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Preface

One of the biggest challenges of animal agriculture in the twenty-first century is how 
to supply the Earth’s growing population with high-quality, healthy, and safe food 
of animal origin. Nowadays, it is also a legitimate requirement that the animal origin 
foodstuffs be produced in a sustainable manner. To solve this task, many questions 
need to be clarified, but one of the most important is how we can further improve the 
biological, technological, and economic efficiency of animal nutrition.

One possible way to improve biological efficiency is the professional use of feed 
additives, which include the latest biological, biochemical, and physiological knowl-
edge and the use of state-of-the-art laboratory analytical methods. This book focuses 
on some newer aspects of the various feed additives (vitamins, enzymes, acidifiers, 
and various plant feed additives) in poultry, pig, and ruminant nutrition. A further 
aim is to demonstrate the new trends in vitamin nutrition and the relationship among 
the metabolic disease and production level and the application of plant feed additives 
in broiler nutrition. Furthermore, the book also shows the use of molecular spectros-
copy when an enzyme is added to the ruminant diets and how to mitigate ruminant 
methane emission with phytochemicals (plant feed additives).

This book is recommended for scientists, graduate students, and those working in 
animal agriculture. We hope that readers will find useful information in this book for 
their daily work or studies. If this is so, then our efforts were not in vain.

I would like to thank all the chapter authors for their excellent contributions. I’m 
also grateful to the staff at IntechOpen, particularly Publishing Process Manager 
Karmen Daleta and Commissioning Editor Lucija Tomicic-Dromgool.

Dr. László Babinszky
Professor,

Faculty of Agricultural and Food Sciences and Environmental Management,
Department of Animal Nutrition and Physiology,

University of Debrecen,
Debrecen, Hungary

Department of Farm Animal Nutrition,
Institute of Physiology and Nutrition,

Hungarian University of Agriculture and Life Science,
Kaposvár Campus,
Kaposvár, Hungary





1

Chapter 1

Introductory Chapter: 
Requirements for Feed Additives  
in the Twenty-First Century
László Babinszky

1. Introduction

1.1 Definition and classification of feed additives

Feed additives have been used by farmers since ancient times, when, for example, 
salt was added to animal feed to improve its taste. In the beginning, farmers added 
natural products such as plants, minerals, and waste products to feed [1].

Later, as technology and knowledge of physiology and biochemistry advanced, 
farmers and nutritionists used synthetic vitamins, minerals, and growth promoters as 
feed additives in animal husbandry.

Feed additives are defined in the literature in several ways. Due to limited space, 
let me present here only two examples:

According to the European Commission [2]: “Feed additives are products used 
in animal nutrition for purposes of improving the quality of feed and the quality of 
food from animal origin, or to improve the animals’ performance and health, e.g. 
providing enhanced digestibility of the feed materials. Feed additives may not be put 
on the market unless authorization has been given following a scientific evaluation 
demonstrating that the additive has no harmful effects, on human and animal health 
and on the environment.”

As defined by EFSA [3]: “Feed additives are products used in animal nutrition to 
achieve an effect on the feed itself, on the animals, on food products obtained from 
the animals consuming the feed additive, or on the environment. For instance, feed 
additives are used to enhance flavor of feed, to meet the need for certain nutrients, 
or to increase the performance of animals in good health. They are used in feed for 
food-producing animals and in pet food.”

I think that these two definitions summarize well what the term feed additive 
means. Feed additives are products that improve the digestibility and palatability 
of feed as well as the performance and health status of animals and the quality of 
animal products. The most important function of some feed additives is to reduce 
the environmental impact of animal agriculture, in such a way that the production of 
livestock does not decrease.

In addition to these, it is an important requirement that these additives cannot be 
harmful to human consumers, animal health, and the environment.
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The use of feed additives also has an important economic condition, i.e., their use 
must not increase the price of feed to such an extent that the profitability of produc-
tion is endangered.

Feed additives can be grouped in several ways. According to one of the most 
accepted classifications, there are the following feed additives [3, 4].

• Sensory additives (feed additives affecting the sensory properties of animal 
products e.g., flavors and colorants);

• Technological additives (preservatives, antioxidants, substances decreasing myco-
toxin contamination of feeds, emulsifiers, acidity regulators, silage additives, etc.);

• Zootechnical additives (immunomodulators, digestive stimulants, growth 
promoters of non-microbial origin, substances increasing performance or quality 
of animal products, etc.);

• Nutritional additives (vitamins, amino acids, trace elements, minerals, plant 
enzymes, etc.).

• Coccidiostats and histomonostats.

2. Global market of feed additives

Statistical data and various forecasts show that the feed additive market is con-
tinuously growing and this trend will also be continued in the future. Forecasts show 
that significant growth is expected in the feed additives market in the coming years, 
mainly due to the increase in demand for pigs, sheep, poultry, and aquaculture [5].

According to FMI [6], the global animal feed additive market will grow from USD 
55,842.2 million in 2024 to USD 109,184.5 million by 2034.

According to forecasts, the spread of plant-derived substances in particular will be 
significant in the coming year due to the ban on the use of certain antibiotics, harmful 
residual effects, and better cost-effectiveness [7].

This fact imposes additional tasks on feeding research and development.

3.  Laboratory and animal experiments with feed additives according to 
today’s expectations

In the past, farmers and nutritionists decided only on the basis of practical 
experience which additive to add to the feed and in which concentration. However, 
nowadays this is no longer an acceptable method.

Today, one of the biggest issues in animal nutrition is how to feed farm animals 
so that the animal product (e.g., meat, milk, eggs, etc.) is safe for the consumer 
and the environment is not further burdened during animal production. One of 
the most important questions is in this regard, how to use feed additives in animal 
nutrition.

In order to develop a safe and environmentally friendly additive, very comprehen-
sive laboratory analysis and animal experiments must be carried out.
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It is also very important to know what is/are the active substance/substances in the 
feed additive. To this end, a reliable and accurate analytical method for measuring the 
active substance must be available.

In order to develop a safe feed additive, the metabolism (pathway) of the active 
substance must also be known. Furthermore, it must be ensured that no harmful interme-
diates are produced in the animal’s body during the metabolism of the active substance.

In all cases, the applicability and effectiveness of the given feed additives must be 
verified by animal studies in accordance with international standards. The repeat-
ability of the treatment effect must also be confirmed by the results of animal experi-
ments and their statistical analysis.

It is recommended to verify the results of animal studies obtained at the research 
site/development site and also in the practice (on the farm).

In addition to laboratory and animal experiments, it is very important that the 
feed additive can be homogeneously mixed into the compound feed. If the homogene-
ity value is adequate, we can be more or less certain that the daily feed additive intake 
of the animals is close to the planned value. It should be noted, that the homogeneity 
and absorption of the active substance can be favorably improved by the various 
nanotechnological processes available today.

The homogenization of the active substance in the compound feeds can be ensured 
by various technological procedures, including the application of nanotechnology.

A very important additional requirement is that, during mixing feed additive into 
compound feed, the active substance of the additive is not damaged during various 
physical treatments.

Summarizing the above, different feed additives can only be used in animal 
nutrition if:

• a suitable laboratory method is available to measure the concentration of the 
active substance in the feed additive and in the compound feed;

• the pathway of the active substance in the animal metabolism is known;

• the feed additive can be accurately and homogeneously mixed into the  
compound feed;

• the positive effect of the additives has been proven by animal experiments;

• the use of the feed additive is also justified from an economic point of view;

• the feed additive is demonstrably safe for both animals and the consumers.

4. The aim of the book

This book focuses on some newer aspects of the various feed additives (vitamins, 
enzymes, acidifiers, and various plant feed additives) in poultry, pig, and ruminant 
nutrition.

A further aim is to demonstrate the new trends in vitamin nutrition and the rela-
tionship among the metabolic disease and production level and application of plant 
feed additives in broiler nutrition.
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Furthermore, the book also shows the use of molecular spectroscopy, when 
enzyme is added to the ruminant diets and how to mitigate ruminant methane emis-
sion with phytochemicals (plant feed additives).

This book is recommended for scientists, graduate students, and those working in 
the animal agriculture.

We do hope that readers will find useful information in this book for their daily 
work or studies.

If this is so, then our efforts were not in vain.
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Chapter 2

Vitamin Supplementation in  
Broiler Feeds and U.S. Survey  
on Fortification Rates
Nelson E. Ward

Abstract

This chapter covers a short review of the vitamin discovery period, followed by a 
discussion of the vitamins as nutritional supplements for poultry diets. These organic 
molecules perform within a complex metabolic system, and function in catalytic, 
developmental, and protective roles. Research in recent years suggests vitamins also 
play a pivotal role in the intestinal microbiome and “gut health” and may have direct 
effects on the establishment of a more desirable microbial population. Rapid changes 
in poultry genetics requires modifications in fortification rates, especially when less 
feed is required to attain these improvements. A survey on the vitamin fortification 
rates of broiler feeds in the U.S. is also included for discussion and comparison with 
a similar 1993 survey and the National Research Council. Some vitamins showed a 
wider disparity in fortification levels than others.

Keywords: vitamin, broilers, laying hens, turkeys, feed additives

1. Introduction

Vitamins play a decisive role in the nutrition and health of all animals, includ-
ing poultry. The requirements for vitamins and nutrients in general by poultry are 
affected variably by progressive genetics, disease, levels of production, and produc-
tion systems. Production within an indoors environment places greater scrutiny on 
vitamin fortification levels in formulated feeds.

Many factors influence vitamin content of feed ingredients [1]. Whereas the level, 
stability, and bioavailability of vitamins in ingredients are highly variable and too low 
to meet requirements, commercial forms of vitamins offer greater stability, efficacy, 
and accuracy in dietary supplementation rates. Bioavailability and mixing character-
istics can be maximized in synthetic forms that can be added to feeds in very small 
amounts (micrograms per tonne feed in some cases). Today, 12 individual vitamins 
are typically added to poultry feeds which provides nutritionists the opportunity to 
supplement each according to target.

As research reveals new information on the benefits of vitamin supplementa-
tion, this can impact vitamin fortification objectives. Studies on the effect of niacin 
on body phosphorus accumulation [2], or on the effect of the fat-soluble vitamins 
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on carcass and meat quality [3], rooster fertility [4], and disease resistance [5], for 
example, can influence fortification rates in commercial feeds.

In 2017–2018, an unprecedented shortage in global vitamin supplies forced many 
nutritionists to scrutinize fortification guidelines as a means to control spiking costs 
and scarce supplies, a practice that most likely has affected today’s fortification rates.

2. Brief perspective of the golden age of vitamins

The history of vitamin research and discovery is certainly some of the more remark-
able in science. The twentieth century highlights the period during which the vitamins 
were first officially recognized as being essential in nutrition [6, 7]. Leading up to the early 
1900s, scientists were cognizant of the fact that a diet composed of carbohydrate, fat, 
protein, and salts was incapable of preventing certain disease-like maladies. In a speech 
known as the “vitamin theory”, Hopkins in 1906 noted that something in “astonishingly 
small amounts” was needed in animal diets beyond these basic dietary components [8].

Later, in 1912, Casimir Funk coined these yet-to-be-identified constituents as 
“vitamines” for “vital amines”, a term changed to “vitamins” in recognition that these 
were not all amines [8]. Names such as Eijkman, Funk, Stepp, and Hopkins—and 
many more—are popular references to the early investigations and observations that 
laid the foundation in “vitamin science” of the 1930s and 1940s—a period considered 
as the ‘Golden Age of Vitamins’ [7, 8]. The discovery of 13 vitamin groups covers only a 
few decades, starting with the first vitamin in 1913 (“factor A” that was later renamed 
vitamin A) and culminating in 1948 when vitamin B12 was isolated and defined.

Yet, in his exhaustive review, McDowell [7] points out that some of the vitamin 
related maladies were recorded in Chinese literature as far back as 2600 B.C. That 
components of some foods and plants could cure many of these illnesses—broth of 
pine needles or juice of citrus fruits to cure scurvy, for example—was subtle acknowl-
edgment that a basic diet lacked some nutritional but essential aspect. “Diseases” such 
as blindness, beriberi, scurvy, pellagra, and rickets went unrecognized as nutritional 
deficiencies by the earliest chemists, physiologists, and researchers. By 1900, only two 
or three of these were officially recognized to be associated with the diet.

In all, 17 vitamin-related Nobel Prizes were awarded from 1928 to 1967 on the 
discovery, isolation, synthesis, and structure of the vitamins [9]. In most cases, once 
the structure of the vitamin was chemically elucidated, the first synthesis was accom-
plished soon afterwards [10].

Today, economically important vitamin production occurs by chemical means, 
fermentation, or through the extraction from natural sources. Over the years, 
significant improvements in the stabilization and commercial product formulation 
were established in human and animal vitamin product forms. Advancements in the 
industrial production of vitamins makes possible the supplementation of vitamins of 
commercial animal diets in agriculture [1, 11]. The market size of the global vitamin 
supplement business was valued at USD 44.12 billion in 2020 and is expected to 
expand at a compound annual growth rate of 6.2% from 2021 to 2028 (https://www.
grandviewresearch.com/industry-analysis/vitamin-supplements-market-report).

3. The vitamins

Vitamins comprise a group of organic compounds distinct from fats, carbohy-
drates, and proteins. They are considered to be (1) organic, (2) natural components of 
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foods in minute amounts, (3) essential for normal physiological function, (4) associ-
ated with distinct deficiency symptoms when absent, and (5) insufficiently produced 
by the host [6]. Today, we recognize 13 different vitamins that meet these standards, 
of which 12 are routinely supplemented to commercial poultry feeds.

These molecules perform within a complex metabolic system, and function 
in catalytic, developmental, and protective roles (Table 1). As such, vitamins are 
essential for growth, development, maintenance, and reproduction, and mediate in 
synthetic and degradative processes and participate in catalytic functions. As opposed 
to macro ingredients in animal feeds, vitamins are required in comparatively small 
amounts to satisfy requirements, thus are considered micro ingredients in the realm 
of commercial feed additives. Depending on the animal species, some vitamins are 
produced in the body (for example, niacin from tryptophan; choline from methio-
nine; vitamin D3 from 7-dehydrochlesterol via ultraviolet light; ascorbic acid by most 
animals, including poultry), albeit at levels insufficient to meet demand for metabolic 
purposes. Survival depends on the presence of vitamins.

4. Vitamins are not a chemical class

Unlike other chemical classes such as the alcohols or aldehydes, the term ‘vitamin’ 
does not refer to a class of chemicals with similar structures or functions. Individual 
vitamins vary significantly in chemical structure (Figure 1) but are categorized in 
two groups based on solubility: fat-soluble and water-soluble. The four fat-soluble 
vitamins include vitamins A, D3, E and K, while the nine water-soluble vitamins com-
prise thiamin, niacin, riboflavin, pyridoxine, pantothenic acid, vitamin B12, folic acid, 
biotin, and ascorbic acid (vitamin C). Generally, the fat-soluble vitamins are more 

Vitamin Solubility Primary functions

Vitamin A Fat Vision, reproduction, membranes, bone development, hatchability, ataxia 
and weakness, ruffled feathers

Vitamin D3 Fat Bone development (P, Ca absorption), immune function

Vitamin E Fat Antioxidant, cell membrane integrity, immune function, reduced platelet 
aggregation (blood clotting)

Vitamin K Fat Blood clotting, bone mineralization

Thiamin Water Energy production, and carbohydrate, fat and protein metabolism, nerve 
function

Riboflavin Water Energy production, and carbohydrate, fat and protein metabolism

Niacin Water Energy production, and carbohydrate, fat and protein metabolism

Pyridoxine Water Energy production, and carbohydrate, fat and protein metabolism

Pantothenate Water Energy metabolism

Biotin Water Carbohydrate, fat and protein metabolism, glucose metabolism

Folic acid Water Amino acid & energy metabolism, protein synthesis, immunity

Vitamin B12 Water Related to methionine, choline and folacin metabolism, and fat and 
carbohydrate metabolism

Table 1. 
Twelve vitamins commonly added to poultry feeds and their primary functions.
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aligned with cell membrane components, whereas the water-soluble vitamins often 
function as carriers of several biochemical groups or act as coenzymes in metabolic 
reactions [12], albeit some exceptions do occur. Each vitamin is distinct in function 
and elicits different deficiency symptoms when absent or insufficient.

Fat-soluble Vitamins. These vitamins are primarily aliphatic and aromatic in 
nature and are absorbed in a manner similar to fats and oils. Being hydrophobic, 
they require emulsification in the upper intestinal tract of poultry through gizzard 
action and intestinal churning. Mixed micelles—a combination of free fatty acids, 
monoglycerides, and bile acids—deliver the fat-soluble vitamins to the microvilli 
surface for uptake into the portal circulation of poultry. For some animal species, 
regional intestinal differences generally exist for absorption: proximal for vitamin 
A, medial for vitamin D3, and distal for vitamins E and K [13]. For poultry, the 
form of the vitamin can affect absorption site. Combs and McClung [6] note that 
vitamin D3 absorption rate is fastest proximally, but owing to a longer feed transit 
time, the greatest amount probably occurs distally. Competition for absorption 
exists among the fat-soluble vitamins [13], which probably extends to the rate 
of accumulation for fat-soluble vitamins in eggs [14]. The magnitude to which 
interactions occur among the fat-soluble vitamins is impacted by supplementation 
levels in the feed [15].

Water-soluble Vitamins. Absorption is influenced by molecular weight, ionization 
status, and whether the vitamin is present as a weak acid or base [6, 12]. Intestinal 
uptake is favored by a small molecular structure and a weak ionic character. While 
niacin (niacinamide), pyridoxine, biotin and vitamin C are readily taken up, absorp-
tion of thiamin and B12 face greater difficulty. Thiamin, B12, folic, and vitamin C are 
absorbed by a carrier-mediated mechanism, but as levels in the feed increase, simple 
diffusion plays a greater role [12]. Less is known about potential competition among 
water-soluble vitamins. These vitamins are somewhat unique from their fat-soluble 

Figure 1. 
The structure of vitamins varies considerably (www.compoundchem.com).
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counterparts in that their many interactions with one another in metabolism can 
make it difficult to determine some of the individual vitamin requirements.

Once absorbed, the vitamins function in five basic roles in metabolism, as noted 
by Combs and McClung [6], and these include antioxidants, gene transcription, elec-
tron donors and acceptors, hormones, and coenzymes. Respective chemical reactivity 
and tissue distribution come into play for the completion of these roles.

Vitamins are generally considered nontoxic. Minimal body storage occurs among 
the water-soluble vitamins. Whereas fat-soluble vitamins are generally stored in the 
liver and other tissues, vitamin K appears to be rapidly metabolized and excreted. 
Factors such as age, duration of feeding, and form of the vitamin can affect tolerance 
to high levels. For example, hypervitaminosis is less likely with the vitamin D2 as 
opposed to the more potent vitamin D3 in poultry [16]. Dietary calcium and phospho-
rus can also influence the tolerance to vitamin D. Furthermore, laying hens may be 
more tolerant to high levels of vitamins as opposed to broilers. While 2800 IU vitamin 
D3/kg fed for more than 60 days is listed as upper limit for chickens [16], a level of 
102,200 IU D3/kg triggered no adverse symptoms for laying hens over a 40-week 
period [17]. In part, the higher tolerance presumably is associated with the transfer of 
excess vitamin D3 from the body to eggs, thus avoiding build-up in the body. Combs 
and McClung [6] categorize vitamins in four groups of toxic potential –

• Greatest potential—vitamin A, vitamin D3

• Moderate potential—niacin/niacinamide

• Low potential—vitamin E, vitamin C, thiamin, riboflavin, pyridoxine

• Negligible potential—vitamin K (menadione), pantothenic acid, biotin, folic 
acid, vitamin B12

5. Commercial vitamin forms

Moisture, heat, pelleting, oxidation, and reduction reactions can undermine 
vitamin survivability in feeds. These stresses are often associated with pelleted, 
expanded, or extruded feeds, as well as minerals in the feeds, or premixes with other 
additives that are hygroscopic in character. In addition, the level and bioavailability 
of vitamins that naturally occur in ingredients can vary considerably [1]. Agronomic 
factors influence vitamin content, as does plant maturity and harvest conditions, 
and the stability of naturally occurring vitamins seldom holds up to the rigors of feed 
processing. As such, many fail to meet standard requirements for poultry without 
supplementation from other sources.

Commercial product forms of vitamins are formulated to buffer these challenges 
that can adversely influence the amount the animal eventually consumes in the feed. 
Since vitamins vary widely in their chemical structure, the type of formulation and 
final product form for each can differ. In the end, the goal is to develop commercial 
vitamins to optimize handling, mixability, stability, and bioavailability. Some of the 
more common formulations include beadlet formation, spray drying, adsorption, 
crystalline powder, or coated powder in the final formulation.

Improvements usually encompass chemical or physical modifications (Table 2). 
Chemical modification of vitamin A, E and C, can stabilize the reactive hydroxyl 
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groups through esterification. Antioxidants may also be included for added protec-
tion against reactions that are prone to occur in the presence of other factors such as 
moisture and some minerals. Physical protection is applied in various formulations 
to develop a barrier to protect against oxygen, moisture, or light. Differences exist 
across manufacturers and formulation technologies due to patents and proprietary 
techniques, hence, not all will equally protect against degradation.

The protection of the vitamin A molecule is a good example of chemical and physical 
technologies being utilized for one vitamin. Once chemically stabilized through esterifica-
tion, further improvements are made by cross-linking with gelatin in a ‘beadlet’. Fructose 
and glycerine enhance the process to ensure protection against moisture and heat during 
feed manufacture. The protein-based coating can be hydrolyzed by low pH and intestinal 
proteases, thus releasing the vitamin A for absorption once consumed by the animal.

In addition to beadlet formation, improvements can also be made through encap-
sulation, adsorption and spray drying. Some vitamins are inherently stable, such 
as niacin or biotin, and require minimal formulation changes beyond grinding and 
sifting to improve particle size and particle distribution while reducing dustiness 
in the final form. Liquid or emulsified vitamins have some application but are not 
a common product form. For example, the liquid application to pelleted feeds may 
experience fewer losses via the pelleting process, which may allow nutritionists to 
finetune fortification rates. In addition, some costs-savings may occur by avoiding the 
costs to develop beadlets or product forms for improved stability.

6. Guidelines: Vitamin fortification in commercial feeds

Commercial vitamin supplementation rates of poultry feeds are provided by 
several sources, ranging from formal guidelines and university research to standards 

Vitamin Formulation Purpose

Vitamin A Ester in a cross-linked beadlet Stability, solubility

Vitamin D3 Spray dry (SD), beadlet Stability, uniformity

Vitamin E Acetate ester, SD or granular Flow, reduced dustiness

Vitamin K/menadione Crystalline powder Flow, handling

Thiamin Coarse granular Stability

Riboflavin SD granular Flow, handling

Pyridoxine Fine granular crystals Stability, mixing

Vitamin B12 Crystalline w/carrier Distribution

Niacin Crystalline Flow, reduced dustiness

Niacinamide Crystalline Flow, reduced dustiness

Ca-pantothenate SD Flow, reduced dustiness

Biotin SD Distribution, handling

Folic acid SD Flow, stability, mixing

Vitamin C P esterification, ethyl cellulose coat Stability

Table 2. 
Formulated changes in vitamins to improve function for commercial purposes.
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developed in field trials in commercial production. Guidelines or recommendations 
for vitamins are usually in addition to levels already present naturally in the ingredi-
ents being fed. Vitamins that occur in ingredients vary widely in bioavailability, as 
well as stability during pelleting of feeds.

The National Research Council (NRC) Nutrient Requirements for Poultry is 
considered one of several formal standards for the requirement of nutrients. Twelve 
vitamins are listed at levels summarized from research studies from published results 
of nutritional research (Table 3) [18]. Besides being quite dated, the most recent 
NRC [18]—and similar guidelines from other sources—excludes consideration for 
margins of safety to account for various factors that could influence vitamin require-
ments. Considerations for other factors—vitamin form, inadequate mixing, poor 
storage conditions, malabsorption issues, genetic change, lower feed intake, and 
stress status—are not considered, yet these factors can impact the supplemental levels 
necessary to attain optimal performance and production in commercial practice.

To this end, Applegate and Angel [19] note that “our perception and definition of 
a nutrient requirement has changed from first being a requirement, as a percent of 
a diet, to preventing a nutrient deficiency, to now being a requirement to optimize 
growth or egg production response per unit of nutrient intake.” Supplementation 
rates for nutrients as a feed additive can be adjusted to any particular goal: rapid 
growth (for example, the greatest body weight within a given time period) or optimal 
growth (where the conversion of feed to body weight gain becomes the primary goal), 
or to achieve the lowest cost per unit of feed or lowest cost per unit of meat produced. 
Economics play a dominant role in research objectives to define the requirement of 
vitamins in many cases.

The rapid change in broiler genetics is generally the most influential factor that 
affects long-term fortification levels. Broiler growth rates have improved 3–4% annu-
ally with less feed being consumed/unit live gain [20]. To this end, the feed conver-
sion ratio (FCR) improved nearly 1.5% annually over the past 10 years [21]. Patricio 
et al. [22] presented calculations to show that 20% less feed was required to attain the 

Units/MT feed* Starter Grower Finisher

Vitamin A, MIU 1.5 1.5 1.5

Vitamin D3, MIU 0.2 0.2 0.2

Vitamin E, TIU 10 10 10

Vitamin K, G 0.5 0.5 0.5

Niacin, G 27 27 11

Thiamin, G 1.8 1.8 1.8

Riboflavin, G 3.6 3.6 3.6

Pyridoxine, G 3 3 2.5

Pantothenic, G 10 10 10

Vitamin B12, MG 9 9 9

Folic, MG 550 550 250

Biotin, MG 150 150 100

*MIU = million international units; TIU = thousand international units; G = grams; MG = milligrams.

Table 3. 
Vitamin recommendations [18] for broilers.
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same body weight in broilers over the span of nearly 20 years. Alternatively, the time 
required to attain a 2.31 kg slaughter weight has declined from 52 days 1995 to 40 days 
today [21]. Modern-day caged layers are considered “long life” layers, based on the 
production of 500 eggs in 100 weeks [23]. If dietary vitamin levels were held steady, 
for example, vitamin intake declines per unit feed intake while the requirement is 
increased for vitamins and other nutrients because of the higher production. So, 
founded simply on improvements in the bird’s ability to produce more with less feed, 
micro-nutrients such as vitamins require adjustments to offset a reduced feed intake.

Sources for vitamin fortification guidelines are offered by organizations other 
than the NRC. Genetic companies for poultry periodically conduct research to 
determine the most optimal nutrient levels for their genetic base, and this includes 
vitamins [24, 25]. Likewise, commercial vitamin suppliers present recommendations 
for vitamin supplementation rates [1, 26]. The Optimum Vitamin Nutrition®, for 
example, proactively considers commercial stresses and conditions that influence 
vitamin supplementation of poultry feeds [1, 26]. This concept targets the health and 
productivity of poultry over a range of vitamin supplementation levels, as noted in 
Figure 2 (taken from [1, 26]). In this approach, average animal response refers to the 
animal response in terms of productivity: feed conversion, growth rate, etc., as a con-
sequence of vitamin consumption. Total vitamin intake considers amount of vitamin 
provided in the diet from all sources and considers the bioavailability of that vitamin 
in feedstuffs. Deficient refers to a deficiency status relative to recommendations by 
the NRC and other similar sources. Sub-optimum vitamin intake results in subpar 
health and productivity and prevents clinical deficiencies, whereas OVN intended 
to compensate for factors that can negatively impact animal health, well-being, and 
productivity. While it is difficult to account for all factors that affect animal perfor-
mance, this program considers many prominent factors that could influence vitamin 
supplementation.

There is no shortage of evidence that targeted vitamin fortification can be ben-
eficial. Luo et al. [27] highlight the benefits of higher vitamin supplementation for 
broilers exposed to coccidiosis under commercial conditions, in part, because of lower 
digestibility by diseased birds. In addition, folic acid at a level roughly 10-fold higher 

Figure 2. 
Optimum vitamin nutrition concept over the range of deficiency to special applications.
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than average fortification rates in the U.S. increased gene expression for more muscle 
accretion in broilers [28]. On the other hand, more breast meat (P. major) accumulation 
occurred with 25-OH D3 in ovo injections [29], which is consistent with an improved 
mitotic satellite cell formation and breast muscle yield in broilers fed 25-OH D3 [30]. 
Higher fortification is required to enhance egg levels of some vitamins for human con-
sumption such as vitamin D3 [17, 31] and folic acid [32]. So, in effect, vitamin fortifica-
tion strategies or “requirements” are modified, depending on an improved return on 
investment, or to take advantage of effects in meat or eggs, or other endpoints [33].

7. Vitamins and intestinal microflora

Studies have illuminated an important relationship between vitamin fortification 
of feeds and intestinal microflora in mammalian species [34]. This also holds true for 
poultry, as noted by a number of recent studies that establish an important role for 
vitamins in the maintenance and promotion of a desirable microbiome.

In one of the first investigations [27], the diversity of the cecal bacteria was com-
pared between vitamin-supplemented broilers at NRC [18] levels versus a non-sup-
plemented group in which both groups were fed diets tethered to corn and soybean 
meal. With vitamin supplementation, the diversity of the microbiome was increased 
(P < 0.0001) with Clostridium being the most dominant genus of all species after a 
28-day test period, whereas Faecalibacterium was second most abundant in those same 
birds. Escherichia/Shigella were found only in broilers without added vitamins in the 
feed, while Lactobacillus was present in those fed vitamins. This work indicated that 
vitamin supplementation encouraged the presence of advantageous bacteria, whereas 
the vitamin content supplied only by feed ingredients resulted in a microflora being 
notably less desirable. In similar work, aged layers benefited with an increased 
abundance of advantageous ileal and cecal bacteria, along with an improved laying 
rate and egg quality, when supplemented with a 2-fold higher vitamin level [35]. This 
work was tethered to the hypothesis that modern laying hen genetics require vitamin 
levels over and beyond today’s standards.

Although it is unclear in these studies which vitamins may have had the biggest 
impact, recent work with laying hens focused only on vitamin D3. Laying hens fed 
a vitamin D3-deficient diet were particularly susceptible to Salmonella enterica and 
gut mucosal damage [36]. Populations of less favorable intestinal bacteria such as 
Escherichia, Enterobacteriaceae, and Clostridia were elevated in vitamin D3-deprived 
hens, whereas Lactobacillus and Bacilli and other desirable bacteria became more 
predominant when vitamin D3 was supplemented (3000 IU/kg). Hens that were 
vitamin D3-deficient experienced mucosal injury and extensive intestinal inflamma-
tory response, leading the investigators to suggest that vitamin D3 could be an impor-
tant nutritional strategy to defend against Salmonella infection. More investigation is 
needed to understand the optimal vitamin D3 level for this purpose.

In related work, dietary 25-OH vitamin D3 (HyD®; 69 μg/kg) in laying hens at 
high stocking density elevated bacterial diversity and improved intestinal function 
[37]. Villus height was significantly increased with 25-OH D3 supplementation, as was 
oxidative capacity. In earlier work, high stocking density elevated blood corticoste-
rone (an indicator of higher stress) and decreased the activities of several antioxidant 
enzymes [38]. Li et al. [39] reported that 25-OH D3 improved some oxidant enzyme 
activities in the small intestine of hens maintained in higher density populations, 
which implies that the antioxidant effect of 25-OH D3 might be indirectly improving 
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morphologic features of the intestinal tract. In addition, the microbiota composition 
was improved with 25-OH vitamin D3 which included typical vitamin D3 supplemen-
tation levels, suggesting that 25-OH D3 itself may be important to maintain morpho-
logic and microbiome status.

Broilers challenged with Salmonella enteritis also benefited from vitamin C at 
500 mg/kg with a reduction in damage to villus structure [40]. Vitamin C supple-
mentation expanded cecal microbial diversity, such as the Firmicutes to Bacteroides 
ratio on days 21 and 35. Under heat stress conditions, cecal Lachnospiraceae and 
Ruminococcacaea populations were elevated when broilers were supplemented with 
vitamin E at 250 IU/kg (about 5-fold higher than commercial average), along with an 
organic Se complex [41]. Both cecal species are important butyrate producers from 
nonstarch polysaccharides and resistant starch.

As one of the essential nutritional groups, that vitamins can impact intestinal 
microflora and morphology is not particularly unexpected when considering bacteria 
also have requirements for certain vitamins and other nutrients. Certainly, these 
studies offer encouragement that vitamin fortification may include a consideration to 
account for a healthy and beneficial intestinal microbiome.

8. Egg deposition of vitamins

Partitioning of nutrients by the laying hen generally favors the egg over body 
tissue. For vitamin E, the yolk is considered the favored tissue for deposition, fol-
lowed by liver, adipose tissue, dark meat, and white meat [42]. Similarly, the yolk 
preferentially accumulates folate, as compared to other tissues [43]. The lipid-rich 
yolk is an important reservoir for the fat-soluble vitamins, as well as for most of their 
water-soluble counterparts. The exception here appears to be biotin which is found in 
higher concentrations in the egg albumen [44].

Vitamin Potential 
increase

Comments

Vitamin A 2–3-fold Includes retinol, retinyl esters, and retinal but compiled in yolk mainly as retinol

Vitamin D3 6–10-fold Some work demonstrated a much higher accretion in eggs

25-OH D3 3–4-fold

Vitamin E 4–5-fold Considerable variation because of influence of other fat-soluble vitamins

Vitamin K 2–5-fold Research is limited

Niacin 2–3-fold U.S. requires niacin fortification to some grain products for human consumption

Thiamin ≈2-fold Limited data base

Riboflavin 2–3-fold Refractory to accretion at high feed levels

Pyridoxine 2–3-fold Limited data base

Pantothenic 2–3-fold Plateaus quickly

Vitamin B12 3–4-fold Good response but high feed level needed

Folic acid 2–3-fold Corn-based feeds may favor higher accretion in yolk

Biotin 3–5-fold Dietary excess largely goes into albumen

Table 4. 
General guideline for egg accumulation of vitamins [14].
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Of the commonly accepted vitamins, all but vitamin C are present in the egg. 
Studies have established a direct link between vitamin levels in the feed consumed 
and the vitamin concentration of eggs of the hen [45]. Upon absorption, vitamins are 
delivered to the egg by one of several transport systems that go against a blood/egg 
concentration gradient. For example, biotin concentration in the egg is about 20-fold 
higher than in plasma, thus a receptor-mediated transport system works to go from 
low-to-high gradient [44]. The concentration gradient difference for riboflavin is 
nearly 7-fold [46], while folate in the yolk was 43-fold higher than in plasma [43].

Yet, owing to the chemical complexity of vitamins, and the absorption and body 
storage characteristics, as well as the biological variation inherent in hens, the feed-
to-egg transfer occurs with a considerable range in efficiency across the vitamins. 
Whereas vitamin D3 can be elevated to high levels in the egg through higher supple-
mentation rates [17], other vitamins such as folate are deposited at a much lower rate 
(Table 4) [14]. Various factors such as dietary level, effect of other vitamins and 
nutrients, period of feeding high vitamin levels, and age of bird can influence the 
degree to which vitamins accumulate in egg yolk and/or albumen.

9. Commercial broiler vitamin survey

An assessment of vitamin levels used in commercial broiler feeds in the U.S. was 
recently completed [11], which was conducted in a manner similarly as an earlier 
study [47]. Supplementation rates were categorized according to feed phase and 
all vitamins are reported on a pure vitamin level to avoid any bias by differences 
in product form. Categories included the following: starter (≈day 1–14); grower 1/
Grower 2 (≈day 15–28); finisher (≈day 28–36); withdrawal (WD; ≈day >36); Breeder. 
Commercial nutritionists provided their addition rates for vitamin premixes which 
allowed for an accurate calculation for each vitamin per metric ton (MT) of feed. 
Over 90% of the broiler production for the U.S. was accounted for in this manner.

Poultry feeds are commonly supplemented with vitamins through a vitamin pre-
mix that includes fat- and water-soluble synthetic vitamins. In some cases, the same 
vitamin premix was used across all broiler feeds, or multiple premixes may be fed over 
the production period. A vitamin premix is typically composed of four fundamental 
components: vitamins, calcium carbonate (densifier), rice hulls or wheat midds (car-
rier), and 1–2% oil (to reduce dustiness; adhere vitamins to the carrier). In this survey 
of commercial vitamin fortification levels, Figure 3 designates the actual vitamin 
premix addition rate in terms of kg/MT feed. From starter to WD, the addition rate 
declined from 0.53 to 0.34 kg/MT, or about 36%.

Figures 4 and 5 illustrate the percent of respective vitamins found in the starter 
and WD vitamin premixes. These were calculated based on each vitamin in the pure 
form in the premix. The relative changes between a young bird (starter) and a mature 
bird (WD) fortification rate are noted in these figures, while those in the grower (not 
shown) premix ranked between. Niacin, vitamin E and vitamin A were some of the 
more notable changes as a percent of the total content.

Table 5 lists the average vitamin fortification levels across starter to WD feeds, 
as well as for broiler breeder feeds. The reduction in vitamin supplementation of 
feeds from starter to WD parallels the decline in requirements as the bird approaches 
market age. From starter to finisher, most vitamins declined 20–30%, while from 
starter to WD, the reduction was greater. The greatest decline occurred with WD folic 
acid being 52% of the starter level. Several vitamins ranged from 60% to 63% of the 
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level in starter feed compared to WD, and these were vitamin A, vitamin D3, niacin, 
pantothenic acid, and vitamin B12.

The 2022 commercial starter vitamin D level was 18.6-fold higher than NRC [18], 
while vitamin A, E, and K were 6.2-, 5.1-, and 5.0-fold higher in commercial supple-
mentation rates. Differences between commercial water-soluble vitamins and NRC 
[18] were not nearly as high. Biotin, pyridoxine, pantothenic acid and thiamin dif-
ference the least, ranging from 1.2 to 1.4 higher than NRC [18]. The interrelationship 
among the water-soluble vitamins is recognized as a complicating factor when trying 
to distinguish individual requirements among that group [49, 50]. Whereas none of 
the differences between commercial and NRC for the water-soluble vitamin exceeds 
3-fold, this is not the case for the fat-soluble vitamins.

Figure 3. 
Vitamin premix addition levels to broiler and breeder feeds [11].

Figure 4. 
Broiler starter vitamin premix levels (% of the total active vitamin premix) ([48], unpublished).
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The breeder vitamin supplementation premix seldom consists of more of more than 
one premix over the entire production period (Table 5). This survey found that Breeder 
fortification was higher than typically fed in the starter feeds across all vitamins, 
presumably because of the need for optimal fertility, egg levels, and chick viability.

Noted in Table 6 are the overall average values for the starter premix when com-
pared with the average of the lowest 25% and the highest 25% of those values for each 
of the vitamins. When comparing the lowest 25% average with the highest 25%, vita-
mins E, K, and B12, along with folic acid and biotin, declined to more than 50% of the 

Figure 5. 
Broiler WD vitamin premix levels (% of the total active vitamin premix) ([48], unpublished).

Type of feed

Units/MT feed* Starter Grower Finisher Withdrawal Breeder

Vitamin A, MIU 9.29 8.25 7.00 5.73 10.58

Vitamin D3, MIU 3.73 3.42 2.89 2.35 4.30

Vitamin E, TIU 51.07 41.18 35.15 27.39 67.36

Vitamin K, G 2.52 2.35 2.03 1.50 3.42

Niacin, G 51.60 47.57 41.97 31.08 54.13

Thiamin, G 2.46 2.18 1.87 1.38 3.11

Riboflavin, G 8.49 7.62 6.69 5.15 11.14

Pyridoxine, G 3.57 2.69 2.76 2.12 4.74

Pantothenic, G 13.51 12.70 10.93 8.43 17.31

Vitamin B12, MG 20.56 15.84 15.77 12.57 27.23

Folic, MG 1329.7 1192.9 994.5 696.8 2046.3

Biotin, MG 180.9 131.1 142.2 100.3 267.9

*MIU = million international units; TIU = thousand international units; G = grams; MG = milligrams.

