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Abstract In the present review, the ongoing researches
about selenium research in fish nutrition have been
comprehensively discussed. Selenium research is get-
ting popularity in fish nutrition as it is required for the
normal growth and proper physiological and biochem-
ical functions in fish. Its deficiency or surplus amounts
create severe problems in fish. It is available as inorgan-
ic form, organic form, and nano form. In fish, most of
the previous research is about the selenium requirements
for fish by using only one selenium source mainly the
inorganic one. Selenium shows maximum biological
activity and bioavailability when it is supplied in proper
form. However, to differentiate the more bioavailable
and less toxic form of selenium, sufficient information is
needed about the comparative bioavailability of differ-
ent selenium forms in different fish species. In fish,
important data about the new forms of selenoproteins
is still scarce. Therefore, it is necessary to focus on the
determination and elucidation of the new selenoproteins
in fish through the utilization of recent approaches of
molecular biology and proteomics. The adaptation of
these new approaches will replace the old fashioned
methodologies regarding the selenium research in fish
nutrition. Moreover, the use of molecular biology and
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proteomics-based new approaches in combination with
selenium research will help in optimizing the area of fish
nutrition and will improve the feed intake, growth per-
formance, and more importantly the flesh quality which
has a promising importance in the consumer market.
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Introduction

Selenium is an important micronutrient and being a
strong antioxidant when it is supplied in fish diets con-
siderably improves its health. It helps in protecting fish
body cells and cellular components from the oxidative
damage through the activation of selenoenzymes and
selenoprotein (Rotruck et al. 1973; Watanabe et al.
1997; Hsu and Guo 2002; Sarada et al. 2002; Chien
et al. 2003; Hamilton 2004; Zuberbuehler et al. 2006;
Raza 2012; Jamil 2013; Khan et al. 2016). In wild
aquatic environment, fish usually gets selenium from
the surrounding available sources while in very inten-
sive fish culture systems, it depends on the intake of
proper feed ingredients which are enriched with proper
selenium amounts. The use of animal- (which contains
little amount of selenium) and plant-based ingredients
(which possess great variability in their selenium con-
tent) in fish feeds disturb the proper selenium supply.
Any such disturbance in selenium supply results in its
impaired antioxidant activity, due to which the fish does
not remain capable to fight well against stressful
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conditions and protect itself from the oxidative damage
(Tanguy et al. 1998; Toufektsian et al. 2000; Raza 2012;
Jamil 2013; Khan et al. 2016). Therefore, while taking
into consideration all such factors, the supplementation
ofa proper amount of dietary selenium in the fish diets is
needed for the balanced hormone production and me-
tabolism, and the synthesis and regulation of
selenoproteins, improvement of the antioxidant defense
status, and more importantly the flesh quality of fish
(Pappas and Zoidis 2012; Raza 2012; Jamil 2013; Khan
etal. 2016).

In fish nutrition, the effectiveness of a nutrient/
supplement depends mainly on its bioavailability. Role
of selenium in the promotion of fish health is not only
dependent on its amount of Se intake but also on the
transformation of absorbed selenium to metabolically
more active forms (Raza 2012; Jamil 2013; Khan et al.
2016). Mainly selenium is available in the environment
in two forms such as inorganic form and organic form
(Arteel and Sies 2001). However, recently nano form
selenium (Zang et al. 2001; Zhou et al. 2009; Jamil
2013; Khan et al. 2016) has been developed and intro-
duced recently into fish feed.

In earlier researches, it has been revealed that organic
forms of selenium are usually more bioavailable and
have more profound benefits in fish as compared to
the inorganic forms (Wang and Lovell 1997; Mahan
1999). However, selenium bioavailability is difficult to
enumerate due to the complication of feed ingredients
(Fairweather-Tait et al. 2010). Some researchers have
worked on to differentiate the more bioavailable form of
selenium in fish. According to Raza (2012), sodium
selenite supplementation in Tor putitora shows better
effects on fish growth and biochemical health. The
dietary selenium absorption in the form of selenite in
rainbow trout (Salmo gairdneri Richardson) gut has
been described to be very effective, though the removal
of selenium by the liver tissue may be controlled by a
metabolic conversion of selenium to a form that can be
evacuated (Hilton et al. 1980). Generally, organic form
of selenium such as selenomethionine possesses greater
absorption and more bioavailability in fathead minnows
(Pimephales promelas Rafinesque) (Kleinow and
Brooks 1986). The foodstuffs that contain sufficient
amount of organic selenium such as selenomethionine
are good sources of Se supply to fish (WHO 1987;
Reilly 2006; Rayman 2012). In the diets of channel
catfish (Wang and Lovell 1997) and Atlantic salmon
(Bell and Cowey 1989; Lorentzen et al. 1994) when
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organic sources of selenium were added, greater bio-
availability was observed than the inorganic source sup-
plementation. Kucubaby et al. (2009) documented that
rainbow trout (Oncorhynchus mykiss) fed diets supple-
mented with the organic selenium showed better absorp-
tion and more bioavailability as compared to the diet
supplemented with the inorganic selenium.

In fish, usually the organic sources of selenium have
been determined to have more bioavailability and pos-
sess better health impacts than the inorganic sources
(Wang and Lovell 1997; Reilly 2006; Rayman 2012).
However, to know which form is more bioavailable can
also be contingent with the under study desired param-
eter because only growth performance data are not
sufficient for recommending an optimum selenium level
for a fish species. Parallel to growth and feeding param-
eters, physiological, biochemical, and molecular level
(such as the expression of selenoproteins) parameters
also play a key role in finding an optimum selenium
level for a fish species. The details behind the reason
that why organic selenium is more bioavailable than the
inorganic selenium is that unlike the selenite,
selenomethionine more efficiently integrates into fish
tissues (Lorentzen et al. 1994; Wang and Lovell 1997,
Cotter et al. 2008; Rider et al. 2008). In a previous study
about the effects of organic selenium on glutathione
peroxidase activity, it was observed that dietary organic
selenium supplementation more beneficently improved
the glutathione peroxidase activity in common carp
(Cyprinus carpio) (Jovanovic et al. 1997) and catfish
(Ictalurus punctatus) (Wang and Lovell 1997).
However, in rainbow trout (Rider et al. 2008), Atlantic
salmon (Salmo salar) (Bell and Cowey 1989), and
hybrid striped bass (Morone chrysops x M. saxatilis)
(Cotter et al. 2008), any profound effects were not
observed with the supplementation of dietary organic
selenium. Comparatively, little is known about the sele-
nium impact on the fish immune system (Lall 2000);
however, studies in catfish have shown that organic
selenium is more potent in restoring immunity and the
supplementation of sub-optimal dietary selenium de-
creases the disease resistance in fish (Wang et al.
1997). In a study conducted with T. putitora, Khan
et al. (2016) observed that the selenium nanoparticles
supplementation positively enhanced the innate immu-
nity by improving the serum lysozyme activity and
glutathione peroxidase activities in the liver and muscle
tissues. Feed ingredients which are commonly used in
fish nutrition contain organic selenium such as
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selenomethionine (Schrauzer 2006) which is an impor-
tant selenoprotein (Surai 2006). Organic sources can
provide selenium as the naturally occurring form. This
form of selenium is non-redoxing, non-catalytic, shows
less toxicity as well as also integrates easily into fish
tissues in the forms of selenoproteins as compared to the
inorganic form (Sphallholz 1997; Stewart et al. 1999;
Schrauzer 2003).

