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Stefania Pancini
ABSTRACT
Concerns about beef production are growing among consumers, questioning the use of
antibiotics, hormones, and metaphylactic treatments, as well as its environmental
footprint. Therefore, beef production systems need to be more efficient to increase
productivity while using less resources to become sustainable and reduce environmental
impact. There is a need to develop and apply non-pharmaceutical alternatives to improve
health, feed efficiency and performance of beef cattle. We investigated four different
targeted strategies to enhance performance of beef cattle: 1) The effect of an injectable
multi-mineral complex supplementation for grazing beef cows on overall mineral status,
fertility, and subsequent offspring performance. Two doses of the trace mineral injection
increased in pregnancy rate after artificial insemination, with a greater impact on cows
with poor body condition score; 2) Inclusion of a yeast-derived product combining live
yeast (probiotics) and cell wall components (prebiotics), on performance and
physiological responses of beef steers during backgrounding and finishing phases.
Including a yeast-derived product into a finishing diet containing monensin did not
improve performance, physiological responses, and carcass quality of feedlot cattle.
Nonetheless, inclusion of the yeast derived product as a substitute of monensin during the
backgrounding and finishing phases decreased feed intake without affecting growth, with
an overall improvement in feed efficiency; 3) Use of phytotherapy (condensed tannins) to
reduce protozoa parasites load and prevent coccidiosis in peripartum beef heifers and

their newborn calves. Daily supplementation of condensed tannins reduced coccidia load



in heifers and newborn calves, although this reduction was transient; and 4) following the
smart farming approach, validate the use of an automated scale system for grazing or
feedlot beef cattle, which was able to accurately measures body weight in grazing and
feedlot systems for growing and mature beef cattle while reducing cattle handling,
without disrupting feeding behavior, decreasing the probability of animal lesions,

accidents and optimizing labor.
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Stefania Pancini
GENERAL AUDIENCE ABSTRACT
Diet diversification is a response of a growing economy, growing population, and
urbanization, which increases the demand of meat products, especially beef, in
substitution of staple foods. However, concerns around beef production and its impact on
the environment are becoming more relevant for consumers. The need to produce more
with less resources requires a sustainable intensification process. Specifically, beef cattle
production systems are less efficient when compared to poultry or swine in terms of time
and amount of feed required. Beef production systems need to focus on environmental
and socially conscious strategies to satisfy the demand, increase animal health,
productivity, and profitability. One approach is based on nutritional strategies and applied
technologies to enhance productivity, efficiency, welfare, and health. In this dissertation
we present three different strategies to improve efficiency of beef production systems: 1)
using injectable trace minerals supplementation to ensure adequate mineral nutrition in
grazing cows, improving their pregnancy rate to artificial insemination, particularly when
cows are in poor body condition; 2) use of yeast as natural additives to successfully
substitute antibiotics as growth promotants in feedlot diets with an improvement in feed
efficiency; 3) use of secondary plant compounds, such as tannins, to substitute
prophylactic antibiotic utilization for coccidiosis in cows and newborn calves. We
demonstrate three successful strategies that can improve health, feed efficiency and
reproductive performance of beef cattle, all of which are important to achieve greater

productivity and profitability in beef production systems.
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Chapter 1 : Introduction

Global population is expected to continue growing and reach 9.7 billion by 2050,
which means an increase of almost 2 billion in the next 30 years according to the United
Nations Department of Economic and Social Affairs (2022). Along with this, food
consumption, measured in kcal/person/day, has increased 17% in the last four decades,
and it is expected to increase 10.7% more by 2050. This predicted increase will be 14.5%
for developing countries and only 3.8% for developed countries (Alexandratos &
Bruinsma, 2012).

The composition of food has also changed, with an increase in the proportion of
livestock products and oils, in substitution of staple food, especially in developing
countries (Alexandratos & Bruinsma, 2012). Diet diversification is a response of a
growing economy, growing population, and urbanization (Mottet et al., 2018). Greater
income achieved in some large developing countries, like Brazil and China, caused a
great impact on meat and dairy products demand (Alexandratos & Bruinsma, 2012;
Mottet et al., 2017).

Since the 60’s meat consumption has doubled its demand; meat consumption in
developed countries is on average 80kg/person, while for developing countries is 28
kg/person. East Asia is expected to increase 60% its demand for a total of 71kg/person,
while South Asia is expected an increase of more than 300%, growing from 4 to
18kg/person of meat. Meanwhile, developed countries are expected to have a demand of
91kg/person of meat (14% increase). Even though the expected demand of these products
in kg/person, are not close to the developed countries demand, regions of south, central,

and east Asia are the most populus regions of the world representing 55% of the global
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population (United Nations Department of Economic and Social Affairs, 2022).
Certainly, the tendency to a greater inclusion of meat in global population diets will have
an impact on demand and production.

On the other hand, a growing part of the population is starting to show concerns
around meat production and its impact on the environment, like water contamination,
overgrazing, deforestation, and methane emissions (Sanchez-Sabate et al., 2019), as well
as the impact on animal welfare, animal raising conditions, and health and safety of the
final product (Biscarra-Bellio et al., 2023).

Natural resources, such as water and agricultural land are becoming limited, and
livestock production systems need to produce more with less resources (Schneider et al.,
2011). It is estimated that livestock production use 2.5 billion ha of land (Mottet et al.,
2017), and this could be reduced through efficiency improvement. This intensification
process need to be sustainable in the long term to satisfy the demand while minimizing
the impact on the environment (Terry et al., 2021).

Beef cattle production system has a poorer feed efficiency when compared with
other meat production systems, like poultry or swine (Mottet et al., 2017, 2018), in terms
of time and amount of feed required to achieve finished weights. However, beef is
considered a great source of protein, minerals and vitamins, that contributes to food
security (Mottet et al., 2017, 2018; Terry et al., 2021), and does not compete with human
food. Improving system efficiency is going to be essential to increase productivity and
profitability, in an environmental and social conscious manner (Rotz et al., 2019).

