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Abstract

Different aspects of selenium, zinc, and iodine in the nutrition of laying hens are reviewed
in relation to the production of functional eggs enriched with these trace elements. Selenium can be
easily transferred into the eggs. Selenium is a part of certain antioxidant selenoproteins (primarily
enzyme glutathione-peroxidase) improving antioxidant status and the system of antiradical defense in
laying hens; these compounds can also be transferred into eggs improving the oxidative stability of
yolk and albumen during egg storage (Z.G. Wang et al., 2010). Recent results of the worldwide re-
search proved that diets for layers (and eggs as a result) should by advisably enriched simultaneously
with selenium (M. Fasiangova, G. Borilova, 2017) and vitamin E since this combination of the two
most active dietary antioxidants provides the best antioxidative defense in layers and the best antioxi-
dative status of the eggs (Z. Zdunczyk et al., 2013). The organic forms of selenium are shown to be
the most effective selenium sources (compared to inorganic sources) due to less toxicity for poultry,
better selenium transfer to eggs and deposition into the body selenium pool, primarily in muscle
tissues, which can be activated during an oxidative stress (P.F. Surai, V.I. Fisinin, 2016). The com-
bination was also shown to be an effective protector for polyunsaturated fatty acids in yolk lipids
(A.Sh. Kavtarashvili et al., 2017). Determination of optimal proportion of selenium and vitamin E in
diets for layers requires further research and justification. Zinc is an integral part of antioxidative
enzyme superoxide-dismutase (SOD) and lowers oxidative stresses due to the antagonism to the ions
of transition metals with high redox potentials. Enrichment of eggs with zinc via high dietary zinc
levels improves quality and stability of the albumen during egg storage (H. Aliarabi et al., 2007),
eggshell quality, bone development, feather condition and immunity in layers (K.M. Martin, 2016).
Supplementation of diets for layers with 50-80 ppm of inorganic or 500-100 ppm of organic zinc will
generally not affect their productivity (K. Sahin et al., 2009). Simultaneous enrichment of eggs with
selenium and zinc using their high dietary levels is complicated by the antagonism between the two
elements which will be possibly overcome due to the development and investigation of their new
dietary forms and sources. High dietary iodine levels provide the possibility for the production of
iodine-enriched functional eggs; according to EU legislation, however, iodine level in diets of laying
birds should not surpass 5 ppm (EU Commission, 2005). Several studies reported the absence of
detrimental effects of higher dietary iodine doses (5-10 ppm) on overall productivity in layers while
certain egg quality parameters (eggshell thickness and strength, relative albumen weight, Haugh units)
decreased with the increase in dietary iodine content (M. Lichovnikova, L. Zeman, M. Cermakova,
2003). Simultaneous enrichment of eggs with selenium and iodine is possible (Yu.A. Ponomarenko,
2015) since these two elements are not antagonists (especially in their organic forms) but rather syn-
ergists; the efficiency of different sources and doses of selenium and iodine in combined diet sup-
plementation and transfer to eggs is still to be elucidated.

Keywords: functional eggs, laying hens, selenium, zinc, iodine, dietary levels and sources,
egg composition and quality

In the previous part of our review we considered the issues related to the



content of polyunsaturated fatty acids (PUFA) of the -3 series in chicken eggs,
and also showed the need for their additional enrichment with antioxidants on the
example of vitamin E [1]. Another important field in the production of functional
eggs is their enrichment with trace elements that are deficit in human nutrition.
Some trace elements that show antioxidant properties increase antioxidant capaci-
ty and add value to eggs as a functional food product. These elements are success-
fully transferred into eggs via the layers diets. Complex enrichment of eggs with
target trace elements is also possible. However, the interaction of these elements
may cause certain problems.

This paper is the first to comprehensively summarize various aspects of
eggs enrichment with trace elements possessing antioxidant properties (Se, Zn
and I) separately and jointly.

Selenium. Se is one of the most significant antioxidant trace elements
for humans and animals [2]. High doses of Se are toxic, but its natural content
and rates of additional uptake in feeds are usually 10-20 times lower than dan-
gerous ones [3]. Selenium can be incorporated into proteins, replacing sulfur
atoms in sulfur-containing amino acids (in particular, in methionine and cyste-
ine) forming selenoproteins (SeP). In addition, plant SeP contain predominant
selenomethionine (SeMet), while animal SeP contain selenocysteine (SeCys).
SeMet in vertebrates does not show neither any coding triplets, nor transfer
RNA [4], while SeCys has UGA coding triplet [5]. Selenoproteins are an essen-
tial part of a proteome. The chickens have about 25 SeP genes the expression of
which affects the regulation of cell growth and apoptosis, as well as functions of
cellular signaling systems and transcription factors [6].

