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Preface

When it comes to life science and specially by considering animal-origin protein, one of the
main topics to gain importance with respect to human nutrition and health is poultry sci‐
ence. Only in the United States, the total value of production from broilers, eggs, and tur‐
keys and the value of sales from chickens in 2015 were $48.0 billion.

Globally, the consumption and subsequently production of poultry products (meat and
eggs) have been rising rapidly in recent years. Poultry meat production will increase to 130
million tons in 2030. This prediction shows a massive increase in animal feed demand, need‐
ed to satisfy the growth in the animal production.

There are many reasons to consider a bird’s meat and egg for human consumption. Rich
protein contents: Chickens provide more than 67.6% of the daily recommended value of
protein. It consists of lean and low fat protein. Eating chicken will aid in your fight against
bone loss, thanks to the protein punch it packs.

Apart from protein, chicken is rich in several essential minerals like phosphorus and calci‐
um that support your teeth and bones, as well as kidney, liver, and central nervous system
function. Also, it is abundant in selenium which is known to cut the risk of osteoporosis or
arthritis.

Chicken meat is rich in B-complex vitamins (especially vitamin B6). They encourage en‐
zymes and metabolic cellular reactions. Chicken also happens to be rich in niacin, one par‐
ticular B vitamin that guards against cancer and other forms of genetic (DNA) damage.

Chicken meat is an immune booster. Studies revealed that chicken meat inhibits migration
of neutrophils, a type of immune cells, thereby preventing inflammation during common
infections and boosting immunity.

Apart from all the aforementioned priorities, the economic benefit of poultry production
should also be considered. The contribution of poultry to the economy has been largely un‐
derestimated in the past. The price of chicken meat is lower than any other meat, almost
everywhere in the planet. The time spent for production of a chicken as broiler is normally
below 38 days.

This book presents an introductory overview to the different fields/branches of poultry sci‐
ence with four main divisions:

● Different feed resources for poultry
● Biofilms of salmonella and campylobacter in the poultry industry
● Prevention of different contaminants in modern poultry farms
● Mycotoxins in poultry feed



Moreover, this book also provides a comprehensive account on Campylobacter-control strat‐
egies at the stage of poultry farms, poultry litter management, genomics tools and genetic
adaptation of chickens, carcass quality and its relation with the age of different poultry spe‐
cies, hepatic lipid metabolism in poultry, and selenium metabolism in chicken.

This book will be beneficial for the graduate students, teachers, researchers, farmers, and
other professionals, who are interested to fortify and expand their knowledge about chicken
products in fields of poultry science, biotechnology, plant science, agriculture, etc.

The book comprises a total of 11 chapters from multiple contributors around the world, in‐
cluding France, Turkey, Poland, China, and Norway. I am grateful to all the contributors
and leading experts for the submission of their stimulating and inclusive chapters in the
preparation of the edited volume to bring out this book. I offer my special thanks and appre‐
ciation to Mrs. Ana Pantar, for her encouragement and help in bringing out the book in the
present form.

Dr. Milad Manafi
Associate Professor,

Department of Animal Science,
Faculty of Agricultural Sciences Malayer University,

Malayer, Iran
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Abstract

Maize, also known as corn (Zea mays L), has been recognised worldwide as a major energy
feed ingredient in the diets of poultry. Its major nutritional limitation has been the low
protein content and poor protein quality, which necessitates the use of expensive high‐
protein supplements or synthetic amino acids such as lysine in diets containing large
proportion of maize. Therefore, extensive research has been conducted by maize breeders
on the world maize germplasms collection with the aim of improving its nutritive value,
particularly protein quality for monogastric animals. This chapter assesses the genetic
upgrading of the nutritional quality of maize protein that culminated in the development
of a new class of maize known as “Quality Protein Maize (QPM)”. Various studies on the
nutritionally improved maize for poultry as well as future challenges confronting maize
utilisation in poultry production are highlighted.

Keywords: maize (Zea mays), energy, protein quality, nutritive value, poultry

1. Introduction

Poultry (avian species) have been recognised as affordable source of high‐quality protein
worldwide in the forms of meat and eggs. The poultry sector has been shown to become the
world's largest meat sector by 2020 (Figure 1). Besides, the sector continues to record high global
output of eggs (e.g. 70 million metric tonnes in 2014) as additional high‐quality protein food.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Figure 1. Global meat production (million metric tonnes) [1].

The rapid growth of the poultry sector is fuelled by several factors such as an increasing human
population, greater purchasing power in developing economies, increased urbanisation and
industrialisation in developing countries, development and transfer of feed, relatively short
production cycle and advances in poultry breeding, and improved processing technologies.
Of these factors, feed has been recognised as the most important factor controlling profitability
and product quality [2].

Protein and carbohydrate are by far the two most important nutrients in poultry diets due not
only to their marked effect on voluntary feed intake of the bird, but also the fact that they
represent approximately 90% of the total cost of the ingredients in a ration [3]. Cereal grains
constitute a large proportion (>50%) of poultry diets and contribute largely carbohydrates and
to some extent proteins. They are mainly dietary source of energy, but can vary widely between
grain types and animal species [4]. The common feed grains for poultry are corn or maize (Zea
mays), wheat (Triticum aestivum), barley (Hordeum vulgare) and sorghum or milo (Sorghum
bicolor).

Maize is by far the major feed grain grown worldwide, particularly in the United States.
Although it is the preferred grain for feeding poultry [5], it is found to be low in protein content
as well as protein quality [6], thereby limiting its nutritional value. This has necessitated a
search for nutritionally improved maize varieties as well as alternative feed ingredients. The
former has resulted in extensive research on the world maize germplasm collection with the
aim of improving its nutritive value, particularly the protein quality for poultry.

This chapter discusses maize production and consumption, its genetic upgrading to improve
the nutritional value with regard to feeding poultry.

Poultry Science2
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2. Importance of maize in human and animal nutrition

Maize (Zea mays L.) tops other cereals in terms of worldwide production (Figure 2), with the
United States being the largest producer as well as consumer (Table 1).

Figure 2. Global maize production [7].

On worldwide basis, much of the maize produced is fed to livestock, whereas only a small
portion goes directly to human food [9]. The grain provides the world with 19% of its food
calories and 15% of its annual production of food crop protein [6]. It is the basic staple cereal
grain for large groups of people in Latin America, Africa and Asia [6], where the grain is
consumed directly or in modified form as a major item of the diet.

Maize provides more feed for livestock than any other cereal grain [6]. For instance, 65% of
the maize grown worldwide is used for livestock feed [10], of which the United States is the
highest consumer. Also, rapid increase in poultry production in developing countries in Latin
America, Africa and Asia is a major factor contributing to the increased use of maize for
livestock feeding. In fact, maize is the preferred grain for feeding domestic birds, because its
dietary energy value is the highest among cereals with very low variability between years for
a given region [2].

Assessment of Maize (Zea mays) as Feed Resource for Poultry
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Country  Production (million

mt)a 

∼Production share

(%) 

Consumption (million

mt)b 

∼Consumption share

(%)

United States 345.5 36 301.5 31

China 224.6 23 214.0 22

Brazil 81.5 8 59.0 26

European Union‐27 57.8 6 76.0 8

Argentina 25.6 3 – –

Ukraine 23.5 2 – –

Mexico 23.5 2 34.3 4

India 21.0 2 21.4 2

Canada 13.6 1 13.4 1

Russia 13.0 1 – –

Japan – – 14.7 2

Egypt – – 14.5 2

Indonesia – – 12.7 1

Others including sub‐

Sahara Africa

138.4 14 204.8 21

aTotal production (967.9 million mt).
bTotal consumption (966.2 million mt).

Table 1. Worldwide maize production and consumption [8].

Over five hundred products [11] are obtained from industrial processing of maize, particularly
from the main end‐products of the “wet‐milling” process of starch and nutritive sweeteners.
The by‐products include germ, bran and gluten which are suitable for feeding farm animals
[12]. The gluten, in particular, is high in protein and metabolisable energy as well as a con‐
centrated source of xanthophylls pigments, which make it popular in poultry production [2].

Besides, maize has long been an important ingredient in the manufacture of alcoholic bever‐
ages [9] including maize beer and whiskey. It is also an essential raw material in the production
of industrial alcohols (25.4 kg of maize can yield 9.7 L of anhydrous ethanol plus useful by‐
products) [9]. The ethanol has a potential use as a partial replacement for gasoline due to
increased fuel costs. The main by‐product is referred to as “draff” or “distillers dried grains”
(DDG), and it is high in protein. The DDG can be added another by‐product called “solubles,”
which comprises the smallest residual particles of maize and yeast. The DDGS is high in
protein, trace element and vitamins as well as increased availability of phosphorus, thereby
making it popular feed ingredient for poultry production [2].

Poultry Science4
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3. Nutritive value of normal hybrid maize grain

The maize grain (Figure 3) on dry matter basis is made up of 82.9% endosperm, 11.1% germ,
5.2% pericarp and 0.8% tip cap [13].

Table 2 shows the per cent chemical composition of the maize grain and grain fractions. In
general, maize grain is low in protein content (9.1%), oil (4.4%) and ash (1.4%), but very high
in starch content (73.4%) when considered on dry matter basis.

Figure 3. Structure of maize kernel (source: www.fao.org).

Starch Protein Oil Sugar Ash (minerals)

Whole grain 73.4 9.1 4.4 1.9 1.4

Endosperm 87.6 8.0 0.8 0.6 0.3

Germ 8.3 18.4 33.2 10.8 10.5

Pericarp 7.3 3.7 1.0 0.3 0.8

Tip cap 5.3 9.1 3.8 1.6 1.6

Table 2. Chemical composition of normal maize grain and grain fractions (%DM) [14].

3.1. Carbohydrate content of maize grain

The relative proportions of the various carbohydrates are 77% starch, 2% sugars, 5% pento‐
sans [15] and 1.2% crude fibre [16]. The carbohydrate which forms more than 70% of the maize
grain [15] is concentrated in two starchy fractions, floury and flinty, of the endosperm. The
sugar in the grain is found in the germ and dietary fibre is in the bran [13].

The endosperm consists of starch granules embedded in a protein matrix. Flinty endosperm
has a more rigid protein structure and is also higher in protein content than floury endosperm

Assessment of Maize (Zea mays) as Feed Resource for Poultry
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[13, 17]. The starch in the flinty endosperm consists of 100% amylopectin (large branched
molecules), whereas that in the floury endosperm comprises about 27% amylose (linear
molecules) and 73% amylopectin [16]. This variation in starch structure does not have any
effect on the nutritional value of maize for poultry [2]. The distribution of flinty or floury
endosperms in the maize grain determines whether a maize variety is classified as flint or
floury (dent) maize. The starch which is the main source of energy in the grain has a digestible
energy content ranging from 3.75 to 4.17 kcal/g dry matter [18], thereby making maize one of
the highest in energy among the cereal grains (Table 3).

Cereal Gross energy (MJ/kg DM) Metabolisable energy (MJ/kg DM)

Barley 18.3 13.7

Sorghum 18.8 13.4

Maize 19.0 14.2

Millet 18.7 11.3

Wheat 18.4 14.0

Oats 19.0 11.5

Table 3. Gross and metabolisable energy of cereals [19].

The crude fibre content of maize grain averages about 2.7% of dry matter [20]. The crude fibre
interferes with nutrient availability of the grain [21]. For instance, the range of protein
digestibility of maize is 83–90% [21], while digestibility of carbohydrate is 99% [22]. Never‐
theless, the maize grain is highly digestible due to its low crude fibre content [16].

3.2. Lipid content of maize grain

Maize oil (Table 4) is good quality oil both from nutritional standpoint (Table 5) and in terms
of cooking quality [13]. Another desirable property of maize oil is its very low concentration
of linolenic acid and high level of natural antioxidants [13, 23], thereby making the grain less
susceptible to rancidity in storage.

Fatty acids Structurea Amount (%)

Palmitic 16:0 11.0

Stearic 18:0 3.0

Oleic 18: 1 43.4

Linoleic 18:2 41.8

Linolenic 18:3 0.6

aNumber of carbon atoms: number of unsaturated bonds.

Table 4. Concentration of fatty acids in maize oil triglycerides [23].

Poultry Science6
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Grain fraction Starch Protein Oil Sugar Ash

Endosperm 97.8 73.8 15.4 28.9 17.9

Germ 1.5 26.2 82.6 69.3 78.4

Pericarp 0.6 2.6 1.3 1.2 2.9

Tip cap 0.1 0.9 0.8 0.8 1.0

Table 5. Proportion of chemical constituents contained in each fraction of normal maize grain (% DM basis) [14].

The maize grain is a fair source of alpha‐tocopherol (Vitamin E) which ranges from 0.6 to 2.1 
mg/100 g grain [24]. Most of the carotenoids found in maize lipid are xanthophylls which are
present only in yellow maize grain, and form about 12,511 mg/100 g grain [25]. Yellow maize,
therefore, is one of the best sources of pro‐retinal carotenoids [17]. These pigments cause yellow
colouration of shanks and skin of broilers and yolks of eggs [26]. However, the pigmented
grain tends to colour the carcass fat, which in the United Kingdom is not considered desirable
[16].

3.3. Protein content of maize grain

The maize grain is deficient in protein, but its variability is low with standard error of the order
7 g/kg of crude protein [2]. The protein content of maize grain ranges from 8 to 11 g/100 g grain
of dry matter [14, 23, 27]. The various fractions of grain vary considerably in protein content
(Table 5). Even though the majority of protein in the grain occurs in the endosperm, the germ
(184 g/kg DM) is considerably higher in protein content than the endosperm (80 g/kg DM) [14].

Generally, the low protein content of the grain limits its nutritive value as the only source of
food for both humans and livestock.

The amino acid composition of whole maize grain is determined by both the relative propor‐
tions of the various protein fractions and the amino acid composition of each fraction [21].
Maize grain endosperm proteins are usually referred to as albumins, globulins, prolamins and
glutelins, depending on their solubility in different solvent systems [21]. Prolamins and
glutelins (also referred to as storage proteins) are confined to the endosperm, whereas
albumins and globulins (also referred to as water‐soluble proteins) are also found in the
aleurone layer and the germ. The proportion of each protein fraction is presented in Table 6.
In normal maize grain, the prolamin content exceeds that of glutelin and represents about 50–
60% of the total protein [21]. Each protein fraction tends to have a characteristic amino acid
composition (Table 7), and the relative proportion of each fraction strongly affects the level of
individual amino acids in the total grain protein [28]. Prolamins are most deficient in lysine,
thereby rendering maize protein poor in terms of nutritional quality. The general deficiency
of lysine in maize grain is essentially the consequence of its low content of albumin and
globulin, which besides having high lysine content exhibit a well‐balanced amino acid
composition similar to that of animal proteins of superior nutritional value [21]. Moreover,
maize prolamins are characterised by larger quantities of leucine than isoleucine, thus causing
the typical amino acid imbalance that further reduces the protein quality of maize [29].
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Protein fraction Amount (g/100 g

protein)

Salt‐soluble fraction (including NPN), i.e. albumins and globulins 6

Alcohol‐soluble fraction (in the presence and absence of reducing agents), i.e. prolamins 64

Acid or alkali‐soluble fraction (in the presence of reducing agents and nonextractable N), i.e.

glutelins and residue

30

NPN, nonprotein nitrogen; N, Nitrogen.

Table 6. Protein fractions of normal maize [21].

Protein fractions

Amino acid Albumin+globulin Prolamin Glutelin

Isoleucine 3.9–4.6 4.4–4.4 4.9–5.0

Leucine 5.4–6.4 20.3–20.5 9.4–10.1

Lysine 6.1–6.3 0.1–0.2 6.4–7.0

Cystine 0.3–1.6 0.1–0.7 0.2–0.5

Methionine 1.7–2.5 1.9–2.2 2.4–4.0

Tyrosine 2.8–4.5 5.5–6.1 2.4–2.7

Phenylalanine 2.4–4.2 7.8–8.0 5.3–5.6

Threonine 4.2–5.3 3.4–3.4 4.2–5.2

Valine 4.7–6.2 4.1–4.2 7.0–7.1

Table 7. Essential amino acid compositions of the endosperm protein fraction of normal maize (g/16 gN) [21].

The real significance of the poor nutritional quality of maize protein, therefore, is that the other
food components of the diets of livestock and human may fail to provide adequate amounts
of essential amino acids, particularly lysine to offset the nutritional deficiencies of maize
protein [30].

3.3.1. Ways of improving the protein quality of maize

Although maize grain is relatively low in total protein and generally low in lysine and
tryptophan, these shortcomings can be overcome by appropriate blending with animal
products or legumes or oilseed products. The most obvious result of such blending is that the
mixture is higher in protein than the maize component alone. Beyond this, animal products,
legumes and various oilseed cakes improve the quality of maize protein by supplementing
them with limiting amino acids such as lysine and tryptophan. This is called protein supple‐
mentation [31]. On the other hand, legumes and some oilseed cakes, which are deficient in
methionine, can be supplemented by maize grain, which is not deficient in this amino acid.
Such mutual balancing of each other's amino acids is known as protein complementation [31].
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Besides, the quality of maize protein can be improved by the addition of synthetic amino acids
like lysine. It also appears that a consistent enrichment of the nutritional quality of maize
protein can be accomplished by developing new cultivars with a reduced content of prolamins
with a parallel increase in glutelins and salt‐soluble protein [21].

3.3.1.1. Protein supplementation of maize‐based diets

Protein supplementation consists of adding small amounts of proteins which are rich sources
of the amino acids deficient in normal maize [31]. Various protein supplements that have been
tested on rats [32] include fish protein concentrate, soyabean flour, cottonseed flour, torula
yeast, casein and egg protein. The recorded protein efficiency ratio values were normal maize
(1.00), fish protein concentrate (2.44), soyabean flour (2.25) cottonseed flour (1.33), torula yeast
(1.97), casein (2.21) and egg protein (2.24). This effect on protein quality was attributed to the
contribution that the protein supplements made in lysine, tryptophan and protein content.

It has been reported that the supplementation of maize with soyabean flour increased usable
protein from about 2.5% for maize alone to 10.6% when 20% of the soyabean flour was included
in the diet for children [33, 34].

3.3.1.2. Protein complementation

Protein complementation comprises various food mixtures of maize with other ingredients of
plant origin which are higher in protein quality and protein content [33, 35, 36]. One example
of the favourable effect of protein complementation was established in rats [37].

Mixtures of cornflour and soyabean flour were fed to rats, and their weight gains per gram of
protein consumed (protein efficiency ratio) were measured. Optimum results were obtained
with the 40% cornflour and 60% soyabean flour ratio. With less soyabean flour in the mixture,
lysine became limiting, but with more soyabean flour in the mixture, methionine was limiting
(Table 8).

Amino acid content (g/16 gN)

Maize:soyabean protein ratio Lysine Total sulphur amino acids Tryptophan Protein efficiency ratio

100:0 2.88 3.15 0.60 1.6

80:20 – – – 2.3

60:40 – – – 2.7

40:60 4.95 3.14 1.07 2.9

20:80 – – – 2.8

0:100 6.32 3.12 1.38 2.6

Table 8. Complementation effects in rats fed combinations of soyabean flour and whole normal maize flour at a
constant level of dietary protein [37].
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The nutritive values of vegetable mixtures comprising 38% cottonseed flour plus 58% maize
flour, 38% soyabean flour plus 58% maize flour, and 19% cottonseed flour plus 19% soyabean
flour plus 58% maize flour with milk and egg proteins were compared in children [37]. The
researchers reported biological values of the vegetable mixture which were close to those of
high‐quality reference proteins, milk and egg. The biological values registered were: milk
(69%), egg (64%), soyabean plus maize (63%), cottonseed plus soyabean plus maize (53%) and
cottonseed plus maize (50%). For normal maize alone, the biological value was 31%.

3.3.1.3. Amino acid supplementation of maize‐based diets

The addition of synthetic amino acids such as l‐Iysine and l‐tryptophan either singly or in
combination with maize‐based diets to improve their protein quality has been demonstrated
in feeding studies involving rats [38], pigs [39, 40], humans [34, 41] and poultry [42]. In all these
trials, these amino acids have been found to improve protein quality of normal maize‐based
diets. Table 9 shows substantial improvement in protein quality of normal maize‐based diets
supplemented with amino acids.

Amino acid added (g/kg) Protein efficiency ratio of normal maize

None 1.21

Lysine (3), (1) 1.51

Tryptophan (0.5) 1.18

Lysine, tryptophan (3, 0.5); (1, 0.5) 2.66

Lysine, tryptophan, isoleucine (3, 0.5, 2.5) 2.58

Lysine, tryptophan, threonine (3, 0.5, 2) 2.56

Table 9. Biological confirmation of essential amino acid deficiencies in normal maize [43].

3.4. Vitamin content of maize grain

Vitamins in maize grain are concentrated mainly in the aleurone layer and the germ [13].
Analysis of the vitamin content of maize (Table 10) indicates that the grain furnishes significant
quantities of riboflavin, panthothenic acid, choline and pyridoxine which are sufficient to
satisfy the requirements of most livestock [44]. However, the most significant feature of the
vitamin pattern in maize is the low niacin content. Besides, much of niacin that occurs in the
grain is in a bound form (niacytin), which is not available to monogastric animals [13].

Furthermore, the high level of the essential amino acid, leucine, in the maize grain increases
niacin requirement in humans [45]. Thus, people who live only on a diet of maize suffer from
the disease pellagra, associated with niacin deficiency [6]. Nevertheless, niacin shortage alone
would not cause pellagra if normal maize were rich in tryptophan [46] or heat‐treated with
alkali [30]. One approach for improving niacin intake in maize‐based diet is complementation
with either legumes or animal products [13].
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Vitamin Concentration (g/kg)

Carotene 4.6

Vitamin E 0.46

Thiamine (B1) 4.83

Riboflavin (B2) 1.61

Nicotinic acid 25.29

Pantothenic acid 6.44

Pyridoxine (B6) 8.74

Choline 655.17

Table 10. Vitamin content of normal maize [16].

Yellow maize shows vitamin A activity, whereas white maize does not [47]. The vitamin A
potency of yellow maize results primarily from the presence of carotenes in the grain. The
carotene content of yellow maize is 0.46 mg/100 g of grain [16].

The occurrence of vitamins mainly in the aleurone layer and the germ implies that food
preparations that do not retain these parts of the grain further decrease vitamins in the diet.

3.5. Mineral content of maize grain

The inorganic or mineral component (ash) of maize grain constitutes less than 2% [15]. Of this,
about 75% is found in the germ. The grain is most abundant in phosphorus and potassium,
but deficient in calcium and trace minerals except iron (Table 11). Much of the phosphorus,
however, is present in the form of phytic phosphorus which is not digested by monogastric
animals [48]. The little calcium that is normally present also has low bioavailability [13] because
it forms complexes with phytic phosphorus.

Mineral Concentration (mg/100 g)

Calcium 6.0

Phosphorus 300.0

Magnesium 160.0

Sodium 50.0

Potassium 400.0

Chlorine 70.0

Sulphur 140.0

Iron 2.5

Manganese 6.8

Copper 4.5

Table 11. Mineral content of normal maize grain [15].
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3.6. Moisture content of maize grain

A moisture content of 10–14% is typical of properly ripened and dried maize grain [9]. The
grain, therefore, furnishes a very high amount of dry matter. A moisture content of the grain
higher than this may enhance the growth of moulds and cause the grain to rot in storage. Some
of these moulds produce toxic metabolites like aflatoxins which can cause disease in humans
and animals consuming the grain [9].

4. Factors affecting the chemical composition of maize grain

The factors that generally influence the chemical composition of maize grain are either genetic
or environmental.

4.1. Genetic factors

Varieties of maize have been developed through breeding that contain up to 21% crude
protein [49, 50–52]. However, maize varieties having more than 12% crude protein do have
somewhat lower yields [51, 53], thus not suitable for commercial production.

New varieties of maize collectively called “high‐lysine maize” contain nearly double the
percentages of lysine and tryptophan of normal maize, even though the two types of maize
are similar in overall protein content [6].

Maize varieties also differ in niacin content. For instance, inbred lines of dent maize have niacin
content ranging from 13.9 to 53.3 μg/g of grain [44], whereas hybrids tend to be intermediate
between their parent lines in concentration of this vitamin. Maize grain with a sugary endo‐
sperm had niacin content higher than that of waxy maize grain, which in turn had more niacin
than dent grain [54].

The oil content of maize grain is largely characteristic of the particular variety. Breeding for
high oil maize gave rise to strains of maize containing up to 20% oil in the grain [24, 55]. The
existence of low oil maize varieties with average oil content of 1% [56] has been reported.

4.2. Environmental factors

Soil nitrogen appears to be the critical environmental factor that affects the protein content of
maize [44]. Excess soil nitrogen beyond that required for maximum growth of the plant may
increase the protein content of the grain [44]. It is reported that heavy application of nitrogen
and phosphate fertilisers increased the thiamine content but decreased the level of niacin in
maize grain [49].

Production year (rainfall and temperature) and location are often responsible for variation in
the protein content of maize grains of the same variety of maize [52, 57, 58].
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5. Maize grain as animal feed

As livestock feed, it is the grain that is most important. The stalks, leaves and immature ears
are used as forage for ruminants [44]. Maize grain is recognised as giving the highest conver‐
sion of dry matter into meat, milk and eggs in relation to other cereal grains [13]. It is used
extensively as the main source of calories in the feeding of poultry, pigs and cattle [6].

Maize grain has a digestible energy content of 3.75–4.17 kcal/g [18]. For chicken and pigs, the
metabolisable energy values recorded when maize was fed were 3.6 and 3.8 kcal/g, respec‐
tively [18, 59], and corresponding gross energy digestibilities were 86% in chickens and 92%
in pigs [18]. Maize, therefore, is popular for feeding monogastric animals, particularly poultry.
For instance, maize is the basis of the high‐energy poultry rations that are recognised through‐
out the United States whenever “broilers” are fattened [60].

In the feeding of poultry, maize grains are either fed directly or are milled and compounded
with other ingredients and thoroughly mixed. The mixture is then fed or converted into forms
most desired by specific animals.

The by‐products obtained from both wet‐milling and dry‐milling industrial processes of maize
grain are potential feed ingredients for poultry [12, 61–63] as depicted by the favourable
nutrient composition of these by‐products (Table 12) particularly in terms of protein content.
The major by‐product ingredients include the germ, bran and gluten [64]. These by‐products
of maize are usually mixed to produce a feed ingredient called maize gluten feed [62]. Despite
the nutritional potential of maize gluten feed as a feedstuff for poultry, its use has been minimal
due variously to paucity of research information available [65], perceived low metabolisable
energy content [12, 66] and unknown quality of the protein [12] even though the protein content
is fairly high.

Moisture Ash CP CF EE NFE Ca P
Maize feed meal 10.8 1.9 10.5 2.9 5.5 68.6 0.04 0.38

Maize bran 10.0 2.1 10.0 8.8 6.6 62.5 O. 03 0.14

Maize germ meal 7.0 3.8 20.8 7.3 9.6 51.5 0.05 0.59

Maize gluten meal 8.0 2.2 43.0 3.7 2.7 40.4 0.1 0.47

Maize gluten feed 9.5 6.0 27.6 7.5 3.0 46.4 0.11 0.78

Maize oil meal 8.7 2.2 22.1 10.8 6.8 49.4 0.06 0.62

Table 12. Chemical composition (%) of feedstuffs from maize and maize by‐products [67].

6. Nutritionally improved maize grain

It has been known since 1914 that the quality of maize proteins is poor because they are
deficient in the essential amino acids, lysine and tryptophan [38]. These deficiencies were
attributed to the high zein fraction of maize protein in the maize grain of most varieties [68,
69]. Results obtained from extensive studies of zein indicated that it contains very low levels
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of lysine and tryptophan [70, 71]. Several researchers studied the factors that affected the
protein quality of maize and reported that both the variety of maize and the environment had
in several cases, a significant effect on lysine content [69, 72, 73]. It has been shown that the
opaque‐2 gene in maize caused a genetic increase in lysine concentration of maize protein [74].
These researchers further reported that the lysine increment in opaque‐2 maize was the result
of a change in the distribution of endosperm protein fractions, of which the opaque‐2 maize
contained approximately 22% zein compared with 50% zein in normal maize. Chemical
analysis of maize protein for amino acids [74–76] showed that opaque‐2 maize contained 60–
130% more lysine than did normal maize, plus a 12–40% reduction in leucine as well as elevated
level of tryptophan. Since these findings, several other mutant genes of maize have been
identified. Collectively designated “high‐lysine” genes, all of them control the level of zein
accumulation during endosperm development. These “high‐lysine” genes include most
importantly floury‐2 [77]; opaque‐7 [78]; opaque‐6 and floury‐3 [79]. Of these genes, opaque‐2 has
proven superior in zein reduction [80, 81].

The development of these nutritionally improved maize varieties is of particular significance
to those who rely on maize as basic food and animal feed, and can thereby improve such diets
nutritionally at no added cost.

6.1. Shortcomings of opaque‐2 gene as tool for improving protein quality in maize

Although the opaque‐2 gene favourably alters the amino acid spectrum in maize, it has several
shortcomings that limit its widespread commercial use.

6.1.1. Grain yield

In general, opaque‐2 maize varieties have 10–15% lower grain yields than do normal maize
varieties [82, 83]. Besides, opaque‐2 maize grain is 10–15% lighter in kernel weight [82, 83]. The
lower grain weight can be attributed to loose packing of starch particles in the endosperm [84].

6.1.2. Moisture content of grain

Mature opaque‐2 maize grains are higher in moisture content by 1.8–4.2% than their comparable
normal maize grains [80, 82]. Higher moisture content of the grains requires additional drying
after harvest.

6.1.3. Grain appearance

Opaque‐2 maize kernels are chalky and dull in contrast to the hard and shiny kernels of normal
maize varieties [6]. The soft endosperm in opaque‐2 grains coupled with the dull appearance
restricts acceptance by farmers, millers and consumers.

6.1.4. Susceptibility of grains to pests and diseases

Opaque‐2 maize grains have been found to be more vulnerable to attack by Sitophilus oryzea [85]
than normal type grains, in terms of both infestation and loss in weight of grains. Opaque‐2
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varieties have also been reported to be more susceptible to Chilo zonellus [86]. Besides, opaque‐
2 grains are more susceptible to seed rot caused by fungi such as Cephalosporium acremonium
and Fusarium moniliform [87].

7. Development of quality protein maize (QPM)

Extensive field trials have been carried out at the International Center for Maize and Wheat
Improvement (CIMMYT) in Mexico to identify the most productive opaque‐2 maize cultivars
which are high in lysine and tryptophan contents as well as to change the soft endosperm in
opaque‐2 grain into a conventional hard vitreous type [88–90]. Through backcrossing and
several cycles of recurrent selection of maize, CIMMYT's maize breeders have successfully
combined the high‐lysine potential of the opaque‐2 gene with genetic endosperm modifiers.
These new genotypes, collectively called “quality protein maize” (QPM), are becoming of
major interest to seed producers, breeders, geneticists and industrialists for their large‐scale
production and for their potential advantages in human nutrition and animal feeding. The
QPM grains are indistinguishable from normal types except by chemical analysis [6].

QPM cultivars retain the protein quality of conventional opaque‐2 maize but have improved
agronomic traits, notably high yields and hard grain endosperm [6, 23, 81, 90–92].

Several experimental QPM cultivars yielded grains equal to those of the latest experimental
releases of normal maize [6, 81, 90–92] in several regions of the world. Mexican QPM cultivars
tested at more than twenty locations around the world have shown yields fully comparable to
those of normal maize [93].

QPM grains are shiny, transparent and as hard as those of normal maize [6, 23, 94]. The QPM
grain now has mostly the same density as that of normal maize, 1.29 g/cm3 [6]. Grain sizes of
both QPM and normal maize are similar [6]; however, some of the new QPM hybrids have a
grain size greater than that of normal maize [23].

The moisture content of QPM grains at harvest is essentially identical to that of normal maize
[6, 91]. On average, the QPM cultivars show higher incidence of ear rots but not disastrously
so in humid regions [6]. Apart from ear‐rotting organisms, other maize diseases seem to attack
both QPM and normal maize with comparable severity [6].

As a result of the hard endosperm of QPM grains, the excessive incidence of broken grains and
the accompanying storage damage have been eliminated. Thus, insect infestation is reduced
and no worse than in normal maize [6].

7.1. Nutrient levels in QPM

The nutrient composition of QPM is similar to that of normal maize with the exception of
lysine, tryptophan, leucine and isoleucine contents [6]. The protein content of QPM grains
ranges from 7.4% to 10.5% of dry matter [23, 81, 90, 95–97], which is about the same as that of
normal maize [6, 81].
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The lysine and tryptophan contents of QPM grains are about twice those of normal maize. There
is also reduced imbalance between isoleucine and leucine. The grains of most available QPM
cultivars contain on the average 3.5–4.5% lysine of total protein in the grain [6, 81]. Also, the
lysine content of the gluten of QPM grains is higher than that of normal maize grains [23].

The starch yielded by QPM grains is comparable to normal maize grains [98]. Starch contents
of 56.6% grain for QPM and 55.0% grain for normal maize have been reported [23].

The fat content of QPM grains ranges from 3% to 7% [23, 94, 99]. Of the triglycerides, QPM
grains contain significantly more palmitic acid and linoleic acid than normal maize grain but
less of stearic, oleic and linolenic acids [23]. Yellow grain types of both QPM and normal maize
contain similar levels of carotenoids [6].

8. Evaluation of protein quality of nutritionally improved maize

Many nutritional studies have demonstrated the benefits for monogastric animals of the high
protein quality of nutritionally improved maize varieties collectively called “high‐lysine
maize” (of which opaque‐2 maize and QPM are outstanding) as compared with normal maize.

A summary of nitrogen balance studies with weanling rats to evaluate the protein quality of
normal maize, opaque‐2 maize and QPM is presented in Table 13. The data indicate that opaque‐
2 maize and QPM show significantly higher nutritional values than normal maize. The
nutritional values are similar for opaque‐2 maize and QPM. The high efficiency of protein
utilisation of high‐lysine maize is explained on the basis of its good protein quality [95, 99–101].

Maize variety Lysine (g/kg
protein)

Biological indicator of nutritional quality
True digestibility
(%) 

Biological value
(%)

Net protein
utilisation (%)

Protein efficiency
ratio

Normal maizea  27 – 62 55 1.5

Opaque‐2 maizea  45 – 87 70 2.8

Normal maizeb  – – – – 1.6

Opaque‐2 (soft)b  – – – – 2.8

Opaque‐2 (hard)b – – – – 2.9

Normal maizec 26 98 63 62 –

Opaque‐2 maize  42 96 78 75 –

QPMc  40 97 76 74 –

Normal maized  23 – 0.7

QPMd  36 – – – 1.3

Sources: aBressani et al. [100];
bMertz et al. [101];
cVillegas et al. [95];
dAhenkorah et al. [99].

Table 13. Nutritional evaluation in rats of normal maize, Opaque‐2 maize and QPM.
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Numerous feeding trials were carried out on rats to study the effect of protein quality of
normal maize, opaque‐2 maize and QPM on weight gain, feed intake as well as efficiency of
feed utilisation. Some of the published work are summarised in Table 14. These growth
studies highlighted the superior feed value of QPM over normal maize. One of the nutritional
benefits of improved protein quality of maize is a higher food intake from diets made up of
the high‐lysine maize as compared with normal maize diets [30]. This is because a diet of
good protein quality stimulates food intake and a higher diet intake raises calorie intake [36,
100]. Also, efficiency of feed utilisation by rats fed high‐lysine maize is better than for normal
maize indicating the superior quality of high‐lysine maize. The performance of rats fed high‐
lysine maize was only slightly lower than that observed for their counterparts fed casein
(Table 14).

Diets Average gains (g) Average feed intake (g) Feed/gain Sources

Normal maize 25a 248a 9.92a [100]

Opaque‐2 maize 130b 455b 3.50b

Casein 132b 408b

Normal maize 50a 211a 4.22a [102]

Opaque‐2 maize 122b 281b 2.20b

Normal maize 15a 131a 9.4a [103]

QPM 27b 162b 7.0b

Normal maize 9a 115a 12.78a [99]

QPM 18b 154b 8.56b

Casein 28c 156b 5.57c

Values in the same column with different superscripts are statistically different (P<0.01).

Table 14. Comparative average weight gains, average feed intakes and feed conversion efficiencies in rats fed normal
maize, high‐lysine maize and casein.

8.1. Evaluation of nutritionally improved maize in poultry diets

In initial studies with young chicks [104, 105], only slight differences in growth rate and feed
conversion efficiency of chicks fed opaque‐2 maize in place of normal maize in maize‐soyabean
meal diet which contained a dietary protein level of 15%. However, when a deficiency of the
first limiting amino acid in this type of diet, methionine was corrected by supplementation,
significantly better gains and feed conversions were observed with opaque‐2 maize as compared
with normal maize. Since supplementation of normal maize diets with lysine up to the level
in opaque‐2 maize diets resulted in equal performance, it was concluded that the beneficial
effects of opaque‐2 maize over normal maize were mediated solely through the higher lysine
content of opaque‐2 maize. Analyses of plasma amino acids revealed higher lysine levels in
chicks fed opaque‐2 maize as compared with chicks fed normal maize. It was reported that
chicks given high‐lysine maize diets at a dietary protein level of 15% out‐performed their
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counterparts fed normal maize diets at the same dietary protein level [106]. Again, it was found
that opaque‐2 corn had higher nutritive value than normal corn as determined in modified chick
bioassay of protein efficiency ratio [107].

Other reports that demonstrated the superior feeding value of high‐lysine maize are summar‐
ised in Tables 15–17. Also, it was reported that chicken fed QPM exhibited improved growth
rate by 20% as compared with those fed normal maize [92]. The data showed that there was
no response to tryptophan supplementation of high‐lysine maize. This means that the amount
of tryptophan in high‐lysine maize is sufficient to meet the requirements of chicks. On the other
hand, a significant response is obtained when normal maize is supplemented with tryptophan.
Thus, high‐lysine maize is superior to normal maize not only for its higher lysine content but
also for its higher tryptophan content. Furthermore, there is positive response to methionine
supplementation of high‐lysine maize as previously reported [104, 105], making the protein
quality of the high‐lysine maize superior to normal maize for the chick. In addition, the results
from the substitution of high‐lysine maize protein for soyabean or fishmeal protein indicate
that high‐lysine maize protein is comparable in quality to that of fishmeal or soyabean meal
for the chick. Another interesting observation from these data is that lysine supplementation
of high‐lysine maize diets resulted in improved performance comparable to that of chicks fed
control diets. This indicates that high‐lysine maize alone is not adequate as a sole source of
protein or lysine for chicks [6].

Two‐week‐old chicks

Source of protein Protein level (%) Average body weight (g) Protein efficiency ratio

Basal protein+SBM 14 124.7a 2.99a

Basal protein+NM 14 77.7d 2.31c

Basal protein+OP (hard) 14 81.6c 2.45b

Basal protein+OP (soft) 14 92.2b 2.81a

Basal protein+Fl‐2 14 81.2c 2.46b

BP+SBM+Lys (3 g/kg) 14 122.8c 3.24a

BP+NM+Lys (3.2 g/kg) 14 86.6c 2.74c

BP+OP (hard)+Lys (3 g/kg) 14 114.0a 3.20a

BP+OP (soft)+Lys (2 g/kg) 14 116.0a 3.15ab

BP+Fl‐2+Lys (8 g/kg) 14 98.5b 2.94b

BP: basal protein; Fl‐2: floury‐2 maize; OP: opaque‐2 maize; SBM: soyabean meal; Lys: lysine. Basal protein: mixture of
animal and vegetable proteins of good balance providing 8% protein. Values with the same superscripts are not
significantly different from each other (P<0.05).

Table 15. Comparative bodyweights and protein efficiency ratios of chickens fed normal maize and high‐lysine maize
[101].
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Source of protein Protein level (%) Weight gain (g) Feed/gain ratio Source

Normal maize+safflower meal 20 173c 2.74c [106]

Opaque‐2+safflower meal 20 215b 2.25b

Normal maize+soyabean meal 20 472a 1.46a [106]

Normal maize+167.3 g/kg soyabean meal 15 300c 1.86c

Opaque‐2+I 67.3 g/kg soyabean meal 15 413b 1.64b

Opaque‐2+77.1 g/kg soyabean meal 15 293c 1.83c

Opaque‐2+214.5 g/kg soyabean meal 20 480a 1.38a

Normal maize+289.6 g/kg soyabean meal 20 498a 1.40a

QPM 9.7 708b 4.28b [108]

Normal maize 9.7 532c 6.55c

Normal maize+fishmeal 1.8 2017a 2.30a

Normal maize+I 95 g/kg fishmeal 21 2149 2.60 [108]

QPM+195 g/kg fishmeal 21 2189 2.60

QPM+175 g/kg fishmeal 20 2229 2.55

QPM+155 g/kg fishmeal 19 2140 2.70

QPM+135 g/kg fishmeal 18 2140 2.80

Opaque‐2+soyabean meal 22 390.2c 1.74b [109, 110]

Opaque‐2+soyabean meal 18 373.2b 1.83c

Opaque‐2+soyabean meal 14 320.5a 2.09d

Normal maize+soyabean meal 22 411.5d 1.64a

Normal maize+soyabean meal 18 372.8b 1.79bc

Normal maize+soyabean meal 14 329.7a 2.09d

NM+SBM 21 465 1.49

OP+SBM 21 459 1.51

NM+SBM 19 438 1.57

OP+SBM 19 422 1.58

NM+SBM 17 407a 1.67a

OP+SBM 17 371b l.72b

NM+SBM 15 329 1.85a

OP+SBM 15 332 1.81b [104]

NM+SBM+Met 21 458 1.40

OP+SBM+Met 21 468 1.39

NM+SBM+Met 18 412 1.52

OP+SBM+Met 18 428 1.48

NM+SBM+Met 15 286a 1.84a

OP+SBM+Met 15 369b 1.64b
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Source of protein Protein level (%) Weight gain (g) Feed/gain ratio Source

NM+SBM 20 451 1.45

OP+SBM 20 463 1.42

NM+SBM+amino acid 20 455 1.41

NM+SBM 16 359a 1.76a

OP+SBM 16 423b 1.58b

NM+SBM+amino acid 16 412b 1.59b

NM+SBM 12 163a 2.57a

OP+SBM 12 243b 2.07b

NM+SBM+amino acid 12 255b 2.09b

NM: normal maize; SBM: Soyabean meal; OP: Opaque‐2 maize; Met: methionine. Values with the same superscripts are
not significantly different from each other (P<0.05). Not significant (P> 0.05).

Table 16. Comparative weight gains and feed/gain ratios of chickens fed normal maize and high‐lysine maize at 3
weeks or 8 weeks of age.

Source of protein 2 Protein level (g/kg) Weight gain (g) Feed/gain ratio Source

Normal maize+soyabean meal+methionine (0.2%) 200 481a 1.40a [106]

Normal maize+safflower meal+methionine (0.19%) 200 158c 2.92c

Normal maize+safflower meal+Lys+methionine (0.19%) 200 483a 1.53a

Opaque‐2+safflower mal+methionine (0.44%) 200 2I4b 2.11b

Opaque‐2+safflower meal+Lys+methionine (0.14%) 200 487a l.52a

Normal maize+safflower meal+Met (0.26%) 200 145d 2.55a [106]

Opaque‐2+safflower meal+Met (0.25%) 200 211c 2.15a

Opaque‐2 safflower meal+Met (0.26%)+Lys (0.15%) 200 364a l.78b

Normal maize+safflower meal+Met (0.25%)+Lys (0.15%) 200 270b l.92b

Normal maize+safflower meal+Met (0.20%)+Lys (0.14%) 150 163c 2.44a

Opaque‐2+safflower meal+met (0.13%)+Lys (0.18%) ISO 282b 1.99b

Opaque‐2(0. 89 g/kg tryptophan) 95 129a 3.27a [111]

Opaque‐2+0.95 g/kg tryptophan 95 134a 3.09a

Opaque‐2+1.31 g/kg tryptophan 95 138a 2.99a

Opaque‐2+2.00 g/kg tryptophan 95 131a 3.09a

Norma1 maize (0.59 g/kg tryptophan) 95 83d 4.24c

Normal maize+0.95 g/kg tryptophan 95 115bc 3.54a

Normal maize+1.31 g/kg tryptophan 95 127a 3.21a

Normal maize+2.00 g/kg tryptophan 95 103cd 3.82b

Opaque‐2+sesame meal ( 0.97 g/kg tryptophan) 120 180* 2.43* [111]

Opaque‐2+sesame meal+1.20 g/kg tryptophan 120 162 2.62
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Source of protein 2 Protein level (g/kg) Weight gain (g) Feed/gain ratio Source

Opaque‐2+sesame meal+1.50 g/kg tryptophan 120 181 2.46

Opaque‐2+sesame meal+2.00 g/kg tryptophan 120 183 2.38

Normal maize+sesame meal+(0.69 g/kg tryptophan) 120 146 2.84

Normal maize+sesame meal+120 g/kg tryptophan 120 169 2.59

Normal maize+sesame meal+1.50 g/kg tryptophan 120 166 2.63

Normal maize+sesame meal+2.00 g/kg tryptophan 120 163 2.62

Normal maize replacement with QPM ∼220 [112]

Diet 1 (100:0) 634b 1.45a

Diet 2 (75:25) 641b 1.38b

Diet 3 (50:50) 675a 1.34c

Diet 4 (25:75) 686a 1.35c

Diet 5 (0:00) 673a 1.35c

Diet 6 (100:lys) 676a 1.35c

NM: normal maize; SBM: soyabean meal; OP: opaque‐2 maize; Met: methionine. Values with the same superscripts are
not significantly different from each other (P<0.05). *Not significant (P>0.05).

Table 17. Comparative weight gains and feed/gain ratios for chickens fed normal maize and high‐lysine maize at 3
weeks of age.

In summary, the superior performance of chickens fed high‐lysine maize has been attributed
by all investigators to its higher lysine content and improved balance of essential amino acids.

Table 18 shows that when laying chickens were fed high‐lysine maize at suboptimal protein
levels, their egg production was significantly higher than that of their counterparts fed normal
maize at the same suboptimal protein level. However, at optimal dietary protein levels, similar
egg production was recorded. It was suggested that the difference in egg production at
suboptimal dietary protein level was due to the higher lysine content of high‐lysine maize
[109, 110]. An advantage can thus be taken of the high lysine content of high‐lysine maize in
reducing dietary protein levels, that is, decreasing inclusion level of high protein feedstuffs
like soyabean and fishmeal. A study in Ghana [113] found no significant difference in egg
production when dietary protein level was reduced from 170 to 140 g/kg in diets in which QPM
was incorporated (Table 18). Conflicting results have been obtained as to the effect of high‐
lysine maize on egg weight. Some studies [52, 109, 110, 113] found no significant difference in
egg weight of hens fed either high‐lysine or normal maize contrary to earlier results reported
[106] that hens fed high‐lysine maize produced heavier eggs than those fed normal maize. With
respect to internal quality of eggs produced, no beneficial effect was reported when high‐lysine
maize was fed to hens instead of normal maize [52, 109, 110, 113]. Data presented in Table 18
indicate that at suboptimal dietary protein levels, hens fed high‐lysine maize diets utilised feed
more efficiently than those fed normal maize diets even though the mean egg weights were
similar.
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Treatment Protein
level (g/kg)

Hen‐day egg
production (%)

Feed conversion
(kg feed/kg
eggs)

Egg weight
(g)

Haugh
units

Specific
gravity

Source

QPM+SBM+Met 110 76.1b 1.48ab 53.8 86.0c 1.0826 [110]

QPM+SBM 140 80.6bc 1.43b 54.1 86.0c 1.0806

QPM+SBM 170 84.2c 1.40b 55.5 86.7c 1.0815

MN+SBM+Met 110 64.5a 1.60a 53.0 78.9a 1.0838

NM+SBM 140 79.3bc 1.49ab 54.2 83.9b 1.0829

NM+SBM 170 82.7bc 1.45b 54.8 79.8a 1.0838

NM+SBM (90 g/kg)+Met 115.0 62.0a 1.91a 60.3 81.8 1.0760 [110]

QPM+SBM (90 g/kg)+Met 115.0 71.lc 1.65c 60.8 81.8 1.0748

QPM+SBM (674 g/kg)+Met 107.6 71.lc l.70b 62.0 82.3 1.0753

QPM+SBM (45 g/kg)+Met 115.0 68.1 b l.75b 59.9 83.6 1.0745

NM+SBM 144 69.1 2.56a 64.1 – – [52]

HPC+SBM 158 70.7 2.35b 64.7 – –

NM+fishmeal (l20 g/kg) 170 57.9 3.28 55.8 – – [113]

QPM+fishmeal (120 g/kg) 170 60.2 3.28 56.2 – –

QPM+fishmeal (100 g/kg) 160 55.6 3.59 56.4 – –

QPM+fisluneal (85 g/kg) 150 63.5 3.29 55.7 – –

QPM+fishmeal (65 g/kg) 140 60.2 3.36 55.5 – –

Normal maize 1 150 77.4a 2.06 58.9 87.1 – [114]

QPM1 150 77.3a 2 58.5 89.6 –

QPM2 140 72.0ac 2 58 89 –

QPM3 140 64.3b 1.99 56.5 93.2 –

Normal maize 2 140 66.8b 2.01 57.7 91.9 –

Normal maize
+0.07%Lysine 

150 89.6b 2.15 59.2 97.1 – [115]

QPM 149.4 91.0a 2.16 59.1 97.4 –

Values with the same superscripts are not significantly different from each other (P<0.05).

Table 18. Comparative performance of laying chickens fed normal maize or high‐lysine maize.