Efficiency could be related to feed management and conversion, herd health and

death losses, reproductive success, weight gain and finishing time, and environmental



footprint (Rotz et al., 2019; Terry et al., 2021). In addition, there is a tendency to increase
natural and organic beef production, that does not allow the use of antimicrobials as
growth promotants, hormonal implants, and metaphylactic treatments (Wileman et al.,
2009). All of these technologies are widely used in the beef cattle industry and have been
shown to improve efficiency, productivity and profitability (Wileman et al., 2009).

Use of applied technologies and nutrition to make beef production systems more
efficient, productive, and profitable, while reducing environmental impacts, will be
essential for the beef cattle industry in the future, where we can assure animal welfare

and health while raising them.



Chapter 2 : Literature review

Beef cattle productive efficiency will depend on feed quality, proportion of non-
productive breeding animals in the herd, and animal performance, measured through
growth rate, health, and genetics (Mottet et al., 2018). Based on these, we propose three
different ways to improve productive efficiency using targeted strategies: 1) Use of trace
minerals to improve reproductive performance of grazing beef cows; 2) Inclusion of
natural additives to improve stress response and feedlot performance of growing and
finishing steers; and 3) Use of phytotherapy to reduce protozoa parasites infection in
grazing heifers and its offspring.

Moreover, precision livestock farming, defined as the application of technology,
and tools to be able to monitor and manage animals remotely, has as main objective to
monitor animal health and welfare to improve productivity and reduce environmental
impact (Berckmans, 2017; Tullo et al., 2019; Werkheiser, 2018). Most importantly, these
technologies will allow to take action in real time, even in big farms, through a
continuous and automated monitoring (Berckmans, 2017; Schillings et al., 2021).

There is a tendency of productive system intensification (Tullo et al., 2019), in
order to produce more using less resources. In this scenario, an increase in farm size and
animal density, make animal health, welfare, and environmental impact become ever
more relevant to achieve economic and environmental sustainability (Tullo et al., 2019;
Werkheiser, 2018). Precision livestock farming technologies have the potential to
improve health and welfare on real time, decreasing negative affective experiences

(Schillings et al., 2021).



One essential measure in beef cattle production systems, which can be used for diverse
decision-making processes, is body weight. Evolution of body weight is used to detect
the presence of health disorders, nutritional disorders associated with feed intake or feed
quality, and to calculate growth rates and profitability of the production system based on
weight gain curves (Segerkvist et al., 2020). Accordingly, it is essential to measure body
weight regularly and accurately in precision livestock production system (Laca, 2009).
However, the main problem of measuring body weight frequently is animal movement,
which can be labor intense, interferes with animal environment (Charmley et al., 2006)
and cause heavy breathing, loss of grazing time, reduction in appetite and feed intake,
which collectively negatively impact animal performance. Based on these, we propose a
fourth strategy on precision livestock farming: 4) validate the use of an automated scale

for grazing or feedlot beef cattle.



Minerals

Minerals are inorganic compounds required in smaller quantities, essential for
immunity, health, maintenance, growth, lactation and reproduction (Arthington &
Ranches, 2021; Kegley et al., 2016; Olson, 2007; Smith & Akinbamijo, 2000). Beef
cattle requires at least seventeen different minerals that are classified in macro and
microminerals based on the required amounts of each one. Required macrominerals are:
calcium (Ca), phosphorus (P), magnesium (Mg), potassium (K), sodium (Na), chlorine
(CI), and sulfur (S) (NRC, 2000). Calcium and phosphorus are the most abundant
minerals in the body, both required for bone formation, and the concentration in the diet
should be regulated to maintain a 1-2:1 Ca-P ratio, and no more than 7:1 to avoid
negative impact on growth and performance and calcium absorption (Dowe et al., 1957;
Wise et al., 1963). Calcium deficiencies can cause rickets in young animals and
osteomalacia in adult animals (NRC, 2000). Phosphorus deficiencies are associated with
impaired growth and fertility, reduction in appetite and weakened bones (Karn, 2001).
However, an excess in phosphorus supplementation will have a negative impact on the
environment through phosphorus excretion in feces, pollution, and water eutrophication,
without extra benefits in animal performance (Erickson et al., 2002; Prados et al., 2017).
In general, well managed pastures will have enough content of calcium and phosphorus
to cover the requirements, without the need for an extra supplementation (NRC, 2000).
Cereal grains are characterized by low Ca concentration, and relatively high in P content,
for which highly inclusion of grains in the diet will require Ca supplementation.

Magnesium has a role in the nervous system and carbohydrate metabolism; to

keep Mg homeostasis cattle require a constant supply of Mg, because only 20% is



absorbed, and the rest eliminated in feces (Kemp et al., 1961; Martens et al., 2018).
Deficiencies in Mg cause problem in calves like anorexia, excitability and convulsions,
and hypomagnesemia in lactating and pregnant beef cows that could cause mortality if
not treated (Doncel et al., 2021; NRC, 2000). Deficiencies in Mg are associated with a
reduced availability from the diet (Martens et al., 2018); an excess of nitrogen (N), K,
and P in fast-growing or lush grasses (Doncel et al., 2021) would interfere and decrease
Mg ruminal absorption (Kemp et al., 1961).