Table 5. 
Average U.S. vitamin fortification rates for broilers and breeders [11].
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highest 25%. All others declined to a lesser degree. Overall, biotin declined the most 
(from highest 25% to lowest 25%) while vitamin A declined the least. Such changes 
can be attributed to different factors, such as how much agreement there exists within 
research data for necessary fortification levels, to special effects a vitamin is perceived 
to have beyond meeting requirements for optimal bird performance.

Figure 6 illustrates the percent coefficient of variation (%CV; standard deviation 
divided by the mean times 100) by feed phase and within each vitamin category. 
The lowest %CV across vitamin fortification levels existed within the starter feeds. 
Vitamin A and riboflavin exhibited the lowest %CV, suggesting the greatest agree-
ment among nutritionists for these two vitamins and nutritional requirements. On 
the other hand, vitamin E and vitamin B12 generally were the most variable across 
all feed phases, while the remaining vitamins fell someplace within these two 
groupings.

Listed in Table 5 is a comparison of vitamin levels from the current 2022 survey 
and the 1993 survey. In comparing the former versus present, it is worthwhile to 
mention that 2017–2018 was a period of global vitamin shortages. During this period, 
many nutritionists were forced to pare back their vitamin supplementation levels in 
order that all birds received some vitamins, as opposed to some not receiving any 
supplementation. Current vitamin fortification levels have not fully recuperated to 
this point and are reflected in the 2022 vitamin summary. Even so, the pressure for 
more skeleton and body weight in a shorter time requires higher vitamin fortification 
levels [51, 52].

In reference to the 1993 versus 2022 surveys, the 2022 vitamin levels were higher, 
especially for vitamin E and biotin, being 184% and 127% of the 1993 levels. Vitamin 
A, pantothenic acid, niacin, and riboflavin showed less increase, being 5%, 12%, 13%, 
and 20% higher in 2022 than in 1993. Considering the genetic improvements since 
1993, overall increases in vitamin are not necessarily impressive, despite some nutri-
tionists curtailing levels because of shortages.

Units/MT feed* High 25% Average Low 25%

Vitamin A, MIU 10.66 9.29 8.31

Vitamin D3, MIU 4.74 3.73 2.93

Vitamin E, TIU 72.55 51.07 34.62

Vitamin K, G 3.76 2.52 1.57

Niacin, G 63.30 51.60 41.74

Thiamin, G 3.12 2.46 1.81

Riboflavin, G 9.88 8.49 7.34

Pyridoxine, G 4.55 3.57 2.58

Pantothenic, G 16.65 13.51 10.71

Vitamin B12, MG 31.63 20.56 13.02

Folic, MG 2017.64 1329.66 876.52

Biotin, MG 263.1 180.9 96.0

*MIU = million international units; TIU = thousand international units; G = grams; MG = milligrams.

Table 6. 
Comparison of high and low 25% with average U.S. vitamin fortification rates for broilers and breeders [11].
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10. Conclusion

Based on the scientific results presented in this chapter, the following conclusions 
can be drawn:

1. Vitamins consist of a class of micronutrients that are commonly supplemented to 
broiler feeds through a vitamin premix.

2. Vitamins represent an important group of nutrients with fortification guidelines 
that can be affected by stress, genetic change, and other factors.

3. In their natural form in feed ingredients, vitamins vary in levels, bioavailability, 
and stability in today’s feed manufacturing processes.

4. Through chemical and physical means, commercial forms of vitamins are vari-
ably stabilized and improved according to their inherent character to withstand 
environmental challenges.

5. Guidelines for vitamin fortification are developed by various organizations, some 
of which make allowances for a number of different factors that influence vitamin 
needs for proper growth and development and return on financial investment.

6. These micronutrients are vital for developing embryos, but not all vitamins 
are equally transferred from blood to egg, and this should be considered when 
supplementing breeder feeds.

Figure 6. 
Coefficient of variation of individual vitamin fortification rates for broilers across feed phases ([48], unpublished).
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7. Within recent years, the presence/absence and levels of vitamins have been 
shown to promote a more desirable microbiome diversity, while defending 
against Salmonella enteritis and improving overall intestinal morphology.

8. Today’s vitamin fortification levels exceed NRC [18] guidelines for the fat-solu-
ble vitamins by 5-fold or higher, whereas differences with water-soluble vitamins 
are also higher but more subdued.

9. Relative to 1993, a similar survey nearly 30 years later showed significant in-
creases for vitamin E and biotin, but less change occurred for other vitamins, 
while variability in fortification rates were the least variable in starter broiler 
feeds, and for vitamin A and riboflavin.

Author details

Nelson E. Ward
DSM Nutritional Products, North America

*Address all correspondence to: nelson-e.ward@dsm.com

© 2023 The Author(s). Licensee IntechOpen. 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. 



Vitamin Supplementation in Broiler Feeds and U.S. Survey on Fortification Rates
DOI: http://dx.doi.org/10.5772/intechopen.112863

23

References

[1] Oviedo-Rondon E, Barroeta AC, 
Cepero Briz R, Litta G, Hernandez JM. 
Optimum Vitamin Nutrition for More 
Sustainable Poultry Farming. Lings UK: 
5M Book Ltd; 2023

[2] Ren Z, Yan J, Pan C, Liu Y, Wen H, 
Yang X, et al. Supplemental nicotinamide 
dose-dependently regulates body 
phosphorus excretion via altering type 
II sodium-phosphate co-transporter 
expressions in laying hens. The Journal 
of Nutrition. 2020;150:2070-2076. 
DOI: 10.1093/jn/nxaa148

[3] Savaris V, Broch J, de Souza C, Junior N, 
de Avila A, Polese C, et al. Effects of 
vitamin A on carcass and meat quality of 
broilers. Poultry Science. 2021;100:174-
185. DOI: 10.1016/j.psj.2021.101490

[4] Shabani S, Mehri M, 
Shirmohammad F, Sharafi M. 
Enhancement of sperm quality and 
fertility-related parameters in Hubbard 
grandparent rooster fed diets 
supplemented with soybean lecithin and 
vitamin E. Poultry Science. 2021;101:1-10. 
DOI: 10.1016/j.psj.2021.101635

[5] Shojadoost B, Yitbarek A, Alizadeh M, 
Kulkarni R, Astill J, Boodhoo N, et al. 
Centennial review: effects of vitamins 
A, D, E and C on the chicken immune 
system. Poultry Science. 2021;100:1-17. 
DOI: 10.1016/j.psj.2020.12.027

[6] Combs GF, McClung JP. The Vitamins. 
6th ed. Cambridge MA: Academic Press 
with permission from Elsevier Inc.; 2022

[7] McDowell LR. Vitamins in Animal 
and Human Nutrition. Ames IA: Iowa 
State University Press; 2000

[8] Semba RD. The long road, rocky 
road to understanding vitamins. World 
Review of Nutrition and Dietetics. 
2012;104:65-105

[9] Carpenter KJ. The Nobel Prize and the 
discovery of vitamins. 2004. Available 
from: www.nobelprize.org

[10] Eggersdorfer M, Laudert D, Letinois U, 
McClymont T, Medlock J, Netscher T, 
et al. Angewandte Chemie, International 
Edition. 2012;51:12960-12990

[11] Ward NE. Broiler vitamin 
nutrition guidelines. Ark. Nutr. Conf., 
Bentonville AR. 2022

[12] Basu TK, Donaldson D. Intestinal 
absorption in health and disease: 
micronutrients. Best Practice & Research. 
Clinical Gastroenterology. 2003;17:957-979

[13] Gonclaves A, Roi S, Nowicki M, 
Dhaussy A, Huertas A, Amiot M-J, et al. 
Fat-soluble vitamin intestinal absorption: 
absorption sites in the intestine and 
interactions for absorption. Food 
Chemistry. 2015;172:155-160

[14] Ward NE. Vitamins in eggs. In: 
Hester P, editor. Egg Innovations and 
Strategies for Improvements. Cambridge 
MA: Academic Press with permission 
from Elsevier Inc.; 2017. pp. 207-218

[15] Aburto A, Britton WM. Effects 
of different levels of vitamins A and 
E on the utilization of cholecalciferol 
by broiler chickens. Poultry Science. 
1998;77:570-577

[16] Combs GF. Vitamin tolerance in 
animals. Washington, D.C: The National 
Academy of Science; 1990

[17] Yao L, Wang T, Persia M, Horst RL, 
Higgins M. Effects of vitamin 
D3-enriched diet on egg yolk vitamin D3 
content and yolk quality. Journal of Food 
Science. 2013;78:C178-C183

[18] NRC. Nutrient Requirements 
of Poultry. Ninth Revised ed. 



Feed Additives – Recent Trends in Animal Nutrition

24

Washington D.C.: National Academy 
Press; 1994

[19] Applegate T, Angel RA. Nutrient 
requirements of poultry publication: 
history and need for an update. Journal of 
Applied Poultry Research. 2014;23:567-575

[20] Zuidhof MJ, Schneider BL, Carney VL, 
Korver DR, Robinson FE. Growth, 
efficiency, and yield of commercial 
broilers from 1957, 1978, and 2005. Poultry 
Science. 2017;93:2970-2982. DOI: 10.3382/
ps.2014-04291

[21] Agri Stats, Inc. Fort Wayne IN. 2022

[22] Patricio IS, Mendes A, Ramos A, 
Pereira DF. Overview on the performance 
of Brazilian broilers (1990 to 2009). 
Brazilian Journal of Poultry Science. 
2012;14:233-304

[23] Bain MM, Nys Y, Dunn IC. Increasing 
persistency in lay and stabilizing egg 
quality in longer laying cycles. What are 
the challenges? British Poultry Science. 
2016;57:330-338

[24] Aviagen. Ross broiler nutrition 
specifications. 2022. Available from: 
https://e..aviagen.com/brands/ross/

[25] Cobb-Vantress. Cobb 500 nutrition 
and management guide. 2022. Available 
from: https://222.cob-vantress.com/
resource/product-supplements

[26] McDowell LR, Ward NE. Optimum 
vitamin nutrition for poultry. Internship 
in Poultry Production. 2008;16:27-33

[27] Luo Y, Peng H, Wright AG, 
Bai S, Ding X, Zeng Q , et al. Broilers 
fed dietary vitamins harbor higher 
diversity of cecal bacteria and higher 
ratio of Clostridium, Faecalibacterium, 
and Lactobacillus than broilers with no 
dietary vitamins revealed by 16S rRNA 
gene clone libraries. Poultry Science. 

2013;92:2358-2366. DOI: 10.3382/
ps.2012-02935

[28] Liang S, Liu X, Zhao J, Liu R, 
Huang X, Liu Y, et al. Effects of high dose 
folic acid on protein metabolism in breast 
muscle and performance of broilers. 
Poultry Science. 2022. DOI: 10.1016/j.
psj.2022.10935

[29] Fatemi SA, Alqhtani A, Elliott KEC, 
Bello A, Zhang H, Peebles ED. Effects 
of the in ovo injection of vitamin D3 
and 25-hydroxyvitamin D3 in Ross 708 
broilers subsequently fed commercial or 
calcium and phosphorus-restricted diets. 
I. Performance, carcass characteristics, 
and incidence of woody breast myopathy. 
Poultry Science. 2021. DOI: 10.1016/j.
psj.2021.101220

[30] Avila LP, Leiva SF, Abascal- 
Ponciano GA, Flees JL, Sweeney KM, 
Wilson JL, et al. Effect of combined 
maternal and post-hatch dietary 
25-hydroxycholecalciferol 
supplementation on broiler chicken 
Pectoralis major muscle growth 
characteristics and satellite cell mitotic 
activity. Journal of Animal Science. 
2022;100:1-12

[31] Ward NE. Potential vitamin D 
role explored in eggs. Feedstuffs. 1 Jun 
2009;81(22):21-22

[32] Ward NE. Folate-fortified eggs 
have niche. Feedstuffs. 14 Dec 
2009;81(51):47-49

[33] Ward NE. Vitamin requirements and 
economic responses. Multi-State Poultry 
Conf., Indianapolis IN. May 22-24. 2012

[34] Pham VT, Dold S, Rehman A, 
Bird JK, Steinert RE. Vitamins, the 
gut microbiome and gastrointestinal 
health in humans. Nutrition Research. 
2021;95:35-53



Vitamin Supplementation in Broiler Feeds and U.S. Survey on Fortification Rates
DOI: http://dx.doi.org/10.5772/intechopen.112863

25

[35] Gan L, Zhao Y, Mahmood T, 
Guo Y. Effects of dietary vitamins 
supplementation level on the production 
performance and intestinal microbiota 
of aged laying hens. Poultry Science. 
2020a;99:3594-3605. DOI: 10.1016/j.
psj.2020.04.007

[36] Guo F, Geng Y, Abbas W, Zhen W, 
Wang S, Huang Y, et al. Vitamin D3 
nutritional status affected guy health 
of Salmonella-challenged laying hens. 
Frontiers in Nutrition. 2022;9:888580

[37] Wang J, Zhang C, Zhang T, 
Yan L, Qiu L, Yin H, et al. Dietary 
25-hydroxyvitamin D improves intestinal 
health and microbiota of laying hens 
under high stocking density. Poultry 
Science. 2021;100:101132. DOI: 10.1016/j.
psj.2021.101132

[38] Wang JP, Qiu LY, Gong HJ, 
Celi P, Yan L, Dig XM, et al. Effect 
of 25-hydroxycholecalciferol 
supplementation and high stocking 
density on performance, egg quality, 
and tbia quality in laying hens. Poultry 
Science. 2020;99:2608-2615

[39] Li W, Wei F, Xu B, Sun Q , Deng W, 
Ma H, et al. Effect of stocking density 
and alpha-lipoic acid on the growth 
performance, physiological and oxidative 
stress and immune response of broilers. 
Asian-Australasian Journal of Animal 
Sciences. 2019;32:1914-1922

[40] Gan L, Fan H, Mahmood T, Guo Y. 
Dietary supplementation with vitamin 
C ameliorates the adverse effects of 
Salmonella Enteritidis-challenge in 
broilers by shaping intestinal microbiota. 
Poultry Science. 2020b;99:3663-3674. 
DOI: 10.1016/j.psj.2020.03.062

[41] Calik A, Emami N, Schyns G, 
White M, Walsh M, Romero F, et al. 
Influence of dietary vitamin E and 
selenium supplementation on broilers 

subjected to heat stress, Part II: oxidative 
stress, immune response, gut integrity, 
and intestinal microbiota. Poultry 
Science. 2022;101:101858. DOI: 10.1016/j.
psj.2022.101858

[42] Cherian G, Wolfe FW, Sim JS. 
Dietary oils with added tocopherols: 
Effects on egg or tissue tocopherols, fatty 
acids, and oxidative stability. Poultry 
Science. 1996;75:423-431

[43] Sherwood TA, Alphin RL,  
Saylor WW, White HB. Folate 
metabolism and deposition in eggs by 
laying hens. Archives of Biochemistry 
and Biophysics. 1993;307:66-72

[44] White HB, Whitehead CC. Role of 
avidin and other biotin-binding proteins 
in the deposition and distribution 
of biotin in chicken eggs. Discovery 
of a new biotin-binding protein. 
Biochemistry Journal. 1987;241:677-684

[45] Naber EC. Modifying vitamin 
composition of eggs: a review. Poultry 
Science. 1993;58:518-528

[46] White HB, Armstrong J, 
Whitehead CC. Riboflavin-binding 
protein. Concentration and fractional 
saturation in chicken eggs as a function 
of dietary riboflavin. Biochemical 
Journal. 1986;238:671-675

[47] Ward NE. Vitamin supplementation 
rates for U.S. commercial broilers, 
turkeys, and layers. Journal of Applied 
Poultry Research. 1993;2:286-296

[48] Ward NE. Vitamin survey of U.S. 
broiler industry. Unpublished. 2023

[49] Bains B. A Guide to the Application 
of Vitmains in Commercial Poultry Feed. 
Australia: Rath Design Communications; 
1999

[50] Whitehead CC. Requirement for 
vitamins. In: Fisher C, Boorman KN, 
editors. Nutrient Requirements of 



Feed Additives – Recent Trends in Animal Nutrition

26

Poultry and Nutritional Research. 
Oxford, UK: Butterworths; 1987

[51] Jiang RR, Zhao GP, Chen JL, Zheng 
MQ , Zhao JP, Li P, et al. Effect of dietary 
supplemental nicotinic acid on growth 
performance, carcass characteristics 
and meat quality in three genotypes of 
chicken. Journal of Animal Physiology 
and Animal Nutrition. 2011;95:137-145

[52] Mejia L, Turner B, Ward N, 
Burnham D, DeBeer M. Evaluating 
the effects of feeding OVN and US 
industry fed vitamin levels on growth 
performance, processing yields and 
profitability. T140. IPSF, Atlanta GA. 
2014



27

Chapter 3

Role of Feed Additives in 
Poultry Feeding under Marginal 
Environmental Conditions
Ahmed El-Baz and Raafat Khidr

Abstract

Modern commercial breeding programs aim at maximizing productive perfor-
mance, especially with modern broiler chicken strains, which are characterized by 
a high growth rate and a lower feed conversion factor. However, it is more sensitive 
to environmental stress, intensive rearing conditions, and high nutritional needs. 
Nutrition plays a key role in achieving the maximum amount of production while 
maintaining the health of the bird, in addition to reducing production costs by search-
ing for unconventional feed ingredients or using some feed additives. Feed additives 
are mainly used in animal feed to help provide for the bird’s needs. In addition, it is 
used to enhance bird health, stimulate digestion, improve feed efficiency, and resis-
tance to diseases by positive influence on the gastrointestinal tract, metabolism, and 
enhancement of the immune system, inhibiting pathogens, and improving intestinal 
integrity. In broiler nutrition, special attention should be paid to feed additives of 
modification of immunity and microbial content such as pre-and probiotics, nano 
compounds, herbs. In this chapter, we will elucidate the importance of feed additives 
from the point of marginal environmental conditions, which face many challenges 
concerning poultry feeding. Hence, feed additives will be a fruitful tool to cope with 
some of such challenges under those marginal conditions.

Keywords: poultry, feed additives, performance, heat stress, antibiotics, 
unconventional feed

1. Introduction

The poultry industry is one of the largest investments in the world. In particular, 
broiler chicken production, which attracted enormous investments for business 
profit, as it is characterized by low production costs and short production period. 
In addition to the increased demand for poultry meat due to its low-fat content and 
low consumer price compared to other meats (animals and fish). The consumption 
of poultry meat represents about 70% of the total meat consumed as about 66 billion 
birds are slaughtered annually, and the United States, China, and Brazil represent 
the largest poultry-producing countries. With this remarkable development in the 
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broiler industry, it was necessary to use some feed additives to meet many challenges, 
including disease resistance, prevention of heat stress, improving the utilization of 
feed, and stimulating growth and production [1–3]. In this concern, feed additives 
are products used for specific purposes in animal feed, to meet the poultry nutritional 
requirements and improve the quality of feed, and enhance the animals performance 
and health, as well as the quality of food of animal origin (e.g., eggs and meat) [4, 5].

Global warming is one of the major challenges for animal breeding. High envi-
ronmental temperatures negatively affect the poultry industry; thus, we have a 
fundamental interest in reducing the negative effects of climate change on poultry 
breeding. The important question is, what tools do we have to reduce the harmful 
impacts of high environmental temperatures? A solution for the prevention of heat 
stress in poultry includes developing technology devices (e.g., air conditioning and 
intensive ventilation); however, housing methods are more expensive and this makes 
it the biggest obstacle to its spread, especially in developing countries. Therefore, 
reducing the harmful effects of heat stress with different nutritional tools such as 
using a feed additive [6, 7]. Before selecting additions, we must be aware of the 
changes in the physiological and metabolism of broilers caused by heat stress to deter-
mine the type and role of each feed additive that can be used. Numerous studies have 
shown that the use of some feed additives (such as plant extract, probiotics, vitamins 
C, E, and A, zinc, and selenium) had a positive role in mitigating the harmful effects 
of heat stress [7–9].

It was reported that the use of antibiotics is necessary to fight pathogenic 
microbes, in particular, infectious pathologies (Clostridia and Coccidiosis), as well 
as growth promoters (regulation of the intestinal microflora, increased vitality, 
enhancement growth performance, and stimulation of the immune system) [10, 11]. 
Despite all these advantages, but as a result of the wrong use of antibiotics, led to 
the emergence of antibiotic-resistant bacterial strains with residues in animal meat, 
which affects human health. For this reason, the European Union in 2005 banned the 
use of antibiotics as a growth promoter to minimize health risks [12]. Nutritionists 
began searching for safe alternatives to antibiotics for animals and humans. In this 
concern, the use of some feed additives reduces the problems faced by the poultry 
sector, such as heat stress, and improves feed utilization, subsequently reducing 
production costs [13–16]. Therefore, this chapter aims to summarize how various 
feed additives can reduce the use of antibiotics, the negative effects of heat stress, and 
improve the utilization of unconventional feed ingredients.

2.  Using feed additives to eliminate harmful effects of heat stress  
on poultry

Heat stress is considered a critical holdback to coping with the poultry industry, 
particularly in a hot environment, triggering greater economic losses in the poultry 
industry [8, 17]. The bird begins to experience heat stress when the ambient tempera-
ture elevation is above the comfort zone (thermoneutral zone) leading to inducing 
stressful behavioral responses (higher respiratory rate, disorders in metabolism, 
and injuries intestinal integrity and morphology) to loss of excess heat that exceeds 
the critical temperature (Figure 1) [18, 19]. This means that there is more loss of 
heat (energy), which leads to less energy remaining for production (growth and egg 
production) and results in poultry performance deteriorating such as dehydration, 
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high death, and altered meat quality characterized [6, 8]. Furthermore, developments 
in the genetic selection of broilers have led to rapid growth with a low feed conversion 
ratio and a high metabolic rate, which is accompanied by increased feed intake and 
causes a higher heat production level, this made him more sensitive to a hot environ-
ment [7]. Summarizing, it can be difficult to keep poultry in a thermoneutral zone in 
a hot environment, wherefore, it is important to use technical devices (ventilation and 
a cooling system), in addition to nutritional tools to reduce the negative effect of heat 
stress on birds. Therefore, the proper management practices can be complemented to 
keep health and performance by using some vital dietary doctrinaire (feed additives), 
so phytobiotics, probiotics, natural antioxidants, vitamins, electrolytes, and fat 
(Table 1 and Figure 2), in addition, to feed form, feed restriction, and drinking cold 
water [6, 7, 25].

2.1 Oil or fats

Many studies indicated that the addition of fats in chicken diets enhanced the 
performance index, which was bred under high ambient temperatures [26, 27]. In 
general, energy is a limiting factor for high ambient temperature conditions, where 
a deficiency in energy intake could occur through reduced feed intake and appetite. 
Reduced feed intake during heat-stressed chickens causes the intake of protein and 
fat to be about 40% less than the needs required to maintain life and productiv-
ity [26], in addition to minimizing the heat production induced by feed digestion. 
Furthermore, chickens resort to panting for getting rid of the thermal burden, which 
depends on respiratory muscular activity, resulting in increased energy expenditure 
[28]. Therefore, chickens need to increase energy while obtaining an easy source to 
benefit from, for this reason, it was better to provide the required energy during the 
period of heat stress by adding oil or fats than using carbohydrates [8, 29]. Adding oil 
contributes to reducing heat production because the heat increment of carbohydrates 
or protein is higher than that of fat [30]. A significant improvement was observed in 
the performance and digestion coefficient of birds that received higher recommended 

Figure 1. 
Physiological, behavioral, and growth performance changes during exposure to heat stress.
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levels of metabolizable energy during heat stress. Al-Harthi et al. [26] declared that 
heat-stressed broilers fed a high metabolizable energy diet showed an improvement 
in feed utilization and live body weight. Adding oil contributes to reducing heat 
production because the heat increment of carbohydrates or protein is higher than that 
of fat [30]. Moreover, fat-supplemented diets improved the palatability of poultry 
diets and physical characteristics, resulting in enhanced feed intake and performance 

Additives Findings Reference

Selenium Enhancing thyroid hormone metabolism, immunity, and 
antioxidative

[20]

Nano-Selenium • Improvements in feed conversion ratio, weight gain, and feed 
intake. Peroxidase mRNA expression in liver.

• Decreasing liver and breast muscle contents of 
malondialdehyde.

[6]

Zinc • Improving growth rate, FCR, and nutrient digestibility

• Enhancing antioxidant enzymes and humoral immune 
response

[21]

Zinc, or magnesium, 
their combinations

• Improving the quails performance

• Enhancing humoral immunity

• Decreasing of meat lipid peroxidation

[22]

Vitamin C • Improving the performance status.

• Enhancing immunological traits, and behavior

[23]

Probiotic • Improving bacterial population of the cecal contents, and 
immune response

• Improved daily weight gain and decreased mortality rate

[16]

Spirulina platensis as 
probiotic

• Enhancing the productive performance

• Enhancing the lipid profile, redox status, and humoral

• immune response

[7]

Probiotic, citric acid, 
garlic powder or 
their combinations

• Improving of body weight gain, feed conversion ratio, and 
reduction in abdominal fat.

• Enhancing the feed utilization by highest crypt depth values

• Improving of immune system by highest antibody level 
against NDV

[3]

Betaine • Better feed conversion ratio and performance efficiency 
factor.

• Enhancing meat characteristics by improve breast fillets yield.

[24]

Herbs • Improving the immune system and antioxidative status

• Stimulating digestive enzyme activity, and control pathogenic 
bacteria

[16]

Essential oil mixture 
(garlic and lemon)

• Increasing digestive enzymes activities, and improving aver-
age body weight, feed conversion ratio

• Enhancing intestinal microbial content, and intestinal 
histological status

[7]

Table 1. 
Using feed additives to eliminate harmful effects of heat stress on poultry.
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[31]. In addition, many studies confirmed that oil supplementation in the poultry diet 
increases nutrient utilization by lowering the rate of food passage in the gut [32].

2.2 Minerals and vitamin

Minerals and vitamins play an important role in all vital processes in the body, 
including the basal metabolic rate, antioxidative properties, and protein composition, 
resulting in improved health and performance.

Selenium (Se) is one of the important elements that acts as a cofactor for antioxi-
dant enzymes, as well as responsible for the conversion of thyroxin (T4) into active 
triiodothyronine (T3) and is involved in several biological functions. Several studies 
indicated that dietary supplementation of Se or Nano-Se enhanced BWG, FCR, and 
immune responsiveness in heat-stressed broilers [6, 33, 34]. Moreover, numerous 
studies have shown that adding Se to chicken diets reduces the negative effects of heat 
stress by enhancing thyroid hormone metabolism, immunity, and antioxidative status 
(elevated mRNA expression of GSH-Px in the liver), which resulted in improved 
productive performance [20, 34].

Zinc (Zn) is an essential element that contributes to bone formation, feather 
formation, and composition, and the function of more hundred enzymes linked to 
the metabolism of nucleic acid, energy, and protein [35]. Moreover, Zn is involved in 
the activity of the antioxidative enzymes (GSH-Px, SOD) by suppressing free radicals 
[36]. Numerous research also confirmed that the addition of zinc in its various forms 
(organic, inorganic, and nano) in chicken feed exposed to environmental heat stress 
led to improved growth rate, FCR, nutrient digestibility, minimized lipid peroxida-
tion, and enhanced antioxidant enzymes and humoral immune response [21, 37]. 
Recently, mixing two or more elements had a positive effect in reducing the harmful 
effects of heat stress, such as mixing between magnesium (Mg) and zinc(Zn) diet 

Figure 2. 
The role of dietary supplements in mitigating the adverse effects of heat stress.
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increased BWG and dressing percentage in Japanese quail [22]. Moreover, the addi-
tion of an organic minerals mixture (Zn, Cu, and Mn) in heat-stressed laying hen 
feed, resulted in improved egg production, egg quality traits, minimized yolk lipid 
oxidation, and enhanced humoral immunity [37, 38].

Ascorbic acid (vitamin C) is one of the important antioxidant components (water-
soluble) that attenuate the undesirable impacts of heat stress in poultry via safeguards 
cells against oxidative damage [39]. It is known as ascorbic acid and is endogenously 
synthesized in several bird species, however, necessary to be adding to the diet 
under conditions of heat stress. This can be explained by exposure to high ambient 
temperatures reducing the absorption of vitamin C and accelerating its destruction. 
Vitamin C is synthesized in poultry in the kidney from glucose, but in normal condi-
tions, the birds are able to synthesize adequate amounts of vitamin C. A study showed 
a significant decrease in the level of ascorbic acid by 40% in the blood of Japanese 
quails under heat stress conditions compared with the control group [40], thus the 
increased requirements of this vitamin C during periods of heat stress [41]. Beside, 
vitamin C plays a role in improving feed efficiency by stimulating the thyroid gland, 
as well as enhancing Ca + 2 metabolism via participation in essential processes such 
as adrenaline, corticosterone release, and 1, 25-dihydroxy vitamin D biosynthesis 
[23]. In addition, it is necessary for immune system activation and body temperature 
regulation. Because of the increased intensity of heat stress on birds performance, 
many scientific studies that vitamin C supplementation in dietary stressed Japanese 
quails leads to improving the performance status, enhancing immunological traits, 
and behavior, and declines the metabolic rate and survival rate [25, 42]. Additionally, 
supplementation of the vitamin C diet decreased lipid peroxidation and improved the 
antioxidant status in Japanese quail exposed to heat stress [42].

2.3 Direct-fed microbials

Heat stress results in the impairment of gut integrity and function by impair-
ing intestinal microflora balance, and mucus layer [43, 44]. This disruption of the 
intestinal barrier facilitates the translocation of pathogenic bacteria and their toxins 
into the host body (bird) and enhances inflammatory responses. Previous studies 
noted that acute heat stress leads to a significantly altered gut microbial community 
(increased opportunity for Salmonella attachment) and intestinal morphology 
[43, 45]. The strategy aims to use probiotics as a means to mitigate the negative 
effects of heat stress on the bird by modifying the microbial content to optimize gas-
trointestinal health. Probiotics or direct-fed microbials are microbial and are defined 
as live beneficial microbial feed supplements, including bacteria (Bifidobacteria, 
Bacilli, and Lactobacilli), fungi (Aspergillus awamori, and Aspergillus oryzae), and 
yeast cultures (Saccharomyces) that can intestinal microbial balance, intestinal 
health, and immune responses, results in improve poultry performance [3, 46]. 
Several studies summarized that probiotic supplemented in broiler diets improved 
daily weight gain and decreased mortality rate under hot environmental condi-
tions [8, 47]. The inclusion of probiotics in broiler diets leads to enhanced growth 
performance, and immune response [16]. Therefore, it is extremely useful to equip 
poultry diets with probiotics levels that support intestinal integrity and improve feed 
utilization by increasing intestinal absorption surface by increasing the height of 
the villus (Figure 3) and enhancing the immune system. As indicated by a study by 
Abdel-Moneim et al., [15]; Elbaz et al., [3]; Li et al., [48] that the inclusion of Bacillus 
subtilis has the potential to produce some digestive enzymes, as well as, enhance 
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intestinal development and function, and improve immune response. Moreover, 
Abdel-Moneim et al. [15]; Saleh et al., [49] indicated supplementation of B. subtilis 
in quail and broiler diets also improvement in feed efficiency and BWG, and raise 
muscle concentrations of unsaturated fatty acids. Many studies have also confirmed 
the important physiological role of probiotics in promoting the antioxidant defense 
system of heat-stressed broiler chickens via activating enzymes antioxidants [6]. For 
this reason, the positive role of adding probiotics can be emphasized in mitigating 
the negative effects of heat stress via enhancing intestinal integrity and improving 
feed utilization and antioxidant status.

2.4 Medicinal plants and plant bioactives

Herbs, plant extract, and essential oils spice is widely used in herbal medicine 
to improve the immune system and enhance antioxidative status and antimicrobial. 
Volatile essential oils can stimulate digestive enzyme activity and control pathogenic 
bacteria [7, 50]. Heat stress disrupts the balance between oxidation and antioxidant 
defense systems, causing lipid peroxidation, and consequently DNA oxidative damage 
[33]. Plant bioactives are a type of chemical found in plants and certain foods with 
small amounts (such as vegetables, fruits, oils, and grains). Essential oils have the 
biological activity of substances with different chemical compositions and concen-
trations, which play of important in antioxidant activity, anti-inflammatory, and 
antimicrobial (thymol and carvacrol) [51, 52]. In addition, essential oils or organic 
acids, including lactic, citric, formic, and fumaric acids, generated from plants are to 
control harmful microorganisms in the digestive and respiratory organs of poultry 
via reducing pH in the gut [53]. Results of many research indicate that supplementa-
tion of thyme essential oil is a suitable strategy to improve the immune system and 
productive performance, decreased the mortality rate, and reduce the negative effects 
of heat stress [7, 54, 55]. Supplementation of essential oil broilers diet had reduced the 
adverse effects of heat stress on performance and immune responses [55] and can be 
a good alternative to improve the adverse impact of aflatoxin B1 contaminated in the 
broiler diet [56].

2.5 Betaine

Betaine is the amino acid glycine or trimethyl glycine and is greatly found in a 
variety of plants. Functionally, betaine plays an important role in mitigating the 

Figure 3. 
Photomicrographs of ileal villi showing how villus height of broiler chickens exposed to heat stress (G1) is shorter 
compared to other broiler-fed on some feed additive.



Feed Additives – Recent Trends in Animal Nutrition

34

harmful effects of heat stress through its role as a methyl group donor for the methio-
nine homocysteine cycle and as an organic osmolyte, as well as it is an antioxidant 
natural. It also plays an important role under conditions that inactivate cells (loss of 
water causes cells to die) via protecting cells from osmotic pressure, which allows 
them to continue normal metabolic activities. This confirms the evidence that biotin 
may be a feed material with positive effects on poultry performance, especially during 
heat stress through the high value [24, 57]. Many studies have confirmed that the 
addition of biotin improves broiler performance, carcass composition by changing 
lipid metabolism [58], immune response, lipid metabolism [59], and intestinal barrier 
function [60]. Furthermore, it has been suggested that improving the meat quality of 
broilers fed on betaine is due to its role as a natural antioxidant [61].

3. Use of feed additives as alternatives to antibiotics in poultry diets

For many decades, poultry breeders have been looking for a growth stimulant and 
protection for birds from intestinal and respiratory diseases, even using antibiotics. 
Several previous studies have shown that the addition of antibiotics in poultry feed 
improves productive performance by stimulating the immune system, increasing 
vitality and regulation of the intestinal microflora, and improving appetite and feed 
conversion efficiency [11, 62]. Despite all these desirable advantages, the incorrect 
use of antibiotics has led to increasing antimicrobial resistance bacteria and residues 
in animal products as a public health threat. For this reason, the European Union in 
2005 banned the use of antibiotics as growth promoters. This motivated nutritionists 
to search for safe alternatives to antibiotics to maintain public health while increas-
ing antibiotic-free broiler meat production. Therefore, this chapter part aimed to 
explain feeding strategies of different antibiotic alternatives, including prebiotics, 
probiotics, enzymes, and phytogenic groups (herbs, essential oils, and marine 
algae), [2, 3, 13, 16] in poultry production (Table 2 and Figure 4). Will be explained 
in the following points.

3.1 Probiotics

Probiotics are live strains of beneficial bacteria that confer a health benefit on 
the host by fighting pathogens in the gastrointestinal tract of chickens, enhancing 
immunity, and stimulating growth. In addition, it is providing feeding efficiency 
improvement, antioxidant capacity, the microbial profile of the cecum, and intestinal 
protection [5, 15]. Several strains of beneficial microbes have been identified in the 
bird’s gut for development and use as probiotics [3, 15]. The most used microor-
ganisms as probiotics in poultry feed are bacterial strains (Gram-positive) such as 
Lactobacillus, Bifidobacterium, Bacillus, yeast (Saccharomyces), and fungi (Aspergillus). 
The main action of probiotics includes lowering the gut pH through the organic 
acids and volatile fatty acids produced during the fermentation process through 
probiotics [16]. As well low pH in the intestine inhibits the colonization effects of 
pathogens in the digestive tract. Probiotics work as well by secreting products that 
inhibit their development such as organic acids, bacteriocins, and hydrogen peroxide 
and competitive exclusion through competing with pathogenic bacteria for locations 
in the intestinal mucous membrane to adhere to nutrients [16, 68]. Other principal 
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Additives Type Findings Reference

Probiotic Bifidobacterium • Increased body weight and weight gain and 
enhanced feed conversion ratio

• Improved antioxidant status and immune response

• Improved Ileal architecture by highest values of 
villus height

[5]

Multi-strain 
probiotic

• Improved broiler growth performance

• Reduced ileal enumeration of E. coli and total 
coliform and increased Lactobacillus count

• Decreased abdominal fat and no effect on carcass 
weight

• Enhanced immune response

[3]

B. subtilis • Improved live body weight and feed-to-gain ratio

• Increased serum total protein and albumin levels

• Triiodothyronine and thyroxine activities were 
significantly elevated

• Promoted the antioxidative status and digestive 
enzymes activities

[5]

Prebiotics S. cerevisiae • Enhanced feed efficiency and performance

• Improved gut morphological structure and reduced 
the number of pathogenic bacteria

• Stimulation of the host adaptive immune system

[63]

Mannan 
oligosaccharides

• Improved growth performance and intestinal 
oxidative status

• Increased the relative weight of the bursa of 
Fabricius and jejunal immunoglobulin content,

• Decreased cecal Salmonella colonies

[64]

Organic 
acids

Citric acid • Improved growth performance and decreased 
abdominal fat

• Decreased serum concentrations of cholesterol, 
triglycerides and LDL, while HDL was elevated

• Modification of the microbial content

[3]

Formic acid • Increased body weight gains and decreased feed 
consumption

• Increased total fat and bursa weight

• Decreased coliform counts and the pH

[65]

Butyric acid • Improved body weight gain and feed conversion 
ratio

• Enhanced AMEN content and apparent ileal digest-
ibility of amino acid

[66]

Phytogenic Thyme oil • Better feed conversion ratio

• Decreased the plasma AST and increased total 
protein

• Increased antibody titer to infectious bursa disease

[54]
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mechanisms of probiotics are also used to modulate immunomodulation and to 
improve intestinal integrity by modulating intestinal microbiota and competition for 
binding sites on the intestinal epithelium wall, which hinders competition and joining 
of pathogenic microorganisms, this higher concentration of the beneficial microbiota. 
The results of several studies showed that feeding poultry on probiotics enhanced 
fiber and protein digestion and enzymatic activity, resulting in efficient feed nutrient 
utilization [67, 69]. Some studies also confirmed that adding a mixture of beneficial 
microbes (B. subtilis and Lactobacillus) was more effective in performance in environ-
mental stress conditions through promoting nutrient digestion and gut health and the 
immunity modulated by the microbiota [68, 69].

3.2 Prebiotics

Prebiotics are carbohydrates that can be utilized by useful gut microorganisms 
but are indigestible by the host animal. The most important sources of prebiotics 
are mannan oligosaccharides, fructooligosaccharide, oligofructose, inulin, galactan, 
galactooligosaccharides, and fiber components, which can extract from barley, oats, 
flax seeds, onion, and garlic, as well as green algae.

Feeding chickens on a diet containing prebiotics have been shown to gut micro-
biota modulation and improve immunity, which are antioxidant, and antibacterial 
properties [70]. The most common commercial feed nutrients in poultry feed are 
mannan oligosaccharides, D-mannose, and β-glucan, which are derived from the 
cell wall of Saccharomyces cerevisiae [63]. The positive role of adding probiotics 

Additives Type Findings Reference

Curcumin • Enhanced performance and health status

• Better carcass traits and decreased abdominal lipids

• Improved Meat quality and cecal microbial counts

[67]

Table 2. 
Use of feed additives as alternatives to antibiotics in poultry diets.

