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Selenium (Se) is an essential micronutrient that plays an important role in animal and human devel-
opment and physiological homoeostasis. This review surveys the role of Se in the environment, plants
and animal bodies, and discusses data on Se biofortification with different sources of supplementation,
from inorganic to organic forms, with special focus on Se-enriched yeast (Se-yeast). Although Se-yeast
remains one of the main sources of organic Se, other emerging and innovative sources are reviewed,
such as Se-enriched insects and Se-nanoparticles and their potential use in animal nutrition. Se-enriched
insects are discussed as an option for supplying Se in organic form to livestock diets. Se-nanoparticles are
also discussed, as they represent a more biocompatible and less toxic source of inorganic Se for animal
organisms, compared to selenite and selenate. We also provide up to date information on the legal
framework in the EU, USA, and Canada of Se that is contained in feed additives. From the scientific
evidence available in the literature, it can be concluded that among the inorganic forms, sodium selenite
is still one of the main options, whereas Se-yeast remains the primary organic form. However, other
potential sources such as Se-enriched insects and Se-nanoparticles are being investigated as they could
potentially combine a high bioavailability and reduced Se emissions in the environment.

© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Selenium (Se) is an important trace element, essential for both
humans and animals (Constantinescu-Aruxandei et al., 2018). Se-
lenium is involved in various biochemical reactions and adequate
intake is fundamental for organisms to function (D'Amato et al.,
2020). For example, Se acts as a cofactor of several enzyme com-
plexes such as glutathione peroxidase (Schiavon et al., 2020) or
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thioredoxin reductase (Zoidis et al., 2018), all enzymes that protect
the body's cells from damage due to radical processes (Newberne
and Suphakarn, 1983; Thompson and Scott, 1969).

Similarly, Se is a cofactor of iodothyronine deiodinase, an
important enzyme involved in the metabolism of thyroid hormones
(Adadi et al., 2019). The recommended daily allowance (RDA) of Se
in a properly functioning organism is 55 mg for both women and
men (Bodnar et al., 2016) and, when this intake drops under min-
imum daily intake, acute or chronic diseases may arise due to Se
deficiency. A deficiency in the diet can therefore lead to serious
consequences such as infertility, cardiovascular disease, and cancer
due to oxidative stress (Broadley et al., 2006).

Beneficial effects of an adequate intake have been found not
only in humans but also in animals. For example, in commercial
poultry production, regulating the antioxidant defence system of
animals through optimal dietary levels of vitamin E, Se, and ca-
rotenoids, helps maintain the productive and reproductive perfor-
mance of poultry (Surai et al, 2019). In addition, maximum
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protection is provided against the oxidative stress to which these
animals are exposed (Surai et al., 2019).

As in humans, Se deficiency in the diet can cause several prob-
lems to livestock. In cattle, Se deficiency can result in reduced
fertility, placental retention and increased incidence of mastitis and
metritis (Baldi et al., 2000; Mehdi and Dufrasne, 2016), while it can
cause mulberry heart disease in pigs (Oropeza—Moe et al., 2015)
and cardiac injury in chickens (Liu et al., 2020).

Compared to other minerals, such as copper (Cu), iron (Fe) and
zinc (Zn), Se has a narrow range between deficiency and toxicity
(Kobayashi et al., 2018; Mocchegiani et al., 2013; Scheiber et al.,
2013). In fact, Se can induce negative effects when overexposure
takes place. In this case, Se has the opposite effects: from an anti-
oxidant, it becomes pro-oxidant in the body's cells (Gu and Gao,
2022).

Due to the significant impacts of Se deficiency, strategies based
on fertilisation (using Se fertilisers) can ensure an adequate supply
of Se for both crops intended for direct human consumption and/or
crops for livestock. Biofortification with Se fertilizers in crops as
pastures or fodder is an effective way of increasing human and/or
animal Se intake (Broadley et al., 2006; White et al., 2004). A recent
advance in this research field is the biofortification of feed/food
ingredients. Currently, Se-enriched yeast (Se-yeast) is the main
source of organic Se, however, a recent progress in this area has
suggested that insects could be an alternative in animal nutrition,
as well as using Se in the form of nanoparticles.

In the present work, we present an overview of Se in the envi-
ronment, in plants and in animal organisms, as well as the different
well-established sources of supplementation. Potential bio-
fortification strategies, such as Se-enriched insects and Se nano-
technology, are also presented. We also provide information on the
legal framework of Se containing feed additives in the EU, USA, and
Canada.

2. Selenium in the feed/food chain

It is generally recognised that the mobility, toxicity, and
bioavailability of trace elements, including Se, depends on their
chemical form (Ochsenkiihn—Petropoulou et al., 2006). Selenium,
in particular, exists in several forms in the environment (Fig. 1), but
its most abundant forms are selenite (503", Se(IV)) and selenate
(Se03 ", Se(VI)) (Kumar and Prasad, 2021), where Se(IV) is consid-
ered more toxic than Se(VI) (Arshad et al., 2021). Plant-based
products are the route by which Se enters the food chain, since
the intake through drinking water is generally minimal (Hossain
et al, 2021). However, disparity in Se content between foods,
depending on the Se content of the soil, must be taken into account
(Cattaneo et al., 2008). Therefore, it is important to monitor the
speciation of Se, the exposure level, as well as the mode of action of
the different species on organisms.

Selenium is found in soil and water. Its presence is linked to the
precipitation of Se species in the atmosphere or to the erosion of
rocks containing selenites and/or selenides (Mehdi et al., 2013).
This means that in both water and soil, Se is found mainly as
inorganic salts as well as in elemental form (Fig. 2). Selenite (Se03 ™)
and selenate (SeOZ~) are common in most soils and these anionic
forms of Se are highly soluble, mobile, bioavailable, and potentially
toxic.