Potassium is the major cation in intracellular fluid, and together with Na (major
cation in extracellular fluid) and chlorine (major anion in extracellular fluid) are needed
to regulate osmotic pressure, acid-base balance and fluid balance in the tissues (Henry,
1995). A deficiency of potassium in grazing cattle is mostly unlikely to happen, however
diets based on cereal grains tend to be deficient in this mineral. The use of meals from
oilseeds is a good source to supplement potassium. Deficiencies on this mineral can cause
a reduction in feed intake and weight gain (NRC, 2000). Sodium and chlorine are
generally supplemented in the form of common salt (NaCl) (Henry, 1995). Salt can be
used to regulate feed intake in cattle, with a high tolerance when water supply is assured
(NRC, 2000).

Sulfur, is actually required for rumen bacteria growth and metabolism, in
particular cellulolytic bacteria (Spears et al., 1976), and to synthesize sulfur-containing
amino acids (Drewnoski et al., 2014). An excess of sulfur will impair performance, feed
intake, dietary net energy, carcass merit, and trace mineral absorption (Drewnoski et al.,
2014; Zinn et al., 1997). Lately, sulfur excess become more common due to greater

contents of this mineral in distillers grains and water sources (Drewnoski et al., 2014).



Essential microminerals, or also called trace minerals, are chromium, cobalt,
copper, iodine, iron, manganese, molybdenum, nickel, selenium, and zinc (NRC, 2000).
Among these, only selenium (Se), copper (Cu), zinc (Zn), manganese (Mn), iodine (1),
and cobalt (Co) have practical relevance. In general, commonly used feedstuff will
supply mineral requirements, however in grazing systems mineral availability depend on
forage species, soil fertilization, and weather impact over it (Greene, 2016; Mcbride &
Mathews, 2011).

Grasslands are the foundation of cow-calf operations. At least, 85% of cows total
feed is based on pastures or native grass (Greene, 2000). The nutritional balance of
grazing cattle depends on the interaction between soil, forage, weather, and animals.
Minerals are the nutritional component with the highest variability in forage in
comparison with energy or protein content. Minerals content in forage will depend on soil
fertility, chemical fertilizers and forage type and growth (Greene, 2016). Weather will
affect directly forage quantity, quality, type, and variability in production levels between
years (Reeves & Bagne, 2016). In the US availability of trace minerals in the soil varies
within regions, with reported deficiencies of Co, Cu, Se, and Zn in forages (Arthington &
Ranches, 2021). When deficiencies in forage are known, animals should be supplemented
to avoid deficiencies (Swecker, 2014).

Trace minerals deficiencies have been frequently reported in livestock grazing
systems (McDowell, 1996; Olson, 2007), as the result of an inadequate intake, or the
presence of antagonists that impair absorption or metabolism (Olson et al., 1999).

Evaluate status from diet evaluation requires to know exactly amount and feed type



consumed per each animal, which is practically impossible in grazing conditions (Herdt
& Hoff, 2011).

Requirements of trace minerals are in mg/kg or pg/kg and it variates during
productive cycle (Greene, 2016), making even more difficult to define requirements and
supply through feedstuff. Trace mineral status in beef cattle is not commonly assessed
(Van Emon et al., 2020) and will be affected by chemical interaction and antagonists
present in the gastrointestinal tract, and the intestinal absorption. And it will variate with
breed, physiological state, health status, nutrition, and environment (Palomares, 2022).

Trace mineral deficiencies can be classified as marginal, subclinical, or clinical.
Marginal deficiencies are not evident, but could increase animal susceptibility to
secondary diseases through a reduction of immune function (Palomares, 2022).
Subclinical deficiency would be identified through a decrease in growth and reproductive
efficiency in the herd; while a clinical deficiency will show a specific symptom related
with a specific mineral deficiency (Palomares, 2022). Physiological functions get affected
progressively, because different mechanisms or processes requires different amount of
minerals, which makes it even more difficult to identify trace minerals deficiencies in the
herd, causing economic losses before deficiencies are diagnosed (Kincaid, 2000). When
mineral intake is not enough to cover the requirements, reserve pool is the first one to be
depleted, releasing required minerals into the bloodstream; after this, if the restriction
continues, transport pool will be depleted (Underwood & Suttle, 1999). Once both pools
are depleted, clinical signs of functional deficiencies will appear (Herdt & Hoff, 2011,

Underwood & Suttle, 1999).



Trace mineral status could be assessed using blood measurements or liver
biopsies when storage pool or transport forms are known. Measuring mineral
concentration in blood, plasma, or serum, is less invasive, but it is not always
representative of restriction periods. Minerals concentration in plasma could be
maintained through homeostatic control, during periods of inadequate intake (Herdt &
Hoff, 2011) until reserves are completed depleted (Kincaid, 2000). Serum concentrations
are preferred to avoid anticoagulant addition (Herdt & Hoff, 2011).

To make a better diagnosis, is always recommended to measure mineral status in
the storage pool, if this is accessible (Herdt & Hoff, 2011). The most accurate way to
determine mineral status is through liver biopsy (Olson, 2007). Minerals will be stored in
the liver, incorporated as enzymes, and released when needed (Counotte et al., 2019;
Palomares, 2022). However, in some cases, with selenium and zinc, their reservoir is
better represented in muscle, but biopsies of this tissue are not practical to take (Kincaid,
2000; Palomares, 2022). Herdt & Hoff (2011) defined the following adequate trace
mineral concentration ranges in liver (ug/g DM) for growing and adult bovines: Cobalt
0.1-0.4, copper 50-600, iron 140-1000, manganese 5-15, molybdenum 1-4, selenium 0.7-
2.5, and zinc 90-400. Trace minerals concentration under recommended ranges could be
associated with deficiencies and the need for external supplementation.