Materials at the nano-scale have been proven to show
unique effects as compared to the bulk form (Albrecht
et al. 2006). The fast development of nanotechnology is
showing great potential for using small size nanoparti-
cles of trace elements (e.g., selenium) in fish feeds.
However, nanotechnology is a new area, yet not ex-
plored well, special precautions are needed before intro-
ducing nanoparticles into fish feeds on large scale. Some
studies are available about the effects of dietary seleni-
um nanoparticles in fish which shows that nano seleni-
um is more bioavailable and possess minor toxicities in
fish as compared to the organic and inorganic forms of
selenium (Zhang et al. 2008; Jamil 2013). The supple-
mentation of selenium nanoparticles has been studied in
fish and showed positive impact on its health (Zhang
et al. 2001; Zhou et al. 2009; Jamil 2013; Khan et al.
2016). However, in some other animals such as mice
and rats (Zhang et al. 2005, 2008; Wang et al. 2007), it
has been reported that nano form of selenium owns
comparable efficiency to inorganic and organic forms
in improving the activity of selenoenzymes.

As the information about the use of selenium nano-
particles in fish feed is not enough to conclude clearly
that which form of selenium is more bioavailable in fish.
Li et al. (2008) have conducted an experiment with
Medaka (Oryzias latipes) and noted that the dietary
supplementation of nano form of selenium causes better
protective influences during stressful conditions, which
may be due to the hyper-accumulation of selenium in
liver; however, they also reported that the same dose
showed more toxicity than sodium selenite in some
other health aspects. This shows that selenium bioavail-
ability and effectiveness depends on a number of bio-
logical factors. Thus, it is necessary to conduct some
comparative comprehensive studies about different Se
forms in different fish species by evaluating maximum
number of biological health aspects. These kinds of
studies will help in getting a clear knowledge about
the absorption, distribution, and approval of different
selenium forms and levels. Once such information is
obtained, then it becomes easy to define the selenium

integration proficiencies and elimination proportions,
which in consequence are useful to estimate the long-
term and steady-state tissue selenium levels for different
fish species (Baines et al. 2002; Li et al. 2008).

Selenium requirements

Different fish species require specific amount of seleni-
um for the maintenance of its normal growth and health
status (Wang et al. 1997; Janz et al. 2010; Raza 2012;
Jamil 2013; Khan et al. 2016). The quantity of selenium
required for a fish species depends on the form of
selenium such as organic, inorganic, and nano form
(Burk 1976; Sunde 1984; Mateo et al. 2007; Juniper
et al. 2008; Vignola et al. 2008; Janz et al. 2010; Janz
2011; Jamil 2013), fish health condition, fish size, fish
species, diet formulation, experiment condition, and
water quality (Zhu et al. 2011). The selenium require-
ments for different fish species have been mentioned in
(Table 1).

Selenium deficiency and its surplus amounts

Fish can maintain its proper growth and strong antiox-
idant status when it receives sufficient amount of sele-
nium in its diet (Raza 2012; Jamil 2013; Khan et al.
2016); however, its complete absence or deficiency in
fish feed results in growth depression and immune in-
stabilities (Lin and Shiau 2005;Cotter et al. 2008).
Poston et al. (1976) reported that mortality occurs in
salmon fry when it consumes selenium-deficient diets
which can be stopped by the supplementation of a
0.1 mg Se kg™'. When Atlantic salmon fed a selenium-
deficient diet for 26 weeks, the insufficiency symptoms
such as laziness, appetite loss, less muscle quality, and
high mortality rates were observed. However, the best
growth was achieved by the supplementation of a
0.15 mg Se kgfl diet (Poston and Combs 1979).
Selenium-deficient salmon showed susceptibility to the
Vibrio pathogen (Hitra disease) (Fjoelstad and Heyeraas
1985; Poppe et al. 1986). Apart from muscular
dystrophy and myocardial erosion, this disease can be
diagnosed by the appearance of anemia, hemorrhages,
and fluid in the peritoneal cavity and in the pericardium
part. Thorough researches on Atlantic salmon by Bell
et al. (1987) have described selenium as the main
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Table 1 Selenium requirements for different fish species

Fish species Se requirements (mg kg ') References

Mahseer (Tor putitora) 1.5 Raza (2012)

Mabhseer (Tor putitora) 0.68 Jamil (2013); Khan et al. (2016)
Rainbow trout (Oncorhynchus mykiss) 0.15-0.38 Hilton et al. (1980)

Channel catfish (Ictalurus punctatus) 0.25 Gatlin and Wilson (1984)
Juvenile grouper (Epinephelus malabaricus) 0.7 Lin and Shiau (2005)

Cobia (Rachycentron canadum L.) 0.788-0.811 Liu et al. (2010)

Gibel carp (Carassius auratus) 1.18 Han et al. (2011)
Largemouth bass (Micropterus salmoides) 1.60-1.85 Zhu et al. (2012)

African catfish (Clarias gariepinus B.) 300 Abdel-Tawwab et al. (2007)
Marron (Cherax cainii) (Austin, 2002) 0.4 Nugroho and Fotedar (2013)
Tilapia (Oreochromis niloticus) 1.5and 6.0 Atencio et al. (2009)
Matrinxa (Brycon cephalus) Giinther (1869) 1.5 Monteiro et al. (2009)
Rainbow trout (Oncorhynchus mykiss) 500-4000 Pacitti et al. (2015)
Common carp (Cyprinus carpio L) 0.12 and 0.15 Gaber (2007)

On-growing gibel carp (Carassius auratus gibelio var. CAS III) 0.73,1.12, and 1.19 Zhu et al. (2016)

Juvenile grouper (Epinephelus malabaricus) 0.90 and 0.98 Lin (2014)

Yellowtail kingfish (Seriola lalandi) 5.56 Le etal. (2013)

element in the defensive mechanism against oxidative
stress.

