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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 critical roles in biochemical processes, acting together to cata-

lyze biochemical reactions. Vitamins have been broadly catego-
Micronutrients are required by all organisms in relatively small rized into fat- and water-soluble vitamins, while the minerals
amounts to support optimal growth, development, reproduc- are broadly categorized into macro- and micro-minerals, the
tion, health, and disease resistance. Vitamins and minerals play 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
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along with the classical components of maintenance, growth, and
reproduction (Figure 1).

Compared with amino acids and fatty acids, documentation in
the scientificliterature 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 60mg/kg in 1993 [7] to 37mg/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
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FIGURE1 | 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 () and slope () of the curves represent the requirement for maintenance and efficiency

(e.g., growth rate), respectively. The reduced performance under challenging conditions (R?_, ) at dietary micronutrient concentration X, is a re-

max-
sult of the increased requirement for maintenance (m,>m,) and reduced efficiency (8,<,), for example, slower growth rates. Hence an increase

under challenging conditions, referred to as the “requirement for health and

in requirement (X,) arises to achieve performance equivalent to R? __

welfare.” Most of the micronutrient requirement data available in Atlantic salmon pertains to optimal environmental conditions (X,), while the com-
mercial farming environment presents multiple challenges leading to sub-optimal performance. Information on the increased requirement for health
and welfare (X,) 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 Syears, 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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TABLE1 | 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).

Practical Fold-change
Trace Requirement? dietary need" (dietary need/

Species element (mg/kg) References (mg/kg) References requirement)
Atlantic salmon Se 0.4 [36] 0.6-0.8 [36] 1.5-2
(Parr) 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 Se 0.3 [23] 0.7-0.9 [23, 36] 2.5-3
(Post-smolt) Zn 58-70 [17] 160-210 17, 36] 2.5-3

Fe — — — —

Cu 5¢ [36] 14-16 [36] 2.8-3.2

Mn 12-14 [36, 47] 26-34 [36, 47] 2-2.5

30n available basis.
On total basis.

Using Cu apparent availability of 35% from another study [47].

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).
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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
-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 f3-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 5mg/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 0.75mg retinol/kg feed
(25001U/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 3mg/kg (10,000IU) 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 @rnsrud 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 750mg/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 0.75mg/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 2.5mg/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 3mg/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
1.1mg/kg, while based on mortality results, 1.9mg/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 27mg/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 17.5mg/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 ug 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 4weeks 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 ug/kg
dietary vitamin D3, a result which is supported by another trial
showing tissue saturation at 80ug/kg [36]. Two studies found
that 200 and 40ug/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-Davila 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 ug/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 10-20ug/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-5 and
pro-inflammatory factors tnf-a, il1-3, 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 25ug/kg diet. The variation in vitamin level, that is, from
2 to 75ug/kg diet, induced curved responses in hemocytes and
liver regarding the expression of genes coding for IFN-a, ly-
sozyme, hepcidin, natural resistance-associated macrophage
protein, and C3 and C9, which showed a peak response in the
range 15-40pg/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 ug/kg (min-max level
60-500 pg/kg) [80], while the mean level for the time period
2000-2010 was 260 ug/kg (min-max level 50-1040 pg/kg) [81].
EU regulations set an upper limit for the level of supplemented
vitamin D of 1500ug/kg, recently increased from 75ug/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 ug 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 pug 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 ug/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 D,, 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
a-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 a-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 a-tocopherol is easily degraded
by oxidation in feeds and is therefore supplemented as the stable
form a-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 a-tocopherol requirement to
support survival and growth of the fish was determined to be
30-60mg/kg in first feeding fry [37] as also reflected in NRC
recommendation [6]. Similarly, in chinook salmon fingerlings,
the requirement was determined to be 30mg/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 100mg a-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
a-tocopherol tissue homeostasis indicates no specific require-
ment of vitamin E during smoltification, although a sharp in-
crease in liver and plasma a-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
~400mg/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 a-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 (7mg/kg) to high
(800mg/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 a-
tocopherol/kg [26]. In Atlantic salmon challenged with P.
salmonis, the effect of a-tocopherol supplementation (150 vs.
750mg/kg) on the immune response was dependent on the
ratio between vitamin E and arachidonic acid, with high a-
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 a-tocopherol, although liver a-
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 Waagbe [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 a-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 o-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 a-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 a-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 a-tocopherol were 373 mg/kg in
starter feed, 385mg/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-
a-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 47mg/kg vitamin K3
without negative effects on growth [15].

Knowledge from land animal studies has documented that vi-
tamin K is involved in y-carboxylation of glutamic acid residues
in several proteins. Until now, 19 y-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 y-
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 40mgK3/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 (10mg/kg) was found in commercial salmon
feed and when comparing added and analyzed vitamin K3 in ex-
perimental feeds [15]. In the same experiment, 5mg/kgK1 was
added to a commercial diet, and 1.7mg/kgK1 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. Krossey
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 0.45mg/kg for K1 and from 0.2 to 20mg/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: <10mg/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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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 (CH,), after being converted to betaine, delivers the CH, 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 CH, to the many processes in need such as neurotransmitters, lipids, proteins, and nucleic acids [163]. The figure exemplifies CH,'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].

caeca of Atlantic salmon weighing around 450g 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.
4.5kg 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
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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 3040mg/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 1.6g) to be
10-20mg/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 10mg/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 135mg/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 93-225mg/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 190mg/kg dry diet. This was based on satura-
tion of whole body with ascorbic acid [39]. In post-smolts (from
228g) 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 3000mg/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 Fe?*) may
also be affected by vitamin C [204].

