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ABSTRACT

The perinatal period (the last few days prior and after hatching) is currently recognized as the
most crucial time in the development of a young chick. During this time, the chicks undergo
metabolic and physiological shifts from the utilization of egg nutrients to exogenous feed.
Unlike mammals, embryonic development in avian species is an external process that occurs
in the absence of continuous maternal energy supply. Especially in the final third of incuba-
tion, embryo development in birds becomes limited by the nutrient content present in the egg.
In ovo technology is defined as the direct application of various feed additives (amino acids,
hormones, vitamins, carbohydrates, minerals, prebiotics, probiotics), vaccines and nanopar-
ticles into different internal parts of the egg during the incubation period. This technique has
been recognized for its potential to improve digestive capacity, increase growth rate and feed
efficiency, reduce post-hatch mortality and morbidity, improve immune response to enteric
antigens, reduce incidence of developmental skeletal disorders, and increase muscle devel-
opment and breast meat yield. Nutrients like carbohydrates, amino acids, vitamins and trace
minerals were found to be most effective for the purpose of in ovo feeding.

1. Introduction

Large selection centres dealing with the genet-

at the same time, the consumption of food per unit
of growth (food conversion) decreased by 2.55%

ic improvement of broilers have created fast-growing
hybrids (provenances) that reach their final slaugh-
ter weight at the age of 35-39 days, with minimal
feed consumption per unit of growth. It is an interest-
ing fact that the body weight of the boilers at the end
of fattening (42nd day after hatching) in the period
from 1957 to 2014 grew by 3.30% every year, while

(Kucharska-Gaca et al., 2017). However, the inten-
sive growth of genetically improved hybrids caused
the appearance of numerous health disorders, such
as ascites, sudden death syndrome, improper devel-
opment of the skeletal system (leg problems), and
increased sensitivity to pathogenic microorganisms
(Radulovic et al., 2023). Genetic progress has put
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more stress on the fast growing and high meatiness
bird, which resulted in histological and biochemical
modifications of the muscle tissue by impairing some
meat quality traits (Petracci and Cavani, 2012).

In addition to all these previously mentioned
problems, it is considered that the amount of nutri-
ents contained in the egg is no longer sufficient
for the optimal development of embryonic tissues.
Unlike in mammals, embryonic development (inside
the egg) in poultry is an “external process”, dur-
ing which there is no possibility of supplying ener-
gy and other nutrients from the mother, and which
makes the nutritional status of the embryo crucial
for the success in the production of chicks. In rela-
tion to the total lifespan of modern broiler hybrids
(35-39 days), the embryonic phase (21 days) repre-
sents about 33-38%. Bearing in mind that the forma-
tion and early development of tissues (muscles and
digestive tract) takes place precisely in this phase,
there is a strong connection between embryonic
development and the production results that broil-
ers can achieve during the fattening period. Physi-
ological and metabolic imbalances at the end of the
embryonic phase and the initial period of develop-
ment after incubation of chicks negatively affect
their subsequent growth and carcass characteristics
(Retes et al., 2018).

At the same time, it should be noted that in
industrial production, after hatching, chicks gen-
erally remain without food and water for 24-72
hours. This occurs due to different hatching times,
handling of chicks (separation by sex, vaccination,
packaging) and the time required to transport them
to the farm (Willemsen et al., 2010). As a result, the
starvation of chickens during this period has a neg-
ative effect on the morphometric characteristics of
the mucous membrane of the digestive tract (short-
ening of the height of the intestinal villi and reduc-
tion of the depth of the crypts). In this way, the abil-
ity to digest and absorb nutrients (from the complete
mixtures that the broilers will receive upon arrival at
the farm) is reduced and the time required to reach
slaughter weight is increased by 1-2 days. Due to
the impossibility of food intake, peristaltic move-
ments (which are activated by exogenous feed-
ing) are absent, which results in slower transport
of the contents of the yolk sac into the intestines.
The impossibility of access to food additionally lim-
its the use of nutrients that are present in the yolk,
which leads to the consumption of energy reserves
in the body. Under these conditions, the prolifera-
tion of satellite cells is reduced and muscle growth

is inhibited, which further reduces the initial perfor-
mance of broilers (Zhao et al., 2017, Noy and Slan,
1999). For all these reasons, embryonic nutrition is
a key factor for muscle and digestive tract develop-
ment during late embryonic development and in the
first days after hatching.