The presence of Se in water and soil affects its uptake by plants.
In particular, Se uptake is influenced by the concentration of Se in

Se(VI)
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Fig. 1. Interconversion mechanism of the 4 selenium (Se) oxidation states.
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soil, although Se speciation, the concentration of competing anions
(like SOZ~), pH, and redox conditions have their importance
(Puccinelli et al., 2017). The average Se content in soils, calculated
worldwide, is reported to be 0.4 mg Se/kg, although concentrations
around 1,200 mg Se/kg can be reached in seleniferous soil in
countries as USA, Canada, Colombia, UK, China, and Russia (Tan
et al.,, 2016). Plants absorb these forms from their roots and ab-
sorption takes place via the same mechanisms and transporters of
sulphur (S), due to the similarity between these two elements
(Puccinelli et al., 2017; White et al., 2004). While Se is essential for
many animals and bacteria, as well as the green algae Chlamydo-
monas reinhardtii, there is still no evidence that Se is an essential
element for higher plants as well (Fu et al., 2002). However, while
there is no proof of essentiality, there have been reports of bene-
ficial effects of Se on plant growth as well as there is increasing
evidence that Se can also protect plants from biotic stresses (Pilon-
Smits et al., 2009). Selenium is chemically similar to S and, once
absorbed as Se0%~ and SeO3~, is reduced to selenide (Se®~) and
assimilated by plants into amino acids including selenocysteine
(SeCys) and selenomethionine (SeMet). Assimilation via the S
assimilation pathway represents a mechanism of the plant to
reduce Se toxicity (Pilon-Smits et al., 2009): in this way, Se becomes
less toxic but also more bioavailable along the food chain.

2.1. Selenium in animals: an overview

Selenoproteins, such as the glutathione peroxidase family and
thioredoxin reductases, play a central role in the functioning of the
antioxidant system (Gu and Gao, 2022), counteracting the accu-
mulation of hydroperoxides from cellular metabolism (Avery and
Hoffman, 2018). In animals, the principal chemical form of Se is
SeCys, which is incorporated specifically into the active sites of
selenoenzymes (Mehdi and Dufrasne, 2016).

Farm animals are particularly subject to high levels of oxidative
stress that can affect their performance and product quality (meat,
eggs, and milk) (Edens and Sefton, 2016). In poultry, heat is an
important stressor, increasingly experienced worldwide and not
only in the hot regions of the world. Dietary Se can positively affect
growth performance, antioxidation, and immune function in heat
stressed broilers (Liao et al., 2012).

Protective antioxidant activity of selenoproteins is also impor-
tant for animal reproduction, to prevent negative consequences of
overproduction of free radicals in mammalian spermatozoa.
Indeed, mammalian spermatozoa contain high proportions of
polyunsaturated fatty acids, which are susceptible to free radical
attack and lipid peroxidation. Impaired spermatogenesis due to Se
deficiency has been reported in several animal species, including
pigs (Marin-Guzman et al., 2000). Natural antioxidants (vitamin E,
ascorbic acid), together with antioxidant enzymes (superoxide
dismutase and glutathione peroxidase) are necessary to build an
integrated antioxidant system in mammalian semen (Surai and
Fisinin, 2015).

To date, no recommended daily amount of Se has been set in the
European Union and the maximum authorised level is 0.5 mg/g for
total Se. The National Research Council provides guidelines rec-
ommending a daily amount of Se of 100 pug/kg of DM for beef cattle
and calves, and 300 pg/kg DM for dairy cows (NRC, 2016). For
poultry, daily amounts of 150 to 200 pg/kg of DM (which in some
cases can reach 300 pg/kg DM) are recommended. These levels, in
the European Union, reach up to a maximum of 500 pg/kg DM
(Mavromichalis, 2021). For swine, the daily recommendation is
150 pg/kg DM (sows and fattening pigs) and up to 300 pg/kg DM
(weaning piglets) (NRC, 2012).

Selenium is essential not only for terrestrial animals but also for
several farmed fish species, including salmonids, even if the
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Fig. 2. Selenium (Se) natural cycle. Selenium is released into the atmosphere thanks to volcanic eruptions or fossil combustions, while the release into the soil occurs by solu-
bilization of minerals in rocks. Once released, it is absorbed by plants and aquatic organisms entering the food chain.

biochemical functions of selenoproteins in fish are poorly under-
stood (Lall and Kaushik, 2021). However, beneficial effects and
toxicity of dietary Se supplementation in fish are well documented
(Hosnedlova et al., 2017; Suttle, 2010). For example, the effects of
dietary Se also show an increase in expression of selenoprotein P in
rainbow trout and zebrafish (Fontagné-Dicharry et al., 2015; Pacitti
et al,, 2015; Penglase et al., 2015; Wang et al., 2018).

2.2. Selenium-containing feed additives: legal framework

Within the European Union, different Se-containing feed addi-
tives are used in animal nutrition. Prior to their use, these products
have to undergo a pre-market authorisation as specified in Regu-
lation (EC) No. 1831/2003 (European Union, 2003). This regulation
classifies feed additives into various categories, which are further
split into different functional groups. Se-containing feed additives
belong to the category “nutritional additives” and the functional
group “compounds of trace elements”, abbreviated as 3b. One of
the key elements of this procedure is the separation of risk
assessment conducted by the European Food Safety Authority
(EFSA) and the risk management, which involves the final decision
on approval or denial of the request for authorisation. The latter
task falls under the responsibility of the European Commission,
which issues Commission Implementing Regulations containing
feed additive-specific details of the authorisation or the denial. The
European Commission also has a European Union feed additive
register (European Union, 2022a).

Applicants seeking authorisation need to send: (1) an applica-
tion to the European Commission, (2) a dossier containing technical
and scientific details on the product to EFSA, and (3) 3 samples of
the product to the European Union Reference Laboratory for Feed
Additives (EURL-FA). Legislation therefore requires that applicants
have to present suitable analytical methods that are subsequently
evaluated by the EURL-FA, supported by a network of member
states' national reference laboratories. Details of the operation of
the EURL-FA are given in a previous publication (von Holst et al.,
2016). Once the EURL-FA has finalised the evaluation of the
analytical methods, the corresponding report is published on the
EU Science Hub (European Union, 2022b).

