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Abstract: The primary ingredients in poultry feed, cereals, are among the most widely
used crops in worldwide agriculture, with principal staples being wheat, rice, corn (maize),
sorghum, barley, oat and millet. The scope of this review is to provide a detailed compar-
ative analysis of the nutritive values of cereal crops, and the antinutrients they contain,
with reference specifically to their use for feeding poultry. These cereal crops range in
biological value from 55 to 77.7%, in protein digestibility from 77 to 99.7%, and in net
protein utilization from 50 to 73.8%. Most essential amino acids, including lysine, are
found in cereal grains, whereas the nutritional value of cereals is impacted by antinu-
tritional elements. These include non-starch polysaccharides (NSPs), such as pentosans
(arabinoxylans) and β-glucan, as well as alkylresorcinols. Around 100 g/kg of pentosans
are found in rye, 50–80 g/kg in wheat and 68–92 g/kg in triticale. There are strategies to
reduce NSPs and other antinutrients and maximize the effectiveness of utilizing grains in
compound feed for poultry. These include the application of enzyme preparations, along
with dry and wet extrusion methods, for processing grains. By restricting our narrative to a
direct comparison of all major staples for poultry feed, we conclude that further research is
required specifically in the area of determining how economically viable it is to feed adult
and young chickens with compound feeds containing various cereal crops. Furthermore,
we speculate on the utility of employing enzyme preparations and extrudates to maximize
feed efficiency.

Keywords: cereal crops; poultry feeding; feeds; nutritive value; amino acids; antinutrients;
enzymes; extrudates

1. Introduction
Cereal crops from the monocotyledon family Poaceae (also known as Gramineae) [1,2],

have evolved from wild grasses to cultivated plants via roughly the same pathways.
Additionally, there are many similarities between the domestication of seed crops in general
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and that of cereals in particular [3]. Larger countries are expected to benefit more from
crop diversification, including diversity of cereals, and farmland area, which stabilize food
production just as much as irrigation. In the effort to provide reliable food supply, this link
can direct the creation of national-specific management plans and policies [4]. Wheat, rice,
corn (maize), sorghum, barley, oat, and millet are the principal crops used to make staple
cereals [1]. These plants have adapted to survive in conditions where they are frequently
subjected to a variety of abiotic stressors, including lack of water, high temperatures, salt
and mineral toxicity [1,5,6]. In terms of chemical composition [2], most cereal crops are
predominantly starch, with the next most common ingredient amylose, followed by protein,
then fat (see Table 1).

Table 1. Approximate chemical content of unprocessed grain 1 (adapted from ref. [7]).

Cereals Moisture (%) Crude Protein (%) Crude Fat (%) Starch (%) Amylose (%)

Corn 13.94 6.86 0.51 63.12 26.80
Rice 14.97 7.06 0.66 81.36 21.26

Millet 10.93 11.20 2.47 69.83 18.84
Black rice 13.67 8.52 2.16 69.36 15.03

Wheat 12.14 12.09 1.55 73.40 25.42
Barley 12.75 11.04 1.75 74.94 37.19

Oat 13.02 12.80 6.14 66.11 48.27
Buckwheat 12.84 12.77 1.32 63.26 32.54
Sorghum 13.64 10.19 0.95 70.85 12.92

1 The dry basis was used to express the quantities of protein, fat, starch and amylose.

Major energy and nutritional sources such as proteins, carbohydrates, minerals, amino
acids, fiber, and micronutrients like zinc, magnesium and vitamins can all be found in
cereals [1,8–11]. Cereals are one of the most commonly used crops in the world’s agriculture,
with over 2.5 billion tons harvested worldwide annually, with projection of 3 billion tons
by 2050 [1,12]. Eighty percent of the cereal grains produced worldwide are grown in Asia,
America and Europe [1]. Both industrialized and developing nations rely heavily on cereals
as a source of nutrients [2], but their approaches to using these grains vary. Whereas 68–98%
of the cereal produced in developing nations is used for human sustenance, over 70% of
the cereal produced in developed nations is fed to animals [1,12–14].

Being used in livestock feeding, cereals are the main components of poultry feed [14–18].
Traditionally, corn and wheat are most widely implemented for this purpose, while barley is
used to a lesser extent; rye and oat in smaller quantities. Among compound feed for poultry
in developed nations, the proportion of traditional cereals has dropped recently, from 69–70%
to 40–50% [19]. This is caused by both secondary substances from industrial processing and
non-traditional feeds, have emerged to supplement the conventional ingredients in poultry
feed [19,20]. These include novel grains, such as sorghum and triticale, that show promise and,
when used rationally, can be valuable components of compound feed, effectively replacing
some of the typical grains [21–28]. Another example of such cereals is black (or brown)
rice that is a regular poultry feed ingredient sold on the India market [29] for utilizing it
in this and other countries where similar poultry feeding practices are engaged. There are
also the respective published researches showing that brown rice is a potential and effective
feedstuff for poultry as established studies, e.g., in Malaysia [30] and Japan [31]. The increasing
proportion of cereals being used to produce biofuels like ethanol, biodiesel, and solid fuel
pellets is also considered crucial (e.g., [32–35]).

The purpose of this review is to elucidate comparative nutritive values of cereal crops,
and antinutrients they contain, in relation to their use for feeding poultry.
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2. Fodder Value of Different Varieties of Cereals
In addition to being high in carbohydrates (primarily starch), all cereals are made up

of proteins, fat (lipids), minerals and other substances that are biologically active [36–42]
(Table 1).