Vitamin C in current commercial feeds range from 140 to
1000mg/kg (mean level 392mg/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.

2.71 | 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 (a-ketoglutarate dehydrogenase complex) in the
Krebs' cycle, and of a-keto acids (branched chain a-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 10-12mg/kg in rainbow trout and 10-15mg/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 6.3mg/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 25mg/kg of thiamine, while the
broodstock diets contained ~31-43mg/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 FADH, 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 FADH, [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 6.4mg
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 7mg/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 127mg/kg, the
maximum antioxidant enzyme response was achieved at about
32mg/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 17-20mg/kg of riboflavin, while the broodstock
diets contained ~25-30mg/kg [222]. Additionally, riboflavin
levels in eggs varied with the spawning season, ranging from
3.0 to 3.7mg/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
~10-150mg/kg in rainbow trout and Pacific salmon, respec-
tively [6]. Recommendation for Atlantic salmon was given at
~65mg/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
130-140mg/kg of niacin, while the broodstock diet contained
~160-190mg/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 20mg/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 (37-43mg/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: 69mg/kg), while the smolt feed had a mean of
62mg/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 (5mg/kg) [6].
Hemre et al. [43] recommended that dietary pyridoxine should
be 10mg/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 8-9mg 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
17mg/kg, whereas smolt feed had a mean of 15mg/kg and the
growth feed had a mean of 13mg/kg [80], while broodstock diet
ranged from 22 to 25mg/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 CO, 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 0.15-1mg/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 0-1.5mg/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,
whereasvertebrates, 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].
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FIGURE3 | 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 8-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: a-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 Skjerven et al. [252].

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
1-2mg/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
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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 6.7mg/kg, smolt feeds had a mean of 7.3mg/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 6-9mg/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 10mg/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 0.2mg/kg; n=10; year 2006) compared with wild salmon
(mean 0.04 mg/kg; n=27; year 2012) (https://sjomatdata.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 3months 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 0.12mg/kg [80]. While measuring a grow-out
diet, we found levels at 0.24-0.3mg/kg vitamin B12, while brood-
stock diets ranged from 0.25 to 0.41mg/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].

18 of 37

Reviews in Aquaculture, 2025

ASUADI' SUOWIOY) dANea1D) 3[qedrjdde ayy Aq pauIsA0S aIe s3I YO ‘asn Jo sa[nI 10§ AIRIqIT AUI[UQ AI[IM UO (SUOHIPUOI-PUR-SULID}/WOD A3[1M " AIRIqI[aUI[UO//:sdNY) SUONIPUOL) PUB SWIAT, 3y} 39S *[§Z0Z/60/£0] U0 A1e1qr aurjuQ £3[IM ‘YoIeasay SuULIRIy JO Amnsu] Aq £800. bey/T 11 01/10p/wod Aajim*Kreiqrpaur[uoy/:sdny woiy papeo[umod ‘v ‘S0z “TETSESLT


https://sjomatdata.hi.no

The NRC (2011) recommended that the minimal Zn requirement
of Atlantic salmon parr and rainbow trout juveniles in freshwater
was, respectively, 37 and 15mg/kg diet, on an available basis [6].
However, the original study reported them to range between 37
and 60mg/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—
120mg/kg) [270, 271] and in Atlantic salmon parr (100-120mg/
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 137-156mg/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
(200mg/kg) and Se (0.7mg/kg) during the early seawater
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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 200mg/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 200mg Zn and 0.7mg/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 (250-375mg/
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 (240mg/kg diet) of Zn also enhanced epithelial health
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FIGURE4 | 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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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].
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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).

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 (4-5kg) ranged from 50
to 60mg/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
150mg/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 (diol 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 1mg/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
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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
0.95mg/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 4-5mg/kg increased
resistance to viral PAMP stimulation [24] and to Piscirickettsia
salmonis challenge ex vivo [297]. Dietary Se up to 2.5mg/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 2-3mg 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 2mg/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 0.64mg/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 170mg/kg [18, 262]. The iron
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FIGURE 7 | Schematic outline on regulation of Fe metabolism:

(1) Apical ferric reductase (FR) activity to convert ferric iron (Fe3*)

to ferrous iron (Fe?*), the absorbable form; (2) Apical Fe?* uptake by
divalent metal transporter (DMT1); (3) Basolateral extrusion of Fe by
Ferroportinl (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].

requirement of Atlantic salmon parr ranges between 30 and
60mg/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 185mg/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 400mg/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.
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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].

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 7mg/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 5-10mg/kg [323]. Accordingly, in low fish meal feeds
for Atlantic salmon, the Cu requirement was met at lev-
els of 10-15mg/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
20mg/kg (compared with 9mg/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
35mg/kg compared with 7mg/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 25mg/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 17mg/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 12-13mg/
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 10-15mg/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 14mg/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 25mg/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 200mg/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 100mg/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 93mg/kg in starter feeds, 19 to 70mg/
kg in smolt feeds, and 27 to 120mg/kg in grower feeds. Thus,
excess dietary Mn is less likely to be a practical concern in sal-
monid aquaculture.
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3.6 | Iodine

Todine 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 (4.5mg/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].
Todized feed (20mg/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 500mV) 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 5.3mg/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 Fe?* 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, 37mg/kg; Se, 0.15mg/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 0.2mg/kg (within
0.5mg/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).
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