Additionally, the absence or low selenium levels in
fish feeds also result in reduced tissue Se concentrations,
low hematocrit values, and increased hemolytic rates
(Jamil 2013; Khan et al. 2016). Its low levels causes
improper enlargements in the endoplasmic reticulum of
the pancreatic tissue and the area of vacuolation and
decline the glutathione peroxidase activity in liver tissue
while improve the glutathione transferase and pyruvate
kinase activities (Poston and Combs 1979; Fjoelstad and
Heyeraas 1985; Poppe et al. 1986; Bell etal. 1987; Khan
et al. 2016). A decrease in plasma glutathione peroxi-
dase activity in rainbow trout occurs when fed a
selenium-deficient diet (Hilton et al. 1980) while its
absence in T. putitora feed resulted in a decreased glu-
tathione peroxidase activity in the liver and muscle
tissues (Khan et al. 2016). Bell et al. (1985) stated that
selenium deficiency causes the reduced glutathione per-
oxidase activity in the rainbow trout liver. According to
the findings of Gatlin and Wilson (1984), inadequate
supply of selenium causes lower growth and a decreased
glutathione peroxidase activity in channel catfish. The
deficiency signs in channel catfish in response to lower
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levels of selenium can be noticed through the reduced
glutathione peroxidase and glutathione transferase ac-
tivities (Gatlin et al. 1986). Hicks et al. (1984) have
identified the nephrocalcinosis disease in rainbow trout
in response to the consumption of a selenium-deficient
diet. During this disease, the renal tubules degenerate
which then lead to infection and consequently weakens
the fish immunity status.

The selenium deficiency signs reported to be a major
cause of the dissolution of liver cell membranes and the
compressed nuclei, due to which pathological alter-
ations occur in nerve cells, as a result the blood cells
become reduced which cause anemia (Bell et al. 1986)
as well as also impair the deiodinase and glutathione
peroxidase activities in fish (Beckett et al. 1993;
Meinhold et al. 1993; Brigelius-Flohe 1999; Arteel
and Sies 2001; Jamil 2013; Khan et al. 2016). In salmo-
nids, selenium scarcities led to ataxia, muscular dystro-
phy, lipid peroxidation, and decreased plasma and he-
patic glutathione peroxidase activity (Poston et al. 1976;
Hodson and Hilton 1983; Bell et al. 1985; Bell et al.
1986; Bell et al. 1987). Bell et al. (1987) indicated that
selenium deficiency in fish results in a reduced growth,
less packed cell volume, loss of reliability in the
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endoplasmic reticulum, increased vacuolation, and a
reduced glutathione peroxidase activity in the liver tis-
sue, increased hepatic glutathione S-transferase activity,
increased plasma pyruvate kinase activity, and an in-
creased erythrocyte delicacy in fish.

Selenium is essential for the maintenance of fish
health (Klasing 1998; Patching and Gardiner 1999;
Eisler 2000; Raza 2012; Jamil 2013; Khan et al.
2016). However, positive or negative changes in the fish
health appear to be closely associated to the internal
selenium amounts. When selenium concentrations in
the body exceed the optimum level and start to accumu-
late in higher quantity in various fish tissues such as the
muscle, liver, and kidney tissues, then exerts negative
impact on the health of fish and cause toxicities (Hilton
et al. 1980; Raza 2012; Jamil 2013; Rodriguez and
Rojas 2014).

Selenium toxicity occurs because of the association
of selenium with sulfur-containing amino acids due to
which the proper functional enzyme system disturbs
(Diplock 1976). Various studies have been documented
that selenium-based toxicity can lead to digestive abnor-
malities, neurologic manifestations including
acroparesthesias, weakness, convulsions, and decreased
cognitive function, as well as it also negatively affect the
defense system of fish (Clark et al. 1996; Gasmi et al.
1997; Raza 2012). After the overview of the available
researches on selenium toxicity, information about the
comparative toxicity of different selenium forms during
normal conditions and the way different selenium forms
act at the cellular and molecular levels is still unclear in
fish. Thus, it is necessary to focus on differentiating the
selenium levels to be supplemented in fish feed during
the stressful conditions and during the normal state to
remove the major fluctuations in selenium levels.
Secondly, the molecular level impacts of different sele-
nium forms in fish should be focused and addressed
well. These determinations will help to reduce the sup-
plementation of surplus amounts of selenium in fish
feed during the normal conditions which may be a
source of increasing costs and toxicities and more im-
portantly will explore considerably the negative role of
excess selenium in causing genetic toxicity in fish.

Selenium toxicity not only depends on the chemical
form of selenium and body liability but also on a variety
of other factors such as the physiological state, dietary
interactions, and route of supplementation (Zhang et al.
2001; Zhang et al. 2005; Albrecht et al. 2006; Wang
et al. 2007; Zhang et al. 2008; Jamil 2013; Khan et al.

2016). The existing research data describe that fish is
susceptible to the dietary selenium toxicity of 4600—
6500 mg Se kg' (Hamilton et al. 1990; Hamilton
2003). In rainbow trout, selenite is chronically toxic at
the level of 10 mg Se kg ™' (Hodson and Hilton 1983).
However, in Chinook salmon, the selenomethionine
supplementation does not show any toxicity signs even
up to the level of 18 mg Se kg™ (Hamilton et al. 1990).
Juvenile carp fed 1.0 mg Se kg ' supplemented diet
showed higher accumulation in the liver and kidney
tissues; however, in the muscle tissue, no such higher
deposition was observed. Despite the fact that high
selenium-supplemented diet showed oxidative stress in
the liver and kidney tissues in terms of increased bio-
marker activities, the authors concluded that the high
selenium level, i.e., 1.0 mg Se kg ' is optimum for
juvenile carp (Elia et al. 2011). The reason behind the
conclusion of such a high selenium level explained by
the authors was that as muscle is the edible part of fish
which showed less selenium deposition, thus good for
human consumption (Elia et al. 2011). But this type of
philosophy is incorrect, unscientific, and unacceptable
in fish nutrition because selenium research in fish is
necessary to consider the optimum selenium level for a
species on the basis of its optimum growth, and physi-
ological and biochemical responses without causing
higher deposition which later on may become a source
of any stress. In prawn, the supplementation of dietary
selenium at the rate of 1.25 mg kg ' shows toxicity and
produces adverse effects in its health (Wang et al. 1994).
Besides fish, the inconsistency between the toxicity of
different forms of selenium has also been found in
terrestrial animals such as poultry (Todorovic et al.
2004).