Figure 4. 
The most important antibiotics alternative to enhance the general performance of chickens.
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can be explained by alterations of gut microorganisms that enable them to reduce 
pathogenic bacteria, increase their numbers of beneficial bacteria, maintain opti-
mal intestinal pH, increase nutrients digestibility, and increase mineral and vitamin 
absorbability, which improved host health and performance [70, 71]. Modifying 
the intestine microbiota by promoting beneficial gut microbes that ferment them, 
leads to the production of short-chain fatty acids, or some antibacterial substances 
such as bacteriocins against pathogenic microbes [70]. These fermented products 
of beneficial microbes due to improving the integrity of intestinal epithelial cells 
[72] will be followed by increasing the absorption of nutrients and improving the 
growth performance of poultry. Numerous studies have demonstrated the effective 
role of establishing a healthy microbial community in the intestine of poultry by 
enhancing the abundance of Bifidobacteria and Lactobacilli and reducing harm-
ful microbes such as coliform [64, 73]. In addition to stimulation of the immune 
system, improvement of the epithelium by regulation of the interaction among the 
host (birds) and the intestinal microbiota, thus improving the productive perfor-
mance of poultry.

3.3 Organic acids

Organic acids (OC) are organic compounds with acidic properties (weak acids), 
classified based on the number of carboxylic acid groups (R-COOH) and antimicro-
bial effects in animal feeds. Organic acids are promising alternatives. Among these, 
are formic acid, citric acid, propionic acid, and acetic acid. Their inclusion in poultry 
feed has been shown to enhance growth and feed efficiency [74, 75]. Organic acids 
individually or in their combinations are usually considered safe and perform can 
function similarly to antibiotics [76], furthermore, used as feed preservatives due to 
their strong antifungal and antibacterial properties [74].

The antimicrobial mechanism of organic acid has been suggested for the lowering 
of the pH of the intestines, that way limiting the growth of the microbial less tolerant 
to acid pH. The magnitude of the antimicrobial activity of an acid depends upon its 
concentration and pH [3, 77]. The use of OC has been reported to protect poultry by 
competitive exclusion [70], and it can penetrate the bacteria cell wall and disrupt the 
normal physiology of certain types of bacteria, mostly pathogenic microbes (patho-
genic bacteria reside at a pH close to 7) [65, 75, 77]. In addition to the antimicrobial 
activity, they reduce the pH of digesta, increase pancreatic secretion, and prevent 
damage to epithelial cells by reducing the production of toxic components via the 
bacteria and colonization of pathogens on the intestinal wall, thus enhancement of 
nutrient utilization and growth and feed conversion efficiency [3, 74]. Several studies 
have documented the positive effect of OC on improved growth and enhanced digest-
ibility of nutrients and gut health by improved duodenal villus height, boost gastric 
proteolytic activity (activating the pepsin activity), enhanced absorption of the 
feed contents from the intestines, and the digestibility of minerals. Furthermore, an 
increase in antibody titer against Newcastle disease, and improved immunoglobulin 
status were significantly improved in broilers fed on organic acid supplementation 
[65, 78]. Similarly, the improved immune response has also been reported in response 
to organic acid supplementation in broilers could be due to the increased Lactobacillus 
spp. population in the gut, which has a positive effect on the host immune system 
[3, 65]. For that can the use of organic acids as a sustainable and potent alternative to 
antibiotics, thus maximizing future production and health of poultry.
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3.4 Phytogenic

Phytogenic are plant-origin extracted compounds that include herbs, spices, and 
essential oils. It also features less toxic, residue-free, and perfect feed additives for 
poultry production compared with synthetic antibiotics. Herbs also contain essential 
oils, organic acids, and a complex mixture of various compounds. Essential oils have 
many biological properties such as antimicrobial antioxidant enzymatic, anti-heat 
stress effects, activating the immune system, and stimulating digestion [7, 79, 80]. 
Organic acids, produced by plants, are which play an important role in controlling 
harmful microorganisms in poultry’s digestive and respiratory organs. The most 
important of them are lactic, citric, formic, and fumaric acids. The most critical role 
of organic acids is to reduce pH in the gastrointestinal tract and enhanced the immune 
responses of poultry [79]. Additionally, organic acids can preserve the microbial 
balance in the gastrointestinal tract by inhibiting microorganism growth in food and 
the gut. Many active components (flavonoids, hydrolyzable tannins, proanthocyani-
dins, phenolic acids, and phenolic terpenes) can prevent lipid peroxidation by the 
activation of antioxidant enzymes (glutathione reductase, superoxide dismutase, and 
catalase) or quenching free radicals [80, 81].

Numerous studies have shown that adding herbs or essential oils to chicken feed 
improves anti-oxidative and antimicrobial activities, reduces inflammation, enhances 
intestinal functions, and increases fiber and nitrogen retention digestibility [79, 82], 
which results in improving growth performance. Previous reports confirmed benefi-
cial effects to improve performance and broiler health, which can be used as a good 
alternative to antibiotics.

4.  Using feed additives to improve the utilization of some unconventional 
feed ingredients in poultry feeding

The major constraint in poultry feeding is the higher prices of conventional 
feedstuffs (mainly, corn and soybean), which are transported from many countries 
adding to the cost of production to a great extent. Moreover, these two feed ingredi-
ents are also high in demand by other humans (yellow maize) and animals (soybean 
meal). As a result, the availability of feed ingredients for poultry feed would become 
more competitive. Feed is one of the major constituents in poultry production, which 
represents about 80–85% of the total cost of poultry production. This caused an 
increase in the responsibility of nutritionists increasing the poultry production and 
research utilization of unconventional feed resources through strategic and applied 
research to bring down the cost of production. In addition, recently, corn has been 
used as a major source of produce biofuel, and this further poses a serious food secu-
rity risk, especially in developing countries [83]. Currently, efforts are large to use 
alternative sources of energy and protein to be substituted for corn and soybean meal 
in monogastric animals [46, 84]. As produced a huge amount of alternative feedstuffs 
in some developing countries are considered as agro waste by-products such as cotton 
seed meal, olive cake, wheat bran, rice bran, canola meal, palm kernel cake, etc. [46, 
85–87]. However, many of this agro-waste products are containing the presence of 
non-starch polysaccharides (NSPs) such as cellulose, hemicellulose, and lignin, as 
well as anti-nutritional factors [46, 87], which can negatively effect on productivity 
and health status of the chickens. Poultry is monogastric animals that lack fiber-
degrading enzymes for the breakdown of complex carbohydrates [88].
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So, there is a need to improve the utilization of these fibrous materials (unconven-
tional feedstuffs) to incorporate such ingredients in poultry feed without any adverse 
effect on their health and production. In the following, we will throw some light on to 
use of some nonconventional feedstuffs with the potential to be replaced partially or 
totally with corn and soybean meal in poultry feeds, in addition to the importance of 
some additives to alleviate the secondary metabolites in such feedstuffs (Table 3).

4.1 Canola meal

Canola meal (CM) is the by-product of oil extraction. It has a higher crude protein 
content of approximately 35–40% and sulfur-containing amino acids are higher 
than that of soybean meal, while lysine content is less than that of soybean meal. The 
problem with using CM in poultry feeds is the containing of glucosinolate, fibers, 
sinapine, tannins, and phytate, as well as it has low metabolizable energy [79, 86]. 
Many methods help to reduce anti-nutritional factors, one of these methods is adding 
some feed additive, fermentation, etc. [79, 88]. Many studies have shown that adding 
probiotics, extrusion, exogenous enzymes, or using the fermentation process for 
some dietary ingredients has improved performance, increased nutrient digest-
ibility, and reduced the effects of antinutritional [96, 97]. Therefore, it was reported 
that canola meal can be incorporated in poultry diets up to 5–8% without any feed 
additive, and broiler chickens were fed on a diet containing 20% of fermented CM, 
which did not negatively affect performance [84]. The fermentation process leads to 
reducing pathogens such as Escherichia coli, and Clostridium perfringens, resulting in 
enhanced gut health [85, 96]. Furthermore, the addition of exogenous enzymes is 
important to degrade complex fibers (non-starch polysaccharides, NSP) to improve 
the nutritional value of unconventional feed ingredients [85]. Enzymes play an influ-
ential role in improving feed digestion and utilization. Moreover, exogenous enzymes 
improved nutrient digestibility in poultry leading to lowering nutrient excretion in 
excreta such as excess nitrogen, phosphorus, and zinc, which reduces environmental 
pollution and improves feed utilization, in addition, reduced the effect of anti-
nutrients and improved productive performance. Previous studies indicated that the 
fermentation broiler feed by Aspergillus resulted in an increase in nutrient solubility 
and digestibility, reduced phosphorus excretion, and improved broiler growth and 
feed utilization compared to the control group [89]. However, positive effects were 
observed when the addition of enzymes in broiler diets containing canola meal 
(17.5%) on the overall performance of broilers [95]. It was reported that CM can be 
incorporated in poultry diets up to 20–25% fermented CM-based with exogenous 
enzymes in broilers fed [46, 85].

4.2 Sunflower meal

Sunflower meal, a by-product from the oil extraction industry, is available in sig-
nificantly high quantities throughout the year at a lower cost than soybean. Sunflower 
meal has protein levels ranging between 30 and 37%, it is a good source of protein 
with amino acid availabilities similar to those of soybean meal [95]. One of the 
important characteristics of sunflower meal is that it does not have anti-nutritional 
factors like those found in soybean. Despite this, its addition to poultry feed does not 
exceed 15% because it contains a high concentration of non-starch polysaccharides, in 
addition to low metabolizable energy and lysine levels [98, 99]. Some studies recom-
mended the sunflower meal up to 15% in broiler diets without negative effects on 
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performance [98]. Many studies reported that sunflower meal can be used at higher 
levels with no negative effects on the utilization and growth performance of broiler 
chickens with the addition of enzymes [95]. Supplementation of exogenous enzymes 

Additives Findings Reference

Probiotic 
(fermentation)

Canola 
meal 
(20%)

• Improved body weight gain, and feed conversion 
ratio

• Increased the population of Lactobacillus spp. and 
decreasing the E. coli

• Enhanced body weight gain, and feed conversion 
ratio

[84]

Probiotic and 
enzymes

Canola 
meal 
(20%)

• Higher nutrient digestibility

• Increased in the relative weight of the bursa of 
Fabricius

• and antibody titer against Newcastle disease

• Improved antioxidant capacity, and gut health.

[46]

Enzymes Canola 
meal 
(17.5%)

• Higher final body weight and improved FCR

• Highest levels of aspartate aminotransferase 
(AST).

• Improved health status.

[89]

S. cerevisiae Olive cake 
(10%)

• Enhanced body weight gain, and feed conversion 
ratio.

• The best European production efficiency index in 
broilers.

[90]

Citric acid Olive cake 
(20%)

• Increased protein utilization.

• Enhanced body weight gain, and increased feed 
intake

[91]

Probiotic (A. 
awamori)

Olive pulp 
(15%)

• Enhanced productive performance

• Improved nutrient digestibilities.

[86]

Probiotic 
(fermentation)

Rapeseed 
meal 
(10%)

• Improved the production performance and 
maintain good health.

• lower the intestinal pH and improve the intestinal 
barrier function

[92]

Enzymes Cottonseed 
meal

• Improved performance (lowered the FCR and 
increased BWG)

• Enhanced the digestibility of amino acids, and 
starch

[93]

Probiotic 
(fermentation)

Cottonseed 
meal

• Decreased abdominal fat and hepatic triglycerides

• Improves growth performance, gut microbes,

• Strengthening the immune system and reinforcing 
stress fighting capabilities

[94]

Enzymes Sunflower 
meal

• Improved growth performance

• Increasing nutrient digestibility

[95]

Table 3. 
Using feed additives to improve the utilization of some unconventional feed ingredients in poultry feeding.
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in poultry diets can decrease their deleterious effects on high concentrations of fiber 
and stimulate fiber digestion. Supplementation of exogenous enzymes functions 
in the breakdown of NSPs and reduction of gut viscosity, thus improving nutrients 
digestibility and gut performance. In some studies, an improvement in growth 
performance (LBW and FCR) was observed in the birds fed SFM supplemented with 
exogenous enzymes compared to the control diet [100, 101] maybe as a result of the 
enhancement of other physiological and metabolic processes such as depolymer-
ize complex NSPs and increasing nutrient digestibility that has prebiotic effects on 
health-promoting bacterial proliferation by releasing fermentable manno-, galacto-, 
xylo-, or gluco-oligomers during cracking of fiber [95]. In addition, it increases 
energy concentration and enhances nutrient utilization and absorption [100, 101]. 
From that, sunflower meal up to 25–30% can be used with some feed additives as a 
soybean meal substitute.

4.3 Cottonseed meal

Cottonseed meal is a potentially good source of protein (41–44%) and metabolizable 
energy as a substitute for soybean in poultry diets, the protein percentage varies based 
on the degree of dehulling before oil extraction. However, using cottonseed meal as 
an ingredient in poultry feeds presents numerous challenges and limitations, includ-
ing high fiber content, as well as high presence of gossypol (a toxic polyphenolic 
pigment) and unbalanced amino acids such as low lysine content. Many reports have 
shown various ways to optimize the use of cottonseed meal in poultry feed such as 
proper processing, supplementation with lysine, other feed additives, or a particular 
combination of feed additives [102]. Gossypol inhibits the activity of pepsin and 
trypsin in the gut, thereby reducing the digestibility of protein [94, 103]. One of the 
factors that can impede protein utilization and nutrient digestibility is the presence 
of non-starch polysaccharides (NSP), which the bird cannot digest. It is well estab-
lished that supplementing exogenous enzymes in poultry feed, such as β-glucanase, 
xylanase, and pectinase, leads to improved digestibility by potentially lower intestinal 
content viscosity [102]. Several studies confirmed that adding a mixture of enzymes 
(β-glucanase and xylanase) to the poultry diet that contained cottonseed meal led 
to an improvement in performance (lowered the FCR and increased BWG) through 
improving the digestibility of amino acids, and starch [94]. The improvement in 
nutrient digestion may be due to the role of enzyme supplementation (β-glucanase 
and xylanase) in the removal of nutrient encapsulation of cell walls existing in 
many dietary ingredients, which leads to nutrient release and digestibility of dietary 
nutrients [93, 100]. Nevertheless in a previous study, the fermentation process was 
found very effective in detoxifying free gossypol, resulting in the improvement of the 
nutritional value of cottonseed meal [94]. Microbial fermentation is currently consid-
ered one of the most effective ways improvement of the nutritional value of uncon-
ventional feed via reducing anti-nutritional factors such as free gossypol [94, 102], 
thus enhancing the growth and health of poultry. In addition, the metabolic activities 
of probiotics microbials during fermentation lead to produce enzymes, vitamins, 
oligosaccharides, organic acids, and some other compounds, which help in improving 
growth performance, as well as enhancement of the nutritional value of cottonseed 
meal [94, 102]. Furthermore, fermentation could improve intestinal digestive enzyme 
activity, bacterial ecology, and intestinal morphology in broilers [85, 102]. From this, 
we can recommend that the fermentation process increases the amount of cottonseed 
meal that can be substituted for soybeans meal.



Feed Additives – Recent Trends in Animal Nutrition

42

4.4 Olive pulp

Olive pulp (OP) is one of the olive oil extraction products, especially since it is 
rich in fatty acids (oleic, linoleic, and linolenic), crude protein, calcium, and copper 
[104, 105], as well as some biologically active compounds (polyphenol) that have an 
antioxidant, anti-inflammatory, and antibacterial properties [93]. However, OP has 
low nutritional value due to its low energy and indigestible proteins, in addition to 
containing high fiber content and lignin [105, 106]. It was necessary to use some feed 
supplements in chicken diets containing these by-products (such as OP) to reduce 
anti-nutritional factors, thereby reducing their negative influence on chicken produc-
tion performance.

Some studies reported that the inclusion of up to 5% of olive pulp in the diet of 
broiler chickens did not have a negative effect on productive performance [107]. 
However, the addition of 10–15% olive pulp to the broilers had a detrimental effect on 
the health and performance of the bird [100]. This may be due to the anti-nutritional 
factors in olive pulp, especially the high fiber content (NSPs), which negatively influ-
ence gut ecology and thus health in monogastric animals, beside its high content of 
lignin which hinders the digestibility coefficients of nutrients.

Several studies have proven that the use of some feed additives has an effec-
tive effect in improving the nutritional value of olive pulp in poultry feed such as 
exogenous enzymes, probiotics, organic acid, etc. [103, 105, 106]. Some previous 
studies results indicated that adding A. awamori as a probiotic enhanced the nutri-
tional value of the OP in the diet, leading to an improved broiler growth perfor-
mance [87]. This improvement might be due to the reduction in the anti-nutritional 
factor of the feed and the improvement in gut health, by the activation of several 
health-promoting bacteria, improving the intestinal epithelial cells structure, and 
selectively stimulating their growth and immune system [87], as well as stimulating 
the activity of some enzymes (active amylase, glucoamylase, and protease) in the 
digestive system [108], leading to an improvement in the metabolism of protein 
and carbohydrates. Likewise, several studies reported that the inclusion of citric 
acid in rabbits’ diets enhanced nutrient digestibility [108]. Organic acids contribute 
to improving nutrient digestibility by reducing antinutrients and adjusting gut 
pH, which stimulates the activity of beneficial microbes, reduces the number of 
pathogenic microbes, and reduces inflammation, thus contributing to the avail-
ability of nutrients [3, 91]. In addition, citric acid has been reported to enhance 
the utilization of protein and some minerals [108]. As a previous study indicated, 
feeding broiler chickens a diet containing olive cake (20%) and citric acid (1 g/kg) 
resulted in a positive effect on growth performance compared to chickens that were 
fed 20% olive cake without additives or control [91]. Previous studies indicate that 
combining olive pulp with enzymes, probiotics, or organic acids led to improves the 
nutritional value of olive pulp, this supports the possibility of replacing part of the 
diet with olive pulp.

5. Conclusion

This chapter confirms that the use of feed additives plays an important role in 
poultry feeding as safe alternatives to antibiotics and as improvements to the bird’s 
performance under conditions of heat stress. Beside their importance to improve and 
enhance the utilization of feed, especially nonconventional feed materials. Based on 
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the scientific findings, which have been mentioned, the following important conclu-
sions could be summarized as follows:

Using feed additives in the poultry diets can reduce the negative impact of heat 
stress on poultry via reduced heat production (fat and betaine), capable of reacting 
with free radicals (Vitamins A, E, and C) leading to reducing lipid peroxidation, 
improved antioxidant parameters (Vitamin E, C, and Zn and Se), increased antioxi-
dant enzyme activity (plant extracts, e.g., oregano and lemon), a modulating the gut 
microflora (probiotic and plant extracts).

Antibiotic alternatives have analogous advantages to antibiotics to enhance the 
well-being and the production performance of broiler chickens without human 
health challenges. The major provided effects of alternative feed additives include 
enhance digestion, increase absorbability of nutrients, improved nutrient availability, 
antioxidant activity, immune-modulating, antimicrobial, improve intestinal health 
by enhancement of gut integrity, modulating the host gut microflora, and intestinal 
barrier function. Moreover, it increases body weight and carcass weight, enhances 
feed conversion ratio, and the gut health of broilers.

The use of nonconventional feed materials is necessary to reduce the costs of poul-
try feed, but some feed additives must be used to reduce the anti-nutrition factors that 
hinder their use in feeding poultry. This study confirmed that feed additives improved 
the nutritional value of many unconventional raw materials that have been already in 
poultry feeding under the Egyptian and marginal environmental conditions of Egypt.

Further studies must be carried out on the use of feed additives concerning their 
role in poultry thriftiness and the physiological responses of poultry stocks under 
heat-stress conditions. The recent approaches of biotechnology and its role in feed 
additives and the importance of food processing should also be considered.

Abbreviations

CM canola meal
FCR feed conversion ratio
GSH-Px glutathione peroxidase
LBW live body weight
NSPs non-starch polysaccharides
OC organic acids
OP olive pulp
Se selenium
SOD superoxide dismutase
T4 thyroxin
T3 triiodothyronine
Zn zinc
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Abstract

Homocysteine is a metabolic intermediate in the methionine-cysteine conversion. 
High level of homocysteine in blood leads to changes in methylation pathways and 
consequently in transcriptional activation; therefore, it can disrupt gene expres-
sion. This chapter presents the biochemical pathways of the transformation of 
homocysteine in broilers and demonstrates the beneficial effects of certain bioactive 
feed additives (betaine and berberine) to health-related and production problems 
caused by the accumulation of homocysteine. Based on recent scientific findings, the 
following conclusions have been drawn: Hyperhomocysteinosis has received little 
attention in the field of avian physiology research. Currently used feed additives, such 
as betaine, potentially decrease circulating homocysteine, but support only one of the 
pathways responsible for homocysteine decomposition. Various phytonutrients may 
be suitable owing to their pleiotropic bioactive components, such as berberine. It can 
potentially maintain redox homeostasis in animals and modulate immune responses 
and therefore may be able to provide for liver protective functions. Additionally, it 
can encourage healthy tissue to express enzymes that are responsible for the degrada-
tion of homocysteine. Further studies are recommended to investigate how effectively 
berberine can reduce the incidence of hyperhomocysteinemia in broilers and whether 
it is necessary to use feed supplements throughout the life cycles of birds.

Keywords: broiler, hyperhomocysteinemia, metabolic disease, performance, betaine, 
berberine
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1.  Introduction

Broiler performance and meat quality are influenced by several factors, such 
as genotype, chick quality, feed consumption and nutrient supply, water sup-
ply, vaccination and health status, as well as conditions associated with housing, 
including stocking density, temperature and ventilation, lighting, litter quality and 
biosecurity [1]. All these factors also have important roles to play in profitable broiler 
meat production. Of these, the health status of birds has recently come to the focus of 
growing professional attention.

According to the calculations of Oxford Analytica (2023), in 2018 the global 
poultry production dropped by 2.8 million tons due to diseases [2]. During the same 
time, global egg production decreased by 3 million tons as a result of diseases, adding 
up to a loss of $5.6 billion in revenues.

Diseases occurring in poultry farming can be categorized in several ways [3]. 
One way of categorization is when diseases are classified by their common, such as 
genetic, mechanical, toxic and nutritional, causes. In another form of categorization, 
diseases are grouped as infectious and non-infectious diseases. Infectious diseases 
are caused by bacteria, viruses or fungi, whereas parasitic diseases are induced by 
external parasites, such as protozoa, worms, mites and lice. Unlike infectious diseases, 
non-infectious diseases originate from non-pathogenic organisms, and consequently 
they cannot be transferred from one animal to another.

Non-infectious diseases are caused by factors, such as genetics, malnutrition, envi-
ronment, housing, etc. This group of diseases encompasses numerous illnesses, with 
the most common metabolic diseases in poultry being avian gout, dysbacteriosis, cage 
layer fatigue, fatty liver syndrome (FLS), fatty liver and kidney syndrome (FLKS), 
toxic fat syndrome (chick edema disease), ascites (AS), sudden death syndrome and 
spiking mortality syndrome [4]. In the poultry industry, metabolic problems have 
intensified in the past few decades, as the genetic potential of poultry for growth 
and feed efficiency has rapidly improved. The associated data further underpin that 
metabolic diseases are particularly common in broilers [4, 5].

In general, metabolic disorders can be chronic, impacting a relatively small per-
centage of the flock, or acute, meaning they affect a larger proportion of birds, while 
their incidence is often sporadic [6]. Metabolic diseases occurring in the cardiovas-
cular system are responsible for a significant part of mortality in poultry stocks. The 
metabolic illnesses of the musculoskeletal system account for lower mortality rates, 
still they generally lead to slower growth and lameness [4, 7].

It has been revealed in human patients that with vascular diseases, plasma homo-
cysteine (Hcy) level tends to be much higher than normal [8]. When homocysteine 
concentration in the blood is over the normal value, the resulting condition is called 
hyperhomocysteinemia. According to a review by Jakubowski and Son and Lewis, 
hyperhomocysteinemia in humans has been associated with cardiovascular, cere-
brovascular and thromboembolic conditions, as well as hip fracture, osteoporosis, 
chronic kidney disease (CDK), hypothyroidism and mental problems, such as cogni-
tive decline and Alzheimer’s disease (AD) [9, 10]. It should be noted that hyperho-
mocysteinemia is also known in broilers, but this disorder is less documented and 
explored than in humans.

The central role of the transsulfuration pathway (TSP) in the development of non-
infectious metabolic diseases has been demonstrated by research in recent years [11]. 
While in vivo experiments have been mostly performed with rodents (mice, rats), 
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genomic studies have shown that it works through a conserved pathway that is likely to be 
present in all vertebrates, consequently for poultry, too. The key enzymes (cystathionine-
γ-lyase (CSE) [EC 4.4.1.1] and cystathionine-β-synthase (CBS) [EC 4.2.1.22]) have been 
identified not only in rodents, but also in pigs and humans. The processes catalyzed 
by enzymes involved in the degradation of homocysteine are the only pathway for 
endogenous hydrogen sulfide (H2S) production. The absence of these processes leads 
to the emergence of abiotic stress. The accumulation of homocysteine reduces the 
SAM- (S-adenosylmethionine) dependent transmethylase activity, leading to hypo-
methylation, deoxyribonucleic acid (DNA) methylation and histone acetylation. These 
processes can disrupt (suppress or activate) gene expression, and thus compromise basic 
metabolic functions. Increased plasma homocysteine levels are negatively correlated with 
the H2S concentrations in cells or tissues. As a consequence, inflammatory processes are 
triggered, which can result in the inflammation of the muscles, as well as plaque forma-
tion in the cardiovascular system or the emergence of respiratory diseases. Even before 
the symptoms of metabolic diseases can be observed, metabolic changes may adversely 
affect the performance of birds (broilers) and the profitability of meat production.

To support the transsulfuration pathway, natural feed additives can be used for 
their potential to bring down pathologically high homocysteine levels in the plasma. 
However, these additives can be used efficiently in broiler nutrition only if the bio-
chemical pathway of homocysteine formation is precisely known, and it is also clear 
how to modify the pathway of transformation of homocysteine into cysteine (Cys) or 
methionine (Met) with the use of the particular feed additives in the broilers [12].

By way of this review, we want to provide guidance to nutrition professionals in 
this intricate field of expertise by systemizing and evaluating the latest scientific find-
ings. Therefore, the purpose of this chapter is to describe the biochemical pathways of 
the transformation of homocysteine into methionine or cysteine in broilers alongside 
the health-related and production problems that are caused by the large-scale accu-
mulation of homocysteine. A further goal is to demonstrate the beneficial effects 
of some bioactive feed additives (betaine and berberine (BBR)) on the incidence of 
hyperhomocysteinemia and the performance of birds.

2.  Systematic review methodology

The keywords used to research and collect the literature for this critical review 
included: “homocysteine,” “transsulfuration pathway,” “broiler,” “methionine,” 
“cysteine,” “betaine” and “berberine,” either individually or in a combination thereof. 
Databases searched included PubMed, ScienceDirect, Google Scholar, Scopus and 
Web of Science. The publication period beginning from 2001 was chosen as a starting 
point, with the recency of research as the prime focus for the inclusion of the majority 
of the studies. Subsequently, searching was enlarged from 1990 in order to study the 
wider perspective. Close to 200 journal articles satisfied the criteria, and after review, 
109 were shortlisted for inclusion in this review.

3.  Vital roles of methionine and cysteine in broiler nutrition

Homocysteine is a metabolic intermediate in the methionine-cysteine conversion. 
Therefore, prior to discussing the problem associated with hyperhomocysteinemia, 
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it seems to be useful to overview the role of the sulfur-containing amino acids con-
cerned in poultry feeding.

3.1  Methionine

An essential amino acid, methionine (Met) plays several important roles in bird 
metabolism, such as protein synthesis and feather development; furthermore, it 
serves as a methyl group and sulfur donor for methylation and transsulfuration 
reactions, respectively. Moreover, it is a precursor of some key intermediates (cysteine 
[Cys], carnitine, S-adenosylmethionine, glutathione (GSH), taurine, etc.) in meta-
bolic pathways [13–15]. Methionine is the principal donor of methyl radical in the 
body [16].

This amino acid is also considered as the first limiting amino acid for optimal 
growth of poultry on corn-soy diets, and therefore has particular significance [14]. 
Methionine has an essential role in energy production and boosts the livability, 
performance and feed efficiency in poultry. Beyond its fundamental importance in 
protein synthesis, methionine also exerts functional roles through its antioxidant 
capacities [17, 18]. It is also well known that methionine supplementation improves 
immune response through its direct effects on protein synthesis and breakdown, as 
well as owing to its indirect effects on the various derivatives of methionine [17, 19]. 
Methionine deficiency directly and negatively impacts broiler production. In such 
cases, weight gain, feed efficiency and protein content in the carcass are all reduced. 
When methionine deficiency is not drastic, feed intake slightly increases, and it 
contributes to the generation of extra energy in body. However, it results in more mas-
sive accumulation of body fat [20].

Amino acids, including methionine and cysteine, are mainly absorbed through 
the small intestine. In association with the amino acid demand of broilers, the amino 
acid content of feed ingredients and compound feeds are expressed as digestible 
amino acids. The amino acid content of diets should be determined in relation to the 
lysine (Lys) content (100%) with reliance on the ideal protein concept for broilers. 
That ensures the precise supply of amino acids and the maximum efficiency of their 
utilization for the smallest possible metabolic load.

The methionine content of diets is usually supplemented with industrially pro-
duced methionine. The common sources of methionine in broiler diets are DL-Met (a 
racemic mixture of the D- and L-isomers of Met in equal proportions), the hydroxy 
analogue of methionine calcium salt and the hydroxy analogue of methionine to 
bring the sulfur-containing amino acid content of diets into equilibrium so as to meet 
the needs of birds [21, 22]. Methionine sources are used in two distinct forms: powder 
and liquid. The latter one is a DL-Methionine hydroxy analogue-free acid (MHA-FA, 
containing 88% of the active substance) [23]. In general, conventional methionine 
products contain 50% of both D- and L-Met, but due to the fact that the animal body 
can utilize only L-amino acids in protein synthesis, a specific methionine product 
containing only L-Met has been developed. According to the product specifications, 
the methionine produced by the industry contains 98.5% L-Met, 0.5% water (loss on 
drying) and 0.1% ash [17]. However, it seems that the pure L-Met is not that impor-
tant in practical feeding. In fact, normal metabolism features an efficient process of 
conversion of D-Methionine into L-Methionine. This two-step reaction encompasses 
the action of amino acid oxidase to remove the amine group from D-Met, which 
results in the generation of α-keto-methionine, to which transaminase attaches an 
amine group to form L-Methionine in the second step [24].
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The methionine demand of broilers is influenced by various factors, such as grow-
ing phase, the type of production, sex and breed [17]. In their outstanding review, 
Rehman et al. conclude that different levels of methionine in poultry diets have been 
reported by researchers, ranging from 0.3% to 1.2% during the initial period and 
0.3% to 0.9% in the growth period of poultry. Results also showed that more edible 
meat yield could be obtained by supplementing Met + Cyst at the rate of 80% of the 
digestible lysine [25].

Based on the results of Rehman et al., it can be concluded that if DL-Met and 
L-Met are included in diets at standard levels, they are equally effective as sources of 
methionine for broilers [25].

A study by Çenesiz et al. demonstrated that with methionine-deficient diet, the 
addition of this amino acid significantly improved the growth performance and 
carcass yield of broilers. Similarly to Rehman et al., this study suggested that no 
significant differences in growth performance and carcass quality parameters could 
be anticipated when broiler diets were supplemented with DL-Met or L-Met [22, 25].

Another study by Macelline et al. indicated an optimum methionine-to-lysine 
ratio of 50.3, which was somewhat higher than standard recommendations [26].

3.2  Cysteine

Even though there are four common sulfur-containing amino acids (methionine, 
cysteine, homocysteine and taurine), only methionine and cysteine are incorporated 
into proteins [27].

Cysteine is a semi-essential sulfur-containing amino acid. If the methionine-
to-cysteine ratio is imbalanced, it causes depression in the growth of birds [28]. 
Methionine can be converted irreversibly to cysteine by transsulfuration. Therefore, 
in the feed tables demands for these amino acids are usually added up as methionine 
and cysteine requirements [20].

Cysteine plays an important role in a number of physiological processes. In 
addition to methionine, cysteine can improve intestinal histomorphometric indices 
of broilers [29], leading to an increase in the absorption of nutrients. Cysteine can 
prevent oxidative damage [30].

Baker points out that consuming more L-isomer of Cysteine (L-Cysteine) than 
necessary triggers acute metabolic acidosis in chickens [31]. In another study, Baker 
suggests that even at much larger doses, none of the known amino acids produce the 
same degree of lethality as excess L-Cysteine [32].

Cysteine, like other amino acids, is primarily absorbed through the small intestine.
Even if the physiological concentration of cysteine is adequate, lots of cells cover at 

least 47% of their cysteine demand via the transsulfuration pathway [33].
The ideal amino acid ratio relative to Lys was calculated to be 75% Met + Cys on a true 

fecal digestible basis [34]. Nearly a similar value was estimated by Baker and Han.
In most cases, broiler feed needs to be supplemented with methionine to ensure an 

adequate supply of Met + Cys to birds [16].
Compound feeds for broilers are formulated to meet methionine + cystine 

demands based on the assumption that dietary methionine is converted into 
cysteine [35].

In the literature, values for the Met + Cys demands of broilers vary broadly.
This can be attributed to several reasons, including differences in breeds, diet 

compositions, circumstances of animal studies, as well as differences in the bioavail-
ability of methionine products used in the study; also, in many cases to the small 
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number of animals per treatment and consequently, the large standard deviation of 
the mean values of treatments, etc.

Goulart et al. recommended 0.873, 0.755, 0.748 and 0.661% of digestible 
methionine + cystine in the diet for the pre-initial, initial, growing and final phases, 
respectively [20]. On the other hand, Millecam et al. found that the optimal methio-
nine + cysteine levels for broilers are 0.69, 0.66 and 0.62% in the starter, grower and 
finisher phases, respectively. At present, it appears that more extensive research is 
needed to clarify the Met + Cys requirement for broilers [36].

In the light of the foregoing, it can be concluded that the metabolism of Met and 
Cys is closely interrelated, and both amino acids play important roles in the protein 
metabolism of broilers.

4.  Methionine, cysteine and Hcy metabolism

Homocysteine is a sulfur-containing amino acid, a metabolic intermediate in the 
Met-Cys conversion. Based on stoichiometry, its circulating concentration is regulated 
by two key pathways: remethylation and transsulfuration (Figure 1). There is a third 
pathway, because Hcy can be converted to homocysteine thiolactone (HTL), but 
that conversion is active only when Hcy concentration is high. The following section 
discusses these different pathways.

4.1  Homocysteine transformation in the remethylation pathway

In the methionine cycle, homocysteine is produced from methionine in two steps. 
Briefly, after methionine adenosylation to S-adenosyl-L-Methionine (SAM/AdoMet) 
methyltransferase takes over the methyl group (DNA, ribonucleic acid (RNA), pro-
tein, phospholipid) to different acceptor molecules yielding S-adenosylhomocysteine 
(SAH/AdoHyc) as a by-product. The S-adenosylhomocysteine hydrolase cuts off 
the adenosine part and forms homocysteine. On the other hand, homocysteine 

Figure 1. 
Formation of homocysteine in the methionine-cystine pathway.



61

Occurrence of Hyperhomocysteinemia in Broilers and Reduction of Its Harmful Effects…
DOI: http://dx.doi.org/10.5772/intechopen.115082

transforms into methionine with the methyl group from 5-N-methyl-tetrahydrofolate 
in a reaction catalyzed by vitamin B12-dependent methionine synthase (Figure 2) 
[37]. As discussed by Vizzardi et al., high-level Hcy is accompanied by a reduced 
methylation potential, and therefore it compromises the Hcy → Met conversion, 
whereas folate and vitamin B12 tend to increase this potential. Although in the methyl 
group the main source of homocysteine remethylation into methionine is 5-N-methyl-
tetrahydrofolate, betaine and choline also act as methyl donor molecules. The betaine 
pathway mostly occurs in the liver and is catalyzed by Hcy-methyltransferase [38].

4.2  Homocysteine transformation in the transsulfuration pathway

The transsulfuration pathway (TSP) accounts for the transformation of homo-
cysteine into cysteine through cystathionine. It has a key role in sulfur metabolism 
and the redox environment of cells. TSP is the only way of cysteine biosynthesis in 
mammals and birds [39]. The first step is catalyzed by the vitamin B6-dependent 
cystathionine-β-synthase (CBS) enzyme; homocysteine and serine are involved as 
substrates in the condensation reaction that produce cystathionine. The second step 
is a hydrolysis reaction that is catalyzed by the vitamin B6-dependent cystathionine-
γ-lyase (CSE). The substrate here is cystathionine, with cysteine and α-ketobutyrate 
(αKB) forming during the last step [37].

It should be noted, however, that in addition to remethylation and transsulfuration 
pathways homocysteine can undergo cyclization to form homocysteine thiolactone. 
This thioester is the toxic intermediate of homocysteine, as shown in Figure 3.

The role of the transsulfuration pathway in metabolic progresses is underlined 
by the fact that the essential H2S signaling molecule is synthesized in this pathway. 
It has come in the focus of the scientific interests during recent years, because it has 
a principal physiological role, though inorganic H2S smells like addled egg, and in 

Figure 2. 
Remethylation pathway of homocysteine and its dependency on the folate cycle. Abbreviations in the 
figure: tetrahydrofolate (THF); 5,10 methylene-tetrahydrofolate (5,10 methylene-THF); methionine (Met); 
S-adenosylmethionine (AdoMet); S-adenosylhomocysteine (AdoHcy); homocysteine (Hcy).
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larger concentrations it is a toxic gas. The endogenous H2S molecule was proven to be 
a vasoactive, cytoprotective, anti-inflammatory and antioxidant component. As a gas 
transmitter, it is able to diffuse through the cell membrane. Endogenous H2S forms 
through enzymatic and non-enzymatic pathways in vertebrates. The former process 
is cytosolic and calls for mitochondrial enzymes: cystathionine-β-synthase (CBS), 
cystathionine-γ-lyase (CSE), 3-mercaptopyruvate sulfurtransferase (3-MST) and 
cysteine aminotransferase (CAT), by using L-Cysteine or homocysteine.

Hydrogen sulfide is produced by the enzymatic effect of CBS during the metabo-
lism of Hcy-Cys disulfide into cystathionine. As an alternative way, H2S also forms 
from cystine (disulfide of cysteine) as a result of the enzymatic effect of the CSE with 
ammonia (NH3) release, while thiocysteine and pyruvate are produced. Thiocysteine 
splits into H2S and Cys. Similarly to NO and carbon monoxide (CO), H2S is a gaseous, 
fat-soluble messenger molecule. These three gas molecules constitute an unstable 
biological mediator family called gas transmitters. These findings point out that these 
molecules are enzymatically controlled and endogenously produced under normal 
physiological conditions in mammals, and therefore the biological roles of H2S, NO 
and CO should be re-evaluated [37].

4.3  The importance of thiolactone

As mentioned above, the accumulated Hcy can easily transform into thiolactone, 
which is the reactive anhydride of homocysteine. Thioester homocysteine thio-
lactone (HTL) forms as a by-product of protein biosynthesis. The outcome of the 
process is that due to the structural similarities between Hcy and Met, during protein 
biosynthesis, methionyl-transfer ribonucleic acid (tRNA) synthetase builds into Hcy, 
instead of Met. Owing to repair mechanisms, homocysteine thiolactone is created. 
HTL forms isopeptide bonds with the residues of lysine (Lys). These isopeptide 
bonds lead to damaged or altered protein functions, and bring about pathophysi-
ological effects, including autoimmune and intensified thrombosis activity. The HTL 

Figure 3. 
Transsulfuration pathway and the formation of thiolactone in the absence or presence of vitamin B6. 
Abbreviations in the figure: cystathionine-β-synthase (CBS); cystathione-γ-lyase (CSE); α-ketobutarate (αKB); 
ammonium ion (NH4

+); cystine reductase (Cyss R); glutathione-cystine transhydrogenase (GSH-Cyss TH).
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reaction with serum proteins induces the production of new protein antigens and 
autoimmune antibodies, which escalates inflammatory processes in the human and 
animal body.

Autoantibodies against the Nε-Hcy-Lys-protein complex can be found in the 
human plasma, and they positively correlate with the plasma total Hcy. Protein modu-
lation mediated by HTL changes the protein sequence, which probably compromises 
the protein folding. Changes in the protein structure result in new interactions that 
influence cell physiology. Furthermore, HTL interacts with low-density lipoproteins 
(LDLs), which results in aggregation, increased density and vascular macrophage 
uptake, and also creates foam cells. Mammals, including humans, are able to eliminate 
the production of thiolactone through two distinct mechanisms. A high-density 
lipoprotein (HDL)-associated enzyme, Hcy-thiolactonase/paraoxonase-1 is capable 
of hydrolyzing Hcy-thiolactone both in the serum and intracellularly. Due to another 
mechanism, Hcy-thiolactone is decomposed by clearance in the kidney [9, 40].

