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Aims and Scope of the Series

Paralleling similar advances in the medical field, astounding advances occurred in
Veterinary Medicine and Science in recent decades. These advances have helped
foster better support for animal health, more humane animal production, and

a better understanding of the physiology of endangered species to improve the
assisted reproductive technologies or the pathogenesis of certain diseases, where
animals can be used as models for human diseases (like cancer, degenerative
diseases or fertility), and even as a guarantee of public health. Bridging Human,
Animal, and Environmental health, the holistic and integrative “One Health”
concept intimately associates the developments within those fields, projecting its
advancements into practice. This book series aims to tackle various animal-related
medicine and sciences fields, providing thematic volumes consisting of high-qual-
ity significant research directed to researchers and postgraduates. It aims to give us
a glimpse into the new accomplishments in the Veterinary Medicine and Science
field. By addressing hot topics in veterinary sciences, we aim to gather author-
itative texts within each issue of this series, providing in-depth overviews and
analysis for graduates, academics, and practitioners and foreseeing a deeper un-
derstanding of the subject. Forthcoming texts, written and edited by experienced
researchers from both industry and academia, will also discuss scientific challeng-
es faced today in Veterinary Medicine and Science. In brief, we hope that books in
this series will provide accessible references for those interested or working in this
field and encourage learning in a range of different topics.
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Preface

The livestock production system faces several challenges including feed-food com-
petition, shortage of high-quality feeds to support optimum potential performance,
greenhouse gas emissions, environmental pollution, feed safety, feed-derived food
safety, consumers’ demands for better-quality animal-origin foods, and animal health
and welfare. Some of these challenges may be further intensified in the future. As
such, animal nutritionists and scientists are working to resolve potential threats to
livestock production. This book begins with an introductory chapter highlighting
these issues and their possible solutions, which may involve employing feeding and
nutritional management in livestock production.

Optimum forage utilization in grasslands is necessary to fully exploit an animal’s
genetic potential. The book opens with an Introductory Chapter. Chapter 2 discusses
tropical grassland management for grazing beef cattle for better utilization using
supplementation of rumen undegradable protein and energy as well as dietary addi-
tion of alternative additives to antibiotics effects, such as probiotics, tannins, essential
oils, and saponin, which can help to improve animal performance and nutrient
utilization efficiency and decrease greenhouse gas emissions. Chapter 3 highlights the
potential utilization of insect meal as a protein feed ingredient to economize rations
and replace costly protein ingredients. It also discusses the benefits, safety, and
acceptability of insect meals. Chapter 4 discusses how the improvement of ruminal
fermentation efficiency could lead to better utilization of feeds (e.g., fiber-rich diets),
lower greenhouse gas production, and improved quality of meat and milk.

An accurate approximation of methane emission factors and related variables is
required for a better estimation of enteric methane emissions from livestock produc-
tion systems. Chapter 5 analyzes the uncertainty and sensitivity of input parameters
of enteric methane emission factors applying a tier 2 model with a case study of native
cattle in Senegal. Chapters 6 and 7 describe different nutrition and feeding strategies
including methane mitigation agents to lower methane production in ruminants.
Chapter 8 delineates heavy metal pollution from poultry wastes and their health
hazards in aquatic systems.

Overall, this book covers a wide area of challenges related to feed shortage, health,
and environment in livestock production systems and their potential solutions. It is a
useful resource for researchers and experts in animal production.



I would like to thank the authors for their excellent contributions. I would also like to
thank Ms. Dolores Kuzelj at IntechOpen for her outstanding communications with the
authors and myself throughout the editorial process of this book.

Amlan Kumar Patra

Department of Animal Nutrition,

West Bengal University of Animal and Fishery Sciences,
Kolkata, India
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Chapter1

Introductory Chapter:

Animal Feed Science

and Nutrition - Production, Health
and Environment

Amlan Kumar Patra

1. Introduction

Different earth health indicators for “safe operating space,” including degradation of
land, climatic change, loss of biodiversity, deforestation, acidification of the ocean, and
water scarcity, have deteriorated in recent decades, which is a great threat for the natural
habitats along with human civilization [1]. Food animal production, which contributes
significantly to gross domestic products in most of the countries of the world and pro-
vides nutritional and economic security of the farmers in low-income countries, has
been recognized as significant divers of many ecological alterations in the Anthropocene
period due to substantial share of greenhouse gas (GHG) emissions (methane and nitrous
oxide) to the atmosphere [2]. Rapid increases in greenhouse gas (GHG) concentrations
along with methane in the environment have become major drivers of climatic changes in
the Anthropocene era [1]. Furthermore, food animal production faces many challenges,
including shortage of high-quality feed ingredients, the contribution of pollutants to
the environment, development of antimicrobial resistance due to inappropriate use of
antibiotics and other antimicrobial chemical compounds, food safety, health, and welfare
of animals. The demands of animal food products have risen sharply and will also increase
considerably in the future owing to the growing human population, national economies,
and urbanization. These changes will further intensify the challenges. The importance of
animal feeding and nutrition is enormous in solving these challenges linked with food-
fuel-feed competition, productivity, health and welfare, environment, product safety and
quality [3]. In-depth analysis and better knowledge of the impacts of feeds and feeding
on various domains of the livestock production systems focusing on the contribution
of livestock in greenhouse gas emission, and providing solutions to challenges through
improved technologies, policy, and institutional development measures are required [3].
In this chapter, some nutritional solutions to these challenges are described.

2. Identification of newer feed resources

Optimum potential performances of animals are not always expressed due to
the improper supply of nutrients required for the physiological stages. This situ-
ation happens owing to the shortage of quality feeds for animals. Moreover, there
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is fuel-feed-food competition as feeds of livestock also include both human edible
components and feedstock of biofuel production. With the increasing human popu-
lation, human-edible feeds, such as cereal grains and soybeans, which constitute
major ingredients for monogastric animals, may become less available for livestock.
Maximum utilization of human-inedible feed ingredients will be required for sustain-
able livestock production. Many unconventional feeds have been identified to be used
in the diets of different species of animals within specified limits. Some novel feed
resources have been explored recently.

Several insect meals of different species are of interest recently as a protein source
for monogastric animals due to their high protein composition and they are part of
the natural diet of poultry. Insect meals could be sustainable protein feeds as they
can be reared on low-grade biowastes, converting biowastes into high-quality protein
sources. Amino acid composition and digestibility are promising, and studies have
reported that insect meal can replace 50-100% soybean or fish meal depending upon
animal species. The precise determination of amino acid digestibility and metaboliz-
able energy content of different insect meals are required to properly balance the
amino acids and energy in diets, particularly for monogastric species. It is technically
possible to utilize insect meals as an alternative protein-rich feed ingredient [4].

Microalgae (green algae, blue-green algae, golden algae, and diatoms) are impor-
tant marine resources and have the potential to become important sources of protein
and bioactive compounds, vitamins, and minerals. Approximately, one-third of the
world’s total microalgae production is utilized for animal applications [4]. Microalgae
can also be produced with waste materials, for example, manure and solar energy.
The protein content of microalgae varies among species with a range of 25-50% [4].
Microalgae are also rich in n-3 long-chain polyunsaturated fatty acids, which would
improve the meat and milk quality when they are used in diets of animals [5]. The
cost-effective production of microalgae is a challenge.

Seaweed or macroalgae, for example, Chlorophyta (green algae), Phaeophyceae
(brown algae), and Rhodophyta (red algae) contain up to 60% polysaccharides but are
also rich in high-value compounds, such as n-3 fatty acids, bioactive compounds, and
colorants. The nutritional composition of seaweeds shows a broad range, depending
on the seaweed species. Brown macroalgae contain 5-13% crude protein and are rich
in minerals, whereas red algae contain 10-30% of crude protein, and green algae
over 15% crude protein [4]. Production of seaweeds faces some similar problems as
microalgae. The composition of essential amino acids in most seaweed species is not
optimal, and all seaweeds have high mineral content, which restricts their use in the
diets of animals unless balanced properly [4]. Besides the potential use of seaweeds
as feed ingredients, they have antimethanogenic effects in the rumen, which may be
further beneficial environmentally [6].

The distiller’s dried grains with soluble (DDGS) is a co-product from liquor and
biofuel production. It contains high concentrations of protein and fats depending
upon the grain stock used for ethanol production and can represent a valuable feed
for livestock production. However, unlike cereal grains from which DDGS is derived,
it mainly contains high amounts of low digestible fiber, such as cellulose, lignin, and
arabinoxylans. Nonetheless, it may replace a certain amount of conventional costly
feed ingredients and thus reduce the feed cost. Moreover, it contains fermented prod-
ucts with beneficial probiotic bacteria, prebiotics, enzymes, and bioactive metabolites
to animals and thus could beneficially improve production performance [7].

Tree foliages are very useful fodder resources for small ruminant animal pro-
duction, especially in the arid and semi-arid regions of the world, which provide
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supplementary proteins and micronutrients in low-quality forage-based diets [8].
Tree leaves may also be exploited to decrease greenhouse gas production and improve
ruminal fermentation [9]. Residues from human-edible crops, vegetables and fruits,
and food wastes can be utilized in all types of livestock diets that are usually fed to
animals in low-income countries to some extent. The proper valorization of food
wastes and residues of fruit and other processing industries as animal feeds is crucial
for the transformation of the linear economy to a circular and sustainable bio-
economy, which will also reduce environmental burdens. The use of agro-industrial
by-products in animal nutrition is a promising strategy to reduce the food-feed
competition, the diet cost at the farm level, and the environmental impact of animal-
derived food production. Moreover, many fruit and industrial wastes contain several
medicinal and phytochemicals, which could be used to improve livestock production
and health. The recent focus has centered on the use of plant secondary metabolites to
improve ruminal fermentation, ruminant production, and health while minimizing
the environmental burdens [10, 11].

3. Livestock and environment

Worldwide food production systems (livestock and vegetable-origin foods) contrib-
ute 18 Gt greenhouse gas (GHG; CO,, methane, nitrous oxide, and fluorinated gases)
emissions in CO, equivalent (CO,e) (non-CO, gases are expressed as CO,e based on the
warming potential of the gases) account one-third (34%) of total global GHG based on
detailed life cycle assessment analysis [12]. Different livestock activities, such as livestock
rearing, feed production, land use and land-use change, manure management, transport,
slaughtering, processing, and storage, contribute significantly to the total anthropogenic
GHG emissions and are considered an important driver of global climate change in the
food-system emissions. In livestock production, direct methane emissions from enteric
fermentation and manure, and nitrous oxide emission during the process of nitrification
and denitrification of the manure nitrogen comprise about 9% of total GHG emissions,
and livestock share about 70% of total emissions from the agriculture, forestry and
other land use [13]. Total direct non-CO, GHG emissions of enteric and manure sources
globally increased from 1.77 Gt CO,e in 1961 to 2.77 Gt CO,e in 2010 at an annual growth
rate of 0.92% [14]. Reduction of enteric methane emissions is needed to lessen the
accountability of livestock production for GHG emissions. Different chemical inhibitors
(e.g., halogenated methane analogs), defaunating agents and approaches, and ionophores
(e.g., monensin) lower methanogenesis directly or indirectly in the rumen, but they do
not exert consistent effects for practical uses. A range of nutritional strategies, such as
increasing the cereal grains, feeding of leguminous forages containing high content of
tannins, supplementation of low-quality roughages with readily fermentable carbohy-
drates and protein, and addition of fats with high concentrations of medium-chain fatty
acids or long-chain unsaturated fatty acids, show promise for ruminal methane mitiga-
tion. Several new potential technologies, such as the use of plant secondary metabolites
(polyphenols, essential oils, saponins, and alkaloids), propionate enhancers, bacteriocins,
bacteriophages, probiotics, stimulation of acetogens, immunization, methane oxida-
tion by methylotrophs, and genetic selection of low methane-producing animals, and
development of recombinant vaccines targeting archaeal-specific genes, and cell surface
proteins, have emerged to lower methane production [15]. Many plant secondary com-
pounds, predominantly polyphenols, essential oils, saponins, and alkaloids, have been
explored to modulate ruminal microbial fermentation and decrease methane production
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because of their antimicrobial and antimethanogenic properties [15]. Mitigation strate-
gies of ruminal methane emission are considered to be less expensive than the reduction
of CO, emission. Mitigation of methane emission by some technologies usually does not
exert many negative results on ruminal fermentation but sometimes is associated with
improved efficiency of animal production, which is beneficial in both environmental
and nutritional perspectives. Many new technologies for methane mitigation have been
explored, but only a few of them are practical and cost-effective, which can be adopted
to accomplish mitigation of methane emissions at farm levels. A recent methane inhibi-
tor, 3-nitroxypropanol, can significantly (up to 36%) lower enteric methane with some
positive effect on milk component yield and body weight gain in cattle [16]. Different
methane mitigation strategies in combination should be adopted to substantially mitigate
methane emission from ruminants. The methane mitigation options that show both
nutritional and environmental advantages would likely be better adopted by the farmers.
For example, dietary fat up to 6% level could lessen methane emission moderately as well
as improve animal productivity [17]. Similarly, nitrate supplementation could reduce the
expensive protein meals in diets while decreasing methanogenesis. If some mitigation
technologies could be employed to improve the nutritional values of forages, they would
have immense practical importance in tropical feeding situations. However, mitigation of
methane production is not consistent due to the adaptation of ruminal microbiota to the
agents, dose, dietary composition, species, and production stages [18, 19].

Livestock species excrete an enormous amount of nitrogen and phosphorus to the
environment with 92 Tg/year of nitrogen and 17 Tg/year of phosphorus in 2000, and
this excretion is greater than nitrogen and phosphorus fertilizer use in croplands and
grasslands [20]. Manure nitrogen excretion imparts a substantial share to the global
nitrogen cycle, which is accountable for air pollution, water quality deterioration, cli-
mate change, and imbalances in biodiversity. The livestock production system shares
approximately 40% of the total anthropogenic nitrous oxide and ammonia emissions
globally, which arise from livestock manure nitrogen [21]. Dietary amendments are
required by improving their utilization efficiency to reduce nitrogen and phosphorus
excretion to the environment.

4. Feed safety, health, and welfare

Livestock feed represents the initial point of food safety in the farm-to-table
supply chains. Therefore, the use of safe feeds is fundamental to human food safety.
Feeds can contain inherent toxicants or can be contaminated with biological, chemi-
cal, and physical hazards during harvesting of the raw ingredients, manufacturing,
processing, storage, or transport. In particular, pesticides, fungal toxins, and heavy
metals are widespread in feedstuff. Heavy metal (e.g., cadmium, arsenic, lead,
mercury, copper, and chromium) contents in feeds and water are particularly widely
prevalent in industrial, urban, and semi-urban regions. Ultimately, animal-derived
foods may contain high concentrations of these heavy metals, which is of public
health concern. Therefore, contamination of the heavy metals in these regions needs
special attention and preventive measures to reduce the heavy metal contents in meat
and milk by nutritional amendments [22].

In-feed antibiotics are commonly added in the animal industry, but they are con-
cerned about the development of antimicrobial-resistant pathogens, posing a possible
danger to human health. Though different opinions have been stated on antibiotic
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resistance gene transfer from animal pathogens to human pathogens, a possible
connection between the use of antibiotics at subtherapeutic levels and the antimi-
crobial resistance development among the microbiota has been reported in many
studies [23]. Several alternatives have been explored in recent decades, which include
probiotics, probiotics, synbiotics, organic acids, phytogenics, enzymes, antimicrobial
peptides, bacteriophages, clay, and metals. These feed additives have better effects
with respect to immunomodulation, gut health, and antioxidant status compared
with antibiotics. Although the positive results of many of the alternatives have been
well reported, there is a lack of clear knowledge on their mode of action, efficacy, and
advantages and disadvantages of their applications [23].

Animals face different kinds of stresses, namely, overproduction, overcrowd-
ing, transportation, and temperature, which are welfare issues for the livestock
production systems. The stresses reduce animal performance, immunity, deterio-
rate product quality, gut health, and increase vulnerability to diseases. Different
stresses can be alleviated by proper feeding practices, such as the use of medicinal
plants, gut microbiota-acting agents, and antioxidant vitamins and minerals,
which can improve antioxidant status, gut health, and immunity in animals along
with animal production and product storage quality [24]. Overgrowth of broiler
chickens and turkeys predisposes to many metabolic diseases related to mainly
cardiovascular (e.g., ascites and pulmonary hypertension syndrome) and mus-
culoskeletal (e.g., lameness, dyschondroplasia, and spondylolisthesis) disorders
resulting from high nutrient intake or high metabolic rate, which causes more
economic loss than the infectious diseases [25]. In high-producing cows, sub-
acute ruminal acidosis commonly occurs due to the feeding of high proportions
of grains to balance the energy requirements, which reduces milk production,
ruminal health, and barrier function [26].

5. Food quality

Consumers are increasingly interested in healthy foods, giving rise to increasing
demand for foods with beneficial health and well-being effects. The concentration
of many health-promoting fatty acids in milk and meat can be effectively enhanced
through strategic feeding. Several studies have been targeted to decrease the con-
centration of saturated fatty acids, and to enrich the n-3 fatty acid and rumenic acid
(cis-9, trans-11 C18:2) content in milk and meat. A wide variety of plant secondary
compounds, including polyphenols (simple phenolic compounds, tannins, and
flavonoids), essential oils, and saponins, which have specific antimicrobial effects in
the rumen responsible for fatty acid biohydrogenation, has been investigated with
varying success [27]. The effectiveness of essential oils and tannins is still inconsistent
with some studies showing no beneficial effects and others a positive result on inhib-
iting the first step or, less commonly, the final step of biohydrogenation of polyun-
saturated fatty acids [28, 29]. Plant secondary compounds with higher antioxidative
properties may reduce volatile compounds, such as skatole and indole (responsible
for off-flavor in meat), enhance antioxidant status, and decrease lipid peroxidation
and deterioration of meat and milk quality during storage. Further research would
be needed to unravel the causes of contradictory effects, which may be attributed to
the diverse active compounds, ruminant animal species, dose, diet composition, and
physiological stages [29].
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6. Conclusions

The livestock production system faces several challenges, including feed-fuel-
food competition, shortage of high-quality feeds to support optimum potential
performance, greenhouse gas emissions, environmental pollution, feed safety,
consumers’ demands of better-quality animal-origin safe foods, antibiotic-resistant
human pathogenic microorganisms, health and welfare of animals in recent decades.
Some of these challenges may be further intensified in the future. Animal feeding
and nutrition would play highly important roles in solving these challenges. Newer
feed resources, including valorization of biowastes, vegetable, fruit processing by-
products as animal feeds, are required to replace human-edible feeds and to improve
dietary quality by supporting optimum production. Proper feeding management can
reduce greenhouse gas emissions and environmental pollution and enrich health-
promoting bioactive principles in animal-derived foods while improving the health
and welfare of animals.
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Abstract

The increasing demand of meat requires the adoption of sustainable intensification
livestock systems, applying nutritional strategies to reduce any negative contribution
from beef cattle to global warming and, at the same time, to increase animal performance
and productive efficiency. The pasture management practices and feed supplementation,
mainly using non-edible feed with less costs, could minimize environmental and social
impacts, resulting in higher productivity with less inputs utilization. Tropical grass sub-
mitted to grazing management according to plant height present high soluble protein and
low levels of indigestible neutral detergent fiber contents. Energy or rumen undegradable
protein supplementation, associated to alternative additives to antibiotics effects, such as
probiotics, tannin, essential oils and saponin, can help to fully exploit the animal genetic
potential and nutrient utilization efficiency, which decreases greenhouse gases emissions
and improves animal performance. Hence, more information about these tools can make
the livestock systems in tropical pasture more efficient and eco-friendlier.

Keywords: greenhouse gases, non-edible feed, organic feed additive, supplementation,
tropical pastures

1. Introduction

The large territorial extension and the tropical climate favorable to the growth of
tropical grasses make pastures the basis for feeding Brazilian beef cattle, being the
most practical and economical source to feed cattle in Brazil [1], responsible for the
production of 89% of the entire herd, which reaches almost 188 million heads [2].

The economy globalization induces agriculture to become more and more efficient
and competitive, therefore, failures in pasture management can be decisive in the
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success or unsuccess of beef cattle livestock [3]. In this sense, the great challenge of
beef cattle production systems on pastures is the use of practices capable to increase
the productivity and quality of meat with low environmental impact [4, 5]. For this,
enhancing the animal performance and optimizing the use of basal forage resources is
the main objective of management strategies to be adopted [6].

In Central Brazil, tropical forages present as a typical characteristic the seasonal-
ity of production, concentrating its growth between 70 and 80% in the rainy season,
and 20 to 30% in the dry season [7]. The effects of this seasonality in beef cattle are
evident through drastic variations in the chemical and structural composition of the
forage canopy, which directly reflect on intake, digestibility, and weight gain and,
consequently, delay the slaughter age of the animals [8]. The rainy season presents
advantages for ruminant production as it has favorable edaphoclimatic conditions for
the green leaf and forage mass productions with higher levels of crude protein (CP)
and total digestible nutrients (TDN), when compared to the dry season, in addition to
be the time to explore the maximum of animal performance and gain per area [9].

In theory, high-quality tropical forages should be able to provide the nutrients
needed to meet grazing animals’ requirement, including energy, protein, minerals
and vitamins. However, the chemical composition of tropical grass forage is rarely in a
state of balance between animal requirements and the nutrients needed to obtain high
weight gains, due to the quantitative and qualitative seasonality inherent to the pasture
system, interfering in the expression of the genetic potential of beef cattle in Brazil
[10]. In this sense, the management strategies adopted by the manager can provide
differences in the magnitude of responses in animal performance and weight gain per
explored pasture area [11].

The intensification of the production system requires, in addition to the use of
pasture management techniques, the adoption of nutritional strategies, such as the
diet supplementation of grazing cattle, as well as the use of the genetic potential of
the animals, through selection and crossings. Such strategies must be consolidated in
order to ensure the profitability of the production system, sustainability of the pasture
ecosystem and production of quality meat for the consumer market [5, 6]. Faced with
such conditions, the search for alternatives to chemical additives that reduce the nega-
tive contribution of livestock to global warming and, at the same time, increase perfor-
mance and productive efficiency is increasing [12]. In this context, the use of organic
additives has been established, among these components are condensed tannins,
saponins and essential oils. These compounds come from plants, usually its extracts,
and have the ability to manipulate ruminal fermentation and animal metabolism, in
order to increase performance and promote beneficial effects to the environment [13].

Therefore, this chapter aimed to address aspects related to the production of beef
cattle from a sustainable perspective, considering grazing management, the strategic
use of diet supplementation for grazing animals, featuring the inclusion of non-edible
feed and organic additives on supplement composition and their results.

2. Aspectsrelated to beef cattle in grazing systems
2.1 Livestock contribution to greenhouse gases
As the largest land use system in Brazil, the agricultural sector contributes 40%

of the global agricultural gross domestic product, provides income for more than 1.3
billion people and food for at least 800 million people, using vast areas of pasture and

16



Advances in Pasture Management and Animal Nutrition to Optimize Beef Cattle Production...
DOI: http://dx.doi.org/10.5772/intechopen.99687

a third of agricultural land for food production in the world [14]. However, although it
assumes great importance in the economic scenario and is essential for world food, the
rapid population growth and the production and consumption of agricultural products
is contributing to a substantial emission of greenhouse gases (GHG) to the environ-
ment, being responsible for 14.5% of the total human induced GHG emissions in the
world [15], which makes the activity often cited as the villain of global warming [16].

Livestock contributes to GHG emissions in the form of methane (CH,) from enteric
fermentation, nitrous oxide (N,0O) from the use of nitrogen (N) fertilizers, and CH,
and N,0O from animal excreta management and deposition. Furthermore, carbon
dioxide (CO,) is also produced from the use of fossil fuel and energy on farms [5].

The production of enteric CH, by ruminants is a fundamental process for the
adequate functioning of the digestive system of these animals, but it results in a loss
of gross ingested energy and, consequently, reduces animal performance [16], in
addition to having its contribution in 3.5% of the world’s total GHG emissions [17].
Worldwide, CHy, is considered the second largest contributor to global warming
(16%), right after CO, (65%) [17]. The gas from livestock systems originates mainly
from enteric fermentation (90%), being the rest produced from the fermentation of
animal organic waste [18].

The use of N fertilizers and the deposition of animal excreta (feces and urine)
are the main responsible for the losses of N to the environment, causing not only
economic losses, but also environmental ones, due to nitrate leaching, volatilization of
ammonia (NH;) and, mainly, N,O emission [19]. It is estimated that the annual global
losses of N via excreta represent almost 26 million tons, and N fertilizers, 17 mil-
lion tons [20]. The Intergovernmental Panel on Climate Change [17] estimates NH;
volatilization values of 30% (20-50%) of excreta (urine and feces) and 15% (3-43%)
of the urea fertilizer.

Although ruminants contribute with gas emissions to the environment, manage-
ment strategies are essential for the sustainability of the global food system. In general,
the practices involve improving the environmental performance of livestock systems
through the management, supplementation, and adequate use of alternative additives
to antibiotics; establish sustainable levels of intake of foods of animal origin, as well as
using ingredients that are not consumed by humans (non-edible feed) [21, 22].

Indications for reducing CH, production include measures that reflect better
animal performance and result in shorter production cycles, involving improvement
in the composition and quality of forage, by reducing the cell wall and increasing
levels of soluble protein and carbohydrates, e.g., improvement of animal genetics,
feed supplementation [23]. Furthermore, the use of substances such as additives
composed of organic acids, yeast and plant extracts, such as tannin and saponin, also
help to reduce methanogenesis by manipulating ruminal fermentation [22].

A common strategy to reduce N losses in the system, both directly through N
excretion via feces and urine, and indirectly through the use of fertilizers, is the
mixed pastures of grass and legume, due to its association with nitrogen-fixing
bacteria, which increases forage productivity and nutritive value [19]. The improve-
ment in the diet quality, in turn, can change the urine and feces composition and,
consequently, N losses through excreta [24].

2.2 Grazing management

Animal performance in pastures is mainly determined by forage quality, which
is a function of dry matter (DM) intake and forage nutritive value [8]. In turn, the
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nutritive value is determined by the chemical composition and the nutrients directly
responsible for the DM digestibility, CP and neutral detergent fiber (NDF) contents
[8]. In this sense, the correct management of pastures affects both pasture chemi-
cal composition and structure, in addition to factors such as forage mass, supply

of leaves, stem and dead material, which are determinants in the animal ingestive
behavior and, consequently, in the nutrient’s intake [25].

During the rainy season, the management must be done through strategies that
guarantee the longest duration in the supply of quality forage and/or the improve-
ment of forage nutritive value, aiming to achieve greater productivity of the system
[26]. In this sense, pasture management should prioritize the adjustment in grazing
intensity to obtain high yields per animal and per area, considering the morphophysi-
ological principles that govern the plant growth and its biological limits, in order to
allow persistence of the pasture and avoid its degradation [12]. Any management
criteria to be adopted, therefore, must consider the adjustment of forage allowance
and stocking rate in order to simultaneously control the quality and quantity of avail-
able forage and maintain the sustainability of the system [11].

In general, pasture management involves a set of practices aimed at changing the
morphology or delaying plant maturity, in order to increase the level of digestible
nutrients in the diet for cattle and ensure adequate performance [27]. Furthermore,
Sollenberger et al. [28] reported that grazing management should allow for a balance
between plant growth, intake, and animal production, to keep a stable produc-
tion system.

According to Pereira et al. [29], the control of pasture defoliation is crucial to the
sustainability of the system, as it is an antagonistic event, that is, the plant uses the
leaves to capture light and carry out photosynthesis, producing carbohydrates that
allow the maintenance of life and of development. On the other hand, the leaf is the
morphological component with the highest nutritive value that compose most of the
diet of grazing animals [25]. Therefore, it is necessary to adopt management tech-
niques that prioritize the forage plant and the grazing animal, allowing high forage
productivity combined with high animal performance [5].

2.2.1 Grazing height

Pasture management based on the adjustment of grazing intensity can be done
following several criteria, such as grazing pressure, forage allowance, residual forage
mass, residual leaf area index (LAI), height, and others [11]. The adoption of height
as a management criterion allows the control of forage mass and stocking rate, being
able to relate pasture growth with its use and, consequently, with the canopy struc-
ture and responses in intake and animal performance [30]. In addition, heightisa
functional and practical field indicator, which can be correlated to other management
criteria, such as forage allowance and light interception (LI) [31]. Also, grazing height
directly affects the ingestive behavior of grazing animals [5].

According to Reis et al. [8], grazing management must adjust the frequency and
intensity of defoliation, so that the animal can harvest forage at the appropriate
physiological age, which directly affects the nature and concentration of structural
carbohydrates in the cell wall and nitrogenous compounds, which are the main
determinants of forage quality. Thus, the authors report that pastures kept under
continuous stocking and efficiently managed can provide continuous intake of young
leaves and, consequently, greater forage digestibility when compared to the intermit-
tent stocking system.
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Pasture management under different grazing intensities promotes different
responses in forage mass accumulation and nutritive value. Studies conducted at
FCAV/Unesp Campus de Jaboticabal, Brazil generated consistent data on the effects of
different heights of tropical pasture management in the rainy season [30, 32-37]. The
afore mentioned authors evaluated Marandu grass pastures in a continuous stocking
and variable stock grazing system, at three heights: 15, 25 and 35 cm. As the grazing
height increased, there was a reduction in CP and an increase in fiber contents, higher
senescence rate and higher leaf elongation rate, the latter two being related to higher
LAI, which intercepts a greater amount of solar radiation. On the other hand, cano-
pies kept at a lower height showed reduced growth and senescence, lower forage accu-
mulation, and restriction in the green material allowance, which limited intake and
animal performance. In summary, the authors concluded that Marandu grass pastures
managed under continuous stocking, during the rainy season, should be managed at
25 cm height, in order to maximize forage intake and individual daily weight gain in
the growing phase, without a marked decline in weight gain per area.

In this sequence of studies, Marandu grass pastures managed under continuous
stocking at 25 cm height corresponded to 95% of LI and, according to Delevatti
etal. [38], this management results in pastures with a higher proportion of leaves,
higher protein fraction, lower proportions of dead material and insoluble neutral
detergent fiber (iNDF).

In Marandu grass pastures subjected to rotational grazing, 95% LI values during
regrowth were also obtained with an average sward pre-grazing height of around
25 cm [39, 40]. According to Pedreira et al. [40], the management strategy of entering
animals at 95% LI reduces the amount of self-shadowed material in the canopy and,
therefore, reduces tissue death. Furthermore, in a rotational system, the height of
the post-grazing residue interferes in the pasture intake due to changes in the canopy
structure and the stratum explored by the animals during grazing [39].

2.2.2 Nitrogen fertilization

According to Reis et al. [11], the growth, development and chemical composition
of forages are determining factors in animal performance, and, in turn, are affected by
physiological aspects inherent to the plant and environmental conditions. Thus, N is the
most limiting element for the development of forage grasses, due to the amount of nutri-
ent extracted by the plant and the low residual effect of N in the soil after its application,
also to losses through volatilization, leaching and immobilization by microorganisms [41].

In this scenario, the use of fertilization in pastures has been intensified in recent
years, aiming to increasing the forage nutritive value and the stocking rate, which,
consequently, increases the production per unit of area [38]. The pasture stock-
ing rate, in turn, depends directly on the productivity of the forage plant, which is
affected by several factors such as precipitation, temperature, light intensity, soil
fertility and fertilization, especially with N [42].

According to Rezende et al. [43], the effect of N fertilization on yield is related to
the initial tillering after cutting, as it promotes rapid expansion of the leaves, quickly
replenishing photosynthetic tissues and increases tillers formation, responsible for
higher DM production. In addition, N fertilization increases the concentration of
CP, decreases N insoluble in neutral detergent and allows for greater efficiency in the
rumen microbiota cellulolytic activity, factors that optimize animal performance [6].
The efficiency of N utilization by forage plants, however, is quite divergent, ranging
from 5 to 89.2 kg of DM/kg of N applied [44].
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The CP ruminal degradability of tropical and temperate forage plants is naturally
high and increases with increasing N dose applied to the pasture [6]. Specially in
tropical grass pasture management situations in which the high degradability of N
compounds associated to the high content of structural carbohydrates with slow deg-
radation is observed, the lack of balance between N and carbon skeletons arising from
the degradation of carbohydrates in the rumen, compromises efficiency of nitrogen
use (ENU) and microbial protein synthesis [45]. This condition, however, generates
excessive losses of N compounds in the ruminal environment in NH; form in the
urine, generating a protein deficit in relation to the requirements for high gains [9],
which, in addition to resulting in economic losses, can be harmful to the environment
through N losses in the form of volatilized NH;, N,O emission and nitrate leaching
[4, 46].

In summary, pasture management practices during the rainy season, including
maintenance N fertilization, adjustment in stocking according to the amount of
forage available, provide pasture persistence, which surely dilutes production costs
and gas emissions resulting from the inadequate land use and the prolonged period of
pasture use [8].

2.3 Diet supplementation

In intensive production systems, supplementation is adopted as a technological
tool to enhance the pastures use, aiming a compatible production with the genetic
merit of the animals and profitability [27]. In general, supplementation allows the
production of earlier animals, the increase in pastures support capacity, higher gain
per animal and per area, the reduction of the time needed to reach slaughter weight,
which, consequently, shortens the rearing and finishing grazing animals, in addition
to the production of better-quality meat and carcass [9].

Thus, there is an increase in livestock offtake rates and a rapid turnover of invested
capital, improving the efficiency and profitability of this system [47]. Furthermore,
in grazing management systems that aims to optimize performance per animal and
per area, it is possible to minimize the environmental impacts of beef cattle produc-
tion in tropical grass pastures [4, 48].