9. Future challenges of maize utilisation in poultry diets

The major future challenges confronting maize utilisation in poultry production include the
following:
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HPC+SBM 158 70.7 2.35b 64.7 – –

NM+fishmeal (l20 g/kg) 170 57.9 3.28 55.8 – – [113]

QPM+fishmeal (120 g/kg) 170 60.2 3.28 56.2 – –

QPM+fishmeal (100 g/kg) 160 55.6 3.59 56.4 – –

QPM+fisluneal (85 g/kg) 150 63.5 3.29 55.7 – –

QPM+fishmeal (65 g/kg) 140 60.2 3.36 55.5 – –

Normal maize 1 150 77.4a 2.06 58.9 87.1 – [114]

QPM1 150 77.3a 2 58.5 89.6 –

QPM2 140 72.0ac 2 58 89 –

QPM3 140 64.3b 1.99 56.5 93.2 –

Normal maize 2 140 66.8b 2.01 57.7 91.9 –

Normal maize
+0.07%Lysine 

150 89.6b 2.15 59.2 97.1 – [115]

QPM 149.4 91.0a 2.16 59.1 97.4 –

Values with the same superscripts are not significantly different from each other (P<0.05).

Table 18. Comparative performance of laying chickens fed normal maize or high‐lysine maize.

9. Future challenges of maize utilisation in poultry diets

The major future challenges confronting maize utilisation in poultry production include the
following:
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• Adverse effects of climate change on maize production have been reported in tropical and
subtropical regions. These include frequent droughts, heat, increased temperature and
inadequate rainfall during the growing season and water‐logging. It has been estimated that
one quarter of the global maize areas is affected by drought in any given year [116].

• Competition between humans and animal agriculture. Maize is increasingly being used for
human food and other industrial purposes including biofuel production. Thus, in a world
where the global population is continually increasing, the argument that producing feed for
livestock conflicts with feeding hungry people is likely to continue for some years [117].

• Some challenges for widespread adoption of QPM in developing countries have been
described [118], which include lack of profitable markets for commercial producers and lack
of government incentive to encourage adoption by subsidising the price of QPM seed.

10. Conclusion

Normal maize is the most widely used single grain in poultry feeding due to a combination
of desirable nutritional characteristics such as high energy, low fibre and easy digestibility.
However, its low protein content and deficiencies of the protein in lysine and tryptophan have
been a major nutritional concern for feeding poultry. Therefore, improvement in the protein
quality of normal maize through the development of a new class of opaque‐2 maize known as
“quality protein maize (QPM)” has been a major boost for poultry production, particularly in
developing countries, where dietary supplemental protein is either expensive or imported.
The benefits of feeding QPM grain to poultry are greater weight gain and more efficient feed
conversion as well as less supplemental protein cost.

There are, however, pertinent challenges confronting maize production such as adverse impact
of climate change, stiff competition between humans and animal agriculture, and some
challenges of widespread adoption of QPM. There is a need to overcome these and other
challenges in order to increase cheap meat production to meet the needs of the growing global
population.
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Abstract

In recent years, a steady increase in global poultry meat production has been witnessed,
accompanied by an increase in a major portion of a poultry carcass, referred to as the
inedible portion. In poultry, edible components include meat, skin with subcutaneous
fat and giblets (gizzard, liver, and heart) and sometimes also abdominal fat in waterfowl.
Age, together with species and environmental conditions, is one of the key factors
affecting body growth rate. In four poultry species, chickens, turkeys, Pekin ducks, and
geese, an increase in body weight is accompanied by an increase in edible weight and
a decrease in inedible weight in the carcass, and more significant age-related changes
occur in turkeys and broiler chickens than in ducks and geese. The highest increase in
the content of edible components expressed as a percentage of total body weight is noted
in turkeys (20% in males, 25% in females), followed by broiler chickens (19.4%), ducks
(17.1%), and geese (only 8.2%). Gallinaceous birds have also a higher content of muscle
tissue  and  a  lower  content  of  skin  (including  subcutaneous  fat)  and  bones  than
waterfowl.

Keywords: tissue components, edible components, non-edible components, poultry
species

1. Introduction

Age, together with species and environmental conditions, belongs to the key factors affecting
the growth rate of birds. Age has a significant effect also on carcass tissue composition, and the
most profound changes, both qualitative and quantitative, occur at early life stages which are
relatively short (compared with the lifespan) and characterized by rapid growth.
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Selection progress in meat-type poultry (particularly in broiler chickens and turkeys) has
contributed to an increase in their body weight, improved carcass composition, a shorter
production period, and a substantial rise in carcass dressing percentage, which results from
an increase in the content of edible portions in the total body weight of birds, accompanied by
a decrease in the content of inedible components treated as slaughter offal [1]. The total
percentage content of edible and inedible components in the carcasses of different poultry
species is an important economic consideration since the waste load from meat processing
plants has to be effectively managed or disposed of [2–7].

In poultry, edible components include meat, skin with subcutaneous fat, and giblets (gizzard,
liver, and heart), sometimes also abdominal fat in waterfowl. Fast-growing birds need
concentrated feeds in an adequate amount and appropriate form. Changes in the nutritional
regime affect the function of gastrointestinal tract segments and the weight of internal organs
[8–10]. The growth rate of muscle tissue—the most valuable edible component—is faster than
the growth rates of internal organs and other body parts classified as inedible, such as feathers,
blood, head, and others [11–16].

In growing birds, significant age-related changes can be observed not only in carcass tissue
composition but also in the location of lean meat, skin with a fat layer, and bones in the carcass
[11, 17–20]. Carcass quality is also determined by the distribution of tissue components. Lean
meat should be located in the most valuable carcass parts—the breast and legs, rather than in
the neck, wings, and back, which are less valuable. The tissue composition of poultry carcasses
changes with age because the growth rates of tissue components vary across species.

Carcass parts and tissue components can be classified as edible and nonedible. Methodological
differences in carcass preparation (carcass with or without the neck and wing tips) and the
classification of abdominal fat as an edible or a nonedible component make it difficult to
compare the research findings reported by various authors. The present report summarizes
mostly the results of own studies due to the uniform methodological approach to carcass
processing and classification of edible and nonedible carcass components in the analyzed
poultry species, that is, Ross 308 broiler chickens [13], Pekin ducks [14], BIG 6 turkeys [15, 20],
and Koluda® White geese [16, 21].

2. The effect of age on the growth rates of tissues and organs in broiler
chickens, turkeys, ducks, and geese

Selective breeding carried out over many generations has resulted in specialized poultry meat
and egg production based upon specialized meat stock and egg stock, including single-
purpose strains and lines selected separately. Breeds and strains of meat-type poultry are
intensely selected for fast growth rate, high body weight, high carcass dressing percentage,
and lean tissue deposition. Dual-purpose birds, raised for both meat and eggs, are less cost-
effective than specialized layers and broilers in large-scale commercial poultry farming.
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2.1. Body weight and carcass weight

Body weight is highly heritable and easy to measure [22, 23]. Body weight variation over time
considerably affects production effectiveness in meat-type poultry. The growth rates of birds
vary with age and across species. In comparison with ducks and geese, chickens and turkeys
grow slower in the first weeks of life. The growth rates of ducks and geese decrease at 7 and
10 weeks of age, respectively. Migratory birds such as ducks and geese have to be capable of
flight within a short time after hatching, so they gain weight rapidly during early life stages.
Despite domestication and long-term selection aimed at eliminating atavistic features,
adjustments enhancing flight capabilities can still be observed in modern ducks and geese [24,
25]. Broiler chickens have been raised since the 1920s, but initially only surplus cockerels from
the laying stock were used as a source of poultry meat. In 1923, the average body weight of
meat-type cockerels at 16 weeks of age was 1 kg [26]. Today, the average slaughter age of broiler
chickens is 35–42 days at a body weight of 2.10–2.80 kg [27]. Between 1 and 10 weeks of age,
the body weight and carcass weight of broiler chickens increase nearly 30-fold and over 40-
fold, respectively [13] (Figure 1a). If the rearing period is longer than 35–42 days, the produced
broilers have higher body weight and muscle yield, but also higher carcass fat content.

Figure 1. Arithmetic means (x) for the body weight and carcass weight of (a) chickens and ducks, (b) turkeys and
geese (g).
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Turkeys are the second most popular meat-type poultry species, after broiler chickens. Turkeys
are heaviest among the four most common poultry species raised for meat. In comparison with
other poultry species, turkeys are characterized by the highest carcass dressing percentage and
high feed efficiency [4–6]. Turkey carcasses have high lean content and relatively low fat
content [28]. Based on their body weight, modern commercial hybrid turkeys can be divided
into heavy type, medium-heavy type, and medium type. Depending on the type, the body
weight of males and females at 20 weeks of age ranges from 16.8 to 21 kg and from 9.3 to 11
kg, respectively. Due to considerable sexual dimorphism in the body weight of turkeys, males
are reared over a longer period of time than females. Turkeys are characterized by the highest
carcass dressing percentage among all poultry species, which reaches 81% in 16-week-old
females and 84% in 21-week-old males [29].

The average body weight of male and female BIG 6 turkeys increases 45.6-fold between 2 and
20 weeks of age, and 40.8-fold between 2 and 16 weeks of age, respectively. The respective
values for carcass weight are 58.3-fold (♂) and 57.7-fold (♀). A nearly 58-fold increase in carcass
weight is observed already at 16 weeks of age in females and at 20 weeks of age in males, as
compared with initial carcass weight at 2 weeks of age [15, 20] (Figure 1b).

Ducks can be divided into meat type, egg-layer type, and dual purpose. Broiler ducks are raised
to 7–8 weeks of age and slaughtered at a body weight of approximately 3.5 kg. Hybrid Pekin
ducks are used commercially for meat production [9]. Between 1 and 8 weeks of age, the
average body weight and carcass weight of Pekin ducks increase 16.5-fold and 23.3-fold,
respectively [14] (Figure 1a).

Geese are also raised mostly for meat, whereas egg, feather, and down production remains
marginal. Geese are slaughtered at different ages, depending on breed and management
system [30, 31]. Broiler-type geese are raised intensively to 10–12 weeks of age, and they are
slaughtered at a body weight of approximately 5.2 kg. Geese have a fast initial growth rate.
From 1 day to 12 weeks of age, their body weight increases over 34-fold [21], compared with
a 5.3-fold increase in body weight and a 6.2-fold increase in carcass weight between 2 and 12
weeks of age [16] (Figure 1b).

Broiler chickens intended for grilling, with carcass weight of approximately 1 kg, can be
slaughtered at 28 days of age. Medium-heavy female turkeys that are to be roasted whole can
be slaughtered at 12 weeks of age. However, market demand for such products tends to be
seasonal and remains low. Large carcasses that can be divided into retail and market-ready
cuts or used for further processing are preferred, and this applies also to ducks and geese.

2.2. Growth rates of tissue components

The whole-body growth rate of birds varies over time, similarly as the growth rates of tissue
components, which affects the proportions between carcass parts and tissue components [11,
17–19]. Chicks, poults, ducklings, and goslings are characterized by relatively slow growth of
muscle tissue and adipose tissue, and fast growth of bones and internal organs. The content
of muscle tissue and skin (including subcutaneous fat) increases significantly with age,
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whereas the content of giblets (liver, heart, gizzard), bone, and slaughter offal (excluding
abdominal fat and feathers) decreases [13–16].

2.2.1. Lean meat

In birds raised specifically for meat production, both the percentage and the distribution of
lean tissue in the carcass are important consideration. In poultry, breast and leg muscles
constitute the most valuable carcass portion. The growth rates of muscle groups vary across
poultry species. Similar age-related changes in muscle growth can be observed in chickens and
turkeys, and in ducks and geese.

In broiler chickens, carcass lean content increases approximately 49-fold between 1 and 10
weeks of age. Over this period, the percentage of muscle tissue increases from 30.9 to 51.3% of
total body weight, by 16.5% until week 6, and by approximately 4% between 6 and 10 weeks
of age [13] (Figure 2a). In the carcasses of 2-week-old broiler chickens, approximately 36 and
35% of lean meat is located in the breast and legs, respectively. As birds grow older, the
percentage of lean tissue increases in the breast (to 44%) and decreases insignificantly in the
legs (to 32%), relative to the total lean content of the carcass [17].

Figure 2. Percentage content of particular components in the body weight of (a) broiler chickens and turkeys, (b) males,
(c) females. *loss = body weight loss during post-slaughter processing and dissection (%) [13, 15].

Turkey carcasses have high lean content [5, 6]. The growth rates of muscle tissue vary between
carcass parts. In male BIG 6 turkeys, the weight of breast muscles increases approximately
77.1-fold between 2 and 20 weeks of age, the weight of leg muscles increases 75.4-fold, and the
combined weight of the remaining muscles is only 54.4-fold. In female BIG 6 turkeys, the
weights of breast muscles and leg muscles increase 66.7-fold and 70.5-fold, respectively,
between 2 and 16 weeks of age, whereas the combined weight of the remaining muscles
increases 60.5-fold [15, 20]. Muscle tissue accounts for approximately 40 and 34% of the total
body weight in 2-week-old males and females, respectively, and increases to approximately 61
and 56%, respectively, at slaughter, that is, at 20 weeks of age in males and 16 weeks in females
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[15]. Changes in the distribution of lean meat in the carcass can be observed in growing turkeys.
In males, lean meat content (relative to total lean weight in the carcass) increases in the breast
(by 3.4%) and legs (by 1.8%), and decreases in the wings (by 2.8%), back (by 1.5%), and neck
(by 1%). In females, muscle tissue distribution in the carcass is similar, with a higher (by 4.2%)
percentage of lean meat located in the breast. The most valuable muscles, that is, breast and
leg muscles, account for 72 and 74% of total meat weight in males and females at slaughter
age, respectively [20].

Figure 3. Arithmetic means () for weight of breast muscles and leg muscles (g): (a) ducks, (b) geese and percentage
share of breast muscles and leg muscles in total lean weight, subject to the age of birds (%), (c) ducks, and (d) geese.
Values followed by different letters (age) differ significantly: capital letters α = 0.01, small letters α = 0.05 [14, 16].

Ducklings and goslings have well-developed leg muscles and poorly developed breast
muscles. In Pekin ducks, the weight of muscle tissue increases 29.3-fold between 1 and 8 weeks
of age. The percentage of lean meat increases from 17.1 to 30.4% of the total body weight over
this period. The growth rate of breast muscles increases, and the growth rate of leg muscles
decreases with age. Between 1 and 8 weeks, breast muscle weight increases 188-fold, whereas
leg muscle weight only 13.6-fold. In 1-week-old ducklings, breast muscles and leg muscles
account for approximately 5 and nearly 60% of total muscle weight, respectively. At 8 weeks
of age, the proportion of breast muscles increases to approximately 33%, whereas the propor-
tion of leg muscles decreases to 27% of total muscle weight (Figure 3a and c) [14].

In geese, muscle tissue weight increases 8.5-fold between 2 and 12 weeks of age. Age-related
changes in lean meat weight in different carcass parts are similar in geese and ducks. The
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changes in lean meat weight in different carcass parts are similar in geese and ducks. The
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growth rate of leg muscles decreases, and the growth rate of breast muscles increases between
2 and 10 weeks of age. Over this period, the weights of breast muscles and leg muscles increase
42-fold and only 4-fold, respectively. As a result, the percentage of lean meat increases rapidly
in the breast and decreases in the legs [19]. In 2-week-old geese, lean meat accounts for 18.0%
of the total body weight, and it increases to nearly 29.0% at 12 weeks of age. In 2-week-old
geese, leg muscles and breast muscles account for approximately 66.0% and only 7% of total
muscle weight in the carcass, respectively. At 12 weeks of age, the proportion of breast muscles
and leg muscles (expressed as a percentage of total lean weight) is comparable, that is,
approximately 33 and 32%, respectively (Figure 3b and d) [16].

2.2.2. Skin with subcutaneous fat

Unlike Pekin ducks [9, 18] and geese [30, 31], chickens and turkeys are characterized by
relatively low fat content [17, 20, 32]. The weight of fat and skin increases, at a different rate,
throughout the growing period of birds. In waterfowl, subcutaneous fat can account for up to
76% of total body fat content [33]. At slaughter age, the percentage share of skin and subcu-
taneous fat in the total body weight is approximately 13% in broiler chickens, 10 (♂ 21 weeks)
to 12% (♀ 16 weeks) in turkeys, 23% in Pekin ducks, and 19% in geese [29]. The results of
research investigating different waterfowl species indicate that fat deposition as a reserve of
energy is still observed in modern commercial duck and goose lines despite selective breeding
aimed at eliminating atavistic features [9, 34].

In broiler chickens, the weight of skin with subcutaneous fat increases 48-fold between 1 and
10 weeks of age. Over this period, the percentage of skin and subcutaneous fat in the total body
weight increases from approximately 8% in week 1 to 13% in week 3, and it remains stable
until 10 weeks of age. In the analyzed period, the weight of skin and subcutaneous fat increases,
but their percentage share remains at a stable level, which results from a fast growth rate of
muscle tissue [13]. The distribution of skin fat and subcutaneous fat varies with age. The
percentage of skin with a fat layer increases in the back (by 7%) and legs (by approx. 4%), and
decreases in the breast (by approx. 4%), wings (by approx. 3%), and neck (by approx. 3.5% [17],
relative to the total weight of this tissue component in the carcass. Increased fat deposition in
the body cavity can also be observed in growing broiler chickens. Adipose tissue is deposited
as abdominal fat, periorgan fat, and peri-intestinal fat, thus increasing the weight of slaughter
offal [13].

In BIG 6 turkeys, the weight of skin and subcutaneous fat increases over 75-fold in males
(from 2 to 20 weeks of age) and approximately 108-fold in females (from 2 to 20 weeks of
age) [15]. Over this period, the percentage content of skin and subcutaneous fat increases by
approximately 3.5% in males (from 5.4 to 8.8 %) and by 5.8% in females (from 41 to 10.9%).
In males, the percentage share of skin and subcutaneous fat increases in the breast (by
7.6%), legs (by 7.9%), and back (by 1.7%), and decreases in the wings (by 11.6%) and neck
(by 5.6%). In females, the percentage share of skin and subcutaneous fat increases in the legs
(by 7.5%) and back (by 7.9%), decreases in the wings (by 12.1%) and neck (3.6%), and re-
mains unchanged in the breast [20].
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In Pekin ducks, between 1 and 8 weeks of age, the weight of skin with subcutaneous fat
increases 25.7-fold, whereas their percentage share of the total body weight increases from
15.5% in week 1 to 24.5% in week 8. Until 3 weeks of age, the content of skin with a fat layer
increases by approximately 8%, and between 3 and 8 weeks by only 1% [14]. The distribu-
tion of skin with subcutaneous fat in the carcass varies with age, with a rising tendency in
the back (5% increase) and wings (4%), and a falling tendency in the neck (7% decrease) and
breast (2%) [18].

In geese, the weight of skin and subcutaneous fat increases 5.4-fold from 2 to 12 weeks of age,
whereas the percentage of skin with a fat layer in the total body weight remains at a similar
level of approximately 19.1–19.6% [16]. The distribution of skin and subcutaneous fat in the
carcass undergoes smaller changes with age than the distribution of lean meat. A rising
tendency can be observed in the back (4% increase) and wings (2.5%), and a falling tendency
in the breast (3.5% decrease), legs (2.5%), and neck (0.5%) [19].

2.2.3. Bones

The growth of bone tissue is completed earlier than the growth of tissue and adipose tissues.
Bones are inedible components of the carcass, and the decrease in their proportion observed
with age is highly desirable. However, rapid growth of muscles (in particular breast muscles)
in the early life stages of birds may negatively affect their health status due to a higher incidence
of leg abnormalities and deformities that result in reduced walking ability and feed utilization,
followed by increased mortality [35–37].

In Ross 308 broiler chickens, between 1 and 10 weeks of age, bone weight increases approxi-
mately 23.4-fold and decreases from 11.5 to 9% when expressed as a percentage of the total
body weight [13] (Figure 2a). Unlike the growth rates of muscle tissue and adipose tissue, the
growth rate of bone tissue in different carcass parts of broiler chickens is uniform and com-
parable [17].

In BIG 6 turkeys, bone weight increases approximately 33-fold in males (weeks 2–20) and 34-
fold in females (weeks 2–16), and the share of bones in the total body weight decreases by 4.2%
in males (from 14.7 to 10.5%) and by 2.1% in females (from 13.0 to 10.9%) [15] (Figure 2b and
c). Age-related changes are also observed in bone distribution in the carcass. In males, bone
content expressed as a percentage of the total bone weight in the carcass increases significantly
in the back portion (by 3.1%), and decreases in the wings (by 1.3%) and neck (by 2.0%). In
females, bone content increases only in the back (by approx. 1%) and decreases in the neck (by
approx. 1.5%) [20].

In Pekin ducks, between 1 and 8 weeks of age, bone weight increases 15.2-fold. Minor changes
are noted in bone content—bones account for 12 and 11% of the total body weight in weeks 1
and 8, respectively [14] (Figure 3a). Significant age-related changes are observed in the
distribution of bones in carcass parts. Until 7 weeks of age, bone content expressed as a
percentage of the total bone weight in the carcass decreases in the legs (from 35.5 to 24.0%),
and increases in the neck (from 9.0 to 18%) and breast (from 12% in week 2 to 16% in week 7).
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The percentage of bones located in the wings, relative to the total bone weight in the carcass,
remains stable (approx. 17%) [18].

In Koluda White geese, the patterns of growth in body weight and bone weight are similar
until 12 weeks of age (5.3-fold and 5.2-fold increase, respectively). The proportion of bones
remains at a stable level (approx. 11.9–11.5%) [16] (Figure 4b). Similar to Pekin ducks, also in
growing geese bone content expressed as a percentage of the total bone weight in the carcass
undergoes greater changes than the content of skin and subcutaneous fat. From 2 to 12 weeks
of age, bone content increases rapidly in the wings (from 5.7 to 39.5%) and breast (from 9.0 to
12.9%). Until 8 weeks of age, the proportion of bones decreases rapidly in the legs (from 34.9
to 17.0%) and remains stable in the neck (approx. 9%) [19].

Figure 4. Percentage content of particular components in the body weight of (a) ducks and (b) geese (%). *loss = body
weight loss during post-slaughter processing and dissection [14, 16].

2.3. Growth rates of organs/giblets

Full expression of the genetic potential of modern poultry lines is largely dependent on feed
intake and feed conversion efficiency, which is why the composition and physical form of diets,
in particular those offered to gallinaceous birds, are subject to constant modifications. There-
fore, the function once performed by gastrointestinal tract segments, in particular the gizzard,
has changed. In gallinaceous birds, the storage capacity and grinding activity of the gizzard
have been limited. In modern broilers, the gizzard “works” less intensively due to considerable
modifications in the composition and structure of feed, which is why this organ gradually
diminishes in size [8]. Fast weight gain accompanied by insufficient development of some
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organs, for example, the heart and lungs, may lead to metabolic diseases, skeletal system
diseases, and increased fat deposition [36–39].

In broiler chickens, between 1 and 6 weeks of age, heart weight increases 11.3-fold, liver weight
increases 9.3-fold, and gizzard weight only 3.4-fold. In weeks 1, 6, and 10, the total weight of
giblets (heart, gizzard, and liver) accounts for 8.2, 3.0, and only 2.4% of the total body weight,
respectively. In 1-week-old chickens, the gizzard has a nearly 4.0% share of the total body
weight, similar to the liver. Until 10 weeks of age, the percentage content of the gizzard, liver,
and heart decreases over 8-fold, 2.5-fold, and 2-fold, respectively. A rapid decrease in the
percentage content of the gizzard (from 4.0 to 1.5%) is noted between 1 and 2 weeks of age,
and the percentage content of the liver decreases (from 3.8 to 2.1%) from 4 weeks of age. The
percentage content of the heart decreases from 0.9% in week 1 to 0.4% in week 10 [13] (Figure
2a).

In BIG 6 turkeys, the total weight of giblets increases 13.9-fold in males (weeks 2–20) and 14-
fold in females (weeks 2–16). The growth rates of individual organs vary with age. Heart weight
increases 22.2-fold in males and 27.2-fold in females. Liver weight increases 15.5-fold in males
and 13.5-fold in females. Gizzard weight increases 13.4-fold in males and 14.0-fold in females.
At 2 weeks of age, giblets have a 5.7 and 6.1% share of the total body weight in males and
females, respectively. The total percentage content of giblets decreases to 1.7% in males at 20
weeks of age, and to 2.2% in females at 16 weeks of age. The share of individual organs
decreases as follows in males: gizzard, by 1.5% (from 2.2 to 0.7%); liver, by 1.0% (from 2.8 to
0.8%); heart, by 0.5% (from 0.7 to 0.3%); and in females: gizzard, by 1.3% (from 1.9 to 0.6%);
liver, by 2.5% (from 3.7 to 1.2%); heart, by 0.2% (from 0.6 to 0.4%) [15] (Figure 2b and c).

According to Lilja [40], digestive organs (esophagus, gizzard, intestines, and liver) and leg
muscles belong to the group of supplying organs in geese. The supplying organs are charac-
terized by rapid embryonic development and a fast growth after hatching, which is natural
since goslings need mature legs to find food and mature digestive organs to process it
efficiently.

In Pekin ducks, the total weight of giblets increases 8.9-fold between 1 and 8 weeks of age.
Over this period, the weight of the liver, heart, and gizzard increases 6.9-fold, 10.4-fold, and
9.5-fold, respectively. Giblet weight expressed as a percentage of the total body weight
decreases from 10.1% in week 1 to 5.3% in week 8. The percentage content of individual organs
decreases as follows: liver, by 2.5% (from 4.3 to 1.9%); gizzard, by 2.0% (from 4.8 to 2.8%); heart,
by 0.4% (from 1 to 0.7%) [14] (Figure 4a).

The growth rates of visceral organs classified as giblets vary with age also in geese. Between
2 and 12 weeks of age, the total weight of giblets increases 2.8-fold, including a 2.3-fold increase
in liver weight, a 2.9-fold increase in gizzard weight, and a 4.7-fold increase in heart weight.
A statistically significant increase in liver weight, gizzard weight, and heart weight is observed
until 4, 6, and 8 weeks of age, respectively. The percentage content of giblets in the total body
weight decreases with age, from 10.9% in week 2 to 5.8% in week 12. Over this period, the share
of the gizzard and liver decreases by 3.1% (from 6.7 to 3.6%) and 2.0% (from 3.6 to 1.6%),
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organs, for example, the heart and lungs, may lead to metabolic diseases, skeletal system
diseases, and increased fat deposition [36–39].
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and heart decreases over 8-fold, 2.5-fold, and 2-fold, respectively. A rapid decrease in the
percentage content of the gizzard (from 4.0 to 1.5%) is noted between 1 and 2 weeks of age,
and the percentage content of the liver decreases (from 3.8 to 2.1%) from 4 weeks of age. The
percentage content of the heart decreases from 0.9% in week 1 to 0.4% in week 10 [13] (Figure
2a).

In BIG 6 turkeys, the total weight of giblets increases 13.9-fold in males (weeks 2–20) and 14-
fold in females (weeks 2–16). The growth rates of individual organs vary with age. Heart weight
increases 22.2-fold in males and 27.2-fold in females. Liver weight increases 15.5-fold in males
and 13.5-fold in females. Gizzard weight increases 13.4-fold in males and 14.0-fold in females.
At 2 weeks of age, giblets have a 5.7 and 6.1% share of the total body weight in males and
females, respectively. The total percentage content of giblets decreases to 1.7% in males at 20
weeks of age, and to 2.2% in females at 16 weeks of age. The share of individual organs
decreases as follows in males: gizzard, by 1.5% (from 2.2 to 0.7%); liver, by 1.0% (from 2.8 to
0.8%); heart, by 0.5% (from 0.7 to 0.3%); and in females: gizzard, by 1.3% (from 1.9 to 0.6%);
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According to Lilja [40], digestive organs (esophagus, gizzard, intestines, and liver) and leg
muscles belong to the group of supplying organs in geese. The supplying organs are charac-
terized by rapid embryonic development and a fast growth after hatching, which is natural
since goslings need mature legs to find food and mature digestive organs to process it
efficiently.

In Pekin ducks, the total weight of giblets increases 8.9-fold between 1 and 8 weeks of age.
Over this period, the weight of the liver, heart, and gizzard increases 6.9-fold, 10.4-fold, and
9.5-fold, respectively. Giblet weight expressed as a percentage of the total body weight
decreases from 10.1% in week 1 to 5.3% in week 8. The percentage content of individual organs
decreases as follows: liver, by 2.5% (from 4.3 to 1.9%); gizzard, by 2.0% (from 4.8 to 2.8%); heart,
by 0.4% (from 1 to 0.7%) [14] (Figure 4a).

The growth rates of visceral organs classified as giblets vary with age also in geese. Between
2 and 12 weeks of age, the total weight of giblets increases 2.8-fold, including a 2.3-fold increase
in liver weight, a 2.9-fold increase in gizzard weight, and a 4.7-fold increase in heart weight.
A statistically significant increase in liver weight, gizzard weight, and heart weight is observed
until 4, 6, and 8 weeks of age, respectively. The percentage content of giblets in the total body
weight decreases with age, from 10.9% in week 2 to 5.8% in week 12. Over this period, the share
of the gizzard and liver decreases by 3.1% (from 6.7 to 3.6%) and 2.0% (from 3.6 to 1.6%),
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respectively, whereas the share of the heart in the total body weight remains stable at around
0.6% [16] (Figure 4b).

2.4. Growth rate of the slaughter offal portion

During post-slaughter processing, offal is separated from the carcass. In poultry, the slaughter
offal portion includes blood, feathers, feet, head, trachea, lungs, intestines (including the
contents and peri-intestinal fat), spleen, pancreas, testes, components of the female reproduc-
tive system, and abdominal fat. In some regions of the world, abdominal fat and feet are
classified as edible components, but they are generally considered as offal. Contemporary
consumers prefer low-fat products; therefore, abdominal fat is treated as slaughterhouse
waste [41]. However, the fat of waterfowl is used in regional cuisines for the production of
specialty foods. Geese have higher abdominal fat content than other poultry species [31]. Fat
deposition in the lower parts of the body in waterfowl is a natural adaptation to the environ-
mental conditions. Duck and goose fat is considered to be healthier than pork fat, due to higher
concentrations of essential unsaturated fatty acids [33, 42]. However, some researchers
emphasize the lower durability of the former. In ducks and geese, the abdominal fat weight
increases over the entire growing period, thus increasing both the weight of undesirable offal
and overall production costs. Feathers are a by-product of poultry production. Today, the
economic importance of the feathers of gallinaceous birds is relatively low [3]. Plumage
development is particularly important in ducks and geese because carcass quality deteriorates
during the feathering process, which affects the processing suitability of raw material. Feathers
account for approximately 4.2, 4.0–4.5, and 5.4% of the total body weight in turkeys, chickens
and ducks, and geese at slaughter age, respectively. The rate of feathering is species-specific,
affected by nutrition and determined genetically [43].

In broiler chickens, the total weight of slaughter offal increases 17-5-fold between 1 and 10
weeks of age, including a 83-fold increase in feathers weight, a 41-fold increase in abdominal
fat weight, a 19-fold increase in the weight of feet, a 14-fold increase in blood weight, an 11-
fold increase in the weight of the gastrointestinal tract, and a 10-fold increase in head weight.
The growth rates of the above components are slower than the whole-body growth rate, and
their percentage content decreases with age, from 33.0% to approximately 19% in broiler
chickens. The proportions of most offal components decrease during the growing period,
except for abdominal fat and feathers (3.2 and 1.8% increase, respectively). Between 1 and 10
weeks of age, the smallest changes are noted in the percentage content of feet (2% decrease,
from 4.5 to 2.5%), and the greatest changes are observed in the percentage content of the
gastrointestinal tract (8.5% decrease, from 12.1 to 3.6%). The carcasses of 1-week-old chickens
contain low amounts of abdominal fat, whereas at 10 weeks of age abdominal fat content
reaches 3.2% and is almost equal to that of gastrointestinal tract [13] (Figure 2a).

In male turkeys, the weight of slaughter offal increases 23.5-fold between 2 and 20 weeks of
age. Over this period, blood weight increases approximately 35-fold, feathers weight increases
approximately 31-fold, and the combined weight of the lungs and trachea nearly 38-fold. The
growth rates of the remaining nonedible components are slower; gastrointestinal tract weight
increases only 14.5-fold. The percentage content of slaughter offal decreases in males from
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30.1% at 2 weeks of age to 15.8% at 20 weeks of age. The greatest decrease is noted in the
percentage share of the gastrointestinal tract (by approx. 7%), head (3%), and feet (2%). In
female turkeys, the weight of slaughter offal increases 20-fold between 2 and 16 weeks of age.
The fastest growth rate is observed in feathers weight (approx. 64-fold increase), followed by
the weight of feet (29-fold), lungs and trachea (27-fold), and blood (25-fold). Similar to males,
the growth rate of the gastrointestinal tract is relatively slow (approx. 10-fold increase). The
percentage content of slaughter offal decreases in females from 38.5% at 2 weeks of age to 18.0%
at 16 weeks of age. Age-related changes in the content of individual offal components are
similar to those noted in males [15] (Figure 2b and c).

In Pekin ducks, offal content expresses as a percentage of the total body weight decreases from
37% in week 1 to 24% in week 8. The weights of feathers and abdominal fat change to the
greatest extent. Between 1 and 8 weeks of age, feathers weight increases approximately 65-
fold. The carcasses of 1-week-old ducks contain low amounts of abdominal fat, but its weight
increases nearly 200-fold by 8 weeks of age. The growth rates of the remaining nonedible
components are slower; from 1 to 8 weeks of age, the weights of blood, head, feet, and
gastrointestinal tract increase 11-fold, 7.7-fold, 7.2-fold, and 9.1-fold, respectively. Changes in
the growth rates of the above components and the body weight of birds contribute to an
increase in the percentage content of feathers and abdominal fat (by 2.4 and 1.5%, respectively),
and a decrease in the percentage content of gastrointestinal fat (5%), blood (3.3%), head (5.4%),
and feet (3.3%) [14] (Figure 4a).

In geese, between 2 and 12 weeks of age, the total weight of slaughter offal increases 4.2-fold
or 4.6-fold, depending on the classification of abdominal fat as an edible or inedible component,
respectively. Over this period, abdominal fat weight increases approximately 13.6-fold. The
increase in offal weight in geese aged 2–12 weeks is not uniform. The total weight of slaughter
offal increases rapidly (2.9-fold) in weeks 2–4, it stabilizes and remains relatively unchanged
until week 10, and increases again in weeks 10–12. The main reason for the increase in slaughter
offal weight in geese aged 10–12 weeks is enhanced peri-intestinal fat deposition. Despite the
increase in slaughter offal weight, its proportion in the total body weight decreases from 35%
in week 2 to 29% in week 12 [16] (Figure 4b).

3. The effect of age on the percentage content of edible and nonedible
components

The total weights of edible and nonedible components in the carcasses of different poultry
species are an important economic consideration since edible carcass parts are used as raw
materials for the manufacture of processed meat products, and the waste load from meat-
processing plants has to be effectively managed or disposed of. In view of the fact that global
poultry meat production continues to increase, the ratio between edible and inedible weights
in poultry carcasses deserves particular attention [2, 3, 7]. The whole-body growth rate of birds
varies over time, similarly as the growth rates of internal organs and tissue components, which
affects the proportions between edible and nonedible components in the carcass. Research
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results show that the rate of age-related changes in the content of edible and nonedible carcass
portions varies across poultry species [13–16].

3.1. Percentage content of the edible portion

In chickens slaughtered at 1 week of age, the ratio between edible and nonedible parts is
estimated at 1:1, whereas a more desirable value of 2.2:1 is noted in birds slaughtered at 10
weeks of age. From weeks 1–10, the total weights of edible and nonedible components in broiler
carcasses increase 42-fold and only 20-fold, respectively. In 1-week-old broiler chickens, edible
components account for approximately 47.0% of the total body weight, and their content
increases to 63.0 and 67% at 6 and 10 weeks of age, respectively [13] (Figure 2a).

Similar to chickens, age-related changes in the weights and percentages of edible and noned-
ible components are also observed in turkeys. In males, between 2 and 20 weeks of age, the
weights of edible and nonedible portions increase 63.5-fold and approximately 26.5-fold,
respectively. In 2-week-old males, edible components account for nearly 52% of the total body
weight, compared with 72% in 20-week-old birds. In the group of edible components, muscle
tissue is characterized by the highest growth rate (40.4% in week 2, 60.9% in week 20), followed
by skin and subcutaneous fat (5.4% in week 2, 8.8% in week 20). The content of giblets,
expressed as a percentage of the total body weight, decreases with age (in contrast to the
remaining edible components), from 5.7% in week 2 to 1.8% in week 20. A similar trend can
be observed in female turkeys. Until 16 weeks of age, edible and inedible weights increase
approximately 63.7-fold and 23.7-fold, respectively. The share of muscle tissue in the total body
weight increases from 33.7% in week 2 to 55.6% in week 16, the share of skin with subcutaneous
fat increases from 4.1% to 10.9%, and the share of giblets decreases from 6 to 2.4% [15] (Figure
2b and c).

In 1-week-old ducks, the weight of edible components is lower than the weight of nonedible
components (0.8:1). In Pekin ducks, between 1 and 8 weeks of age, edible and inedible weights
increase 23-fold and 12.1-fold, respectively, and the ratio between edible and nonedible
components reaches 1.6:1 in 8-week-old birds. Edible components account for 42.8% of the
total body weight in week 1 and for 59.9% in week 8. The most significant changes are observed
in the percentage content of muscle tissue (10.5% increase) and giblets (5.1% decrease). The
share of skin and subcutaneous fat remains stable at 19.3% throughout the growing period.
As a result, the proportions between tissue components change. In 1-week-old ducks, muscle
tissue, skin with a fat layer, and giblets account for 40, 37, and 24% of total edible weight,
respectively. More desirable values are noted in 8-week-old birds, where muscle tissue, skin
with fat, and giblets account for 50, 41, and only 9% of total edible weight, respectively [14]
(Figure 4a).

In geese, the ratio between edible and inedible weights is 1:1 at 2 weeks of age, and 1.4:1 (variant
I, abdominal fat classified as an edible component) or 1.2:1 (variant II, abdominal fat classified
as a nonedible component) at 12 weeks of age (Murawska 2013b). The most valuable edible
component, muscle tissue, has an 18% share of the total body weight in week 2 and 29% in
week 12. Between 2 and 12 weeks of age, the percentage content of skin and subcutaneous fat
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in the total body weight of geese remains stable at 19.5%, whereas the share of giblets decreases
from 10% in week 2 to 6% in week 12 [16] (Figure 4b).

3.2. Percentage content of the nonedible portion

The nonedible portion of poultry carcasses comprises slaughter offal and bones. The content
of those components, expressed as a percentage of the total body weight of birds, decreases
with age.

In 1-week-old broiler chickens, nonedible components account for 45.3% of the total body
weight on average, and their content decreases to 34.4 and 30.2% at 6 and 10 weeks of age,
respectively. Over this period, a greater decrease is observed in the share of slaughter offal (by
12.5%, from 33.7% in week 1 to 21.2% in week 10), in comparison with bones (by 2.5 %, from
11.6 in week 1 to 9.1% in week 10) [13] (Figure 2a).

In 2-week-old turkeys, nonedible components have a 44.7 (♂) and a 49.9% (♀) share of the total
body weight, and their content decreases to 26.0 (♂, week 20) and 29% (♀, week 16) at slaughter
age. Similar to broiler chickens, slaughter offal content decreases by over 15% (from 29.7 to
14.5%) in males and by 19% (from 36.9 to 17.9%) in females, whereas bone content decreases
at a slower rate (♂ 4.2% decrease, from 14.7 to 10.5%; ♀ 2.1% decrease, from 13.0 to 10.9%) [15]
(Figure 2b and c].

In ducks, nonedible components account for 48.6% of the total body weight in week 1, and
decrease to 34.6% in week 8. Slaughter offal accounts for 39.7 and 27.2% of the total body weight
in weeks 1 and 8, respectively. Bone content decreases from 11.7% in week 1 to 10.9% in week
8 [14] (Figure 4b).

In geese, between 2 and 12 weeks of age, the percentage content of inedible components
decreases mostly due to a decrease in the share of slaughter offal (approx. 6.5%) because the
proportion of bones remains at a stable level (approx. 11.9–11.5%). In variant I (abdominal fat
classified as an edible component), the share of nonedible parts decreases from 48.08 to 41.6%,
and in variant II (abdominal fat classified as a nonedible component) from 50.2 to 45.4% [16]
(Figure 4b).

4. Conclusion

The research findings presented in this chapter can be used in an analysis of potential health
threats resulting from the undesirable differences between the growth rates of individual
organs and the whole-body growth rate of birds. The relationship between the growth rates
of muscle tissue and adipose tissue is also an important consideration for carcass quality and
poultry production efficiency. Due to the specific structure of subcutaneous adipose tissue in
poultry, analyses of carcass fat content should include both skin with a subcutaneous fat layer
and abdominal fat. Information on age-related changes in the weight and content of edible and
inedible carcass components may contribute to the effective processing of poultry meat and
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proportion of bones remains at a stable level (approx. 11.9–11.5%). In variant I (abdominal fat
classified as an edible component), the share of nonedible parts decreases from 48.08 to 41.6%,
and in variant II (abdominal fat classified as a nonedible component) from 50.2 to 45.4% [16]
(Figure 4b).

4. Conclusion

The research findings presented in this chapter can be used in an analysis of potential health
threats resulting from the undesirable differences between the growth rates of individual
organs and the whole-body growth rate of birds. The relationship between the growth rates
of muscle tissue and adipose tissue is also an important consideration for carcass quality and
poultry production efficiency. Due to the specific structure of subcutaneous adipose tissue in
poultry, analyses of carcass fat content should include both skin with a subcutaneous fat layer
and abdominal fat. Information on age-related changes in the weight and content of edible and
inedible carcass components may contribute to the effective processing of poultry meat and
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the effective management of slaughter offal, including bones separated from muscle tissue in
the mechanical deboning process.

A prolonged rearing period contributes to higher final body weight and higher muscle yield,
but overall production costs increase because older birds are characterized by a slower growth
rate and a higher feed intake per kg of body weight gain. Those factors should be taken into
account when determining the optimal slaughter age.
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Abstract

Microbial concentrations in poultry houses increase over time and contribute to the sick
building syndrome. Very high and often logarithmic growth rates are reported for
aerobic  mesophilic  bacteria,  which  account  for  the  majority  of  known pathogenic
bacteria. Bioaerosols suspended in air also contain mold spores and mold fragments,
mostly fungi of various genera, including pathogenic fungi that produce mycotoxins.
Microbiological mineralization of organic compounds, processes that involve litter and
fecal microbes, produces toxic gases, including ammonia, carbon dioxide (CO2), as well
as volatile toxic and aroma compounds. The above threats have led to the initiation of
various  measures  to  limit  pollution at  the  source,  including legal  regulations  and
methods aiming to neutralize the adverse effects of pollution (dietary, production, and
hygiene standards). Hygienic methods are recommended as alternative methods of
reducing contamination in poultry houses.  Essential  oil  mist,  organic and organic-
mineral  biofilters,  litter  additives,  such  as  aluminosilicates  (bentonite,  vermiculite,
halloysite), microbiological and disinfecting preparations, herbal extracts, and calcium
compounds may improve hygiene standards in poultry farms.

Keywords: bacteria, fungi, gases, poultry farm, reduction methods

1. Introduction

The  specific  microclimate  of  farm  buildings  promotes  the  accumulation  of  bioaerosols
containing harmful biological substances. Microbial concentrations in poultry houses increase
over time and contribute to the sick building syndrome. Very high and often logarithmic
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growth rates are reported for aerobic mesophilic bacteria, which account for the majority of
known pathogenic bacteria. In addition to Gram-positive cocci (Staphylococcus, Enterococcus)
and bacilli (Bacillus), other aerobic mesophilic bacteria include Gram-negative bacteria of the
family Enterobacteriaceae, including Escherichia coli, Salmonella sp., Shigella sp., Enterobacter sp.,
Proteus sp., and Klebsiella sp., as well as Pseudomonas sp., Acinetobacter sp., Flavobacterium sp.
[1–4]. The cell membranes of Gram-negative bacteria contain pro-inflammatory and allergenic
lipopolysaccharide complexes, known as endoxins, which are released after the death of the
bacterial cell. High endoxin concentrations are also observed in poultry houses [5]. Bioaero-
sols suspended in air also contain mold spores and mold fragments, mostly fungi of various
genera  (Penicillium,  Aspergillus,  Fusarium,  Mucor,  Trichosporon,  Alternaria,  Cladosporium,
Trichophyton, Epicoccum, etc.), including pathogenic fungi that produce mycotoxins [1, 4, 6].
Pathogenic yeasts (Candida albicans and Cryptococcus neoformans) are also frequently identified
in  animal  houses.  Enzymatic  and microbiological  mineralization  of  organic  compounds,
processes that involve litter and fecal microbes, produces toxic gases, including ammonia and
carbon dioxide (CO2), as well as volatile toxic and aroma compounds such as cyclic hydro-
carbons, aldehydes,  ketones,  alcohols,  free fatty acids,  mercaptans,  esters,  phenols,  cyclic
amines, and sulfides [7–8].

The combined effect of airborne pollutants is one of the key stressors in poultry farms. High
concentrations of microorganisms, endotoxins, mycotoxins, gas, and dust exert adverse effects
on the structure and protective functions of mucous membranes, in particular in the respiratory
system and the conjunctiva, leading to allergic reactions, inflammations, and increasing
susceptibility to infectious diseases. Numerous studies have demonstrated that excessive
ammonia concentrations in hen house lower productivity [2, 9–11]. Airborne pollutants also
have an adverse influence on farm employees [2]. The pollutants emitted by poultry farms
have negative environmental consequences. Nitrogen compounds contaminate soil and
ground waters [12], whereas gases such as CO2, CH4, and N2O contribute to the greenhouse
effect [13, 14]. Recent years have witnessed an increasing interest in volatile organic com-
pounds (VOCs), which are odor-producing compounds [15, 16].

The above threats have led to the initiation of various measures to limit pollution at the source,
including legal regulations (international conventions and the resulting legal acts that are
binding for the signatory countries) and methods aiming to neutralize the adverse effects of
pollution (dietary, production, and hygiene standards). The concentrations of biological and
chemical air pollutants vary significantly between farms and livestock facilities, and they are
determined not only by the animal species, but also by the housing and management system.
For this reason, safe pollution thresholds are very difficult to define. Guidelines for limiting
the exposure to selected chemical and physical factors have been developed in occupational
medicine, but general threshold limit values (TLV) for biological compounds are very difficult
to establish due to an absence of epidemiological data describing the correlations between
exposure and health consequences [17]. Different organisms have varied susceptibility to toxic
substances; there is a general absence of standardized measurement methods and a scarcity
of source data relating to the most widespread bioaerosols, which further exacerbates the
problem. Threshold values for farm buildings are even more difficult to determine due to a
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growth rates are reported for aerobic mesophilic bacteria, which account for the majority of
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higher number of limiting factors. Air pollution poses a serious health threat for animals and
farm employees; therefore, new research into the type and concentrations of airborne pollu-
tants in various housing systems is needed to effectively mitigate the problem.

This manuscript reviews the results of our previous work and other studies into quantitative
and qualitative identification of microbial and gaseous contaminants in poultry houses and
methods for the prevention of contamination at the source.

2. Microbial contaminations of poultry farms

The level of microbial contamination in poultry houses is one of the most important sanitary
and hygienic indicators. The main sources of microorganisms in poultry houses are birds, their
excrements, feed, litter, ventilation air, and even employees. Microbes carried by dust, water
vapor, and secretions from the respiratory tract form bioaerosol. Birds breathe air which acts
as a major vector for microorganisms. Most microbes are saprophytes, but some airborne
microorganisms may be pathogenic. Pathogens that enter the respiratory system with liquid
droplets and dust may cause infections. The smallest particles measuring <50 nm pose the
greatest epizootic risk because they are slowly deposited and spread even at low air flow rates.
The flock is constantly exposed to pathogenic bioaerosols when sick or infected birds are
present in the poultry house [18].

Microbial survival is determined by temperature, humidity, and other environmental param-
eters. Relative humidity in poultry houses generally does not support bacterial proliferation
(the 50–80% range is lethal for bacteria), and microbial contamination of air, litter, and surfa-
ces in poultry farm buildings can be attributed mainly to high flock density and the continued
presence of microbial sources. Poultry farms are significant pollutants of the external environ-
ment, and they could pose an epidemiological risk if biosecurity principles are not observed.

The microbial concentrations reported inside and outside poultry farms (Tables 1 and 2) differ
considerably in the literature [4, 19, 20–26]. Our previous work and other studies revealed
aerial contamination in the range of 3.1–6.4 log10 cfu/m3 in broiler houses, 4.5–7.6 log10 cfu/m3

in turkey houses, and 4.7–8.3 log10 cfu/m3 in laying hen houses. Fungal concentrations in
broiler, hen, and turkey houses were determined at 4.0–5.9, 3.8–5.8, and 2.7–5.5 log10 cfu/m3,
respectively. Outdoor concentrations were reported at 0–5.6 log10 cfu/m3 for bacteria and 0–
4.8 log10 cfu/m3 for fungi, depending on the distance. Microbial contamination levels are
influenced by various factors, including bird species, stocking density, season, ventilation
system, microclimate, and litter quality.