In summary, homocysteine induces predisposition to metabolic dysfunctions, 
especially when its metabolite, homocysteine thiolactone, is formed at high levels. 
It has been reported in human studies that other N-homocysteinylated proteins also 
cause alteration in cell metabolism and trigger other mild or severe dysfunctions. 
N-homocysteinylated proteins can be cytotoxic and activate immune functions by 
forming immunoglobulin G (IgG) antibodies against N-homocysteinylated proteins 
to fight atherothrombosis [41, 42]. Homocysteine counteracts antioxidant enzymes 
and reduces their activity [43], and therefore hyperhomocysteinemia may deteriorate 
meat quality traits, too. The compromised antioxidant capacity predisposes to higher 
drip loss and may as well influence the color of meat.

5.  Some metabolic diseases caused by high plasma homocysteine 
concentration (hyperhomocysteinemia)

5.1  Pathological conditions associated with hyperhomocysteinosis

The concentration of homocysteine, one of the cysteine metabolites, can poten-
tially rise abnormally in the animal body, which may cause metabolic disorders; in 
severe cases, it may even lead to the death of the animal. In humans, the elevated 
concentration of circulating homocysteine may cause a number of cardiovascular 
diseases, such as heart attack, stroke, atherosclerosis and atherothrombosis [44, 45]. 
Therefore, the maintenance of plasma homocysteine balance in human patients 
can play an important role in the prevention of morbidity and mortality caused by 
cardiovascular diseases [46]. The normal level of Hcy in human adult plasma ranges 
from 5 to 15 μmol/L. In clinical routine, three hyperhomocysteinemia categories 
are distinguished: mild (15–30 μmol/L), moderate (30–100 μmol/L) and severe 
(>100 μmol/L). Hcy can be found in the circulation in its free form (approximately 
1%), in disulfide, in a mixed form in disulfide and as bound to proteins, and therefore 
any assessment of real Hcy calls for the proper consideration of all these forms of 
Hys. The expression “total Hcy” (tHcy) is used for free Hcy, i.e., the quantity of Hcy 
from the reduction of disulfides together with the released, protein-bound Hcy from 
protein hydrolysis [47].

Despite the fact that elevated plasma homocysteine levels in humans have long 
been considered as a risk factor of cardiovascular diseases [44], this metabolic condi-
tion still has not received sufficient attention in poultry production. Unlike in the case 
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of humans, the underlying reason is that in relation to livestock and poultry there is 
very limited information on the normal and pathological levels of Hcy. Nevertheless, 
it should be noted that in a few studies high levels of homocysteine have been revealed 
in specific metabolic disorders, such as sudden death syndrome, ascites, tibial dys-
chondroplasia and some myopathies that significantly compromise the profitability 
of poultry production. However, the number of poultry-related studies where plasma 
Hcy has been measured is extremely limited. For this reason, we consider it important 
to give a brief overview of some of the diseases that are caused by hyperhomocystein-
emia and can also occur in the broiler industry.

5.2  Ascites and vascular diseases

In the chronic phase of ascites (AS), non-inflammatory transudate accumulates 
in one or more peritoneal cavities. The most common cause is the elevated hydraulic 
pressure originating right ventricular failure. In different phases, hepatic fibrosis is 
accompanied by these medical conditions. In the past, this health problem was noted 
only in the case of birds kept in high mountains, but nowadays it is a regular conse-
quence of oxygen supply failure during rapid growth [48]. Wang et al. showed that 
broilers with cold-induced ascites suffered from severe liver failure, too [49].

In the course of AS, right ventricular failure triggers ventricular tachycardia and 
subsequently ventricular fibrillation, which are common consequences of coronary 
artery calcification. In atherosclerosis, vessel walls thicken, and fibrous caps emerge. 
If they turn into ulcers, endothelium gives rise to a coagulation cascade. The blood 
clot gets stuck in the vascular system or in the heart. The associated cause can be 
hyperlipidemia, which can induce liver failure and non-alcoholic fatty liver disease 
(NAFLD). Samuels found that the homocysteine concentration was three times 
higher in broilers with ascites than in healthy animals [50].

5.3  Skeletal disorders and myopathies

The tibial dyschondroplasia is a very common problem in intensively farmed, 
meat-producing poultry flocks. It is generally caused by the low mineralization of the 
tibia, the elevated calcium-phosphorus (Ca-P) ratio in the feed, fast primary osteon 
formation on the periosteal surface, as well as the insufficient filling of channels with 
osteoblasts [51]. Waqas et al. showed that during the development of the disease, 
alkaline phosphatase (ALP) and alanine aminotransferase (ALT) concentrations were 
rising in the plasma [52]. Orth et al. studied cysteine and homocysteine concentra-
tions, and found that the homocysteine concentration of the plasma significantly rose 
in this musculoskeletal disorder [53].

Wooden breast syndrome (myopathy) is a systemic disease. It affects pectoralis 
major muscle on which pale, rib-like bulges and hemorrhages appear. Its develop-
ment is associated with the abnormal accumulation of endomysial and perimysial 
connective tissues, with its consequences including fibrosis, hypoxia, oxidative stress 
and inflammatory responses to pathological conditions. There exists a well-known, 
close connection between wooden breast syndrome and hepatocyte injuries. In the 
plasma, aspartate aminotransferase (AST) and gamma-glutamyl transferase (GGT) 
concentrations rise with the elevated inflammatory cytokine profile. Maharjan et al. 
compared homocysteine concentrations in the plasma of healthy animals and animals 
with myopathy and found that Hcy concentration was very high in birds suffering 
from wooden breast syndrome [54]. Greene et al. also reported a 11-fold increase 
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in the S-adenosylhomocysteine of breast meat categorized as wooden breast when 
compared to unaffected tissues [55].

6.  Biochemical background of the homocysteine-lowering effects of some 
bioactive additives

6.1  Betaine

The consequences of hyperhomocysteinosis are disturbed methionine supply, 
low levels of available methionine on the cellular level and pathological conditions 
in response to high Hcy. Choline and betaine play a vital role in the remethylation of 
Hcy to Met. Choline is the parent compound of the class of cholines, consisting of 
ethanolamine residues with three methyl groups attached to the same nitrogen atom 
(Figure 4). It can be produced endogenously, but it is also often added in the form 
of choline chloride as a dietary supplement. Betaine is a generic name for a class of 
zwitterion compounds, but in nutritional science it is almost exclusively used to refer 
to glycine betaine or trimethyl glycine. The compound was first isolated from sugar 
beet, Beta vulgaris, hence the name. Betaine is the trimethyl derivative of glycine, 
the substrate of betaine-homocysteine S-methyltransferase (BHMT) in the liver and 
kidney. In the body, it can be found in anhydride, monohydrate, hydrochloride forms, 
which poultry can take advantage of. As an additive, the recommended concentration 
of betaine largely depends on the concentration of the methyl groups, environmental 
circumstances and the health status of birds. Similarly to choline, betaine is methyl 
donor in transmethylation processes, and consequently it can potentially decrease 

Figure 4. 
Role of betaine in homocysteine transformation. Abbreviations in the figure: betaine-homocysteine 
S-methyltransferase (BHMT); methionine synthetase (MS), adenosine triphosphate (ATP).
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creatine, methionine and choline demands. During the remethylation of homo-
cysteine, betaine-homocysteine S-methyltransferase enzyme catalyzes the transfer 
of the methyl group from betaine into homocysteine, resulting in methionine and 
dimethyl-glycine. Therefore, for broilers dietary betaine is an alternative for methio-
nine. Data presented in scientific papers are not clear-cut about the use of methionine 
in substitution for betaine. Studies also found that in the transsulfuration pathway 
the substitution of cysteine as an additive for betaine had more positive effects on the 
feed conversion ratio (FCR) in broilers than when given alone [56].

6.2  Berberine

Berberine is an isoquinoline alkaloid that can be found in a number of important 
herbs, such as Berberis aristata and Berberis aquifolium. Berberine features numerous 
pharmacological properties, including antibacterial, antihypertensive, anti-inflam-
matory, antidiabetic and liver protective effects [57–62].

It is evidenced in human patients that elevated plasma homocysteine levels 
are indicative of the increased risk of thrombotic and atherosclerotic vascular 
diseases [38] and steatosis, but berberine may be an effective substance to mitigate 
the risk of cardiac and metabolic diseases (Figure 5) [63]. It has been reported that 
hyperhomocysteinemia is associated with development of congestive heart failure 
in individuals who free from myocardial infarction. It induces systolic and diastolic 
dysfunction, arrhythmia, results in the accumulation of interstitial and perivascular 
collagen in the cardiac system and increases the risk of stroke [64–66]. In an experi-
ment conducted with mice on homocysteine thiolactone-containing diet, the protec-
tive effects of berberine on the vascular function were revealed [67]. In another study, 

Figure 5. 
Therapeutic potentials of berberine in different cardiometabolic diseases, some in association with 
hyperhomocysteinemia (adapted from Feng et al. [63]).
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the area of atherosclerotic plaques could be reduced in mice that received berberine in 
the daily dose of 150 mg/kg BW per os [63]. Feng et al. have given a detailed over-
view of the mode of action by which berberine works in cardiac and other metabolic 
diseases [63].

One of the pathological conditions caused by hyperhomocysteinosis is the dys-
regulation of lipid metabolism and lipid accumulation in the liver, as a result of which 
the expression of CBS and CSE becomes damaged in liver tissues. The elimination 
pathways of homocysteine, such as remethylation and transsulfuration, are impaired 
in the course of hepatic steatosis. The biological activity of the natural phytochemical 
substance, berberine, has been studied in several animal experiments.

Homocysteine and cholesterol levels in the plasma of humans and animals with 
hyperhomocysteinemia have been found to be positively correlated [68–70]. The 
results of the relevant studies have confirmed a link between hyperhomocysteinemia 
and steatosis (fatty liver) [69–71]. Woo et al. found that homocysteine enhanced 
cholesterol secretion in the liver. The results suggested that hyperhomocysteinemia 
induced intensified cholesterol biosynthesis by regulating the corresponding tran-
scriptomes; in fact, increased β-hydroxy-β-methylglutaryl-CoA (HMG-CoA) reduc-
tase gene expression was achieved in the liver [70]. In conclusion, both the liver and 
the serum cholesterol levels increase in hyperhomocysteinemia.

Wu et al. identified a mechanism by which berberine exerts a protective effect 
against cholesterol biosynthesis and liver dysfunction induced by homocysteine. 
Cholesterol synthesis was effectively limited by dietary berberine in rats with hyper-
homocysteinemia. This inhibitory effect is mediated through the posttranslational 
modification of HMG-CoA reductase. Dietary berberine reduced cholesterol levels in 
the liver and improved liver function due to direct inhibition of HMG-CoA reductase 
(Figure 5) [11]. In line with the foregoing, Chang et al. also found in rats that berber-
ine could counteract hyperhomocysteinemia and hyperlipidemia induced by high-fat 
diets, in part by upregulating low-density lipoprotein (LDL) receptor and apolipo-
protein E (apoE) messenger ribonucleic acid (mRNA) levels, as well as by suppress-
ing 3-hydroxy-3-methylglutaryl-CoA reductase gene expression. There is no direct 
correlation between HMG-CoA gene expression and changes in homocysteine levels. 
Although the results are not explanative of the direct cause of the decreasing homo-
cysteine concentration in the plasma, experiments suggest that decreased lipid levels 
are associated with intact liver tissues and result in normal expression profiles [72].

Berberine is capable of decreasing oxidative stress; by supplementing feeds with 
berberine, the level of oxidative stress markers, such as malondialdehyde (MDA), 
glutathione (GSH), superoxide dismutase (SOD), becomes altered. Berberine inhibits 
reactive oxygen species (ROS) formation, improves mitochondrial function to boost 
the membrane potential and protects against oxidative damage. It moderates the 
activity of biomarkers mentioned above and increases the activity of antioxidant 
enzymes that help to bind free radicals and decrease oxidative stress [73]. Therefore, 
it may at least partly compensate for the compromised antioxidative defense mecha-
nisms induced by hyperhomocysteinemia.

7.  Some dietary means to reduce plasma homocysteine levels in broilers

As mentioned above, heart failure, i.e., one of the most frequently reported 
human diseases in the context of hyperhomocysteinemia, also tends to be a weighty 
problem in poultry production. Sudden death syndrome occurs typically with 
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high-producing broilers and turkeys at the end of the fattening phase, shortly before 
slaughtering, and is accompanied by elevated plasma Hcy [50].

Several papers adopt the hypothesis of morbidity being the potential consequence 
of increased plasma homocysteine, but there are very few publications reporting 
measured homocysteine concentrations in birds. In a study with ducks, Xie et al. 
found increased plasma homocysteine concentration accompanied by decreased 
feed intake and compromised average daily gain (ADG) in response to an increase 
in dietary DL-Methionine from 0.285% to 0.685%. In line with that the foregoing, 
available data for broilers suggest that dietary methionine levels correlate with homo-
cysteine levels in the plasma (Figure 6), while the oversupply of methionine results 
in elevated homocysteine levels in the blood [74]. According to Orth et al., tibial 
dyschondroplasia was observed to be more severe and frequent, with growth per-
formance remaining poor when the diet was supplemented with homocysteine [53]. 
Authors, however, noted that bone deformation is probably not due to homocysteine, 
but may be attributed to the metabolite of homocysteine.

The metabolism of homocysteine requires B vitamins, particularly riboflavin, pyri-
doxal 5′-phosphate, cobalamin and folate. According to Lu et al., the primary pathway 
to maintain Hcy levels in the body is Hcy remethylation (61%), still a significant quan-
tity of Hcy is catabolized into cysteine via transsulfuration (39%). The conversion of 
Hcy into cysteine is supported by betaine [75]. The results obtained by Ganson et al. 
also indicated that the folate-dependent remethylation of Hcy predominated over 
betaine-dependent remethylation, whereas betaine-dependent remethylation seemed 
to be more extensively influenced by dietary sulfur-containing amino acids [76]. 
Samuels confirmed that plasma Hcy levels decreased when broilers received diets sup-
plemented with mixtures of pyridoxal, cobalamin, folic acid and betaine. Although 
there was 18% reduction in mortality from ascites and sudden death syndrome in the 
supplemented group, the difference was statistically not confirmed [50].

There are numerous studies shedding light on the effects of dietary trimethyl 
glycine (called betaine) on the performance of broilers. Most of these studies come 
to the conclusion that betaine is beneficial in the case of heat stress due to its role as a 
methyl donor and function as an intestinal and metabolic osmolyte [77]. It is known 
as an osmoregulatory substance that controls intracellular biochemical events, thus 
playing a key role in water balance during heat stress. Since it features three methyl 
groups, it serves as a methyl donor and can substitute choline or methionine in that 

Figure 6. 
Effect of dietary methionine plus cystine supply on plasma Hcy levels in broilers.
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particular conversion. Sahebi-Ala et al. confirmed that during heat stress it was advis-
able to replace Met supplementation at least partly with betaine. In that study, 30% 
of the supplemental Met was replaced with betaine, which resulted in lower plasma 
homocysteine concentration [78]. Earlier studies also stressed the methionine-sparing 
effects of betaine [79–81].

In an outstanding review on the nutritional role of betaine, Abd El-Ghany and 
Babazadeh described a broad range of betaine supplementation that could be efficient 
in broiler chickens. Although in the cited literature, the dosage of supplementation 
ranged from 0.05 to 4 g/kg, with the most frequently applied levels of supplementation 
falling into the 1–2 g/kg range [82]. However, there are a very few studies performed 
with a focus on how betaine supplementation impacts Hcy levels. Table 1 summarizes 
the broiler studies where plasma homocysteine levels were measured. These data 
demonstrate consistent reduction in plasma homocysteine concentrations in response 
to betaine supplementation, and the impact tends to be stronger in times of heat stress. 
The results presented by Mostashari-Mohases et al. show evidence that the regulation 
of plasma Hcy can be supported through the transsulfuration pathway, since betaine 
supplementation intensified betaine-homocysteine S-methyltransferase gene expres-
sion. In this broiler study, betaine supplementation has improved growth performance 
and feed efficiency, particularly in the finisher phase [83]. Recently, Maidin et al. have 
found that betaine decreased plasma homocysteine concentrations in the blood and 
improved the bone strength in laying hens [84]. Numerous publications have reported 
positive effects of betaine supplementation on growth performance in intensively 
farmed broilers [82, 85–87] and in slow-growing or indigenous broilers, too [88–90]. 
It has been revealed that through its role in methyl supply, betaine is able to support 
synthesis and increase the activities of enzymes that are responsible for antioxidant 
defense (glutathione peroxidase (GSH-Px), superoxide dismutase and glutathione). 
Despite its key role in metabolism, dietary betaine supplementation does not invari-
ably result in better growth performance. There are a few studies that have not been 
able to confirm the improvement of body weight (BW) or growth rate with supple-
mental betaine, either in heat stress or in thermoneutral conditions [77, 78, 91, 92]. The 
ability of betaine to provide for the methyl group is beneficial in the Met→Cys conver-
sion by supporting both the remethylation of Hcy to Met and the transsulfuration of 
Hcy to Cys. In this context, it plays a key role in maintaining Hcy levels and the reduc-
tion in the incidence of hyperhomocysteinemia in poultry. However, as mentioned 
above, Hcy levels have not been measured in most of the studies.

The metabolic load resulting from the limited ability to decompose homocysteine 
is likely to appear at later ages, and therefore—due to the short life cycle of broil-
ers—growth performance may not be compromised on the flock level. Nevertheless, 
hyperhomocysteinemia is a metabolic challenge that predisposes to the sudden death 
syndrome and bone failure, as discussed above, and consequently can potentially 
decrease the economic efficiency of poultry farming.

According to relevant literature, among potential feed additives to reduce the inci-
dence of hyperhomocysteinemia, berberine is one of the most promising candidates. 
While no direct evidence has been obtained for poultry, rat studies have confirmed 
that dietary berberine supplementation results in lower Hcy [11, 72]. Recently, 
berberine has come into the focus of interest for nutrition scientists, and numerous 
studies have been published discussing the health benefits related to its potential to 
mitigate oxidative stress, its anti-inflammatory and hepatoprotective potentials, as 
well as antimicrobial and antiviral activities. An excellent review by Imanshahidi and 
Hosseinzadeh pointed out that berberine exhibited multispectrum pharmacological 
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action, ranging from cardiovascular conditions through anticancer effects to the 
modulation of antioxidants, neurotransmitters, enzymes, molecular targets and 
immune substances [93]. Moreover, berberine has been reported to influence energy, 
glucose and lipid metabolism [94]. These biological effects have made berberine an 
attractive natural compound that can be employed in sciences related to human and 
animal health [95].

As discussed above, homocysteine induces predisposition to metabolic dysfunc-
tions. Homocysteine thiolactone results in protein damage, the aggregation and 
inactivation of functional proteins, such as enzymes and immune cells, and con-
sequently enhances cell apoptosis [96]. Due to its property to support antioxidant 
defense mechanisms (Table 2), berberine may directly counteract Hcy and probably 
homocysteine thiolactone formation, or at least mitigate their negative impacts. 
Homocysteine counteracts antioxidant enzymes and reduces their activities [43], 
which is why hyperhomocysteinemia can potentially deteriorate the meat quality 
traits, too. It has been shown in broiler studies that the activities of antioxidant 
enzymes [97] and the characteristics of meat quality, particularly the water-holding 
capacity of meat in relation to oxidative damage to cells as induced by mycotoxin 
exposure, could be improved if the feed was supplemented with berberine [98, 99].

It has been reported in human studies that other N-homocysteinylated proteins 
also cause alteration in cell metabolism and result in various mild or severe dysfunc-
tions. N-homocysteinylated proteins can be cytotoxic and activate immune functions 
by forming IgG antibodies against anti-N-homocysteinylated proteins [41, 42]. 
Berberine is a potential candidate to alleviate inflammatory mechanisms. Studies with 
broilers have confirmed reduction in ileal pro-inflammatory cytokines (interleukin-
1beta (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α)) 
and lower intestinal necrosis indices [100, 101]. Fernandez et al. reported lower 
interleukin-17A (IL-17A), interleukin-17F (IL-17F), IL-6 and IL-1β in duck liver and 
spleen, when feed was supplemented with 200 mg/kg berberine [102]. As mentioned 

Animal model Dose of BBR Treatment  
period (weeks)

Specimen 
used

Highlighted findings

Broilers 100 mg/kg/d 6 Serum TAC↑, SOD↑, GSH-Px↑, MDA↓

Broilers 200, 400 and 
600 mg/kg

6 Serum SOD↑, GSH-Px↑, MDA↓

Broilers 200, 400 and 
600 mg/kg

6 Meat SOD↑, GSH-Px↑, MDA↓

Mice 200 mg/kg/d 2 Liver SOD↑

Sprague-Dawley rats 80, 120 and 160 mg/
kg/d

7 Serum SOD↑

Sprague-Dawley rats 100 and 200 mg/kg/d 8 Kidney SOD↑, MDA↓

Wistar rats 200 mg/kg/d 12 Serum SOD↑, MDA↓

Wistar rats 75, 150 and 300 mg/
kg/d

16 Serum 
and liver

SOD↑, GSH-Px↑, MDA↓

Abbreviations: TAC, total antioxidant capacity; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; SOD, 
superoxide dismutase.

Table 2. 
Effects of dietary berberine (BBR) supplementation on antioxidant defense in broilers and laboratory rodents 
(reviewed by Ghavipanje et al. [95]).
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before, transmethylation and transsulfuration are parts of the basic metabolism and 
are known as conservative pathways. Consequently, we are convinced that it is worth 
using a trans-species approach to identify the effective feed additive that can reduce 
the emergence of hyperhomocysteinemia. To this end, in addition to betaine supple-
mentation, berberine supplementation is one of the most potential candidates.

8.  Conclusions

The following main conclusions can be drawn from the latest research findings:

• In poultry industry, metabolic diseases have intensified in the past few decades, 
as the genetic potential of poultry for growth and feed efficiency has improved 
rapidly.

• Even before the development of symptoms of metabolic diseases, metabolic 
changes may adversely affect the performance of birds (broilers) and the profit-
ability of meat production.

• Homocysteine is a metabolic intermediate in the methionine-cysteine conver-
sion. When homocysteine concentration in the blood is higher than normal, a 
condition called hyperhomocysteinemia occurs.

• Hyperhomocysteinosis is a well-known disorder in humans, but in the field of 
avian physiology it has received little attention in research. It may be useful to 
introduce the monitoring of homocysteine in poultry in order to understand and 
reveal the role of this metabolite in a number of systemic diseases.

• Currently used feed additives, such as betaine, are able to decrease plasma 
homocysteine concentrations, but they support only one of the pathways (trans-
methylation) responsible for homocysteine decomposition. However, other 
feed additives may as well be applied to activate the transsulfuration pathway, 
too. Various phytonutrients may be suitable owing to their pleiotropic bioactive 
components, such as berberine. This latter phytogenic feed additive may be 
capable of maintaining the redox homeostasis in animals by typically modulating 
inflammatory immune responses and may therefore be able to provide for liver 
protective functions. Furthermore, it can potentially encourage healthy tissues to 
express enzymes that are responsible for the degradation of homocysteine, such 
as cystathionine-β-synthase and cystathionine-γ-lyase.

• However, further studies are recommended to investigate how effectively berber-
ine can reduce the incidence of hyperhomocysteinemia in broilers, and whether 
it is necessary to use feed supplements during the entire life cycle of the birds.

9.  Conclusion for practice

In the case of fast-growing broilers, the prevalence of metabolic diseases may be 
on the rise. One of these frequently occurring metabolic diseases is hyperhomocys-
teinemia that can cause various conditions, such as dyschondroplasia, ascites and 
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sudden death syndrome. In order to recognize these conditions on time, it is impor-
tant to check the blood plasma homocysteine content of the flock. If the homocyste-
ine content is higher than normal, it is advisable to add betaine to diets.

The concentration of betaine strongly depends on feeding, housing and health 
conditions. Therefore, it is recommended for farmers to conduct preliminary assess-
ments in relation to the circumstances prevailing at the farms in question in order to 
determine how much betaine should be added to diets.
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Abstract

Since the use of non-traditional feedstuffs has become more popular in poultry 
production, the use of exogenous enzymes has become more crucial. In order to lower 
the cost of ration formulation, low protein diets and unconventional feedstuffs are 
now being used. Therefore, enzyme supplementation or fermented feedstuffs could 
release certain nutrients and increase their availability. In conclusion, the supple-
mentation of exogenous enzymes may introduce a positive development in terms of 
poultry nutrition. For instance, it has been discovered that phytase supplementation 
may release phosphorus from phytate and reduce phosphorus excretion in broiler 
manure. In addition, fiber-degrading enzymes have been proven to improve broiler 
performance and reduce intestinal viscosity. Likewise, protein-degrading enzymes 
are beneficial in low-protein diets, as they decrease anti-nutritional factors in soybean 
meal, increase crude protein, amino acids digestibility and reduce nitrogen excretion 
and ammonia emission in broiler manure, which positively impacts the environment. 
The supplementation of mixed exogenous enzymes to broiler feed may lead to better 
utilization of the nutrients on behalf of the chickens. This chapter discusses the most 
common enzymes in the field of poultry production, such as β-glucanase, xylanase, 
mannanase, phytase, and protease.

Keywords: enzymes, non-traditional feedstuffs, non-starch polysaccharides,  
fiber-degrading enzymes, protein-degrading enzymes, poultry feed

1. Introduction

Soybean meal (SBM), which is a major source of protein, and yellow corn, which is 
a major source of energy, are the two feed components that are most frequently utilized 
in animal rations. However, the global demand of poultry products (meat and eggs) is 
rising, particularly in developing countries to cover the gap of protein shortage [1, 2]. In 
addition, the global population is expected to reach 9.1 billion habitants by the year 2050, 
and the current trend nowadays is to produce biofuel from feed ingredients, which can 
create a serious food security threat, especially in the developing regions [1].

As a result, there is considerable interest in incorporating non-traditional feed 
ingredients in poultry rations to substitute some of the SBM and yellow corn [1] or 
in using some medicinal plants in poultry diets [3, 4]. Natural alternatives to sub-
therapeutic antimicrobials are increasingly being used to improve the performance 
and safety of broiler products. Many feed additives, like enzymes, as a result, that 
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can reduce the risk of digestive diseases while also improving performance are 
valuable tools for poultry nutritionists. Nevertheless, the non-traditional feedstuffs 
have anti-nutritional factors (ANF) or significant amounts of insoluble fiber (cel-
lulose) and non-starch polysaccharides (NSP) as soluble fiber in poultry feed [5]. 
The low portions of dietary fibers and NSP in poultry diets could be beneficial in 
terms of gut health [6]. However, high levels of NSP may cause excreta to become 
more viscous and reduce nutrient availability. Thus, the formulation of poultry 
feed is constrained by these ANF [5, 7, 8]. Enzymes, by definition, are chemicals 
or catalysts released by cells to speed up specific chemical reactions. This defini-
tion accounts for enzymes released in the digestive tract to aid in the digestion of 
food. Today, these same enzymes can be effectively manufactured and added to 
animal feeds. Three classes of enzymes (phytases, carbohydrases, and proteases) 
are typically considered for use in poultry feeds [9]. Therefore, the supplementation 
of enzymes in poultry feed could be essential to enhancing digestion and nutrient 
availability, particularly for young birds. Based on the fact provided above, this 
chapter discusses the concept of enzyme supplementation to poultry feed and their 
effects on productive efficiency. Supplementing broiler diets with combinations of 
xylanase, amylase, and protease has been extensively researched. They have been 
shown to improve nutrient digestibility and growth performance [10–14]. A com-
bination of amylase, xylanase, and protease enzymes could effectively act together 
to cleave various bond types in indigestible portions of feed ingredients, leading to 
increased levels of energy available for growth and/or egg production. The supple-
mentation of these three enzymes to the diet in combination at 500 mg/ton typically 
increases energy availability to the birds by 3 to 5% [15]. Supplementation of 300 or 
600 g/kg diet of such enzymes to broiler or turkey-fed wheat-distillers’ dried grains 
with soluble-based diet showed improvement in metabolizable energy of up to 
203 kcal/kg dry matter [10].

2. The significant impact of enzyme supplementation to poultry feed

Because of the increasing consideration in using non-traditional feedstuffs in 
poultry diets and their limitation in monogastrics, the significance of enzyme supple-
mentation was considerable for researchers. Besides, attention has been paid to the 
solid-state fermentation by fiber-degrading microbes [16–20].

The increasing price of SBM and yellow corn, which are the main feed ingredients 
in poultry diets, prompted researchers to consider alternative feed ingredients to face 
the shortage of the aforementioned feedstuffs. The limitation of using the local feed-
stuffs or agro-industrial waste in poultry feed is a barrier due to their content of ANF, 
fibers, and NSP [21]. Hereby, the significance of enzyme supplementation becomes 
apparent in order to alleviate the negative effect of ANF and to increase the nutrient 
availability to birds. As a result, the supplementation of enzymes allows the feed 
manufacturer to be more flexible in using a variety of local raw materials. Moreover, 
a decrease in the excretion of phosphorus and nitrogen to the field has positive effects 
on the environment and its elements [22].

The type of enzyme that can be used in poultry feed depends on the substrates 
or the chemical component of the non-traditional feed material that is used as an 
alternative to yellow corn. There are many types of enzymes that can be utilized in 
poultry feed. For instance, if palm kernel cake (PKC) is utilized as chicken feed, 
β-mannosidase [23], β-mannanase, xylanase, and β-glucanase would be included in 
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the feed [5, 17, 20]. On the other hand, if barley or wheat is utilized as chicken feed, 
xylanase can break down the arabinoxylans in wheat, and β-glucanase can hydrolyze 
the β-glucosidic bonds of β-glucans in barley [24]. A research study carried out on 
broiler fed with diet containing 1% prilled palm fat with lyso-lecethin showed signifi-
cant enhancement in nutrient digestibility, BWG, and FCR during the experiment 
[25]. Another important point to consider is that wheat and barley can be fed to young 
birds up to 40 and 30%, respectively, with the supplementation of enzymes [26].

About 80% of birds’ diets are made up of ingredients from plant origin containing 
non-starch polysaccharides (NSP) in the plant’s cell wall. Among NSP, β-mannans 
can be considered as the leading molecules and are the most prevalent in a wide 
variety of feed ingredients including soybean meal, which is the major protein source 
in feeds produced around the world [27]. In practice, poultry diet supplementation 
with exogenous enzymes is a universal strategy to improve nutrient utilization and 
growth performance, thus reducing feed cost [28]. In energy-deficient diets (less than 
80 kcal/kg from basal diet), the supplementation of β-mannanase enzyme at 250 or 
300 g/ton improved growth performance (P < 0.05) in broiler from 3 to 5 weeks of 
age. Accordingly, β-mannanase enzyme supplementation should be considered when 
low-energy diets are formulated in broiler [29].

3. Fiber-degrading enzymes in broiler feed

Supplementation of enzymes to poultry feed, nowadays, is more considerable by 
nutritionists to improve the nutritional value to the agro-industrial waste. Thus, it can 
replace a reasonable portion of yellow corn and SBM in poultry diets.

Numerous studies have been done on broiler chickens to determine the influence 
of enzyme supplementation on productive efficiency. A study carried out by Kocher 
et al. [30] showed a significant (P < 0.05) improvement in apparent metabolizable 
energy (AME) and protein digestibility in broilers supplemented with endo-1,3(4)- 
β –glucanase, hemicellulose, and pectinase at 365 g/kg to their yellow corn and 
 SBM-based diet.

Ng and Chong [31] pointed that fish fed with 40% PKC-based diet and supplemented 
by exogenous enzyme exhibited improvement in dry matter and energy digestibility. 
Similar outcomes were reported by Iyayi and Davies [32], who mentioned that supple-
mentation of 0.01% avozyme® in broiler fed with 30% PKC-based diet, led to a signifi-
cant (P < 0.05) increase in feed intake and body weight gain (BWG) during the starter 
phase. In addition, substantial increase (P < 0.05) was observed in apparent digestibility 
of crude protein, fiber, and fat. However, the carcass characteristics and internal organs 
were not affected by the supplementation of enzyme.

It was reported that gamanase inclusion (hemicell mannanase from Bacillus lentus 
and mannanase from Aspergillus niger) improved the BWG of broiler fed with diet 
containing PKC [33]. Furthermore, β-mannanase, β-mannosidase, and β-glucanase 
are the main enzymes that may degrade the mannan molecule [23]. Additional 
enzymes were suggested by Moreira and Filho [23] to aid the process of degrading 
mannan such as acetyl mannan esterase and α-galactosidase to cleave the side chain 
that may be attached to the mannan.

The fiber content in PKC fermented by cellulolytic and hemicellulolytic bacteria 
showed significant decrease (P < 0.05) in neutral detergent fiber (NDF), acid deter-
gent fiber (ADF), crude fiber, cellulose, and hemicellulose [17]. In a digestibility trial 
conducted by Alshelmani et al. [34] on broiler chickens, the amino acid content and 
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availability of PKC fermented by Paenibacillus polymyxa ATCC842 and P. curdlanolyti-
cus DSMZ 10248 were significantly (P < 0.05) increased (Tables 1 and 2).

A feeding trial conducted by Soltan [35] on broiler chickens found that 
supplementation of enzyme improved the BWG and feed conversion ratio (FCR) 
in the group fed with 20% PKC-based diet compared to the control group. The 

Nutrient (g/kg) PKC FPKCa1 FPKCb2 SEM3 P-values

Crude protein 164.3b 168.0a 166.8a 0.04 0.0003

Dry matter 914.2 926.2 924.4 0.38 0.5228

Ash 47.4 46.7 48.0 0.13 0.2201

Crude fiber 169.6a 140.9b 142.9b 0.19 <0.0001

Neutral detergent fiber (NDF) 822.9a 717.0b 735.4b 0.52 <0.0001

Acid detergent fiber (ADF) 514.8a 472.7b 474.5b 0.58 0.0003

Hemicellulose 308.1a 244.3b 264.2b 0.75 0.0010

Cellulose 355.5a 318.5b 314.1ab 0.62 0.0010

In dispensable amino acids

Lysine 3.7 4.1 3.8 0.02 0.1325

Leucine 8.9 9.4 9.5 0.02 0.0551

Isoleucine 5.0b 5.9a 5.3a 0.02 0.0239

Valine 6.9 7.8 7.2 0.03 0.1433

Phenyl alanine 5.7b 6.6a 6.3ab 0.02 0.0192

Threonine 4.1b 5.1a 4.6ab 0.02 0.0118

Histidine 2.3b 2.9a 2.4ab 0.02 0.0150

Methionine 2.2b 2.7a 2.6a 0.01 0.0003

Arginine 16.0b 17.6a 16.9ab 0.04 0.0312

Glycine 6.0b 7.8a 7.1ab 0.04 0.0489

Dispensable amino acids

Aspartic acid 11.2b 12.7a 12.3ab 0.03 0.0155

Glutamic acid 24.8b 28.0a 27.6a 0.08 0.0033

Proline 4.4b 5.9a 5.2ab 0.02 0.0018

Serine 5.6b 6.9a 6.6ab 0.04 0.0150

Tyrosine 2.5 2.4 2.4 0.01 0.4435

Cysteine 2.0 2.2 2.1 0.01 0.3632

Alanine 6.2 7.0 7.1 0.06 0.3892
1FPKCa; fermented palm kernel cake by P. polymyxa ATCC 842.
2FPKCb; fermented palm kernel cake by P. curdlanolyticus DSMZ 10248.
3Pooled standard error of means.
*a,bMeans ± SEM. Means with different superscripts in the same row are differ significantly (P < 0.05).
n = 6 (6 replicates per treatment with 2 birds per replicate).
A = Adapted from Alshelmani et al. [34].

Table 1. 
Nutrient content of palm kernel cake and fermented palm kernel cake by cellulolytic bacteria (dry matter 
basis)* A.
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supplementation of 0.015% roxazyme® to broiler feed increased BWG and final 
body weight. Moreover, the supplementation of such enzyme to the PKC led to a 
significant (P < 0.05) increase in crude protein from 12 to 17.8%. On the other hand, 
the crude fiber was significantly (P < 0.05) decreased from 20.2 to 17.3% [36].

The nutritional value of the PKC treated with enzyme [36] or fermented by cel-
lulolytic bacteria [7, 17, 34] improved when compared against untreated PKC. It has 
been found that fungal growth on lignocellulosic fibers during solid state fermentation 
decreased NDF, ADF, and hemicellulose. In addition, the ANF (phytate and tannins) 
declined in some agro-industrial waste as a result of microbial fermentation [37]. 
Regarding the ANF in animal feed ingredients, it has been found that NSP has been 
reported to be the main reason affecting nutrient digestibility and increase intestinal 
viscosity. Therefore, the immunity status and gut microflora will be adversely affected 
as a result of decreasing nutrient absorption and utilization by the animal [5, 7, 20, 38]. 
The research demonstrated that supplementation of β-mannanase [38] or solid-state 

Nutrient (%) PKC FPKCa1 FPKCb2 SEM3 P-values

Crude protein 57.92b 61.83a 60.88a 0.63 0.0014

In dispensable amino acids

Lysine 65.94 69.57 70.63 2.12 0.1479

Leucine 65.47 68.04 63.89 1.39 0.1375

Isoleucine 69.59 70.47 66.39 2.58 0.5152

Valine 62.89b 70.42a 65.08b 1.26 0.0022

Phenyl alanine 68.77 70.76 68.51 1.96 0.6802

Threonine 61.38 64.98 61.69 1.73 0.2935

Histidine 56.99b 71.50a 64.83ab 2.77 0.0076

Methionine 61.67b 71.92a 69.20a 0.90 <0.0001

Arginine 75.75b 81.15a 76.30b 0.95 0.0019

Glycine 47.44 45.52 52.96 4.16 0.4424

Dispensable amino acids

Aspartic acid 56.87b 64.30a 61.74a 1.20 0.0018

Glutamic acid 62.64b 72.37a 65.45b 0.91 <0.0001

Proline 53.76 58.73 51.20 3.06 0.2401

Serine 65.76 69.78 67.58 2.10 0.4186

Tyrosine 59.04b 67.58a 61.93ab 1.84 0.0155

Cysteine 33.34b 41.45a 37.46ab 2.01 0.0393

Alanine 52.07b 66.87a 59.84ab 2.49 0.0029
1FPKCa; fermented palm kernel cake by P. polymyxa ATCC 842.

2FPKCb; fermented palm kernel cake by P. curdlanolyticus DSMZ 10248.
3Pooled standard error of means.
*a,bMeans ± SEM. Means with different superscripts in the same row differ significantly (P < 0.05).
n = 6 (6 replicates per treatment with 2 birds per replicate).
A = Adapted from Alshelmani et al. [34].

Table 2. 
Amino acid and crude protein digestibility of palm kernel cake and fermented palm kernel cake by cellulolytic 
bacteria (dry matter basis)* A.
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fermentation technique by cellulolytic microorganisms [5, 7, 20, 34] to β-mannan-rich 
diets may increase nutrient digestibility, enhance immunity status of the bird, increase 
beneficial microflora in small intestines, and improve the productivity of poultry.

In vitro trial conducted by Zamani et al. [39] showed that P. polymyxa ATCC842 
and P. curdlanolyticus DSMZ 10248 were capable of producing cellulase, xylanase, and 
mannanase in PKC, rice bran, and wheat pollard. On the other hand, the supplemen-
tation of glucanase and xylanase in broiler fed with wheat-based diet improved the 
gut microflora [40]. The BWG and FCR improved in broiler chickens fed with diet 
containing 15% barley and supplemented with β-glucanase [41].