Table 1 shows all currently authorised feed additives containing
Se as trace element, along with the corresponding Commission
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Implementing Regulations. Each regulation contains all relevant
details individually for each authorised feed additive, i.e. (1) the
reference to the product specific EFSA opinion, (2) the characteri-
sation of the feed additive, (3) the conditions of use such as legal
limits, and (4) a short description of the analytical methods. When
authorising the product, the European Commission attributes an
additive-specific identification number that needs to be used, e.g.
for labelling, and helps the user identify the correct additive. The
feed additive can be identical to the active substance such as with
sodium selenite, or different as with Se-yeast. In the latter case, the
active substance is SeMet, while the feed additive is the Se-yeast.
The authorisation of Se-yeast is strain specific, thus requiring a
company to submit a new application when the yeast strain con-
cerned is not yet authorised.

All regulations authorising Se-containing feed additives estab-
lish a legal limit of 0.5 mg/kg for total Se in complete feed, thus
requiring the feed operator to also take into account other sources
of Se from the various feed materials in the final compound feed.
When using Se in its organic form, an additional provision foresees
that the maximum supplementation with organic Se is 0.2 mg/kg in
complete feed.

The addition of essential nutrients to animal feeds is regulated
in the USA by the Food and Drug Administration in the Federal
Food, Drug and Cosmetic Act. These essential nutrients are thus
regulated as food additives or through qualification for the gener-
ally recognized as safe list. In the USA, according to the Code of
Federal Regulations, Part 573 (21 CFR, 573.920) — Food additives
permitted in the feed and drinking water of animals, 4 different
sources are recognized: (1) sodium selenite or sodium selenate, (2)
controlled-release sodium selenite bolus, (3) Se-yeast, and (4)
SeMet hydroxy analogue (21 CFR, 573.920). Selenium, provided as
inorganic form or organic form (Se-yeast and SeMet hydroxy
analogue) is authorised at a legal limit of 0.3 mg/kg in complete
feed for chickens, turkeys, cattle (beef and dairy cattle), and swine.
Moreover, sodium selenite/selenate is also recognised for sheep
and ducks at a level not exceeding 0.3 mg/kg (21 CFR, 573.920).

Selenium, as SeMet hydroxy analogue, needs to meet additional
specifications such as: arsenic, not more than 2 mg/kg, cadmium,
lead, and mercury not more than 1 mg/kg (21 CFR, 573.920).

On the other hand, controlled-release sodium selenite bolus is
for use only in beef and dairy cattle that are over 3 mo of age or over
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Table 1

Feed additives containing selenium (Se) as an active substance and authorised in the European Union (up to 2022).
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Feed additive

Identification number

Product specifications

Additive substance

Commission implementing
regulation

Sodium selenite

Coated granulated sodium selenite

Sodium selenate

Se-yeast Saccharomyces cerevisiae
CNCM I-3060

Se-yeast Saccharomyces cerevisiae NCYC
R397
SeMet produced by Saccharomyces

cerevisiae CNCM 13399

SeMet produced by Saccharomyces
cerevisiaze NCYC R646

Hydroxy-analogue of SeMet

L-SeMet

3b801

3b802

3b803

3b810

3b811

3b812

3b813

3b814

3b815

Minimum Se content:
45%

Preparation containing
various materials;
Range of Se content: 1%
to 4.5%

Minimum Se content:
41%

Content of Se: 2,000 to
4,000 mg/kg; Organic
Se > 97% to 99% of total
Se; SeMet > 63% of total
Se

Content of Se: 2,000 to
3,500 mg/kg; Organic
Se > 98% of total Se;
SeMet> 63% of total Se
Content of Se: 2,000 to
3,500 mg/kg; Organic
Se > 97 to 99% of total
Se; SeMet > 63% of total
Se

Range of Se content:
1,000 to 2,650 mg/kg;
Organic Se > 98% of
total Se; SeMet > 70% of
total Se

Solid and liquid
preparation of
Hydroxy-analogue of
SeMet; Content of Se:
18,000 to 24,000 mg Se/
kg

Solid preparation of L-
SeMet with a Se content
<40 g/kg

Sodium selenite

Sodium selenite

Disodium selenate

SeMet produced by
Saccharomyces
cerevisiae CNCM 1-3060

SeMet produced by
Saccharomyces
cerevisiae NCYC R397

SeMet produced by
Saccharomyces
cerevisiae CNCM [-3399

SeMet produced by
Saccharomyces
cerevisiae NCYC R646

Organic Se from
hydroxy-analogue of
SeMet

Organic Se in form of L-
SeMet (2-amino-4-
methylselanyl-butanoic

(EU) 2019/49

(EU) 2019/49

(EU) 2020/37

(EU) 2019/804

(EU) 2019/804

(EU) 2020/2117

(EU) 2013/427

(EU) 2013/445

(EU) 2014/121

acid)

Se-yeast = Se-enriched yeast; SeMet = selenomethionine.

91 kg in body weight in order to ensure animal health. Specifically,
only one bolus containing 360 mg of Se (as sodium selenite) is
administered orally to each animal in 120 d (21 CFR, 573.920).

Similarly to the USA, Canada also applies a legal limit of 0.3 mg/
kg Se added to compound feed for swine, chickens, turkeys, ducks,
geese, beef cattle, growing dairy cattle (non-lactating heifers, bulls,
and steers), sheep and goats, as well as in the dry material of milk
replacers for calves, lambs, colts and piglets (Government of
Canada, 2022). On the other hand, in complete feeds for rabbits
and salmonid fish, the legal level should not exceed 0.1 mg/kg Se
(Government of Canada, 2022).