Supplementation methods could be divided into indirect or direct methods.
Indirect supplementation involves soil fertilization and pasture species diversity, which
are an expensive and non-effective method; while direct supplementation includes
mineral blocks (licking), ruminal boluses, mineral inclusion in the water, and injections

(McDowell, 1996; Palomares, 2022).
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The most common method of supplementation is the free-choice using a salt-
based mixture (Arthington & Swenson, 2004). However, this method does not allow to
target individual supplementation, and ends up with a high intake variability (Van Emon
et al., 2020). Furthermore, the presence of mineral antagonists, iron (Fe), molybdenum
(Mo), and sulfur, in forages would decrease even more the absorption and availability of
these minerals when fed orally (Arthington & Ranches, 2021; Pogge et al., 2012). Copper
and selenium concentrations in the liver are significantly decrease when Fe and Mo are
present in the diet (Genther & Hansen, 2014).

Free-range supplementation does not allow to control individual intake and covers
the necessary supply for each trace mineral. Voluntary mineral intake will variate during
different seasons, depending on forage availability and dry matter content, type of
supplement and palatability, and mineral content in the water (Arthington & Swenson,
2004). Also, there is a risk of toxicity, caused by excess of Cu, Se, and | (Swecker, 2014),
that could negatively influence reproductive performance (Stokes et al., 2019).

Supplementation of injectable trace minerals allowed us to individually supply
Cu, Mn, Se, and Zn based on animal weigh, in a controlled quantity that will be rapidly
absorbed (Palomares, 2022; Pogge et al., 2012). After injection minerals are up taken into
blood stream and used by cells as needed, or stored in the liver, binding storage proteins
for long term use or excreted (Suttle, 2010). This method allows bypassing the rumen and
avoid the formation of insoluble complexes and negative interactions that can occur
during digestion and absorption, increasing trace mineral bioavailability (Pogge et al.,
2012). Specifically, after injection, trace mineral levels will increase its concentration in

bloodstream within 8-10h, increasing enzymatic activity of superoxide dismutase and
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glutathione peroxidase and liver storage after 24 h post injection (Genther & Hansen,
2014; Pogge et al., 2012). These effect should persist for approximately 90 days, with a
peak in enzymatic function 15 days after injection (Genther & Hansen, 2014; Machado et
al., 2013; Pogge et al., 2012). These four trace minerals are associated with reproductive
performance and health and immune response in different ways (Palomares, 2022),
affecting the maternal side and the fetal growth and development, as neonatal health (Van
Emon et al., 2020).

Copper is needed for reproductive success with a positive effect on oocyte
development through early embryogenesis and pregnancy success. Presence of delayed
estrus, embryonic death, or infertility, could be a symptom of Cu deficiency (Arthington
et al., 1995), or Mo-induced Cu deficiency (Underwood & Suttle, 1999). Copper
deficiency is mainly caused by antagonists (Van Emon et al.,, 2020). Manganese
deficiency may inhibit synthesis of cholesterol, downregulate steroidogenesis during
pregnancy (Underwood and Suttle, 1999), and negatively affect progesterone and
estrogen synthesis (Van Emon et al., 2020). Due to this role Mn deficiency is associated
with low pregnancy rate and abortion (Milatovic and Gupta, 2018). Selenium appears to
have a role in protect the oocyte from the oxidative stress during folliculogenesis, and
directly promote folliculogenesis, having as target large follicles and ovarian tissue (Van
Emon et al., 2020). Zinc is related with a viable pregnancy, acting directly on the
cumulus-oocyte complex, and allowing a normal luteal activity. It also may limit uterine
oxidative stress, returning to estrus earlier in time (Van Emon et al., 2020). According to
the European Commission regulations, trace minerals can also be classified as nutritional

additives to provide specific nutrient supply for optimal growth (Pandey et al., 2019).
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Feed additives

Feed additives are defined by the European Commission as products used to
improve feed quality, animal performance, health, or final product quality. Feed additives
can be classified based on function and origin (Pandey et al., 2019). This classification
defines eight categories: additives to enhance feed intake (antioxidants, flavoring), to
improve feed acceptability and quality, to enhance digestibility and absorption, to alter
metabolism (hormones and implants), to improve health status, enzymes, growth

promoters, and phytogenic additives.

Growth promoters: lonophores, probiotics, and prebiotics

Additives classified as growth promoters are included in the diet with the aim to
improve growth and feed utilization efficiency and enhance system productivity and
profitability (Callaway et al., 2003; Russell & Strobel, 1989; Vohra et al., 2016). These
additives can be divided in two big groups: medicated, or also called antibiotic growth
promoters, and non-medicated additives, that includes prebiotics and probiotics (Pandey
etal., 2019).

Antibiotic growth promoters had been widely used in beef cattle production
systems to improve productivity and health (Bretschneider et al., 2008). lonophores are
the most common antibiotic growth promoter used in ruminant production to improve
rate gain and feed efficiency throughout altering microbial ecology of the rumen
(Callaway et al., 2003). lonophores are approved by the Food and Drug Administration to
be used in food-producing animals, and are classified as non-medical important based on
its use to control coccidiosis in livestock species, not use in human medicine, and

nonexistent cross-resistance concern (FDA, 2022; McEwen & Fedorka-Cray, 2002).
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lonophores used as feed additives are carboxylic polyether antibiotic, naturally
produced by Streptomyces spp. bacteria, and highly lipophilic molecules (Callaway et al.,
2003; Marques & Cooke, 2021). Their function is based on ion concentration gradient
disruption, directly affecting protozoa and gram-positive bacteria metabolism (Constable
et al., 2017). Gram-positive bacteria cells are surrounded by a porous peptidoglycan layer
that allow the lipophilic ionophores to pass through and insert itself into the cell
membrane; while gram-negative bacteria seems to be not affected by ionophores due to a
lipopolysaccharide layer, outer membrane, and periplasmic space surrounding the cell
(Callaway et al., 2003; Russell & Strobel, 1989; Rutkowski & Brzezinski, 2013).
Normally, ruminal bacteria maintain a high concentration of K* inside the cell, and lower
intracellular concentration of Na* (Russell, 1987), to keep a neutral intracellular pH while
surrounded by the acidic ruminal environment (Simjee et al., 2012). lonophores, adhere
to cell membrane and act as a metal/proton antiporter, causing an influx of Na*, efflux of
K*, and pH acidification, entering in a futile ion cycle (Russell & Houlihan, 2003;
Russell & Strobel, 1989). In order to pump Na" and H* outside the cell, activation of
ATPase systems deplete energy reserves and compromise cell viability and growth
(Russell, 1987; Russell & Houlihan, 2003; Russell & Strobel, 1989). This targeted effect
decreases gram-positive bacteria population relative to gram-negative bacteria, and cause
certain defaunation, decreasing protozoa and fungi population that produces Hz (Azzaz et
al., 2015). This effect allows to reduce methane production, acetic acid, lactic acid, and
butyric acid (Marques & Cooke, 2021), and increase propionate synthesis, resulting in
more efficient use of feed energy and a reduction of acidosis risk (Azzaz et al., 2015).