4. Keratin-degrading enzymes

The increase in production of poultry around the world resulted in massive waste 
output. The most poultry waste resulting from poultry processing in slaughterhouses 
are feathers. Several million tons of such industrial by-products have been recorded 
[42, 43]. It is reported that feather constitutes about 8% of the adult bird [44] and con-
tains about 85% crude protein [1]. The feather’s protein is keratin, and the degradable 
protein is difficult. Feather meal contains 5% cysteine and 3000 kcal/Kg metabolizable 
energy. The digestible cysteine is about 60% based on the processing conditions [1].

4.1 Degradation of feather meal

The biological value of a feather meal is low because of its nutrient availability to 
the animal. However, the fermentation process by microorganisms or using keratino-
lytic enzyme could improve the nutritional value of such a product [1, 44]. Several 
keratinases were generated from Bacillus spp., B. licheniformis, B. pumilus [44] B. 
subtilis, and Aspergillus fumigatus [1]. It was observed that keratinase supplementation 
increased amino acid digestibility in raw feather meal from 30 to 66% [44].

The incubation of keratinase from B. pumilus A1 at 45 to 60°C for 6 h led to the 
successful degradation of the feather meal. Therefore, the treated feather meal 
or even the fermented one can be utilized as an animal feed ingredient [44, 45]. 
Additionally, fermentation with B. licheniformis at 50°C for 5 days may produce a 
fermented feather meal comparable to that of SBM [1, 46].

Reference Method Inclusion of 
feather meal

Output

Adejumo and 
Adetunji [47]

Feather meal was fermented by 
B. subtilis to produce microbial 

biodegraded feather meal.

6% Improved growth 
performance

Xu et al. [48] Supplementation of 200,000 U/kg 
of keratinase on broiler diet

4% Improved growth 
performance, meat quality, 
and nutrient digestibility

Lee et al. [49] Feather meal was mixed with 
soybean meal and fermented by B. 

amylolequefaciens CU33

5% Improve duodenal 
morphology and promote 
digestion and absorption

Table 3. 
Effect of keratinase supplementation or fermented feather meal on broiler performance.
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As can be seen, the inclusion of feather meal in poultry rations is about 2–3%. 
Nevertheless, the fermented product by keratin-degrading microbes or keratinase 
supplementation may provide additional value to such a product, lowering the cost of 
poultry feed (Table 3) [1].

5. Enzyme supplementation on plant protein meals

The most protein-rich source in poultry nutrition is SBM. Raw SBM contains some 
ANF, such as trypsin inhibitors [46] and lectins [50]. Fortunately, these ANF can 
be minimized by heating. However, excessive heat leads to decreased lysine avail-
ability because lysine is very sensitive to Maillard reaction so that the reducing sugars 
(raffinose and stachyose) react with the epsilon amino group of lysine and become 
unavailable [51].

There is a tendency to use low-protein diet in poultry production [46]. The 
benefits behind that are to reduce nitrogen excretion and ammonia emission from 
poultry manure to the environment. Additionally, it decreases the cost of feed, 
increasing the revenue from the production of broilers [52]. Therefore, enzyme 
supplementation or fermentation processes are being used to break down plant 
protein for monogastrics. It is recommended to supply protease and phytase 
to SBM to improve amino acid availability [53] and release more phosphorus from 
phytate [54].

Phytate molecules can reduce amino acid digestibility by binding dietary amino 
acids. Therefore, the supplementation of phytase to the chickens increases the avail-
ability of phosphorus and amino acids as well [52]. At the same time, it can play an 
important role in reducing the release of phosphorus into the soil [46]. Other miner-
als can be increased along with phosphorus as a result of phytase supplementation, 
so that the availability of other elements, such as zinc, from yellow corn and SBM 
increases up to 10% [46].

In a feeding trial conducted by Maqsood et al. [55], broiler chickens (Ross 308) 
fed with low-protein diets (20% of crude protein less than standard allowances) and 
supplemented with protease at 200 g/ton led to improved growth performance, intes-
tinal health, and carcass characteristics. Similar findings were observed by Tajudeen 
et al. [56] when birds were fed low-protein diets and administered with 0.022% 
protease; the birds exhibited an improvement in BWG, crude protein digestibility, 
and gut morphology. McCafferty et al. [57] reported that protease supplementation in 
broiler diets improved their growth performance.

Encouraging results were observed among laying hens fed with corn and SBM-
based diets and supplemented with protease. A study conducted by Poudel et al. [58] 
showed that protease supplementation considerably improved crude protein digest-
ibility and increased egg production in laying hens. Wealleans et al. [59] claimed that 
multi-protease enzyme supplementation to broiler chicken-fed low-protein diets led 
to enhanced FCR, carcass yield, and gut health. It is suggested that phytase and prote-
ase supplementation to low-protein diets can improve crude protein and majority-of-
amino acid digestibility [52].

The beneficial impact of protease supplementation on SBM could be attributed 
to the reduction of ANF, such as trypsin and chymotrypsin inhibitors [56]. The 
mechanism can occurred via the release of more peptides from ANF that exist in SBM 
(Table 4) [58].
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6. Conclusion

• In conclusion, the supplementation of exogenous enzymes to poultry feed may 
introduce a positive development in terms of poultry nutrition. For instance, it 
has been discovered that phytase supplementation to broiler diets may release 
phosphorus from phytate and reduce phosphorus excretion in broiler manure.

• In addition, fiber-degrading enzymes have also been proven to improve broiler 
performance and reduce intestinal viscosity. Likewise, protein-degrading 
enzymes are also beneficial in low-protein diets, so that it decreases ANF in SBM, 
releases amino acids, increases crude protein and most-amino-acid digestibility, 
and reduces nitrogen excretion and ammonia emission in broiler manure, which 
positively impacts the environment.

• The supplementation of mixed exogenous enzymes to broiler feed may lead to 
better utilization of the nutrients on behalf of the chickens.

• The dosage of enzyme in poultry feed depends on the enzyme activity and the 
manufacturer recommendation.

Supplemented enzyme Influence Reference

Protease at 200 g/ton to low-protein diet 
(20% reduction of protein from standard 
requirements of Ross 308).

Improved growth performance, gut 
health, and carcass traits

Maqsood  
et al. [55]

Protease at 0.022% to low-protein diet (0.75% 
lower than standard requirements).

Optimum findings in BWG and 
nutrient digestibility

Tajudeen  
et al. [56]

Phytase, xylanase, and protease at 2000 U/kg, 
200 U/kg, and 15,000 U/kg, respectively.

Improved broiler performance McCafferty 
et al. [57]

Protease at 60 g/ton of feed. Increased egg income and return on 
investment.

Poudel  
et al. [58]

Multi protease at 300 mg/kg diet to low protein 
diet (3.5% lower than standard requirements of 
Ross 308).

Improved FCR, carcass weight and 
yield, breast yield, and gut health and 
morphology.

Wealleans  
et al. [59]

Table 4. 
Effect of diet supplemented with protease and phytase on broiler performance.
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Chapter 6

Acidifiers as Alternatives for 
Antibiotics Reduction and Gut 
Health Improvement for Poultry 
and Swine
Nguyen Vu Thuy Hong Loan, Ho Trung Thong, Le Nu Anh Thu 
and Ho Viet Duc

Abstract

Using antibiotics of low doses as feed additives could support to improve poultry 
and swine performances. However, these applications have caused resistance of bacte-
ria and antibiotic residues in foods of animal origins. Therefore, efforts were focused 
on solutions to replace antibiotics as growth promoters (AGPs). There are many 
alternatives for AGPs, in which organic acids are one of the important alternatives. 
The aim of this chapter is to review publications on these acids and their other forms 
namely as acidifiers using as feed additives including their names and forms, mode of 
actions, spectrum against bacteria, combinations among them, and latest updates on 
their effects on swine and poultry production. The scientific findings show that acidi-
fiers can inhibit pathogenic bacteria growth, improve nutrient digestibility, enhance 
immunity and overall gut health, consequently increase performances of poultry and 
swine. Several acids and their salts in both liquid and solid forms have been studied 
and applied as poultry and swine feed additives; however, the efficacy levels and the 
mode of actions are dependent on the single acidifiers, their salts, and combinations 
among them. The uses of acidifiers in their salts and derivative forms and mixtures of 
different acidifiers seem to be more favorable.

Keywords: acidifiers, antibiotics, organic acids, poultry production, swine production

1. Introduction

Antibiotics, since their discovery in the 1920s, have been widely used as antimi-
crobial growth promoters in animal production to enhance productivity and prevent 
diseases [1, 2]. However, due to the emerging resistance against microbes and their 
residues in meat, milk, and egg, the World Health Organization (WHO) published 
guidance and recommendations to reduce the use of antibiotics in 1997. About a 
decade later, the European Union imposed a complete ban on the use of prophylactic 
antibiotics in the animal feedstuff [3, 4]. A withdrawal of growth-promoting antibi-
otics in livestock production has led to problems like an increase in the incidence of 
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animal diseases and a reduction in productivity [5]. Consequently, various alterna-
tives were sought and explored to replace the use of antibiotics in animal production 
to maintain performance and their health. The potential substitutes to antibiot-
ics include probiotics and prebiotics, plant extracts, essential oils, antimicrobial 
peptides, functional amino acids, hyperimmune antibodies, clays, metals, and/or 
organic acids [6–16]. Among these alternatives, dietary organic acids, also known as 
acidifiers, have been applied worldwide for decades due to their strong antibacterial, 
anti-fungal, and anti-mold properties [17]. The organic acids with antibacterial activ-
ity are either simple monocarboxylic acid such as butyric acid, propionic acid, acetic 
acid, and formic acid, or carboxylic acid bearing a hydroxyl group such as tartaric 
acid, citric acid, malic acid, and lactic acid [18]. These are usually weak organic acids 
that are capable of lowering the pH of the stomach and in the gastrointestinal tract 
(GIT), thus inhibiting the growth of pathogenic bacteria, promoting proteolytic 
enzyme activity and nutrient digestibility, creating stability of the microbial popula-
tion, and stimulating the growth of beneficial bacteria [19]. Single organic acids have 
been reported to own a wide range of microbial activities such as physiology, pH 
range, and membrane structure. Thus, the inclusion of organic acids mixtures in diets 
is not always consistent, and the response to dietary organic acids could be affected 
by the type of organic acids, dosage, feed formula, and the age of animals [20]. 
Therefore, the purpose of this review is to summarize recent studies about responses 
of swine and poultry to both single and a blend of organic acids aiming to support the 
overall insight about the effective utilization of organic acids in swine and poultry 
production for enhancing the performance and gut health. In addition, modes of 
action of organic acids (OAs) and their classification are also discussed.

2. Classification of acidifiers

Acidifiers, or so-called organic acids, are organic compounds that possess acidic 
properties. In general, acidifiers are divided into three functional groups including 
short-chain fatty acids (SCFAs, C1 to C5), medium-chain fatty acids (MCFA; C6 
to C12), and tricarboxylic acids (TCA) [21]. In which, SCFAs are most commonly 
used, such as formic acid (C1), acetic acid (C2), propionic acid (C3), lactic acid 
(C3), and butyric acids (C4) [22]. These SCFAs are produced in the lower intes-
tine of animals by the microbial fermentation of indigestible sugars and amino 
acids. Their pKa values are small with a range from higher than 3 to less than 5 
(Table 1). Since this property, they can selectively inhibit the intestinal bacteria, 
and thus improve intestinal morphology and decrease the intestinal inflammation 
[23]. MCFAs are also used in combination with SCFAs as feed additive to enhance 
the activity of acidifiers in GIT. MCFA can disrupt the phospholipid membrane, 
thus exhibit potent antibacterial activity. The MCFA commonly used in livestock 
production include caproic acid (C6), caprylic acid (C8), capric acid (C10), and 
lauric acid (C12). There has been an increase in recent interest in research relevant 
to inhibitory activity of MCFA against a wide range of pathogens in the swine 
industry. For example, lauric acid and a mixture of caprylic and capric acids 
were reported to exhibit antibacterial activity against pathogenic bacteria such as 
Escherichia coli, Streptococcus suis, Salmonella poona, and Clostridium perfringens 
[24]. TCA is an organic carboxylic acid whose chemical structure contains three 
carboxyl functional groups (-COOH). They are metabolic intermediates of Krebs 
cycle or citric acid cycle, thus are involved in the major energy-yielding metabolic 
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pathway in cells. These acids improve gut morphology and barrier function with 
positive influences on intestinal bacteria community. The best-known TCA is citric 
acid which has been reported that it can be a potential alternative to antibiotics in 
animal production [25–27].

Moreover, due to difficulties of using organic acids in practice including offensive 
odor and their inability to affect the lower part of GIT, different forms of organic 
acids such as their salts and derivatives have been developed and investigated for their 
effects on growth performances and gut health [28]. For examples, sodium butyrate 
and butyrate glycerides (mono-, di-, and tri-butyrin) were reported to have positive 
influences on animal production including enhancement of gut health, control of 
pathogens, reduction of inflammation, and improvement of performances [29]. The 
inclusion of valeric acid glyceride ester in the broiler dietary can improve the feed 
conversion ratio, positively impact to the intestinal morphology, increase the density 
of glucagon-like peptide-2 immunoreactive cells, and significantly reduce the number 
of birds infected necrotic enteritis [30]. Besides, owing to the advantages of today’s 
modern technologies, especially encapsulation technology, which has been widely 
employed across various scientific fields, including animal nutrition, it effectively 
overcomes the limitations of conventional feeding methods [31, 32]. Coated organic 
acids with encapsulated nano/micro materials led to an increase in the stability, 
bioavailability, and their activity. For example, Feye et al. (2020) and Muniyappan 
et al. (2021) recently reported that the dietary inclusion of microencapsulated blend of 
organic acids enhanced the GIT microbiota and may be a viable antibiotic alternative 
for the swine and poultry industry [33, 34].

Classification Name Used salts and derivates

Short-chain fatty acid (SCFA) Formic acid Ammonium formate
Sodium di-formate

Acetic acid Sodium acetate

Propionic acid Ammonium propionate;
Sodium propionate

Lactic acid Sodium lactate

Butyric acid Sodium butyrate
mono, di-, tri-butyrin

Valeric acid Glyceride esters

Benzoic acid Benzoate

Malic acid Sodium, calcium-malate

Medium-chain fatty acid 
(MDFA)

Caproic acid Caproates, hexanoates, caproate esters

Lauric acid Calcium laurate

Caprylic acid —

Capric acid —

Sorbic acid Calcium sorbate
Potassium sorbate
Sorbic chloride

Tricarboxylic acid (TCA) Citric acid Sodium citrate

Table 1. 
Common acidifiers used as additives in swine and poultry production.
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3. Mode of action

The use of acidifiers and their salts in the diet of swine and poultry with a reason-
able dose can increase the body weight (ADG), improve feed conversion ratio (FCR), 
and reduce the pathogenic bacteria [35, 36]. Thus, it is necessary to explore the 
activity of acidifiers. Generally, the mechanisms of action of organic acids include: (i) 
Lowering of intestinal pH; (ii) Improving nutrient digestibility via the reduction of 
pH value by release of hydrogen ions in the stomach, thereby activating pepsinogen 
to form pepsin; (iii) Inhibition of Gram-negative bacteria in the gastrointestinal tract 
(GIT); (iv) Improved energetic utilization in the intermediate metabolism to enhance 
endogenous enzyme secretion and chelate minerals; (v) intestinal anti-inflammation 
and immunity response.

3.1 Lowering of intestinal pH

Organic acids are weak acids in the sense that a certain proportion of the molecules 
do not fully dissociate. These undissociated, uncharged molecules diffuse easily across 
the bacterial cell membrane to reach the interior of the cell. After the entry of organic 
acids into the microbial cell, these acids release the proton (H+) in the more alkaline 
environment of the cytoplasm, causing a drop of bacterial intracellular pH. This 
impacts on bacterial metabolism, inhibiting the action of important microbial enzymes. 
The bacterial cell is forced to use energy to expel the protons, leading to an intracellular 
accumulation of acid anions. The anions within the bacterial cell are thought to disrupt 
the metabolic processes in the cell, consequently affecting cell multiplication and limit-
ing growth [4, 17, 18, 36]. There are two major types of organic acids that have different 
modes of action in decreasing pH. The first group including lactic, fumaric, and citric 
acid lowers the pH of the stomach leading to indirect reduction of the population of 
acid sensitive bacteria. The second group including butyric, formic, acetic, propionic, 
and sorbic has ability to lower the pH of the GIT by penetrating the Gram-negative 
bacteria cell wall and directly controlling the pathogens [28].

3.2 Improving nutrient digestibility and gut morphology

Since organic acids can reduce the pH value in the GIT, thus, pepsinogen is acti-
vated to form pepsin, which causes proteolysis of protein. The protein contents are 
then broken down into simple peptides and amino acids that can be easily absorbed 
in the small intestine. In addition, in the presence of an acidic environment, bacterial 
metabolites such as ammonia and amines are reduced, thereby enhancing digest-
ibility. Therefore, organic acid used as an acidifier in swine and poultry production 
has been considered to be a potential alternative to antibiotics for improving nutrient 
digestibility. Previous trials have reported that including 0,5% fumaric acid, 0,5% 
formic acid, 0,75% acetic acid, or 2% citric acid in broiler diets improved ME, crude 
protein, ether extract, crude fiber, and nitrogen-free extract [37–39]. Similarly, in 
swine production, the supplementation of 0,1 or 0,2% of coated organic acid includ-
ing 17% fumaric acid, 13% citric acid, 10% malic acid, and 1.2% MCFA (capric and 
caprylic acid) in basal diets linearly increased the dry matter, nitrogen, and energy 
digestibility [40]. Moreover, low pH also increases the digestibility of nutrients via the 
changes in the villus height and depth in the small intestines, thus improving the gut 
morphology and is one of the reasons for the improvement of the feed to gain ratio. 
For example, in a study by Garcıá et al. (2007), broilers fed diets containing 0.5 and 
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1.0% formic acid exhibited longer villi (1273 and 1250 μm, respectively) compared 
to the control group (1088 μm) [39]. Panda et al. (2009) reported that the addition 
of 0.2, 0.4, or 0.6% butyrate in the broiler’s diet improved the villus length and 
crypt depth in the duodenum [41], in which, 0,4% of butyric acid supplementation 
improved performances. Similarly, Galfi and Bokori (1990) showed an increase in the 
length of microvilli in the ileum and the depths of the crypts in caecum in growing 
pigs when fed with 0.17% of sodium butyrate. This dietary increased the average daily 
body mass gain of pigs by 23.5% [42].

3.3 Inhibition of pathogenic bacteria

It is reported that most common bacteria that affect the intestinal health of both 
poultry and swine are Gram-negative bacteria such as Escherichia coli, Salmonella, and 
Campylobacter which can be controlled by supplementation of organic acids in diets 
[43–45]. The study in mode of action of organic acids showed that most of pathogenic 
bacteria reside at a pH close to 7, while useful bacteria survive better at a pH between 
5.8 and 6.2. Therefore, owing to the intestinal pH lowering capable of organic acids, the 
population of the pathogenic microbes is reduced that do not affect to beneficial bacte-
ria. In addition, the efficacy of an acid in inhibition of the pathogenic bacterial growth 
is dependent on its pKa value—the pH at which the acid is half dissociated. Organic 
acids, most of them, with antimicrobial activity, have a pKa between 3 and 5 (Table 2).

Organic acids with higher pKa values are commonly used as preservatives for ani-
mal feed. Their antimicrobial efficacy depends on the increasing number of carbon 
chains and unsaturation properties [48]. Peh et al. (2020) recently reported in-vitro 
susceptibility of Campylobacter spp to 10 organic acids including caprylic acid, sorbic 
acid, caproic acid, benzoic acid, ascorbic acid, propionic acid, acetic acid, formic acid, 
fumaric acid, and tartaric acid. In which, the antimicrobial activity of caprylic acid 
and sorbic acid against Campylobacter spp at the lowest minimum inhibitory con-
centration values measured at pH 7.3 ranged from 0 to 2 nmol/L and 1 to 4 nmol/L, 
respectively [47].

Organic acids pKa value Minimum inhibitory concentration (nmol/l)

E. coli Campylobacter jejuni

Acetic 4.75 1.55 64.00

Benzoic 4.19 0.316 8.0

Butyric 4.81 1.41 nd

Citric 3.13 38.2 nd

Formic 3.75 64.0 128.0

Lactic 3.86 3.72 nd

Malic 3.40 50 nd

Propionic 4.87 64.0 32.0

Sorbic 4.76 4.0 4.0

nd: not detected.

Table 2. 
The pKa values of common organic acids and the minimum inhibitory concentration (MIC) of these organic acids 
against pathogenic bacteria [46, 47].



Feed Additives – Recent Trends in Animal Nutrition

104

3.4 Provision of energy source in the GIT

Organic acids act as an energy source in the GIT as they are metabolic intermedi-
ates from Krebs cycle, thus directly influencing intestinal metabolic status. For 
example, Kirchgessner and Roth found that fumaric acid, a product of metabolic 
pathway in the Kreb cycle, can be used as an energy source with an efficiency close to 
that of glucose in pigs [49]. In addition, the beneficial effects of organic acids on the 
growth performance were considered due to their energy contribution. Blank et al. 
reported that fumaric acid as an available energy source can influence the intestinal 
mucosa and thus increasing the absorptive surface and capacity of the small intestines 
due to the rapid recovery of the gut epithelial cells of pigs after weaning [50]. Besides, 
the intestinal microbiota can ferment fibers and oligosaccharides to produce SCFAs 
including acetate, propionate, and butyrate. These metabolites play a significant role 
in maintaining the intestinal homeostasis [51]. SCFAs were reported to contribute 
5–15% and 60–70% of the total energy requirements of colonic epithelial cells in 
humans, respectively. Among SCFAs, butyrate is the major energy source for colono-
cytes, which have beneficial effects on both cellular energy metabolism and intestinal 
homeostasis [52]. Donohoe et al. also showed that butyrate maintains energy homeo-
stasis and prevents autophagy by acting as an energy source rather than a histone 
deacetylase inhibitor in mammalian colon [53].

3.5  Preventing the intestinal inflammation status and supporting immunity 
homeostasis

There is mechanistic evidence for the effects of SCFA on mucosal immune and 
inflammatory status, based on studies involving cell lines and small animal models 
[51]. SCFAs, particularly butyrate, have been shown to exert their effects through 

Figure 1. 
The role of organic acids (sorbic and acid citric) in the intestinal anti-inflammation and immune response in 
broiler chickens.
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several mechanisms, including the reduction of pro-inflammatory cytokines (INF-γ, 
TNF-α, IL-1β, IL-6, and IL-8), while also including IL-10 and TGF- β (Figure 1).

With this property, butyrate enhances intestinal barrier function and mucosal 
immunity leading to the enhanced protection against luminal pathogens [52]. For 
example, feeding the ApoE knockout mice with butyrate decreased the pro-inflam-
matory cytokines, leading to a reduction in atherosclerotic lesions and a decrease 
in macrophage migration [54]. Kim et al. (2013) found that SCFAs activate GPR41 
and GPR43 in mice intestinal epithelial cells, leading to the production of chemo-
kines and cytokines, which are required for an inflammatory response to bacterial 
infection [55]. Rodríguez-Lecompte et al. (2012) indicated that broiler chicks fed 
with probiotics (Lactobacillus casei, Lactobacillus acidophillus, Streptococcus faecium, 
and Saccharomyces cerevisiae) and organic acids (sorbic and citric acid) positively 
responded to anti-inflammatory via pathways involving cytokines by decreasing 
TLR-2 and ileal IL-12p35 and increasing IFN-γ and ileal IL-6 and IL-10 [56]. In addi-
tion, IgA (SIgA) is the most prominent antibody produced in the intestinal mucosa 
that protects the intestines against bacterial and viral infections [51]. Schilderink 
et al. reported that acetate increased fecal IgA and IgA-positive B-cells in the lamina 
propria of wild-type mice indicating that the process was mediated through specific 
SCFA receptor interaction [57]. Emami et al. found that broilers fed with phytase and 
organic acids showed higher IgG in the primary and secondary response compared to 
the control group [58]. Park et al. noticed that the supplementation of 0.2% organic 
acid to layer diet aged 75 weeks significantly increased IgY level [59].

4. Effect of acidifiers on swine and poultry production

4.1 Effect of acidifiers on swine production

Previous research showed positive effects of supplementing dietary acidifiers 
at optimal levels on the performance and gut health of swine at different growth 
stages (Table 3). For example, Li et al. (2008) reported that weanling piglets fed a 
diet supplemented with 0.5% of a mixture of acidifiers, including calcium salt of 
2-hydrozy-4(methylthio) butanoic acid, fumaric acid, and benzoic acid) exhibited 
better weight gain and feed efficiency (p < 0,05), higher levels of lactobacilli in the 
duodenum, and lower levels of ileal E. coli [71]. Kuang et al. (2015) also noted that 
21-day-old crossbred pigs, when fed a diet supplemented with 0.3% blends of acidi-
fiers containing citric acid, calcium formate, calcium lactate, and MCFAs (capric, 
lauric, and myristic acids), experienced improvements in ADG, average daily feed 
intake (ADFI), increased AA digestibility, and enhanced immunity [72].

It is reported that supplementation of 0.4% acidifier mixture (fumaric, lactic, 
propionic acids, citric, benzoic) in the dietary of weaning piglets improved the 
growth performance, feed intake (FI) and gain-to-feed ratio (G: F) compared to 
the diet without acidifiers supplementation [73]. Regarding the growing pigs and 
finishing pigs, it is also demonstrated that the supplementation of 0.2% of coated 
organic acids in the dietary including 10% malic, 13% citric, 17% fumaric acids, and 
1.2% MCFA (capric and caprylic acid) has a positive influence on the growth perfor-
mance. Feces from pigs fed a diet supplemented with this organic acid blend showed 
a linear reduction (p < 0.001) in E. coli counts and a tendency for a linear increase 
(p = 0.06) in Lactobacillus counts [74]. Zhai et al. (2017) reported that the nursery 
and grower-finisher pigs fed with the supplementation levels of 0.3 and 0.5% benzoic 
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Composition of 
acidifiers

Dose Age Growth performance Gut health Ref

ADG ADF1 G:F

Single acidifiers

Fumaric 0,15%, 
0,3%

Weaned * * * NA [60]

Benzoic 0,3%; 
0,5%

Nursery, 
Grower, 
Finisher

* * * NA [61]

Lactic 2,8% Weaned NA NA NA Control clinical and 
subclinical infections 
of S. Typhimurium

[62]

1,6% * * * Reduced incidence 
and severity of 
diarrhea

[63]

Formic 1,2% Weaned * * * Reduced incidence 
and severity of 
diarrhea

[63]

Propionic 1,0% Weaned * * * Reduced incidence 
and severity of 
diarrhea

[63]

Citric acid 1,0% Weaned NS NS * Improved intestinal 
morphology

[26]

Mixture of acidifier

Formic acid, acetic 
acid, propionic 
acid, and butyric 
acid

1,5 g/kg Weaned * * * Increased 
lactobacillus,

[64]

Formic acid, acetic 
acid, and propionic 
acid, medium-
chain fatty acids 
(MCFA)

Weaned * * * Improved intestinal 
structure

[65]

Formic acid 
(31.0%), 
ammonium 
formate (23.0%), 
and acetic acid 
(8.3%)

2 L/ton in 
drinking 
water

Weaned NS * NS Decreased diarrhea 
rate, regulate gut 
microbiota

[66]

Formic acid 
(11%), ammonium 
formate (13%), 
propionic acid 
(10%), acetic acid 
(5.1%), and citric 
acid (3.7%)

3 g/kg
5 g/kg

Weaned * NS * Improved intestinal 
morphology

[67]

Salts of acidifier

Encapsulated 
sodium butyrate

30.00% Growing-
finishing

* NS NS NA [68]

Sodium butyrate 0.8 g/kg Weaned * * * NA [69]
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acid showed a significant improvement in growth performance. In which, the supple-
mentation of 0.5% benzoic acid promoted better performance in nursery pigs, while 
grower-finisher pigs fed with 0.36% gained optimal ADG [61].

Moreover, evidence also showed the importance of organic acids on gut health 
and livestock environment. For example, addition of benzoic acid (1 or 2%) in the 
dietary for grower-finisher pigs reduced urinary pH and NH3 emissions [75, 76]. Diao 
et al. (2014) also reported that benzoic acid supplementation (5 g/kg) in the dietary 
decreased the GIT pH values. The number of Bifidobacterium and Bacillus in pigs fed 
the benzoic acid diet was greater than in pigs fed the control diet, while the number 
of Escherichia coli decreased in pigs fed the benzoic acid diet. In addition, benzoic acid 
increased the content of propionic acid and total volatile fatty acids and decreased the 
concentrations of NH3–N in cecum (P < 0.05). The gut morphology was also improved 
in pigs fed the benzoic acid diet (P < 0.05), with observed increases in villus height 
in the ileum and decreased crypt depth in the duodenum [77]. Lynch et al. (2017) 
indicated a significant decrease in Salmonella levels in the feces of grower pigs fed 
with sodium butyrate (p = 0.001) and a blend of formic and citric acids (p < 0.001) 
[78]. Zhang et al. (2018) showed that dietary supplementation with chlorogenic 
acid improved intestinal health and regulated the composition of selected intestinal 
microbiota in weaned piglets. To put it more specific, an increase in the population of 
Lactobacillus (p < 0.05) and a decrease in the population of E. coli were observed in 
the colon of pigs fed chlorogenic acid diets. Dietary supplementation with chlorogenic 
acid also resulted in an increase (p < 0.05) in duodenal villus height and villus height: 
crypt depth compared to the control group. This positive influence on intestinal 
morphology in weaned piglets ultimately improved their growth performance [79].

In addition, the recent study showed the effect of a microencapsulated mixture 
of organic acids (MOAs) supplementation on the growth performance and meat-
carcass grade quality in growing-finishing pigs. The supplementation of MOAs (0,05 
and 0,1%) in the basal diet resulted in a significant (P < 0.05) linear improvement in 
ADG, a linear decrease in fecal E. coli counts, a linear (P < 0.05) increase in backfat 
thickness and lean meat percentage, and a decrease in drip loss [33]. Similarly, the 
previous trial showed that piglets received a basal diet with the addition of MOAs 
at 3 kg/ton had higher ADFI (+ 4.6%; P = 0.08), ADG (+ 8%; P < 0.01), and final 
body weight (+ 6.5%, P < 0.01) [80]. Nguyen et al. indicated that the administration 
of MOAs (0,1 and 0,2% in the diets) increased Lactobacillus counts and decreased E. 
coli counts compared to the control diet (p < 0.05) [62]. These findings suggest that 
organic acids have growth-promoting properties and can be used as alternatives to 
antibiotics in swine production.

Composition of 
acidifiers

Dose Age Growth performance Gut health Ref

ADG ADF1 G:F

Coated sodium 
butyrate

300 mg/
kg
450 mg/
kg

Weaned * * * Increased 
lactobacillus, 
decreased E. coli 
counts

[70]

NA: not available, NS: not significant difference in p-value, ADFI: average daily feed intake, ADG: average daily gain, 
G:F: gain: feed, *: significant effect of OAs on growth performance (p < 0,05).

Table 3. 
Effects of acidifiers on growth performance and gut health of swine.
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4.2 Effect of acidifiers on poultry production

Acidifiers and their salts have also been used in poultry dietary and drinking water 
for the past decades. Literature showed that the broilers/layers fed with acidifiers in 
the diet improved growth performance, reduced toxic bacterial mass, and enhanced 
nutrient digestibility and GIT immunity (Table 4).

When it comes to broiler growth performance, previous trials have demonstrated 
the efficiency of supplementing diets with butyric acid and its salt (sodium butyr-
ate) in improving body weight, feed intake, and FCR. For instance, Leeson et al. 
(2005) and Anton Giovanni et al. (2007) showed that the carcass weight and breast 
meat yield significantly increased (p < 0.05) in birds fed 0.2% butyric acid [91, 92]. 
Besides, Adil et al. (2011) found that birds fed 3% fumaric acid exhibited significantly 
(p < 0.05) higher body weight gains and better feed conversion ratio [93].

For the combination of organic acids, Nguyen et al. (2018) reported that broilers fed 
with various levels of mixed acidifiers (0.02, 0.03, 0.04, 0.05, and 0.06%) and MCFAs 
showed positive growth performance, nutrient digestibility, and excreta microflora. 
In detail, broilers exhibited a linear increase (P < 0.05) in body weight gain and an 
improvement in feed conversion ratio (P < 0.0001). Additionally, there was a linear 
increase (P < 0.05) in the Lactobacillus: E. coli ratio. An increase in the levels of organic 
acids and MCFAs also significantly improved the IgG concentration (P = 0.011) [86]. 
However, Youshelf et al. (2017) reported that supplements of single lactic acid (0,2%) 
in broiler diets seem to obtain better performances than the organic acid mixture 
(0,4%). It was also found that the inclusion of single lactic acid in broiler diets declined 
the serum cholesterol level, the pH of small intestine, the counts of fecal coliforms and 
E. coli, but did not affect the carcass yield, breast, or organ weights [94].

In addition, salts of organic acids, such as potassium diformate and sodium difor-
mate have been shown to have positive effects on performance and GIT health. To 
put it more specific, Paul et al. (2007) reported that ammonium formate or calcium 
propionate (0.3%) increased the live weight gain and FCR at day 21 in broiler chick-
ens [95]. Mikkelsen et al. (2009) showed that inclusion of 0.45% potassium diformate 
reduced mortality caused by necrotic enteritis (Clostridium perfringens) [96]. Raaga 
et al. (2016) reported that broilers fed basal diet supplemented with formic acid  
(5 g/kg diet), or potassium diformate (5 g/kg diet) exhibited significantly increased 
body weight gain and improved feed conversion ratio (P < 0.05). An improvement 
in villus height was also observed in both of these groups. [97]. Besides, different 
organic acids have been used in drinking water. Formic, propionic acids, and their 
salts have exceptionally good solubility in water. Their supplementation in drinking 
water with 0,3 L/1000 L significantly improved the intestinal structure [98].

In the laying hen industry, the efficiency of dietary acidifiers on egg production 
and quality have been well-documented. Yesilbag and Çolpan (2006) reported that 
the laying hens fed with a mixture of acidifiers at levels of 0,5%, 1,0%, and 1,5% 
exhibited a slight increase in average egg production (91.03, 90.94, and 91.30%, 
respectively) compared to the control group (85.76%) [99]. Grashorn et al. (2013) 
showed that the supplementation of organic acids mixture (SALMO-NIL dry) at 2 kg/
ton of feed increased average egg weight and egg production capacity [100]. Recently, 
Gong et al. (2021) reported that the dietary supplementation with 1 g/kg benzoic 
acid exhibited no effect on production performance, but it significantly improved egg 
quality, intestinal morphology, and bacterial profiles [101]. Encapsulation technology 
is also currently employed in laying hen industry to produce protected organic acids. 
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Composition 
of acidifiers

Dose Age Growth performance Gut health Ref

ADG ADF1 G: F

Single acidifiers

Phosphoric 0.1%, 0.2% 1–42 days 
old

* * * Decreased 
E. coli, 
Salmonella

[81]

Lactic 0.3% 1–42 days 
old

* * * Decreased 
E. coli, 
Salmonella

[81]

Propionic 0.5% 1–42 days 
old

* * * Increased 
Lactobacillus, 
decreased 
E. coli

[82]

Formic 0.5% 1–42 days 
old

* * * Increased 
Lactobacillus, 
decreased 
E. coli

[82]

Formic 0.4% 1–48 days 
old

* * * NA [83]

Citric 0.3% 1–42 days 
old

* * * Improved gut 
morphology

[84]

Encapsulated 
Butyric

0.03%; 
0.05%

1–42 days 
old

* * * NA [85]

Mixture of acidifier

17% fumaric 
acid, 13% 
citric acid, 
10% malic 
acid, and 
1.2% MCFAs

0.06% Broiler * * * Increased 
IgG, 
increased 
Lactobacillus, 
decreased 
E. coli

[86]

Formic, 
propionic

0,2%; 0,4% Starter, 
Grower, 
Finisher 
broiler

* * * Increased 
Lactobacillus, 
decreased 
E. coli

[87]

Formic 
acid 31%, 
propionic 
acid 19%, 
ammonium 
format 26%, 
ammonium 
propionate 
6%

0,3 L/1000 L 
drinking 
water

1–42 days 
old

* * * Improved 
intestinal 
structure

[88]

Salts of acidifiers

Sodium 
butyrate

500, 1000, 
2000 mg/kg

1–42 days 
old

* * * Improved 
intestinal 
structure, 
increased 
Lactobacillus

[89]
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Youself et al. (2013) evaluated the effect of microencapsulated organic acids includ-
ing fumaric acid, calcium formate, calcium propionate, potassium sorbate on egg 
quality. The results showed that microencapsulated organic acids did not affect shape 
index, yolk index, Haugh unit or specific gravity, but showed significant increase in 
shell thickness and yolk color [102]. Recently, Garcia et al. (2019) showed the effects 
of beak trimming and the inclusion of sodium butyrate in the diet from at hatch to 
6 weeks of age on the growth performance and GIT traits of brown-egg pullets. The 
results showed that sodium butyrate tended to improve growth and FCR from 0 to 
6 weeks of age but did not affect body weight uniformity [103].

In addition, drinking water acidification is also preferred in layer industry for 
improving performance. Kadim et al. (2008) reported that the average egg produc-
tion significantly increased by approximately 20, 15, and 10% in the trial groups 
where acetic acid was administered through drinking water at levels of 0.06, 0.04, 
and 0.02%, respectively, during the hot season (P < .01) [104]. Abbas et al. (2013) 
indicated that administration of formic acid through drinking water at levels of 0, 
0.05, 0.10, or 0.15% increased average egg production in hens by approximately 72, 
80, 86, and 88%, respectively [105].

5. Conclusions

From the scientific results presented and discussed in this chapter, the following 
main conclusions can be drawn: (i) OAs and their salts are among the most promising 
future products of the livestock industry, owing to their antimicrobial activity, which 
reflect in improved overall gut health, inhibition of pathogenic bacteria growth, 
increased apparent total tract digestibility, and enhanced growth performance (ii) 
Both single OAs and mixed OAs are utilized as additives in swine and poultry feeds, 
and have positive influences on growth performance and gut health in the differ-
ent growth periods of swine and poultry. In which, the mixed OAs seem to be more 
favorable for recent investigations shown with the enormous number of publications 
(iii) the different forms of OAs such as their salts and derivates seem to be more 
efficacy for the growth performance and gut health of pig and poultry compared to 
original OA forms. (iv) OAs can be added in drinking water or in the dietary of swine 
and poultry. Both supplementation methods were evaluated to improve the growth 
performance and control pathogenic bacteria.

Composition 
of acidifiers

Dose Age Growth performance Gut health Ref

ADG ADF1 G: F

Sodium 
butyrate

0.3 g/kg; 
0.6 g/kg; 
1.2 g/kg

1–21 days 
old

* * * Improved 
intestinal 
structure, 
enhanced 
the immune 
response of 
ND vaccine.

[90]

NA: not available, NS: not significant difference in p-value, ADFI: average daily feed intake, ADG: average daily gain, 
G:F: gain: feed, *: significant effect of OAs on growth performance (p < 0,05).

Table 4. 
Effects of acidifiers on growth performance and gut health of broilers.
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Abstract

The study aimed to evaluate testicular size, weight and epididymal semen quality 
of Large White × Landrace (LW × LR) boars fed fermented liquid potato hash. Diets 
containing either 200 (LFLPH) g/kg potato hash; 400 (HFLPH) g/kg potato hash or 
no fermented potato hash (control). Forty-two crossbred boars (LW × LR) weighing 
(25 ± 2.3 kg) were individually housed and fed ad-lib one of the seven dietary treatments 
for three months. Pigs were allocated to diets in complete randomized design. After 
3 months and 600 ± 4 kg average body weight boars were slaughtered and epididymal 
semen was collected from head of epididymis. Boars that were fed control had higher 
(P < 0.05) live spermatozoa concentration than LLFPH and HFLPH diets. However, 
HLFPH had higher (P < 0.05) proximal droplet, distal droplet and dead spermatozoa 
concentration than control and LLFLPH. In addition, boars that were fed control 
and LLFPH had higher (P < 0.05) total, progressive, rapid motility, and lower non-
progressive, static, medium and slow motility than HLFPH. It is concluded that low 
liquid fermented potato hash diet could be used as an alternative feed source for pigs. 
The results indicated that diets contain LFLPH can be used in boar diets without any 
adverse effects on spermatozoa quality.