Selenium supplementation at the rate of 13 mg
Se kg! dry feed causes prolonged dietary selenium
toxicity in rainbow trout, decreased growth, deprived
feed conversion efficiency, and high mortality (Hilton
et al. 1980). In channel catfish, toxicity was detected
with the supplementation of 15 mg Se kg ' diet causing
reduced growth and decreased feed conversion efficien-
cy (Gatlin and Wilson 1984). Hicks et al. (1984) report-
ed that rainbow trout fed 11.4 mg Se kg ' showed
reduced weight, reduced feed conversion efficiency,
high mortality, and about 90% of fish also suffered from
nephrocalcinosis disease. Hilton and Hodson (1983)
observed renal calcinosis, decreased growth, and less
feed conversion efficiency in rainbow trout raised on
diets containing high selenium (10 mg Se kg™ ).
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Mortality increased in Chinook salmon when subjected to
about 9.6 mg Se kg ' by using two organic sources such as
high selenium fish meal and selenomethionine (Hamilton
et al. 1990). Moreover, growth was reduced when Chinook
salmon fed on about 5.3 and 18.2 mg Se kg ', as obtained
from fish meal and selenomethionine, respectively.

Major advantage of organic selenium over the inor-
ganic selenium is that the difference between the toxic-
ity and nutritionally optimum levels are minor for inor-
ganic selenium. This means that inorganic selenium
levels that may be advantageous and optimum for a fish
species during stressful conditions may be near to those
of toxic in normal conditions (Felton et al. 1989;
Sandstrom 2001). This narrow difference between the
optimum and toxic selenium levels may be due to the
difference in the selenium absorption rate in the intestine
which is an important feature of homeostasis
(Underwood 1977). Fish show low retention either due
to the unnecessary consumption or lower intake of
selenium and this problem can be overcome by the
supplementation of optimum dietary levels and using
sources with higher bioavailability. Hilton et al. (1980)
and Hilton and Hodson (1983) reported that selenium
toxicity range in rainbow trout (Oncorhynchus mykiss)
is 13-15 mg Se kg '. Fathead minnow (Pimephales
promelas) fed diets containing a mixture of inorganic
and organic selenium levels as 0.5 to 160 mg Se kg™’
diet showed depressed growth at the levels of 20 and
30 mg Sekg ' (Ogle and Knight 1989). Teh et al. (2004)
observed that prolonged subjection of juvenile splittail
(Pogonichthys macrolepidotus) to 6.6 mg Se kg ' diet
persuades harmful health impact which can possibly
also affect its survival. A recent study conducted by
Tashjian et al. (2006) showed that white sturgeon
(Acipenser transmontanus) is relatively less sensitive
to selenium toxicity as compared to other fish species
and reported a dietary selenium toxicity level of 10 mg
Se kg diet for the sturgeon fish.

Lemly (1997) and Janz et al. (2010) reported that the
subjection of adult fish to dietary selenomethionine causes
developmental abnormalities and mortalities in F1 larval
fish. In adult female fish, selenomethionine is stored into
eggs during vitellogenesis process and the successive use of
selenomethionine in yolk by developing embryos is the
main cause of deformities and mortality. Also, the introduc-
tion of juvenile fish to dietary selenomethionine has been
described to weaken the physiological responses to
stressors and thus reduces the endocrine functions (Teh
et al. 2004; Wiseman et al. 2011a, b). A general discussion
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among the aquatic toxicologists is that adult fish are
accepting chronic exposure of selenomethionine while
acute toxicity of selenium to adult fish has been examined
at levels that are not biologically appropriate. However, less
information exist on the chronic selenium toxicity in the
adult fish. An earlier investigation confirmed that exposure
of adult zebrafish (Danio rerio) to dietary selenomethionine
causes depressed swimming ability and accumulation of
deposited energy, and results in higher production of corti-
sol hormone (Thomas and Janz 2011).

Naturally, acute selenium intoxication is scarce as
animals are not usually subjected to high selenium in-
take because they have a tendency to evade intake of
selenium contained plants. The distinctive indications of
selenium toxicity can be distinguished by the production
of garlic like odor and pathological alterations that occur
in various tissues of fish body (Levander 1986; WHO
1987, 1996) and it causes severe tissue pathology and
reproductive failure in fish (Lemly 2002; Sorensen
1986). The surpass quantities of selenium causing in-
correct replacement for sulfur and causing the develop-
ment of a triselenium bond or a selenotrisulfide bond,
both of which stop the formation of the essential disul-
fide chemical linkages. Then, a distortion occurs in the
normal functioning of the selenoenzymes which lead to
the inactivation of selenoproteins and consequently, the
cellular and biochemical health status of fish declines
(Ganther, 1978; Diplock 1976; Reddy and Massaro
1983; Sunde 1984).

Selenium toxicity-based alterations in the aquatic envi-
ronment can have numerous negative effects in fish as
observed in the Belews Lake, North Carolina, USA. The
lack was contaminated by selenium which was added to
the lake from a coal-fired power plant and produced var-
ious toxic influences in fish. Signs related to long-lasting
selenium toxicity observed in the fishes of Belews Lake
included swelling of gill lamellae; raised white blood cells;
decreased hematocrit and hemoglobin; corneal cataracts;
exopthalmus; pathological changes in liver, kidney, heart,
and ovary; reproductive failure; and teratogenic abnormal-
ities of the spine, head, mouth, and fins (Lemly 2002). Due
to the sever selenium toxicity, several fish species were
removed from the Lake.

