects on mineralization of bone and 
connective tissue. Osteocalcin is an example with Ca affinity, 
produced in osteoblasts, and regulating hydroxy-apatite devel-
opment. In addition, osteocalcin has been observed to affect 
glucose and lipid metabolism, possibly via effects on insulin 
production, to modulate fertility, and to play important roles 
for the function of the central nervous system. Other of the γ-
carboxylated proteins are transmembrane receptors, for ex-
ample, in the transmembrane receptor tyrosine kinases which 
are important in clearance of apoptotic cells, regulate innate 
immunity, and dampen inflammation [151]. Vitamin K is also 
involved in transcriptional activation of several genes through 
binding to receptors regulating xenobiotic, cholesterol, and bile 
acid metabolism. Moreover, there is evidence for involvement in 
inflammation processes and angiogenesis. The many different 
functions and involvement of vitamin K, and the many knowl-
edge gaps, make selection of biomarkers for evaluation of vita-
min K status difficult. Until now, none of the candidates stood 
out as most useful. The most common markers of vitamin K 
deficiency used in fish studies are blood coagulation time and 
weak and deformed skeleton [152, 153].

The essentiality and functionality of vitamin K are indicated 
from a study of amago salmon (Oncorhynchus rhodurus) fed 
purified diets containing 0 or 40 mg K3/kg for 16 weeks [154]. 
Deficient fish showed reduced growth, hemorrhage, and loss of 
distal tissue in the fins, hyperchromic macrocyte anemia, and a 
prolonged prothrombin time, multifocal hemorrhages with ne-
crosis of the hepatocytes, and telangiectasis in the gill lamellae. 
Severely affected fish showed pale coloration of the skin, liver, 
and gills caused by severe anemia. They had expanded empty 
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sinusoids in the splenic pulp, degenerated hepatocytes, and ne-
crotic renal tubules [152, 153].

Vitamin K is very unstable, and especially K3 is degraded during 
the processing and storage of feed. Less than 5% of the assumed 
requirement of K3 (10 mg/kg) was found in commercial salmon 
feed and when comparing added and analyzed vitamin K3 in ex-
perimental feeds [15]. In the same experiment, 5 mg/kg K1 was 
added to a commercial diet, and 1.7 mg/kg K1 was found in the 
final feed, which represents the sum of K1 present in the feed 
ingredients and the added K1. The instability of vitamin K, and 
the fact that there are several vitamin K forms with potentially 
different bioavailability and metabolism, make it difficult to run 
good requirement studies.

In a vitamin K requirement study with Atlantic salmon juve-
niles, the added vitamin K3 was heavily degraded, but the un-
supplemented diet had ~0.1 mg/kg vitamin K1 [155]. There were 
no beneficial effects of the extra K3 supplementation. Krossøy 
et al. [153] reviewed the role of vitamin K in fish nutrition and 
concluded that current plant-based feeds may have sufficient vi-
tamin K from the feed ingredients. Fish can utilize both vitamin 
K3 and K1, but which level of the two forms covers the require-
ment is unclear. Both forms are converted to MK4 in salmon 
[155]. Requirements in fish, reviewed by [153], range from 0.1 
to 0.45 mg/kg for K1 and from 0.2 to 20 mg/kg for K3, but feed 
concentrations were not measured in some of these studies. The 
most recent NRC publication [6] indicates vitamin K3 require-
ment values only for Atlantic salmon: < 10 mg/kg diet. No in-
formation was found regarding effects of life stage on vitamin K 
requirement. Furthermore, no information is available regard-
ing effects of stress, variation in environmental conditions, or 
production system on vitamin K requirement.

The role of vitamin K, that is, phylloquinone (K1) and menaqui-
none (K2), in immune functions is not well described [156], and 
for fish and shellfish, the knowledge gaps are many [13]. Studies 
of land animals indicate that the two active forms of vitamin 
K have different functions in the immune apparatus, making it 
particularly challenging to reach an understanding of the func-
tions [157]. Vitamin K appears to be involved in the innate as 
well as the adaptive part of the immune apparatus, in modu-
lation of activities of proteins in the complement system, in 
serving as a survival factor for B cells, and, by modulating their 
proliferation responses and cytokine production, as activators of 
T cells [158–160].

With the many functions of vitamin K in an animal body, inter-
actions with other micronutrients would be expected. However, 
very few published studies have such interactions in focus. A 
study of Sivagurunathan [161] addressed possible interactions 
between vitamin K, in the form of K3, and vitamin D3 on gilt-
head seabream larval performance and gene expression related 
to bone development and calcium homeostasis. Clear interac-
tions were observed, underlying the importance of balanced 
supply. Moreover, negative effects of excessive supply were doc-
umented. In mammals, excessive intake of vitamin E has been 
shown to cause reduced vitamin K tissue status and deficiency 
symptoms, although the exact mechanism behind this interac-
tion remains unknown [162]. Similar interactions could be ex-
pected in fish.

The level of vitamin K in Norwegian commercial salmon feeds 
(mg/kg) ranged from 0.12 to 0.33 (K1), 0.07 to 0.12 (K2), and 
0.4 to 3.6 (K3) in starter feeds; while in smolt feeds, 0.03–0.31 
(K1), 0.08–0.23 (K2), and 0.04–14.2 (K3). In the case of grower 
feeds, data only for K1 (0.22–0.38) and K2 (0.06–0.4) were re-
ported [80]. No maximum limits are recommended for vitamin 
K according to EU feed legislation.

2.5   |   Choline

Choline is a water-soluble, saturated quaternary amine, pres-
ent in all cells and tissues. Figure 2 illustrates the main routes 
of choline metabolism and function. Most of the choline in an 
animal's body is integrated into the structure of the phospho-
lipid phosphatidylcholine (PC). PC, and consequently choline, 
is a main component of lipoproteins and therefore essential in 
lipid transport [165, 166]. As early as 1932, it was discovered 
that fatty liver develops in rodents when insufficient choline is 
provided by the diet [167]. Besides being part of PC, choline is 
the precursor of various metabolites with vital functions in an-
imals (e.g., acetylcholine and betaine). It is also a main source 
of methyl groups and therefore plays a key role in DNA and 
histone methylation in epigenetic processes [168]. Choline me-
tabolism interacts with that of the choline precursor serine via 
the sequential S-adenosylmethionine-dependent methylation of 
phosphatidylethanolamine by the phosphatidylethanolamine 
N-methyltransferase (PEMT) pathway, as well as the choline 
oxidation products betaine and methionine [169]. As Figure 2 in-
dicates, the availability of methyl groups from choline requires a 
sufficient supply of the B-vitamins folate, cobalamin, riboflavin, 
niacin, and pyridoxine, and zinc.

Most animals, including teleost fish, can synthesize choline de 
novo via the PEMT pathway to produce PC, which occurs mainly 
in the liver [169]. However, the capacity for choline biosynthesis 
varies among animals, in some species depending on life stage. 
Endogenous synthesis of choline cannot meet the requirements 
for most fish species [13, 170–175]. Choline deficiency symptoms 
reported from studies in fish comprise growth retardation, ex-
cessive lipid deposition in the intestine and liver, early death, 
and poor feed efficiency [176–178]. Excess dietary choline levels 
have also been reported, shown to induce adverse effects in fish, 
such as reduced growth performance, increased mortality, and 
leukocyte infiltration in the intestine [176–178].

Present knowledge on choline requirement in salmonids has 
important gaps. In the most recent NRC report [6], no num-
bers are given for Atlantic salmon at any stage of development. 
For early stages of rainbow trout and some species of Pacific 
salmon, using weight gain and hepatic lipid content as the pri-
mary response criteria, a requirement of 800 mg/kg feed has 
been suggested [6]. A recent series of studies has documented 
choline's essentiality for Atlantic salmon also after early de-
velopmental stages, indicating that biomarkers of lipid metab-
olism, such as histological evidence of lipid accumulation in 
the pyloric caeca, may be more sensitive than corresponding 
markers in the liver [171, 179–182]. The first choline require-
ment study conducted with Atlantic salmon at seawater stage 
showed that a dietary choline inclusion of about 3400 mg/kg 
was necessary to avoid choline deficiency signs in the pyloric 
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caeca of Atlantic salmon weighing around 450 g when fed a 
diet with 29% lipid [179]. Accordingly, in their updated recom-
mendation on dietary vitamin content for farmed salmonids, 
Liu and co-workers suggested a choline requirement of 500–
4000 mg/kg [64]. The role of choline in lipid transport suggests 
that its dietary requirement may depend, not only on life stage, 
but also on several production-related conditions, growth rate, 
dietary lipid level and source, and environmental temperature. 
Follow-up studies document how such physiological and envi-
ronmental factors might affect choline requirement [181, 182]. 
The overall conclusion from these recent studies suggests that 
choline requirement is mainly affected by lipid consumption 
per body weight. A shift in lipid content of the diet from 16% to 
25% increased choline requirement substantially, by 1400 mg/
kg [182]. Effects on the requirement of variation in tempera-
ture, fish size, and dietary fatty acid composition seemed to be 
due mainly to variation in lipid consumption by the fish, that 
is, as a consequence of variation in feed intake and hence lipid 
intake, as well as lipid digestibility [181]. As no information is 
available regarding choline's potentially toxic characteristics 
in Atlantic salmon, information on possible toxic effects of ex-
cessive supply is required.

Regarding potential effects of life stage, little information rel-
evant for salmon nutrition is available in the scientific litera-
ture. A recent study investigating the effect of fish size (1.5 vs. 
4.5 kg start weight) on salmon choline requirement concluded 
that fish size did affect choline requirement [181]. However, 
as the small fish showed relatively higher feed consumption 
per body weight and consequently higher lipid intake, the 
higher choline requirement was concluded to mainly be re-
lated to the higher lipid intake per body weight in the small 
fish. No information regarding choline requirement for im-
mune functions relevant to salmon nutrition is available in 
the scientific literature. However, given choline's key func-
tions in the development of appropriate immune responses, in 
a study in orange-spotted grouper (Epinephelus coioides), Shiu 
et  al. demonstrated that dietary administration of choline is 
essential for robustness against Vibrio alginolyticus infection 
through activation of the complement system and innate im-
munity [183]. Other studies conducted on Jian carp (Cyprinus 
carpio) and grass carp (Ctenopharyngodon Idella) have re-
ported that choline deficiency can impair mucosal immune 
and barrier function [170, 178, 184–186]. No information rele-
vant for salmon nutrition is available regarding the effects of 

FIGURE 2    |    Main pathways and functions of choline. Choline is supplied from the diet as phosphatidylcholine (PC) in the main ingredients and 
as choline chloride in micronutrient supplements. In the digestive tract, PC is hydrolyzed to lyso-PC before transport into the enterocyte and re-
esterification to PC. Free choline is absorbed as such and, in the absorptive cells, bound to di-acyl glyceride (DAG), requiring energy from cytidine 
triphosphate (CTP) forming PC, cytidine diphosphate (CDP), and free phosphate (Pi). As indicated in the figure, choline and PC are interconverted 
in an animal body. PC is incorporated into lipoproteins in which it plays an essential role in the transport of dietary lipid across the gut mucosa. PC 
has similar functions in other lipoproteins transporting lipid components in an animal body. Deficient supply of choline induces accumulation of 
triglycerides in storage vesicles in the enterocytes. PC crossing the gut mucosa is used in lipid transport and storage. Choline, as the main carrier of 
methyl groups (CH3), after being converted to betaine, delivers the CH3 to homocysteine, producing methionine. This conversion requires energy 
as well as Zn and the B vitamins folate, cobalamin, riboflavin, niacin, and pyridoxine. Methionine is thereafter activated to S-adenosylmethionine, 
which delivers CH3 to the many processes in need such as neurotransmitters, lipids, proteins, and nucleic acids [163]. The figure exemplifies CH3's 
role in epigenetic processes, requiring methyl tagging on histones and DNA, known to play important roles, for example, in early development of an-
imals and for rapid and appropriate immune responses upon infections.  Source: Obtained and modified from book chapter by Krogdahl et al. [164].
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stressful conditions or environmental factors, nor on the effect 
of different production systems.

Total choline levels in Atlantic salmon grower feeds used in 
commercial production during the period 2017–2018 varied 
greatly, between 1230 and 3040 mg/kg, independent of di-
etary lipid level [187]. Choline levels in commercial salmon 
feeds may have increased as compared with 2017–2018 num-
bers, given the recent increased attention toward choline re-
quirement of Atlantic salmon, but newer data was not found. 
Currently, there are no regulatory limits for choline in fish 
feeds (EU).

2.6   |   Vitamin C

A review on vitamin C in fish nutrition was written by Sandnes 
[188] and includes a brief history of the discovery and application 
of vitamin C (Ascorbic acid, AA), antioxidant activity, stability, 
and the different vitamin C derivatives. Free AA is very unsta-
ble, and auto-oxidation used to be the most common cause of 
vitamin C loss from feeds before stable forms were introduced, 
with oxidized feeds increasing the degradation rate. The choice 
of l-Ascorbyl-phosphate(s) as the form with the best biological 
activity and stability was taken around 1990 [188, 189]. Before 
that time, it was difficult to run sensible experiments on vitamin 
C requirements in fish, due to its instability in the feed. When 
given l-Ascorbyl-phosphate, the phosphate group is hydrolyzed 
and split from AA in the fish intestine, before absorption of the 
vitamin.

Vitamin C is a water-soluble antioxidant, which protects the or-
ganism against oxidation from free radicals generated through 
normal metabolism and by oxidative challenges such as infec-
tion, tissue damage, oxidative drugs, and pollution. The hypoth-
esis that oxidized vitamin E is regenerated by vitamin C was 
first proposed by Tappel [132] and studies in Atlantic salmon 
[41] support it. Vitamin C also interacts with the endogenous 
redox metabolism in organisms, including Atlantic salmon, as 
oxidized vitamin C appears to be regenerated by glutathione 
[41, 190, 191]. Another function of vitamin C is to keep iron in 
the reduced state, which is necessary for many functions, in-
cluding the synthesis of collagen [192, 193]. Vitamin C can be 
synthetized by many organisms, although not in most fish spe-
cies, where it must be supplemented in the diet [188]. Due to the 
many functions of vitamin C, deficiency or suboptimal supple-
mentation will affect many different biological processes, such 
as growth and development, wound healing, and reproduction 
[188]. Lowered concentration of hydroxyproline, combined with 
scoliosis and lordosis, has been used to quantify the vitamin C 
requirement in fish.

Sandnes et  al. [40] found the minimum dietary requirement 
of vitamin C in juvenile Atlantic salmon (from 1.6 g) to be 
10–20 mg/kg dry diet based on measurements of growth, mor-
tality, hydroxyproline concentrations in skin and backbone, 
and vitamin C concentration in the liver. In another experiment 
with Atlantic salmon, the vertebrae hydroxyproline concentra-
tion also leveled off at 10 mg/kg dietary vitamin C in juveniles 
[41]. Li et al. [42] found that the vitamin C requirement based 
on maximum muscle hydroxyproline was 79 mg/kg feed in post 

smolts. Muscle vitamin C also increased when the dietary con-
centration increased up to between 79 and 135 mg/kg and then 
leveled off. The difference in requirement estimation between 
Sandnes et al. [40] and Li et al. [42] may have been due to differ-
ent life stages or environments, since the latter requirement esti-
mate is in line with increased requirement in post smolts under 
oxidative stress [31].

In Coho salmon post-smolts (from 18 g), the vitamin C require-
ment was in the range of 93–225 mg/kg, dependent on the re-
sponse variable used [194]. A range of response variables was 
applied, where growth, feed conversion, antioxidant enzymes, 
antioxidant activity, malon-di-aldehyde (MDA), and aspar-
tate amino transferase (AST) could be analyzed as nonlinear 
regressions with clear optimums, for example, with negative 
outcomes for both too low and too high levels. Similar nega-
tive effects at high dietary vitamin C have, to our knowledge, 
not been seen in Atlantic salmon, but in theory too much vi-
tamin C can have pro-oxidant effects [195]. Liver vitamin C 
and alanine amino transferase (ALT) concentrations were an-
alyzed using a broken line approach [194], with constant high 
levels above the breakpoint.

In Atlantic salmon parr (from 18 g) the optimum level of vitamin 
C was defined as 190 mg/kg dry diet. This was based on satura-
tion of whole body with ascorbic acid [39]. In post-smolts (from 
228 g) reared in sea cages from January until June, the optimum 
dietary vitamin C based on saturation of ascorbic acid in whole 
body was ~100 mg/kg, but the maximum concentration in whole 
body was very low [39]. Later we have seen that the antioxi-
dant vitamins C and E are heavily consumed during the spring 
growth-burst [29, 31, 32] and it is important to supplement more 
antioxidant vitamins during this period. For vitamin C, 400 mg/
kg appeared to be a safe level for Atlantic salmon post-smolts in 
spring [31, 32]. Whether this difference is actually because of 
different life stages or the environmental changes inflicted on 
the fish in these studies is unclear. However, it seems clear that 
oxidative stress has a large effect on the vitamin C status and 
therefore the requirement.

Disease onset and resulting mortality in channel catfish seem 
to be prevented by dietary levels of vitamin C at moderate and 
high levels, 300 and 3000 mg/kg [188]. The highest levels, but 
not the moderate ones, gave increased antibody production and 
complement activity. Rainbow trout given 0–2000 mg/kg vita-
min C for 28 weeks found that fish fed 500–2000 mg/kg vitamin 
C and infected with Vibrio anguillarum had improved antibody 
production and survival [196]. Further, 1000 mg/kg Vit-C also 
improved the wound healing process [197]. Vitamin C deficient 
fish seem to be vulnerable to disease, and increasing vitamin C 
can decrease mortality in fish challenged with pathogens, espe-
cially the very high levels. However, vitamin C has only a few 
clear effects on the different biomarkers of the immune systems 
[188] and references therein, [198].

Serum complement activity was the only affected factor of 
measured non-specific immune responses in Atlantic salmon 
fed deficient, normal, or high levels (50, 310, and 2750 mg/kg) 
of vitamin C [27]. The humoral responses measured after im-
munization with A. salmonicida were unaffected by vitamin C. 
After infection with A. salmonicida, mortality was increased in 
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vitamin C-depleted fish. A comprehensive review on the effects 
of vitamin C on fish health by Trichet et al. [199] covers effects 
on specific responses of both innate and specific immunity re-
sponses in different fish species, including rainbow trout and 
Atlantic salmon.

Sandnes [188] refers to several studies where different fish spe-
cies were subjected to different kinds of handling or confine-
ment stress. Some studies showed no effect of vitamin C on the 
stress responses, such as increased plasma cortisol or glucose, 
and also no effect of stress on tissue levels of vitamin C. A study 
by Tucker et al. [200] showed vitamin C depletion in the brain 
in response to confinement stress, while [201] found no decrease 
in tissue vitamin C or effect of dietary vitamin C on the stress 
response after moderate physical stress in Atlantic salmon. 
Thompson et al. [202] also found very few effects of dietary vita-
min C on the stress response in Atlantic salmon exposed to con-
finement stress, with exception for antibody titers and plasma 
and leucocyte bactericidal activity. Vitamin C did not prevent 
the downregulation of the immune system caused by the con-
finement stress.

The impact of oxidative stress caused by growth stimulation can 
be prevented by adding extra dietary antioxidants as described 
above [30]. Many contaminants are toxic through induction of 
oxidative stress. For those, vitamin C will often protect against 
the negative effects, and consequently, tissue levels are depleted. 
High concentrations of dietary vitamin C are often beneficial in 
this context [188] and references therein.

Vitamin C interacts with other dietary and endogenously pro-
duced antioxidants to protect the organism against oxidation 
[29]. As an example, vitamin C regenerates oxidized vitamin 
E in Atlantic salmon [41, 123, 203]. The interaction described 
above between vitamin C and iron affects iron absorption, he-
moglobin function, and hydroxylation of molecules in, for ex-
ample, hydroxyproline production for collagen [188]. The redox 
state of other transition metals, such as iron (Fe3+ to Fe2+) may 
also be affected by vitamin C [204].

Vitamin C in current commercial feeds range from 140 to 
1000 mg/kg (mean level 392 mg/kg) in grow-out feeds, while 
levels in start feeds and smolt feeds are a bit higher (mean level 
491 and 661 mg/kg, respectively) [80]. No legislation limits are 
relevant for vitamin C.

2.7   |   B-Vitamins

The B-vitamins include a total of eight water-soluble vitamins: 
thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid 
(B5), pyridoxine (B6), biotin (B7), folate (B9), and cobalamin 
(B12). For water-soluble vitamins, the body has a limited ca-
pacity to store them, so regular intake is necessary for optimal 
metabolism [205]. As for other vertebrates, the B-vitamins play 
essential roles in numerous processes within cell metabolism, 
and deficiency symptoms can come gradually and have diverse, 
but severe outcomes if the deficiency continues [206]. These vi-
tamins have both catabolic functions, which result in energy 
production, and anabolic functions, which involve the synthesis 
of biomolecules [205]. The B-vitamins function as coenzymes 

in biochemical reactions, either individually or as part of B-
vitamin-enzyme complexes. They also interact within the same 
pathways or in neighboring enzymatic processes. In this way, 
the availability of each vitamin supports or enhances the func-
tionality of important pathways in intermediary metabolism, 
such as glycolysis, the Krebs cycle, and oxidative phosphory-
lation [207]. Some metabolites rely on several B-vitamins in 
their production pathways. For example, vitamin B6 is crucial 
for the metabolism of amino acids and the synthesis of neu-
rotransmitters, processes that also depend on vitamin B12 and 
folate in the one-carbon metabolism [208]. Epigenetic mecha-
nisms, such as chromatin-modifying enzymes, use metabolites 
like S-adenosylmethionine (SAM) and acetyl CoA as substrates 
[208–210]. Consequently, feed B-vitamin levels can lead to long-
term nutritional programming effects that influence the activity 
of metabolic pathways [211, 212]. Overall, for fish, as for other 
vertebrates, maintaining adequate levels of B-vitamins through 
a balanced raw material composition and the supplementation 
of extra B-vitamins in the pre-mix is crucial to fulfilling cellular 
physiological processes and enabling metabolic pathways. There 
are no regulatory issues relevant for the concentration of any of 
the B-vitamins in salmon feed.

2.7.1   |   Thiamine (Vitamin B1)

Thiamine, also known as vitamin B1, gained initial importance 
due to its association with the neurological disease beriberi. 
For fish, Schneberger's important work in 1941 marked one 
of the earliest reports of this vitamin, as he gave thiamine to 
rainbow trout to reduce a diet-related disorder, as described in 
[13]. Thiamine comprises a chemical structure consisting of a 
pyridine ring and a thiazole ring. The active form is thiamine 
pyrophosphate (TPP), which participates as a coenzyme in enzy-
matic reactions related to converting carbohydrates into energy 
[207]. It serves important metabolic functions like the synthesis 
of acetyl-CoA (pyruvate dehydrogenase complex) in glycolysis, 
of succinyl-CoA (α-ketoglutarate dehydrogenase complex) in the 
Krebs' cycle, and of α-keto acids (branched chain α-keto acid de-
hydrogenase complex) derived from the three branched-chain 
amino acids valine, isoleucine, and leucine oxidative decarbox-
ylation to produce acyl-CoA derivatives [207].

Thiamine also functions in the pentose-phosphate-shunt 
through the enzyme transketolase. One example of the need 
for thiamine is the coenzyme thiamine pyrophosphate, which 
acts as a transient carrier and transfers aldehydes in biochemi-
cal reactions. Organs that rely on carbohydrate energy are par-
ticularly sensitive to thiamine deficiency, such as the brain, eye 
lens, nerve, and muscle tissue. Consequently, thiamine is essen-
tial for nervous system function as well as muscle contraction 
[213]. Thiamine deficiency impairs TPP-dependent enzymes, 
which are important for intermediate metabolism, antioxidant 
defenses, and growth. It reduces ATP production and has conse-
quences for both neurological functions and development in the 
early stages [13, 213]. Thiamine deficiency can arise when fresh 
raw materials from fish such as herring and sprat are utilized as 
feed ingredients, as they contain the enzyme thiaminase [214]. 
Thiaminase cleaves thiamine between its pyridine and thiazole 
rings, rendering it inactive. However, the activity of thiaminase 
is neutralized through heat treatment of the feed.
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Thiamine requirements in Atlantic salmon are not stated by the 
NRC in 2011, while minimum requirements in rainbow trout 
are given at 1 mg/kg based on growth criteria [6]. Liver thiamine 
saturation has been used as an alternative criterion to establish 
thiamine requirements in salmonids, giving a recommenda-
tion of 10–12 mg/kg in rainbow trout and 10–15 mg/kg in coho 
salmon, as outlined by [6, 215]. Hemre et al. [43] tested seven 
levels of thiamine from 3.4 to 16 mg/kg, as part of a micronu-
trient package in a plant-based diet, and recommended a min-
imum of 6.3 mg/kg based on muscle thiamine levels [43]. More 
data on thiamine requirements are needed as there is no study 
providing quantitative data for Atlantic salmon at any stage of 
the life cycle.

It could be expected that juveniles exhibit greater susceptibility 
to suboptimal thiamine compared with older fish due to their 
higher growth rate and limited storage capacity [13]. Otherwise, 
thiamine deficiency has been linked to reproductive failure 
and the occurrence of the early mortality syndrome M74 in the 
offspring of several wild Atlantic salmon populations, linked 
to high thiaminase activity in prey [216], as described above. 
Thiaminase is not an issue in fish fed extruded feed as it is deac-
tivated by heat [215].

The role of thiamine in the immune system of salmonids has re-
ceived little attention. In Lake trout (Salvelinus namaycush) thia-
mine was shown to induce both T-dependent and T-independent 
immune dysfunction [217]. Such deviations in immune response 
may be linked to a reduced disease resistance in vivo, although 
infection trials are currently lacking.

As thiamine is an important co-factor in energy and carbohy-
drate metabolism, high carbohydrate diets increase thiamine 
requirements in mammals [218]. This has also been observed 
in Wuchang bream (Megalobrama amblycephala) [219] while 
studies in salmonids are missing. It has been suggested that 
high levels of polyunsaturated fatty acids may deplete thiamine. 
However, no correlation between thiamine levels and the fatty 
acid profile of Atlantic salmon was found when monitoring var-
ious wild populations of Atlantic salmon [220]. Magnesium is a 
cofactor for enzymes that use TTP in energy metabolism, while 
adequate Mg supply may enhance thiamine utilization at low 
concentrations. Therefore, a double deficiency of Mg and thi-
amine has been shown to exacerbate deficiency symptoms in 
Lake trout [221].

In a recent analysis of commercial salmon feeds, the grow-out 
diets contained approximately 25 mg/kg of thiamine, while the 
broodstock diets contained ~31–43 mg/kg [222]. It might be 
recommended to use higher levels of thiamine when feeding 
plant-based materials due to the low digestibility of B vitamins 
in these formulations [206].

2.7.2   |   Riboflavin (Vitamin B2)

Riboflavin has a complex structure with a ribose-like side chain 
of three ring structures and acts as part of the coenzymes fla-
vin adenine dinucleotide (FAD) and flavin mononucleotide 
(FMN) ensuring the functionality of various flavoenzymes 
[223]. Examples of FAD-dependent flavoenzymes are: succinate 

dehydrogenase converting succinate to fumarate in the citric 
acid cycle, which produces FADH2 and is the only membrane-
bound enzyme in the citric acid cycle (inner mitochondrial 
membrane); acyl-CoA dehydrogenase converting palmitoyl-
CoA to enoyl-CoA in fatty acid oxidation (b-oxidation); and 
dihydrolipoyl dehydrogenase (also called E3) in the oxidative 
decarboxylation of pyruvate to acetyl CoA by the pyruvate de-
hydrogenase complex to produce FADH2 [207]. In addition, the 
FMN-linked glycerol-3-phosphate dehydrogenase is located on 
the inner mitochondrial membrane facing the intermembrane 
space, where it transfers electrons to the respiratory chain by 
reducing ubiquinone [224]. As such, riboflavin contributes to 
central biochemical reactions and metabolism of the energy-
yielding macronutrients. Riboflavin also has a central role in 
redox-enzyme systems since FAD is a coenzyme of glutathione 
reductase, regenerating reduced glutathione from oxidized glu-
tathione, essential to maintain redox homeostasis [225]. General 
symptoms of dietary vitamin B2 deficiency are reduced growth 
and appetite, survival, and reduced feed intake, nervous behav-
ior, abnormal skin pigmentation, whereas more specific symp-
toms of riboflavin deficiency are cataracts, photophobia, and 
other eye problems but can also lead to anemia and facial and 
fin deformities [6].