Witkowska et al. [19] studied the total counts of aerobic mesophilic bacteria and fungi in fresh
litter and in the air in a broiler house under changing temperature and humidity conditions,
and changing physicochemical properties of litter throughout the rearing period. The total
counts of aerobic mesophilic bacteria and fungi in fresh litter tended to increase during the
rearing period, to reach 9 and 8 log10 cfu/g, respectively, in the last week. An insignificant
increase in litter pH was also noted throughout the experiment, which—combined with in-
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creasing excreta amounts and fermentation processes in fresh litter—could promote microbi-
al growth. The above factors enhanced ammonia production in litter (6 mg/kg at the
beginning of the experiment vs. 12 mg/kg in the last week). Despite a gradual decrease in
indoor temperature accompanied by an increase in humidity, microbial air contamination did
not follow the same pattern as litter contamination. Bacterial and fungal counts varied be-
tween weeks of the rearing period, most likely due to changes in dust levels and ventilation
efficiency. Bacterial counts were lowest in week 3 (4.6 log10 cfu/m3) and highest at the end of
rearing (5.3 log10 cfu/m3). Fungal counts were lowest at the beginning of the experiment
(4.2 log10 cfu/m3) and highest in weeks 2 and 5 (4.7 log10 cfu/m3). Lawniczek-Walczyk et al. [27]
observed a significant increase in the concentrations of bacterial and fungal aerosols and en-
dotoxins in chicken houses in successive stages of production. They also reported seasonal
correlations in the size of bacterial populations. The concentrations of airborne bacteria were
significantly higher in summer than in winter.

Flock (no. of birds,
rearing period)

Housing type (no. of buildings,
ventilation system, type of
bedding, season)

Total microorganisms level
(log10 cfu/m3) mean range (min-
max)

References

A. Bacteria

Broilers (230 400
birds, 8 weeks)

12 buildings, mechanical
ventilation, sawdust or straw
litter

4.8 (3.1–5.2) Baykov and Stoyanov
[20]

Broilers (5300 birds,
six weeks)

One building, mechanical
ventilation, sawdust or wood
shaving litter, spring

5.1 (4.2–5.3) Vučemilo et al. [4]

Broilers (350 birds,
five weeks)

One building, mechanical
ventilation, straw litter, winter

5.1 (5.1–5.3) Witkowska et al. [19]

Broilers (360 birds,
six weeks)

One building, mechanical
ventilation, straw litter, summer
and winter

Summer
5.9 (5.0–6.2)

Winter
6.0 (4.9–6.4)

Wójcik et al. [21]

Broilers (41 000 birds,
six weeks)

Two buildings, mechanical
ventilation, straw litter, spring/
summer

– (5.1–5.7) Lonc and Plewa [22]

Lying hens (19 500
birds)

Three buildings mechanical
ventilation, straw litter, spring–
autumn

7.8 (4.7–8.3) Bródka et al. [23]

Turkeys (2000 birds) One building, Louisiana-type,
wood chips or straw litter

6.9 (4.5–7.6) Saleh et al. [26]

B. Fungi

Broilers (5300 birds,
6 weeks)

One building, mechanical
ventilation, sawdust or wood
shaving litter, spring

4.5 (4.0–4.9) Vučemilo et al. [4]
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Total microorganisms level
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max)
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ventilation, sawdust or straw
litter

4.8 (3.1–5.2) Baykov and Stoyanov
[20]

Broilers (5300 birds,
six weeks)

One building, mechanical
ventilation, sawdust or wood
shaving litter, spring

5.1 (4.2–5.3) Vučemilo et al. [4]

Broilers (350 birds,
five weeks)

One building, mechanical
ventilation, straw litter, winter

5.1 (5.1–5.3) Witkowska et al. [19]

Broilers (360 birds,
six weeks)

One building, mechanical
ventilation, straw litter, summer
and winter

Summer
5.9 (5.0–6.2)

Winter
6.0 (4.9–6.4)

Wójcik et al. [21]

Broilers (41 000 birds,
six weeks)

Two buildings, mechanical
ventilation, straw litter, spring/
summer

– (5.1–5.7) Lonc and Plewa [22]

Lying hens (19 500
birds)

Three buildings mechanical
ventilation, straw litter, spring–
autumn

7.8 (4.7–8.3) Bródka et al. [23]

Turkeys (2000 birds) One building, Louisiana-type,
wood chips or straw litter

6.9 (4.5–7.6) Saleh et al. [26]
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4.5 (4.0–4.9) Vučemilo et al. [4]
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Flock (no. of birds,
rearing period)

Housing type (no. of buildings,
ventilation system, type of
bedding, season)

Total microorganisms level
(log10 cfu/m3) mean range (min-
max)

References

Broilers (350 birds,
5 weeks)

One building, mechanical
ventilation, straw litter, winter

4.5 (4.2–4.7) Witkowska et al. [19]

Broilers (360 birds,
6 weeks)

One building, mechanical
ventilation, straw litter, summer
and winter

Summer
5.3 (4.6–5.8)

Winter
5.5 (4.7–5.9)

Wójcik et al. [21]

Broilers (41 000 birds,
6 weeks)

Two buildings, mechanical
ventilation, straw litter, spring/
summer

– (4.6–5.0) Lonc and Plewa [22]

Lying hens (19 500
birds, 1 year)

Three buildings, mechanical
ventilation, straw litter, spring–
autumn

5.3 (3.8 Spr–5.8 Aut) Sowiak et al. [24]

Turkeys (2000 birds) One building, Louisiana-type,
wood chips or straw litter

5.0 (2.7–5.5) Saleh et al. [26]

Table 1. Bioaerosol concentrations in poultry houses.

Type of farm

(no. of birds)

Total microorganisms level

(log10 cfu/m3) mean range (min–max)

Distance References

A. Bacteria

Broilers (19 200) – (2.3–5.6) 3 km–10 m  Baykov and Stoyanov [20]

Broilers (350) 2.6 (0–2.9) 3 m Witkowska et al. [19]

Broilers (360) 3.9 (0–4.4) 3 m Wójcik et al. [21]

Broilers (41 000) – (1.6–3.9) – Lonc and Plewa [22]

Broilers (23 000) – (3.7–4.1) 125–10 m Plewa-Tutaj et al. [25]

B. Fungi

Broilers (350) 3.0 (0–3.2) 3 m Witkowska et al. [19]

Broilers (360) 3.8 (0–4.3) 3 m Wójcik et al. [21]

Broilers (41 000) – (1.3–4.1) – Lonc and Plewa [22]

Lying hens (19 500) 4.6 (4.2–4.8) – Sowiak et al. [24]

Table 2. Bioaerosol concentrations around poultry houses.

Bacterial and fungal species and serotypes isolated from poultry farms are presented in
Table 3. Numerous studies [4, 19–25] revealed that bioaerosols from poultry houses contain
Gram-positive bacteria, including Streptococcus, Staphylococcus, Micrococcus, Enterococcus,
Aerococcus, Corynebacterium, Brevibacterium, Cellulomonas and Bacillus, as well as Gram-negative
bacteria, including Escherichia, Enterobacter, Klebsiella, Proteus, Citrobacter, Pasteurella, Pantoea,

Identification of Microbial and Gaseous Contaminants in Poultry Farms and Developing Methods...
http://dx.doi.org/10.5772/64891

55



Moraxella, and Pseudomonas. Witkowska et al. [19] report that in their investigation, molds
(Fusarium, Penicillium, Aspergillus, and many others) predominated in the air and litter at the
beginning of the production cycle, whereas yeast counts increased to 90–100% towards the end
of the experiment, particularly in litter.

Species Serotypes Inside
houses

Outside
houses

References

A. Bacteria

Streptococcus S. pyogenes + − Baykov and Stoyanov 1999 [20]; Vučemilo et al. [4]; Lonc and
Plewa 2011 [22]; Bródka et al. 2012 [23]; Lawniczek-Walczyk et
al. 2013 [27]; Plewa-Tutaj et al. 2014 [25]

S. bovis + −

S. mitis + +

Staphylococcus S. xylosus + +

S. hyicus + −

S. saprophyticus + −

S. aureus* + +

S. epidermidis − +

S. lentus + +

S. sciuri + +

S. chromogenes + −

S. cohnii − +

Micrococcus M. sedentarius + −

M. luteus + +

M. lylae − +

M. halobius − +

Enterococcus E. faecalis + −

E. faecium + −

sp. − +

Aerococcus A. viridans + −

Corynebacterium C. xerosis + +

Brevibacterium sp. + −

Cellulomonas C. cellulans + −

Bacillus sp. + −

mycoides − +

Escherichia E. coli + +

Enterobacter E. sakazakii + −

E. agglomerans + +

E. cloacae* + +

Klebsiella K. pneumoniae* + −

Shigella S. boydii − +

Proteus P. mirabilis* + +
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Species Serotypes Inside
houses

Outside
houses

References

Citrobacter C. farmerii + +

Pasteurella sp. + −

Pantoea sp. + −

Moraxella sp. + −

Providencia sp. − +

Pseudomonas P. aeruginosa + +

P. fluorescens + +

P. alcaligenes + −

P. stutzeri + −

P. chlororaphis − +

Xantomonas X. maltophila − +

B. Fungi

Penicillium P. notatum + − Vučemilo et al. 2007 [4]; Witkowska et. al. 2010 [19]; Wójcik et
al. 2010 [21]; Lonc, Plewa 2011 [22]; Sowiak et al. 2012 [24];
Lawniczek−Walczyk et al. 2013 [27]

P. expansum + −

P. olivinoviridae + −

P. claviforme + −

P. viridicatum + −

P. chrysogenum − +

Aspergillus A. niger + +

A. nidulans + +

A. ochraceus + −

A. oryzae + −

8A. candidus + −

A. fumigatus* + −

A. glaucus − +

A. parasiticus − +

A. clavatus − +

Fusarium F. oxysporum + +

F. graminearum + +

Geotrichum sp. +

Scopulariopsis S. brevicaulis + +

S. acremonium + +

Alternaria A. alternata + +

A. tennuissima + +

Trichoderma T. viridae + +

Drechslera D. graminae + +

Mucor M. mucedo + +

Rhizous R. oryzae +
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Species Serotypes Inside
houses

Outside
houses

References

R. stolonifer +

R. nodosus +

Cladosporium C. cladosporoides + +

Candida C. albicans + −

C. inconspicua + −

C. lambica + +

C. famata + −

C. pelliculosa + −

Cryptococcus C. laurentii + −

C. humicola + −

sp. − +

Acremonium A. strictum +

Trichophyton T. mentagrophytes*+

Ulocladium sp. − +

Verticilium sp. − +

Scedosporium sp. − +

Mycelia M. sterilia − +

Rhodotorula R. rubrum − +

*Microorganisms classified into group 2 according to level of risk of infection [27].

Table 3. The most common microorganisms isolated from poultry farms.

Some microbial species and serotypes, such as Staphylococcus aureus, Enterobacter cloacae,
Klebsiella pneumoniae, Proteus mirabilis, Trichophyton mentagrophytes, and Aspergillus fumigatus,
are pathogenic for animals and humans. Many bacteria and fungi are opportunists which are
particularly dangerous for organisms with compromised immunity. Low hygiene standards
and high levels of microbial and gaseous contamination may synergistically contribute to
lower immunity and susceptibility to infections. The presence of microorganisms such as
Brevibacterium, Alternaria, and Cladosporium in poultry houses indicates that microbes from the
external environment, including soil, can spread to farm buildings. The prevalence of patho-
genic microorganisms outside poultry buildings, even several kilometers away from the site,
also indicates that ventilation air may contaminate the external environment.

Broiler houses are particularly infested by fungi of the genera Penicillium, Aspergillus, and
Fusarium, which are the main fungi producing pathogenic mycotoxins such as T-2 toxin,
aflatoxin, ochratoxin, and zearalenone. Other toxigenic fungi species, for example, Alternaria,
Cladosporium, Trichoderma, Rhizopus, Stachybotrys, have also been identified in poultry build-
ings. Even low concentration of mycotoxins is known to cause immunosuppression, allergies,
inflammation of the respiratory tract, and they may have impact on growth parameters of
birds [4, 6, 19, 22, 23, 25, 27–30].
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Bioaerosols also contain suspended endotoxins. These lipopolysaccharide complexes are
associated with the cell membrane of Gram-negative bacteria which are released after the death
of bacterial cells. High endoxin concentrations are also observed in poultry houses. Inhaled
bioaerosol particles carrying endotoxins have pro-inflammatory and allergenic properties and
may lead to chronic respiratory diseases in poultry [5]. The mean concentrations of endotoxins
in aerosol fractions from poultry houses were determined in the range of 11.2–3406 ng/m3 and
were significantly higher than in other livestock buildings [3, 5, 27]. Seedorf et al. [31] observed
the highest endotoxin concentrations in laying hen houses. Lawniczek-Walczyk et al. [27]
observed that endotoxin concentrations in poultry houses increased significantly in successive
stages of production. The above authors concluded that high levels of airborne microorganisms
and their bioproducts could pose a serious risk of respiratory diseases. For this reason, widely
accepted guidelines for hygiene evaluation need to be established in poultry farms.

In Poland, the proposed threshold limit values (TLV) are 5.0 log10 cfu/m3 for bacteria and
4.7 log10 cfu/m3 for fungi [27], but those limits apply to bioaerosol concentrations in employee
facilities. Krzysztofik [32] recommended a limit of 5.0 log10 cfu/m3 for bacteria and a more
restrictive threshold value for fungi at 3.3 log10 cfu/m3. The TLV for endotoxins recommended
by the Polish Expert Committee for Biohazards in Indoor Environments is 200 ng/m3 [18, 27].
There are no guidelines for poultry houses.

3. Gaseous contaminations of poultry farms

The composition of air in poultry houses significantly differs from atmospheric air. In addition
to basic gaseous components (N2—nitrogen, O2—oxygen, Ar—argon, and CO2—carbon
dioxide), the air inside poultry houses also contains compounds that are not normally found
in atmospheric air. Birds, their excrements, feed, and process equipment are the main sources
of volatile chemical compounds in poultry houses. Ammonia and carbon dioxide are most
frequently encountered in farm buildings, and they contribute to the risk of disease if present
in excessive concentrations. For this reason, ammonia and carbon dioxide are regarded as the
most toxic gases in poultry houses.

Carbon dioxide (CO2) is a natural component of air, and its concentrations generally do not
exceed 300 ppm (0.03%). Carbon dioxide is responsible for breathing control in the respiratory
system. In densely stocked poultry houses, carbon dioxide concentrations are significantly
higher than in atmospheric air, but they should not exceed 2000 ppm. At higher concentrations
in poultry houses, CO2 weakens respiratory defense mechanisms and increases susceptibility
to respiratory diseases. Carbon dioxide poses a serious hazard to health and life at concentra-
tions higher than 10 000 ppm. Carbon dioxide levels in poultry houses are a robust indicator
of ventilation efficiency. Its concentrations increase rapidly in poorly ventilated buildings.

In poultry houses, ammonia (NH3) is released from excreta which contain nitrogen in the form
of uric acid. Ammonia is produced in the process of microbial fermentation. Ammonia
production increases in conditions that support microbial proliferation, including high
temperature, high humidity, high pH, and presence of organic matter. In poultry houses,
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ammonia concentrations should not exceed 13 ppm for adult birds and 10 ppm for chicks. At
higher concentrations, NH3 can compromise growth, whereas exposure to more than 30 ppm
of ammonia can lead to respiratory dysfunctions such as intensified mucus secretion, shallow
breathing, and bronchoconstriction. High levels of ammonia can impair immunity and
increase susceptibility to respiratory infections and ocular abnormalities in poultry.

Ammonia and other nitrogen compounds (NOx) originating from poultry production con-
taminate soil and groundwater. Some gaseous compounds emitted by poultry farms, in
particular CO2 and NOx, are greenhouse gases which contribute to global warming. Many
volatile compounds are classified as odors, and hundreds of volatile organic compounds
(VOCs) are identified in poultry houses. There are no guidelines concerning the odor detection
threshold or VOCs’ impact on odor formation in poultry farms due to the scarcity of simple
instruments for measuring air contamination in the production process. Research studies
revealed the presence of aromatic and aliphatic hydrocarbons, aldehydes, ketones, alcohols,
free fatty acids, mercaptans, esters, phenols, cyclic amines, nitriles, and sulfur compounds in
bird farms [7–8, 13, 15, 18, 33].

Witkowska [33] conducted qualitative and quantitative identification of gaseous contaminants
on a commercial turkey farm by Fourier transform infrared spectroscopy (FTIR). It was found
that ammonia and carbon dioxide were the predominant gases in turkey houses, and both
were present throughout the entire growth cycle, which is consistent with the findings of other
authors. The mean concentrations of carbon dioxide and ammonia were 220–2058 ppm
(min = 176 ppm, max = 2460 ppm) and 4–31 ppm (min = 4 ppm, max = 58 ppm), respectively.
The highest carbon dioxide concentrations (approx. 2000 ppm) were reported in farm buildings
in weeks 4 and 7, and a significant decrease in 600 ppm was observed in week 10. A lessening
tendency was noted until the end of the production cycle; in week 19, mean carbon dioxide
concentrations in turkey houses were approximately 90% lower than at the beginning of the
experiment. Average ammonia concentrations increased from 7 ppm at the beginning of the
study to over 30 ppm in week 7. A significant decrease in ammonia levels was observed in
subsequent weeks. The decreasing trend was sustained until the end of the rearing period, and
the mean concentrations of NH3 were 90% lower in the second half of the cycle. The decrease
resulted from higher ventilation and air exchange rates in turkey houses (at the last stage of
the study, and the rate of ventilation was 10-fold higher than at the initial stage). The increase
in CO2 and NH3 levels in week 7 was related to diet modification and increased excreta
moisture. Thiols, nitriles, amines, aldehydes, hydrocarbons, and other volatile organic and
inorganic compounds were also identified in the air inside the buildings, but they were emitted
periodically and their mean concentrations were significantly lower in comparison with CO2

and NH3. In contrast to the majority of other contaminants, nitrogen compounds (nitriles,
amines, aldehydes) and some hydrocarbons (chloroethane, 1.3-butadiene) were present at
higher concentrations in the second half of the production cycle. During the experiment, trace
amounts of alcohols, organic acids, ketones, phenols, nitrogen oxides, and sulfur oxides were
also detected in the air inside farm buildings. Mixtures of those compounds act as odorants
even at low concentrations.
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According to EU directives and Polish regulations, ammonia concentrations in broiler and
laying hen houses should not exceed 20 ppm, and carbon dioxide concentrations should be
limited to 3000 ppm. Gas concentrations have to be kept within safe limits in turkey, duck, and
geese houses [33]. More restrictive limits have been recommended by some authors [18], and
further research is needed to determine tolerable limits for different poultry species and rearing
systems.

4. Hygienic methods for reducing contamination in poultry houses

The search for effective, inexpensive, and environmentally friendly methods of lowering
contamination levels in poultry production has continued for many years. Ventilation systems
play a key role in maintaining the optimal microclimate in poultry houses, and devices that
generate negative ions remove dust and moisturize air can also be installed in farms to limit
air pollution. Unfortunately, such solutions are relatively expensive, and they are not widely
used in poultry production.

Witkowska and Sowińska [34] study aimed to assess the antibacterial effects of natural
essential oils (peppermint oil—PO and thyme oil—TO) in broiler houses. The results of the
study demonstrated that essential oil mist may improve hygiene standards in broiler farms.
The mean total counts of aerobic mesophilic bacteria in the control room were significantly
higher than in rooms treated with essential oils—5.8 log10 cfu/m3 vs. 5.6 log10 cfu/m3 (PO) and
5.5 log10 cfu/m3 (TO). A similar trend was observed with regard to wall contamination—total
mesophilic counts ranged from around 2.4 log10/100 cm3 in rooms fogged with essential oils to
3.3 log10/100 cm3 in the control room, and the statistic differences between control and exper-
imental groups were determined. Total bacterial counts on drinker surfaces in rooms fogged
with essential oils were lower than in the control room (PO–4.6 log10, TO–4.3 log10). Average
drinker contamination was significantly (by 0.5 log10) higher in the control room than in the
room fogged with thyme oil. The average total count of litter bacteria ranged from 8.9 log10

 cfu/g in the control group to 8.2 log10 cfu/g in the thyme oil group, and the noted difference
was statistically significant. Litter contamination was also lower in the room fogged with
peppermint oil (8.5 log10 cfu/g), compared with the control room, but the difference was not
significant. An analysis of extreme values of bacterial counts in the air on the walls and drinkers
and in litter revealed that bacterial contamination levels were effectively reduced by essential
oils. The average counts of bacteria of the family Enterobacteriaceae and mannitol-positive
Staphylococcus in the air on wall and drinker surfaces were lower in experimental rooms than
in the control room. A similar tendency was noted with respect to the counts of Staphylococci
in litter, but no significant differences were found between groups. The counts of coliforms
were lowest in the room fogged with thyme oil, and they were higher in the room treated with
peppermint oil than in the control room. Both oils reduced bacterial counts, but thyme oil was
more effective in eradicating Enterobacteriaceae, whereas peppermint oil had a higher inhibitory
effect on the proliferation of Staphylococci.

According to Tymczyna et al. [3, 7, 35, 36], biofilters offer a relatively cheap and effective
solution for poultry farms. Biofilters are containers with many partitions that house a high-
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pressure fan, an air moisturizing chamber and a biofiltration chamber. The biofiltration
chamber is a bed of various media, such as peat, compost, horse manure, and wheat straw.
Toxic gases are partially or completely biodegraded by bacteria that occur naturally in bed
media or are artificially introduced to substrates. Bacterial proliferation is influenced by the
parameters of bed media, including fertility, moisture content, temperature, and pH. The cited
authors demonstrated that ammonia and other toxic compounds (nitrates, nitrites, sulfates,
chlorides, phosphates) present in ventilation systems can be effectively eliminated with the
use of open biofilters in laying hen farms. Biological beds composed of peat, treated compost,
horse manure, and wheat straw reduced ammonia concentrations by 36–89% (68.6% on
average) and eliminated other harmful compounds in 66–100%.

Chmielowiec-Korzeniowska et al. [37] evaluated the effectiveness of a prototype container
biofilter in eliminating organic air pollutants in a chick hatchery. The biofilter bed was
composed of sallow peat (30%), fibrous peat (30%), treated compost (10%), fermented horse
manure (10%), and wheat straw (20%). The tested device decreased the levels of all pollutants
by 66% on average, and it was most effective in removing hexanal (95%) and toluene (76%).

The same team of researchers [3] evaluated the effectiveness of organic and organic-mineral
biofilters in eliminating Gram-negative bacteria, dust, and bacterial endotoxins from exhaust
air leaving a chick hatchery. All evaluated filters were effective in removing bacterial aerosols
and somewhat less effective in reducing dust pollution. Endotoxins were not effectively
eliminated. A biofilter with an organic-mineral bed containing 20% halloysite, 40% compost,
and 40% peat was most effective in lowering contamination levels.

Numerous research studies demonstrated that aluminum silicates can be effectively used as
bed media in air filtering devices. An important advantage of aluminum silicates is that they
are relatively cheaper and less toxic for animals and the environment than commercially
available chemical sorbents.

Opaliński et al. [38] evaluated the ability of selected aluminum silicates to absorb ammonia.
The tested substrates were raw halloysite, roasted halloysite, activated halloysite, raw
bentonite clay, and expanded vermiculite (EV). The experiment was conducted under strictly
controlled laboratory conditions. The analyzed substrates’ sorptive capacity was determined
based on differences in ammonia concentrations in a stream of air before and after it passed a
sorptive bed with a known volume. All evaluated sorbents lowered ammonia concentrations
in air. The most effective sorbent was activated halloysite, followed by raw halloysite, roasted
halloysite, and raw bentonite, whereas vermiculite was least effective in capturing ammonia.

Opaliński et al. [39] also analyzed the ability of selected aluminum silicates to eliminate noxious
odors in conditions similar to those found in animal facilities. Chicken droppings were placed
in fertilizer chambers, and the odor capturing abilities of raw halloysite, roasted halloysite
activated halloysite, raw bentonite, roasted bentonite, and expanded vermiculite were evaluat-
ed after 24 h. Ammonia was most effectively removed (81%) by activated halloysite, whereas
roasted halloysite was the least effective sorbent. In addition to ammonia, the analyzed air
samples also contained 24 odorous volatile compounds, including five toxic substances. All of
the tested aluminum silicates effectively decreased the concentrations of the identified com-

Poultry Science62



pressure fan, an air moisturizing chamber and a biofiltration chamber. The biofiltration
chamber is a bed of various media, such as peat, compost, horse manure, and wheat straw.
Toxic gases are partially or completely biodegraded by bacteria that occur naturally in bed
media or are artificially introduced to substrates. Bacterial proliferation is influenced by the
parameters of bed media, including fertility, moisture content, temperature, and pH. The cited
authors demonstrated that ammonia and other toxic compounds (nitrates, nitrites, sulfates,
chlorides, phosphates) present in ventilation systems can be effectively eliminated with the
use of open biofilters in laying hen farms. Biological beds composed of peat, treated compost,
horse manure, and wheat straw reduced ammonia concentrations by 36–89% (68.6% on
average) and eliminated other harmful compounds in 66–100%.

Chmielowiec-Korzeniowska et al. [37] evaluated the effectiveness of a prototype container
biofilter in eliminating organic air pollutants in a chick hatchery. The biofilter bed was
composed of sallow peat (30%), fibrous peat (30%), treated compost (10%), fermented horse
manure (10%), and wheat straw (20%). The tested device decreased the levels of all pollutants
by 66% on average, and it was most effective in removing hexanal (95%) and toluene (76%).

The same team of researchers [3] evaluated the effectiveness of organic and organic-mineral
biofilters in eliminating Gram-negative bacteria, dust, and bacterial endotoxins from exhaust
air leaving a chick hatchery. All evaluated filters were effective in removing bacterial aerosols
and somewhat less effective in reducing dust pollution. Endotoxins were not effectively
eliminated. A biofilter with an organic-mineral bed containing 20% halloysite, 40% compost,
and 40% peat was most effective in lowering contamination levels.

Numerous research studies demonstrated that aluminum silicates can be effectively used as
bed media in air filtering devices. An important advantage of aluminum silicates is that they
are relatively cheaper and less toxic for animals and the environment than commercially
available chemical sorbents.

Opaliński et al. [38] evaluated the ability of selected aluminum silicates to absorb ammonia.
The tested substrates were raw halloysite, roasted halloysite, activated halloysite, raw
bentonite clay, and expanded vermiculite (EV). The experiment was conducted under strictly
controlled laboratory conditions. The analyzed substrates’ sorptive capacity was determined
based on differences in ammonia concentrations in a stream of air before and after it passed a
sorptive bed with a known volume. All evaluated sorbents lowered ammonia concentrations
in air. The most effective sorbent was activated halloysite, followed by raw halloysite, roasted
halloysite, and raw bentonite, whereas vermiculite was least effective in capturing ammonia.

Opaliński et al. [39] also analyzed the ability of selected aluminum silicates to eliminate noxious
odors in conditions similar to those found in animal facilities. Chicken droppings were placed
in fertilizer chambers, and the odor capturing abilities of raw halloysite, roasted halloysite
activated halloysite, raw bentonite, roasted bentonite, and expanded vermiculite were evaluat-
ed after 24 h. Ammonia was most effectively removed (81%) by activated halloysite, whereas
roasted halloysite was the least effective sorbent. In addition to ammonia, the analyzed air
samples also contained 24 odorous volatile compounds, including five toxic substances. All of
the tested aluminum silicates effectively decreased the concentrations of the identified com-

Poultry Science62

pounds, and their average sorptive capacity ranged from 56% for raw halloysite to 84% for
roasted bentonite. Roasted bentonite reduced the levels of seven odorous compounds by more
than 90% and eliminated IH-indole, dimethyl trisulfide, and pyridine in even 100%.

Organic and mineral compounds are added to litter to improve its quality [40, 41]. The objective
of Korczyński et al. [42] study was to determine the effectiveness of expanded vermiculite (EV)
and raw halloysite (HS) in reducing the emissions of ammonia and volatile organic compounds
(VOCs) from litter in turkey houses. Mean ammonia concentrations were lower in the sectors
where the analyzed sorbents were used. The average differences in NH3 levels between the
control sector and the sectors where vermiculite and halloysite were added to litter reached 15.1
and 14.6%, respectively. The highest efficacy of both sorbents was noted in the first week of the
study (statistically significant differences). The application of halloysite and vermiculite de-
creased ammonia concentrations by 38 and 25%, respectively, compared with the control sector.
Similar trends were observed in the subsequent 2 weeks, but differences in ammonia concen-
trations between the control sector and experimental sectors were much lower (3.4–11.4%) and
statistically non-significant. A total of 15, 14, and 11 volatile organic compounds were identified
in the air in the control, HS and EV sectors, respectively. Pentadecane, 1-phenylethanone, di-
methyl tetrasulfide, and 4-hydroxytoluene were detected in the control sector, but they were
not found in experimental sectors. Methylbenzene and 4-methyl-2-heptanone were identified
in the air in the sectors where the sorbents were used, and 2-undecanone was detected in the HS
sector—those compounds were not found in the control sector. Chlorobenzene was the pre-
dominant VOC in the air in all sectors. Sorbents added to litter were most effective in reducing
the emissions of compounds with more complex molecular structure. VOC levels decreased by
73.4 and 83.1% following the use of halloysite and vermiculite, respectively.

Manafi et al. [43, 44] observed that high grade sodium bentonite in diet reduced the toxicity of
aflatoxin and marginally ameliorated the effect of ochratoxin A and aflatoxin B1 in broilers.

In a search for effective methods to reduce contamination levels in poultry production, various
litter additives were analyzed [28, 45–47], including a microbiological preparation (Biosan-
GS®) and disinfecting preparations (Lubisan®, Stalosan F®, Profistreu®). All additives contrib-
uted to a decrease in litter pH and moisture content [28, 46] thus reducing ammonia
concentrations in the air and litter [45, 46], and microbial air contamination levels in poultry
houses [28]. Birds kept on “optimized” litter were characterized by higher body weight gains
[46] and lower culling and mortality rates, at similar feed intake levels. An analysis of internal
organs (liver, spleen, kidneys, lungs, cornea) and selected blood parameters showed that the
above litter additives were safe and posed no threat to bird health [45, 47].

Saponin extracts from the South American plants of Mojave yucca (Yucca schidigera) and soap
bark tree (Quillaja saponaria) are added to feed and litter in poultry farms. Saponins block
bacterial urease and slow down urea decomposition in the uricolytic cycle. They increase the
availability of feed protein for birds and decrease the excretion of nitrogen compounds that
can be converted to ammonia [48, 49].

Litter can also be disinfected with calcium compounds before animals are introduced to a farm
building [50]. Many authors demonstrated that the addition of calcium oxide to poultry litter
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significantly decreases bacterial counts, in particular Salmonella which continues to pose a
serious problem for the producers and consumers of poultry meat and eggs [51, 52].

In the literature, there are no recommendations regarding the optimal doses of calcium
additives in litter, but calcium compounds are popularly used in poultry farms on account of
their low cost. Despite the above, calcium additives should be applied with caution because
exposure to excessive calcium concentrations can irritate or burn mucosal membranes and the
skin. Calcium oxide reacts with water to increase temperature, which can harm birds reared
on litter. Mituniewicz [53] attempted to determine the optimal doses of calcium compounds
(CaO and CaOMgO) which can be safely added to litter before birds are introduced to poultry
houses. The cited author analyzed the physicochemical and microbiological parameters of
litter, microclimate conditions, selected blood biochemical parameters and bird performance
to conclude that a single application of 250 g CaO or CaOMgO per square meter of litter
delivered the best results. Calcium compounds had a positive effect on the physicochemical
parameters of litter and microbial counts. The tested additives, in particular calcium oxide, led
to a significant increase in litter temperature within the safe limits. Calcium oxide also lowered
the relative moisture content of litter, in particular in the last weeks of the rearing period. The
combination of calcium oxide and magnesium oxide induced a greater improvement in the
analyzed parameters. Calcium compounds were effective disinfectants which reduced the
counts of incubated yeasts already in the third week of the experiment. Ammonia concentra-
tions were significantly lowered in a poultry house where calcium compounds were added to
litter. The results of blood serum biochemistry analyses revealed that calcium compounds did
not exert a negative effect on the birds’ health. Chickens reared on litter with calcium additives
were characterized by higher weight gains and improved performance.

Calcium peroxide (CaO2) is an inorganic compound and a source of oxygen. This compound
is sparingly soluble in water, and hydrogen peroxide, a source of free radicals (chemical
oxidation) and oxygen, is gradually released during the slow decomposition of CaO2. The
above creates a supportive environment for aerobic microorganisms [54]. Piotrowska [55]
attempted to determine the optimal dose at which calcium oxide should be combined with
litter to improve hygiene conditions in broiler houses and broiler performance. During a four-
week laboratory experiment (without birds) involving analyses of the qualitative parameters
of chicken litter and microclimate conditions in broiler houses, the cited author determined
the optimal dose of CaO2 at 2 g m−2 litter. The above dose was then tested under production
conditions in a poultry farm. The surface temperature of the experimental litter was reduced
by 1°C, and its moisture content decreased in comparison with the control litter (57.11% vs.
70.33%), which lowered the counts of aerobic mesophilic bacteria. Ammonia concentrations
in the experimental poultry house did not exceed 10 ppm throughout the experiment and were
lower than in the control poultry house. Aerobic mesophilic counts in air increased in both
poultry houses in successive stages of production, but were lower in the house containing
CaO2 than in the control facility in weeks 3, 4, and 6. Calcium peroxide also reduced average
yeast and mold counts in the experimental poultry house relative to control. The addition of
CaO2 at 2 g/m2 litter did not compromise the birds’ health and had a positive impact on
performance.
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In addition to technical devices and sanitary solutions, other measures are also introduced to
minimize pollutant emissions from chicken houses. One of such measures relies on phytore-
mediation, namely the use of selected plants to accumulate and degrade polluting substances.

Sobczak et al. [56] and Domagalski et al. [57] analyzed the ability of selected greenhouse plants
to reduce pollution levels in exhaust air from poultry houses. Sobczak et al. [56] demonstrated
a decrease in the concentrations of carbon dioxide, ammonia, and dust when exhaust air was
passed through an experimental greenhouse containing Indian shot (Canna) and silver grass
(Miscanthus). Pollution levels were measured at the inlet and outlet of the greenhouse for
3 months to reveal a daily drop of 10% in CO2 concentrations (30% during day time), a 40%
drop in ammonia levels and a 14% drop in dust concentrations on average.

Domagalski et al. [57] investigated the deodorizing properties of Indian shot (Canna × Gener‐
alis) in a phytotron chamber for filtering exhaust air from poultry houses. The applied biofilter
reduced total concentrations of odorous compounds by 20–30% and decreased ammonia levels
by 29–41%.

5. Summary and conclusions

The results of the above studies demonstrate that poultry farms are significant reservoirs and
emitters of microbiological and gaseous contaminants into the environment and that the type
and concentrations of bioaerosols and gases produced in poultry farms are determined by
various factors, including bird species, stocking density, season, time of day, stage of the
production cycle, temperature, moisture content and the physicochemical parameters of litter,
sampling site, ventilation efficiency, technical and process solutions, and farm management
methods.

A microbiological analysis of bird facilities revealed that threshold concentrations of airborne
bacteria and fungi recommended in the literature [27, 32] are often exceeded in practice. In
cited studies, the lowest bacterial concentrations in a broiler house were determined at
3.1 log10 cfu/m3; however, in the most cases, minimum value approximated the safe threshold
for poultry houses (5.0 log10 cfu/m3) already at the beginning of the production cycle. The
highest concentrations of airborne bacteria were determined in hen houses at 8.3 log10 cfu/m3.
The proposed safe threshold for fungal concentrations of 3.3 log10 cfu/m3 for poultry was also
most often exceeded at the beginning of the production cycle, and fungal concentrations
ranged from 2.7 (turkeys) to 5.9 log10 cfu/m3 (broilers).

Poultry litter was an even more abundant source of microorganisms. In our study, the highest
bacterial concentrations in hen house litter reached 9–10 log10 cfu/g, and the highest fungal
concentrations reached 8 log10 cfu/g, but the above results cannot be compared with reference
values due to an absence of normative threshold levels in the literature.

An IR spectroscopy analysis of chemical air pollution in a commercial turkey farm supported
the determination of the type and concentrations of inorganic compounds (ammonia, carbon
dioxide, nitric oxide, and phosphine) and VOC (sulfur and nitrogen compounds: nitriles,
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amines, and aldehydes; hydrocarbons: methane, dichloromethane, chloromethane, bromo-
methane, 1,3-butadiene). In most studies, volatile compounds in farm buildings are identified
by gas chromatography. This method is characterized by high precision, but it is rarely used
in practice because analyses have to be performed under laboratory conditions. A comparison
of our findings with the results of chromatographic analyses indicates that FTIR is a practical
method for evaluating gas contamination in field conditions because analyses can be conduct-
ed in situ with the use of a portable device, which eliminates the problems associated with
sample collection and transport. IR spectroscopy supports the identification of aroma com-
pounds even at very low concentrations.

Selected volatile compounds, which were also determined in our study of hen houses (e.g.,
ethanethiol, methanethiol, acrylonitrile), can be harmful at very low concentrations at the limit
of detection of measuring devices equipped with electrochemical sensors for selective detec-
tion [58]. Due to analytical constraints, only general threshold limit values (TLV) have been
determined for carbon dioxide, ammonia, and hydrogen sulfide at 1800–3000, 10–30, and 5–
10 ppm, respectively, in housing facilities for juvenile and adult animals [18]. The relevant legal
regulations set TLVs for NH3, CO2 and H2S for calves and pigs, and NH3 and CO2 for chickens
at 3000, 20, and 5 ppm, respectively. The regulations addressing other animal species, including
turkeys, merely state that VOC concentrations should be kept at a safe level [59].

The growing number of protests staged by local communities against odor-producing animal
farms, in particular animal production facilities situated inside the protective zone surround-
ing residential districts, has attracted researchers’ attention to the odor-producing qualities of
approximately 300 identified volatile compounds. The detection limit of many gases, including
mercaptans, amines, sulfur compounds, and phenol derivatives, can be very low. Measures
that effectively limit the production of odorous gas mixtures at the source require the
identification of the highest number of components, even at very low concentrations. Analyses
of trace amounts of toxic compounds are often burdened with error; therefore, the higher the
number of replications and standardized measuring techniques, the greater the effectiveness
of the proposed protective measures.

The EU climate and energy package places the Member States under the obligation to reduce
their greenhouse gas emissions. Animal farms contribute to an increase in atmospheric
concentrations of CO2, CH4, and NOx. Farm emissions are determined based on standard
formulas and computer simulations that do not account for hygiene standards. This approach
could lead to unjust prosecution of farmers who take active steps to reduce pollution at the
source. For this reason, gas concentrations and actual emissions from farm buildings charac-
terized by different hygiene levels should be determined to effectively reduce atmospheric
concentrations of pollutants.

In our study, the attempts to limit the concentrations of harmful gases and microbiological
pollutants in farm buildings generated positive results. Total bacterial counts, including
Enterobacteriaceae and Staphylococcus counts, were reduced in hen houses sprayed with essential
oil solutions. Despite promising initial results, further analyses are needed to determine the
effectiveness of essential oils in practice. Essential oils can be ineffective in small concentra-
tions, and they can pose a health threat when applied excessively. The main advantage of
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Selected volatile compounds, which were also determined in our study of hen houses (e.g.,
ethanethiol, methanethiol, acrylonitrile), can be harmful at very low concentrations at the limit
of detection of measuring devices equipped with electrochemical sensors for selective detec-
tion [58]. Due to analytical constraints, only general threshold limit values (TLV) have been
determined for carbon dioxide, ammonia, and hydrogen sulfide at 1800–3000, 10–30, and 5–
10 ppm, respectively, in housing facilities for juvenile and adult animals [18]. The relevant legal
regulations set TLVs for NH3, CO2 and H2S for calves and pigs, and NH3 and CO2 for chickens
at 3000, 20, and 5 ppm, respectively. The regulations addressing other animal species, including
turkeys, merely state that VOC concentrations should be kept at a safe level [59].

The growing number of protests staged by local communities against odor-producing animal
farms, in particular animal production facilities situated inside the protective zone surround-
ing residential districts, has attracted researchers’ attention to the odor-producing qualities of
approximately 300 identified volatile compounds. The detection limit of many gases, including
mercaptans, amines, sulfur compounds, and phenol derivatives, can be very low. Measures
that effectively limit the production of odorous gas mixtures at the source require the
identification of the highest number of components, even at very low concentrations. Analyses
of trace amounts of toxic compounds are often burdened with error; therefore, the higher the
number of replications and standardized measuring techniques, the greater the effectiveness
of the proposed protective measures.

The EU climate and energy package places the Member States under the obligation to reduce
their greenhouse gas emissions. Animal farms contribute to an increase in atmospheric
concentrations of CO2, CH4, and NOx. Farm emissions are determined based on standard
formulas and computer simulations that do not account for hygiene standards. This approach
could lead to unjust prosecution of farmers who take active steps to reduce pollution at the
source. For this reason, gas concentrations and actual emissions from farm buildings charac-
terized by different hygiene levels should be determined to effectively reduce atmospheric
concentrations of pollutants.

In our study, the attempts to limit the concentrations of harmful gases and microbiological
pollutants in farm buildings generated positive results. Total bacterial counts, including
Enterobacteriaceae and Staphylococcus counts, were reduced in hen houses sprayed with essential
oil solutions. Despite promising initial results, further analyses are needed to determine the
effectiveness of essential oils in practice. Essential oils can be ineffective in small concentra-
tions, and they can pose a health threat when applied excessively. The main advantage of
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essential oils is that they are effective antimicrobials, and microorganisms, which can acquire
resistance to chemical substances, have not been found to develop a resistance to essential oils.
The results of our study demonstrate that essential oil sprays could deliver even more
satisfactory results in hen houses because their efficacy is determined by microbial species.
The application of adsorbents also delivered promising results. Vermiculite and halloysite
reduced VOC concentrations by 83 and 73%, respectively. Ammonia adsorption was deter-
mined at 15%. Despite the above, adsorbent efficiency was reduced over time as the volume
of poultry droppings increased. The findings of other authors also indicate the positive results
of biofilters, different additives to the litter and even phytoremediation in pollutants reduction
in poultry houses.

Reliable criteria for evaluating poultry exposure to biological and chemical pollutants and the
relevant reference values should be developed to maintain high poultry welfare standards in
farms. For such criteria to be acceptable, they have to be carefully balanced to ensure that they
deliver the highest level of poultry welfare and are achievable in practice with the involvement
of the available methods.
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Abstract

Mycotoxins, the toxic secondary metabolites of fungi, particularly produced by many 
species of Aspergillus, Fusarium and Penicillium, have affected animal and human health 
for over thousand years, whereas little has been discovered so far about these complex 
substances in poultry, which are generally very sensitive. Even though it varies by spe‐
cies and sex, some common effects are reduced feed intake, weight gain, feed efficiency, 
growth performance, immunity and hatchability along with increased mortality, organ 
damages (mainly kidney and liver), carcinogenicity, teratogenicity and decreased egg 
production. Besides their adverse health effects and the decrease in production rate, 
concerns over their importance in public health is still under debate. Decontamination 
approaches to reduce mycotoxins in feed are technologically diverse and based on 
chemical, biological and physical strategies. Chemical remediation strategies involve 
the conversion of mycotoxins via chemical reactions. Biological strategies involve vari‐
ous substances such as plant ingredients, enzymes and microorganisms. Physical pro‐
cesses include sorting, milling, dehulling, cleaning, heating, irradiation or combinational 
approaches. New strategies for the prevention and treatment of mycotoxicosis, including 
beneficial microorganisms/products, along with alternative treatments, including plant 
extracts/essential oils, are current hot topics in the poultry industry.

Keywords: Control, mycotoxins, poultry, prevention

1. Introduction

Mycotoxins, the secondary metabolites of fungi, are a global concern. At aerobic conditions, 
fungal growth in various feed raw materials is inevitable. There are about 200 species of 
fungi that produce mycotoxins. Majority of the fungi that form mycotoxin belong to three 
genuses: Aspergillus, Penicillium and Fusarium. Although more than 500 mycotoxins produced 
by these fungi are known, only some of these mycotoxins exert pathogenic characteristics. 
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The  poisoning in humans and animals caused by feeds and foods contaminated with myco‐
toxins may range from a slight reaction to death [1–6].

Fungal growth and mycotoxin production initiate in the cropland, during transportation 
or storage, and are affected by the environmental conditions including seasons, location of 
grain cultivation, drought and time of harvest. Long‐term analyses show that feed and feed‐
stuffs may be contaminated with mycotoxins, where these contaminated feed materials often 
include more than one mycotoxin [7]. Also, each of the cereals and oil seeds, available at the 
poultry feeds are vegetable substances obtained in different climatic conditions during veg‐
etation in the cropland, transport and storage. For this reason, although generally only one 
mycotoxin is produced in raw feed materials, multiple types of mycotoxins might be found in 
mixed feeds. Such co‐contamination examples in poultry feed are as follows: aflatoxin pres‐
ence with ochratoxins, T‐2 toxin or diacetoxyscirpenol; ochratoxins with T‐2 toxin or citrinin 
and vomitoxin with fumaric acid in the poultry feeds [8].

According to the Food and Agriculture Organization Report, 25% of the world's growing crops 
are affected by mycotoxins each year, with annual losses of around 1 billion metric tons of 
food and food products [9]. Generally, there is yield loss or reduced crop value due to diseases 
induced by toxigenic fungi, and losses in animal productivity and animal or human health costs 
are due to mycotoxin contamination. Apart from these, the extra costs include the management 
of mycotoxin, such as prevention, control, sampling, mitigation, labor loss and research costs. 
Thus, the economic problems related to mycotoxins concern all sections of society [10].

The reasons for mycotoxins to receive this particular attention are their undesirable health 
effects, decrease in the production rate due to the spoilage of feed, and overall economic effects 
which are reflected in international trade of food and food products. Therefore,  control of the 
fungal development and mycotoxin production are crucial for feed and animal  producers [6].

Mycotoxins are metabolized in the alimentary canal, liver or kidneys of the poultry in accordance 
with their chemical properties. Their transfer to poultry meat and eggs leads to undesirable 
health effects in humans, leading to major concerns in public health. Contamination of the feeds 
with fungi both damages their organoleptic properties and increases poisoning risk by decreas‐
ing their nutritional value. Toxicity of the mycotoxins depends on the amount of absorption, 
number of the metabolites that are formed, exposure period and sensitivity of the animal [1].

Some mycotoxins like aflatoxins (AF), ochratoxin A (OTA), fumonisins (FUM), deoxyniva‐
lenol (DON) and T‐2 toxin significantly affect the health and productivity of poultry species 
[11]. The aim of this review is to discuss in detail the important mycotoxins for poultry and 
their effects, along with the recent developments in prevention strategies.

2. Selected mycotoxins in poultry production

2.1. Aflatoxins

Aflatoxins, a group of harmful secondary metabolites characterized by polyketide‐
derived furanocoumarins, are produced mainly by Aspergillus fungi, such as A. flavus and 
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A.  parasiticus. Aflatoxins B1 (AFB1), G1 (AFG1) and their dihydroxy derivatives B2 (AFB2) 
and G2 (AFG2) naturally contaminate feeds. The presence of Aflatoxin M1 and M2 (AFM1 
and AFM2), the  4‐hydroxy metabolites of AFB1 and B2 in biological fluids including milk 
and tissues, is related to the exposure of the contaminated feed. International Agency for 
Research in Cancer (IARC) classified these highly toxic compounds as highly carcinogenic to 
humans (Group 1) [12].

AFB1 was explored in the early 1960s as the main etiological agent of “Turkey X Disease” 
responsible for the death of young turkeys in England as a result of contaminated peanut‐
based feed [13]. It is a widespread dietary hepatotoxin and hepatocarcinogen, and a major 
public health concern throughout the world. There are substantial species‐specific differences 
with regard to susceptibility to the toxic effects of AFB1, and domestic turkeys (Meleagris 
 gallopavo) are among the most susceptible species known so far [14, 15].

Aflatoxins are usually found in feed ingredients used for poultry rations. Most extensive 
forms of AF include B1, B2, G1 and G2, with AFB1 being the most widespread and bio‐
logically active form [16]. In fact, AFB1 is a “pro‐carcinogen” that is activated to a reactive 
form by the enzyme hepatic microsomal cytochrome P450 (CYP450), whereas electrophilic 
AFB1‐8,9‐epoxide (AFBO) is required for carcinogenic and toxic activity [13]. This compound 
forms AFB‐N7‐guanine adduct with DNA, which is not stable and is transformed into for‐
mamidopyrimidine. DNA adducts and repair activities through modulation are considered 
as important markers in carcinogenesis susceptibility. AFB‐N7‐guanine adduct in urine is also 
a potential biomarker of AFB1 exposure in animals and humans, and is vital for  estimating 
exposure conditions and potential risk in individuals consuming AFB1 [12].

Major AFB1 detoxification route is via conjugation of the AFBO to endogenous glutathione 
(GSH) catalyzed by the classical detoxification enzymes glutathione S‐transferases (GSTs) in 
mammals. Xenobiotics, including chemical carcinogens and environmental contaminants, 
are metabolized through detoxification processes in phase‐II metabolism through these pro‐
teins [17]. Due to the expression of A3 subunit (mGSTA3), mice bioactivate AFB1 and are 
assumed as AFB1‐resistant with great catalytic activity for AFBO. The present approach is 
that  efficiency of GST conjugation is a major “rate‐limiting” determinant for AFB1 action in 
individuals and species, irrespective of the efficiency of AFB1 bioactivation [14].