The amount of protein and energy needed to optimize the use of nutrients,
however, will depend on the pasture chemical composition and the crude protein/
digestible organic matter (DOM) ratio, since ENU depends on the energy availability
[11]. Therefore, supplementation must be preceded by the characterization of the
quantity and quality of available forage, especially regarding the characteristics of
carbohydrates and N compounds, to ensure the supply of nutrients that limit ruminal
microbial activity [33].

2.3.1 Supplementation during dry season

Under conditions in Central Brazil, dry season is the most critical phase of graz-
ing cattle production system. During this season, animals consume forage with low
nutritional value, characterized by a high content of indigestible fiber and CP con-
tents below critical level (7% CP), thus limiting its intake and, consequently, produc-
tive performance [27, 49]. Therefore, if there is no supplementation of cattle diet
during this season, in order to supply the deficient nutrients of forage, there will be a
reduction in weight gain or even negative performance, since the body nutrients are
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mobilized for maintenance, increasing the slaughter age, the fixed cost of the activity,
and reducing livestock offtake rates [8].

According to Reis et al. [11], in the dry season, protein is the most limiting nutrient
and, therefore, the one with the greatest need for supplementation, since it is a deter-
minant in the capacity for fibrous substrates degradation by ruminal microorganisms
and, consequently, in the passage rate and dry matter intake. In this sense, strategic
supplementation during dry season involves the supply of protein, considering the
ruminal events of digestion, fermentation, synthesis of N compounds and intake of
low-quality forage. The live weight gains obtained through supplementation at this
phase can be low, ensuring maintenance of animal weight, moderate (up to 300 g/
animal/d), and even high (from 600 to 700 g/animal/d), enabling earlier slaughter of
animals [8]. An advantageous alternative is the use of multiple supplements (protein
and energy), which result in gains in the order of 150 to 300 g/animal/d with 0.5 to
2% BW and 700 to 1000 g/animal/d with 8 to 10% BW supplement.

2.3.2 Supplementation during rainy season

Although the rainy season is characterized by presenting edaphoclimatic condi-
tions favorable to forage production, the way in which these conditions occur, associ-
ated to the management strategies adopted and the interactions between pasture
quality and quantity and nutrient supply via supplement, can provide differences in
the magnitude of responses to supplementation on animal performance and gain per
area [48].

During this period, when forages are classified as medium to high-quality, with N
compounds above the minimum recommended (7% CP) for full activity of bacteria
using structural carbohydrates and with levels of rumen ammonia (N-NH;) above
5 mg/dL, the objective of supplementation associated with grazing management
strategies that maximize the production of grazing stratum, is to prevent deleterious
effects in the use of potentially digestible NDF (pdNDF) in forage [49, 50]. According
to Huhtanen et al. [50], pdNDF is a nutritionally more adequate entity for evaluating
forage quality and corresponds to the portion of NDF that is potentially digested by
ruminal microorganisms, and the digested amount is related to the retention time
in the fermentation compartments, being short to complete the digestion of all the
ingested pdNDF.

According to Santos et al. [51], values of average daily gain (ADG) above 800 g
during the rainy season are hardly reached by cattle kept in tropical pastures without
the use of supplementation with concentrate. Despite the high cost of the additional
gains inherent to the concentrate in this period (100 to 200 g/animal/day), this can
result in a considerable reduction in finishing phase time, on pasture or feedlot, with
possible economic returns [6, 33, 36, 52].

2.3.3 Energy supplementation

The main objective of grazing cattle supplementation is to increase the intake of
energy and nutrients relative to those found in exclusive pasture diets [27]. When
forage and easily fermentable carbohydrates are provided, fibrolytic microorganisms
must compete with non-fibrous carbohydrate (NFC) for substrates such as NHj,
peptides, sulfur, and branched-chain carbon skeletons for their growth. An adequate
supplementation strategy would be to maximize the use of forage by optimizing
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its digestion, increasing the passage rate of indigestible residue, and consequently
increasing the intake of TDN [9].

According to Poppi and McLennan [26], high weight gains depend mainly on the
supply of amino acids and energy transported to bovine tissues, a condition that is
rare in animals under exclusive grazing. In this context, the same authors reported
that energy supply can be an effective strategy to provide extra protein to the animal,
as it allows NHj, which is usually lost in urine, feces, or saliva, to be captured and
incorporated into microbial protein. Microbial protein production, in turn, varies
depending on the nature of the energy substrate supplied, such as starch, soluble
fiber, pectin or sugars [53].

In intensive production systems, tropical grasses managed with high N doses (200
to 500 kg/N/ha) during the rainy season present about 40 to 50% of nitrogenous
compound content in soluble form [54]. This fact, associated with the high content of
structural carbohydrates with lower degradation rates, promotes a lack of synchrony
between N and carbon skeletons arising from the degradation of carbohydrates in the
rumen, disfavoring microbial protein synthesis and the efficiency of ruminal N-NHj;
utilization [26].

For Poppi and McLennan [26], this condition causes excessive losses of nitrog-
enous compounds in the ruminal environment in the NH; form, decreasing the
microbial protein synthesis and generating a metabolizable protein (MP) deficit in
relation to the requirements for high gains. Also, according to the researchers, maxi-
mum efficiency in microbial protein synthesis is reached when 160 g CP/kg DOM is
observed, while values close to 210 g CP/kg DOM result in appreciable N loss.

According to Reis et al. [8], the main limitations for ruminal microbial growth
would be related to the forage available for grazing, allowing low assimilation of avail-
able N in ruminal microbial protein, due to the high degradability of N compounds or
lower carbohydrate degradation rate from fibrous forage. Thus, the supply of energy
supplements with sources of rapid availability in the rumen can promote better ani-
mal performance by optimizing the microbial assimilation of N from N compounds
with high degradability in the forage [45].

In a review by Reis et al. [11], the authors reported that during the rainy season,
tropical grasses have DM digestibility between 55 and 65%, in addition to CP between
7.9 and 17.4% in their composition, which can result in different CP/DOM ratios.
Assessing experiments conducted in the rainy season, it was observed that even in
animals receiving only mineral salt, ruminal N-NH; values are above the critical
level of 5 mg/dL of rumen fluid [30, 34]. However, only when the animals were
supplemented, in the first 6 hours after supplementation, optimal levels of N-NH;
were found in the rumen for maximum microbial growth, i.e., greater than 20 mg of
N-NH;/dL of ruminal fluid.

According to Leng [55], the inclusion of grains in roughage diets can reduce fiber
digestibility, and this phenomenon is inherent to two effects that interfere in cellulo-
lytic bacteria growth: a specific effect (drop in pH) and a non-specific (carbohydrate
effect). In ruminants raised on tropical pastures, the variation in ruminal pH asa
function of dietary supplementation seems to be relatively small, not affecting growth
of bacteria that use fibrous carbohydrates. In this sense, the availability of soluble
carbohydrates is responsible for the depression of fiber digestibility, as reported by
Rooke et al. [56] and Huhtanen [57], reflecting the high effectiveness of long fibers
that act in the maintenance of ruminal conditions [58].

The goal of a supplementation program for grazing animals is, therefore, to satisfy
their requirements through an interactive and associative action between the basal
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forage and the supplemental sources. Thus, it is possible to enhance the positive
associative effects and minimize negative interactions, in order to increase intake
and optimize forage use, and not only the direct meeting of animal requirements via
supplement [27].

2.3.4 Protein supplementation

Protein is the main limitation in cattle production systems on tropical pasture both
in the dry and rainy seasons, especially when the pastures have low nutritive value
[59]. At that time, although some tropical grasses have CP levels that meet the animal’s
nutritional requirements, part of this protein may be unavailable to the action of
ruminal microorganisms, as it is linked to fibrous fraction [8]. Therefore, the formu-
lation of a protein or protein-energy supplement for grazing cattle must consider the
protein fraction available of forage, to provide enough N to use the energy substrates
contained in the plant, such as digestible cellulose and hemicellulose [33].

The additional supply of N for animals consuming low nutritive value forage
favors the growth of fibrolytic bacteria, increases the digestibility and microbial
protein synthesis and, thus, allows to increase the voluntary intake of forage and
improve the energy balance of the grazing animal [60]. The success of this supple-
mentation strategy is associated to characteristics of pdNDF fraction, which will be
the main source of energy to meet the demand of microorganisms [11]. Once the N
requirements for the maintenance of ruminal microorganisms are met, the supple-
ment can provide protein and energy for additional gains, according to the desired
performance [60].

According to Pathak [61], cattle need two types of protein: rumen degradable
protein (RDP), which is necessary to meet the requirements of ruminal microorgan-
isms, and rumen undegraded protein (RUP), to meet the requirements of animals.

In this scenario, dietary protein acts as a source of MP for ruminants, which in turn
corresponds to the sum of the microbial protein synthesized from the RDP, with the
RUP absorbed in the intestine.

Microbial protein synthesis depends on adequate sources of N and carbohydrates.
In this sense, Rodriguez et al. [62] report that the structure of dietary proteins defines
their degradation in the rumen and the contribution to available N to microorgan-
isms. Ammonia is the main source of N in rumen microorganisms, but the availability
of amino acids, peptides, and both increase the growth of cellulolytic and amylolytic
bacteria [63], mainly due to direct incorporation into microbial protein or increased
availability of carbon skeletons that can be used as an energy source or in the synthe-
sis of microbial amino acids [64].

In mixed forage and concentrate diets, microbial protein synthesis can be
increased due to better synchronization of nutrient release, adequate ruminal envi-
ronment for maintenance of different species of microorganisms, increased amounts
and types of substrates, higher nutrient intake and, consequently, an increase in the
rate of passage of solids and liquids [65]. While forages can supply N as highly degrad-
able protein or non-protein nitrogen (NPN), concentrates can supply N primarily as
peptides and/or amino acids needed for microbial protein synthesis [26]. According
to Pathak [61], efficiency tends to increase when readily fermentable carbohydrate
is supplemented in less than 30% of the total diet but decreases when the level of
supplementation is greater than 70%.

In pasture systems, even during rainy season, the synchronism between protein and
energy in the rumen is rarely achieved, due to variations in forage quality and different
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rates of substrate utilization [7]. However, urea recycling is an important ruminant
mechanism, capable of ensuring adequate levels of N-NHj in the rumen throughout the
day, however when there is excess protein in the diet, there may be losses of N to the
environment [9]. In this sense, the great challenge in choosing the sources and amount
of CP in the supplement is to equate its use according to energy availability, ensuring
adequate levels of N-NH; and minimizing losses in feces and urine [9].

Protein supplements can be composed by two protein sources: true protein and
NPN. True protein sources have different RDP contents, such as cottonseed meal
and corn gluten, which have about 65 and 18% RDP in their composition, respec-
tively [66].

Non-protein nitrogen sources are completely soluble in the rumen and used by
ruminal bacteria for microbial protein synthesis, and its use is common, mainly
due to its lower cost, when compared to other conventional protein source, such as
soybean meal [67]. According to Aratjo et al. [68], the main source of NPN used
in Brazil is urea, which has become an advantageous alternative by its easy avail-
ability in the market, high concentration of N in its composition and low unit cost.
Additionally, urea is a source of N-NHj for fibrolytic microorganisms and, because
of its low acceptability, it can be used as a controlling agent for supplement intake by
animals. However, it is essential to respect the limits of urea inclusion in the diet, to
avoid causing poisoning in animals and high N loss in urine. For more efficient use of
nutrients, urea should be mixed with energy components rich in non-fibrous carbo-
hydrates, true protein, and sulfur.

In pasture production systems, it is necessary to optimize the use of nutrients and
forage digestibility to maximize weight gain, even though the supplement promotes
direct input of nutrients required by animal [66]. In this scenario, protein supple-
mentation can increase forage intake due to the supply of N-NHj to ruminal microor-
ganisms, and a consequent increase in energy intake, responsible for the increase in
animal performance. However, the intensity of the response to a protein supplement
will depend on pasture availability and quality [33].

2.4 Non-edible feed

In animal nutrition, corn is the main ingredient in energy supplements, and
contains around 72% starch, 9% CP, low fiber content, in addition to being the largest
source of metabolizable energy (ME) among cereals [69]. However, corn is an ingredi-
ent traditionally consumed by humans and monogastric animals which, in the context
of system sustainability, generates competition between livestock and society [70].
Likewise, cottonseed meal and soybean meal are the most conventionally used protein
ingredients in animal feed, due to the high CP content, which varies between 30 and
50%, and RUP, which contributes to increase the protein flow to the intestine [71-73].
Despite being important protein sources, they are costly ingredients that increase the
production costs of beef cattle systems.

In the search for alternative feed not consumed by humans and for less costly
ingredients in cattle nutrition, agroindustry co-products have gained prominence in
the market and in research, especially in Brazil.

2.4.1 Citrus pulp

The orange juice and other citrus fruit industry, whose production leadership is
in Brazil, generates bagasse or citrus pulp as a co-product, which comprises between
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45 and 58% of the total fruit, consisting of peels, membranes, vesicles, and seeds of
orange or another citrus. Nutritionally, it is characterized as an intermediate product
between roughage and concentrates, rich in pectin, cellulose, and hemicellulose
polysaccharides [74, 75].

Citrus pulp has been widely used to replace corn, presenting in its composition
85-90% of the energy value of this ingredient [76], in addition to having little or no
negative effect on ruminal fermentation compared to starch-rich diets [74] .

In general, the pulp is characterized by high DM digestibility, high soluble fiber
content, high soluble carbohydrate content and highly digestible cell wall [77]. In its
chemical composition, citrus pulp has approximately 89-90% DM; 6-11% CP; 2-12%
of ether extract (EE), this value depending on whether or not the oils are extracted
during processing; 6% mineral matter (MM), 57-74% non-nitrogen extract (NNE);
7-8% crude fiber; 25-41% NDF; 14% of acid detergent fiber (ADF); 1% lignin, 0.2%
starch, 22-25% pectin; 3.88 mg vitamin C/100 g by-product, 1.6-1.8% calcium and
low phosphorus content (0.08-0.75%) [74, 78, 79].

Pectin consists of a structural carbohydrate, a component of the soluble fiber frac-
tion, which in turn is a polymer of galacturonic acid [80]. According to Muller and
Prado [77], co-products with a high concentration of pectin have great potential for
use in ruminant nutrition, as it presents high energy density, in addition to favorable
fermentation, without the production of lactic acid, which maintains adequate condi-
tions for ruminal functioning.

Because it contains an extremely low starch content, citrus pulp can favor rumi-
nal pH, preventing a sharp decrease during digestion, which can cause metabolic
disturbances, in addition to providing maximum cellulolytic activity and a higher
acetate:propionate ratio [64, 81-85].

In a study conducted by Oliveira et al. [34] evaluating three supplements, one
mineral, one corn-based protein-energy supplement and the other based on citrus
pulp, the authors concluded that citrus pulp as an energy source in supplements
provided at 0.3% of body weight (BW) can be used in the supplementation of Nellore
bulls during the rainy season, without compromising forage intake and fiber digest-
ibility, improving ruminal microbial efficiency.

2.4.2 Dried distillers grain (DDG)

Protein ingredients in the diet are usually considered the costliest. Thus, the search
for alternatives that reduce production costs and even that do not generate competi-
tion with food consumed by humans in livestock systems has been increasingly
intensified.

An alternative protein ingredient is dried distillers’ grain with soluble (DDGs),

a co-product of ethanol from corn or sorghum production, which has been gaining
attention in animal nutrition for meeting the energy and protein demands of diets

in pasture or feedlot systems [71]. In Brazil, however, most industries produce DDG
without soluble, resulting from dry milling of corn processing for ethanol production
[66]. DDG is typically characterized by its high protein content with low ruminal
degradation, presenting between 50 and 62% of RUP in its composition, responsible
for the greater supply of MP to the ruminant [86]. Comparatively, the RUP content of
DDG is higher than that of cotton and soybean meal, 50 and 20%, respectively [87].

Chemical composition of DDG, however, varies depending on the type, variety
and quality of grains, soil conditions, fertilization, irrigation, production and
harvesting methods, in addition to factors related to processing in distilleries [88].
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Tjardes & Wright [89] demonstrate variations in the nutritional characteristics of
DDGs, ranging from 88 to 90% in DM content, 25 to 32% of CP, 43 to 53% in RDP,
47 to 57% in RUP, 39 to 45% of NDF, 8.8 to 12.4% of lipids and 85 to 90% of TDN

in studies conducted with beef cattle. Furthermore, the co-product contains highly
fermentable fiber and low starch content, which reduces the risk of acidosis in cattle
consuming a high-grain diet, improving rumen health, in addition to being a source
of minerals [90]. According to Fonseca et al. [86], in Brazil, the DDG produced by
most companies does not have the reconstitution of the soluble fraction, presenting
lower values of EE and non-fibrous carbohydrates.

In a study of Buckner et al. [91], the authors tested the inclusion of up to 40% of
DDGs in the total DM diet and observed that the inclusion of the co-product resulted
in higher ADG compared to the control diet. Other studies that evaluated the use of
corn DDG at levels of 0; 50 and 100% replacement for conventional protein sources
(cotton meal and soybean meal) reported that DDG can 100% replace the protein
source during the rearing phase on tropical pastures without any adverse effects on
ADG, enteric CH, emissions or N excretion [66, 92]. Furthermore, Hoffmann et al.
[93] reported that the use of DDG does not affect animal performance finished in
pasture or conventional feedlot, emphasizing that it is a viable alternative to replace
conventional supplements in a tropical environment.

However, although DDG has the potential to replace conventional protein sources, its
inclusion is limited mainly due to seasonal availability. In addition, unlike Brazil, coun-
tries such as the United States in some plants, use sulfuric acid for acidic starch hydroly-
sis during the processing of DDGs and for cleaning equipment, the excess of which can
cause negative environmental impacts and even on the carcass quality [94, 95].

Other alternatives of agroindustry co-products that have been used in ruminant
supplementation involve corn gluten, glycerin, and peanut crop residues, such as skin
and husks.

2.5 Feed additives

In recent decades, the excessive use of antibiotics in animal production has
resulted in a considerable increase in resistant bacteria, making it difficult to treat
infectious animal diseases and compromising food safety [22]. These compounds are
traditionally known as additives, which are defined as “substances intentionally added
to feed, with the purpose of preserving, intensifying or modifying its properties, as
long as it does not harm its nutritive value, such as antibiotics, dyes, preservatives,
antioxidants among others” [96]. In general, additives are used to increase feed
efficiency and animal performance, and are divided into different types, including
ionophores, antimicrobials/antibiotics, microbial additives, organic acids, and plant
extracts such as tannins, saponins and essential oils [97].

Ionophores are the most researched additives in ruminant diets, especially sodium
monensin, and its use started in 1976 in beef cattle diets in the United States [98]. The
action of ionophores in the rumen occurs through changes in the microbial popula-
tion, selecting gram-negative bacteria that produce succinic and propionic acids or
that ferment lactic acid, and inhibiting gram-positive bacteria that produce acetic,
butyric, lactic and hydrogen (H,) acids, precursor of enteric CH4 production [98].
Due to this mechanism of action, the use of ionophores in ruminants can optimize
energy metabolism, changing the proportion of volatile fatty acids (VFA) produced
in the rumen and reducing CH, production, as well as improving N metabolism
by ruminal microorganisms, decreasing the absorption of NH; and increasing the
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amount of protein that reaches the small intestine, in addition to reducing disorders
arising from abnormal fermentation in the rumen, such as ruminal acidosis, bloat and
coccidiosis [99].

Antibiotic additives have been used to promote growth for over 55 years, helping
to reduce the cost of animal production. However, due to food safety, there are few
antibiotics approved by agencies in different countries around the world [22]. The
main products used include virginiamycin, bacitracin, flavomycin and tyrosine. In
general, antibiotics act directly on rumen metabolism, as they modify the microbial
rumen population to optimize ruminal fermentation and nutrient conservation,
promoting antibacterial activity on gram-positive bacteria, activity against fungi and
protozoa. Furthermore, antibiotics modify the ruminal digestibility of feed, reduce
N degradation and enteric CH, production, and can control subclinical diseases by
suppressing infectious bacteria [100].

Microbial additives are composed of live cells of microorganisms and/or their
metabolites, including yeasts, fibrolytic enzymes and probiotics, especially Aspergillus
origae, Sacchariomyces cerevisae and Lactobacillus ssp, and their use has increased
because they are “natural” substances that promote growth to improve production
efficiency in ruminants [101]. In general, microbial additives act in the production of
antimicrobial compounds (acids, bacteriocins, antibiotics), prevent the establishment
of unwanted microorganisms, reestablish the microflora of the digestive tract, and
also improve immunity and stimulate animal growth [101]. Furthermore, the use of
fibrolytic enzymes can stimulate endogenous ruminal activity and increase the rate
and extent of forage digestion by ruminants, due to the improvement in the coloniza-
tion of feed particles [102].

According to Carro & Ungerfeld [103], organic acids are an alternative to antibiot-
ics and in ruminant nutrition, the most used as additives include malic, fumaric,
aspartate, citric, succinic, and pyruvic. As they do not produce detectable residues in
meat, the use of organic acids does not cause risks to food safety, however their cost
is high. In the rumen, these additives can favor the use of lactate and prevent a sharp
drop in pH, preventing ruminal acidosis, and reduce the production of enteric CH,.

As an alternative to antibiotics, many plants and plant extracts have received
attention for their ability to manipulate ruminal fermentation and animal metabo-
lism, in order to increase performance and promote beneficial effects to the envi-
ronment [13]. Natural compounds commonly used in ruminant nutrition include
condensed tannins, saponins and essential oils.

Condensed tannins (CT) are complexes composed of polyphenols, found in tropi-
cal legumes and other C3 plants, which bind to proteins, metal ions and polysaccha-
rides, such as starch, cellulose, and hemicellulose [104]. When they exceed 6% of DM
in the diet, CT are considered antinutritional factors because they reduce intake, fiber
digestibility and animal performance, however in adequate doses (2-4% DM), CT can
promote beneficial effects, especially in the regarding GHG emissions by ruminants
[105]. These compounds can reduce protein degradation in the rumen and reduce NH;
concentration along with less urinary N excretion [106]. Besides, CT can also reduce
fiber fermentation in the rumen, which consequently reduces H, and acetate forma-
tion, in addition to inhibiting the growth of methanogenic microorganisms, thus
reducing the production of enteric CH, [106, 107].

Saponins, in turn, are glycosides naturally present in some plants, such as Medicago
sativa (alfafa) and B. decumbens and are used in animal nutrition as growth inhibitors
of ruminal protozoa and modulators of ruminal fermentation in cattle [108]. Essential
oils, on the other hand, comprise secondary metabolites of some plants, responsible
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for their odor and color, and are obtained by vaporization or distillation in water.
According to Stevanovié et al. [109], among the main essential oils, the most used are
thymol present in thyme (Thymus vulgaris), oregano (Origanum vulgaris), limonene
extracted from citrus pulp and guaiacol extracted from guaiac resin or clove oil from
India. As a mechanism of action, these oils reduce the rate of deamination of amino
acids, the rate of NH; production, with an increase in the ruminal escape of N into the
intestine. Furthermore, it can increase the concentration of total VFA without affect-
ing other fermentation parameters and even inhibit methanogenesis.

In the context of organic additives, the Fator P (Premix®, Patrocinio Paulista,
Brazil) was designed and developed using 100% natural and national technology,
being formed by a complex combination of amino acids, probiotics, and essential
fatty acids, such as omega 3 and omega 6, in addition to organic minerals and
surfactants. The use of this additive in the diet of ruminants can improve fiber
digestion, ruminal metabolism, nutrient absorption and, thus, animal perfor-
mance, in addition to meeting new market trends, associating sustainability and
profitability.

Several metabolic studies conducted using the Fator P in ruminant diet dem-
onstrated greater stability and performance of animal metabolism, through better
intake and absorption of fibrous feed and, mainly, in the energy availability from
diet, which resulted in a 20% increase in weight gain [110-112]. Furthermore, the
additive promotes improvements in carcass quality and milk composition, can benefit
the female reproduction and the immune system, thus reducing costs with sanitary
management. In the context of sustainability, the Fator P optimizes the dynamics of
ruminal microorganisms which, associated with greater stability in ruminal fermen-
tation, can reduce GHG emissions per arroba produced by up to 36%, in addition to
not causing microbial resistance, and can be used without restrictions, as opposed to
conventional additives [112].

The use of these organic additives, therefore, can help to fully exploit the genetic
potential of animals and pastures and improve the efficiency of use, in addition to
reducing environmental damage, especially with lower emissions of greenhouse
gases. In a study evaluating the use of this additive, Leite et al. [113] reported that
itincreased DM intake of the animals during the initial phase in a feedlot system
and did not change the performance, when compared to the conventional additive,
monensin.

3. Final considerations

Although livestock is considered the villain of global warming, grazing and
nutritional management strategies are essential to mitigate GHG emissions. Proper
grazing management results in forage with a higher nutritive value, allowing for more
efficient use of nutrients, which increases animal performance. The intensification
of pasture use implies the adoption of diet supplementation at different times of
the year, aiming to maximize the productive animal performance. Supplementation
of beef cattle during rearing in rainy season is an effective strategy to intensify the
system due to the period of efficient animal gain and pasture quality. The use of
alternative additives to antibiotics can promote better productive responses, in addi-
tion to reducing enteric CH, production and N,0 emission by excreta. However, when
adopting pasture management and supplementation techniques, it is necessary to
assess the economic and environmental impacts.
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Chapter 3

Potential Utilization of Insect Meal
as Livestock Feed

Sipho Moyo and Busani Moyo

Abstract

Globally, the utilization of alternative protein sources in livestock feed has been
extensively deliberated and established to be the best novel approach. Extensive
research indicated that insects provide good opportunities as a sustainable, high qual-
ity, and low-cost component of animal feed. The use of insects in animal diet sounds
to be the prospective opportunity leading to sustainability of animal feeds and meet
the intensifying worldwide plea for livestock products. The value of these protein
sources has, however, increased due to limited production, competition between
humans and animals. The use of insects for feeding farmed animals represents a
promising alternative because of the nutritional properties of insects and the possible
environmental benefits, given the sustainability of this type of farming. Yet little has
been documented about the nutrient composition of various insect meals, the impact
of insect meal in the animal feed industry, safety, and attitude and willingness of
farmers to accept insect-based animal feed and food. Therefore, this chapter seeks to
document the potential utilization of insect meal as livestock feed.

Keywords: insect meal, safety, acceptance, chitin, benefits

1. Introduction

The Food and Agriculture Organization (FAO) emphasized the importance of
alternatives to conventional animal feed due to limited amounts [1]. Currently, the
core protein sources in monogastric animal diets are fishmeal, processed animal
protein, milk by-product, soybean meal (SBM), rapeseed meal, and canola meal.

The value of these protein sources has, however, increased due to limited produc-
tion, competition between humans and animals [2]. In addition, Makkar et al. [3]
stated that insects are good novel protein sources at a low-cost, with regard to their
high nutritional value and low breeding space requirements. They are recommended
as high quality, effective, ecological substitute sources of protein. More so, protein-
enriched insects are another alternative reckoned to reduce the price of protein
supplements in poultry diets. In addition, according to [4] insect components such as
chitin, lauric acid, and antimicrobial peptides promote chicken health. Also, take into
consideration that these insects can be utilized as a dried or fresh state in poultry diets
[5]. Recently, scientists have started to study insects as state-of-the-art feed constitu-
ents for aquaculture [6, 7] and poultry [8, 9]. However, this chapter focuses on the

39 IntechOpen



Animal Feed Science and Nutrition - Production, Health and Environment

documentation of the proximate nutrient composition, impact on the animal feed
industry, consumer acceptance, and safety of insect meal as animal feed.

2. Chemical composition of different insect meals

Insects at all stages of their lives are potentially rich in protein [8]. Frantic efforts by
researchers have dealt with different insect species, as indicated in Table 1. The protein
content of insect meals varies considerably, from around 39% up to 64.4% even when
the meals are based on the same insect species. The nutrient concentration of insects
depends on their life stage as well as the rearing conditions and the composition of the
growth media used for insect production [3, 20].

Insect spp. DM CpP EE Ash CF Citation
Tenebrio molitor L. 94.56 52.18 32.19 [10]
Gryllus assimilis 90.15 58.14 29.52 [10]
T molitor 99.20 58.80 171 [11]
Hermetia illucens 98.9 584 11.6 [11]
Periplaneta americana 94.6 64.4 236 398 4.36 [12]
Hydyous cavistanum 86.3 419 383 1.88 14.7 [12]
Zophobas morio 96.8 42.0 41.7 5.53 6.28 [12]
Locusta migratoria 91.9 58.5 12.7 4.56 12.7 [12]
Gryllus testaceus 92.2 53.3 22.6 5.05 8.98 [12]
Musca domesticus 93.8 54.8 21.7 6.78 9.65 [12]
Brachytrupes spp. 62.6 12.2 4.9 133 [13]
G. assimilis 56.0 32.0 76 [14]
Ruspolia nitidula 40.8 46.3 33 5.9 [15]
Macrotermes nigeriensis 375 48.0 3.2 5.0 [16]
Allomyrina dichotoma 54.2 20.20 39 4.0 [17]
H. illucens 39.0 326 14.6 124 [18]
Musa domestica 96.77 40.12 6.88 15.88 10.97 [19]
Table 1.

Summarized major chemical composition of different insect meals.

3. Impact of insect meal in the animal feed industry

In general, insects can be utilized for human and animal feed because of their
high nutritive value [21]. Several studies have indicated that insect meal can be
utilized to substitute soybean and fish meal in animal diets [22-26]. This is because
these are rich sources of macro and micronutrients [27]. For instance, the black
soldier fly (BSF) Hermetia illucens larvae has a protein content of 37-63 g/100 g and
fat levels of 20-40 g/100 g with balanced fatty acids and amino acids profiles [9,
28]. Furthermore, grasshoppers (Ruspolia nitidula Linnaeus) family Tettigoniidae
contains 36-40 g/100 g crude protein, 41-43 g/100 g fat, 10-13 g/100 g dietary
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fiber, and 2.6-3.9 g/100 g ash on a dry matter basis [29]. In addition, insects are
excellent sources of minerals like potassium, calcium, iron, phosphorous, zinc, and
magnesium and also vitamins covering riboflavin, thiamine, niacin, and vitamin B12
[30-32].

Furthermore, Onsongo et al. [24] reported that broiler chickens and quails fed
on BSF larvae meal had a satisfactory taste, aroma, and nutritional composition of
the meat. This denotes that BSF larval meal can be suitable to be incorporated in
poultry diets. Also, insects have been fed to fish yielding good growth performance
and feed conversion [33]. In addition, piglets fed with BSF larval meal exhibited
good results on growth performance, with insignificant effects on blood profiles
[26]. However, generally, the use of BSF larval meal has been proven to be an excel-
lent constituent of animal feed [23-26].

High nutritional value, minimal space requirements, and low environmental impact
combine to make insects an appealing option for animal feed [34]. Another major
advantage is that insects are already used for the natural part of many animal diets
[35]. Insect-based animal feeds are particularly attractive when considering the cost of
standard feeds, currently accounting for 70% of livestock-production expenses [36].

The most promising, well-studied candidates for industrial feed production are
black soldier flies, larvae, yellow mealworms, silkworms, grasshoppers, and termites
[37]. Such previous research has revealed that insect meal can partially replace com-
mercial soybean or fish meal in broiler feed, particularly as protein sources. In addition,
Pretorius [38] reported that broiler chicken fed with housefly larvae increased their
average daily gain, carcass weight, and total feed intake. More so, a recent study by
[9] asserted that broilers fed on BSF meal improved their growth performance. With
regards to nutritional value, insect diets improved meat products’ taste. Also, Marono et
al. [39] reported that laying hens fed on insect larvae meal exhibited no negative effect
on feed intake, feed conversion efficiency, immune status, egg production, and health.
Smallholder farmers in Asia and Africa frequently utilize insect diets on fish produc-
tion [37]. Mealworms and housefly-larvae meal can substitute up to 40-80% and 75%
of fishmeal in Nile tilapia/standard catfish (Ameiurus melas Raf.) diets without any
detrimental effects, respectively [40, 41]. Replacing a fish meal with black-soldier-fly
larvae meal in diets does not alter the odor, flavor, or texture of Atlantic salmon (Salmo
salar) [42]. Another viable alternative to a fish meal is silkworm pupa, which was tested
successfully for African catfish (Clarias gariepinus) fingerling diets [43]. More so, some
other outcomes on insects to benefit the industry are presented in Table 2.

Pigage Insect species Feed inclusion Results Citation
levels
Weaned Tenebrio 0,1.5,3.0, 4.5, and Linear increase in BW, ADG, ADFI, [44]
pigs molitor 6.0% replacement DM, and CP digestibility
of soybean meal
Weaned Hermetia 0, 30, and 60% Linear increase in ADFI no effect on [26]
female illucens replacement of growth
pigs soybean meal
Barrows H. illucens 50, 75, and 100% No effect on base meat quality [45]
replacement of measures, increased juiciness
soybean meal (P < 0.05); higher back fat PUFA
contents (P < 0.05)
Weaned T molitor 0,5, and 10% AID of all AAs, except aspartic acid, [46]
pigs replacement of was lower at 10% inclusion than at

soybean

the control diet
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Pig age Insect species Feed inclusion Results Citation
levels
Growing Dried BSF 0,9,12,14.5,and Growth performance was not [47]
pig larvae meal 18.5% replacing affected
fish meal
Finishing Dried H. 0, 4, and 8% BW and BWG at 4% inclusion was [48]
pigs illucens larvae replacing soybean higher and FCR was lower than at 0
powder meal and 8% inclusion
Weaned H. illucens 0,2, 4,and 6% Evaluated biochemical parameters [49]
piglets larvae oil replacing corn oil were not affected, except cholesterol
that increased linearly at higher
inclusion levels. Hematological
parameters were not affected, but
platelet count tended to linearly
increase at higher inclusion levels
Nursing H. illucens 0and 3.5% Evaluated hematological and [50]
piglets larva replacing fishmeal biochemical parameters were not
affected
Growing Defatted H. Reported no difference in average [51]
quails illucens meal daily feed intake
Broiler Mopane worn 0, 4, 8, and 12% Dietary inclusion levels of I belina [52]
chickens (Imbrasia replacing soybean meal up to 12% had a positive effect
belina meal) oil on growth performance, meat
quality, and sensory attributes
Broiler Musca 0, 75, 50, and 25% No significant effect (P > 0.05) to the [19]
chickens domestica replacing fish meal feed intake
Quails H. illucens 0, 10, and 15% No significant difference in daily [52]
substituting gains to control
soybean oil
Broiler T. molitor 0, 50, 100, and Live weight and feed intake of broiler [53]
chickens 150% chickens improved with increasing
levels of T. molitor
Broiler H. illucens and 50% Increased live weight of broiler [54]
chickens Arthrospira chickens
platensis
Broilers H. illucens 0, 5,10, and 15% Live weight showed linear and [55]
chickens quadratic responses to increasing
levels of H. illucens
Muscovy H. lllucens 0, 3, 6,and 9% Live weight and average daily gain [56]
duck showed quadratic response to

increasing H. illucens

DM, dry matter; CB, crude protein; BW, body weight; BWG, body weight gain; FCR, food conversion ratio; ADG,
average daily gain; ADFI, average daily feed intake; AA, amino acids; AIA, appavent ileal digestibility; PUFA,
polyunsaturated fatty acid.