The dietary recommendation of riboflavin depends on the raw 
materials, whereby requirements appear higher when using 
plant-based feed formulations [226]. A recommendation for 
Atlantic salmon is not given by NRC [6]. However, Hemre et al. 
[43] recommended including 10–12 mg/kg for salmon when fed 
a plant-based diet at the parr stage based on muscle tissue levels. 
On the other hand, liver and muscle tissue saturation in Atlantic 
salmon parr was reached when given diets containing 6.4 mg 
riboflavin/kg diet in a fishmeal-based formulation [227]. For 
the post-smolt stage, diets containing graded levels of riboflavin 
ranging from 2.7 to 20 mg/kg did not change muscle tissue levels 
[43]. The requirements for rainbow trout and Pacific salmon are 
stated at 4 and 7 mg/kg, respectively, by [6]. Overall, the require-
ment values in rainbow trout ranged between 1.7 and 6.6 mg/kg 
depending on selected response parameters as summarized by 
Hansen et al. [206]. The activation coefficient of either D-amino 
acid oxidase in liver or glutathione reductase in red blood cells 
seems to be a sensitive biomarker in these studies. However, the 
riboflavin requirements in rainbow trout were not affected by 
temperature-determined differences in growth rate [228].

Riboflavin is a known regulator in the NRF2 signaling path-
way, which regulates antioxidant and anti-inflammatory gene 
expression, inhibiting the progression of inflammation through 
cytokines [229]. This effect has been confirmed in young grass 
carp (Ctenopharyngodon idella), where riboflavin deficiency 
caused oxidative stress to gill and intestinal tissues [230, 231]. 
This was associated with reduced lysozyme activity in the intes-
tine, suggesting decreased immune function. Comparable stud-
ies in the mucosal barrier tissues of Atlantic salmon are lacking. 
However, when coho salmon post-smolts were fed diets contain-
ing seven levels of riboflavin, grading from 0 to 127 mg/kg, the 
maximum antioxidant enzyme response was achieved at about 
32 mg/kg [232]. In this context, it might be advisable to perform 
updated practical requirement studies in Atlantic salmon look-
ing at immune response parameters when using practical feed 
formulations.
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Flavoproteins are required in fatty acid metabolism and thus an 
interaction between dietary riboflavin and lipid concentrations 
has been suggested. In Atlantic salmon, a negative correlation 
between tissue riboflavin and lipid levels has been described 
[227]. This was suggested to be the result of a limited intestinal 
riboflavin uptake from high-energy diets, suggesting higher ri-
boflavin levels might be needed.

In recently analyzed commercial salmon feeds, grow-out diets 
contained 17–20 mg/kg of riboflavin, while the broodstock 
diets contained ~25–30 mg/kg [222]. Additionally, riboflavin 
levels in eggs varied with the spawning season, ranging from 
3.0 to 3.7 mg/kg, with the highest levels observed in the late 
season.

2.7.3   |   Niacin (Vitamin B3)

Vitamin B3 (niacin) is part of a co-enzyme complex that con-
tributes to energy metabolism both in the citric acid cycle and 
in the mitochondrial electron transport chain. Niacin provides 
the nicotinamide moiety of the co-enzymes: nicotinamide ad-
enine dinucleotide (NAD) and nicotinamide adenine dinu-
cleotidephosphate (NADP). In addition, niacin provides the 
nicotinamide moiety of the pyridine nucleotides. Thereby, NAD 
and NADP refer to nucleotides without specifying the oxida-
tion state, while NAD+ and NADP+ refer to the oxidized form 
[207]. NADP in tissues is 10 times lower than NAD. NADPH 
(the reduced form) plays a crucial role in antioxidant defense 
and regulates cellular signaling via NADPH oxidases (NOX). 
NAD+ functions mainly in catabolic oxidation reactions, while 
NADPH is used in anabolic reduction reactions. More than 200 
enzymes catalyze these kinds of reactions, and they are com-
monly called oxidoreductases or dehydrogenases. These are en-
zymes that metabolize carbohydrates, lipids, and amino acids 
into ATP (energy production). Fish exhibit diffuse symptoms 
under niacin deficiency such as reduced growth and appetite, 
sores and fin problems, abnormal swimming behavior, and can 
cause mortality [13].

Knowledge on niacin requirement and metabolism in salmo-
nids is scarce and requires attention. Although tryptophan 
can be converted into niacin in many animals, this abil-
ity appears to be limited in fish [233], including salmonids 
[234] enhancing the importance of proper dietary supply. 
The recommended organs to assess the nutrient status of ni-
acin are liver and muscle, and the minimum requirement is 
~10–150 mg/kg in rainbow trout and Pacific salmon, respec-
tively [6]. Recommendation for Atlantic salmon was given at 
~65 mg/kg based on whole body composition when niacin was 
given in combination with other micronutrients using plant-
based formulations [43]. In plant feed ingredients, niacin is 
less bioavailable for fish [226].

Studies on niacin in the immune system of Atlantic salmon or 
other salmonids are lacking. However, dietary niacin affected 
the anti-inflammatory and immune response in the mucosal 
tissues, gill, and intestine of young grass carp through activa-
tion of the NF-kB pathway [235, 236]. A similar effect has been 
observed in the intestine of juvenile turbot (Scophthalmus maxi-
mus) [237]. However, the interaction between dietary niacin and 

dietary energy levels on TNF-a mRNA expression in farmed ti-
lapia (Oreochromis niloticus) [238] suggests that this effect might 
also relate to the role of niacin in tissue glycogen and lipid depo-
sition [239, 240].

In a recent analysis of salmon feed, the grow-out diet contained 
130–140 mg/kg of niacin, while the broodstock diet contained 
~160–190 mg/kg [222]. Feeding a broodstock or grower diet did 
not have any influence on the niacin levels in the broodstock 
tissues or eggs.

2.7.4   |   Pantothenic Acid (Vitamin B5)

Vitamin B5 (pantothenic acid) is an essential part of coenzyme 
A (CoA), which transfers acetyl and acyl groups in energy me-
tabolism. Coenzyme A has an important function in binding 
fatty acids so that they can enter the citric acid cycle and release 
energy from beta-oxidation [207]. Other important functions 
include the synthesis of the neurotransmitter acetylcholine, the 
synthesis of cholesterol, and the acetylation of aromatic amines. 
The catabolism of branched-chain amino acids (isoleucine, leu-
cine, and valine) in the mitochondria also requires CoA as a 
cofactor. Tissues that are particularly rich in mitochondria and 
cells undergoing rapid division are especially sensitive to panto-
thenic acid deficiency, such as gill tissue and early developmen-
tal stages. Symptoms of vitamin B5 deficiency in fish include 
hyperplasia in gill tissue, reduced growth, anemia and bleeding, 
sores, and changes in swimming behavior [13].

The requirement for pantothenic acid in salmonids is reported 
to be 20 mg/kg feed [6], based on data from rainbow trout and 
Pacific salmon. This agrees with data obtained in Atlantic 
salmon parr fed plant-based practical feeds. Hemre et  al. [43] 
recommended 22 mg/kg based on saturation of pantothenic acid 
levels in gill filaments. However, Vera et al. [226] recommended, 
based on tissue homeostasis, to increase pantothenic acid lev-
els in the feed for Atlantic salmon to 58 mg/kg when using 
plant-based feed formulations. Nevertheless, pantothenic acid 
requirement studies in Atlantic salmon have been performed 
following nutrient package design trials using tissue homeosta-
sis as response criteria. Hansen et  al. [206] pointed out that a 
range of biomarkers including growth, tissue homeostasis, and 
enzyme activity have been used to establish pantothenic acid re-
quirements in fish, giving large variation (6–36 mg/kg) across 
species. Therefore, a dose–response study in Atlantic salmon 
might be warranted, looking at different response criteria.

Studies on the effect of pantothenic acid on stress resistance, 
immunity, and health remain to be conducted in Atlantic 
salmon. Few studies performed in other fish species suggest 
that optimal [241] (Ctenopharyngodon idellus) pantothenic 
acid supply (37–43 mg/kg) was described to alleviate the ef-
fects of hypoxia-induced liver injury by enhancing the liver 
energy metabolism, showing increased contents of liver gly-
cogen and pyruvate levels, and by bolstering the antioxidant 
defense with decreased ROS and MDA levels [242]. In addi-
tion, the gene expression of various antioxidant and inflam-
matory parameters of the NFkB pathway was activated in the 
intestine [243]. Similar effects in the antioxidant system have 
been described in black carp (Mylopharyngodon piceus) [241] 
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and fingerling catla (Catla catla) along with an increased ly-
sozyme activity [244]. In juvenile Jian carp (Cyprinus carpio) 
dietary pantothenic acid levels of 56–70 mg/kg were reported 
to increase survival after infection with Aeromonas hydroph-
ila [245].

Mean pantothenic acid levels in Norwegian commercial Atlantic 
salmon feeds were well above the recommended dietary levels. 
The highest level of pantothenic acid was found in the starter 
feed (mean: 69 mg/kg), while the smolt feed had a mean of 
62 mg/kg, and the grow-out feed had a mean of 49 mg/kg [80], 
whereas the broodstock diet contained ~85–89 mg/kg [222].

2.7.5   |   Pyridoxine (Vitamin B6)

Vitamin B6 participates as a co-enzyme (pyridoxal phosphate 
and pyridoxamine phosphate) in the metabolism of amino acid 
transformation, lipids, and glycogen, and is important for the 
synthesis of porphyrins (cytochromes: hemoglobin and myo-
globin), neurotransmitter production (serotonin), and regulat-
ing the balance of steroid hormones. There are different forms 
of vitamin B6, with pyridoxine found mainly in plant materi-
als, while pyridoxal is found in animal materials. Pyridoxal 
(pyridoxal-5-phosphate [PLP]) is the active molecule that func-
tions as a coenzyme for more than 100 enzymatic reactions in 
metabolism [207]. Pyridoxine functions in carbon, protein, and 
lipid metabolism [13]. Like cobalamin and folate, pyridoxine is 
also important for transsulfuration and production of taurine 
and glutathione in Atlantic salmon and thus may affect both 
oxidation and fatty liver development [211, 212, 246]. Classical 
deficiency symptoms are reduced growth, anemia, reduced feed 
intake, nervous behavior, and mortalities [13].

The NRC recommendation on vitamin B6 in salmonids ranges 
from 3 to 6 mg/kg, based on data from rainbow trout (3 mg/kg), 
Pacific salmon (6 mg/kg), and Atlantic salmon (5 mg/kg) [6]. 
Hemre et al. [43] recommended that dietary pyridoxine should 
be 10 mg/kg (based on muscle B6 levels) when Atlantic salmon 
parr were fed plant-based diets. A refinement of this with ad-
ditional levels of vitamin B6, B12, folate, and methionine, and 
vitamin B6 ranging from 6.75 to 11 mg/kg were fed to Atlantic 
salmon over smoltification and for 3 months growth in sea water. 
During this period, the fish fed the diet containing 8–9 mg pyr-
idoxine/kg diet (along with increased levels of other 1C nutri-
ents) grew better and showed the smallest relative liver weight 
[44]. This diet also improved the transcriptional profile of the 
lipid biosynthesis pathway and enhanced the protein synthesis 
through the interaction between epigenetic DNA methylation 
and gene expression in the liver [247, 248]. Nevertheless, a ded-
icated assessment of the B6 requirement in Atlantic salmon is 
yet to be conducted. A recent review on pyridoxine in fish con-
cludes that the requirement appears to be highly dependent on 
protein intake [249]; hence, life-stage-related differences would 
be expected in A. salmon. Further, stress-mitigating effects of B6 
have been observed in several animals including fish [249], but 
remain to be explored in A. salmon. However, a recent study in 
rainbow trout has shown interactive effects of pyridoxine and 
selenium on transsulfuration metabolites under oxidative stress, 
indicating that these two micronutrients interact to maintain 
glutathione homeostasis under stressful conditions [250].

In the feed report 2023 the vitamin B6 level in the start feed was 
17 mg/kg, whereas smolt feed had a mean of 15 mg/kg and the 
growth feed had a mean of 13 mg/kg [80], while broodstock diet 
ranged from 22 to 25 mg/kg [222].

2.7.6   |   Biotin (Vitamin B7)

Biotin, also called vitamin B7 or vitamin H, plays an import-
ant role as a coenzyme transferring CO2 in central metabolic 
processes. Biotin functions as a cofactor for the carboxylase 
enzymes (e.g., acetyl-CoA carboxylase, pyruvate carboxylase, 
propionyl-CoA carboxylase), which are involved in gluconeo-
genesis (production of glucose), amino acid metabolism as well 
as fatty acid and nucleic acid metabolism [207], hence facilitat-
ing the conversion and breakdown of fats, proteins, and car-
bohydrates to energy. The role of biotin for the biosynthesis of 
fatty acids is important for maintaining healthy cell membranes 
during growth, while supporting protein metabolism is neces-
sary for muscle and tissue development. Recently, new roles for 
biotin have emerged related to gene expression and reproduction 
in mammals, while limited information is available in fish [251].

Interestingly, the interaction between biotin and avidin (raw 
egg-white protein) or biotin and streptavidin (a bacterial protein 
closely related to avidin) is among the strongest protein bound 
interactions [207]. As such, inclusion of raw egg white into fish 
diet led to biotin deficiency and gave morphological changes in 
the gill lamellas of juvenile Atlantic salmon [45]. The first evi-
dence that also fish require biotin emerged in 1945, when trout 
developed what was known as “the classical blue slime patch 
disease” characterized by morphological changes in the mucus-
producing cells of their gills [13]. Generally, deficiency causes 
changes in skin and gills as well as low appetite combined with 
reduced growth. Salmon with biotin deficiency show short and 
thickened gill lamellae, hypertrophy (increased cell size) and 
hyperplasia (increased number of cells). Biotin supports skin 
and scale integrity in fish. It is involved in keratin formation, 
helping to maintain strong, healthy scales and fins.

NRC lists a requirement of 0.15–1 mg/kg for rainbow trout and 
Pacific salmon, respectively, while no requirement for A. salmon 
is given [6]. A dose–response trial was run in A. salmon fry using 
a practical diet and 0–1.5 mg/kg added biotin, concluding that 
the 0.3 mg/kg present in the basal diet was already sufficient [45].

Biotin is produced in plants, as well as fungi and bacteria, 
whereas vertebrates, like fishes, cannot synthesize biotin and rely 
on dietary intake and biotin produced by intestinal microflora to 
meet their nutritional needs. The key organs involved in biotin 
metabolism include the liver, which is the primary site of biotin 
utilization. Dietary biotin exists in both free and protein-bound 
forms. Protein-bound biotin is broken down by gastrointestinal 
proteases and peptidases into biocytin and biotin-containing 
peptides, and further, in the intestine, biocytin is hydrolyzed to 
free biotin and lysine by the enzyme biotinidase.

Biotin is present in a range of feed ingredients, which would 
mostly cover fish requirements [6]. While measuring a grow-out 
diet we found levels at 0.8 mg/kg vitamin biotin, while brood-
stock diets ranged from 1 to 1.3 mg/kg [222].

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



17 of 37

2.7.7   |   Folate (Vitamin B9)

Folate is a collective term for the different forms of folate 
involved in the folate cycle, whose main task is to trans-
fer one-carbon units from amino acids to homocysteine 
in the methionine cycle to remethylate it to methionine 
(Figure  3). This reaction is important for the formation of 
S-adenosylmethionine, which donates one-carbon units to 
methylation reactions in the cell, including the epigenetic reg-
ulation of genetic material [211]. Folate also has an important 
function in cell division as a substrate to produce nucleic acids 
and the synthesis of both purines and pyrimidines, which are 
the building blocks of DNA and RNA. Additionally, folate is 
particularly critical for developing tissues and for cell division 
in the central nervous system, as well as for tissues with a high 
rate of proliferation. As folate is important for growth, methyl-
ation reactions, and cell divisions, it is important that require-
ments are fulfilled, especially in cells with a rapid turnover 
rate such as blood cells and embryonic development. Like 

cobalamin, the active form of folate (tetrahydrofolate, THF) 
participates as a methyl donor in the 1C metabolism upon 
remethylating homocysteine to methionine [206]. Deficiency 
will reduce growth and might also give megaloblastic anemia 
in Atlantic salmon [253].

Folic acid is a manufactured form, which is more stable and 
bioavailable than the folate vitamers naturally occurring in 
feed ingredients, and it is therefore the preferred feed additive. 
Regarding feed ingredients, folate is generally higher in plant 
sources, with soy protein concentrate (SPC) being particularly 
high. Folate is sensitive to light, temperature, and oxygen level 
when the feed is stored [13].

The folate requirement of salmonids reported by NRC was 
1–2 mg/kg in rainbow trout and Pacific salmon, respectively [6]. 
The folate requirement was suggested to be ≥ 3.3 mg/kg when A. 
salmon parr were fed a plant-based diet, based on a lack of tissue 
saturation in the liver and reduced growth when fed below this 

FIGURE 3    |    Key nutrients, pathways, and metabolites related to B-vitamin functions of the: Thiamine (B1), riboflavin (B2), niacin (B3), 
pantothenic acid (B5), pyridoxine (B6), biotin (B7), folate (B9), and cobalamin (B12). The B-vitamins function as coenzymes in reactions in 
A: 1-C metabolism including the folate cycle, methionine cycle, and transsulfuration pathway for redox regulation and B: TCA cycle and 
intermediate pathways regulating acetyl CoA including glycolysis, fatty acid β-oxidation, and amino acid degradation. Numbered enzymes: 
1: Serine hydroxymethyltransferase, 2: Methylene-tetrahydrofolate reductase, 3: Methionine synthase, 4: Methionine adenosyltransferase, 
5: Methyltransferases, 6: Cystathionine synthase, 7: Cystathionase, 8: Citrate synthase, 9: Isocitrate dehydrogenase, 10: α-ketoglutarate 
dehydrogenase complex, 11: Succinyl-CoA synthetase, 12: Succinate dehydrogenase, 13: Fumarase, 14: Malate dehydrogenase, 15: Pyruvate 
dehydrogenase. CoA, coenzyme; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; TCA, tricarboxylic acid cycle; THF, 
tetrahydrofolate.  Source: Modified from a book chapter by Skjærven et al. [252].
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level [43]. Growth was reduced when higher doses of folate were 
fed to Atlantic salmon [44, 226]. However, in all three studies, 
folate was only one of several nutrients added together; hence, 
effects on growth may have been caused by other nutrients or 
nutrient interactions. A dose–response study only on folate to 
estimate the requirement for A. salmon is lacking.

From the feed report 2023, the mean levels of folate in the start 
feed were 6.7 mg/kg, smolt feeds had a mean of 7.3 mg/kg, 
whereas the grow-out feeds had a mean level of 5.1 mg/kg [80]. 
While measuring a grow-out diet, we found levels at 6–9 mg/kg 
folate, while the broodstock diet had from 15 to 16 mg/kg [222]. 
Due to its important roles in cell division and DNA methylation, 
folate status in broodstock and eggs of A. salmon has received 
particular attention. Manipulation of spawning time has been 
shown to alter folate levels in both liver, muscle, and gonads of 
the broodstock, as well as in eggs [254–256]. Folate levels are 
also altered due to water temperature, and with higher tempera-
tures, the levels increase in the liver while they decrease in the 
muscle tissue [257].

Recently, EFSA has suggested an upper limit of 10 mg/kg for 
finfish, based on a risk evaluation of added folic acid in animal 
feeds that found no negative effects for terrestrial animals, but 
two recent studies showing negative effects in aquatic animals 
[258]. The only study showing negative effects on fish was on 
blunt snout bream (Megalobrama amblycephala) fingerlings 
[259]. In A. salmon, no adverse effects have been observed in 
broodstock fed 16 mg/kg [222].

However, muscle folate levels were 5-fold higher in farmed 
(mean 0.2 mg/kg; n = 10; year 2006) compared with wild salmon 
(mean 0.04 mg/kg; n = 27; year 2012) (https://​sjoma​tdata.​hi.​no), 
which might suggest unnecessary high addition of folic acid to 
farmed salmon feed.

2.7.8   |   Cobalamin (Vitamin B12)

Vitamin B12 (Cobalamin) is produced by bacteria and is natu-
rally found in animal-based feed ingredients but not in plants. 
Vitamin B12 contains cobalt, an essential trace element, which 
forms a red crystalline compound that is sensitive to light and 
can therefore degrade or become unstable during feed storage 
[13, 207]. Cobalamin is important for DNA production in cells 
as a cofactor for the enzyme that remethylates homocysteine 
to methionine, linking the folate cycle and methionine cycle 
[211] (Figure 3). This process is especially important for grow-
ing cells, such as in the embryonic stage, but also for cells with 
high rates of proliferation. In mitochondria, vitamin B12 plays 
an important role in the production of succinyl-CoA in the cit-
ric acid cycle [13, 211]. Cobalamin is together with pyridoxine, 
methionine, choline, and folate important metabolites for the 1C 
metabolism in fish as in other animals. Thus, nutritional limita-
tion alters the methylation capacity and influences the metabo-
lism during smoltification, as well as over to the next generation 
[44, 248, 260]. Any deficiency in cobalamin reduces growth and 
can result in megaloblastic anemia [206].

According to NRC, the only quantitative requirement estimate 
on B12 for salmonids is 0.02 mg/kg in Pacific salmon [6]. Atlantic 

salmon fed diets containing more than 0.17 mg/kg had saturated 
cobalamin levels in muscle and liver tissues [43]. Atlantic salmon 
fed 0.18 mg/kg cobalamin (along with increased levels of other 
1C nutrients) improved growth and performed better through 
smoltification and after 3 months in seawater, compared with 
higher and lower levels [44].

From the feed report 2023, the mean levels of vitamin B12 in the 
start feed and smolt feed were 0.2 mg/kg, whereas the growth feed 
had a mean level of 0.12 mg/kg [80]. While measuring a grow-out 
diet, we found levels at 0.24–0.3 mg/kg vitamin B12, while brood-
stock diets ranged from 0.25 to 0.41 mg/kg [222]. Vitamin B12 
levels of eggs are sensitive to broodstock handling and were sig-
nificantly affected by spawning time (early, normal, or late spawn-
ing season) [254]. The vitamin B12 levels were also reduced in the 
eggs if broodstock were kept in RAS before spawning [255].

3   |   Trace Minerals

Of all 90 naturally occurring inorganic elements, 29 are consid-
ered essential for all animals including fish [261], but only a few 
of them have been studied in fish. Dietary requirements are es-
tablished for macro-minerals such as phosphorus (P), calcium 
(Ca), potassium (K), magnesium (Mg), and sodium (Na); and 
trace minerals such as copper (Cu), iron (Fe), iodine (I), manga-
nese (Mn), selenium (Se), and zinc (Zn) for one or more salmo-
nid species, reviewed by [18, 262]. Mineral nutrition in general 
has been a challenging area of research. Studies have dealt with 
the functions, deficiency, availability, utilization, toxicity, and 
the interaction with other nutrients and the environment on the 
aforesaid minerals in several fish species. Dietary availability is 
a crucial factor in trace mineral nutrition to determine optimal 
dietary levels that can cover the animal's requirement. Due to 
low availability in practical diets, the optimal dietary mineral 
levels can be 2- to 5-fold higher than the requirement (Table 2).

Significant progress was made in the past decade in under-
standing trace mineral availability, metabolism and physiol-
ogy, enabling improved dietary formulations. Nevertheless, our 
knowledge on the optimal dietary inclusion levels of essential 
trace minerals (Fe, Cu, I, Mn, Zn, and Se) in Atlantic salmon 
feeds to ensure good health and welfare remains limited.

3.1   |   Zinc

Zinc is an essential micronutrient with multiple functions and is 
essential for virtually all cellular functions through its presence 
in an estimated 3000 proteins in humans [263]. It is required 
primarily for cellular metabolism related to proliferation, signal-
ing, and nucleotide synthesis. At the tissue or organ level, Zn is 
vital for bone formation, epithelial barrier function, immune and 
anti-inflammatory responses, osmoregulation, and nutrient me-
tabolism to name a few [262]. Diet is the major source of zinc to an-
imals and fish alike, although fish are also capable of acquisition 
from water [264]. Animal protein ingredients are generally rich in 
Zn and it is more bioavailable than from plant ingredients. Zn is 
one of the most limiting trace minerals in plant ingredients and its 
dietary availability is greatly affected by the presence of antago-
nists and anti-nutrient factors like phytic acid [265].
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The NRC (2011) recommended that the minimal Zn requirement 
of Atlantic salmon parr and rainbow trout juveniles in freshwater 
was, respectively, 37 and 15 mg/kg diet, on an available basis [6]. 
However, the original study reported them to range between 37 
and 60 mg/kg in Atlantic salmon [8] and 15 and 30 mg/kg in rain-
bow trout [266]. Nevertheless, the dietary need to satisfy the above 
requirement was 3- to 5-fold higher in diets containing high lev-
els of hydroxyapatite, ash, or phytic acid [267–269]. Accordingly, 
the dietary need for Zn in plant-based practical feeds (based on a 
multi-nutrient regression study) was higher in rainbow trout (80–
120 mg/kg) [270, 271] and in Atlantic salmon parr (100–120 mg/
kg diet) [36]. In Atlantic salmon, it was further understood that 
the dietary need during smoltification and the post-smolt phase 
in seawater can be higher than in freshwater [36]. The dietary Zn 
need in practical feeds during smoltification in freshwater was 
then estimated as 137–156 mg/kg [17] and 181–218 mg/kg with 
post-smolts in seawater [17, 272]. These data were based on body 
or tissue Zn saturation and functional responses related to hypo-
osmotic ability and incidence/severity of cataracts as the response 
criteria. The increased dietary Zn need in seawater post-smolts 
(~25%–40%) was due to reduced apparent availability (~30%) in 
seawater compared with freshwater [17].

Very limited information is available on the health effects of Zn 
in salmonids. The cataract preventive effect of Zn is one of the 
early documented health effects in salmonids; nevertheless, as 
a co-factor with other dietary components, for example, blood 
meal, histidine, and iron [273–275]. A clear dose-dependent 
effect between dietary Zn and cataracts was apparent during 
smoltification and the early days of seawater transfer [17]. Zn re-
quired for body/tissue saturation (180 mg/kg diet) reduced both 
the incidence and severity of cataracts in Atlantic salmon smolts 
after seawater transfer [17]. The progression of cataract with 
increasing dietary Zn had a quadratic relationship indicating 
that high supplementation levels beyond 240 mg/kg could have 
an adverse effect with regard to cataract incidence or severity 
(Figure 4).

Subsequently, the effect of combined supplementation of Zn 
(200 mg/kg) and Se (0.7 mg/kg) during the early seawater 

phase on the development of cataract and vertebral deformities 
as adults was studied [19]. In this study, Atlantic salmon were 
reared at 12°C or 16°C and fed 150 or 200 mg/kg zinc for 6 weeks 
as smolts and then followed up to slaughter size on a common 
commercial feed. Salmon smolts that received 200 mg/kg Zn 
during the early stages of the seawater phase at 12°C showed re-
duced incidence and severity of cataracts as adults, but not when 
reared at 16°C, suggesting a temperature dependent effect of Zn 
on the prevention of cataract. Further, among the 12°C groups, 
fish that were fed a 200 mg Zn and 0.7 mg/kg Se diet at smolt 
stage showed lower severity and incidence of cataract as adults 
(Figure 5) [19].

The importance of Zn in the immune system through regula-
tion of transcription factors and protein functioning is better 
understood in higher animals [276] and to a little extent in other 
fish species [277]. The impact of dietary zinc on the immune 
response to pathogen challenge has been studied in salmonids 
like rainbow trout and sockeye salmon. Rainbow trout fed Zn-
deficient diets had depressed natural killer cell activity of leuco-
cytes (innate immunity), which was restored to normal levels by 
feeding Zn-sufficient diets [278]. A plausible role of Zn in sur-
vival against R. salmoninarum causing bacterial kidney disease 
(BKD) in juvenile sockeye salmon was reported in interaction 
with Vit-C [28]. In Atlantic salmon, studies on the role of dietary 
Zn on immunity and disease resistance against pathogens are 
lacking. Nevertheless, the role of elevated dietary Zn in enhanc-
ing the functions of barrier epithelium in gills [279], and healing 
through the recruitment of macrophages [280] are documented. 
Atlantic salmon parr fed low zinc diets (125 mg/kg) had excori-
ated skin epidermis, reduced fat layer, and scale loss 5 days after 
seawater transfer. Increased content of Zn in feed (250–375 mg/
kg) led to intact epidermis and scale layer, along with a change 
in the distribution of phospholipids in the barrier tissues, with 
an increase in phosphatidylethanolamine (PE) and phosphati-
dylcholine (PC), and a reduction in phosphatidylinositol (PI) and 
phosphatidylserine (PS), which is potentially important for the 
function of the tissues [280]. Atlantic salmon fed high Zn diets 
also had a lower incidence of fin damage/erosion. Increased 
supply (240 mg/kg diet) of Zn also enhanced epithelial health 

FIGURE 4    |    Prevalence and severity of cataract in Atlantic salmon smolts that were fed graded Zn levels in a low fish meal feed during smoltifi-
cation for 8 weeks in freshwater (A) followed by transfer to seawater and fed the respective feeds for 4 weeks (B) [17].
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and skin wound healing properties in combination with EPA. 
Considering the environmental conditions and the frequent 
delousing treatments in recent years, present levels of dietary 
Zn could be a factor compromising the integrity and health of 
skin and gill. Nevertheless, whole body Zn levels in slaughter-
size salmon have declined in recent years. In the late 90s, the Zn 
levels in harvest-size Atlantic salmon (4–5 kg) ranged from 50 
to 60 mg/kg [279]; however, in recent years the levels have de-
clined to a range from 23 to 38 mg/kg [281–283]. Accordingly, it 
could be suggested that dietary Zn need for Atlantic salmon fed 
plant-ingredient based feeds in commercial production might 
exceed the existing EU limit to improve Atlantic salmon health 
(Figure 6).