There is a shift in volatile fatty acids molar ratio toward propionate (Ensley, 2020), that
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will increase hepatic glucogenic flux and glucose supply to the animal, providing more
energy from feed (Duffield et al., 2012).

lonophores also have an impact on ruminal nitrogen metabolism, decreasing
ruminal protein degradation. This effect will reduce ruminal ammonia N and increase
dietary peptides and amino acids that arrive to the duodenum (Azzaz et al., 2015;
Marques & Cooke, 2021). Inclusion of ionophores in cattle diets as growth promoters
started in the 70’s and become a widely adopted and common practice (Bretschneider et
al.,, 2008; Ensley, 2020), with more than 90% of large feedlots (>1000 heads)
incorporating an ionophore in their diets as part of the feeding routine (Sneeringer et al.,
2015), with very well-known positive results in performance and feed efficiency
(Duffield et al., 2012). lonophores commercialization in the United States represented
38% of whole antibiotic sales to be used in food-producing animals, which equals to
more than 4 million kg of ionophores sold in 2021 (FDA, 2022).

There are several commercial products available, but only three are approved to
be used in beef cattle: monensin, lasalocid, and laidlomycin (Russell & Houlihan, 2003).
Monensin, produced by Streptomyces cinnamonensis, was first discovered in 1967 by
Agtarap and collaborators (1967), and it became the most extensively studied and used
ionophore in beef cattle, and was the first ionophoric antibiotic approved by the Food and
Drug Administration (Lowicki & Huczynski, 2013). Monensin, is generally provided
orally as a sodium salt mixed with the ration (Duffield et al., 2012).

Monensin positively affects cattle performance by enhancing feed efficiency
through a decrease in feed intake, either maintaining the same level of weight gain or

improving it (Duffield et al., 2012). Also, it reduces proliferation of parasites (Gram
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positive bacteria Micrococcus, Bacillus and Staphylococcus) with antimicrobial
properties by changes in pH and sodium/potassium balance in the cell. Monensin changes
intestinal microflora and improves feed metabolism, which ensures better use of feed and
increases the amount of assimilable digestible protein and fast growth (Lowicki &
Huczynski, 2013).

At ruminal fermentation level, monensin reduces methane production, reduces
protein deamination and excreted ammonia in urine, decreases lactic acid concentration,
increases ruminal pH and enhances propionate concentration and energy availability
(Callaway et al., 2003; Russell & Strobel, 1989). Greater ruminal pH enhances cellulose
digestion, increasing feed digestibility and feed energy utilization (Russell & Strobel,
1989) and reduces ruminal acidosis risk (Callaway et al., 2003). In summary, monensin
increases efficiency of energy metabolism in the rumen, improves nitrogen metabolism in
the rumen, decreases methane production and reduces the risk of lactic acidosis and bloat
(Al-Dobaib & Mousa, 2009).

Consistency of monensin beneficial effects will depend on dose, diet, animal type,
and delivery method (Margues & Cooke, 2021). In modern feedlot systems, it is expected
that the use of monensin improve feed efficiency in 2.5 to 3.5% depending on diet energy
and dose (Duffield et al., 2012). The benefit of ionophores supplementation in grazing
systems depend on forage quality and dosage, showing a quadratic response in average
daily gain (ADG) and feed efficiency with increasing dose of monensin or lasalocid
(Bretschneider et al., 2008). The problem with the use of low dosage, wide spectrum
antibiotics as growth promoters is that they can potentially contaminate animal products

and cause future drug resistance in humans due to a continuous exposure to small doses
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of antibiotics present as residues in meat (5%) or milk (2.7%) (Al-Dobaib & Mousa,
2009). However, risk of cross-resistance to antibiotics caused by monensin exposure
seems to be theoretical until now (Simjee et al., 2012).

Monensin is not used in human medicine as an antibiotic against bacterial
infection, and most concern foodborne bacteria like Salmonella, Escherichia coli,
Campylobacter are gram-negative bacteria, intrinsically resistant to monensin (Russell &
Houlihan, 2003; Simjee et al., 2012) even when exposed to 10 times greater than normal
ruminal ionophore concentrations (Edrington et al., 2003). However, some gram-negative
bacteria seem to be susceptible or need an adaptation period before being able to grow in
the presence of ionophores in the rumen, like Prevotella bryantii (Callaway & Russell,
1999); and some gram-positive bacteria, like Clostridium aminophilum, seem to be
resistant (Houlihan & Russell, 2003).