Aflatoxins cause a variety of effects in poultry, including decreased weight gain; poor feed 
efficiency; reduced egg production and egg weight; increased liver fat; changes in organ 
weights; reduction in serum protein levels; carcass bruising; poor pigmentation; liver damage; 
decreased activities of several enzymes involved in the digestion of starch, protein, lipids, and 
nucleic acids; and induction of immunosuppression. Evidence suggests that immunosuppres‐
sion caused by AF results in many disease outbreaks, vaccination failures and poor antibody 
titers [9, 11]. At necropsy, livers are usually pale and enlarged, as a result of aflatoxicosis. 
Histologically, liver lesions include congestion of the hepatic sinusoids, focal hemorrhages, 
centrilobular fatty cytoplasmic vacuolation and/or necrosis, biliary hyperplasia, and nodu‐
lar lymphoid infiltration. AF produces a malabsorption syndrome characterized by steator‐
rhea, hypocarotenoidemia, and decreased concentrations of bile salts and pancreatic lipase, 
 trypsin, amylase and RNase at levels that do not affect growth [11].

Mycotoxins in Poultry
http://dx.doi.org/10.5772/66302

75



Broiler chicken fed with 1.0 mg of AFB1/kg of diet were found to show decreased hepatic gene 
expression of superoxide dismutase, GST, and epoxide hydrolase and increased gene expres‐
sion of interleukin‐6 and CYP1A1 and 2H1 at cellular level [18].

Ingestion of 2 ppm AFB1 in male broiler chicks was found to alter various hepatic genes 
 causing up‐down regulation. For instance, enzymes having role in the production of energy 
and metabolism of fatty acids (carnitine palmitoyl transferase), development and growth 
(insulin‐like growth factor 1), coagulation (coagulation factors IX and X), protection of immune 
system (interleukins), antioxidant protection (GST), detoxification (epoxide  hydrolase) were 
found to be downregulated; while cell‐proliferation enzymes (ornithine decarboxylase) were 
upregulated [19].

A study reported that wild turkeys are significantly more resistant to AFB1 compared to 
domestic turkeys. Intensive breeding technologies and industrial alliance to produce modern 
domestic turkey led to the unintentional loss of AFB1‐protective GST alleles directing a rela‐
tive resistance. Actually, it has been shown that similar breeding pressures have eventuated 
in a remarkable loss of rare alleles and genetic diversity of single‐nucleotide polymorphisms 
in commercial breeds of chickens [14].

As mentioned previously, mycotoxins not only lead to the aforementioned economic and 
health problems in poultry, but also cause public health concerns due to their residues in food 
for human consumption. Major metabolites of AFB1 formed in chicken liver are AFM1 and 
AFB2a. AFB1 and B2 are then degraded to cyclopentanol and aflatoxicol through NADP. Both 
AFB1 and aflatoxicol are known to accumulate at the layer of the egg. While AFB1 and AFM1 
are present in chicken muscle and blood, the levels are found much higher in turkeys; the 
aflatoxicol levels were found to be less prominent in these animals. As a comparison, 1/1200 of 
AFB1 taken with feeds was found to accumulate in poultry meats, while 1/2200 of AFB1 was 
found to accumulate in the eggs [20].

2.2. Ochratoxins

Ochratoxins are a family of structurally related metabolites that are produced by Aspergillus 
and Penicillium species, including A. ochraceus, A. niger and P. verrucosum [21]. The most 
prevalent form is ochratoxin A (OTA) followed by its non‐chlorinated metabolite ochratoxin 
B (OTB) and the ethyl ester form ochratoxin C (OTC). OTA is the most frequent and relevant 
form of this family, while OTB and OTC are generally counted to be of lesser importance [22]. 
IARC classified ochratoxin A as a compound possibly carcinogenic to humans (Group 2B) [23].

Aspergillus species can generate OTA and OTB in parallel, and experiments with A. ochraceus 
have ascertained growth‐associated production of OTA and OTB, in which the yield and the 
ratio were dependent on the current culture terms. Mostly, the amount of OTB generated was 
quite lower than that of OTA, but under some situations, the level of OTB production was 
comparable to that of OTA. The informed generation ratios (OTA:OTB) ranged from 2:1 to 
34:1 [22]. Herein, it was reported that a complex interaction of various carbon sources, basal 
media and nitrogen sources seems to be considerable. High OTA production was related to an 
induction of OTA polyketide synthase expression, whereas OTB production is not connected 
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with transcription of the polyketide synthase gene. Laboratory fermentation experiments 
with A. ochraceus result in production of OTA at high yields (by 10 mg/g), OTB and temporar‐
ily also ochracin [24]. The intermediate metabolite OTβ was determined to be biotransformed 
in an effective manner into both OTA and OTB (14% and 19%, respectively), whereas OTα 
was biotransformed only into OTA (4.9%). In addition, OTB is inadequately converted (1.5%) 
into OTA, whereas some OTB may be produced by dechlorination of OTA [22].

OTA is hepatotoxic, nephrotoxic, neurotoxic, teratogenic and immunotoxic as confirmed by 
in vivo experiments with different animal species and various in vitro methods; its adverse 
effects include renal toxicity and carcinogenesis. Molecular studies with OTA revealed a non‐
DNA‐reactive genotoxic mechanism, which includes various epigenetic mechanisms prin‐
cipally connected to oxidative stress, compensatory cell proliferation and disruption of cell 
signaling and division [25]. However, a direct genotoxic mechanism including OTA bioactiva‐
tion and DNA adduct formation was also suggested [23] and this mechanism was found to 
be in accordance with some in vivo gene expression results [25]. Overall, the mode of action of 
OTA for renal carcinogenesis is yet under discussion.

Ochratoxins cause significant health problems and economic losses in poultry [26] and cause 
mycotoxic porcine nephropathy (MPN) [27]. Ochratoxin‐related diseases are characterized 
by severe kidney damage, which could be overtly related to the exposure to ochratoxins, 
sometimes in combination with different mycotoxins [27]. Likewise, a slow, progressive renal 
disease (endemic nephropathy, EN), characterized by cellular interstitial fibrosis, tubular 
atrophy, and karyomegaly predominately in proximal convoluted tubules was described in 
humans. The etiology of this disease is still unknown, but researchers agree that the causative 
agent is of natural origin. The most common causes of the multiethiologic disease, EN, were 
the aristolochic acid from the plant birthwort (Aristolochia clematitis) and mycotoxins (OTA 
and citrinin) [28].

OTA consists of an isocoumarin moiety linked through the 7‐carboxy group to the amino acid 
L‐β‐phenylalanine. OTA interferes with DNA, RNA and protein synthesis by inhibiting the 
enzyme phenylalanine‐tRNA synthetase at a cellular level. It also affects renal carbohydrate 
metabolism through the reduction of the renal mRNA coding for phosphoenolpyruvate car‐
boxykinase, a key enzyme in gluconeogenesis [11]. The effects of OTA on DNA, RNA and 
protein synthesis are thought to be due to the phenylalanine moiety of the toxin competing 
with phenylalanine in the enzyme‐catalyzed reaction. OTA also causes hypocarotenidemia 
which has more severe effects in broilers than AF [29].

Signs of OTA toxicity in poultry include weakness, anemia, decreased feed consumption, 
reduced growth rate and egg production, poor feathering and excessive mortality at high 
dietary concentrations [21]. Pathophysiological changes include decreased urine concentra‐
tion and glomerular filtration rate, impairment of proximal tubular function, and degenera‐
tion and ultrastructural alterations in renal integrity [30]. Increases in the relative weights of 
liver, spleen, pancreas, proventriculus, gizzard and testes have also been reported in poultry 
fed OTA [21]. A study found that the expression of Eimeria tenella and its pathological effects 
were maximum in the presence of OTA compared to the incidence of coccidiosis alone in 
broiler chicks [31].
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Comparative toxicity studies of OTA and OTB have shown that in vivo and in vitro effects are 
very different. OTB is overtly less toxic in vivo compared to OTA as indicated in different mod‐
els. LD50 values, found in a comparative study using 1‐day‐old chicks, were 120 μg for OTA 
(about 3.5 mg/kg) and 1890 μg for OTB (54 mg/kg) [32]. OTB is more easily excreted and has 
a lower affinity for plasma proteins, which may partly elucidate its lower toxicity. Both OTA 
and OTB toxins induce acute cytotoxic effects in vitro, ensuring similar amounts are taken up 
and are intracellularly bound, while other complex molecular mechanisms were introduced 
for chronic cytotoxicity studies. Moreover, it can be supposed that the small structural dif‐
ference, although not responsible for the toxicity, may be crucial for the differential uptake 
and binding in cells. Furthermore, OTC seems to be similarly acute toxic in vivo and in vitro 
compared to OTA; however, the mode of action of OTC and OTA remains to be explained. In 
a study, oral LD50 values were reported for OTC (216 mg animal‐1) and OTA (166 mg animal‐1) 
in day‐old chicks. Other ochratoxin ethyl or methyl esters showed lower toxicity compared 
to OTA. In comparison to OTA, the methyl ester of OTA was less toxic than OTA in day‐old 
chicks, while OTB methyl and ethyl esters were found to be non‐lethal to orally exposed day‐
old ducklings [22]. OTα is much less toxic (approximately 100 fold) than OTA as indicated in 
different studies [33]. It is obvious that the isocoumarin moiety alone is not effective but must 
be bound to phenylalanine to show toxic effects. With the current knowledge, no clear general 
toxicity ranking can be drawn; after all, OTA seems to be overall the most toxic, followed by 
OTC, OTB and OTα [33].

2.3. Fumonisins

Fumonisins (FUM) are a group of mycotoxins that were first isolated from cultures of 
Fusarium moniliforme and chemically characterized in 1988 by Gelderblom and colleagues [34]. 
Six different FUM have been identified (A1, A2, B1, B2, B3, B4) and their structures elucidated. 
However, fumonisin B1 (FB1) has been reported to be the predominant form produced by 
Fusarium moniliforme. Several other Fusarium species and a species of Alternaria have also 
been found to produce FB1 [35]. Based on all these animal studies, FB1 is classified by IARC 
as possibly carcinogenic to humans (Group 2B) [36].

The metabolism of fumonisin is yet to be elucidated. FB1 is metabolized into partially hydro‐
lyzed FB1 and then to the hydrolyzed form (HFB1) in both gastrointestinal tract and liver, 
where it persists at low concentration for few more days in pigs [37]. FB1 was found to be more 
toxic than HFB1 in piglets [38]. Even though N‐acylation of FB1 and the formation of HFB1 are 
shown in human cell lines and in rats, the metabolism in the avian species still remains uncer‐
tain and yet it is not possible to generalize the metabolic pathways in all animal species [39].

The mechanism that causes toxicity of fumonisins in animals seems to be due to the disrup‐
tion of sphingolipid metabolism. Present evidence shows that the FUM are specific inhibitors 
of ceramide synthase (sphinganine/sphingosine N‐acyltransferase), a key enzyme needed for 
the synthesis of ceramide and more complex sphingolipids. Inhibition of this enzyme system 
causes an increase in tissue concentrations of the sphingolipids sphingosine (SO) and sphin‐
ganine (SA), and a change in the SA:SO ratio. An increase in the SA:SO ratio has been demon‐
strated in tissues of broilers, turkeys, and ducklings fed FB1 [40].
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In comparison to horses and swine, two susceptible species, chicks and turkeys, are relatively 
resistant to the toxic effects of FB1. Mild to moderate toxicity was reported in chicks, ducks and 
turkeys fed rations containing 75–400 mg FB1/kg for 21 days. The primary changes in chicks, 
ducks and turkeys were decreased body weight gain and liver pathology [41–43]. Hepatic 
changes in chicks were multifocal hepatic necrosis and biliary hyperplasia. Hepatocellular 
hyperplasia and increased extramedullary hematopoiesis were also noted in one study 
[44]. The primary liver pathology observed in turkeys fed with 150–300 mg FB1/kg [43] and 
ducklings fed with 400 mg FB1/kg [41] were diffuse hepatocellular hyperplasia, with biliary 
hyperplasia (more evident in turkeys). In studies designed to evaluate the chronic effects of 
FB1, chick performance up to 7 weeks was not affected by up to 50 mg FB1/kg diet, whereas 
turkeys fed with 50 mg FB1/kg diet had lower feed intakes than birds fed 0 or 25 mg FB1/kg 
diet [45].

2.4. Trichothecenes

Trichothecene mycotoxins are a group of fungal metabolites with the same basic backbone 
structure and include T‐2 toxin, HT‐2 toxin, diacetoxyscirpenol (DAS), monoacetoxyscirpenol 
(MAS), neosolaniol, 8‐acetoxyneosolaniol, 4‐deacetylneosolaniol, nivalenol, 4‐acetoxynivale‐
nol (Fusarenone‐X), DON (vomitoxin) and 3‐acetyldeoxynivalenol. They are known as the 
most potent small molecule inhibitors of protein synthesis and the main toxic effect at the cel‐
lular level appears to be the primary inhibition of protein synthesis followed by a secondary 
disruption of DNA and RNA synthesis [11]. The overall conclusion by IARC was that toxins 
derived from Fusarium sporotrichioides are not classifiable as to their carcinogenicity to humans 
(Group 3) [46].

For livestock, the most important trichothecene mycotoxin is DON, which is commonly a con‐
taminant of corn, wheat and other commodity grains. Lesser amounts of T‐2 toxin and DAS 
are found sporadically in the same sources. Poultry and cattle are more tolerant of tricho‐
thecenes than are pigs. Compared to the related DON, T‐2 toxin is less frequent in crops. 
Some reports indicate that trichothecenes such as DON, nivalenol and fusarenon X are more 
frequent (57%, 16% and 10% of tested grain samples) in European grain samples than other 
trichothecenes like T‐2 toxin (20%), HT‐2 toxin (14%), T‐2 tetraol (6%), neosolaniol (1%), DAS 
(4%), MAS (1%) [47].

Trichothecene poisoning in poultry is acute or chronic. Acute poisoning has a characteristic 
clinical picture and can be readily diagnosed, while chronic poisoning shows unspecific clini‐
cal symptoms [48].

Toxic effects of trichothecenes include oral lesions, growth retardation, abnormal feathering, 
decreased egg production and egg shell quality, regression of the bursa of Fabricius, peroxida‐
tive changes in liver, abnormal blood coagulation, leucopoenia and proteinemia, and immu‐
nosuppression [49]. Concentrations of T‐2 that cause oral lesions are lower (0.4 mg/kg) than 
concentrations reported to decrease chick performance (3–4 mg/kg) [11]. In a comprehensive 
review, Danicke [49] concluded that broiler performance is affected at dietary concentrations 
of 3–4 mg/kg of T‐2 toxin, whereas ducks were affected when the dietary  concentration was 
as low as 0.4 mg/kg.
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T2 toxin was found to decrease the immune response, represented by the decrease of lym‐
phoid cells in the bone marrow, thymus and spleen causing resistance to infectious diseases 
including salmonellosis and Escherichia coli and cause resistance to treatments of these diseases 
in poultry [50]. In broilers, T‐2 toxin may cause a decrease in body weight and relative weights 
of bursa of Fabricius, thymus, and spleen, enlarged liver, friable, and yellowish discoloration 
with distended gall bladder during Mycoplasma gallisepticum infections. Microscopical find‐
ings include vacuolar degeneration along with augmented hyperplasia in bile duct epithelia; 
Kupffer cell activity and infiltration of inflammatory cells in liver; vacuolar degeneration with 
pyknotic nuclei in kidney; lymphocytolysis and reduction of prominent reticuloepithelial 
cells in lymphoid organs; desquamation of villous‐type epithelial cells and lymphoid intru‐
sion in the submucosa of proventriculus; mild hemorrhage along with inflammatory cells in 
the heart; desquamation and erosion of the mucosa in trachea and the thickening of the air 
sacs along with edema and the presence of inflammatory cells in air sacs [51]. The toxic effect 
also manifests as reduced proliferation of lymphocytes stimulated by phytohemagglutinin 
and lipopolysaccharide in Pekin duck broilers [52].

DON was found to be less toxic than T‐2 toxin, and the level of DON that affects chick per‐
formance is still disputed. Some researchers [53, 54] reported toxic effects at 16 mg/kg diet, 
whereas others [55] report no toxic effect until dietary concentrations exceeded 116 mg/kg of 
DON. A review paper summarizing results of 49 studies with DON concluded that a dietary 
concentration of 5 mg/kg had no negative effects on performance [56]. DON has also been 
demonstrated to have both immunosuppressive and immunomodulating effects in poultry 
[49]. Recent studies indicate that DON at concentrations ranging from 1 to 7 mg/kg diet sig‐
nificantly alters several key functions of the intestinal tract including decaying villus surface 
area available for absorption and altering the permeability of the alimentary canal [57].

3. Interactions among mycotoxins

In nature, co‐occurrence of mycotoxins is generally observed. Meanwhile, for many years the 
research community focused on the occurrence of singular mycotoxins. Nowadays, scientific 
interest is shifted to studies involving multiple mycotoxins using various co‐occurrence sce‐
narios. One fungus may produce many different mycotoxins, and the same mycotoxin may 
be produced by several species. A paper conducted a meta‐analysis of publications (> 100) 
describing toxicological interactions among mycotoxins. Results indicated that most of the 
studies showed a synergistic or additive interaction on animal performance. However, results 
with respect to other response variables indicated that there were many types of interactions 
ranging from synergistic to antagonistic for the same association [58]. They also observed 
from their review that a combination of mycotoxins, at concentrations that individually 
should not cause negative effects, may negatively affect animals.

The individual and combined effects of dietary AFB1 and FB1 on liver pathology, serum levels 
of aspartate amino‐transferase (AST) and plasma total protein (TP) of broilers were quantified 
from 8 to 41 days of age with the dietary treatments of AFB1 (0, 50 and 200 μg AFB1/kg), and 
FB1 (0, 50 and 200 mg FB1/kg). Following treatment, AST levels were found to be higher in 
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all treatment groups (except 50 mg FB1) compared to controls at day 33. TP levels were found 
to be reduced at 6 days post feeding in AFB1‐treated group (200 μg) and in FB1 combination 
group. At 33 days post feeding, the combination group (200 μg AFB1 and 200 mg FB1) were 
found to have higher plasma TP, proliferation of bile duct and trabecular disorders in liver 
tissue compared to control; while the changes in other groups were insignificant compared to 
controls. Overall AFB1 alone and in combination caused damage in liver at varying degrees 
and an increase of serum AST levels [59].

Aflatoxicosis causes a reduction in the production of egg and a decrease in egg weight in lay‐
ing hens. Meanwhile, the antagonistic effects of AF and FB on egg production were reported 
in quails, where the decrease in egg production in FB‐only treated group was much evident 
compared to AF+FB combination [60].

Few studies examined the combined effect of AF and FB on immunity. AF and FB co‐contam‐
inated feed was found to reduce lymphocyte proliferation by mitogenic stimulation as less 
than additive [61] or as additive [62] compared to single contamination. A study indicated 
a synergistic decrease of the antibody titers against Newcastle disease [59]. On the contrary, 
another study demonstrated an unexpected increase and an additive effect of the two toxins 
when looking at the hemagglutination titers against sheep red blood cells in turkey poults. 
However, the phytohemagglutinin delayed hypersensitivity response was not affected by 
dietary treatment. These results indicate that FB1 and AF, alone and in combination, can 
adversely affect poult performance and health [63].

As is known, both AF and OTA reduce egg production and hatchability. The combined effects 
of these two toxins were studied in laying hens [64, 65]. An additive interaction of AF and 
OTA was observed on egg production and on the feed efficiency (consumption for egg pro‐
duction) [64]; meanwhile this interaction was dependent on the concentration, resulting from 
synergistic to slightly lower than additive effect and also modulates the protein and energy 
usage [65].

AF‐ and OTA‐contaminated feed resulted in microscopic lesions in the liver and kidneys, 
along with respective target organs in chicken, while contradictory results are presented 
in different studies. As such, OTA in the diet was found to prevent the hepatic fatty infil‐
tration caused by AF in chicken [66]. Pigs fed the co‐contaminated diet offer the same 
hepatic lesions as those fed with the diet contaminated with AF alone [67]. On the con‐
trary, a study recorded more severe hepatic lesions in chickens taking the co‐contaminated 
diet, with granular and vacuolar degenerative changes, necrosis of liver parenchyma and 
areas of hemorrhages [68]. The same conflict was realized for the histology of the kidney. 
In pigs, less severe renal lesions and lower creatinine and blood urea nitrogen concentra‐
tions were observed in animals fed the co‐contaminated diet compared to animals fed the 
OTA‐contaminated diet [67]. In contrast, a study observed that renal injuries appeared ear‐
lier and were more developed in chickens fed a multi‐contaminated diet than in animals 
taking the mono‐contaminated diets, which caused destruction of tubular epithelium, with 
detachment of tubular cells from basement membrane [68]. The species used may explain 
these conflicts. Apart from that, chronic DON exposure did not induce any effect on FB1 
 toxicokinetics in broilers [69].
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The results on combination toxicity are yet quite limited and occasionally conflicting. 
Nowadays, very little is known about mycotoxin interactions although combined exposure 
is clearly more relevant to real‐life conditions. It is known that the combined effects of myco‐
toxins are mostly additive or synergistic; whereas depending on the concentrations and the 
in vitro model employed, antagonistic interactions have also been determined. The results on 
multiple mixtures are still inadequate [22].

4. Prevention and control

Prevention of fungi production in the feeds may be achieved by always keeping the feeds 
fresh, keeping the humidity low and equipment clean and also adding fungistatic substances. 
Humidity exceeding 11% promotes fungal production in cereals and feed. Storage conditions 
that afford high relative humidity also significantly affect humidity content of the feed. Good 
ventilation of the storehouse removes humidity from the raw material of the feed and store‐
house. Physically damaged cereals are more prone to fungus production compared to the 
healthy ones. Changing the raw materials at the places where they are stored at short intervals 
decreases mycotoxin formation [2, 3, 6].

Research efforts progressively increase to develop mitigation strategies based on risk monitoring, 
risk characterization, prevention, intervention, and remediation strategies for multiple mycotox‐
ins, initiating from critical points along the production chain comprising field, storage, process‐
ing and transportation. However, monitoring and good agricultural, storage, and transportation 
practices along with an effective Hazard Analysis and Critical Control Point (HACCP) approach 
do not completely prevent mycotoxin presence in the food or feed chain. Decontamination strat‐
egies then offer a last resort to salvage contaminated batches along the production chain [70].

Considering the variation of mycotoxin structures, it could be inferred that there is no single 
method which can be used to deactivate mycotoxins in feed. Therefore, different strategies 
have to be combined in order to specifically target individual mycotoxins without affecting 
the quality of feed [11].

Decontamination strategies to reduce mycotoxins in food and feed commodities are techno‐
logically diverse and based on chemical, biological and physical approaches. Chemical reme‐
diation strategies involve the conversion of mycotoxins via chemical reactions. Ammoniation, 
alkaline hydrolysis, peroxidation, ozonation and the use of bisulphites are reported to be 
effective on one or more mycotoxins but a detailed insight into the toxicity of eventual end 
products or the impact on palatability and nutritive quality is questionable [71].

Biological approach in treatment strategies involves various substances (algae, plant ingre‐
dients, etc.) that protect critical organs such as the liver and strengthen the immune system 
of animals. Enzymatic or microbial detoxification, also referred to as “biotransformation” or 
“biodetoxification”, uses microorganisms or purified enzymes thereof to catabolize the entire 
mycotoxin or transform or cleave it to less or non‐toxic compounds [11]. Some microorgan‐
ism such as Rhodococcus erythropolis [72], Armillariella tabescens [73] and Myxococcus fulvus 
[16] have been suggested to have different AF‐degrading ability. Rhizopus oryzae [74], Bacillus 
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 licheniformis [75] and Pseudomonas sp [76] were searched for their abilities to degrade ZEA. 
Some studies found that B. subtilis had protective effects against aflatoxicosis in layers and 
broilers fed naturally AF‐contaminated diets and also healed ZEA toxicosis in pre‐pubertal 
gilts when fed diets including ZEA. Therefore, B. subtilis, as a new feed additive for biodeg‐
radation of AF and ZEA may have promising potential in feed industrial applications [77].

Some physical processes aim to remove highly contaminated fractions from bulk material 
through sorting, milling, dehulling, cleaning, heating, irradiation or combinational approaches 
[78, 79]. Another physical removal strategy is the use of inorganic or organic mycotoxin bind‐
ers [80]. Due to low feed inclusion requirements and easy management of AF enterosor‐
bents, the widespread acceptance of these products by the farm animal industry has led to 
the introduction of a variety of diverse materials and/or complex mixtures for AF binding. 
These have been labeled as mycotoxin enterosorbents, binders, sequestrants, interceptor mol‐
ecules, trapping agents, adsorbents, toxin sorbents, and so on. These materials (and/or mix‐
tures) are reported to contain smectite clays, zeolites, kaolinite, mica, silica,  charcoal, sodium 
bentonite and various biological constituents including chlorophyllins, yeast  products, lactic 
acid bacteria, plant extracts and algae. Some contain smectite or zeolite minerals that have 
been amended with natural or synthetic surfactants resulting in hydrophobic organoclays or 
organozeolites [81–84]. There is considerable evidence indicating that smectite clays are the 
most effective AF enterosorbents. Although these adsorbing binders have some promising 
features, some may have adverse nutritional effects due to binding of vitamins and minerals 
or reducing the efficacy pharmacokinetics of antibiotics [85]. Also, possible dioxin contamina‐
tion might pose a risk for using natural clays in case of forest and trash fire near the sources 
[86]. Furthermore, the adsorption efficacy of binding agents is limited to only a few myco‐
toxins, such as AF, ergot alkaloids, and some other fungal toxins, while binders have been 
shown to be ineffective for trichothecenes [87]. Therefore, alternative approaches for efficient 
detoxification of mycotoxins are required.

Use of microorganisms and their specific products such as enzymes to detoxify specific myco‐
toxins not only work for non‐adsorbable mycotoxins, but for all other toxins for which respec‐
tive microbes can be isolated from nature. This approach has been known for a long time, even 
longer than the binder concept. Within few years after the discovery of AF, the first report on 
a bacterium capable of detoxifying AF by catabolization was published [88]. Since then, many 
microorganisms were isolated from different habitats such as the gastrointestinal tract (GIT) 
of animals, soil, mycotoxin‐contaminated materials (e.g., grains) and insects feeding on such 
materials. The ability of various bacteria, yeast, fungi and enzymes in detoxifying mycotox‐
ins by transformation, cleavage and catabolization has been recently reviewed [89]. However, 
only a few of these organisms were useful or further investigated for practical applications in 
animal nutrition. Such microorganisms or enzymes need to fulfill many different requirements 
before they can be used for gastrointestinal detoxification of mycotoxin in animals, such as:

 ‐ The microorganism and its reaction products need to be non‐toxic and safe.

 ‐ High detoxification reactivity.

 ‐ Good technological properties (fermentation, downstream processing, stabilization).
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 ‐ High stability in feed and during feed processing.

 ‐ No negative impact on feed (ingredients).

 ‐ Compatibility and stability in the GIT.

 ‐ Detoxification reaction in the GIT needs to be fast and as complete as possible.

One of the microorganisms which has been further developed for practical application 
is Trichosporon mycotoxinivorans, a yeast strain capable of detoxifying OTA and ZEN [90]. 
Application of this yeast in poultry diets has been proven to detoxify OTA. Another organism 
is an anaerobic rumen bacterium BBSH 797 (Genus Novus of family Coriobacteriacae, formerly 
Eubacterium) which was isolated and developed as a trichothecene‐detoxifying feed additive 
[91]. BBSH 797 detoxifies trichothecenes by cleavage of the 12, 13 epoxide ring resulting in deep‐
oxy trichothecenes. Several microorganisms, mainly aerobic bacteria and also yeasts, with FUM 
degradation properties were also explored and isolated in order to detoxify FUM. However, for 
various reasons, none of these microorganisms were found to be useful as a mycotoxin‐deac‐
tivating feed additive. Therefore, the catabolic pathway of FUM degradation was investigated 
and the gene coding for the key enzyme of FUM detoxification (FUMzyme) was identified, 
cloned and expressed in a yeast strain [92]. FUMzyme  (carboxyl‐esterase) was further devel‐
oped and tested in swine for gastrointestinal detoxification of FUM by cleaving the tricarbal‐
lylic side chains of FUM leading to the non‐toxic metabolite hydrolyzed FUM (HFB1) [93].

One of the common approaches to overcome mycotoxicosis in poultry is using herbal prod‐
ucts including essential oils as plant‐based fumigants in feed storage [94]. Essential oils are 
complex compounds, and their chemical composition and concentrations of various com‐
pounds are variable. Essential oils basically consist of two classes of compounds, the terpenes 
and phenylpropenes, depending on the number of 5‐carbon building blocks. For example, 500 
ppm of the ethanolic extract of Thymus vulgaris could partially restore the negative impact of 
AFB1 (600 ppb) in commercial broilers [9]. They suggested that this herb can be used as natu‐
ral non‐antibiotic feed additive on broilers in the prevention of aflatoxicosis. As a result of the 
change in diet (change in nutrients, phytochemicals, contamination, xenobiotics), the levels of 
the drug‐metabolizing enzymes (phase‐I and phase‐II) are expected to change, which would 
eventually lead to a change in AFB1 adducts. On the other hand, as phenolic phytochemicals 
have antioxidant effects at varying degrees due to their various chemical structures, they are 
assumed to have a protective role in the cellular components against free radical–induced 
damage caused by aflatoxicosis [95]. Apart from that, a herbal mycotoxin binder comprising 
of a combination of minerals (extra purified clay containing diatomaceous earth minerals), 
antioxidants (curcuminoids extracted from turmeric) and enzymes (Epoxidases and Esterases) 
in proportions of 15, 10 and 75%, respectively, partially restored feed consumption and egg 
production, alleviating some side effects of AFB1 (500 ppb in feed) in broiler breeders [96].

5. Conclusion

Understanding the occurrence and prevalence of mycotoxins and their individual as well as 
additive negative effects on poultry has become imperative. New insights on actual  microbial 
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detoxification routes are needed in the field, which could be based on the biodegradation metab‐
olisms of non‐mycotoxins found in diverse microbial communities. Indeed, many hazardous, 
undesirable, deleterious or recalcitrant molecules in other research fields share structural analo‐
gies with diverse mycotoxins and are reported to be successfully degraded by microorganisms. 
These unexplored worlds may serve as resource for cutting‐edge research in the field of myco‐
toxin remediation or in the field of metagenomics screening surveys in search for new microbial 
degraders of mycotoxins. The usage of latest analytical techniques such as liquid chromatogra‐
phy tandem‐mass spectrometry will increase the precision in determination of the concentra‐
tions of multiple mycotoxins present in agricultural commodities, at once. Latest enzymatic 
deactivation technologies help to eliminate the mycotoxins that cannot be bound using binder 
products. Overall, mycotoxins still impose a great risk for the  poultry sector and alternative 
approaches for the prevention are still being sought by researches around the world.
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Abstract

Biofilm is characterized by a bacterial population firmly adhered to a surface involved
by a self-produced matrix of extracellular polymeric substance. These communities
provide  longer  survival  and  resistance  to  adverse  conditions  such  as  presence  of
antibiotics and disinfectants. Various foodborne microorganisms are capable of forming
such structures, including Salmonella and Campylobacter, which are the major contami-
nants at the poultry industry. This biomass can affect the water transport system and
pipes, and once the agent is established at the industry, it can form biofilms in any
processing area.  There  are  intrinsic  and extrinsic  mechanisms,  and also molecular
aspects involved in the biofilm formation. The adoption of several strategies may exhibit
effectiveness to prevent the cell adhesion, such as the use of surfaces resistant to biofilm
formation. In case of preexisting biofilms, there are physical, chemical, and biological
methods used to control and eliminate them. Nanotechnology has emerged as another
effective measure as nanometals affect the essential activities of microorganisms. These
findings highlight the difficulty in controlling biofilms, due to the strategies used by
these agents to adapt and survive in sessile form, causing recurring contamination
throughout  the  poultry  chain  production,  deterioration  in  the  final  product  and
infections in the human host.

Keywords: prevention, control, public health, microbial adhesion, anti-biofilm agents

1. Introduction

The industry destined to food production has a great challenge to maintain the safety of the
products to be marketed. Among these challenges, there are the failures that may occur during
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the cleaning process, which may favor the permanence of microorganisms that are able to form
biofilms. Several microorganisms transmitted by food are able to form these structures, among
them  stands  out  gender  representatives  Salmonella  and  Campylobacter,  which  are  major
contaminants of poultry products and the agents that represent the highest risk of foodborne
infections to humans [1].

Biofilms are defined as a process of bacterial cells adhesion to a living or inert surface. These
cells clump together forming bacterial communities, which are surrounded by a polymer
matrix composed mainly by polysaccharides, as well as proteins and nucleic acids [2, 3]. This
extracellular matrix promotes the biofilm protection, inhibiting access of biocidal agents,
concentrating nutrients, and preventing dehydration [4].

Typically, biofilms consist of microorganisms in mixed cultures under symbiotic conditions,
which are considered more resistant to chemical agents commonly used for cleaning and
sanitizing, as well as to other harsh conditions such as refrigeration, acidity, saltiness, and
antibiotics [5–7].

Since Salmonella and Campylobacter are present in the industry environment, they can form
biofilms on produced food, and also in processing areas, such as walls, floors, pipes, and
drains, and in contact surfaces, such as stainless steel, aluminum, nylon, rubber, plastic,
polystyrene, and glass [8, 9].

The broiler slaughter industry generates residue rich in protein and lipids, which are deposited
on surfaces [10], favoring the formation of biofilms of these pathogens responsible for frequent
public health problems. Thus, these bacteria end up becoming a potential source of contami-
nation within the industry that can be transferred to food or to their packaging, becoming a
constant threat of recontamination [11].

Biofilms cause economic losses due to food spoilage and damage to equipment by biocorro-
sion, and also for damages caused in humans arising from foodborne infections [12].

The infections by Salmonella and Campylobacter have similar characteristics, with presence of
diarrhea, abdominal cramps, and fever between 12 and 72 hours after infection. The illness
usually lasts 4–7 days, and in most people, the recovery takes place spontaneously, without
treatment. In some cases, diarrhea can be more serious with the need for hospitalization. In
these patients, the microorganisms can spread from the intestines to the bloodstream and then
to other body sites, with the risk of death. In cases of campylobacteriosis, patients may develop
Guillain-Barré syndrome (GBS), which causes flaccid paralysis and risk of death from respi-
ratory insufficiency [13].

There are intrinsic and extrinsic mechanisms involved in the formation of these communities,
such as the material, type, and shape of the surface, the electric charge, hydrophobicity, and
hydrodynamics. There are also different characteristics that determine the maturity of the
biofilm, including the environment, mobility, growth rate, the capacity of cell signaling, and
the production of extracellular polymer matrix [14]. Besides these, the molecular aspects are
also extremely important, as the presence of luxS gene and activation of the quorum-sensing
system in Campylobacter and genes encoding extracellular matrix components, Curli fimbriae
and cellulose in Salmonella [15, 16].
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The biofilm maturation allows the development of a primitive homeostasis and circulatory
system, with exchange of genetic material and metabolic cooperation coordinated by quorum-
sensing. This system is the mechanism used by bacteria to withstand the changes in their
environment and therefore use specific strategies that allow adaptation to environmental stress
[17].

About the problems involved in the presence of biofilms, preventing their development and
their elimination represents greater security to the produced food and consumer. The adoption
of several strategies may exhibit effectiveness in eliminating the use of more resistant surfaces
for biofilm formation [18]. In the prevention and in cases of previous formed biofilms, physical,
chemical, and biological methods can be used, being the combination of the three methods
considered most effective [19]. Nanotechnology has emerged as another alternative as
nanometals affect the essential activities of Campylobacter and Salmonella [20].

This data reinforces the difficulty in Salmonella and Campylobacter control in sessile forms within
the chain production of food, especially in poultry products industry.

2. Characteristics of biofilms

Biofilms are formed by an aggregation of bacteria that adhere to each other and secrete
extracellular polymeric substances (EPS), as a pellicle formed in the air-liquid interface. These
structures are established in response to various environmental conditions and can be
developed by multiple signaling strategies. They are usually composed of a mixture of
different species of bacteria [21].

There are five stages that make up the cycle of formation of these structures: (a) free phase, (b)
fixing the surface, (c) microcolony, (d) macrocolony, and (e) dispersion (Figure 1).

Figure 1. Stages of biofilm formation cycle in Campylobacter: (a) planktonic phase, (b) adhesion to the surface, (c) micro-
colony, (d) macrocolony, and (e) dispersion. The arrows indicate the path taken by nutrients (blue) and excreta (red)
inside the tubules formed in the mature biofilm.
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The first stage is characterized by reversible fixing facilitated by flagellar motility that allows
the range to the surface. This connection is of low intensity and allows full movement of the
bacterium, but also allows it to be easily removed by cleaning processes [22]. This weak initial
interaction of the bacteria with the substrate involves hydrophobic interactions, electrostatic
forces, and van der Waals force, which determine the adhesion between the bacterial cell and
the surface [23].

The second stage is called irreversible fixation, moment when gradual increasing in the bond
strength occurs by means of continuous production of exopolymers and adhesins. At this stage,
the cell removal from the surface requires the action of mechanical force such as scraping, or
by chemical treatment. The most important components for this period are exopolymers,
adhesins, and DNA (extracellular DNA with structural function) [24]. This phase involves
stronger dipole-dipole, hydrogen bonds, hydrophobic interactions, covalent, and ionic bonds
[23].

In Campylobacter, there is an exponential increase in the expression of genes related to flagellar
motility (flaA and flaB), and adhesion such as cadF and peb4. Bacterial motility plays a key role
in the migration and starts the formation of microcolonies mediated by quorum-sensing
mechanism [25, 26].

The formation of microcolonies is detected in the third stage, which occurs approximately after
2 hours, to Salmonella, and 4 hours to Campylobacter, and after the fixing step, with a diameter
ranging from 0.5 to 2 mm. The cells become sessile and the quorum-sensing mechanism is
activated upregulating the expression of the luxS gene, engaged in self-induction of biofilm
formation. At that time, extrinsic factors act directly on the adhesion capacity, such as envi-
ronmental conditions (aerobic, anaerobic, and microaerophilic), the type of available nutrients
and the attachment surface (stainless steel, glass, and polypropylene) [21].

The maturation step is accompanied by the formation of macrocolonies resulting from
microbial growth and recruitment of other environmental microorganisms. At this time,
diffusion through the matrix of exopolymers is slower than the cellular metabolism and the
resulting chemical gradients create microniches. Inside them, the death of bacterial cells is
evident in the central region, permitting the formation of cavities where motility is possible
for planktonic forms. In vitro that stage lasts for up to 3 days, if exchanged for fresh media and
is accompanied by the formation of channels that allow the exchange of nutrients and
excretions [24, 27]. Figure 2 shows a schematic structure of bacterial biofilm in vitro.

The last phase is the dispersion of planktonic forms for formation of new biofilms. This process
is done passively, independently of oxygen concentration [24, 28].

In human and animal hosts, the C. jejuni and Salmonella are capable of forming microcolonies
on the intestinal epithelium within a few hours after infection. Biofilm formation in the
intestinal absorption surfaces prevents normal functions in the ileal mucosa and can contribute
to the symptoms of the disease. The ability of adhesion and chemotaxis to mucin, which
comprises intestinal mucus, allows the formation of “bacterial blankets” inside and under
these layers of mucus after 3–4 hours of exposure [22].
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Figure 2. In vitro analysis of bacterial biofilms formation. The testing protocol is based on 107 UFC.mL−1 in specific cul-
ture media (TSB broth, Mueller Hinton broth, Bolton broth, Brucella broth, and Chicken juice broth) incubated for 24
hours (Salmonella) or 48 hours (Campylobacter) in plates of 96 wells at a temperature of 37℃ under aerobic (Salmonella)
or microaerophilic (Campylobacter) conditions. Subsequently, there is the formation of a bacterial mass on the bottom of
the wells, which characterize the structure of a biofilm. After about 96 hours of incubation, the formation of substances
transport channels is already established and becomes visible in electronic confocal and scan microscopies.

Outside the host, sessile form of Campylobacter and Salmonella allows better survival under
stressful conditions of temperature, oxygen, and nutrients in abiotic environments, in different
food matrices, and especially, in chicken meat and in the presence of antibacterial agents. Thus,
its spread through the food chain becomes easier. The reasons that allow this survival success
are multifactorial, but include especially the reduction of metabolic activity and decreasing of
the adsorbent action of extracellular polymer matrix, which reduces the amount of antimicro-
bial and sanitizing agent required to interact with the biofilm cells, and specific factors
expressed by the cells in the biofilm, such as efflux pumps [8, 29].

The behavior of these pathogens in mixed and single cultures differs significantly. Biofilms
formed by different species of bacteria, such as those found in food industries, represent a
substantial risk, since they can protect each other during the application of chemical agents
[30]. It is true that in mixed cultures with Pseudomonas spp., Staphylococcus spp., Escherichia coli,
Bacillus sp., and Enterococcus faecalis survival and persistence of Campylobacter is quite evident.
In addition, structural changes and in metabolic activity of microcolonies can be observed.
Additional examples are the commensalism of C. jejuni with Pseudomonas aeruginosa, which
promotes the increase of tolerance to environmental oxygen concentrations by C. jejuni and
the increase of Campylobacter survival in water biofilms composed of different species of
protozoa [31–33].

3. Biofilms in poultry production

Salmonella and Campylobacter are microorganisms that are usually contaminants of chicken
flocks. Some risk factors are the key to raising levels of infection, including inadequate hygiene
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measures, negligence of biosecurity standards, the presence of other animals on the premises,
and others. However, in addition to environmental issues, there is also the persistence of the
microorganism in the form of biofilm on the premises [34].

The absence of water is lethal to the growth of microorganisms, but the existence of a minimum
supply of water within the farm may be sufficient for the establishment of biofilm. Drinking
fountains are more conducive to bacterial attachment, being the portions covered with rubber
with greater biomass, because of the facility to adhere [1].

The control of biofilm formation in the water distribution systems contribute significantly to
improve the health of birds, minimizing the need of antibiotic treatments. All chemicals that
are added to the drinking water of the poultry, such as dietary supplements and medicines,
settle in biofilms and then may spread and generate residues even after its use has been
completed. In that way, cleaning of the drinking fountains of poultry is a practice of extreme
importance to be adopted in the farms, to ensure that the chickens receive good quality water
[35]. The treatment of water supplied in poultry has gained increasing popularity in Europe
[36], and today it is an essential measure to control pathogens in the poultry production chain.

In order to reduce microbial contamination the producers treat the water that will be destined
to the birds with various chemicals such as: chlorine, chlorine dioxide, organic acids, peracetic
acid, and hydrogen peroxide. However, these substances have action only under appropriate
conditions of temperature and pH [37] and for a limited period of time, so it should be repeated
periodically.

Some producers use chemical control methods in water intended for poultry only once or twice
a week, and others limit this kind of processing to the end of the production cycle, i.e., there
is a lack of standardization and proper methodology that undertake control efficiency and
reduction of pathogens in the water, and potentiates the transmission of pathogens by water
[37].

Studies have shown that one of the most common sources of contamination are from biofilms
developed inside the water supply pipe, where a variety of microorganisms proliferate
surrounded by mud, and are adhered to surface and continuously release planktonic cells in
water [38].

Ventilation systems (coolers) are also a favorable area for microbial aggregation, especially in
situations where there is a preexisting biofilm [1].

Higher biofilm formation rates are observed at the chicken processing steps because of large
amount of moisture in the environment. Several critical points are identified during produc-
tion, such as plastic curtains, mats, scalding tanks, chiller, and stainless steel tools [18].

A research with Salmonella spp. strain isolated from a poultry slaughterhouse in Brazil,
determined that the canvas was the most suitable material for the induction of growth of the
matrix by this microorganism, followed by polystyrene, and lastly, stainless steel [9].

The fact that the chicken reaches the abattoir harboring pathogens such as Salmonella and
Campylobacter, increase the chances of contamination of equipment during processing.
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acid, and hydrogen peroxide. However, these substances have action only under appropriate
conditions of temperature and pH [37] and for a limited period of time, so it should be repeated
periodically.

Some producers use chemical control methods in water intended for poultry only once or twice
a week, and others limit this kind of processing to the end of the production cycle, i.e., there
is a lack of standardization and proper methodology that undertake control efficiency and
reduction of pathogens in the water, and potentiates the transmission of pathogens by water
[37].

Studies have shown that one of the most common sources of contamination are from biofilms
developed inside the water supply pipe, where a variety of microorganisms proliferate
surrounded by mud, and are adhered to surface and continuously release planktonic cells in
water [38].

Ventilation systems (coolers) are also a favorable area for microbial aggregation, especially in
situations where there is a preexisting biofilm [1].

Higher biofilm formation rates are observed at the chicken processing steps because of large
amount of moisture in the environment. Several critical points are identified during produc-
tion, such as plastic curtains, mats, scalding tanks, chiller, and stainless steel tools [18].

A research with Salmonella spp. strain isolated from a poultry slaughterhouse in Brazil,
determined that the canvas was the most suitable material for the induction of growth of the
matrix by this microorganism, followed by polystyrene, and lastly, stainless steel [9].

The fact that the chicken reaches the abattoir harboring pathogens such as Salmonella and
Campylobacter, increase the chances of contamination of equipment during processing.
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Campylobacter genotyping studies clearly show the similarity of strains present in the intestine
of poultry, and in environmental samples of the final product [34, 39].

The survival of Campylobacter in the chicken’s skin is another form of adaptation of the
microorganism. This agent is able to fix into the deep crevices of the skin and follicles feather
of the bird. These recesses provide ideal conditions for bacteria to adhere, colonize, form
biofilms, and remain protected in the carcass, even at low temperatures [40].

Thus, it must consider that proper control of cleaning methods used in the poultry production
system is of paramount importance and should include strict compliance with the established
biosecurity protocols. This applies mainly to difficult decontamination environments such as
feed mills, agricultural environments, and farms [41, 42].

4. Intrinsic mechanisms of Campylobacter

For the biofilm establishment, both environmental variations and the microorganism itself
correlate with genes that are expressed by bacteria in sessile form.

Table 1 illustrates some of the molecular mechanisms involved directly in biofilm formation
and the link between this mechanism and the flagellar apparatus.

The several genes that encode different flagellar proteins clearly show the necessity of flagella
on biofilm formation in C. jejuni, since they are overexpressed in this form of growth. The
absence of flaA, flaB, flaC, flhA, or fliS results in the formation of weak biofilms. There are many
flagella functions for biofilm formation and are linked to the motility, adhesion, and secretion
of substances, suggesting its importance in the early stages of formation of sessile structure
[43].

The lack of genes involved in flagella expression activation, as well as those that are involved
in chemotaxis (cheA, cheY, and cetB) also reduces the self-bonding [44].

The biofilm matrix is composed basically by exopolysaccharides (EPS), proteins and DNA and
thus the regulatory genes of these molecules production and the availability of nutrients define
quantitative variations in this composition [21].

In addition to the flagella, the genes that decisively affect biofilm formation in Campylobacter
are associated with the envelope/cell surface. Mutations that alter the expression and the
protein secretion of surface also impair biofilm formation [45, 46].

The stress response generates metabolic changes in the expression of nearly the totality of the
bacterial genome. Both, increasing the response to stress protein expression and decreasing of
metabolic activity express the conditions of sessile microorganism and contributes to tolerance
to the harsh conditions that bacteria are submit in biofilms. Iron uptake and stress response
proteins are highly expressed in biofilms. Metabolic protein expression will vary, depending
on the need, suggesting that distinct changes in metabolism mark the transition between
modes of planktonic and sessile growth [47, 48].
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Gene Proteic product Biofilm Motility
Flagella adhesion flaA Larger flagellin + +

flaB Flagellin + =

flaC Flagellin homologous, adhesion + =

fiA Flagellar sigma factor + =

fibA Flagellar proteic secretor apparatus + +

flaG Flagellin homologus + =

fliS Flagellar chaperone + +

cadF Adhesin + +

Metabolism pta Acetyltransferase phosphate + +

ackA Acetate kinase + +

phoX Alkaline phosphatase − =

Regulation/stress response csr A RNA-binding regulatory protein + +

spoT Binfunctional synthetase II − =

ppk1 Poly-P kinase 1 − =

ppk2 Poly-P kinase 2 − =

Cj1556 Transcriptional regulator + +

luxS Autoinducer-2 synthase + +

sodB Oxidative stress regulator + =

dnaJ Thermic stress regulator + +

cbrA Metabolic growth regulator + =

htrA Osmotic shock regulator + =

p19 Iron uptake + =

Proteic envelop/secretion pgp1 Carboxypeptidase + +

peb4 Peptidyl-prolyl isomerase + +

tatC Arginine transporter + +

+, Increase in phenotype;
−, Decrease in phenotype;
=, Remains the same phenotype.
Source: [50] with modifications.

Table 1. Phenotypic classification of biofilm formation capacity and flagellar motility according to the presence of
specific genes.

5. Intrinsic mechanisms of Salmonella

Salmonella is equipped with external cellular components, such as flagella, fimbriae, and pili,
which play an important role in the accession process of the cells to surfaces, environmental
persistence, in biofilm formation, and in colonization and cell invasion [49].

Even in the case of intrinsic mechanisms of Salmonella, Hamilton et al. [50] observed the
existence of several genes and proteins involved in bacterial attachment, motility, detection,
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and response to oxygen availability, transport and response to stress, being differently
expressed in biofilms than the planktonic cells.