The maximum limit according to EU feed legislation is 180 mg/
kg diet, and it has been suggested to be further reduced to 
150 mg/kg by EFSA [284]. Despite the different inorganic and 
organic sources available, the low availability of Zn in salmon 

feeds, especially in the seawater phase (< 30%) is a major lim-
iting factor to ensure better fish health under challenging pro-
duction conditions. The feed surveillance of Norwegian salmon 
feeds has also shown that several commercial feeds exceed this 
limit. Due diligence is required on the adverse environmen-
tal impacts and circularity challenges of excess dietary zinc. 
Therefore, more focus should be laid on improving the availabil-
ity or utilization of dietary Zn than to increase supplementation 
levels to ensure better fish health/welfare alongside limiting en-
vironmental effects.

3.2   |   Selenium

Selenium is an essential trace element classified as a reactive 
non-metal, and its biological functions are exerted through 
selenoproteins containing selenocysteine. Selenocysteine is re-
garded as the 21st proteinogenic amino acid. The primary role of 
Se is to support the antioxidant and anti-inflammatory systems 
in synergy with other well-known antioxidants (e.g., vitamin E, 
vitamin C) or redox system regulators (e.g., glutathione). There 
are more than 41 selenoproteins described in teleost fish, with 
their expression crucial for muscle growth [285]. Glutathione 
peroxidases (Gpx), deiodinases (dio1 and dio2), several thiore-
doxin reductases (Trx) and selenoprotein P (SePP) are among 17 
selenoprotein families identified in Atlantic salmon [286].

Fish meal is an excellent source of Se and fulfilled the Se 
requirement of farmed salmonids when fed fish meal-based 
feeds containing a minimum of 1 mg/kg Se [287, 288]. The 
selenium content of plant ingredients predominantly used in 
salmon feeds is considerably low compared with fish meals. 
The selenium content in Atlantic salmon feeds has therefore 
declined with the replacement of fish meal with plant-based 
ingredients warranting dietary Se supplementation to meet 
the requirement. The selenium requirement of rainbow trout 
was established to range from 0.15 to 0.38 mg/kg diet, and its 
significance for the functioning of glutathione peroxidase was 
established as a key criterion [289]. The Se requirement of 
Atlantic salmon was 0.3 mg/kg [23], whereas the dietary need 

FIGURE 5    |    Long term effect of increased dietary zinc (200 vs. 150 mg Zn/kg diet) and selenium (0.5 vs. 0.7 mg Se/kg diet) at smolt stage on the 
progression and severity of cataract in slaughter size Atlantic salmon [19].

FIGURE 6    |    Dietary Zn levels required to meet the minimum re-
quirement for growth, body saturation, and health in Atlantic salmon 
parr and post-smolt. The dotted line indicates the EU maximum limit 
for total Zn in salmonid feeds (180 mg/kg).
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to maintain body Se homeostasis and improved health status 
when fed low fish meal feeds was found to vary from 0.65 to 
0.95 mg/kg [23, 272].

The level of Se supplementation required is based on the ap-
parent availability and bio-efficacy of the Se source. Organic Se 
sources, such as Se-yeast or selenomethionine (Se-Met) had bet-
ter apparent availability in salmonids than inorganic sources, 
such as sodium selenite or selenate [21, 287, 288, 290–292]. The 
better apparent availability of organic Se originates from its 
chemical structure, wherein sulfur is replaced by Se in the struc-
ture of methionine, thereby protecting it from antagonists in the 
feed matrix and improving its absorptive efficiency through the 
methionine uptake pathway. Therefore, lower supplementa-
tion levels of organic Se are sufficient to meet the requirement 
compared with inorganic Se. Besides better apparent availabil-
ity, organic Se sources exhibit improved bio-efficacy regarding 
retention and antioxidant metabolism as they are differentially 
metabolized [23, 288, 292]. Unlike inorganic selenium, Se-Met 
can be stored following non-specific incorporation into protein 
synthesis, primarily in the muscle, and can more effectively 
contribute to the glutathione cycle in the liver. Accordingly, 
supra-nutritional dietary supply of organic Se yielded better 
Se deposition and further proved to be beneficial in protection 
against acute and chronic stressors.

In rainbow trout, the dietary level of Se well above minimum 
requirements for growth or tissue homeostasis has been shown 
to be beneficial during periods of abiotic stressors, such as han-
dling, confinement, or hypoxia [21, 22, 290]. The limited data 
that exist in Atlantic salmon provide indications that tissue se-
lenium levels are regulated during conditions of stress or han-
dling [23, 281, 293]. These stressors induce oxidative stress and 
deplete body Se status, which can be prevented by increased Se 
supplementation, as shown for handling or confinement stress 
[21, 131, 290, 294] and hypoxia [22, 294, 295]. Further, Se status 
and GPx expression in A. salmon liver declined upon delousing 
stress [281]. Oxidative damage to lens tissue is considered one of 
the causes of cataract development, which was associated with 
lower plasma Se-GPx activity, indicating a role of Se in attenu-
ating cataract [296]. In accordance, increased Se supplementa-
tion along with Zn in post-smolt Atlantic salmon reduced the 
long-term development of cataracts in adult salmon [19]. Besides 
improving antioxidant response, Se supplementation, especially 
as organic Se, can enhance immune defenses and survival upon 
challenge with pathogens or their mimics in salmonids. In rain-
bow trout, increasing dietary Se levels up to 4–5 mg/kg increased 
resistance to viral PAMP stimulation [24] and to Piscirickettsia 
salmonis challenge ex vivo [297]. Dietary Se up to 2.5 mg/kg as 
sodium selenite had no effect on the prevalence and severity of 
R. salmoninarum infections in chinook salmon [298]. Oxidative 
and pro-inflammatory responses against viral or bacterial 
pathogen mimics ex vivo were attenuated by 0.4 mg/kg Se-Met 
(total, 0.7 mg/kg) [23], with tolerance limits up to 2–3 mg Se/kg 
feed in Atlantic salmon [299, 300].

The role of selenium extends beyond its antioxidant and anti-
inflammatory properties in salmonids. Through the expression 
of its selenoprotein deiodinases (dio), selenium has a potential 
role in the smoltification process. The Atlantic salmon genome 
has 6 dio paralogs; among them are two type 2 deiodinase 

(dio2) paralogs which diverged within the salmonid lineage. 
Deiodinase (dio) catalyzes the synthesis of the active thyroid 
hormone (T3) important for metamorphosis, including smoltifi-
cation [301, 302]. The expression of dio2a responds to seawater 
exposure and dio2b to photoperiod changes [303], making them 
key responders to smoltification cues in nature and commercial 
smolt production alike. In rainbow trout, changes in dietary se-
lenium levels and sources affected the hepatic mRNA expres-
sion of deiodinase and thioredoxin reductase [292]. Given that 
dietary Se modulation can impact dio expression in salmonids, 
the relationship between dietary selenium, deiodinase expres-
sion, and smoltification needs investigation, which can have 
implications for dietary Se requirement during this critical life 
stage in Atlantic salmon.

Practical application of dietary Se to support fish health and wel-
fare in Norwegian salmon farming is limited by EU feed legislation 
that permits a total dietary Se level of 0.5 mg/kg [304]. Whereas the 
upper limit for Se is set at 2 mg/kg in Chile. In addition, a supple-
mentation limit of 0.2 mg/kg exists for organic selenium that yields 
higher muscle stores, which are beneficial for fish under pro-
oxidative conditions. Data from the Norwegian fish feed surveil-
lance program indicates that mean Se concentrations were 0.79, 
0.96, and 0.64 mg/kg in starter, smolt, and grower feed categories, 
respectively. According to EFSA, the maximum limits (for total 
and organic Se supplementation) are defined to comply with the 
daily recommended allowance of Se intake for humans through 
consumption of salmon [304]. Concerns regarding consumer 
safety form the basis of the legislation. At the same time, it also 
raises the question of why the Se content of starter or smolt feed 
should be regulated with human health concerns at the expense of 
salmon health. This warrants not only consideration of life stage-
specific dietary recommendations but also life stage-specific feed 
legislations, specifically for selenium in Atlantic salmon.

3.3   |   Iron

Iron is a key essential micromineral linked to well-known nu-
tritional and immune functions in vertebrates, including fish 
[305]. Iron is essential for basal metabolic functions including 
redox reactions, protein (collagen) synthesis, and pigment (ca-
rotenoid) metabolism [262]. Redox active enzyme reactions in 
the electron transport chain of mitochondria contain iron–sul-
fur clusters to regulate the redox states in the electron transport 
process [306]. Although more than 90% of the iron is recycled 
within the body, animals do have a rather high dietary need for 
iron. Nevertheless, its dietary uptake and endogenous redistri-
bution are tightly regulated, especially during pathogenic infec-
tions (Figure 7).

Dietary iron exists as heme (animal origin) or non-heme (plant 
origin or inorganic). The form and/or species of iron in fish feeds 
plays a major role in determining its availability. Salmon feeds 
based on plant protein ingredients lack heme, a vital component 
present in animal proteins. Apart from being a good source of 
Fe, degradation of heme supplies biliverdin, the precursor of bile 
pigment bilirubin.

The iron requirement reported for different fish species and 
salmonids ranges from 30 to 170 mg/kg [18, 262]. The iron 
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requirement of Atlantic salmon parr ranges between 30 and 
60 mg/kg on an available basis [46]. Recent data on Atlantic 
salmon parr in freshwater indicate the iron requirement to be 
satisfied at dietary levels ranging between 150 and 185 mg/kg 
diet in practical low fish meal feeds [36]. Thereby indicating an 
apparent availability of 20%–30%, although apparent availability 
coefficients for iron are often reported to be negative due to a 
very high degree of endogenous entero-hepato-biliary recircu-
lation. Neither iron requirement estimates nor the dietary need 
for iron in practical diets are available for post-smolt Atlantic 
salmon in seawater (Table 2).

Effect of dietary iron or iron status on immune response or 
resistance to pathogen challenge (A. salmonicida and V. an-
gularium) was studied in Atlantic salmon parr, but with in-
consistent results [308]. Although not decisive, it has been 
suggested that organic or heme iron sources are better than 
inorganic iron sources to improve iron status [18, 309] and 
immune resistance in fish upon pathogen challenge, albeit 
transiently [308, 310, 311]. Recent studies investigating the 
role of dietary iron or iron status in immune response in sal-
monids have centered around cellular and systemic iron regu-
latory mechanisms (Figure 7). Hepcidin, the key regulator of 
iron homeostasis through regulation of intestinal iron export 
protein ferroprotein (FPN1) was primarily identified as the 
hepatic antimicrobial peptide (HAMP) [312]. Ever since the 
expression and functional significance of hepcidin-like pep-
tides and other iron regulatory pathways in immune response 

are described in many fish species, including rainbow trout 
[313–315] and Atlantic salmon [316]. Hepcidin variants in 
Atlantic salmon are differentially expressed during pathogen 
challenge [316]. Hepcidin expression and associated iron regu-
latory pathways were identified as biomarkers in understand-
ing the increased susceptibility of Atlantic salmon to sea lice 
(Caligus rogercresseyi) and salmon lice (Lepeophtheirus salmo-
nis) compared with coho or pink salmon [317, 318]. Further, 
iron overload increased the susceptibility of Atlantic salmon 
to bacterium Piscirickettsia salmonis, while iron restriction 
through chelator increased the resistance in vitro and in vivo. 
Salmonid rickettsial septicemia (SRS) caused by Piscirickettsia 
salmonis infection is a major concern in Chilean salmon farm-
ing, accounting for up to 85% of infectious mortality [319]. 
Chilean salmon feeds are likely to contain much higher levels 
of bioavailable (heme) iron than Norwegian salmon feeds due 
to the use of animal by-products like hemoglobin meal, which 
could add to the challenge of managing systemic iron over-
load by salmon in relation to SRS. Nutritional immunity cen-
tered on tissue or systemic iron regulatory mechanisms and 
the prospect of steering it through dietary iron requires more 
focus going forward.

Besides redox and immune functions, nutritional effects of 
iron could be related to fillet or muscle quality characteristics 
in farmed Atlantic salmon. Iron, in the presence of ascorbic 
acid, catalyzes the synthesis of hydroxyproline required for 
collagen synthesis [320]. In this way, dietary iron has a po-
tential role to play in maintaining the structural integrity in 
hard (bones and scales) and soft (muscle and skin) connective 
tissues. Nevertheless, the understanding of these processes is 
very rudimentary in fish, especially in salmonids. The post-
smolt and grower phases in seawater are the most challenging 
with regard to exposure to seasonal variations and pathogens 
in Atlantic salmon farming, affecting health and quality of 
farmed salmon. Therefore, it is essential to study dietary iron 
requirements under challenges faced in commercial salmon 
farming to define practical recommendations for iron in 
salmon feeds.

Dietary iron levels in Norwegian commercial salmon feeds 
ranged from 140 to 830 mg/kg in starter feeds, 110 to 540 mg/
kg in smolt feeds, and 52 to 400 mg/kg in grower feeds [80]. 
The maximum limit for total iron in fish feeds is set at 750 mg/
kg by EU animal feed legislation. Considering the dietary iron 
recommendations [36] and the EU feed legislation, it is likely 
that some feeds might fail to meet the dietary iron require-
ments for Atlantic salmon, while some others exceed the legal 
limits.

3.4   |   Copper

Copper is a trace mineral, with its dietary need relatively low 
compared with other transition metals that are known to be es-
sential, and excess dietary Cu is known to induce toxic effects 
in fish. The role of Cu in cellular and nutrient metabolism is 
governed by its redox state. Copper is present in two of the three 
SOD forms, namely cytosolic CuZn-SOD and extracellular SOD. 
Copper is important for antioxidant defense at homeostatic lev-
els, and excess Cu induces a pro-oxidant cellular environment. 

FIGURE 7    |    Schematic outline on regulation of Fe metabolism: 
(1) Apical ferric reductase (FR) activity to convert ferric iron (Fe3+) 
to ferrous iron (Fe2+), the absorbable form; (2) Apical Fe2+ uptake by 
divalent metal transporter (DMT1); (3) Basolateral extrusion of Fe by 
Ferroportin1 (FPN1); (4) Systemic Fe overload or pathogen/parasite 
infection; (5) Feedback induction of hepcidin synthesis in the liver; (6) 
Hepcidin synthesized in the liver is transported to the intestine and 
binds to FPN1; (7) FPN1 expression reduced by hepcidin binding to 
reduce iron influx either to regain homeostasis or limit access of iron 
to pathogens or parasites.  Source: Adapted and modified from [307].
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Copper homeostasis in fish is achieved through the entero-
hepato-biliary route, and the liver plays an important role in Cu 
metabolism in fish.

Elevated hepatic cellular Cu concentrations stimulate hepatic 
Cu transport to the secretory pathways for Cu to be incorporated 
into cuproenzymes (by ATP7a) or to be excreted into the bile 
(by ATP7b) (Figure 8) [321]. Transition from fish meal to plant 
ingredient-based feeds has increased the supply of Cu in salmo-
nid feeds, resulting in high body or liver Cu levels. As copper 
homeostasis and excretion are primarily governed through the 
hepato-biliary pathway, impaired cholesterol and bile acid me-
tabolism in fish fed plant-based feeds could also impair hepato-
biliary Cu excretion, leading to Cu accumulation in the body, 
presumably in the liver. Trace minerals such as selenium and 
copper tend to accumulate at a linear rate with high exposure 
doses. Hence, the normal status or homeostasis (at whole body 
or tissue level) with respect to initial status is to be considered 
while using body or tissue concentrations as a response criterion.

The minimal requirement of copper in fish and in salmonid 
species ranges from 2 to 7 mg/kg [6]. Copper supplementa-
tion of 5–10 mg/kg was suggested for fish meal-based Atlantic 
salmon parr feeds [322]. Nevertheless, the Cu requirement of 
fast-growing Atlantic salmon fry was suggested to be higher 
than 5–10 mg/kg [323]. Accordingly, in low fish meal feeds 
for Atlantic salmon, the Cu requirement was met at lev-
els of 10–15 mg/kg diet in parr and smolts [36, 272]. Plant-
ingredient-based feeds provided better Cu status in freshwater 
rainbow trout at lower supplementation levels than with fish 
meal-based feeds [271, 324]. Increased dietary Cu levels of 
20 mg/kg (compared with 9 mg/kg) in plant-based feeds for 
first feeding fry of rainbow trout induced growth retardation 
and reduced lipid deposition in the body with signs of lipid 
peroxidation [325]. Atlantic salmon fry had better growth at 
35 mg/kg compared with 7 mg/kg dietary Cu in a fish meal-
based feed [323].

Several questions thus arise on the maximal tolerance limits 
for Cu in salmonid feeds: (i) is there a difference in tolerance 

between rainbow trout and Atlantic salmon? (ii) does the feed 
matrix (fish meal or plant-based) play a role in determining 
the toxicity of dietary Cu in salmonids? and finally (iii) is the 
existing maximum limit of 25 mg/kg Cu in fish feeds too high 
for salmonid, especially early life stages, as observed in Philip 
et al. [325]. Thereby, the prospect of excess dietary Cu supply is 
more likely and concerning than suboptimal levels in present-
day commercial salmonid feeds with more inclusion of plant-
derived ingredients.

In this regard, copper concentrations reported in commercial 
salmon feeds in Norway range from 9 to 17 mg/kg in starter 
feeds, 6 to 19 mg/kg in smolt feeds, and 8 to 23 mg/kg in grower 
feeds [80]. The EU maximum limit for total Cu levels in fish 
feeds is set at 25 mg/kg feed.

3.5   |   Manganese

Manganese is another transition earth metal that is essential 
for biological functioning. The best-known function of Mn is 
through the mitochondrial Mn-SOD involved in the two-step 
dismutation of superoxide anion. It exerts its functions in bone 
metabolism, enzyme biochemistry, and cellular redox state. 
Like copper, manganese can function both as an anti- and pro-
oxidant depending on the dietary levels. However, fish have a 
relatively broader tolerance range for Mn than for Cu. Fish meal 
contains a very low amount of Mn and does not satisfy the Mn 
requirement of salmonids [326], whilst on the contrary, plant-
based ingredients are rich in Mn, but its availability can be low.

The requirement for Mn to rainbow trout was met at 12–13 mg/
kg diet when fed fish meal-based feeds [327]. In plant-based 
feeds, it was met at 89 mg/kg diet, with most of the Mn primarily 
supplied by the ingredients [271]. In Atlantic salmon, the Mn 
requirement was satisfied at 7.5–10.5 mg/kg diet in first feeding 
fry [328] and at 10–15 mg/kg in parr fed fish meal-based feeds 
[329]. In low fish meal feeds, a dietary Mn level of 47–63 mg/
kg diet corresponding to 14 mg/kg on an available basis was 
required [36]. The total dietary need for Mn in post-smolts fed 
practical low fish meal feeds ranged from 26 to 34 mg/kg diet 
[36] and 57 to 71 mg/kg diet [272]. However, the corresponding 
Mn supplementation levels were similar between the studies, 
ranging from 10 to 25 mg/kg diet.

Beneficial health effects of supra-nutritional Mn supplemen-
tation have been rarely described in fish, let alone in salmo-
nids. Dietary Mn did not affect mortality after challenge with 
a virulent strain of V. anguillarium in Atlantic salmon fry [328]. 
Excess Mn supplementation of 200 mg/kg diet in salmon feeds 
was associated with cataracts [20] and reduced liver lipid lev-
els in Atlantic salmon [330]. Nevertheless, this level was twice 
as much as the EU maximum allowed limit of 100 mg/kg Mn 
in fish feeds and the reported maximum levels in Norwegian 
fish feeds.

Dietary manganese levels in Norwegian commercial salmon 
feeds ranged from 25 to 93 mg/kg in starter feeds, 19 to 70 mg/
kg in smolt feeds, and 27 to 120 mg/kg in grower feeds. Thus, 
excess dietary Mn is less likely to be a practical concern in sal-
monid aquaculture.

FIGURE 8    |    Schematic outline of hepatic Cu metabolism: (1) 
Apical Cu uptake; (2) Cu to be incorporated into cuproenzymes; (3) Cu 
excreted into the bile.  Source: [307].
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3.6   |   Iodine

Iodine is chemically classified as a halogen along with fluoride, 
chloride, and bromide. Biologically, iodine is an essential trace 
mineral, required for the proper functioning of the thyroid sys-
tem, and hence the major functional role of iodine in fish is 
through its regulation of thyroid hormone (T3 and T4) metab-
olism [331]. The significance of iodine in thyroid metabolism 
makes it important at critical stages of the life cycle, such as 
early developmental ontogeny, metamorphosis, seasonal adapta-
tions, sexual maturation, and reproduction [332]. Iodine is ac-
quired from the water through branchial uptake in freshwater 
fish, and through oral drinking in seawater fish [262]. Dietary 
iodine supply is thus regarded as a secondary source of iodine 
to fish, especially in seawater environments. The requirement of 
iodine in salmonids ranges from 1 to 1.1 mg/kg diet in rainbow 
trout and Pacific salmon juveniles in freshwater [6]. The same in 
Atlantic salmon parr was estimated to be 0.83 mg/kg fed practical 
diets [36]. Further, iodine supplementation to Atlantic salmon 
finisher feeds has been investigated as a strategy to increase io-
dine content in fillet with a human nutrition perspective [333].

The requirement estimates above pertain to minimal require-
ments to avoid deficiency symptoms such as goiter or reduced 
growth. However, supra-nutritional dietary iodine supplementa-
tion has been reported to provide health benefits in salmonids. 
Increased supplementation levels (4.5 mg/kg feed) of iodine or 
fluoride were effective in reducing the bacterial kidney disease 
(BKD) prevalence rate in Atlantic salmon to 3% and 5%, respec-
tively, compared with 95% and 38% with commercial feed [334]. 
Iodized feed (20 mg/kg) was effective in reducing lice (Caligus 
elongatus) infections on Atlantic salmon and Arctic char [335]. 
Increased iodine supplementation reduced cortisol levels with 
a concomitant increase in the circulating levels of T3 and T4 in 
the plasma of Steelhead trout [336]. Considering that cortisol-
implanted Atlantic salmon had increased intensities of lice 
along with reduced levels of T3 and T4, it was suggested that 
dietary iodine's mode of action against lice was through cortisol 
reduction and T3/T4 induction mechanisms [335, 336].

Thyroid metabolism plays a central role in teleost metamor-
phosis [337]. Expression and activity of type 2 iodothyronine 
deiodinase (dio2), which converts thyroxine (T4) to biologically 
active triiodothyronine (T3), increase during smoltification 
in Atlantic salmon [302]. It is proposed that the preparatory 
(brain–pituitary axis) and activational (gill hypo-osmotic abil-
ity) events in smoltification are orchestrated through respec-
tive deiodinases, dio2b and dio2a, in response to photoperiod 
changes and initial seawater exposure, respectively [303]. Given 
the function of iodine in thyroid metabolism, the physiological 
need for iodine may increase with life stage and environmental 
changes. An indication of life stage-dependent iodine require-
ments was suggested in chinook salmon, wherein the iodide re-
quirement of fingerlings was 0.6 mg/kg, but for advanced parr, 
the requirement increased to 1.1 mg/kg [338]. Nevertheless, the 
knowledge on the role of iodine in critical life stages of Atlantic 
salmon, such as smoltification, is lacking to date.

Furthermore, increasing transition from flow-through to recir-
culating aquaculture systems (RAS) in juvenile, smolt, or post-
smolt production can affect iodine metabolism and nutrition 

in Atlantic salmon. Increased iodine supplementation (with 
or without Se) was required to sustain thyroid hormone status 
and larval development in sole larvae reared in a recirculation 
system [339]. One or more water treatment methods in RAS 
can affect the availability of aqueous iodide, making dietary 
iodine more important even in brackish or seawater conditions 
[340, 341]. Ozone application to seawater alters the iodine specia-
tion by increasing the relative concentrations of iodate species, 
compared with bioavailable iodine or dissolved organic iodine 
[342]. Not only is aqueous iodine uptake reduced, but ozona-
tion of seawater also leaves residual oxidants (reactive bromide 
or iodide species) [343], potentially inducing oxidative stress 
to the fish. In agreement, oxidative and inflammatory stress 
markers were induced in Atlantic salmon post-smolts exposed 
to ozone (redox potential up to 500 mV) in brackish water RAS 
[344]. Specifically, the mRNA expression of glutathione reduc-
tase and interleukins increased with increasing ozone intensity, 
leading to histopathological changes (hyperplasia, hypertrophy, 
clubbing, and necrosis) in the gills [344]. Thereby, life-stage and 
production system-specific needs in the supply of dietary iodine, 
its potential interaction with selenium influencing the smoltifi-
cation process, and other antioxidants or immunostimulants in 
RAS systems need to be examined in Atlantic salmon.

The iodine concentration in commercial salmon feeds in Norway 
ranges from 1.8 to 5.8 mg/kg in starter feeds; 1 to 5.3 mg/kg in 
smolt feeds; and 0.5 to 8.8 mg/kg in grower feeds [80]. The max-
imum allowed concentration for iodine in fish feeds is 20 mg/kg.

4   |   Future Perspectives and Concluding Remarks

Changes in feed formulation with a range of novel ingredients of 
variable nutritional and potential anti-nutritional properties are 
expected to change micronutrient supply and supplementation 
strategies in future salmon feeds. The requirements may not be 
altered by novel ingredients unless such novel ingredients come 
with a detrimental health effect to the salmon. However, dietary 
needs can certainly be changed by the property of the novel in-
gredients toward physical and chemical properties of the feed 
matrix, for example, complexation of minerals/ions, oxidation of 
vitamins, and so on. However, the novel ingredients are not well 
documented in terms of their potential anti-nutrient character-
istics to gain such insights yet. One example that has been re-
ferred to the most in recent years is the potential effect of chitin 
in insect meals on mineral availability [345], and the potential of 
insects as bio-converter of inorganic minerals to organic forms, 
for example, selenium [346]; however, the knowledge thus far 
remains very rudimentary.

One of the major challenges or knowledge gaps is to understand 
the ideal balance between different micronutrients that func-
tion as antioxidants or immune modulators in Atlantic salmon 
feeds. The general conception that increased supplementation 
will provide better protection needs to be questioned, “more is 
not always merrier.” For example, it is well known in mineral 
nutrition that excess supplementation of certain trace minerals 
(e.g., Cu, Se) can be toxic, reduce performance and increase en-
vironmental burden [347]. However, a similar understanding 
that excess vitamin supply (e.g., Vit-C or E) can tilt the redox 
balance from oxidative stress to reductive stress is very limited 
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in aquaculture nutrition, let alone salmon nutrition. Reductive 
stress can have equally similar consequences on animal's health 
as does oxidative stress [348]. Similarly, the complexity of the 
supply and metabolism of compounds belonging to the vitamin 
complex (e.g., Vit-A) makes planning and conductance of exper-
iments to define requirement complicated. Deficiency or excess 
of a given dietary component may affect the dietary need of vi-
tamin A. These close relationships make efforts to estimate vita-
min A requirements challenging in a situation, as the present, in 
which knowledge on requirements of most micronutrients has 
severe knowledge gaps. The stability of certain vitamins can be 
affected by feed processing conditions [349], whereas body and 
tissue iron status were depleted in Atlantic salmon fed blue mus-
sel silage [350]. The silage inclusion likely induced a shift in the 
speciation of iron predominantly from Fe2+ to Fe3+, making it 
limiting for iron uptake at the intestinal epithelium [264, 350]. 
Therefore, the impact of ingredient and feed processing condi-
tions affecting micronutrient stability and availability is also a 
gap in knowledge that requires attention.

Species-specific health impact and life stage-specific assessment 
should be a prerequisite in vitamin and mineral nutrition stud-
ies. Future research should lay emphasis on identifying novel 
biomarkers for health assessment, defining critical endpoints as 
welfare indicators, and studying maximum tolerance levels for mi-
cronutrients where it is not established or was not required to be 
established in the past. The case of EFSA's new suggested upper 
limit for folate, based on very limited results from only two aquatic 
species, shows how important it is to have specific data for rele-
vant production species. This has been apparent for Zn, wherein 
salmonids, especially Atlantic salmon, tend to have higher dietary 
needs than other fish species and thereby have a higher maximum 
limit compared with other fish species (180 vs. 150 mg/kg feed). 
Nevertheless, the requirement for health (on total basis) is higher 
than the upper limit in feed. In such scenarios, the “minimum re-
quirement” used by NRC [6] can have adverse consequences for 
fish health. The arbitrary decision to change from the upper limit 
of suggested requirement (Zn, 67 mg/kg; Se 0.3 mg/kg) in the 1990 
NRC [7] to the lower limit (Zn, 37 mg/kg; Se, 0.15 mg/kg) in the 
2011 NRC [6] potentially has adverse consequences for fish health 
under practical farming conditions.