2. In ovo technique

In order to overcome all the mentioned prob-
lems, and primarily to increase the availability of
nutrients to the embryo, the in ovo nutrition tech-
nique was developed. With this technique, nutri-
ents can be delivered (inoculated) to different inter-
nal parts of the egg. In ovo technology (Lat. in the
egg) is defined as the direct application of feed addi-
tives (amino acids, hormones, vitamins, carbohy-
drates, minerals, prebiotics, probiotics, vaccines and
nanoparticles) during the egg incubation period. By
timely supply to the embryo of nutrients, positive
effects on its growth, d evelopment, and resistance
are achieved, but at the same time, long-term effects
are accomplished, which become visible only during
the next period, i.e., rearing and fattening of chicks
(Saeed et al., 2019). The main goals of this tech-
nique are reflected in treated individuals by the fol-
lowing:

1) Lower embryo mortality (by strengthening
immunity and defence against pathogenic
microorganisms),

2) Higher body mass at hatching,

3) Stimulated development of the gastrointestinal
tract before and after hatching,

4) Growth stimulation,

5) Better utilization of feed, and

6) Higher meat yield (Bhanja et al., 2013).

The entire process of this technique can be
applied manually or automatically. Both types of
application have proven to be effective, but their
choice depends primarily on the number of eggs that
need to be treated, the age of the embryo, and types
of inoculants that are used. This technique was first
applied on a larger scale in the 1990s in the United
States during the automatic vaccination of poultry
against Marek’s disease and Gumboro disease. After
that, the possibility of its much wider application was
recognized, primarily in the stimulation of embryon-
ic development, immune response and the develop-
ment of beneficial types of bacteria in the digestive
tract of the embryo (Kadam et al., 2013). Joki¢ et al.
(2023) described in detail the entire procedure of the
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in ovo technique, where the first step in the practical
work is the selection of a specific hybrid of laying
hens that will be examined or the collection of eggs
from local producers. It is necessary to first examine
all eggs, then discard the damaged ones and weigh
only the ones that will be further used. The eggs are
then laid in an incubator with controlled temperature
and humidity (37.5°C and 60.0%, respectively, for
Cobb 500). After a certain period (most often on the
6™ day of incubation), the eggs are lamped and the
non-fertile ones are discarded, while the fertile eggs
are distributed into the appropriate groups. After a
few days (generally on the 18" day of life) the fol-
lowing procedure is applied to evaluate the success
of this technique:

1) The first group of eggs is treated with the pre-
pared inoculum,

2) The second group is not treated and serves as a
control, while

3) The third group is treated with normal (physio-
logical) solution.

In this way, it is possible to compare the third
with the first group, considering that handling eggs
and piercing the egg shell with a needle can have
negative effects on the development of the embryo.
The solutions used for in ovo treatment must be
heated to a temperature of 30°C before use. At the
same time, it is very important to use a new ster-
ile needle for each egg, which can be of different
dimensions (most often 13 x 0.3 mm or 18.4 x 1.27
mm) and a syringe with a volume of 1 ml. The injec-
tion site on the egg must be disinfected with iodine,
alcohol or another disinfectant, after which the con-
tents of the syringe are applied to the desired part of
the egg, usually the amnion. In order to ensure suc-
cess in the work, a certain number of eggs must be
broken immediately after the treatment in order to
check the accuracy (precision) of the application of
the inoculum in the desired region. The needle pen-
etration site is sealed with paraftin, and all eggs are
then returned to the incubator. The room where the
incubator is located must be regularly disinfected
and a constant temperature and air humidity must
be maintained. After hatching, the time elapsed from
the beginning of incubation, percentage of hatch-
lings, and the body mass of chicks are measured.
The hatched chicks can be sacrificed immediately
or they are assigned further to rearing, during which
they can be subjected to histological, biochemical

and microbiological tests. At the end of the 25" day
from the start of incubation, all unhatched eggs are
opened to assess the cause of embryonic death and
then record their number. Various factors, such as
the site and rate of injection, the volume of the inoc-
ulum, and even the dimensions of the needle used,
can have a significant impact on the success of the in
ovo feeding technique.

3. In ovo administration of the inoculum

There are five basic egg regions into which
inoculation can be conducted:

1) The body of the chicken embryo,
2) Amniotic fluid,

3) Allantoin membrane,

4) Air sac, and

5) Yolk sac (Saeed et al., 2019).