When compared to legumes and oilseeds, cereal grains have lower protein content [1,43],
with corn and rice having the lowest [1]. In various cereal diets provided to growing rats,
the biological value varies from 55–77.7%, protein digestibility from 77 to 99.7%, and net
protein utilization from 50–73.8% [1]. Based on information summarized by Jeyasri et al. [1],
significant cereal crops along with a comparison of their nutritional content are listed in
Table 2.

Table 2. The nutritional value of cereal grains in comparison (adapted from ref. [1]).

Cereal

Factor Protein Quality (%)

Available
Carbohydrates (%) Energy (kJ/100 g) Digestible

Energy (%)
True
Digestibility

Biological
Value

Net Protein
Utilization

Utilization
Protein

Wheat 69.7 1570 86.4 96.0 55.0 53.0 5.6
Corn 63.6 1660 87.2 95.0 61.0 58.0 5.7
Rice 64.3 1610 96.3 99.7 74.0 73.8 5.4
Barley 55.8 1630 81.0 88.0 70.0 62.0 6.8
Sorghum 62.9 1610 79.9 84.8 59.2 50.0 4.2
Oat 62.9 1640 70.6 84.1 70.4 59.1 5.5
Millet 63.4 1650 87.2 93.0 60.0 56.0 6.4
Rye 71.8 1570 85.0 77.0 77.7 59.0 5.1

The fodder value of cereals can be largely determined by their type (e.g., barley,
rye, or triticale), variety and growing conditions [44]. With the improvement of poultry
productivity, these differences are becoming more and more noticeable and important,
with increasing attention paid to this issue. Studies of recent years have showed that
the influence of specific varieties of corn and wheat on the productivity of poultry is
significantly different [45–49]. In a number of studies, it has been established that the
intensity of growth in broilers varies significantly depending on the variety of corn, wheat
and rye [50,51] found that starch digestibility ranged from 84–90% in 93 varieties of corn
and concluded that the cell wall matrix, which includes non-starch polysaccharides (NSPs)
and protein, may be a key factor in determining the different intensity of broiler growth
when using different varieties of corn.

As previously established by Fernandez et al. [52], the comparative nutritional value
of different cereal grains as protein sources can also be assessed in a modified chick bioassay
using the protein efficiency ratio method. Hossan et al. [49] suggested that the nutritional
value of corn can vary significantly depending on the content of starch, fat, protein and
antinutrients such as phytates and enzyme inhibitors. The conditions for growing cereals
are also no less important. In particular, it has been established that the lipid content in the
liver of chickens fed corn from the state of Washington was significantly higher (15.4–19.6%)
than when using corn from the state of Georgia (5.4–7.2%) [45]. The influence of the variety
and growing conditions on poultry productivity is even more pronounced in such cereals
as rye, triticale and wheat that have a high content of antinutritive factors. Lázaro et al. [50]
demonstrated that, when using three varieties of rye for feeding broiler chickens, the Petkus
variety provided better feed intake and the best body weight gains, which can be associated
with the level of NSPs, in particular, the soluble fractions. When comparing two varieties
of wheat, it has been established that the digestibility of soft wheat starch was 6% higher
than that of hard wheat starch [51]. McCracken and Quintin [53] found that wheat quality
is best assessed by its starch content than by its specific weight.



Encyclopedia 2025, 5, 63 4 of 23

Differences in the growth of chickens are observed in relation to feed intake [54] and,
when applying even the same diets, are associated with different characteristics of cereal
varieties used. Pirgozliev et al. [55] established a higher weight increase in the broilers who
were fed wheat from the Abbott variety vs. the Equinox cultivar. Scott et al. [56] noted a
greater body weight of chickens and a lower feed consumption efficiency (measured as
feed to gain ratio, or feed conversion ratio) when the Hard Red Spring wheat was included
in their diet compared to the Canadian Prairie Spring wheat. Among diets of broilers using
three rye varieties, the Petkus cultivar yielded the lowest intestinal viscosity and the highest
feed intake and weight increase [50]. Out of four wheat varieties tested, only the Consort
variety provided a higher ratio of body weight gain to feed consumed (i.e., an inverse of
feed conversion ratio, also known as feed efficiency) [57]. In studies on broilers [58,59], it
was found that, when triticale with a low content of pentosans was used, the performance
of chickens was the same as on a wheat diet, and lower when triticale with a high level of
NSPs was included.

Research pertaining to the influence of NSPs on the metabolic processes in the bird’s
body has been somewhat limited and contradictory. That is, when feed with a high NSP
content, in particular rye, is included in the poultry diet, changes in metabolism are ob-
served, i.e., the assimilation of fats and fat-soluble vitamins deteriorates [53,55,60], mineral
metabolism is disturbed [50,60–63], and the increase in the level of blood glucose after
feeding slows down [64]. Feeding rye-based mixed feed to chickens, on the other hand,
led to a decrease in bone ash content compared to wheat-based diets. An increase in the
level of inorganic phosphorus in a rye diet contributed to the increase in egg production,
although it did not affect the content of bone ash and the level of phosphorus and cal-
cium in the blood [65,66]. Overall, more research needs to be performed to resolve these
apparent paradoxes.