Furthermore, the availability of most trace minerals in commer-
cial salmon feeds utilizing high plant ingredient inclusion is very 
low (≤ 30%) resulting in considerable loss to the environment. 
Further, high concentrations of zinc in the sludge of closed 
production systems are a bottleneck in the use of sludge with 
a circular bioeconomy perspective. Considering these environ-
mental and economic implications, emphasis should be laid on 
improving availability/utilization/retention of trace minerals, 
especially zinc. Approaches to improve availability or retention 
of trace minerals have largely focused on organic trace mineral 
sources with variable results, except for selenium. However, 
other approaches such as application of phytase enzyme, change 
in dietary lipid levels or composition, or early nutritional pro-
gramming have shown promise. Phytase enzymes available thus 
far have challenges with efficacy at high salinity and/or low tem-
peratures, limiting their effectiveness in salmon feeds; recent ap-
plications of novel phytases show some promise in this regard 
[351]. Change in electrolyte balance of the diet [352], dietary fat 

level reduction, or high LC-PUFA [281] improved Zn retention 
in Atlantic salmon smolts and on-growers, respectively. Early 
life nutritional programming through zinc enhanced growth as 
juveniles in rainbow trout [325]. One or more of these unconven-
tional approaches may hold the key to benefit both fish health 
and the environment, without the need to further increase Zn 
supplementation levels.

Life stage specific differences in micronutrient composi-
tion, for example between smolts, adults, or spawning kelts, 
are observed in wild Atlantic salmon populations [353, 354]. 
Nevertheless, data differentiating dietary micronutrient recom-
mendations according to different growth stanzas such as fry, 
parr, smolt, post-smolt, on-growers, and broodstock is required. 
This can in the future lead to life-stage specific regulatory limits 
for specific micronutrients as practiced in some land animals 
during vulnerable life stages, thereby avoiding consumer safety 
concerns. One example is that the prime reason for limiting 
organic Se supplementation in fish feeds to 0.2 mg/kg (within 
0.5 mg/kg total) is regarding consumer safety, as it leads to an 
exceedance of the upper Se intake limit for all population cat-
egories. If so, theoretically, life stages up to post-smolts (not 
meant for consumption) could have a higher limit, enabling 
efficient physiological and immunological remodeling during 
smoltification. Arguably, the growth increment and magnitude 
of muscle mass in the on-growing sea phase would ensure con-
sumer safety. However, consideration of such approaches as 
viable alternatives should be based on experimental evidence, 
which is currently lacking.

With the changing scenarios in salmon aquaculture regarding 
feed formulations, production methods, and various stressors, 
there is a need to strengthen our knowledge on micronutrient re-
quirements and dietary needs. Overall, for most micronutrients 
discussed in this review, more data are needed to offer recom-
mendations based on factors such as life stage (e.g., fry, smolt, 
adult, broodstock), diet composition, aquaculture production 
technology (e.g., open net-pens vs. closed systems), and physi-
ological states like health and production season. The present 
situation for Atlantic salmon, with a severe lack of knowledge 
regarding optimal dietary levels for growth, normal function, 
and disease resistance, underlines the urgency of generating 
such information. Hence, there is a need for renewed focus on 
how vitamin and trace mineral recommendations in Atlantic 
salmon feeds are assessed (research) and managed (regulation).

Author Contributions

Conceptualization: Antony J.P. Philip (lead), Gerd M. Berge, Trond M. 
Kortner (lead), Åshild Krogdahl, Kristin Hamre, Kaja H. Skjærven, 
and Nini H. Sissener (lead). Writing – original draft: Antony J.P. Philip 
(lead), Trond M. Kortner (lead), Pauline Wischhusen, Kristin Hamre, 
Åshild Krogdahl, Kaja H. Skjærven, Guro Løkka, Marit Espe, and Nini 
H. Sissener (lead). Writing – review and editing: Antony J.P. Philip (lead), 
Trond M. Kortner, Pauline Wischhusen, Åshild Krogdahl, Guro Løkka, 
Marit Espe, and Nini H. Sissener (lead). Visualization: Antony J.P. Philip, 
Guro Løkka, Kaja H. Skjærven, and Pauline Wischhusen. Funding ac-
quisition: Antony J.P. Philip (lead), Trond M. Kortner, Kristin Hamre, 
Åshild Krogdahl, Kaja H. Skjærven, Gerd M. Berge, and Nini H. Sissener. 
Project administration: Antony J.P. Philip (lead), Gerd M. Berge, Trond 
M. Kortner, and Nini H. Sissener (lead).

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



26 of 37 Reviews in Aquaculture, 2025

Acknowledgments

This work was supported by funding from the “Fiskeri- og havbruk-
snæringens forskningsfinansiering, Tromsø, Norway” (Norwegian 
Seafood Research Fund) through the project “REVITALISE—
Requirement of vitamin and trace minerals for Atlantic salmon health” 
(Grant 901834). The funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated 
or analysed during the current study.

References

1. C. Y. Cho, S. J. Slinger, and H. S. Bayley, “Bioenergetics of Salmonid 
Fishes: Energy Intake, Expenditure and Productivity,” Comparative 
Biochemistry and Physiology Part B: Comparative Biochemistry 73, no. 
1 (1982): 25–41.

2. K. R. Dabrowski, “Energy Budget of Coregonid (Coregonus spp.) Fish 
Growth, Metabolism and Reproduction,” Oikos 45 (1985): 358–364.

3. C. Y. Cho and S. J. Kaushik, “Nutritional Energetics in Fish: Energy 
and Protein Utilization in Rainbow Trout (Salmo gairdneri),” World 
Review of Nutrition and Dietetics 61 (1990): 132–172.

4. H. H. Mitchell, “Chapter  5 – The Mineral Requirements of 
Maintenance,” in Comparative Nutrition of Man and Domestic Animals 
(Academic Press, 1962), 225–270.

5. E. Pfeffer and V. Potthast, “Studies on the Use of Energy, Protein and 
Mineral Elements in Growth of Rainbow Trout,” Fortschritte in der 
Tierphysiologie und Tierernährung 8 (1977): 32–55.

6. NRC, Nutrient Requirements of Fish and Shrimp. Animal Nutrition 
Series (National Academies Press, 2011).

7. NRC, Nutrient Requirements of Fish (National Research Council, 1993).

8. A. Maage and K. Julshamn, “Assessment of Zinc Status in Juvenile 
Atlantic Salmon (Salmo salar) by Measurement of Whole Body and 
Tissue Levels of Zinc,” Aquaculture 117, no. 1–2 (1993): 179–191.

9. I. Sommerset, J. Wiik-Nielsen, and T. Moldal, “Fiskehelserapporten 
2023” (2024).

10. P. Bachmann-Vargas, C. S. A. van Koppen, and M. Lamers, “Re-
Framing Salmon Aquaculture in the Aftermath of the ISAV Crisis in 
Chile,” Marine Policy 124 (2021): 104358, https://​doi.​org/​10.​1016/j.​mar-
pol.​2020.​104358.

11. T. S. Aas, T. Åsgård, and T. Ytrestøyl, “Utilization of Feed Resources 
in the Production of Atlantic Salmon (Salmo salar) in Norway: An 
Update for 2020,” Aquaculture Reports 26 (2022): 101316, https://​doi.​
org/​10.​1016/j.​aqrep.​2022.​101316.

12. Å. Krogdahl, T. M. Kortner, and R. W. Hardy, “Chapter  12 – 
Antinutrients and Adventitious Toxins,” in Fish Nutrition, 4th ed., ed. 
R. W. Hardy and S. J. Kaushik (Academic Press, 2022), 775–821.

13. K. Mai, R. Waagbø, X. Q. Zhou, Q. H. Ai, and L. Feng, “Vitamins,” in 
Fish Nutrition, ed. R. W. Hardy and S. J. Kaushik (Academic Press, 2022).

14. B. Sachdeva, R. Kaushik, S. Arora, and A. Khan, “Effect of Processing 
Conditions on the Stability of Native Vitamin A and Fortified Retinol 
Acetate in Milk,” International Journal for Vitamin and Nutrition Research 
91, no. 1–2 (2021): 133–142, https://​doi.​org/​10.​1024/​0300-​9831/​a000617.

15. I. E. Graff, C. Krossøy, K. Gjerdevik, and K. Julshamn, 
“Influence of Dietary Menadione Nicotinamide Bisulphite (Vitamin 

K3) and Phylloquinone (Vitamin K1) on Atlantic Salmon (Salmo 
salar L.) Tissue Levels, Determined by High-Performance Liquid 
Chromatography With Fluorescence Detection,” Aquaculture 
Nutrition 16, no. 6 (2010): 637–647, https://​doi.​org/​10.​1111/j.​1365-​
2095.​2009.​00703.​x.

16. O. Torrissen, R. E. Olsen, R. Toresen, et al., “Atlantic Salmon (Salmo 
salar): The ‘Super-Chicken’ of the Sea?,” Reviews in Fisheries Science 19, 
no. 3 (2011): 257–278.

17. S. S. Yarahmadi, M. S. Silva, M.-H. Holme, et  al., “Impact of 
Dietary Zinc and Seawater Transfer on Zinc Status, Availability, 
Endogenous Loss and Osmoregulatory Responses in Atlantic Salmon 
Smolt Fed Low Fish Meal Feeds,” Aquaculture 2022, no. 549 (2022): 
737804.

18. P. A. J. Prabhu, J. W. Schrama, and S. J. Kaushik, “Mineral 
Requirements of Fish: A Systematic Review,” Reviews in Aquaculture 
8 (2016): 172–219.

19. A. J. P. Philip, P. G. Fjelldal, S. Remø, et al., “Dietary Zinc, Selenium 
and Water Temperature During Early Seawater Phase Influences the 
Development of Vertebral Deformities and Cataract in Adult Atlantic 
Salmon,” Aquaculture 572 (2023): 739529, https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2023.​739529.

20. R. Waagbø, K. Hamre, E. Bjerkås, et  al., “Cataract Formation in 
Atlantic Salmon, Salmo salar L., Smolt Relative to Dietary Pro- and 
Antioxidants and Lipid Level,” Journal of Fish Diseases 26, no. 4 (2003): 
213–229.

21. S. A. Rider, S. J. Davies, A. N. Jha, A. A. Fisher, J. Knight, and J. W. 
Sweetman, “Supra-Nutritional Dietary Intake of Selenite and Selenium 
Yeast in Normal and Stressed Rainbow Trout (Oncorhynchus mykiss): 
Implications on Selenium Status and Health Responses,” Aquaculture 
295, no. 3/4 (2009): 282–291, https://​doi.​org/​10.​1016/j.​aquac​ulture.​2009.​
07.​003.

22. P. Wischhusen, L. Larroquet, T. Durand, et  al., “Oxidative Stress 
and Antioxidant Response in Rainbow Trout Fry Exposed to Acute 
Hypoxia is Affected by Selenium Nutrition of Parents and During First 
Exogenous Feeding,” Free Radical Biology and Medicine 2020, no. 155 
(2020): 99–113.

23. P. A. J. Prabhu, E. Holen, M. Espe, et al., “Dietary Selenium Required 
to Achieve Body Homeostasis and Attenuate Pro-Inflammatory 
Responses in Atlantic Salmon Post-Smolt Exceeds the Present EU Legal 
Limit,” Aquaculture 526 (2020): 735413.

24. D. Pacitti, M. M. Lawan, J. Feldmann, et al., “Impact of Selenium 
Supplementation on Fish Antiviral Responses: A Whole Transcriptomic 
Analysis in Rainbow Trout (Oncorhynchus mykiss) Fed Supranutritional 
Levels of Sel-Plex,” BMC Genomics 17, no. 1 (2016): 1–26, https://​doi.​org/​
10.​1186/​s1286​4-​016-​2418-​7.

25. D. Pacitti, M. M. Lawan, J. Sweetman, S. A. M. Martin, J. Feldmann, 
and C. J. Secombes, “Selenium Supplementation in Fish: A Combined 
Chemical and Biomolecular Study to Understand Sel-Plex Assimilation 
and Impact on Selenoproteome Expression in Rainbow Trout 
(Oncorhynchus mykiss),” PLoS One 10, no. 5 (2015): e0127041, https://​
doi.​org/​10.​1371/​journ​al.​pone.​0127041.

26. L. J. Hardie, T. C. Fletcher, and C. J. Secombes, “The Effect of 
Vitamin-E on the Immune-Response of the Atlantic Salmon (Salmo-
salar L.),” Aquaculture 87, no. 1 (1990): 1–13, https://​doi.​org/​10.​1016/​
0044-​8486(90)​90206​-​3.

27. L. J. Hardie, T. C. Fletcher, and C. J. Secombes, “The Effect of 
Dietary Vitamin-C on the Immune-Response of the Atlantic Salmon 
(Salmo-salar L.),” Aquaculture 95, no. 3–4 (1991): 201–214, https://​doi.​
org/​10.​1016/​0044-​8486(91)​90087​-​N.

28. G. R. Bell, D. A. Higgs, and G. S. Traxler, “The Effect of Dietary 
Ascorbate, Zinc, and Manganese on the Development of Experimentally 
Induced Bacterial Kidney Disease in Sockeye Salmon (Oncorhynchus 

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.marpol.2020.104358
https://doi.org/10.1016/j.marpol.2020.104358
https://doi.org/10.1016/j.aqrep.2022.101316
https://doi.org/10.1016/j.aqrep.2022.101316
https://doi.org/10.1024/0300-9831/a000617
https://doi.org/10.1111/j.1365-2095.2009.00703.x
https://doi.org/10.1111/j.1365-2095.2009.00703.x
https://doi.org/10.1016/j.aquaculture.2023.739529
https://doi.org/10.1016/j.aquaculture.2023.739529
https://doi.org/10.1016/j.aquaculture.2009.07.003
https://doi.org/10.1016/j.aquaculture.2009.07.003
https://doi.org/10.1186/s12864-016-2418-7
https://doi.org/10.1186/s12864-016-2418-7
https://doi.org/10.1371/journal.pone.0127041
https://doi.org/10.1371/journal.pone.0127041
https://doi.org/10.1016/0044-8486(90)90206-3
https://doi.org/10.1016/0044-8486(90)90206-3
https://doi.org/10.1016/0044-8486(91)90087-N
https://doi.org/10.1016/0044-8486(91)90087-N


27 of 37

nerka),” Aquaculture 36, no. 4 (1984): 293–311, https://​doi.​org/​10.​1016/​
0044-​8486(84)​90323​-​5.

29. K. Hamre, G. Micallef, M. Hillestad, et al., “Changes in Daylength 
and Temperature From April Until August for Atlantic Salmon 
Reared in Sea Cages, Increase Growth, and May Cause Consumption 
of Antioxidants, Onset of Cataracts and Increased Oxidation of Fillet 
Astaxanthin,” Aquaculture 551 (2022): 737950, https://​doi.​org/​10.​
1016/j.​aquac​ulture.​2022.​737950.

30. P. Yin, B. T. Björnsson, P. G. Fjelldal, et al., “Impact of Antioxidant 
Feed and Growth Manipulation on the Redox Regulation of Atlantic 
Salmon Smolts,” Antioxidants 11, no. 9 (2022): 1708, https://​doi.​org/​10.​
3390/​antio​x1109​1708.

31. P. Yin, T. Saito, P. G. Fjelldal, et al., “Seasonal Changes in Photoperiod: 
Effects on Growth and Redox Signaling Patterns in Atlantic Salmon 
Postsmolts,” Antioxidants 12, no. 8 (2023): 1546, https://​doi.​org/​10.​
3390/​antio​x1208​1546.

32. P. Yin, T. Saito, P. G. Fjelldal, et  al., “Environmentally Driven 
Changes in Atlantic Salmon Oxidative Status Interact With 
Physiological Performance,” Aquaculture 581 (2024): 740400, https://​
doi.​org/​10.​1016/j.​aquac​ulture.​2023.​740400.

33. V. S. Blazer, “Nutrition and Disease Resistance in Fish,” Annual 
Review of Fish Diseases 2 (1992): 309–323, https://​doi.​org/​10.​1016/​0959-​
8030(92)​90068​-​9.

34. V. Kiron, “Fish Immune System and Its Nutritional Modulation 
for Preventive Health Care,” Animal Feed Science and Technology 173, 
no. 1 (2012): 111–133. Special Issue: Nutrition and Pathology of Non-
Ruminants, https://​doi.​org/​10.​1016/j.​anife​edsci.​2011.​12.​015.

35. R. Waagbø, “The Impact of Nutritional Factors on the Immune System 
in Atlantic Salmon, Salmo salar L.: A Review,” Aquaculture Research 25, 
no. 2 (1994): 175–197, https://​doi.​org/​10.​1111/j.​1365-​2109.​1994.​tb005​73.​x.

36. A. J. P. Prabhu, E.-J. Lock, G.-I. Hemre, et al., “Recommendations 
for Dietary Level of Micro-Minerals and Vitamin D3 to Atlantic Salmon 
(Salmo Salar) Parr and Post-Smolt When Fed Low Fish Meal Diets,” 
PeerJ 7 (2019): e6996, https://​doi.​org/​10.​7717/​peerj.​6996.

37. K. Hamre and Ø. Lie, “Minimum Requirement of Vitamin E 
for Atlantic Salmon, Salmo salar L., at First Feeding,” Aquaculture 
Research 26, no. 3 (1995): 175–184, https://​doi.​org/​10.​1111/j.​1365-​2109.​
1995.​tb009​00.​x.

38. K. Hamre, B. Hjeltnes, H. Kryvi, S. Sandberg, M. Lorentzen, and 
O. Lie, “Decreased Concentration of Hemoglobin, Accumulation of 
Lipid Oxidation-Products and Unchanged Skeletal-Muscle in Atlantic 
Salmon (Salmo salar) Fed Low Dietary Vitamin-E,” Fish Physiology and 
Biochemistry 12, no. 5 (1994): 421–429, https://​doi.​org/​10.​1007/​Bf000​04306​.

39. K. Hamre, N. H. Sissener, E.-J. Lock, et al., “Antioxidant Nutrition in 
Atlantic Salmon (Salmo salar) Parr and Post-Smolt, Fed Diets With High 
Inclusion of Plant Ingredients and Graded Levels of Micronutrients and 
Selected Amino Acids,” PeerJ 4 (2016): e2688, https://​doi.​org/​10.​7717/​
peerj.​2688.

40. K. Sandnes, O. Torrissen, and R. Waagbo, “The Minimum Dietary 
Requirement of Vitamin-C in Atlantic Salmon (Salmo-salar) Fry Using 
Ca Ascorbate-2-Monophosphate as Dietary Source,” Fish Physiology 
and Biochemistry 10, no. 4 (1992): 315–319, https://​doi.​org/​10.​1007/​
Bf000​04480​.

41. K. Hamre, R. Waagbo, R. K. Berge, and O. Lie, “Vitamins C and E 
Interact in Juvenile Atlantic Salmon (Salmo salar, L.),” Free Radical 
Biology & Medicine 22, no. 1–2 (1997): 137–149, https://​doi.​org/​10.​1016/​
S0891​-​5849(96)​00281​-​X.

42. X. J. Li, R. Bickerdike, D. Nickell, P. Campbell, A. Dingwall, and I. 
A. Johnston, “Investigations on the Effects of Growth Rate and Dietary 
Vitamin C on Skeletal Muscle Collagen and Hydroxylysyl Pyridinoline 
Cross-Link Concentration in Farmed Atlantic Salmon (Salmo salar),” 
Journal of Agricultural and Food Chemistry 55, no. 2 (2007): 510–515, 
https://​doi.​org/​10.​1021/​jf062​251i.

43. G.-I. Hemre, E.-J. Lock, P. A. Olsvik, et al., “Atlantic Salmon (Salmo 
salar) Require Increased Dietary Levels of B-Vitamins When Fed Diets 
With High Inclusion of Plant Based Ingredients,” PeerJ 2016, no. 4 
(2016): e2493.

44. M. Espe, V. Vikesa, T. H. Thomsen, A. C. Adam, T. Saito, and K. 
H. Skjaerven, “Atlantic Salmon Fed a Nutrient Package of Surplus 
Methionine, Vitamin B12, Folic Acid and Vitamin B6 Improved Growth 
and Reduced the Relative Liver Size, but When in Excess Growth 
Reduced,” Aquaculture Nutrition 26, no. 2 (2020): 477–489, https://​doi.​
org/​10.​1111/​anu.​13010​.

45. W. Mæland and H. Sandnes, “Biotin in Practical Fish-Meal Based 
Diet for Atlantic Salmon Salmo salar L. Fry,” Aquaculture Nutrition 
4, no. 4 (1998): 241–247, https://​doi.​org/​10.​1046/j.​1365-​2095.​1998.​
00076.​x.

46. F. Andersen, A. Maage, and K. Julshamn, “An Estimation of 
Dietary Iron Requirement of Atlantic Salmon, Salmo salar L., Parr,” 
Aquaculture Nutrition 2, no. 1 (1996): 41–47, https://​doi.​org/​10.​1111/j.​
1365-​2095.​1996.​tb000​06.​x.

47. A. J. P. Prabhu, M. S. Silva, S. Kröeckel, et al., “Effect of Levels and 
Sources of Dietary Manganese on Growth and Mineral Composition of 
Post-Smolt Atlantic Salmon Fed Low Fish Meal, Plant-Based Ingredient 
Diets,” Aquaculture 512 (2019): 734287, https://​doi.​org/​10.​1016/j.​aquac​
ulture.​2019.​734287.

48. M. Moren, T. Næss, and K. Hamre, “Conversion of β-Carotene, 
Canthaxanthin and Astaxanthin to Vitamin A in Atlantic Halibut 
(Hippoglossus hippoglossus L.) Juveniles,” Fish Physiology and 
Biochemistry 27, no. 1 (2002): 71–80, https://​doi.​org/​10.​1023/B:​FISH.​
00000​21819.​46235.​12.

49. R. Christiansen, O. Lie, and O. J. Torrissen, “Growth and Survival 
of Atlantic Salmon, Salmo salar L., Fed Different Dietary Levels of 
Astaxanthin. First-Feeding Fry,” Aquaculture Nutrition 1, no. 3 (1995): 
189–198, https://​doi.​org/​10.​1111/j.​1365-​2095.​1995.​tb000​43.​x.

50. L. H. Hernandez and R. W. Hardy, “Vitamin A Functions and 
Requirements in Fish,” Aquaculture Research 51, no. 8 (2020): 3061–
3071, https://​doi.​org/​10.​1111/​are.​14667​.

51. W. S. Blaner, “Vitamin A,” in Present Knowledge in Nutrition, ed. B. 
P. Marriott, D. F. Birt, V. A. Stallings, and A. A. Yates (Academic Press 
(Elsevier), 2020), 73–92.

52. A. Carazo, K. Macáková, K. Matoušová, L. K. Krčmová, M. Protti, and 
P. Mladěnka, “Vitamin A Update: Forms, Sources, Kinetics, Detection, 
Function, Deficiency, Therapeutic Use and Toxicity,” Nutrients 13, no. 5 
(2021): 1703, https://​doi.​org/​10.​3390/​nu130​51703​.

53. B. Hoyos, R. Acin-Perez, D. A. Fischman, G. Manfredi, and U. 
Hammerling, “Hiding in Plain Sight: Uncovering a New Function of 
Vitamin A in Redox Signaling,” Biochimica et Biophysica Acta (BBA) – 
Molecular and Cell Biology of Lipids 1821, no. 1 (2012): 241–247, https://​
doi.​org/​10.​1016/j.​bbalip.​2011.​06.​014.

54. L. L. Petiz, C. S. Girardi, R. C. Bortolin, et  al., “Vitamin A Oral 
Supplementation Induces Oxidative Stress and Suppresses IL-10 and 
HSP70 in Skeletal Muscle of Trained Rats,” Nutrients 9, no. 4 (2017): 
353, https://​doi.​org/​10.​3390/​nu904​0353.

55. S. Kanazawa, T. Kitaoka, Y. Ueda, H. Gong, and T. Amemiya, 
“Interaction of Zinc and Vitamin A on the Ocular Surface,” Graefe's 
Archive for Clinical and Experimental Ophthalmology 240, no. 12 (2002): 
1011–1021, https://​doi.​org/​10.​1007/​s0041​7-​002-​0586-​4.

56. C. Shao, B. Bao, Z. Xie, et  al., “The Genome and Transcriptome of 
Japanese Flounder Provide Insights Into Flatfish Asymmetry,” Nature 
Genetics 49, no. 1 (2017): 119–124, https://​doi.​org/​10.​1038/​ng.​3732.

57. K. Schiedt, H. Mayer, M. Vecchi, E. Glinz, and T. Storebakken, 
“Metabolism of Carotenoids in Salmonids 2. Distribution and Absolute 
Configuration of Idoxanthin in Various Organs and Tissues of One 
Atlantic Salmon (Salmo salar, L) Fed With Astaxanthin,” Helvetica 
Chimata Acta 71, no. 4 (1988): 881–886.

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/0044-8486(84)90323-5
https://doi.org/10.1016/0044-8486(84)90323-5
https://doi.org/10.1016/j.aquaculture.2022.737950
https://doi.org/10.1016/j.aquaculture.2022.737950
https://doi.org/10.3390/antiox11091708
https://doi.org/10.3390/antiox11091708
https://doi.org/10.3390/antiox12081546
https://doi.org/10.3390/antiox12081546
https://doi.org/10.1016/j.aquaculture.2023.740400
https://doi.org/10.1016/j.aquaculture.2023.740400
https://doi.org/10.1016/0959-8030(92)90068-9
https://doi.org/10.1016/0959-8030(92)90068-9
https://doi.org/10.1016/j.anifeedsci.2011.12.015
https://doi.org/10.1111/j.1365-2109.1994.tb00573.x
https://doi.org/10.7717/peerj.6996
https://doi.org/10.1111/j.1365-2109.1995.tb00900.x
https://doi.org/10.1111/j.1365-2109.1995.tb00900.x
https://doi.org/10.1007/Bf00004306
https://doi.org/10.7717/peerj.2688
https://doi.org/10.7717/peerj.2688
https://doi.org/10.1007/Bf00004480
https://doi.org/10.1007/Bf00004480
https://doi.org/10.1016/S0891-5849(96)00281-X
https://doi.org/10.1016/S0891-5849(96)00281-X
https://doi.org/10.1021/jf062251i
https://doi.org/10.1111/anu.13010
https://doi.org/10.1111/anu.13010
https://doi.org/10.1046/j.1365-2095.1998.00076.x
https://doi.org/10.1046/j.1365-2095.1998.00076.x
https://doi.org/10.1111/j.1365-2095.1996.tb00006.x
https://doi.org/10.1111/j.1365-2095.1996.tb00006.x
https://doi.org/10.1016/j.aquaculture.2019.734287
https://doi.org/10.1016/j.aquaculture.2019.734287
https://doi.org/10.1023/B:FISH.0000021819.46235.12
https://doi.org/10.1023/B:FISH.0000021819.46235.12
https://doi.org/10.1111/j.1365-2095.1995.tb00043.x
https://doi.org/10.1111/are.14667
https://doi.org/10.3390/nu13051703
https://doi.org/10.1016/j.bbalip.2011.06.014
https://doi.org/10.1016/j.bbalip.2011.06.014
https://doi.org/10.3390/nu9040353
https://doi.org/10.1007/s00417-002-0586-4
https://doi.org/10.1038/ng.3732


28 of 37 Reviews in Aquaculture, 2025

58. H. Rajasingh, L. Øyehaug, D. I. Våge, and S. W. Omholt, “Carotenoid 
Dynamics in Atlantic Salmon,” BMC Biology 4, no. 1 (2006): 10, https://​
doi.​org/​10.​1186/​1741-​7007-​4-​10.

59. R. R. Ambati, S. M. Phang, S. Ravi, and R. G. Aswathanarayana, 
“Astaxanthin: Sources, Extraction, Stability, Biological Activities and 
Its Commercial Applications—A Review,” Marine Drugs 12, no. 1 
(2014): 128–152, https://​doi.​org/​10.​3390/​md120​10128​.

60. C. T. Kalinowski, M. B. Betancor, S. Torrecillas, et  al., “More Than 
an Antioxidant: Role of Dietary Astaxanthin on Lipid and Glucose 
Metabolism in the Liver of Rainbow Trout (Oncorhynchus mykiss),” 
Antioxidants 12, no. 1 (2023): 136, https://​doi.​org/​10.​3390/​antio​x1201​0136.