Some SeP (the family of glutathione peroxidases — GP, thioredoxin re-
ductases, etc.) are antioxidant enzymes, the SeCys fragment [7] being the site of
their activity. GP are the most significant in the system of protecting tissue dam-
age from free radicals. One of the GP form is found in the gastrointestinal tract.
It suppresses the absorption of hydroperoxides [8]. Phospholipid GP is a part of
the lipid fraction of membranes and inhibits lipid peroxydation, protecting the
structural integrity of membranes [9]. In eggs, Se, particularly GP, protects
against peroroxydation of yolk lipids and albumen [10-12].

Formerly, it was considered that the laying hens have low need in sele-
nium (0.06 mg/kg of feed), but later it was found that requirement in this ele-
ment rapidly increases due to stress, particularly in case of intensive husbandry
technology [13]. It was also reported that Se preparations can mitigate the harm-
ful effects of feeds contamination with mycotoxin by improving anti-radical pro-
tection of the organism [14]. Selenium deficiency (hyposelenosis) causes exuda-
tive diathesis [15], food-related encephalomalacia [16], food-related pancreas
atrophy [17] in poultry. The combination of Se and vitamin E deficiencies are
especially dangerous. Se excess is also toxic to poultry: food-related hyperseleno-
sis manifests itself in the inhibition of growth and egg productivity, anemia, de-
creased mobility of the tibiotarsal joints [18] and the relative weigh of heart and
liver [19], degeneration and/or necrosis of the liver, myocardial degeneration,
and necrosis of the convoluted kidney tubules [20]. Thus, the amount of Se in
the diet should be optimal, so as not to reduce the productivity and viability of
poultry. The literature indicates different LDsy of Se: 9.7 mg/kg of live weight
(selenite, per oral) for hens [21]; 24.6 mg/kg with a low toxic dose of 1.7 mg/kg
for chickens [22]; 33.4 mg/kg with a low toxic dose for laying hens being 15
mg/kg [23].

Three main reasons for enriching the laying hens' diets with Se [13] are
maintaining their health and productivity, including the condition of skeleton
[24], achieving optimal quality of albumen, yolk and eggshell, and selenium



providing to egg consumers. Formerly, selenium was introduced into animal
diets only in inorganic forms in the form of selenite (Se*#), selenate (Se*®) and
selenide (Se2). Later, the organic forms appeared. Among the inorganic
sources of Se, selenate and sodium selenite are now the most common. In
poultry diets selenite has two important advantages: it is much cheaper that all
organic sources and is metabolized quickly, which allows an organism to make
an accelerated synthesis of selenoproteins at the Se deficiency [3]. The disad-
vantages of inorganic forms of selenium are relatively high toxicity, Se interac-
tion with other trace elements, low incorporation into muscles, and low effi-
ciency of its transfer into eggs [13]. Moreover, selenite (especially in high dos-
es) shows pro-oxidant activity [25]. SeMet is the most common among the
organic preparations. Apart from the two main selenated amino acids, hy-
droxy-selenomethionine (as a more persistent and stable analogue of SeMet)
[13], and selenium homolanthionine [26] were studied as another source of Se.
Selenated yeast and algae (chlorella) were also used, where Se was found
mainly in the form of SeMet. Organic preparations of Se diacetophenonyl
selenide, or bis-(benzoylmethyl)-selenide (DAFS-25), and 9-phenyl-sym oc-
tahydro selenoxanthene (selenopyran) have been developed and are being used
in Russia. Se nanopreparations ensure more precise delivery of the element to
the target organs and tissues and have a low toxicity, which increases the bioa-
vailability and effectiveness of Se application [27-29].

Prior comparative studies on various sources of Se led to the conclusion
that inorganic sources are preferred to the organic ones for they are better metabo-
lized by the organism and more efficiently fit into SeCys, synthesized in the liver
from serine and H,Se [30]. Some authors still claim that feed organic preparations
of selenium for inclusion in an organism's proteins require preliminary metaboliza-
tion of Se in H,Se, therefore they do not have advantages over inorganic forms
both in the efficiency of selenium absorption and use, and in toxicity [31]. How-
ever, this is not exactly right. Indeed, the exogenous SeCys do not fit into the
functional endogenous selenoproteins (such as GP), which is proved by the work
with preparations labeled with 75Se [32]. However, SeMet is not recognized by the
mammal's intestine as a selenium-containing substance, therefore it is absorbed
and used in the body similarly to methionine [33], that is, with very high speed
and efficiency (most likely exceeding that in case of passive absorption of Se from
inorganic sources). Absorbed SeMet is nonspecifically fit into various structural
and non-functional proteins (for example, into muscle proteins that accumulate
half of all selenium reserves in a mammal organism), creating a Se repository. It is
mobilized in case of stress or other conditions, when the body's need for metaboli-
cally active selenium increases.