Keywords: boar, epididymal semen, fermentation liquid feed, potato by-products, 
potato hash

1. Introduction

In animals, nutrition plays a major role in boar reproduction, including the 
attainment of sexual maturity, both in terms of spermatogenesis and libido. 



Feed Additives – Recent Trends in Animal Nutrition

122

Therefore, corn, soybean meal and wheat bran are the most common ingredients 
used in swine diets in South Africa. They are used because of their high nutritional 
value and economic benefits [1]. Pig nutrition plays an important role in the 
regulation of the production and reproductive efficiency of boars. In South Africa, 
affordability of conventional feeds has gone beyond the reach of smallholder pig 
farmers, due to declining grain production, increasing competition with humans 
for feed ingredients. To sustain local production, there is a need to look for local 
and readily available alternatives to substitute corn, soybean meal, fish meal, 
and soya oil cake that is the major protein source in pig feed. This problem could 
be solved by introducing less expensive local feed ingredients like potato hash 
in pig feed formulations to reduce the overall cost of production. Availability of 
agro-industrial by products has enabled smallholder pig farmers to use alterna-
tive energy sources to replace cereals in pig diets [2, 3]. Potato hash (by-product 
produced from the processing of chips) is produced in South Africa and can be 
use as alternative energy sources in pig feed. Potato by-products represent an 
opportunity for livestock feeders because they are an inexpensive but energy-
dense dietary ingredient [4]. However, less research has been devoted to study the 
feeding opportunities of potato hash diets on conducive reproduction of boars. 
A good balance between energy and protein feeds in the ration is the key factor 
in achieving optimum performance. It is important to evaluate the potential of 
liquid fermented potato hash diet on epididymal spermatozoa quality of LW × LR 
pigs. Feeding fermentable carbohydrates such as raw potato starch (RPS) has been 
shown to strongly reduce skatole concentration in the adipose tissue of barrows [5] 
and entire male pigs [6, 7]. As skatole breakdown in the adipose tissue occurs rap-
idly, when microbial formation is reduced, feeding resistant starch during the week 
prior to slaughter seems enough to achieve significant reductions [8]. According to 
reference [9], back fat thickness is thus conceivable that selection based primarily 
on productive characteristics, especially for lean growth, leads to reproductive 
problems, such as low spermatozoa production.

Spermatozoa are produced in the testis as the result of a complex assembly line 
that makes a highly shaped cell, morphologically and biochemically specialized. 
The epididymal secretome and proteome of several mammalian species include 
pigs. According to reference [10] one of the changes produced in the sperma-
tozoa through its epididymal maturation was the migration of the cytoplasmic 
droplet from the proximal position to the distal position of the midpiece [11]. 
As a result, epididymal spermatozoa and often ejaculated spermatozoa contain 
a heterogeneous group of spermatic cells that vary in degree of maturation and 
show different morphologies and fertility potential. Feeding diets containing 
fermented liquid feed have been shown to increase pig performance and improve 
the microbial environment in the gastrointestinal tract [12–14], however no work 
was done on epididymal semen quality of LW × LR boar. Therefore, effects of 
liquid fermented potato hash diet on spermatozoa traits have not been examined 
in LW × LR boars. To the knowledge of the authors, there is no study available, to 
date, on the effect liquid fermented potato hash diet on spermatozoa quality of 
LW × LR pigs. Several factors affect spermatozoa quality in boars; photoperiod, 
environmental relative humidity and temperature, nutrition, handling, breed, 
age, viral or bacterial infections, and, especially, the frequency of semen col-
lection significantly affect the number of spermatozoa per ejaculate as well as 
spermatozoa motility and morphology [15]. To date, no study has reported the 
effect of liquid.
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2. Materials and methods

2.1 Location and experimental area

The study was conducted at Germplasm, Conservation and Reproductive Bio-
technologies Unit of Agricultural Research Council (ARC), Animal Production (AP), 
(ARC-AP: Irene, Pretoria, South Africa). The ARC-AP campus is located at 25°55′ 
South; 28°12′ East. The campus is located in the Highveld region of South Africa and 
situated at an altitude of 1525 m above sea level. Potato hash (PH) was collected from 
Simba (Isando, Gauteng, South Africa), a potato chips factory in South Africa for 
processing and production of fermented liquid potato hash diet (FLPH).

2.2 Fermentation process and diets

A back-slopping fermentation approach was used to prepare fermented liquid potato 
hash diets as described by reference [16]. Fermented liquid diets were prepared by mixing 
potato hash diets with water, at a ratio of 1:2. The diets were formulated to provide 14 MJ/
kg digestible energy (DE), 180 g crude protein (CP)/kg and 11.6 g lysine /kg which meet 
and exceed the requirements of growing pigs [17]. Three diets were formulated to be 
isoenergetic and isonitrogenous containing either 200 (LFLPH) g/kg potato hash and 
400 (HFLPH) g/kg potato hash or no fermented potato hash (control). The seven dietary 
treatments are showed in Figure 1: A-CON (control diet non-fermented, contain no 
potato hash), B-LFC (liquid fermented control diet), C-LLPH (diet containing 200 g 
potato hash.kg−1 as fed), D-HLFPH (diet containing 400 g potato hash.kg−1 as fed), 
E-LFCE (fermented control diet treated with an exogenous xylanase enzyme (Natugrain 
TS L®), F-LLFPHE (diet containing 200 g potato hash.kg−1 as fed treated with an exog-
enous xylanase enzyme (Natugrain TS L®)), G-HLFPHE (diet containing 400 g potato 
hash.kg−1 treated with an exogenous xylanase enzyme (Natugrain TS L®). The fermented 
diets were stored in closed 100 L drums under agitation at 25°C for 8 hours before being 
fed to the pigs. Pigs were adapted to diets for a period of ten days. Both experimental diets 
and water were provided ad libitum for two months (Table 1) [16].

2.3 Characterization of the liquid fermented potato hash

Fermented liquid feed is defined as a mixture of feed and water that is stored in 
a tank at a specific temperature and for a specific time before being fed to animals 
[16]. Fermented liquid by-products, fermented diets can also be achieved when dry 

Figure 1. 
Dietary treatments of liquid fermented potato hash; A- CON- control (liquid fermented control with and without 
enzyme); LLFPH - low inclusion of liquid fermented potato hash with and without enzyme; HLFPH - high 
inclusion of liquid fermented potato hash with and without enzyme; LFC + E-liquid fermented control with 
enzyme diet; LFC – Liquid fermented control diet.
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compound feed is mixed with water and stored for at least 8 hours [18]. This process-
ing method can easily be used under small farmer conditions. It is also known as soak-
ing. A short-term perseveration technique is used to store liquid by-products. Feeding 
fermented liquid compound feeds to weaned piglets improved daily gain and changed 
the gastrointestinal environment in a more desirable direction compared to non-fer-
mented liquid feeds [14]. Feeding fermented liquid compound feeds to weaned piglets 
improved daily gain and changed the gastrointestinal environment in a more desirable 
direction compared to non-fermented liquid feeds. Processed potatoes such as hash 
represent a potential energy source that could replace or be included in the traditional 
pig diet [13]. Another disadvantage of feeding hash to growing pigs is that it contains 
a high-fiber diet that increases the passage rate in growing pigs [16].

Control LLFPH HLFPH

Experimental diets1

Ingredient kg

Hominy Chop 608.7 504.4 400

Molasses 20 15 10

Potato Hash 0 200 400

Soybean Oilcake 181.4 166.7 152.1

Maize meal 150 75 0

Monocalcium Phosphate 5 8.1 11.2

Limestone 18.8 16.3 13.7

Lysine HCI 8 6.5 5

Salt 4 4 4

Vitamin-mineral Premix2 4 4 4

Calculated composition

Nutrients g/kg

DM 892 605 599

Ash 2.5 31 37

CP 180 180 180

Crude fiber 57 58 60

Calcium 9.12 9.12 9.12

Phosphorus 5.47 5.46 5.46

Lysine 11.6 11.6 11.6

Methionine 0.67 0.56 0.56

DE MJ/kg 13.5 13.5 13.5
1CON = control (liquid fermented control with and without enzyme); LLFPH = low inclusion of liquid fermented potato 
hash with and without enzyme; HLFPH = high inclusion of liquid fermented potato hash with and without enzyme.
2Provided the following per kg of diet: 6500 IU vitamin A, 1200 IU vitamin D3, 40 IU vitamin E, 2 mg vitamin 
K3, 1–5 mg vitamin B1, 4.5 mg vitamin B2, 0.03 mg vitamin B12, 2.5 mg vitamin B6, 25 mg niacin, 12 mg calcium 
pantothenate, 190.5 mg choline, 0.6 mg folic acid, 0.05 mg biotin, 40 mg manganese, 100 mg zinc, 125 mg copper, 1 mg 
iodine, 100 mg ferrous, and 0.3 mg selenium [16].

Table 1. 
Composition and chemical analysis of the diet on as-is basis of different inclusion levels of liquid fermented potato 
hash.
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2.4 Pigs, experimental design and housing

Forty-two (6 pigs per treatment) crossbred boars (Large White × Landrace) 
aged 55 days with an average weight of 25.5 ± 3 kg was randomly selected from the 
ARC-AP Irene, pig breeding unit. The boars were allocated to dietary treatments in a 
completely randomized design. The boars were housed individually in 1.54 × 0.8 m 
pens in environmentally controlled houses with the temperature ranging from 22 to 
25°C. Each pen was provided with wood shaving. Daily feed offered and weekly orts 
were recorded. Orts were dried, weighed and discarded daily. Weights of feed refusals 
and orts were subtracted from the total weight of the feed allocated to determine feed 
intake for that week. Weight of the feed consumed each week was divided by seven to 
determine the average daily feed intake. Feed was supplied ad libitum and water was 
made available at all times through drinking nipples. Mortality and morbidities were 
noted. Morbidities were diagnosed and the necessary treatments were done [16].

2.5 Boars slaughtering and measurements of testicular traits

These pigs were humanely slaughtered when they attained a weight of 60 ± 4 kg. 
The pigs were then stunned with an electrical stunner set at 220 V and 1.8 A with a 
current flow for 6 s and exsanguinated within 10 s of stunning [9]. While boar was 
bleeding, testis and epididymis were carefully removed before the carcass was dipped 
into hot water, de-haired and eviscerated. The length, width and weight for left and 
right testis were measured. The length, width and weight for left and right testis were 
measured using caliper. The weight of testis was measured using a sensitive digital 
weighing scale. The right and left epididymis was trimmed off the body of the testis. 
Scrotal sacs were incised to exteriorize the testis and epididymides carefully collected, 
trimming off adhering tissues and weighed using a sensitive electronic balance. Other 
testicular and epididymal morphometric characteristics such as length, diameter, and 
volume of the testis, and epididymal length were also measured. The testis length, 
width and epididymal length were measured with the aid of a pair of Vernier calipers, 
while the testis volume was measured by water displacement according to Archimedes 
principle. Paired and mean testicular and epididymal parameters were computed 
from data for left and right testis and epididymis.

2.6 Semen sample collection and evaluation

The boars were slaughtered, and semen samples were collected from head of the 
epididymis through a razor blade incision made by on the right and left testicles. The 
epididymal semen samples were collected into a graduated 15 mL tube. The semen 
samples were placed in well-insulated flasks maintained at a warm temperature 
(37°C) before being transported to the laboratory within 30 minutes for measurement 
of semen traits categorized into microscopic evaluation.

2.7 Spermatozoa motility

Spermatozoa motility was determined using a sperm class analyzer® (CASA) 
(Microptic S.L, Spain). Five hundred microliters of Ham’s F-10 (Sigma-Aldrich, South 
Africa) and 5 μL of semen were mixed in a 1 mL graduated tube and incubated for 
5 minutes at 37°C. After incubation, 10 μL of extended semen was placed on a pre-
warmed microscopic slide (37°C), mounted with a cover slip and examined (×10) 
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under a phase contrast microscope (Nikon, Japan). Spermatozoa motility was catego-
rized as follows: Progression (%), Total motility (TM) - is a sum of progressive and 
non-progressive motility; Progressive motility (PM) - spermatozoa that are moving 
forward; Average values of velocity parameters; Curvilinear velocity (VCL) - aver-
age velocity which measures a spermatozoa movement along its actual path (μm/s); 
Straight-line velocity (VSL) - average velocity which measures a spermatozoa move-
ment along a straight line from beginning to the end (μm/s); Average path velocity 
(VAP) - average velocity of the smoothed cell path (μm/s); Linearity (LIN) - linearity 
movement is a ratio of VSL/VCL (%); Straightness (STR) - straight line movement 
is a ratio of VSL/VAP (%) and Wobble (WOB) - wavering movement which is a ratio 
VAP/VCL (%) [19–21].

2.8 Spermatozoa concentration

Spermatozoa concentration was determined with a 6310 spectrophotometer 
(Jenway, United Kingdom). A square cuvette was filled with 3 mL of sodium citrate 
solution and placed in a spectrophotometer for at least 30 seconds. Raw semen 
(15 μL) was added in a square cuvette containing the sodium citrate solution, again 
placed in a spectrophotometer in order to read the absorbance. The absorbance read 
was used to determine the final spermatozoa concentration (106/mL) with the aid of 
a formula (201 × 25.97 × absorbance - 0.3). The final spermatozoa concentration was 
recorded in millions per milliliter spermatozoa concentration. Semen pH was mea-
sured using the pH meter (Oaklon, EW35614–30, ColeParmer, East Bunker Court, 
Vernon Hills, IL, USA) [20].

2.9 Spermatozoa morphology

The morphology was determined microscopically after staining the semen samples 
with Eosin Nigrosin stain (Onderstepoort, Pretoria) on a slide. Boar semen was added 
to 20 μL Eosin Nigrosin staining solution in a 0.6 mL micro-centrifuge graduated tube 
and mixed gently. A drop of 5 μL boar semen and Eosin Nigrosin stain was placed on 
a clear end of a microscope slide and smeared. Semen samples was determined using 
Eosin Nigrosin stain (pH - 8.39), to determine percentage live or dead spermatozoa 
and evaluation of the spermatozoa morphology (normal or abnormal). The sperma-
tozoa smears were prepared on a clean, warm microscope slide to avoid temperature 
shock to the spermatozoa and evaluated on the same day of semen collection and 
with the aid of a fluorescent microscope (BX 51TF) using an oil immersion objective 
(×100 magnification). Live spermatozoa were further evaluated for spermatozoa 
morphology and abnormalities. Abnormalities of the spermatozoa were categorized 
as primary (small, large or swollen head, double heads, abnormal acrosome, elon-
gated and mid-piece, double and short tail), secondary (detached, loose or damaged 
acrosomes, bent and protoplasmic droplets of the mid-piece, bent and shoe-hook tail) 
and tertiary abnormalities (reacted acrosomes and coiled tails), such as live, dead, 
distal droplet, head, midpiece and tail [21].

2.10 Membrane integrity

Membrane integrity (Figure 2) was assessed using the osmotic resistance test 
(the hypoosmotic swelling test – HOST) by incubating an aliquot (100 μL) of semen 



127

The Effect of Liquid Fermented Potato Hash Diet on Testicular Size, Weight and Epididymal…
DOI: http://dx.doi.org/10.5772/intechopen.113120

sample with 1 ml of double distilled water at 37°C for 30 minutes [22]. After incuba-
tion, a pinch of Eosin was added; a drop of the well-mixed sample was placed on a 
glass slide and covered with cover slip. This slide was observed at 400× magnification 
under the phase contrast microscope. Spermatozoa with swollen tail were counted 
as HOST positive. A minimum of 200 spermatozoa were observed for tail coiling 
(Figure 2). The percentage of reactive spermatozoa was then calculated by subtract-
ing the percentage of tail defects recorded in the sperm population before incubation 
in HOST media was carried out.

2.11 Statistical analysis

The liquid fermented potato hash and genotype on epididymis spermatozoa qual-
ity, testicular development was performed using (SAS) version 9.3 statistical software 
(SAS, 1999). The GLM procedure was also used to determine the effect of LLFPH, 
HLFPH, LFC + E, LFC, LLFPH+E, HLFPH+E and genotype. A 5% significance level 
was used.

3. Results

3.1  Epididymal semen volume, semen pH, spermatozoa concentration, and 
abnormalities spermatozoa morphology

The effect of supplementation liquid fermented potato hash diet on epididymal 
semen volume, spermatozoa concentration, semen pH and abnormalities sperma-
tozoa morphology, in LW × LR boars are shown in Figure 3. However, LFC and 
HLFPH+E had lower (P < 0.05) epididymal semen volume compared to control, 
LLFPH, HLFPH, LFC + E and LLFPH+E treatments. There was no difference 
(P > 0.05) in epididymal semen pH between the treatments. There was a difference 
(P < 0.05) in epididymal spermatozoa concentration between the treatments. Boars 
fed HLFPH+E had lower spermatozoa concentration compared to boars consum-
ing control, LLFPH, HLFPH, LLFPH+E, LFC + E and LFC treatments. There was a 
difference (P < 0.05) in epididymal head abnormalities spermatozoa between the 
treatments. Where boars fed LLFPH had higher head abnormalities spermatozoa 
compared to control, HLFPH, LLFPH+E, HLFPH+E, LFC + E and LFC treatments. 
There was a difference (P > 0.05) in epididymal tail abnormalities spermatozoa 

Figure 2. 
Membrane integrity of the raw boar spermatozoa evaluated with HOST. (A) Spermatozoa with intact 
membrane and (B) Spermatozoa with damaged membrane.
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between the different treatments. Boars fed control treatment had lower epididymal 
tail abnormalities spermatozoa compared to boars on the other dietary treatments.

3.2  The effect of supplementation liquid fermented potato hash diet on 
epididymal spermatozoa parameters

The mean supplementation liquid fermented potato hash diet on epididymal 
spermatozoa motility and velocity parameters of LW × LR boar semen as measured 
by CASA are shown in Table 2. There was a difference (P < 0.05) in total and pro-
gressive spermatozoa motility between the treatments. Boars fed LLFPH had higher 
epididymal total motility spermatozoa and progressive motility compared to boars 
on all the other dietary treatments. Boars fed LFC had epididymal lower progressive 
motility compared to the control, LLFPH, HLFPH, HLFPH+E, LLFPH+E and LFC + E 
treatments. There was a difference (P < 0.05) in both rapid and slow epididymal 
spermatozoa between the treatments., Boars fed HLFPH+E had lower epididymal 
rapid spermatozoa compared to control, LLFPH, HLFPH, LLFPH+E, LFC + E and 
LFC treatments. There was an increase in slow spermatozoa with the increases of 
HLFPH+E treatments. There was no difference (P > 0.05) in VCL spermatozoa 
between the treatments. However, pigs fed HLFPH+E tended to have decreased VCL 
spermatozoa. There was a difference (P < 0.05) in epididymal VSL spermatozoa 
between the treatments. However, pigs fed control (35.08) had higher values VSL epi-
didymal spermatozoa compared to LLFPH, HLFPH, HLFPH+E, LLFPH+E, LFC + E 
and LFC (27.93, 24.53, 26.55, 32.15, 25.70 & 23.62) treatments. There was no differ-
ence (P > 0.05) in epididymal VAP spermatozoa between control, LLFPH, HLFPH, 
LLFPH+E, LFC + E and LFC but there was difference (P < 0.05) with HLFPH+E 
treatments. There was no difference (P > 0.05) in epididymal linearity between the 

Figure 3. 
The effect of supplementation liquid fermented potato hash diet on epididymal semen volume, spermatozoa 
concentration, semen pH and abnormalities spermatozoa morphology, in LW × LR boar (±SEM). abcValues with 
different superscripts within a row differ significantly (P < 0.05, SEM- standard error of mean, SC – Sperm 
concentration; CON- control (liquid fermented control with and without enzyme); LLFPH - low inclusion of 
liquid fermented potato hash with and without enzyme; HLFPH - high inclusion of liquid fermented potato 
hash with and without enzyme; LFC + E-liquid fermented control with enzyme diet; LFC - Liquid fermented 
control diet.
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treatments. However, pigs fed LLFPH+E had lower epididymal linearity spermatozoa 
compared to control, LLFPH, HLFPH, HLFPH+E, LFC + E and LFC treatments. 
There was no difference (P > 0.05) in epididymal wobble spermatozoa between the 
control, HLFPH, HLFPH+E, LLFPH+E, LFC + E and LFC treatments, however there 
were difference with LLFPH treatment. There was no difference (P > 0.05) in ALH 
epididymal spermatozoa between the treatments. There was no difference (P > 0.05) 
in BCF spermatozoa between the treatments. However, pigs fed LFC + E had higher 
BCF spermatozoa compared to control, LLFPH, HLFPH, LLFPH+E, HLFPH+E, and 
LFC treatments. Pigs fed control diet had higher medium spermatozoa compared to 
the LFC, LLFPH, HLFPH, HLFPH+E, LLFPH+E and LFC + E treatments. There was a 
difference (P < 0.05) in straightness spermatozoa between the treatments. However, 
pigs fed LFC had higher epididymal straightness spermatozoa compared to the 
control, LLFPH, HLFPH, HLFPH+E, LLFPH+E and LFC + E treatments. There was 
a difference (P < 0.05) in statics spermatozoa between the treatments. However, pigs 
fed HLFPH+E had an increase in epididymal statics spermatozoa compared to the 
control, LFC, LLFPH, HLFPH, LLFPH+E and LFC + E treatments.

3.3  The effect of supplementation liquid fermented potato hash diet on 
epididymal morphology and membrane integrity parameters

Analysis of boar spermatozoa morphology with Eosin/Nigrosin staining solu-
tion viewed under a fluorescence microscope at 100x magnification is indicated in 
Figure 4. Boars fed LFC + E had lower live spermatozoa compared to control, LLFPH, 
HLFPH, LLFPH+E, HLFPH+E and LFC treatments. There was a difference (P < 0.05) 
in dead epididymal spermatozoa between the treatments. Although pigs fed LFC + E 
had higher dead epididymal spermatozoa compared to the control, LFC, LLFPH, 
LLFPH+E, HLFPH and LLFPH+E treatments. Membrane integrity of the raw boar 
spermatozoa evaluated with HOST shown in Figure 3. The HLFPH and LFC had 
a higher (P < 0.05) osmotic swelling test compared to control, LLFPH, LLFPH+E, 
LFC + E and LLFPH+E treatments.

3.4 Testicular and epididymal morphometric

Testicular and epididymal morphometric characteristics of White × Landrace 
boars fed liquid fermented potato hash diets are show in Table 3. There was a differ-
ence (P < 0.05) in the right testis weight and width indexes between the treatments. 

Figure 4. 
Analysis of boar spermatozoa morphology with eosin/Nigrosin staining solution viewed under a fluorescence 
microscope at 100x magnification. (A): Live spermatozoa and (B): Dead spermatozoa.
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Boars fed HLFPH+E had higher right testis weight index compared to the control, 
LLFPH, HLFPH, LFC + E, LLFPH+E and HLFPH+E treatments. Pigs fed HLFPH 
had lower right testis width index compared to the control, LLFPH, LFC + E, LFC, 
LLFPH+E, and HLFPH+E treatments. The LLFPH+E and LLFPH had a higher 
(P < 0.05) left testis weight index compared to control, HLFPH, LFC + E, LFC, and 
HLFPH+E treatments. Boars fed LFC + E had higher left testis width index compared 
to the control, LLFPH, HLFPH, LFC, LLFPH+E and HLFPH+E treatments. However, 
there was no difference (P > 0.05) in left testis width and length index between the 
treatments. Boars fed HLFPH had the lowest right testis length index compared to 
all the other treatments. There was a difference (P < 0.05) in right epididymis length 
between the treatments, with boars consuming HLFPH and LLFPH diets having the 
shortest right epididymis length. There was a difference (P < 0.05) in left epididymis 
length between the dietary treatments, demonstrated by the shortest left epididymis 
in boars that were fed HLFPH and LLFPH+E diets.

4. Discussion

4.1  The effect of supplementation liquid fermented potato hash diet on semen 
volume, pH, spermatozoa concentration and sperm motility parameters

The study hypothesized that epididymal spermatozoa quality was affected by 
inclusion levels of liquid fermented potato hash supplementation in LW × LR boars. 
Supplementation of liquid fermented potato hash in our study did not show any 
significant negative effect on semen volume of LW × LR pigs. Similarly, Ogunlade et al. 
[1] reported that dietary supplementation with Saccharomyces cerevisiae to layer breed-
ers improved semen quality by increasing semen volume, sperm concentration, and 
motility and by reducing dead and abnormal sperm as opposed to the untreated group. 
There were no significant differences in the epididymal semen volume were recorded 
in this study. Similarly, Santos et al. [23] who observed no effect of palm kernel cake 
(PKC) and coconut meal (CM) diets on semen volume, gross motility, vigor, and sper-
matozoa morphologic defects of the ejaculates in water buffalo semen. Wähner et al. 
[24] also reported an increase in semen volume and higher spermatozoa concentration, 
as l-carnitine increased in boars. In our study the inclusion levels of liquid fermented 
potato hash did not show any significant effect on spermatozoa concentration [25]. 
Similar results were obtained with male buffalo calves, in which the supplementation 
of yeast fermentation product (0%,0.5%, or 1.0%) of the diet did not impact sperm 
concentration, volume, motility, and viability [18]. A significant increase was recorded 
in the epididymal sperm concentration and motility of rats consuming fermented 
rooibos and ‘green’ rooibos when compared with the control group and other experi-
mental groups [26]. No significant difference in the epididymal head abnormalities 
spermatozoa was observed in contrast to the findings of [2, 3] that no effect of (200, 
400 and 600 mg/kg of sweet potato (Ipomoea batatas) leaf extract as compared to the 
control diet on spermatozoa concentration on semen in rabbit.

Amao and Showunmi [27] reported that rabbit increases epididymal spermatozoa 
concentration in bucks fed control and fermented cottonseed cake than bucks fed 
raw cottonseed cake-based diet. Similarly, Chung et al. [28] found that Lepidium 
meyenii (Maca) aqueous extract increased the epididymal sperm count of a rat. Ekpo 
et al. [29] reported that the recent evidence indicates that there was no change in 
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epididymal spermatozoa parameters from the rats fed sweet potato. In the present 
study, semen pH was not affected by liquid fermented potato hash supplementation 
in Large White x Landrace pigs was expected. Ekpo et al. [29] reported that increases 
of epididymal semen pH, as inclusion levels of sweet potato increased in albino rats. 
The semen pH of the ejaculates ranged between 6.8 and 7.0 with no difference among 
the palm kernel cake (PKC) and coconut meal (CM), also in accordance to previous 
findings Sansone et al. [30, 31]. According to Uno et al. [32] there was no significant 
difference in the epididymal semen pH among the different treatment groups. The 
pH of the semen was between the range of 7.18 to 7.25 in the current study as shown in 
Table 2. Uno et al. [2, 3] reported a significant decrease in the weight of epididymal 
spermatozoa count in albino rats fed/supplemented with the leaves extract. Amao 
and Showunmi [27] found that spermatozoa count increased with fermented cot-
tonseed cake diet. While Etchu et al. [33] found that semen volume, spermatozoa 
concentration and sperm output decreased with processed sweet potato in diet. An 
increase in total motility spermatozoa suggests that including liquid fermented potato 
hash beyond (diet containing 200 g potato hash.kg−1 diet) compromises motility of 
spermatozoa. An increase in total motility spermatozoa found in the current study 
correspond with finds reported by Amao and Showunmi [27] of the highest sperma-
tozoa motility in rabbit supplemented with 200 mg fermented cottonseed cake. Pant 
et al. [34] and dos Santos et al. [23] indicated that progressive spermatozoa motility 
was higher in water buffalo fed with a diet containing 69.3% palm kernel cake. In 
addition, Rubus coreanus has been reported to increase spermatozoa counts and 
motility in white rabbit [10]. The increase in sperm output by testis size line boars was 
due to larger testis and greater rates of daily sperm production [35]. The observation 
that progressive motility was affected by inclusion levels of liquid fermented potato 
hash in LW × LR boars. Dos Santos et al. [23] reported that progressive spermatozoa 
motility of buffalo with supplemented palm kernel cake was increased than the rabbit 
fed control group. Zhao et al. [36] reported that, these results suggested that wine 
grape pomace could be used as a feed ingredient in rams to alleviate restraint induced 
oxidative stress and improve epididymal spermatozoa quality. Etchu et al. [33] 
reported that semen volume, spermatozoa concentration (109/cm3), spermatozoa 
motility (%), live/dead ratio (%), spermatozoa output (109/cm3), abnormal sperma-
tozoa (%), semen pH, birds fed fermented sweet potato-based diets was decreases 
than the birds fed control diet, sliced potatoes, and grated potatoes. McDaniel et al. 
[37] reported that the effect of yeast fermentation product on the semen quality index 
was mathematically due to a reduction in spermatozoa motility in White Leghorn 
roosters. In White Leghorn roosters, [38] cited that that spermatozoa motility of 
White Leghorn roosters supplemented with fermentation product to roosters linearly 
decreased possibly due to the linear increase in the number of bacteria per spermato-
zoa and yeast per spermatozoa. Uno et al. [2, 3] who observed significant effect of on 
the weight of epididymes, spermatozoa motility and spermatozoa viability in albino 
rats treated the leaves extract. Similarly, van Dorland et al. [39] suggested that the 
supplementation of yeast product can improve semen quality in horses by increasing 
the antioxidant capacity in the semen. However, mammals and birds exhibit remark-
able differences in their reproductive systems, so it is possible that the yeast benefits 
reported in rats would not apply to avian species. Abaza et al. [40] reported that 
dietary supplementation with Saccharomyces cerevisiae to layer breeders improved 
semen quality by increasing semen volume, sperm concentration, and motility and by 
reducing dead and abnormal sperm as opposed to the untreated group.
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4.2  The effect of supplementation liquid fermented potato hash diet on 
spermatozoa abnormalities

An increase in live spermatozoa suggests that including potato hash beyond control 
diet (not fermented and without potato hash) compromises livability of spermatozoa. 
An increase in live spermatozoa found in the current study correspond well with finds 
by Ragab et al. [41] who reported a highest total motile, total live and total normal 
sperm in rabbits supplemented with 2.5 g pumpkin seed oil/kg diet plus 2.5 g black 
seed oil/kg diet /kg diet (PSO + BSO). Ekpo et al. [29, 42] indicated that number of 
abnormal and head spermatozoa was lower in albino rats fed with a diet contain-
ing 200 mg/kg of sweet potato. Findings of Bréque et al. [43] does not support the 
outcomes of the present study that increasing levels of liquid fermented potato hash 
decreased dead spermatozoa and head abnormalities. A study by Lovercamp et al. 
[19] regarding farrowing rate revealed that boars with a low fertilization performance 
had a significantly lower pro-portion of normal spermatozoa than boars with a high 
performance. Njoku et al. [44] highlighted that an addition of pumpkin seed reduced 
considerably the percentage of morphologically changed spermatozoa while the sperm 
count, motile sperm and viability improved. Skoracka et al. [45] reported that high lev-
els of dietary zinc supplementation preservation sperm morphology, sperm count and 
function, and thus, for the proper course of fertilization. It worth noting that liquid 
fermented potato hash requirement for pigs, although some of these gave good results, 
it is difficult to obtain a reliable and consistent fermentation due to some factors.

Supplementation of liquid fermented potato hash diet in our study did not show 
any significant effect on live and dead spermatozoa. No significant difference in the 
spermatozoa live and head abnormalities was similar to the findings of Ekpo et al. 
[29] who observed no effect of inclusion levels of sweet potato (Ipomoea batatas) on 
spermatozoa live and head abnormalities in male albino rats. Etchu et al. [33] reported 
that there was a decrease of live/dead ratio (%), abnormal spermatozoa (%) of birds 
fed fermented sweet potato-based diets than birds fed control diet, sliced potatoes, 
and grated potatoes. Gofura et al. [20] reported that the abnormality of spermatozoa 
increased with dietary of purple sweet potato increased in rats. Morphologically nor-
mal spermatozoa (50.67%) were also significantly lower than that of the fermented 
cottonseed cake group but similar to that of the control [27]. However, non-motile 
spermatozoa, abnormal spermatozoa, round and elongated spermatids were not sig-
nificantly affected by fermented cottonseed cake diets [27]. Dietary supplementation 
of yeast fermentation product leads to a linear decrease in the spermatozoa quality 
index, which is indicative of overall semen quality and is affected by spermatozoa 
viability, concentration, and motility [37]. The results obtained by Uno et al. [2, 3] 
revealed a significant decrease in the spermatozoa viability and spermatozoa count 
while spermatozoa head abnormalities significantly increased in albino rats treated 
the leaves extract.

4.3  The effect of supplementation liquid fermented potato hash diet on testicular, 
epididymal weight and size

An increase in testicular weight as supplementary PH levels increased is similar 
to findings of Ekpo et al. [29] higher testis weights and epididymes testis length and 
width in rats supplemented 600 mg/kg of sweet potato (Ipomoea batatas) than others 
group and control diet. In contrast, increasing levels of leaf meal inclusion resulted 
in decreased testicular size of rabbits [46]. Testicular weights have been reported to 
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have a high correlation with sperm reserve in the testis or epididymis and therefore 
a reflection of sperm production [46]. In rabbits, Ansa et al. [47] find that testis 
length, testis circumference, testis weight, testis volume, epididymis weight of rabbit 
supplemented with 900 mg kg−1 methanolic extract of Phoenix dactylifera fruit per 
day was bigger than the un-supplemented group. Peerry and Petterson [48] reported 
that size, length, and width of testis are good indicators of present and future sperm 
production. In the present study, weight epididymis was affected by dietary levels of 
liquid fermented potato hash supplementation in LW × LR pigs. An increase on right 
testis weight index as supplementary levels HLFPH+E increased is similar to findings 
of Adienbo and Wodu [49] where sweet potato supplementation increased weights of 
the testis and epididymes in animals. In contrast Uno et al. [2, 3] reported that testis 
weight was not affected by sweet potato (Ipomoea batatas) 200, 400 and 600 mg/
kg when compared with the control diet in rats. Amao and Showunmi [27] reported 
that bucks fed on raw cottonseed cake -based diet had significantly higher values for 
left, right and mean epididymal weights than for bucks on other fermented cotton-
seed cake. Epididymis stores and transports spermatozoa that are produced in the 
testis of boars [50].

An increase in epididymis weight was expected. Testicular testosterone output 
is primarily regulated by the pulsatile pattern of pituitary LH secretion [51]. These 
androgenic properties enhance concentration of luteinizing hormone, which is 
responsible for testicular development such as epididymis and testicular weight 
[50]. An increase in epididymis weight could be is associated with quadratic 
increase in semen volume. Amao and Showunmi [27] reported increased epididy-
mides (left, right and mean) when rabbit bucks were fed fermented cottonseed 
cake compared to those fed control diet. In addition, Hyacinth et al. [21] reported 
a decrease on the morphometric, weights of testis and epididymides with lower 
inclusion of tephrosia bracteolate leaf meal. Bitto et al. [52] reported that a 
decreased on paired of testis weight of cockerels fed supplementation of cassava 
peel meal up to 30% in diet. Majid et al. [53] reported an increased size, weight, 
and relative weight of testis and epididymis of rats administered with 300 mg/
kg day of sweet potato.

5. Conclusions

From the results of the present study the following main conclusions can be 
drawn:

1. liquid fermented low potato hash diet could be an alternative feed source for 
growing boars.

2. Therefore, the results indicated that diet contain LFLPH can be used in growing 
boars without any adverse effects on semen quality of boars.

3. It is recommended that further investigations on fed fermented liquid potato 
hash on semen collected from living boars should evaluated for semen quality, 
testicular morphology, and histology.

4. The findings showed that LFLPH-containing feeds may be utilized in pig diets 
without having any negative effects on the quality of spermatozoa.
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ARC  Agricultural Research Council
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BCF   beat-cross frequency, Hz
BSO  black seed oil
CASA  Computer-Assisted Sperm Analysis
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DE  digestible energy
SC   sperm concertation, 106/mL
GCRB  Germplasm Conservation and Reproductive Biotechnologies
GDARD  Gauteng Department of Agriculture and Rural Development
LLFPH    low inclusion of liquid fermented potato hash with and without 

enzyme, g/kg
HLFPH    high inclusion of liquid fermented potato hash with and without 

enzyme, g/kg
HOST  hypo-osmotic swelling test
HLFPH+E  high liquid fermented potato hash with enzyme diet, g/kg
LLFPH+E  low liquid fermented potato hash with enzyme diet, g/kg
LFC + E  Liquid fermented control with enzyme diet, g/kg
LFC   liquid fermented control diet, g/kg
LW × LR Large White × Landrace
MED   medium, %
NPM  non progressive motility, %
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Chapter 8

Using Conventional Ruminant 
Techniques and Molecular 
Spectroscopy to Study the Impact 
of Additive Fibrolytic Enzymes 
and Maturity Stage on Nutritional 
and Molecular Structural Changes 
of Legume and Legume-Cereal 
Intercropped Silage
Victor Guevara, Carlene Nagy, Jen-Chieh Yang, Jiangfeng He, 
Maria E. Rodriguez-Espinosa, Weixian Zhang, Tao Ran  
and Peiqiang Yu

Abstract

This chapter aims to I) provide research background and motivation on the 
impact of additive fibrolytic enzyme and maturity stage at harvesting on molecular 
structural changes and nutritional value of the cool-season legume silage and legume-
cereal intercropped silage; II) provide recent research progress and development in 
whole plant faba bean (legume) silage and faba-oat (legume-cereal) intercropped 
silage. The reviewed projects include: I) effect of adding different levels of addi-
tive fibrolytic enzymes on utilisation of cool-season whole plant faba bean silage 
in ruminants to find an optimal dose level for this faba silage; II) effect of adding 
different levels of fibrolytic enzymes on utilisation of cool-season intercropped whole 
plant faba-oat (legume-cereal) silage in ruminants; III) effect of maturity stage at 
harvesting on nutritive quality of whole plant faba silage; IV) effect of frost damage 
on nutritive quality of whole plant faba forage in ruminant; V) feeding trial and dairy 
production performance, milk yield (ECM, FCM, fat yield etc.) with whole plant faba 
legume silage in early lactating cows to replace traditional barley and corn silages; VI) 
availability and utilisation of whole plant faba silage and intercropped whole plant 
faba-oat intercropped silage in ruminants; VII) using molecular spectroscopy to study 
nutrition and structure interaction of faba silage at cellular and molecular levels. 
Based on the scientific findings presented in this chapter, the following most impor-
tant conclusions can be drawn: cool-season faba (legume) variety with different 
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tannin levels impact not only nutrient profiles but also protein and carbohydrate-
related molecular structure makeup. Additionally, the nutrient supply, bioenergy, 
degradation, digestion, and metabolic characteristics of cool-season faba silage and 
intercropped faba-oat silage were highly related independently and synergistically 
to molecular structure conformation. Furthermore, the nutrient utilisation and 
availability of cool-season faba silage and intercropped silage in ruminant livestock 
systems could be accurately predicted by the protein and carbohydrate molecular 
structures revealed with cutting stage vibrational molecular spectroscopy when 
they work together. Additive fibrolytic enzyme and maturity stage at harvesting 
significantly impacted both nutritional and molecular structural changes of legume 
and legume-cereal intercropped silage. Dairy production performance and milk 
yield (ECM, FCM, fat yield, etc.) studies showed that whole plant faba legume silage 
in early lactating cows could be used as an alternative silage to traditional barley 
and corn silages. The information described in this chapter gives better insight into 
cool-season legume silage and legume-cereal intercropping silage research progress 
in terms of inherent molecular structures, nutritive quality, animal production 
response, and molecular structure and nutrition delivery interactive relationship as 
well as impact by maturity stage and dosage levels of additive fibrolytic enzymes in 
the cool-season legume silage and intercropped legume-cereal silages.