Table 2.
Summary of effect of insect diet on growth performance of different animal species.

4. Consumer’s acceptance of insect-based animal feeds
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The utilization of insect meal to replace unaffordable fish, animal, or plant protein
ingredients in feeds is socially acceptable. This is because, naturally, fish and poultry
are usually seen feeding on insects, for example, in the case of our free-range poultry
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production systems [53, 57], which roam around in search of feed. More so, various
insects have higher protein levels than conventional fish and soybean meals [58] and
are comparable in performance with conventional protein sources when completely
or partially replaced with fish protein in poultry diets [59]. With the fact that protein
is the most costly ingredient in livestock diets, the use of insects sounds like a positive
novel idea [60, 61].

The consumer’s acceptance of meat products derived from animals-fed insects
ought to be put into account. Before introducing insects as a new ingredient, it is neces-
sary to establish the current perceptions of the targeted processors, traders, and poultry
farmers. This is because farmers’ perceptions of technology characteristics significantly
affect their adoption decisions [62]. A few studies surveyed the consumer’s readiness to
buy animal products that originated from animals fed with insect meal [63, 64].

5. Chitin content

Chitin is a polysaccharide (linear polymer of §-(1-4) N-acetyl-glucosamine units)
of the exoskeleton of arthropods [65]. However, chitin negatively affects the digest-
ibility and nutritional traits of insects. In addition, it has been considered as indigest-
ible fiber for the time in memorial. Chitin is the utmost form of fiber in insects [66],
however, the nitrogen absence is also analyzed by the Kjeldahl method as a crude
protein. It is, however, included in the nitrogen-to-protein conversion factor of 6.25,
which overvalued protein content. For this reason, Janssen et al. [67] suggested a
conversion factor of 5.60 + 0.39. However, in some birds like chickens, the gastroin-
testinal tract (GIT) excretes the enzyme chitinase [68] which degrades chitin into its
derivatives chitosan, chitooligosaccharides, and chitooligomers that are assimilated
with easy into bloodstreams [68, 69]. Average chitin yields were 18.01 and 4.92% of
dry weight from the exuvium and whole body of the Tenebrio molitor larvae [70]. The
chitin composition depends on species and development stadium of the insect [66].

However, chitin has a positive effect on the operation of the immune system of
poultry, which could reduce the use of antibiotics [1]. The prebiotic effect of chitin was
observed by [71, 72] in increasing caecal production of butyric acid and [73] in improv-
ing the immune response of birds or due to reduction of albumin to globulin ratio [74].
In addition, chitin and its derivatives can aid to sustain a balanced and healthy GIT
microbiota that keeps the amounts of potentially pathogenic bacteria (e.g., Escherichia
coli and Salmonella typhimurium) low [75] and decreases the risk of intestinal diseases.
By reducing the number of pathogenic microbiota, chitin encourages the proliferation
of commensal bacteria. A positive effect of chitin was reported by [36] who also stated
that a diet containing 3% of chitin decreased E. coli and Salmonella spp. in the 380
intestines. Chitin also has antifungal and antimicrobial properties [76].

6. Nutrient digestibility

Evaluating digestibility is a means to come up with an approximation of nutrient
availability in a feed. In this regards, Woods et al. [77] reported that H. illucens larvae
fed to quails have higher apparent digestibility for dry matter and organic matter to
the control fed group. However, Bovera et al. [78] showed that the ileal digestibility
coefficient of dry matter and organic matter in broiler fed T. molitor was lower by 2%
than fed soybean diet. In addition, Cutrignelli et al. [79] reported reduced coefficients
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of the apparent ileal digestibility (AID) of dry and organic matter on laying hens

fed H. illucens meal diet. These reductions were due to the strong decrease of the
crude protein digestibility linked to the availability of chitin in the insect meals,
which deleteriously influences the crude protein digestibility. However, no difference
was observed between digestibility coefficients of the dry matter of T. molitor meal
and H. illucens meal [80]. More so, Woods et al. [77] observed a higher apparent
metabolizable energy for H. illucens larvae fed quail compared well to the control fed
group. On similar results [81] did not find the differences among T. molitor oil and
palm oil on AID of crude fat, and metabolizable energy. Furthermore, the apparent
metabolizable energy of the T. molitor meal and H. illucens meal [80] was higher than
all the ingredients mainly utilized in the poultry diet [39], substituted 500 g kg™ of a
maize meal-based diet with M. domestica larvae meal for 3-week old broiler chickens
and detected a crude protein digestibility coefficient of 0.69. However, De-Marco
etal. [80] detected no difference in the digestibility coefficient of the crude protein
between T. molitor and H. illucens. In their study, Schiavone et al. [82] observed that
there was no effect on apparent crude protein digestibility in chickens fed T molitor
oil as a total replacement for palm oil. Whilst, Bovera et al. [78] and Schiavone et al.
[82] reported 8.2% and lower crude protein digestibility on chickens fed T. molitor
larvae respectively, compared to soybean diet. De-Marco et al. [80], found that the
(AID) of amino acids in the T molitor meal was higher and showed less variation than
in the H. illucens meal. According to the afore-mentioned results, insect meals can be
an alternative crude protein source for soybean meals or fishmeal.

7. Safety in utilization of insect meals

Utilization of insects as constituents in livestock feed should consider safe due to
the fact that they contain toxic substances secreted by the exocrine gland [83]. Just
as in plants and animal feed, some insects are not safe to eat, they trigger allergic
reactions. For instance, African silkworm (Anaphe venata) pupae have a thiaminase
which causes thiamine deficiency [84]. In addition, T molitor contains toxic ben-
zoquinone compounds secreted by the defensive gland [85]. This benzoquinone is
toxic to humans and animals, hence affecting cellular respiration resulting in kidney
destruction, and has a carcinogenic effect [85]. However, insects may have antibiotic
resistance genes [86] indicating that they can be filled with disease-causing organ-
isms or mycotoxin from adulterated diets. More so, Wynants et al. [87] affirmed the
contamination of wheat bran by the Salmonella spp. in T. molitor larvae. However, it
is imperative to consistently monitor microbial pathogens of the substrate and the
larvae in order to reduce pathogens in the T. molitor. Interestingly, Van Broekhoven et
al. [88] reported that T. molitor larvae fed with diets contaminated with the mycotoxin
deoxynivalenol were not affected in their growth and degraded the mycotoxin.

Besides, mycotoxins, insect feed can be contaminated with heavy metals, pes-
ticides [89]. Mycotoxins from feed or substrate for insects rearing can negatively
affect the growth, inhibit larval development or increase mortality of insects. More
so, consumption of mycotoxin-contaminated insects can present a risk to animals.
However, Schrogel et al. [90], reported no accumulation of mycotoxin in experiments
fed with various insect species. Furthermore, Charlton et al. [91] reported that heavy
metals accumulate in resultant insects. However, of the 1140 compounds measured,
only seven were detected in the larvae, with Cd posing the greatest risk [91]. The T
molitor and H. illucens larvae consume feeds containing mycotoxins and pesticides,
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the removal of these would render the resultant larvae free from toxins [92, 93]. More
so, Purschke et al. [94] affirmed that there was no build-up of pesticides in BSF larvae
raised on substrates spiked with pesticides. As a result, this renders it safe to be used
in animal feed diets.

Some insects contain repellent or toxic chemicals, which they use as their defense
mechanism. Grasshoppers spit brown juice as a means of defense while laybugs protect
themselves from predators by releasing toxic fluid hemolymph. This yellowish fluid
released from the leg joints is toxic in nature. Some insects are reported to transmit
zoonotic agents such as bacteria, viruses, parasites, and fungi as vectors. According to
[95] cases of botulism, parasites and food poisoning have been reported in using insect
meal. In management, these health risks, proper processing, handling, and storage are
a necessity in order to prevent contamination and spoilage. However, it is imperative
to apply decontamination methods and shelf-life stability of insect meals in order to
ensure and achieve marketability and food and feed safety.

8. Production and availability of insect meal

Insects have some valuable biological traits, which include being prolific, high feed
conversion rate, and easy to raise with low feed cost [96]. According to [51] insects
need less amount of feed for the production of 1 kg biomass, have higher fecundity,
for instance, the common house cricket lays up to 1500 eggs over a period of about a
month. Insect species are efficient feed converters as they are cold-blooded [51] and
do not use energy to maintain body temperature [53]. Insects effectively utilize water
and, in most cases, the feed is the main source of water [97]. Generally, the breed-
ing of insects does not require complex infrastructure and their care is simple [98].
Insects propagation can be on several substrates, for example, cereals, decomposing
organic materials, fruit or vegetables, poultry, pigs and cattle manure, industry
by-products, or waste products, which would be environmental problems [51, 99].
According to [100, 101] utilization of insect meals or larvae meals can reduce the cost
of poultry feed when nurtured on bio-waste. Insects can convert waste into valuable
biomass [102] and convert low-quality plant waste into high-quality crude protein,
fat, and energy in a short time [3]. Insects can effectively convert low-grade organic
waste into high-quality protein. They utilize the organic waste, which could otherwise
end up on dumpsites, causing environmental pollution. Insects have higher feed
conversion efficiency. Most insects are produced on organic wastes or material that
could not be consumed by humans. In their production, insects use minimal space,
in the rearing process. Reports indicate that insects contribute less greenhouse gases
than pigs and cattle [37].

The other benefit is the larvae’s ability to decrease bacterial growth in the manure
and thus reduce odor [97] H. illucens larvae has a 66% potential waste reduction and
also waste reduction of 51-80% was recorded on pig, chicken, and kitchen waste
[103]. Insect farming can also provide environmental benefits. Feeding waste materi-
als to insects protects air, land, and water from potential contamination [104]. For
example, the black soldier fly (H. illucens L.) (Diptera: Stratiomyidae), can be fed
food waste that would typically be placed in landfills [105]. Accordingly, digestion of
these materials suppresses noxious odors [105] greenhouse gases [106], and patho-
gens [107]. Furthermore, less land, water, and space are needed to produce insects,
such as the black soldier fly, than traditional animal production [107]. Other benefits
include fast development time (e.g., black soldier fly can develop to harvestable size
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within 14 days) [108], versus beef (e.g., 12-18 months of feeding to reach the needed
weight to slaughter) [109]. It is also worth noting that the full insect is edible unlike
beef (48.5%) [36]. Because of the ability of the black soldier fly to consume a variety
of organic wastes, while offering benefits to the environment, it is now viewed as the
“crown jewel” of the insect.

Insects’ growth rate depends on microclimate. The optimal temperature for most
insect species rearing is 27-30°C [110]. The insect’s larvae are the most effective for
production and it is possible to produce more than 180 kg of live weight of H. illucens
larvae in 42 days from 1 m” [110]. The insect market for animal feed is continually
increasing globally, especially focused on T. molitor larvae (mealworm). T. molitor and
H. illucens (black soldier fly) are two of the most promising insect species for com-
mercial exploitation and for use in poultry feeds [110] their production is seamless
and well understood [111].

Even though raising insects seem to be a positive move, there is a dearth of infor-
mation with regards to insect production methods and technologies, mainly in mass
production [112-114]. This may be due to the fact that private companies hardly
share that kind of information as they are in business. However, indigenous technical
knowledge is mainly utilized in raising these insects, eventually becoming the basis
of any technological improvement. For instance, in Indonesia, a complete guide on
how H. illucens on medium-scale production has been circulated [115]. General,
insect husbandry includes two main distinct units, which include the maintenance
of the breeding colonies and the growing larvae [28]. In the event that business deals
with adult insects, this requires more space for rearing purposes. As this implies to
where crickets are raised [116]. Improved systems usually include an area to process
insects and improve resultant products. Production wastes, like substrate remains and
frass, may be utilized to come up with fertilizers in a devoted facility, hence leading to
circularity and sustainability.

Insects can thrive in thickly populated areas, which permits mass production
even in limited spaces. Generally, larvae and pupae are retained together with a
nourishing substrate in small trays made of diverse materials like wood, high-
density polyethylene, or fiberglass. According to [116] trays for fattening T. molitor
larvae are standard ones measuring 65 x 50 x 15 cm’ box, which are handled with
ease and are deep enough to avert larvae or adults from fleeing. A recent study by
Thevenot et al. [114] reported that a mill was designed to produce 17 tones of T.
molitor annually with a density of 5 larvae cm™.

Currently, insect raising is appealingly increasing awareness in developed coun-
tries, which are not enthusiastically normally involved in harvesting insects. This
involves countries like Europe and the United States of America. As a result, promot-
ing insect-based products to increase their market share. Indeed, insect husbandry
linked with economic benefits produce food and feed ingredients that can benefit the
developing and developed nations [117].

9. Conclusion

Insects pose an attractive opportunity to come up with novel sustainable protein
source in monogastric animal diets taking into account their nutritive value, bio-
safety, and consumer acceptance. In addition, they also represent a means of convert-
ing food waste biomasses/streams into valued feed materials. However, it appears that
there is nothing much barring us from utilizing insect meals as feed material. Asa
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result, we need to get started and reduce the feed costs and also get rid of other insect
limitations in their use as animal feed. Insect farming has great potential with regards
to sustainably providing feed for the livestock. It can be concluded that insects can

be an excellent alternative to partly replace soybean and fishmeal. However, further
technological development of this sector and monitoring of the effects of these
developments are needed. Also, further exploration is needed to assess the estimation
equations parameters tied to these insect species.
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Chapter 4

Ruminal Microbiome Manipulation
to Improve Fermentation Efficiency
in Ruminants

Yosra Ahmed Soltan and Amlan Kumar Patra

Abstract

The rumen is an integrated dynamic microbial ecosystem composed of
enormous populations of bacteria, protozoa, fungi, archaea, and bacteriophages.
These microbes ferment feed organic matter consumed by ruminants to produce
beneficial products such as microbial biomass and short-chain fatty acids, which
form the major metabolic fuels for ruminants. The fermentation process also involves
inefficient end product formation for both host animals and the environment, such
as ammonia, methane, and carbon dioxide production. In typical conditions of
ruminal fermentation, microbiota does not produce an optimal mixture of enzymes
to maximize plant cell wall degradation or synthesize maximum microbial protein.
Well-functioning rumen can be achieved through microbial manipulation by altera-
tion of rumen microbiome composition to enhance specific beneficial fermentation
pathways while minimizing or altering inefficient fermentation pathways. Therefore,
manipulating ruminal fermentation is useful to improve feed conversion efficiency,
animal productivity, and product quality. Understanding rumen microbial diversity
and dynamics is crucial to maximize animal production efficiency and mitigate the
emission of greenhouse gases from ruminants. This chapter discusses genetic and
nongenetic rumen manipulation methods to achieve better rumen microbial fermen-
tation including improvement of fibrolytic activity, inhibition of methanogenesis,
prevention of acidosis, and balancing rumen ammonia concentration for optimal
microbial protein synthesis.

Keywords: microbial manipulation, rumen, feed additives, phytochemicals,
fiber degradation, microbial protein, acidosis

1. Introduction

Rumen inhabits several microbial populations, that is, bacteria, protozoa, fungi,
bacteriophages, yeasts, and methanogens symbiotically, which are very dynamic,
plastic, and redundant in function with the changes in diets though core microbiota
persists, which has probably evolved by host-microbiota interaction in the evolution-
ary pressure over thousands of years [1]. A symbiotic relationship exists between
rumen microbes and host animals in which both provide desirable substrates to
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each other mainly through these ways—1) physical breakdown of feed particles by
mastication and rumination expands their surface area for microbial attachment and
degradation, and consequently, microbes secrete various enzymes for dietary sub-
strate degradation, 2) ruminal movements bring microbes in contact with the dietary
substrate by mixing of digesta and consequently produce fermentation products (e.g.,
H,, CO,, ammonia, short-chain fatty acids (SCFAs), and 3) utilization (absorption
and consumption) of the fermentation products for keeping optimal ruminal condi-
tions (e.g., pH) to maintain microbial growth and microbial protein synthesis [2].
Therefore, due to the interactive ecosystem of the rumen, any modification to one
component of this system has several effects on other components. The fermentation
end products of any diet are incorporated into the final animal products (meat or
milk). Thus, manipulation of the ruminal fermentation pathways is the most effective
approach to improve ruminant health and production efficiency without exaggerated
increases in nutrient supply. This in particular should help the small livestock holders
in developing countries for continued production.

The literature explored various manipulation strategies including enhancing or
inhibiting the growth or the metabolic activity of specific rumen microbiota (e.g.,
archaea for methanogenesis) and/or altering the ruminal fermentation toward
specific pathways (e.g, decreasing H, production and increasing short-chain fatty
acids (SCFAs) production [3, 4]. Extensive literature supports the supplementations
of various rumen modifiers; however, efforts are still underway to find appropriate
methods to simultaneously improve livestock production while reducing greenhouse
effects on the environment. Through the following aspects, the most common meth-
odologies for modifying the ruminal microbiome and fermentation characteristics
are discussed in this chapter.

2. Enhancing fibrolytic activity and short-chain fatty acid production

Lignocellulose (complex polymers of cellulose, hemicellulose, pectin, and lig-
nin) makes up the majority of the ruminant diet. Generally, forages, including crop
residues, provide the main source of nutrition to ruminants that contribute to the
food security and primary source of income of smallholder farmers in the developing
countries [5-7]. This is also true where grazing animals are common in the developed
countries. Hence, forage is virtually the only source of nutrition in the main beef-
producing northern Australia, North and South America [8].

Although ruminants can digest fibrous feedstuffs, dietary cell wall polysaccharides
are rarely completely degraded in the rumen. Less than 50% of the plant cell wall of
most forage grasses are digested and utilized. This is attributed to the combination of the
biochemical and physical barriers present in the ingested fibrous feedstuffs and retention
time limitations of the ingested dietary substances in the rumen [9], resulting in excessive
nutrient excretion, low nutrient intake, and a significant loss of dietary energy in the form
of CH, emission [10]. Therefore, enhancing the rumen microbiota to degrade plant cell
walls usually leads to improve animal productivity.

Ruminants cannot degrade lignocellulose themselves. An involved community
of fibrolytic microorganisms catalyzes the degradation of the plant cell walls in
the rumen. The major classical fibrolytic bacteria involved in fiber degradation are
Fibrobacter succinogenes, Ruminococcus albus, Ruminococcus flavefaciens, Butyrivibrio,
and Prevotella spp. [11]. Anaerobic fungi also contribute to degrade cell wall com-
ponents and play a special role in degrading low-quality forages. Fungi are able to
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penetrate the plant tissue as a result of their filamentous growth and can degrade up
to 34% of the lignin in plant tissues [12]. Fungi (i.e., Neocallimastix sp.) have a broad
range of highly active fibrolytic enzymes and are the only known rumen microorgan-
isms with exo-acting cellulose activity [11]. Cellulolytic activity is present in many
rumen protozoa species, and the most efficient cellulose degraders are Epidinium
ecaudatum, Eudiplodinium maggii, and Ostracodinium dilobum [13].

There are various well-established procedures that can be used to improve forage
utilization including modifying ruminal microbial fermentation toward more fiber
degradation. These include mechanical and chemical processing of forages and geneti-
cally engineering of plants for cell wall composition. However, we will focus on ruminal
fibrolytic microorganisms and their products in the following sections of the chapter.

2.1 Genetically engineered fiber-degrading bacteria

The manipulation of genes in genetically engineered organisms can produce
a product with novel specific characteristics that may have significant value. This
concept was exploited in developing genetically modified fiber-degrading bacteria
to optimize their activity by producing the correct mixture of fibrolytic enzymes to
maximize plant cell wall degradation. Ruminococcus and Fibrobacter strains were the
most targeted fiber-degrading bacteria for genetic modifications because they cannot
produce exocellulases that are active against crystalline cellulose. Therefore, altering
this activity would make them more potent [11]. The genome sequences of F. succino-
genes, R. albus, and Prevotella ruminicola strains are available [11].

As early as 1995, Miyagi et al. [14] suggested that inoculation of genetically
marked R. albus into a goat rumen might be of benefit to rumen function, but they
found that the inoculant usually disappears from goat rumen after 14 days. One of
the reasons for this is that bacteria reproduce within the physiological and ecological
limits of the rumen ecosystem in which cooperative networks exist among ruminal
microorganisms; since some organisms cleave specific bonds, others utilize particular
substrates, while others produce inhibitors [11]. The scientists’ sights were turned
to Butyrivibrio species because they are among the most rumen bacteria capable of
hemicellulose degradation and are regarded as being ecologically robust [15]. Gobius
etal. [16] reported the successful transformation of a diverse range of eight strains
of Bu. fibrisolvens with xylanase (family 10 glycosyl hydrolases) from rumen fungus
Neocallimastix patriciarum. Glycosyl hydrolases family 10 was selected because it is
different from family 11, which typically exists in Bu. Fibrisolvens and this family is
characterized by high specific activity and resistance to proteolysis. The transforma-
tion was functionally successful and the iz vitro fiber digestibility measurements
revealed an improvement in plant fiber degradation by the recombinant xylanase;
however, this still does not allow them to compete with the far more fibrolytic spe-
cies Fibrobacter and Ruminococcus [11]. Another genetically engineered bacteria,
Bacteroides thetaiotaomicron was inoculated at approximately 1% of the total popu-
lation into in vitro dual-flow continuous culture fermenters and persisted for at
least 144 h with relative abundances of 0.48-1.42% and increased fiber digestion,
particularly hemicellulose fraction [17]. Generally, most of the experiments that used
modified fibrolytic bacteria were iz vitro trials. However, it should be taken into con-
sideration that the in vitro fermenters did not express the full complement of rumen
microorganisms (particularly protozoa). Moreover, this microbial manipulation
application seems to be costly, especially for the small livestock holders in developing
counties.
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2.2 Direct-fed microbials

The concept of direct-fed microbials is different from the term probiotics.
Probiotics were identified by any live microbial feed additive that may beneficially
influence the host animals upon ingestion by improving microbial balance in the
intestine [18]. Viable microbial communities, enzyme preparations, culture extracts,
or combinations of those products were included in the concept of probiotic supple-
ments [19]. The DFM has a narrower definition than probiotics as it is defined as
a source of life, naturally occurring microorganisms alive, naturally occurring
microorganisms that improve the digestive function of livestock. The DFM includes
three main categories; bacterial, fungal, and a combination of both [20]. DFM must
be alive to impact ruminal fermentation; thus, the viability and number of organ-
isms fed must be ensured at the time of feeding. Lactic acid-producing and utilizing
bacterial species of Lactobacillus, Bifidobacterium, Streptococcus, Bacillus, Enterococcus,
Propionibacterium, Megasphaera elsdenii and Prevotella bryantii, and yeasts such as
Saccharomyces and Aspergillus were the significant microbes of most of the DFM for
livestock production [21].

DFM can grow under ruminal conditions and manipulate the microbial ecosys-
tem. Various factors may affect the activity of DFM including microbial strains, time
of feeding, feeding system, treatment period, physiological conditions, and dosages
[20, 22]. The microbial strains seem to be the main influencer—DFM containing
mainly lactic acid-producing and utilizing bacteria can manipulate the growth of
microorganisms adapted to lactic acid in the rumen while preventing the drastic pH
drops, for example, M. elsdenii [19]. DFM of Propionibacterium species can manipu-
late the fermentation pathways toward a more molar portion of propionate produc-
tion [20, 23]. Propionibacterium is naturally found in high numbers in the rumen
ecosystem and known to ferment lactate to propionate, providing more substrates for
lactose synthesis in early lactation dairy cows, improving energy efficiency for the
growing ruminants by reducing methane emission [20, 23].

Direct-fed microbials, based on fungal cultures, mainly contain Saccharomyces
cerevisiae and Aspergillus oryzae, which can remove oxygen from the surfaces of
freshly ingested feed particles to maintain the ruminal anaerobic conditions for the
growth of cellulolytic bacteria [22, 24]. Moreover, the end metabolites of yeasts in the
rumen can provide the ruminal microbiota with growth factors (i.e., rumen aceto-
gens, digestive enzymes, anti-bacterial compounds, organic acids, and vitamins),
resulting in stimulation of ruminal cellulolytic bacteria and maintenance of pH for
optimal fiber degradation, and consequently greater production performance [21,
22]. Due to the low cost of DFM compared to other commercial feed additives, it can
be included among the suitable solutions to manipulate the ruminal fiber degradation
for the smallholder livestock sectors.

2.3 Exogenous fibrolytic enzymes

Products of exogenous fibrolytic enzymes (EFE) that contain primarily cellulo-
lytic and xylanolytic activities can manipulate the ruminal fiber degradation, and
improve feed conversion efficiency and thus lead to enhanced productive efficiency
of ruminants [9]. Published literature suggests that the mode of actions of EFE
products are likely different than that of DFM products. The activities introduced to
the rumen by EFE are not novel to the ruminal ecosystem as they would act upon the
same sites of the feed substrate particles as endogenous fibrolytic enzymes [25]. The
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release of reducing sugars by EFE is probably an essential mechanism by which EFE
operates [26]. The degree of sugar release is dependent on the substrate types as well
as the type of enzymes. The released sugars can attract secondary ruminal microbial
colonization, or remove barriers to the microbial attachment to substrate feed parti-
cles by cleaving the linkage between phenolic compounds and polysaccharides [9]. As
aresult, the most significant effects of EFE probably occur in the interval between the
arrival of the feed particles into the rumen and its colonization by ruminal microor-
ganisms, as only the rate, not the extent, of cell wall degradation, has been improved
[25]. EFE can also manipulate the rumen fibrolytic microorganisms by enhancing
their endogenous fibrolytic activities.

Genes from ruminal fungi encoding cellulases, xylanases, mannanases, and endo-
glucanases have been successfully isolated. Protein bioengineering has been employed
to improve the catalytic activity and substrate diversity of fibrolytic enzymes from
ruminants. This has resulted in fibrolytic enzymes with up to 10 times higher specific
activity, pH and temperature optima, and enhanced fiber-substrate binding activity
than the original enzymes [27]. This, together with the low manufacturing cost, has
led to more recent developments in the enzyme production industry, and as a result,
a wide range of commercial EFE products is now available. Frequently the manufac-
tures’ recommended doses of most commercial EFE products have been measured
under wide ranges of pH (4.2-6.5) and temperatures (40-57°C), which are not always
close to typical ruminal conditions. Moreover, most of the commercial EFE products
for ruminants are often referred to as xylanases or cellulases. However, none of these
products comprise single enzymes; secondary enzyme activities are invariably pres-
ent, namely, proteases, amylases, or pectinases [9]. A wide variety of feed substrates
can be targeted by a single EFE product. Thus, the random addition of these products
to ruminant diets without consideration for specific rumen conditions (pH 6.0-6.5
and 39°C) and the not yet tested efficiency for specific substrate will result in unpre-
dictable effects and thus discouraging the adoption of the EFE technology [28, 29].

In general, enhancing the rumen microbiota to degrade the dietary fibers through
the above-discussed strategies may lead to accelerating the energy production in the
forms of short-chain fatty acids (SCFAs) and/or microbial protein synthesis. At the
same time, it may also produce high amounts of CO, and CH,.

3. Decreasing methanogenesis and increasing propionate production

The ruminal fermentation is the primary source of CH, emission from livestock;
itis one of the most potent greenhouse gases featured by short atmospheric mean
lifetime. Furthermore, a significant proportion of the ingested feed energy is also lost
as CH, [40]. Methane is produced by methanogens mainly by reduction of CO, through
the hydrogenotrophic pathway. Formic acid and methylamines produced by other
ruminal bacteria are also reduced to CH, by some methanogens. Therefore, methano-
gens interact with other ruminal microorganisms (e.g., protozoa, bacteria, and fungi)
through interspecies H, transfer [4]. Thus, maximizing metabolic H, flow away from
CH, toward SCFAs production could improve production efficiency in ruminants
and decrease environmental impact. There are various direct and indirect strategies
to manipulate rumen methanogenesis; among these options, inhibiting the growth or
the metabolic activity of methanogens seems to be the most effective approach. The
efficiency of these strategies mainly depends on where methanogens reside. It can be
seen from the smaller number of archaeal 16S rRNA gene sequences (461 vs. 8162)
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recovered from protozoa than from ruminal content or fluid [4]. Free methanogens are
mainly integrated into the biofilm on the surfaces of feed particles where H,-producing
bacteria actively produce H,. These methanogens protected by the biofilm may not be
inhibited to an extent similar to the free-living peers by anti-methanogenic inhibitors
[4]. Also, methanogens can be inhibited indirectly through inhibiting rumen ciliate
protozoa. Based on fluorescence in situ hybridization analysis, about 16% of the rumen
ciliate protozoa contained methanogens inside their cells [30]. Most rumen ciliate
protozoa have hydrogenosomes, unique membrane-bound organelles producing H, by
malate oxidization; therefore, these organelles can attract some species of methanogens
as endosymbionts [4].

Methane formation pathways comprise of three main steps; transfer of methyl
group to coenzyme M (CoM-SH), reduction of methyl-coenzyme M with coenzyme
B (CoB-SH), and reusing heterodisulfide CoM-S-S-CoB [4, 31]. Thus, obstruction of
any of these steps may manipulate CH, production. A wealth of literature on rumen
CH, manipulation strategies in ruminants have been published recently, but relatively
very few have emphasized the suitable mitigation strategies at the farm level [32].
Each method has some potential advantages and limitations. The principal interest for
animal producers is income, as they usually do not take CH, mitigation strategies or
climate changes into account. Thus, any strategy to mitigate greenhouse gasses emis-
sion would only be of practical interest if achievements on the efficiency of animal
production can be obtained. This can be obtained through rumen CH, modifiers
that enhance the production of SCFAs and/or reduce proteases. The following part
addresses some of these microbial modifiers.

3.1Ionophores

Ionophores are polyether antibiotics that act as inhibitors to hydrogen-producing
bacteria. They are widely used as successful growth promoters in the livestock industry
due to their ability to modulate rumen fermentation toward propionate production,
thereby decreasing CH, production. Since propionate and CH, are terminal acceptors
for metabolic H,, any increase in propionate production may accompany reduced CH,.
In addition, ionophores positively affect ruminal fermentation through inhibition of
deamination compared to proteolysis, inhibition of hydrolysis of triglycerides, and
biohydrogenation of unsaturated fatty acids, while enhancing the trans-octadecenoic
isomers (cited from [33]).

From the literature, monensin and lasalocid are the most well-known ionophore-
type antimicrobials used as rumen modifiers. Mainly, they inhibit Gram-positive
bacteria; however, they can also inhibit some Gram-negative bacteria. lonophores
decrease CH, production by inhibiting H, producing bacteria by penetrating the
bacterial cell wall membrane. They act as H*/Na* and H*/K" antiporters, dissipating
ion gradients required for the synthesis of ATP, transport of nutrients, and other
essential cellular activities in bacteria, resulting in retardation of cell growth and
cell death [4, 34]. Monensin can decrease total methanogens number in cattle, and
also alter the community composition of methanogen species, for example, monen-
sin decreased the population of Methanomicrobium spp. while increasing that of
Methanobrevibacters spp. [4].

Unfortunately, ionophores present a temporary impact on ruminal manipulation
effects due to the adaptation of the microorganisms of these inhibitors. lonophores
are now restricted due to the possible resistance of pathogenic microorganisms to
antibiotics [33]. Recently, the global scenario has shifted the interest toward plant
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natural feed additives with potential abilities to modulate CH4 emission [35, 36].
Moreover, the type of the dietary feeds affects the efficiency of ionophores with the
better effect of ionophores observed in high starch diets [33]. Thus, this approach
seems to be less effective for the small livestock holders in most developing countries
since the forages are the main ingredient in the diets.

3.2 Natural feed additives as rumen modifiers
3.2.1 Plant secondary compounds

Numerous plant secondary compounds (PSC), including tannins, flavonoids,
saponins, essential oils (EOs), organosulfur compounds, have been recognized as
having the potential to modulate ruminal microbial fermentation [37-39]. Plant sec-
ondary compounds are natural phytochemicals with the potential ability to manipu-
late rumen fermentation without causing microbial resistance or residual noxious
effects on animal products [3]. Unlike ionophores, the different active components
found in plant extracts may manipulate ruminal microbiota through more potent
mechanisms of action (e.g., antimicrobial and antioxidant), which may avoid the risk
of losing activity over time [40].

3.2.2 Tannins

Tannins are polyphenolic compounds with different molecular weights ranging from
500 to 5000 Da [41]. Tannins are classified into two major groups, that is, condensed
(CT) and hydrolyzable tannins (HT). CT are proanthocyanidins consisting of oligomers
or polymers of flavan-3-ol subunits. They act through binding with dietary proteins and
carbohydrates by making strong complexes at ruminal pH [41-43]. Therefore, they are
the most plant secondary metabolites studied in terms of rumen modulation pathways.