The lipid content in the liver is higher in chickens fed triticale feed compared to
wheat [45]; however, when triticale is used in the diet of laying hens as the only grain
component, the lipid content in the liver is lower than when corn is used [67]. The use of
triticale in chicken diets causes changes in the composition of eggs, i.e., the discoloration of
the egg yolk was noted in hens fed triticale [67]. Studies show that, overall, the intensity
of the egg yolk coloring decreased with an increase in the triticale content in the diet.
The linolenic acid content was higher, and the ratio of oleic and linoleic acids was lower
compared to wheat, while no difference in cholesterol content was found [68,69]. Thus,
despite significant changes in poultry performance and metabolism under the influence
of triticale, such data are quite limited and there is a need for more research, which is a
prerequisite for the stable and successful use of triticale [28].

3. Levels of Amino Acids in Compound Feed from Cereals
Protein consumption and dietary amino acids (the basic structural components of

proteins) play significant roles in animal immunity, growth, and performance [70]. A
greater variety of animals, including companion animals and poultry, now benefit from
improvements in their amino acid diet [71].

Like many other organic substances, the 20 amino acids [72–76] occur in the form
of optically active compounds. The L-forms are usually found in nature, although D- or
DL-forms are more often obtained by chemical means. Experiments have shown that
animals absorb the L-form of valine, leucine, isoleucine, lysine and threonine well, while
tryptophan, histidine, phenylalanine and methionine are used in both forms [77–79]. In
comparison to corn, the grains of rye, barley, and triticale have a higher crude protein
content and a superior amino acid profile, with higher levels of such essential amino acids
as lysine, methionine, threonine, and tryptophan [44,73,80–85] (Table 3).
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Table 3. The amino acid profile of cereal grains in comparison (adapted from ref. [1]).

Cereal
Essential Amino Acids (g/16 g N)

Lysine Threonine Methionine + Cysteine Tryptophan

Wheat 2.3 2.8 3.6 1.0
Corn 2.5 3.2 3.9 0.6
Rice 3.8 3.6 3.9 1.1
Barley 3.2 2.9 3.9 1.7
Sorghum 2.7 3.3 2.8 1.0
Oat 4.0 3.6 4.8 0.9
Millet 2.7 3.2 3.6 1.3
Rye 3.7 3.3 3.7 1.0

In the process of metabolism within the birds’ bodies [86], many amino acids are
synthesized from other amino acids or compounds. Accordingly, they are termed dispensable
(non-essential) amino acids. There are, however, amino acids that cannot be synthesized in the
body or are formed in insufficient quantities in vivo and are therefore called essential amino
acids [11,38,87] (Table 4). Of all the essential amino acids, lysine, methionine, cysteine [88],
tryptophan and threonine, which are the most deficient in compound feed, are of primary
importance [73,83,89,90].

Table 4. Comparison of essential amino acids content (mg/g protein) of cereal flours (according to
the data provided in refs. [11,91]).

Amino Acids Barley Rye Triticale Oat Sorghum Millet

Histidine 33.6 15.5 26.8 37.2 18.8 23.2
Isoleucine 111.2 26.4 33.3 70.8 33.1 48.5
Leucine 12.1 71.3 87.0 132.1 138.2 193.0
Lysine 55.2 89.9 43.9 36.0 12.0 17.9
Methionine + Cysteine 58.6 17.1 40.7 51.6 17.3 33.8
Phenylalanine + Tyrosine 228.4 19.4 45.5 79.2 54.8 46.4
Threonine 49.1 36.4 39.8 60.0 29.3 36.9
Valine 56.0 66.7 47.2 103.2 42.8 54.9

Note: Data amended values from the World Health Organization (WHO)/Food and Agriculture Organization
(FAO)/United Nations University (UNU) report [91]. Bold values represent amino acid content lower than
FAO/WHO suggested requirements [11]. + Conditionally essential amino acids.

The presence of amino acids in the diet of animals, including poultry, is vital and
necessary for the normal functioning of the body [92–94]. In the process of protein synthesis,
different amounts of amino acids are consumed [93]. The absence of at least one important
amino acid limits the possibility of synthesis and thereby the growth and development of
the bird. Limiting amino acids can enter the body of animals as part of feeds produced by
microbiological fermentation methods, or in the form of protein-rich compound feed [95].

The grain of cereal crops contains the most important essential amino acid lysine.
Therefore, the content of lysine in grain can serve as one of the indicators of the overall
quality of protein [96]. There is also a close relationship between amino acids and other
biologically active substances. Thus, when supplying poultry with compound feed that has
a shortage of certain essential amino acids, these birds often develop associated diseases.
Importantly, the main and most obvious effect of an imbalance or lack in essential amino
acids is a reduction in poultry productive performance, which shows itself as slower growth
rates, inferior feed conversion, and decreased egg output. The first and most important
effect is on production traits, even though declining physiological resilience may eventually
make birds more susceptible to disease. In order to prevent a deficit of some essential
amino acids in compound feed, the necessity to maintain optimal synthesis through amino
acid balance is prioritized. Synthetic amino acids are used in feed specifically to solve
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these performance-related inadequacies, guaranteeing both economic efficiency and animal
wellbeing. Compound feed should therefore be balanced in terms of all essential amino
acids, which is why synthetic amino acids are introduced [97,98].