However, upon combining different regulatory documents
available in the USA, Canada and in the European Union irre-
spective of the different sources, supplementation values seem to
be very close.

3. Selenium deficiency

The benefits of Se for humans and other mammals were iden-
tified for the first time in the 1950s by Klaus Schwartz and Calvin
Foltz, who demonstrated that dietary Se protected rats against liver
necrosis (Schwarz and Foltz, 1957). Since then, 25 selenoproteins
have been identified, half of which have been characterised
(Rayman, 2002) and the role of Se as a trace mineral nutrient in
human and animal health has become better understood.

Many pathological conditions arise when Se levels drop under
recommended dose for a long period, and one of these is Keshan
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disease. This disorder arises when dietary Se uptake is not met and
occurs predominately in children and women of child-bearing age
(Koller and Exon, 1986). Selenium deficiency does not depend only
on eating habits and often finds a reason due to geographical
location. Since the Se content of food is highly dependent on the
amount of Se in the soil, Se deficiency is a public health issue that
varies from country to country but also from region to region
(Avery and Hoffman, 2018). In fact, there are countries where Se
deficiency in the population is sporadic, such as the USA and
Canada (Avery and Hoffman, 2018). On the other hand, people
living in China, New Zealand, and parts of Europe and Russia
consistently present with insufficient Se intake due to low levels of
Se in the soil and, for this reason, in food (Ye et al., 2020). For
example, several authors report that most soils in China are char-
acterised with Se deficiency, although there are some areas such as
Enshi in Hubei with a concentration above the global average
(Huang et al., 2021).

Selenium is an essential trace element that is also indispensable
for the wellbeing of livestock. Selenium deficiency in livestock
provokes different types of diseases with potential enormous
economic losses to producers each year. These diseases range from
"white muscle disease" to numerous lesser known conditions, often
referred to as Se-responsive diseases resulting in reduced weight
gain, diarrhoea, abortions, and diminished fertility (Koller and
Exon, 1986). Clinical manifestations of Se deficiency have been
found in both monogastric and polygastric animals, with different
types of problems which vary depending on the animal species
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involved. In chickens, Se deficiency can cause several diseases as
pancreas atrophy, diarrhoea, reproductive dysfunction, and im-
mune or nerve damage (Yang et al., 2016). A Se-deficient diet causes
changes in immune function and may cause oxidative stress in the
thymus of chickens with inhibition of bursal and thymic growth
(Khoso et al., 2017). In cows, there may be problems with placental
retention (Underwood and Suttle, 1999), while in bulls the viability
of the sperm is negatively affected, in particular it is reduced
(Slaweta et al., 1988). Reproductive problems have also been found,
for example, in boars where there is impaired development of
spermatozoa (Marin-Guzman et al., 1997). In sows, the lack of this
mineral leads to reduced litter size and, also in piglets and in hens,
the conception rate and egg production is affected (Underwood and
Suttle, 1999). Finally, high embryonic mortality was found in sheep
(Hartley, 1963; Wilkins and Kilgour, 1982) and wool production was
negatively affected (Gabbedy, 1971).

Since humans and animals rely on plants as the main source of
Se in the diet, in regions where the soil is deficient in this element,
different strategies are applied in order to supply the population
with sufficient Se, such as the use of Se fertilizers or Se supple-
mentation of feed ingredients for farm animals (Dumont et al,,
2006).

4. Biofortification

The purpose of biofortification is to increase essential micro-
nutrients and other health-promoting compounds in the edible
parts of plants or animals with the aim of improving the nutritional
quality of diets (Schiavon et al., 2020). This increase can be achieved
by mineral fertilizer or feed supplementation (D'Amato et al.,
2020).

Since Se is deficient in different regions of the planet, Se bio-
fortification of feed/food is indispensable. Despite the fact that
exposure of Se to an adult human via the diet varies between 11 and
5,000 pg Se/d over the world, the average dietary intake usually
falls within the range of 20 to 300 pg Se/d (Patrick, 2004). Inter-
national agencies have set the recommended Se dietary intake of
30 to 55 pg Se/d as the safe level to avoid Se deficiency. However,
according to Zhou et al. (2020), more than 15% of the world's
population already suffers from Se deficiency, leading to serious
medical complications including cataracts, endothelial dysfunction,
cardiovascular disease, cardiomyopathy, poor immune function,
and even cancer.

The production of Se-enriched feed/food is still challenging but
is necessary to exploit the nutraceutical potential of these products
in order to address this long-standing public health problem.

4.1. Selenium fertilizers

The easiest way to enrich products of plant origin is to use Se
fertilizers. Although several studies have been conducted world-
wide (Alfthan et al., 2015; Grant et al., 2007; McLaren and Clucas,
2006; Yan et al.,, 2021; Yuan et al., 2022), this strategy is mainly
used in Finland, where the problem of Se deficiency in soil is
widespread. Biofortification can be carried out in different ways,
such as application on leaves (Graham, 2018; Kapolna et al., 2007,
Ros et al., 2016; Xiong et al., 2018) or directly in the ground
(Broadley et al., 2010; Larsen et al., 2006; Ros et al., 2016).

The contribution of Se to the plant, however, depends on the
ability of the plant itself to accumulate Se, and on the local envi-
ronment (Hossain et al., 2021). This means that the type of soil and
the ability of the plant to absorb/accumulate Se place a limit on this
practice. In fact, the addition of Se fertilizers to the soil is an
appropriate way to biofortify foodstuffs. However, high amounts of
Se need to be applied to the soil to obtain Se concentrations in
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plants equal to other fertilization methods (Broadley et al., 2010;
Puccinelli et al., 2017).