A similar mechanism of active absorption and incorporation into pro-
teins is shown for feed SeCys, though to a lesser extent. Probably, the organism
partially recognizes it as a source of Se and metabolizes it on the “inorganic
way”. A study of selenium tissues distribution in chickens during the feeding of
selenated yeast showed [34] that in the muscles the SeMet content had truly and
significantly increased, while it was SeCys content that increased in liver and
kidneys. The amount of SeMet increased in all organs and tissues with the dose
of organic Se, whereas when selenium was fed, this effect was much less pro-
nounced, and an increase in the CeCys content was seen in the heart tissues on-
ly. Inorganic forms of selenium (unlike the organic ones) cannot participate in
the creation of the Se repository, since the non-metabolized residue of inorganic
Se is rapidly excreted renally [35]. As for the relative toxicity of inorganic and
organic forms of Se, DAFS-25 (rats, orally), for example, shows the toxicity that
is 20 times lower than that of sodium selenite [36].



Another important aspect of selenium feed of the poultry is this ele-
ment's interaction with vitamin E. Se-dependent enzyme thioredoxin-reductase
is involved in the reduction of oxidized forms of vitamin E, into which it is con-
verted through the neutralization of free peroxide radicals in biological mem-
branes [37]. Thus, both antioxidants work both separately and together in the
anti-radical protection system. It is no wonder that plenty of research dealt with
seeking their optimal correlation in poultry diets in recent years. Enriching diets
with organic forms of Se allows reducing the amount of expensive vitamin E
added to the diet by 25-30 % [38].

It has also been reported that the inclusion of Se in laying hen diets in-
creases the vitamin E content in egg yolk [39]. This index made respectively 297,
311 and 370-375 mg/kg of dry yolk solids without addition of Se and in the
groups receiving selenite and Se-enriched yeast or algae. Therefore, in the inter-
action between vitamin E and Se, organic forms of selenium are more efficient.
When selenite was fed to lambs, the content of vitamin E in their liver decreased
if compared with the control group (without the addition of Se), and the highest
doses of Se (3-4 mg/kg of body weight), the decrease was proved (p < 0.01). After
feeding SeMet, a significant but not proved decrease in the amount of vitamin E
in liver was observed only at the highest dose of Se (8 mg/kg of body weight) [40].
An increase in the dose of Se and vitamin E in hens’ diets raised the antioxidant
blood status [41] and improved liver function, statistically (p < 0.05) decreasing
the concentration of bilirubin, aspartate aminotransferase and alanine ami-
notransferase in blood plasma [42]. The immune status of layers also improved:
the amount of immunoglobulin IgA in the blood [41] and the antibody titer
against the Newcastle disease virus [42] increased.

Some authors believe [31] that so far there is no firm evidence of the ad-
vantages of organic forms of Se over inorganic ones in their effect on the
productivity of animals. However, numerous studies show that organic forms
more effectively improve the selenium and antioxidant status, health, egg and
meat poultry productivities, and the quality of eggs and other poultry products.
Thus, when comparing the effects of selenite, Se-yeast and DL-SeMet, it was
found that in the same doses (0.3 mg Se/kg of feed) both organic forms more
effectively increased the activity of GP and the amount of Se in the albumen
(p < 0.01), pectorals and leg muscles of laying hens (p < 0.001) than the inor-
ganic form [43]. Interestingly, the Se accumulation in the albumen and muscle
protein in case of feeding DL-SeMet was significantly higher than when feeding
Se-yeast (p < 0.05). Se deposition in the yolk was not significantly different be-
tween the organic forms. With the increase in the amount of SeMet introduced
into the diet (apart from selenite), the Se content in albumen increased [44].