For efficient feed use, diets should be implemented in which both the required amount
of amino acids and their correct ratio are observed. Since a bird cannot store amino
acids, it should get them all at once, continuously and in the proper quantities. Excess of
consumed amino acids are deaminated, with nitrogen being removed in the form of uric
acid, urea and ammonium compounds; the remaining acid is deposited as fat and serves as
a source of energy [18,97,99]. Poultry’s feed utilization efficiency is greatly influenced by
the extent to which amino acids from different feeds are assimilated. As a result, the more
absorption level, the greater the amount of amino acids from a given feed that are available.
Poultry performance, health, and the quality of their amino acid exposure are all directly
correlated [15,17,100–102].

4. Vitamins and Microelements
Vitamins and microelements play a big role in the quality of feed, despite the fact that

they are present in small quantities (Table 5) [1,103]. A lack, just like an excess, of these
components affects animal health, resulting in decreased productivity [104,105]. The main
biological role of vitamins and microelements is that they take part in enzyme systems,
which are specific regulators of biochemical reactions occurring in the bird’s body, and
reagents of photochemical processes occurring in living cells [106–108]. One of the relevant
research areas can be exploring content of vitamins and microelements deposited from
the feed into the eggs (e.g., [24,109,110]) depending on the type and variety of cereal crops
used in the poultry diets.

Table 5. Major vitamins of cereal grains in comparison (adapted from ref. [1]).

Cereal
Vitamins (mg/100 g)

B1 (Thiamine) B2 (Riboflavin) B3 (Niacin)

Wheat 0.45 0.10 3.7
Corn 0.32 0.10 1.9
Rice 0.29 0.04 4.0
Barley 0.10 0.04 2.7
Sorghum 0.33 0.13 3.4
Oat 0.60 0.14 1.3
Millet 0.63 0.33 2.0
Rye 0.66 0.25 1.3

5. Nutritional Value as Affected by Antinutritional Factors in Cereals
A prevalent antinutritional ingredient in a variety of plant-based feeds is phytic acid.

Being a reactive anion, it produces insoluble salts and chelates with essential minerals that
animals with monogastric digestion are unable to ingest. The digestibility of proteins and
carbohydrates is inversely connected with the phytic acid presence in feeds. In particular, it
can attach to proteins and proteolytic enzymes, such as trypsin and pepsin, in wheat, maize,
rice, and sorghum. Because domestic hens lack the indigenous phytase enzymes necessary
to break down phytic acid, there is less phosphorus, calcium, protein, and other related
nutrients available. Adding commercially available microbial phytase to poultry feeds is
essential for environmental sustainability and nutritional improvement. Thus, microbial
phytase is a multipurpose enzyme that helps the environment, animals, and the agriculture
sector overall [111,112].
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Plant fodder, in addition to trophic compounds, also contains other substances that are not
used by animals either for assimilation or energy purposes [113]. Moreover, such components
can negatively affect the assimilation of nutrients, i.e., have antinutritional properties [114].
In most cereals (rye, barley, oat, wheat, and triticale), these antinutrients are primarily NSPs,
including pentosans and β-glucan. NSPs can have a negative impact on the development of
birds; thus, recently, increasing attention has been paid to them [115,116]. NSPs differ widely
in their chemical structure and can consist mainly of pentoses (arabinoxylans) or hexoses, i.e.,
β-glucans (Figure 1) [114]. Fructans, mannans, uronic acids, and pectins are found in cereal
grains in small quantities [117].
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NSPs of wheat, rye and triticale are mainly pentosans and their structure in these
cereals is similar [118–120]. Pentosans are polysaccharides that consist of pentoses, i.e.,
xylose and arabinose, and also include hexose residues. Chromatography of pentosan
preparations showed that their molecules contain a protein bound to carbon chains [121].

According to Choct and Annison [114], NSPs reveal their antinutritional activity
already at a level below 50 g/kg. At the same time, the content of pentosans in rye is about
100 g/kg [121], and in wheat 50–80 g/kg [119]. Triticale occupies an intermediate position
and the content of pentosans in it ranges from 68 to 92 g/kg depending on the variety [122].
There is not too much data on the content of pentosans in cereals of different type, variety
and selection. Since they significantly affect the fodder value of cereals, for their successful
use in feed, it is necessary to conduct more appropriate research. In recent years, the
usage of NSP enzymes has increased significantly, especially in the market sector that
uses non-viscous diets. Additionally, the chicken feed industry currently offers a variety
of product options, such as single enzymes, multi-enzyme combinations, and “complex”
enzymes that provide multiple non-targeted functions in addition to their primary role.
An enzyme solution should be evaluated based on more than just the sheer number
of substrates available in a given diet. NSP enzymes can be categorized according to
fermentation profiles, gut microbiota and its metabolites, nutritional or energy digestibility,
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gut morphology evaluations, or the degree of substrate hydrolysis. However, poultry
performance data continues to be the gold standard for determining the effectiveness of a
feed enzyme [123].