Other gram-positive bacteria, associated with human infection and foodborne
illness, are Enterococcus spp. and Clostridium perfringens. Monensin adaptation in
Enterococcus faecium, Enterococcus faecalis and Clostridium perfringens was detected
after continue exposure to this ionophore, that allowed growth after a lag time (Simjee et
al., 2012). However this resistance is reverted after the exposure finishes, showing that
there were not genes related with resistance that could be transferred and create cross-
resistance to other antibiotics (Simjee et al., 2012). Apparently same happened with
Clostridium aminophilum, that is able to develop resistant mechanisms that could be
reverted (Rychlik & Russell, 2002), and that when resistance is present seems to be

ionophore specific (Houlihan & Russell, 2003; Rychlik & Russell, 2002).
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lonophore resistance appears to be based on physiological selection instead of
gene mutation (Russell & Houlihan, 2003). The risk of developing a therapeutic
antibiotic resistance, spread between bacterium, and transfer to humans, seems low to
null. Despite the lack of evidence that ionophores could create resistant strains of
zoonotic pathogens, controversy around use of antimicrobials as growth promoters in
food-producing animal triggered/caused the European Union to ban the usage of
antibiotics as growth promoters, based on the principle of precaution, including monensin
for use in beef cattle since 2006 (EC Regulation No. 1831/2003) (Millet & Maertens,
2011; Turnidge, 2003). As mentioned before, in the United States it is still allowed to use
monensin and other ionophores as growth promoters, under the principle of proof, before
taking any action (FDA, 2022; Turnidge, 2003). In the other hand, a risk of ionophore
toxicosis also exists. However, cattle is the least susceptible specie when compared to
others, with an acute oral LD50 of 26.4mg/kg BW (Ensley, 2020; Lowicki & Huczynski,
2013).

Due to the controversy around antibiotic growth promoters, European Union ban,
and social pressure to ensure safety in animal products for human consumption, emerged
the possibility to remove antibiotic growth promotants from animal agriculture (Jouany &
Morgavi, 2007; Placha et al., 2022). However, the Animal Health Institute of America
has estimated a requirement of an extra 23 million cattle if the use of antibiotic growth
promoters is eliminated in the Unites States. As a result, antimicrobial growth promoters
need to be replaced by non-antimicrobial drug alternatives (Gaggia et al., 2010b).

Feed efficiency and productivity in ruminants can be improved through ruminal

fermentation manipulation. Jouany & Morgavi (2007), identified four main targets to be
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optimized with the use of feed additives: improve fiber digestion, reduce the risk of lactic
acid accumulation and ruminal acidosis, reduce feed protein degradation, and increase
protein duodenal flow, improve energy balance through reduction in methane production
and greater propionate synthesis. As we mentioned before, ionophores are able to alter
ruminal fermentation, decrease methane production and ruminal proteolysis, and increase
propionate synthesis and protein flux to the small intestine (Marques & Cooke, 2021),
without negative impact on fiber digestion (Azzaz et al., 2015).

In the need of a substitute for ionophore antibiotics to avoid a negative effect on
system production efficiency, some natural feed additives have risen as possible
replacements. Alternatives to ionophores are organic acids, essential oils, enzymes,
probiotics, prebiotics. These natural feed additives are characterized by its beneficial
effect on gut microflora, digestibility, and health (Gaggia et al., 2010b; Placha et al.,
2022)

Probiotics are live microbes that can be fed as supplements to improve animals’
microbial balance. In adult animals, with developed and stable microbiota are
recommended during transition periods (Jouany & Morgavi, 2007). Bacterial probiotics
are used to maintain acid lactic production, improve propionate synthesis, or as
antimicrobials against pathogen species as Echerichia colii (Krehbiel et al., 2003; Nocek
et al., 2002; Peterson et al., 2007). However, the most common probiotics used are live
yeast (Aspergillus orizae and Saccharomyces cerevisiae), prepared as a dry mix of live
cells, growth media, and inert matrix (Jouany & Morgavi, 2007). Yeast are aerobes
organisms and need to be continuously supplied to ruminants to achieve an effective

concentration (10° CFU/g rumen content) (Jouany, 2006; Jouany & Morgavi, 2007).
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Supplementing cattle with live yeast products, especially Saccharomyces
cerevisiae, on diets with high concentration levels, improves feed efficiency, feed
digestibility, weight gain and immune system, due to a decrease of rumen pathogens
prevalence. It also prevents health disorders, reduces lactate production, minimizes
ammonia losses, stabilizes ruminal pH, improve organic matter and fiber digestibility,
increase volatile fatty acid concentration and ruminal energy utilization, and improve
meat quality as a final product (Desnoyers et al., 2009; Gaggia et al., 2010b; Shurson,
2018; Vohra et al., 2016). Productive results achieved with the use of probiotics tend to
be inconsistent, with an important influence of type of diet, ingestion rate, passage rate,
and individual ruminal ecosystem (Jouany & Morgavi, 2007).

A proposed model on how these probiotics work is based on an
interaction/association between yeast and microbes present in the digestive ecosystem,
creating a “micro-consortium” structure (Jouany, 2006). Yeasts need oxygen to survive
and maintain their metabolic activity in the anaerobic ruminal environment. Fresh
particles of ingested feed will be surrounded by oxygen, yeast will utilize this oxygen to
metabolize sugars, and produce ethanol, glycerol, peptides, and amino acids, that will be
used by other bacteria (Jouany, 2006). At the same time, oxygen consumption improves
the anaerobiosis of the ruminal environment which is favorable for cellulolytic bacteria
growth and activity (Jouany, 2006; Jouany & Morgavi, 2007). Another positive effect is
related to the capacity of Saccharomyces cerevisiae to accumulate and release malate.
Malate is a dicarboxylic acid that will enhance lactate uptake from Selenomonas
ruminantium (Nisbet & Martin, 1991) and that will act as an electron sink for hydrogen in

the succinate-propionate pathway (Martin, 1998), stimulating the synthesis of propionate
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from lactate. This could explain the positive effect of yeast on propionate synthesis, and
ruminal pH.