Among other parameters that are possibly affected by the enrichment of
the layers diet with selenium, are the pH of the egg contents, the fatty acid pro-
file of the yolk lipids [45], and the oxidation stability of the yolk and albumen
[46]. Eggs enrichment with Se increases their resistance to internal oxidation
processes during storage. The slower the pH grows inside the egg, the better its
quality is maintained. This slowdown in case of layers diets enrichment with Se
and with vitamin E at the same time is accompanied by an increase in the
strength of the vitelline membrane and/or the putamen [47]. Improvement in
the preservation of the yolk oxycarotenoid pigments in eggs was also reported:
feeding Se-yeast to laying hens resulted in a significant increase in the yolk color
grade on the Hoffmann-La Roche scale from 4.77 in the control to 5.04 [48].
The slowing down of yolk and albumen oxidative products accumulation in eggs
after introducing Se into the diets of laying hens is usually associated with an
increase in the activity of GP. Both organic and inorganic forms of Se influ-



enced the concentration of malondialdehyde (MDA) in fresh and stored eggs,
however inorganic selenium was less effective after long storage periods [49].
Feeding Se (in 0.3 mg/kg) in the form of Se-yeast significantly reduced the con-
centration of MDA in the yolk compared to the control (without feeding seleni-
um) [12]. Concentration of carbonyl compounds in albumen also decreased,
making 4.55 and 4.43 nmol/mg of 2,4-dinitrophenylhydrazine with doses of Se
of 0.3 and 0.6 g/t respectively (control: 4.67 nmol/mg).

Zinc. Zn is part of and/or mediates the activity of several hundred en-
zymes [50], including carbonic anhydrase, which provides carbonate anions to
form eggshell [51]. Zn is necessary for antioxidant protection as one of the co-
factors of superoxide dismutase (SOD) that converts superoxide anions to hydro-
gen peroxide [52]. It also reduces oxidative stress by being an antagonist of ions
of transition metals with a high redox (inorganic copper and iron), preventing
the formation of hydroxyl radicals from hydrogen peroxide. In the Fenton reac-
tion, Zn competes with other transition metals (Cu and Fe) beyond the binding
locations and serves as an electron donor for these reactions [53-55]. The acute
antioxidant effect of zinc is related to its antagonism to other transition metals
and the protection of sulfhydryl groups of proteins. The chronic effect manifests
itself in protection from prooxidants through participating in the synthesis or
activation of other antioxidants, for example metallothioneins. Metallothioneins
are cysteine-rich proteins. They include the Zn-dependent ones, which are ca-
pable of neutralizing oxygen radicals [56] and binding divalent metal cations,
regulating their homeostasis [57].

Zinc deficiency in the diets of young animals causes abnormalities and
defects in bone development, poor bone mineralization, growth retardation, coat
deterioration and dysfunction of immune system [57]. High content of this ele-
ment worsens the mineralization of the skeleton due to impaired absorption and
use of Ca and P [58]. Most likely, this effect is related to the competition be-
tween trace elements for inhausting sites in the digestive tract of birds. Superhigh
doses of Zn (~ 10-20 g/t of feed) cause pancreatic and muscular stomach can-
kering in birds [59]. Another negative consequence of high doses of Zn is an
increase in its excretion and quantity in litter. Since plants poorly accumulate
Zn, it can reduce soil fertility [60]. At the same time, an increase in nitrogen
retention was reported in response to the Zn introduction into the diets. Zn in-
hibits the microbial enzyme uric acid-degrading uricase [61].

Formerly, zinc was added to poultry diets in the form of inorganic sul-
phate or oxide. The National Research Council (NRC, USA) [62)] establishes
the following standard rate of Zn in the diets of egg-producing poultry: 38-40 g/t
for the young, 33-35 mg/t for adults, whereby the requirement of brown crosses
is slightly lower than that of white ones. Later, they used organic forms of Zn,
mostly chelate compounds with different amino acids (most often with methio-
nine), small peptides and proteins, and picolinic acid (pyridine-2-carboxylic).
Availability of feed zinc depends on the composition of the diet, for example,
the content of phytates (inositol-polyphosphates). The latter include some that
are able to firmly chelate Zn. Adding phytase to a diet rich in phytate increases
the bioavailability of Zn, feed intake and the increase in body weight of broilers
[63]. Other divalent metals competing with Zn for inhausting sites and carrier
molecules can also affect the availability of feed Zn [64]. For broilers, the bioa-
vailability of the Zn with amino acids complex was 64 % higher than that of zinc
sulfate, while the poultry that received the organic form showed improved feed
conversion [65]. Similar results were obtained by N.M. Salim with contributing
authors [66]. However, some studies almost did not make any difference be-
tween the bioavailabilities of organic and inorganic Zn [67]. A number of studies



stated that the bioavailability of Zn from different preparations can be evaluated
by its solubility in a buffer with pH 5.0 [68], where Zn proteinate sample showed
better bioavailability of Zn. The positive effect of combined use of organic and
inorganic Zn is shown. Since zinc is absorbed in the small intestine both passive-
ly (diffusion) and with the involvement of proteins that perform the transmem-
brane transport of divalent cations, the simultaneous presence of two forms of
Zn in the chyme allows using different absorption mechanisms in case of com-
petition or inhibition of one of them [69, 70]. Comparing the two doses of Zn
(25 and 50 g/t) in the form of sulfate and organic preparation in layers it was
established that neither the dose nor the form of Zn influenced egg production
capacity, egg weight and feed conversion. However, both forms increased the
height of albumen and the Haugh index [71].