Beta-glucans are a characteristic component of barley and oat, whereas pentosans
predominate in wheat, rye, and triticale [124]. Being linear polymers, β-glucans are
made of homoglucose and present in the endosperm and sub-aleurone layer of cereal
grains [125]. Common in these particular NSPs is the presence of β (1–4) and, occasionally,
β (1–3) bonds, which determine their resistance to the action of digestive enzymes. This is
because enzymes capable of cleaving β (1–4; 1–3) bonds are not synthesized in the body
of monogastrics. Because of their physiological function, β-glucans are categorized as
biological response modifiers. Purified β-glucans from barley and oats have been shown in
studies to improve gastrointestinal health, boost immunity, and help cure inflammatory
conditions in animals. Cereal β-glucans have been shown in cattle studies to improve
gastrointestinal health and increase immunity, mainly through their interactions with the
immune system and prebiotic effects. The health advantages of barley and oat β-glucans
should be taken into account when creating diets for farm animals like hens. Even though
glucans primarily have good pharmacological effects, it is important to be aware of their
potentially harmful side effects [126,127].

NSPs are included in the structure of plant cell walls and, thus, serve as a physical
barrier to the access of digestive enzymes to feed nutrients. NSPs can also bind certain
nutrients and some digestive enzymes, reducing their activity. However, the main negative
effect of NSPs is related to their ability, due to their structure, to retain a significant amount
of water and form highly viscous solutions. According to one classification, cereals are
divided into two categories: viscous and non-viscous, depending on the content of soluble
NSPs in them. Viscous cereals include rye, barley, triticale, wheat and oat that have a high
content of soluble NSPs, whereas non-viscous cereals include corn, sorghum, millet and
rice, which contain a small amount of soluble NSPs [128,129]. At the same time, some
authors associate the negative effect of NSPs on the body of monogastrics only with their
soluble fraction, while according to others, insoluble NSPs have the same negative effect.

Viscosity depends on a number of factors, including molecular size, linear branch-
ing, presence of charged groups, environment, structure and, of course, concentration.
Polysaccharides at low concentrations increase viscosity by directly interacting with water
molecules. When the concentration increases, polysaccharide molecules interact and turn
into tangled networks. Studies by Okolelova et al. [129] revealed a clear correlation between
the viscosity of wheat and the increase in body weight of broilers. The higher the wheat
viscosity, the lower the body weight gain in broilers and the lower the feed conversion.

Due, in significant part, to its chemical structure, arabinoxylan is a complex fiber found
in a variety of grains (e.g., wheat, barley, and maize) with several health benefits. These
include the synthesis of short-chain fatty acids, microbiota regulation, antioxidant quali-
ties, and blood glucose response control. The effectiveness of arabinoxylan in food/feed
systems is strongly correlated with its structural characteristics, including its molecular
weight, solubility, and degree of branching. In fact, the food/feed matrix may influence
how arabinoxylans function in the gastrointestinal system and aid in determining which
particular arabinoxylans can be added to cereal and non-cereal food products or fodder
without sacrificing quality [130]. Importantly, arabinoxylans can form cross-covalent and
intermolecular hydrogen bonds, and such a network structure becomes the reason for
the formation of a gel-like mass. Arabinoxylans can absorb about ten times their weight
in water [124]. As a result, the viscosity of chyme in the gastrointestinal tract increases,
whereas the access of digestive enzymes to nutrients, the diffusion of digested substances
to the mucous membrane and, accordingly, their absorption deteriorate. The volume



Encyclopedia 2025, 5, 63 9 of 23

of chyme increases and its passage through the digestive tract slows down, which, in
combination with an increase in the content of undigested nutrients that enter the lower
intestine, promotes the reproduction of microflora, including pathogenic ones [131]. This
leads to stickiness of droppings, increased contamination of equipment and eggs, and the
deteriorated microclimate in poultry houses.

An increased concentration of NSPs has a negative effect on the morphological struc-
ture of the mucous membrane of the digestive tract. Hereby, goblet cells secrete a large
amount of mucus and the number of villi decreases. That is, the area of absorption,
and, accordingly, the absorption of nutrients deteriorates and cases of enteritis may be
observed [114,129].

Alkylresorcinols are another antinutritive component of cereals. Alkylresorcinols
(1,3-dihydrooxy-5-alkylbenzene derivatives) are long-chain phenolic lipids (Figure 2). They
are found in rye, wheat and triticale [132].
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Concentrated mainly in the upper layers of grain, alkylresorcinols are biologically
active substances that can affect the structure of cell membranes [133]. They are char-
acterized by trypsin-inhibiting activity, reduce appetite in animals and have a laxative
effect. In general, the content of alkylresorcinols, for example, in triticale is 30–50% lower
than in rye, and, accordingly, their toxicity is lower. The number of these antimetabolites
decreases during technological processing and preparation of feed mixtures (by heat treat-
ment, grain grinding, etc.) [132]. On the other hand, alkylresorcinols available in whole
grain are considered bioactive substances. This is because they can limit enzyme activity,
stop bacterial and fungal infections, lower cholesterol absorption, lower the risk of cancer,
and withstand oxidation. Alkylresorcinol research has therefore gained attention over
time. Having lipophilic polyphenolic structures and a variety of biological characteristics,
alkylresorcinols have the potential to be bioregulators of immunological and metabolic
processes as well as adjuvant therapeutic agents for antibacterial and cancer treatment
applications. Understanding the effects of processing on cereal phytochemicals can help
create better processing techniques for cereal products, which will increase the amount of
these beneficial substances retained [134,135]. Research on the effect of NSPs on metabolic
processes in the bird’s body is quite limited and contradictory.