The literature reported quite various effects of CT supplementations regarding
CH, mitigation [38]. Some studies suggest a direct effect of CT on methanogens by
binding with the proteinaceous adhesin or parts of the cell envelope, which impairs
the establishment of methanogens-protozoa complex and decreases interspecies H,
transfer, and inhibits growth [44]. Other studies suggest an indirect effect of CT
through the anti-protozoal effect. However, the effects of CT on rumen protozoal
activity are varied in the literature, probably because some of the CTs have a direct
effect on rumen methanogenic archaea, which are not associated with the protozoa.
Tannins also can indirectly inhibit CH, per unit of the animal product through
tannin-protein or organic matter complexes under ruminal conditions, while pro-
tein from these complexes is released post ruminally, making it available for gastric
digestion at abomasum and small intestine conditions, leading to enhancing the
animal productivity [43]. Another theory is that tannins can act as H, sink reducing
the availability of H, for CO, reduction to CH,, implying that 1.2 mol CH, is produced
per mol of catechin [44].

Tree foliages are good feed resources for the small ruminants, which are rich in
protein and perform catalytic functions in improving ruminal fermentation, espe-
cially in low-quality forage-based diets in developing countries [45]. The nutritionists
have paid great attention to the tanniferous legumes and tree foliages as alterna-
tive cheap feed resources (especially in drought conditions and arid and semi-arid
regions) and to achieve CH, mitigation goals in the developing countries [46]. Many
plants were investigated in the literature; however, the results are highly variable
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among studies. Soltan et al. [43] studied various tanniniferous browsers and found
that some plants (i.e., Prosopis and Leucaena) similarly modulate ruminal fermenta-
tion as ionophores perform by decreasing the acetate to propionate ratio, CH, and
NH;-N, while Acacia reduced CH, through decreasing fiber degradation although it
had similar CT concentration as Leucaena. Thus, it seems that not only does tannin
concentration play a role in the modulation of the ruminal fermentation process, but
also types, molecular weights are important in determining tannin potency in modu-
lating rumen fermentation patterns. The presence of HT and other plant secondary
metabolites (mimosine in Leucaena) together with CT can interact with the action of
CT [44, 47].

3.2.3 Saponins

Saponins are a group of plant secondary metabolites with high molecular weight
glycosides in which a sugar is linked to a hydrophobic aglycone. It can be generally
classified as steroidal and triterpenoid [48, 49]. The effects of saponins on rumen
fermentation modulation have been reviewed extensively [49]. The main biological
effect of saponins is on the cell membranes of bacteria and protozoa. Saponins are
highly toxic to protozoa compared with bacteria because saponins can form com-
plexes with sterols present in the protozoal membrane surface, disrupting the mem-
brane function [49]. Thus, it can indirectly affect the methanogenic archaea through
their symbiotic relationship with rumen protozoa [38]. However, some literature
assumed that the effects of saponins on rumen protozoa could be transient due to
the ability of ruminal bacteria to degrade saponins into sapogenins. The sapogenin
compound cannot affect protozoa [50].

3.2.4 Essential oils

Essential oils (EO) are volatile aromatic complexes obtained from different plant
volatile fractions by steam distillation. They can be obtained from various plant parts
including leaf, stem, fruit, root, seed, flower, bark, and petal. EO contains numerous
bioactive substances; the most important ones are terpenoids (monoterpenoids and
sesquiterpenoids) and phenylpropanoids. Due to the lipophilic properties of these
components, EO act against various rumen bacteria through interacting with the cell
membrane [3].

Several EO compounds, either in pure form or in mixtures, had antioxidant and
anti-bacterial properties; therefore, they can modulate the ruminal fermentation
pathways [51]. The EO, unlike ionophores, does not alter the ruminal microbial activi-
ties through a specific mode of action. Therefore, EO may have more potent mecha-
nisms of action that may not likely lose their effectiveness over time. Soltan et al.

[40] suggested two mechanisms in explaining how combination of phenylpropanes
and terpene hydrocarbons components in EO mixtures work together to enhance
additive antimicrobial activity—1) phenolic compounds may increase cell membrane
permeability through the action of hydroxyl group, thus facilitating the transport of
terpene hydrocarbons into the microbial cells, which then combine with proteins and
enzymes inside the cells; 2) phenolic compounds could increase the size, number or
duration of the existence of the pores created by the binding of terpene hydrocarbons
with proteins in cell membranes.

The effects of EO on rumen fermentation are variable depending on concentrations,
types, diet and adaptation period, but most EO are found to have anti-methanogenic
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properties [35, 52]. Patra and Yu [52] studied various EO with different chemical struc-
tures (clove, eucalyptus, origanum, peppermint, and garlic oil) iz vitro at three different
concentrations (0.25, 0.50, and 1.0 g/L) for their effect on CH, production and archaeal
abundance and diversity and they found that all these EO suppressed CH, production,
but the extent of CH, inhibition and ruminal fermentation differed among the EO.
Further studies are needed to understand the interactions of the active compounds with
the dietary ingredients and their activity against specific methanogens should be identi-
fied without adverse effects on fermentation patterns and rumen fiber degradability, as
well as the different doses for each EO. Also, attention needs to be paid to the palatability
as some EO may adversely affect palatability and dry matter intake due to the aroma
they add to the ration. Therefore, many products of encapsulated EO are available in
commercial forms, but this raises the question of the suitability of these products as feed
additives at the farm level in developing countries.

3.2.5 Propolis

Propolis is a mixture of resinous substances collected from buds of deciduous
trees and crevices in the bark of coniferous and deciduous trees and secretions by
honeybees [53, 54]. The bees use propolis to fill cracks, cover hive walls and embalm
invading intruder insects or small animals [55, 56]. The literature reported that
the chemical composition of propolis is highly variable by bee collection site since
geographical location plays an important role [54]. The most bioactive components
are belonging to groups of isoflavones, flavonoids, and fatty acids that have been
reported to be biologically active [53]. Recently, bee propolis has been recognized as
anatural alternative feed additive to antibiotics in ruminant diets [54]. Compared to
ionophores (e.g., monensin), different propolis sources can reduce CH, production
while improving the organic matter digestibility and total SCFAs in vitro and in vivo
[53, 57]. Morsy et al. [58] reported that CH, reduction caused by propolis supplemen-
tation is accompanied by increasing urinary allantoin, total purine derivatives, and
enhancements of individual and total SCFAs. Thus, they suggested that propolis can
help in the redirection of ruminal organic matter degradation from CH, production
to microbial synthesis and SCFAs. From a practical view, propolis can be a promis-
ing feed additive in the vegetation places where it is produced in a large amount such
as Brazil.

3.3 Plant oils

Fats are usually used as energy sources for dairy cattle. The addition of fatsisa
promising approach for modulating rumen microbial communities and the fermenta-
tion process. Fats are known to inhibit microbial activity; however, supplementing
fats up to 6% of dry matter has shown no adverse effects on total nutrient digestibility
and total SCFAs [59]. A meta-analysis study suggests that methane emissions can be
declined by 0.66 g/kg DM intake with each percentage increase in dietary fats, within
dietary fat concentrations of 1.24-11.4% [59]. Fats containing high levels of C12:0,
C18:3, and polyunsaturated fatty acids up to 6% of the dietary diet may be considered
for CH, mitigation without compromising the productivity in dairy cattle [59].

Plant oil supplements can modulate CH, directly by inhibiting rumen protozoa
and methanogens while enhancing biohydrogenation of polyunsaturated fatty acids
(PUFA) to act as ruminal hydrogen sink for hydrogen produced by rumen microor-
ganisms and reducing fiber degradation with less H, production in the rumen [60].
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The literature showed variable effects of plant oils on CH, emission and rumen
fermentation; this might be related to the oil type (free oil or whole seed), diet
composition (forage to-concentrate ratio), and fatty acid type (short-chain or PUFA)
present in diets [59]. Generally, consideration of vegetable oils supplementation

to lower CH4 emission may depend upon the cost and expected outcome effect on
animal productivity.

3.4 Chitosan

Chitosan is a natural polycationic polymer, nontoxic, biocompatible, biodegrad-
able; thus, it is safe for human as well as animal consumption [61]. Itis a linear
polysaccharide composed of two repeated units—D-glucosamine and N-acetyl-D-
glucosamine linked by p-(1-4)-linkages [61]. It can be found in the structural exoskel-
eton of insects, crustaceans, mollusks, cell walls of fungi, and certain algae, but it is
mainly obtained from marine crustaceans [62]. It is characterized by anti-inflamma-
tory, antitumor, antioxidative, anticholesterolemic, hemostatic, and analgesic effects.
Moreover, it has a high antimicrobial affinity against a wide range of bacteria, fungi,
and protozoa; therefore, it has been recently tested as a rumen fermentation modula-
tor and considered as a promising natural agent with CH, mitigating effects [61]. The
antimicrobial mechanism of chitosan can include interactions at the cell surface and
outer membranes through electrostatic forces, the replacement of Ca** and Mg** ions,
the destabilization of the cell membrane, and leakage of intracellular substances, and
cell death. The antimicrobial properties of chitosan can also include chelating capac-
ity for various metal ions and the inhibition of mRNA and protein synthesis [61].

It seems chitosan activity depends on the diet type as well as the ruminal pH. The
literature reports suggest that the maximum effect of chitosan is noted when grain
(starch) is incorporated in the ration at low pH values, shifting the fermentation
pattern to a more propionate production pathway, which could be explained by the
higher sensitivity of Gram-positive bacteria than Gram-negative bacteria against
chitosan [61, 63]. This type of change in ruminal fermentation by chitosan results
in reductions in CHy4 production. Moreover, supplementation of chitosan alters
the rumen bacterial communities related to fatty acids biohydrogenation, that is,
Butyrivibrio group and Butyrivibrio proteoclasticus that lead to increases in concentra-
tions of milk unsaturated fatty acids and cis-9,trans-11 conjugated linoleic acid [64].

3.5 Chemical feed additives

Numerous chemical additives were used to modulate the rumen microbial activity
for optimizing animal productivity, namely, defaunating agents, and anti-methano-
genic agents to reduce CH, emission. Patra et al. [4] reported the most promising anti-
methanogenic agents that effectively lower CH, without adverse effects on rumen
degradability or producing SCFAs and each of which works through different modes
of action when added together to additively decrease CH4 production. These include
halogenated sulfonated compounds (e.g., 2-bromoethanesulfonate, 2-chloroethane-
sulfonate, and 3-bromopropanesulfonate), 3-nitrooxypropanol (3NOP), nitrate, and
ethyl-3NOP are used to inhibit methyl-CoM reductase activity, the final limiting step
to complete the methanogenesis pathways. Halogenated aliphatic compounds with
1 or 2 carbons can impair the corrinoid enzymes function and inhibit cobamide-
dependent methyl group transfer in methanogenesis or may serve as terminal electron
(e7) acceptors. Some agents, namely, lovastatin and mevastatin were found to inhibit

66



Ruminal Microbiome Manipulation to Improve Fermentation Efficiency in Ruminants
DOI: http://dx.doi.org/10.5772/intechopen.101582

3-hydroxy-3-methylglutaryl coenzyme, which is essential in the mevalonate pathway
to form isoprenoid alcohols of methanogen cell membranes [4]. The addition of
nitrate has two benefits—it can inhibit methanogenesis and acts as a nonprotein
nitrogen source, which could be useful in low-quality base diets [65].

4. Control of acidosis

Diets containing high amounts of rapidly fermenting soluble carbohydrate result in
pH drop due to excessive production of lactate or VFA or a combination of both, which
may be of subacute ruminal acidosis (pH between 5.0 to 5.5) or acute acidosis (<5.0)
type with acute or chronic in duration [66]. The consequences of acidosis range widely
along with death and more importantly lower productivity, especially in subacute
ruminal acidosis [66, 67]. Decreasing the ruminal pH leads to inhibition of rumen
cellulolytic bacteria. Therefore, maintaining ruminal pH at the average level (5.8-7.2) is
an essential factor to balance the rumen microorganisms between acid producers and
consumers. In this context, buffering reagents and alkalizer (e.g., sodium bicarbon-
ate, magnesium oxide, and calcium magnesium carbonate), direct-fed microbials,
and malate supplementation may increase pH in the rumen and production when
ruminants are fed with high-grain based diets [66, 68]. Malate supplementation can
stimulate Selenomonas ruminantium that converts lactate to VFA [69]. Marden et al.
[70] reported that the inclusion of 150 g of sodium bicarbonate increased total ruminal
VFA concentration by 11.7% compared to the control diet fed to lactating cows. The
addition of sodium bicarbonate, magnesium oxide, and calcium magnesium carbonate
reduced the duration of time ruminal pH persisted below 5.8 in lactating dairy cows
fed a high-starch (342 g/kg DM) containing diet and increased milk and fat yield, and
milk fat concentration, but reduced milk trans-fatty acids isomers [71]. The efficacy
of the acid-neutralizing capacity of the alkalizers depends upon physical and chemical
properties that influence the solubility in the ruminal conditions. However, in develop-
ing country conditions, the acidosis problems are usually less severe as ruminants are
mostly fed with roughage-based diets.

5. Enhancing ruminal microbial protein synthesis

Microbial protein in the rumen (RMP) accounts for between 50 and 90% of the
protein entering into the duodenum and supplies the majority of the amino acids
required for growth and milk protein synthesis [72]. Therefore, increasing RMP
synthesis is important for improving animal productivity. Moreover, increasing the
RMPS is an effective strategy to decrease protein (i.e., nitrogen) excretion in live-
stock since the dietary protein unless utilized properly by ruminal microorganisms
is degraded to ammonia in the rumen, and ammonia is absorbed from the rumen,
metabolized to urea in the liver, and excreted in urine causing environmental nitrogen
pollution [10, 73].

There are many factors affecting RMP synthesis including dry matter intake, type
of the ration fed (forage to concentrate ratio), the flow rate of digesta in the rumen,
the sources, and synchronization of nitrogen and energy sources [74]. Among these,
the amount of energy supplied to rumen microbes was found to be the main factor
affecting the amount of nitrogen incorporated into RMP. Phosphorylation at the
substrate level and electron transport level are two significant mechanisms of energy
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generation within microbial cells [75]. Based on 10 reconstructed pathways associated
with the energy metabolism in the ruminal microbiome, Lu et al. [75] found that the
energy-rich diet increased the total abundance of substrate-level phosphorylation
enzymes in the glucose fermentation and F-type ATPase of the electron transporter
chain more than the protein-rich diet. Therefore, they concluded that energy intake
induces higher RMP yield more than protein intake. In this context, any factor affect-
ing the available amount of soluble carbohydrates to rumen microbes will affect the
efficiencies of RMP synthesis. Therefore, most of the previously mentioned rumen
modifiers (e.g., plant secondary metabolites, dietary oil) may affect the RMP synthe-
sis; however, most of the studies have ignored the determination of RMP.

Maximizing RMP synthesis seems to be the most effective approach for the small
livestock holders in most developing countries since microbial protein sometimes
becomes the only protein source for the animals fed on poor quality forage diets with low
or without concentrate supplementations. Balancing the diets of these animals by supple-
menting of leaves of legumes, urea-molasses multinutrient blocks, urea in the form of
slow ammonia release, and other nonprotein nitrogen resources found to be favorable
for RMP synthesis [8, 10, 29, 73]. It has been recognized that feeding high true proteins
(the most expensive ingredients in the ruminant diet) can be utilized by ruminal bac-
teria in about the same way as the ammonia from nonprotein nitrogen (e.g., urea). The
optimum concentrations of ammonia in the rumen for maximal RMP synthesis are about
50-60 mg/L and 27-133 mg/L from the in vitro and in vivo studies, respectively [73].

Reduction in CH, production can enhance the RMP synthesis. Soltan et al. [10, 29]
observed that inclusion of Leucaena in sheep diet up to 35% with or without polyeth-
ylene glycol enhanced the RMP and the body nitrogen retention while reducingCH,
emission; they suggested that optimizing microbial growth efficiency might help to
redirect organic matter degraded from CH, formation to RMP synthesis. Plants or feed
additives containing phytochemicals with high antioxidant activity can promote more
nutrients for microbial uptake, enhancing RMP synthesis, while reducing CH, emission
due to lessening the ruminal oxidative stress [36, 53].

6. Reduction of ruminal protein degradation and ammonia production

From an economic view, dietary protein concentrates increase production costs,
especially for developing countries. Furthermore, the microbial population in the
rumen has a high proteolytic capacity to degrade the dietary protein. Therefore,
nutritionists are interested in formulating diets with ruminal undegradable protein
sources. The protein degradation in rumen depends mainly on three processes—pro-
teolysis, peptidolysis, and deamination. Many protein-degrading bacteria are natu-
rally found under ruminal conditions, that is, Ruminobacter amylophilus, P. ruminicola,
Butyrivibrio fibrisolvens, S. ruminantium, Streptococcus bovis, and P. bryantii. There
are many amino acid-fermenting bacteria, that is, Clostridium sticklandii, Clostridium
aminophilum, M. elsdenii, B. fibrisolvens, P. ruminicola, S. bovis, and S. ruminantium
[73]. Increased ruminal ammonia concentration is an indicator of the high degrada-
tion of dietary protein. Many factors can affect ruminal protein degradation and
ammonia concentration, such as the type of dietary protein, the energy sources, the
predominant microbial population, the rumen passage rate, rumen pH [35]. The
ruminal bacteria can utilize ammonia for the synthesis of amino acids required for
their growth. The optimal ammonia concentration needed to maximize the RMP
synthesis ranges from 88 to 133 mg/L [76].
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Several inhibitors of ruminal microbial protein degradation and ammonia
production were reported in the literature. Condensed tannins, slow-release urea
products, encapsulated nitrate, clays (e.g., bentonite and zeolite that acts through
cation exchange capacity), and biochar were found to reduce the rapid increase in
ammonia production and maintained the ruminal pH. Urea pool in the rumen is
contributed from urea in the diet and recycling of urea through saliva and ruminal
wall. The urease enzyme produced by the ruminal microbiota rapidly degrades urea
to ammonia causing ammonia toxicity and inefficient urea utilization when used in
excessive amounts [73]. Inhibitors of urease may reduce the risk of ammonia toxicity
and efficient utilization of urea and other nonprotein nitrogen compounds [77].

7. Enhancing functional values of milk and meat

Ruminant-derived foods (milk and meat) contain a high amount of saturated
fatty acids, which are associated with human health concerns. Therefore, improving
the functional value of ruminants’ products by increasing the content of beneficial
fatty acids (FAs) and decreasing detrimental ones, specifically, decreasing the
content of saturated FAs and increasing n-3 FAs and conjugated linoleic acids (e.g.,
cis-9, trans-11 C18:2, also called rumenic acid) have been great interests among the
researchers [78]. Manipulating ruminal biohydrogenation of polyunsaturated fatty
acids (PUFAs) has been the target to increase meat and milk content of rumenic acid
and vaccenic acid, as both compounds are major intermediates in the biohydrogena-
tion. To elevate rumenic acid content in products, inhibiting the last step of biohy-
drogenation needs to be attempted without affecting lipolysis and isomerization
and reduction of linoleic acid and linolenic acid to rumenic acid and vaccenic acid.
Alternatively, to elevate PUFAs in meat and milk, in particular n-3FAs, inhibition of
early steps of biohydogenation should be targeted. Secondary compounds such as
tannins, saponins, or essential oils rich in terpenes present in plants and forages or
supplementation of vegetable oil can improve some aspects of meat and milk quality
including n-3 FAs, conjugated linoleic acids, antioxidant properties [73, 79-81].

8. Conclusions

The ruminal fermentation end products are typically the outputs of several inter-
active reactions among the rumen microbial populations. Manipulations of rumen
microbial fermentation toward enhancing fiber digestibility, SCFAs production, and
outflow of microbial biomass, while reducing ammonia and CH, emission are the
most probable ways to improve animal productivity. Numerous rumen fermentation
modifiers have been studied during the last few decades; however, their positive
effects are sometimes associated with undesirable effects or highly significant costs
(e.g., ionophore antibiotics, anti-methanogenic chemical feed additives, or essential
oils). Moreover, most of these modifiers exhibited inconsistent efficacy in the litera-
ture mainly because of the variability in animal age, breed, diet formulation, physi-
ological status, rumen microbial resistance, and adaptation. Despite the long history
of studies on the rumen modifiers, most of the measurements are determined through
the treatment period but knowledge is still limited on animal responses in later life or
impacts on human health and growth. However, there is unanimous agreement that
an ample array of drought-tolerant plants containing effective bioactive compounds,
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DFM, fibrolytic enzymes, and nonprotein nitrogen sources would cost-effectively
modify the ruminal fermentation. Therefore, a combination of two or more of these
rumen modifiers with complementary modes of action may be a promising approach
to optimize the productivity of ruminants in developing countries.
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Chapter 5

Analysis of Inputs Parameters
Used to Estimate Enteric Methane
Emission Factors Applying a Tier 2
Model: Case Study of Native Cattle
in Senegal

Séga Ndao

Abstract

In the context of the Paris Agreement, and considering the importance of
methane emissions from cattle in West Africa, application of a Tier 2 method to esti-
mate enteric methane emission factors is clearly pertinent. The current study has two
purposes. Firstly, it aims to detect how much each input parameter contributes to the
overall uncertainty of enteric methane emission factors for cattle. Secondly, it aims to
identify which input parameters require additional research efforts for strengthening
the evidence base, thus reducing the uncertainty of methane enteric emission factors.
Uncertainty and sensitivity analysis methodologies were applied to input parameters
in the calculation of enteric methane emission factors for lactating cows and adult
male Senegalese native cattle using the IPCC Tier 2 model. The results show that the
IPCC default input parameters, such as the coefficient for calculating net energy for
maintenance (Cf;), digestible energy (DE) and the methane conversion rate (Yy,) are
the first, second and third most important input parameters, respectively, in terms of
their contribution to uncertainty of the enteric methane emission factor. Sensitivity
analysis demonstrated that future research in Senegal should prioritize the develop-
ment of Y,,, Cf; and DE in order to estimate enteric methane emission factors more
accurately and to reduce the uncertainty of the national agricultural greenhouse gas
inventory.

Keywords: uncertainty analysis, sensitivity analysis, Tier 2 model, native cattle,
Senegal

1. Introduction

The important role of the livestock sector in food security is well understood [1].
At the same time, the sector plays a significant role in greenhouse gas emissions to the
atmosphere [2, 3]. Among total agriculture sector emissions (5.4 Gt CO2e), 60% is
due to livestock emission sources, mostly (63%) enteric fermentation [4].
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Within the United Nations Framework Convention on Climate Change
(UNFCCC), developing countries are presently required to submit national GHG
inventory reports through National Communications. These reports are to be pre-
pared following the Intergovernmental Panel on Climate Change (IPCC) Guidelines
for GHG inventories [5]. The 2006 IPCC Guidelines set out three levels (or tiers) of
increasing complexity (called Tiers 1-3) for use by a country. The purpose of the
tiers is to provide unbiased and accurate estimates of national GHG emissions, and
to enable inventory compilers to focus the use of resources on improving accuracy
for key emission categories in the inventory. The Tier 1 method provides default
values for GHG emissions per head of livestock and can reflect only variation in
livestock numbers. The IPCC 2006 Tier 2 method for estimating enteric fermenta-
tion emissions from ruminants is based on net energy estimated using the National
Research Council model [6]. This approach requires details on the characteristics of
livestock sub-categories and their performance, for example, in terms of production
(e.g., milk yield, daily weight gain) and reproduction (e.g., percentage of lactat-
ing cows).

At present, due to the scarcity of appropriate information on agricultural pro-
duction in Sub-Saharan Africa (SSA), most countries in this region use the Tier 1
approach to quantify agricultural GHG emissions [7]. However, adopting the IPCC
Tier 2 methodology can increase the accuracy of emission estimates [8]. In the SSA
region [9, 10], provide enteric methane emission factors (EF) for cattle in South
Africa and Benin, respectively, using the Tier 2 approach. A Tier 2 inventory for dairy
cattle has also been produced by Kenya [11]. Since its second national communication
in 2010, Senegal’s national GHG inventory, prepared by the Ministry of Environment,
has used EFs calculated using a Tier 2 approach.

However, caution is required when applying the IPCC Tier 2 method to livestock
systems in Africa. A recent study reported that the Tier 2 model had low predic-
tive ability when the quality of diet changes [12]. In addition, estimation of enteric
methane through the IPCC Tier 2 model assumes that animal is reared in ad libitum
conditions throughout the year. In extensive livestock systems such as in West Africa,
feedstuffs from grazing resources are typically available in the wet season but is very
scarce during the dry season [13-15].

In recent years, further methods have been developed which allow highly accu-
rate determination of emissions [16-18]. However, for developing countries, these
measurement techniques may be very expensive and require significant knowledge
to implement [19, 20]. Despite its possible shortcomings, therefore, the 2006 IPCC
Tier 2 method is a practical method to estimate enteric methane emissions from cattle
with greater accuracy than the default Tier 1 method [5].

Implementing a detailed uncertainty and sensitivity analysis of the input
parameters in the IPCC Tier 2 model can provide guidance for targeting future
research efforts to improve enteric fermentation estimates, with which to inform
national GHG inventories, Nationally Appropriate Mitigation Actions (NAMAs) and
Nationally Determined Contributions (NDCs).

In this study, the first objective is to use uncertainty analysis (UA) to identify
which input parameters contribute significantly to the overall uncertainty of enteric
methane emission factors estimated using the IPCC Tier 2 model. The second pur-
pose is to apply sensitivity analysis (SA) in order to identify which parameters, need
additional research, thereby increasing the accuracy of enteric methane emission
factors.
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2. Materials and methods
2.1 Location and livestock grazing systems

Senegal is the most westerly country in Africa with a tropical climate. It covers
a surface area of 196,712 square kilometers and has an estimated population of 15.7
million [21]. Approximately 77% of the working population are employed in the
agricultural sector [22]. According to the latest population estimates for the year 2018,
the rural population represents about 53% of the total population [21]. The estimated
ruminant livestock numbers provided by the Senegalese Ministry of Livestock and
Animal Production (MEPA) are 3.6 million cattle, 6.7 million sheep and 5.7 million
goats [23].

Extensive livestock farming systems in Senegal are based on two native cattle
breeds which are found in different agroecological zones. The zebu Gobra (Bos
indicus) and the taurine Ndama (Bos taurus) are mostly raised in the Northern and
the Southern parts of Senegal, respectively [24]. The less common Gobra x Ndama
crossbreed, termed Djakoré cattle, is located in the Senegalese groundnut basin. To
improve national dairy production in Senegal, local cattle breeds are crossed with
exotic dairy breeds e.g., Montbelliard, Holstein, through public funded artificial
insemination campaigns [25]. To our knowledge, the proportion of the cattle breeds
in Senegal has not been officially documented. However, inspection of regional live-
stock data from MEPA and the distribution area of cattle, our approximations suggest
that the zebu Gobra and the taurine Ndama represent 80-90% of the Senegalese cattle
population. In this case study, the zebu Gobra and the taurine Ndama cattle, which
are the two dominant domestic cattle breeds, are considered. Particularly, lactating
cows and adult males are the studied cattle sub-categories.

2.2 Description of the used model

Our evaluation was implemented using the Tier 2 model recommended by IPCC
[5]. This model (Eq. (1)) allows to approximate enteric methane emission factors
(MEF, kg CH4/head/year) which is the output variable. To calculate gross energy
intake (GE, MJ/d), net energy (NE, MJ/d) needed for different metabolic functions
(i.e., maintenance, activity, growth, lactation, work and pregnancy) was predicted
for each cattle subcategory using various formulas presented in the IPCC Guidelines.
The output variable is calculated based on input parameters, such as average live body
weight (LW, kg), average daily weight gain (ADG, kg/day), milk production (Milk,
kg/day), feeding situation, and digestible energy (DE, %). Finally, these parameters
together with the methane (CH4) conversion factor (Ym, %) enable calculation of
net energy (NE, MJ/day), average daily feed intake (in terms of gross energy content,
MJ/d) and the MEF (i.e., output) for each animal sub-category.

EF =[(GE*(Ym/100)#365)/55.65] @)

where:
EF = emission factor, kg CH4 head/yr,
GE = gross energy intake, MJ head/yr,
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Ym = methane conversion factor, per cent of gross energy in feed converted to
methane.
The factor 55.65, (M]J/kg CH4) is the energy content of methane.

2.3 Sources of input data

The data for input parameters used derived mainly from two Livestock Research
Centres (LRC) of the Senegalese Agricultural Research Institute (Institut Sénégalais
de Recherches Agricoles, ISRA, see www.isra.sn): the Centre de Recherches
Zootechniques de Dahra (CRZ-D) and the Centre de Recherches Zootechniques
de Kolda (CRZ-K). These LRCs are located in the Ferlo and the Casamance areas,
respectively. The general focus of these LRCs is to disseminate bulls to Senegalese
family farms, so as to maintain and improve the productivity (milk and meat) of
indigenous cattle. CRZ-D and CRZ-K frequently collect data on reproductive (e.g.,
rank of calving, calving interval) and productive (e.g., LW, ADG, Milk) performance
through surveys and direct measurements implemented as part of research programs
conducted independently or in partnership with international research organizations
(e.g., CIRAD, FAO).

For this study, research reports, theses, publications and data sourced from ISRA
databases (http://intranet.isra.sn/aurifere/opac_css/) were examined for relevant
information. Documents (e.g., annual reports) from the Senegalese Livestock
Ministry (MEPA, http://www.elevage.gouv.sn/) and the National Agency for Statistics

Parameters Symbol Unit References
Gobra cattle Ndama cattle

Coefficient for calculating Net Cf; Mj/d/ [5]

energy for maintenance kg

Activity coefficient corresponding C, Mj/d/ [5]

to animal’s feed situation kg

Average live body weight Lw Kg CRZ-D CRZ-K database
database

Mature live body weight MW Kg From expert From expert opinion
opinion

Average daily weight gain ADG kg/d [26-28] CRZ-K Research reports

Coefficient C dim. [5]

Average daily milk yield Milk kg/d [24] CRZ-K Research reports

Fat content of milk Fat % [29] CRZ-K Research reports

Number of hours of work Hour H CRZ-D CRZ-K research reports
research
reports

Pregnancy coefficient Cp dim. [5]

Methane conversion rates Yo % [5]

Feed Digestibility DE % [5]

d: day; dim.: dimensionless; CRZ-D: Centre de Recherches Zootechniques de Dahva; CRZ-K: Centre de Recherches
Zootechniques de Kolda.

Table1.
Input parameters used to estimate enteric methane emission factors for Gobra and Ndama cattle using the Tier 2
methodology and their sources.
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and Demography (ANSD, http://www.ansd.sn) were also consulted. When country-
specific data was not available, values from the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories was used. Table 1 presents the data sources used to
estimate emission factors for Senegalese cattle breeds.

2.4 Uncertainty and sensitivity analysis procedures

Authors from many scientific fields have described the application of uncertainty
analysis (UA) and sensitivity analysis (SA) procedures to various modeling situations
[30-32] and for a number of purposes [33]. For example, to achieve comprehensive
uncertainty analysis, the 2006 IPCC Guidelines [5] recommend to use the Monte
Carlo (MC) simulation method. The MC methodology is useful for dealing with great
uncertainties, complex models and existing correlations between parameters [34, 35].
However, expanding the MC domain increases the requirements of the user, in terms of
acquiring additional data and designing the analysis, and thus requires strong collabora-
tion between experts [36]. For this present study, analysis of variance (ANOVA) and the
standardized regression coefficient (SRC) were implemented for UA and SA, respectively.

Analysis was applied to emission factors for lactating cows (LC) and adult males
(MA). The latest national communication indicates that these two animal classes are
the largest emission sources among all cattle categories in Senegal [37]. For each of
these animal categories, only the relevant parameters were estimated. For example,
parameters such as milk yield (Milk, kg/day), fat content of milk (Fat, %) and the
coefficient for pregnancy (Cp) were not estimated for MA, while number of hours of
work (Hour, h/day) was not estimated for LC. Hence, 11 and 9 input parameters were
considered for LC and MA, respectively. The number of simulations were 200,000
and 20,000 for LC and MA, respectively. These numbers were assumed to be satisfac-
tory to stabilize the output. Indeed, a 3-level complete factorial design was defined
[38] and considering the K dichotomous input parameters, the design requires 3 K
simulations, i.e., 311 and 39 combinations of values for LC and MA, respectively [39].

2.4.1 Uncertainty analysis

Uncertainty analysis (UA) was applied to the enteric methane emission factors
(MEF) of Senegalese native cattle derived using the IPCC Tier 2 method.

The input parameters characterized were from two main sources, i.e., parameters
with values proposed by the 2006 IPCC Guidelines (PM) and parameters specific to
extensive livestock farming systems in Senegal (PS).

The uncertainties of PM expressed in this study were those taken from the
literature [5, 40]. The uncertainties of PS were not defined in the Senegalese NIR.
Therefore, expert judgment was used to characterize the uncertainty of each PS. To
do this, we proceeded as follows. The average value of each PS was estimated using
livestock data reported from research conducted in Senegal. Then, these values were
shared with national experts for assessment. These national specialists, who had
worked previously on countrywide livestock research programs, suggested standard
deviations around each mean values of PS, and these were used to represent relative
uncertainties of each PS.

Consequently, an uncertainty of +15% around the value of average live weight
(LW, kg) and average daily gain (ADG, kg/day) were assumed. The fitted values of
mature weight (MW, kg) had a relative uncertainty of +25%. Milk production per
lactating cow (Milk, kg/day) reported from the extensive livestock farming systems
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varies widely within and between Senegalese traditional farms, so an uncertainty
range of +20% was assumed, while the value of fat content of milk (Fat, %) was set to
randomly fluctuate by +2%. Regarding feed digestibility (DE, %), an uncertainty of
+15% is most commonly reported in the literature [40-42]. For this study, a value of
+20% was recommended by Senegalese experts, considering the extensive livestock
farming systems, which are largely based on the use of rangeland forage resources.
The probability density functions (PDFs) of all used input parameters is believed to
be symmetrical.