In the initial stage of embryonic development,
the inoculum is injected into the egg whites at a
depth of 12 mm, as close as possible to the germinal
disc. Only at a later stage of development are embry-
os inoculated into the yolk sac. This site is suitable
for injection, primarily due to its large surface area
and ability to digest nutrients. After the 17" day of
incubation, the yolk sac is resorbed (but not com-
pletely), so the application is made into the air sac
or amnion. It is considered that in the late stage of
embryo development, in ovo administration is best
carried out into the amniotic fluid, which then comes
into contact with the cells of the digestive tract and
serves the embryo as a source of nutrients. There-
fore, the material injected into this area will be used
together with the amniotic fluid (Kucharska-Gaca et
al., 2017). It is interesting to note that when vaccine
is administered into the amniotic fluid, regardless of
the day of vaccination, more than 90% protection is
achieved, while injecting the same vaccine into the
allantoin fluid or the air sac creates less than 50%
protection. Special attention must be paid to the
depth of injection. If the needle is not applied deep
enough into the egg, dispersion of the inoculum into
the allantoic fluid or air sac may occur, while insert-
ing the needle too deeply can result in trauma to the
embryo. The injection site is determined based on
the characteristics of the injected substance, the pro-
cedure of its introduction, the age of the embryo,
etc. (Roto et al., 2016).
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4. Nutrients with highest potential for in ovo
administration

Carbohydrates

Among the nutrients most often examined
in the in ovo technique, carbohydrates are in first
place, because inside the egg they occur only in
very low concentrations (amounting to < 1% of
total nutrients, while only 0.3% is free glucose).
An additional reason for the use of carbohydrates
in this diet is the fact that increasing the amount
of available carbohydrates can reduce the use of
amino acids in gluconeogenesis and, thus, increase
protein synthesis in the muscles of the embryo
(Retes et al., 2017). In this way, by using carbohy-
drates and stimulating the proliferation of satellite
cells, long-term effects on muscle growth can be
achieved (increased myofibril diameter and muscle
weight on the 35th day after hatching). By inject-
ing carbohydrates (sucrose + maltose), it is possi-
ble to increase glycogen reserves in the liver and
muscles of the embryo, thus creating favourable
conditions for overcoming the energy deficit in the
last days of incubation (Neves et al., 2016; Saeed
et al., 2019). An important effect of in ovo applica-
tion of carbohydrates is the achievement of a high-
er body mass of chicks at hatching. This can be the
result of an increase in the mass of the yolk sac,
considering that with an additional supply of car-
bohydrates, the embryo has less need to use nutri-
ents from the yolk. However, an increase in the
mass of the yolk sac can also be a consequence
of an increase in water, i.e., the amount of water
present in the yolk, which has a negative effect on
the transport of nutrients from the yolk sac to the
body of the embryo. In order to avoid this effect,
it is necessary to use adequate amounts of inocu-
lum (using too little inoculum does not induce the
desired effect, while using too much inoculum
reduces the percentage of hatching) (Kucharska-
Gaca et al., 2017). Using carbohydrates with the in
ovo technique ensures:

1) Greater presence of these nutrients in the intes-
tinal lumen,

2) Stimulation of intestinal villi development,

3) Stimulation of the activity of brush coat
enzymes, and consequently

4) Improved intestinal capacity for digestion and
absorption after hatching (7ako et al., 2004).

Today, there is an opinion that with in ovo
nutrition, the digestive tract of the treated individ-

uals, in terms of their functionality on hatching
day, approaches the digestive tract of a two-day-old
chicken. The digestive tract does not have the same
ability to absorb all nutrients, nor is it always the
same (constant). Thus, the absorption of carbohy-
drates and proteins is low at the time when chicks
hatch, and gradually increases during the first four
days of life. On the other hand, fatty acid absorption
is high at hatching and remains at this level during
the first four days after hatching. Numerous studies
have shown that when eggs are inoculated with car-
bohydrates, this additional source of energy increas-
es the development of goblet cells (the presence of
carbohydrates in the lumen of the intestine is a trig-
ger for the proliferation of goblet cells) and increas-
es the surface of the intestinal villi, which creates
better conditions for the absorption of nutrients
(Jokic et al., 2023).