It is known that in adult egg laying poultry the amount of zinc in the di-
et is related to the quality of the eggshell and the bone structure (osteoporosis),
the latter being especially important for the cage housing of layersdue to the
syndrome of cellular fatigue. The recent study that used different forms of zinc
and other trace elements [72] pointed out that the strength and specific gravity
of eggshells showed proved linear increase (p < 0.05) with an increase in the
amount of Zn in the diet (from 30 to 120 g/t). The egg breakage rate decreased.
The authors attribute the eggshell quality to an increase in the density of the pal-
isade layer and a decrease in the density of the mamillary layer. Laying hens that
received Zn in doses from 0 to 80 g/t in the form of sulfate or chelate with hy-
droxy methionine showed that the organic form caused better confirmed im-
provement (p < 0.05) of the thickness and strength of the eggshell, the strength
of the tibia, as well as the titer of antibodies against sheep erythrocytes [73].
Egyptian researchers [74] studied the possibility of producing zinc-enriched eggs
in the chickens of the local breed Golden Montazah, feeding it in the form of
sulfate or chelate with methionine (0, 50, 100, and 150 g/t). At the maximum
studied dose of ZnMet, the highest concentration of Zn in eggs was recorded
(2.23 mg/100 g of content), while the excess over the control was proved in all test
groups (p < 0.01), except for the one that got Zn sulfate in the dose of 50 g/t. In
terms of productivity, the most effective dose came out to be 100 g/t: this group
showed better egg production capacity, egg weight and significantly improved
feed conversion. In all experimental groups, regardless of the source of Zn, the
concentration of Zn, total protein, albumin and globulin fractions were in-
creased in the plasma of the layers. The quality of albumen (relative mass, thick-
ness, Haugh index) also improved.

A series of experiments [75] on 19-60 weeks old layers of the Bovans
(White Leghorn) cross, having compared the effect of Zn sulfate and the organic
preparation Availa-Zn (Zinpro, USA) in doses of 40, 80 and 120 g/t, did not
justify significant influence on feed intake, egg production capacity, feed conver-
sion, bogy weight gain, egg weight, relative shell weight, bone strength, and keel
bone fractures rate. A dose of 80 g/t in both forms increased the eggshell strength
(p < 0.05). The organic form increased the relative weight of the yolk (p < 0.05)
more effectively compared with the same dose of sulphate. The best coat condi-
tion was in birds that received 80 g/t of sulphate, the worst one — in case of
feeding 120 g/t of the organic form. Fecal excretion of Zn increased in propor-
tion to its dose in the diet and regardless of its form. A regression equation link-
ing Zn concentrations in the diet and litter (p < 0.0001, R2 = 0.78) was derived
as follows: Zng, g/t = -70.057 + 3.706 X Zn;, g/t. The positive effect of zinc for
laying hens in case of thermal [51] and cold stresses [76] and in protection
against coccidiosis and eimeriosis [77] was reported. After feeding organic or
inorganic Zn to layers, its maximum accumulation was 18 ug/g of egg content.



In vitro bioavailability of Zn for humans was 75 % in raw eggs, 69 % in boiled
eggs, and 65 % in fried eggs [78]. It has been concluded that Zn-enriched eggs
can provide up to 150 % of the daily requirement of a year old children in this
trace element.

A positive effect of combined organic forms of Se (0.3 g/t) and Zn (60 g/t)
in quails’ diet on egg quality during storage (4 °C or 20 °C) was reported [79]. Zn or
Zn + Se contributed to a better preservation of albumen compared to the control
without additives or fed Se only. This combination looks promising, for Zn improves
the quality and oxidation stability of albumen, Se — the same of yolk. However,
selecting dosages and forms should be very careful, since there is antagonism be-
tween these trace elements due to competition for intestinal inhausting sites [80].