Growth performance of fish

Selenium supplementation in fish feed increases the
performances of fish through the stimulation of serum
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growth hormone production (Raza 2012; Khan et al.
2016, 2017). The mechanism behind the role of seleni-
um in growth hormone stimulation and regulation is that
selenium is an integral part of the deiodinase enzyme, an
important enzyme which is required for the proper reg-
ulation of the thyroid hormone (Kohrle et al. 2000;
Kohrle and Gartner 2009). Thyroid hormones are essen-
tial for the stimulation and appropriate secretion of
growth hormone from the pituitary gland in fish and
other vertebrates (Valcavi et al. 1992; Muller et al. 1999;
Jamil 2013; Khan et al. 2016). The active form of
thyroid hormone is T5 which raises the growth hormone
messenger RNA levels in the pituitary cells of fish
(Moav and McKeown 1992; Farchi-Pisanty et al.
1995). Artificial thyroxin injection is also capable of
stimulating the active bA production in the rising tissues
of female Oreochromis niloticus larvae (Mousa 2004).
Likewise, treatment of young rainbow trout
(Oncorhynchus mykiss) with Tz hormone for a period
of 1 week increases the growth hormone mRNA levels
in the pituitary gland cells about three to four times
higher as compared to the control fishes which do not
receive the T3 hormone (Moav and McKeown 1992).
Besides fish, in other animals such as rats, the supple-
mentation of selenium also considerably improves the
stimulation and secretion of growth hormone (Ewan
1976).

The serum growth hormone levels increased signifi-
cantly in 7. putitora in response to the 3-month supple-
mentation of dietary inorganic selenium in its feed (Raza
2012). Similarly, in another study, same fish species that
received the selenium nanoparticle-containing diet for a
period of 70 days showed significantly higher serum
growth hormone levels as compared to the control fish
which did not receive any selenium nanoparticles (Khan
etal. 2016). According to the previous literature, a close
relationship exists between the serum growth hormone
level, growth performance, and selenium intake. The
fish showed significantly higher serum growth hormone
levels and gained considerably higher growth perfor-
mance (Collipp et al. 1984; Raza 2012; Khan et al.
2016).

Dietary Se supplementation improves the growth and
feeding parameters in fish (Hilton et al. 1980; Bell et al.
1985; Lin and Shiau 2005; Raza 2012; Jamil 2013;
Khan et al. 2016). The weight gain and feed efficiency
of juvenile grouper significantly increased when fed
selenium-supplemented diet as compared to selenium-
free diet (Lin and Shiau 2005). African catfish when fed

organic selenium showed considerably higher growth
performance and feeding efficiency (Abdel-Tawwab
et al. 2007). Intake of dietary iodine and selenium-
supplemented rotifers increased 32% the survival rate
in Cod larvae (Hamre et al. 2008). Nugroho and Fotedar
(2013) documented that marron (Cherax cainii) (Austin
2002) fed selenium-supplemented diet for 90 days
showed significantly improved weight gain,
specific growth rate, and survival rate. In another study
conducted by Lin (2014), the supplementation of
selenomethionine in grouper fish diet caused a higher
weight gain and higher muscle water retention.

The weight gain percentage results of grouper fish
reported by Lin (2014) relates positively with the values
reported by Lin and Shiau (2003, 2005) and in which
200-300 WG% was observed in similar size groupers
fed diets containing nutritionally sufficient selenium for
a period of about 8 weeks. Several previous authors
have reported that selenium supplementation in fish feed
not only increases fish weight gain but also improves its
meat quality (Mahan and Parrett 1996; Mahan et al.
1999; Juniper et al. 2008) by decreasing the oxidative
stress in flesh. Lin (2014) demonstrated that dietary
selenium supplementation improves the meat quality
and water-holding capacity of muscle in groupers.
Fingerling and juvenile carp showed significant im-
provement in its weight gain and survival rate when
consumed a diet supplemented with Se (Gaber 2007).
A 6-week supplementation of dietary selenium had no
effect on the survival rate in yellowtail kingfish; how-
ever, after the bacterial challenge test, the selenium
intake revealed its immune promoting effects and im-
proved the survival rate in yellowtail kingfish (Le et al.
2013). Wang and Lovell (1997) observed that the chan-
nel catfish (Iethalurus punctatus) fed a basal diet (with-
out selenium) showed low weight gain and a poor feed
efficiency. The supplementation of Se diet improves the
growth performance and antioxidant activities (glutathi-
one peroxidase and glutathione reductase) while reduces
the oxidative stress in the flesh of matrinxa (Brycon
cephalus) (Monteiro et al. 2007).

In a study conducted with two groups of adult
Atlantic salmon (Salmo salar) in sea cages, it was
observed that fish fed diet based on fish silage contain-
ing Se showed no considerable impact on growth, feed
conversion ratio, and protein efficiency ratio in Atlantic
salmon (Julshamn et al. 1990). According to Kucubaby
et al. (2009), addition of any level of selenium to prac-
tical diets or source of selenium did not show any
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important influence on the growth gain in rainbow trout
kept at low density (25 kg m ). However, the same
species when kept under high density (100 kg m ), the
supplementation of selenium improved its feed intake,
body weight, and feed conversion ratio. Furthermore,
fish presented better results on the consumption of
organic selenium as compared to the inorganic form
showing that the organic form possesses better
intestinal absorption capacity than the inorganic form.
Zhu et al. (2016) reported that supplementation of die-
tary selenium levels did not significantly affect the ther-
mal growth coefficient and feed efficiency in fish; how-
ever, the condition factor of the fish was decreased with
dietary selenium supplementation.

Dietary selenium can affect the hepatosomatic index
in fish (Cotter et al. 2008; Liu et al. 2012; Zhu et al.
2012); however, no significant difference was observed
in hepatosomatic index in a previous study conducted
by Zhu et al. (2016). In some other fish species, such as
rainbow trout and juvenile gibel carp, the selenium
supplementation did not give better results in terms of
hepatosomatic index (Hilton et al. 1980; Han et al.
2011). Atlantic salmon parr (Salmo salar) fed basal diet
(either unsupplemented or supplemented with low sele-
nium levels (as selenite or selenomethionine, respective-
ly)) for a period of 8 weeks showed no prominent effects
on its weight gains (Lorentzen et al. 1994). In
T. putitora, the supplementation of selenium nanoparti-
cles positively affected the hepatosomatic index indicat-
ing the good health condition of fish after the selenium
nanoparticles supplementation.