Among the most important genes associated with biofilm formation, there is the csg, respon-
sible for coding the Curli fimbriae, described to be highly aggregative and play an important
role in biofilm formation by Salmonella, to promote the initial interaction between the cell and
the surface and the subsequent cell-cell interaction [51]. CsgD previously referred to AgfD, is
the main unit of control and integration for biofilm formation in Salmonella, regulating the
expression of specific matrix components associated to biofilm [52]. The csgD gene acts in
addition to the regulation of fimbriae, activation of cellulose, determining the formation of a
dense extracellular matrix. This gene activates the transcription of adrA gene, which stimulates
the production of a protein that acts on the enzymatic activity of the cellulose biosynthesis.
Thus, it forms a highly hydrophobic compressed network and composing rigid lining cells in
the extracellular matrix of Salmonella biofilms [53].

6. Extrinsic factors linked to biofilms

About the environmental conditions, there are many factors that determine the production,
development, and maintenance of biofilms, including the pH, temperature, type of material
and the surface roughness, the presence of organic and inorganic compounds, the condition
of dynamic flow, osmotic pressure, oxygen concentration, concentration and bioavailability of
nutrients, and the presence of antimicrobial agents in the medium. This is due to the fact that
different environmental conditions will generate different responses in gene regulations of the
bacteria and thus the behavior of biofilms [54].

The sessile mode of growth is enhanced in low quantity of nutrient conditions. This fact is
noted by elevated LPS production in the matrix. An example is related to the use of excessive
nutritive media, such as Bolton, Brucella, and Brain Heart Infusion broths, in vitro, that are less
prone to biofilm formation in C. jejuni and Salmonella, than Mueller Hinton, Chicken juice, and
Tryptone Soya broth, less rich in nutrients. The carbon deficiency, nitrogen and phosphorus,
is related to increasing formation of biofilms [27, 55].

The role of temperature in the formation of biofilms is more complex, varies among species
and the changes are related to other environmental conditions [56].

For Campylobacter, unlike what happens in other enterobacteria including Salmonella, a
dynamic flow condition does not lead to a better fixation. Thus, in vitro assays are carried out
in static conditions, since the agitation does not allow connection of the microorganisms to
form biofilms. In contradictory ways, in mixed cultures of biofilms, agitation rates can be high
and equal to 2.5 mL/min [57].

The physicochemical properties of the surface exert a strong influence on the adherence of
microorganisms. In general, the bacteria adhere more easily to the hydrophobic surfaces like
plastics, than hydrophilic surfaces such as glass or metal [58].
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The osmotic stress inhibits biofilm formation and leads to dispersion of the existing structure.
The addition of NaCl (sodium chloride), glucose, or sucrose significantly decreases the
formation of biofilm on C. jejuni, being these induced to transition to coccoid morphology [55].

The effect of oxygen tension in biofilm formation of C. jejuni appears to vary widely among
strains. The oxygen seems to promote the early stages of biofilm formation, which occurs more
rapidly in the first 24 hours. However, after 48 hours there are no significant differences in
aerobic and microaerophilic conditions [25, 56].

7. The importance of the quorum-sensing

The quorum-sensing mechanisms directly influence the formation of biofilms. This communi-
cation of numerous bacteria via small signal molecules directs bacterial population and
regulates the expression of virulence genes, toxin production, motility, chemotaxis, and biofilm
formation, which can contribute to the adaptation and bacterial colonization [59].

Molecules of quorum-sensing AI-1 (autoinducer 1) are signaling to mediate specific intraspecies
communication. AI-2 mediates communication intra and inter-particular species of Gram-
positive and Gram-negative bacteria [59].

For C. jejuni, it has shown that AI-2 in the supernatant level increases during the exponential
growth phase and decreases during entry into stationary phase. This molecule is produced by
Campylobacter in different food matrices at various temperatures and corresponds to the
expression of luxS gene, which is overexpressed in cultures of Chicken juice at low tempera-
tures [60].

Both quorum-sensing mechanisms (AI-1 and AI-2) contribute to the regulation of biofilm
formation against the growth of planktonic cells, which in turn promotes bacterial coloniza-
tion, persistence under adverse conditions and expression of virulence factors. Thus, the
detailed investigation of AI-mediated mechanisms could serve as a new tool to be used in
therapeutic applications or reducing the amount of human pathogens in the transmission path
for the termination of bacterial communication [61].

8. Biofilm control

Given the biofilms resistance of Salmonella and Campylobacter to disinfectants and antibiotics,
it is important to evaluate and develop alternative strategies to prevent their formation.

The equipment design and the choice of the materials and coatings used in the food industry
are extremely important in preventing biofilm formation. This is because even adopting the
most effective cleaning and sanitizing programs, it is not possible to compensate for problems
caused by faulty equipment, which have inaccessible corners, cracks, crevices, valves, and
joints, which are vulnerable points for biofilm accumulation [62].
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The use of well-designed equipment associated with the adoption of effective hygiene
measures allow the removal of unwanted material from surfaces, including microorganisms,
foreign materials, and residues from cleaning products [63, 64].

New technologies for detecting the presence of biofilms have been developed in order to
control the colonization of surfaces by bacteria and identify the early stages of biofilm
formation and development [65]. A research performed by Ref. [65] developed a mechatronic
sensor to surface capable of providing various information such as the presence of biofilms in
the early stages, presence of cleaning products in the surface, and differentiation of the type
of cleaning employed (biological or chemical).

Once the biofilm is already established, it should be emphasized cleaning processes using
mechanical action, which is one of the main measures for their elimination or control [66],
because the friction acts on the matrix disruption, exposing deeper layers and making the
microorganisms more accessible.

Generally, disinfectants do not penetrate the biofilm matrix after an inefficient cleaning
procedure and, therefore, does not destroy all the biofilm cells [64], reaching only the outer
layers. Cleaning is the first step and very important to improve the sanitation of equipment
and facilities [67]. It is important to remove effectively the food wastes that may contain
microorganisms or promote microbial growth.

The use of high temperature may reduce the need for application of mechanical forces, such
as turbulence in the wash water. The chemicals commonly used for cleaning are surfactants or
alkalis, used to suspend and dissolve the food residues by reducing the surface tension,
emulsify fats, and denature proteins [66].

In addition to the mechanical action, other measures must be taken to prevent and control
microbial adhesion. In this sense, the facilities, equipment, and utensils should be washed daily
and disinfected with the use of microbicides substances previously approved by legislation.

However, there are studies showing that even using the recommended concentration of
sanitizing, resistance of bacteria in biofilms still exists. A study performed by Ref. [9] evaluated
the bactericidal capacity of peracetic acid on Salmonella biofilm and noted that 44.11% (15/34)
of the strains were susceptible to the disinfectant in the concentration of 0.2%. In other strains,
that were resistant to disinfectants (55.89%, 19/34), more concentrated solutions of the disin-
fectant were tested, 0.3–0.5%, and for the concentration of 0.5% was observed that was the
maximum sanitizing capacity, with no resistant isolate to the agent. This results, generates
concern, because when it is used at the indicated concentration by the manufacturer and by
the regulatory agency (0.2%), there is inefficiency of the product, and may result in contami-
nation of the surfaces, maintaining the bacteria in the cutting processing environment of
chicken.

The disinfection is the use of products for elimination of microorganisms, especially patho-
genic. The purpose of disinfection is to reduce the microbial load remaining on the surface
after cleaning and prevents their proliferation before restarting the production process.
Disinfectants must be effective, safe, and easy to handle, they should be removed from surfaces
easily, using water, leaving no residue in the final product that may affect the consumer [68].
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Mechanism of action Examples Compounds

Blocking in the bacterial

adhesion

Policides 2-pyridone bicyclic

Iron chelators Lactoferrin; plant extracts, tannins

QS inactivation Competition for receptor

sites/AIs degration

Furanones halogenated and peptide inhibitor of

RNA III (RIP)

Mature Biofilms—Matriz Enzymes Proteinase, typsin, DNAase, sodium

metaperiodate

Alteraçāo no pH Detergentes ácidos/alcalinos

Mature Biofilms- Biomass Nanoparticles Zinc, silver, titanium, gold.

Antiseptics Chlorhexidine, triclosan.

Bioactive AMP, terpinen-4-o1.

Source: [81] with modification.

Table 2. Key targets to combat microbial biofilms and examples of agents.

The chemicals currently used in disinfection processes belong to the following types: acidic
compounds, biocides, aldehyde-based, caustics, chlorine, hydrogen peroxide, iodine, isothia-
zolinones, ozone, peracetic acid, phenols, biguanides, and surfactants [64, 69]. Some examples
of agents that may be used to control and/or eliminate biofilms of Salmonella and Campylobacter
are shown in Table 2.

The strategies most used in industry involve the removal of biofilms already installed, by
removing the matrix and/or bacterial biomass. As a first step is quoted to use hygienic
processes with enzymatic detergents and compounds that promote the sudden change in pH
and subsequent matrix liquefaction [70].

The use of enzyme-based detergents may be useful to improve the cleaning process. However,
due to the heterogeneity in biofilm matrices, it is necessary to know the exact composition for
which suitable enzymatic treatments can be applied [71], so that a mixture of different enzymes
can increase the spectrum action on biofilm degradation. These enzymatic processes have the
advantage of disaggregate biofilm agglomerates, rather than just remove them from the
surface, as is the case of mechanical action.

Another important point to be analyzed for the elimination of bacteria in mature biofilm is the
involvement of strain-dependent characteristics, since there are molecular intrinsic factors that
may act by preventing the effectiveness of the agents, hindering its penetration depending on
the composition of the matrix, and also the mechanism of action of the applied agent.

In general, the policides act by inhibiting adhesin and essential fimbriae synthesis in the
process of fixing the bacteria to surfaces. The iron chelating agents prevent the availability of
this element in the initial process of accession, essential for the biofilm formation. Inactiva-
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tion of the quorum-sensing system involves the use of compounds that compete for binding
sites of self-inducing molecules or direct degradation of these molecules.

The surfactants and biosurfactants are also alternatives that can be used in combating biofilm
formation. A study of [72] reported that pretreated surfaces with surfactants may have
potential higher than 90% in the prevention of bacterial adhesion, and biosurfactants such as
rhamnolipids and short chain fatty acids can promote rupture on biofilms [73, 74]. Since
surfactin from Bacillus subtilis disperses and prevents the formation of biofilms of Salmonella
enterica, E. coli, and Proteus mirabilis [75].

The nanoparticles, as well as the antimicrobial peptides (AMPs), appears as a current strategy
for the removal of biomass of biofilms, since they are stable at high temperature and pressures,
have inactivates potential, can easily penetrate the matrix, are less likely to develop resistance,
have minimal effect on the human cells and can be used to extend the shelf life of fresh and
meat products [76, 77].

Combinations of different treatments, with different types of actions are also useful. For
example, ultrasound waves [78] were associated with the improvement performance of
proteolytic enzymes. These processes target the biofilm matrix, causing the disaggregation and
dispersion of the biomass. However, they are not efficient in eliminating these microorganisms,
which can adhere to the surface again and restart a new cycle of the biofilm formation.

Alternatively, under increasing interest for biofilm control is to use bacteriophages, which are
viruses with high specificity that infect and lyse bacteria and diffuse easily into the matrix
layers, including in mature biofilms [79–81]. This technology is still in development, so
information about the bacteriophage action in biofilms is still scarce [82]. However, it is known
that the infection of biofilm by a phage depends on their chemical composition and also
environmental factors such as temperature, growth phase, media, and phage concentration
[83].

Studies on the use of natural antimicrobials as antibiofilm substances, for example, compounds
extracted from aromatic plants [84], which are recognized as safe for not leave toxic residues
for the consumer and does not change the quality of final product. These compounds have
demonstrated their antimicrobial activity in planktonic bacteria and some is being evaluated
for its potential in eradicating biofilms.

A research performed by Ref. [85] tested the influence of carvacrol, a broad spectrum antimi-
crobial found in essential oils of herbs such as oregano and thyme, on biofilm of S. aureus and
S. Typhimurium in stainless steel, and found that carvacrol has inhibitory effect on both
species, with the effectiveness of the product associated with the species and stage of biofilm
formation, the concentration of application, and the form of treatment.

The use of combined actions involving two or more types of chemical, physical, and natural
treatments have been reported as the measure of control with more effectiveness against
biofilm formation [86]. These treatments can synergistically enhance and broaden the spectrum
of actions to eradicate biofilms.
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9. Conclusion

Despite several options for new treatments to prevent and remove biofilms, further studies
need to be carried out continuously to understand the dynamics of these structures.

Whereas biofilms are constant sources of contamination of production systems for spoilage and
pathogens, having economic and public health impacts, prevention should be included in the
objectives of the quality of industrial controls. Among the actions required in all strategies,
should be included the frequent monitoring, and internal policies to ensure compliance with the
preestablished hygiene plans, particularly, respecting the intervals between cleaning processes.
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Abstract

It is now recognized that Campylobacter is one of the main bacterial hazard involved in
foodborne diseases around the world leading to an increasing number of gastrointes‐
tinal campylobacteriosis in humans. Also, it is known that this disease has a very high‐
social cost. According to researchers of Emerging Pathogens Institute (EPI) (University
of Florida, the United States), the combination poultry/Campylobacter  is the greatest
cause of human campylobacteriosis. It is well known all around the world that intestinal
carriage of Campylobacter is very large and frequent; it can be reached 100% of animal
infected. Reducing this biological hazard can be exercised at different stage levels in the
food chain. Intervention at the farm level by reducing colonization of the birds should
be taken into account in the overall control strategy. This chapter gives an up‐to‐date
overview  of  suggested  on‐farm  control  measures  to  reduce  the  prevalence  and
colonization of Campylobacter in poultry.

Keywords: Campylobacter, poultry, breeding, control strategies

1. Introduction

These days, the majority of human zoonotic microbial infections have a food origin (Table 1).
Contamination of the food matrix can occur at all stages of the food production chain. In the
search for causes of contamination, any stage of the production chain must not be neglected.
This fact requires a global approach of problems and a good knowledge of the characteristics
of the microorganisms involved. For the latter, the precise knowledge of their privileged reservoir
and their potential ability to colonize other reservoirs will identify or clarify some contamination
scenarios. Thus, it is known that the psychrotrophic nature of Listeria monocytogenes and their
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affinity for inert surfaces and biofilms found in food industries are promoting the contamination
of the food matrix during the industrial stages of product processing [1].

Disease Number of confirmed

(a) human cases

Hospitalized

cases

Reported

deaths

Case‐fatality (%)

Campylobacteriosis 236,851 18,303 25 0.01

Salmonellosis 88,715 9830 65 0.15

Yersiniosis 6625 442 5 0.13

VTEC infections 5955 930 7 0.20

Listeriosis 2161 812 210 15.0

Echinococcosis 801 122 1 0.51

Q‐fever 777 NA 1 0.26

Brucellosis 347 142 0 0.00

Tularemia 480 92 0 0.00

Trichinellosis 319 150 2 0.84

West Nile fever (a) 77 48 7 13.7

Rabies 3 NA 2 100.0

(a) Exception made for West Nile fever where the total number of cases was included; NA: not applicable.

Table 1. Reported hospitalization, deaths, and case‐fatality rates due to zoonoses in confirmed human cases in the EU,
2014.

Contamination of food appears as a necessary step to trigger disease in humans. In some cases,
and for certain microorganisms, this phase must necessarily be followed by another phase
involving a multiplication of microorganisms in food, concomitantly, or not, with a toxin
synthesis. This second phase will allow microorganisms to reach sufficient numbers (mini‐
mum infectious dose) to cause disease in consumers. Thus, some microbial hazards should
multiply in food (such as Salmonella or L. monocytogenes) and others not (Campylobacter, VTEC,
for example).

Researchers from the Emerging Pathogens Institute (EPI) of the University of Florida in the
United States have recently focused on infectious diseases of food origin. They estimated that
31 foodborne pathogens are responsible for 9.4 million cases of human infections each year in
the United States, leading to 55,961 hospitalizations and 1351 deaths (http://www.epi.ufl.edu/?
q=RankingTheRisks). Among all of these cases, 59% cases are associated with viruses, 39%
cases with bacteria, and 2% cases by parasites. Among viruses, norovirus is involved in 58%
of cases and for bacteria, Campylobacter, Salmonella, and Clostridium perfringens occupy the first
three places of the ranking. The first two of this classification are confirmed in Europe where
campylobacteriosis exceeds salmonellosis since 2008.
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In fact, Campylobacter is considered the most abundant zoonotic agent in the European Union.
Indeed, 190,566 cases of Campylobacter infections were reported in 2008, increasing annually
to reach 236,851 in 2014 (Table 1). Salmonellosis are still in second place in this epidemiological
study, with 88,175 cases in 2014 (against 131,468 cases reported in 2008), the Listeria bacteria
are responsible for 2161 cases of infection in 2014 (against 1381 in 2008) with a high mortality
rate (15%), especially among vulnerable people [2]. To illustrate the importance of Campylo‐
bacter infections in France, it is interesting to recall that the report of the “Institut de Veille
Sanitaire” (InVS) in 2004 estimated the number of confirmed cases of campylobacteriosis in
France to 21,652 cases, of which 17,322 cases were from food origin [3]. According to this report,
3516 cases had required hospitalization and 18 cases would have conducted to death.
Campylobacter infections not only indirectly cause a high processing cost but also a high number
of days of work stopping. For example, the treatment of campylobacteriosis in the UK is 465 €
while it is 77 € in the Netherlands [4]. In Europe, the annual cost of campylobacteriosis
treatment is of the order of 2.4 billion euros [5].

In Africa, the situation is most worrying. It is known that the first Campylobacter infection occurs
early in life, by food or nonfood way. Indeed, children under 5 years are the most exposed at
the campylobacteriosis [6]. So, Goualie et al. [7] reported an estimated incidence of campylo‐
bacteriosis between 40,000 and 60,000 for 100,000 children in developing countries of this
continent. These numbers are increasing in most African countries. So, the means of control
and prevention are more than necessary even though it has been shown that repeated infections
in some children gave them a protection in front of the next infection [8].

Transmission by direct contact with reservoirs like pets, human being, or contaminated bathing
water, although rare, should not be neglected. It can cause disease, especially for high‐risk
professions, namely: farmers, veterinarians, and slaughterhouse workers [9]. Notwithstand‐
ing, in most cases, transmission to humans is done indirectly by ingestion of water or food
contaminated by certain species of Campylobacter called thermophilic (named C. jejuni ssp.
jejuni, C. coli, C. lari, C. upsaliensis), naturally present in many farm animals (poultry, cattle,
swine, etc.) [10]. In fact, researchers from the Emerging Pathogens Institute (EPI), mentioned
above, were then interested in food vehicles of microbial hazards. Of the 14 most frequent
pathogens involved in infectious disease of food origin and the 12 most consumed foods in
the United States (or the 168 food‐pathogen combinations studied), Campylobacter‐chicken
combination is the one that is causing the greatest number of cases followed by Toxoplasma‐
pork combination, Listeria‐ready to eat meats combination, Salmonella‐poultry, and Listeria‐
dairy products combinations [11]. In the United States, the campylobacteriosis is mainly
sporadic cases of which it turns out that the contaminated chicken consumption is the cause
of most cases. It seems that in Europe we can also highlight the Campylobacter‐chicken combi‐
nation since a study conducted in Belgium during the dioxin crisis, has shown that the number
of campylobacteriosis decreased by 40% during the withdrawal period of the sale of poultry
[12]. Table 2 highlights the importance of chicken as Campylobacter vector compared with pork
and beef meat (Table 2).
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Meat 2006 2005 2004 2003 2002

Poultry 34.6% 30.5% 37.8% 35% 30.2%

Pork 0.7% 0.3% 1.6% 1.2% 1.4%

Beef 0.7% 0.9% 0.6% 0.3% 0.3%

Table 2. Comparison of different sources of Campylobacter contamination of poultry, pork and beef meat in Europe
(years 2002–2006).

Some gestures made during the preparation of foods in the kitchen is often the cause of
contamination transfers, including the use, for cutting the roasted poultry, of the board on
which was cut or eviscerated raw poultry. Furthermore, studies have shown that the transfer
of Campylobacter from chicken skin to kitchen work surfaces was possible at significant rate
(from 0.05 to 36%), as well as to the hands of users (2.9–3.8%) [13]. It has, moreover, been shown
that Campylobacter was able to survive for several hours on surfaces and stainless steel utensils,
and sponges used for cleaning surfaces could also be sources of contamination [14].

Campylobacter jejuni is responsible for over 85% of campylobacteriosis. When it occurs,
campylobacteriosis occurs typically after incubation for 24–72 h, by intestinal manifestations
during a week. The most frequently described manifestation is acute gastroenteritis charac‐
terized by inflammation, severe abdominal pains in the periumbilical region, mucous diarrhea
that can be bloody, accompanied sometimes by fever. It should be noted that the clinical
manifestation is often less severe in developing countries where campylobacteriosis is
manifested only by a significant watery diarrhea, this could be related to immune protection
settling in individuals with frequent contact with Campylobacter [8].

This disease can be serious for certain populations or during postinfection complications, like
Guillain‐Barré syndrome or Miller‐Fisher syndrome [15]. It seems that some serogroups of C.
jejuni, as the serogroup O19 Penner, are particularly involved in this type of complications.
Having a minimum growth temperature of 30°C, being intolerant to ambient oxygen and also
being sensitive to technological stress (such as cold, heat, acidification, and drying), Campylo‐
bacter jejuni was always considered as a delicate and fragile organism [16]. Despite these
nutritional requirements and the sensitivity to environmental stresses which prevent to grow
and multiply outside the host or in food, C. jejuni is still able to survive and persist throughout
the food production chain to cause campylobacteriosis constituting, in fact, a real paradox [17].

Although Campylobacter is found in the intestinal tracts of most red meat animals (cattle, pigs,
and small ruminants) and pets (cats and dogs), the avian reservoir remains predominant due
to the high carrier rate in animals and to the bacterial load per gram of feces, up to 107 CFU/g
[13, 18]. Due to the large intestinal asymptomatic carriage in production animals, manure,
slurry, soil, and water can also be reservoirs of Campylobacter. In fact, a study conducted in Italy
showed that about 30% of water samples from rivers were contaminated with Campylobacter
jejuni [19].

The colonization of the intestine of broilers by Campylobacter during rearing is responsible for
contamination of carcasses after processing [20–22]. Worldwide, the average prevalence of
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Campylobacter on poultry carcasses is about 60–80% [2, 23]. The carcass contamination occurs
during the slaughtering process, even if certain operations are contaminating more than others.
Thus, it is recognized that the contamination occurs more favorably during defeathering and
evisceration, with feces leaking from the cloaca and the rupture of caeca, causing massive
contamination by Campylobacter [24–26]. In addition, various transfers of contamination (or
cross contamination) can intervene. Among these, there is a carcass to carcass contamination
by contact and contamination transfer via vectors such as equipment and personnel, mostly
[24].

All of these works clearly show that intestinal carriage of Campylobater by poultry is a key
element of the transmission of this hazard to humans. Although beyond the breeding, control
measures of this danger exist (good hygienic practices transformations, physical, and chemical
treatments sanitizers), their effectiveness will be strengthened if the number of Campylobacter
present at this stage is as low as possible. Therefore, the reduction or eradication of intestinal
carriage in chickens is a strategic element of major importance for risk control Campylobacter
in this sector especially as the contamination of poultry carcasses is proportional to the
amount of Campylobacter present in caeca before slaughter [22]. In fact, a recent study of EFSA
based on a quantitative microbiological assessment of risks (QMRA) evaluated the perform‐
ance of implementation of interventions in primary production on reducing the risk of
campylobacteriosis cases for the chicken consumers [27]. Following this study, the potential
reduction of campylobacteriosis cases can be predicted after the application of breeding
measures and is presented in Table 3.

Interventions in primary production  Reduction of campylobacteriosis cases

Improved hygiene/biosecurity 16%

Systematic use of screen fly in broiler houses (Denmark) 60%

Discontinued thinning 1.8–25%

Reduction of slaughter age 42 days 0–5%

35 days 0.6–18%

28 days 21–43%

Reduction colonization in cecal contents 1 log 48–83%

2 logs 76–98%

3 logs 90–100%

6 logs 100%

Table 3. Effect of interventions in primary production on the reduction of human campylobacteriosis cases.

The study found that the most effective measures are those aimed at reducing the number of
Campylobacter in caeca of chickens. However, other simpler measures also have a real impact,
we now do an overview of all these measures.
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2. Control Campylobacter in chicken farms

The few quantitative risk assessment studies available on the Campylobacter‐chicken combi‐
nation, conducted in different countries, often focus on the effectiveness of physical and
chemical means of eliminating this zoonotic agent during the slaughter and the transformation
process [28]. These methods have often proven their efficacy but are often oversized and
sometimes poorly accepted by the consumer [10]. Preventive approaches such good hygiene
practices and biosecurity now find some interest and may be a strategy to prevent the coloni‐
zation of animals by Campylobacter and participate in the control of this zoonotic agent in the
production of poultry meat. This interest is reinforced by the development of indirect meas‐
ures, complementary of best practices, to reduce the intestinal number of Campylobacter in
poultry. For some authors, these interventions would significantly reduce campylobacteriosis
[29]. Thus, a Belgian study showed that the incidence of human campylobacteriosis in the
country could be reduced by 32, 53, and 77% if the prevalence of broiler batches colonized by
Campylobacter was reduced by 25, 50, or 75%, respectively [30].

2.1. Good hygienic practices and biosecurity

Thus, in addition to reducing the risk Campylobacter obtained at later stages of the human food
chain, this reduction can also be achieved by the establishment of biosecurity measures at the
breeding stage. These interventions are designed to protect a population of animals from the
introduction of infectious agents transmissible like Campylobacter. In poultry, the biosecurity
program includes all measures that must or may be taken to prevent the entry of this agent
and changing the health status of the chicken population. These measures, collectively known
as biosecurity, cover the hygienic practices during the rearing period. These include washing
hands before entering in a poultry house, the use of different boots to enter each house, the
cleaning, and disinfection of shoes before entering the room, a high level of hygienic water
quality beverage.

Other measures such as cleaning and effective disinfection of poultry house between two
batches of animals, as reducing the number of visits, as strict control of entry into the breeding
of rodents, wild birds, and flying insects. Thus, studies in Denmark have shown that the use
of mosquito nets preventing the entry of flying insects in the broiler house, potential vectors
of Campylobacter, significantly reduced the contamination of poultry by Campylobacter during
the seasonal peak (Figure 1) [31].

The application of all these measures greatly reduces the risk of Campylobacter infections. So,
Gibbens et al. estimated that this application would lower the prevalence of Campylobacter in
batches of chickens from 80 to less than 40% [32]. The respect of a good personal and clothing
hygiene for staff and good measures of biosecurity, including the control of rodents and insects
in two Dutch farms, reduced prevalence of Campylobacter in batches of chickens from two
different farms of 34% in the first farm, and of 20% in the second [33].
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Figure 1. Effect of the use of fly screen in broilers houses on the percentage of contaminated broilers.

2.2. Treatment of drinking water

Another important factor is the quality of drinking water. Several studies have shown that
poor quality water (untreated water from wells) may increase the transmission of Campylo‐
bacter in animals [34, 35]. The microbiological quality of drinking water should be monitored
by the analysis and can be improved on the farm by techniques such as filtration, chlorination,
ozonation, UV rays. For some authors, the impact of these interventions on Campylobacter
infection is uncertain, but they point out that the absence of interventions may be worse [32,
36]. Studies by Byrd et al. showed that adding 0.44% (vol/vol) of lactic acid in drinking water
prior to slaughter, has reduced the level of contamination of carcasses with Campylobacter [37].
Hilmarsson et al. showed that the addition of glycerol monocaprate (monocaprin) the last 3
days before slaughter, has reduced the number of C. jejuni in feces samples of chickens
naturally or artificially infected [38].

2.3. Use of antimicrobial from vegetal origin

In addition to their application in drinking water, organic acids can also be used as additives
in foods to reduce the prevalence of Campylobacter in poultry. Thus, 0.7% caprylic acid reduced
colonization when used preventively on old chickens of 10 days and achieves a significant
reduction of C. jejuni in broiler feces up to three to four decimal reductions [39]. In contrast,
Van Deun et al. [40] observed that butyrate did not reduce colonization of caeca by Campylo‐
bacter in broiler chickens, but the addition of fatty acids short chain at a concentration of 1%
reduces the risk of colonization of farms [41]. However, Hermans et al. [42] did not find any
effect of these medium chain fatty acids (caproic, caprylic, and capric) on the number of
Campylobacter in the caeca of broilers 28 days fed therewith 3 days before slaughter. Moreover,
they observed that injection of a highly concentrated solution of sodium caprate directly into
the caeca did not prevent colonization and did not reduce the caeca contents by Campylobact‐
er. Thereafter, these authors showed that this ineffectiveness was explained by the presence of
the intestinal mucus whom protecting C. jejuni in the caeca vis‐a‐vis of the bactericidal effect
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of organic acids observed in vitro. Conversely, another research group found a significant
reduction (several logs) of Campylobacter in caeca of chickens when caprylic acid was given 3
days before slaughter [43]. In addition, another study showed that adding monocaprin to
chicken feed the last 3 days before slaughter, resulted in a significant reduction of C. jejuni on
feces samples of animals artificially or naturally infected, compared to controls [38]. These
results, apparently contradictory, demonstrate the need to continue the investigations neces‐
sary to establish with greater certainty the effectiveness or lack of effectiveness of this strategy
in the control of Campylobacter in chicken farms

2.4. Vaccination

The principle of vaccination of chickens against Campylobacter is to administer a product
capable of inducing immunity directed specifically against this pathogen and confer immune
memory enabling rapid activation (much shorter of lag period) of defenses in case of contam‐
ination. Vaccination could complement the use of biosecurity measures and other intervention
strategies to reduce the level of contamination of poultry by Campylobacter. The development,
production, and application of available vaccines would be beneficial to all parties involved
and help enhance food safety and improve public health. Several studies on vaccination to
reduce the sensitivity of broilers with Campylobacter colonization were performed. Khoury and
Meinersmann [44] vaccinated chickens using a hybrid protein consisting of a portion of the
FlaA Campylobacter jejuni flagellin (flagellar subunit) and the B subunit of heat‐labile toxin
(LT‐B) of Escherichia coli. This results in a significant reduction of colonization of chickens by
Campylobacter, and the production of specific antibodies against FlaA. Comparing with
unvaccinated chicks, Rice et al. [45] have demonstrated a reduction of Campylobacter in chicks
vaccinated orally with a combination of dead Campylobacter jejuni cells coupled to the heat
labile toxin of E. coli.

More recent studies involving a larger number of animals were used to test the use of re‐
combinant vaccines. Thus, 840 SPF chicks were used to evaluate the effectiveness of the vaccine
derived from Salmonella enterica Typhimurium ΔaroA attenuated and expressing the immu‐
nogenic protein CJAA C. jejuni. Chicks who received the vaccine orally at the age of 1 day, then
2 weeks later, showed a reduction in fecal contamination by C. jejuni of 1.4log CFU/g, compared
with unvaccinated chicks [46]. Layton et al. [47] used recombinant vaccines attenuated from
Salmonella expressing three peptide epitopes of protein of Campylobacter (Omp18/CJAD
protein, CJAA, and Cj0420 (ACE393)). These three vaccines were administered orally to chicks
on the day 1, then 21 days later. The vaccinated chicks were inoculated with C. jejuni. Eleven
days after the inoculation, an increase in IgG and IgA antibodies specifically against C. jejuni
was observed and also a reduction in the number of C. jejuni in the ileum. Vaccination was
most effective when the vectored vaccine expressing the epitope of the Omp18/CJAD protein
was administered to chicks, with a considerable reduction of C. jejuni in the chicken intestine
(4.8 decimal reductions of C. jejuni in the ileum) compared with unvaccinated controls and
those vaccinated only with the vector (Salmonella 13A) or negative control (Figure 2).

These studies are promising and probably mean that a possible vaccination strategy for
Campylobacter reduction is possible. They still face a lack of information on the immune system
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of the chick that such hinders the development of an attenuated vaccine expressing the linear
peptide epitope Campylobacter (Omp18/CJA). In addition, advances in functional genomics
Campylobacter suggest that other proteins of this agent could be excellent candidates for testing
for future vaccines.

Figure 2. Enumeration of Campylobacter (log CFU/cecal content) on 1 day orally vaccinated chicken. Group A: salted
water vaccinated; group B: Salmonella 13A vaccinated, and group C: Campylobacter CJ0113 vaccinated.

2.5. Use of phages

The lytic activity of bacteriophages can be used as a strategy to reduce the colonization of
chickens with Campylobacter. Phages usually have a very narrow spectrum of activity, and they
do not interact with other bacterial species in the intestinal flora. Phages bind and penetrate
into bacterial cells by protein receptors and multiply within the cytoplasm until the death of
the bacteria. At this time, the lysis of the bacteria permits the release of new bacteriophages.

Loc Carrillo et al. [48] and Wagenaar et al. [49] have shown three decimal reductions of
Campylobacter in caeca of chickens that received the bacteriophage, compared with negative
control. However, this reduction is not stable, they observed a reduction of only 1log/g 5 days
later. Similarly, El‐Shibiny et al. [50] observed an immediate reduction of 2log10(CFU/g) of
Campylobacter in caeca 2 days after ingestion of phages. Then, the number of Campylobacter in
caeca returns to the original level a few days later, reversing the improvement achieved. These
results show that this strategy is more a short‐term therapeutic strategy than a preventive long
term one. It could be very interesting if, for example, the treatment is taken only 2–3 days before
slaughter: resistance to bacteriophages then not have time to reverse the reduction of Campy‐
lobacter obtained by the treatment. In this matter, other studies have also shown that admin‐
istration of phages in feed is more effective than oral gavage [37]. In these conditions of
administration, use of phages few days before slaughter appears to be an excellent strategy

How to Control Campylobacter in Poultry Farms?: An Overview of the Main Strategies
http://dx.doi.org/10.5772/64846

123



for the reduction of Campylobacter in poultry, but the diversity of Campylobacter protein
receptors requires a large diversity of phages, which also increases the complexity of this
strategy.

2.6. Use of prebiotics and probiotics

Probiotics are defined as “live microorganisms which when administered in adequate amounts
confer a benefit to human health.” Prebiotics are generally oligosaccharides (fructo‐oligosac‐
charide (FOS), galacto‐oligosaccharides (GOS)) or polysaccharides such as inulin. These escape
digestion in the small intestine and have a beneficial effect on the health of their host by
stimulating the growth and/or activity of bacteria of the genera Lactobacillus and Bifidobacteri‐
um, naturally present in the colon or administered as probiotics.

The use of prebiotics and probiotics is a strategy that has been studied by several research
teams in order to reduce the colonization of chickens by Campylobacter jejuni.

In 1997, Morishita et al. [51] used on 1‐day‐old chicks, a probiotic mixture containing Lactoba‐
cillus acidophilus and Enterococcus faecium. The chicks were randomly divided into two groups,
one group was treated with the probiotic cocktail during the first 3 days of culture while the
second batch received distilled water instead of the probiotic cocktail. Six hours after the first
oral administration of probiotics, the number of C. jejuni in feces of the chicks was determined
and was performed until the slaughter. The results showed a 70% reduction in the concentra‐
tion of C. jejuni in chickens on day 3 and a 27% reduction for broilers at slaughter, compared
to the control group. For Schoeni and Wong, administration of a mixture of different bacteria
(Citrobacter diversus, Klebsiella pneumonia, and E. coli) appears to be effective in preventing or
reducing the colonization of chickens with Campylobacter [52]. This protection has been
strengthened by mannose which was given as a prebiotic. In 2000, Chang and Chen [53] tested
on C. jejuni, in an in vitro model of the digestive tract of chicken, the effect of a mixed culture
of Lactobacillus acidophilus, L. fermentum, L. crispatus, and L. brevis in a feed wherein mannose
has been added, showing a inhibitory effect. Similarly, Baurhoo et al. [54] observed a significant
reduction of C. jejuni in naturally contaminated caeca of broiler, who received a diet containing
mannanoligosaccharide as a prebiotic.

Again, this is very promising works, that requires further study in order to decide definitively
on their use. They also have the merit of bringing forward an interesting and ongoing concept
named “microbial solution for microbial problems.”

2.7. Genetic selection of chicken

Selective breeding of resistant lines of chickens to Campylobacter colonization is a particularly
modern intervention strategy to reduce Campylobacter problem in the poultry industry.

In 2005, Boyd et al. [55] have shown that the selection of chicken lines genetically resistant to
Campylobacter germ, significantly reduces this risk in poultry. In their study, Boyd et al. [55]
have inoculated 1‐day‐old chicks of different inbred lines with 107–108 CFU of C. jejuni or C.
jejuni 81–176 14N and measured bacterial colonization levels of chickens over a period of 2–3
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weeks. They have always been a difference of a factor 10–100 from four inbred lines in the
number of C. jejuni present in chicken caeca between the four inbred chicken lines. The biggest
difference was for the N line, which presented relatively high levels of Campylobacter, and the
line 61, which had a relatively small number of bacteria. Among the four lines studied, the
major histocompatibility complex does not appear to be a major factor in determining the
resistance. The difference in the number of bacteria in fecal samples was observed after 24 h
after inoculation and was still present at the end of the experiment. This work revealed that
the difference in the number of bacteria was inherited in a consistent manner with the resistance
(low number of bacteria), controlled by a single autosomal dominant locus. These data suggest
that it may be possible to identify the responsible genes. Indeed, the recent knowledge of the
whole sequence of the chicken genome has identified the genes involved in susceptibility to
Campylobacter colonization [56]. These observations led to the suggestion that selective
breeding could be used to select chickens resistant to Campylobacter colonization.

2.8. Use of bacteriocins

The use of antimicrobial peptides could be an interesting biological intervention strategy to
reduce colonization of poultry by Campylobacter [57–61]. These studies highlight the ability of
bacteriocins produced by lactic acid bacteria, such as Lactobacillus salivarius NRRL B‐30514,
Enterococcus faecium E50‐52 E760, Lactobacillus salivarius, and L. salivarius SMXD51 1077 (NRRL
B‐50053)) to inhibit the growth of Campylobacter jejuni. In 2005, Stern et al. [62] studied the effect
of the bacteriocin “SRCAM 602” produced by P. polymixa NRRL B‐30509 on cecal coloniza‐
tion by Campylobacter of chicks artificially inoculated with 108 CFU of C. jejuni from day 1. These
animals, colonized by Campylobacter, received from day +7 to day +10 a feed containing the
bacteriocin purified (250 mg/kg). For the chicks that received during 3 days, this diet the
number of Campylobacter in caeca was very low and undetectable (<2log10 CFU/g), while the
control animals showed high cecal colonization by Campylobacter (106–108 log CFU/g) [62]. In
2008, Line et al. [57] have found similar results following administration of the bacteriocin
“Enterococcine E‐760” in broiler naturally infected with Campylobacter. Moreover, Svetoch et
al. [63] administered 10.8 mg/chicken (oral gavage) of bacteriocin “E 50‐52” produced by E.
faecium NRRL B‐30746 3 days before slaughter. The results showed a significant reduction of
Campylobacter in the gut, greater than 105 CFU/g of feces.

Stern et al. [64] have studied the effect of the bacteriocin OR 7, produced by L. salivarius NRRL
B‐30514, in encapsulated form in a concentration of 250 mg/kg on eight groups of contaminated
chicks by C. jejuni. In three of eight groups of chickens, there was no Campylobacter colonization
and, in the other five groups, the level of contamination remained very low (10–100 CFU/g)
compared with controls. By cons, L. salivarius NRRL B‐30514 and Paenibacillus polymyxa NRRL‐
B‐30509 showed no effect on colonization of artificially infected chicks by C. jejuni [64]. Finally,
Svetoch et al. [63] showed that treatment with the bacteriocin L‐1077, produced by L. salivarius
strain NRRL B‐50053, chickens inoculated with C. jejuni and Salmonella Enteritidis provides
more than four decimal reductions in the number of bacteria per gram of cecal contents,
compared with controls. Moreover, the presence of these bacteria in the liver and spleen of the
animals is very greatly reduced.
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3. Conclusion

Campylobacter is today a leading cause of foodborne diseases, all around the world. It is also
a paradox for microbiologists, who see a contradiction between the apparent physiological
fragility, its small genome and its obvious ability to survive outside its main habitat (digestive
tract of birds) and to reach its main target (i.e., the consumer). Moreover, this impression is
reinforced by the fact that the organism does not grow in foods and that his number would
tend to decrease during processing operations, rather than increase. In fact, intestinal car‐
riage of Campylobacter by animals becomes a key element of the contamination of the consumer
and a series of strategies have been developed to reduce intestinal carriage in the past 15 years.
Today, despite all the efforts and progress made, there is still no miracle solution but a set of
interventions strategies, each with their advantages and disadvantages. The use of bacteriocins
and bacteriophages is very promising because their implementation is simple: they can be
easily administered with water or feed. However, their potential use requires further research
work on their long‐term effectiveness. In addition, the successful application of these methods
as well as probiotics, prebiotics and even vaccination may be affected by genomic instability
of C. jejuni [44] which may affect the effectiveness of these strategies in the long term. Finally,
the reduction of Campylobacter contamination pressure of animals at the stage of livestock
should be based on a strong base of Good Hygienic Practices and biosecurity, reinforced by
targeted interventions selected on the criteria of efficiency, practicality, and cost in front of the
type of poultry production.
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Abstract

In chickens, more than 90% of the de novo synthesis of fatty acids occurs in the liver;
therefore, the liver metabolism has a critical effect on chicken development and egg
laying performance. Although the physiological processes of liver lipid metabolism
have been studied extensively in chicken, the underlying mechanisms and the roles of
noncoding RNAs in  the  process  remain ambiguous.  Recently,  we investigated the
regulatory  mechanism  of  hepatic  lipid  in  chicken  by  new  generation  sequencing
technology. Our results uncovered many genes, which play crucial roles in mammal
lipid metabolism process, might have different biological functions in chicken. Some
other genes which might play essential roles in chicken hepatic lipid metabolism were
found. In addition, the physiological processes of hepatic lipid metabolism in chicken
are regulated by noncoding RNAs, such as miRNAs and lncRNAs.

Keywords: lipid metabolism, new generation sequencing, miRNA, lncRNA, chicken

1. Introduction

The molecular regulatory mechanisms of the hepatic lipids in domestic chicken had been largely
established after being extensively studied (see reviews [1–5]). In recent years, however, with
research advances in genomics, epigenomics and related fields such as systematic biology and
bioinformatics, and also with the development of advanced techniques such as new generation
sequencing  and  computation  programming,  our  knowledge  about  gene  regulation  and
interactions has been considerably widened. As a result, the following questions about synthesis,
formation and transport of yolk precursors in liver of laying hens remains to be fully elucidated.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



First, what enzymes actually catalyze lipids synthesis in laying hen liver? In comparison with
mammals, liver is the major site of lipid biosynthesis in the chicken [6–8]. Though most of the
chicken genes and their products involved in the hepatic lipid metabolism are highly similar
to those in mammals including human, their specialized tasks were considerably different [9–
12]. For instance, a recent study on lysophosphatidylglycerol acyltransferase 1 (LPGAT1)
indicated that LPGAT1 has a role in lipid synthesis in mice [13]. Our studies revealed, however,
LPGAT1 has no significant effect on lipid synthesis with estrogen induction in chicken. In
addition, some of the genes related to lipid metabolism had been lost in chicken during
evolutionary process [14]. Therefore, the range of genes and their products involved in the
hepatic lipid metabolism in laying hen remain to be fully elucidated [8].

Second, how are the very low density lipoprotein (VLDL) particles assembled and secreted in
the liver of chicken? In mammals, it was well documented that microsomal triglyceride transfer
protein (MTTP) assists in lipoprotein assembly to form very low density lipoprotein [13, 15–
19]. The formation of VLDL particles in avian species is tightly regulated by estrogen. However,
recent study has proved that upregulation of MTTP in the liver is not required for the increased
VLDL assembly during egg production in the chicken [20]. Our study on MTTP expression
levels in livers between pre-laying and egg-laying hens also showed no difference though that
the liver ApoB and ApoVLDL II expression levels and plasma VLDL level were elevated
dramatically in laying hen.

Third, how does the estrogen induce lipid synthesis and transfer processes in liver of laying
hen regulated by noncoding RNA? It is now well appreciated that a large portion of the
eukaryotic genome gives rise to non-protein-coding RNAs (ncRNAs) of various sizes ranging
from ～20 nucleotides to ～100 kb, which are predicted to play essential roles in a variety of
biological processes (see reviews [21–24]). Among ncRNAs, microRNAs (miRNAs) and long
ncRNAs (lncRNAs) attracted more researches’ attention.

MiRNAs are short, being composed of only 18–25 nucleotides (nt) single-stranded RNAs,
which was first described in 1993 [25]. Since then, the view of gene expression regulation has
been dramatically altered. MiRNAs are reported to regulate gene expression at the posttran-
scriptional level through RNA interference (RNAi) pathways [26]. In general, miRNAs interact
with mRNAs to perform their functions. It has been argued that one miRNAs can regulate the
expression of hundreds of mRNAs, while the expression of one mRNA could be regulated
simultaneously by hundreds of miRNAs [27]. In other words, miRNAs can play critical roles
through constructing networks of sophisticated regulatory systems in organisms [28]. Cur-
rently, many varieties of miRNAs are widely reported in plants, animals and even microbes.
Alterations of specific miRNA levels have significant correlation with changes of physiological
or pathological functions of divergent origin.

LncRNAs are RNA polymerase II (RNAPII) transcripts that are longer than 200 nucleotides
[29, 30], which may regulate protein-coding gene expression at both the transcriptional and
posttranscriptional levels. Transcription regulated by lncRNAs could negatively or positively
control protein-coding gene expression either in cis or in trans [31]. Posttranscriptional
regulation by lncRNAs could also negatively or positively control protein coding gene
expression through competing endogenous RNAs, modulating mRNA stability and transla-
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tion by homologous base pairing, or acting as nuclear retention of mRNAs [32]. A growing
number of lncRNAs have recently been described, and their functions are been uncovering.

Therefore, the objective of this chapter is going to give an overview of the molecules regulation
of hepatic lipid metabolism in chicken, which was based on the studies performed by using
the new generation sequencing technology.

2. Genes involved in hepatic lipid metabolism in chicken

Liver as the most important metabolic organ where up to 90% of fatty acids are de novo
synthesized in chicken [33–35]. It was found that the onset of laying in the poultry is preceded
by large increase in the plasma-free fatty acids, lipids and phosphoproteins [36]. We used the
pre-laying hens (20-week old) and egg-laying hens (30-week old) of Lushi green-shelled-egg
chickens as the experiment model, and the most obvious physiological difference between the
two stages is laying egg or not. Three pre-laying hens and three egg-laying hens, which were
raised in cages under the same environmental conditions with ad libitum to food and water,
were slaughtered. Liver tissues were harvested immediately and the RNA from the liver
samples was extracted. The new generation sequencing technology was used to establish the
gene expression profile [37]. Bioinformatic analysis methods were used to explore the genes
involved in hepatic lipid metabolism, and uncover the regulatory mechanism of hepatic lipid
metabolism in chicken.

In our research results, compared to pre-laying hen, there were 960 significant differentially
expressed (SDE) genes obtained in the liver of egg-laying hen [37]. Among those SDE genes,
many ones were enriched in lipid metabolism pathways (Figure 1).

Figure 1. The SDE genes significantly enriched in lipid metabolism pathways. Note: The number on each bar means
the number of genes enriched in the pathway.

For example, stearoyl-CoA desaturase 1 (SCD-1) is a rate limiting enzyme of monounsaturated
fatty acid synthesis in liver and upregulated in egg-laying hens compared with pre-laying
hens. Bioinformatic analysis showed it was enriched in the lipogenesis of the peroxisomepro-
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liferator-activated receptor (PPAR) signaling pathway, and the mRNA expression and activi-
ty of SCD-1 have been shown to be triggered by insulin to promote fat synthesis [38].
Interestingly, a very recent study demonstrated that B-cell translocation gene 1 (BTG1)
overexpression inhibited the expression of SCD-1 gene and altered hepatic lipid metabolism
by decreased triglyceride accumulation in human [39]. However, our data showed that BTG1
expression level also significantly increased when the SCD-1 gene expression level elevated in
egg-laying hens. It suggests that expression of SCD-1 gene is regulated in different ways in
chicken. The FABP1 and FABP3, which are involved in hepatic fatty acid oxidation [40, 41],
intracellular fatty acid transport [42], storage and export, as well as in cholesterol and phos-
pholipid metabolism [43–45], were both significantly upregulated in the liver of egg-laying
hens compared with pre-laying hens. They may promote lipid metabolism through the PPAR
signaling pathway to meet the requirements of laying eggs. Some transcriptional factors such
as sterol regulatory element binding protein (SREBP-1) and fatty acid synthase (FASN) genes
were found to be elevated coordinately in egg-laying chicken liver that could synthesize fatty
acids de novo [46]. Meanwhile, some novel genes and alternative splicing isoforms were also
found to be differentially expressed and predicted to be relevant with lipid associated
processes [37].