Iodine. This is one of the irreplaceable trace elements in human and
animal nutrition. According to the World Health Organization, iodine deficiency
is found in about 30 % of the world's population (over 2 billion people). At the
same time, 655 million have thyroid gland hypertrophy, and over 50 million suf-
fer from mental disorders caused by iodine deficiency in their mother's diets
[81]. In Russia, 75 % of the population has its deficiency, manifested to a vary-
ing degree [82]. Many countries approved iodine deficiency prevention programs
that use iodized salt and iodized food products — bread, milk and eggs [83]. Io-
dine is a part of thyroid hormones - thyroxine and its derivatives. They regulate
metabolism (particularly the cellular oxidation processes) and significantly affect
the growth and productivity of poultry. lodine deficiency in laying hens can in-
terrupt metabolism, reduce egg production capacity, and cause hypertrophy of
the thyroid gland [84]. Thyroid hormones participate in the function of the pi-
tuitary gland, responsible for birds' photosensitivity and puberty [85]. Thyroid
hormones (T3 and T4), as well as iodide, accumulate in the ovary, resulting in
iodine easily transferred to the oocysts [86]. Thus, when feeding layers with io-
dized feed, the concentration of iodine in the egg yolk is usually ten times higher
than that in the albumen.

Iodine is absorbed in the stomach and small intestine, and hormone-like
iodine compounds can enter the bloodstream without cleavage [87]. Inorganic
iodine is absorbed mainly in the form of iodide. The availability of feed iodine
depends not only on its form, but also on the composition of the diet. For ex-
ample, goitrogenic anti-nutritional factors (thio- and cyanoglycosides, etc.) of
some cruciferae (canola) and leguminous crops (soybean, lupine, pea) impair
absorption and use of any form of iodine [88]. It is also known that the assimila-
tion of feed I is affected by the content of K, Ca, Sr, F, and Co in the diet [89].
As far as iodine absorbed in the intestine is metabolized mainly by the thyroid
gland and its hormones, the process of stabilizing iodine concentration in eggs
when feeding layers with iodine-rich food takes some time.

Having fed layers with I in the form of iodinated yeast in doses of 1 and
2 mg/kg (control — without I supplement) [90], the first 3 weeks deposition of 1
in yolk and shell either remained the same or slightly increased in all groups.
Between the weeks 3 and 6 it was almost twice lower than before the beginning
of the experiment. From week 6 to 7 I deposition slightly increased, and after
the 9th week it increased rapidly, reaching significantly higher proved values by
the week 12 (for a dose of 2 mg/kg twice as high) compared with the original
ones. Since the same dynamics were observed in the control group, it could be
concluded that in laying hens it was associated with the adaptation of I metabo-
lism to the egg-laying stage, but not to the doses of feed iodine. Another exper-
iment [91] with different doses of iodine (from 0.45 to 13.0 mg/kg), its concen-
tration in eggs after 5 and 10 weeks of feeding was almost the same. However,
this experiment did not involve young layers that started the egg laying, but the



old ones (55 weeks old or older), which were at the peak of egg production. It is
possible that their metabolism has quickly adapted to the intake of I with food,
because at the beginning of the productive cycle they have already passed the
maintenance phase of I concentration in eggs. In laying Hisex Brown after
feeding I (3.5 mg/kg of feed) for 10 weeks, its deposition in the yolk was about
5 mg/kg in the first 3 weeks and 17-20 mg in the next 7 weeks [92]. Another
experiment (93) indicated that after 1 month of feeding the diet with 4.0 mg/kg
of iodine, its content in eggs increased from 75.96 pg/100 g of egg content in the
control to 184.5 pg/100 g.

lodine is fed to birds with food or water, most often in inorganic forms
(potassium iodide or sodium iodide, potassium iodate or calcium iodate: anhy-
drous, monohydrate or hexahydrate one). However, inorganic sources are unsta-
ble for they are prone to oxidation and/or reduction. Moreover, I evaporates
(note that iodates are more stable than iodides) when processing and storing
mixed fodders and premixes; light and moisture accelerate the decomposition of
salts and sublimation of free I. lodine losses from iodized salt can start from
50 % after 1 week of storage, from finished feed — up to 70 % after 2 months of
storage. The incompatibility of inorganic forms of I with the salts of certain trace
elements (especially, copper) in premixes has been reported. Moreover, the re-
leased I can destroy vitamins and other biologically active substances [94]. It
should be noted that the amount of iodine in the feed will be lower than ex-
pected: for example, for a calculated value of 5 mg/kg, the analysis of the chem-
ical composition of the feed revealed the actual amount of I of only 4.20 mg/kg
[95]. Due to the instability and high reactivity of I compounds, a scatter of eval-
uation results is possible depending on the method of analysis. In most of the
research on layers, the I content was determined either with the aid of ion-
selective electrodes, or spectrophotometrically using the classic Sandel-Kolthoff
method [96].