Greater ruminal pH enhances cellulose digestion, increasing feed digestibility and
feed energy utilization (Russell & Strobel, 1989) and reduces ruminal acidosis risk
(Callaway et al., 2003), promoting feed intake, nutrient supply, and animal performance
(Jouany, 2006). Beneficial use of yeast supplementation is mainly associated with growth
promotion of cellulolytic ruminal bacteria, and fiber intake and digestion (Shurson, 2018;
Vohra et al., 2016).

When vyeasts are autolyzed in the rumen, all the cytosol content, including
vitamins, minerals and proteins, and part of the cell wall will be utilized and promote
growth of the associated bacteria in the micro environment (Jouany, 2006). Yeast
autolyzed products are classified as prebiotics. Prebiotics are a nondigestible ingredient
that will stimulate growth or activity of specific microbiota that is beneficial for the host
health status (Pandey et al., 2019). Yeast cell wall available compounds are B-glucan,
mannan oligosaccharide and D-mannose, three carbohydrates structures that provide
health and performance benefits to cattle, based on their ability to modulate immune
system and bind pathogenic bacteria (Ganner & Schatzmayr, 2012; Nocek et al., 2011).

Mannan-oligosaccharides promote the growth of beneficial lactic acid bacteria,
and enhance humoral immunity against gram negative bacteria, limiting the proliferation
of Salmonella sp. and decreasing colonization and cytotoxicity of Escherichia coli
(Baines et al., 2011, Patel & Goyal, 2012); and B-glucans has immune modulatory effect,

associated with T cells to antigens or cytokines responsiveness and proliferation (Nocek
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et al., 2011). This could improve cattle growth performance and feed conversion as a
final result (Shurson, 2018).

Autolyzed yeast seems to increase dry matter intake and chewing activity (Kroger
et al., 2017), counteracting microbial imbalance and removing toxic compound form the
digestive tract caused by sub-acute ruminal acidosis (Humer et al., 2018). Yeast cell wall
components act as a ligand for gram negative bacteria, removing them from digestive
tract (Neubauer et al., 2018; Nocek et al., 2011), decreasing starch fermenting and
ammonia utilizing bacteria (Bacteroides spp.), and act as a substrate for cellulolytic
bacteria (Ruminococcus spp.) promoting its growth (Neubauer et al., 2018), even in a
high-concentrate diet regimen. These effects are translated in a greater fiber apparent
digestibility and the maintenance of a physiological ruminal pH, that again contributes
with cellulose degradation (Kroger et al., 2017; Lei et al., 2013). Lei et al. (2013) also
reported a positive effect on average daily gain and feed efficiency, and a reduction in
acute phase proteins in beef steers. The reduction in acute phase proteins, as haptoglobin
and serum-amyloid A, is associated with a suppression of inflammatory reaction through
lipopolysaccharides (LPS) binding, avoiding translocation into circulation (Lei et al.,
2013). Biogenic amines and LPS are microbe-derived toxic compounds, biomarkers of
dysbiosis, and associated with the presence of sub-acute ruminal acidosis.
Supplementation of yeast cell wall components showed a reduction of these toxic
compounds (Humer et al., 2018; Lei et al., 2013), which demonstrates it positive effect

on ruminal pH and inflammatory response in cattle.
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Phytogenic additives: Condensed tannins and coccidiosis

Plants and its secondary metabolites has been used for its medicinal properties
since ancient times (Jamshidi-Kia et al., 2018) with an increasing demand during last
decades (Briskin, 2000) focused on human health. Recently, these compounds started to
gain popularity on livestock production based on the consumers concerns around
antibiotics and hormones use in food-producing animals, and its health and
environmental hazards (Rochfort et al., 2008).

Phytogenic additives appear as an alternative to synthetic chemicals to improve
animal health, especially in ruminants (Rochfort et al., 2008). These plant secondary
metabolites (PSM) have also the ability to improve performance, feed quality, and quality
of the final product, fulfilling the role of growth promoters, antimicrobials, antioxidants,
gut function modulators, immunomodulators or anti-inflammatories (Pandey et al., 2019).
It has been identified more than 80,000 beneficial compounds derived from plants, that
can be classified in different ways depending on chemical composition, action, biological
origin, or use (Hashemi & Davoodi, 2010). Based on its chemical composition can be
classified in alkaloids, essential oils, saponins, acids, steroids, tannins, among others.

Tannins are polyphenols compounds, that have been classified as anti-nutritional
components, due to its negative effect on nutrient digestibility, feed intake, diet
palatability, and performance (Naumann et al., 2017). These polyphenols are one of the
most common anti-nutritional factors widely present in various feed types, as forages,
and forestry and agro-industrial byproducts (Bhat et al., 2013; Makkar, 1993).

Tannins are classified in two big groups: hydrolysable tannins and condensed

tannins. Hydrolysable tannins, can be subdivided in galloglucoses, gallotannins, and
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ellagitannins, depending on their chemical structure, and are characterized for being
astringents and antioxidants (Koleckar et al., 2008; Smeriglio et al., 2017). However, this
type of tannins are considered toxic for ruminants, causing digestion inhibition and
hepatotoxic and nephrotoxic effects (Naumann et al., 2017). Condensed tannins (CT), are
polymers of flavonoids, largely resistant to microbial degradation (Huang et al., 2018),
and commonly found in legume forages, seed coats, and leaves of browse plants, and
rarely in grass (Waghorn & McNabb, 2003).

Tannins are characterized by their ability to bind proteins (Bhat et al., 2013;
Mueller-Harvey, 2006; Naumann et al., 2017). Interaction between CT and proteins in the
saliva form CT-protein complexes that will negatively impact palatability due to
astringency (Naumann et al., 2017). When we think in the effect on nutrient digestibility,
CT-protein complexes decrease protein ruminal degradation; CT can also bind to
structural carbohydrates and starch, decreasing their digestion and affecting total DM
digestibility (Besharati et al., 2022; Mueller-Harvey, 2006).