In the de novo fatty acids synthesis process, some key genes reported to be important in regu-
lating lipid metabolism in mammals, but do not play the same roles in chicken (Figure 2). It
is well documented that the triacylglycerol (TG) is postulated to synthesize through two bio-
synthetic pathways in liver. One is called glycerophosphate pathway, the other is monoacyl-
glycerol pathway [47]. In the glycerophosphate pathway, TG is synthesized from the small
precursor molecule glycerol-3-phosphate (G3P) and through the precursor phosphatidic
acid (PA). The sequential reactions of acyl-CoA: G3P acyltransferase (GPAT) and acyl-CoA:
1-acyl-G3P acyltransferase (AGPAT) are involved in the incorporation of fatty acids into the
glycerol backbone of phospholipids [47]. Glycerol-3-phosphate acyltransferase mitochondri-
al (GPAM) is an enzyme that plays a central role in de novo lipogenesis. The diacylglycerols
(DG) is generated by PA dephosphorylation [48], and this process can be influenced by lip-
ins [48, 49], which define a family of Mg2+-dependent PA3 phosphatase enzymes with key
roles in lipid metabolism [50]. Lipins have different expression patterns in different species,
only one lipin in fungi, flies and worms [51], and three lipins including lipin1, 2 and 3 in
mammals [52]. The DG can also be synthesized from monoacylglycerol (MG) catalyzed by
Acyl-CoA:monoacylglycerol acyltransferase (MOGAT) family including MOGT1, MOGT2
and MOGT3 in mammals. In addition, LPGAT1 involves in triacylglycerol synthesis and se-
cretion in liver [53] and promotes hepatic lipogenesis in mice [54]. In our study, compared to
pre-laying hens, the expression levels GPAM, AGPAT2, AGPAT3, lipin1 and lipin2 genes were
significantly upregulated in egg-laying hens. It suggested that these enzymes may play key
roles in TG biosynthesis in the liver of chicken. However, some of the enzyme genes such as
GPAT2, AGPAT4, AGPAT5 and AGPAT6 showed no changes in their expression levels, and
some genes such as AGPAT9, MOGAT1 and LPGAT1 even exhibited down-regulated expres-
sion patterns. The other enzyme family members, which existed in mammals, were not de-
tected in our animal model. Clearly, genes related to specific functions in regulating fatty
acid synthesis are significantly different between mammals and avian species.

Poultry Science136



liferator-activated receptor (PPAR) signaling pathway, and the mRNA expression and activi-
ty of SCD-1 have been shown to be triggered by insulin to promote fat synthesis [38].
Interestingly, a very recent study demonstrated that B-cell translocation gene 1 (BTG1)
overexpression inhibited the expression of SCD-1 gene and altered hepatic lipid metabolism
by decreased triglyceride accumulation in human [39]. However, our data showed that BTG1
expression level also significantly increased when the SCD-1 gene expression level elevated in
egg-laying hens. It suggests that expression of SCD-1 gene is regulated in different ways in
chicken. The FABP1 and FABP3, which are involved in hepatic fatty acid oxidation [40, 41],
intracellular fatty acid transport [42], storage and export, as well as in cholesterol and phos-
pholipid metabolism [43–45], were both significantly upregulated in the liver of egg-laying
hens compared with pre-laying hens. They may promote lipid metabolism through the PPAR
signaling pathway to meet the requirements of laying eggs. Some transcriptional factors such
as sterol regulatory element binding protein (SREBP-1) and fatty acid synthase (FASN) genes
were found to be elevated coordinately in egg-laying chicken liver that could synthesize fatty
acids de novo [46]. Meanwhile, some novel genes and alternative splicing isoforms were also
found to be differentially expressed and predicted to be relevant with lipid associated
processes [37].

In the de novo fatty acids synthesis process, some key genes reported to be important in regu-
lating lipid metabolism in mammals, but do not play the same roles in chicken (Figure 2). It
is well documented that the triacylglycerol (TG) is postulated to synthesize through two bio-
synthetic pathways in liver. One is called glycerophosphate pathway, the other is monoacyl-
glycerol pathway [47]. In the glycerophosphate pathway, TG is synthesized from the small
precursor molecule glycerol-3-phosphate (G3P) and through the precursor phosphatidic
acid (PA). The sequential reactions of acyl-CoA: G3P acyltransferase (GPAT) and acyl-CoA:
1-acyl-G3P acyltransferase (AGPAT) are involved in the incorporation of fatty acids into the
glycerol backbone of phospholipids [47]. Glycerol-3-phosphate acyltransferase mitochondri-
al (GPAM) is an enzyme that plays a central role in de novo lipogenesis. The diacylglycerols
(DG) is generated by PA dephosphorylation [48], and this process can be influenced by lip-
ins [48, 49], which define a family of Mg2+-dependent PA3 phosphatase enzymes with key
roles in lipid metabolism [50]. Lipins have different expression patterns in different species,
only one lipin in fungi, flies and worms [51], and three lipins including lipin1, 2 and 3 in
mammals [52]. The DG can also be synthesized from monoacylglycerol (MG) catalyzed by
Acyl-CoA:monoacylglycerol acyltransferase (MOGAT) family including MOGT1, MOGT2
and MOGT3 in mammals. In addition, LPGAT1 involves in triacylglycerol synthesis and se-
cretion in liver [53] and promotes hepatic lipogenesis in mice [54]. In our study, compared to
pre-laying hens, the expression levels GPAM, AGPAT2, AGPAT3, lipin1 and lipin2 genes were
significantly upregulated in egg-laying hens. It suggested that these enzymes may play key
roles in TG biosynthesis in the liver of chicken. However, some of the enzyme genes such as
GPAT2, AGPAT4, AGPAT5 and AGPAT6 showed no changes in their expression levels, and
some genes such as AGPAT9, MOGAT1 and LPGAT1 even exhibited down-regulated expres-
sion patterns. The other enzyme family members, which existed in mammals, were not de-
tected in our animal model. Clearly, genes related to specific functions in regulating fatty
acid synthesis are significantly different between mammals and avian species.

Poultry Science136

Figure 2. Expression pattern of key genes involved in chicken lipid metabolism. Note: NS means gene not significant
differentially expressed in our RNA-seq results; up-arrow means gene up-regulated, down-arrow means down-regu-
lated.

The final step in the de novo synthesis of TG is catalyzed by acyl-CoA: diacylglycerol acyl-
transferase (DGAT) enzymes, including DGAT1 and DGAT2 [55]. Overexpression of human
DGAT1 in McA-RH7777 cells can result in increasing the synthesis, accumulation and secretion
of TG and VLDL [56]. Due to majority of the TG destined for secretion by liver is synthesized
by DGAT2 [57], expression of DGAT2 in McA-RH7777 cells is positively related with the
secretion of TG and apoB [56, 57]. However, the DGAT1 gene was not expressed in chicken
liver, and the expression level of DGAT2 was not changed between the pre- and egg-laying
hens. Another member of DGAT family, SOAT1 (sterol O-acyltransferase 1) even was down-
regulated. It implied that there must be some other gene(s) involved in the process. Interest-
ingly, a novel gene designated DGAT2-like gene, which possesses essential domains as does
DGAT2, was identified and found to be significantly upregulated in egg-laying hens. This
result suggests that DGAT2-like may play the role catalyzing TG formation in the liver of
chicken as DGAT2 does in mammals.

The MTTP assists in lipoprotein assembly to form low density lipoprotein [54, 58–62], and
highly related with VLDL assembly and lipoprotein particle secretion [63, 64]. However, a
previous study demonstrated that the upregulation of MTTP in liver was not required for
increasing VLDL assembly during the laying period in chicken [20]. Same to the above result,
our study also indicated that the MTTP was not significant differentially expressed in the liver
of egg-laying hens in comparison to pre-laying hens. It implies that MTTP–like does not act the
role as it does in mammals. As we expected, a novel gene-designated MTTP-like, which con-
tains all the essential domains and motifs as MTTP does, was found to be significantly upre-
gulated in egg-laying hens. Estrogen induction studies both in vivo and in vitro further revealed
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that the MTTP-like expression was regulated by estrogen in a dose dependent manner in liver
of chicken. Although most the current findings appear to be consistent with the conservation
of lipid metabolism in chicken and mammal, species‐specific differences should be considered
when comparing chicken with mammalian systems. The chicken liver transcriptome reported
here could greatly broaden our understanding of the regulation and network of gene expres‐
sion related to liver lipid metabolism in chicken at different physiological stages.

3. Regulation of hepatic lipid metabolism by ncRNAs in chicken

Lipid synthesis and transfer are dynamic and complex processes, which can be steered by
various regulatory factors. During the egg‐laying period, the estrogen level of hens goes up
significantly and promotes the liver to synthesize egg yolk precursors. It was reported that
estrogen can dramatically stimulate hepatic synthesis of apoB [65] and induce the de novo
synthesis of the reproduction‐specific apolipoprotein and apoVLDL‐II in poultry by enhancing
the accumulation of the mRNAs [66]. Our findings are consistent with previous reports that
apoB and apoVLDL‐II were significantly increased in the liver of egg‐laying chicken compared
with pre‐laying hens (Figure 3). The increase in expression levels of apoB, apoVLDL-II and many
other genes are supposed to be induced by estrogen. However, some upregulated genes such
as sirtuin isoforms (Sirt 1-7) in egg‐laying hens seems to be regulated by other factors instead
of estrogen, because the expression levels of these genes in chicken liver tended to be decreased
when chicken or chicken embryonic hepatic cells were treat with estrogen (unpublished
data，related article is under reviewing).

Figure 3. The expression of genes in 20‐ and 30‐week‐old hens.

MiRNA as a kind of posttranscriptional regulatory factor are reported to serve as important
roles in lipid metabolism. It was identified that both gga‐miR‐148a and miR‐122 are highly
abundant miRNA in chicken hepatocytes [67] and in porcine liver [68]. A liver‐specific miR‐122
with high expression abundance in mammalian liver could modulate the hepatic fatty acids
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and cholesterol synthesis through repressing the expression of genes involved in cholesterol
biosynthesis [69, 70]. MiR-33 involves in liver metabolism by regulating cholesterol efflux and
high density lipoprotein metabolism by targeting the ATP-binding cassette subfamily A
member 1 and ATP-binding cassette subfamily G member 1 [71]. These implied that some
miRNAs may also involve in regulating chicken hepatic lipid metabolism through binding
their target genes.

Considering the obvious difference of physiological activities between pre- and egg-laying
stages, the pre- and egg-laying hens experiment model used in RNA-seq research [37] was
used to investigate the critical miRNAs that may regulate the lipid metabolism. Bioinformatic
analysis methods were used to explore the differentially expressed miRNAs involved in
hepatic lipid metabolism and uncover the regulation ways of hepatic lipid metabolism in
chicken [72]. Our results showed that majority of the target genes of down-regulated miRNAs
significantly enriched in lipid metabolism-related processes, and enzyme activity, iron, vitamin
binding molecular function (Figure 4). It is consistent with the event that eggs are rich in
essential amino acids and fatty acids, as well as of some minerals and vitamins [73]. Our results
suggest that the differentially expressed miRNAs may participate in chicken hepatic lipid
metabolism through acting with their target genes.

Figure 4. The significantly enriched and lipid-related GO terms of the target genes of the down-regulated miRNAs.

LncRNA is a class of pervasive genes involved in a variety of biological functions. Increasing
researches present some lncRNAs are contributed to liver relevant metabolisms, including
lipid metabolism. LncLGRAs, the transcriptional regulation factor of hepatic glucokinase
(GCK) gene, can inhibit the expression of GCK and reduce hepatic glycogen content in mice
during fasting [74]. It is reported that, whether enhanced the expression of lncRNA MALAT1
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in vivo or in vitro, it can activate the nuclear SREBP1c expression and induce the intracellular
lipid accumulation in mouse hepatocytes [75], while the lncRNAs that may take part in chicken
hepatic lipid metabolism are unknown. Therefore, to gain insight into the underlying roles of
lncRNAs serving as the hepatic lipid metabolism regulatory molecules, a lncRNA-Seq has be
conducted to the livers of pre- and egg-laying hens to detect the lncRNAs.

4. Future perspectives

As well known, both lncRNAs and miRNAs serve as the endogenously expressed regulators
of gene expression [76]. Recent researches have showed that the aberrant expression of
lncRNAs and transcription factors can result in the miRNAs disorder. A study has demon-
strated that a highly upregulated liver cancer lncRNA could serve as an endogenous sponge,
which can down-regulate a series of miRNAs activities [77]. Due to the long size of lncRNAs,
it regulate miRNA abundance via binding and sequestering them, working as the so-called
miRNAs sponges, thus regulating the expression of target mRNAs [78, 79]. Given the complex
modulation network among mRNAs [37], miRNAs [72] and lncRNAs, it will be great interest
for us to combine these data sets to explore the possible regulation mechanisms among
lncRNA, mRNA and miRNA. Our results will be a valuable resource for further elucidating
the regulatory mechanism of chicken hepatic lipid metabolism and may also provide reference
for understanding the molecular mechanisms in other poultry and mammalian species.

It has to be mentioned that the regulation of hepatic lipid metabolism in chicken described in
this chapter is based on comparative studies between pre- and egg-laying hens, in which
estrogen is supposed to be the main factor influencing lipid metabolism. In fact, many other
factors such as feed additives and photogenic compounds may also play important roles in
the lipid metabolism process, while the regulatory mechanism that genes involved in may not
be the same as the present results [80–82].
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Abstract

As counteract against deficiency in livestock, dietary treatments are supplemented with
selenium (Se), usually as the inorganic form sodium selenite (SS). Since Se is considered
as toxic as well as an essential element, SS is added to prevent an increase of Se in edible
chicken parts. However, in many countries, populations suffer from suboptimal Se
intake and even Se deficiency, by increasing the use of organic Se sources such as Se‐
enriched yeast or wheat in animal feed, there will be a subsequent increase in meat and
egg products for human consumption. One could argue that the chickens do not need
the extra pool of Se in muscles, as the inorganic form will be sufficient to meet the
chickens Se requirements. Since the feed is fortified with selenite, the chickens will
always have adequate access to the essential trace element. However, global gene set
functional enrichment analysis revealed statistically significant enrichment of a number
of biological processes that were dependent on the Se feed sources, such as cell growth,
organ development and protein metabolism in favour of organic Se.

Keywords: selenium, requirements, metabolism, feed supplementation, selenoamino
acids

1. Introduction

1.1. The element selenium

Selenium (Se) was discovered in 1817 by the Swedish chemist Jöns Jakob Berzelius [1, 2]. The
element was named after the moon in Greek; Selene. Selenium is the chemical element number
34, a metalloid with six stable isotopes 76, 77, 78, 79, 80 and 82. The element is in the 16 group in
the periodic table together with sulphur (S), oxygen (O) and tellurium (Te). These elements have
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and reproduction in any medium, provided the original work is properly cited.
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many common chemical properties. Selenium and S have similar electronegativities, atomic
radius and the same oxidation states (‐2, 0, +4, +6). Selenium is an S analogue, and substitute S
in a series of compounds, such as sulphate (selenate), sulphite (selenite), sulphenic acid (selenic
acid). Selenium and S react easily with each other forming selenylsulphide bounds [1]. Despite
these similar properties, there are some major differences between S and Se, and substitution of
one another results in different chemical properties. One of these differences is illustrated by
the acid dissociation constant (pKa) value; H2Se has a pKa of 3.73 and is a much stronger acid
than H2S with a pKa of 6.96 [1]. Another difference between the two elements is the reduction
potential, under standard conditions Se is more readily reduced than S (e.g. SeO4

2‐ has an E = 
1.15 volt and SO4

2‐ has E = 0.158 V).

1.2. Seleno amino acids

Cysteine (Cys) and methionine (Met) are S amino acids and both have Se analogs, SeCys and
SeMet, respectively. As for the acids, the amino acids exhibit different chemical properties
depending on the properties of Se and S. While the chemical properties of SeMet and Met are
quite similar [3] the pKa (amino group) of SeCys is much lower than for Cys (5.2 vs. 8.3) [4].
At physiological pH the selenol group of SeCys will be in its anionic selenolate form, while
the thiols of Cys residues are protonated. These properties make SeCys a more reactive amino
acid compared to Cys [1], and give unique Se derived properties to selenoproteins.

1.3. Selenium in the terrestrial environment

High Se concentrations are found in sedimentary rocks and shales formed dung the cretaceous
period, while lower concentrations are characteristic for igneous (volcanic) rock, sandstone,
granite and lime stone [5, 6]. The ubiquitous but uneven Se distribution in bedrock has resulted
in Se concentrations in soil ranging from almost zero to 1250 mg Se kg‐1 in some seleniferous
soils in Ireland [7, 8]. High soil Se concentrations can also be a consequence of prolonged
deposition from precipitation containing seawater. I Norway the observed Se concentration in
humus showed that the Se concentrations in soil decreases with distance from the sea [9].
Through observations in animal production, it is apparent that vast land areas worldwide do
not supply sufficient Se for optimal livestock nutrition, and areas with low Se concentrations
in soil are much more common than areas with very high Se concentrations in soil [8].

1.3.1. Selenium transfer from soil to plant

The distribution and availability of Se to plants depend on different soil conditions such as
pH, organic matter [10], redox conditions, competing ionic species (e.g. sulphate), microbial
activity, soil texture, compaction, mineralogy, temperature and moisture [11]. The bioavaila‐
bility of Se from soil is more important than the total soil Se concentration. Inorganic Se species
present in soil are selenide (Se2

‐), elemental Se (Se0), selenate (SeO4
2‐) and selenite (SeO3

2‐) [12].
In aerobic soils, with pH around seven, selenate predominates, whereas selenite predominates
at lower pH and redox potential. Under strongly reduced soil conditions selenide dominates
[13]. Selenate is more mobile and thus available to plants compared to selenite.
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1.3.2. Selenium in plants

The uptake of Se in higher plants depends on plant species and their physiological phase of
development. Selenate is more accessible to plants than selenite and organic Se such as SeMet.
The uptake of selenate and SeMet follow the active transporters of analog S species and is
metabolized through the sulphate assimilation pathway. Selenite, however, is not mediated by
membrane sulphite transporters [2]. After selenite has been taken up in the plant it is rapidly
transformed to SeMet or SeCys and accumulated in proteins in the roots, while selenate is
highly mobile in the xylem and translocated to plant parts above ground [12, 14]. The Se
concentrations in plants are related to the general protein content of the plants and their
different ability to accumulate Se. Most plants that are used in forage as well as grasses are
non‐accumulators [2] and, hence, have low Se concentrations. Surveys on Se concentrations in
crop have revealed that areas producing crops with Se concentrations too low (<0.1 mg Se kg‐1)
to meet animal requirements are more common than areas producing toxic levels (>2 mg Se 
kg‐1) of Se in crops, hence supplementation of diets is necessary to meet the animals Se
requirements. There has been an increased interest of investigating the beneficial use of
medical plants and phytogenetic compunds in poultry diets [15], some of these plants are Se
hyperaccumulators [16] and future research will prove if these plants could replace the
traditional supplementation used today.

1.3.3. Selenium requirements in poultry and domestic animals

The toxicity of Se in animal diets was recognized around 1932 [17]. However, a decade later it
was obvious that Se deficiency lead to several negative effect. Impaired growth and develop‐
ment, poor feathering, reduced egg production and hatchability, pancreatic degeneration,
nutritional muscular dystrophy, and necrotic lesions in liver, muscle and heart are among the
effects reported in Se deficient animals, all of which resulted in large economic losses for the
industry [18–20]. In Finland, inadequate Se intake caused nutritional disorders in pigs and
reduced the profitability of the production. As a result, all commercial animal feeds have been
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and Sweden in 1980.
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disease, cancer, anaemia and liver bleeding [22, 23]. In low Se areas worldwide, livestock
producers have adopted methods that ensure adequate Se status in animals. Since selenium
was foreseen as a toxic element, the supplementation recommendations were designed to
ensure that the Se requirements were met without increasing the Se concentrations in tissues
significantly. In that way humans were protected from ingesting “toxic levels” of Se from food
products [24]. Sodium selenite (SS) and sodium selenate which do not increase muscle Se levels
substantially were therefore approved as supplements to the livestock and poultry industry
[24]. Selenite is most often used [24]. The use of Se‐enriched yeast (SY) as feed additive is
increasing. The European Food Safety Authority has approved a maximum of 0.2 mg Se from
different yeast strings in complete Feed [25, 26]. Se‐enriched yeast approved as supplement
consists of 60–85% SeMet, 2–4% SeCys and <1% selenite or selenate [27]. Based on the legisla‐
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tion from the European Committee the allowed maximum total feed Se concentration is 0.5
mg kg‐1 DM (dry weight) [26]. These regulations also distinguish between inorganic or organic
Se, where the maximum of organic Se is set to 0.2 mg Se kg‐1. Numerous reports on the positive
effects of organic Se sources in animal feed are available. In addition to reduced frequency of
diseases related to Se deficiency, organic Se readily increases tissue Se concentrations [28, 29].
In 2014 DL‐Selenomethionine was accepted as an organic Se source after it was showed to be
safe for chickens for fattening up to 1.5 mg Se/kg feed, the upper limit of 0.2 mg organic Se/kg
feed still stands [30].

2. Understanding the speciation and metabolism of selenium in poultry

2.1. Bioavailability and bioaccessibility of selenium in a sample preparation and instrument
analysis perspective

2.1.1. Speciation analysis of selenium

Speciation analysis of Se is applied to identify and quantify Se species present in different
matrices. This is of major importance as bioavailability, cross membrane transport and
metabolism of Se is highly dependent on the Se species present [31]. While numerous studies
on Se species in yeast and Se accumulating plants have been published (e.g. [32–34]), fewer
studies have been carried out on Se species in common food. It has therefore been necessary
to develop reliable analytical techniques to study the speciation of Se in environmental and
biological samples, to understand the biochemical cycle of Se [35, 36].

Selenium is usually present in food and biological samples at low concentrations and can be
present as a variety of Se species. To perform speciation analysis of Se in biological matrixes
different methodologies are applied. Hyphenated techniques such as liquid chromatography
coupled to inductive coupled plasma mass spectrometry (LC‐ICP‐MS) and liquid chromatog‐
raphy coupled electrospray ionization mass spectrometry (LC‐ESI‐MS) are two complemen‐
tary detection methods [37]. The ICP‐MS quantifies based on signals from the elements mass/
charge ratio; the ionization is virtually species independent and accurate absolute quantifica‐
tion is possible. In ESI‐MS the Se species are identified based on molecules mass/charge ratio,
where ionization is species and matrix dependent and quantification requires isotopically
labelled species. Identification based on retention time matching with well‐defined standards
by HPLC‐ICP MS is tentative, while ESI‐MS data alone does not provide sufficient evidence
for structural confirmation [33, 38].

With increased knowledge and sensitive instruments, more information on Se species in food
will emerge. As many detectors are very sensitive (low detection limits), the challenges lie
within sample preparation and chromatographic separations. At present, no standardized
approaches to Se speciation analysis exist and different strategies of sample preparation and
separation prior to detection are applied.
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2.1.2. Sample preparation and separation techniques

Selenium species in food and biological samples can be extracted using different agents. Water
extraction has been applied to water‐soluble Se amino acids (MeSeCys and ‐glutamyl‐
MeSeCys), driselase is used to release Se bound to cell walls, different proteases for hydrolysis
of selenoproteins and seleno‐containing proteins [34], and tryptic digestion of water‐soluble
Se species are applied to identify peptide sequences [39]. Another approach is the use of in
vitro digestion steps mimicking the gastro intestinal tract to get information on the bioacces‐
sible fraction of Se from different matricies [40, 41].

Following extraction, different techniques are used to separate Se species. The most used
technique is high performance liquid chromatography (HPLC) with reversed phase (RP), ion‐
paring (IP)‐RP, or ion‐exchange (IE) columns, sometimes with a pre‐concentration step using
a size exclusion column (SEC) to collect the low molecular mass fraction [33, 42, 43]. Optimi‐
zation of the chromatographic separation conditions to obtain narrow and well defined peaks
are strived for at all times for best results [37]. Isotope dilution has improved the quality control
of analysis and can be used species‐specific or species unspecific, and be applied pre or post
column to the ICP‐MS [44].

During the last years, measurement of Se has focused on a more proteomic approach revealing
information on selenoproteins and seleno‐containing proteins. Examples are proteins being
separated on gel electrophoresis (GE) (sodium dodecyl sulphate polyacrylamide gel electro‐
phoresis, SDS PAGE) for protein identification by matrix‐assisted laser desorption/ionization
(MALDI)—time of flight (TOF)‐MS or ESI‐MS or laser ablation ICP‐MS to identify the proteins
containing Se in a gel [45]. Another way to identify Se species in a SDS PAGE is the use of
radioactive labelled 75Se. Neutron activation analysis (NAA) followed by gamma measure‐
ments of Se could give information on trace levels of Se in different matrixes. The use of affinity
columns separating selenoalbumin (SelA), selenoprotein P (SelP) and glutathione peroxidase
(Gpx) has been successfully reported [45].

Isotopic labelling of Se species makes it possible to follow the fate of different species in the
environment, either applied in fertilizers to plants and vegetables, in feed or injected to
animals. Detailed knowledge on the formation of different Se species has been gained by this
approach [46–50], but some questions remain unanswered such as the turnover of Se form
plant crops in adequately fed animals, or the uptake and transformation of Se from colon [36].
Speciation analysis of Se is essential to understand the uptake, metabolism, distribution and
transformation of Se in biological system.

2.2. Selenium species dependent metabolism of selenium

According to [51] all Se‐forms (chemically pure forms and different forms in food) are generally
well transported over the intestinal membrane (70–95%), but the uptake varies according to
the Se source and status of the individual [51]. The same active transporters take up selenate
as sulphate, while selenite is taken up by passive transport and does not share the pathway of
sulphite. Immediately after selenite has entered the red blood cells, it is reduced to selenide
by cellular glutathione [52] or through the actions of thioredoxin reductase [53]. Thereafter,
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selenide is transported to an organ, usually the liver, to undergo selenosynthesis [52]. Selenate
reaches the liver in its intact chemical form where it is reduced to selenide through the same
pathways as selenite [54]. In the liver of animals inorganic Se and organic Se is transformed
into SeCys.

Organic seleno amino acids also reach the liver in their intact form where the conversion to
selenide may follow different pathways. SeCys is transformed to selenide through the ‐lyase
reaction, while SeMet can follow three known reaction pathways;

1. Conversion to SeCys through the intermediate SeCystathionine.

2. Directly by ‐lyase reaction.

3. SeMet does not enter the selenide pool, but is inserted into proteins as Met by tRNA coding
for Met [50, 52, 53]. When SeMet substitutes for Met in proteins the Se concentration
increases in the form of Se containing proteins.

Selenide is assumed to be the main precursor of Se metabolism. Selenide has three main
conversion routes dependent on the Se status of the organism. Firstly, selenide is transformed
to Se‐phosphate then to Se‐cysteyl tRNA for insertion of SeCys in selenoproteins. Secondly, at
lower levels of intake, excess selenide not used in selenoprotein synthesis is also converted
into selenosugars for excretion via urine. Thirdly, at high levels of intake, methyltransferases
add a methyl group to selenide, leading to a sequential conversion to methylselenol and further
to dimethyl selenide (excreted via breath and feces) and trimethyl selenonium (excreted via
urine) in addition to excretion of selenosugars [50, 53, 55].

Methylated Se species, MeSeCys, ‐glut‐MeSeCys and selenobetaine follow different pathways
compared to the other dietary Se species described. The methylated selenospecies are trans‐
formed directly into methylselenol and excretion, or are demethylated to selenide [52].

Bioavailability studies should also address the transformation of Se into biological active
metabolites (bioactive Se) [51, 52]. Selenoproteins are considered bioactive as they are essential
for animals and humans.

Selenoprotein P (SelP) is the major selenoprotein synthesized in the liver and is released to the
blood stream, as a transporter of Se in the body. The liver also releases cellular Gpx to the blood
stream whereas the kidneys release extracellular Gpx. According to [53] the uptake of SelP
from plasma is by specific receptor‐mediated processes of apolipoproteins in brain and testis
and megalin in kidneys. The specific uptake mechanisms to other tissues remain unknown.

The use of Se supplements to poultry improves the Se nutritional status by increasing the
glutathione peroxidase Gpx activity in plasma. Glutathione peroxidase is the commonly used
biomarker for Se status in livestock. When birds are fed with selenium enriched yeast the Gpx3
activity in blood remains higher for a longer period of time after supplementation than if the
birds are supplemented with sodium selenite [56]. The Se supplementation and Gpx activity
in poultry blood follow a dose response relationship [56–58], that seem to level off at approx‐
imately 400 ng/g whole blood [59].
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2.3. Se supplementation of life stock

As mentioned earlier Se‐enriched yeast increase chicken muscle Se concentrations significantly
compared with sodium selenite [7, 57]. Hence, increasing the use of organic Se sources such
as Se‐enriched yeast in animal feed will give a subsequent increase in meat, egg and milk
products for human consumption.

The aim of the present work was to compare the ability of Se‐enriched wheat (SW), Se‐enriched
yeast (SY) and sodium selenite (SS), as Se supplements in dietary treatments to increase the Se
concentration in edible chicken parts for human consumption. To compare chickens fed
elevated Se dietary treatments with industrial produced chickens in Norway. The work also
included identification and quantification of Se amino acids (SeMet, SeCys) in the edible parts
of the chickens and effects on gene expression.

3. Animal experiment

The experimental research on animals followed internationally recognized guidelines. All
animals were cared for according to laws and regulations controlling Norwegian experiments
with live animals according to the Norwegian Animal Research Authority.

Ninety male chicken (Gallus gallus) (Ross 308, Samvirkelaget kylling, Norway) were divided
into three groups and fed with either inorganic Se as sodium selenite (SS) or organic Se as Se‐
enriched yeast (SY) or Se‐enriched wheat (SW). The calculated Se concentration in the dietary
treatments was 0.8 mg Se kg‐1. Other main dietary constituents were added in equal amounts.
Selenite and Se‐enriched yeast were used as control groups to the Se‐enriched wheat group,
as these two Se supplements have been intensively studied at different concentrations levels
[58, 60] among others. As a reference five chickens, 28 days of age, and chicken feed were
collected from the chicken industry (Nortura SA chicken slaughterhouse in Rakkestad
(Østfold, Norway; Ross 308). The industry use SS as the dietary source of Se, the maximum
allowed concentration in the diet is 0.5 mg Se kg‐1 [27].

The chickens were fed ad‐libitum for 33 days at the Animal Production Experimental Centre
(SHF) at the Norwegian University of Life Sciences (UMB, Ås, Norway) randomly placed in
separate pens. The animals were weighted after 8, 11 and 28 days. After 33 days the chickens
were slaughtered, muscles (leg and breast) and liver sampled cut out, vacuum packed and
stored frozen (‐20°C) prior to analysis. Blood samples were taken by beheading and subsequent
collection from the neck in 50 ml tubes (average volume of 30 ml), and stored at ‐20°C. The
tissues were freeze dried prior to total Se measurements and speciation analysis.

3.1 Measurements

3.1.1 Total Se measurements

Tissue of muscles (breast and leg) and liver from chickens fed SS, SY or SW were freeze dried
and homogenized with a mixer mill (Retsch mixer mill MM 200) equipped with zirconium
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jars. The samples were digested using a microwave assisted (UltraCLAVE, Milestone) nitric
acid (5 ml distilled suprapure 14 M HNO3) decomposition of 0.1 g of dried tissue, or 1 ml
(weight) of whole blood at 240°C for 40 min and diluted to 50 ml with 2% ethanol. Total Se was
measured using high resolution inductive coupled plasma mass spectrometry (HR‐ICP‐MS)
(Thermo Finnigan Element2, Bremen, Germany) at the National Institute of Occupational
Health (STAMI). The instrument was used in high resolution mode. Tellurium was added as
internal standard (IS).

The total concentration in the supernatants were digested (1 ml, weight) with sub‐distilled
nitric acid using the UltraCLAVE and diluted to 50 ml with MQ water. The samples were mixed
1:1 with 4% ethanol using a mixing block connected to the peristaltic pump of the ICP‐MS
(Perkin Elmer, Elan 6000) and total Se was measured on mass 82. Wheat flour (1567A) and
Bovine liver (1577B) from NIST were used as certified reference material. Tellurium was added
as internal standard (IS).

3.1.2 Speciation analysis

Proteolytic extractions were carried out according to the method from [61] on freeze dried and
homogenized samples from three different chickens of each dietary treatment. One ml of 0.1 
M Tris‐HCl (pH 7.5) was added to 0.1 g meat sample and the suspension mixed with an
ultrasonic probe for 1 min. Reduction and carboxymethylation (CAM) of the samples was done
by adding 200 µl 0.2 M DTT (in 0.1 M Tris‐HCl pH 7.5) and 275 µl 0.5 M IAM. The samples
were incubated with careful mixing in the dark at room temperature (20°C). After 2 h 2.5 ml
0.2 M DTT was added and the samples shaken for 1 h in order to destroy excess of IAM. Then,
7 ml of 0.1 M Tris‐HCl buffer was added together with protease XIV and lipase. The samples
were digested with 30 mg protease and 20 mg lipase over night (×3) at 37 ± 0.5°C in an incubator
cupboard on a Roto‐Shake (Genie) in the dark. All digested samples were centrifuged at
10,000 × g for 10 min at 4°C and supernatants pooled and freeze dried. The freeze dried
supernatants were dissolved in 5 ml of MQ water. One ml was used for total Se measurements
and 4 ml for identification and quantification of Se amino acids. Enzymatic extracts were
centrifuged at 12,110 g for 5 min (mini Spin, Eppendorf) and filtered through a syringe filter
(0.45 µm) before high performance liquid chromatography (HPLC, Perkin Elmer 200 series
pump)‐ICP‐MS (Elan 6000) analysis. The chromatographic separation was done on a reversed
phase (RP) Altima C8/Alltech (150 × 4.6 mm, 5 µm) column using an injection volume of 100 
µl. Isocratic elution of 2% MeOH and 0.1% HFBA (as an ion pairing agent) with a flow rate of
0.8 or 0.9 ml min‐1. Separation of CAM SeCys and CAM SeMet were preformed within 10 min.

The SeCys standard was synthesizes according to the procedure described by [61]. Wheat flour
(BC210a) from European Reference Material (ERM) from LGC‐standards is verified for SeMet
and was added to the speciation analysis for quality assurance.

3.1.3 Amino acid measurements

Total (peptide bound and free) amino acids were measured in two breast muscle samples from
each treatment (SS, SY and SeW). The measurements were performed on a Biochrom 30 Amino
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Acid Analyzer (Biochrom Ltd., Cambridge, UK) at Aquaculture Protein Centre (APC) at
NMBU, following the procedure described by the Commission Directive 98/64/EC (1998). The
samples were oxidized and hydrolyzed prior to HPLC‐ultra violet (UV) measurements. The
method does not distinguish between salts of amino acids and cannot differentiate between D
and L forms of amino acids.

3.1.4 Gene expression analysis

Gene expression analyses offer a sensitive and rapid detection of transcriptional changes
occurring at the cellular level after different treatments and exposures. Global (un‐biased)
transcriptional analysis using a oligo‐array was applied to see whether SS and SW dietary
treatments had different effect on the gene expression profiles of chicken muscle in regard to
chicken health. The analysis was performed at Norwegian Institute of Water Research (NIVA).

Isolation of mRNA from fresh frozen muscle samples were performed by TRIzol® extraction,
quality controlled by measuring salt and phenol interferences and approximately mRNA
concentration by nanodrop (Nanodrop® ND‐100 UV‐Visible spectrophotometer, NanoDrop
Technologies). The samples were diluted to 100 ng µL‐1 so that RNA integrity could be
determined by gel electrophoreses (Bioanalyzer Instrument, Agilent Technologies) samples
passing the quality cut‐off criteria had RNA Integrity Number (RIN) >9, 260/230 > 1.99 and
260/280 > 2.31.

Microarray analysis was performed following Agilent's protocol “One Color Microarray‐
Based Gene Expression Analysis” (Quick Amp Labelling, Version 5.7 March 2008) using a 44k
Agilent Chicken (V2) array.

3.1.5 Statistics

Statistical analysis was conducted using one way ANOVA with 95% confidence interval and
Tukeys simultaneous test to establish statistical difference (p < 0.05) among individual treat‐
ment means using GraphPad prism version 5.

3.2 Results and discussion

3.2.1 Feed Se concentrations

The Se concentration in the reference diet from Nortura SA (n = 6) was 0.47 ± 0.052 mg Se kg‐1.
The Se concentrations in the elevated dietary treatments (n = 6) were 0.90 ± 0.030 mg Se kg‐1 for
SS, 0.91 ± 0.040 mg Se kg‐1 for SY, and 1.0 ± 0.017 mg Se kg‐1 for SW. The Se concentrations were
0.1–0.2 mg Se kg‐1 higher than the estimated concentration of 0.8 mg Se kg‐1, likely attributed
to other constituents in the diet such as fishmeal and soy meal.

3.2.2 Bird physiological performance

The mortality was within the expected range (10% in the group fed with SS, 17% in the group
fed with SY, and 3% in the group fed with SW) of experiments performed at the Animal
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Production Experimental Centre. There were no effects of dietary treatment on intake or live
weight gain.

3.2.3 Bioavailability of Se: total Se concentrations

The limit of detection was 0.4 µg L‐1 based on three times the standard deviation of eight blank
samples and the mean standard deviations of Se‐77, Se‐78 and Se‐82. The limit of quantification
was based on 10 times the standard deviation of the blank samples and was 1.3 µg L‐1.

Figure 1. Correlation between feed Se concentration and liver and blood Se concentrations.

Whole blood (wet weight) Se‐concentrations were significantly higher (p < 0.05) for all the
chickens receiving Se elevated dietary treatments (SS, SY and SW) compared to the reference
group (reference SS) (Figure 1). The Se concentration in whole blood from the chicken receiving
SY and SW were 468 ± 43 µg Se kg‐1 and 521 ± 43 µg Se kg‐1, respectively and significantly
higher (p < 0.05) than the concentration of 362 ± 32 µg Se kg‐1 in whole blood of the SS group.
There were no differences in blood Se‐concentrations between the two groups fed with organic
Se. The dose dependent increase of Se in blood (Figure 1) with increasing Se in the diet is in
line with previous published results in chickens and young turkeys [7, 57, 58]. The results are,
however, not in line with results from [58, 59] were no difference in whole blood Se concen‐
trations were observed between SS and SY at the same dietary Se level (in lamb and chickens,
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Se. The dose dependent increase of Se in blood (Figure 1) with increasing Se in the diet is in
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respectively). The Se concentration in whole blood (220 ± 27 µg Se kg‐1) of the reference group
was in accordance with the concentration in whole blood (240 µg L‐1) of the SS group of [58]
with a dietary treatment of 0.42 mg Se kg‐1.

Figure 2. Correlation between Se concentration in feed and Se concentration in muscle with regard to Se source added
to the feed (SY, Se‐enriched yeast; SW, Se‐enriched wheat and SS, sodium senenite).

The total Se concentration differed among tissue types; the liver had the highest Se concen‐
trations, followed by the breast muscle and leg muscle (Figure 2). The high liver Se concen‐
tration is due to the tendency of glandular visceral tissue to have higher Se concentration than
skeletal tissue [59], and the fact that the liver handles most of the absorption of nutrients and
regulates their release into blood for further distribution or excretion. The Se concentrations
in the livers of the reference group were 2.3 ± 0.18 mg Se kg‐1. By increasing the Se concentra‐
tions in the diets to 0.9–0.10 mg Se kg‐1 the Se concentrations in livers increased significantly
(p < 0.05) compared to the reference group (SS: 3.2 ± 0.19 mg Se kg‐1, SY: 3.5 ± 0.25 mg Se kg‐1,
SW: 3.8 ± 0.89 mg Se kg‐1) (Figure 1). The equal Se concentrations measured in liver of chickens
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receiving dietary treatments with different Se forms at the same Se concentrations level was
in accordance with results obtained by [49].

An increase from 0.47 ± 0.052–0.9 ± 0.030 mg Se kg‐1 of Se as SS in the diets did not result in a
significant increase in the breast or leg muscle Se concentrations, 0.44 ± 0.24 and 0.50 ± 0.31 
mg Se kg‐1, respectively (Figure 2). Se‐concentration in chickens muscle of chickens fed with
organic Se was significantly higher (p < 0.05) than in muscles from chickens fed with selenite.
The Se concentration in breast muscles were significantly higher (p < 0.05) in the group
receiving SW compared to SY (1.9 ± 0.020 and 1.5 ± 0.019 mg Se kg‐1). No difference between
SW and SY diets on the total Se concentrations measured in leg muscle. Most publications on
Se in dietary treatments use 0.3 and 0.5 mg Se kg‐1 (e.g. [57]). The muscle Se concentrations in
the chickens receiving SS in the diet was in line with the concentrations reported by [62] after
dietary supplement with 0.6 mg Se kg‐1 as SS and 0.6 mg Se kg‐1 as SY after 42 days, and in line
with the total Se concentrations reported by [63] in breast muscle of Ross 308 chickens.

These data show that Se from SW result in similar Se concentrations in muscle as do SY, and
based on these criteria SW could be an Se source for biofortification of Se in chickens, as
suggested by [64]. The increased concentration of Se in muscle from organic Se in dietary
treatments has been shown by several authors, and is attributed to the unspecific uptake of
SeMet in the methionine pathway resulting in an unspecific storage of Se in muscle proteins
[7, 64–66].

A wet weight portion of 170 g of chicken meat from the industrially produced chickens or
selenite supplemented groups would give a contribution of 18 ± 1.3 µg Se, which is close to the
values given by the Norwegian Food Table of 13 µg (170 g portion). The contribution from
170 g of chicken meat from chickens supplemented with SW or SY would be 67 ± 7 µg Se, and
cover the new Se recommendations from the Nordic Nutrition Recommendations [67] of 50 
µg Se/day for women and 60 µg Se/day for men.

The bioactive Se is defined as the fraction of Se from feed or food that is converted into
biological active selenoproteins [52]. SeCys is incorporated into all selenoproteins and
quantification of SeCys will therefore give a measure of the bioactive amounts of Se in different
tissues. Hence, the reservoir of SeMet is not related to a greater bioactivity because of the
unspecific incorporation into general body proteins were Se is not recognized by the organism
for selenoprotein synthesis [52].

The extraction recovery after enzymatic digestion for the determination of Se‐species in muscle
was between 94 and 109%, whereas the extraction from liver was lower and varied from 77 to
103%, in feed the extraction was between 83 and 104%. The lower extraction efficiencies in
some of the liver and feed samples may be related to a high fat content. The problems with the
SeMet derivatization is likely the explanation for the low column recovery (∼80%) of total Se
compared to the extraction efficiency (>95%) in some of the samples, The different chemical
structure of the Se binding to — H in the SeCys and — CH3 could give different reaction with
IAM. The derivatization of SeCys was fast and complete based on the occurrence of one narrow
peak in the chromatogram by RP‐ICP‐MS and confirmation on ESI‐MS of the CAM SeCys
standard at mass to charge ratio (m/z) 227 showing the isotopic pattern of Se. ESI spectra of
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CAM SeMet standard did not give the expected peak at 255 m/z, but rather a peak at 194, which
may be explained by the loss of — CO2 (44 m/z) and NH3 (17 m/z) from CAM SeMet [43]. The
RP‐chromatograms of the muscle samples showed one distinct peak of SeMet identified by
standard addition at 4 min, a smaller peak identified as protein bound SeCys after 2.7 min and
four smaller unidentified Se species. In the liver samples CAM SeMet eluted in two peaks
(retention time of ca. 5.4 and 5.9 min) and protein bound CAM SeCys at 4 min, as for the muscle
samples four smaller unknown peaks were observed in the chromatograms.

3.2.4 Se amino acid concentration in liver and muscle

SeMet was the predominant Se amino acid in livers of the chickens receiving dietary treatments
with SW or SY, whereas SeCys was the dominating Se amino acid in livers of chickens receiving
SS as dietary supplement. These results are not in line with the findings of [57] were SeCys
was predominant in liver tissue irrespective of treatment (with feed Se concentrations of 0.3
and 0.5 mg Se kg‐1). On the other hand in experiments with lamb [59] and beef cattle [59]
receiving SY doses tend to result in SeMet compromising the greater proportion of total Se in
the liver tissue which is in accordance with the result in the present work using elevated Se
concentrations in the diet (Figure 3).

The different Se amino acid portioning may reflect a saturation of SeCys in the liver at higher
SW or SY doses and subsequent change from incorporation into selenoproteins to the non‐
specific incorporation of SeMet into general liver tissue proteins [57].

Figure 3. Concentration of Se amino acids in muscle and liver with regard to Se source (SY, Se‐enriched yeast; SW,
Se‐enriched wheat and SS, sodium senenite).

The predominance of SeMet in breast tissue of chickens receiving SW or SY in the dietary
treatment is in line with the observations of [42, 57].

The concentration of SeCys in breast and leg muscle tissues were irrespective of dietary
treatment (0.15 ± 0.02 µg Se g‐1; n = 6) and in accordance with concentrations reported by [42],
where 3 (0.11 ± 0.0, 0.18 ± 0.01 and 0.13 ± 0.08 µg Se g‐1) out of 4 (1.11 ± 0.35 µg Se g‐1) samples
from chicken breast tissue had similar Se concentrations. It seems that the source of Se did not
affect the concentration of SeCys in the muscle when there is an excess or adequate concen‐
tration of Se in the diet. The low level of SeMet found in tissues of chickens fed with selenite
is likely due to other constituents in the diet, e.g. fishmeal and soybean [68]. The Se speciation
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analysis showed that the SeMet concentration was a factor 5 higher in chickens fed organic Se
than in chickens fed with selenite. The present results show that Se from SS was less retained
in muscle tissues compared to Se from SY and SW, and the retention observed is attributed to
the incorporation as SeCys in proteins as stated by [65]. An increased organic Se source
consisting primarily of SeMet would increase the SeMet concentration in the tissues and
thereby the retention of Se in muscle tissue.

Even though the concentrations of Se in the liver were the highest, the effect on daily human
intake would be of minor significance as the consumption of liver is low compared to the
consumption of breast and leg muscle. Therefore focus should be on the increase of Se
concentration in chicken breast and leg muscle by feeding organic Se to the chickens (SY and
SW). The bioaccessibility of Se from the chicken meat to humans has previously been investi‐
gated by an in vitro model [41], showing relatively high accessibility of Se from chicken meat
to humans (70–90% depending on the method used). Furthermore, human studies with
isotopic labelled Se have demonstrated bioavailability over 90% from different food sources
[69]. The Se biofortification of edible chicken meat products will increase the human Se intake
and should be considered as a relevant strategy to increase the Se concentration in human
plasma.

3.2.5. Amino acid composition

The use of organic and inorganic Se in the feed did not affect the overall amino acid distribution
in the breast muscle tissues. The composition of amino acids in chicken meat is highly
dependent on the composition of the diet. In this experiment the diets were added methionine
(Met) (3 g kg‐1), lysine (Lys) (4 g kg‐1) and threonine (Thr) (1 g kg‐1), other important protein
sources in the feed was soybean and fish meal. According to [63] a concentration of 3 g Met 
kg‐1 will affect the bioavailability of SeMet and transfer to muscle, as the two amino acids are
taken up by the same sodium transport system. This system is specific for neutral amino acids,
resulting in inhibition of SeMet by Met as there is only trace concentration of SeMet compared
to Met in the diet.

The amino acid distributions were compared to the Danish Food Composition Databank
(DFCD) (Ed. 07.01) and What's In The Food You Eat Search Tool from United State Department
of Agriculture, the amino acid composition of the breast muscles were comparable to what is
reported in the DFCD but not from USA. This is probably because the Danish and Norwegian
diets are wheat based whereas the diets in USA are maize based. The knowledge of the
interaction between Se and Met is limited [63] and since all diets had the same Met concen‐
trations it is impossible to extract any information on the influence on SeMet in this experiment.

3.2.6. Gene expression of muscle samples

Muscular gene expressions in Gallus gallus as a result of inorganic versus organic Se supple‐
ment (SS and SW) were determined with the use of a 44k Chicken oligonucleotide microarray.
The results indicated similar expression of genes coding for selenoproteins, which is in line
with the finding of equal SeCys concentrations in the muscles. However, global gene set
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functional enrichment analysis (Fatiscan) revealed statistically significant enrichment (p < 0.05)
of a number of biological processes that were dependent on the Se feed sources, such as cell
growth, organ development, protein metabolism (Table 1). Although Bayers statistics were
not able to detect changes in differential expression of single genes, fatiscan analysis based on
ranking of statistical values from these gene‐centric analysis were able to identify subtle
changes affecting a broad set of biological responses. Future effort to elucidate the biological
meaning of the findings may potentially provide a mechanistic understanding to characterize
molecular signatures associated with organic and inorganic Se supplements.

Functional term Score*
Anatomical structure development 5.67
Organ development 4.34
Anatomical structure morphogenesis 2.79
Protein catabolic process 2.31
Nervous system development 2.18
Nitrogen compound metabolic process 2.18
Skeletal system development 1.96
Cellular nitrogen compound metabolic process 1.96
Regulation of cell size 1.96
Cell growth 1.6
Brain development 1.6

*A term annotation weight can be computed as the number of sequences annotated to that term or as an annotation
confluence score. This confluence score (Node Score) takes into account the number of sequences converging at one
gene ontology term and penalizes by the distance to the term where each sequence actually was annotated.

Table 1. Differences in regulations of genes in biological processes in chicken muscle of chickens fed SW (n = 4)
compared to muscle of chickens fed SW (n = 4).

By comparing the fold change of genes involved in Se processes, it could be deduced that the
use of Se‐enriched wheat positively regulated developmental and metabolic processes in the
muscle compared to selenite. The difference may be due to differences in uptake and bioa‐
vailability interacting (stimulatory/suppression) with biological processes. Brennan et al. [70]
reported similar findings in oviducts of female chickens indicating differences in growth and
metabolic patterns being higher when supplemented with SY compared to SS at lower Se
concentrations (0.3 mg Se kg‐1).