The issue of using freshly harvested grain of viscous cereals deserves special attention.
In most cases, such grain has a negative effect on the bird, which is associated with a high
content of the soluble fraction of NSPs in it. In the process of grain ripening, the structure
of some NSP fractions undergoes changes, as a result of which they lose their solubility
and redistribution between soluble and insoluble polysaccharides occurs towards the latter.
Ripening is mostly completed after three months; by that time, grain viscosity decreases by
5–10 times [120] and its fodder quality improves. Because data on the viscosity of cereal
grains grown in one or another country were not found in the literature available to us, this
issue deserves further attention and needs more research.
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6. Cereal Feeding Effect in Various Poultry Breeds
Despite the presence of antinutritional factors, cereals are a valuable forage crop and

can be used quite successfully for fodder purposes, but its effectiveness depends on the
level of input, type, variety and application conditions [21,40,136–138]. When studying the
fodder value of different feed types and additives, their effect on different breeds should be
compared [24,110]. It has been established that, when chickens of different breeds were fed
diets containing barley, the digestibility of amino acids was higher in Leghorn roosters than
in male broilers of the Ross 308 cross [139]. At the same time, pretreatment of barley also
had a different effect on the digestibility of nutrients in roosters of different breeds. The
replacement of corn with wheat in compound feed led to an increase in feed consumption
in Dekalb cross layers, in contrast to Hisex cross chickens [140]. The inclusion of enzyme
preparations in compound feed with soft wheat increased the protein feed digestibility
in Dekalb cross chickens and had no effect in Hisex Brown cross birds. The efficiency
of assimilation of metabolizable energy from diets based on corn or rice was 81.6 and
79.6% for Leghorn hens, respectively, while it was 74.2 and 76.0% for Rhode Island Red
hens [140,141]. Poultry scientists have established that the difference between breeds in
the efficiency of feed digestion was manifested to a greater extent in wheat-based diets
compared to corn rations [139,141]. When laying hens were fed wheat, triticale, and rye,
there were notable changes observed between breeds in their body weight gain, feed intake,
egg weight, and cholesterol content in the eggs (e.g., [65,142–144]). A more pronounced
effect on the productivity of poultry can have peculiarities in different types of cereals and
agrotechnical conditions of their cultivation. Therefore, the study of certain varieties of
cereals on various poultry breeds deserves further attention.

7. Ways to Increase the Efficiency of Using Cereals in Compound Feed
for Poultry

The presence of antinutrients in cereals, such as NSPs, alkylresorcinols and trypsin in-
hibitors, significantly reduce the biological value of the cereal crops [19,83,145], preventing
the full use of these cultures in poultry feeding. However, the influence of antinutritional
variables can be mitigated with the use of a variety of technological approaches [41,95].

7.1. Enzyme Preparations

Using enzyme preparations is one of the more promising ways to cleave
NSPs [140,146,147]. The primary adverse impact of cereal NSPs is associated with its
ability to increase chyme viscosity, which is attributed to its polymer structure. Therefore,
breaking down these polysaccharides into smaller pieces should inhibit the formation of a
mesh structure and jelly-like chyme, while also considerably diminishing their antinutritive
characteristics. It is difficult to overestimate the impact of additives like enzyme prepara-
tions [148] when utilizing hard-to-hydrolyze components in compound feed (barley, rye,
millet, sorghum, triticale, peas, sunflower, rapeseed, flax, etc.), as the latter used in large
quantities negatively impacts feed assimilation and poultry productivity [149–154].

Enzymes, nature’s biological catalysts, unlike hormones and biostimulants, work on
the constituents of compound feed in the gastrointestinal track of birds and do not build
up in organs, tissues, or poultry products [19,155,156]. Proteases, for instance, catalyze the
degradation of proteins into amino acids, while cellulases catalyze the hydrolysis of the
cellulose macromolecule into dextrins and glucose [157]. Adding enzyme preparations
including a combination of amylolytic, pectolytic, cellulolytic, and proteolytic enzymes to
compound feed with low consuming ability (barley–wheat) is advised in order to boost the
digestibility and availability of nutrients in the feed [158,159].
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Fodder enzyme preparations consisting of enzymes and a complex of associated
organic and mineral substances are widely used in poultry farming [149,153,154]. These
consist of the remains from the microbial nutrient medium, different stabilizers and fillers,
preservatives, and byproducts of the microorganisms’ essential activity (amino acids,
vitamins, organic acids, etc.). Nonetheless, the primary constituents of enzyme supplements
consist of hydrolytic enzymes (such as cellulases, xylanases, β-glucanase, α-amylases,
proteases, pectinases, phytase, etc.), which are crucial for the assimilation of nutrients in
feed [93,151,160–163]. Feed enzymes are mainly obtained by microbial synthesis using
fungi and bacteria [164].

The inefficient utilization of nutrients in feed mixes is caused by the high concentration
of hard-to-hydrolyze carbohydrate components of the feed. Therefore, when using com-
pound feed with a higher level of such components (barley, sorghum, triticale, and others),
it is advisable to introduce into the compound feed appropriate enzyme preparations, as
well as their composite complexes available in the market [165,166].

Collectively, prescribed enzyme preparations are meant to break down the walls of
plant cells, the gastrointestinal tract’s enzymes may more easily access the carbohydrates,
protein, and fat that are part of their makeup [19]. They boost absorption of nutrients in
the small intestine, increasing their digestibility [167]. Enzyme preparations help reduce
or eliminate the detrimental effects of antinutritional elements that interfere with nutri-
ent absorption and utilization [41]. By decreasing viscosity and raising the amounts of
monosaccharides, they enhance the microbial environment of the intestines [155,162].