Reduction of protein ruminal degradation could increase duodenal flow of dietary
protein, and decrease nitrogen excretion as urea in the urine (Mueller-Harvey, 2006).
This will result in greater amino acid absorption, leading to grater performance.
However, this positive effect will depend on the tannin’s protein-binding activity and
dissociation ability post rumen. Formation and dissociation CT-protein complexes seems
to be pH dependent, with formation happen at pH 3.5-7.5, and dissociation at pH <3.5,
which coincides with abomasum pH (Bhat et al., 2013; Mueller-Harvey, 2006).

Antibiotic activity is one of the main functions for which PSM had been studied;

especially in ruminants where bacterial gut fermentation is essential for nutrition, but also
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produces non-desired secondary compounds as methane (Rochfort et al., 2008). Tannins
can inhibit growth of cellulolytic and proteolytic bacteria, rumen methanogens, and cause
protozoal defaunation in the rumen, affecting protein and fiber digestibility, but also
decreasing ammonia N concentration and methane production (Bodas et al., 2012).
Growth inhibition mechanisms could be related with tannins astringency, inhibiting
extracellular enzymes, causing substrate deprivation, or directly affecting metabolism,
iron deprivation, or inhibition of oxidative phosphorylation (Scalbert, 1991).

Condensed tannins effect could either be detrimental or beneficial depending on
tannin’s chemical characteristics, physical structure, protein-binding activity, and
concentration in the diet (Rochfort et al., 2008; Waghorn & McNabb, 2003). This will
variate in different species, and in the ability of microbes to adapt to CT and avoid anti-
nutritional effects (Naumann et al., 2017).

Perception about tannins and its effect on ruminants has been changing during the
last decade, becoming widely studied for its potential use as feed additive in ruminants
(Yanza et al., 2021). Inclusion of CT in ruminants’ diet at low doses (2-4% DM) has
shown beneficial effects on performance and health. It has been demonstrated the ability
of CT to achieve greater protein nutrition through a reduction of protein ruminal
degradability, reduce methanogenesis and methane production, reduce incidence and
severity of bloat, and suppress gastrointestinal nematodes parasites (Getachew et al.,
2008; McMahon et al., 2000; Min & Hart, 2003; Naumann et al., 2017).

Phytogenic additives appear as an alternative to synthetic chemicals to improve
animal health and treat gastrointestinal diseases, especially in ruminants (Rochfort et al.,

2008; Tamminen et al., 2018; Weyl-Feinstein et al., 2014) Tannins are characterized by
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its effect on intestinal bacteria, nematodes, and protozoa (Huang et al., 2018). Post
ruminal effects of CT, show an antiparasitic activity, but also would stimulate host
resistance through protein metabolism, with a greater protein supply to the small intestine
(Jouany & Morgavi, 2007).

An anthelmintic effect of CT has been demonstrated on gastrointestinal
nematodes in sheep, goats and cattle (Athanasiadou & Kyriazakis, 2004; Tedeschi et al.,
2021). Condensed tannins supplementation has also shown an inhibitory effect of
Eimeria spp. (Tedeschi et al., 2021) the protozoan responsible of causing coccidiosis
(Chapman et al., 2013). Oral supplementation of CT causes a reduction of Eimeria spp.
oocyst excretion on rabbits (Parisi et al., 2018), goat kids (Fraquelli et al., 2015;
Markovics et al., 2012), and lambs (Acharya et al., 2020; Burke et al., 2013; Saratsis et
al., 2012), reducing parasite load and alleviating clinical signs of coccidiosis. Condensed
tannins are also effective in controlling calves diarrhea caused by protozoan (Bonelli et
al., 2018). These results showed the potential anti protozoal effects of condensed tannins
to prevent and control coccidiosis, in addition to the anthelmintic effect on ruminants.

Coccidiosis, is a disease that affect all livestock species, causing major
performance and productivity losses (Bangoura & Bardsley, 2020; Chapman et al., 2013).
Cumulative incidence in beef cattle herd tend to be 100% (Jager et al., 2005). Economic
losses related with this parasite infection were estimated to be US$723 million worldwide
(Fitzgerald, 1980), impacting the cattle industry with an annual cost of US$100 million or
more. Economic impact is associated with subclinical and clinical signs of this disease

and treatment cost (Keeton & Navarre, 2018; Lassen & @stergaard, 2012).
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In cattle, young animals are more susceptible to be infected with Eimeria spp.
parasite (Ernst et al., 1984). Main sign of clinical coccidiosis is the presence of diarrhea
and Eimeria spp. oocysts in the feces (Bangoura & Bardsley, 2020). Depending on
Eimeria specie pathogenicity this disease could cause slow growth, morbidity, and even
mortality (Epe et al., 2005). There are 13 different species that affect bovines, but only
two have the highest pathogenicity: Eimeria bovis and Eimeria zuernii (Daugschies &
Najdrowski, 2005).

Life cycle of Eimeria has 3 phases, two internal phases that include asexual and
sexual reproduction, and one external or environmental phase of sporulation (Bangoura &
Bardsley, 2020). Once symptoms are detected, animals had been infected since 2-4 weeks
ago, and are shedding new oocysts in the environment (Keeton & Navarre, 2018). At
excretion, oocysts need to become infective, and this process (sporulation) will take 1-3
days in warm and humid conditions (Bangoura & Daugschies, 2018). Once infective,
oocysts will infect other animals through fecal-oral infection route. Adults animals
develop certain immunity after its first infection, but become oocysts reservoir further
contaminating the environment for the next naive animals (Bangoura & Bardsley, 2020;
Joachim et al., 2018; Keeton & Navarre, 2018).

Environmental load is one of t