The direct addition of Se fertilizers to soils thus focuses concern
on the high Se levels in the environment, which act as an envi-
ronmental contaminant (Lichtfouse et al., 2022). The application of
Se fertilizer to the soil is connected with several other problems,
such as adsorption with soil colloidal surfaces, resulting in less Se
available to the plants. Other techniques, such as the application on
leaves, depend on the characteristics of the plant or Se fertilizers
used (Hossain et al., 2021). For instance, results of spraying on
leaves depend on the characteristics of the leaf and fruit surface,
such as the presence of hairs, the characteristics of the epicarp, and
the chemical composition of the epicuticular wax (Puccinelli et al.,
2017). Consequently, the tendency to biofortify feed/food in-
gredients has become increasingly widespread.

4.2. Organic vs inorganic selenium

Organic forms of Se, for example Se amino acids such as SeMet,
are more bioavailable than inorganic forms, such as selenite and
selenate (Fontagné-Dicharry et al, 2015; Guyot et al., 2007;
Lorentzen et al.,, 1994; Markovi¢ et al., 2018; Paiva et al., 2019;
Stovinska et al., 2011; Tian et al., 2006; Wang and Xu, 2008; Zhang
et al., 2020). Organic forms are also better absorbed because they
are absorbed into the intestinal tract through a mechanism of
transport of amino acids, unlike inorganic Se, which is absorbed by
a simple diffusion process (Gu and Gao, 2022).

However, the absorption efficiency of Se depends not only on
the form in which Se is supplied but also on animal species involved
and differs between ruminant and non-ruminant animals (Schlegel
et al., 2008). For instance, absorption of inorganic Se provided as
sodium selenite orally administered as [’>Se]selenite was absorbed
less efficiently than the labelled [7>Se]SeMet as indicated by the
higher percentage of Se isotopes in the gastrointestinal tract of
chicks, measured at 43.1% for [7°Se]selenite and 60.9% for [">Se]
SeMet (Humaloja and Mykkanen, 1986). On the other hand, for
ruminants the absorption rate of inorganic Se provided as sodium
selenite in the small intestine is very low, with values around 30%
or less. In fact, several authors have reported poor utilization/ab-
sorption of inorganic dietary Se in ruminants; absorption of inor-
ganic °Se in steers was estimated to be only 13% (Costa et al., 1985)
and a similar true Se absorption was reported in non-lactating cows
(from 10% to 16%) fed hay supplemented with inorganic Se (Koenig
et al,, 1991; Koenig and Beauchemin, 2009). This may be related to
the reducing characteristics of the rumen or the activity of rumen
microorganisms that reduce sodium selenite to insoluble elemental
Se (Galbraith et al., 2016).

Absorption is not the only parameter to take into account when
comparing organic and inorganic Se forms. Selenium supplied in
inorganic form has high toxicity, low transfer from the animal to
the resulting products (milk, eggs, and meat), and is not stored in
the body (Dalgaard et al., 2018; Edens and Sefton, 2016). Inorganic
species are more toxic for the organism than Se amino acids
(Arshad et al., 2021; Khalili et al., 2020; Kim and Mahan, 2001;
Schrauzer, 2000). Supplementation with selenite or selenate could
increase Se levels in the tissues to toxic levels, with consequent
selenosis. Inorganic Se is not only poorly absorbed but also poorly
transferred to animal products. For example, in poultry sodium
selenite is poorly transferred to the egg and developing embryo
(Surai, 2006), and thus has a limited ability to improve antioxidant
defence against hatching-related oxidative stress (Surai et al.,
2016).

Given the better absorption and lower toxicity, the bio-
fortification of feed with Se in organic form is preferred although
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selenite/selenate supplementation remains very widespread, as
sodium selenite/selenate is cheaper than Se-yeast.

The following subsections detail the different forms of Se sup-
plementation, both those commercially available such as Se-yeast,
and the possible new frontiers in supplementation such as Se-
enriched insects and Se nanoparticles (SeNP).

4.2.1. Se-enriched yeast

Se-yeast is a dried and non-viable yeast, mainly derived from
Saccharomyces cerevisiae, grown in a medium made up of princi-
pally cane molasses and inorganic salts of Se. When the yeast is
grown in a Se-enriched medium, it absorbs Se and, during
fermentation, converts Se into several organic compounds, of
which SeMet is typically the main one (Cattaneo et al., 2008).

Although many of the works in the literature report the ability of
yeasts to accumulate Se up to 3,000 mg/kg (Kieliszek and Btazejak,
2013; Lynch et al., 2018), the formation of different Se species
during yeast metabolism must be taken into account (Alvarez-
Ferndndez Garcia et al, 2020). In this regard, Se-yeast are an
important source of organic Se for livestock. Consequently, Se-yeast
quality is typically based on the assessment of the percentage
SeMet (usually >60%) that usually is complementary to the absence
(<2%) of both selenite and selenate (Bodnar et al., 2016; Schrauzer,
2006).

Nowadays, the total determination of Se in Se-yeast is no longer
a problem as it can be routinely measured using inductively
coupled plasma-mass spectrometry (ICP-MS) or inductively
coupled plasma optical emission spectroscopy (ICP-OES) after
mineral digestion of the sample (Alvarez-Fernandez Garcia et al.,
2020; Amoako et al., 2007; Goenaga Infante et al., 2004; Kotrebai
et al, 2000). Moreover, results can be validated by analysing
some of the available reference materials such as SELM-1, produced
by the Institute for National Measurement Standards, National
Research Council of Canada (Alvarez-Fernandez Garcia et al., 2020).
On the other hand, the characterization of other Se-metabolic
products, even at trace levels, represents a hot topic since the
biological actions of Se depend not only on the amount but also on
the form of the Se species (Alvarez-Fernandez Garcia et al., 2020).
Difficulties related to analytical methods make the identification
and characterisation of all the Se species involved a real challenge.
Suitable analytical methods for determining Se species are thus
needed and are increasingly used.