Physio-biochemical health of fish

Fish is living in aquatic environments; its physio-
biochemical health serves as an important indicator of
the environment. Even a little alteration in the physio-
biochemical health status alarms fish to protect its body
from any surrounding danger. However, when the
physio-biochemical health operates well and within the
optimum range, it signifies that the environment is fa-
vorable and stress free. The physio-biochemical health
of fish is comprise of hematological, immunological,
and biochemical systems.

Proper selenium supplementation through the regu-
lation of the innate immunity and antioxidant defense
status conserves the optimum health parameters of fish
(Rayman 2000; Brown and Arthur 2001; Raza 2012;
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Jamil 2013; Khan et al. 2016). Selenium levels in body
tissues of cultivated salmonids are considerably less
than their wild counterparts (Poppe et al. 1985; Felton
et al., 1996; Julshamn et al. 1990). This inconsistency
may be due to a number of factors such as differences in
the growth rates and feeding systems (Maage et al.
1991), low dietary selenium digestibility in cultured fish
diets compared to natural prey, and selenium losses
resulting from stressful objects linked with demanding
fish farming. The digestibility of selenium from diets
containing fishmeal is 46-54%, which is considerably
lesser than from semi-purified diets that contain organic
selenium (Bell and Cowey 1989; Rider et al. 2008).
Therefore, maintaining the proper salmonid cultures is
necessary to add relatively more bioavailable forms of
selenium in fish diets.

Complete blood profile diagnosis delivers important
information which can help in the exploration and su-
pervision of fish health (Pincus 1996; Cnaani et al.
2004; Rehulka et al. 2004; Khan et al. 2016). During
unfavorable conditions, the blood profile is also dis-
turbed showing a threat to fish health. Selenium acts as
a powerful antioxidant and its supplementation in fish
feed can provide firmness and reliability to the red blood
cells by reducing the peroxidation process and defends
them from oxidative damage (rupturing) (Ong and
Packer 1992). Previous researches have indicated the
role of selenium in improving the hematological status
of various fish species (El-Hammady et al. 2007,
Molnar et al. 2011; Khan et al. 2016). The red blood
cell count considerably increased in the blood of Nile
tilapia fed diets containing Se than the fish fed a
selenium-free diet (Molnar et al. 2011). Similarly, he-
matocrit value in fish blood significantly improves with
the proper selenium intake while a selenium-deficient or
selenium-free diet reduces the hematocrit levels (EI-
Hammady et al. 2007).

In a recent research study regarding the supplemen-
tation of the nano form of selenium in 7. putitora feed
significantly increased the red blood cell count, hemo-
globin content, and the hematocrit values while the
selenium-free diet showed reduced red blood cell count
and hemoglobin and hematocrit values (Khan et al.
2016). Le et al. (2013) stated when yellowtail kingfish
was challenged with a bacterial strain; the hematocrit
values were higher in fish fed selenium-added diets as
compared to the fish fed the selenium-free diet.
According to Gaber (2007), the hemoglobin content
increased with increasing the amounts of dietary sodium
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selenite in common carp (Cyprinus carpio L.) diets. In
another study, a higher red blood cell count, hemoglobin
content, and hematocrit values were obtained when
African catfish (Clarias gariepinus B.) fed diets con-
taining organic selenium. The improvement in fish
blood profile occurs due to an increase in the selenium
levels and thus with proper dietary selenium supplemen-
tation, the fish hematological status becomes normal
(Abdel-Tawwab et al. 2007).

Inadequate dietary selenium supplementation has a
direct negative impact on the proliferative strength of
blood lymphocytes by changing the transferrin receptors
(Pighetti et al. 1998; Khan et al. 2016). According to
Combs and Combs (1986), selenium is involved in the
production and proliferation of antibodies and provides
protection to the B lymphocytes through the stimulation
of glutathione peroxidase activity. Selenium-
supplemented diets (either with selenium nanoparticles
or selenomethionine) considerably improves the plasma
and tissue glutathione peroxidase activity in crucian
carp (Carassius auratus gibelio) which consequently
improves the production and propagation of B lympho-
cytes during the unfavorable situations (Zhou et al.
2009).

The B lymphocyte cell production and propagation
perform an important role in the enhancement of lyso-
zyme activity in fish (Burk et al. 2003). The lysozyme
activity is necessary for the maintenance of innate im-
mune status of fish (Kumar et al. 2008; Khan et al.
2016). Goldfish (Carassius auratus) when treated with
a sufficient selenium showed higher plasma lysozyme
activity and improved production and expression of [gM
antibodies which means that selenium treatment in-
creased the immunity in goldfish (Choi et al. 2013).
Similarly, Lee et al. (2009) revealed the useful effects
of dietary selenium supplementation on the lysozyme
activity in juvenile olive flounder (Paralichthys
olivaceus). The lysozyme activity of T. putitora signif-
icantly increased with dietary selenium nanoparticle
supplementation at the rate of 0.68 mg nano Se kg .
Moreover, Le et al. (2013) documented a significantly
higher lysozyme enzyme activity in yellowtail kingfish
(Seriola lalandi) fed a diet supplemented with Se.

The non-specific immunity including the albumin
and globulin levels are also usually used for assessing
the effect of selenium in fish immunity (Abdel-Tawwab
et al. 2007). Albumin and globulin measurements and
analyses tell about the general fish nutritional and health
position, the integrity of its cells, and a normal liver

functioning. The low levels of albumin and globulin can
disturb the normal protein synthesis and cause losses of
these important proteins with feces or enlarged catabo-
lism (Nguyen 1999). The rise in albumin and globulin
concentrations with increasing organic selenium levels
in fish diet may be due to the increase of their production
in the liver tissue. Comparable results were acquired by
Ahmad et al. (2006). Moreover, the supplementation of
organic selenium resulted in higher values of glucose,
total lipids, and uric acid in African catfish (Abdel-
Tawwab et al. 2007).

Dietary selenium supplementation is associated with
protein synthesis in fish and improves the total protein
content in fish body (Burk and Hill 1993; Raza 2012;
Jamil 2013; Khan et al. 2016). It acts as a substitution for
sulfur in the protein synthesis process. It is an integral
part of the selenoenzymes and thus playing an important
role in the regulation of selenoproteins. The proteins that
have selenium as an essential part in their polypeptide
chains are called selenoproteins which are usually avail-
able in all animals including fish (Castellano et al. 2005;
Khan et al. 2016). These proteins stimulate and upreg-
ulate various biological functions inside the fish body
(Tinggi 2008; Jamil 2013; Khan et al. 2016). Moreover,
dietary selenium also promotes the body protein content
through the production of growth hormones (Evan
1976; Raza 2012; Jamil 2013; Khan et al. 2016).