4. Conclusion

Organic Se is three times more efficient than inorganic Se in increasing the chicken breast and
leg muscle Se concentration, due to the high accumulation of SeMet in muscle proteins. The
Se‐source neither affects the muscle SeCys concentration nor the amino acid composition in
the muscles. The use of SW as dietary supplement in chicken feed is an alternative to the SY
based supplements to increase Se and in particular SeMet concentrations in edible chicken
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parts. The bioactive Se is defined as the fraction of Se from feed or food that is converted into
biological active selenoproteins. SeCys is incorporated into all selenoproteins and quantifica‐
tion of SeCys will therefore give a measure of the bioactive amounts of Se in different tissues.
A relatively high proportion of the Se from the diets were converted into bioactive SeCys in
the liver (35 ± 2.2%), no significant difference between inorganic and organic Se sources. The
concentration of SeCys in breast and leg muscle tissues were irrespective of dietary treatment.
The results indicated similar expression of genes coding for selenoproteins, which is in line
with the finding of equal SeCys concentrations in the muscles.

Due to longer retention time of SeMet in muscle, and possibly other organs, SeMet acts as a
reservoir of Se in the body. The SeMet reservoirs could sustain the SeCys status of the chickens
over time [57]. To our knowledge there is no known biological functions of SeMet, and the
inorganic forms are readily transformed to SeCys through selenide in liver. One could argue
that the chickens do not need the extra pool of Se in the form of SeMet in e.g. muscles, as the
inorganic form will be sufficient to meet the chickens Se requirements. Since the feed is fortified
with selenite the chickens will always have adequate access to the essential trace element.
However, global gene set functional enrichment analysis revealed statistically significant
enrichment of a number of biological processes that were dependent on the Se feed sources,
such as cell growth, organ development and protein metabolism in favour of organic Se.

Selenium from wheat or chicken muscle could be important Se sources to ensure adequate Se
intake in humans in Se sub deficient or deficient populations.
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Abstract

Consumption of poultry meat and products has increased as a consequence of economic
crisis, driven by several factors, while people keep away from high priced beef/lamb
meat or meat products. Meanwhile, due to this increasing demand in industry resulting
strict  measures  in  disease  control  and  environmental  factors,  these  products  may
involve some chemical and natural compounds with hazardous properties at detectable
or even very low concentrations. Among these compounds, residues are of concern,
including veterinary drugs, environmental pollutants (such as dioxins, pesticides, and
phthalates), natural contaminants (mycotoxins, etc), and/or phytosanitary substances
accidentally contaminating poultry product during production or marketing stages. In
order to keep the consumers safe from the harmful/undesirable effects due to these
compounds, such as genotoxic, immunotoxic, carcinogenic, teratogenic, or endocrine
disrupting effects, new strategies and concepts for poultry food security have been
emerged and developed globally. This chapter includes detailed information on the
residues of some potential chemical contaminants in poultry meat and products (eggs,
etc.) along with risk analysis regarding their hazardous effects and detection in various
matrices.

Keywords: contaminants, egg, meat, poultry, residues

1. Introduction

Air, water, soil, and food are vital constituents of the human environment. While these sources
directly affect the quality of human life, the risk of contamination with various pollutants in
this industrialized new era is unfortunately inevitable [1]. As the main source of nutrients,
food itself contains chemical and natural compounds with hazardous properties. Among these
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hazardous  contaminants,  the  most  important  ones  are  the  chemical  residues  including
veterinary  drugs,  pesticides,  and  dioxins.  With  the  increased  awareness  of  health  and
increasing demand on health food, food security standards were developed for the protection
of consumers for their adverse health effects. In terms of a wide definition, food safety is
defined as a multidisciplinary field including the production, preparation, and the conserva‐
tion of food in order to protect consumer safety for foodborne diseases in accordance and
guidance with the related legislations. Food security, as an evolving scientific field, is an
ongoing process, starting with the production until the consumption of the final product [2].

In recent years, consumption of poultry meat and products has increased as a consequence of
economic crisis, as people avoid high‐priced food. Although egg consumption diminished
remarkable in the last period of the twentieth century due to its cholesterol content, recent
advances in research provides more evidence on the positive health effects increasing the
consumption trades [3].

Residues are substances that can occur in food and feedstuffs naturally or anthropogenically
as the accidental, intentional (adulteration), or environmental (persistent organic pollutants
like dioxins) contamination of the food with veterinary drugs or phytosanitary products
during the production or marketing stages [4]. Codex Alimentarius defines “contaminant” as
“any substance not intentionally added to food, which is present in such food as a result of the
production, manufacture, processing, preparation, treatment, packaging, transport, or holding
of such food or as a result of environmental contamination. The term does not include insect
fragments, rodent hairs, and other extraneous matter” [5]. Therefore, all food products are at
risk of contamination from several resources, and poultry meat and products are no exemp‐
tions. Drug residues can be prevented by not using the substance in animal production, where
legal monitoring procedures are applied; meanwhile, these contaminants can be difficult to
exempt completely due to the background level of pollution in the environment [4, 6].

The development of a primary production and processing standard for poultry meat uses an
approach that investigate the sources of potential chemical risks, which may be introduced at
different points through the primary production and processing chain. Poultry meat and
products supply chain is divided into four distinct steps: primary production, processing,
retail, and consumer. At each of these steps, poultry meat and products may be directly or
indirectly exposed to chemicals [3]. Direct exposure results when a compound is present in
raw food materials, whereas in indirect exposure, contaminants cross into food during
processing, storage, packaging, or preparation. Indirect contaminants also include substances
that become toxic and harmful to people due to food‐processing practices. Indirect pollution
is most frequently the result of unawareness, lack of education of food handlers, insufficient
and awful places, or inappropriate handling applications [7].

In all production stage, there is a risk of iatrogenic contamination of multiple substances such
as antimicrobials. These substances are essential for poultry production because of their effects
in support of health, welfare, and performance, as well as the reduction of manufacturing costs
and final costs for the consumer. Additionally, they are substantial to decrease spread of
potentially pathogenic organisms from animals to humans and to the environment [8]. Several
substances among these drugs used in the treatment have the potential to constitute residues
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in edible tissues and other food products, which can potentially cause adverse health effects
including allergy, pharmacological/toxicological effects, antimicrobial resistance/reduced
susceptibility, change of gut microflora, and endocrine disruption in consumers. Therefore, it
is substantial that manufacturers, veterinarians, and all other professionals included in food
production are aware of the residues and abide by the regulations and the instructions
regarding the prudent use, for protecting consumers from potentially detrimental levels of
residues [3].

Although most consumers are mainly worried about the residues of veterinary drugs in their
food, there are many more potential contaminants in the environment, which are more likely
to contaminate the product from various resources. These include phthalates, persistent
organic pollutants, various emerging toxic elements, and pesticides [2]. Some of these com‐
pounds in residual amounts in poultry meat and eggs have important deleterious effects and
known to have genotoxic, immunotoxic, carcinogenic, teratogenic, or endocrine disrupting
effects [4].
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testing procedures can identify known chemical substances in complex food matrices at very
low levels. Additionally, they can also help to reveal and determine new or unexpected
emerging chemical substances [9]. This chapter summarizes some potential chemical contam‐
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compromising mostly coccidia, ectoparasites, fungi, and bacterial infections in poultry.
Nowadays, a large part of drug use in poultry farming is prophylactic, with the bulk of
medications including mainly anticoccidial substances and antibacterial growth promoters
[10]. Poultry production systems are closely related to animal and human health; which also
has a direct effect on the environment. Therefore, critical risk assessment in the overall
production and processing system has great importance [11].
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vitamins and minerals, and generally contains two or three medications; which comprises 68%
of total production costs. For each development phase, the amounts of the content differ, where
starter, grower, finisher, and layer feeds are commercially available. Among all manufacturing
costs, drug application and vaccinations cover about 2% [11]. In poultry production, the use
of hormones is prohibited and is not considered profitable [2].

Antimicrobials are widely used for the disease prevention and treatment, sustain the health in
all poultry treated, induce growth, and enhance the quality of the meat for the purpose of
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reducing production costs. In European Union (EU), the usage of antimicrobials for the
promotion of growth has been prohibited since 2006; whereas in United States, it is still
currently been used for this purpose [12]. In addition to their specific effects, edible tissues of
poultry might contain veterinary drug residues, which would cause hazardous health effects
in human, such as direct toxicological/pharmacological effects, hypersensitivity, allergic
reactions, change of gut microflora, and increased bacterial resistance to antibacterials [13].
Serious concerns are raised on the antibacterial resistance in zoonotic enteropathogens
(Salmonella spp., Campylobacter spp.), commensal bacteria (Escherichia coli, Enterococci), and
bacterial pathogens of animals (Pasteurella, Actinobacillus spp.) [4].

Nowadays, the prevention of coccidiosis has become the norm in modern farming for broilers
and turkeys. Therefore, broiler producers almost constantly contain a coccidiostat in grower
rations for reduced morbidity and mortality. Ionophores are the most extensive used drugs for
the prevention of coccidiosis. Some drugs are not well absorbed from alimentary canal or not
detrimental to require a withdrawal period, yet they can be used until slaughter legally.
However, the majority of coccidiostats require withdrawal periods. Currently, vaccination is
popular for the control of coccidiosis, which thereby eliminates the risk of residue transfer into
poultry products [14].

Drug residues in poultry eggs are an issue of concern since only a few drugs are approved for
laying hens, while a variety of drugs are approved for other production types. Residues could
be accidental through mixing the feed in the same mill with the previously medicated feed or
off-label treatment [12].

A large part of integrated poultry breeders monitor potential residues in meat or eggs routinely.
This practice decreases possibility of drug residues in tissues, while the variation in cost among
withdrawal feed and grower feed is significant. Some businesses do further monitoring in
tissue before slaughter [9]. Fat and other tissues are analyzed for residues of contaminants such
as pesticides, toxic elements, or persistent organic pollutants. Compared to fruit and vegeta-
bles, residues of pesticides such as organophosphorus, fungicides, herbicides, and carbamate
compounds in poultry meat and products are negligible due to the elimination of these
compounds to certain extent [12, 15]. Therefore, the risk of adverse health effects on human is
assumed to be relatively low. In order to reduce adverse health risks arising from residues,
Food and Agriculture Organization (FAO) and World Health Organization (WHO) expressed
the mandate regarding the legal withdrawal periods for each drug [16, 17].

Fast and successful treatment of poultry infectious diseases is essential since it might lead
important economical losses [18]. Therefore, selective, fast-acting, and potent drugs are
selected [10]. So the drug selection at treatment of poultry infectious diseases, arrangement of
treatment programs, determination of application ways, determination of individual or
collective treatment doses and periods, and finally treatment of clinic efficiency of the drug are
very different compared to the treatment options specific to the animal species [19].

Veterinary drugs are generally added to the feed as “feed additive” in the feed factories [20].
For the proper dosage, homogeneity of the active compound in the feed has great importance.
Homogeneity of the medicated feed is standardized using specialized mixing equipments, yet
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these devices are expected to be cleaned each and after the preparation of the medicated feed.
Documentation of procedures and relevant records are essential for each feed lot for legal
requirements and external inspections. In order to prevent cross contamination, medicated
feed should be stored in separate and not in the poultry house; where the bins or silos in the
storage areas should also be cleaned properly [9].

3. Toxic elements

Entry of undesirable substances into the food chain is mainly due to environmental pollution.
Fortunately, eggs are not a significant source of toxic elements, since only negligible amounts
of these are able to penetrate the egg. Poultry meat may be contaminated with toxic elements
such as arsenic, cadmium, or lead as a result of coming into contact with the materials on the
farm or factory or while moving through marketing channels. These three toxic elements are
known to induce more/widespread adverse health effects, which would be emphasized [21,
22].

3.1. Arsenic (As)

Organic arsenic compounds (roxarsone, arsanilic acid, nitarsone, and carbarsone) have been
widely used in the poultry sector for long years as they prevent the diseases, accelerate growth,
increase feed efficiency, and increase pigmentation of the meat. More than 90% of these organic
arsenic compounds that are given to the chicken as feed additive are excreted with the feces
as unchanged. The manures prepared from chicken feces including arsenic are applied to the
croplands in order to increase efficiency of the soil; which would eventually lead environ‐
mental pollution [23]. Along with that, organic arsenic compounds available at the chicken
manure were found to transform into dimethyl arsenic acid, monomethyl arsenic acid, and
inorganic arsenic compounds; which are even more toxic than the ones available in the
environment. Also, residuals of arsenic compounds were seen at body fat, liver, egg, and
feather of the chicken fed with organic arsenic compounds [24]. Therewith, the use of organic
arsenic compounds in 1998 was forbidden in EU countries. USA Food and Drug Administra‐
tion (FDA) forbids the arsanilic acid, carbarsone, and roxarsone use in 2012 and nitarsone in
2015 [25].

3.2. Lead (Pb)

Due to pressure of the concerns in public health along with the regulations, a decrease in Pb
emission along with the developments in the quality of chemical production in the recent years
significantly decreased the Pb content in the environment. Even though this decrease, Pb, was
still found in many food products such as giblets and offal at low concentrations [26]. Proc‐
essing or production of foods in the fields contaminated with Pb was found to increase Pb level
at the foods. Recent researches reveal that chronic Pb intoxication with low concentrations
were found to cause pain, constipation, anemia, and an increase in hypertension and cardio‐
vascular diseases in adults, while neuropathological disorders and even learning capacities
are affected in children [27]. It was defined in Codex Alimantarius that Pb levels at a maximum
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of 0.1 mg/kg in the poultry meat and 0.5 mg/kg in edible offal were found to cause no adverse
health effects [28].

3.3. Cadmium (Cd)

It is a metal that come to forefront as an environmental contaminant resulted from both natural
and industrial and agricultural sources. The individuals who do not smoke are exposed to Cd
through foodstuffs [29]. Absorption of Cd through digestive canal is very low in the humans
(3–5%); while they are able to accumulate in liver and kidney at significant amounts in human.
Its biological half‐life is very long (10–30 years). Cd mainly leads to damage of kidney functions
by damaging proximal tubular of the kidneys [30]. Also it leads to bone damage both directly
and indirectly. The tubular damage is seen as a result of exposure to Cd at low dose for a long
period or at high dose for a short period. As a result, glomerular filtration speed is decreased
and finally renal impairment is seen [31]. International Agency on Cancer Research (IARC)
classifies Cd as human carcinogenic (Group 1) [32]; while European Union Food Safety
Authority (EFSA) also underlined this fact stating, and exposure of Cd would lead increased
risk for lung, endometrium, urinary bladder, and breast cancer [33].

In order to avoid the bioaccumulation and for the sake of public health, authorities are obliged
to conduct surveillance and monitoring analysis for metal contamination in poultry. It has been
understood from the studies and assessments concerning to the metal pollution at the poultry
meats that metal pollution that may be available at the poultry meats do not lead to a significant
public health concern but it is required to be avoided from the offal of elder animals as a
precaution [21, 34].

4. Radioactive substances

Ionizing radiation is a natural source of energy as people are exposed through soil, water, and
vegetation. The radio waves that allow for radio and television communication, X‐rays used
in the medicine and industry, and solar rays are the radiation types that we are accustomed in
our daily life. Humans and animals are exposed to the radioactive substances through various
sources mainly through air, water, and alimentary by food feed. Nuclear trials, nuclear power
plants, effluents, and residuals of the nuclear researches, nuclear accidents, mine pits including
radioactive substances, facilities producing radioisotope, radioisotopes used in the scientific
researches, electron microscopes, and radioactive rays used in the medicine and industry are
the main sources of contamination for environment as well as food [35].

There are so many disasters in the history regarding nuclear accidents, nuclear trials, and
nuclear leakages. These substances may be carried to far away from the places that they are
located through air and water. As they are resistant physically, chemically, and biologically,
most of them enter into food chain, leading long‐term permanent undesirable effects [36].
These radioactive compounds taken through inhalation, dermal, and alimentary routes are
found to accumulate at the tissues and organs, which would cause to damages to the sur‐
rounding cells, tissues, and organs by their particle composition or by emitting rays (internal
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ray) [37]. Intoxication with radiation with these internal radiation emitting substances may
progress as acute or chronic. Chronic effects of the radiation, available at the water and
foodstuffs at low amounts, are more important in the living creature in terms of food toxicol‐
ogy [38].

The nuclear trials, nuclear accidents, nuclear leakages, and nuclear contaminations as a result
of use of nuclear weapons are the most significant sources of radioactive substance contami‐
nation in the foodstuffs. With the help of various air movements, the substances emitted to the
places close to or far away from these sources contaminate plants, agricultural products, fruits,
or waters; they enter into the bodies of animals that crop or the humans live in these places as
well as various food sources. Also, they are transferred into the consumers through the
foodstuffs obtained from these animals [39].

The researches concerning to the radioactive substances at the animals of food origin started
in 1950–1960s with the tests of atomic bombs. The Chernobyl accident carried out a better
warning duty in terms of understanding the factors that lead to transfer of radioactive
substances to the animals and allowed for development of more appropriate precautions.
International Atomic Energy Agency published a booklet including the precautions to be taken
concerning to the radioactive substances available at the foods of animal origin [40]. Iodine‐131
and cesium‐137 were found as radioactive residues in food following Chernobyl, the biggest
nuclear accident in Pripyat, Ukrainian SSR. Even after 30 years, current researches still
emphasis the remedies of the residues of Chernobyl along with the recent nuclear disaster
Fukushima, Japan, which is the second biggest nuclear accident.

4.1. Iodine-131 (131I).

Iodine‐131 is available at the herbs in the meadows and forages and transferred to the animals
through the feed that were cropped in these areas. It is fully absorbed from the digestive canal
and concentrates on the thyroid gland. It is transferred to animal products at differing rates,
such as for milk at 6% [41] and for egg 15% [42]. It was reported that 131I is still found in chicken
eggs after single exposure for 20 days; while in case of a longer exposure such as exposure
longer than 1 week, residues may still be found up until 30 days. Therefore, the withdrawal
period for eggs exposed to 131I contaminated chicken feed was defined as 30 days [42].

4.2. Cesium-137 (137Cs)

This substance is especially resulted from nuclear weapons, nuclear reactor leakages and
residuals. Absorption of 137Cs from the digestive canal varies between <10 and 100% in
accordance with its chemical form, which is mostly distributed in the soft tissues of the body.
As it is firmly bound to the soil, it may not enter into the food chain easily; but because its
disengaged part at the soil is too much at the locations where it is common, it may be transferred
to the plants and therefore animals and their products [43]. Its withdrawal speed from the
muscle tissue is much more at the small animals compared to large animals. For example;
137Cs is removed from the muscle tissue in 1–2 days at the chicken, while this period may extend
up to 60 days for calves [44]. Even though the distribution of 137Cs at the livestock (pig, sheep,
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layer hen, and broilers) varies after given orally, it was notified that the highest concentration
was found at muscle and kidneys regardless the animal type. The lowest 137Cs concentration
was determined at the blood. The absorption through digestive canal after given orally were
found to be fast in broilers; where the highest concentrations were found at chest, leg, intestine,
and liver for the first day. Meanwhile, the highest accumulation was seen at the muscle tissue
at the layer hens [45].

5. Persistent organic pollutants (POPs)

POPs is the general definition for the natural or synthetic organic compounds which are known
to bioaccumulate in the environment without being degraded due their resistance to chemical,
biological, and optical breakdown and have detrimental effects to human, animal, plant, and
environment. The traces of these substances are not restricted to the areas where the production
or application exists, but also with their stability which would lead long‐range transport they
are even found in uninhabitant areas where POPs have never been used. This issue raised a
global concern and initiated global measures for the prevention of the pollution [46].

POPs have low water solubility and high lipid solubility (oil, fat) with low steam pressure,
which makes their half‐life in the environment long. Due to these properties, they accumulate
on the fat tissues of the living creatures including human. Therefore, both acute and chronic
toxic effects occur in human, wild animals, and other organisms, which are exposed to POPs
for many generations creating bioaccumulation [47]. Human are also exposed to POPs by food
and in utero during gestation or infant by lactation periods. Several studies proved that POPs
induce endocrine disruption and effect immune, nervous and reproduction systems, even
causing cancer [48].

As these compounds are used and manufactured in various sectors of the industry and
agriculture; they might be formed as a consequence of by‐products or even at burning
procedures [49, 50]. Among these formed unintentional by‐products, dioxins are the most
known. The sources that lead to dioxin and other POP residuals in poultry are as follows [51]:

– Volatilization of these compounds to the air from the undefined burning procedures in
industry and accumulation in the soil,

– Use of some clay minerals such as kaolin or clay ball,

– The waste disposal regions where materials including Polychlorobiphenyls (PCBs) are
buried,

– The red slag (Kieselrot) formation during the copper production, polychlorobenzodioxins/
furans (PCDD/Fs) used in surfacing of the road surfaces and playgrounds at significant
amounts,

– Fall of the isolation material at the roof of poultry house that is decomposed in time and its
intake by the animals,

– The grouting in the buildings.
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Chicken are exposed to POPs through various ways. The most important exposure route is its
intake through feed. POP residuals at the feeds come from feed raw materials including fat.
Along with alimental exposure, chicken are also exposed to POPs through dermal and
inhalation routes Araclor 1254 (PCB mixture) given by feed at 0.5–1 ppm concentration was
found to transfer the egg at 0.2–0.45 ppm levels. Meanwhile, administration of the same
compound to Leghorn chicks for 8–32 weeks at 0.1–10 ppm, no toxic effect was observed
including egg efficiency and hatching ratio. If Araclor 1254 and other PCB mixtures (Araclor
1248, 1242 and 1232) exceeds over 20 ppm, a decrease of the egg efficiency and hatching ratios
along with teratogenic effects were observed [52, 53]. The finding in this study were found in
accordance to another study where Araclor 1248 at 0.5–1 ppm given through feed, did not
affect egg efficiency and hatching; while 10–20 ppm significantly decreased the egg efficiency
in 8 weeks [54].

As a conclusion, chicken bred in extensive poultry production systems are more exposed to
infectious agents and chemical contaminants compared to intensive systems. This suscepti‐
bility creates an increased risk of diseases and brings the fact of the increased use of veterinary
drugs, which would eventually cause residues in the edible tissues and other products in
poultry [51].

6. Polycyclic aromatic hydrocarbons (PAHs)

PAHs are the chemical compounds, which includes two or more aromatic rings and consist of
carbon and hydrogen atoms which compromise pyrolysis or partial burning of the organic
substances due to the industrial proceedings and human effects. The processing processes of
the foods (smoking and drying) and cooking at high temperatures (grilling, frying, and
roasting) creates the main source of PAHs [55]. Pyrolysis occurs due to the drip of the oil to
the flame while cooking the foods at above 200°C and PAHs contaminate the foods along with
the smoke that will occur [56]. PAH levels occurred as a result of applying different cooking
methods to the fowl for 0.5–1.5 h were compared, where the highest PAH content was found
to be formed when the meat was cooked at the coal flame (320 μg/kg). This was followed by
cooking with the skin at the coal flame (300 μg/kg), smoking (210 μg/kg), frying (130 μg/kg),
steaming (8.6 μg/kg), and liquid smoking (0.3 μg/kg) [57]. In the same way, PAH was found
to be produced at the highest, when the meat was directly subjected to the wood fire and at
the lowest level when it was cooked at the cinder. With the disintegration occurred as a result
of drip of melted fats on the heat source during cooking the meats, formation of PAHs was
found to increase and volatilized to the atmosphere, accumulate back again on the meat. PAHs
are mainly lipophilic and mostly stored at fat tissue, where an increase of fat content of the
meat, would directly lead to increase of PAH amount. PAH contents were also found to be
significantly increased as a result of cooking hamburger, beef, fish, and chicken meats at the
high temperature barbecue. The coal and coal dusts at the barbecue penetrates on the cooked
foods and make carcinogenic effect and mainly cause to alimentary canal and large intestine
cancers [58].
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Smoking is one of the oldest technologies that have been used for maintaining meats and
meat products and defined as penetration procedure of the steams formed with degradation
of the wood with the heat to the meat products. In general, it is widely used at the processing
the fishes. PAHs may occur during insufficient burning of the wood as an undesired
conclusion of the smoking. There are approximately 660 different compounds within PAH
group, in which some of these have carcinogenic properties [59]. Benzo[a]pyrene (BaP), which
is the most known carcinogenic PAH compound, has been used as lead coating material up
to date. In EU legislation, maximum residual limit of BaP is 5 μg/kg at fume (smoked) meat
and meat products. Also European Commission suggests that the member countries should
research not only BaP amount but also 15 other PAHs which have possible carcinogenic effects
at cured meats. Dibenzo[a,i]pyrene (DiP) received attention, due to the recent toxicological
studies showing its potency in carcinogenicity much greater than BaP. EFSA also suggests
the analysis of benzo[c]fluorene (BcL) since The Joint FAO/WHO Expert Committee on Food
Additives (JECFA) considered at particular interest; while specific scientific studies are still
missing [60].

7. Phthalates

Phthalates are the chemical substances that are used for making the plastic materials softer,
more elastic, lighter, and more resistant. These kinds of plastics are also used for keeping the
foodstuffs fresh, maintaining curative effects of continuous release pharmaceutical substances,
and preventing burning or spread of the fire of electronics and other household and cosmetic
products [61]. These compounds are produced at very high amounts since 1930s and their
production amount globally was found as 4.9 million tons in 2010. Therefore, residues of
phthalates such as dimethyl phthalate (DMP), diethyl phthalate (DEP), di‐n‐propyl phthalate
(DPP), diisobutyl phthalate (DiBP), di‐n‐butyl phthalate (DBP), butyl benzyl phthalate (BBzP),
dicyclohexyl phthalate (DCHP), diisoheptyl phthalate (DHP), di(2‐ethylhexyl) phthalate
(DEHP), diisodecyl phthalate (DiDP), and diisononyl phthalate (DiNP) are inevitable and
widely seen at the foods and food packages [62].

Phthalates are defined among the endocrine disrupting chemicals due to their effects on the
reproduction system. They found to cause sperm damage, early puberty at the females,
reproduction canal abnormalities, early pregnancy termination, or hepatic tumors in rodents
[63]. Widely existence of plastic materials in the nature, interest to personal care products, and
various food packaging shows that humans and animals are indispensably exposed to these
chemicals. Phthalates are taken through mouth, breathing, injection, or dermal contact [64,
65]. According to USA Centers for Disease Control and Prevention (CDC) reports, almost all
of the humans screened were found to have phthalate metabolites at detectable concentrations
in their urine. The levels of phthalates metabolytes in urine were linked to the possible daily
routines of the subjects, which shows that the phthalate metabolites of adult women using
soaps, body washing liquids, shampoos, cosmetic, and similar products much higher com‐
pared to the men [66]. Along with the environmental cosmetic exposure, food products such
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at cured meats. Dibenzo[a,i]pyrene (DiP) received attention, due to the recent toxicological
studies showing its potency in carcinogenicity much greater than BaP. EFSA also suggests
the analysis of benzo[c]fluorene (BcL) since The Joint FAO/WHO Expert Committee on Food
Additives (JECFA) considered at particular interest; while specific scientific studies are still
missing [60].

7. Phthalates

Phthalates are the chemical substances that are used for making the plastic materials softer,
more elastic, lighter, and more resistant. These kinds of plastics are also used for keeping the
foodstuffs fresh, maintaining curative effects of continuous release pharmaceutical substances,
and preventing burning or spread of the fire of electronics and other household and cosmetic
products [61]. These compounds are produced at very high amounts since 1930s and their
production amount globally was found as 4.9 million tons in 2010. Therefore, residues of
phthalates such as dimethyl phthalate (DMP), diethyl phthalate (DEP), di‐n‐propyl phthalate
(DPP), diisobutyl phthalate (DiBP), di‐n‐butyl phthalate (DBP), butyl benzyl phthalate (BBzP),
dicyclohexyl phthalate (DCHP), diisoheptyl phthalate (DHP), di(2‐ethylhexyl) phthalate
(DEHP), diisodecyl phthalate (DiDP), and diisononyl phthalate (DiNP) are inevitable and
widely seen at the foods and food packages [62].

Phthalates are defined among the endocrine disrupting chemicals due to their effects on the
reproduction system. They found to cause sperm damage, early puberty at the females,
reproduction canal abnormalities, early pregnancy termination, or hepatic tumors in rodents
[63]. Widely existence of plastic materials in the nature, interest to personal care products, and
various food packaging shows that humans and animals are indispensably exposed to these
chemicals. Phthalates are taken through mouth, breathing, injection, or dermal contact [64,
65]. According to USA Centers for Disease Control and Prevention (CDC) reports, almost all
of the humans screened were found to have phthalate metabolites at detectable concentrations
in their urine. The levels of phthalates metabolytes in urine were linked to the possible daily
routines of the subjects, which shows that the phthalate metabolites of adult women using
soaps, body washing liquids, shampoos, cosmetic, and similar products much higher com‐
pared to the men [66]. Along with the environmental cosmetic exposure, food products such
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as milk, butter, and meats are very common sources for some phthalates such as DEHP, DBP
and DiBP due to that they have lipophilic character [67].

Based on these reports, continuous screening of these phthalates in foods and food products
has great importance. The contamination could be from the environment as well as the plastic
materials used in the production stages. Even though their usage in food packaging is
decreased, many products include phthalates for softening purposes as well as various
processing stages [68].

Phthalates may penetrate the foods during production, packing and preparation. Due to wide
usage and availability in various products, including the laboratory materials, analysis of the
food is difficult. In a study, nine phthalate esters in 72 different foods commonly consumed
were screened and DEHP was found at 74% of all these products including the infant foods [69].

On the contrary to other chemical contaminants, information regarding phthalates as residue
in food is very limited. Since their usage with the improved technology, lead mixed contami‐
nation at very low concentrations; previous studies do not reflect the current status. The
tolerable daily intake for some phthalates was stated as 0.01, 0.5, 0.05, 0.15, and
0.15 mg/kg/day for DBP, BBzP, DEHP, DiNP, and DiDP, respectively by EFSA [68, 70].

The habitats and feeding ways of the chicken that are free‐range extensive and intensive or
semi‐poultry houses may make difference on their exposure to the environmental pollutants
such as phthalates. Information regarding the indoor‐outdoor breeding on phthalate levels is
missing, except one study showing only the levels of phthalates in chicken eggs in retail. This
research showed that DEHP may even be found at the shell of membrane of the egg [71] and
DBP and DEHP might be present at even low concentrations [72]. The same study revealed
that DBP and DEHP were found only in egg white as 0–0.15 and 0.05–0.4 ppm, while no
contamination was reported for egg yolk. Meanwhile another experimental study showed that
DEHP may be present both at white yolk and white after it is given to the chicken orally at
single and repeated dose applications (3 days). The animals are also given DEHP for 45 days
at a concentration of 1/100 g feed and the results of the transfer to the egg yolk was found to
be even more in these fed animals [73]

8. Other contaminants

There are many other compounds that may cause adverse health effects through poultry and
poultry products. WHO and American Dietetics Association identified the potential hazards
of trans‐fatty acids on human health, which are formed from further‐processed, deep‐fried
products from fast‐food retails. Fatty acids in oils are generally in the cis‐form, which will be
transformed to the less healthy trans‐form during hydrogenation and over‐heating during
deep frying. Compared to pesticide residues, trans‐fatty acids also lead deleterious effects;
which were found to be directly related to atherosclerosis, cardio‐vascular diseases, cancer,
ulceration, and oxidative degeneration [74].
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9. Control of the contaminants at poultry meat and products

The control strategies for the pharmacological effective substances and environmental
pollutants in poultry meat and products includes complex and evolving measures for defining/
determination of these compounds and analysis of exposure/prevention routes.

Recent advances in analytic chemistry lead to the understanding of chemical contamination
frequency/routes/prevention mechanisms in the food field more intensively. While some of
these threat the health even at low concentrations at no threshold, some of them may be have
legal breaching characteristic [75]. These require various risk method approaches. For appro‐
priate control of the production procedures, biosafety, full traceability, good hygiene, and other
sanitary applications are compulsory requirements [7].

As well as that the contaminants at the foodstuffs may be determined with special chromato‐
graphic methods, they may be also determined with very sensitive and cheap methods as
described for antibiotics detection. The residues are found at blood, urine, sometimes gall, and
mostly edible tissues. The blood, sometimes gall, muscles, liver, and egg are the target matrices
that may be analyzed [76]. The amount to be analyzed is generally 1 ppm and sometimes below
than 1 ppb. These analyses are based on degradation of the residuals following extraction of
the residuals from poultry tissues with water or organic solvents or chromatography proce‐
dures. The disintegration is done with, immiscible liquids such as water and petroleum or two
environments such as liquid and solid [7].

The analytic methods that are used for monitoring antibiotic residuals are generally
classified into two groups such as “verification methods” and “screening methods.” The
verification methods are generally based on liquid chromatography combined with mass
spectrophotometer (LC/MS) for determining the concentration of the analyte. Sometimes,
the verification procedure may be carried out with the methods based on LC with ultraviolet
(UV) detector or capillary electrophoresis (CE). Along with that, all of these require time‐
consuming, expensive and complicate laboratory equipments and trained personnel [75].
Also they are subjected to solid phase extraction (SPE) or very demanding sample prepa‐
ration procedures based on multistep cleaning for extraction of the analyte. The screening
methods may determine the analyte. But generally, semi‐quantitative results are obtained.
Ideal properties of a screen method are as follows: they give very less wrong positive results,
they are efficient, their use is simple, their analyses are short, and they are selective and low
priced [77].

In the current literature, the most widely used techniques in the analysis of the antibiotics are
LC/MS (at the rate of 38%) and LC/UV (at the rate of 18), which are the verification methods,
and ELISA method (at the rate of 18), which is a screen method. Along with that, an increase
of other screening methods (at the rate of 12%) and use of biosensors (at the rate of 8%) are
available. As there are so many and various types of drug residuals in the animal products,
many prior screening analyses are required to be completed for an effective verification; yet
therefore, the use of screen tests is compulsory. Since it is cheap and does not require compli‐
cated devices and advanced trained scientists, screening methods are applied by poultry
farmers extensively in the field [78].
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Microbiological methods are qualitative or semi‐qualitative methods that are based on the
reaction between sensitive bacteria and antibiotic at the sample. The advantages of these
methods are their simplicity, reliability and their low price. Various tests are commercially
available. Meanwhile microbiological methods are less sensitive, LC/MS methods may only
be applied to the component to be selected as the target. In this way, any other possible
antibacterial substance may not be seen. Along with that, the most important disadvantages
of the microbiological methods are that they have selectivity and sometimes they need for a
long incubation period. In the microbiological methods that are used for determining the
residuals of the antibiotics at the solid foodstuffs, the procedures based on simple solid‐liquid
extraction (SLE) are the most preferred sample preparation procedure. Pollution at the
processing the samples and solid phase extraction (SPE) at the degreasing or liquid‐liquid
extraction with hexane may be used [79].

Another most preferred screen test is the use of ELISA systems widely available for various
kinds of contaminants such as hormones and drugs. This method has a very high specificity
and due to use of antibodies that is specifically developed for the target molecule, it is assumed
as very sensitive. Due to the specificity and reliability, analysis of different residuals at a very
short time instantly is available along with relatively easy sample preparation procedures;
ELISA methods are assumed as a “must” in poultry field. A typical ELISA kit is formed from
96 wells coated with the antibodies developed for target compounds, where sample and
standards are added at specific amounts and other steps of reaction and washing are followed.
The amount is assigned by a simple microplate reader [80].

While some liquid samples (such as urine and plasma) are directly analyzed by diluting with
a buffered solution, solid samples such as meat and egg are extracted using liquid‐liquid
extraction by organic solvents or solid‐liquid extraction using special colons followed by
cleaning procedures. In some cases, chemical procedures are needed for disintegration of
target molecule such like in the nitrofurans [78].

The screening tests are used for monitoring the slaughter houses, control of the import,
control of the feeds, or market controls. In cases of acceptance or rejection of a feed lot, the
decision may be given in accordance with ELISA results; while in the cases including legal
sanctions, the positive results obtained from ELISA are required to be verified with the
methods at which expensive and sophisticated laboratory equipments are used and that
require difficult sample preparation stages. These analyses are carried out by the experts
and strict quality control parameters are applied with the aim of achieving reliability of the
results [81].

10. Conclusions

Today, the use of emerging technologies at all stages of food production, the growth of the
fast‐food industry, and environmental pollution lead to increase the risk of contamination
of food. Home cooking and food preparation habits have been gradually decreased; while
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nowadays readily available convenience foods or chain restaurants are preferred. In order
to serve as much people possible, companies or other food chain industries generally retail
raw food as bulk from market or poultry producers with a possibility of veterinary drug
residues or other environmental contaminants at very high concentrations. Even, machine
washing and cleaning in restaurants may present less efficacy leading to more possible
surface contaminants. Nevertheless, food manufacturers are needed to perceive HACCP
training for the emerging contaminants and consider food safety regulations and follow
Good Manufacturing Practices. There have to be rigorous improved quality controls by
exactly implementing the HACCP program at every step of food production and processing
for these contaminants.
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Abstract

In many places, poultry farms are sited and intensively managed in the residential areas
with little welfare improvement and major concern of poultry waste disposal. The mean
poultry litter generated per bird/day was estimated at 0.11 kg so that millions of metric
tons of poultry manure are annually generated. Wastes generated from poultry farms
constitute  hazard  to  public  health  as  well  as  potential  source  of  conflict  between
neighbours. Beside environmental consequences, poultry waste impacts serious welfare
and production effects on poultry. Suitable poultry droppings and moist absorbents
referred to as litter materials were later discovered. Recently, conventional caging of
birds is considered unethical, common litter materials are seasonally available, wood
based litter  materials  are  now being  diverted  for  the  manufacture  of  other  wood
products,  the  use  of  poultry  litter  as  fertilizer  and livestock  feed  supplement  has
increased,  therefore,  the  demand  and  price  for  litter  materials  is  now  magnified.
Adequate litter materials cannot be easily met by farmers and non-environmentally
friendly alternative litter materials may be sought by farmers creating negative socio-
economic  impacts  on  poultry  and  the  environment.  Therefore,  careful  selection,
adequate management and proper storage and utilization of poultry litter are here given
due attention.

Keywords: Poultry, Litter, Selection, Management, Utilization, Tropics

1. Introduction

Individuals and organizations worldwide rely directly or indirectly on the poultry industry for
substantial portion of their income and low-cholesterol animal protein intake [1, 2]. Breeders
and broilers in most countries are raised exclusively on deep litter system, whereas layers in
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many places are initially raised on deep litter before transfer to cage [3, 4]. The poultry industry
has over the years rapidly expanded with increasing concern of poultry waste disposal [2, 5].
Ammonia and greenhouse gases produced by poultry litter impact negatively on the environ-
ment [6]. Therefore, environmentally friendly and economically sustainable technologies for
poultry waste management must be focused in today’s climatic challenges. Efforts to manage
poultry wastes under intensive production systems led to the discovery of suitable poultry
droppings and moist absorbents called litter material [7, 8]. Animal welfare organizations have
seriously raised concern on how commercial birds are deprived of exhibiting their natural
behaviours by caging. To this end, some advanced countries have enacted laws banning the use
of conventional poultry cages. Wood shavings and saw dusts are now being utilized to produce
paper and other wood products while alternative litter materials, such as rice hulls, pines and
groundnut shells, are seasonal [8, 9]. These imply that, deep litter system of poultry management
may be more acceptable than caging and consequently the demand and cost of litter materials
will significantly increase [9]. Adequate litter materials in deep litter management system may
therefore not be guaranteed and/or the litter materials will become scarce and not easily accessible
[4]. The implication is that poultry farmers are not likely to obtain adequate and good quality
litter material for their birds [1, 8]. This may result in farmers trying many unconventional litter
materials that may affect poultry health, welfare, performance and the environment.

Some of the economic losses associated with poor litter in poultry include musculoskeletal
problems of the foot and leg, increased respiratory tract infections and poor production
performance as a detriment to low feed consumption utilization [9]. Dan et al. observed that
the cost of poultry waste disposal is normally omitted in casting production expenses which
often contribute significantly to the overall production expenses. In some countries where litter
is properly managed, old litter is removed and replaced with new one after many sets of birds
are cropped [10, 11]. This seems not to be possible in many developing countries where poultry
houses are poorly constructed coupled with poor hygienic and management practices and
frequent weather variations which may require frequent litter change and/or adjustment of
poultry pen environment. Many poultry farmers in such nations do not make use of facilities
required to determine ammonia, humidity, temperature and ventilation levels and efficiencies
in poultry pens. Ventilation has been reported to be the primary way to reduce or eliminate
moisture in poultry houses, and temperature determines the degree of litter caking during cool
weathers [12].

Poultry litter contains high nitrogen and phosphorus making it a very good organic fertilizer
and feed supplement [13–17]. The poultry manure enhance physical, chemical and biological
fertility of soil by ensuring adequate levels of organic matter, water holding ability and oxygen
diffusion rates. However, poultry litter may contain pathogenic microorganisms, drug
residues and hard or metallic objects that are injurious to crops, poultry, humans and other
domestic animals [8, 11, 17–19]. Arsenic compounds are known for their potentials to cause
cancers but unfortunately used to control coccidiosis in many countries [20]. This study
discusses aspects of selection, proper management, storage and efficient utilization of poultry
litter.
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2. Selection of poultry litter materials

Many research works were conducted to determine the suitability of wood shavings, sand,
pine peanut shells, shavings, shredded papers or paper chips, dry straw, rice hulls, maize cobs,
corn silage and peat as alternative litter materials [7, 21, 22]. Timber by-products, rice hulls
and shredded papers appear to be most accessible worldwide. The basic requirements of a
good litter include moisture holding capacity, microbial tolerating ability, low cost, availability
and non-toxicity to poultry [23, 24]. Bases for choosing good litter materials should include the
ability to protect birds from dirt, damp and cold floor; it should also be able to adequately
conserve heat and absorb moisture. For good production performance, litter materials should
provide comfort for birds [24, 25].

3. Wood shavings

Soft or hard wood shavings from different trees are available year round in many places. These
are normally obtained from the wood work and furniture enterprises. Wood shavings sourced
from soft wood the best litter material but is highly demanded for making paper, fibreboard
and cardboard making it difficult to obtain [10]. In some instances, the woods may be treated
with some chemical preservatives like copper chrome arsenate or even organophosphates
which may be harmful. Wood shaving is the most common poultry litter material which today
is characterized by periodic shortage due to increasing number of poultry producers [8, 26].
Unfortunately, hard wood shavings are reported to poorly absorb moisture and are frequently
contaminated with Aspergillus [9], showed highest prevalence of Salmonella organism [22] and
posed a significant problem when obtained from chemically treated woods [4]. Wood shaving
will be an ideal litter material if free of contaminants and if properly managed. Some countries
are reported to specifically produce uniformly sized untreated soft wood shaving as litter
material for poultry. Below is a plate (Plate I) showing a combination of soft and hard wood
shavings used as litter material in many parts on Nigeria.

Plate I. A mixture of soft and hard wood shavings used as poultry litter in Zaria, Nigeria.
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Saw dusts are finer wood materials from wood work and furniture enterprises and used as
alternative litter material especially where wood shaving is unavailable or unaffordable.
Unfortunately, poultry especially chicks consumes as much as 4% of their diet as litter. Turkeys
are more prone to consume more litter than chickens, which may lead to nutritional deficiency,
crop impaction, starvation and subsequent mortality [9, 24]. Sawdust is very popular as litter
material in many places, but it regularly cakes especially around drinkers and feeders [9, 27].
Sawdust has high moisture holding ability but is commonly contaminated with Aspergillus [9].

Plate II. Saw dust used as poultry litter material in Zaria, Nigeria.

The above plate (Plate II) shows saw dust utilized in many parts of Nigeria as poultry litter.
It is common and less expensive than saw dust.

Rice hulls have been reported to work well as litter material because of their uniform sizes,
less dusty and most importantly have high thermal conductivity, drying rate and are com-
pressible [4]. They serve as very good litter material for broiler chickens and its organic-based
manure has been reported to be well suited for gardeners. Rice hulls can be better litter when
combined with other litter materials like pine and wood shavings. In some tropical regions
where rice is annually cultivated, rice hulls may be costly and only available seasonally and
could also be restricted to certain regions where rice is grown. Unfortunately, rice hulls can
easily mould and bacterial growth has been found to be common thus restricting its use [9, 24].

3.1. Corn silage litter

This as litter material that was found to be a suitable alternative for other common litter
materials with an added advantage of very low Salmonella prevalence [22]. However, it is not
popular and not always available because corn is mainly a seasonal crop grown in certain
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most popular but rye straw was proven to be most superior over other grass straws. Straw
generally dries quickly thus discouraging fungal growth, however, it is difficult to manage
because of its length and can easily cake and balls up when squeezed requiring routine litter
readjustment [20, 24]. However, for straw to be an efficient litter material, it should be chopped
to one inch or 37 mm pieces to prevent long straw its usual ability to bridge or mat quickly [24].
Despite the fact that chopped straw was found to be free of Salmonella, it had side effects on
environmental health [22]. Straw litter can serve better and more effectively when used as a
top dressing over old litter. It is cheaper and most readily available litter material and therefore
more economically viable [24]. Straw can best be used in 1:1 combination ratio with shavings,
rice hulls or old litters [24].

3.3. Bagasse

Is a sugarcane by-product when sugar or the juice from sugarcane is extracted. It is common
but not readily used as litter in many parts of northern Nigeria where sugar cane is cultivated.
It is normally burnt and taken to farms as organic fertilizer. If properly harnessed, it can be a
good litter material because it is highly moisture absorbent and dries easily; however, care
must be taken as it cakes easily [24].

3.4. Recycled papers

Many paper products, such as newspapers, cardboard, shredded papers and chopped
newspapers, are increasingly being used as alternative litter materials in poultry farms because
they are relative cheap and available. Unfortunately, paper products are reported to retain high
level of moisture. This increases its ability to cake easily enabling breast blister formation and
other carcass defects [4, 8, 22, 24, 25]. When recycled papers are to be used as litter material,
they are best applied as top litter dressing or they can be mixed with other conventional wood-
based litter materials [8, 24]. The best size for a shredded paper as litter material is 1–2 cm in
diameter, and old newsprint papers are often recommended to be used because some printing
inks are toxic to chicks, whereas glossy papers are reported not to absorb moisture [12].

Pine shavings as litter materials were successfully experimented in which variations on broiler
performance were not observed [7].

Sand as litter material did not show any variation in broiler performance when compared to
other conventional litter materials. Sand was shown to reduce darkling bee infestations, and
it had longer period of up to 5 years before clean-out. It was shown not to heat up appropriately
during cold periods when compared to wood shavings and is therefore best suited as litter
material during the summer [7, 24]. Sand was also shown to be less dusty and improved foot
pad quality. However, sand was found not to be compatible with composting, incinerating and
pelleting but is currently attracting research interest in many places [7, 24]. Because of its
availability, less cost and accessibility it may stand to be the most acceptable to the common
man.

Composted litter is another cheap, dust-free litter material that is often associated with low
odour and low pathogenic organisms or parasites and therefore appears to be good and
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suitable litter, however, it is not recommended as litter material during brooding because
NH3 in composted sand litter may persist for long [4]. Composted sand litter contains higher
manure proportion for crop application and also decomposes faster when applied to crops.
Furthermore, the pH of the manure from composted sand litter ranges between 5.5 and 6.5,
which is most suitable for vegetables and fruits [12].

Groundnut or peanut shells as shown in Plate III below have been used alone or in combination
with other litter materials where groundnut is cultivated in Nigeria. It only seems to protect
birds from being in direct contact with the floor as its warming and moisture absorbing abilities
are poor. It may, however, be obtained at no cost but its suitability as a good litter material
needs further evaluation.

Plate III. Peanut/groundnut shells used as poultry litter material in some parts of Nigeria.

Finally, each type of poultry bedding material is subject to factors that will enable it to be a
successful litter material [9].

4. Litter management

Organic manure decomposition produces odorous gases, such as amides, amines, mercaptans,
sulphides and disulphides. These biogases may irritate and disrupt the respiratory tract
epithelial lining of animals and men leading to high degree of susceptibility to respiratory tract
infections [8].

4.1. Basic factors of consideration in litter management

4.1.1. Ventilation

Is a major factor in moisture control in poultry houses because it provides adequate air
movement that will enhance moisture evaporation in poultry houses. Decreased litter moisture
will subsequently lead to decrease in free NH3 and CO2, which may lead to increased air dust
content in poultry houses [8].
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4.1.2. Temperature

It plays a significant role in influencing clumping into layers of litter materials referred to as
caking. A normal litter is expected to break easily if hand squeezed but will remain moulded
if the moisture content is high and if temperature is high it will result into caking.

4.1.3. Water spillage

It is difficult or almost impossible to avoid water spillage when using manual drinkers in
poultry managed on deep litter system. In semi-automated systems of management, water
lines that make use of nipple drinking points will have some chances of water spillage and the
water lines with nipple and cups will have minimal water spillage.

4.1.4. Quantity of the litter material used

If litter material is liberally applied to a required thickness, the litter will sufficiently absorb
moisture making birds more comfortable and enabling them to exhibit some of their natural
behaviours thus enhancing birds’ growth, performance, environment and welfare [12].