61. K. C. Lim, F. M. Yusoff, M. Karim, and F. M. I. Natrah, “Carotenoids 
Modulate Stress Tolerance and Immune Responses in Aquatic 
Animals,” Reviews in Aquaculture 15, no. 2 (2023): 872–894, https://​doi.​
org/​10.​1111/​raq.​12767​.

62. E. Spiegler, Y.-K. Kim, B. Hoyos, et  al., “β-Apo-10′-Carotenoids 
Support Normal Embryonic Development During Vitamin A 
Deficiency,” Scientific Reports 8, no. 1 (2018): 8834, https://​doi.​org/​10.​
1038/​s4159​8-​018-​27071​-​3.

63. J. Schmeisser, V. Verlhac-Trichet, A. Madaro, S. P. Lall, O. Torrissen, 
and R. E. Olsen, “Molecular Mechanism Involved in Carotenoid 
Metabolism in Post-Smolt Atlantic Salmon: Astaxanthin Metabolism 
During Flesh Pigmentation and Its Antioxidant Properties,” Marine 
Biotechnology 23, no. 4 (2021): 653–670, https://​doi.​org/​10.​1007/​s1012​
6-​021-​10055​-​2.

64. A. Liu, V. P. T. H. To, E. Santigosa, A. Dumas, and J. M. Hernandez, 
“Vitamin Nutrition in Salmonid Aquaculture: From Avoiding 
Deficiencies to Enhancing Functionalities,” Aquaculture 561 (2022): 
738654, https://​doi.​org/​10.​1016/j.​aquac​ulture.​2022.​738654.

65. B. Liu, Z. Zhao, P. B. Brown, et al., “Dietary Vitamin A Requirement 
of Juvenile Wuchang Bream (Megalobrama amblycephala) Determined 
by Growth and Disease Resistance,” Aquaculture 450 (2016): 23–30, 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2015.​06.​042.

66. R. Ørnsrud, E. J. Lock, R. Waagbø, C. Krossøy, and P. G. Fjelldal, 
“Establishing an Upper Level of Intake for Vitamin A in Atlantic 
Salmon (Salmo salar L.) Postsmolts,” Aquaculture Nutrition 19, no. 5 
(2013): 651–664, https://​doi.​org/​10.​1111/​anu.​12013​.

67. M. Moren, I. Opstad, M. H. G. Berntssen, J. L. Zambonino Infante, and 
K. Hamre, “An Optimum Level of Vitamin A Supplements for Atlantic 
Halibut (Hippoglossus hippoglossus L.) Juveniles,” Aquaculture 235, no. 1 
(2004): 587–599, https://​doi.​org/​10.​1016/j.​aquac​ulture.​2004.​01.​030.

68. I. Thompson, T. C. Fletcher, D. F. Houlihan, and C. J. Secombes, 
“The Effect of Dietary Vitamin A on the Immunocompetence of 
Atlantic Salmon (Salmo salar L.),” Fish Physiology and Biochemistry 12, 
no. 6 (1994): 513–523, https://​doi.​org/​10.​1007/​BF000​04453​.

69. I. Thompson, G. Choubert, D. F. Houlihan, and C. J. Secombes, “The 
Effect of Dietary Vitamin A and Astaxanthin on the Immunocompetence 
of Rainbow Trout,” Aquaculture 133, no. 2 (1995): 91–102, https://​doi.​
org/​10.​1016/​0044-​8486(95)​00024​-​V.

70. L. Y. Tao, K. Y. Huang, J. N. Wang, et al., “Retinol Palmitate Protects 
Against Myocardial Ischemia/Reperfusion Injury via Reducing 
Oxidative Stress and Inhibiting Apoptosis,” American Journal of 
Translational Research 11, no. 3 (2019): 1510–1520.

71. R. B. Brandt, B. A. Doyle, W. Chan, J. L. Poland, and H. R. Seibel, 
“The Effects of Running Stress on Plasma Vitamin A Levels in Rats,” 
Food and Chemical Toxicology 35, no. 5 (1997): 459–463, https://​doi.​org/​
10.​1016/​S0278​-​6915(97)​00013​-​6.

72. F. Dal-Pizzol, F. Klamt, M. S. Benfato, E. A. Bernard, and J. C. F. 
Moreira, “Retinol Supplementation Induces Oxidative Stress and 
Modulates Antioxidant Enzyme Activities in Rat Sertoli Cells,” Free 
Radical Research 34, no. 4 (2001): 395–404, https://​doi.​org/​10.​1080/​
10715​76010​0300331.

73. L. L. Petiz, A. Kunzler, R. C. Bortolin, et  al., “Role of Vitamin 
A Oral Supplementation on Oxidative Stress and Inflammatory 
Response in the Liver of Trained Rats,” Applied Physiology, Nutrition, 
and Metabolism 42, no. 11 (2017): 1192–1200, https://​doi.​org/​10.​1139/​
apnm-​2017-​0193.

74. J. L. Napoli, “Functions of Intracellular Retinoid Binding-Proteins,” 
Sub-Cellular Biochemistry 81 (2016): 21–76, https://​doi.​org/​10.​1007/​978-​
94-​024-​0945-​1_​2.

75. P. R. Sundaresan, S. M. Kaup, P. W. Wiesenfeld, S. J. Chirtel, S. C. 
Hight, and J. I. Rader, “Interactions in Indices of Vitamin A, Zinc and 
Copper Status When These Nutrients Are Fed to Rats at Adequate and 
Increased Levels,” British Journal of Nutrition 75, no. 6 (1996): 915–928, 
https://​doi.​org/​10.​1079/​bjn19​960197.

76. W. Zhang, K. Mai, W. Xu, et al., “Interaction Between Vitamins A 
and D on Growth and Metabolic Responses of Abalone Haliotis discus 
hannai, Ino,” Journal of Shellfish Research 26, no. 1 (2007): 51–58.

77. M. M. F. Yee, K.-Y. Chin, S. Ima-Nirwana, and S. K. Wong, “Vitamin 
A and Bone Health: A Review on Current Evidence,” Molecules 26, no. 
6 (2021): 1757.

78. J. M. Oliveira, F. B. Michelazzo, J. Stefanello, and P. H. C. Rondó, 
“Influence of Iron on Vitamin A Nutritional Status,” Nutrition Reviews 
66, no. 3 (2008): 141–147, https://​doi.​org/​10.​1111/j.​1753-​4887.​2008.​
00018.​x.

79. J. Zhou, Y. Qin, X. Xiong, et  al., “Effects of Iron, Vitamin A, and 
the Interaction Between the Two Nutrients on Intestinal Development 
and Cell Differentiation in Piglets,” Journal of Animal Science 99, no. 10 
(2021): 1–9, https://​doi.​org/​10.​1093/​jas/​skab258.

80. V. Sele, M. Silva, and A. Philip, “Program for overvåking av fiskefôr 
– Årsrapport for prøver innsamlet i 2022” (2023).

81. N. H. Sissener, K. Julshamn, M. Espe, et al., “Surveillance of Selected 
Nutrients, Additives and Undesirables in Commercial Norwegian Fish 
Feeds in the Years 2000 to 2010,” Aquaculture Nutrition 19, no. 4 (2013): 
555–572, https://​doi.​org/​10.​1111/​anu.​12007​.

82. Y. Chen, C. Huang, L. Liu, C. Lai, and F. Wang, “Concentration of 
Vitamins in the 13 Feed Ingredients Commonly Used in Pig Diets,” 
Animal Feed Science and Technology 247 (2019): 1–8.

83. E. V. McCollum, N. Simmonds, J. E. Becker, and P. G. Shipley, “Studies 
on Experimental Rickets: XXI. An Experimental Demonstration of the 
Existence of A Vitamin Which Promotes Calcium Deposition,” Journal 
of Biological Chemistry 53, no. 2 (1922): 293–312, https://​doi.​org/​10.​
1016/​S0021​-​9258(18)​85783​-​0.

84. H. F. Deluca, “History of the Discovery of Vitamin D and Its Active 
Metabolites,” Bonekey Report 3 (2014): 479, https://​doi.​org/​10.​1038/​
bonek​ey.​2013.​213.

85. R. Nicolaysen, “Studies Upon the Mode of Action of Vitamin D: The 
Influence of Vitamin D on the Absorption of Calcium and Phosphorus 
in the Rat,” Biochemical Journal 31, no. 1 (1937): 122–129, https://​doi.​
org/​10.​1042/​bj031​0122.

86. R. Nicolaysen, N. Eeg-Larsen, and O. J. Malm, “Physiology of 
Calcium Metabolism,” Physiological Reviews 33, no. 3 (1953): 424–444, 
https://​doi.​org/​10.​1152/​physr​ev.​1953.​33.3.​424.

87. E.-J. Lock, R. Waagbø, S. Wendelaar Bonga, and G. Flik, “The 
Significance of Vitamin D for Fish: A Review,” Aquaculture Nutrition 
16, no. 1 (2010): 100–116, https://​doi.​org/​10.​1111/j.​1365-​2095.​2009.​
00722.​x.

88. G. K. Schwalfenberg, “A Review of the Critical Role of Vitamin D in 
the Functioning of the Immune System and the Clinical Implications of 
Vitamin D Deficiency,” Molecular Nutrition & Food Research 55, no. 1 
(2011): 96–108, https://​doi.​org/​10.​1002/​mnfr.​20100​0174.

89. M. Umar, K. S. Sastry, and A. I. Chouchane, “Role of Vitamin D 
Beyond the Skeletal Function: A Review of the Molecular and Clinical 

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1186/1741-7007-4-10
https://doi.org/10.1186/1741-7007-4-10
https://doi.org/10.3390/md12010128
https://doi.org/10.3390/antiox12010136
https://doi.org/10.1111/raq.12767
https://doi.org/10.1111/raq.12767
https://doi.org/10.1038/s41598-018-27071-3
https://doi.org/10.1038/s41598-018-27071-3
https://doi.org/10.1007/s10126-021-10055-2
https://doi.org/10.1007/s10126-021-10055-2
https://doi.org/10.1016/j.aquaculture.2022.738654
https://doi.org/10.1016/j.aquaculture.2015.06.042
https://doi.org/10.1111/anu.12013
https://doi.org/10.1016/j.aquaculture.2004.01.030
https://doi.org/10.1007/BF00004453
https://doi.org/10.1016/0044-8486(95)00024-V
https://doi.org/10.1016/0044-8486(95)00024-V
https://doi.org/10.1016/S0278-6915(97)00013-6
https://doi.org/10.1016/S0278-6915(97)00013-6
https://doi.org/10.1080/10715760100300331
https://doi.org/10.1080/10715760100300331
https://doi.org/10.1139/apnm-2017-0193
https://doi.org/10.1139/apnm-2017-0193
https://doi.org/10.1007/978-94-024-0945-1_2
https://doi.org/10.1007/978-94-024-0945-1_2
https://doi.org/10.1079/bjn19960197
https://doi.org/10.1111/j.1753-4887.2008.00018.x
https://doi.org/10.1111/j.1753-4887.2008.00018.x
https://doi.org/10.1093/jas/skab258
https://doi.org/10.1111/anu.12007
https://doi.org/10.1016/S0021-9258(18)85783-0
https://doi.org/10.1016/S0021-9258(18)85783-0
https://doi.org/10.1038/bonekey.2013.213
https://doi.org/10.1038/bonekey.2013.213
https://doi.org/10.1042/bj0310122
https://doi.org/10.1042/bj0310122
https://doi.org/10.1152/physrev.1953.33.3.424
https://doi.org/10.1111/j.1365-2095.2009.00722.x
https://doi.org/10.1111/j.1365-2095.2009.00722.x
https://doi.org/10.1002/mnfr.201000174


29 of 37

Studies,” International Journal of Molecular Sciences 19, no. 6 (2018): 
1618.

90. A. Ashok, D. S. Rao, S. Chennaiah, and N. Raghuramulu, “Vitamin 
D2 is Not Biologically Active for Rora (Labeo rohita) as Vitamin D3,” 
Journal of Nutritional Science and Vitaminology 45, no. 1 (1999): 21–30.

91. M. Soto-Dávila, K. Valderrama, S. M. Inkpen, J. R. Hall, M. L. 
Rise, and J. Santander, “Effects of Vitamin D2 (Ergocalciferol) and D3 
(Cholecalciferol) on Atlantic Salmon (Salmo salar) Primary Macrophage 
Immune Response to Aeromonas salmonicida Subsp. Salmonicida 
Infection,” Frontiers in Immunology 10 (2020), https://​doi.​org/​10.​3389/​
fimmu.​2019.​03011​.

92. D. Knudsen, “Analyse av vitamin D metabolitter i plasme fra atlan-
tisk laks” (2024).

93. S. Pierens and D. Fraser, “The Origin and Metabolism of Vitamin 
D in Rainbow Trout,” Journal of Steroid Biochemistry and Molecular 
Biology 145 (2015): 58–64.

94. P. Taveekijakarn, T. Miyazaki, M. Matsumoto, and S. Aral, 
“Histopathological and Haematological Changes in Amago Salmon, 
Oncorhynchus rhodurus (Jordan & McGregor), Fed a Vitamin-D-Free 
Diet,” Journal of Fish Diseases 19, no. 4 (1996): 289–294, https://​doi.​org/​
10.​1046/j.​1365-​2761.​1996.​d01-​85.​x.

95. I. E. Graff, S. Høie, G. K. Totland, and Ø. Lie, “Three Different 
Levels of Dietary Vitamin D3 Fed to First-Feeding Fry of Atlantic 
Salmon (Salmo salar L.): Effect on Growth, Mortality, Calcium Content 
and Bone Formation,” Aquaculture Nutrition 8, no. 2 (2002): 103–111, 
https://​doi.​org/​10.​1046/j.​1365-​2095.​2002.​00197.​x.

96. O. Horvli, O. Lie, and L. Aksnes, “Tissue Distribution of Vitamin D3 
in Atlantic Salmon Salmo salar: Effect of Dietary Level,” Aquaculture 
Nutrition 4, no. 2 (1998): 127–131, https://​doi.​org/​10.​1046/j.​1365-​2095.​
1998.​00062.​x.

97. A. J. van Ballegooijen, S. Pilz, A. Tomaschitz, M. R. Grübler, and N. 
Verheyen, “The Synergistic Interplay Between Vitamins D and K for 
Bone and Cardiovascular Health: A Narrative Review,” International 
Journal of Endocrinology 2017 (2017): 7454376, https://​doi.​org/​10.​1155/​
2017/​7454376.

98. U. Sivagurunathan, D. Dominguez, Y. Tseng, M. J. Zamorano, A. 
J. P. Philip, and M. Izquierdo, “Interaction Between Dietary Vitamin 
D3 and Vitamin K3 in Gilthead Seabream Larvae (Sparus aurata) in 
Relation to Growth and Expression of Bone Development-Related 
Genes,” Aquaculture Nutrition 21, no. 1 (2023): 3061649.

99. R. Cerezuela, A. Cuesta, J. Meseguer, and E. M. Ángeles, “Effects 
of Dietary Vitamin D3 Administration on Innate Immune Parameters 
of Seabream (Sparus aurata L.),” Fish & Shellfish Immunology 26, no. 2 
(2009): 243–248, https://​doi.​org/​10.​1016/j.​fsi.​2008.​11.​004.

100. R. Shao, J. Liu, Y. Lan, et al., “Vitamin D Impacts on the Intestinal 
Health, Immune Status and Metabolism in Turbot (Scophthalmus max-
imus L.),” British Journal of Nutrition 128, no. 11 (2022): 2083–2096.

101. K. Cheng, Q. Tang, X. Guo, N. A. Karow, and C. Wang, “High Dose 
of Dietary Vitamin D3 Modulated the Yellow Catfish (Pelteobagrus ful-
vidraco) Splenic Innate Immune Response After Edwardsiella ictaluri 
Infection,” Fish & Shellfish Immunology 100 (2020): 41–48.

102. M. Dioguardi, F. Guardiola, M. Vazzana, A. Cuesta, M. Esteban, 
and M. Cammarata, “Vitamin D 3 Affects Innate Immune Status of 
European Sea Bass (Dicentrarchus labrax L.),” Fish Physiology and 
Biochemistry 43 (2017): 1161–1174.

103. Y. Zhang, X.-Q. Zhou, W.-D. Jiang, et  al., “Vitamin D Promotes 
Mucosal Barrier System of Fish Skin Infected With Aeromonas hydroph-
ila Through Multiple Modulation of Physical and Immune Protective 
Capacity,” International Journal of Molecular Sciences 24, no. 14 (2023): 
11243.

104. M. J. Darias, D. Mazurais, G. Koumoundouros, et  al., “Dietary 
Vitamin D3 Affects Digestive System Ontogenesis and Ossification in 

European Sea Bass (Dicentrachus labrax, Linnaeus, 1758),” Aquaculture 
298, no. 3–4 (2010): 300–307.

105. U. Sivagurunathan, D. Dominguez, Y. Tseng, et  al., “Effects 
of Dietary Vitamin D3 Levels on Survival, Mineralization, and 
Skeletal Development of Gilthead Seabream (Sparus aurata) Larvae,” 
Aquaculture 560 (2022): 738505, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2022.​738505.

106. C. L. Wu, B. Lu, Y. L. Wang, C. M. Jin, Y. X. Zhang, and J. Y. Ye, 
“Effects of Dietary Vitamin D(3)on Growth Performance, Antioxidant 
Capacities and Innate Immune Responses in Juvenile Black Carp 
(Mylopharyngodon piceus),” Fish Physiology and Biochemistry 46, no. 6 
(2020): 2243–2256, https://​doi.​org/​10.​1007/​s1069​5-​020-​00876​-​8.

107. L. H. Miao, J. Xie, X. P. Ge, et al., “Chronic Stress Effects of High 
Doses of Vitamin D-3 on Megalobrama amblycephala,” Fish & Shellfish 
Immunology 47, no. 1 (2015): 205–213, https://​doi.​org/​10.​1016/j.​fsi.​2015.​
09.​012.

108. J. Liu, R. Shao, Y. Lan, et  al., “Vitamin D3 Protects Turbot 
(Scophthalmus maximus L.) From Bacterial Infection,” Fish & Shellfish 
Immunology 118 (2021): 25–33, https://​doi.​org/​10.​1016/j.​fsi.​2021.​08.​024.

109. EFSA, “Safety of Vitamin D3 Addition to Feedingstuffs for Fish,” 
EFSA Journal 15, no. 3 (2017): e04713, https://​doi.​org/​10.​2903/j.​efsa.​
2017.​4713.

110. S. Rider, V. Verlhac-Trichet, D. Constant, et al., “Calcifediol is a Safe 
and Effective Metabolite for Raising Vitamin D Status and Improving 
Growth and Feed Conversion in Rainbow Trout,” Aquaculture 568 
(2023): 739285.

111. D. Dominguez, D. Montero, M. J. Zamorano, et  al., “Effects of 
Vitamin D3 Supplementation in Gilthead Seabream (Sparus aurata) 
Juveniles Fed Diets High in Plant Based Feedstuffs,” Aquaculture 543 
(2021): 736991, https://​doi.​org/​10.​1016/j.​aquac​ulture.​2021.​736991.

112. I. Fossen, T. Backström, T. Holte, and Ø. Klakegg, “UV-B Light 
Stimulates the Production of Vitamin D3 in Atlantic Salmon,” 
Aquaculture 611 (2025): 743058, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2025.​743058.

113. S. Rider, E. Chenal, B. Guy, et  al., “Limited In  Vivo Conversion 
of Dietary D3 to 25-OH-D3 in Rainbow Trout and Undetectable 
Endogenous Photo-Production of D3 in Indoor-Raised Fish,” 
Aquaculture 607 (2025): 742645, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2025.​742645.

114. B. Halliwell and J. M. C. Gutteridge, Free Radicals in Biology and 
Medicine, 5th ed. (Oxford University Press, 2015).

115. K. Hamre, “Metabolism, Interactions, Requirements and Functions 
of Vitamin E in Fish,” Aquaculture Nutrition 17, no. 1 (2011): 98–115, 
https://​doi.​org/​10.​1111/j.​1365-​2095.​2010.​00806.​x.

116. A.-F. M. El-Sayed and M. Izquierdo, “The Importance of Vitamin 
E for Farmed Fish-A Review,” Reviews in Aquaculture 14, no. 2 (2022): 
688–703, https://​doi.​org/​10.​1111/​raq.​12619​.

117. H. A. Poston, G. F. Combs, and L. Leibovitz, “Vitamin E and 
Selenium Interrelations in the Diet of Atlantic Salmon (Salmo salar): 
Gross, Histological and Biochemical Deficiency Signs,” Journal of 
Nutrition 106, no. 7 (1976): 892–904, https://​doi.​org/​10.​1093/​jn/​
106.7.​892.

118. A. N. Woodall, L. M. Ashley, J. E. Halver, H. S. Olcott, and J. van 
der Veen, “Nutrition of Salmonoid Fishes: XIII. The α-Tocopherol 
Requirement of Chinook Salmon,” Journal of Nutrition 84, no. 2 (1964): 
125–135, https://​doi.​org/​10.​1093/​jn/​84.2.​125.

119. R. Waagbø, K. Sandnes, A. Sandvin, and Ø. Lie, “Feeding Three 
Levels of n-3 Polyunsaturated Fatty Acids at Two Levels of Vitamin E 
to Atlantic Salmon (Salmo salar). Growth and Chemical Composition,” 
Fiskerídirektoratets skrifter, serie Ernaring 4 (1991): 51–63.

120. J. Puangkaew, V. Kiron, S. Satoh, and T. Watanabe, “Antioxidant 
Defense of Rainbow Trout (Oncorhynchus mykiss) in Relation to 

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3389/fimmu.2019.03011
https://doi.org/10.3389/fimmu.2019.03011
https://doi.org/10.1046/j.1365-2761.1996.d01-85.x
https://doi.org/10.1046/j.1365-2761.1996.d01-85.x
https://doi.org/10.1046/j.1365-2095.2002.00197.x
https://doi.org/10.1046/j.1365-2095.1998.00062.x
https://doi.org/10.1046/j.1365-2095.1998.00062.x
https://doi.org/10.1155/2017/7454376
https://doi.org/10.1155/2017/7454376
https://doi.org/10.1016/j.fsi.2008.11.004
https://doi.org/10.1016/j.aquaculture.2022.738505
https://doi.org/10.1016/j.aquaculture.2022.738505
https://doi.org/10.1007/s10695-020-00876-8
https://doi.org/10.1016/j.fsi.2015.09.012
https://doi.org/10.1016/j.fsi.2015.09.012
https://doi.org/10.1016/j.fsi.2021.08.024
https://doi.org/10.2903/j.efsa.2017.4713
https://doi.org/10.2903/j.efsa.2017.4713
https://doi.org/10.1016/j.aquaculture.2021.736991
https://doi.org/10.1016/j.aquaculture.2025.743058
https://doi.org/10.1016/j.aquaculture.2025.743058
https://doi.org/10.1016/j.aquaculture.2025.742645
https://doi.org/10.1016/j.aquaculture.2025.742645
https://doi.org/10.1111/j.1365-2095.2010.00806.x
https://doi.org/10.1111/raq.12619
https://doi.org/10.1093/jn/106.7.892
https://doi.org/10.1093/jn/106.7.892
https://doi.org/10.1093/jn/84.2.125


30 of 37 Reviews in Aquaculture, 2025

Dietary n-3 Highly Unsaturated Fatty Acids and Vitamin E Contents,” 
Comparative Biochemistry and Physiology Part C: Toxicology & 
Pharmacology 140, no. 2 (2005): 187–196, https://​doi.​org/​10.​1016/j.​cca.​
2005.​01.​016.

121. K. Hamre and Ø. Lie, “α-Tocopherol Levels in Different Organs 
of Atlantic Salmon (Salmo salar L.)—Effect of Smoltification, Dietary 
Levels of n-3 Polyunsaturated Fatty Acids and Vitamin E,” Comparative 
Biochemistry and Physiology Part A: Physiology 111, no. 4 (1995): 547–
554, https://​doi.​org/​10.​1016/​0300-​9629(95)​00065​-​F.

122. W. J. Roy, A. J. Matty, and J. G. Bell, “Tissue Vitamin E 
Concentrations During Smoltification and Seawater Transfer in 
Farmed Atlantic Salmon, L,” Aquaculture Nutrition 1, no. 1 (1995): 51–
57, https://​doi.​org/​10.​1111/j.​1365-​2095.​1995.​tb000​35.​x.

123. A. C. Adam, P. G. Fjelldal, T. Hansen, E. M. Hevrøy, and K. Hamre, 
“An Expansion of Atlantic Salmon Broodfish Feeding Period Along 
With Manipulated Spawning, Affect the Vitamin C, E, D and K Status 
of Broodfish, Eggs and First-Feeding Fry” (forthcoming).

124. J. G. Bell, C. B. Cowey, J. W. Adron, and B. J. S. Pirie, “Some Effects 
of Selenium Deficiency on Enzyme Activities and Indices of Tissue 
Peroxidation in Atlantic Salmon Parr (Salmo salar),” Aquaculture 65, 
no. 1 (1987): 43–54, https://​doi.​org/​10.​1016/​0044-​8486(87)​90269​-​9.

125. P. Taksdal and F. Sivertsen, “Low Levels of Vitamin E in Plasma 
From Atlantic Salmon Salmo salar With Acute Infectious Pancreatic 
Necrosis (IPN),” Diseases of Aquatic Organisms 22, no. 1 (1995): 33–37, 
https://​doi.​org/​10.​3354/​dao02​2033.

126. P. Dantagnan, K. Gonzalez, M. Hevia, et  al., “Effect of the 
Arachidonic Acid/Vitamin E Interaction on the Immune Response 
of Juvenile Atlantic Salmon (Salmo salar L.) Challenged Against 
Piscirickettsia salmonis,” Aquaculture Nutrition 23, no. 4 (2017): 710–
720, https://​doi.​org/​10.​1111/​anu.​12438​.

127. R. S. Raynard, A. H. McVicar, J. G. Bell, A. Youngson, D. Knox, 
and C. O. Fraser, “Nutritional Aspects of Pancreas Disease of Atlantic 
Salmon: The Effects of Dietary Vitamin E and Polyunsaturated Fatty 
Acids,” Comparative Biochemistry and Physiology. A, Comparative 
Physiology 98, no. 1 (1991): 125–131.

128. B. Lygren, B. Hjeltnes, and R. Waagbø, “Immune Response and 
Disease Resistance in Atlantic Salmon (Salmo salar L.) Fed Three 
Levels of Dietary Vitamin E and the Effect of Vaccination on the Liver 
Status of Antioxidant Vitamins,” Aquaculture International 9, no. 5 
(2001): 401–411, https://​doi.​org/​10.​1023/A:​10205​09308400.

129. U. Nordgarden, R. Ørnsrud, T. Hansen, and G.-I. Hemre, “Seasonal 
Changes in Selected Muscle Quality Parameters in Atlantic Salmon 
(Salmo salar L.) Reared Under Natural and Continuous Light: Seasonal 
Variation in Salmon Fillet Quality,” Aquaculture Nutrition 9, no. 3 
(2003): 161–168, https://​doi.​org/​10.​1046/j.​1365-​2095.​2003.​00236.​x.

130. C. E. Trenzado, M. de la Higuera, and A. E. Morales, “Influence of 
Dietary Vitamins E and C and HUFA on Rainbow Trout (Oncorhynchus 
mykiss) Performance Under Crowding Conditions,” Aquaculture 263, 
no. 1 (2007): 249–258, https://​doi.​org/​10.​1016/j.​aquac​ulture.​2006.​
11.​007.

131. M. Naderi, S. Keyvanshokooh, A. P. Salati, and A. Ghaedi, 
“Combined or Individual Effects of Dietary Vitamin E and Selenium 
Nanoparticles on Humoral Immune Status and Serum Parameters of 
Rainbow Trout (Oncorhynchus mykiss) Under High Stocking Density,” 
Aquaculture 474 (2017): 40–47, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2017.​03.​036.

132. A. L. Tappel, “Vitamin E as the Biological Lipid Antioxidant,” in 
Vitamins & Hormones, ed. R. S. Harris, I. G. Wool, G. F. Marrian, and K. 
V. Thimann (Academic Press, 1962), 493–510.

133. L. Flohé, S. Toppo, and L. Orian, “The Glutathione Peroxidase 
Family: Discoveries and Mechanism,” Free Radical Biology and 
Medicine 187 (2022): 113–122, https://​doi.​org/​10.​1016/j.​freer​adbio​med.​
2022.​05.​003.

134. P. Wischhusen, M. Parailloux, P.-A. Geraert, et  al., “Effect of 
Dietary Selenium in Rainbow Trout (Oncorhynchus mykiss) Broodstock 
on Antioxidant Status, Its Parental Transfer and Oxidative Status in the 
Progeny,” Aquaculture 507 (2019): 126–138, https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2019.​04.​006.