In this context, speciation analyses are becoming increasingly
popular for nutritionally important minerals such as Se. Analytical
methods based on high performance liquid chromatography and
inductively coupled plasma-mass spectrometry (HPLC-ICP-MS) and
high-performance liquid chromatography-electrospray ionization
tandem mass spectrometry (HPLC-ESI-MS/MS) are commonly used
in this field (Alvarez-Fernandez Garcia et al., 2020; Goenaga Infante
et al., 2004; Kotrebai et al., 2000). However, the variability in terms
of Se content and Se species among commercially available Se-
yeast, as well as the lack of knowledge regarding the identity of
all the Se species, means that characterizing Se compounds in Se-
yeast is difficult.

The amount of organic Se, especially SeMet, has been investi-
gated in some studies (Bierla et al., 2012; Mester et al., 2006). The
currently available analytical methods based on HPLC-ICP-MS allow
the determination of SeMet with relatively high confidence due to
the availability of a certified reference material, SELM-1 (Bierla
et al., 2012; Hinojosa Reyes et al., 2006; Mester et al., 2006). For
instance, Bodnar et al. (2016) found values between 60% and 70%
for SeMet. However, other authors have reported a great variability
in SeMet content in several Se-yeast products, with values ranging
from 54% to 60% up to 85% (Ip et al., 2000; Rayman, 2004;
Schrauzer, 2006). These results highlight how the great variability
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between Se-yeast production technologies represents an additional
source of variation in the composition of Se-yeast supplements
found on the market.

Regarding the content in inorganic Se, the HPLC-ICP-MS tech-
nique is one of the most used for the determination of the residual
selenite and selenate in Se-yeast. Both these forms should repre-
sent less than 2% of total Se in yeast, indicating a proof of an
“organic” character of Se-yeast (Jiménez-Lamana et al., 2018). To
date, despite the advances in analytical methodologies, the Se mass
balance of all the species identified rarely exceeds 90% of the total
Se in commercial Se-yeast products (Jiménez-Lamana et al., 2018),
and thus, the remaining 10% are still a great challenge. One of the
compounds not yet characterized is elemental Se (Se(0)). Several
authors have reported in the literature the synthesis of SeNP by
microorganisms, such as bacteria or fungi, due to reduction of
selenite to Se(0) (Kessi et al., 1999; Tugarova et al., 2014; Wadhwani
et al., 2016), although only few papers have described the forma-
tion of Se(0) by yeast cell metabolism (Bierla et al., 2012; Kieliszek
et al., 2015; Tarze et al., 2007). To the best of our knowledge, nano-
sized deposits due to Se(0) have been identified in yeast cells only
in recent years and only in a few studies (Alvarez-Ferndndez Garcia
et al., 2020; Jiménez-Lamana et al., 2018) without being quantified.
The determination of Se(0) remains challenging due to its low
solubility in water and, therefore, it is difficult to extract with the
common protocols used for speciation analysis. This issue can be
overcome, as reported by Vacchina et al. (2021), by converting Se(0)
into a soluble compound, selenosulfate, after reaction with an
excess of sodium sulfite at high temperature.

In fact, Vacchina et al. (2021) applied their new method to a set
of 7 Se-yeast samples for the determination of Se(0). Elemental Se
was recovered in all 7 different batches of commercial yeasts ana-
lysed (Vacchina et al., 2021). Most of the yeasts analysed in their
study showed between 10% and 20% of Se(0) (Fig. 3). These values
are considered very high compared with typical values of inorganic
Se, i.e. around 2% to 3% (Bierla et al., 2012; Schrauzer, 2006). These
results must be considered with caution; in fact, they derive from a
single study conducted on Se-yeast in which Se(0) was analysed
(Vacchina et al., 2021). Moreover, the latter has been carried out on
only a small number of samples compared to the different Se-yeast
supplements available on the market (Vacchina et al., 2021). Thus,
further studies, possibly based on validated methods and carried
out on a wider range of samples, are required to better understand
the organic species present, even at trace levels, as well as to better
evaluate the composition of inorganic Se in these products.

4.2.2. Se-enriched insects
Several studies have highlighted how insects can be seen as an
alternative protein source for farm animals (Pinotti et al., 2019;

= Se <10%

=10%< Se <20% = Se >20%

Fig. 3. Selenium-enriched yeast grouped per elemental Se (Se(0)) percentage. One
sample is below 10% Se(0) compared to total Se, 5 samples between 10% and 20% Se(0),
and 1 sample above 20% Se(0) (adapted from Vacchina et al., 2021).
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Table 2
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Analysed selenium (Se) concentrations in test substrates and in corresponding black soldier fly (BSF) prepupae’ and calculated bioaccumulatioin factor (BAF), and Se increase

ratio relative to control group prepupae (adapted from Ferrari et al., 2022).

Rearing substrate Se in the substrate, mg/kg

Se in the prepupae, mg/kg

BAF? Se increase expressed as ratio relative to control group prepupae

133
1.01
1.63

0.41
0.21
1.17

Control diet
Algae (AN30) diet
Se diet

0.31
0.21
0.72

—50%
+285%

! Expressed as milligrams of Se per kilogram DM substrate or prepupae.
2 Calculated as in Purchke et al. (2017).

Spranghers et al., 2017). The most widespread species in this sense
are Hermetia illucens (also called black soldier fly [BSF]), Musca
domestica (common housefly) and Tenebrio molitor (yellow meal-
worm) (Pinotti et al.,, 2019; Pinotti and Ottoboni, 2021). Among
these, the BSF species is certainly the most studied. Purchke et al.
(2017) found that BSF show high bioaccumulation factors for
certain heavy metals such as lead (Pb) and cadmium (Cd). In
particular, the study highlights bioaccumulation factors of 2.3 and 9
for Pb and Cd, respectively (Purchke et al., 2017). Insects are
therefore naturally able to accumulate metals and this character-
istic could be used for the production of Se-enriched insects. Bio-
fortification of Se in insects would be valuable in terms of exploring
alternatives, for example, to the addition of Se in feed for the cre-
ation of premium speciality feed.