Selenium plays an important role in the synthesis and
expression of several types of selenoproteins, all of
which are important for the maintenance of physio-
biochemical health of fish (Rotruck et al. 1973). Its
supplementation in fish feeds strengthens the fish im-
munity and provides defense to the fish body cells
against oxidative stress through the stimulation, synthe-
sis, and expression of several important selenoenzymes
and selenoproteins such as glutathione peroxidase,
thioredoxin reductase, and selenoprotein P. Thus, fishes
that receive adequate amounts of selenium can produce
sufficient amounts of selenoproteins (Burk et al. 2003;
Kumar et al. 2008), while low concentrations of
selenium result in low selenoproteins production and
as a result the immunity drops and the fish becomes
susceptible to various infections and disecases
(Sritunyalucksana et al. 2011).

Selenium provides protection to fish body (1) by
using the reduced glutathione, which reduces the perox-
ides and hydroperoxides production and helps in remov-
ing stress and stabilize the normal state (Arteel and Sies
2001; Rider et al. 2008) and (2) by the stimulation of
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selenoproteins synthesis which contribute in the elimi-
nation of the deleterious effects of the oxidative stress by
stimulating and activating the fish antioxidant defense
system (Tapiero et al. 2003). Raza (2012) documented
that supplementation of Se significantly increased the
total protein content in different tissues of juvenile
T putitora. Similarly, Jamil (2013) and Khan et al.
(2016) found comparable results and reported that the
supplementation of selenium nanoparticles significantly
increases the total protein content in different tissues of
T. putitora as compared to the fish fed the selenium-free
diet.

Aerobic life has a negative impact on the animal
health in terms of free radical production (reactive spe-
cies oxygen) (Halliwel and Gutteridge 2007). A large
production of the reactive oxygen species (ROS) causes
oxidative stress through the oxidation of proteins and
lipids and thus induces deleterious alterations in gene
expression and modifies the cell status (Livingstone
2003). Fish when attacked by any kind of stress, in-
creases the activities of its antioxidant enzymes. These
enzyme activities include the catalase, superoxide dis-
mutase, peroxide dismutase, glutathione peroxidase,
and glutathione reductase activities (Schinina et al.
1987; Johansen 2005; Raza 2012). Selenium supple-
mentation in fish feeds increases the innate defense
system of fish, and thus, fish whenever suffer from stress
results in a powerful activation of the antioxidant de-
fense system (Patching and Gardiner 1999; Kumar et al.
2008).

Selenium is a strong antioxidant trace element and
plays a substantial role in the improvement of fish
defense system against the oxidative stress (Patching
and Gardiner 1999; Raza 2012; Jamil 2013; Khan
et al. 2016). It shows its antioxidant activity once the
fish faces certain kind of stress through the activation of
enzymatic activities against the lipid peroxidation and
helps in the elimination of hydrogen peroxides (Kohrle
etal. 2000). Its supplementation is sufficient for improv-
ing several important antioxidant enzyme activities such
as catalase, glutathione reductase and glutathione per-
oxidase activities in liver, and superoxide dismutase
activity in kidney of fish. But, to neutralize the changes
that stimulated the lipid peroxidation activity in the liver
and kidney tissues, the high dose of selenium is essen-
tial, and even this dose has been reported to be unsuc-
cessful in case of a reduced glutathione reductase activ-
ity in the kidney tissue of a fish suffered from certain
type of toxicity (Hamilton 2004). However, the problem
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related to the maximum doses of selenium is that some-
times they can affect the basal values of some oxidative
stress biomarkers in fish. Therefore, a proper caution is
required to clearly differentiate the basal levels of these
biomarkers and the higher levels in response to lower,
optimum, and higher doses of selenium because higher
activities of oxidative stress indicators are also not good
for fish health and can cause toxicity.

In channel catfish, the glutathione peroxidase en-
zyme activity was increased with increasing the concen-
trations of dietary selenium (Gatlin and Wilson 1984).
Glutathione per oxidase activity in the liver tissue of
gibel carp showed positive co-relation with the dietary
selenium concentrations (Han et al. 2011). According to
some researches, nano form of selenium supplementa-
tion in fish feed enhances the glutathione peroxidase
activity in fish tissues (Zhou et al. 2009; Jamil 2013;
Khan et al. 2016). Sunde (2001) perceived that improper
selenium consumption disturbs the glutathione peroxi-
dase activity and results in a quickly decreased cellular
glutathione peroxidase activity. In a recent study, a
significant increase in the liver and muscle glutathione
peroxidase activity was observed when T. putitora fed a
selenium nanoparticle-added diet than the control diet.
Lin and Shiau (2005) reported that liver glutathione
peroxidase activity increases in juvenile grouper
(Epinephelus malabaricus) with the intake of diets con-
taining selenium and decreases in fish by the
consumption of the basal diet. Atencio et al. (2009)
established that the dietary selenium supplementation
in the form of sodium selenite in Nile tilapia
(O. niloticus) deliberates defense against the oxidative
stress and the histological injuries persuaded by the
cyanobacterial cells. The supplementation of Se in the
diet significantly improved the antioxidant activities
(glutathione peroxidase and glutathione reductase activ-
ities) in matrinxa (Brycon cephalus) as well as consid-
erably reduced the oxidative stress in its flesh (Monteiro
et al. 2007).

Selenium interaction with other trace elements
and vitamins (especially vitamin E and C)

Selenium shows additive and synergistic interaction
with numerous trace elements in fish and other animals
(Diplock 1976; Whanger 1981; Marier and Jaworski
1983; Sorensen 1991). Generally, some of the trace
elements such as arsenic, mercury, cadmium, antimony,
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bismuth, silver, copper, tungsten, and germanium
(Diplock 1976; Levander 1986; Whanger 1981; Marier
and Jaworski 1983) increases the selenium toxicity;
however, others like the fluorine, uranium, chromium,
molybdenum, cobalt, nickel, tellurium, zinc, and vana-
dium have no effect on the selenium-induced toxicity
(Hill 1975; Ewan 1978). Ohlendorf et al. (1993) report-
ed on the acceptance and prospective interaction of
selenium with boron, molybdenum, and arsenic from
the food chain animals and plants in the areas of central
California compressed by the agricultural irrigation sel-
eniferous drain water. The data about the interaction of
selenium with heavy metals is still insufficient, and thus,
it is necessary to study whether any interaction between
selenium and other heavy metals exists in fish.