135. H. A. Poston and D. L. Livingston, “Effects of Massive Doses of 
Dietary Vitamin E on Fingerling Brook Trout,” Fisheries Research 
Bulletin 33 (1969): 9–12.

136. K. Hamre, K. Kolås, K. Sandnes, K. Julshamn, and A. Kiessling, 
“Feed Intake and Absorption of Lipid Oxidation Products in Atlantic 
Salmon (Salmo salar) Fed Diets Coated With Oxidised Fish Oil,” Fish 
Physiology and Biochemistry 25, no. 3 (2001): 209–219, https://​doi.​org/​
10.​1023/A:​10222​57928437.

137. S. S. O. Hung, C. Y. Cho, and S. J. Slinger, “Effect of Oxidized Fish 
Oil, dl-Alpha-Tocopheryl Acetate and Ethoxyquin Supplementation 
on the Vitamin-E Nutrition of Rainbow-Trout (Salmo-gairdneri) Fed 
Practical Diets,” Journal of Nutrition 111, no. 4 (1981): 648–657, https://​
doi.​org/​10.​1093/​jn/​111.4.​648.

138. R. Waagbø, K. Sandnes, O. J. Torrissen, A. Sandvin, and Ø. Lie, 
“Chemical and Sensory Evaluation of Fillets From Atlantic Salmon 
(Salmo salar) Fed Three Levels of N-3 Polyunsaturated Fatty Acids at 
Two Levels of Vitamin E,” Food Chemistry 46, no. 4 (1993): 361–366, 
https://​doi.​org/​10.​1016/​0308-​8146(93)​90005​-​Z.

139. EFSA, “Assessment of a Feed Additive Consisting of All-Rac-
Alpha-Tocopheryl Acetate (Vitamin E) for All Animal Species for the 
Renewal of Its Authorisation (NHU Europe GmbH),” EFSA Journal 19, 
no. 4 (2021): e06533, https://​doi.​org/​10.​2903/j.​efsa.​2021.​6533.

140. I. Fernández, J. M. O. Fernandes, V. P. Roberto, et al., “Circulating 
Small Non-Coding RNAs Provide New Insights Into Vitamin K 
Nutrition and Reproductive Physiology in Teleost Fish,” Biochimica 
et Biophysica Acta (BBA) - General Subjects 1863, no. 1 (2019): 39–51, 
https://​doi.​org/​10.​1016/j.​bbagen.​2018.​09.​017.

141. P. Mladěnka, K. Macáková, L. Kujovská Krčmová, et al., “Vitamin 
K – Sources, Physiological Role, Kinetics, Deficiency, Detection, 
Therapeutic Use, and Toxicity,” Nutrition Reviews 80, no. 4 (2021): 677–
698, https://​doi.​org/​10.​1093/​nutrit/​nuab061.

142. T. Okano, Y. Shimomura, M. Yamane, et  al., “Conversion of 
Phylloquinone (Vitamin K1) Into Menaquinone-4 (Vitamin K2) in Mice: 
Two Possible Routes for Menaquinone-4 Accumulation in Cerebra of 
Mice,” Journal of Biological Chemistry 283, no. 17 (2008): 11270–11279, 
https://​doi.​org/​10.​1074/​jbc.​M7029​71200​.

143. I. E. Graff, R. Waagbo, S. Fivelstad, C. Vermeer, O. Lie, and A. K. 
Lundebye, “A Multivariate Study on the Effects of Dietary Vitamin K, 
Vitamin D3 and Calcium, and Dissolved Carbon Dioxide on Growth, 
Bone Minerals, Vitamin Status and Health Performance in Smolting 
Atlantic Salmon Salmo salar L,” Journal of Fish Diseases 25, no. 10 
(2002): 599–614, https://​doi.​org/​10.​1046/j.​1365-​2761.​2002.​00403.​x.

144. M. Udagawa and T. Murai, “Content of Phylloquinone and 
Menaquinone in the Tissues of Mummichog Fundulus heteroclitus Fed 
Diets Containing Different Forms of Vitamin K,” Journal of Nutritional 
Science and Vitaminology 47, no. 2 (2001): 91–95.

145. M. Udagawa, J.-i. Nakazoe, and T. Murai, “Comparison of the 
Composition of Vitamin K in Different Forms Between Cultured and 
Wild Ayu Plecoglossus altivelis,” Fisheries Science 65, no. 2 (1999): 331–
332, https://​doi.​org/​10.​2331/​fishs​ci.​65.​331.

146. B. L. Gijsbers, K. S. Jie, and C. Vermeer, “Effect of Food 
Composition on Vitamin K Absorption in Human Volunteers,” British 
Journal of Nutrition 76, no. 2 (1996): 223–229, https://​doi.​org/​10.​1079/​
bjn19​960027.

147. C. Krossøy, E. J. Lock, and R. Ornsrud, “Vitamin K-Dependent 
γ-Glutamylcarboxylase in Atlantic Salmon (Salmo salar L.),” Fish 
Physiology and Biochemistry 36, no. 3 (2010): 627–635, https://​doi.​org/​
10.​1007/​s1069​5-​009-​9335-​5.

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.cca.2005.01.016
https://doi.org/10.1016/j.cca.2005.01.016
https://doi.org/10.1016/0300-9629(95)00065-F
https://doi.org/10.1111/j.1365-2095.1995.tb00035.x
https://doi.org/10.1016/0044-8486(87)90269-9
https://doi.org/10.3354/dao022033
https://doi.org/10.1111/anu.12438
https://doi.org/10.1023/A:1020509308400
https://doi.org/10.1046/j.1365-2095.2003.00236.x
https://doi.org/10.1016/j.aquaculture.2006.11.007
https://doi.org/10.1016/j.aquaculture.2006.11.007
https://doi.org/10.1016/j.aquaculture.2017.03.036
https://doi.org/10.1016/j.aquaculture.2017.03.036
https://doi.org/10.1016/j.freeradbiomed.2022.05.003
https://doi.org/10.1016/j.freeradbiomed.2022.05.003
https://doi.org/10.1016/j.aquaculture.2019.04.006
https://doi.org/10.1016/j.aquaculture.2019.04.006
https://doi.org/10.1023/A:1022257928437
https://doi.org/10.1023/A:1022257928437
https://doi.org/10.1093/jn/111.4.648
https://doi.org/10.1093/jn/111.4.648
https://doi.org/10.1016/0308-8146(93)90005-Z
https://doi.org/10.2903/j.efsa.2021.6533
https://doi.org/10.1016/j.bbagen.2018.09.017
https://doi.org/10.1093/nutrit/nuab061
https://doi.org/10.1074/jbc.M702971200
https://doi.org/10.1046/j.1365-2761.2002.00403.x
https://doi.org/10.2331/fishsci.65.331
https://doi.org/10.1079/bjn19960027
https://doi.org/10.1079/bjn19960027
https://doi.org/10.1007/s10695-009-9335-5
https://doi.org/10.1007/s10695-009-9335-5


31 of 37

148. B. Grisdale-Helland, S. J. Helland, and T. Åsgård, “Problems 
Associated With the Present Use of Menadione Sodium Bisulfite and 
Vitamin A in Diets for Atlantic Salmon,” Aquaculture 92 (1991): 351–
358, https://​doi.​org/​10.​1016/​0044-​8486(91)​90040​-​E.

149. E. GrahlMadsen and O. Lie, “Effects of Different Levels of Vitamin 
K in Diets for Cod (Gadus Morhua),” Aquaculture 151, no. 1–4 (1997): 
269–274, https://​doi.​org/​10.​1016/​s0044​-​8486(96)​01485​-​8.

150. M. Marchetti, M. Tassinari, and G. Bauce, “Tolerance of High 
Dietary Levels of Menadione Bisulfite-Nicotinamide by Rainbow Trout, 
Oncorhynchus mykiss,” Aquaculture 134, no. 1 (1995): 137–142, https://​
doi.​org/​10.​1016/​0044-​8486(95)​00044​-​3.

151. K. Geng, S. Kumar, S. G. Kimani, et al., “Requirement of Gamma-
Carboxyglutamic Acid Modification and Phosphatidylserine Binding 
for the Activation of Tyro3, Axl, and Mertk Receptors by Growth Arrest-
Specific 6,” Frontiers in Immunology 8 (2017): 1521, https://​doi.​org/​10.​
3389/​fimmu.​2017.​01521​.

152. P. K. Roy and S. P. Lall, “Vitamin K Deficiency Inhibits 
Mineralization and Enhances Deformity in Vertebrae of Haddock 
(Melanogrammus aeglefinus L.),” Comparative Biochemistry and 
Physiology, Part B: Biochemistry & Molecular Biology 148, no. 2 (2007): 
174–183, https://​doi.​org/​10.​1016/j.​cbpb.​2007.​05.​006.

153. C. Krossøy, R. Waagbø, and R. Ørnsrud, “Vitamin K in Fish 
Nutrition,” Aquaculture Nutrition 17, no. 6 (2011): 585–594, https://​doi.​
org/​10.​1111/j.​1365-​2095.​2011.​00904.​x.

154. P. Taveekijakarn, T. Miyazaki, M. Matsumoto, and S. Arai, “Studies 
on Vitamin K Deficiency in Amago Salmon, Oncorhynchus rhodurus 
(Jordan & McGregor),” Journal of Fish Diseases 19, no. 3 (1996): 209–
214, https://​doi.​org/​10.​1111/j.​1365-​2761.​1996.​tb001​27.​x.

155. C. Krossøy, R. Waagbø, P.-G. Fjelldal, et al., “Dietary Menadione 
Nicotinamide Bisulphite (Vitamin K3) Does Not Affect Growth or 
Bone Health in First-Feeding Fry of Atlantic Salmon (Salmo salar L.),” 
Aquaculture Nutrition 15, no. 6 (2009): 638–649, https://​doi.​org/​10.​
1111/j.​1365-​2095.​2008.​00633.​x.

156. N. Namazi, B. Larijani, and L. Azadbakht, “Vitamin K and the 
Immune System,” in Nutrition and Immunity, ed. M. Mahmoudi and N. 
Rezaei (Springer International Publishing, 2019), 75–79.

157. A. C. Akbulut, A. Pavlic, P. Petsophonsakul, et  al., “Vitamin K2 
Needs an RDI Separate From Vitamin K1,” Nutrients 12, no. 6 (2020): 
1852, https://​doi.​org/​10.​3390/​nu120​61852​.

158. A. M. Blom, B. O. Villoutreix, and B. Dahlbäck, “Complement 
Inhibitor C4b-Binding Protein—Friend or Foe in the Innate Immune 
System?,” Molecular Immunology 40 (2004): 1333–1346, https://​doi.​org/​
10.​1016/j.​molimm.​2003.​12.​002.

159. R. Checker, D. Sharma, S. K. Sandur, et al., “Vitamin K3 Suppressed 
Inflammatory and Immune Responses in a Redox-Dependent Manner,” 
Free Radical Research 45, no. 8 (2011): 975–985.

160. H. Hatanaka, H. Ishizawa, Y. Nakamura, et al., “Effects of Vitamin 
K3 and K5 on Proliferation, Cytokine Production, and Regulatory T 
Cell-Frequency in Human Peripheral-Blood Mononuclear Cells,” Life 
Sciences 99 (2014): 61–68, https://​doi.​org/​10.​1016/j.​lfs.​2014.​01.​068.

161. U. Sivagurunathan, D. Dominguez, Y. Tseng, M. J. Zamorano, A. 
J. P. Philip, and M. Izquierdo, “Interaction Between Dietary Vitamin 
D(3) and Vitamin K(3) in Gilthead Seabream Larvae (Sparus aurata) 
in Relation to Growth and Expression of Bone Development-Related 
Genes,” Aquaculture Nutrition 2023 (2023): 3061649, https://​doi.​org/​10.​
1155/​2023/​3061649.

162. M. G. Traber, “Vitamin E and K Interactions – A 50-Year-Old 
Problem,” Nutrition Reviews 66, no. 11 (2008): 624–629, https://​doi.​org/​
10.​1111/j.​1753-​4887.​2008.​00123.​x.

163. Y. Menezo, P. Clement, A. Clement, and K. Elder, “Methylation: 
An Ineluctable Biochemical and Physiological Process Essential to the 

Transmission of Life,” International Journal of Molecular Sciences 21, 
no. 23 (2020): 9311, https://​doi.​org/​10.​3390/​ijms2​1239311.

164. Å. Krogdahl, T. M. Kortner, and G. Løkka, “Nutrition and the 
Immune System in Fish and Shellfish,” in Feed and Feeding for Fish and 
Shellfish (Elsevier, 2025), 405–459.

165. F. Gibellini and T. K. Smith, “The Kennedy Pathway—De Novo 
Synthesis of Phosphatidylethanolamine and Phosphatidylcholine,” 
IUBMB Life 62, no. 6 (2010): 414–428, https://​doi.​org/​10.​1002/​iub.​337.

166. Z. Li and D. E. Vance, “Phosphatidylcholine and Choline 
Homeostasis,” Journal of Lipid Research 49, no. 6 (2008): 1187–1194, 
https://​doi.​org/​10.​1194/​jlr.​R7000​19-​JLR200.

167. C. H. Best and M. E. Huntsman, “The Effects of the Components 
of Lecithine Upon Deposition of Fat in the Liver,” Journal of 
Physiology 75, no. 4 (1932): 405–412, https://​doi.​org/​10.​1113/​jphys​iol.​
1932.​sp002899.

168. S. Zeisel, “Choline, Other Methyl-Donors and Epigenetics,” 
Nutrients 9, no. 5 (2017): 445, https://​doi.​org/​10.​3390/​nu905​0445.

169. S. H. Zeisel, “Dietary Choline: Biochemistry, Physiology, and 
Pharmacology,” Annual Review of Nutrition 1, no. 1 (1981): 95–121, 
https://​doi.​org/​10.​1146/​annur​ev.​nu.​01.​070181.​000523.

170. Z.-H. Yuan, L. Feng, W.-D. Jiang, et  al., “Choline Deficiency 
Decreased the Growth Performances and Damaged the Amino Acid 
Absorption Capacity in Juvenile Grass Carp (Ctenopharyngodon 
idella),” Aquaculture 518 (2020): 734829, https://​doi.​org/​10.​1016/j.​aquac​
ulture.​2019.​734829.

171. A. K. G. Hansen, T. M. Kortner, A. Krasnov, I. Bjorkhem, M. Penn, 
and A. Krogdahl, “Choline Supplementation Prevents Diet Induced 
Gut Mucosa Lipid Accumulation in Post-Smolt Atlantic Salmon (Salmo 
salar L.),” BMC Veterinary Research 16, no. 1 (2020): 32, https://​doi.​org/​
10.​1186/​s1291​7-​020-​2252-​7.

172. G. L. Rumsey, “Choline-Betaine Requirements of Rainbow Trout 
(Oncorhynchus mykiss),” Aquaculture 95, no. 1 (1991): 107–116, https://​
doi.​org/​10.​1016/​0044-​8486(91)​90077​-​K.

173. R. G. Twibell and P. B. Brown, “Dietary Choline Requirement of 
Juvenile Yellow Perch (Perca flavescens),” Journal of Nutrition 130, no. 1 
(2000): 95–99, https://​doi.​org/​10.​1093/​jn/​130.1.​95.

174. H. G. Ketola, “Choline Metabolism and Nutritional Requirement of 
Lake Trout (Salvelinus namaycush),” Journal of Animal Science 43, no. 2 
(1976): 474–477, https://​doi.​org/​10.​2527/​jas19​76.​432474x.

175. A. Liu, I. Pirozzi, B. Codabaccus, et  al., “Digestible Choline 
Requirement of Juvenile Yellowtail Kingfish (Seriola lalandi),” 
Aquaculture 509 (2019): 209–220, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2019.​05.​020.

176. D. G. Qin, X. H. Dong, B. P. Tan, et al., “Effects of Dietary Choline 
on Growth Performance, Lipid Deposition and Hepatic Lipid Transport 
of Grouper (Epinephelus coioides),” Aquaculture Nutrition 23, no. 3 
(2017): 453–459, https://​doi.​org/​10.​1111/​anu.​12413​.

177. M. E. Griffin, K. A. Wilson, M. R. White, and P. B. Brown, “Dietary 
Choline Requirement of Juvenile Hybrid Striped Bass12,” Journal 
of Nutrition 124, no. 9 (1994): 1685–1689, https://​doi.​org/​10.​1093/​jn/​
124.9.​1685.

178. P. Wu, W. D. Jiang, J. Jiang, et al., “Dietary Choline Deficiency and 
Excess Induced Intestinal Inflammation and Alteration of Intestinal 
Tight Junction Protein Transcription Potentially by Modulating NF-κB, 
STAT and p38 MAPK Signaling Molecules in Juvenile Jian Carp,” Fish 
& Shellfish Immunology 58 (2016): 462–473, https://​doi.​org/​10.​1016/j.​fsi.​
2016.​09.​055.

179. A. K. G. Hansen, T. M. Kortner, V. Denstadli, et al., “Dose-Response 
Relationship Between Dietary Choline and Lipid Accumulation in 
Pyloric Enterocytes of Atlantic Salmon (Salmo salar L.) in Seawater,” 
British Journal of Nutrition 123 (2020): 1081–1093, https://​doi.​org/​10.​
1017/​S0007​11452​0000434.

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/0044-8486(91)90040-E
https://doi.org/10.1016/s0044-8486(96)01485-8
https://doi.org/10.1016/0044-8486(95)00044-3
https://doi.org/10.1016/0044-8486(95)00044-3
https://doi.org/10.3389/fimmu.2017.01521
https://doi.org/10.3389/fimmu.2017.01521
https://doi.org/10.1016/j.cbpb.2007.05.006
https://doi.org/10.1111/j.1365-2095.2011.00904.x
https://doi.org/10.1111/j.1365-2095.2011.00904.x
https://doi.org/10.1111/j.1365-2761.1996.tb00127.x
https://doi.org/10.1111/j.1365-2095.2008.00633.x
https://doi.org/10.1111/j.1365-2095.2008.00633.x
https://doi.org/10.3390/nu12061852
https://doi.org/10.1016/j.molimm.2003.12.002
https://doi.org/10.1016/j.molimm.2003.12.002
https://doi.org/10.1016/j.lfs.2014.01.068
https://doi.org/10.1155/2023/3061649
https://doi.org/10.1155/2023/3061649
https://doi.org/10.1111/j.1753-4887.2008.00123.x
https://doi.org/10.1111/j.1753-4887.2008.00123.x
https://doi.org/10.3390/ijms21239311
https://doi.org/10.1002/iub.337
https://doi.org/10.1194/jlr.R700019-JLR200
https://doi.org/10.1113/jphysiol.1932.sp002899
https://doi.org/10.1113/jphysiol.1932.sp002899
https://doi.org/10.3390/nu9050445
https://doi.org/10.1146/annurev.nu.01.070181.000523
https://doi.org/10.1016/j.aquaculture.2019.734829
https://doi.org/10.1016/j.aquaculture.2019.734829
https://doi.org/10.1186/s12917-020-2252-7
https://doi.org/10.1186/s12917-020-2252-7
https://doi.org/10.1016/0044-8486(91)90077-K
https://doi.org/10.1016/0044-8486(91)90077-K
https://doi.org/10.1093/jn/130.1.95
https://doi.org/10.2527/jas1976.432474x
https://doi.org/10.1016/j.aquaculture.2019.05.020
https://doi.org/10.1016/j.aquaculture.2019.05.020
https://doi.org/10.1111/anu.12413
https://doi.org/10.1093/jn/124.9.1685
https://doi.org/10.1093/jn/124.9.1685
https://doi.org/10.1016/j.fsi.2016.09.055
https://doi.org/10.1016/j.fsi.2016.09.055
https://doi.org/10.1017/S0007114520000434
https://doi.org/10.1017/S0007114520000434


32 of 37 Reviews in Aquaculture, 2025

180. Å. Krogdahl, A. K. G. Hansen, T. M. Kortner, et  al., “Choline 
and Phosphatidylcholine, but Not Methionine, Cysteine, Taurine and 
Taurocholate, Eliminate Excessive Gut Mucosal Lipid Accumulation 
in Atlantic Salmon (Salmo salar L),” Aquaculture 528 (2020): 735552, 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2020.​735552.

181. D. Siciliani, A. Hubin, B. Ruyter, et al., “Effects of Dietary Fish to 
Rapeseed Oil Ratio on Steatosis Symptoms in Atlantic Salmon (Salmo 
salar L) of Different Sizes,” Scientific Reports 14, no. 1 (2024): 18006, 
https://​doi.​org/​10.​1038/​s4159​8-​024-​68434​-​3.

182. D. Siciliani, T. M. Kortner, G. M. Berge, A. K. Hansen, and 
A. Krogdahl, “Effects of Dietary Lipid Level and Environmental 
Temperature on Lipid Metabolism in the Intestine and Liver, and 
Choline Requirement in Atlantic Salmon (Salmo salar L) Parr,” Journal 
of Nutritional Science 12 (2023): e61, https://​doi.​org/​10.​1017/​jns.​
2023.​45.

183. Y. L. Shiu, K. H. Chiu, T. G. Huynh, P. C. Liu, and C. H. Liu, 
“Plasma Immune Protein Analysis in the Orange-Spotted Grouper 
Epinephelus coioides: Evidence for Altered Expressions of Immune 
Factors Associated With a Choline-Supplemented Diet,” Fish & 
Shellfish Immunology 65 (2017): 235–243, https://​doi.​org/​10.​1016/j.​fsi.​
2017.​04.​022.

184. P. Wu, J. Jiang, Y. Liu, et al., “Dietary Choline Modulates Immune 
Responses, and Gene Expressions of TOR and eIF4E-Binding protein2 
in Immune Organs of Juvenile Jian Carp (Cyprinus carpio var. Jian),” 
Fish & Shellfish Immunology 35, no. 3 (2013): 697–706, https://​doi.​org/​
10.​1016/j.​fsi.​2013.​05.​030.

185. P. Wu, Y. Liu, W.-D. Jiang, et  al., “Intestinal Immune Responses 
of Jian Carp Against Aeromonas hydrophila Depressed by Choline 
Deficiency: Varied Change Patterns of mRNA Levels of Cytokines, 
Tight Junction Proteins and Related Signaling Molecules Among Three 
Intestinal Segments,” Fish & Shellfish Immunology 65 (2017): 34–41, 
https://​doi.​org/​10.​1016/j.​fsi.​2017.​03.​053.

186. Z. Yuan, L. Feng, W. Jiang, et  al., “Dietary Choline Deficiency 
Aggravated the Intestinal Apoptosis in Association With the MAPK 
Signalling Pathways of Juvenile Grass Carp (Ctenopharyngodon idella),” 
Aquaculture 532 (2021): 736046, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2020.​736046.

187. Å. Krogdahl, P. Midtlyng, G. Berge, et al., “GutMatters – Defining 
and Improving Intestinal Health in Farmed Salmon,” Final Scientific 
Report – FHF Project 901435 (2022).

188. K. Sandnes, “Vitamin C in Fish Nutrition – A Review,” 
Fiskeridirektoratets Skrifter Serie Ernæring 4, no. 1 (1991): 3–32.

189. R. Waagbø, S. Øynes, and K. Sandnes, “The Stability and Biological 
Availability of Different Forms of Vitamin C in Feed for Atlantic 
Salmon (Salmo salar),” Fiskeridirektoratets Skrifter Serie Ernæring 4, 
no. 2 (1991): 95–101.

190. A. Meister, “Glutathione-Ascorbic Acid Antioxidant System in 
Animals,” Journal of Biological Chemistry 269 (1994): 9397–9400.

191. B. S. Winkler, S. M. Orselli, and T. S. Rex, “The Redox Couple 
Between Glutathione and Ascorbic Acid: A Chemical and Physiological 
Perspective,” Free Radical Biology & Medicine 17, no. 4 (1994): 333–349, 
https://​doi.​org/​10.​1016/​0891-​5849(94)​90019​-​1.

192. N. Stone and A. Meister, “Function of Ascorbic Acid in the 
Conversion of Proline to Collagen Hydroxyproline,” Nature 194 (1962): 
555–557.

193. D. J. Prockop and K. Juva, “Synthesis of Hydroxyproline In Vitro 
by the Hydroxylation of Proline in a Precursor of Collagen,” National 
Academy of Sciences of the United States of America 53, no. 3 (1965): 
661–668.

194. C. M. Xu, H. R. Yu, L. Y. Li, et al., “Effects of Dietary Vitamin C 
on the Growth Performance, Biochemical Parameters, and Antioxidant 
Activity of Coho Salmon (Walbaum, 1792) Postsmolts,” Aquaculture 
Nutrition 2022 (2022): 1–12, https://​doi.​org/​10.​1155/​2022/​6866578.

195. I. D. G. Podmore, K. E. Herbert, N. Mistry, P. Mistry, and L. Joseph, 
“Vitamin C Xhibits Pro-Oxidative Properties,” Nature 392 (1998): 559.

196. O. Navarre and J. E. Halver, “Disease Resistance and Humoral 
Antibody-Production in Rainbow-Trout Fed High-Levels of Vitamin-C,” 
Aquaculture 79, no. 1–4 (1989): 207–221, https://​doi.​org/​10.​1016/​0044-​
8486(89)​90462​-​6.

197. T. Wahli, V. Verlhac, P. Girling, J. Gabaudan, and C. Aebischer, 
“Influence of Dietary Vitamin C on the Wound Healing Process in 
Rainbow Trout (Oncorhynchus mykiss),” Aquaculture 225, no. 1 (2003): 
371–386, https://​doi.​org/​10.​1016/​S0044​-​8486(03)​00302​-​8.

198. R. Waagbø, J. Glette, E. Raa-Nilsen, and K. Sandnes, “Dietary 
Vitamin C, Immunity and Disease Resistance in Atlantic Salmon 
(Salmo salar),” Fish Physiology and Biochemistry 12, no. 1 (1993): 61–73, 
https://​doi.​org/​10.​1007/​BF000​04323​.

199. V. V. Trichet, E. Santigosa, E. Cochin, and J. Gabaudan, “The Effect 
of Vitamin C on Fish Health,” in Dietary Nutrients, Additives, and Fish 
Health, eds C.-S. Lee, C. Lim, D. M. Gatlin, and C. D. Webster (2015), 
151–171, https://​doi.​org/​10.​1002/​97811​19005​568.​ch768.​ch7.

200. B. W. Tucker, B. M. Tolbert, J. E. Halver, and M. Balaban, “Brain 
Ascorbate Depletion as a Response to Stress,” International Journal for 
Vitamin and Nutrition Research 57, no. 3 (1987): 289–295.

201. K. Sandnes and R. Waagbø, “Effects of Dietary Vitamin C and 
Physical Stress on Head Kidney and Liver Ascorbic Acid, Serum 
Cortisol, Glucose and Haematology in Atlantic Salmon (Salmo salar),” 
Fiskeridirektoratets Skrifter Serie Ernæring 4, no. 1 (1991): 41–49.

202. I. Thompson, A. White, T. C. Fletcher, D. F. Houlihan, and C. J. 
Secombes, “The Effect of Stress on the Immune-Response of Atlantic 
Salmon (Salmo-salar L) Fed Diets Containing Different Amounts of 
Vitamin-C,” Aquaculture 114, no. 1–2 (1993): 1–18, https://​doi.​org/​10.​
1016/​0044-​8486(93)​90246​-​U.

203. M. B. Betancor, M. J. Caballero, G. Terova, et  al., “Vitamin C 
Enhances Vitamin E Status and Reduces Oxidative Stress Indicators in 
Sea Bass Larvae Fed High DHA Microdiets,” Lipids 47, no. 12 (2012): 
1193–1207, https://​doi.​org/​10.​1007/​s1174​5-​012-​3730-​x.

204. F. Andersen, B. Lygren, A. Maage, and R. Waagbø, “Interaction 
Between Two Dietary Levels of Iron and Two Forms of Ascorbic Acid 
and the Effect on Growth, Antioxidant Status and Some Non-Specific 
Immune Parameters in Atlantic Salmon (Salmo salar) Smolts,” 
Aquaculture 161, no. 1 (1998): 437–451, https://​doi.​org/​10.​1016/​S0044​
-​8486(97)​00291​-​3.

205. M. Hanna, E. Jaqua, V. Nguyen, and J. Clay, “B Vitamins: Functions 
and Uses in Medicine,” Permanente Journal 26, no. 2 (2022): 89–97, 
https://​doi.​org/​10.​7812/​TPP/​21.​204.

206. A. C. Hansen, R. Waagbo, and G. I. Hemre, “New B Vitamin 
Recommendations in Fish When Fed Plant-Based Diets,” Aquaculture 
Nutrition 21, no. 5 (2015): 507–527, https://​doi.​org/​10.​1111/​anu.​12342​.

207. D. L. Cox and M. Nelson, Lehninger Principles of Biochemistry, 8th 
ed. (W.H. Freeman & Company, 2021).

208. G. S. Ducker and J. D. Rabinowitz, “One-Carbon Metabolism in 
Health and Disease,” Cell Metabolism 25, no. 1 (2017): 27–42, https://​doi.​
org/​10.​1016/j.​cmet.​2016.​08.​009.