Several investigations have demonstrated that adding xylanase-active enzyme prepa-
rations to compound feed made of wheat, rye and triticale improved the development of
the chickens as well as their ability to digest protein, fat, and dry matter [93,163,167–172],
as well as crude fiber [158]. The application of enzyme preparations with xylanase and
β-glucanase activity in compound feed containing barley, according to García et al. [173],
resulted in lower chyme viscosity, enhanced nutrient assimilation and average daily body
weight gain, and decreased feed consumption. At the same time, some authors found a
positive effect on the average daily growth of chickens, but did not see any increase in feed
conversion. However, the usage of enzyme preparations in other research did not yield
favorable outcomes. The use of wheat and rye, however, does not yield any favorable effect
of enzymes on the performance of chickens [151].

It was discovered in several investigations that xylanase worked best with whole,
or coarsely milled, wheat [93,151,161,162,174]. When the 7% rye diet was supplemented
with the enzyme preparation, the body weight grew by 21%, but only by 11% when hens
were subject to a limited feeding [175]. Cereal varieties and their growing environments
are also very important. In particular, according to Partridge [176], the effect of enzyme
preparations on certain varieties of wheat is much more notable than for other varieties.
The increase in body weight of chickens under the influence of the enzyme preparation
increased from 2 to 41%, depending on the barley variety. Also, the difference in average
daily growth of piglets when using an enzyme preparation in a diet with wheat from
Denmark was 18%, and when using the same wheat varieties grown in Australia, it reached
30% [176,177].

Pettersson and Åman [58] reported that the effect of the enzyme preparation was
almost nonexistent at lower pentosan contents and maximum at higher pentosan concen-
trations when broiler feed contained triticale with low, medium, and high pentosan levels
(5, 6, and 7%, respectively). Furthermore, the structure of NSP-degrading enzymes might
vary [147] depending on where they originate from (bacteria, microscopic fungi, and their
particular species and strains), and this affects their utilization [161,178]. Additionally, de-
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pending on their source, enzymes break down NSPs in various ways that might even make
the solution more viscous, which amplifies the detrimental effects of NSPs [161,178,179].

Currently, various companies offer a wide range of enzyme preparations, but the effect
of their use can differ significantly. At the same time, it is obvious that the correct choice of
the enzyme preparation for the respective substrate determines the final economic effect of
its inclusion [158,173,176,180–182].

7.2. Grain Processing

The application of different processing techniques is another viable strategy to raise
the feed value of grains [2,183]. For example, Preston et al. [184] discovered that pelleting
wheat-based feed enhanced the performance of chickens, and that the chyme viscosity
increased with hot, as opposed to cold, pelleting. Following its passage through rollers,
barley was found to have improved feed characteristics [185]. In contrast, barley ensiling
improved metabolizable energy and dry matter digestibility for broiler more successfully
than putting it through rollers [167]. When comparing barley to both native and micronized
forms, the expansion of the grain resulted in a reduction of chyme viscosity, and in an
enhancement of body weight gain and feed conversion [173].

Extrusion is a cost-effective and efficient technological solution for making grain feed
for chickens that maximizes nutritional absorption [19,186,187]. These processes include
the homogenization, when the product is already in a viscous state [19,188]. The extrusion
(explosion) zone, where the heated viscous mass is forced through the spinnerets (short
exit holes) and suddenly moved from the high-pressure zone to the atmospheric one, is
where the primary and most significant changes in nutrients occur. Simultaneously, the
product releases energy at a speed roughly equivalent to the explosion’s speed [141]. This
causes the product to explode, creating a new (extruded) feed with a microporous structure
that increases its accessibility to the action of digestive enzymes [19,189–191].

Grain biopolymer complexes undergo modifications throughout the extrusion process.
Hydrolysis of starch results in a rise in its solubility, a change in the amount of sugars and an
increase in the content of dextrins and amylose [19,192]. These processes operate differently
in different cereals, which is related to the inherent characteristics of each culture’s grain
structure. Some authors [193–195] compared the changes in the carbohydrate complex in
corn and barley groats as a result of extrusion and found that the mass fraction of dextrins
increased by 105 times in corn and 40 times in barley after extrusion, while amylose in corn
extrudate increased by 43 times and 79 times in barley. According to other authors [196], as
a result of extrusion of a mixture of barley with bran, the content of dextrins in the finished
product increased from 2 to 10.6%, due to which the degree of starch digestibility (in vitro)
increased twofold.

The structure of protein molecules is broken down during the extrusion process,
which also results in an increase in peptides and free amino acids and an improvement
in digestibility [19]. Simultaneously, antinutrients are also rendered inactive; the majority
of these are protein-based substances such as inhibitors of proteases, hemagglutinins,
lipoxidase and lipoxygenase, etc. A significant drop in the percentage of water-soluble
proteins in the extrudate can be a sign of decreased amino acid availability caused by
excessive or prolonged warming intended to inactivate antinutrients [87].