Besides selenium interaction with trace elements, it
has been well established that it has a strong nutritional
interaction with vitamin E and C (NRC 2011; Khan
et al. 2017). The combined supplementation of vitamin
E (50 ppm) and selenium (0.35 ppm) showed positive
interaction with each other and significantly enhanced
the gain weight and feed conversion ratio in rainbow
trout (Oncorhynchus mykiss). Additionally, the flesh
quality was also improved than in the control group
(Rodriguez and Rojas 2014). Goes et al. (2016) worked
on the supplementation of selenium and vitamin E in
diets for pacu (Piaractus mesopotamicus) and described
that the supplementation of 1 mg Se kg ' in combina-
tion with 200 mg vit E kg~ considerably decreased the
oxidation process in the meat which led to improved
maintenance performance and body incomes.

Moniruzzaman et al. (2015) reported that selenium
and vitamin E supplementation shows synergistic inter-
action and positively improves the growth performance
parameters such as the weight gain, feed conversion
ratio, and specific growth rate in fish. Vitamin E more
than 100 mg vit E kg ™' diet supplemented with selenium
(2 or 4 mg selenomethionine kg ' diet) significantly
showed positive synergistic effects. Similarly, according
to El-Gamal et al. (2007), the combined supplementa-
tion of vitamin C, vitamin E, and selenium showed best
synergistic effects on the reproductive performance (fer-
tilization success, hatching rate, and larval and fries
survival) as compared to their individual use as well as
the control diet. Khan et al. (2017) reported that the
combined supplementation of vitamin C (at the rate of
300 mg kg ') and selenium nanoparticles (at the rate of
0.68 mg kg ') showed strong synergistic effects and
improved significantly the growth performance,

hematological, biochemical, and immunological
aspects of 7. putitora.

Lee et al. (2016) conducted an experiment on the
synergistic effects of dietary vitamin C and selenium
on induced methylmercury toxicity in juvenile olive
flounder (Paralichthys olivaceus) and found that fish
fed diets containing 400 mg kg ™' vitamin C together
with 2 and 4 mg Se kg ™' showed significantly higher
weight gain, specific growth rate, and feed efficiency,
whereas fish fed diet containing vit C400 + Se; mg kg™’
exhibited significantly higher protein efficiency ratio
than the other feeding groups. In another study, a sig-
nificantly low tissue Hg burden was observed in fish fed
diets containing 400 mg vit C kg ' with 2 and 4 mg
Se kg '. Additionally, the 100% fish survival in the
experiment indicated that the supplementation of the
juvenile tilapia diets with at least 400 mg vit C,
E kg ', and 0.4 mg kg™ organic selenium contributed
to the lower fish mortality. Besides the survival rate, the
authors reported that the supplementation of
400 mg kg ' vitamin C and E in combination with
0.4 mg kg ' organic selenium significantly increased
the weight gain, length gain, and feed conversion ratio
in tilapia fillet (Fonseca et al. 2013). Kim et al. (2003)
also found 100% survival of tilapia fingerlings fed
150 mg kg ' vitamin C, 100 mg kg ' vitamin E, and
0.2 mg kg™ inorganic selenium. Similarly, evaluating
the inclusion of selenium and vitamin E for a decapod
crustacean (Macrobrachium amazonicum), Sampaio
et al. (2004) found that the supplementation of
200 mg kg ' vitamin E with 0.5 mg kg' selenium in
the fish diet maximized the fish weight gain. According
to Khan et al. (2017), the supplementation of 0.68 mg
nano Se kg ' in combination with 300 mg vit C kg™
maintained 100% survival rate in juvenile T putitora.

Final remarks and future considerations

Overview of the ongoing research studies regarding the
selenium research in fish has highlighted clearly the
importance of selenium supplementation in fish feeds
and its beneficial impact on the growth as well as fish
physiological health. Most of the earlier selenium re-
search in fish has been carried out with its inorganic
form, but now, we already know that the natural form of
selenium is very different from its inorganic form as it
more easily integrates into fish body. Some studies have
reported that organic form is more bioavailable to fish
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and its supplementation shows more intestinal absorp-
tion and therefore shows more positive effects in the fish
growth and physiological health than the inorganic
form. However, recently some researchers have intro-
duced the nano form of selenium into the area of sele-
nium research and obtained better bioavailability and
positive effects in fish growth and health. Therefore, all
of the earlier and present literature about the selenium
research clarifies the fact that still much struggle is
needed to clearly differentiate the more bioavailable
and less toxic forms of selenium for different fish
species.

Selenium is a trace element which is required for fish
in a narrow range, if it exceeds this range, it becomes
toxic to fish. The main problem regarding selenium
toxicity is that the levels determined during stressful
conditions are usually higher and the use of such higher
levels of Se during normal conditions may become toxic
to fish. Thus, the differentiation of selenium for different
fish species should be based on different environmental
conditions such as the normal and stressful conditions.
This will help in reducing the supplementation of un-
wanted amounts of selenium in order to control the feed
costs and also to prevent the toxicity which can be
produced in fish due to the supplementation of higher
levels.

Many important advances in selenium status assess-
ment and selenium requirements have been recognized
on the basis of glutathione peroxidase activity, an im-
portant enzyme of the immunity and defense systems of
fish. Some years ago, researchers of the animal nutrition,
animal physiology, and animal immunology have
started using modern approaches and tools of the prote-
omics and molecular biology for investigating and ex-
ploring further hiding facts about the new forms of
selenoproteins which are vital for the maintenance of
life processes. They succeeded up to certain level in
their efforts and today sufficient information is available
about different types of selenoproteins, their molecular
structures, mechanisms, and protective functions in ter-
restrial animals especially in the mammals. However, in
fish and other aquatic animals, this area is under re-
search and still sufficient information is unavailable.
Therefore, in future researches regarding the selenium
research in fish and the role of selenium in fish nutrition
and fish health, the use of some new approaches, tools,
and recent advances (methodologies) of the modern
genomics and proteomics in close association with the
description and elucidation of new selenoproteins will
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be a driving force in reconsidering and replacing the old
approaches in fish related to the selenium research with
new ones.
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