The overall uncertainty in the estimated output is assumed to be normally distrib-
uted, with a 95% confidence interval of plus or minus the uncertainty of the assigned
value for each input parameter. The Tables 2 and 3 list the used values of the input
parameters, for each breed and animal category.

To estimate the specific contribution of each parameter to overall uncertainty
(i.e., uncertainty associated with calculation of enteric methane emission factors),
the analysis of variance (ANOVA) procedure was applied. To do this, the uncertainty
ranges related to the input parameters were used to define the maximum and mini-
mum values of each input parameter. The distributions were defined as uniform
(i-e., normal distributions). Then, using the “runif” instruction, input parameter
values were randomly generated using R software [43]. To mimic the contributions
of the generated values of each input parameter to output uncertainty, the equations
proposed by the IPCC [5] were used. To rank the input parameters according to their
effect on the output, the sums of the squares (Sum Sq) computed by the ANOVA
procedure for each input parameter were divided by the total sums of squares.
Therefore, the results were expressed as a proportion and ordered in terms of percent-
age contribution to output uncertainty, using the instruction order in the R software.
The total uncertainty of enteric methane emission factors was calculated using Rule
A [5], which is approximation approach based on first-order Taylor series expansion,
often referred to as error propagations [44].

Symbol1 Unit Used value’ Uncertainty (+%) Sources of used
uncertainties

Gobra Ndama

ADG kg/day 0.135 0.110 15 Expert opinion
C dimensionless 0.8 0.8 30 [40]

C, MJ/day/kg 0.36 0.36 30 [40]

Cf; MJ/day/kg 0.386 0.386 30 [40]

C, dimensionless 0.10 0.10 10 [40]

DE % 50 50 20 Expert opinion
Fat % 4.7 4.24 2 Expert opinion
Lw kg 250 200 15 Expert opinion
Milk kg/day 0.922 0.870 20 Expert opinion
MW kg 200 180 25 Expert opinion
' % 6.5 6.5 15 [5]

For the definition of symbols, see Table 1.
2For the sources of used values, see Table 1.

Table 2.
Assigned values of input parameters used in the Tier 2 model to assess enteric methane emission factors for Gobra
and Ndama lactating cows.
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Syml:u)l1 Unit Used value’ Uncertainty (+%) Sources of used
uncertainties

Gobra Ndama

ADG kg/day 0.135 0.110 15 Expert opinion
C dimensionless 12 12 30 [40]
o MJ/day/kg 036 036 30 [40]
Cf; MJ/day/kg 0.37 0.37 30 [40]
DE % 50 50 20 Expert opinion
Hour h/day 1.23 1.23 10 Expert opinion
LW kg 300 250 15 Expert opinion
MW kg 200 180 25 Expert opinion
Y % 6.5 6.5 15 [5]

'For the definition of symbols, see Table 1.
2For the sources of used values, see Table 1.

Table 3.
Assigned values of input parameters used in the Tier 2 model to assess enteric methane emission factors for Gobra
and Ndama adult male cattle.

2.4.2 Sensitivity analysis

Some of the SA approach used in this study has been presented previously as a case
study (see https://www.agmrv.org) for the Livestock Research Group of the Global
Research Alliance for Agricultural Greenhouse Gases (https://globalresearchal-
liance.org).

A sensitivity package developed by [45] and implemented in R software was
used to conduct a global sensitivity analysis procedure [46]. First, to generate values
between a minimum and the maximum, we set a range of variation of +20% around
the allocated value of each input parameter, assuming a uniform distribution (with a
95% confidence interval). Second, these values were input into the 2006 IPCC Tier 2
model to generate a range of values for the output. Finally, the standardized regres-
sion coefficient (SRC) was used to obtain sensitivity indices for each input parameter
[47]. The SRC reflects the change in the standard deviation of the MEF when all other
input parameters are fixed and unchanged [48, 49].

3. Results
3.1 Contribution of input parameters to uncertainty

The estimated values of the effect of each input parameter on overall uncertainty
are presented in Tables 4 and 5 for lactating cows and adult males of the Gobra and
Ndama cattle breeds, respectively.

The results show the effect of broad differences in the values for input parameters
used in terms of their influence (expressed as a percentage, %) on overall uncertainty.
The coefficient for maintenance (Cf;) contributes more than 55% of the overall uncer-
tainty. Digestibility (DE) and the methane conversion factor (Ym) were the second
and third most significant input parameters, respectively. The contributions of the
other parameters were less than 10%.
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Species Parameters Sum sq Mean sq Fvalue Pr (>F) Contribution (%)
Gobra Cf; 6302301 6302301 7319021 0.000 58.2
DE 2064336 2064336 2397366 0.000 191
Y 1823864 1823864 2118099 0.000 16.8
a 350673 350673 407245 0.000 32
LW 96244 96244 111770 0.000 0.9
Milk 20210 20210 23470 0.000 0.2
Gy 3330 3330 3867 0.000 0.0
ADG 109 109 127 0.000 0.0
Fat 83 83 96 0.000 0.0
C 66 66 77 0.000 0.0
MwW 16 16 18 0.000 0.0
Residuals 172207 1 NA NA 16
Ndama Cf; 4509591 4509591 6005876 0.000 544
DE 1438224 1438224 1915428 0.000 173
'S 1293936 1293936 1723265 0.000 15.6
Lw 625802 625802 833444 0.000 75
C, 253737 253737 337927 0.000 31
Milk 15579 15579 20748 0.000 0.2
G, 2938 2938 3913 0.000 0.0
Fat 119 119 158 0.000 0.0
MW 72 72 95 0.000 0.0
C 68 68 90 0.000 0.0
ADG 0 0 0 0.659 0.0
Residuals 150164 1 NA NA 1.8

NA: not applicable.

Table 4.

Contribution to the overall uncertainty of input parameters used to calculate enteric methane emission factors for

lactating cows of Senegalese native cattle breeds.

Species Parameters Sum sq Mean sq Fvalue Pr (>F) Contribution (%)
Gobra Cf; 760631 760631 605099 0.000 56.3
DE 216733 216733 172416 0.000 16.0
Y 195408 195408 155451 0.000 14.5
Lw 107049 107049 85160 0.000 79
C, 46181 46181 36738 0.000 34
Hour 646 646 514 0.000 0.0
ADG 8 8 6 0.014 0.0
Cc 2 2 1 0.241 0.0
MW 0 0 0 0.536 0.0
Residuals 25128 1 NA NA 19
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Species Parameters Sum sq Mean sq Fvalue Pr (>F) Contribution (%)
Ndama Cf; 595693 595693 611755 0.000 57.0
DE 161026 161026 165368 0.000 154
Yin 148597 148597 152604 0.000 14.2
LW 82999 82999 85237 0.000 79
C. 37722 37722 38739 0.000 36
Hour 276 276 284 0.000 0.0
MW 14 14 15 0.000 0.0
C 1 1 1 0.273 0.0
ADG 0 0 0 0.746 0.0
Residuals 19465 1 NA NA 19

NA: not applicable.

Table 5.
Contribution to the overall uncertainty of input parameters used to calculate enteric methane emission factors for
adult male Senegalese native cattle breeds.

In general, these results were similar for each animal sub-category of each breed,
although there was some difference in terms of the contribution of these parameters
to overall uncertainty. For example, with respect to lactating cows, the effect of Cf;
on the total uncertainty of the enteric methane EF calculation was greater for Gobra
(58.2%) compared to Ndama (54.4%). By comparison, the contribution of Cf; for
adult males was 57.0% and 56.3% for Ndama and Gobra, respectively.

Species
W Gobra
Ndama

0.4
0.2+ |
6.6 _ _ sl I

Indices

MW C ADG Fat Cp Mik Ca LW DE Cfi Ym
Parameters

Figure 1.
Sensitivity indices based on standardized regression coefficients of input parameters used to calculate enteric
methane emission factors for lactating cows of Senegalese native cattle breeds.
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Figure 2.
Sensitivity indices based on standardized regression coefficients of input parameters used to calculate enteric
methane emission factors for adult males of Senegalese native cattle breeds.

3.2 Sensitivity of used input parameters

Figures 1 and 2 show the standardized regression coefficients (SRC) of each input
parameter used to evaluate the enteric methane emission factors for lactating cows
and adult males of Senegalese native cattle, respectively.

According to the linear regression method implemented, the methane conversion
rate (Y,) and the coefficient for calculating net energy for maintenance (Cf;) are the
parameters with the largest SRC. The results show also the importance of the digest-
ibility of feed (DE%) and liveweight (LW). The rank order in terms of sensitivity was
identical for both cattle breeds and each animal sub-category. Moreover, our results
reveal that among breeds, the SRC obtained for Ndama cattle was slightly larger.
Differences were also observed between sub-categories. Compared to lactating cows,
the SRC was higher for adult male Gobra cattle for parameters such as Yy,, Cf;, and
LW. For lactating cows, compared with adult males, Ym and DE showed more sen-
sitivity for Ndama cattle. However, irrespective of breed or sub-category, the differ-
ences observed between SRC of input parameters did not exceed 8%.

4. Discussion
4.1 Moving to a Tier 2 enteric methane emission factor

To date, because of the scarcity of relevant data in developing countries in the
SSA region, the Tier 1 approach is most commonly used to evaluate enteric methane
emission from livestock [50, 51]. Assessments at the regional level suggest that
Africa has a higher uncertainty for each livestock product compared with Europe
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[52]. Additionally, [8] reported that only about one third of countries located in
developing regions have conducted evaluation of uncertainty in their national
GHG inventory. Considering the absence of reliable information on livestock in the
SSA region, the IPCC Guidelines suggest that the uncertainty of enteric fermenta-
tion emission factors ranges from +30% to +50% for Tier 1 and + 20% for Tier

2 approaches, respectively [5]. Hence, the use of a Tier 2 approach may enable a
decrease in the uncertainty of predicted enteric methane emission factors used in
national GHG inventories [53-55]. In Senegal, the third GHG emission inventory
was submitted to the UNFCCC in 2015 (see https://unfccc.int/documents/89618).
In that inventory, enteric methane emission of cattle was assessed using the Tier

2 methodology. Within the overall emissions from the agricultural sector, enteric
methane was identified as a key source of emissions (accounting for 72% of total
agricultural emissions). Cattle were responsible for 65% of total agricultural emis-
sions. However, uncertainty analysis has not previously been performed on that
national GHG inventory.

4.2 Importance of input parameters

Considering the results of both uncertainty and sensitivity analysis computed
in this study, our calculations indicate that the coefficient of maintenance (Cf;),
the digestibility of feed (DE) and the methane conversion factor (Y;,) are the input
parameters which require further research, because of their influence on the accuracy
of enteric methane emission factors calculated using the 2006 IPCC Tier 2 approach.

The importance of Cf; has been pointed out in previous research conducted in
other regions [41, 42, 53]. The value of Cfi implemented in our assessment was
sourced from the IPCC Guidelines. To our knowledge, studies focusing on this param-
eter are very few, particularly in developing countries, despite the dependence of this
parameter on variation in temperature [5].

The composition of fodder consumed by ruminants is well documented in
Senegal, and the profile of organic matter digestibility (OMd) is available [13-15,
54]. However, there is a need to determine at the national scale, an average value
for OMd which takes into consideration seasonality. To date, the default value for
feed digestibility (DE, %) from the IPCC Guidelines (i.e., 50 + 5%) has always
been applied in the Senegalese national GHG inventory. In general, estimation of
DE is very complex, considering the various factors which need to be taken into
consideration [56-58]. To estimate DE, robust formula needs to be developed
based on numerous data which consider the diversity of diet [59]. For example,
in West African livestock farming systems, the largest proportion of feed is from
natural pastures [60-62]. Cattle herds in this region graze different types of
feedstuffs (e.g., trees, crop residues, woody species, grasses). Throughout the
seasons, the composition of the diet and the nutrient content of feedstuff both
fluctuate [13, 63, 64]. Given the diversity of feedstuff and seasonal fluctuations in
the West African context, determining an annual average value of DE is challeng-
ing. A fixed value for DE is reasonable as it is supposed to represent the annual
average. Additionally, apart from the proposed values of DE in the 2006 IPCC
Guidelines, reports of the value of DE are very limited in the literature, even in
some developed countries. Indeed, with the lack of country-specific data related
to the feeding system, Belgium applies DE values from the Netherlands, assuming
that feed systems are comparable [65]. Slovenia uses a predicted equation sourced
from INRA and German feeding tables [66]. In the national inventory of the UK,
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the DE values applied for dairy cattle were from tables of nutritive value and
chemical composition of feeds, while for beef cattle values were based on expert
opinion [67].

The methane conversion factor (Y, %) is the third parameter which needs to be
better estimated when using the Tier 2 approach. Ym is defined as the percent of gross
energy intake that is converted into methane (kg CH4/kg GEI). The appropriate value
of Ym is the subject of considerable research by scientists [68]. Using a meta-analysis
approach, [69] propose using 8.4 + 0.4% (range 4.8% to 13.7%) for Yy,, while [70] sug-
gest a value which varies from 5.0% to 7.2%. Several countries apply values for Y;, other
than the default values suggested by the 2006 IPCC Guidelines. For example, Croatia
calculated Y;, using a model reported by [56]. Denmark used a value for Yy, for dairy
cattle (ranging from 5.98% to 6.13%) reported by [71].

Hence, in view of the diverse diet composition consumed by cattle over the course
of the seasons in West Africa [72-74], determination of an appropriate value for Ym is
clearly important for estimating the expected enteric methane emission factor using
the IPCC 2006 Tier 2 approach.

In our case, we used expert judgment to characterize the uncertainties of input
parameters. In addition, it is possible that the inputs parameters can be correlated.

In Senegal, due to the scarcity of relevant reports related to the percentage of native
cattle breeds in the total cattle herd, it is probable that uncertainty of activity data is
actually higher than uncertainty of emission factors and should be a priority for GHG
inventory improvement.

5. Conclusions

The purpose of conducting uncertainty and sensitivity analysis was to identify
the most important factors driving emission factors in order to prioritize future
data improvement and research efforts so as to improve livestock GHG emission
estimates and reduce the uncertainty of inventory estimates for Senegal. Having
applied analysis of variance and regression techniques for uncertainty analysis and
sensitivity analysis, respectively, our results suggest that future research should focus
on the estimates of the coefficient of maintenance, feed digestibility and the methane
conversion factor.
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Effect of Various Feed Additives on
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Abstract

Methane gas has a very significant contribution to the increase in greenhouse gases
(GHG) globally. The livestock sector, especially ruminants, causes the issue of increasing
GHG concentrations. The chapter presents the issue of reducing methane gas production
from cattle. Various experiments to reduce methane gas production from ruminants
have been carried out and have shown varying results. This series of results of the
author's research on reducing methane gas production in livestock in beef cattle based
on agriculture by-product to animal feed is addressed with this background. Agriculture
by-products such as oil palm fronds and rice straw can be used to feed beef cattle in
Indonesia. However, agriculture by-product as animal feed can reduce feed efficiency
and increase methane gas production due to the high lignin content. Therefore, various
alternatives are carried out to optimize the utilization of this plantation waste. One of
them is the use of feed additives and methanogenesis inhibitors. The author's series of
research using feed additives (direct-fed microbial) and various methanogenesis inhibi-
tors (plant bioactive compounds and dietary lipids) were tested to determine their effect
on nutrient digestibility and methane gas production in feed based on plantation waste.
Experiments were carried out iz vitro and in vivo on various types of ruminants. Plant
bioactive compounds such as tannins are proven to reduce methane production through
their ability to defaunate in the rumen. Tannins may also have direct effect on methano-
gens and indirectly by reducing fiber digestion. In addition, direct-fed microbial (DFM)
feed additives such as Saccharomyces cerevisiae, Bacillus amyloliquifaciens, and Aspergillus
oryzae can be used in ruminants to increase livestock productivity. Furthermore, virgin
coconut oil as a dietary lipid contains medium-chain fatty acids, mainly lauric acid,
which can inhibit the development of ciliates of protozoa and methanogenic bacteria
that produce methane in the rumen.

Keywords: feed additive, direct fed microbials, virgin coconut oils,
tannins and saponin, methane emissions, beef cattle, ammoniated palm frond
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1. Introduction

The main problem in the development of ruminant livestock production in
Indonesia, such as beef cattle, is the difficulty of meeting the availability of forage
sustainably, both in quality and quantity. Therefore, the use of plantation waste such
as palm fronds, rice straw as animal feed is an alternative that can be done to over-
come the problem of feed availability. The utilization of plantation waste as ruminant
feed is still minimal due to the high content of lignin [1] which causes low digestibility
[1-3]. To optimize plantation waste as animal feed, it is necessary to combine process-
ing techniques and optimize bioprocesses in the rumen [3], which aims to increase the
microbial population and streamline the fermentation process in the rumen.

Supplementation of direct-fed microbial (DFM) and methanogenesis inhibitors is
a way that can be done to increase the efficiency of rumen fermentation [3-5]. DFM is
a feed additive product that contains a source of live microorganisms [6], can modify
the rumen ecosystem [7], synthesize nutrients so that their availability can increase
livestock growth [8]. S. cerevisiae is one of the DFM microbes that can be added
together with other bacteria and fungi such as Aspergillus sp. and Bacillus sp. [3]. The
administration of S. cerevisiae as an additive to live microbes into the body will affect
the host by improving the balance of rumen microorganisms [9]. S. cerevisiae can
compete with starch bacteria [10].

High-fiber feeds such as plantation waste reduce not only the efficiency of
feed use [11] but also increase the production of methane gas (CH4) [12]. In the
livestock sector, methane is one of the gaseous products of fermented feed ingre-
dients by rumen microbes. Ruminants account for more than 75% of methane
emissions from total greenhouse emissions [13]. The release of methane causes an
increase in the concentration of CH4 in the air and causes energy loss of 6-13%
from the feed [14]. Many livestock nutritionists try to reduce methane produc-
tion because they feel responsible for the contribution of the livestock sector to
atmospheric pollution by methane, as one of the pollutants that is always associ-
ated with global warming [15]. Decreased methane production in the rumen is
closely related to the metabolic activity of protozoa [16]. Ciliated protozoa in the
rumen are in symbiosis with methane bacteria, so that by reducing the population
of ciliated protozoa, it will reduce the availability of hydrogen for the formation
of methane [17].

Tannins are plant bioactive compounds that can reduce methane production
because they act as protozoal defaunation agents [18]. The results of the meta-
analysis of in vivo experiments with tannins reported by Jayanegara et al., [19]
revealed that the concentration of tannins is closely related to the production of
CH4 produced. Different sources of tannins have been shown to have different
impacts on CH4 production. This is probably because the composition and types
of tannins [12] are different from different sources. In addition to tannins, Virgin
coconut oil (VCO) contains many medium-chain fatty acids (MCFA). Medium-
chain fatty acids (MCFA) are known to have a high potential to suppress rumen
methanogenic bacteria [20]. The most abundant MCFA in VCO was lauric acid
(C12: 0) 51.95% [21]. Solivaet al., [22] stated that lauric acid (C12: 0) is more
effective in suppressing methanogenesis than myristic acid (C14: 0). The ability
of VCO to modify the rumen ecosystem depends on the level of its addition in the
feed [23]. The high lauric acid content in VCO will allow VCO to have the ability as
a defaunation agent against ciliated protozoa and inhibit archaea methanogens in
the rumen.
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Based on the description above, this chapter book presents several reviews of
the results of the author’s research, which combines a combination of processing
techniques and optimization of bioprocesses in the rumen to increase the value of
benefits from plantation waste that can be packaged into complete quality rations,
able to increase livestock productivity and reduce beef cattle methane production.

2. Direct fed microbial and virgin coconut oils on methane gas production
2.1 Effect direct-fed microbes on rumen microbial population

Direct-fed microbes (DFM) have comparable results to probiotics. DFM is a feed
product that contains a source of live microorganisms [6]. DFM is commonly used as
a supplement to increase livestock production. DFM commonly used in ruminants is
yeast. DFM works to modify the rumen ecosystem to create an optimal environment
for the development of rumen microbes. The provision of DFM as an additive to live
microbes in the feed will affect the host by improving the balance of rumen microor-
ganisms [9].

The three-stage series of research has been conducted by Suryani et al., [3]. Phase
[ is a research aimed at optimizing the bioprocess in the rumen through DFM to
increase the rumen microbial population. Three types of DFM were used, namely
Saccharomyces cerevisiae, Aspergillus oryzae, and Bacillus amyloliquefacien. The
substrate used was based on palm frond, which had previously been ammoniated
using 6% urea. The evaluation was carried out iz vitro [24] to determine nutrient
degradation and rumen fermentability. The effect of DFM supplementation on rumen
fermentability [3] is shown in Table 1.

The results showed that DFM supplementation in feed based on plantation waste
in the form of ammoniated palm frond could increase rumen fermentability. The

Treatments Parameters
VFA (mM) NH; (mM) Bacteria population (cell mL™?)

PO 108.35° 12.28¢ 1.61x10%
P1 130.69 14.97° 249 x 107
P2 125.10% 14.47° 2.37x10%
P3 123.24% 13.73" 240 x 10
P4 126.97" 15.25° 241x10%
P5 13255 15.75° 2.55x10%
P6 121.38¢ 13.06% 235x10%
P7 121.38¢ 12,78 1.93x10%
SE 1.806 0.425 333

Source: Suryani et al., 2016, DOI: 10.3923/pjn.2017.599.604

Numbers followed by different lowercase letters in the same column (a, b, ¢, d, and e) were significantly different

(P < 0.05), SC: Saccharomyces cerevisiae, AO: Aspergillus oryzae, BA: Bacillus amilolyquifaciens, PO: Ammoniated
palm fronds, P1: PO + SC (1%), P2: PO + AO (1%), P3: PO + BA (1%), P4: PO + SC (0.5%) + AO (0.5%), P5:

PO + SC (0.5%) + BA (0.5%), P6: PO + AO (0.5%) + BA (0.5%), P7: PO + SC (0.3%) + AO (0.3%) + BA (0.3%),
supplementation of DEM % on dry matter basis;

Table 1.
Supplementation of DFM in ammoniated palm fronds on fermentability and bacteria population in vitro.
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bacterial population increased from 1.61 x 10° to 2.35 x 10° cell mL-1. These results are
following the results of research [1, 9] where the addition of probiotics in the ration
can stimulate the development of microbes in the rumen and increase the digestibility
of food in livestock. The way yeast works in the rumen can utilize oxygen to ensure
anaerobic conditions for rumen bacteria and stimulate specific rumen bacterial
populations [25] (Figure 1). However, there was a tendency for the bacterial popula-
tion to decrease in the combination supplementation of three types of DFM (P7).

It was suspected that there was an accumulation of rumen microbial growth so that
bacteria in the rumen competed in digesting feed. The total NH3 and VFA concentra-
tions increased from 12.28 mM to 14.28 mM and 108.35 mM to 125.90 mM. Desnoyers
et al., [26] stated that yeast supplementation could increase the concentration of VFA
(2.1 mmol L-1) and decrease the concentration of lactate.

Furthermore, DFM fungal A. oryzae can reduce oxygen in the rumen [27]. This
situation was followed by increased ammonia and lactic acid utilization so that the
rumen pH was stable. Anaerobic conditions and stable rumen pH allow more optimal
microbial protein synthesis so that the total population of rumen bacteria increases
and the digestibility of crude fiber increases. Increased digestibility of crude fiber will
increase the consumption and supply of nutrients to the intestines, so that it is expected
to increase the overall response of livestock production. Meanwhile, B. amylolyquifaciens
DFM can produce cellulase enzymes [28], so when yeast is combined with fungal or
bacterial DFM, it can increase rumen fermentation with high VFA results. The increase
in rumen fermentability was also followed by dry matter and organic matter digestibility
which increased from 47.5% (without DFM) to 51.55% (with DFM) and 48.89% to
52.41% [3]. DFMS. cerevisiae can be used individually or in combination with A. oryzae
or B. amylolyquifaciens. However, when viewed from the average value produced, the
S. cerevisiae + B. amylolyquifaciens combination gave the best rumen digestibility and

z Increase
| Enhanced NH, | microbials protein
> utilization » synthesis —
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3 Increase feed
Yeast Stimulation rumen Increase bacteria intake and
culture > bacteria > population = nutrient supplay

to intestines

A L y
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Enhanced lactate _T Increase fiber -
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Figure 1.

Mode of action DFM in the rumen.
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fermentability results. This is because S. cerevisiae can produce growth factors for micro-
bial growth from organic acids, B vitamins, and amino acids to stimulate rumen micro-
bial activity and development [29]. A brief diagram illustrating the working principle of
DFM in the rumen. It can be seen in Figure 1 [25] modified.

Yeast culture uses oxygen to metabolize feed particles into sugars and oligosac-
charides to produce peptides and amino acids as end products used by bacteria. Most
rumen microorganisms are anaerobic, so the utilization of oxygen by yeast culture
will increase the optimum conditions in the rumen. These conditions will protect the
anaerobic rumen bacteria from damage by O2. They created better conditions for the
growth of cellulolytic bacteria so that the number of cellulolytic bacteria increases
and improves digestion in the rumen [30].

Yeast activity as DFM can regulate rumen biological activity by stimulating lactic
acid utilization and reducing ammonia production, so that rumen pH is stable and
increases nutrient absorption and VFA profile [31]. Supplementation can support
livestock productivity by increasing intestinal development, mucosal immunity,
nutrient absorption, and inhibiting pathogenic bacteria. This will have an impact on
improving livestock health and performance [32].

2.2 Effect virgin coconut oils on methane gas concentration

In another study, to streamline the digestive process in the rumen, Suryani et
al., [3] continued the best DFM results from the 1st stage of the experiment to be
combined with methane emission reducers. Virgin coconut oil (VCO), rich in MCFA,
is used to reduce methane emissions. VCO is oil produced from fresh coconuts. VCO
contains lauric acid (C12:0), which effectively suppresses methanogenic bacteria and
rumen protozoa [5]. The VCO used in this study contained lauric acid (C12: 0) 51.95%
[21] (Figure 2).

The purpose of this experiment is to get the best VCO level combined with the best
type of DFM stage 1 on ammoniated palm fronds. The three VCO levels tested were
2, 3, and 4% DM. The two best types of DFM from stage 1 used as controls were S.
cerevisiae and S. cerevisiae + B. amyloliquifaciens 1% DM. Experiments were carried out
in vitro according to the method [24].

The effect of combined VCO and DFM supplementation on methane gas concen-
tration and rumen protozoa population iz vitro on ammoniated palm frond-based
feed can be seen in Table 2, Figures 3 and 4.

100%
o 80% - Long Chain Unsaterated
3]
g- ai% ¥ Long Chain Saturated
;E = ¥ Medium Chain Saturated
20%
0% -

VCO

Figure 2.
Fatty acid composition of VCO.
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Treatments CH, (ml/gDM) Protozoa (cell/mL-1)
P1: SC 1% + 0% VCO 21.74 £+ 116 708x10* + 0.23
P2:SC 0.5% + BA 0.5% + 0% VCO 2294 + 0.84 723x10* £ 0.36
P3:SC 1% + 2% VCO 11.78 + 0.62 1.92x10* £ 0.09
P4: SC 0.5% + BA 0.5% + 2% VCO 12.92 + 0.22 2.23x10*+ 0.09
P5: SC 1% + 3% VCO 11.87+ 0.79 1.97x10* + 0.09
P6: SC 0.5% + BA 0.5% + 3% VCO 12.58 £ 0.15 265x10* £ 0.15
P7:SC 1% + 4% VCO 12.75+0.93 3.38x10*+ 0.09
P8: SC 0.5% + BA 0.5% + 4% VCO 13.49 + 0.09 3.28x10*+ 0.15

Note. Substrate based on Ammoniated palm frond treated with 6% urea, DFM supplementation and VCO level on
dry matter basis, SC: Saccharomyces cerevisiae, AO: Aspergillus oryzae BA: Bacillus amilolyquifaciens, VCO: Virgin
coconut oils;

Table 2.
Production of methane (CH,) and protozoa population from the fermentation of ammoniated palm fronds in
vitro in the rumen for each DFM type level and VCO levels.

25.00
E‘ 20.00 - ¢ CH4 (ml/g DM)
a
g et —— Poly. (CH4 (ml/g
E 10.00 DM))
e y = 1.2682x2 - 7.3160x + 22.281

0.00 ‘ : 1

0 2 4 6

VCO Levels (%)

Figure 3.
The relationship between DFM + VCO levels and methane production from rumen fermentation of
ammeoniated palm frond during 48 hours incubation.

The results of the orthogonal polynomial test show a quadratic relationship
(P < 0.05) between the level of VCO (X, %) and the concentration of methane gas in
the rumen (Y, mM) with the equationy = 1.2682x2-7.3169 + 22.281 and the coefficient
of determination R* = 0.98137 (Figure 3).

Based on the orthogonal polynomial test, methane gas concentration at the level of 2%
VCO addition with DFM S. cerevisiae and S. cerevisiae + B. amyloliquifaciens decreased by
48.11% and 43.67%, respectively. The addition of a 3% VCO level also decreased methane
gas concentration compared to without supplementation and resulted in an average of
11.87 mM and 12.58 mM. The decrease in methane gas concentration occurs because VCO
is rich in MCFA, mainly lauric acid (C12:0) (Figure 2), which is effective in suppressing
methanogenic bacteria and rumen protozoa [5]. Lauric acid is the most toxic to protozoa
[33] and is the most potent antiprotozoal that inhibits ciliated protozoa’s growth and
activity (mainly Entodinium spp.) [22]. The decrease in ciliate protozoa population due
to defaunation causes a decrease in the symbiosis between ciliate protozoa and methano-
gens, thereby reducing the availability of hydrogen for methane formation [17].
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Figure 4.
The relationship between DFM + VCO levels and the population of protozoa produced by fermenting the rumen
of ammoniated palm frond during 48 hours of incubation.

Furthermore, Dohmet et al., [33] reported that lauric acid (C12:0) and myristic
acid (C14:0) could reduce methanogenesis in the rumen and significantly reduce total
methanogenic bacteria. This result is also supported by Machmuller ez al., [20]. The
effect of coconut oil supplementation is to reduce methane by inhibiting the meta-
bolic activity of archaea methanogens directly in the rumen.

Supplementation of S. cerevisiae and VCO DFM at all levels (P3, P5, and P7) can
reduce methane cocntentration better than the combination of DFM S. cerevisiae + B.
amyloliquifaciens and VCO at all levels (P4, P6, and P8). This indicates that when S. cere-
visiae type DFM combined with VCO can support a decrease in methane concentration
in rumen fermentation activity, this is also suspected because S. cerevisiae as DFM also
can reduce methane. Yeast supplementation can also stimulate acetogenins to compete
for hydrogen with methanogens, thereby reducing methane emissions [34].

The results of the orthogonal polynomial test give a quadratic relationship
between the VCO level (X, %) and the protozoa population (Y, cell/mL-1), the Eq.

Y = 0.7546x2-3.9464x + 7.1323 and the coefficient of determination (R2) = 0.98564 is
shown on Figure 4. The average population of protozoa with the addition of VCO in
the rumen can be seen in Table 3.

Based on the orthogonal polynomial test, the protozoa population decreased with
VCO supplementation. Supplementation of 2% and 3% VCO (P3,P4,P5,P6) on palm
fronds with the addition of DFM S. cerevisiae and S. cerevisiae + B. amyloliquifaciens
reduced the protozoa population by 72.88%, 69.15%, 72, 17 and 63.32%, respectively.
This result was also followed by a decrease in methane gas concentartion in this treat-
ment. Protozoa populations are closely related to rumen methane production [35]. 7
to 37% of methanogens live in symbiosis with protozoa in the rumen [5]. The results
of this combination of DFM and VCO supplementation resulted in a decrease in the
percentage of protozoa population, which was the same as that obtained by Kongmun
et al. [36] that the protozoa decreased 68-75% by supplementing with 7% coconut oil.
Furthermore, this result is greater than that obtained [37] that coconut oil and lauric
acid supplementation reduced the protozoan population by up to 40%.

Meanwhile, total protozoa (especially Entodinium spp) decreased by 96% due to
lauric acid supplementation compared to myrystic acid on a concentrate rich sub-
strate [38]. This indicates that DFM supplementation in high-fiber feeds such as palm
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Variables Treatments SE
A B C D

DM Intake (kg day™) 316° 3.01° 299 257 0.143
DM/BW®” (gkg  bwt.>”d™) 79.94% 7568 7424 6736 1.790
OM Intake (kg/h/d) 393 374 372 319° 0.017
OM /BW°” (g kg " bwt.*” d™) 99.28 9714* 93.98 83.65" 1.504
ADG (kg day™) 0.53° 0.63 0.63 071 0.007
Feed Efficiency (%) 16.96° 20.84° 21.34° 2777 0.311
Methane production (L day™) 109.01° 103.27° 102.61° 86.52° 0.501
Nitrogen intake (g day™) 59.20° 56.34° 55.96° 47.84° 0.815
Nitrogen retention (g day™) 50.51° 4799 4716" 3723 0.797

Source: Suryani et al., 2017, http://dx.doi.org/10.3923/ pjn.2017.599.604.

Numbers followed by different lowercase letters (a, b, c) in the same row are significantly different (P < 0.05), A: 100%
Complete feed, B: A + 1% SC, C: A + 0.5% SC + 0.5% BA, D: A + 2% VCO + 1% SC. DM: Dry matter, OM: Organic
matter, BW: Body weight, ADG: Average daily gain, SC: Saccharomyces cerevisiae, BA: Bacillus amilolyquifaciens,
VCO: Virgin coconut oils;

Table 3.
Effect of DFM and VCO supplementation on consumption, ADG, efficiency, and methane production of Bali
cattle.

oil plantation waste plays an important role in modifying the rumen ecosystem so
that the addition of VCO at the right level can reduce the concentration of methane
and protozoa without reducing nutrient degradation. From the results of this study, it
is recommended that 2% VCO be used for cattle in vivo because levels 3 and 4% give
almost the same average results.