Keywords: feed additive, whole plant legume silage, intercropping legume-cereal 
silage, fibrolytic enzyme, vibrational spectroscopy, molecular structure, nutrient 
utilisation and availability, ruminant systems, molecular structure- nutrition delivery 
interaction, animal production

1. Introduction

As new cool-season faba bean varieties (high-tannin, low-tannin, and zero-tannin) 
are developed and available in western Canada and production has been increasing 
in recent years [1–4], utilisation of this faba legume as forage hay or silage is possible. 
To our knowledge, no systematic study on the nutrition quality of these cool-season 
whole crop faba beans as hay and silage has been found, and there is no study on 
whole crop faba and whole crop faba-oat intercropping silages from other research 
teams. Also, there is no research on the impact of maturity cutting stages: flower stage, 
mid-pod stage, and late-pod stage, on the feed nutritive quality of whole crop faba 
(legume) as hay and silage, as well as whole crop faba bean-oat intercropping forage 
(as silage or as hay) in dairy, sheep, goat, and beef cattle (all type of ruminants).

Recently, innovative mixed fibrolytic enzymes (FE) have been used to improve feed 
nutritive value and utilisation in dairy and beef cattle by increasing polysaccharide or 
feed fibre degradability in the rumen and digestibility in the whole gastrointestinal 
tract [5, 6]. These innovative fibrolytic enzymes are able to release trapped polysaccha-
rides after breaking down chemical functional group bonds (e.g. ester bonds and ether 
bonds) between lignin and polysaccharides through hydroxycinnamic acid and ferulic 
acid bridges in the complex plant cell wall. However, there is no study on the optimal 
dosage of these innovative enzymes on whole crop faba (legume) silage and whole crop 
faba-oat (legume-cereal) intercropping silage in the literature [7].

Advanced synchrotron-radiation and Globar-sourced vibrational (micro)spec-
troscopy is capable of revealing internal structure features at cellular and molecular 
levels and simultaneously provides four kinds of important information: chemical 
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composition, molecular structure, environment, and chemistry, within intact tissue 
with a highly spatial resolution [8–15]. However, to date, these advanced vibration 
molecular techniques are still seldomly known to animal and feed scientists, particu-
larly synchrotron technology. There is no study on using these advanced molecular 
spectroscopic techniques in legume silage (e.g. whole crop faba bean silage) and 
legume-cereal intercropped silages (e.g. whole crop faba bean-oat silage) in literature 
from other research groups.

The objective of this chapter is to provide research background and motivation on 
impact of additive fibrolytic enzymes and maturity stage at harvesting on molecular 
structural changes and nutritional value of the cool-season legume silage and legume-
cereal intercropped silage; provide recent research progress and development in 
whole plant faba bean (legume) silage and faba-oat (legume-cereal) intercropped 
silage in ruminant system [4, 7, 16]. The information described in this chapter gives 
better insight into legume silage and legume-cereal intercropping silage research 
progress in molecular structure, nutrition and molecular structure interactive 
relationship, and animal production response to these cool-season legume silage or 
cool-season legume-cereal silage.

2. Recent research and progress in cool-season whole crop faba legume silage

2.1  Recent study on the effect of cutting stage and tannin content on nutritive 
quality of cool-season whole crop faba legume silage

Information regarding the utilisation of the cool-season whole crop faba legume 
silage in beef and dairy cattle is extremely limited [4]. Our team member, Guevara 
[4] carried out systematic studies to reveal the impact of faba legume tannin contents 
and newly developed cool-season varieties from Crop Development Centre (CDC, 
University of Saskatchewan) (Snowdrop variety with low-tannin content; SSNS-1 
genotype with high-tannin content) and the impact of maturity cutting stages (at 
88-days faba legume mid-pod stage; at 97-days faba legume late pod stage) on faba 
legume forage yield, nutrient profiles, bio-energy content (TDN, ME, and NE value) 
[17, 18], protein and carbohydrate subfractions and nutrient supply evaluated with 
the Cornell Net Carbohydrate and Protein System (CNCPS) [19, 20], rumen fermen-
tation kinetics [21–23], potential rumen available nitrogen (ED_N) to rumen available 
energy (ED_E) synchronisation and degradation ratios [24, 25], intestinal digestibility 
of primary nutrients [26], metabolic characteristics [17, 22], and predict production 
performance in term of feed milk value (FMV) when utilisation of cool-season whole 
crop faba legume silage in lactation dairy cattle.

Our team member, Guevara [4] found that the yield on a dry matter (DM) basis of 
cool-season whole crop faba legume silage cut at the faba flower stage was lower than 
that at the late-pod stage (7.34 vs. 12.20 tons per ha). Guevara also found that there 
was much higher in the rumen pH, ammonia (NH3) production, and volatile fatty 
acid (VFA) in terms of rumen acetic acid and propionic acid at the faba flower stage 
in the cool-season whole crop faba legume silage than that at the faba legume mid-
pod stage and late-pod stage (5.39 vs. 4.35 and 4.51; 16.32 vs. 6.62 and 5.66% of total 
N; 6.33 vs. 2.35 and 1.70% DM; 1.44 vs. 0.04 and 0.06% DM, respectively). There was 
no significant difference in crude protein (CP) content among different cool-season 
silage varieties and among all three different maturity stages (CP: 22% of DM). 
However, there was no difference in net energy of lactation (NEL3x) for dairy cows 
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in cool-season silage when cut faba legume was at mid-pod and late-pod stages, but 
they were higher than cool-season faba legume silage when cut at flower stage (1.45 
and 1.46 vs. 1.13 Mcal/kg DM). Starch content in cool-season faba legume silage was 
higher when cut at faba legume late-pod stage than that cut at faba legume mid-pod 
and flower stages (17.2 vs. 9.4 and 1.3% of DM). For fibre content in the cool-season 
faba legume silages, there was no difference between mid-pod and late-pod stages, 
but much lower when cut at faba flower stage (36.0 and 34.4 vs. 45.3% DM). The 
rumen degradation study by Guevara [4] showed that the rumen undegraded protein 
(RUPNRC) was higher when cut at faba late-pod stage and rumen undegraded/bypass 
starch (BSt) was higher when cut at faba mid-pod stage (33 vs. 25 and 32 vs. 18 g/kg 
DM, respectively).

The results from Guevara’s [4] study in N to energy synchronisation showed a 
lower rumen available N to rumen available carbohydrates (ED_N/ED_CHO) overall 
ratio when cutting faba legume at the late-pod stage in comparison with faba silage 
cut at the mid-pod stage (−35 g/kg). The intestinal absorbable faba protein (IADP) 
and the total tract digested faba starch (TDST) were higher (84 vs. 61 g/kg CP and 
175 vs. 95 g/kg DM, respectively) when cut at late-pod stage. Both the DEV/OEB and 
NRC protein systems showed that there was a lower in total truly digestible protein 
supply (DVE value: 59 vs. 68 g/kg DM), total metabolizable protein (MP: 67 vs. 73 g/
kg DM) and feed milk value based on the DVE (1.20 vs. 1.37 kg milk per kg DM faba 
silage) or MP value (1.36 vs. 1.48 kg milk per kg DM faba silage) when faba legume 
silage was cut at mid-pod stage than that when cut at late-pod stage.

Then Guevara [4] concluded that in order to obtain high yield and high feed nutri-
tional values, the cool-season faba legume forage should be harvested at the late-pod 
stage. In this late-pod stage, cool-season faba legume silage showed high predicted 
production performance. Therefore, the cool-season whole crop faba legume silage 
when cut at the late pod stage has the highest nutritional value and greatest potential 
to be used as an alternative ingredient in dairy and beef rations.

2.2  Recent study on the effect of frost damage on feed quality of cool-season 
whole crop faba legume forage for ruminants

Frost-damaged faba bean plants often happen due to the cold weather in western 
Canada. What nutritional value and how to utilise this frost-damaged faba bean is 
a question. Therefore, recently, our team, Guevara [4] systematically evaluated the 
impact of faba silage tannin contents (high level vs. low level vs. zero) and cool-
season faba cultivars (CDC developed Snowdrop variety with lower level tannin 
content; CDC SSNS-1 variety with a high-tannin content) on physiochemical nutri-
ent profiles, bioenergy value (TDN, ME, NE) for dairy and beef cattle [17, 18], faba 
protein and carbohydrate CNCPS subfractions and CNCPS nutrient supply [19, 20], 
rumen fermentation and degradation kinetics of rate and extent [21–23], potential 
rumen available N to rumen available energy synchronisation and hourly effective 
degradation ratios [24, 25], intestinal digestion of nutrients [26], metabolic charac-
teristics (e.g. DVE, OEB, and MP values) [17, 22], and predicted animal production 
performance in terms of feed milk value of the cool-season frost-damaged whole crop 
faba legume hay harvested at 114 days of maturity stage [4].

In these studies, Guevara [4] reported that compared with cool-season low-tannin 
frost-damaged whole crop faba legume hay, the high-tannin frost-damaged faba 
legume hay was higher in organic matter and lower in acid detergent insoluble crude 
protein (ADICP: +2.5%DM and − 0.4%DM). However, there was no difference in 
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starch and crude protein (CP) content at this maturity stage between the high- and 
low-tannin varieties with an average of 11.9% DM and 16.8% DM, respectively. The 
bio-energy values in terms of TDN, ME, and NE for dairy and beef cattle were also 
not different. However, there was a higher in fibre-bound protein (PB2) and lower 
indigestible protein (PC, +2.3 and − 3.1% CP) in the high-tannin frost-damaged faba 
hay than that in the low-tannin frost-damaged faba legume hay.

Rumen kinetic study [4] showed that the cool-season frost-damaged low lignin 
faba hay was higher in rumen bypass or undegraded protein with a RUP of +2.8% 
and lower in rumen undegradable neutral detergent fibre (NDF) fraction (U, −5.7%) 
compared to the frost-damaged high lignin faba hay. The intestinal phase study [4] 
showed that there was higher in various nutrient supplies and predicted production 
performance from the cool-season frost-damaged high lignin faba hay than that in the 
cool-season low lignin frost-damaged faba hay in terms of intestinal digested rumen 
undegraded DM (IDBDM, +15 g/kg DM), total metabolizable protein (MP, +4 g/
kg DM), intestinal digestibility of rumen bypass or undegraded feed protein (dIDP, 
+7%), and feed milk value (FMVNRC, +0.09 kg milk per kg DM faba hay).

Then Guevara [4] concluded that compared with the non-frost damage cool-sea-
son faba hay [4], both frost-damaged cool-season high- and low-tannin faba hay were 
lower in feed quality and nutritional supply at 114 days than the non-frost damage 
cool-season faba hay when cut at the faba flower stage (77 days), faba mid-pod stage 
(88 days), and faba late-pod stage (97 days). However, within the frost-damaged 
cool-season faba forage, the cool-season frost-damaged high-tannin faba hay which 
was harvested at a growth stage of 114 days had superior feed quality and nutritional 
value than that in the cool-season frost-damaged low-tannin faba hay which was 
harvested at the growth stage of 114 days in western Canada.

2.3  Recent studies in feeding trial and dairy production performance and 
metabolic characteristics with cool-season whole crop faba legume silage in 
high producing cows to replace conventional barley and corn silage

How to feed the cool-season whole crop faba legume silage and what animal 
production performance in comparison with conventional barley and corn silage in 
high lactating dairy cows are still not known from the literature. Therefore, our team 
[4, 27] conducted a dairy trial experiment to determine the impact of 50% and 75% 
partial silage replacements (T50, T75) in dairy cows’ rations and 100% complete 
silage replacement (T100) in dairy cows’ rations containing conventional corn and 
barley silages with the cool-season low-tannin Snowdrop variety of whole crop faba 
legume silage cut at faba late-pod stage (97 days old) on early lactating dairy cows 
(high production) in terms of dairy production performance of milk yield and com-
ponents, DM feed intake and feed-milk efficiency, N balance, intestinal digestibility, 
rumen degradation and fermentation features, and metabolic characteristics as well as 
dairy cow feeding behaviour. This experiment that we used was a double 4 × 4 Latin 
square design (LSD) with four non-cannulated and four cannulated lactating cows). 
Each period of LSD lasted 25 days, including adaption and sampling collection.

Guevara et al. [27] and Guevara [4] reported that our results showed that the dairy 
cows fed T100 with 30.60% cool-season whole crop faba legume silage produced 
higher fat corrected milk yield (3.5% FCM) and higher energy corrected milk yield 
(ECM) than the cows fed a control diet of T0 with 18.37% corn silage +12.23% barley 
silage (+4.35 and + 3.48 kg/cow/d, respectively), but there was no significant differ-
ence in FCM and ECM when lactating dairy cows were fed T50 with 9.18% corn silage 
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+6.12% barley silage +15.30% cool-season whole crop faba legume silage and fed T75 
with 4.59% corn silage +3.06% barley silage +22.95% cool-season whole crop faba 
legume silage.

Our results also showed that when lactating dairy cows fed diets containing cool-
season whole crop faba legume silage (T50, T75, T100) in comparison with control 
T0 produced higher milk fat yield (2.11 vs. 1.89 kg per cow per day). A feed efficiency 
study [4, 27] showed when lactating dairy cows consumed T75, FCM/DMI was higher 
than the lactating cows when consumed control T0 diet (2.21 vs. 1.91). There was no 
difference in starch digestibility of lactating dairy cows among the three cool-season 
faba silage-containing diets: T50, T75, and T100, but they were all lower than control 
T0 diet without any faba legume silage (92.65% vs. 96.13%).

Our dietary energy study results showed that the cow diets contained or included 
the cool-season whole crop faba legume silage (T50, T75, T100 diets vs. control T0 
diet) significantly increased the total diet energy (1.91 vs. 1.65 Mcal per kg DMI), per-
centage of energy for cow body weight gain and total milk production (78.3 vs. 75.5% 
of total energy). The study showed similar rumen fermentation features in ammonia, 
VFA, and pH) among all the treatment diets (T0, T50, T75, and T100).

Then our team, Guevara et al. [27] and Guevara [4], concluded that the dietary 
inclusion of cool-season whole crop faba legume silage, which was cut at faba late-
pod stage improves both fat and energy corrected milk yield, and also increases milk 
fat yield, and improves efficiency (FCM/DMI) without negatively affecting the DM 
intake. Consequently, our study [4, 27] showed that the cool-season whole crop faba 
legume silage cut at faba late-pod stage is a highly nutritive alternative feed which 
can improve dairy cow production performance in western Canada. In this feeding 
trail, we, Guevara et al. [27] and Guevara [4], also studied cost–benefit in terms of the 
income over feed cost (IOFC). The results showed a superior benefit to dairy farmers 
when using cool-season whole crop faba legume silage cut at late-pod stage to replace 
conventional barley and corn silages in high producing dairy cows [4].

3.  Recent research and progress in cool-season whole crop faba and whole 
crop oat intercropping hay and silage

3.1  Recent study on the effect of maturity stage/cutting time on yield, chemical, 
and nutrient profiles, predicted production performance of cool-season whole 
crop faba and whole crop oat intercropping legume-cereal hay

The high protein and high starch content in whole crop faba legume forage make 
them suitable for ruminant diets. There is very limited information regarding the 
utilisation of cool-season whole crop faba legume hay for ruminants [16]. Therefore, 
our team member, Nagy [16], conducted experiments to study the impact of inter-
cropping cool-season whole crop oat-faba for hay and the impact of the cutting stage 
on yield, chemical composition, and bio-energy profile [17, 18], protein and carbo-
hydrate CNCPS fractions and CNCPS nutrient supply [19, 20], rumen degradation 
kinetics [21–23], N to energy synchronisation and degradation ratios [24, 25], intesti-
nal digestibility [26], metabolic characteristics (e.g. MP, DVE, and OEB) [17, 22], and 
predicted dairy production performance of cool-season whole crop oat-faba (legume-
cereal) hay. In our study [16], the oat and faba plant were intercropped and grown in 
three fields in Saskatchewan, Canada, and were cut at three growth stages for hay and 
silages: Cutting stage 1 with the oat plants at the inflorescence stage and the faba bean 
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plants at the flat pod stage; Cutting stage 2 with the oat plants at the milk develop-
ment stage and the faba bean plants at the milk pod stage; Cutting stage 3 with oat 
plants at the soft dough stage and the faba bean plants at the late pod stage.

The chemical compositions of cool-season whole crop faba-oat hay were deter-
mined using standard chemical analysis methods [28]. Bio-energy values and total 
digestible nutrients (TDN) were evaluated using the NRC chemical approach [17, 18], 
protein and carbohydrate subfractions and CNCPS nutrient supply [19, 20] were 
determined using the updated CNCPS 6.5 system. The rumen degradation was carried 
out using a standard in situ technique [21] with rumen cannulated lactating cows at 
our dairy research facility (RDTRF, Saskatoon, University of Saskatchewan, Canada). 
The rumen available N to rumen available energy potential synchronisation and 
hourly effective ED_N to ED_OM ratios were evaluated using Tas et al.’s method [24] 
developed by Wageningen University and Research, The Netherlands. The intestinal 
digestion was evaluated using the modified three-step in situ and in vitro method with 
pre-in situ 12 h incubation [26]. The truly digestible protein supply (DVE), protein 
degraded balance (OEB), net energy-based FMV, and metabolizable protein-based 
FMV [22, 23] were evaluated using both updated DVE/OEB and NRC nutritional 
systems.

Nagy [16] showed that cutting stages 2 and 3 had a higher DM hay yield than 
cutting stage 1. With increasing cutting stage, ash and soluble protein (SCP) were 
decreased from 14.1 to 9.6% DM and 13.3 to 9.8% DM, respectively. With increasing 
cutting stage, the starch, sugar, and non-fibre carbohydrate (NFC) contents in cool-
season intercropped faba-oat hay were dramatically increased from 0.31 to 7.1% DM 
(starch), 6.6 to 13.0% DM (sugar), and 15.3 to 24.7% DM (NFC). The stage of cutting 
did not significantly impact NDF, acid detergent fibre (ADF), and acid detergent 
lignin (ADL). There was no difference among the three cutting stages in the cool-
season whole crop faba-oat hay. In the TDN and bioenergy studies, the results showed 
that with extending cutting stage, the tdNFC, TDN value, NE for lactation, NE for 
growth, and NE for maintenance in both beef and dairy cattle increased from 12.7 to 
22.1% DM, 49.1 to 56.0%DM (TDN), 1.01 to 1.18 Mcal/kg (NEL3x), 0.51 to 0.69 Mcal/
kg (NEg), and 1.07 to 1.26 Mcal/kg (NEm), respectively. These results suggest that the 
cool-season whole crop faba-oat (legume-cereal) hay can be used as a high-quality 
forage for both beef and dairy cattle in western Canada.

3.2  Recent study on the effect of maturity stage/cutting time on silage yield, chemical 
profile, energy and protein-based feed milk value and metabolic characteristics of 
cool-season whole crop faba-oat intercropping legume-cereal silage

Recently, Nagy [16] conducted a systematic study on the impact of maturity cut-
ting stage and the intercropping of cool-season whole crop faba with whole crop oat 
legume-cereal silage on intercropped silage yield, nutritive value profiles, protein and 
carbohydrate CNCPS subfractions and CNCPS nutrient supply, bio-energy content, 
ruminal fermentation kinetics features, rumen available N to rumen available energy 
synchronisation and hourly effective degradation ratio, intestinal digestion, and truly 
absorbable protein supply in term of DVE and MP values to dairy cows. The cool-
season CDC oat and faba bean were intercropped, grown in three fields, and were cut 
at three growth stages: Cutting stage 1 with the oat plants at the inflorescence stage 
and the faba plants at the flat-pod stage; Cutting stage 2 with the oat plants at the milk 
development stage and the faba plants at the mid-pod stage; Cutting stage 3 with oat 
plants at the soft dough stage and the faba plants at the late-pod stage. The chemical 
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composition was determined using standard chemical analysis methods (e.g. AOAC), 
bioenergy values and TDN and its components (e.g. tdNDF, tdCP, tdFA, and tdNFC) 
were estimated using the NRC summary method, and protein and carbohydrate sub-
fractions were determined using the updated CNCPS 6.5 system. The in situ techniques 
were used to determine rumen fermentation/degradation kinetic profiles with rumen 
cannulated lactating cows at our Rayner dairy station (RDTRF) at the University of 
Saskatchewan, Saskatoon, Canada. The rumen available N to rumen available energy 
synchronisation in terms of hourly effective degradation ratio - ED_N to ED_OM was 
determined using a method reported by Tas et al. [24] from Wageningen University 
and Research. The three-step in situ and in vitro method with pre-in situ incubation 
12 h was applied to determine intestinal digestion of primary nutrients. The DVE/OEB 
system [22, 23] and NRC nutritional model [17] were used to determine the total truly 
digestible protein supply in the intestine and metabolizable protein (DVE, OEB, MP, 
etc.) and net energy-based FMV as well as metabolizable protein or DVE based FMV.

Nagy [16] reported that the cool-season whole crop faba-oat silage is higher in pro-
tein content in the 2nd and 3rd cutting growth stages than in the 1st cutting growth 
stage (20, 18 vs. 16% DM). The 3rd cutting stage had the highest TDN value (58 vs. 
55, 48% DM). Additionally, the total MP and FMVNRC were higher in the 2nd and 
3rd cutting growth stages compared with the 1st cutting growth stage (MP: 65, 68 vs. 
61 g/kg DM; FMVNRC: 1.31, 1.38 vs. 1.23 kg milk per kg of intercropped silage, respec-
tively). These studies suggest that cutting stages 2 and 3 of cool-season intercropped 
faba-oat silage resulted in higher nutritive values (TDN, MP) and better predicted 
production performance.

4.  Recent research and progress in feed additive impact on cool-season 
whole crop faba legume silage and cool-season whole faba-oat  
(legume-cereal) intercropping silage

4.1  Recent study on the impact of adding innovative fibrolytic enzyme (FE) at 
different dose levels on short-term and long-term degradability of cool-season 
whole crop faba legume silage in ruminant systems

Fibrolytic enzymes (FE) can be used to improve nutrient availability in ruminants 
by releasing cell-wall trapped nutrients in the complex plant cell wall and increasing 
fibre degradability and digestibility in animals [5, 6]. However, our literature research 
shows positive and no-effective impacts on dairy cows [29–34]. These results are due 
to several impacts such as dosage level, types of enzymes, conditions, diets, etc.

Recently, an innovative mixture of fibrolytic enzymes has been developed and it is 
able to release polysaccharides from complex cell walls after breaking down chemical 
bonds between lignin and polysaccharides [35]. Our team members, recently Yang 
et al. [36] and Yang [7] conducted several experiments to study the impact of adding 
the innovative fibrolytic enzyme (FE) at different dose levels on DM and NDF fibre 
degradability of the cool-season whole crop faba legume silage (cv. CDC Snowbird). 
We used both the DaisyII in vitro incubation method and in situ nylon bag method to 
evaluate the degradability of DM (DMD) and neutral detergent fibre (NDFD), and 
we also compared these two different methods in evaluating the in vitro degradability.

In our experiments [7, 36], seven doses of innovative fibrolytic enzymes (IFE) 
were applied to the cool-season whole crop faba silage samples, including 0 (as 
control), 0.25, 0.5, 0.75, 1, 1.25, and 1.5 mL of FETR per kg DM of cool-season faba 
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silage. Yang et al. [36] and Yang [7] reported that with increasing enzyme dosage 
levels, DMD was cubically impacted and NDFD was quadratically affected by the 
innovative fibrolytic enzymes in our in situ animal experiment. In the in vitro study, 
the dosage level quadratically affected DM degradability and cubically affected 
NDFD. When comparing the two different methods (in vitro vs. in situ), it was found 
that there existed a strongly or satisfactory correlationship between in situ and in vitro 
methods with r = 0.98 for overall DMD and r = 0.84 for overall NDFD.

Both our in vitro and in situ results showed that the DMD and NDFD were greatly 
impacted by this innovative fibrolytic enzyme in the cool-season whole crop faba 
legume silage. Although the DaisyII in vitro technique showed some inconsistent and 
had a relatively larger variation when compared with the in situ nylon bag technique, it 
remains a rapid and useful tool to evaluate a large amount of samples or treatments in 
DM and neutral detergent fibre degradability with less cost, time, and labour.

4.2  Recent study on the effect of adding innovative fibrolytic enzyme (FE) at 
different dose levels on rumen fermentation characteristics and degradation 
kinetics of cool-season whole crop faba legume silage in ruminants

In this experiment, our team member, Yang [7] carried out an in situ animal trial 
to determine the impact of innovative fibrolytic enzymes (FETR) on DM and NDF 
fibre rumen fermentation and degradation kinetic characteristics of cool-season 
whole crop faba legume silage that we developed recently. In our study [7], the in 
situ animal trial was performed using two rumen cannulated Holstein cows in our 
dairy research station (RDTRF, the University of Saskatchewan, Canada) and the 
cool-season whole crop faba legume silage samples were treated with seven dosages 
of the innovative enzyme, including 0 (as control), 0.25, 0.5, 0.75, 1, 1.25, and 1.5 mL 
of FETR per kg DM of faba legume silage. In situ, rumen degradation residues and 
fermentation and degradation kinetics were determined.

Yang [7] reported that the innovative fibrolytic enzyme application linearly 
decreased DM degradation residue at 0 hour. Significant quadratic effects were 
observed at 3 hours (short-term) and 24 hours (long-term) of incubation. However, 
no significant differences in rumen degradation residues were found at other incu-
bation time points. The rumen NDF degradation residue at 0, 6, and 24 hours was 
quadratically affected with the innovative fybrolytic enzyme addition, and a cubic 
impact was observed at 48-hour rumen incubation.

With increasing dosage levels of innovative fibrolytic enzyme, the rumen soluble 
fraction of DM (S_DM) was increased linearly in dairy cows from cool-season whole 
crop faba legume silage. The NDF rumen degradation kinetics were greatly affected 
by the innovative enzyme application by increasing the potentially degradable frac-
tion (D_NDF) and effective degradable fibre content (ED_NDF) and reducing the 
undegradable fraction (U_NDF). Increasing dosage levels linearly increased the sum 
of washable and degradable (W + D) fractions and, therefore, linearly decreased the 
undegradable fraction. The dosage level of innovative enzyme also cubically impacted 
both rumen bypass NDF (BNDF) and effective degradable NDF (EDNDF).

Our results [7] indicated that the innovative fibrolytic enzyme significantly 
improved fibre fermentation and degradation for the cool-season whole crop faba 
legume silage. Yang [7] also suggested a further study in the near future to evalu-
ate the impact of pre-treatment of the innovative fibrolytic enzyme derived from 
Trichoderma reesei on animal production performance (lactation), feeding behaviour, 
rumen function and metabolic parameters, intestinal and total tract digestibility in 
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highly lactating dairy cows fed the cool-season whole crop faba legume silage as a 
main source of forage in comparison with conventional barley and corn silage.

4.3  Recent study on the effect of innovative fibrolytic enzyme (FE) at different 
dose levels on nutrient utilisation of cool-season whole crop faba bean-oat 
intercropping (legume-cereal) silage in ruminants

Recently, Nagy [16] conducted a study to analyse the impact of dosage level of 
innovative fibrolytic enzyme derived from Trichoderma Reesei (FETR) on in vitro fer-
mentation and degradation kinetic features of intercropped cool-season whole crop 
oat-faba silage using rumen cannulated dairy cows. The cool-season CDC oat and 
CDC faba were intercropped and grown in three fields in Saskatchewan, Canada and 
were cut at the maturity stage with the whole crop oat at the soft dough stage and the 
whole crop faba at the late-pod stage of maturity. The degradation kinetics of primary 
nutrients were estimated using an in vitro technique with rumen liquid from rumen-
fistulated lactating dairy cows. The in vitro rumen fermentation features and degrada-
tion kinetic characteristics of DM and fibres (both NDF and ADF), including rumen 
degradation rate (Kd), lag time (T0), potentially degradable fraction (D), rumen 
undegradable fraction (U), and rumen effective degradable fractions and content 
(ED) were evaluated. The treatment design was a one-way structure with 5 dosage 
levels of innovated fibrolytic enzyme (FETR: 0, 0.075, 0.15, 0.225, and 0.3 ml per 
litre). The experimental design was a RCBD with the dosage level as a fixed effect and 
animals and in vitro run as random block effects. The in vitro data were analysed using 
the mixed model procedure in SAS 9.4 with the analysis RCBD model. The orthogonal 
polynomial contrast (OPC) of SAS was used to study the relationship between dosage 
levels and in vitro degradation kinetics.

Nagy [16] reported that there were strongly significant interaction effects between 
enzyme dosage levels and incubation time for the degradability of DM (DDM), 
degradability of neutral detergent fibre (DNDF), and degradability of ADF (DADF). 
There was a cubic relationship between enzyme dosage levels and DDM (P = 0.02), 
a tended linear relationship with DNDF (P = 0.06), and a quadratic relationship 
with DADF (P = 0.04). The results [16] indicated that the dosage level of innovative 
fibrolytic enzyme and incubation time had a significantly synergistic effect on in vitro 
degradability of DM, NDF, and ADF in this intercropped cool-season whole crop 
oat-faba (legume-cereal) silage.

4.4  Recent study on the effect of fibrolytic enzyme (FE, exogenous) on lactational 
performance, milk yield (ECM, FCM, fat yield, etc), feeding behaviour, 
rumen fermentation and digestibility in lactating cows fed cool-season whole 
crop faba legume silage-based diet

In this study, our team members, Yang et al. [37] and Yang [7] also carried 
out studies to determine the impact of pre-treating cool-season whole crop faba 
legume silage based-diet with exogenous innovative fibrolytic enzyme derived from 
Trichoderma reesei (FETR) on animal production performance (lactation), intestinal 
and total tract digestibility, rumen degradation and fermentation features, energy 
partitioning, N balance, as well as eating behaviour in lactational dairy cows. This 
experiment was conducted with eight lactating Holstein dairy cows (body weight: 
710 ± 44 kg; days in milk: 121 ± 17 days) with four different innovative enzyme dosage 
treatments, including 0 (as a control), 0.5, 0.75, and 1.0 ml of FETR per kg DM of 
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cool-season faba legume silage diet) in a double 4 × 4 Latin square design (2-LSD). 
The innovative enzyme dosage applied to cool-season faba silage diet in this experi-
ment was selected based on our previous studies. They showed a positive impact on 
the cool-season whole crop faba legume silage.

Yang et al. [37] and Yang [7] reported that with increasing dosage levels, the NDF 
digestibility was linearly responsive. The innovative enzyme dosage treatment with 
0.5 mL of innovative enzyme per kg of silage DM had the highest NDF digestibility 
(48.5%) compared with other innovative enzyme treatments. The % milk fat and fat 
yield were significantly affected by innovative fibrolytic enzyme application. They 
were linearly differed among the innovative enzyme treatments, being the highest 
(4.35%, 1.82 kg/d) for low enzyme dosage groups. Compared with the control group 
(milk yield 41.5 kg/d with %4.35 milk fat), the innovative enzyme treatments linearly 
affected and tended to affected milk yields in terms of ECM, FCM. The innovative 
enzyme treatments also linearly impacted the RCM production efficiency (FCM kg 
per kg of DM intake) and cubically impacted the ECM production efficiency (ECM 
kg per kg DM intake).

In our studies [7, 37], we demonstrated the positive and beneficial effects of pre-
adding and pre-treating the cool-season whole crop faba legume silage with a lower 
dose level (0.5, 1 mL of FETR per kg DM of cool-season faba silage based TMR) of 
innovative fibrolytic enzyme to lactation dairy cows which could benefit the develop-
ment of a new and alternative feeding strategy in western Canada.

5.  Recent research in using advanced vibrational (micro)spectroscopy for 
cool-season legume and legume-cereal silage research at cellular and 
molecular levels

The silage’s nutritional value and digestive behaviour are affected by not only the 
chemical composition profile but also molecular structure conformation, and biologi-
cal component matrix. However, the wet-chemical analysis method fails to reveal 
internal molecular structure and component matrix due to processing and digestion 
in wet chemical analysis. Advanced synchrotron-radiation and Globar-sourced 
vibrational (micro)spectroscopy is capable of revealing internal structure features 
at cellular and molecular levels and simultaneously provides four kinds of important 
information: not only chemical composition, but also molecular structure, environ-
ment, and chemistry, within intact tissue with a highly spatial resolution [8–15]. The 
detailed principle and methodology of using synchrotron-radiation and Globar-
sourced vibrational (micro)spectroscopy have been reported before [8–15].

Recently, our team [2–4] carried out various studies using advanced molecular 
spectroscopic techniques, either synchrotron-based [38] or global based molecu-
lar spectroscopy to reveal (1) the impact of cool season low-tannin (cv. CDC 
Snowdrop) and high-tannin faba varieties (cv. CDC SSNS-1); (2) the impact of 
maturity cutting stage at 88-d mid-pod cutting stage and 97-d late-pod cutting stage 
on inherent structure spectral profile of cool-season whole crop faba legume silage 
at a molecular level; (3) investigate the interactive association and relationship 
between molecular structural profiles and nutrient utilisation and availability in 
ruminant livestock systems [39].

Guevara [4] applied molecular spectroscopic technique by using ATR-FTIR 
vibrational spectroscopy to study protein and carbohydrate structure make-up for the 
cool-season faba legume silages and compare different cool-season faba varieties with 
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different tannin levels. It was found that the cool-season low-tannin faba silage had a 
higher total carbohydrates (TC) spectral peak area at the late-pod cutting stage than 
at the mid-pod cutting stage with a difference of +3.45 AU. For the structural carbo-
hydrates spectral area intensity (STC), the cool-season low-tannin faba silage was 
higher when cut at mid-pod cutting stage (difference: +4.11 AU) than the cool-season 
high-tannin faba legume silage at late-pod cutting stage.

Amides functional group study [4] showed that the low-tannin silage had 
decreased the amide I area (−1.40 AU) when cut at mid-pod cutting stage than that at 
the late pod stage. As to amide II structure profile, the cool-season high-tannin faba 
legume silage had higher amide II at the late pod cutting stage than the high-tannin 
silage cut at the mid-pod stage with different +2.50 AU.

We also carried out detailed PCA spectral analyses of all the carbohydrate-related 
spectral region (ca. 879–1485 cm−1). The 83% of the total variation was explained 
by PC1. In this region, it includes NSTC, TC, and STC regions. The results showed 
dramatical difference in the cool-season whole crop faba legume silage when cut at 
mid-pod stage or cut at late-pod stage. It is interesting to find that starch level in cool-
season faba legume silage has a strongly positive correlation with structural carbohy-
drate peak number four (STC4) spectral height intensity with r = 0.94.

Protein 2nd structure spectral profile study showed that total digestible nutrients 
TDN, bio-energy value (r = 0.76), and crude protein level (r = 0.62, 0.65) in the cool-
season faba legume silage positively correlated to α-helix and β-sheet. The TDN and bio-
energy values also strongly positively correlated (r = 0.85) with the amide I spectral area.

The rumen undegradable protein and rumen bypass starch were strongly cor-
related to the structural carbohydrate spectral peak number one (STC1) height in 
the cool-season faba legume silage (RUP; r = − 0.82; BSt; r = − 0.84), while, rumen 
undegradable protein (RUP; r = − 0.83, − 0.90) was strongly negatively correlated 
with amide I peak height (RUP; r = − 0.83) and STC area (RUP; r = − 0.90), as well as 
α-helix to β-sheet spectral peak height ratio (RUP; r = − 0.73).

The relationship between molecular structure and intestinal digestions and nutri-
ent supply study showed that intestinal digested crude protein (IADP) and metaboliz-
able protein (MP) in cool-season faba silage were strongly correlated with structural 
carbohydrates peak # one (STC1) spectral height (IADP; r = −0.90; MP; r = −0.92). 
For MP value, it also strongly positively correlated to the protein 2nd structure profile 
in terms of α-helix peak height, β-sheet peak height, and amide I area (r = 0.86, 0.86, 
0.71, respectively). The cool-season silage feed milk value based on the DVE value 
(FMVDVE) and silage feed milk value based on MP (FMVNRC) were strongly correlated 
to cellulosic compound (CEC) spectral area (r = −0.95, −0.82, respectively).

Our results showed that cool-season faba silage starch content could be pre-
dicted using α-helix peak heights, amide I, and STC4 with good estimation power 
(R2 > 0.96), but total digestible nutrients, net energy of lactation, and crude protein 
were predicted by above molecular structure profiles with no good estimation power 
(R2 < 0.67). On the other hand, important rumen kinetics, intestinal and total tract 
digestibility, and metabolic features were highly related to spectral areas of STC, 
CEC, and amide which can be used to predict with good estimation power (R2 > 0.74).

6. Summary and conclusion

Based on the scientific findings presented in this chapter, the following most 
important conclusions can be drawn:



155

Using Conventional Ruminant Techniques and Molecular Spectroscopy to Study the Impact…
DOI: http://dx.doi.org/10.5772/intechopen.114241

1. Cool-season faba (legume) variety with different tannin levels impacts not only 
the nutrient profile but also protein and carbohydrate-related molecular struc-
ture makeup.

2. Additionally, the nutrient supply, bioenergy, degradation, digestion, and meta-
bolic characteristics of cool-season faba silage and intercropped faba-oat silage 
were highly related independently and synergistically to molecular structure 
conformation.

3. Furthermore, the nutrient utilisation and availability of cool-season faba silage 
and intercropped silage in ruminant livestock systems could be accurately 
predicted by the protein and carbohydrate molecular structures revealed with 
cutting stage vibrational molecular spectroscopy when they work together.

4. Additive fibrolytic enzyme and maturity stage at harvesting significantly im-
pacted both nutritional and molecular structural changes of legume and legume-
cereal intercropped silage.

5. Dairy production performance and milk yield (ECM, FCM, fat yield) studies 
showed whole plant faba legume silage in early lactating cows could be used as 
alternative silage to replace traditional barley and corn silages.
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BST Rumen bypass starch
CDC Crop Development Centre
CEC Cellulosic compound
CNCPS Cornell Net Carbohydrate and Protein System
DVE  total intestinal digestible protein supply with DVE/OEB 

system
ECM energy corrected milk
ED_N/ED_CHO  rumen available N and rumen available carbohydrates 

(ED_N/ED_CHO) hourly effective degradation ratios
FCM fat corrected milk
FE fibrolytic enzyme
FMV feed milk value
IADP intestinal absorbable protein
ME metabolizable energy
MP total metabolizable protein
NEL net energy of lactation
OEB degraded protein balance
PCA principal component analysis
RUP rumen undegraded protein
SR-IMS or SR-FTIRM synchrotron-based infrared microspectroscopy
STC structural carbohydrate
TDN total digestible nutrients
TDST total tract digested starch
VFA volatile fatty acid
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Abstract

The objective of this review is to comprehensively upbring the development 
potency of value-added pellet products from prairie industry by-products or co-
products in combination with newly developed hydrolysable tannins (HT) and 
saponin to mitigate ruminant methane emission and improve the productivity of 
ruminant animals. The prairie region often produced plentiful amount of co-products 
and by-products that still have nutritional properties and can be utilized as ruminant 
feed to keep the sustainability in the agriculture sector. In ruminants, rumen microbial 
fermentation produces methane (CH4) as one of the outputs that can cause energy 
loss and act as a potent greenhouse gas (GHG) in the open atmosphere. Recently, the 
newly developed HT extracted from nutgall (Gallae chinensis) and saponin extracted 
from tea (Camellia sinensis) products are commercially available at affordable prices 
and are able to reduce methane emissions. Reducing methane emissions is vital to aid 
and support carbon reduction goals, but it must be accomplished while preserving and 
increasing business, maximizing profit, and providing economic return and benefit 
to pulse, cereal, and oil-crop growers. In conclusion, the prairie unused product 
combined with the aforementioned phytochemicals can be developed as a new pellet 
product. However, further research may be needed to determine the most effective 
additive levels of both saponin and HT products due to their anti-nutritional abilities 
while maintaining and improving livestock productivity.
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1. Introduction

1.1 Canadian prairies pothole region (CPPR)

Saskatchewan (SK), Alberta (AB), and Manitoba (MB) are three Canadian Prairies 
with expansive areas, partially covered by grasslands, plains, and lowlands stretching 
from Alberta’s Rocky Mountain foothills to Manitoba’s Red River Valley. The Canadian 
section of the prairie region is the country’s largest and most intensive grain crop pro-
duction area, which spans 312,746 km2 and accounts for about 83% of Canada’s total 
agricultural land area and about 5% of Canada’s total land [1–3]. Based on The Canada 
Guide [4], the economy of prairie land in Canada is significantly increasing led by the 
growth of industries followed by jobs and population in the mid-twentieth century 
with its main industries of services, oil, agriculture [livestock industries (dairy cattle, 
beef cattle, and sheep), and crop cultivation (canola, wheat, oats, and barley)]. A 
Recent report released by Canada Agriculture Census [5] also showed that Canadian 
Prairies (Manitoba, Alberta, and Saskatchewan) accounted for 83% of total Canada’s 
farms, nearly all of Canada’s canola (99,2%), spring wheat (97,6%), barley (96,2%), 
and 72,7% of Canada’s cattle industry.