Amino acids

Amino acids play a significant role in the
body’s immune response, growth and develop-
ment of embryonic tissues, while, in the absence
of carbohydrates, they can also be used as sourc-
es of energy. In this case, the application of amino
acids can improve embryonic survival and increase
embryo resistance to pathogenic microorganisms. It
was established that during the early period of its
development, the embryo uses the amino acids gly-
cine, proline, lysine and arginine to a great extent.
The needs for proline and glycine increase during
embryonic development, so that in the last third of
incubation, the contents of these two amino acids
are not sufficient for normal embryo growth (Card-
eal et al., 2015; Saeed et al., 2019). In overcoming
this problem, exogenous (in ovo technique) addi-
tion of the amino acids in this phase is useful. By
adding the amino acids proline and glycine in the
last third of embryonic development, it is possible
to limit antibodies from using them as a source of
energy or as a source of protein. In this way, the
basic (immunological) purpose of antibodies can
be preserved, and thus, the conditions for improv-
ing production results during the rearing period can
be provided. In addition to the amino acids pro-
line and glycine, numerous studies have examined
the effects of using arginine and threonine, either
individually or in combination with other ami-
no acids. Arginine is considered an essential ami-
no acid for embryo growth, with its primary func-
tion in protein synthesis, although it can also be
used for the synthesis of glucose (glucogenic amino
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acid). Also, this amino acid is used to create biolog-
ically active components that stimulate the secre-
tion of growth hormones. Arginine also has the role
of an immunomodulator, because it participates in
the production of nitric oxide and in the increasing
the function of the thymus over time. The amino
acid threonine is the main component of intestinal
mucin and participates in the synthesis and control
of the secretion of pancreatic enzymes, which pro-
motes the development of the digestive tract and the
intake of food after hatching. In addition, threonine
plays an important role in the immune protection
of the body, given that it is part of gamma globulin
(Kucharska-Gaca et al., 2017). After in ovo appli-
cation (20-30 mg) of threonine into the yolk sac of
embryos, the titre of antibodies against sheep red
blood cells increases in broilers. Similar results can
be achieved if other amino acids, such as glycine
and serine, are used simultaneously with threonine
(Toghyani et al., 2018).

Vitamins

The only source of vitamins for the develop-
ment of the chicken embryo is a well-balanced diet
of the mother hen. Mistakes made when formulat-
ing the ration intended for the parent flock often
result in deficits and inadequate embryo develop-
ment, as well as increased embryonic mortality
(most often in the middle or later stages of incuba-
tion). In this way, the application of vitamins and
minerals is aimed at:

1) Improving the antioxidant status of the embryo,
2) Increasing embryo immune response,
3) Improving the bone system, and

4) Improving production results of chicks after
hatching (Joki¢ et al., 2023).

During the utilization of lipids from the yolk
sac, long-chain polyunsaturated fatty acids (PUFA)
are formed in the embryonic tissues. A high concen-
tration of PUFA in cell membranes increases the sen-
sitivity of the embryo to the action of free radicals,
which results in tissue breakdown and cell death
(Selim et al., 2012). Antioxidants present in the egg
yolk control this process by reducing or deactivating
free radicals. However, a special problem is caused
by the fact that when hatching, chicks switch from
the so-called chorioallantoic respiration to the pul-
monary type of respiration. This switch causes the
concentration of oxygen in the tissues to increase,
and due to intensive oxidative processes, the pro-
duction of free radicals increases significantly

(Araujo et al., 2019). Therefore, in ovo inoculation
of antioxidants can significantly improve the antiox-
idant capacity of embryonic tissues, hatching, qual-
ity of chicks, as well as the production results that
they will achieve during fattening. The effects of the
use of vitamin E have been mostly studied in numer-
ous in ovo studies. Its use can provide adequate pro-
tection of intestinal cells in the fight against free rad-
icals and, thus, increase cell renewal and stimulate
the growth of intestinal villi in the duodenum (Bhan-
ja et al., 2012). At the same time, by increasing the
antioxidant capacity (with the use of vitamin E) in
the yolk sac, both the embryo and the chick in the
first days after hatching are given the opportunity to
more fully use the available nutrients. In addition to
vitamin E, positive effects have been noted with the
use of other vitamins, such as vitamins B1 and B2
in stimulating growth, as well as vitamins A, B1 and
B6 in improving the immune response of broilers
(Saeed et al., 2019).

Mineral substances

The role of minerals in the development of the
skeletal, muscular, immune and cardiovascular sys-
tems is well known. Their optimal deposition in dif-
ferent parts of the egg is crucial for the proper devel-
opment of the embryo. The hen (mother) deposits
minerals in the egg in two ways:

1) Through the ovary to the yolk, and

2) Through the oviduct to the albumen, shell and
shell membrane (Yair et al., 2015).