In other studies, Suryani et al [24] continued the experimental in vitro studies of
stages I and II into a complete ration formulation based on ammoniated palm fronds
prepared with a TDN content of 63.28%. In vivo tests were carried out using 16 Bali
cattle to determine the effect of adding DFM S. cerevisiae, S. cerevisiae + B. amyloliqui-

faciens, and S. cerevisiae + 2% VCO on livestock productivity. Blood samples were col-
lected to determine the effect of DFM and VCO supplementation on the blood profile.
Blood samples were taken once before the cattle were fed in the morning (fasting).
Blood samples were taken through the jugular vein using a 10 ml capacity syringe and
placed in a vacutainer. Blood serum was separated using centrifugation at 3000 rpm
for 10 minutes. Analysis of glucose levels, total protein, urea, BUN, albumin, triglyc-
erides, total cholesterol, HDL, and LDL was carried out using the HumaStar 80®
Auto Analyzer. A statistical test was carried out to determine the effect of treatment
on the observed parameters, using a variance according to the design used. If there
was a significant effect, it was continued with Duncan’s test [39].

The effect of DFM and VCO supplementation on Bali cattle on performance and
methane gas production [21] is shown in Table 3.

DFM and VCO supplementation decreased methane production by 5.26, 5.87, and
20.63% respectively. The highest ration efficiency was in DFM S. cerevisiae + 2% VCO
supplementation, followed by ADG at 0.70 (kg/h/d) and decreased methane produc-
tion by 20.63% [21]. DFM yeast was reported to have the ability to reduce methane
production by 28% [40]. Yeast supplementation could also stimulate acetogens to
compete for hydrogen with methanogens, thereby reducing methane emissions [41].
With reduced methane production in the rumen, it can increase feed energy, which
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positively affects livestock performance. This can be seen from the decrease in DM
and OM consumption but can increase Efficiency and ADG. The digestibility of

DM, OM, NDF, ADF, Cellulose, and TDN also increased with DFM supplementation
and the combination of DFM S. cerevisiae + VCO [21]. The mechanism of DFM can
reduce methane production, presumably because DFM microorganisms can stimu-
late the development of rumen microbes in digesting feed so that fermentation of
carbohydrates in the rumen results in high production of propionate. In the rumen,
propionate production requires H2 bound to glucose which is described in the follow-
ing equation.

C6H1206 +2H2 —2CH3CH2COOH +4H?2

Therefore, to reduce hydrogen production to methane, hydrogen must be switched
to propionate production via lactate or fumarate [42]. H2 and CO?2 are substrates
used to form methane. According to Wilkie [43] the role of hydrogen in the methane
production process is as a source of electrons, so the low level of H2 in the rumen is
an indication of activity using H2 to reduce CO2 to CH. In addition, to form one mole
of CH4 requires four moles of H2. The rate of H2 utilization is four times the rate of
methane production so that H2 in the rumen never accumulates. The following is the
stoichiometry of the carbohydrate fermentation reaction in producing methane gas in
the rumen:

4H2+C0O2 - CH4 +2H20

The effect of DFM and VCO supplementation on Bali cattle on blood profile can be
seen in Table 4.

The results showed that DFM and VCO supplementation had a very significant
effect (p < 0.05) in reducing cholesterol, LDL and increasing HDL blood levels of Bali

Variables Treatments SE
A B C D

Cholesterol (mg/dl) 13718 124.25" 122.00° 108.69° 1.508
Triglycerides (mg/dl) 87.29 89.08 95.70 108.49 3.305
LDL (mg/dl) 76.14% 72.49° 70.43° 6718° 0.501
HDL (mg/dl) 184.00° 170.07° 168.05 147.00° 1.814
Urea (mg/dl) 29.42 24.53 24.06 19.53 0.954
Protein (g/dl) 6.17 6.99 718 766 0.226
Albumin (g/dl 313 331 345 3.56 0.046
Glucose (mg/dl) 70.09 73.75 76.69 80.08 0.679

Numbers followed by different lowercase letters (a, b, c) in the same row are significantly different (P < 0.05), A: 100%
Complete feed, B: A + 1% SC, C: A + 0.5% SC + 0.5% BA, D: A + 2% VCO + 1% SC. DFM: Direct fed microbials,

SC: Saccharomyces cerevisiae, BA: Bacillus amilolyquifaciens, VCO: Virgin coconut oils, LDL: low density lipoprotein,
HDL: high density lipoprotein.

Table 4.
Blood profile of complete diet based on ammoniated palm fronds supplemented with DFM and VCO.
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cattle. DFM and VCO supplementation had no significant effect (P > 0.05) on triglyc-
erides, urea, protein, albumin, and glucose. VCO contains MCFA, which is a saturated
fatty acid (Figure 1), its addition in the ration if consumed by livestock can help lower
cholesterol because of the nature of this fatty acid, which can be absorbed directly by
the animal’s body so that it does not cause fat accumulation that causes cholesterol.
This is supported by Fernando et al. [44], which states that MCFA is directly converted
into energy in the liver and increases metabolic rate, and reduces fat deposits in the
body. MCFA has a very high solubility in water and requires fewer digestive enzymes,
making it burnt into energy. MCFA is burned to produce energy and encourages the
combustion of LCFA [45]. So there is a significant decrease in the amount of LDL and
is followed by an increase in HDL in the blood. The calories contained are also lower
than long-chain fatty acids [46]. Reducing fat deposits in the body can lower LDL
cholesterol and increase HDL cholesterol [47].

This study can conclude that individual S. cerevisiae DFM supplementation and
S. cevevisiae + B. amyloliquifaciens combination can optimize bioprocesses in the rumen.
VCO supplementation level of 2% can be used to suppress methane production.
Supplementation of S. cerevisiae type DFM and 2% VCO level can be considered to
optimize bioprocesses in the rumen, increasing performance and reducing methane
production in Bali cattle fed complete rations based on ammoniated palm fronds.

3. Effect of different source tannins on methane gas production

Bioactive compounds, including polyphenols, carotenoids, omega-3 fatty acids,
vitamins, organic acids, nucleotides, and nucleosides, have attracted significant atten-
tion for their role in preventing several chronic diseases in humans. In animal hus-
bandry, especially ruminant nutrition, bioactive plant polyphenolic compounds such
as tannins and saponins have been studied extensively for optimizing bioprocesses in
the rumen through feed manipulation. Manipulation of feed using tannins as an agent
of rumen defaunation is one way to overcome global climate change due to the effects
of greenhouse gases, one of which is caused by methane gas from ruminants [18].
Feeds containing tannins will be anti-nutrients that limit livestock production when
the crude protein concentration in the feed is high because it can reduce the absorp-
tion of amino acids [48]. Tannins can also cause poisoning if consumed by livestock
in excess, and there are many iz vitro and in vivo studies that describe the methane
inhibitory effect of tannins [19]. The study results Staerfl e al. [49] proved that the
use of tannins could reduce CH4 emissions by up to 36% in bulls fed grass, corn
silage, and concentrate rations. Not many studies have explored the use of tannins in
feed based on plantation waste. Therefore, the authors are interested in conducting
a series of experiments using tannins from different sources. Plant bioactive com-
pounds used are tannins derived from gambir leaves waste (GLW) and obtained from
two different sources or areas, namely GLW Payahkumbuh and Painan. GLW was
added at different levels (10, 15, 20%) to the ammonium palm midrib substrate with
the addition of 4% urea [50]. Experiments were carried out iz vitro and in vivo.

In another in vitro study in the same group, the authors also tried to compare
Gliricidia sepium in animal feed based on rice straw plantation waste [51]. Gliricidia
sepium is a bioactive plant compound containing thick tannins and saponins capable
of modifying the number of rumen microbes such as archaea, protozoa, and fibrio-
lytic bacteria that affect the fermentative process and production of methane gas [52].
The study was conducted iz vitro. Complete feed is prepared based on ammoniated
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rice straw. Three levels of Gliricidia sepium tested were 10, 20, and 30% DM basis.
The study results, the effect of different sources and levels of tannins on dry matter
digestibility (DM), organic matter (OM), methane gas concentration, protozoa, and
bacteria can be seen in Table 5.

The results showed that different sources and doses of tannins proved to have
different effects on decreasing methane production [50]. The iz vitro study results
showed that supplementation of 15% GLW and 10% GLW, which had a total tan-
nin concentration of 12.5 and 15.6% dry matter, respectively, could reduce methane
gas concentration by 53% and 45% compared to control. The decrease in methane
gas was followed by a decrease in the protozoa population by 53.89% compared to
control. Different levels and sources of GLW had no significant effect (P > 0.05)
on the total bacterial population. However, there is a tendency for the bacterial
population to increase as the population of protozoa and methane decreases. Tannins
decrease methane production by reducing methanogenic bacteria and protozoa
[53]. Furthermore, it was reported that condensed tannins extracted from different
plants had different effects on rumen fermentation characteristics. This is because
it is associated with different chemical structures and molecular weights [54, 55].
Condensed tannins extracted from different plants have varied activities in binding
carbohydrates and proteins [56].

Furthermore, the in vitro results of the addition of GLW as a source of tannins
were tested in vivo on three Simmental cattle [12] with a weight ranging between
179 and 190 kg using the BSL design. The results showed that two sources of tannin
levels could increase nutrient digestibility but had no effect on protein digestibility,

Treatments DM (%) OM(%) Protozoapopulation CH, VFA Total A:PRatio
(cellmL-1) (ml/gDM) (mM)
TO 48.45° 51.34° 11.43x10* 27.22° 71.00° 398
Bl 51.59° 5417° 2.3x10%* 23.64 83.70% 2.70°
B2 52.09° 57.30% 1.4 x10* 1267 95.78 3.5
B3 50.93% 5315 48x10%® 13.14° 65.94° 338%
C1 51.08® 54.16% 47x10% 1513° 75.49% 2.58°
2 50.69%° 52.83% 93x10%* 1712° 79.40% 365
C3 4865 51.04° 8.8x10% 21.90° 62.44° 3.40°
A 58,83¢ 59.50c 6.3x10™ 272 72.00 214°
B 62.5° 63.72b 58x10%® 21.46 74.25 1.50°
C 66.33 68.66a 49x10% 16.27 75.45 170
D 68.54° 69.50a 47x10* 14.14° 76.8 133°

Sources: Ningrat et al., 2017; DOI: 10.3923/ajas.2017.47.53; Zain et al., 2020; DOI:10.18517/ijaseit.10.2.11242.
Different superscripts in the same column highly significant effect (p < 0.05), TO: Oil palm frond ammoniated previously
treated by 4% urea as control, B1: A + 10% GLW Payakumbuh, B2: A + 15% GLW Payakumbuh, B3: A + 20% GLW
Payakumbuh, C1: A + 10% GLW Painan, C2: A + 15% GLW Painan, C3: A + 20% GLW Painan. A: 40% ammoniated
rice straw +60% concentrate, B: 40% ammoniated rice straw +50% concentrate + 10% Gliricidia sepium, C: 40%
ammoniated rice straw +40% concentrate +20% Gliricidia sepium, D: 40% ammoniated rice straw +30%, DM: Dry
matter, OM: Organic matter, VFA: Volatile fatty acid, GLW: gambir leaves waste;

Table 5.

Effect different sources and doses of tannin on dry matter (DM), ovganic matter (OM), protozoa population,
methane (CH,) production, VFA total, and acetate: Propionate ratio based on agriculture by-product as feed in
the rumen.
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urinary allantoin, and nutrient consumption. The addition of 15% GLW tannins and
10% GLW Painan in the ration significantly increased ADG and decreased methane
production compared to controls, namely 0.65, 0.90, 0.92 kg/day, and 2.48, 1.28,
1.26 MJ/day [12]. Saponins contained in GLW can increase the efficiency of rumen
fermentation through the mechanism of reducing the population of protozoa [57].
The decrease in the protozoa population will cause the availability of H2 for metha-
nogens to decrease [58]. The reduction in protozoa population supports stabilization
of rumen pH and an increase in the population of cellulolytic microorganisms. Thus,
decreased methanogenesis will increase the efficiency of digestibility in high fiber
rations and livestock performance.

The addition of G. sepium in the diet resulted in a decrease in methane produc-
tion and the highest protozoa population at the levels of 20 and 30%, namely 12.67,
13.16 mM, and 4.9 x 105, 4.7 x 105 cell/ml in vitro. However, there was no significant
difference (P > 0.05) between the two levels. The treatment had no significant effect
(p > 0.05) on total VFA, acetate, butyrate, valerate + isovalerate + isobutyrate. Acetate
propionate ratio decreased respectively to 2.14, 1.50, 1.70, 1.33. The propionate concen-
tration increased by 43.87% compared to the control, and there was no significant dif-
ference (P > 0.05) between levels of gliricidia addition [51]. Plant bioactive compound
Gliricidia sepium contains tannins and saponins, which effectively reduce the popula-
tion of protozoa and methane production. The feed used in this study was based on
agricultural waste with high fiber content. In addition to saponin’s structure, which can
affect protozoa’s activity, the type of feed given can also affect the fermentation process
in the rumen [59]. In the study Zain ez al., [51] the types of protozoa that survived the
addition of Gliricidia sepium were not identified. However, the results obtained showed
that the saponins and tannins in Gliricidia sepium could inhibit certain types of proto-
zoa that cause a decrease in protozoa population in the rumen. The decrease in methane
production and the protozoa population with 20 and 30% Gliricidia sepium can increase
the digestibility of dry matter and organic matter produced [51].

The potential of plant bioactive compounds such as tannins and saponins as
defaunation agents and reducing methane emissions can be combined with direct-
fed microbes. There is not much literature on decreasing methane production that
combines the two in vivo studies. In vitro studies Arowolo et al. [60] stated that there
is a synergistic effect between probiotics and plant bioactive compounds simultane-
ously to stabilize the rumen fermentation process and reduce methane production.
However, it still requires further studies at the iz vivo level. Based on these results,
Ningrat et al. [61] conducted a test of Gliricidia sepium and DFM S. cerevisiae supple-
mentation to improve the performance of Simmental cattle while reducing methane
gas production. It was found that the combined supplementation of 1% SC and 15%
Gliricidia sepium significantly increased the digestibility of DM, and OM, ADG, and
methane gas production compared to S. cerevisiae and Gliricidia sepium supplemen-
tation individually. The decrease in methane production with the addition of SC,
GLW, and the combination of S. cerevisiae + Gliricidia sepium respectively 1.42, 1.35,
and 1.02 MJ.day-1 [61]. These results prove that yeast culture can work synergisti-
cally when combined with reducing agents. Emissions of methane plant bioactive
compounds such as tannins and saponins. Tannin compounds inhibit the activity
of methanogens [62] and can defaunate [63]. Pineiro-Vazquezet al. [64] reported
the results of an iz vivo evaluation showing the effect of 80% Leucaena sp. (21%
condensed tannins) in the diet composition was able to reduce methane emissions by
61.3% without affecting nutrient intake and VFA production in the Bos taurus x Bos
indicus cross.
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4, Conclusion

In conclusion, the overall reduction in methane production in agriculture by-
products as feed-based beef cattle can be made by improving feed quality through
a combination of processing techniques and efforts to optimize bioprocesses in the
rumen, which include supplementation of feed additives such as direct-fed microbi-
als, methanogenesis inhibitors and plant bioactive compounds. Supplementation of
DFM type S. cerevisiae 1% combined with 2% VCO can reduce methane production by
20.36% and increase ADG by 0.70 kg/day in Bali cattle. Plant bioactive compounds,
especially tannins from Gliricidia sepium, can be used up to 15% in amniotic palm
frond-based rations. Gliricidia sepium, which contains tannins and saponins at levels
of 20 and 30% dry matter in complete rations, can also reduce methane, protozoa
population and increase livestock performance. The combination of DFM S. cerevisiae
and Gliricidia sepium can also be used to reduce methane gas production in Simmental
cattle fed complete feed based on 46.61% amniotic palm fronds compared to controls.
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Chapter7

Nutritional Interventions to Reduce
Methane Emissions in Ruminants

Lipismita Samal and Susanta Kumar Dash

Abstract

Methane is the single largest source of anthropogenic greenhouse gases produced in
ruminants. As global warming is a main concern, the interest in mitigation strategies for
ruminant derived methane has strongly increased over the last years. Methane is a natural
by-product of anaerobic microbial (bacteria, archaea, protozoa, and fungi) fermenta-
tion of carbohydrates and, to a lesser extent, amino acids in the rumen. This gaseous
compound is the most prominent hydrogen sink product synthesized in the rumen. It is
formed by the archaea, the so-called methanogens, which utilize excessive ruminal hydro-
gen. Different nutritional strategies to reduce methane production in ruminants have been
investigated such as dietary manipulations, plant extracts, lipids and lipid by-products,
plant secondary metabolites, flavonoids, phenolic acid, statins, prebiotics, probiotics, etc.
With the range of technical options suggested above, it is possible to develop best nutri-
tional strategies to reduce the ill effects of livestock on global warming. These nutritional
strategies seem to be the most developed means in mitigating methane from enteric
fermentation in ruminants and some are ready to be applied in the field at the moment.

Keywords: methane, rumen fermentation, greenhouse gases, climate change,
mitigation strategies

1. Introduction

Methane is the single largest source of anthropogenic greenhouse gases (GHG)
produced in agricultural systems, especially in ruminant husbandry. It is estimated
that 18% of the annual GHG emissions come from different types of livestock and that
37% of methane (CH,4) comes from fermentation processes in ruminants. As global
warming is a main concern, the interest in mitigation strategies for ruminant derived
methane is strongly increased over the last years. Enteric methane (~87%) is produced
in rumen, the remaining 13% being released from fermentation in the large intestine
[1]. Methane is a natural by-product of microbial fermentation of carbohydrates and,
to a lesser extent, amino acids in the rumen. In rumen, the diverse and dense microbial
populations consisting of protozoa, fungi and bacteria act on feed particles to degrade
plant polysaccharides and produce volatile fatty acids (VFAs; mainly acetate, propio-
nate and butyrate) and gases (CO, and H,) as main end products. Methanogens use the
excess of H, from NADH (reduced form of nicotinamide adenine dinucleotide) and
CO, as the principal substrates to produce CH,. About 82% of the CH, formed comes
from H, reduction of CO,, while about 18% is derived from formate. However, two
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genera of methanogens: the Methanosarcina and Methanosaeta can convert acetate to
CO; and CHy, (acetoclastic methanogenesis) [2]. Since methane contains energy, its
emission during rumen fermentation is considered to be a loss of feed energy that is
equivalent to 2-12% of dietary gross energy of animal feed.

2. Greenhouse gas effect

Since last few decades, the increased emission of GHG in the atmosphere has
drawn worldwide attention due to global warming and stratospheric ozone depletion.
The absorption and emission of infrared radiation by these atmospheric gases warm
earth’s surface and lower atmosphere. It ultimately leads to increased air, land and
ocean temperatures and which in turn can increase annual precipitation in high rain-
fall regions and decrease precipitation in regions of low rainfall [3]. Global warming
is the increase in average temperature of the earth’s near-surface air and ocean since
the mid-twentieth century and its projected continuation. In the twentieth century,
average atmospheric temperature near the surface of the earth rose by 0.6 + 0.2°C
from 14°C. It is estimated that global temperature would increase by 1.4-5.8°C
between 1990 and 2100. The Intergovernmental Panel on Climate Change (IPCC)
concludes that most of the temperature increases since the mid-twentieth century is
‘very likely’ due to the increase in anthropogenic GHG concentrations.

The IPCC included six gases as GHG viz. CO,, CHy, nitrous oxide (N,0), hydro-
flurocarbons, perflurocarbons and sulfur hexafluoride (SFg). The first three gases in
the atmosphere are produced as a result of agricultural and livestock activities. While
CO; represents 73.5% of the total GHG, CH,4, N;O and others represent 16.8%, 8.7%
and 0.7% respectively. Since 1950, atmospheric CO, has increased 28%, while CH,4
has increased 70%. Methane, over the first 20 years after release, has 80-times more
warming potential as a GHG than CO, [4]. Methane is also considered a highly potent
GHG because of its ability to trap infrared radiation 20 times more effectively than
CO; [5]. The warming potential of CO,, CH, and N,O is 1, 23 and 298, respectively.
However, the life span of CH, in the atmosphere is 12 years while those of CO, and
N0 is 100 and 120 years respectively.

3. Livestock role in climate change

India possesses about one fifth of the world’s total livestock population, which is
being held responsible for the large contribution to the GHG emission. The livestock
industry contributes ~18% of global GHG emissions. It accounts for 35% of CH,4, 9%
of CO, and 65% of human-related N,O emissions [6]. Enteric fermentation [7] and
storage of slurry [6] are the main sources of anthropogenic CH, emissions. The output
of methane emitted from ruminants accounts for one fifth of that in atmosphere.
Methane emissions from ruminant livestock (cattle, buffalo, sheep and goat) were
estimated at ~2.2 billion tonnes of CO, equivalent, accounting for ~80% of agricul-
tural CH, and 37% of the total anthropogenic CH, emissions [8].

4. Rumen fermentation and methanogenesis

Digestion of feed in the rumen is the result of anaerobic fermentation involving
various groups of microbes (bacteria, archaea, protozoa, and fungi). Methane is
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formed by the archaea, the so-called methanogens, which utilize excessive ruminal H,.
The activity of Hy-utilizing methanogenic archaea in rumen reduces the end product
inhibition of H,, thereby allowing more rapid fermentation of feed. Methane keeps
the partial pressure of H, in the rumen contents very low, promoting the regeneration
of reduced pyridine nucleotides by H, gas formation through hydrogenase activity
instead of formation of lactate and ethanol by alcohol- or lactate-dehydrogenases.
Even a small amount of H; in rumen can limit the oxidation of sugar, VFAs conversion
and hydrogenase activity, if alternative pathways for disposal are absent [9].

The major factors influencing CH, emissions from ruminants are: (a) level of feed
intake, (b) type of carbohydrates fed and (c) alteration of the ruminal microflora.
When CH, reduction is attempted, it is therefore necessary to consider alternative
hydrogen sinks to methanogenesis. Methanogenesis is the primary pathway followed by
propionate production (fumarate reduction). Thus, a strategy for methane mitigation
should be developed concomitantly with a strategy to enhance propionate production.

5. Nutritional interventions to reduce enteric methane emission

Nutritional strategies seem to be the most developed means in mitigating CH,
from enteric fermentation in ruminants. Modes of action could be direct effects on
methanogens [by medium-chain fatty acids (MCFA)], anti-protozoal effects [by
saponins, MCFA and polyunsaturated fatty acids (PUFA)] or inhibiting organic mat-
ter (especially fiber) digestion followed by a lower H, supply to the methanogens [by
condensed tannins (CT), MCFA, PUFA].

5.1 Manipulating nutrient composition of the diet

The feed quality and feed digestibility are the major determinants of energy avail-
able for animal growth and, therefore, of the performance of ruminants and of CH,4
production. Types and dietary proportions of carbohydrates are largely affecting
ruminal fermentation conditions (especially pH), VFA profile and, concomitantly, CH,
formation. The efficiency of nutrient utilization by microbial organisms in the rumen
controls the fermentation process, which in turn affects the activity of methanogens
relative to other microbial species. The forage-based diets result in generally higher
enteric CH, formation than concentrates (grain-based feeds) in the diet. Dairy cows
emitted less enteric CH, when fed a corn-based diet compared to ryegrass hay [10].

Starch, the main component of concentrate-rich diets, is mostly degradable to pro-
pionate which is a competitive H; sink to methanogenesis. In contrast, concentrates
rich in sugars might have a higher methanogenic potential than starch or even fiber in
dairy cows [11, 12], but this presumably only when a high ruminal pH is maintained
[13]. An in vitro study [13] with starch and sucrose at different ruminal pH levels
showed a higher CH, formation for sucrose, especially at high ruminal pH. This was
mainly due to an increase in fiber digestion with the addition of sucrose. Diets con-
taining feeds with elevated contents of distinct carbohydrates have gained attention
in reducing CH, emissions. Grass cultivars selected for high contents of sugar (e.g.,
high-sugar ryegrass) might be an option for enteric CH, mitigation. However, grass-
based feeding systems compared to those including maize silage have been reported
to result in higher CH, emissions per unit of animal product [13]. Dohme-Meier
et al. [14] observed that even feeding hay with a medium water-soluble carbohydrate
(WSC) content (16%) can lead to a ruminal pH of <6 to which the methanogens are
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susceptible. When the ruminal pH is unaltered by feeding different grasses, metha-
nogenesis could be increased by extra WSC and then sugars exhibit a higher metha-
nogenic potential than starch [15]. There will be higher methane emission when WSC
replaces the rumen degradable protein instead of fiber [16].

Forage quality can be improved through feeding forages with lower fiber and
higher soluble carbohydrates, changing from C4 tropical grasses to C3 temperate spe-
cies, or grazing less mature pastures. These options can also reduce CH, production
[13]. Methane production per unit of cellulose digested has been shown to be 3 times
that of hemicellulose, while cellulose and hemicelluloses ferment at a slower rate than
non-structural carbohydrate, thus yielding more CH, per unit of substrate digested
[17]. Methane emissions are also commonly lower with higher proportions of forage
legumes in the diet, partly due to lower fiber content, faster rate of passage and, in
some cases, the presence of condensed tannins [13].

5.2 Supplementation of lipids and lipid by-products
5.2.1 Dietary lipids

The use of lipids is considered as one of the promising dietary alternatives to depress
ruminal methanogenesis. The effectiveness of fat supplementation depends mainly
on the fat source, fatty acid profile, form of fat and the amount of supplemented fat
[13]. Possible mechanisms by which added lipid can reduce enteric methane produc-
tion include: (a) by reduction of fiber digestion (mainly in long-chain fatty acids); (b)
by lowering of dry matter intake (if total dietary fat exceeds 6-7%); (c) by decreasing
organic matter fermentation (d) through direct inhibition of activities of different
microbes including methanogens and hydrogen producing microorganisms; (e)
through suppression of rumen protozoa; and (f) to a limited extent through biohydro-
genation of unsaturated fatty acids which serve as a hydrogen sink, although only 1-2%
of the metabolic hydrogen in the rumen is used for this purpose [13, 17]. Fat can reduce
CH, emissions by 4-5% (g/kg DMI) for every 1% increase in the fat content of the diet.
Addition of different vegetable oils (soybean, coconut, canola, rapeseed, sunflower,
linseed etc.) to ruminant diets have been shown to reduce CH, production between 18%
and 62% in Rusitec fermenters [18], sheep [19], beef cattle [20] and dairy cows [21].
Beauchemin et al. [13] estimated a reduction of enteric CH, formation of 0.56% per
g of lipid supplied per kg diet DM. Plant oils rich in MCFA such as coconut oil [major
component is lauric acid (C14:0)] are known to inhibit rumen methanogenesis [18].
The addition of coconut oil to forage and concentrate rations supplemented to Charolais
steers showed a reduction in voluntary intake and protozoa population and this was
reflected in low CH, emissions, without affecting livestock production [22]. The lauric
acid (C14:0) is more potent in CH, reduction than palmitic (C16:0), stearic (C18:0)
and linoleic (C18:2) fatty acids in a semicontinuous fermenter that simulates the rumen
(RUSITEC) [18]. A similar reduction in CH, was observed in batch cultures, in which
coconut oil and lauric acid were directly compared. It showed that lauric acid inhib-
ited methanogenesis to a greater extent [23]. The ability of lauric acid to decrease cell
viability of Methanobrevibacter ruminantium has been reported [24]. The lauric acid
treatment, possibly through its effect on protozoa physically associated with archaea,
resulted in an increase in the archaeal methanogenic genus Methanosphaera and a
decrease in Methanobrevibacter [25]. Besides lauric acid, other MCFA such as myristic
acid, or a combination of both and PUFA like linolenic acid and linoleic acid were
shown to be effective, but might also negatively influence feed intake and digestibility.
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The vegetable and fish oils significantly decreased CH, production after 14 d but not
after 11 weeks of feeding in dairy cows [26]. However, persistence of the mitigating
effect of dietary oil was observed in the study of Martin et al. [27] with flaxseed in dairy
cows. Meta-analyses by Moate et al. [28] documented a consistent decrease in CH, pro-
duction with fat supplementation. Other studies have reported a 27% reduction in CH,
emission with the supplementation of fish oil and sunflower oil 500 mg/d each when
fed to dairy cows in short periods (14 days) [26]. The reduction in methanogesis with
oils/lipids appears to be the result of inhibition of microbial flora especially protozoa.

5.2.2 Lipid by-products

High-oil by-products from the biofuel industries such as dry distillers grains
(DDG), wet distillers grains (WDG), dry distillers grains with solubles (DDGS), wet
distillers grains with solubles (WDGS) and mechanically extracted oilseed meals are
natural anti-methanogenic unconventional feeds. There was decrease in methane emis-
sion up to 24% when barley was replaced by DDG thereby supplementing an additional
3% lipid to the dietary DM in beef cattle [29]. Hales et al. [30] fed diets containing 0
to 45% WDGS (substituting steam-flaked corn) to Jersey steers and observed a linear
increase in CH, emission per unit of DMI (up to 64% increase with the highest inclu-
sion rate). Another product of the biodiesel industry, glycerol, has been shown to pro-
mote CH, production during ruminal fermentation in vitro. The inclusion of glycerol as
a major component of the diet has been reported in beef cattle [31, 32], and inclusions
of 10-20% in diet DM have been used without negatively affecting lamb performance
[33]. When included up to 21% of diet DM, glycerol did not affect nutrient digestibility
or CH, emissions of lambs fed barley-based finishing diets [34].

5.3 Plant secondary metabolites

Plant secondary metabolites (PSM) are groups of chemical bioactive compounds
[tannins, saponins, essential oils (EO), alkaloids, flavonoids, glucosides, amines,
non-protein amino acids, organosulfur compounds] in plants that are not involved
in the primary biochemical processes of growth and reproduction but are meant for
protection of the host plant against invasion by the pathogenic microbes. This highly
specific anti-microbial activity is being exploited to modulate the rumen microbial
ecosystem to alter rumen fermentation thereby decreasing methane production.

5.3.1 Tannins

Tannins are plant polyphenols of varying molecular size and exist in two forms
in plants: hydrolysable tannin (HT) and condensed tannin (CT). Tannins, as feed
supplements or as tanniferous plants have shown potential for reducing CH, emission
by up to 20% [35]. Different types of tannin containing forages decreased CH, emis-
sion in vitro. The CH, inhibiting potential of tannins might be due to a direct effect
on ruminal methanogens and an indirect effect on lower feed degradation leading to a
decreased hydrogen production. Tannins and phenolic monomers have been found to
be toxic for some of the rumen microbes, especially ciliate protozoa, fiber degrading
bacteria and methanogenic archaea, and as a result methanogenesis in the rumen can
also be reduced. The anti-methanogenic effect of tannins depends on its dietary con-
centration and is positively related to the number of hydroxyl groups in their struc-
ture. The hydrolyzable tannins tend to act by directly inhibiting rumen methanogens
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whereas the effect of condensed tannins (CT) on CH, production is more through
inhibition of fiber digestion. In many studies (in vitro and in vivo) it has been dem-
onstrated that with temperate legumes (Hedysarium covonarium, Lespedeza cuneata,
Lotus corniculatus and Lotus uliginosus) and tropical legumes (Calliandra calothyrsus,
Flemingia macrophylla) that contain CT, it is possible to reduce methanogenesis. The
methane suppression effect of CT containing legumes, such as Lotus pedunculatus

or Acacia mearnsii, relative to forages without tannins has been shown in sheep [36],
cows [37] and goats [38]. Ficus bengalensis, Autocarous integrifolis and Azadirachta
indica had also been shown to reduce methane production [39]. Ramirez-Restrepo
and Barry [36] indicated that the CT-rich legumes such as L. corniculatus and sulla
(Hedysarum coronarium) showed reduced methane production relative to forages
without tannins (Chicorium intybus). In goats fed with the CT containing forage
Sericea lespedeza, Puchala et al. [40] observed a reduction in CHy loss of over 30%.
Methanol extract of harad (Terminalia chebula) caused 95% reduction in CH, produc-
tion in vitro at the level of 0.25 ml/30 ml incubation medium and complete inhibition
was observed when the level of extract was double [41]. In goats consuming different
levels of CT from Lespedeza striata, there was a reduction in the emission of CHy,
while in the same study feeding Sorghum bicolor with lower levels of CT showed no
reduction of enteric production of CH, [38].