Despite several studies investigating the accumulation of heavy
metals or other nutrients (e.g. unsaturated fatty acids) by insects, to
the best of our knowledge Ferrari et al. (2022) is the only article in
the literature to study the accumulation of Se by BSF prepupae, also
evaluating Se species and not only the accumulation of total Se.

In the above study, Ferrari et al. (2022) observed that when BSF
larvae were fed with a diet enriched with selenite, the amount of Se
in the prepupae resulted in a consistent increase, despite the lack of
bioaccumulation. Adding sodium selenite (with a 22% increase in Se
in the diet) resulted in a total Se concentration in prepupae that was
more than 3 times higher than the concentration of Se in prepupae
fed the control diet (see Table 2). Although not exactly Se bio-
accumulation, Ferrari's study emphasizes how, starting from a
similar diet, adding a source of inorganic Se leads to a significant
increase in Se, and in particular organic Se (Ferrari et al., 2022).

Black soldier fly larvae are considered a potential good quality
feed ingredient. In fact, BSF larvae have a crude protein content
(38.0% to 60.4%) comparable to fishmeal (60.5% to 65%) or soybean
(42.0% to 47%), making them a valuable alternative protein source
(Arango Gutiérrez et al., 2004) already used in several studies in the
diet of various animal species (Affedzie-obresi et al., 2020; Bruni
et al.,, 2020; Star et al., 2020; Tan et al., 2020). Black soldier fly
larvae could thus be enriched with Se to create a premium speci-
ality feed that could complement Se-yeast. In fact, the Se content in
BSF larvae is lower than the Se content in Se-yeast, however, insects
could be an important source of Se and at the same time an alter-
native protein source, due to the higher biomass compared to yeast.

Selenium speciation analysis thus represents a powerful tool not
only in Se-yeast but also in insects to evaluate the Se species pre-
sent. Since different Se forms have different levels of bioavailability
as well as different metabolic pathways (D'Amato et al., 2020), the
determination of organic versus inorganic Se is thus important, as
well as the determination of the different organic Se species. In
prepupae fed a Se-enriched diet, around 50% of the Se was in the
form of inorganic selenite and selenate, while 0.55 mg/kg was in
the form of SeMet (Ferrari et al., 2022). Comparing the prepupae fed
the Se-enriched diet and the control diet, the addition of sodium
selenite led to an increase in both inorganic Se and SeMet in pre-
pupae. However, the increase in SeMet was much more marked
than the increase in inorganic Se (Fig. 4).
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SeMet vs selenite ratio

CTR Group Se enriched group

Fig. 4. The ratio of selenomethionine (SeMet) to selenite in black soldier fly (BSF)
prepupae fed the control diet (CTR group) vs Se-enriched diet (Se enriched group).

How Se tends to be distributed in insects is of great importance
since chitin is generally removed in the production of insect-
based feed. In a previous study by our research group, a sequen-
tial extraction was applied, digesting the sample first with pro-
tease prior to chitinase in order to digest the non-soluble residue
and to obtain complete Se extraction (Ferrari et al., 2022). The Se
content in the extract with protease then reveals how much Se is
accumulated in the internal tissues and, therefore, is potentially
available for the creation of premium speciality feed. The results
show that in the prepupae fed Se-enriched diet, almost 40% of the
total Se is contained in the extract with protease. In contrast, the
prepupae fed the control diet show approximately 47% of their
total Se content in the extract (Ferrari et al., 2022). For both diets,
SeMet represents a huge amount of organic Se, with several other
compounds in a very limited amount. Based on these results it can
be speculated that 1 kg of insect material might contribute
significantly in covering regular farm animal dietary requirements
of Se (about 0.1 to 0.3 mg/kg in several animal species) (Ferrari
et al,, 2022).

The presence of both organic and inorganic Se could be a
valuable characteristic for BSF. In fact, organic Se is better absor-
bed and also less toxic (Whanger, 2002). However, dietary SeMet
is partially incorporated non-specifically into muscle protein in
place of methionine (Wastney et al., 2011), acting as a source of
stored Se in the muscle that is mobilised when Se is needed to
provide SeCys (Edens and Sefton, 2016; Ip and Hayes, 1989). On
the other hand, selenite and selenate are readily absorbed and
involved in the synthesis of SeCys, and thus incorporated into
selenoproteins which play an important role in the antioxidant
defence system of the organism (Ip and Hayes, 1989; Shimizu
et al, 2021). However, a better understanding of the organic
species involved could help evaluate the effects when BSF is used
as a Se supplement, as well as studies on increasing Se uptake by
insects. These scenarios represent a first step in the evaluation of
Se-enriched insect feed which need to be proven in a feeding trial
in targeted species.
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4.2.3. Selenium nanoparticles

Nanotechnology is an innovative solution to provide nutrients
for animals and to protect health, thus improving animal produc-
tion systems (Horky et al., 2016) as well as the quality of products of
animal origin. Nanoparticles have unique physicochemical prop-
erties such as small dimensions (1 to 100 nm), high stability, hy-
drophobicity, and large surface area (Gu and Gao, 2022; Malyugina
et al.,, 2021). For instance, the hydrophobicity of nanoparticles en-
sures good dispersion in water or serum as well as enhanced
interaction with cell membranes (Fratoddi, 2017). On the other
hand, the size of nanoparticles facilitate passage through the
stomach wall and diffusion into the body's cells which occurs faster
than common elements with larger particle sizes.