Good litter is made of adequate materials applied to a sufficient depth of at least 2 cm for cool
sand, 5–10 cm in case of wood shavings, 10 cm for chopped straw and generally 8 cm for any
other litter material on a damp-free floor [2, 7, 8]. However, environmental, management and
indoor conditions of poultry houses especially housing temperatures, stocking density and air
movements have significant influences on litter quality and degree of NH3 emissions [6, 8, 28].
Concentrated wastes in the form of uric acid passed out by birds make it possible to house
many birds on litter with a major challenge of moisture control [7, 8, 24]. Therefore, deep litter
management to miniimze dampness is necessary but seems not to be given due attention in
the Nigerian poultry industry [8, 29]. Efforts to maintain good litter should therefore consider
factors, such as type of material used as the litter depth, the season of the year, the depth
requirement, stocking density, watering devices, nature of the floor, provided pen ventilation,
routine litter management practices, litter amendment facilities and procedure at disposal and
incidences of litter-related diseases [7]. Generally, the depth and type of the litter used varies
with the type of litter material available. This should enhance but not retard performance [2,
7]. High stocking density leads to humid environment due to decreased water and gas
exchange between air and litter [6] there is usually high chance of feed and water spillage due
to space competition, high levels of waste secretions and excretions into the litter that will lead
to temperature and ammonia build up in the poultry house and subsequently high chances of
bad litter occurrence. Well-ventilated poultry houses with relatively light stocking densities
will maintain good litter [8, 30]. Litters if well managed can be changed at the end of each cycle
[8, 30], unless the litter appears bad or if diseases outbreaks occur. Dusty, wet and cakey litters
are signs of badly managed litter [8, 30]. A good litter should adhere slightly when squeezed,
it should easily break when dropped from the hand, but when litter is too wet it balls up if
squeezed in the hand, too dry litter does not normally adhere [30]. Litter materials on earthen
floors hold as much as 10% moisture making it almost impossible to effectively manage than
litters on damp-proofed concrete floors [28]. A quick test for litter dampness will be if the back
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of the hand feels damp when applied onto a litter, then it possibly contains at least 30% moisture
which rapidly converts uric acid to toxic ammonia, supports the growth of fly larvae and
coccidian organisms and also encourages breast blisters [31].

The rules of litter management are few but most decisions are subject to operator’s judgment.
Some of these emphasize that litter materials should be checked for bacterial and fungal
contaminations, litter materials of fine particle should be covered with paper to avoid litter
consumption not eating and new litter materials should be treated with approved anti-fungal
agents while litter intended to be reused should also be treated with lime [8, 31]. In managing
litter, special attention should be paid to drinker points because such areas are normally damp
liable to caking as shown in Plate IV, such points should be turned and tilled to activate litter
or be removed and fresh litter material added [8, 31, 32]. Unfortunately, tilling of litters is
frequently associated with rapid increase in ammonia levels in poultry houses; this should be
done with windows open or fans on to rapidly dissipate the ammonia [31]. A good working
litter gives desirable warmth and cold to the poultry house while a wet litter cools the house
due to heat loss in the process of drying out [25]. It is dangerous to the birds and the operator
to allow ammonia build beyond 40 part per million (PPM) is poultry houses [33]. This
consequently will lead to decreased feed intake and productivity, respiratory tract infections
and blindness [34]. However, ammonia levels of 15–20 PPM is acceptable and can be estimated
fairly accurately using the operator’s sense of smell or litmus paper or more accurately using
commercially available dragger gas detector [35].

Plate IV. Inadequate and poorly managed litter around a drinker in Zaria, Nigeria.

5. Management of ammonia in poultry farms

Some micro-organisms present in the litter convert birds’ excreta and spilled feeds to ammo-
nium (NH4

+), which is soluble in water and is convertible to ammonia in the presence of high
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pH and temperature [32]. However, a high ammonia level in litter is desirable in increasing
fertilizer value but with a consequence of environmental pollution and public health hazard
[32]. In the rainy season, ammonia contributes to soil acidification and facilitates algae growth
in water bodies [32]. Today, there is growing concern in regulating ammonia emissions from
livestock environments worldwide [8, 32]. The concept of litter management has thus far
shown drastic reduction of ammonia levels in poultry houses thereby improving birds’ health
and performance in many places [8, 32]. For instance, ammonia emission is reduced with
regular litter change, use of appropriate litter material and amendment facilities, decreased
manure moisture and improved indoor conditions [6].

6. Litter amendments

The concept of poultry litter amendments to effectively control ammonia levels involves
application of acidifiers, alkaline materials, absorbers, inhibitors, microbial and enzymatic
treatments and even dietary manipulations [6, 32, 36].

Acidifiers including alum, sodium bisulphate, ferrous sulphate and phosphoric acid are
popular, most effective and widely used poultry litter amenders. They work by creating acidic
conditions in litter so that NH4

+ rather than NH3
+ is retained, which then facilitates bacteria

and enzymatic in activities so that ammonia is not produced in the litter [15, 32, 36]. Alum was
reported to reduce NH3 by 71–92% while phosphoric acid did so by 56–92% [15]. They
suppressed NH3

+ levels below 25 PPM for 3–4 weeks post-application and thus improved in-
house air quality in poultry pens [32].

Alkaline materials that include agricultural lime (CaCO3), hydrated or slaked lime Ca (OH)2

or burnt lime (CaO) work by increasing litter alkalinity (pH > 7). This helps to convert more of
the HN4

+ within litter to gaseous NH3
+ that can be readily lost through provided ventilation so

that lower NH3
+ level is maintained. This practice, however, lowers soluble phosphorus level

in litter thus affecting fertilizer value and may subsequently have negative impact on the
environment as ammonia levels may later increase significantly when fresh manure is added
to such a litter [32, 36].

Absorbers are certain natural clay-type-like zeolites and peats, which are good ammonia
absorbers thereby lowering ammonia levels if used in poultry houses [32, 36]. Inhibitors are
also used in poultry litter to slowly convert uric acid and urea to ammonia by the process of
inhibiting enzymes and microbial activities. Phosphorodiamidate was reported to inhibit
urease activity and this reduced the conversion of urea into ammonia [32].

6.1. Microbial and enzymatic treatment of litter

This process utilizes beneficial microbes and enzymes which can convert uric acid and urea
rapidly into ammonia which can then be lost out thereby reducing the ammonia levels before
chicks are placed in the poultry house. Commercial microbial products like USM-98 or Yucca
schidigera extract as a natural feed additive were reported to significantly lower ammonia
levels, improve bird weights and reduce mortality [32, 36].
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6.1.1. Dietary manipulation

This technique involves reducing the nitrogen intake per bird by reducing the crude protein
in poultry diet. This works on the concept that ammonia is formed by the breakdown of
undigested protein and uric acid in the manure [6]. Therefore, a 1% reduction of CP in poultry
diet resulted in 10–22% reduced NH3 emission in poultry houses [6].

6.1.2. Increased age and weight at slaughter

This process is believed to influence NH3 emissions because nitrogen excretion per day per
bird increases with increasing daily feed intake [10].

7. Processing and utilization of poultry waste

Poultry litter generally contains waste materials including the litter material used, feathers,
poultry feed and dead birds, which if properly managed will ensure its beneficial use and
will help to prevent adverse effects of improperly disposed litter on the environment and
poultry health. Litter is not recommended to be reused when a disease outbreak occurs in a
flock [31] because zoonotic pathogens, including Escherichia coli, Salmonella spp., Campylobacter
jejuni, Listeria spp., Clostridium spp. and many other viruses, survive in poultry litter for a
long time posing health risk to birds [8]. Therefore, litter should be treated to destroy these
organisms before land application or before use as feed supplements. Mycotoxins especially
aflotoxin B1 responsible for under-performance in especially broilers have been detected in
excess levels in poultry litter [37–40]. Mycotoxins have been known to increase susceptibility
of broilers to infectious bursal disease and are reported to also act synergistically with stressor
to increase severity of poultry diseases [37]. It is therefore necessary to effectively manage
poultry litter before utilization. However, effective management of poultry wastes are
normally associated with unbudgeted expenses that are not normally recognized in produc-
tion budgets, such wastes managed may either be valuable by-products or strictly a net cost
on investment.

In many advanced countries, poultry farmers were made to register their operations with
appropriate agencies and keep records of poultry wastes so as to help develop an approved
poultry waste management plan [41]. Unfortunately, managing poultry waste in most
developing countries seems to be impossible and therefore contributing greatly to environ-
mental pollution and disease spread. Below are some practical hints that may render poultry
waste easily manageable and ensure environmental safety.

7.1. Converting poultry litter into biofuel

Efforts towards safe disposal of poultry wastes resulted into a technology in the recent pass
that converted poultry litter to valuable bio-oil, usable gas and crop fertilizers [42]. For
instance, broiler and turkey litters were converted into bio-oils and organic fertilizers and the
gas generated in this process was used to operate pyrolysis unit in what seems to be a self-
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sufficient machine [42]. The machine is made up of a thermochemical unit that destroys
pathogenic microorganisms and reduces chances of disease transmission [42]. Furthermore,
several electrical generating plants in the UK and recently in the USA utilize poultry and
turkey litters as their primary fuel for small-scale electricity generation [42]. Poultry litter is
also reported to be used in Ireland as a biomass energy source, and some companies in
addition are developing gasification technologies to utilize poultry litter as a fuel for electrical
and heating appliances. They are also producing valuable by-products, including activated
carbons and fertilizers [43].

7.2. Composting of poultry litter

Composting of poultry litter with dead carcasses is recommended for poultry disease control
and an attempt to increase the market value for organic fertilizer generated from poultry litter,
which is in high demand in forestry, crop and vegetable farms, homes, lawns and golf courses
[44]. Composting is generally a simple natural biological process of converting poultry litter
into odourless, stable, consistent and soil-like organic product that is unable to damage crops
and surface waters. The process is a slow controlled decomposing or a natural breakdown of
organic materials, which utilizes aerobic microorganisms in the poultry litter in the presence
of oxygen and moisture to change the chemical and physical nature of poultry litter so that a
humus-like material referred to as compost is formed [31, 44]. Composting is believed to reduce
litter quantity and weight by 40–80% [31]. Compost has improved air conditioning effects and
quality of soils by adding organic matter, nutrients and beneficial microbes thereby increasing
soil porosity, density, water and nutrient holding capacity [44]. Compost is thus referred to as
an excellent soil amendment [31]. As an example, composted broiler litter has a pH of 5.5–6.5
and is usually weed-free, thus making it a suitable fertilizer for seedlings, shrubs, roses and
fruit tries and is also reported to be rich in vitamin B12 [4, 31].

7.3. Storage of poultry litter

The demand for poultry litter is sporadic but highest during the rainy season in many tropical
countries thereby requiring temporary holding until the appropriate demanded time. Un-
fortunately, fresh poultry litter has the highest nitrogen content available for crops making it
of greater fertilizer value as at that moment [4]. Notwithstanding proper storage of poultry
litter will still ensure its beneficial use as valuable fertilizer and will prevent contamination of
surface waters on farms [17]. The most valuable nitrogen in poultry litter is gradually lost to
the atmosphere as ammonium over a prolonged period of exposure to the atmosphere [17].
Covered stockpiles of litter: Is a process that involves stockpiles of litter covered using plastic
sheets anchored to the earth or other devices to protect against rain and atmospheric losses for
timely use. Stockpiles with ground liners: This is another poultry litter storage means involving
the use of good plastic sheets as liner to ground or concrete slabs to primarily prevent nutrient
leaching to ground water [17]. Permanent storage structures provided with sufficient roofs and
concrete floors is the best approach but this is limited by the high risk of spontaneous com-
bustion and fire outbreaks [17].
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7.4. Applying poultry litter to crops

Rich soils for efficient crop cultivation were achieved by increased physical fertility due to
increased organic matter, increased water holding capacity, increased oxygen diffusion rate
that resisted deterioration and disturbance of soil by mining and other industrial activities.
Certain considerations are best put in place before litter can be effectively and safely applied
on farms [17]. It is logical that poultry manure should not be applied to very steep lands, lands
in close proximity to surface waters, drainage ditches and wells for fear of contamination.
Likewise application of poultry waste prior to heavy rains is liable to contamination. When
applying litter to crops, it is best done at the time of nutrient needs. It should be ensured that
litter is applied to as close to planting time as possible or best applied mechanically by
incorporating to plants [44]. In this way, ammonia loss due to volatilization and nutrient loss
by wind and water erosion are prevented or minimized. Application of litter well ahead of
planting time will lead to de-nitrification and leaching [44]. Studies have shown that ade-
quately applied organic manure from poultry litter increased corn yield many folds, but
excessive application of poultry manure on the other hand decreased corn yield by a process
called ‘salt injury phenomena’ [20].

7.5. Poultry litter as ruminant feed supplement

Broiler poultry litter contains 25–50% crude protein and 55–60% total digestible nitrogen
(TDN) and is also rich in essential minerals. Its nutritional value may even be higher than that
of good quality legume hay [45]. Poultry litter has traditionally being used efficiently as a
fertilizer; it is now also used as a cost-saving livestock feed supplement for ruminants
especially cattle, goats and sheep [46–48]. It is high in urea, a source of nitrogen, which
improves the rumen environment making feed more efficiently utilized and the animal better
nourished with whatever feed that is made available [46, 48]. Uric acid is a major component
of poultry excretions that can be efficiently utilized by rumen microbes for protein production.
It is not easily dissolved in the rumen fluid and so the ammonia that is gradually and slowly
released is efficiently utilized even more than other non-protein nitrogenous sources [49].
Composted litter is found to be rich in B vitamins especially B12 and can be a good source of
this vitamin [31]. The rumen microbe takes about 3 weeks to fully adapt to the utilization of
uric acid and so cattle less than 5 months old and sheep and goats less than 3 months old should
not be given poultry litter [46]. When poultry litter is processed by an acceptable method, it
serves as a very economical and safe source of protein, minerals and energy for many classes
of ruminants [46, 48, 49]. Well-processed poultry litter has a total digestible nutrients value
similar to average quality hay and this can provide a major portion of the energy to maintain
ruminant when fed to them [49]. Poultry litter has been reported to be economically used in
ruminant feeding as a forage substitute during drought periods as it also contains high levels
of fibre and ash [47, 50]. At higher levels, however, dry poultry litter had depressed growth
rate because of its low contents of essential amino acid and excessive amount of calcium in it
[49]. It was further shown that poultry manure can replace groundnut cake in the diet of goats
without any depressive effects on growth rate and efficiency of feed utilization when used
with a good source of carbohydrates such as cassava peel [48]. Crude fibre digestion was

Poultry Science202



7.4. Applying poultry litter to crops

Rich soils for efficient crop cultivation were achieved by increased physical fertility due to
increased organic matter, increased water holding capacity, increased oxygen diffusion rate
that resisted deterioration and disturbance of soil by mining and other industrial activities.
Certain considerations are best put in place before litter can be effectively and safely applied
on farms [17]. It is logical that poultry manure should not be applied to very steep lands, lands
in close proximity to surface waters, drainage ditches and wells for fear of contamination.
Likewise application of poultry waste prior to heavy rains is liable to contamination. When
applying litter to crops, it is best done at the time of nutrient needs. It should be ensured that
litter is applied to as close to planting time as possible or best applied mechanically by
incorporating to plants [44]. In this way, ammonia loss due to volatilization and nutrient loss
by wind and water erosion are prevented or minimized. Application of litter well ahead of
planting time will lead to de-nitrification and leaching [44]. Studies have shown that ade-
quately applied organic manure from poultry litter increased corn yield many folds, but
excessive application of poultry manure on the other hand decreased corn yield by a process
called ‘salt injury phenomena’ [20].

7.5. Poultry litter as ruminant feed supplement

Broiler poultry litter contains 25–50% crude protein and 55–60% total digestible nitrogen
(TDN) and is also rich in essential minerals. Its nutritional value may even be higher than that
of good quality legume hay [45]. Poultry litter has traditionally being used efficiently as a
fertilizer; it is now also used as a cost-saving livestock feed supplement for ruminants
especially cattle, goats and sheep [46–48]. It is high in urea, a source of nitrogen, which
improves the rumen environment making feed more efficiently utilized and the animal better
nourished with whatever feed that is made available [46, 48]. Uric acid is a major component
of poultry excretions that can be efficiently utilized by rumen microbes for protein production.
It is not easily dissolved in the rumen fluid and so the ammonia that is gradually and slowly
released is efficiently utilized even more than other non-protein nitrogenous sources [49].
Composted litter is found to be rich in B vitamins especially B12 and can be a good source of
this vitamin [31]. The rumen microbe takes about 3 weeks to fully adapt to the utilization of
uric acid and so cattle less than 5 months old and sheep and goats less than 3 months old should
not be given poultry litter [46]. When poultry litter is processed by an acceptable method, it
serves as a very economical and safe source of protein, minerals and energy for many classes
of ruminants [46, 48, 49]. Well-processed poultry litter has a total digestible nutrients value
similar to average quality hay and this can provide a major portion of the energy to maintain
ruminant when fed to them [49]. Poultry litter has been reported to be economically used in
ruminant feeding as a forage substitute during drought periods as it also contains high levels
of fibre and ash [47, 50]. At higher levels, however, dry poultry litter had depressed growth
rate because of its low contents of essential amino acid and excessive amount of calcium in it
[49]. It was further shown that poultry manure can replace groundnut cake in the diet of goats
without any depressive effects on growth rate and efficiency of feed utilization when used
with a good source of carbohydrates such as cassava peel [48]. Crude fibre digestion was
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reported to be enhanced in rations containing poultry litter and also incorporating poultry
litter of up to 25% in the rations of camels did not have any adverse effects [49]. Report of
poultry litter as a reliable substitute to cotton seed cake in the diets of suckler cattle was
documented [51]. Unfortunately, poultry litter can be contaminated with pathogenic organ-
isms that can cause diseases in other animals but the incidence can be reduced by sun drying
[52–55]. For instance, botulism caused by Clostridium botulinum has been reported in cattle fed
poultry litter [45]. Cupper toxicity was reported in sheep fed on poultry litter when chickens
were medicated with cupper as growth promoter in their diets [56]. It may be of scientific
concern where poultry feed may contain protein that is prohibited in ruminant feed, such as
meat and bone meal particularly where bovine spongiform encephalitis (BSE) had occurred
[55] even though this opinion is weak because it seems there has not been any substantial
evidence that BSE would survive in chicken intestinal tract. However, wood shavings as the
most common litter material in Nigeria are often obtained from wood work industries, and as
such may contain sharp or metallic objects which can cause traumatic ventriculitis in poultry
and traumatic pericarditis in ruminants [19]. A research concluded that poultry waste intended
to be used in compounding rations for cattle should be dried or ensiled and screened for
metallic objects to render it safe for use by the animals [19, 57]. Ensiling sorghum forage or
molasses with poultry waste had improved crude protein content of the silage almost twofold.
Rations formulated with 30% of the concentrate as poultry waste gave about 10 kg of milk/day
[55, 58, 59]. However, wet poultry manure should not be fed to livestock and the optimum
supplement level for dairy cows is 1–2 kg daily [57].

7.6. Poultry litter as fish feed supplement

Frozen fish is heavily imported into Nigeria [60] and aquaculture is being integrated with
livestock and poultry in Nigeria in recent years with a major limitation of formulated fish feeds.
Researches have been conducted to determine the effectiveness of feeding cow, pig and poultry
manure in variety of fish species [47, 61, 62]. Chickens have short intestines thus excrete about
20% undigested feed and that 10% of feed fed to chickens are wasted to the litter in the process
of feeding making available 10–30% total protein content of dry chicken waste. About 1100–
1400 Kcal/kg energy and synthesized soluble vitamins are abundant in poultry manure [47,
63]. Some poultry farmers especially in China take this advantage to construct battery cages
directly on ponds while others feed poultry manure directly to fish [64], whereas some poultry-
fish farmer in Nigeria throw dead poultry into fish ponds so that waste is now recycled into
inputs. The nitrogenous waste from poultry litter can efficiently fertilize ponds for growth of
plankton as fish food [65]. In fact a report from the United States indicated no difference in
terms of growth rate of tilapia raised in poultry litter manure ponds when compared to fish
that were fed commercial feed [66].

8. Conclusion

Economic losses as a result of inadequate litter management and utilization are of increasing
concern. Selection of litter material is dependent upon cost, availability and quality, which
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should not be compromised. Research should be continued in search of proper storage
conditions of poultry litter and to find the exact inclusion rate of poultry litter to plants and
animals. The basic technology of feed compounding using poultry manure and its conversion
to useful biofuel can be developed and transferred to farmers.
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Abstract

Evolutionary change emanating from differential contribution of genotypes to the next
generation  can  determine  success  in  survival  and  reproduction  in  chickens.  For
extensively raised chickens reared under low-input production systems in smallholder
farming  areas,  conditions  of  resources  deprivation  and  exposure  to  diverse  and
threatening natural selection pressures are common in many countries worldwide.
Numerous studies have demonstrated that village chickens and other extensively raised
chicken populations represent a valuable source of biodiversity adapted to the local
production conditions and selection pressures. Manipulation of their acquired adaptive
genetic diversity depends on unravelling the selection footprints in the genomes of these
chickens that could point towards candidate genes for traits that enable the animals to
survive  under  the  harsh  production  environments.  This  chapter  summarizes  the
evidence for chickens’ adaptation to extreme environments and describes an inventory
of modern tools that could be used in characterizing the production systems of chicken
genetic resources. The role of natural selection in shaping the biodiversity of chicken
genetic resources is discussed. The continued advancement of biotechnological tools to
assess  chicken  populations  has  been  beneficial  to  research  in  genetic  adaptation.
Genomics tools, as evidenced by assays of whole genome and transcriptome sequences,
and single nucleotide polymorphism (SNP) genotypes of chickens, now allow analyses
of functional genomic regions that are linked to adaptation. The use of these methods
to  characterize  and  investigate  signatures  of  selection  in  the  chicken  genomes  is
highlighted. This chapter looks at how information on the selection hotspots in the
chicken genomes can be manipulated to improve genetic adaptation in indigenous
chicken populations with the desire to transfer the benefits to other chicken breeds
raised under similar production systems.
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1. Introduction

Chicken production in Africa and many developing countries plays an integral role in small-
holder farming systems and relies upon rearing of scavenging indigenous chickens commonly
referred to as village chickens [1]. Chickens fulfil several household needs that are cultural,
economic and/or social. However, the contribution of indigenous chickens from rural localities
to chicken biodiversity has assumed prominence [2]. Purpose-driven artificial selection and
breeding for traits of economic importance are undocumented in village chicken populations.
Instead, the chickens are regarded as subjects of natural selective pressures applied through
factors such as endemic diseases, climate, nutrition and other variables. The result is a variety
of plumage colours, productivity levels, body sizes and disease resistance phenotypes. The
resultant biodiversity ensures that the chickens can survive in diverse ecological zones by natural
selection of genotypes promoting survival fitness. It is therefore hypothesized that the village
chicken populations could harbour genomic segments similar to those found in the ancestral
chickens Gallus gallus domesticus. The gene pool has survived the historical selection pressures
and allows village chickens to survive in the harsh and diverse environmental conditions.

In response to the global shift in environmental and market demands for chicken products,
the diversity in village and other chicken populations could be needed in future for chickens’
genetic advances and improvements. Evolution of chickens and programs for their artificial
selection rely on the availability of sufficient levels of genetic variation. Village chickens are
regarded as important genetic reservoirs that have evolved in harsh environments over many
generations in the absence veterinary and intensive management [3]. Adoption of the free
range organic farming systems could result in increased demand and dependency on village
chicken genotypes that are already thriving in a very similar production system [4]. Marker-
assisted selection and introgression are possible vehicles of harnessing the valuable genetic
variation in village chickens for the benefit of high-performing commercial populations [5].
However, the success of genetic improvement strategies relies on a systems approach that
ensures that other production constraints are met [5].

This chapter looks at village chicken populations, the characteristics of their production
systems and how that shapes their genomic architecture. The chapter describes the production
challenges and opportunities experienced in village chicken production systems and how they
could be regarded as selection pressures for village chicken populations. The importance of
identifying selection footprints in genomes of different village chicken population is high-
lighted. Lastly, this chapter examines the potential role of next generation sequencing and
genotyping technologies aided by advances in statistical genomics in determining signatures
of selection and explaining the adaptive genetic diversity found in extensively raised chicken
populations.

2. Chicken populations and genotypes

Despite their socio-economic importance and some efforts to characterize them, insufficient
knowledge exists about the genetic composition and potential of village chickens in Africa and
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most developing countries. Their hypothesized value as a genetic reservoir remains unchar-
acterized [2, 3]. Local chickens across the African continent are commonly referred to as either
‘village’ or ‘indigenous’ chickens regardless of their population boundaries. However, the
chicken populations consist of phenotypically distinct variants reared by rural farmers in
different agro-ecological zones (eco-zones) or farming regions in different parts of Africa. Most
countries use the term ‘eco-types’ to describe chickens from various farming systems charac-
terized by different environmental conditions [6, 7]. A number of molecular studies using
autosomal and mitochondrial markers have been conducted with the objective of investigating
genetic diversity and structures of village chickens of a number of African countries that
include Zimbabwe [8, 9], South Africa [10–12], Tanzania [7], Sudan [13], Kenya and other East
African countries [14] and Ethiopia [15].

Recently genome-wide SNP data have been used to further characterize village chicken
populations [16–18]. These studies confirmed the notion that local chicken populations of
Africa are diverse and could be a genetic reservoir of genes not found in other chicken
populations. The previous studies failed to comprehensively characterize the chicken genetic
resources in terms of their unique genetic features and adaptation to local conditions. Chicken
populations with genetically distinct genotypes often possess rare and peculiar genetic
features due to unique alleles and allelic combinations. There should be differentiation of the
overall genetic diversity of a population to its adaptive genetic diversity described by the
genetic attributes of host chicken populations. This would enable their survival in a certain
environments where other populations would fail to thrive. There are challenges in decipher-
ing the genetic causes enabling village chicken populations’ survival in extremes of environ-
ments. However, identifying the dimension in which chickens have adapted to their local
environments could enhance our understanding of, and ability to genetically manipulate, the
village chicken genotypes.

3. Characteristics of extensive and smallholder chicken production systems

Village chicken production systems typically have households that keep different poultry
species and farm other livestock and crop species under the extensive system of production [1,
19]. Chickens have been found to dominate in number and economic contribution in most
village livestock production systems [8, 19, 20]. Flock sizes predominantly range from 4 to 50
birds per household [4, 19, 21–23]. The chickens are mostly non-descript breeds utilized for
both meat and egg production [23]. Molecular genetic studies have reported high within-
population diversity and a deficiency of population substructures across the chicken popula-
tions.

Smallholder farmers have limited resources that are allocated to many enterprises contributing
to their livelihoods. As a result, inputs towards chicken production in the form of housing,
nutrition and veterinary intervention are minimal and, in many households, are non-existent
[19, 24, 25]. The chickens scavenge for their feed [26] and are exposed to the full variability of
environmental conditions. Little is understood of how disease epidemiology coupled with
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poor infrastructure and inadequate diagnostic facilities makes health control challenging [4,
24]. The chickens are raised as mixed flocks combining different age groups. In addition,
contacts with wild birds and other livestock species aids in transmission of diseases and
jeopardizes biosecurity [1, 27].

Characterization studies of village chicken production systems aim to identify their production
challenges and potential. Various studies surveyed and reported the health and disease
challenges facing the village chickens from various production systems in Africa and other
developing countries [28–32]. Nutrition has been reported as a major challenge due to either
insufficient or poor-quality feed [33–35]. Other challenges reported include predation and
uncharacterized or unimproved gene pool [36]. Regardless of its shortcomings, the extensive
or scavenging method is considered the most important in smallholder chicken production [1,
4]. It is a low-input production system that allows farmers to produce eggs and meat without
resorting to expensive poultry feeds, often unaffordable to the rural farmers.

4. Natural selection pressures as forces of genetic adaptation in village
chickens

It is evident that the prevalent chicken production constraints present selection pressures on
village chicken production systems resulting in certain genes being favored or eliminated from
a population. Mortality in village chicken populations is high particularly in young chicks
resulting in their failure to reach reproductive maturity and breed, passing their genes to the
next generation. Local chickens are raised under harsh, extensive and heterogeneous environ-
ments of Southern Africa characterized by inadequate water supply, low quantities of feed
which is often of poor quality, and a host of many parasites and disease-causing pathogens [8,
37]. The chickens scavenge for food and water in an environment infested by a number of
gastrointestinal parasites and other disease-causing pathogens such that they are continuously
re-infected by parasites on different infective stages [38]. The local chickens are regarded as
adapted to, or at least tolerant of, the parasite-infested feed resources [39]. The adaptation is
considered a valuable attribute that could find application even in the commercial sector under
free-range production systems. The mortality due to diseases, parasites, climatic and nutri-
tional stress represents selection pressures whereby the chicken genotypes able to survive the
harsh production conditions are able to survive whilst the rest are selected out. Reproductive
wastage due to poor hatchability and predation are other selection pressures resulting in fewer
breeders contributing to the next generation. To survive this selection pressure, adaption traits
such as plumage colour, good mothering ability and the ability to sense danger and respond
promptly become important. Dark plumage colour is considered as a camouflage against
predators particularly in mature birds [40].

Village chickens face a number of nutritional constraints that include (i) low quality and
fluctuating scavenging feed resource base [33, 37, 41]; (ii) inadequate and erratic supplemen-
tary feeding that in most cases depends on the availability of crop and household residues at
the different households and not so much on the nutritional requirements of the birds; and (iii)
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presence of anti-nutritional factors in the unprocessed feeds [26]. Chickens are known to
compete with humans for grain and other nutritional sources. As a result of human food
insecurity in most smallholder farming systems, chickens are often found feeding on residues.
In most instances, the composition of such residues as feed does not meet the nutritional
requirements of the chickens. Examples of such feeds are maize hauls from mealie-meal
processing as well as low quality beans and other legumes residues [26, 33]. Chickens surviving
under village chicken production systems should therefore be able to tolerate and adapt to the
high roughage diets and anti-nutritional factors found in most of the feeds that the chickens
scavenge on. Although protein is not a limiting factor, the worms and insects that the chickens
feed on could be vectors of parasites and diseases. It is imperative for the chickens to develop
a defense mechanism that prevents or fights infections from the different nutritional sources.

Breeding and selection in village chickens has been largely a natural selection feature and as
such the chickens are generally described as non-descript birds not specialized for any
particular production traits [9]. However, of concern is that absence of cock-sharing among
villages, a lack of pedigree records and disorganized mating structures present problems with
inbreeding resulting from breeding too few cocks in flocks where the hens are their close
relatives [9, 29]. Although hen to cock ratios of 5:1 has been reported, most farmers in these
village chicken production systems have been found to choose a few cocks that they use to
propagate into the next generation based on preferred phenotype and morphological features
[39]. Farmers have been observed to select based on features such as body size, plumage colour,
among other attributes [9]. In many cases, there are no organized breeding programs and these
unconventional selection practices could result in inheritance of only a few genes from the few
breeding stock of the next generation.

5. Rationale for studying genetic adaptation in local chicken populations

Genetic adaptation is key to survival in harsh production environments where management
interventions are limited [4]. Adaptation will enable animals to survive and produce optimally
in the face of extreme environmental conditions, limited and poor quality feed and diseases
and parasite infections which are characteristics of most village chicken and other livestock
production systems. The change in consumer demands resulting in changes in production
methods has shifted poultry breeding goals from merely meat and egg production oriented to
incorporation of such traits as welfare and disease resistance and other adaptive traits
particularly in poultry. It is on this basis that local chickens that have been raised and have
adapted to the extensive systems of production are important. With the advent of genomic
(GAS) and marker (MAS) assisted selection and marker assisted introgression (MAI) techni-
ques, genes conferring adaptation can be selected to improve resistance or tolerance to selection
pressure in a population or can be introgressed into other populations.

Adaptation to local environments is a phenomenon associated with village chickens and other
indigenous livestock genetic resources. Village chicken populations could be sources of alleles
and allelic combinations developed over long periods of time and conferring adaptive
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advantages to the chickens carrying them [3]. The drivers for selection in the farming systems
of African livestock include socio-cultural factors and potential for livestock survival in wide-
ranging environments [42]. To survive, African livestock need to adapt to the varying virulence
of communicable diseases, climatic challenges and nutritional constraints [42]. Adaptive and
survival traits requisite to chickens raised under typical village chicken production systems
for example include the ability to escape predators by running or flying, hens going broody
in order to naturally hatch chicks without artificial incubation and birds learning how to
scavenge for feed and water resources [33].

Although hypothesized to have developed adaptive mechanisms to survive the harsh envi-
ronments they are raised in [4, 8], the genetic mechanisms involved in adaptation of village
chickens largely remains unclear. The environmental factors which trigger the chickens’
adaptation are not known and efforts are still underway to investigate whether that adaptation
is genetic and heritable. Questions such as how many genes are involved in adaptation, the
nature of the genetic variation conferring the adaptation and whether adaptation utilizes pre-
existing genetic variation or new mutations after an environmental challenge remain unan-
swered.

Knowledge of the adaptive traits developed by local chicken populations is important as part
of an inventory of the genetic resources that are present and the useful genes that they might
be carrying [42]. Adaptive genetic diversity enables populations’ flexibility and survival in
changing production environments, consumer demands and environmental and climate
changes [4, 43]. A diverse array of genes found in indigenous livestock populations allows
populations to survive in diverse and changing environments and should be the target for
conservation [43]. It is therefore important that the genetic adaptation is characterized to enable
accurate conservation measures.

One challenge in the study and characterization of village chicken populations has been finding
appropriate tools and frameworks to characterize adaptive genetic diversity. In the tropics,
indigenous chickens genetic resources are plenty and could provide a foundation for adapted
breed development through genetic improvement and diversification [44]. Nine major genes
of indigenous chickens that could become useful in genetic improvement initiatives have been
identified [44]. However, knowledge is still sparse on the genetic constituents of the indigenous
chickens of Africa. Efforts to collate information by FAO Domestic Animal Diversity Informa-
tion System (DAD-IS) points to some unique genetic variants found in the local chicken
populations across the African continent. Recent developments in genomics and bioinformat-
ics have opened up platforms to study genetic mechanisms of adaptation as well as ways to
manipulate the advantageous alleles and genotypes.

6. Previous attempts to characterize and manipulate adaptive genetic
diversity in village chicken populations

Utilization of the vast amounts of genetic variability within village chickens could be useful
to their adaptation to local environments through promotion of favourable genetic variants
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associated with traits such as disease resistance. The unravelling of the genomic architecture
for fitness and robustness of the individual chickens is the missing link to the direct application
of modern molecular techniques to improve adaptation through breeding programs. Positive
selection towards enhanced robustness could advance adaptation of indigenous chickens to
harsh and extreme environmental conditions. This would result in chickens that carry alleles
necessary for adaptability to the local conditions. The genetic link between the environment
and adaptation has not been fully explained but studies abound demonstrating the association
between genotypes and the environment for possible inference on genetic adaptation. More
data and cases are required to draw clearer conclusions.

Conventional approaches to study adaptive traits in chickens have involved controlled
experiments whereby particular environmental challenges are simulated and the response of
chickens is monitored [39]. These methods have the limitation that the actual environment
where these chicken populations are raised is too heterogeneous in nature and complex to be
fully simulated under restricted experimental designs. Resistance to diseases and parasites,
for example, are complex traits influenced by both the genes of the animal and the environment
under which these animals are living. Under varying environmental conditions, the enteric
bacterial pathogens have shown different effects on the intestinal epithelium. Understanding
the avian immune system and the response of the chicken as a host is vital in designing
prevention strategies for intestinal diseases in poultry. Host response after interactions with
pathogens has not yet been fully unravelled.

There has been some work reported using morphological marker genes for genetic improve-
ment in livestock. Crossbreeding experiments of the Fayoumi breed showed an increase in egg
production when breeds carrying the naked neck (Na) genes were used [45]. Similarly,
economically important traits of feed efficiency of chickens under heat stress through use of
dwarf gene (dw) carrying breeds and egg production and egg weight enhancement by crossing
with naked neck (Na) and frizzle (F) genes-harbouring breeds have been demonstrated [46].

Autosomal microsatellites and mitochondrial DNA sequences have been used to infer on the
genetic structures and maternal origins of most village chicken populations of Africa revealing
lack of population sub structuring within village chicken populations of a number of countries
such as Kenya and other east African countries [14], Zimbabwe [8], Ethiopia [15] and South
Africa [12]. The studies have also shown a considerable level of sub structuring between
countries. mtDNA studies have shown multiple maternal lineage and high level of genetic
diversity in the studied African populations. Core set analysis of the South African chicken
populations has shown that they are a reservoir if genetic diversity that could make a
significant contribution to the global diversity found in chicken genetic resources ([12]. Other
studies have used single nucleotide polymorphism (SNPs) within candidate genes associated
with traits of economic importance to study genetic variability and infer on traits such as
immune response and growth. Elucidating the genetic variability in indigenous chicken at
gene loci important for the immune system e.g. Toll like receptor 7 (TLR7) nowadays relies on
molecular genetic tools. A study used a total of 24 SNPs and 35 haplotypes within the family
of Toll Like Receptors genes to investigate genetic variability in immune response traits of Sri
Lankan Indigenous chickens [47]. An investigation of the polymorphism at a single Mx locus
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inferred on resistance of populations to Avian Influenza [48]. The genetic diversity of two
important immunity candidate genes, the inducible nitric oxide synthase (INOS) and natural
resistance-associated macrophage protein 1 (NRAMP1) in indigenous Malaysian chickens, was
carried out using the polymerase chain reaction-restriction fragment polymorphism (PCR-
RFLP) [49].

There is currently an increased focus on genetic characterization and conservation of biodi-
versity globally. Whilst these previous studies have provided the much-needed information
on the genetic diversity of chicken genetic resources, there has not been much success in terms
of characterizing the adaptive chicken diversity. This has mainly been due to the neutral nature
and sparse genome distribution of markers used in earlier studies. Although recent genomic
studies using either genomewide SNP or sequence data have highlighted the utility of such
genomic tools in characterizing adaptive genetic diversity [16–18] very few studies have
actually used the data to infer adaptive genetic diversity in chicken populations [18].

7. Genomics tools for characterization of signatures of selection and
genetic adaptation

There have been significant developments in our understanding of the genome of chickens
and the statistical applications that can be used in elucidation of genetic adaptation and
robustness of local livestock populations including chickens. The chicken genome was
sequenced in 2004, which opened new avenues for the exploration the genomic architecture
and advance genomic studies. Alternative genomic variants such as Linkage disequilibrium
(LD) blocks, Copy Number variations (CNVs) and Runs of Homozygosity (ROH) have
increasingly found use in studying genetic diversity and drawing of inferences on genetic
adaptation in chicken populations. Contrary to prior markers that were either found in non-
coding regions of the genome or sparsely distributed, genomics tools present the required
genomic coverage to investigate regions associated with traits of economic importance.

7.1. Copy number variations

Copy number variations (CNVs) have gained enormous research recognition in recent times
as genomic structural variants of interest in chicken biodiversity studies [50, 51]. Copy number
variations (CNVs) are defined as deletions, duplications or insertions, which change the
genomic diploid state of an individual [52–54]. The last few years have seen major advances
in genomics demonstrating that the alterations in the DNA could have no effect phenotypically,
or account for traits for adaptation and even underlie disease etiology and susceptibility [55,
56] thereby providing increasing evidence of their contribution to breed diversity. Prevalence
of CNVs have been reported in chickens and associations suggested with traits of economic
importance [50, 57]. Bioinformatics and statistical pipelines have been developed to screen for
CNVs and infer on biological functions [56, 57] and associated CVNs to resistance to Marek
disease in divergent chicken lines. CNVs that have potential roles in economically important
traits in chickens have been suggested [58]. Other studies also associated CNVs to diseases [59].
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Numerous reports produced from CNV studies were mostly restricted to commercial or
experimental chicken lines and, thus far to the best of our knowledge, none were used in village
or extensively raised chicken populations. However, there is scope to use CNVs in these
nondescript and uncharacterized chicken populations that have been exposed to natural
selection pressures.

7.2. Runs of homozygosity

Runs of homozygosity (ROH) are lengthy continuous regions of the genome where, in the
diploid state, the copies inherited from the parents are identical. These stretches have been
found to estimate inbreeding coefficients that are much better at detecting the overall burden
of rare and recessive mutations based on high-throughput, beadchip single nucleotide
polymorphism (SNP) genotypes [60]. Associations have been made between ROH and genetic
defects arising from intensive selection and inbreeding in other species [61]. There have been
very few studies using runs of homozygosity in village chickens. Previous studies have
suggested inbreeding to be a problem in village chickens that are raised as small fragmented
flocks with a lot of cock sharing of few male animals within villages [16]. Runs of homozygosity
have potential as estimators of inbreeding through identification of genomic regions they affect
[62].

7.3. Linkage disequilibrium and haplotype blocks

Linkage disequilibrium (LD) is defined as non-random association of alleles more than one
loci [63, 64]. In genetics, LD is a useful tool increasingly finding application in the genomic era
with the availability of data from high-density SNP panels. The decay and extent of LD at a
pair-wise distance can be used to estimate trends in effective population size [17, 65, 66]. LD
will therefore be useful in extensively raised chicken populations in smallholder farming
systems where, due to non-collection of pedigree information, calculation of population
genetic parameters could be possible. LD estimates have been used to determine trends in
effective population size in egg and meat producing chicken lines [64]. A study used the
chicken 60K panel to determine LD and estimate effective population sizes in extensively raised
chicken populations of southern Africa [16]. Estimates of inbreeding and trends in effective
population sizes provide information required to monitor and conserve village chicken
populations in the absence of pedigree data. Such information also sheds light on demographic
forces that influence genetic diversity of village chicken populations.

7.4. Landscape genomics

Landscape genomics combines genome-wide information with geo-environmental resources
analysis to identify potentially valuable genetic material [67, 68]. With regards to village
chickens, the aim for landscape genomics is to learn from their co-evolution and production
systems and use the knowledge gained to better match different genotypes with production
circumstances. Regions where chicken genomes face selection pressure from environmental
conditions such as high temperatures, lack of water in drought etc. are expected to show higher
genomic divergence across habitats compared to the neutral genome background. By per-
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forming genomewide-scans on chickens from populations living in different habitats or across
agro-ecological cline, from dry to wet areas, for example, landscape genomics offers the
opportunity of analyzing the immune response of chickens across a naturally occurring
environmental gradient [67]). By collecting samples from chickens from different environ-
mental conditions and assessing their phenotypic performance and genotypes at certain loci,
one can have an idea of how the environment has influenced the immune system of the
chickens to infection by pathogens. In previous chicken studies, it has been shown that agro-
ecological zones or climatic regions have an important role in defining free ranging chicken
production systems [8]. The eco-zones influence the type of feed animals has as well as disease
and parasite pathogen profiles. Agro-ecological zone also influences the physiological function
and response of chickens to disease-causing pathogens thereby determining immune response
status. As in most species, chickens raised within a certain locality tend to develop adaptive
traits that help them survive in the given environmental challenges. By applying landscape
genomic techniques, one will be able to overlay the genetic profiles of chickens over the
environmental coordinates, identify and characterize genes conferring adaptive features to the
different environmental conditions. As a new tool, reports of case studies on the application
of landscape genomics are sparse for village chickens. The Mediterranean goat breeds have
been characterized using landscape genomic approaches and results in one study showed
regions of genomes being under different selection pressures in different environments [67].
One of the major requirements for landscape genomics is a dense set of molecular markers
both neutral and those under selection to be able to make inferences on the role of selection
versus neutral evolutionary forces on shaping genetic diversity. Both next generation sequenc-
ing and high-density SNP panels have provided such platforms.

7.5. Signatures of selection

An alternative approach to ascertain regions of genome with relevant genes for genetic
adaptation and robustness in chickens could be the detection of selection signatures using
genomewide SNP data or sequences [69, 70]. The principle that loci across the genome are
influenced by genome-wide evolutionary forces like migration, random genetic drift, mutation
etc is the basis for population genomics. Locus-specific forces e.g. selection help create
particular patterns of variability in the regions of associated genes And loci [70]. Comparison
of the genetic diversity of across numerous loci on the genome, it is possible to uncover loci
exhibiting an atypical variation pattern which are could be linked to areas in the genome
affected by selection [69]. Signatures of selection have been investigated in a number of chicken
populations [17, 18]. Signature of selection analysis does not necessarily require convention-
ally-measured performance as in GWAS analysis. This makes it a suitable tool to screen for
advantageous loci in extensively raised village chicken populations.

7.6. Comparative genomics

With plummeting costs of whole genome sequencing, more and more sequence data are being
generated across different species. Comparative genomics involves sequencing and comparing
genomes of different species in search of genomic regions differentiating species. In several
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avian species including chickens, use of comparative analysis of genome sequences has
emerged as a powerful tool for understanding metabolic processes and gene functions
influenced by selection [71]. Inter-species comparison of selection signatures can play a role in
detecting relevant functional polymorphisms in experiments using populations collected from
a variety of environmental conditions. An analysis comparing the evolution of chicken (Gallus
gallus) and zebra finch (Taeniopygia guttata) genomes [71] showed that an important cytokine
receptor, the interleukin 4 receptor alpha-chain (IL-4Rα), has significantly an abundance of
substitutions at nonsynonymous sites which could be a crucial mechanism in its adaptive
evolution.

7.7. Transcriptomic analysis

Complete sequencing of the chicken genome and the availability of data on various transcrip-
tomes of specific tissues ushered in another field of functional genomic analyses of chickens.
A complete set of transcribed mRNA and the related amounts for specific stages of develop-
ment or physiology is known as a transcriptome [51]. Studying transcriptomes is now
considered essential for unravelling the functional elements of the genome and understanding
the molecular and physiological processes in cells and tissues in chickens. Transcriptome
analysis identifies genes expressed and gene pathways affected in chickens raised under the
heterogenous village chicken production systems, giving an indication of potential candidate
genes for adaptation and robustness. Transcriptome sequencing and gene expression analysis
were used to investigate genes conferring resistance to colonization of chicken intestines by
Campylobacter jejuni [72]. A study of gene expression profiles reported differentially expressed
genes in chicken intestines infected with Ascaridia galli [73]. With the chicken genome and other
functional genomic tools available, generated transcripts can easily be aligned to the chicken
genome and other transcripts of reference chickens to assess the gene expression profile under
different conditions.

8. Genomic tools in village chicken breed improvement programs

Selection and breeding are among the key forces moulding village chickens’ genomic archi-
tecture and regulating their genetic diversity. Although a majority of chickens found in most
smallholder production systems are uncharacterized and regarded as unimproved, farmers
have indicated preferences for certain phenotypes that they select for in hens and cocks for
breeding [9, 74]. However, these traditional breeding activities are conducted in the absence
of pedigree records, without collecting performance data and lacking institutional support
thereby creating a false impression that no selection and breeding programs for village chicken
populations are available. Before the advent of genomics, it has thus been difficult to assess
the impact of any selection and breeding in village chickens.

The nature of village chicken production makes selection and breeding challenging. The
chickens are raised communally with a lot of sharing of breeding stock between households
within communities. Mating is indiscriminate and left to chances of breeding stock mixing
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during scavenging in the communal spaces. Due to limited resources and extension support,
farmers tend to keep breeding stock for longer periods resulting in overlapping generations.
In other systems, farmers have access to exotic breeds adding another dimension to genetic
improvement through crossbreeding. However, all these factors present challenges for having
organized breeding strategies for village chickens of setting up breed improvement programs
for village chickens.

Genomics can provide valuable information to facilitate selection of animals in breeding
programs. Genomics can be used to reconcile pedigree and define breeding population
boundaries. Genomics, bioinformatics and statistics are also finding application in identifying
loci and regions in the genome that are adapted to specific environments. When breed
improvement programs are implemented, genomics can be used to monitor genetic progress
and the direction thereof.

Community based breeding programs (CBBPs) refer to approaches of improving livestock
genetics through incorporating farmer participation into selection and breeding processes,
from inception through to implementation. Under circumstances where livestock keepers
already rear mixed flocks of livestock together such as in communal grazing systems, the
implementation of community-based breeding programs is appropriate [75, 76]. This would
be beneficial through shared production capital (animal genotypes, grazing land etc.) and
pooling of resources and services (veterinary, feeding and marketing) thereby enabling joint
processes of making decisions. Key to community based breeding strategies is the considera-
tion of farmers’ views, needs and decisions, and to encourage active participation throughout
the life-cycle of the program.

Genomics plays a crucial role in complementing CBBPs through provision of information that
would otherwise be out of reach in the marginalized and low-input production systems.
Genomics also provides information on the genetic architecture of populations, which is a
requisite step in setting up selection programs. Genomics overcomes the challenge of missing
pedigree and breed relations information which is a characteristic of most communal produc-
tion systems where records are not kept as is seen in smallholder village chicken production
systems. Numerous case studies exist of CBBPs combining with genomics technologies
successfully. CBBPs have proven to be highly successful in Kenya, Bolivia, Ethiopia, Mexico
and Peru. In these case studies, the productivity and profitability of indigenous breeds
increased in the CBBPs without undermining the resilience and genetic integrity of the
populations and potentially reducing genetic diversity. Although no reports of CBBPs are
available for chickens to our knowledge, there is potential for combining genomics and CBBPs
for the improvement of village chicken populations predominantly raised extensively as large
interbreeding flocks in shared environments.

9. Conclusion

Village chicken populations are a source of unique and adapted genotypes that are robust
enough to survive in harsh environmental conditions with minimum human interventions.
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High throughput next generation sequencing and genotyping tools coupled with advances in
statistical genomics are now allowing a comprehensive assessment of the adaptive genetic
diversity in livestock species. Analyses of transcriptomes and whole genome sequences and
SNP genotypes are tools that can be used to reveal the genetic composition of village chicken
populations. Studies have opened doors to analyses of CNVs, ROH and use other bioinfor-
matics and statistical tools such as linkage disequilibrium, comparative genomic analysis and
transcriptome profiling to get a deeper insight on evolution of village chicken genomes to adapt
to their environments.

Selection and breeding of village chickens is challenged by absence of pedigree and perform-
ance data to identify superior animals for use in the next generation. Genomic tools could be
the panacea allowing selecting and breeding of chickens outside conventional breed improve-
ment frameworks. In combination with strategies such as CBBPs, there are potential benefits
of integrating genomics in the characterization and utilization of the genetic diversity the
village chicken populations embody.
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