During the last days of incubation, the amount
of Cu, Mn, P and Zn in the yolk is very low, so the
embryo uses these minerals very little or not at all
during this period (Yair and Uni, 2011). /n ovo use
of organic forms of Cu, Fe, Mn and Zn can increase
their contents in the yolk and, thus, their use by the
embryo. In this way, a long-term positive effect
on mineralization and bone strength of broilers is
achieved. Likewise, when using the aforementioned
microelements, but in inorganic forms, their concen-
tration in the yolk increases, which indicates that the
form of the used minerals is not crucial for this trans-
port (Oliveira et al., 2015). In addition to the above-
mentioned forms, in recent years, nanoparticles have
been attracting more attention, i.e., nano forms of
minerals are interesting considering the possibility
that they bypass normal transport and undergo facil-
itated passage through the cell membrane. The use
of nano forms of Zn, Cu and Se through in ovo feed-
ing improves the feed conversion in broilers during
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fattening, as well as increasing the yield of breast
muscle (Joshua et al., 2016). Using sodium selenite
(Na,SeO,) as a source of Se improves the immune
response and antioxidant capacity of chickens, espe-
cially if they are previously exposed to Eimeria
maxima and Clostridium perfringens—the causative
agents of necrotic enteritis (Lee et al., 2014).

Other substances suitable for in ovo feeding

In addition to all the listed and described nutri-
ents, specific potential is also shown by other sup-
plements, such as:

1) Growth hormone (IGF I)—stimulation of
growth and development of muscle tissue
(Bhanja et al., 2014),

2) Grapefruit seed extract—improved degree of
hatching, improved daily gain and reduction of
the population of Escherichia coli in the ileum
(Hayati et al., 2014),

3) L-carnitine—improvement of the transport of
fatty acid acyl residues from the yolk sac to
embryonic tissues (Cardeal et al., 2015), and

4) In recent years, the possibility of early man-
agement of the microbial composition of the
digestive tract in chickens has been highlight-
ed as a special segment of in ovo nutrition. The
concept itself does not represent anything new
in poultry production, but the possibility that
the management of microbiota, instead of in
chicks during the rearing and fattening peri-
od, can already be started during embryon-
ic development, represents a great innovative
progress. The aforementioned concept of nutri-
tion in modern literature is referred to as “early
programming” or “early programmed develop-
ment”, and implies the use of feed supplements
such as probiotics, prebiotics, symbiotics and
phytogenic preparations. Their common goal
in the body of the treated individual is the
establishment of a desirable and stable rela-
tionship between beneficial and harmful bac-
teria in the digestive tract. In this way, a eubi-
otic effect and a positive impact on the health
of the digestive tract, as well as the health of
the whole organism, is achieved, which is a
basic prerequisite for achieving high produc-
tion results (Pruszynska-Oszmalek et al., 2015;
Tavaniello et al., 2018).

5. Future approaches regarding the in ovo
technique

With the introduction of the in ovo feeding
technique in poultry production, a new chapter has
opened in the development and nutrition of broil-
ers, and farmers are given the opportunity to manage
this process before the birds arrive on the farm. The
in ovo technique offers great potential for improv-
ing the animal’s immune system and production
results. Given that in ovo vaccination has already
become a common practice in modern poultry pro-
duction, it is also desirable to enable the simultane-
ous application of in ovo nutrition and vaccination.
In this way, the negative impact of additional egg
handling is reduced and its practical application is
facilitated, with lower overall costs. New trends in
the application of in ovo nutrition are mainly aimed
at examining the influence of the used inoculum on
the expression of genes that control the creation of
hormones and enzymes (as part of the modern con-
cept of nutrigenomics). A number of substances
used in the in ovo technique have shown potential
to improve embryo growth and development, but the
results obtained have often been inconsistent. For
these reasons, further research is necessary in which
only those substances with a constant effect in appli-
cation will be singled out, and the mechanisms
underlying the obtained results will be explained.
Taking into account the fact that in a large number
of in ovo feeding experiments, an unsuitably low
percentage of hatched chicks resulted, it is neces-
sary to define and establish less aggressive proce-
dures which will avoid or at least reduce this effect
and keep the hatching rate above 90%. In order to
motivate producers for the wider application of in
ovo nutrition, more detailed assessment of the long-
term effects that this technique provides, primar-
ily through the improvement of production results
during the exploitation of individuals, will be nec-
essary. A new aspect of this diet, which is develop-
ing intensively, points to the possibility of early pro-
gramming, i.e., management of the microbiota of
the embryo with the aim of establishing a desirable
bacterial population, which will be maintained after
hatching and during the first contact with pathogenic
microorganisms from the environment. It is impor-
tant to keep in mind that the development of the in
ovo diet should not be any obstacle for the contin-
uation of the development of a precisely formulat-
ed diet for chicks during the first week after hatch-
ing (the so-called pre-starter mixture). In fact, both
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mentioned feeding techniques should be developed
in a synchronized manner to enable the best possi-

ble results during both production phases (incuba-
tion and fattening periods).
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