Several studies have investigated using SeNP as a new source of
Se. Selenium administered in the form of nanoparticles, supple-
mented at 0.3, 3, and 6 mg Se/kg DM, improved the content of Se in
the blood and tissues in sheep, leading also to better rumen
fermentation and better feed use (Shi et al., 2011). Similarly, 4 mg
Se/kg DM of SeNP, showed an improvement in rumen fermentation
and feed conversion efficiency in sheep compared to Se-yeast (Xun
et al, 2012). Several studies on broilers have reported an
improvement in growth (Ahmadi et al., 2018; Senthil Kumaran
et al.,, 2015), intestinal health (Gangadoo et al., 2018) and antioxi-
dant capacity (Hassanin et al., 2013; Senthil Kumaran et al., 2015)
when SeNP supplementation was used in the diet. Fuxiang et al.
(2008) found that antioxidant status and immunity were higher
in birds fed diets containing 0.15 to 1.2 mg/kg SeNP. Similarly, di-
etary supplementation of 0.25 mg/kg SeNP for laying hens
improved the GSH-Px activity (Radwan et al., 2015), thus upregu-
lating the antioxidant status of birds exposed to heat stress
compared to birds fed diets enriched with other forms of Se (Senthil
Kumaran et al., 2015).

Compared to selenite and selenate, SeNP are more biocompat-
ible and less toxic to animal organisms (Skalickova et al., 2017). In
fact, diets containing SeNP at doses from 0.2 to 0.5 mg/kg showed a
significant improvement in carcass characteristics and growth,
without adverse effects on internal organs (Ahmadi et al., 2018). In
addition, Hu et al. (2012) reported that broilers fed diets containing
0.15 to 1.20 mg/kg SeNP showed a significant improvement in body
weight gain compared to broilers fed diets containing 0.30 mg/kg
inorganic Se.

Improvements due to the effects of SeNP have been reported in
several fish species. Growth performance (Jahanbakhshi et al,
2021), intestinal health (Dawood, 2021; Ghazi et al., 2021), and
antioxidant status (Longbaf Dezfouli et al., 2019), and immune
response (Kohshahi et al., 2019) of aquatic animals supplemented
with SeNP were improved. For instance, SeNP supplementation (0.4
to 0.8 mg Se) improved intestinal health, feed use, and growth
performance in Nile tilapia (Ghazi et al., 2021). Similarly, Ibrahim
et al. (2021) reported an enhancement in the growth perfor-
mance and feed efficiency after SeNP supplementation (0.4 to
0.8 mg Se) in Nile tilapia.

However, excessive doses or prolonged supplementation with
SeNP can have negative effects in animal organisms and can be
toxic. Nanoparticles’ toxicity varies widely between different spe-
cies (Wadhwani et al., 2016). For instance, the supplemental level of
SeNP in broiler diets should not exceed 1.0 mg/kg, and optimal
supplementation levels range from 0.3 to 0.5 mg/kg (Cai et al,
2012). Wang and Xu (2008) investigated the toxicity of SeNP in
broilers fed higher levels (4.25 mg/kg), concluding that high levels
induced toxicity due to cellular stress, altering carbohydrate and
fatty acid metabolism. Gangadoo et al. (2018) found that an inter-
mediate concentration of SeNP (0.9 mg/kg) performed better than
lower (0.3 mg/kg) and higher (1.5 mg/kg) levels, improving the gut
health by increasing the abundance of beneficial bacteria, such as
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Lactobacillus and Faecalibacterium, and short-chain fatty acid pro-
duction, in particular butyric acid.

Based on the studies reported above, compared to sources of
inorganic Se, the integration of Se through the use of nanoparticles
has numerous benefits when introduced into the diets of animals.
However, high doses of SeNP lead to the hyperaccumulation of Se in
the tissues causing oxidative stress or toxicity (Gu and Gao, 2022).
Therefore to increase the benefits for livestock, SeNP should be
included in such a way that the feed is as balanced as possible.

Further studies are required to better understand the potential
toxicity of SeNP and to provide insights into the mechanism of
action in several animal species. The appropriate levels of SeNP in
diets as well as the composition, particle size, and synthesis stra-
tegies need to be evaluated for a better understanding of this
technology.

5. Conclusions and perspectives

Selenium deficiency, which causes many diseases for both
humans and animals, is a global issue. In fact, the Se content of food
is highly dependent on the amount of Se in the soil, which varies
from country to country but also from region to region. Selenium
biofortification, which can prevent various disorders, offers an
effective approach, however, it still requires further research.

The accumulation of Se in plant products is due to the ability of
plants to transform inorganic forms into organic forms. In this
sense, feed/food biofortification could be an excellent way to
combat Se deficiency rather than using Se fertilizers.

Se-yeast provide economic and environmental advantages over
traditional inorganic Se. Lower toxicity, combined with greater
bioavailability, means that reduced amounts of Se can be used to
supplement the Se-deficient diets of farm animals. However, new
and interesting findings demonstrate that Se-yeast may contain
less than 97% of total Se (and so less than 63% SeMet) due to the
presence of elemental Se. To better characterise the proportion of
inorganic and organic Se in yeasts, further studies should thus be
performed, possibly on a wider range of samples.

Insects are a potential source of Se supplementation, as they
combine the positive characteristics of Se in an organic form (better
absorption and lower toxicity) with the ability of inorganic forms to
take part in the synthesis of SeCys, which plays an important role in
the antioxidant defence system of the organism. Insects could also
be used as an alternative protein source in animal nutrition, thus
reducing the use of traditional protein sources. The combined use
of insects with Se-yeast could therefore be an excellent way of
supplying Se. However, a better understanding of the organic Se
species involved represents a first step in the evaluation of the ef-
ficacy of Se-enriched insects.

Selenium nanoparticles are a new type of supplementation with
numerous benefits for the health of the animal and, at the same
time, represent a sustainable alternative. Although there seem to be
several beneficial effects for different species (ruminants, poultry,
and pigs), the toxicity of Se must be taken into account.

In conclusion, insects and Se nanoparticles are relatively un-
known sources of supplementation compared to Se-yeast and
further research is thus necessary for a better understanding of
these sources and to further optimize this technology.
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