5.3.2 Saponins

Saponins are naturally occurring surface-active glycosides with foaming character-
istics, present in many plant species, wild plants as well as, cultivated crops. They usu-
ally consist of a sugar moiety linked to a hydrophobic compound, either triterpenoid
or steroid in nature. Saponins reduce CH, production via inhibition of either protozoa
or methanogens or both. These inhibited protozoa at relatively low concentrations
whereas higher concentrations were required to kill or suppress methanogenic archaea.
McAllister and Newbold [9] have suggested that a decrease in methanogens associated
with protozoa as exo- and endosymbionts could be the main mechanism by which
saponin feeding reduces methanogenesis and methanogens associated with protozoa
are estimated to be responsible for 9-37% of the total CH, production in the rumen.
Anti-methanogenic activity of saponins is believed to occur by limiting hydrogen
availability to methanogens and re-channeling of metabolic hydrogen from methane
to propionate production in the rumen. In addition, saponins, due to their chemical
structure, may display anti-bacterial properties by reducing the number of bacteria
producing H, thus resulting in the inhibition of H, production thereby reducing CH,
formation. Goel and Makkar [42] summarized that there was no difference in the
CH, mitigation effect between steroidal saponins (Yucca schidigera) and triterpenoid
saponins (Quillaja saponaria). Studies from China have reported decreased CH, in
ruminants treated with tea triterpenoid saponins (TS) but also substantial changes
in microbial populations, including a reduction in protozoal counts [43]. Therefore,
areduction in the rumen protozoa population as a result of inclusion of TS in the diet
could result in a decrease in enteric CH, production. Zhou et al. [44] reported that
addition of TS reduced CH, production mainly by inhibiting protozoa, increasing
molar proportions of propionate and decreasing acetate/propionate ratio without
adversely altering relative ruminal abundance of fungi and cellulolytic bacteria.
According to Lila et al. [45], supplementation of feed rations consisting of meadow hay
and concentrate with saponins reduces CH, production in steers by 12.7%, while in the
in vitro conditions during 24 h incubation, the reduction amounted ~15-44%. Hess et
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al. [46] reported that the daily CH, production was reduced by 6.5% due to supplemen-
tation of Sapindus saponaria fruits in sheep receiving tropical grass hay-concentrate
diet. Hess et al. [47] found that supplementation with S. saponaria saponin at 100 mg/g
DM reduces methanogenesis by about 20% with no influence on the population of
methanogens in the in vitro conditions. Wang et al. [48] reported a decreased CH,4
formation when feeding sarsaponins to sheep (0.13 g/kg diet). Saponins from Sapindus
murkossi extracted with the use of ethanol, more effectively affect the process of metha-
nogenesis in comparison to water and methanol extracts [49]. High effectiveness in the
reduction of CH, production in the rumen ecosystem is possible to achieve also with
the use of unextracted plant saponins, provided in the form of leaves or seeds (Sesbana
sesban; Trigonella foenum-graecum). Seeds of temperate climate legumes (e.g., lupines,
peas) are known to contain certain levels of tannins, and also of saponins.

5.3.3 Essential oils

Approximately 10-25% reduction of methane may be achievable through the
addition of dietary oils in ruminants [13]. The CH, mitigating effect of essential oils
might be due to suppression of methanogens. Another effect is the increase in the
propionate-to-acetate ratio resulting in lower amounts of H, available. Plant breeding
may in future offer opportunities to increase oil levels in selected forages and therefore
increase oil intake directly as animals graze. Clear CH, mitigating effects were found in
several in vitro studies when supplementing essential oils from garlic, thyme, oregano,
cinnamon, rhubarb, frangula, etc. Garlic oil (principal component is diallyl disul-
fide), cinnamon oil (principal component is cinnamaldehyde), clove bud (principal
component is eugenol), hot peppers (principal component is capsaicin) and anise oil
may reduce methane production in the rumen by increasing the propionate-to-acetate
ratio [50]. A study showed the potential anti-methanogenic properties of cashew nut
shell liquid (active components are anacardic acid, cardanol and cardol), when added
to batch cultures at the rate of 200 pg/ml of incubated volume [51]. A commercial
blend of essential oils failed to decrease CH, production in vivo despite decreasing the
digestibility of all nutrients [20]. The lack of response in vivo is partly attributed to the
adaptation of microbes, but also to the use of lower doses compared to those in the in
vitro experiments. The mustard seed oil and Japanese horseradish oil contain volatile
compounds i.e. allyl isothiocyanate which has been reported to decrease CH, produc-
tion in vitro. Use of peppermint oil (Mentha piperita) in low concentration of 1 or
2 pl/l, respectively resulted in linear reduction in methanogenesis (61%) together with
the limitation on the number of methanogens (82%) and a decrease in the protozoan
activity measured by *C-radio-isotopic technique [49]. Some researchers carried out
a phylogenetic analysis of the rumen ecosystem and reported a tendency towards an
increase in the diversity of methanogens in comparison to Methanosphaera stadtmanae,
M. smithii and some uncultured groups with cinnamaldehyde, garlic and juniper berry
oil supplementation [52]. When ajwain oil and lemon grass oil in 1: 1 ratio @ 0.05%
of dry matter intake were fed to buffalo calves, methane production (L/kg digestible
organic matter intake) was reduced by 16.7% [53] and feeding of these additives did
not affect feed intake, rumen pH, or rumen metabolites [54].

5.3.4 Combination of diffevent plant secondary metabolites

When EO-rich garlic and saponin-rich soapnut in 2:1 ratio @ 2% of DMI were
fed to buffalo calves, methane production (L/kg digestible organic matter intake)
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was reduced by 12.9% [53] and feeding of these additives did not affect feed intake,
rumen pH, or rumen metabolites except ammonia and enzyme profile [54].

When EO-rich garlic, saponin-rich soapnut, tannin-rich harad and EO-rich ajwain
in 2:1:1:1 ratio@ 1% of DMI were fed to buffalo calves, methane production (L/kg
digestible organic matter intake) was reduced by 8.4% [53] and feeding of these addi-
tives did not affect feed intake, rumen pH, or rumen metabolites except ammonia and
enzyme profile [54].

5.4 Flavonoids

Oskoueian et al. [55] evaluated the effects of different flavonoids such as flavone,
myricetin, naringin, catechin, rutin, quercetin, and kaempferol at the concentration of
4.5% of the substrate (dry matter basis) on the rumen microbial activity in vitro. These
flavonoids suppressed CH, production significantly (P < 0.05). Total populations of
protozoa and methanogens were significantly (P < 0.05) suppressed by naringin and
quercetin. The researchers concluded that naringin and quercetin at the concentration
of 4.5% of the substrate (dry matter basis) were potential metabolites to suppress CH,
production without any negative effects on rumen microbial fermentation.

5.5 Phenolic acid

Caffeic acid (CA), a phenolic acid, serves as a promising rumen CH, inhibitor. It
modulates methanogenesis and rumen fermentation mainly by affecting the growth
of cellulolytic bacteria in vitro [56]. Kayembe et al. [57] reported the order of toxic-
ity to methanogens by different phenolic monomers as follows: benzene > phenol >
resorcinol > hydroquinone > pyrogallol which is attributed to the number of hydroxyl
groups on the aromatic compound. Increase in the number of hydroxyl groups leads
to decrease in toxicity to methanogens.

5.6 Statins

Fungal statins are used in human beings to reduce cholesterolemia. They inhibit
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase which is a key
enzyme in the cholesterol production pathway [58]. Unlike bacteria, archaea need
HMG-CoA reductase for their membrane lipid synthesis. So, it has been hypoth-
esized that statins can inhibit archaea by inhibiting HMG-CoA reductase [59, 60].
The effects of statins on methanogenesis and overall rumen fermentation vary
depending on statin type and concentration. Hydrophobic statins, such as simv-
astatin and atorvastatin, seem to be more effective compared to the hydrophilic
statins, such as rosuvastatin [61]. Several in vitro and in vivo studies have examined
the potential of statins such as lovastatin and mevastatin to reduce rumen CH, pro-
duction, but results were inconclusive [62, 63]. The concentrations of statins that
decreased CH, production without negative effects on rumen fermentation spanned
a wide range [64, 65].

5.7 Other metabolites

Methane inhibition has been demonstrated with dietary supplementation of vari-
ous plant extracts, without identification of the active agents. Broudiscou et al. [66]
investigated the effect of 13 plant extracts in continuous culture and showed that
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Equisetum arvense and S. officinalis had possible inhibitory effect on CH, produc-
tion. Patra et al. [41] studied the effect of water, methanol and ethanol extracts of
Acacia concinna, T. chebula, T. bellivica, Emblica officinalis and A. indica in vitro and
observed reduction in CH, production by T. chebula. A similar study [67] comparing
Y. schidigera extract to Castanea sativa wood extract (containing HT and lignan) in
in vitro rumen models showed effects on CH, production only at very high levels.
Although rich in a long list of plant secondary metabolites, macahypocotyls and
lupine seeds had no effect on enteric CH, formation [68]. Lupine seeds promoted
methanogenesis in relation to the energy content of the diet as the increase per unit
of SCFA shows when feeding about 200 g lupine seeds/kg DM to sheep [69].
European scientists screened 500 plant species for their ability to inhibit CH, pro-

duction and selected 7 novel plants i.e. Italian plumeless thistle (Carduus pycnocepha-
lus, 30% inhibition), the Chinese peony (Paeonia lactiflora, 8-53%), the European
aspen (Populus tremula, 25%), the sweet cherry (Prunus avium, 20%), goat willow
(Salix caprea, 30%), English oak (Quercus pedunculata, 25%) and Sikkim rhubarb
(Rheum nobile, 25%). Carduus and Rheum species were evaluated in a RUSITEC
analysis. On a high forage diet, 16 and 22% inhibition of methanogenesis was noted,
while less inhibition (5 and 15% respectively, not significant) was observed on a high
concentrate diet. Japanese researchers [70] reported that plant-derived liquid (PDL)
and yeast-derived surfactant (YDS) induced >95% reduction in CH4 production in
batch cultures and >70% in RUSITEC analysis. The PDL contains anacardic acid,

a salicylic acid derivative with an alkyl group that inhibits Gram-positive bacteria
including bacilli and staphylococci. Anacardic acid was suggested to be a propionate
enhancer. The YDS disrupts the cell walls of Gram-positive rumen bacteria. Hydrogen
and formate producers viz. Ruminococcus flavefaciens, Ruminococcus albus, Butyrivibrio
fibrisolvens and Eubacterium ruminantium were sensitive and propionate and succi-
nate producers viz. Selenomonas ruminantium, Megasphaera elsedenii and Succinivibrio
dextrinosolvens were tolerant to PDL and YDS. So, the rumen fermentation is shifted
towards more propionate and less CH, production. Sheep that were fed a diet supple-
mented with PDL or YDS showed a fermentation pattern that was similar to that
observed in RUSITEC and was accompanied by similar bacterial population shifts.
Spanghero et al. [71] examined the chemical composition and rumen fermentability
of grape seeds in vitro. Grape seeds are characterized by high levels of total phenols
and total tannins [71] which might result in anti-methanogenic effects. Hop cones are
feeds rich in specific plant secondary metabolites especially acids like humulones and
lupulones. These acids are known to have anti-microbial effects [48]. Nevertheless, in
vitro ruminal fermentation (e.g. increased gas production and VFA) was affected by
hop addition [48]. In contrast, hop cones neither affected rumen fermentative activity
nor incubation liquid ammonia nor CH, formation [72].

5.8 Prebiotics

In ruminants, prebiotics can be used along with nitrate and probiotics to reduce
CH, production. They enhance propionate production by stimulating Selenomonas,
Succinomonas and Megasphera sp. and decrease acetate production by inhibiting
Ruminococcus and Butyrivibrio sp. [73]. Administration of galacto-oligosaccharides
(GOS) decreased nitrite accumulation in rumen and plasma and nitrate-induced
methemoglobin, while retaining low CH, production. 11% reduction in CH, emission
(liters/day) in GOS supplemented diet compared to control diet has been reported [74].
Inclusion of GOS increased propionate production and decreased CH, formation [75].
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5.9 Direct-fed microbials or probiotics

These are microbial feed additives that have been developed to improve animal
productivity by directly influencing rumen fermentation. Several in vitro studies
have demonstrated that probiotics can reduce CH, production [76]. Probiotics used in
ruminant nutrition are yeast-based products (YP). Convincing animal data on YP for
mitigating CH, production are lacking. Researchers also inoculated the rumen with
fungi (Candida kefyr) and lactic acid bacteria (Lactococcus lactis) along with nitrate
supplementation to control methanogenesis and prevent nitrite formation, but no
consistent animal data have been reported [77].

5.9.1 Yeast culture

Yeast cultures (i.e., Saccharomyces cerevisiae and Aspergillus oryzae) reduce CHy
production in three ways; (i) by reducing protozoa numbers, (ii) by increasing
butyrate or propionate production and (iii) by stimulation of acetogens to compete
with methanogens or to co-metabolize hydrogen, thereby decreasing CH, forma-
tion. However, the effects of probiotics may be diet-dependent. Carro et al. [78]
observed reduction in CH, production and protozoa numbers when supplemented
Rusitec fermenters with S. cerevisiae culture with a forage 50:concentrate 50 diet, but
no effects were found with a forage 70:concentrate 30 diet. Lynch and Martin [79]
reported 20% reduction in CH, production after 48 h of incubation with S. cerevisiae
culture in an in vitro system. Frumholtz et al. [76] observed 50% decrease in CH,
production when supplemented Rusitec fermenters with A. oryzae culture. Mwenya
etal. [73] reported that sheep fed 70:30 forage:concentrate diet produced 10% less
CH, when received daily 4 g of yeast culture. In contrast, Mathieu et al. [80] reported
that S. cerevisiae and A. oryzae did not affect CH4 production in sheep fed 44:66
forage:concentrate diet. However, results are inconsistent and further research is
required to screen a large number of yeast strains to isolate those with significant CH,
abatement potential.

5.9.2 Acetogens

Reductive acetogens are bacteria present in adult ruminants that reduce two moles
of CO; to acetate by oxidation of H, in rumen unlike hydrogenotrophic methanogens,
which utilize H; to reduce CO, to CH,, So, acetogens are in direct competition with
the methanogens. However, the affinity of the reductive acetogens for H, is 10-100
times lower than the hydrogenotrophic methanogens and the low partial pressure
of H, in the rumen is not conducive for the acetogens to grow autotrophically [81].
So, while acetogens are present in the rumen, methanogens effectively outcompete
them for hydrogen [9]. Acetogenic bacteria demonstrate higher population densities
and an ability to be dominant under some conditions (e.g., in some macropods) [82].
Acetogenic bacteria are present in the rumen at population densities which may reach
that of methanogens but despite their presence, reductive acetogenesis is extremely
difficult to induce in the rumen. When methanogens are inhibited from the rumen
by some means, they are capable of using this excess hydrogen to form acetate.
Researchers are investigating these reactions with the aim of survival of acetogenic
bacteria in the rumen and hence the displacement of methanogenic bacteria. An alter-
native approach would be to screen a range of acetogenic bacteria for their activity
in rumen fluid and to introduce the acetogens into the rumen as a feed supplement.
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Lopez et al. [83] reported that Eubacterium limosum ATCC 8486 and Ser 5 increased
acetate production and decreased H, formation when they were added to cultures of
mixed ruminal microorganisms along with 2-bromoethanesulfonic acid (BES). Ina
rumen fistulated wether with continuous infusion of a 2-BES solution showed adapta-
tion by methanogens after initial inhibition but use of cattle caecal contents, which
contained acetogens, removed this adaptation effect [84]. Nollet et al. [81] reported
that addition of Peptostreptococcus productus to BES-treated ruminal samples
inhibited CH, production. On the basis of feed intake, VFAs, population density and
hydrogen utilization pattern, it was suggested that reductive acetogenesis can sustain
a functional rumen in the absence of methanogens [85].

5.9.3 Methane oxidizers

Methanotrophs or methane oxidizing bacteria are a unique group of methylotro-
phic bacteria. They require CHy as their carbon and energy source. So, they can be
used as direct-fed microbial preparations. The oxidation reaction will compete with
the CH, production and this reaction is a strictly anaerobic process [86]. Therefore,
methane oxidizers from gut and non-gut sources could be screened for their activity
in rumen.

5.9.4 Bacteriocins

Bacteriocins are narrow spectrum anti-bacterial proteinaceous polymeric sub-
stances and are produced by different Gram-positive and Gram-negative bacteria.
They are under the control of plasmid. They compete with microbial species for
niches within the rumen system. So, they could be effective in inhibiting methano-
gens and redirecting H, to other reductive bacteria like acetogens and propionate
producers [9]. Some bacteriocins produced by lactic acid bacteria have been identified
as an alternative group of anti-microbials for manipulation of the rumen microbial
ecosystem [87]. The first described bacteriocin, nisin that is produced by L. lactis
ssp. lactis, has a methane-mitigating ability that was observed in a monensin-supple-
mented in vitro culture (20% inhibition without a negative effect on VFA production)
[88]. Although no mechanism was proposed to explain its effect on rumen bacteria,
nisin potentiates propionate production and possibly shows selective activity against
Gram-positive rumen bacteria. Nisin is active even at low pH, decreases the acetate to
propionate ratio. It has been reported that 36% methanogenesis was reduced by using
nisin [88]. A combination of nisin and nitrate, an alternative electron receptor, has
been reported to reduce CH, emissions in sheep [89]. Alazzeh et al. [90] reported that
the use of some strains of propionibacteria have the potential to lower CH, produc-
tion from mixed rumen cultures and this reduction is not always associated with an
increase in propionate production. Klieve and Hegarty [91] suggested that bacte-
riocins could be used to decrease ruminal CH, production in vivo. But rather than
using bacteriocins of exogenous origin, it is advantageous to use bacteriocin of rumen
origin. Bovicin HCS, the semi-purified bacteriocin produced by Streptococcus bovis
HCS from the rumen, has been reported to suppress CH4 production by 50% in vitro
[92], and even low concentration of bovicin HC5 (128 activity units ml™?) may be
equally as useful as monensin in limiting CH, production in the rumen [92, 93]. The
CH, content declined with pediocin, enterocin and combinations of both after 24 h
incubation. Pediocin P1 and P2 decreased (P < 0.05) CH, level by 4.81% and 5.08%,
respectively when compared to control and combinations of bacteriocin.
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5.9.5 Fungal metabolites

Secondary fungal metabolites from Monascus spp. reduced enteric CH, emissions
in sheep by 30%, decreased acetate to propionate ratio and reduced methanogen
numbers in a short-term trial [65]. The red macroalgae or seaweed (Asparagopsis
taxiformis) when added at 2% of substrate organic matter, decreased CH, emissions
by 99% without reducing substrate digestibility or VFA production in laboratory
rumen fermentation cultures [24]. A. taxiformis decreased enteric CH, production
from sheep [94] and beef steers [95].

5.9.6 Methane reducing species

Mitsuokella jalaludinii has been demonstrated as an efficient CH, reducing agent
in the rumen by competing with methanogens for hydrogen, necessary for growth by
both [96]. M. jalaludinii decreases CH, production and improves rumen fermentation
thereby improving feed efficiency in livestock.

5.10 Conclusion

Any sustainable solution to lower on-farm CH, emissions should be practical,
cost-effective and have no substantial adverse effect on the profitability of ruminant
livestock production. In this context, manipulating diet composition to induce
changes in enteric fermentation characteristics remains the most feasible approach to
lower CH, production. Therefore, efforts should be made to select feed ingredients
and to identify forage plants containing secondary metabolites that can be used to
inhibit methanogenesis selectively, but without adversely affecting feed utilization.
Moreover, rumen is a dynamic ecosystem and rumen methanogenesis is a complex
process. Since our understanding of rumen microbes is still incomplete, elucidation
of microbial diversity and microbial interrelationships is absolutely essential for the
successful manipulation of rumen fermentation towards a significant reduction in
ruminant CH, emission.
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Chapter 8

Health Hazards of Toxic and
Essential Heavy Metals from the
Poultry Waste on Human and
Aquatic Organisms

Adesakin Taiwo Adekanmi

Abstract

This research was conducted to examine the impact of some essential heavy metals
used as a supplement during animal feed formulation and the toxic from unregu-
lated discharges of untreated poultry waste into water bodies on man and aquatic
organisms. During the processing of poultry feed, certain heavy metals are used as
a supplement such as selenium, copper, zinc, iron etc. to enhance poultry meat and
egg yield which is also increase the daily discharge of anthropogenic wastes into our
environment that contain high concentration of heavy metals discharges into aquatic
environment globally, especially in underdeveloped where this waste are not treated
before discharge or used in agriculture as an organic fertilizer in planting crops as a
result of this it become absorb by plants and could pose a serious health risk to man
and aquatic species as well as affect the ecological balance that can be transfer to
humans via the food chain. Some organisms are kills as a result of the toxic heavy
metals in water and can affect their growths. Bio-accumulated in the body of certain
species, such as fish, which are eaten by humans that causes devastating diseases such
as Minamata and Itai-Itai. Regulation of the use some heavy metals as a supplement in
feed production or complete removal of it in animal feed should be adopt in order to
minimize the human health risks and environmental contamination associated with
these animal waste.

Keywords: essential heavy metals, animals feed, health risk, supplement, growth, toxic
metals

1. Introduction

Water covers about 70 per cent of the Earth’s surface, makes up about 75 per
cent of human body mass, and is the basic material that all living things need to
live. The fact that water covers more than two-thirds of the Earth’s surface makes
it hard to believe that it is a scarce resource and that less than 1% of the total water
on this planet is readily accessible for drinking or other uses. Approximately
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97% of the earth’s water is salt water contained in lakes or seas; just 3% is fresh
water. However, 68 per cent of freshwater on Earth is enclosed in the Antarctic
and Greenland ice caps (30%) while just 0.3 per cent is enclosed in surface

waters, including lakes, rivers, reservoirs, springs and streams. Water quality

can be defined by its physical, chemical, biological and esthetic characteristics
(appearance and smell) as well as by its fitness for the beneficial uses it has in the
past provided for human and animal drinking, for the promotion of a healthy
aquatic life, for irrigation of the land and for recreation. A safe water ecosystem

is when it meets the standard in term of water maintains a rich, diverse popula-
tion of species and is conducive for the consumption of public health. Water is of
course, the basic liquid medium for living matter; thus, it is uniquely vulnerable to
contamination by living creatures, including those that cause disease to humans.
Aquatic contamination occurs as a result of the introduction by humans of either
direct discharges into the water body or indirect substances or/energy that may
result in the degradation of the water quality of any water body that poses a danger
to human health, harms living organisms and hinders aquatic activities such as
fishing and polluted water quality with respect to its use. Contamination mecha-
nisms including suspension, solution and biochemical alteration is not inherently
separate and distinct from each other and all of these complex processes may only
occur in water. However, growing anthropogenic activities, such as urbanization,
Industries, agricultural waste, etc. and natural processes, reduce water quality and
pose a danger to all modes of life. Most people live in underdeveloped countries
still depend on unprotected/contaminated water sources as their primary sources
of drinking water and at the same time, as their means of waste disposal, which
can cause outbreaks of waterborne diseases. The discharge of industrial waste into
water bodies constitutes approximately 62 per cent of the overall source of heavy
metals such as lead (Pb), zinc (Zn), copper (Cu), nickel (Ni), cadmium (Cd) and
chromium (Cr) [1]. It is important to write about contamination caused by heavy
trace elements, since untreated waste materials discharged by industry or agricul-
ture worldwide are very concerned about the current disposal of waste materials
containing heavy metals such as mercury, cadmium, lead, copper and arsenic due
to growing concentrations in many waters.

2. Poultry farm waste

Poultry farms are one of the world’s leading sources of high-grade and palatable
protein-rich food (eggs and meat) but domestic, industrial and agricultural poultry
waste is regularly disposed of without treatment into water bodies, especially in most
developing countries. Poultry farming is a lucrative global trade in animal husbandry
that raises domesticated birds such as chickens, ducks, quails, pigeons, guinea fowl,
turkeys and geese to produce meat or eggs for food originating in the agricultural
period. According to the World Watch Institute, 74% of meat consumed worldwide is
from poultry meat, and 68% of eggs are derived intensively from poultry, while more
than 60 billion chickens are killed annually for consumption [2]. There is little doubt
that the demand and therefore the production of poultry will continue to increase
relative to the world population, the economy and also the increase in the production
of poultry wastes. Poultry waste is used as manure in many fields, but when disposed
of in a water body without treatment, it may cause significant problems for aquatic life
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due to the presence of heavy metals in it. Poultry waste as a mixture of different media
involving feces, bedding materials, wasted feeds and feathers, represent favorable
media for wide range of chemical and biological hazards include many food-borne
pathogens like Salmonella, Campylobactey, Listeria, Actinomycets, Escherichia coli and
Clostridium at high concentrations could reach up to 10 CFU/gram [3].

3. Trace/heavy metals used as a supplement in poultry feed

Due to increased demand for livestock meats and eggs, there is also a need for
increased use of trace elements (some of which are also heavy metals’) as nutritional
supplements in poultry diets to boost feed quality, promote weight gain and prevent
disease, resulting in increased concentration of trace elements added to poultry
diets. However, poultry feeds, whether natural or locally sourced or improved by
special manufacturing processes, have been reported to be affected by the content
of heavy metals in the feed [4]. Many heavy metals are also added to poultry feed as
supplements, including copper (Cu), manganese (Mn), iron (Fe), selenium (Se),
zinc (Zn) which are important nutrients needed for various biochemical and physi-
ological functions in species, and a lack of supply of these micronutrients results in
a number of deficiency diseases or syndromes [5]. Iron and Cu are added to prevent
anemia, selenium is added to prevent oxidative cell damage, and Zn and Mn are
added to ensure proper egg shell deposition and feather growth [5]. Calcium (Ca
is added for bone formation, while in mature laying fowl the majority of dietary
calcium is used for egg formation and plays a role in blood clotting and intracellular
communication. Antioxidants are added to delay the deterioration of vitamins in
poultry feed and tranquilizers may be used to keep flocks quiet in the house and
during transport to another pen. A wide variety of antimicrobial drugs are commonly
administered to poultry feed as prophylaxis and/or growth promoter and most of the
oral applied antibiotics are poorly absorbed in the poultry gut, and then consequently
those large amounts of antibiotics were excreted in feces and urine to the environ-
ment. Approximately 90% of the applied antibiotics might be excreted as the parent
compound [6]. The most common antibiotics such as bactracin, chlortetracycline,
monesin, tylosin, penicillin, chloramphenicol and virginiamycin can be applied to
poultry feed to fight diseases, pests and increase the supply of certain nutrients that
transferred through the food chain to humans that induce antimicrobial resistance in
humans. Topical pesticides are used as a repellent against flies, lice, bugs, mice and
reptiles that can harm or destroy them. WHO/FAO [7], NRC [8], EU [9-12] and SON
[13] set acceptable levels of metals in animals, but excessive or deficient use of these
metals may lead to deformity in the body or to health problems, some of which may
cause serious toxicity, which may lead to the death of the animal (Tables 1 and 2).
However, pollutants from poultry waste can have detrimental environmental conse-
quences (air, soil and water) if their waste is poorly handled or untreated prior to dis-
posal in the aquatic setting. The disposal of waste produced by the poultry industry
is a long-standing concern due to the contribution of nutrients or as a source of heavy
metal contamination to our water bodies. Livestock manure may be used as fertil-
izer in the agricultural sector, it may also degrade the quality of the environment,
especially surface and ground water, if it is not properly managed [14]. Untreated
poultry waste can degrade water quality when discharged directly to surface water by
runoff. The key environmental and health threats associated with animal waste are

2+)
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Trace/heavy FAO/WHO [7] and EU National Research council [8]
metals [9-12]
Metals requirement in Metals requirement in Toxic level in total diet
total diet dry (mg/kg) normal diet (ppm) (ppm)
Cadmium 1mg/kg
Chromium 0.01 mg/kg
Cobalt 1mg/kg
Copper 100 mg/kg 6-8 ppm 250-800 ppm
Iron 45-80 mg/kg 50-80 ppm 4,500 ppm
Iodine 0.3-0.4 ppm 625 ppm
Lead 1-5mg/kg
Manganese 20-60 mg/kg
Molybdenum 3-5ppm 20-10 ppm
Mercury 0.5 mg/kg
Nickel 0.05 mg/kg
Selenium 5-20 pm
Zinc 600 mg/kg 40-75 ppm 800-4,000 ppm
Table1.

Permissible limits of trace/heavy metals vequivements as an additive in poultry feed.

the introduction of toxins into water sources, such as nutrient limitation (nitrogen
and phosphorus), organic matter, sediments, bacteria and heavy metals, which have
harmful effects on the living organism and change the nature of the water. However,
all mineral elements, whether considered to be necessary or potentially harmful, can
have an adverse food impact on humans and animals if they are included in the diet at
an overly high concentration [15]. Trace mineral bioavailability is characterized as the
proportion of the component consumed that is used for biochemical or physiological
purposes [16]. In order to have a high bioavailability, the mineral component must be
readily absorbed and rapidly integrate by the body. Bioavailability is mainly influ-
enced by the chemical form of the mineral or the amount in the diet, the amount in
the body of the animal, the concentration of other minerals in the diet, its age and the
physiological state of the animal to which it is fed. The risk lies in the accumulation of
manure-borne metals, as they are not biodegradable and ultimately become phyto-
toxic, and the long-term use of poultry waste on the soil could lead to the accumula-
tion of heavy/trace elements that increase the potential bioavailability and toxicity of
metals in the environment. Such accumulation has the potential to limit soil function,
contaminate water and cause toxicity to plants, animals and humans via the food
chain. Their bioavailability is determined by physical, chemical and biological factors
such as temperature, adsorption, sequestration, lipid solubility and water partition
coefficients, whereas biological factors such as species characteristics, trophic inter-
actions and biochemical/physiological adaptation also play an important role [17].
Poultry waste is more toxic than other animal waste due to the high concentration of
heavy metals in poultry feed which is not directly absorbed by the body of the animal
and egestion as a waste product, while the land application of poultry manure may
result in the absorptions of toxicants by plants, animals and humans through absorp-
tion, ingestion, bioaccumulation or other processes.
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4. Heavy/or trace metals

The word heavy/or trace metals is sometimes used loosely, as they contain a
number of metals, some of which are not heavy and some of which are not metals.
Heavy metals are a wide class of inorganic chemicals that are harmful to both human
and environmental health. Heavy metals are commonly referred to as metals with
a minimum density of more than 5 gm/cm3 and adversely impacting the environ-
ment and living organisms. Heavy metals include all metals and metalloids except
alkali and alkaline earth elements. Some heavy metals are necessary for enzymatic
activity and can inhibit enzyme activity when natural concentrations are exceeded.
Although some heavy metals are needed as micronutrients, they may be toxic at
higher levels than their requirements. In addition, elements such as C, H, O, N, B, S,
K, Caand Mg are often required by majority of species in very small amounts. These
elements are called trace elements, such as Fe, Mn, Cu, Co and Mo, and are usually
considered to be necessary for most organisms, although V, B and Zn are confirmed to
be essential in at least some cases. Most of these trace elements function in an enzyme
or in an active group in an enzyme. Since heavy metals cannot be degraded, they are
deposited, assimilated or incorporated into water, soil and marine organisms, caus-
ing heavy metal contamination in water bodies. Essentials include iron, copper, zinc,
cobalt, manganese, chromium, molybdenum, selenium, tin, nickel and vanadium.
The deficiency or elevation of these elements can affect the body’s normal physi-
ological activities and biochemical processes, resulting in abnormal cell metabolism,
development, reproductive disorder and severe oxidative. Non-essential metals are
lead, cadmium and mercury. Cobalt, copper, chromium, iron, manganese, nickel,
molybdenum, selenium, tin and zinc, sometimes known as trace metals. As a result,
the majority of heavy metals, whether necessary or not, are potentially harmful to all
living organisms, depends on many factors, such as dosage intake, species chemical
composition, age of organisms, gender, genetic make-up and nutritional status of
exposed individuals [17]. They have various effects on species depending on dosage
exposure and durations of consumption: acute poisoning occurs when exposed to high
doses over a short period of time, and chronic poisoning or bioaccumulation occurs
when exposed to low doses over a long period of time. ‘Toxic metals, including ‘heavy
metals, ‘are individual metals and metal products that have harmful human health
effects either by direct or indirect exposure. Trace minerals or heavy metals used in
animal feed are often expressed either as parts per million (ppm) or as milligrams
per kilogram (mg/kg) of dietary dry matter. In very small quantities, many of these
metals are required to sustain life and become toxic in large quantities. They can build
ups in biological systems and become a major health hazard” [18]. The term heavy
metal refers to any metallic chemical elements that have a comparatively high densities
compared to water and are found in traces in different matrices. Their heaviness and
toxicity are interrelated as heavy metals are capable of causing toxic or toxic at low
concentrations and, if present in animal feed, pose significant health hazards to poul-
try meat consumers due to biomagnification effects in the body of the animal [19-22].
Heavy metals are normal components of the earth’s crust that are not depleted or
damaged in the atmosphere and are harmful to human health because they appear to
be bioaccumulate for a long period of time, e.g. mercury (Hg), cadmium (Cd), arsenic
(As), chromium (Cr), thallium (TI1) and lead (Pb). Bioaccumulation refers to the rise
in the concentration of the chemical in the body of the organism over time as opposed
to the chemical concentration in the atmospheres. Accumulation of compounds in the
organism at any time taken up is processed faster than broken down (metabolized)
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or excreted. Toxicity could result from any heavy metal, but ten (10) of them are
among the top twenty hazardous substances considered to be toxic by several agen-
cies due to their health implications, including arsenic, cadmium, chromium, cobalt,
copper, iron, lead, manganese, mercury and platinum [17, 23]. In recent decades, the
levels of these metals have risen in our environments as a result of human inputs and
activities [24-26]. There are 35 different metals that are of considerable concern to
human health due to residential or industrial exposure. They are widely present in the
environment and animal diet as a food supplement and are needed in small quantities
to maintain good health, but in larger amounts they become harmful or unsafe due
to their accumulation in the animal’s body over time and may cause serious illness
or death. Considering the great variety of heavy metals in the environment, their
concentration in various feed chains, it is difficult to achieve a lower level of toxicity
than the detection limit for all elements in all products [27]. The European Union, the
United States, Asia and other countries are aware of all these problems and as a result
numerous laws have been implemented to regulate all heavy metal contamination,
reduce the risk of human exposure in the food chain and develop detection methods to
control these pollutants in the food chain [28].

The most popular toxic heavy metals are the following: Arsenic (As), Lead
(Pb), Mercury (Hg), Cadmium (Cd), Nickel (Ni) and Iron (Fe).