The structure of fat cells Is broken down and Intercellular membranes are ripped as
they move through the extruder’s body and explode, increasing the amount of liberated
(available) oil. As a result, extrudates of oil crops and extrudates that combine oil and
cereal crops have higher energy values [186]. Because oxidizing enzymes (lipases and
lipoxygenases) are inactivated during extrusion, lipids maintain their characteristics and
prolong product oxidation and storage [19]. Ushkalova [197] found that at high extrusion
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temperatures, the number of microorganisms decreases sharply and the quality of the
obtained extrudates increases to a large extent; that is, the product is sterilized due to a
decrease in the number of microorganisms in the extrudate compared to the raw material.

There are two types of extrusion technologies: dry and wet (which involves heating
raw materials beforehand) [19]. For corn and peas, the mass of the same volume of ground
grain or grain mixture should be greater than the mass of the extruded product by a factor
of four or more. For wheat, barley, and other crops, this ratio should be two, three or
more [198–200]. The raw material’s composition, humidity, initial preparation technique,
temperature, length and strength of mechanical impact on the raw material, screw design,
and other parameters all affect the quality of extrudates [199]. In addition to being lighter
in color than the raw material, grain feed extrudates offer a delightful bread-like flavor and
aroma. Following grinding, they have minimal dust-like fraction, excellent flowability, and
are simple to combine with other compound feed ingredients [200,201].

Extruded grains have not yet gained the same ubiquity in poultry diets for all age
groups as they have in animal husbandry. Probably this is because the majority of the
ingredients in poultry feed are easily digested grains like corn and wheat, which typically
do not need to be processed further. The use of other ingredients like barley, triticale,
rye, peas, etc. is restricted because of their high concentrations of cellulose, β-glucans,
pentosans, trypsin inhibitors, and other antinutrients [19]. Due to the porous structure of
the extrudates, the extrusion of these cereals permits the partial neutralization of available
antinutritional factors and results in products with improved availability of proteins and
polysaccharides for digestive enzymes. This enhances the nutritional value of feed, even
during the feed preparation process, thereby expanding its use in poultry diets [187].
Further studies of this issue are important and relevant.

7.3. CRISPR-Edited Cereal Varieties

The development of novel CRISPR-edited grain cultivars with lower phytate content or
improved amino acid profiles is essential to contemporary feed science [202–205]. In the last
50 years or so it has become apparent that, despite increased cereal crop yields contributing
positively to worldwide food security, they have been more or less developed for ideal
environmental conditions [205]. With increasing environmental change and population
growth, however, stress resistant varieties need to be developed. The CRISPR/Cas9 system
is a hugely powerful and versatile tool for genome editing with the potential to introduce
desirable traits quickly. Such traits include high-yielding, stress-tolerant, disease-resistant,
transgene-free cultivars [205]. Using CRISPR/Cas9 genome editing however, has a number
of hurdles to overcome, not least of which is funding and time taken to develop elite
new lines as well as the legislative barriers imposed by many countries in the light of
the genetically modified organism-related lobby. The last ten years or so demonstrated
the accuracy, fidelity, paucity of off-target effects, and high efficacy of CRISPR technology.
Such application can induce targeted mutagenesis and thereby improve the cereal crops
mentioned in this review. Given that the genomic databases of all these cereal crops
are readily accessible, numerous modifications have been achieved, obtaining the most
desirable of outcomes [206].

One of the key applications in this regard is the development of cereals with reduced
phytate content and/or improved amino acid profiles. Phytate can be detrimental in animal
feed as it is poorly digestible for monogastric animals such as poultry. CRISPR/Cas9 can
be used to edit genes responsible for phytate synthesis, thereby creating varieties that allow
for better phosphorus availability and absorption. The result is improving feed efficiency
and reduced environmental impacts related to phosphorus runoff. Enhancing the amino
acid profiles of cereal crops using CRISPR/Cas9 could be crucial for meeting the nutritional
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needs of poultry. Targeting specific genes involved in amino acid synthesis, leads to the
development of cereal crops richer in essential amino acids, thereby promoting better
growth and health. This has the added advantage of reducing the need for synthetic amino
acid supplements, leading to more sustainable farming practices [206,207].

8. Conclusions
The overall scope of this article was to provide a detailed comparative analysis of

the biological value, protein digestibility and net protein utilization of cereal crops. By
lining up the properties of each against one another, we demonstrate that, collectively, they
provide most essential amino acids, including lysine. We also demonstrate the presence
of, and complete the quantities of, contributing antinutritional components such as NSPs
(including pentosans (arabinoxylans) and β-glucan) and alkylresorcinols. In focusing on
the comparative properties of staples for poultry feed, we can arrive at the conclusion
that there are, and will increasingly be, ways to optimize the use of grains in compound
feed for chicken while lowering NSPs and other antinutrients. We further conclude that
using enzyme preparations is one promising way to cleave NSP. Indeed, research on the
efficiency of enzyme preparations in cereal feed for adult and young animals is crucial to
further this promising area. Using both wet and dry extrusion techniques to treat grains
is another strategy that can be employed and, according to Bratyshko et al. [208], cereal
extrudates including soybean and sunflower are particularly deserving of attention. This is
because they provide valuable raw materials for compound feed being higher in calories
and protein. Through this detailed comparative analysis, this review underlines the fact
that further research is required to determine how economically viable it is to feed adult and
young chickens with compound feed that contains a variety of cereal crops. Importantly
here however we highlight the additional use of enzyme preparations and extrudates to
achieve maximum economic, health and welfare benefit [197,209].
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