209. P. Gut and E. Verdin, “The Nexus of Chromatin Regulation and 
Intermediary Metabolism,” Nature 502, no. 7472 (2013): 489–498, 
https://​doi.​org/​10.​1038/​natur​e12752.

210. S. Sivanand, I. Viney, and K. E. Wellen, “Spatiotemporal Control 
of Acetyl-CoA Metabolism in Chromatin Regulation,” Trends in 
Biochemical Sciences 43, no. 1 (2018): 61–74, https://​doi.​org/​10.​1016/j.​
tibs.​2017.​11.​004.

211. K. H. Skjærven, A. C. Adam, T. Saito, R. Waagbø, and M. Espe, 
“Epigenetics in Fish Nutritional Programming,” in Epigenetics in 
Aquaculture, eds F. Piferrer and H.-P. Wang (2023), 231–244, https://​doi.​
org/​10.​1002/​97811​19821​946.​ch10.

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.aquaculture.2020.735552
https://doi.org/10.1038/s41598-024-68434-3
https://doi.org/10.1017/jns.2023.45
https://doi.org/10.1017/jns.2023.45
https://doi.org/10.1016/j.fsi.2017.04.022
https://doi.org/10.1016/j.fsi.2017.04.022
https://doi.org/10.1016/j.fsi.2013.05.030
https://doi.org/10.1016/j.fsi.2013.05.030
https://doi.org/10.1016/j.fsi.2017.03.053
https://doi.org/10.1016/j.aquaculture.2020.736046
https://doi.org/10.1016/j.aquaculture.2020.736046
https://doi.org/10.1016/0891-5849(94)90019-1
https://doi.org/10.1155/2022/6866578
https://doi.org/10.1016/0044-8486(89)90462-6
https://doi.org/10.1016/0044-8486(89)90462-6
https://doi.org/10.1016/S0044-8486(03)00302-8
https://doi.org/10.1007/BF00004323
https://doi.org/10.1002/9781119005568.ch768.ch7
https://doi.org/10.1016/0044-8486(93)90246-U
https://doi.org/10.1016/0044-8486(93)90246-U
https://doi.org/10.1007/s11745-012-3730-x
https://doi.org/10.1016/S0044-8486(97)00291-3
https://doi.org/10.1016/S0044-8486(97)00291-3
https://doi.org/10.7812/TPP/21.204
https://doi.org/10.1111/anu.12342
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1038/nature12752
https://doi.org/10.1016/j.tibs.2017.11.004
https://doi.org/10.1016/j.tibs.2017.11.004
https://doi.org/10.1002/9781119821946.ch10
https://doi.org/10.1002/9781119821946.ch10


33 of 37

212. K. H. Skjærven, A.-C. Adam, T. Saito, R. Waagbø, and M. Espe, 
“Nutritional Epigenetics,” in Cellular and Molecular Approaches in Fish 
Biology, ed. I. F. Monzón and J. M. O. Fernandes (Elsevier Inc., 2022).

213. S. Dhir, M. Tarasenko, E. Napoli, and C. Giulivi, “Neurological, 
Psychiatric, and Biochemical Aspects of Thiamine Deficiency in 
Children and Adults,” Frontiers in Psychiatry 10 (2019): 207, https://​doi.​
org/​10.​3389/​fpsyt.​2019.​00207​.

214. A. M. Harder, W. R. Ardren, A. N. Evans, et  al., “Thiamine 
Deficiency in Fishes: Causes, Consequences, and Potential Solutions,” 
Reviews in Fish Biology and Fisheries 28, no. 4 (2018): 865–886, https://​
doi.​org/​10.​1007/​s1116​0-​018-​9538-​x.

215. J. Halver and R. Hardy, “History of Fish Nutrition,” in Fish 
Nutrition, 3rd ed. (Academic Press, 2002).

216. D. C. Honeyfield, J. P. Hinterkopf, J. D. Fitzsimons, D. E. 
Tillitt, J. L. Zajicek, and S. B. Brown, “Development of Thiamine 
Deficiencies and Early Mortality Syndrome in Lake Trout by Feeding 
Experimental and Feral Fish Diets Containing Thiaminase,” Journal 
of Aquatic Animal Health 17, no. 1 (2005): 4–12, https://​doi.​org/​10.​
1577/​H03-​078.​1.

217. C. A. Ottinger, D. C. Honeyfield, C. L. Densmore, and L. R. 
Iwanowicz, “Impact of Thiamine Deficiency on T-Cell Dependent and 
T-Cell Independent Antibody Production in Lake Trout,” Journal of 
Aquatic Animal Health 24, no. 4 (2012): 258–273, https://​doi.​org/​10.​
1080/​08997​659.​2012.​713890.

218. W. W. Wainio, “The Thiamine Requirement of the Albino Rat as 
Influenced by the Substitution of Protein for Carbohydrate in the Diet,” 
Journal of Nutrition 24, no. 4 (1942): 317–329, https://​doi.​org/​10.​1093/​
jn/​24.4.​317.

219. C. Xu, Y.-Y. Li, P. B. Brown, et al., “Interactions Between Dietary 
Carbohydrate and Thiamine: Implications on the Growth Performance 
and Intestinal Mitochondrial Biogenesis and Function of Megalobrama 
amblycephala,” British Journal of Nutrition 127, no. 3 (2022): 321–334, 
https://​doi.​org/​10.​1017/​S0007​11452​100101X.

220. V. Todisco, M. M. Hauber, M. T. Brett, et al., “The Implications of 
Atlantic Salmon (Salmo salar L.) Fatty Acid Profiles for Their Thiamine 
Status,” Ecology and Evolution 14, no. 10 (2024): e70478, https://​doi.​org/​
10.​1002/​ece3.​70478​.

221. B.-J. Lee, M. Jaroszewska, K. Dabrowski, S. Czesny, and J. Rinchard, 
“Effects of Dietary Vitamin B1 (Thiamine) and Magnesium on the 
Survival, Growth and Histological Indicators in Lake Trout (Salvelinus 
namaycush) Juveniles,” Comparative Biochemistry and Physiology Part 
A: Molecular & Integrative Physiology 162, no. 3 (2012): 219–226, https://​
doi.​org/​10.​1016/j.​cbpa.​2012.​03.​008.

222. P. G. Fjelldal, A.-C. Adam, G. M. Berge, et  al., “Spawning 
Manipulation, Broodfish Diet Feeding and Egg Production in Farmed 
Atlantic Salmon,” Aquaculture 580 (2024): 740227, https://​doi.​org/​10.​
1016/j.​aquac​ulture.​2023.​740227.

223. R. S. Rivlin, “Riboflavin Metabolism,” New England Journal of 
Medicine 283, no. 9 (1970): 463–472, https://​doi.​org/​10.​1056/​NEJM1​
97008​27283​0906.

224. J. I. Yeh, U. Chinte, and S. Du, “Structure of Glycerol-3-Phosphate 
Dehydrogenase, an Essential Monotopic Membrane Enzyme Involved 
in Respiration and Metabolism,” National Academy of Sciences of the 
United States of America 105, no. 9 (2008): 3280–3285, https://​doi.​org/​
10.​1073/​pnas.​07123​31105​.

225. M. Ashoori and A. Saedisomeolia, “Riboflavin (Vitamin B2) and 
Oxidative Stress: A Review,” British Journal of Nutrition 111, no. 11 
(2014): 1985–1991, https://​doi.​org/​10.​1017/​S0007​11451​4000178.

226. L. M. Vera, K. Hamre, M. Espe, et  al., “Higher Dietary 
Micronutrients Are Required to Maintain Optimal Performance of 
Atlantic Salmon (Salmo salar) Fed a High Plant Material Diet During 
the Full Production Cycle,” Aquaculture 528 (2020): 735551, https://​doi.​
org/​10.​1016/j.​aquac​ulture.​2020.​735551.

227. I. Brønstad, I. Bjerkås, and R. Waagbø, “The Need for Riboflavin 
Supplementation in High and Low Energy Diets for Atlantic Salmon 
Salmo salar L. Parr,” Aquaculture Nutrition 8, no. 3 (2002): 209–220, 
https://​doi.​org/​10.​1046/j.​1365-​2095.​2002.​00210.​x.

228. B. Woodward, “Riboflavin Requirement for Growth, Tissue 
Saturation and Maximal Flavin-Dependent Enzyme Activity in Young 
Rainbow Trout (Salmo gairdneri) at Two Temperatures,” Journal of 
Nutrition 115, no. 1 (1985): 78–84, https://​doi.​org/​10.​1093/​jn/​115.1.​78.

229. N. Olfat, M. Ashoori, and A. Saedisomeolia, “Riboflavin Is an 
Antioxidant: A Review Update,” British Journal of Nutrition 128, no. 10 
(2022): 1887–1895, https://​doi.​org/​10.​1017/​S0007​11452​1005031.

230. L. Chen, L. Feng, W.-D. Jiang, et al., “Intestinal Immune Function, 
Antioxidant Status and Tight Junction Proteins mRNA Expression in 
Young Grass Carp (Ctenopharyngodon idella) Fed Riboflavin Deficient 
Diet,” Fish & Shellfish Immunology 47, no. 1 (2015): 470–484, https://​doi.​
org/​10.​1016/j.​fsi.​2015.​09.​037.

231. L. Chen, L. Feng, W.-D. Jiang, et al., “Dietary Riboflavin Deficiency 
Decreases Immunity and Antioxidant Capacity, and Changes Tight 
Junction Proteins and Related Signaling Molecules mRNA Expression 
in the Gills of Young Grass Carp (Ctenopharyngodon idella),” Fish & 
Shellfish Immunology 45, no. 2 (2015): 307–320, https://​doi.​org/​10.​
1016/j.​fsi.​2015.​04.​004.

232. H.-R. Yu, M.-J. Guo, L.-Y. Yu, et al., “Effects of Dietary Riboflavin 
Supplementation on the Growth Performance, Body Composition and 
Anti-Oxidative Capacity of Coho Salmon (Oncorhynchus kisutch) Post-
Smolts,” Animals 12, no. 22 (2022): 3218.

233. S. M. Hoseini, A. Pérez-Jiménez, B. Costas, R. Azeredo, and 
M. Gesto, “Physiological Roles of Tryptophan in Teleosts: Current 
Knowledge and Perspectives for Future Studies,” Reviews in Aquaculture 
11, no. 1 (2019): 3–24.

234. H. A. Poston and R. N. DiLorenzo, “Tryptophan Conversion to 
Niacin in the Brook Trout (Salvelinus Fontinalis),” Proceedings of the 
Society for Experimental Biology and Medicine 144, no. 1 (1973): 110–112.

235. S.-Q. Li, L. Feng, W.-D. Jiang, et al., “Deficiency of Dietary Niacin 
Impaired Gill Immunity and Antioxidant Capacity, and Changes Its 
Tight Junction Proteins via Regulating NF-κB, TOR, Nrf2 and MLCK 
Signaling Pathways in Young Grass Carp (Ctenopharyngodon idella),” 
Fish & Shellfish Immunology 55 (2016): 212–222.

236. L. Feng, S.-Q. Li, W.-D. Jiang, et  al., “Deficiency of Dietary 
Niacin Impaired Intestinal Mucosal Immune Function via Regulating 
Intestinal NF-κB, Nrf2 and MLCK Signaling Pathways in Young Grass 
Carp (Ctenopharyngodon idella),” Fish & Shellfish Immunology 49 
(2016): 177–193.

237. X. Ge, J. Pan, P. Yongyut, et al., “Effect of Dietary Niacin on Immune 
Response, Apoptosis and Microbial Community in the Intestine of 
Juvenile Turbot (Scophthalmus maximus L.),” Aquaculture Reports 36 
(2024): 102175.

238. W. Liu, X. Lu, M. Jiang, et al., “Effects of Dietary Niacin on Liver 
Health in Genetically Improved Farmed Tilapia (Oreochromis niloti-
cus),” Aquaculture Reports 16 (2020): 100243.

239. S.-Y. Shiau and G.-S. Suen, “Estimation of the Niacin Requirements 
for Tilapia Fed Diets Containing Glucose or Dextrin,” Journal of 
Nutrition 122, no. 10 (1992): 2030–2036.

240. S.-S. Sun, L. Feng, W.-D. Jiang, et  al., “Declined Flesh Quality 
Resulting From Niacin Deficiency is Associated With Elevated 
Glycolysis and Impaired Mitochondrial Homeostasis in Grass Carp 
(Ctenopharyngodon idella),” Food Chemistry 451 (2024): 139426.

241. X. Jia, P. Qian, C. Wu, et al., “Effects of Dietary Pantothenic Acid on 
Growth, Antioxidant Ability and Innate Immune Response in Juvenile 
Black Carp,” Aquaculture Reports 24 (2022): 101131.

242. Y. Xia, X.-Q. Zhou, P. Wu, et  al., “The Role of Pantothenic Acid 
in Alleviating Hypoxia-Induced Liver Injury of Sub-Adult Grass Carp 

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3389/fpsyt.2019.00207
https://doi.org/10.3389/fpsyt.2019.00207
https://doi.org/10.1007/s11160-018-9538-x
https://doi.org/10.1007/s11160-018-9538-x
https://doi.org/10.1577/H03-078.1
https://doi.org/10.1577/H03-078.1
https://doi.org/10.1080/08997659.2012.713890
https://doi.org/10.1080/08997659.2012.713890
https://doi.org/10.1093/jn/24.4.317
https://doi.org/10.1093/jn/24.4.317
https://doi.org/10.1017/S000711452100101X
https://doi.org/10.1002/ece3.70478
https://doi.org/10.1002/ece3.70478
https://doi.org/10.1016/j.cbpa.2012.03.008
https://doi.org/10.1016/j.cbpa.2012.03.008
https://doi.org/10.1016/j.aquaculture.2023.740227
https://doi.org/10.1016/j.aquaculture.2023.740227
https://doi.org/10.1056/NEJM197008272830906
https://doi.org/10.1056/NEJM197008272830906
https://doi.org/10.1073/pnas.0712331105
https://doi.org/10.1073/pnas.0712331105
https://doi.org/10.1017/S0007114514000178
https://doi.org/10.1016/j.aquaculture.2020.735551
https://doi.org/10.1016/j.aquaculture.2020.735551
https://doi.org/10.1046/j.1365-2095.2002.00210.x
https://doi.org/10.1093/jn/115.1.78
https://doi.org/10.1017/S0007114521005031
https://doi.org/10.1016/j.fsi.2015.09.037
https://doi.org/10.1016/j.fsi.2015.09.037
https://doi.org/10.1016/j.fsi.2015.04.004
https://doi.org/10.1016/j.fsi.2015.04.004


34 of 37 Reviews in Aquaculture, 2025

(Ctenopharyngodon idellus): Possible Mechanisms and Implication,” 
Aquaculture 590 (2024): 741083.

243. L. Li, L. Feng, W.-D. Jiang, et  al., “Dietary Pantothenic Acid 
Deficiency and Excess Depress the Growth, Intestinal Mucosal Immune 
and Physical Functions by Regulating NF-κB, TOR, Nrf2 and MLCK 
Signaling Pathways in Grass Carp (Ctenopharyngodon idella),” Fish & 
Shellfish Immunology 45, no. 2 (2015): 399–413.

244. Y. M. Khan and M. A. Khan, “Effects of Dietary Pantothenic Acid 
on Growth Performance, Intestinal Enzyme Activity, Non-Specific 
Immune Response, Antioxidant Capacity, Hematological Parameters, 
Carcass Composition and Liver Pantothenic Acid Concentration of 
Fingerling Catla, Catla catla (Hamilton),” Animal Feed Science and 
Technology 285 (2022): 115245.

245. Z. P. Wen, L. Feng, J. Jiang, Y. Liu, and X. Q. Zhou, “Immune 
Response, Disease Resistance and Intestinal Microflora of Juvenile 
Jian Carp (Cyprinus carpio var. Jian) Fed Graded Levels of Pantothenic 
Acid,” Aquaculture Nutrition 16, no. 4 (2010): 430–436.

246. M. Espe, A. C. Adam, T. Saito, and K. H. Skjærven, “Methionine: 
An Indispensable Amino Acid in Cellular Metabolism and Health of 
Atlantic Salmon,” Aquaculture Nutrition 2023 (2023): 5706177, https://​
doi.​org/​10.​1155/​2023/​5706177.

247. T. Saito, M. Espe, V. Vikeså, et al., “One-Carbon Metabolism Nutrients 
Impact the Interplay Between DNA Methylation and Gene Expression in 
Liver, Enhancing Protein Synthesis in Atlantic Salmon,” Epigenetics 19 
(2024): 2318517, https://​doi.​org/​10.​1080/​15592​294.​2024.​2318517.

248. A. C. Adam, T. Saito, M. Espe, et  al., “Metabolic and Molecular 
Signatures of Improved Growth in Atlantic Salmon (Salmo salar) 
Fed Surplus Levels of Methionine, Folic Acid, Vitamin B6 and B12 
Throughout Smoltification,” British Journal of Nutrition 127 (2021): 
1–14, https://​doi.​org/​10.​1017/​S0007​11452​1002336.

249. M. S. Akhtar and A. Ciji, “Pyridoxine and Its Biological Functions 
in Fish: Current Knowledge and Perspectives in Aquaculture,” Reviews 
in Fisheries Science & Aquaculture 29, no. 2 (2020): 260–278, https://​doi.​
org/​10.​1080/​23308​249.​2020.​1813081.

250. P. Wischhusen, C. Heraud, R. Broughton, et  al., “Vitamin B6 
and Selenium Supplementation Induce Contrasting Effects in the 
Transsulfuration Pathway of Juvenile Rainbow Trout (Oncorhynchus 
mykiss) With Interactive Effects in Stressed Fish,” Aquaculture 593 
(2024): 741354, https://​doi.​org/​10.​1016/j.​aquac​ulture.​2024.​741354.

251. R. Yossa, P. K. Sarker, D. M. Mock, S. P. Lall, and G. W. Vandenberg, 
“Current Knowledge on Biotin Nutrition in Fish and Research 
Perspectives,” Reviews in Aquaculture 7, no. 1 (2015): 59–73, https://​doi.​
org/​10.​1111/​raq.​12053​.

252. K. Skjærven, A.-C. Adam, T. Saito, R. Waagbø, and M. Espe, 
“Nutritional Epigenetics,” in Cellular and Molecular Approaches in Fish 
Biology, ed. F. A. Fernandes (Academic Press, 2021).

253. C. E. Smith, “Hematological Changes in Coho Salmon Fed a Folic 
Acid Deficient Diet,” Journal of the Fisheries Research Board of Canada 
25, no. 1 (1968): 151–156.

254. K. H. Skjaerven, M. Mommens, A.-C. Adam, T. Saito, E. Oveland, 
and M. Espe, “Earlier or Delayed Seasonal Broodstock Spawning 
Changes Nutritional Status and Metabolic Programming of Growth 
for Next-Generation Atlantic Salmon,” Aquaculture 554 (2022): 738187, 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2022.​738187.

255. K. H. Skjaerven, E. Oveland, M. Mommens, et al., “Out-Of-Season 
Spawning Affects the Nutritional Status and Gene Expression in Both 
Atlantic Salmon Female Broodstock and Their Offspring,” Comparative 
Biochemistry and Physiology. Part A, Molecular & Integrative Physiology 
247 (2020): 110717, https://​doi.​org/​10.​1016/j.​cbpa.​2020.​110717.

256. K. Hamre, K. H. Skjærven, A.-C. Adam, et al., Stamfiskernæring 
i norsk lakseproduksjon. Sluttrapport FHF Prosjekt 90157 (FHF, 2024).

257. R. Waagbø and S. Remø, “Functional Diets in Fish Health 
Management,” in Aquaculture Health Management, ed. F. Kibenge and 
M. Powell (Elsevier, 2020), 187–234.

258. EFSA, “Assessment of the Feed Additive Consisting of Folic Acid 
for All Animal Species for the Renewal of Its Authorisation (Chr. Olesen 
A/S and DSM Nutritional Products Ltd),” EFSA Journal 21, no. 12 
(2023): e8463, https://​doi.​org/​10.​2903/j.​efsa.​2023.​8463.

259. D. F. Sesay, H.-M. Habte-Tsion, Q. Zhou, et al., “Effects of Dietary 
Folic Acid on the Growth, Digestive Enzyme Activity, Immune Response 
and Antioxidant Enzyme Activity of Blunt Snout Bream (Megalobrama 
amblycephala) Fingerling,” Aquaculture 452 (2016): 142–150, https://​
doi.​org/​10.​1016/j.​aquac​ulture.​2015.​10.​026.

260. K. H. Skjaerven, L. M. Jakt, J. A. Dahl, et al., “Parental Vitamin 
Deficiency Affects the Embryonic Gene Expression of Immune-, Lipid 
Transport- and Apolipoprotein Genes,” Scientific Reports 6 (2016): 
34535, https://​doi.​org/​10.​1038/​srep3​4535.

261. S. P. Lall and J. E. Milley, “Trace Mineral Requirements of Fish 
and Crustaceans,” Trace Elements in Animal Production Systems 2008 
(2008): 203.

262. S. P. Lall and S. J. Kaushik, “Nutrition and Metabolism of Minerals 
in Fish,” Animals 11, no. 9 (2021): 2711.

263. C. Andreini, L. Banci, I. Bertini, and A. Rosato, “Counting the 
Zinc-Proteins Encoded in the Human Genome,” Journal of Proteome 
Research 5, no. 1 (2006): 196–201, https://​doi.​org/​10.​1021/​pr050​361j.

264. N. R. Bury, P. A. Walker, and C. N. Glover, “Nutritive Metal Uptake 
in Teleost Fish,” Journal of Experimental Biology 206, no. 1 (2003): 
11–23.

265. M. S. Silva, S. Kröckel, P. A. Jesu Prabhu, et  al., “Apparent 
Availability of Zinc, Selenium and Manganese as Inorganic Metal Salts 
or Organic Forms in Plant-Based Diets for Atlantic Salmon (Salmo 
salar),” Aquaculture 503 (2019): 562–570, https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2019.​01.​005.

266. O. Ogino and G. Y. Yang, “Requirement of Rainbow Trout for 
Dietary Zinc,” Bulletin of the Japanese Society of Scientific Fisheries 44, 
no. 9 (1978): 1015–1018.

267. D. M. Gatlin and R. P. Wilson, “Dietary Zinc Requirement of 
Fingerling Channel Catfish,” Journal of Nutrition 113, no. 3 (1983): 
630–635.

268. S. Satoh, K. Izume, T. Takeuchi, and T. Watanabe, “Availability 
to Rainbow Trout of Zinc Contained in Various Types of Fish Meals,” 
Nippon Suisan Gakkaishi 53, no. 10 (1987): 1861–1866.

269. K. D. Shearer, A. Maage, J. Opstvedt, and H. Mundheim, “Effects of 
High-Ash Diets on Growth, Feed Efficiency, and Zinc Status of Juvenile 
Atlantic Salmon (Salmo salar),” Aquaculture 106, no. 3–4 (1992): 
345–355.

270. K. A. Meiler and V. Kumar, “Organic and Inorganic Zinc in the 
Diet of a Commercial Strain of Diploid and Triploid Rainbow Trout 
(Oncorhynchus mykiss): Effects on Performance and Mineral Retention,” 
Aquaculture 545 (2021): 737126, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2021.​737126.

271. A. J. P. Prabhu, J. W. Schrama, S. Fontagné-Dicharry, et  al., 
“Evaluating Dietary Supply of Microminerals as a Premix in a Complete 
Plant Ingredient-Based Diet to Juvenile Rainbow Trout (Oncorhynchus 
mykiss),” Aquaculture Nutrition 24, no. 1 (2018): 539–547, https://​doi.​
org/​10.​1111/​anu.​12586​.

272. M. Kokkali, L. Sveen, T. Larsson, et  al., “Optimisation of Trace 
Mineral Supplementation in Diets for Atlantic Salmon Smolt With 
Reference to Holistic Fish Performance in Terms of Growth, Health, 
Welfare, and Potential Environmental Impacts,” Frontiers in Physiology 
14, no. 2023 (2023).

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1155/2023/5706177
https://doi.org/10.1155/2023/5706177
https://doi.org/10.1080/15592294.2024.2318517
https://doi.org/10.1017/S0007114521002336
https://doi.org/10.1080/23308249.2020.1813081
https://doi.org/10.1080/23308249.2020.1813081
https://doi.org/10.1016/j.aquaculture.2024.741354
https://doi.org/10.1111/raq.12053
https://doi.org/10.1111/raq.12053
https://doi.org/10.1016/j.aquaculture.2022.738187
https://doi.org/10.1016/j.cbpa.2020.110717
https://doi.org/10.2903/j.efsa.2023.8463
https://doi.org/10.1016/j.aquaculture.2015.10.026
https://doi.org/10.1016/j.aquaculture.2015.10.026
https://doi.org/10.1038/srep34535
https://doi.org/10.1021/pr050361j
https://doi.org/10.1016/j.aquaculture.2019.01.005
https://doi.org/10.1016/j.aquaculture.2019.01.005
https://doi.org/10.1016/j.aquaculture.2021.737126
https://doi.org/10.1016/j.aquaculture.2021.737126
https://doi.org/10.1111/anu.12586
https://doi.org/10.1111/anu.12586


35 of 37

273. H. G. Ketola, “Influence of Dietary Zinc on Cataracts in Rainbow 
Trout (Salmo gairdneri),” Journal of Nutrition 109, no. 6 (1979): 
965–969.

274. O. Breck, E. Bjerkås, P. Campbell, P. Arnesen, P. Haldorsen, and 
R. Waagbø, “Cataract Preventative Role of Mammalian Blood Meal, 
Histidine, Iron and Zinc in Diets for Atlantic Salmon (Salmo salar L.) of 
Different Strains,” Aquaculture Nutrition 9, no. 5 (2003): 341–350.

275. E. Bjerkås, R. Waagbø, H. Sveier, et  al., “Cataract Development 
in Atlantic Salmon (Salmo salar L.) in Fresh Water,” Acta Veterinaria 
Scandinavica 37, no. 3 (1996): 351–360.

276. I. Wessels, M. Maywald, and L. Rink, “Zinc as a Gatekeeper of 
Immune Function,” Nutrients 9, no. 12 (2017): 1286, https://​doi.​org/​10.​
3390/​nu912​1286.

277. L. Huang, Y. Zuo, Y. Qin, L. Zhao, M. Lin, and Q. Yan, “The 
Zinc Nutritional Immunity of Epinephelus coioides Contributes to the 
Importance of znuC During Pseudomonas plecoglossicida Infection,” 
Frontiers in Immunology 12 (2021): 678699, https://​doi.​org/​10.​3389/​
fimmu.​2021.​678699.

278. M. Inoue, S. Satoh, M. Maita, V. Kiron, and N. Okamoto, “Short 
communicationRecovery From Derangement of Natural Killer-Like 
Activity of Leucocytes due to Zn or Mn Deficiency in Rainbow Trout, 
Oncorhynchus mykiss (Walbaum), by the Oral Administration of These 
Elements,” Journal of Fish Diseases 21, no. 3 (1998): 233–236, https://​doi.​
org/​10.​1046/j.​1365-​2761.​1998.​00080.​x.

279. K. Shearer, T. Åsgård, G. Andorsdöttir, and G. Aas, “Whole Body 
Elemental and Proximate Composition of Atlantic Salmon (Salmo salar) 
During the Life Cycle,” Journal of Fish Biology 44, no. 5 (1994): 785–797.

280. G. M. Berge, E. Ytteborg, T.-K. Østbye, et al., Importance of Nutrition 
for Skin, Intestine and Gill Health in Atlantic Salmon (Nofima AS, 2019).

281. C. Selvam, J. Antony, P. Prabhu, et  al., “Long-Term Feeding of 
Atlantic Salmon With Varying Levels of Dietary EPA + DHA Alters 
the Mineral Status, but Does Not Affect the Stress Responses After 
Mechanical Delousing Stress,” British Journal of Nutrition 128, no. 12 
(2022): 2291–2307, https://​doi.​org/​10.​1017/​S0007​11452​2000514.

282. T. S. Aas, T. Ytrestøyl, and T. Åsgård, “Utilization of Feed Resources 
in the Production of Atlantic Salmon (Salmo salar) in Norway: An 
Update for 2016,” Aquaculture Reports 15 (2019): 100216.

283. T. S. Aas, T. Åsgård, and T. Ytrestøyl, “Chemical Composition of 
Whole Body and Fillet of Slaughter Sized Atlantic Salmon (Salmo salar) 
and Rainbow Trout (Oncorhynchus mykiss) Farmed in Norway in 2020,” 
Aquaculture Reports 25 (2022): 101252.

284. EFSA, “Scientific Opinion on the Potential Reduction of the 
Currently Authorised Maximum Zinc Content in Complete Feed,” 
EFSA Journal 12, no. 5 (2014): 3668.