4.1 Arsenic (As)

Arsenic is used in poultry production for growth promotion and for controlling
intestinal parasites in which they are fed with arsenic compound called roxarsone
(3-nitro-4-hydroxyphenylarsonic acid) while three-quarters of arsenic in feed will
be excreted out as poultry waste into environment [29]. Arsenic is a natural soil
constituents with concentrations of up to 500 mg/kg. In its essential form, arsenic
is insoluble in water, but many of the arsenates are highly soluble. Much if not all-
natural water contains compounds of arsenic. Arsenic is the most common cause of
acute heavy metal poisoning in adults and is number 1 in the Top 20 List of ATSDR.
Arsenic can also be present in water sources worldwide, contributing to contamina-
tion of shellfish, cod and haddock. The target organs are the blood, kidney, central
nervous, digestive and skin systems [30]. Arsenic is noted for its human toxicity when
ingestion of as little as 100 mg typically results in serious poisoning and 130 mg has
been shown to be fatal [31]. Several incidents have shown that arsenic in water can be
carcinogenic, that skin and probably liver cancers are due to arsenic in drinking water

[32, 33].
4.2 Lead (Pb)

Lead is number 2 on the “Top 20 List.” for the ATSDR. Lead accounts for most
cases of pediatric heavy metal poisoning [30]. Goal organs are bone, brain, blood,
kidney, and thyroid gland [23, 34]. Some natural water contains as much as 0.8 mg/1
of lead in solution [35]. These concentrations are also found in mountain streams that
flow through limestone and galena. It causes acute and chronic toxicity and causes a
wide variety of physiological, biochemical and behavioral dysfunctions in humans,
animals and aquatic species. Addition of lead to the diet results in a dose-related rise
in the concentration of Pb in different organs in the body of animals such as the kid-
ney, blood stream, liver and tibia. It induces oxidative stress that suppresses growth
efficiency and decreases feed intake and body weight loss.
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4.3 Mercury (Hg)

The number 3 of ATSDR’s “Top 20 List” is mercury and naturally generated in the
environment by degassing the earth’s crust, by volcanic emissions [36]. It is available
in three forms: elemental mercury, organic and inorganic mercury. Atmospheric
mercury is spread across the globe by winds and returns to the planet in runoff,
collecting in marine food chains and fish in lakes [37]. Many researchers believe that
dental amalgam could be due to a source of mercury toxicity. Mercurochrome and
merthiolate are still in use in drugs, while algaecides are the main possible sources of
mercury by inhalation. The organic form is readily absorbed in the gastrointestinal
tract (90-100%); Less but nevertheless large amounts of inorganic mercury are
absorbed in gastrointestinal tract (7-15%) and the target organs are majorly brain and
kidneys [30].

4.4 Cadium (Cd)

Cadmium is a derivative from the smelting or mining activities of lead and zinc
in environment and it occupied 7 position on ATSDR’s “Top 20 list.” It also used in
nickel cadmium batteries production, PVC plastics, and paint pigments industries.

It can also find in Cigarettes, as well as in soil as a result of insecticides, fungicides,
sludge, and other commercial fertilizers that contain cadmium compound in agricul-
ture or in reservoirs that contain shellfish. Other sources of cadmium contamination
are from dental alloys, electroplating, engine oil and automobile exhaust. Inhalation
of cadmium accounts for 15-50 per cent of assimilate into the respiratory tracts; 2-7
per cent of the ingested cadmium is absorbed into the gastrointestinal system while
main target organs are the liver, placenta, kidneys, lungs, brain and bones [30].
Cadmium is moderately harmful to all species and is a cumulative toxin in mam-
mals. In low concentrations, the use of trivalent chromium as an additive in animal
diets may induce rapid growth for the animal in order to improve the quality of the
meat produced, but often poultry owners may add trivalent chromium in excesses
for rapid growth of their animals in order to obtain further value, which may have
adverse effects on animals such as those injured and poisonous to the animal. It
appears to be concentrated in the kidneys, liver, pancreas and thyroid of humans and
other mammals. Humans can be exposed to this metal mainly through inhalation
and ingestion, and can suffer from acute and chronic intoxication. Kar and Patra
[38] reported that the Cd concentration sometimes increases in feeds, fodders, water
bodies, and tissues of livestock which causes metabolic, structural, and functional
changes of different organs of all animals. In poultry birds, bioaccumulation of Cd
occurs in several organs mainly in the liver, kidney, lung, and reproductive organs
due to its continuous exposure. Intake of Cd reduces growth and egg laying per-
formance and feed conversion efficiency in poultry. Chronic exposure of Cd at low
doses can also alter the microscopic structures of tissues, particularly in the liver,
kidney, brain, pancreas, intestine, and reproductive organs due to increased contents
of Cd in these tissues. Continuous Cd exposure causes increased oxidative stresses at
cellular levels due to over-production of reactive oxygen species, exhausting antioxi-
dant defense mechanisms. This leads to disruption of biologically relevant molecules,
particularly nucleic acid, protein and lipid, and subsequently apoptosis, cell damage,
and necrotic cell death. The histopatholocal changes in the liver, kidneys, and other
organs are adversely reflected in hemogram and serum biochemical and enzyme
activities.
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4.5Iron (Fe)

Iron does not appear on the ATSDR’s “Top 20 List, “ but it is a heavy metal of
concerns, particularly because ingesting dietary iron supplements may acutely poison
young children. Uses of Fe as additives in feed formation have many disadvantages
such as low bioavailability, high hydroscopicity and oxidative, high excretion and so
on [39]. Iron deficiency is still a major problem in several segments of the livestock
production causes microcytic, hypochromic anemia in chickens. Iron also plays a role
in other enzymes involved in oxygen transport and the oxidative process, includ-
ing catalase, peroxidases, flavoprotein enzymes and cytochromes. Approximately
two-thirds of body iron is found in hemoglobin (red blood cells and myoglobin in the
muscles), while 20% is present in labile forms in the liver, spleen and other tissues,
with the remainder not available in tissues such as myosin and actmysin and in
metalloenzymes. The iron in hemoglobin is essential for the proper function of every
organ and tissue of the body. The iron requirement of chicks fed casein, dextrose,
and isolated soybean protein concentrate-based diet was studied by Aoyagi and Baker
[40]. Ingestion accounts for most of the toxic effects of iron because iron is absorbed
rapidly in the gastrointestinal tract and other target organs are the liver, cardiovascu-
lar system, and kidneys [30].

4.6 Zinc (Zn)

Zinc plays an important role in biological process in animal including immune
function, growth, development and reproduction. It is component of many enzymes
contributing in the energy metabolism, protein synthesis and degradation biosynthe-
sis of nuclei acids, carbon dioxide, transport and many more. Its performance major
role as an antioxidant in diet, growth and development, production, immunity and
stress related issues. It is important in animal diets formation because it influences
economic profitability of egg modifying. Zinc has a beneficial impacts on the growth
and reproduction of livestock. Due to the low zinc and copper contents of some
home-grown feeds compared to guidelines and varying bioavailability, supplementa-
tion of these metals is essential for most livestock species and is usually added as
mineral supplements to dairy rations [7, 9, 10]. Zinc deficiency causes growth retarda-
tion and irregular production of feathers in poultry animals. Feather spattering occurs
towards the end of the feather while severity of the spattering ranges from no feathers
on the wings and tail to minor defects in the growth of some of the barbels and the
hog joint may be widened. Zinc deficiency can causes the long bones of the legs and
wings to be shortened and thickened. Other signs include loss of appetite, decreased
feed use quality, and death in extreme cases. Zinc deficiencies in the breeding diet
decreases egg production and hatchability. Embryos developed in zinc-deficient
eggs display a wide range of skeletal anomalies in the head, limbs and vertebrae. The
hatched chicks will also not stand, eat or drink [41]. Proper zinc supplementation
has been shown to be effective in reducing the early mortality of poultry animals and
zinc supplementation is typically applied to animal diets in the form of zinc oxide
or zinc sulfate. Latest comparisons of bioavailability in chicks suggest that feed grade
zinc oxide has just 44-78 per cent of zinc sulfate availability when added to refined
or functional diets [42-44]. Zinc toxicities can cause health problems, and prolonged
consumption can also lead to negative side effects such as nausea and vomiting, loss of
appetite, diarrhea, abdominal cramping and immunity. The risk associated with zinc
deficiency could cause gastrointestinal diseases such as Crohn’s disease, decreased
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immunity, thinning of hair, decreased appetite, weight loss, skeletal malformations,
poor bone mineralization, immunological dysfunction, mood disorders, dry skin, fer-
tility problems and impaired wound healing, inadequate dietary intake, poor absorp-
tion, genetic mutations. Symptoms of extreme zinc deficiency include impaired
growth and development, delayed sexual maturity, chronic diarrhea, impaired wound
healing and behavioral problems [45, 46].

4.7 Nickel (Ni)

Nickel is an essential element required in low amount for animal growth and it is
required for activities of vitamin B12 and biotin during metabolism of odd-chain fatty
acids in animals [47]. Depending on the dose and length of exposure, as an immuno-
toxic and carcinogen agent, nickel can cause several health problems such as contact
dermatitis, cardiovascular disease, asthma, lung fibrosis, and respiratory tract cancer
[48, 49]. However, the exposure of human beings mainly concerns oral ingestion
through water and food as nickel may be a contaminant in drinking water and/or food
[50]. Although the molecular mechanisms of nickel-induced neurotoxicity are not
yet clear, oxidative stress and mitochondrial dysfunction have a significant role to
play. Mitochondrial nickel-induced damage can occur due to impaired mitochondrial
membrane potential, decreased mitochondrial ATP concentration and degradation
of mitochondrial DNA [51]. Nickel, high concentrations of which can affect human
health badly, can accumulate on plants, animals, and soil.

5. Other trace/heavy metals use as a supplement to prevent
deficiency in poultry animals

Copper is necessary for the action of enzymes associated with the metabolism
of iron, elastin and collagen formation, melanin production, and the integrity of the
central nervous system [41]. Normal red blood cell formation is needed by enabling
the absorption of iron from the small intestine and the release of iron into the blood
plasmas in the tissue [41]. Copper is necessary for bone formation by promoting
the structural integrity of bone collagen and the normal formation of elastin in
the cardiovascular system. It needed normal myelination of brain cells and spinal
cord as a component of the enzyme cytochrome oxidase, which is necessary for the
formation of myelin. Maximum immune response also depends on copper, as shown
by depressed titers in deficient animals [41]. The minimum requirement for copper
cannot be provided with great precision, because the absorption and utilization of
coppers in animals can be significantly influenced by many mineral elements and
other dietary factors. The process of natural hair and wool pigmentation includes the
use of copper. Copper is believed to be a portion of polyphenyl oxidase that catalyzes
the conversion of tyrosine to melanin and the incorporation of disulfide groups into
keratin in wool and hair. Copper deficiency causes microcytic, hypochromic anemia,
bone weakness, deformity and depigmentation in animals. In copper deficient chicks,
aneurysm dissects the aorta, and in other species, cardiac hypertrophy occurs. Copper
deficiency in laying hen causes anemia and the development of eggs that are abnor-
mal in size and shape, and some eggs have wrinkled and rough shells [12].

Molybdenum is an essential nutrient because it is a constituent of the enzyme
xanthine oxidase and other enzymes. When there is excess molybdenum in animal
feeds it causes a copper deficiency which can results in extreme diarrhea, weight
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loss, bone and joint disorders, affect reproduction and heart function and anemia.
Molybdenum has been shown to be essential for growth of animals such as lambs,
chicks, and turkey fed highly purified diets. At this time, however, the Food and Drug
Administration does not recognize molybdenum use as safe, and current regulations
prohibit adding it to animal feed [52, 53].

Manganese was first recognized as a part of necessary nutrient required for
growth of animals in the early 1930s, because it is found in many different animal
feeds, the effect of its deficiency is less likely than with most of the other trace
minerals. The highest manganese concentration can store in the body of animals such
as in bone, kidney, liver, pancreas, and pituitary gland. Manganese deficiency in the
diet of growing animas like chicks causes perosis, or slipped tendon but it deficient
in chicks have less proteoglycan in the cartilage of the tibial growth which twisting
and bending of the tibia, and slipping of the gastrocnemius tendon from its condyles
[44]. With increase in severity, the chicks are reluctant to move, squat on their stools,
and can lead to death of the animal. Lack of manganese breeding or in laying birds
can lead to reduce in egg production, hatchability and reduced egg shell strength. In
certain cases, most embryos that die due to manganese deficiency display chondro-
dystrophy which is a disorder characterized by a parrot-like beak, wire and shortening
of long bones [41].

Iodine combined with tyrosine in the thyroid to form diiodotyrosine. Iodine defi-
ciency in breeding hens could result in reduced egg iodine levels, reduced egg devel-
opment, decreased hatchability, extended hatching period, and increased embryos
in the thyroid gland. Goiter develops in the thyroid gland, which causes the thyroids
gland to expand to several times its usual size. Histological analysis
of the thyroid has indicated hyperplasia and lack of colloid. The thyroid gland
contains the highest concentration (0.2 per cent to 5 per cent on a dry weight basis) of
iodine in the body; 70 per cent to 80 per cent of the total body stocks. Approximately
90 percent of the iodine that passes through the thyroid gland is captured by that
organ [54]. Two molecules of this compound are then mixed to form tyroxine.
Approximately 80 per cent of the thyroxine entering the circulation is broken down
by de-iodization of the liver, kidneys and other tissues.

Selenium is one of the most commonly known nutrient deficiencies in animal
growth and was recognized as a potentially harmful mineral until it was identified as
an essential nutrient. It plays a significant role in the preventing exudative diatheses
in chicks and is present in all cells of the body while the concentration is generally less
than 1 ppm but its harmful absorption in liver and kidneys are usually ranged between
5and 10 ppm. Selenium is a crucial component of enzyme glutathione peroxidase that
eliminate peroxide compounds from the body tissues and it essential in the synthesis of
sulfur amino acids that helps in protecting animals from a variety of diseases associated
with low intakes of selenium and vitamin E. Selenium and vitamin E are both effec-
tive antioxidants that prevent peroxide from destroying the body cells. Selenium can
be added to the diet of all food animals. Birds may be fed up to 0.1 ppm of selenium
in the total diet, whereas excess selenium in animal diets must be avoided if sufficient
precautions are taken in addition to animal diets. All these animals need selenium at a
level of 0.1 ppm in the total diets (except the turkey, which requires 0.2 ppm, and the
baby pig, 0.3 ppm). Generally higher levels of protein, sulfur and arsenic can partly
protect against the toxicity of excess selenium. Selenium is quickly extracted from the
body of the infected animals when the animal is fed selenium-low [55]. In broilers feed
with diet containing low selenium e.g., chickens of 3 to 6 weeks begin to display signs
of weight loss, weakening of the leg and eventual lead to death. Extreme deficiency of
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selenium is shown with the sign of growth retardation and the mortality rate rise even
in the presence of sufficient vitamin E. Disease like Pancreatic fibrosis, reduction of
pancreatic output of lipase, chymotrypsinogen and trypsinogen are related to selenium
deficiency. Pancreatic lesions disease arises as early as 6 days old chicken and typically
return to normal within two weeks when selenium is used as a feed supplementation in
their diet. The most sensitive requirements for selenium deficiency are egg hatchability
in laying hens. Selenium results from encephalomalacia, membrane lipid peroxidation,
erythrocyte hemolysis and muscular dystrophies [41].

6. Recent research on the quality of heavy metals in poultry feed

Based on the study by Eloma et al. [56], which analyzed six potentially toxic ele-
ments (PTEs) from poultry feeds such as Cd, Cr, Cu, Pb, Mn, Ni and Zn, four feed
forms (starter, grower, finisher and layer) from four producers coded A, B, C and D
were sold in Ebony State, Nigeria. The mean concentrations of metals recorded from
poultry feeds were as following: Chromium (11.9-7.90 mg/kg); Copper (5.10-7.91 mg/
kg); Cadmium (0.49-0.76 mg/kg); Lead (717-9.47 mg/kg); Manganese (26.9-34.9 mg/
kg); Nickel (3.80-6.50 mg/kg) and Zinc (27.8-38.4 mg/kg). The result of these findings
was compared with European Union standard of PTEs maximum acceptable concen-
tration in feed while Pb and Ni concentrations were above the maximum acceptable
limits that is risk to human health. Thus, there is a need for continuous monitoring
of feed compositions. Lead and Ni exceeded permissible limits by European Union in
feed as stipulated, but the perilous elements such as Cr, Cu and Zn were also high in
feed. There is however a need for continuous monitoring of feed compositions and also
for the introduction of practices that will not introduce PTEs into the system. It also
recommended that a proximate study be carried-out on poultry feeds to determine
its moisture content, ash content, crude fiber, lipid, crude protein, carbohydrate and
metabolizable energy [57-59].

Kabir and Bhuyan [60] were conducted to determine the heavy metal content of
hens (Gallus gallus domesticus) and ducks (Anas platyrhynchos) from the Chittagong
regions of Bangladesh. Chromium (Cr) and cadmium (Cd) concentrations were
found below the detection limit in both hens and ducks of the egg. The concentra-
tions of Iron (Fe) ranged from 58.4 to 78.90 mg/kg was recorded for hen and duck
yolks and 3.90 to 11.62 mg/kg for albumin. The highest concentration was recorded in
hen layer eggs (78.90 mg/kg), while the lowest concentration was observed in native
duck eggs (58.4 mg/kg). The highest concentration of 11.62 mg/kg was recorded from
albumin of indigenous duck eggs, while the lowest of 3.90 mg/kg was observed in
indigenous hen eggs. The copper concentration ranged from 1.85 to 3.95 mg/kg was
recorded from hen and duck yolk, while in albumin these amounts ranged from 0.25
to 1.15 mg/kg. The highest value (3.95 mg/kg) of indigenous hen eggs was reported,
while the lowest concentration was 1.85 mg/kg for hen eggs. The highest concentra-
tion of 1.15 mg/kg was reported in albumin of domestic duck eggs, while the lowest
value of 0.25 mg/kg was observed from native hen eggs. There was significant
difference in the concentrations of Fe (p = 0.00) and Cu (p = 0.00) in both yolk and
albumin. However, there were no major variations in the number of Fe (p = 0.998)
and Cu (p = 0.458) in terms of the animal type (indigenous hen, indigenous duck,
layer hen).

Korish and Attia [61] conducted research on heavy metal content in feed, lit-
ter, meat, meat products, liver and table eggs of chickens. Concentrations of
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heavy metals were examined in chicken meat, meat products, feed, litter, as well

as laying hen eggs to track the regularity of this metals in the market products and
their protection for human consumption as recommended daily allowance (RDA).
Samples were collected from most popular poultry products in Saudi Arabia. A total
of 45 samples from frozen broiler meat, fresh beef, liver, frankfurter and burger
were collected from the same brand. However, 60 table eggs were collected from
four different commercial brands while the edible parts of egg were analyzed to
determine the levels of mineral elements present in it. In addition, 30 samples from
different feed and litter were collected from the starter feed, grower feed, diets

of layer broilers and laying hens. The findings showed that there were extensive
amounts of most trace or heavy metals in the various meat sources while liver had
the highest concentration of all elements examined, except for Co, Cr and Ni. The
highest amount of Chromium concentration was recorded in fresh meat, followed
by frozen meat. Trace or heavy metals such as Mn, Co, Ni and Pb were not detected
in frozen or fresh meat. The chicken burger and the frankfurter samples have similar
concentrations of trace/heavy metal except for Zn and Mn which had higher concen-
trations was observed in frankfurter compared to burger sample. There were signifi-
cant differences between zinc concentration of the different sources of eggs. Fe was
significantly higher in beef meat compared to poultry meat but the opposite trend
for Zn was observed. All heavy metals concentration in were higher in liver than the
eggs, except for Chromium while the burger had higher concentrations of Cu and
Co. finally, it concluded that Cd, Pb, As and Se are not detected in chicken meat and
eggs produced which indicate that no human hazards from these toxic elements.
However, the liver had the highest concentration of all heavy metals examined,
except for Cr, and the intake of Pb and Cd from the broiler liver was higher than the
RDA for adults. Burgers and frankfurters, showed higher concentrations of Pb, Cd
and Ni than chicken meat and table eggs, implying a potential human health danger.
Therefore, in order to enhance the quality of poultry products for human consump-
tion, adequate legislation is required to regulate the quality of poultry products, as
well as feed/food and chicken litter. In addition, critical measurements should be
used for the detoxification of heavy metals from waste. The relationship between
the minerals in poultry production and the diet of poultry and poultry litter remains
fertile for further study.

Study of Dabhri et al. [62] on the investigation of concentrations of heavy metals;
lead and chromium in chicken feed collected from commercial poultry feed markets
and local poultry farms in Hyderabad Sindh. A total of eight samples of poultry
feeds, four of which were commercial feed samples and four of which were local
feed samples collected in polyethylene bags. The samples were analyzed using the
Aurora Al1200 Atomic Absorption Spectrophotometer (AAS) for heavy metals; lead
(Pb) and chromium (Cr). Relatively higher concentrations of lead (Pb) have been
found in commercial feed samples. Data obtained from the present study for lead
and chromium beyond the allowable limit, i.e., 0.05 and 0.1 ppm as recommended
by WHO/FAO. Lead (Pb) and chromium (Cr) metals are important for the growth
of poultry, but they may become toxic if the concentrations exceed the allowable
limits. Excessive quantities of metals taken by animals make their way to the human
body, which is extremely dangerous to human health. Heavy metal contamination
is prevalent in the Hyderabad district and thus in the present report, the amount of
poultry feed is alarming. The nutritional values of the feed are therefore calculated
from the concentrations of lead and chromium above the allowable level in the feed
content.
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7. Causes of heavy metal contamination in the body of water

Aquatic ecosystems are highly complex, diverse and subject to a variety of internal
and external relationships that are subject to change over time. Public health issues
are among the pollutants that the concentration of heavy metals in marine environ-
ments enters humans through food chains. Heavy metal contamination may occur
from many causes, but most generally results from metal purification, e.g., copper
smelting and nuclear fuel preparation. Following the introduction of heavy metal
pollutants into the flow, whether from natural or anthropogenic sources, they divide
between aqueous (pore water and overlying water) and solid phases (sediment,
suspended particulate matter and biota). Anthropogenic metals can persistently
persist inside water bodies, or these elements are absorbed by silt, likely absorbed
by animals, and accumulate in the food chain, beginning easily with plankton, such
as filtering zooplankton, benthos, or fish, and eventually transferred to humans.
Unlike organic contaminants that lose biodegradation toxicity, heavy metals cannot
be degraded/decayed and thus pose a different form of remediation challenge. Heavy
metals such as lead, mercury, iron, cadmium, aluminum and magnesium are found
in water supplies. If these metals are found in the sediment, they enter the food chain
through plants and aquatic animals. Impact of heavy metals on aquatic organisms.

The effects of heavy metals on marine species vary from a small drop in the rate
of growth to death. Pollutants entering inshore waters and estuaries cause severe
problems, causing significant harm to the life and activities of living aquatic species
and also to the mass mortality of organisms. The gradual and irreversible accumu-
lation of these metals in the various organs of the creatures of life contributes to
long-term metal-related diseases due to their toxicity, endangering aquatic biota
and other organisms [36]. Heavy metal pollution may have detrimental effects on
the ecological balance of the recipient ecosystem and the diversity of marine spe-
cies [63-65]. Among the animal species, fish are those that cannot avoid the adverse
effects of these contaminants [66-68]. These metals are responsible not only for
the deterioration of the water quality of the body, but also for the death of a variety
of aquatic species [69]. The disposal of these wastes adversely affects water bodies,
changes their chemical composition and causes harm to both humans and aquatic
organisms [70-72]. These heavy metals (arsenic, cadmium, chromium, cobalt, cop-
per, iron, lead, manganese, mercury and platinum) become toxic by accumulations
of flora and fauna in the body tissues and then move through the food chain from
fish to humans [73, 74]. Cadmium causes certain problems similar to those caused by
mercury, which are much more harmful than mercury; Daphina, Scenedesmus and
E. coli are very susceptible [69]. Some of these heavy metals are important to human
metabolism while some are dangerous, particularly when their concentrations are
higher [75, 76]. The presences of heavy metals observed in most of marine animals is
becoming a threats to human health, rendering them unfit for human consumption
[1]. The presences of lethal metals in ecological environments are one of the key
concerns of pollution control and environmental interventions in most parts of the
world [77, 78]. Copper is more widely recorded as an algal toxin in contaminated
waters than as a restricting algal growth [79]. Freshwater animals are probably
more susceptible based on the estimates that 50 per cent of the waterfowl popula-
tion of Daphina magna died at concentrations between 25 and 65 pg/l, the exact
values depending on the experimental exposure period and age of the animals. Ionic
copper tends to be a real toxic material, whereas oxides or other colloidal particles
or chelates are much less dangerous. In general, mollusks and fish tolerate higher
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concentrations of trace metals than other phylae studied. Acute and sub-lethal
effects of zinc pollution on aquatic ecosystems have been extensively studied among
different species of fish [80]. The toxicity of zinc to fish has been shown to depend
on the nature of the water. Acute toxicity is increased by the rise in water tempera-
ture and the resulting reduction in oxygen content.

Mercury emission experiments in aquatic environments indicate that recovery
from pollution will take place within a limited period of time following the cessation
of pollution input [81]. The embryonic and larval stages of marine organisms are
typically the most susceptible periods of the life cycle for heavy metals and other
toxicants. Copper accelerated the mortality of Mytilus edulis during the reproductive
cycle and impaired respiration by destroying the respiratory membranes. Mercury has
often been seen with curiosity and alarm. It’s the only metal that’s liquid at a regular
temperature (hence its other name, quicksilver) and it fun to play with. Its vapor is
toxic and can vaporize quickly enough to be lethal at high temperatures). Any of its
compounds, the toxicity of which has been well known since the Middle Ages, have
been used as agents of murder and suicide. However, until quite recently, mercury
was not considered a dangerous water pollutant, since it is harmful in vapor form and
is not especially hazardous when taken by mouth as a liquid. Arsenic, lead, cadmium
and mercury are cumulative cell poisons with a strong propensities to be deposited in
the bone, particularly in the case of lead. The signs of moderate chronic poisoning are
not well described and therefore difficult to diagnose. Heavy metals become harmful
to the body of an organism when they are not metabolized and accumulate in soft
tissues and can reach the human body through food chain, water, air, or absorption
through the skin when they come into contact with humans [36].

8. Health hazards pose by poultry waste in an environment

The great concern lies in the excessive accumulation of macro-minerals (Ca, Si, Fe),
trace elements (Cu, Mn, Zn, Se), heavy metals (Pb, Hg, Cd), medicinal drugs (anti-
biotics, coccidiostatics, sulfa drugs, etc.), anti-metabolites, insecticides, herbicides,
wood preservatives, mycotoxins and hormones, harmful organisms transmittable
other non-nutritional excretory via wastes to man. Poultry waste contains considerable
amounts of nutrients (nitrogen and phosphorus) and other excreted substances such
as hormones, antibiotics, harmful pathogens and heavy metals. Leaching and runoff
of these substances has the potential to contamination both the surface water and/or
nearby groundwater (Steinfeld etal., in [82]). Thus, increased outputs of phosphorus
and nitrate to fresh water which can caused severe water quality problems like acceler-
ate eutrophication in surface waters due to high inputs of organic substances and nutri-
ents through runoffs which can result into accumulation pollution nutrient-sensitive
ecosystems resulting in biodiversity losses such as fish kills due to hypoxia/anoxia and
high levels of ammonia, harmful toxic algal blooms, decreases in water clarity, wide-
spread anoxia, declines in submerged aquatic vegetation, shifts in pH, and depletion of
oxygen. A drop in the level of dissolved oxygen in surface water has deleterious effects
on fish populations [83, 84]. Furthermore, eutrophication can spur the growth of toxic
microorganisms, such as Pfiesteria piscicida, that have been found to cause temporary
memory loss, immunosuppressions, and decreased cognitive function in exposed
populations, respiratory problems and eye irritation, as well as gastroenteritis, head-
aches, and fatigue [6]. Skin irritation and lesions have also been reported among those
with direct contact with contaminated surface waters, particularly among fishermen
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[6]. The leaching of nitrates and pathogens into water can cause significant cognitive
loss and nervous system impairment when ingested by humans [6].

Poultry waste contains toxic metals that are bioaccumulate in the body of aquatic
organisms and become biomagnification through food chain to next trophic level
which can cause health hazard to human such as arsenic which is carcinogen and may
also lead to heart disease, diabetes, and a decline in mental functioning. These harm-
ful bacteria and chemicals present in poultry waste threaten the human health and
aquatic organisms globally. Also of concern is the issue of air quality affected by dust
particles, releases significant emissions of gases (methane, hydrogen sulfides, sulfur
dioxide and ammonia) offensive odors and other pollutants such as volatile organic
compounds (VOCs), particulate matter (PM), nitrogenous compounds during the
decomposition of poultry waste that contributed to climate change which is a global
concern and deleterious health effects (both chronic and acute) including respiratory
conditions (i.e., bronchitis, asthma in children), heart disease, and lung cancer [85,
86]. Poultry waste as an important source of nutrients for many edible crops, may
also contain some biological hazards that can threaten human health [87]. Poultry
waste could be a source of human pathogens such as Salmonella, Campylobacter
and Listeria that can potentially contaminate both edible crops and environment,
which consequently leads to food-borne diseases [88, 89]. Poultry litter contains
wide and diverse counts of microorganism including both of gram positive and
negative bacteria. Among the bacterial and fungal species that are biological hazard
to human health was recorded from poultry litter and waste such as Actinobacillus,
Bordetella, Campylobacter, Clostridium, Corynebacterium, E. coli, Globicatella, Listeria,
Mycobacterium, Salmonella, Staphylococcus, and Streptococcus [6]. Accumulation of
high concentration of heavy metals initiates numerous fatal signs including hepato-
renal dysfunctions and reproductive complications. Cd toxicity effect can persist
more than 10-35 years in the body due to long biological half-life. After absorption,
it is primarily stored and distributed in various tissues, primarily, in the liver and
kidney. It has been proved that Cd has direct toxic effects on the cellular levels which
lead to apoptotic and necrotic cell deaths. It is also responsible for malignant growth
and it is categorized as a type 1 carcinogen [38]. Exposure of Cd to livestock including
poultry not only affects health, but also hampers animal production reducing growth
performance and feed utilization efficiency in their body.

9. Diseases caused by heavy metals

Heavy metal contamination is known to cause numerous diseases worldwide, such
as minamata disease (organic mercury poisoning), iltai-itai disease (cadmium poison-
ing), arsenic acid poisoning, and asthma induced air pollution (Matsuo, 2003). The
worst examples of accumulation are recorded in Japan, where hundreds of fishermen
were killed by consuming fish containing too much mercury (Minamata Disease, [37])
or cadmium (itai-itai disease Kobayashi, 1971). These tragedies resulted from the
tragic coincidence of a predominantly fish-eating and fish-eating population, which
while having high concentrations of mercuries, did not show any symptoms. A special
feature makes the mercury issue more important because under anaerobic conditions
after sedimentation, it can be transformed to yet more toxic methylmercury com-
pounds, which like metals, may accumulate in organisms that are possibly adsorbed
to—SH groups in enzymes and even in food chains. Conversion to methylmercury is
a bacteriological conversion involving methane bacteria. As a part of this reaction,
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mercury adsorbed to sediments may be mobilized after they are settled (which would
also contribute to anaerobic conditions) and accumulate in fish via food chains.
Copper is another aspect that creates concern in contaminated water. Approximately

1 g of copper causes acute illness in humans. Some freshwater algae tend to require
either cobalt or vitamin B12. Copper is also less harmful than mercury, and incidents
like Minamata are not likely to occur, nor do drinking water appear to be poisoning.
Copper disposal is so common and widespread, however that amounts of copper in
aquatic environments can typically be high enough to cause harm to species. If humans
eat food tainted with heavy metals and their concentrations are amplified because they
cannot be excreted. If the concentration exceeds a lethal level, it can results in brain
injury or death. Lead affects the central and peripheral nervous systems, organs, bones
and kidneys. Lead does not have an advantageous biological role and is believed to
store in the body. Lead acquaintance can cause antagonistic effects on human health,
particularly in young children and pregnant women, as Pb is a neurotoxin that always
disrupts normal brain development. It accumulates in the skeleton, induces bone
mobilization during pregnancy, lactation exposure to fetuses and breastfed babies.
Cellular and molecular lead can increase the incidence of carcinogenic events associ-
ated with DNA damage and suppress DNA repair and tumor controls. Lead is a toxic
metal that is particularly harmful to children. Health issues caused by low levels of
chronic exposure to heavy metals may take years for humans to develop and may be
related to heavy metals [36]. Most of the exposure to heavy metal contamination has
been clinically shown to be associated with causing free radical harm leading to: heart
attacks, strokes, cancer and several circulatory disorders other than cardiovascular dis-
eases that do not cause death, but may affect the quality of life. Any of these include:
Impotence, Asthma, Diabetes, Exhaustion, Alzheimer’s Disease, Memory Loss. Lead
poisoning is a severe, very common form of heavy metal poisoning and the symptoms
of lead poisoning in children are close to those of attention deficit hyperactivity dis-
order (ADHD). Lead poisoning also 07 triggers behavioral and cognitive disabilities,
nervousness, headaches, and many other associated symptoms.

Metals may be extracted from aqueous sources such as chemical precipitation,
lime coagulation, ion exchange, reverse osmosis and solvent extraction [90]. Other
methods include electrodialysis, ultrafiltration and biosorption; [36]. At present,
phytoremediation (plants or microorganisms) is being used at an early stage to
extract heavy metals from water, sediment and soil by concentrating them in their
organic matter.

10. Conclusion

Increased regular releases of anthropogenic activities such as untreated poultry
waste containing heavy metals into the aquatic environment globally, particularly in
underdeveloped countries, could pose a risk to aquatic species as well as affect the
ecological balance that can be transmitted via the food chain to humans and could
pose serious human health problems. Regulation of the use of heavy metals as an
additive or complete elimination of heavy metals in animal feed should be carried out
in order to mitigate the human health risks associated with the use of animal products
and the contamination of the atmosphere by manure. Preventive steps should be
taken to minimize the level of heavy metal contamination in the marine ecosystems
by destroying animals when the concentration is too high or consumed and transmit-
ted to humans.
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