A number of stabilized sources of feed iodine like iodinated yeast, sea-
weed (kelp, etc.), iodine casein, and iodized extruded soybean have been devel-
oped. Russia uses Monclavit-1 preparation (Orgpolmersintez LLC, St. Peters-
burg), an aqueous-polymer system with I as a complex of poly-N-vinyl amide
cyclosulphonic iodide, which performs an additional function of the drinking
system disinfectant [82]. Another one is Yoddar (Innbiotekh LLC, Moscow), a
dry fodder preparation based on iodized casein of cow's milk (iodine casein)
[94]. Ukraine developed a liquid thermostable concentrate of iodine (Jodis R&D
and manufacturing company, Kiev) that can be given with water or food [97].
Organic sources of iodine (for example, iodotyrosine, where I is bound covalent-
ly and can be cleaved almost exclusively enzymatically) are more stable. Despite
the greater preservation of iodates in feeds and premixes if compared to iodides,
at the same dose of I, the element was better absorbed and transferred to eggs
from potassium iodide than from potassium iodate [88] or calcium iodate [95]
when used in doses (for I) 1-5 and 0.25-5.0 mg/kg, respectively. Comparison of
calcium iodate with iodized yeast [98] showed that organic iodine preparation is
more effective. After feeding in a dose of 1 mg/kg of feed (for iodine) for 12
weeks in the form of iodate and I-yeast, the concentration of iodine was 58.0
and 104.5 pg/100 g of yolk (p < 0.05), at initial indexes in the groups of 50.57
and 51.75 pg/100 g of yolk, respectively. Note that feeding I-yeast (at a dose
of I 2 mg/kg) resulted in the accumulation of the element in an amount of
110.5 pg/100 g of yolk. That is, only 6 % more than at a dose of 1 mg/kg.
Perhaps, in case of higher content of organic and inorganic forms of iodine in
feeds this comparison will produce different results. NRC recommendations
[62] establish the requirement of growing and adult egg hens in iodine of 0.33-



0.48 mg/kg of a diet. At the same time, the maximum allowable amount of io-
dine in the rations of laying hens in the European Union in 2005 was reduced
from 10 to 5 mg/kg of feed at a humidity of 12 % [99].

High doses of iodine are toxic to poultry and worsen its health and
productivity. It was reported that a dose of iodine of 6.07 mg/kg in the form of
calcium iodate in the diet of ISA Brown layers fed for 52 weeks of the produc-
tion period slightly reduced the egg production capacity, egg mass and feed con-
version if compared to a dose of 3.57 mg/kg. The decrease of the relative mass
of the yolk (to the egg mass), the albumen Hau index and the absolute weight of
the eggshell was proved (p < 0.05) [100]. Similar results were obtained in the
experiment that compared doses of iodine of 0; 3; 6; 12 and 24 mg/kg in the
form of calcium iodate. These doses were fed to brown layers for 30 weeks. Dos-
es of 12 and 24 mg/kg resulted in a decrease in the Hau index and in the rela-
tive mass of albumen, as well as in the deterioration of feed conversion. The
doses of 3 and 6 mg/kg [101] were considered safe for laying hens' productivity
and egg quality. In both experiments the content of iodine in yolk, albumen and
egg increased in proportion to its dose in the diet.

The Egyptian researchers' experiment [102] with different contents of I in
the feed in the form of KI in the doses of 0.3; 0.6; 1.2; 2.4; 4.8 and 9.6 mg/kg
resulted in recognizing the dose of 2.4 mg/kg the most effective in affecting the
productivity of chickens. The authors note that it allows obtaining iodine-
functional eggs that can satisfy 44% of the daily requirement for iodine in chil-
dren aged 1-10. With the increase in the amount of iodine in the chickens’ diets,
it was proved that the concentration of hormones T3 and T4, phosphorus and
alkaline phosphatase in the blood plasma increased, and the amount of calcium
decreased. The authors associate this to the effect of increasing the concentra-
tions of thyroid hormones on gonadotropin secretion. Previous studies reported
that in rats hyperthyroidism induces hyperphosphatemia and hypocalcemia
[103]. The experiment conducted in India [91] compared doses of iodine (calci-
um iodate) of 0.45 (control); 3.25; 6.50; 9.75 and 13.0 mg/kg according to the
economic efficiency of enriched eggs production. Eggs were checked for iodine
content after 5 and 10 weeks of layers' consumption of enriched diets. The io-
dine concentration in the egg increased with the increase in its dose. The lowest
cost for feeding was recorded in the group receiving a dose of 6.50 mg/kg. In
the groups receiving I in the amount of 3.25 and 9.75 mg/kg, this indicator
was not different from the control. According to the same authors [104], high
doses of iodine (9.75 and 13.0 mg/kg) significantly and reliably (p < 0.05) re-
duced digestibility and the use of macronutrients in the diet. The doses of 3.25
and 6.50 mg/kg were considered to be the most effective ones. The experiment
[105] that compared doses of iodine of 0; 5; 10; 15 and 20 mg/kg of feed (calci-
um iodate) showed that a dose of 10 mg/kg had no adverse effect on the
productivity indices of the layers. On the one hand, in this case, the minimum
content of cholesterol in the yolk was reliably recorded (p < 0.05). On the other
hand, the minimum relative mass of eggshell and the maximum egg breakage
rate and eggs with soft shell were also recorded.