1.2 Canadian prairies feed source potential

Being one of the world’s top producers and exporters of agricultural goods, 
Canada has the potential to play a significant role in the development of the cel-
lulosic biorefinery industry supported by its abundant supply of cellulosic biomass 
produced by the agricultural sector [6–8]. Canadian Prairie Region produces 
various types of unused goods that can still be utilized as animal feed due to its 
high energy and starch contents [9]. The Pulse industry often produces low grade 
peas (Pisum sativum) or lentil screenings as by-products. Peas are processed in 
various ways such as frozen, raw, or canned, and expelled without using the pod 
(peas exterior component) and make up around 35–40% of the total peas’ weight 
[10]. With 254.2 g/kg CP, 869.0 g/kg DM, 31.4 g/kg ash, 8.5 g/kg ether extract, and 
12.8 MJ/kg EM making peas (Pisum sativum) one of the most valuable feed sources 
either for ruminants or poultry [11]. In bio-oil processing, canola or carinata 
meals are also produced as co-products. Canola meals are considered as a proper 
ruminant feed because it is highly palatable to ruminants, inexpensive, it has a 
well-balanced amino acid (AA) profile and has no direct food value for humans 
[12–14]. Its protein content has also been proven to be highly degradable in the 
rumen [15], making it less effective as a post-ruminal AA source (44.3–74%) [16]. 
However, it is not recommended for livestock to directly consume it without pre-
processing due to its poor quality, lack of phytonutrients, and incomplete nutrient 
content. Nevertheless, supplementing it with a multi-nutrient additive can produce 
high-quality feed that is able to successfully satisfy the livestock’s daily need for 
nutrients [17]. Additionally, plant-based meal (e.g., soy protein, pea protein, and 
starches) utilization for animal feed is environmentally friendly because every 
kilogram of their production releases approximately 1 kg of carbon dioxide into the 
atmosphere [18].
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1.3 Benefit of prairies co-product and by-product utilization

Development of international and domestic markets for prairie pulse, cereal, 
and oil-crop producers, and feeds and livestock industries is a key to maintain and 
increase business, maximize profit, and provide economic return and benefit to 
pulse, cereal, and oil-crop producers. The utilization of both agricultural co-product 
and by-product based on prairie co-products from bio-oil processing (canola or cari-
nata meal), pulse screenings (damaged peas/lentil, a non-food grade of peas/lentil/
faba) can keep the sustainability in the agriculture sector. Moreover, the environmen-
tal impact of feed and animal production, as well as the economic value of innovative 
feeds in alternate applications, is critical [19]. The viability of utilizing alternative 
feeds for grazing animals is determined by factors such as feed value of novel feeds, 
animal production responses, and feed costs in comparison with standard diets. 
Many studies have proven that improper utilization of agricultural waste can cause 
severe environmental issues such as groundwater pollution, pathogen proliferation, 
and greenhouse gas emission [20–22]. To improve the competitive market (both 
domestic and international), it is necessary to establish a new suitable product that 
is environment-friendly and capable of reducing Greenhouse Gas (GHG) emission 
by mitigating ruminants (dairy, beef cattle, or sheep) methane, but also these new 
products have high feed milk/meat value (FMV) and are easily transported/shipped. 
High production ruminants (dairy and beef cattle) need to have an optimized nutri-
ent supply for optimized high milk/meat production from newly developed feed 
products without causing severe GHG pollution by mitigating ruminant (dairy, beef 
cattle, or sheep) methane.

2. Feed additive utilization in ruminant daily feed

2.1 Feed additives on nutrition and performance

Feed additives are chemicals, microorganisms, or preparations that are purposely 
added to feed or water in order to carry out one or more of the activities mentioned 
above, besides feed material and premixtures. There are various functions of feed 
additives including to positively influence the properties of feed, the properties 
of animal products, and color, fulfil the nutritional needs of animals, influence 
the environmental effects of animal production, influence animal performance 
or welfare, particularly by influencing the microorganisms in the gastrointestinal 
tract or the digestibility of feed, or have a coccidiostatic or histomonostatic effect. 
Generally, additive substances may be categorized as technological (e.g., preserva-
tives, antioxidants, emulsifiers, stabilizing agents, acidity regulators, silage (grass or 
other green fodder compacted and stored in airtight conditions, typically in a silo) 
additives); sensory (e.g., flavorings, colorants); nutritional (e.g., vitamins, minerals, 
amino acids, trace elements); zootechnical (e.g., digestibility enhancers, gut flora 
stabilizers); coccidiostats; and histomonostats [23]. Based on its function, there are 
two types of feed additives: nutritive feed additive and non-nutritive feed additive. 
Nutritive feed additives are compounds added to the feed ration to improve the 
nutrient values (e.g., amino acid, vitamin, and mineral), while non-nutritive feed 
additives are compounds added to the ration to improve values other than nutrients 
such as palatability (by adding color and odor), preserve the feed quality (by adding 
antioxidant), or as a pathogen inhibitor [23].
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Adding antibiotic feed additives to ruminant diets during the reproductive period 
can improve absorption of nutrients and reproductive performance, which also has 
resulted in various positive health advantages. However, their use in ruminant diets 
is debatable due to the possibility of their deposition into meat and milk as well as 
the expansion of antimicrobial resistance brought on by the misuse of antibiotics, 
which has drawn attention to the need for new antibiotic alternatives in the field of 
animal nutrition [24–26]. Even in countries such as Indonesia and EU, feed additives 
that contain antibiotic growth promotors (AGP) are banned. This has drawn the 
researcher’s attentions to find alternative feed additives from natural sources, such as 
herbs and spices, which are affordable, effective, and eco-friendly. Many studies of 
feed additives have been established and it is proven that adding feed additives to the 
diet can increase performances in ruminant animals. The summary of several addi-
tives piloted to ruminant animals is outlined in Table 1.

2.2 Tannin utilization and benefit as ruminant feed additive

Tannins, usually called tannic acid, are a group of phenolic compounds that are 
regularly found in woody flowering plants used to deter herbivores from consum-
ing them. Tannins have both positive and negative impacts when applied. There are 
various positive impacts including enhanced protein consumption, rapid body weight 
gain or wool production, higher milk production, increased fertility, and improved 
animal well-being and comfort through the reduction of worm loads and the preven-
tion of bloat [47]. According to Goel et al. [48], tannins may be toxic to certain rumen 
microbes and may have negative effects on ruminant metabolism [49]. Low palatabil-
ity and impaired diet digestibility are further negative consequences that have been 
linked to decreased performance [50, 51]. However, the source and concentration of 
tannins are the main factors that determine whether they are beneficial or not [52].

Tannins are varied among plants and primarily differentiated based on their 
molecular structure including hydrolysable tannins (HT; polyesters of gallic acid and 
different individual sugars), condensed tannins (CT; polymers of flavonoids), and 
mixtures of these two fundamental structures [53]. Condensed tannins are oligomeric 
and polymeric proanthocyanidins formed by polymerization of flavan-3-ols. CT cannot 
easily separate because it possesses protein-binding ability, which are flavonoid units 
linked by carbon-to-carbon bonds and cannot be separated by hydrolysis [54]. The main 
components of HT are gallotannins and ellagitannins, which can be easily separated 
by acids, bases, and enzymes [55]. When consumed, HT do not show anti-nutritional 
effects and give health benefits to livestock feed because of their strong antibacterial, 
anti-inflammatory, antioxidant, and anti-parasitic effects in animals [56].

2.3 Saponin utilization and benefit as ruminant feed additive

Saponins are secondary compounds that have extensively abundant supply in 
nature and usually known as non-volatile, surface-active compounds. The word 
“saponin” is derived from the Latin word “sapo,” which means “soap.” This is because 
when saponin molecules are combined with water, foam is formed. Saponins have 
been found in over 100 plant families, in several marine sources, and even there are 
a small number of fish that produce saponins as shark repellants [57]. The primary 
role of saponin is providing defense against many pathogens and herbivores [58–60]. 
Saponins are usually located in tissues that are most susceptible to bacterial or 
fungal infection or insect predation. There are three main categories of saponin: 
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Feed additive 
type(s)

Experiment object Effects References

Green tea extract 
(GTE)

Buffalo bulls Fertility rate improves by 
16.56%

Ahmed et al. [27]

Yeast Dairy cattle Health and productivity 
improvement

Miller-Webster et al. 
[28]

Phytochemicals, 
nitrate (NO3

−)
Beef cattle Reduce CH4 production Alemu et al. [29]

Apple bagasse yeast Non-lactating rumen 
fluid of dairy cattle

Increases feed consumption Castillo-Castillo et al. 
[30]

Yeast Lactating dairy cattle Milk production, DMI, and 
live weight gain

Dann et al. [31]

Yeast Lactating ruminal 
fluid of dairy cows 
(Jersey cows)

Improving DMI, NDF 
digestibility, and naturally 
modifying rumen 
fermentation

Lila et al. [32]

Fumaric acid Beef cattle Increases total VFA 
production

Beauchemin and 
McGinn [33]

Sunflower oil Angus heifer Increases digestibility energy 
intake and the rate of gain 
cattle, reduces CH4

Beauchemin et al. [34]

Acacia mearnsii 
(black wattle) tannin

Sheep Decreases ruminal ammonia, 
urinal nitrogen, and methane 
production

Carulla et al. [35]

Lactobacillus spp. Pre-ruminant calves Decreases coliform count, 
reduces scouring, improves 
feed intake, liveweight gain

Beeman [36]; Gilliland 
et al. [37]; Lee and 
Botts [38]

Lactobacillus spp. Pre-ruminant lambs Lower mortality, improves 
feed intake and liveweight 
gain

Pond and Goode [39]; 
Umberger et al. [40]

Garlic and citrus 
extract

Sheep Decreases methane emission, 
increasing ruminal activity

Ahmed et al., [41]

Hemicellulose 
extract

Dairy cattle Improve fiber degradation Herrick et al. [42]

Microalgae and 
rapeseed meal

Dairy cattle Improve fiber and nitrogen 
digestibility, increase NH3 
concentration

Lamminen et al. [43]

Tannin Beef cattle Reduces NH3 and CH4, 
improves propionate and 
butyrate concentration

Orzuna-Orzuna et al. 
[44]

Lipid Beef cattle Increases propionate molar 
proportion, lowering acetate 
molar proportion and VFA

Dai and Faciola [45]

Macroalgae 
(Sargassum 
fulvellum)

Beef cattle Increase DMD, total gas 
emission, and VFA

Choi et al. [46]

DMI: dry matter intake, NDF: neutral detergent fiber, VFA: volatile fatty acid, DMD: dry matter digestibility.

Table 1. 
Various feed additive sources and their effects on ruminants.
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triterpenoid saponin, steroid saponin, and alkaloid saponin. Triterpenoid saponin 
is the most distributed in the plant kingdom and it is a phrase that denotes three 
monoterpene molecules, each of which has three carbon atoms. This indicates that 
there are six molecules totaling 30 carbon atoms [61]. Triterpene saponin consists of 
two types (e.g., monodesmosidic and didesmosidic), where mono- and didesmosidic 
have single and double sugar chain, respectively [62, 63]. Steroid saponin is a type of 
triterpenoid saponin that has undergone modification. Its structure is made up of 27 
carbon atoms in bicyclic five-membered rings and tetracyclic six-membered rings. 
Alkaloid saponin have structure similar to steroid saponins, the only difference is 
that the alkaloid saponin has piperidine ring (a six-membered ring carrying N atom) 
rather than pyranose ring (a six-membered ring carrying O atom) [61]. Numerous 
activities of saponin (e.g., antimicrobial, antihelminthic, insecticidal, larvicidal, and 
molluscicidal) have already been documented [64]. In ruminant animals, dietary 
saponins have significant effects on all phases of metabolism, including feed inges-
tion and waste excretion [65]. Also, it has been reported that saponins are effective 
antifungal and antiviral agents [66]. Several sources of saponins have been discov-
ered to be devastating to protozoa and have been named as potential defaunating 
agents in the rumen [67, 68].

2.4 Pellet processing effects on value-added product

Pelleting is the process of forcing a pulverized mixture of feed materials through a 
metal plate with cylindrical holes [69]. Pelleting is one of the ways to reduce particle 
size to accelerate nutrient fermentation in rumen. Gustafson [70] characterized the 
forces occurring on the pellets as impact, compression, and shear; impact forces 
break the pellet outer layer and any existing cleavage planes in the pellet; compression 
forces crush the pellet and create failure along cleavage planes; shear pressures abrade 
the pellet’s corners and exterior. Reducing feed particle size in daily livestock feed has 
different impacts on digestion that affect each other: (1) increasing dry matter intake 
(DMI), (2) increasing the surface area for bacteria to attach, resulting in improve-
ment of ruminal degradation, (3) affecting chewing time and saliva production, 
which have further effects on ruminal pH because saliva acts as a buffer, and (4) 
affecting rumen retention, which possibly supports the improvement of subacute 
ruminal acidosis (SARA) [71–73]. Furthermore, blended feed substances processed 
into pellets can balance amino acid delivery, enhance and optimize nutritional 
supply, and alter rumen fermentation behavior [74]. Pelleting has various technical 
advantages, including enhanced stability (because of very low moisture content) and 
simpler handling, storage, and transportation [71]. Additionally, Johnson and Johnson 
[75] reported that grinding or pelleting forage diets have been shown to lower enteric 
CH4 emissions by 20–40% at high intakes. This might be explained by the faster rate 
of feed transit, which reduces the amount of time the feed is exposed to ruminal 
digestion [76].

3. Ruminant methane emission

3.1 Methane emission mechanism

Methane also known as marsh gas or methyl hydrate was discovered and isolated 
by Alessandro Volta in November 1776 in Lake Maggiore, Italy. Methane is a colorless 
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and fragrantless gas widely found in nature as a result from the decay/decomposition 
of organic matter by certain bacteria and usually used by humans as fuel to make 
heat and light. Methane is the most basic of the paraffin series of hydrocarbons and 
the simplest member of the alkane family, which is a group of organic compounds 
consisting only of carbon and hydrogen atoms and one of the most potent greenhouse 
gases (GHG), and it has the molecular formula CH4. According to Britannica [77], the 
characteristic of methane has a specific gravity of 0.554, making it lighter than air, 
hardly dissolves in water but dispersible in organic solvent, and quickly burns in the 
presence of air; releasing carbon dioxide and water vapor, the flame is fierce, pale, 
and barely bright, has a melting point of 182.5°C (296.5°F) and a boiling temperature 
of 162°C (259.6°F). The general methane formation equation is:

 ++ + −→ +2 4 28H 8e 2H OCO CH   (1)

Methane can also be produced by polygastric animal such as cows and lambs as a 
natural by-product of the digestion and fermentation that occurs in the ruminal guts 
(rumen) through a process called methanogenesis. Methanogenesis is an anaerobic 
reprocess where C atom contained in CO or CO2 reduced to CH4, with the intention 
to avoid hydrogen accretion, which subsequently inhibits dehydrogenase enzyme 
activity and disturbs the fermentation mechanism [78]. According to Janssen and 
Kirs [79], there are 113 species and up to 28 genera of methanogens that have been 
discovered in nature, while Methanobrevibacter (61,6%) is regarded as the most 
dominant methanogen in the rumen. Methanogens are the primary component 
of the Euryarchaeota and are separated into five orders including Methanococcales, 
Methanobacteriales, and Methanomicrobiales [80]. These methanogenic bacteria 
already exist in cows, even in the stage of pre-ruminant [81, 82]. Methane is mostly 
produced in rumen (80–95%), while other small quantity is produced in large intes-
tine (5–20%). Methanogenesis can occur via CO2 reduction utilizing H2 as an electron 
source, methyl-group reduction, or acetate reduction [83].

Ruminant animals consume plant materials as their primary source of nutri-
tion that contains structural carbohydrates, proteins, and other feed components 
(Figure 1). These complex structures are hydrolyzed to simpler monomers, and then 
are subsequently fermented by rumen microorganisms to produce VFA (acetate, 
propionate, butyrate, and small amount of valerate), CO2, CH4, and H2 [85]. Under 
anaerobic conditions in the rumen, oxidation reactions require ATP to release 
hydrogen. The amount of hydrogen produced is highly dependent on the type of 
feed and the type of microbes that work to ferment the feed in the rumen [78]. The 
methanogenic archaea bacteria and other microorganisms that reside in the rumen 
utilize hydrogen (H2) that has been mainly produced during hydrogenase microbial 
fermentation, carbon dioxide (CO2), and a certain amount of intermediate fermenta-
tion products that have been produced by other microbes as substrates to generate 
methane (CH4), which is their only method for energy acquisition.

There are three major pathways for rumen fermentation: the hydrogenotrophic 
pathway converts H2 and CO2 produced by bacteria, fungi, and protozoa into 
CH4 [86, 87]. The most prevalent hydrogenotrophic bacteria are from the genus 
Methanobrevibacter, which is classified into two groupings, the SGMT clade (Mbb. 
gottschalkii, Mbb. smithii, Mbb. Thaueri, and Mbb. millerae) and the RO clade (Mbb. 
ruminantium and Mbb olleyae) [79, 88]; and methyl groups, which are found in 
methylamines and methanol [89, 90]. Methylamines are formed from glycine betaine 
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(derived from beetroot) and choline (which is found in plant membranes), whereas 
methanol is generated from the hydrolysis of methanolic side groups in plant polysac-
charides; the aceticlastic pathway is reviewed by Morgavi et al. [91]. As for methane 
excretion, ruminants have unique digestive system that allows them to regurgitate and 
re-chew their partially fermented feed as cud. During this process, the accumulated 
gases including methane are released in the form of exhaust gas (farts and burps) as 
well as in feces [78, 92].

3.2 Factors affecting ruminant methane emission

3.2.1 Type and quality of feed

Type and quality of feed can influence the synthesis of methane in the rumen. 
Broucek [93] reported that forage species, forage processing, forage fraction in the 
diet, and grain supply affect the CH4 generation in ruminants. These are mostly 
linked with carbon supply that will affect the whole activities of ruminant micro-
organisms. Improved feed quality is also intended to improve animal performance. 
Thus, improved diet quality can be an efficient way of lowering emissions per 
unit of animal product [76]. Certain feed components, such as high-fiber forages, 
promote more extensive fermentation and higher methane emissions compared to 
low-fiber or grain-based diets because fiber-rich feeds require extensive microbial 
activity to digest, leading to increased methane production. Methane production 
tends to decrease as feed protein concentration increases, but it also increases when 
feed fiber content increases [75, 94]. When compared to a lower concentrate diet 
(around 30 or 40%), a higher concentrate diet (around 80 to 90%) can minimize 
gross energy loss caused by methane by 2 to 3% [95]. Recent research conducted 
by Olijhoek et al. [96] on Holstein and Jersey cows fed with high concentrate diet 
(up to 91%) showed that there was a noticeable connection between breed and 
diet between Holstein cows and Jersey cows (48 and 22%, respectively). Although 

Figure 1. 
Methane production in rumen (adapted from [84]).
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dietary adjustments to consume less forage may lower methane generation, they 
may cause other physiological problems that could possibly devaluate pH and lead 
to severe ruminal acidosis [97].

3.2.2 Level and feed intake

Enteric methane emissions are clearly linked to dry matter intake (DMI) either in 
dairy or in beef cattle [98]. According to Shibata and Terada [94], CH4 generation nor-
mally increases as the daily feed intake increases. Generally, when ruminants consume 
more feed, and their rumen becomes more active, leading to increased fermentation 
and higher methane production. In the rumen, which is the first chamber of a rumi-
nant’s multi-compartment stomach, microbes break down the carbohydrates present in 
the feed into monomer or oligomer compounds, producing volatile fatty acids (VFAs), 
which then also produce metabolic by-products. Energy is produced by the ruminants’ 
digestion of carbohydrates, which also produces enteric methane (CH4) emissions 
[99]. Methane emissions were lower on a high concentration diet (920 g/kg DM) than 
on a mixed (forage/concentrate) diet (500 g/kg DM) [100]. When it comes to neutral 
detergent fiber (NDF) intake, the CH4 production is higher when cattle consume high-
fiber digestibility diets, which can boost the acetic acid (CH3COOH) production that 
exceeds the propionic acid (CH3CH2COOH). The acetic acid subsequently results in the 
release of H, which is utilized by methanogens to form CH4 [76].

3.2.3 Rumen microbial content

The rumen is the primary generator of methane and specific microbiome char-
acteristics are linked to low/high methane levels. In the rumen, ciliate protozoa 
synthesize H2, which is the principal substrate for methanogenesis in the rumen, 
and removing them (defaunation) resulted in 11% less methane emissions [101]. 
Intuitively, the methanogenic bacteria population should be linked to methane emis-
sion. However, some researches in dairy cattle, sheep, and beef cattle showed that 
there is a weak, or even no correlation between methanogens’ overall abundance with 
methane emission [102–108].

Rumen microbial contents are more likely affected and closely related to the type 
and composition of feed given to the ruminants. Thus, the feed-contained-nutrient 
decides the amount of H2 produced in the process of forming acetate and butyrate and 
the use of H2 which can be oxidized to H2O, accompanied by the reduction of CO2 to 
CH4. Research conducted using steers showed that rumen fluid from concentrate-fed 
steers had more propionic acid and less acetic acid, as well as less archaea and proto-
zoa than mixed-fed steers; these rumen contents, particularly protozoa and archaea, 
show a strong association with CH4 emissions (g/kg DMI) [100, 107].

3.2.4 Environment temperature

In tropical climate regions, which typically have higher temperatures, it affects the 
quality of forages. The forage’s cell wall, acid detergent fiber, and lignin tend to rise, 
resulting in declined digestibility of feed and increased energy loss, which continu-
ously leads to decreased feed intake and an increase in CH4 generation due to a drop in 
animal production efficiency [94, 109, 110]. It is also attributed to extended preserva-
tion time in the rumen and a reduced rate of methanogen outflow from the rumen to 
the abomasum [109]. Furthermore, Lee et al. [110] found that elevated temperatures 
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may result in an increase in methane generation of 0.9% every 1°C of temperature rise 
and 4.5% every 5°C of temperature rise. Methane generation per DMI rose and was 
nearly 10% greater at temperatures over 26°C than at 18°C temperatures in cows at the 
preservation level of feeding [109].

Overheat temperature can cause severe heat stress and also inflict on cattle itself. 
Cattle usually will drink more and eat less when the temperature rises. Heat stress 
can increase rectal temperature, respiratory rate, pulse rate, and water intake, while 
subsequently reduce body weight gain, dry matter intake, and CH4 emission. A heat 
stress experiment on ruminants conducted by Yadav et al. [111] using non-lactating 
crossbreed dairy cows showed that CH4 emissions fell significantly with increasing 
temperature up to >35°C. Furthermore, as animals begin to suffer from heat exhaus-
tion, their food intake decreases, and their metabolism slows [112].

4. Ruminant methane mitigation

4.1 Effect of methane production for ruminants

Ruminant livestock production plays a significant role in global agricultural 
systems, providing a valuable source of meat, milk, and fabrics for humans. However, 
ruminants, such as cattle, sheep, and goats, are known to produce and release sub-
stantial amounts of anthropogenic methane (CH4) during their digestive process 
(around 250 to 500 L per day) to the open world and can cause greenhouse effect to 
the environment that may occur in the next 50–100 years, resulting on climate change 
and risen the average temperature of the earth [75, 113]. Methane is one of the potent 

Ruminant types CH4 production

Dairy cows (avg.) 151–497 g/day

• Holstein 299 g/day

• Crossbread 264 g/day

Lactating cows 354 g/day

Non-lactating cows 269 g/day

Heifers (avg.) 223 g/day

• Heifers grazing on fertilized pasture 223 g/day

• Heifers grazing on unfertilized pasture 179 g/day

Dairy ewes 23 g/day

Beef cattle (avg.) 161–323 g/day

• Mature beef 240–396 g/day

• Cattle feed with pasture 230 g/day

• Cattle feed with high grain 70 g/day

Suffolk sheep 22–25 g/day

Bison 200 g/year

Source: ([93]; [122]).

Table 2. 
Ruminant CH4 production.
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greenhouse gases produced during the anaerobic fermentation of feed in ruminants, 
contributing to global warming and climate change of approximately 15% of the 
world’s total methane emission [114]. Methane only lasts for a relatively brief time in 
the atmosphere (around 8, 4 to 12 years) compared to other greenhouse gases which 
lasted for a longer period [CO2 (300–100 years), CFC (40–150 years), N2O (114 years), 
SF6 (3200 years), NF3 (740 years), HFC (270 years), PFC (2600–5000 years)]. It 
is reported that methane is 21 times as potent as carbon dioxide (CO2) at trapping 
heat in the atmosphere [115–117]. Additionally, methane formed by the ruminants 
can also inflict around 2 to 12% of energy loss [118], causing feed inefficiency and 
financial waste. Animal species, DMI, type of forage fed, overall ratio of concentrate 
to forage, feed conversion efficiency, addition of lipids or ionophores to the diet, plant 
secondary metabolites, alteration in the ruminal microflora, and rumen fermentation 
features, such as VFA and hydrogen (H2), all affect the CH4 synthesis [75, 119–121]. 
Furthermore, according to Broucek [93], not only diet but also different types of 
ruminants can produce different amount of methane emission (Table 2).

Strategy Mechanism Effects on 
CH4

Problem

Ionophores Inhibiting H2 producer 
activity

Medium 1. Bacterial resistance

2. Residue

Halogenated 
compounds

Inhibiting methanogens 
activity

High 1. Toxic

2. Residues

3. Bacterial resistance

Phytochemicals A broad antimicrobial 
activity

Medium 1. Expensive

2. Bacterial resistance

3. Performance decline

Lipids Inhibiting methanogens 
activity

High 1. Expensive

2. Negative effects on performance

Nitrooxy 
compounds

Inhibiting methanogens 
activity

High 1. Expensive

2. Potential bacterial resistance

Algae Inhibiting methanogens 
activity

High 1. Affect rumen fermentation

2. Residue

Propionate 
precursors

Competing with 
methanogenesis for hydrogen 
source

Low 1. Expensive

2. Inefficiency

Concentrates Competing with 
methanogenesis for hydrogen 
source

Medium 1. Costs

2. Acidosis risk

Forages Lowering CH4 emissions per 
unit of meat and milk

— Increasing the absolute emission

Non-forage fiber 
sources

Competing with 
methanogenesis for hydrogen 
source

Low Inefficiency

Source: [130, 131].

Table 3. 
Methane reduction strategies through diet manipulation.
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4.2 Diet manipulation to mitigate ruminant methane

Methane is produced as part of an inevitable and natural rumen fermentation 
outcome. Over the decades, scientists and researchers have tried numerous methods 
to suppress the ruminant methane emission, such as production intensification, 
altering diet management, diet manipulation, rumen manipulation, and selection 
of low-CH4-producing animals [123]. Adding feed additives to dietary feed is one 
of the most common methods conducted by many researchers. Dietary manipula-
tion method can decrease CH4 emission by 40% [124]. Even in another study, it was 
found that improved nutrition may allow for a reduction in CH4 emissions of up to 
75% [125]. There are two broad groups of dietary tactics: (1) enhancing the forage 
quality and adjusting the diet’s percentages and (2) feeding chemicals to animals that 
either directly prevent methanogens or modify metabolic pathways to reduce the 
substrate for methanogenesis as a feed additive [126]. Notably, there are at least eight 
dietary intervention types that have been conducted from 2000 to 2020 (i.e., oils, 
macroalgae, nitrate, ionophores, protozoa controls, phytochemicals, essential oils, 
and 3-nitrooxypropanols). The development of feed additive made from oregano and 
green tea extract can reduce CH4 gas emission in dairy cows [127], feed additive made 
from the mixture of xylanase and Saccharomyces cerevisiae has been proven to lower 
the CH4 of agricultural calf farms [128], and feed additive developed from algae; Ulva 
sp. decreased CH4, NH3, and VFA production, while Sargassum horneri decreased 
rumen CH4 and NH3 [129]. Wang et al. [130] reported that the methane reduction 
strategy through diet manipulation has its own benefit and drawbacks; therefore, 
further research is required (Table 3).

5. Tannin and saponin utilization to reduce methane emission

With the benefits of efficiency, plant extracts and their secondary metabolites 
have a high potential for ruminant methane mitigation. Incorporating saponin as 
ruminant feed can potentially suppress the production of methane, one of the big-
gest contributors to global warming [132]. Adding plant tannins to ruminant dietary 
can help mitigating methane emissions by reducing methanogenesis in rumen. 
This may be related to the antibacterial qualities of the tannins by decreasing fiber 
digestion and causing the ruminal microbial bacteria to not fully digest the feed 
[133]. Plant tannins, as feed supplements or as tanniferous forage diets, have shown 
a potential for reducing enteric CH4 emissions by up to 20% [134, 135]. Many studies 
have assessed, both in vitro and in vivo, the connection between tannin-rich diets and 
ruminal CH4 formation. The CH4 reaction to tannin administration varies greatly 
based on the origin, variety, and molecular weight of the tannins, as well as the 
methanogenic ecosystem prevalent in the animal [84]. Tannins have anti-methano-
genic ability, which has been demonstrated through in vitro evaluation. They can do 
this directly by suppressing methanogens or indirectly by affecting protozoa inside 
the rumen [136, 137]. Adding tannin to ruminant feed, either a tannin-containing 
diet or tannin extracts, can reduce enteric methane production [52]. A recent report 
using in vivo and in vitro methods assessed by Zhang et al. [118] showed that the 
addition of 30 and 60 g/kg of hydrolysable tannins (HT) to ruminant dietary was 
able to significantly reduce rumen CH4 production by 37.6 and 36.4%, respectively. 
The effects of tannin addition in ruminant feed and its effect on methane mitigation 
are summarized in Table 4.
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Tannin origin Diets Methane reduction 
effect

References

Rain tree pod meal (6 g/kg 
of total DMI)

Total mixed ration (concentrate 
+ rice straw treated with urea) 
at 25 g/kg BW

10% Anantasook 
et al. [138]

a. Autocarpus integrifolia 
leaf (186 g/kg DM) 
of CT

b. Ficus religiosa leaf 
(13.5 g/kg DM) of HT

c. Jatropha curcus (5.6 g/
kg DM) of HT

d. Sesbania grandiflora 
(13.1 g/kg DM) of HT

Elusine coracana straw and 
commercial concentrate 
mixture in 1:1 ratio

a. 4.73 (mL/total gas 
reduction)

b. (mL/total gas 
reduction)

c. (mL/total gas 
reduction)

d. 2.02 (mL/total gas 
reduction)

Bhatta et al. 
[139]

Acacia (Acacia molissima) 
tannin extract

Forages (600–800 g/kg) and 
concentrates (200–400 g/kg)

a. Goat (13%)

b. Sheep (23%)

c. Buffalo (22%)

d. Cattle (9%)

Bueno et al. 
[140]

a. Acacia mearnsil extract 
(82% CT)

b. Schinopsis balansae 
extract (90.4% CT)

c. Castanea sativa extract 
(5.7% CT and 75.5% 
HT)

d. Quercus aegilops extract 
(8.0% CT and 71.2% 
HT)

Total mixed ration (forage /
concentrate)

a. 12%, 21%, 32%, 
and 38%

b. NE, 23%, 34%, 
and 40%

c. 13%, 23%, 31%, 
and 40%

d. 11%, 19%, 26%, 
and 36%

Hassanat and 
Benchaar [141]

Sainfoin (Onobrychis 
viciifolia) accessions:

a. Rees “A”

b. CPI63763

c. Cotswold Common

d. CPI63767

50 mg lucerne (tannin free) / 
30 ml of inoculum

a. 30%

b. 45%

c. 30%

d. 48%

Hatew et al. 
[142]

a. Chestnut

b. Sumac

c. Mimosa

d. Quebracho

380 mg (concentrate + hay) 
(30:70) / 30 mL of inoculum

a. 23%

b. 30%

c. 23%

d. 27%

Jayanegara 
et al. [137]

a. Trigonella foenumgrae-
cum leaf

b. Sesbania sesban leaf

Hay: concentrate (50:50) 2. 20% Jayanegara 
et al. [143]

a. Purified chestnut

b. Sumac

Hay: concentrate (70:30) a. 6.5%

b. 7.2%

Jayanegara 
et al. [144]

a. Panicled-tick clover 
(PCT)

b. Sericea lespedeza (SL)

Alfalfa: corn a. 65%

b. 24,4%

Naumann et al. 
[145]
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Adding saponin extract can also reduce methane emissions produced by ruminants, 
such as sheep and cattle (dairy and beef). It has been demonstrated that the extract from 
the leaf of Sesbania sesban or lucerne roots’ saponins can significantly lower protozoa 
populations [67, 153, 154], which are crucial for the protein degradation of ruminal feed 
[155]. It is going to be difficult to determine the ideal doses of saponins to have a benefi-
cial effect on rumen fermentation or ruminant production because saponins are typically 
supplied as extracts or as ground materials [156]. Very recent research conducted by 
Zhang et al. [118] reported that the addition of tea saponin extracts (5 g, 10 g, 20 g/kg 
DMI) was able to significantly reduce methane (CH4) by 6.17 L, 7.86 L, and 10.53 L/kg 
DMI, respectively. Tannins and saponins extracts are recently available in the commercial 
market, and the newly developed hydrolysable tannins and tea saponin products are com-
mercially available at very affordable prices (Biolink Biotechnology, Co, LTD, Beijing). 
The lowest market prices for these products are $11/kg (purity>81%) for hydrolysable 
tannins and $11/kg (purity>65%) for tea saponin products. When applying phytochemi-
cals as feed additives, the amount and purity should be carefully monitored, as they may 
have anti-nutritional properties in larger quantities [131]. The effects of saponin addition 
in ruminant feed and its effect on methane mitigation are summarized in Table 5.

Tannin origin Diets Methane reduction 
effect

References

Quebracho condensed 
tannin extract (75–77% 
QCT)

Corn: alfalfa Ns, ns, ns Pinski et al. 
[146]

Acacia cyanopylla (CT 
63%)

Dates by-products and the 
vetch-oat

56.25% and 36.50% Rira et al. [147]

Leucaena a. 41.4 mL/g TDOM

b. 47.4 (−14%) 1/kg 
DOM

Soltan et al. 
[148]

a. Acacia saligna leaves 
(6.3% CT)

b. Leucaena leucochepala 
leaves (4.6% CT)

c. prosopis julifara leaves 
(0.04% CT)

d. atriplex halimus leaves 
(0.02% CT)

a. Acasia saligna

b. Leucaena leucochepala

c. Prosopis julifora

d. Atriplex halimus

a. 38%

b. 36%

c. NE

d. NE

Soltan et al. 
[149]

Leucaena leucochepala 
extract (100% CT) 10,15, 
20, 25, and 30 mg

Guinea grass −33%, −47%, −57%, 
−59%, and − 63%, 
respectively

Tan et al. [150]

Mangosteen peel powder 7% Wanapat et al. 
[151]

a. Chestnut (castaena sativa)

b. Valonea (quercus 
valonea)

Grass silage (100%) a. 63%

b. 34%

Wischer et al. 
[152]

DMI: dry matter intake, DM: dry matter, NA: not applicable, NE: no effect, ns: not significant, −: decrease compared 
to control, BW: body weight, CT: condensed tannin, HT: hydrolysable tannin, TDOM: truly degraded organic matter, 
DOM: degraded organic matter.

Table 4. 
Effect of tannin addition on methane emission.
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6. Summary, conclusion, and future study

Based on the scientific findings presented in this chapter, the following most 
important conclusions can be drawn:

1. Canadian Prairie region has an abundant amount of unused products with 
affordable prices that can possibly be used as a source of ruminant feed that 
offers high energy and starch contents, but it is not recommended to be used 
directly without processing.

Saponin origin Diets Methane reduction effect Reference

Purified saponin (1.55, 3.10, 
4.65, and 6.20 mg/30 mL rumen 
inoculum)

Hybrid cumbu
Napier grass

14.04, 21.90, 34.30, and 
37.60%

Bharathidhasan 
et al. [157]

Papaya leaf (7.5, 12.5, and 25% 
of diet)

Concentrate 
(50%) + alfalfa (50%)

17, 34, and 37% Jafari et al. [158, 
159]

Papaya leaf methanol extract 
(PLE; 5, 10, and 15 mg of 
PLE/0.25 g DM)

Concentrate 
(50%) + alfalfa (50%)

Ns, ns, and 34% Jafari et al. [158, 
159]

Papaya leaf solvent fractions 
(PLF; 15 mg of PLF/0.25 g DM)

Concentrate 
(50%) + alfalfa (50%)

25%, 29%, ns, 25% and ns Jafari et al. [160]

Yucca saponin (8.5% saponin) Total mixed ration 
(forage/concentrate)

NA Li and Powers [161]

Yucca schidigera Forage and 
concentrate (65:35)

15% Narvaez et al. [162]

a. Quillaja saponin (0.6 g/L)

b. Quillaja saponin (1.2 g/L)

c. Quillaja saponin 
(1.2 g/L) + propionic acid 
(8 mM) + nitrate (10 mM)

Corn silage 
(45%) + alfalfa 
hay (10%) + dairy 
protein product 
(20%) + concentrate 
mixture (25%)

a. 11%

b. 24%

c. 85%

Patra and Yu [163]

a. Quillaja saponin (0.6 g/L)

b. Quillaja saponin 
(0.6 g/L) + nitrate (5 mM) 
and sulfate (5 mM)

Corn silage 
(45%) + alfalfa 
hay (10%) + dairy 
protein product 
(20%) + concentrate 
mixture (25%)

a. 8%

b. 47%

Patra and Yu [164]

a. Quillaja saponin

b. Saponin + garlic

c. Saponin + nitrate

d. Saponin + garlic + nitrate

Concentrate and 
alfalfa (70:30)

a. 36%

b. 45%

c. 55%

d. 70%

Patra and Yu [165]

Yucca schidigera (4.4% saponin) Dates by-product + the 
vetch + oat

60% Rira et al. [147]

Mangosteen peel powder (10.9% 
saponin)

Concentrate + rice 
straw

7% Wanapat et al. 
[151]

DM: dry matter, NA: not applicable, ns: not significant.

Table 5. 
Effect of saponin addition on methane emission.



Feed Additives – Recent Trends in Animal Nutrition

176

2. It is founded that pellet processing of blended feed substances can balance 
amino acid delivery, enhance and optimize nutritional supply, and alter rumen 
 fermentation behavior in ruminants and can also reinforce technical advantages 
including enhanced stability, simpler handling, and storage.

3. Greenhouse gas (GHG) emission has become a joint challenge in the last few 
decades and numerous attempts have been made to reduce CH4 production in 
ruminants with different approaches. However, those approaches still have some 
drawbacks (e.g., costly, resistant, residue, toxic) which detain its effectivity and 
application.

4. Tannin and saponin are two phytochemicals derived from plant materials with 
approved methane reduction agents. However, there is no literature on the  effects 
of unused prairie products combined with those newly developed hydrolys-
able tannins (or saponins) at different levels. Therefore, a further investigation 
is necessary to study the effect of pellet processing of this combination on (1) 
bioactive compound (CT) levels, (2) amino acid profile, (3) physiochemical and 
nutrient profiles, (4) nutrient fermentation on GHG emission, utilization, and 
availability in rumen and intestine in ruminants, (5) protein and energy meta-
bolic characteristics and truly absorbed nutrient supply in ruminant system, (6) 
changes on molecular structure in relation to nutrient utilization availability, and 
(7) animal metabolic characteristics and production performance.
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