285. L. Wang, X. Zhang, L. Wu, Q. Liu, D. Zhang, and J. Yin, “Expression 
of Selenoprotein Genes in Muscle is Crucial for the Growth of Rainbow 
Trout (Oncorhynchus mykiss) Fed Diets Supplemented With Selenium 
Yeast,” Aquaculture 492 (2018): 82–90, https://​doi.​org/​10.​1016/j.​aquac​
ulture.​2018.​03.​054.

286. F. J. Altimiras, R. Pulgar, and V. Cambiazo, “The Salmonid 
Selenotranscriptome: Salmo salar and Oncorhynchus mykiss In Silico 
and In Vivo Characterization,” F1000Research 2012 (2012): 3.

287. J. G. Bell and C. B. Cowey, “Digestibility and Bioavailability of 
Dietary Selenium From Fishmeal, Selenite, Selenomethionine and 
Selenocystine in Atlantic Salmon (Salmo salar),” Aquaculture 81, no. 1 
(1989): 61–68, https://​doi.​org/​10.​1016/​0044-​8486(89)​90230​-​5.

288. M. Lorentzen, A. Maage, and K. Julshamn, “Effects of Dietary 
Selenite or Selenomethionine on Tissue Selenium Levels of Atlantic 
Salmon (Salmo salar),” Aquaculture 121, no. 4 (1994): 359–367.

289. J. W. Hilton, P. V. Hodson, and S. J. Slinger, “The Requirement and 
Toxicity of Selenium in Rainbow Trout (Salmo gairdneri),” Journal of 
Nutrition 110, no. 12 (1980): 2527–2535.

290. Z. Kucukbay, H. Yazlak, N. Sahin, et  al., “Zinc Picolinate 
Supplementation Decreases Oxidative Stress in Rainbow Trout 
(Oncorhynchus mykiss),” Aquaculture 257, no. 1–4 (2009): 465–469, 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2006.​03.​005.

291. M. S. Silva, P. A. J. Prabhu, R. Ørnsrud, et al., “In Vitro Digestion 
Method to Evaluate Solubility of Dietary Zinc, Selenium and 
Manganese in Salmonid Diets,” Journal of Trace Elements in Medicine 
and Biology 57 (2020): 126418, https://​doi.​org/​10.​1016/j.​jtemb.​2019.​
126418.

292. S. Fontagné-Dicharry, S. Godin, H. Liu, et  al., “Influence of the 
Forms and Levels of Dietary Selenium on Antioxidant Status and 
Oxidative Stress-Related Parameters in Rainbow Trout (Oncorhynchus 
mykiss) Fry,” British Journal of Nutrition 113, no. 12 (2015): 1876–1887.

293. M. B. Betancor, M. J. Caballero, G. Terova, R. Saleh, E. Atalah, and 
T. Benítez-Santana, “Selenium Inclusion Decreases Oxidative Stress 
Indicators and Muscle Injuries in Sea Bass Larvae Fed High-DHA 
Microdiets,” British Journal of Nutrition 108 (2012): 2115–2128, https://​
doi.​org/​10.​1017/​s0007​11451​2000311.

294. S. Fontagne-Dicharry, V. Veron, L. Larroquet, et  al., “Effect of 
Selenium Sources in Plant-Based Diets on Antioxidant Status and 
Oxidative Stress-Related Parameters in Rainbow Trout Juveniles Under 
Chronic Stress Exposure,” Aquaculture 2020, no. 529 (2020): 735684.

295. P. Wischhusen, C. Heraud, K. Skjærven, et al., “Long-Term Effect 
of Parental Selenium Supplementation on the One-Carbon Metabolism 
in Rainbow Trout (Oncorhynchus mykiss) Fry Exposed to Hypoxic 
Stress,” British Journal of Nutrition 127, no. 1 (2022): 23–34.

296. E. Bjerkås, E. Bjørnestad, O. Breck, and R. Waagbø, “Water 
Temperature Regimes Affect Cataract Development in Smolting 
Atlantic Salmon, Salmo salar L,” Journal of Fish Diseases 24, no. 5 
(2001): 281–291.

297. J. Pérez-Valenzuela, M. Mejías, D. Ortiz, et al., “Increased Dietary 
Availability of Selenium in Rainbow Trout (Oncorhynchus mykiss) 
Improves Its Plasma Antioxidant Capacity and Resistance to Infection 
With Piscirickettsia salmonis,” Veterinary Research 52, no. 1 (2021): 64, 
https://​doi.​org/​10.​1186/​s1356​7-​021-​00930​-​0.

298. R. Thorarinsson, M. L. Landolt, D. G. Elliott, R. J. Pascho, and 
R. W. Hardy, “Effect of Dietary Vitamin E and Selenium on Growth, 
Survival and the Prevalence of Renibacterium salmoninarum Infection 
in Chinook Salmon (Oncorhynchus tshawytscha),” Aquaculture 121, no. 
4 (1994): 343–358, https://​doi.​org/​10.​1016/​0044-​8486(94)​90269​-​0.

299. M. H. G. Berntssen, M. Betancor, M. J. Caballero, et  al., “Safe 
Limits of Selenomethionine and Selenite Supplementation to Plant-
Based Atlantic Salmon Feeds,” Aquaculture 495 (2018): 617–630.

300. M. H. G. Berntssen, T. K. Sundal, P. A. Olsvik, et al., “Sensitivity 
and Toxic Mode of Action of Dietary Organic and Inorganic Selenium in 
Atlantic Salmon (Salmo salar),” Aquatic Toxicology 192 (2017): 116–126, 
https://​doi.​org/​10.​1016/j.​aquat​ox.​2017.​09.​014.

301. H. Huang, L. Cai, B. F. Remo, and D. D. Brown, “Timing of 
Metamorphosis and the Onset of the Negative Feedback Loop 
Between the Thyroid Gland and the Pituitary is Controlled by Type 
II Iodothyronine Deiodinase in Xenopus laevis,” Proceedings of the 
National Academy of Sciences 98, no. 13 (2001): 7348–7353, https://​doi.​
org/​10.​1073/​pnas.​13119​8998.

302. S. Irachi, D. J. Hall, M. S. Fleming, et al., “Photoperiodic Regulation 
of Pituitary Thyroid-Stimulating Hormone and Brain Deiodinase in 
Atlantic Salmon,” Molecular and Cellular Endocrinology 519 (2021): 
111056, https://​doi.​org/​10.​1016/j.​mce.​2020.​111056.

303. M. Lorgen, E. Casadei, E. Król, et al., “Functional Divergence of 
Type 2 Deiodinase Paralogs in the Atlantic Salmon,” Current Biology 25, 
no. 7 (2015): 936–941, https://​doi.​org/​10.​1016/j.​cub.​2015.​01.​074.

304. EFSA, “Consumer Safety of Feed Additives Containing Selenium,” 
EFSA Journal 22, no. 6 (2024): e8857, https://​doi.​org/​10.​2903/j.​efsa.​
2024.​8857.

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3390/nu9121286
https://doi.org/10.3390/nu9121286
https://doi.org/10.3389/fimmu.2021.678699
https://doi.org/10.3389/fimmu.2021.678699
https://doi.org/10.1046/j.1365-2761.1998.00080.x
https://doi.org/10.1046/j.1365-2761.1998.00080.x
https://doi.org/10.1017/S0007114522000514
https://doi.org/10.1016/j.aquaculture.2018.03.054
https://doi.org/10.1016/j.aquaculture.2018.03.054
https://doi.org/10.1016/0044-8486(89)90230-5
https://doi.org/10.1016/j.aquaculture.2006.03.005
https://doi.org/10.1016/j.jtemb.2019.126418
https://doi.org/10.1016/j.jtemb.2019.126418
https://doi.org/10.1017/s0007114512000311
https://doi.org/10.1017/s0007114512000311
https://doi.org/10.1186/s13567-021-00930-0
https://doi.org/10.1016/0044-8486(94)90269-0
https://doi.org/10.1016/j.aquatox.2017.09.014
https://doi.org/10.1073/pnas.131198998
https://doi.org/10.1073/pnas.131198998
https://doi.org/10.1016/j.mce.2020.111056
https://doi.org/10.1016/j.cub.2015.01.074
https://doi.org/10.2903/j.efsa.2024.8857
https://doi.org/10.2903/j.efsa.2024.8857


36 of 37 Reviews in Aquaculture, 2025

305. C. Lim, P. H. Klesius, and C. A. Shoemaker, “Dietary Iron and Fish 
Health,” Nutrition and Fish Health 2001 (2001): 189–199.

306. J. Gao, Q. Zhou, D. Wu, and L. Chen, “Mitochondrial Iron 
Metabolism and Its Role in Diseases,” Clinica Chimica Acta 513 (2021): 
6–12, https://​doi.​org/​10.​1016/j.​cca.​2020.​12.​005.

307. P. A. J. Prabhu, S. J. Kaushik, C. Mariojouls, et al., “Comparison 
of Endogenous Loss and Maintenance Need for Minerals in Rainbow 
Trout (Oncorhynchus mykiss) Fed Fishmeal or Plant Ingredient-Based 
Diets,” Fish Physiology and Biochemistry 41, no. 1 (2015): 243–253.

308. N. Naser, Role of Iron in Atlantic Salmon (salmo salar) Nutrition: 
Requirement, Bioavailability, Disease Resistance and Immune Response 
(Dalhousie University, 2000).

309. H. Standal, A. Dehli, K. A. Rorvik, and O. Andersen, “Iron Status 
and Dietary Levels of Iron Affect the Bioavailability of Haem and 
Nonhaem Iron in Atlantic Salmon Salmo salar,” Aquaculture Nutrition 
5, no. 3 (1999): 193–198.

310. C. Lim, W. M. Sealey, and P. H. Klesius, “Iron Methionine and Iron 
Sulfate as Sources of Dietary Iron for Channel Catfish Ictalurus puncta-
tus,” Journal of the World Aquaculture Society 27, no. 3 (1996): 290–296, 
https://​doi.​org/​10.​1111/j.​1749-​7345.​1996.​tb006​10.​x.

311. W. M. Sealey, C. Lim, and P. H. Klesius, “Influence of the Dietary 
Level of Iron From Iron Methionine and Iron Sulfate on Immune 
Response and Resistance of Channel Catfish to Edwardsiella ictaluri,” 
Journal of the World Aquaculture Society 28, no. 2 (1997): 142–149, 
https://​doi.​org/​10.​1111/j.​1749-​7345.​1997.​tb008​49.​x.

312. T. Ganz, “Hepcidin—A Peptide Hormone at the Interface of Innate 
Immunity and Iron Metabolism,” in Antimicrobial Peptides and Human 
Disease, ed. W. Shafer (Springer, 2006), 183–198, https://​doi.​org/​10.​
1007/​3-​540-​29916​-​5_​7.

313. C. A. Alvarez, P. A. Santana, F. Guzman, S. Marshall, and L. 
Mercado, “Detection of the Hepcidin Prepropeptide and Mature 
Peptide in Liver of Rainbow Trout,” Developmental and Comparative 
Immunology 41, no. 1 (2013): 77–81, https://​doi.​org/​10.​1016/j.​dci.​2013.​
04.​002.

314. J.-C. Hsieh, C.-Y. Pan, and J.-Y. Chen, “Tilapia Hepcidin (TH)2-3 
as a Transgene in Transgenic Fish Enhances Resistance to Vibrio vul-
nificus Infection and Causes Variations in Immune-Related Genes 
After Infection by Different Bacterial Species,” Fish & Shellfish 
Immunology 29, no. 3 (2010): 430–439, https://​doi.​org/​10.​1016/j.​fsi.​
2010.​05.​001.

315. C.-G. Yang, S.-S. Liu, B. Sun, X.-L. Wang, N. Wang, and S.-L. 
Chen, “Iron-Metabolic Function and Potential Antibacterial Role of 
Hepcidin and Its Correlated Genes (Ferroportin 1 and Transferrin 
Receptor) in Turbot (Scophthalmus maximus),” Fish & Shellfish 
Immunology 34, no. 3 (2013): 744–755, https://​doi.​org/​10.​1016/j.​fsi.​
2012.​11.​049.

316. S. E. Douglas, J. W. Gallant, R. S. Liebscher, A. Dacanay, and 
S. Tsoi, “Identification and Expression Analysis of Hepcidin-Like 
Antimicrobial Peptides in Bony Fish,” Developmental & Comparative 
Immunology 27, no. 6 (2003): 589–601.

317. V. Valenzuela-Muñoz and C. Gallardo-Escárate, “Iron 
Metabolism Modulation in Atlantic Salmon Infested With the Sea 
Lice Lepeophtheirus salmonis and Caligus rogercresseyi: A Matter of 
Nutritional Immunity?,” Fish & Shellfish Immunology 60 (2017): 97–102, 
https://​doi.​org/​10.​1016/j.​fsi.​2016.​11.​045.

318. B. J. G. Sutherland, K. W. Koczka, M. Yasuike, et al., “Comparative 
Transcriptomics of Atlantic Salmo salar, Chum Oncorhynchus Keta 
and Pink Salmon O. gorbuscha During Infections With Salmon Lice 
Lepeophtheirus salmonis,” BMC Genomics 15, no. 1 (2014): 200, https://​
doi.​org/​10.​1186/​1471-​2164-​15-​200.

319. V. Valenzuela-Muñoz, D. Miranda, A. T. Gonçalves, B. Novoa, A. 
Figueras, and C. Gallardo-Escárate, “Induced-Iron Overdose Modulate 

the Immune Response in Atlantic Salmon Increasing the Susceptibility 
to Piscirickettsia Salmonis Infection,” Aquaculture 521 (2020): 735058, 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2020.​735058.

320. C. Gardi, B. Arezzini, V. Fortino, and M. Comporti, “Effect of Free 
Iron on Collagen Synthesis, Cell Proliferation and MMP-2 Expression in 
Rat Hepatic Stellate Cells,” Biochemical Pharmacology 64, no. 7 (2002): 
1139–1145, https://​doi.​org/​10.​1016/​S0006​-​2952(02)​01257​-​1.

321. J. Bertinato and M. R. L'Abbé, “Maintaining Copper Homeostasis: 
Regulation of Copper-Trafficking Proteins in Response to Copper 
Deficiency or Overload,” Journal of Nutritional Biochemistry 15, no. 6 
(2004): 316–322, https://​doi.​org/​10.​1016/j.​jnutb​io.​2004.​02.​004.

322. M. Lorentzen, A. Maage, and K. Julshamn, “Supplementing Copper 
to a Fish Meal Based Diet Fed to Atlantic Salmon Parr Affects Liver Copper 
and Selenium Concentrations,” Aquaculture Nutrition 4, no. 1 (1998): 67.

323. M. H. G. Berntssen, A. K. Lundebye, and A. Maage, “Effects of 
Elevated Dietary Copper Concentrations on Growth, Feed Utilisation 
and Nutritional Status of Atlantic Salmon (Salmo salar L.) Fry,” 
Aquaculture 174, no. 1–2 (1999): 167–181.

324. E. S. Read, F. T. Barrows, T. Gibson Gaylord, J. Paterson, M. K. 
Petersen, and W. M. Sealey, “Investigation of the Effects of Dietary 
Protein Source on Copper and Zinc Bioavailability in Fishmeal and 
Plant-Based Diets for Rainbow Trout,” Aquaculture 432 (2014): 97–105, 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2014.​04.​029.

325. A. J. P. Philip, H. Fang, L. Larroquet, A. Surget, A. Herman, and 
S. Fontagné-Dicharry, “Zinc Nutrition at First Feeding Imprints a 
Programming Effect on Growth and Hepatic Lipid Metabolism in 
Juvenile Rainbow Trout,” Aquaculture 592 (2024): 741207, https://​doi.​
org/​10.​1016/j.​aquac​ulture.​2024.​741207.

326. S. Satoh, T. Takeuchi, and T. Watanabe, “Availability of Manganese 
and Magnesium Contained in White Fish Meal to Rainbow Trout 
Oncorhynchus mykiss,” Nippon Suisan Gakkaishi 57, no. 1 (1991): 99–104.

327. C. Ogino and G. Y. Yang, “Requirements of Carp and Rainbow 
Trout for Dietary Manganese and Copper,” Bulletin of the Japanese 
Society of Scientific Fisheries 46, no. 4 (1980): 455–458.

328. A. Maage, B. Lygren, and A. F. A. El Mowafic, “Manganese 
Requirement of Atlantic Salmon (Salmo salar) Fry,” Fisheries Science 
66, no. 1 (2000): 1–8.

329. M. Lorentzen, A. Maage, and K. Julshamn, “Manganese 
Supplementation of a Practical, Fish Meal Based Diet for Atlantic 
Salmon Parr,” Aquaculture Nutrition 2, no. 2 (1996): 121–125.

330. K. Hamre, R. Christiansen, R. Waagbø, et  al., “Antioxidant 
Vitamins, Minerals and Lipid Levels in Diets for Atlantic Salmon 
(Salmo salar, L.): Effects on Growth Performance and Fillet Quality,” 
Aquaculture Nutrition 10, no. 2 (2004): 113–123, https://​doi.​org/​10.​
1111/j.​1365-​2095.​2003.​00288.​x.

331. J. G. Eales, “A Comparative Study of Thyroid Function in Migrant 
Juvenile Salmon,” Canadian Journal of Zoology 41, no. 5 (1963): 811–
824, https://​doi.​org/​10.​1139/​z63-​053.

332. J. G. Eales, “The Relationship Between Ingested Thyroid 
Hormones, Thyroid Homeostasis and Iodine Metabolism in Humans 
and Teleost Fish,” General and Comparative Endocrinology 280 (2019): 
62–72, https://​doi.​org/​10.​1016/j.​ygcen.​2019.​04.​012.

333. K. Julshamn, A. Maage, R. Waagbø, and A. K. Lundebye, “A 
Preliminary Study on Tailoring of Fillet Iodine Concentrations in Adult 
Atlantic Salmon (Salmo salar L.) Through Dietary Supplementation,” 
Aquaculture Nutrition 12, no. 1 (2006): 45–51, https://​doi.​org/​10.​1111/j.​
1365-​2095.​2006.​00380.​x.

334. S. P. Lall, W. D. Paterson, J. A. Hines, and N. J. Adams, “Control of 
Bacterial Kidney Disease in Atlantic Salmon, Salmo salar L., by Dietary 
Modification,” Journal of Fish Diseases 8, no. 1 (1985): 113–124, https://​
doi.​org/​10.​1111/j.​1365-​2761.​1985.​tb011​92.​x.

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.cca.2020.12.005
https://doi.org/10.1111/j.1749-7345.1996.tb00610.x
https://doi.org/10.1111/j.1749-7345.1997.tb00849.x
https://doi.org/10.1007/3-540-29916-5_7
https://doi.org/10.1007/3-540-29916-5_7
https://doi.org/10.1016/j.dci.2013.04.002
https://doi.org/10.1016/j.dci.2013.04.002
https://doi.org/10.1016/j.fsi.2010.05.001
https://doi.org/10.1016/j.fsi.2010.05.001
https://doi.org/10.1016/j.fsi.2012.11.049
https://doi.org/10.1016/j.fsi.2012.11.049
https://doi.org/10.1016/j.fsi.2016.11.045
https://doi.org/10.1186/1471-2164-15-200
https://doi.org/10.1186/1471-2164-15-200
https://doi.org/10.1016/j.aquaculture.2020.735058
https://doi.org/10.1016/S0006-2952(02)01257-1
https://doi.org/10.1016/j.jnutbio.2004.02.004
https://doi.org/10.1016/j.aquaculture.2014.04.029
https://doi.org/10.1016/j.aquaculture.2024.741207
https://doi.org/10.1016/j.aquaculture.2024.741207
https://doi.org/10.1111/j.1365-2095.2003.00288.x
https://doi.org/10.1111/j.1365-2095.2003.00288.x
https://doi.org/10.1139/z63-053
https://doi.org/10.1016/j.ygcen.2019.04.012
https://doi.org/10.1111/j.1365-2095.2006.00380.x
https://doi.org/10.1111/j.1365-2095.2006.00380.x
https://doi.org/10.1111/j.1365-2761.1985.tb01192.x
https://doi.org/10.1111/j.1365-2761.1985.tb01192.x


37 of 37

335. A. Mustafa and B. M. MacKinnon, “Atlantic Salmon, Salmo salar 
L., and Arctic Char, Salvelinus alpinus (L.): Comparative Correlation 
Between Iodine-Iodide Supplementation, Thyroid Hormone Levels, 
Plasma Cortisol Levels, and Infection Intensity With the Sea Louse 
Caligus elongatus,” Canadian Journal of Zoology 77, no. 7 (1999): 1092–
1101, https://​doi.​org/​10.​1139/​z99-​060.

336. M. Gensic, P. J. Wissing, T. R. Keefe, and A. Mustafa, “Effects of 
Iodized Feed on Stress Modulation in Steelhead Trout, Oncorhynchus 
mykiss (Walbaum),” Aquaculture Research 35 (2004): 1117–1121.

337. M. A. Campinho, “Teleost Metamorphosis: The Role of Thyroid 
Hormone,” Frontiers in Endocrinology 10 (2019): 383, https://​doi.​org/​10.​
3389/​fendo.​2019.​00383​.

338. A. N. Woodall and G. LaRoche, “Nutrition of Salmonoid Fishes: XI. 
Iodide Requirements of Chinook Salmon,” Journal of Nutrition 82, no. 4 
(1964): 475–482, https://​doi.​org/​10.​1093/​jn/​82.4.​475.

339. A. Ribeiro, L. Ribeiro, Ø. Sæle, M. Dinis, and M. Moren, “Iodine and 
Selenium Supplementation Increased Survival and Changed Thyroid 
Hormone Status in Senegalese Sole (Solea senegalensis) Larvae Reared 
in a Recirculation System,” Fish Physiology and Biochemistry 2012, no. 
38 (2012): 725–734, https://​doi.​org/​10.​1007/​s1069​5-​011-​9554-​4.

340. A. A. Gonçalves and G. A. Gagnon, “Ozone Application in 
Recirculating Aquaculture System: An Overview,” Ozone: Science & 
Engineering 33, no. 5 (2011): 345–367, https://​doi.​org/​10.​1080/​01919​512.​
2011.​604595.

341. A. Powell and J. W. S. Scolding, “Direct Application of Ozone in 
Aquaculture Systems,” Reviews in Aquaculture 10, no. 2 (2018): 424–
438, https://​doi.​org/​10.​1111/​raq.​12169​.

342. J. Sherrill, B. R. Whitaker, and G. T. F. Wong, “Effects of Ozonation 
on the Speciation of Dissolved Iodine in Artificial Seawater,” Journal of 
Zoo and Wildlife Medicine 35, no. 3 (2004): 347–355, https://​doi.​org/​10.​
1638/​03-​025.

343. H. Liltved, C. Vogelsang, I. Modahl, and B. H. Dannevig, “High 
Resistance of Fish Pathogenic Viruses to UV Irradiation and Ozonated 
Seawater,” Aquacultural Engineering 34, no. 2 (2006): 72–82, https://​doi.​
org/​10.​1016/j.​aquae​ng.​2005.​05.​002.

344. K. T. Stiller, J. Kolarevic, C. C. Lazado, et  al., “The Effects of 
Ozone on Atlantic Salmon Post-Smolt in Brackish Water—Establishing 
Welfare Indicators and Thresholds,” International Journal of Molecular 
Sciences 21, no. 14 (2020): 5109, https://​doi.​org/​10.​3390/​ijms2​1145109.

345. M. S. Silva, R. Matos, P. Araujo, et  al., “In Vitro Assessment of 
Protein Digestibility and Mineral Solubility of Black Soldier Fly Larvae 
Meals for Monogastric Animals,” Journal of Insects as Food and Feed 
2022 (2022): 1–14.

346. L. Ferrari, V. Sele, M. Silva, et al., “Biofortification of Selenium in 
Black Soldier Fly (Hermetia illucens) Prepupae Reared on Seaweed or 
Selenium Enriched Substrates,” Journal of Insects as Food and Feed 8, 
no. 8 (2022): 887–900.

347. G. Baeverfjord, P. Antony Jesu Prabhu, P. G. Fjelldal, et al., “Mineral 
Nutrition and Bone Health in Salmonids,” Reviews in Aquaculture 11, 
no. 3 (2019): 740–765.

348. I. Pérez-Torres, V. Guarner-Lans, and M. E. Rubio-Ruiz, “Reductive 
Stress in Inflammation-Associated Diseases and the Pro-Oxidant Effect 
of Antioxidant Agents,” International Journal of Molecular Sciences 18, 
no. 10 (2017): 2098.

349. M. N. Riaz, M. Asif, and R. Ali, “Stability of Vitamins During 
Extrusion,” Critical Reviews in Food Science and Nutrition 49, no. 4 
(2009): 361–368, https://​doi.​org/​10.​1080/​10408​39080​2067290.

350. S. Sartipiyarahmadi, A. J. P. Philip, A. N. Forshei, et  al., “Blue 
Mussel (Mytilus edulis) Silage, a Possible Low Trophic Marine Protein 
Source for Atlantic Salmon (Salmo salar L.),” Aquaculture 587 (2024): 
740829, https://​doi.​org/​10.​1016/j.​aquac​ulture.​2024.​740829.

351. L.-K. Opheim, Feed Phosphorus Regimes and the Effectiveness of 
a Novel Phytase on Mineralisation and Bone Health in Atlantic Salmon 
Pre- and Post-Smolt (FAO, 2023).

352. A. J. P. Philip, P. G. Fjelldal, S. C. Remø, et al., “Dietary Electrolyte 
Balance of Atlantic Salmon (Salmo salar) Freshwater Feeds: Impact on 
Osmoregulation, Mineral Metabolism and Performance in Seawater,” 
Aquaculture 546 (2022): 737305, https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2021.​737305.

353. J. Ebel, S. Leroux, M. Robertson, and J. Dempson, “Whole Body-
Element Composition of Atlantic Salmon Salmo salar Influenced by 
Migration Direction and Life Stage in Three Distinct Populations,” 
Journal of Fish Biology 89, no. 5 (2016): 2365–2374.

354. V. Todisco, E. Fridolfsson, C. Axén, et  al., “Thiamin Dynamics 
During the Adult Life Cycle of Atlantic Salmon (Salmo salar),” Journal 
of Fish Biology 104, no. 3 (2024): 807–824.

 17535131, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/raq.70087 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [03/09/2025]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1139/z99-060
https://doi.org/10.3389/fendo.2019.00383
https://doi.org/10.3389/fendo.2019.00383
https://doi.org/10.1093/jn/82.4.475
https://doi.org/10.1007/s10695-011-9554-4
https://doi.org/10.1080/01919512.2011.604595
https://doi.org/10.1080/01919512.2011.604595
https://doi.org/10.1111/raq.12169
https://doi.org/10.1638/03-025
https://doi.org/10.1638/03-025
https://doi.org/10.1016/j.aquaeng.2005.05.002
https://doi.org/10.1016/j.aquaeng.2005.05.002
https://doi.org/10.3390/ijms21145109
https://doi.org/10.1080/10408390802067290
https://doi.org/10.1016/j.aquaculture.2024.740829
https://doi.org/10.1016/j.aquaculture.2021.737305
https://doi.org/10.1016/j.aquaculture.2021.737305

	Revisiting Vitamin and Trace Mineral Nutrition in Atlantic Salmon Farming With Emphasis on Fish Health
	ABSTRACT
	1€€€|€€€Introduction
	1.1€€€|€€€Revisiting the Fundamentals of Nutrient Requirements
	1.2€€€|€€€Fish Health Challenges in Atlantic Salmon Farming
	1.3€€€|€€€The Changing Dietary NeedsŠRequirement for Health

	2€€€|€€€Vitamins
	2.1€€€|€€€Vitamin A
	2.2€€€|€€€Vitamin D
	2.3€€€|€€€Vitamin E
	2.4€€€|€€€Vitamin K
	2.5€€€|€€€Choline
	2.6€€€|€€€Vitamin C
	2.7€€€|€€€B-Vitamins
	2.7.1€€€|€€€Thiamine (Vitamin B1)
	2.7.2€€€|€€€Riboflavin (Vitamin B2)
	2.7.3€€€|€€€Niacin (Vitamin B3)
	2.7.4€€€|€€€Pantothenic Acid (Vitamin B5)
	2.7.5€€€|€€€Pyridoxine (Vitamin B6)
	2.7.6€€€|€€€Biotin (Vitamin B7)
	2.7.7€€€|€€€Folate (Vitamin B9)
	2.7.8€€€|€€€Cobalamin (Vitamin B12)


	3€€€|€€€Trace Minerals
	3.1€€€|€€€Zinc
	3.2€€€|€€€Selenium
	3.3€€€|€€€Iron
	3.4€€€|€€€Copper
	3.5€€€|€€€Manganese
	3.6€€€|€€€Iodine

	4€€€|€€€Future Perspectives and Concluding Remarks
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