Another important aspect of enriching eggs with iodine is the stability of
this element in eggs after cooking. Previous research reported that after boiling
the eggs, iodine of the albumen is usually destroyed, while the I concentration in
the yolk decreases averagely by 10 % [106]. However, other authors [91] did not
note significant differences in the content of iodine in raw and boiled eggs. Io-
dine accumulates not only in the egg contents, but also in its shell, where being
enriched with iodine, its deposition into the eggshell may exceed its deposition
in yolk by an order of magnitude greater [90]. The growing interest in eggshell



preparations as a source of trace elements in human nutrition (including Russia)
[107] may promote using iodized eggshell for their production.

Since the absorption mechanisms of selenium and iodine are different,
their high content in the diet does not interfere with the absorption and assimi-
lation of both trace elements, which allows them to simultaneously enrich eggs.
In rats, it was found that high intake of feed iodine against a background of se-
lenium deficiency leads to an increase in oxidative damage to thyroid tissues due
to a decrease in the activity of the thyroid gland. At the same time, relatively
moderate doses of Se on the background of iodine deficiency compensate for a
decrease in T4 concentration in the blood plasma [108]. The series of experi-
ments conducted by Russian and Belorussian scientists, it was found that the
inclusion of iodine organic compounds (kelp, I — 0.90 mg/kg) and selenium
(mixed SeMet and SeCys, Se — 0.29 mg/kg) allows receiving enriched eggs
without negative consequences for the productivity of laying hens and the quality
of eggs [109, 110]. A decrease in MDA content in the layers' blood during week
15 of life and an improvement in other parameters of the body antioxidant status
were recorded. Ukraine produces a version of the Yodis preparation (a dose of
active iodine is 80 mg/l), additionally enriched with Se as a citrate (0.05 mg/I).

Thus, it makes most sense to enrich diets of layers and, consequently,
eggs with selenium and vitamin E, since this combination of the two most active
feed antioxidants provides the best protection of the chickens and the high anti-
oxidant status of eggs. The organic forms of Se are the most effective. They are
better transferred to the egg and allow the creation of selenium repository in the
body, which is mobilized in case of oxidative stress. This combination also en-
sures the maximum preservation of polyunsaturated fatty acids in egg yolk lipids.
The optimal ratio of these two antioxidants in the layers diets is still to be de-
termined. It would possibly be determined by the type and composition of the
diet and housing conditions, as well as by the cost of the preparations used. En-
richment of eggs with zinc, when introduced into laying hens diets, enhances the
quality and preservation of albumen, improves the condition of the eggshell,
skeleton and coat, and have positive effect on the immunity of the layers. Inor-
ganic sources of Zn can be introduced into diets at a dose of 50-80 g/t, organic
ones at a dose of 50-100 g/t without reducing productivity. The combined egg
enrichment with Se and Zn through feed is still unpromising due to the antago-
nism between these trace elements, which, perhaps, will be overcome with time
by developing and investigating the interaction of new feed forms of elements.
Increasing the iodine content in the layers’ diets up to 5 mg/kg, it is possible
to obtain an egg, functional for this element. As some authors state, doses of
5-10 mg/kg also do not adversely affect the productivity, but lead to a certain
decrease in the quality of eggs (eggshell thickness and strength, relative mass of
albumen, Haugh index). The combined enrichment of eggs with iodine and Se is
possible because there is no antagonism between these trace elements for absorp-
tion, but there is a certain metabolic synergy. However, the effectiveness of using
different sources of these elements in diets requires further research.
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