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Abstract

of antibiotics.

There are heightened concerns globally on emerging drug-resistant superbugs and the lack of new antibiotics for
treating human and animal diseases. For the agricultural industry, there is an urgent need to develop strategies to
replace antibiotics for food-producing animals, especially poultry and livestock. The 2" International Symposium on
Alternatives to Antibiotics was held at the World Organization for Animal Health in Paris, France, December 12-15,
2016 to discuss recent scientific developments on strategic antibiotic-free management plans, to evaluate regional
differences in policies regarding the reduction of antibiotics in animal agriculture and to develop antibiotic alterna-
tives to combat the global increase in antibiotic resistance. More than 270 participants from academia, government
research institutions, regulatory agencies, and private animal industries from >25 different countries came together
to discuss recent research and promising novel technologies that could provide alternatives to antibiotics for use in
animal health and production; assess challenges associated with their commercialization; and devise actionable strat-
egies to facilitate the development of alternatives to antibiotic growth promoters (AGPs) without hampering animal
production. The 3-day meeting consisted of four scientific sessions including vaccines, microbial products, phyto-
chemicals, immune-related products, and innovative drugs, chemicals and enzymes, followed by the last session on
regulation and funding. Each session was followed by an expert panel discussion that included industry representa-
tives and session speakers. The session on phytochemicals included talks describing recent research achievements,
with examples of successful agricultural use of various phytochemicals as antibiotic alternatives and their mode

of action in major agricultural animals (poultry, swine and ruminants). Scientists from industry and academia and
government research institutes shared their experience in developing and applying potential antibiotic-alternative
phytochemicals commercially to reduce AGPs and to develop a sustainable animal production system in the absence
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1 Introduction

Antibiotics, since their discovery in the 1920s, have
played a critical role in contributing to the economic
effectiveness of animal production as feed supplements at
sub-therapeutic doses, to improve growth and feed con-
version efficiency, and to prevent infections [1]. In-feed
antibiotics (IFAs) are a common and well-established
practice in the animal industry that has contributed to
the intensification of modern day livestock production.
However, with intensification of animal agriculture, con-
cerns exist that the use of IFAs leads to development of
antimicrobial resistance, posing a potential threat to
human health [2]. Although mixed opinions still exist
on the transfer of antibiotic resistance genes from ani-
mal pathogens to those of humans, studies have shown
a potential link between the practice of using sub-thera-
peutic doses of antibiotics and the development of anti-
microbial resistance among the microbiota.

In the US, antibiotic use in livestock and poultry feeds
is under scrutiny as a result of increasing consumer
awareness and the demand for livestock products from
antibiotic-free production systems. In 2013, the US
Food and Drug Administration (FDA) called for major
manufacturers of medically important animal drugs to
voluntarily stop labeling them for animal growth pro-
motion [3], and published its final rule of the Veterinary
Feed Directive (VFD) in 2015. The quest for alternative
products has clearly intensified in recent years with the
increase in regulations regarding the use of antibiotic
growth promoters (AGPs) and the rise in consumer
demand for poultry products from “Raised Without
Antibiotics” or “No Antibiotics Ever” flocks [2].

There has been a significant increase in scientific
papers in the recent literature on antibiotic alternatives
and feed additives to promote growth and enhance gut
health, and reduce the use of antibiotics in animal pro-
duction. The classes of antibiotic alternatives that are
available to increase animal productivity and help poultry
and pigs perform to their genetic potential under exist-
ing commercial conditions include probiotics, organic
acids, phytogenics, prebiotics, synbiotics, enzymes, anti-
microbial peptides, hyperimmune egg antibodies, bac-
teriophages, clay and metals [2]. Although the beneficial
effects of many of the alternatives developed have been
well demonstrated, there is a lack of information on their
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mechanism of action, efficacy, and advantages and disad-
vantages of their applications in the field. Furthermore,
the general consensus is that these products lack con-
sistency and their efficacies vary among farms and loca-
tions. Therefore, their modes of action need to be better
defined. Optimal combinations of various alternatives
coupled with good management and husbandry prac-
tices will be the key to maximize performance and main-
tain animal productivity while we move forward, with
the ultimate goal of reducing antibiotic use in the animal
industry.

With declining AGPs usage and increasing consumers’
concerns about superbugs, the quest for novel alternate
replacements to mitigate antibiotic use in animal agricul-
ture will grow significantly in the coming years. In this
Phytochemical Session, we reviewed scientific evidence
that phytochemicals stimulate innate immune -cells,
reduce oxidative stress, maintain gut integrity, promote
beneficial bacteria growth, and reduce the negative con-
sequences of inflammation caused by enteric infections
as effective antibiotic alternatives to promote animal
growth performance in poultry, swine, and beef and dairy
production.

2 Plant-derived phytochemicals as antibiotic
alternatives

Phytochemicals, also referred to as phytobiotics or phy-
togenics, are natural bioactive compounds that are
derived from plants and incorporated into animal feed
to enhance productivity [2]. Ideal antibiotic alternatives
should have the same beneficial effects of AGPs, ensure
optimum animal performance, and increase nutrient
availability. Considering the proposed mechanism of
action of AGPs in modulating the gut microbiome and
immunity, a practical alternative should exert a positive
impact on feed conversion and/or growth [2, 4]. Phyto-
chemicals can be used in solid, dried and ground form or
as extracts (crude or concentrated), and also can be clas-
sified as essential oils (EOs; volatile lipophilic substances
obtained by cold extraction or steam/alcohol distillation)
and oleoresins (extracts derived by non-aqueous sol-
vents) depending on the process used to derive the active
ingredients [2]. The main bioactive compounds of the
phytochemicals are polyphenols, and their composition
and concentration vary according to the plant, parts of
the plant, geographical origin, harvesting season, envi-
ronmental factors, storage conditions, and processing
techniques [2].

In recent years, phytochemicals have been used as nat-
ural growth promoters in the ruminants, swine and poul-
try industries. A wide variety of herbs and spices (e.g.,
thyme, oregano, rosemary, marjoram, yarrow, garlic,
ginger, green tea, black cumin, coriander and cinnamon)
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have been used in poultry for their potential application
as AGP alternatives [2]. In contrast, several other phyto-
chemicals such as grape pomace, cranberry fruit extract,
Macleaya cordata extract, garlic powder, grape seed
extract, and yucca extract, when tested as growth pro-
moters, did not show any effects on performance param-
eters [2]. In addition to herbs and spices, various EOs
(thymol, carvacrol, cinnamaldehyde, and eugenol, cori-
ander, star anise, ginger, garlic, rosemary, turmeric, basil,
caraway, lemon and sage) have been used individually or
as blends to improve animal health and performance [2].
Variable results have been reported with the use of EOs
in poultry diets, some including cinnamaldehyde [5-7],
and a blend of thymol and cinnamaldehyde improved
body weight gain in broilers, while others like thymol
and EOs from star anise improved feed efficiency, as seen
by reduced feed conversion ratio (FCR). Curcuma alone
or curcuma with capsicum [7, 8] enhanced resistance to
enteric diseases such as coccidiosis and necrotic enteri-
tis. The variation in the results could be attributed to dif-
ferences in the composition, type and origin of the EOs
that were used, inclusion level, and the environmental
conditions of the trials [2]. Nevertheless, one commercial
blend of phytonutrients (containing carvacrol, cinnamal-
dehyde and Capsicum oleoresin), which enhances innate
immunity and reduces negative effects of enteric patho-
gens [9, 10], was approved in the EU as the first botanical
feed additive for improving performance in broilers and
livestock. Several trials performed with this commercial
blend have demonstrated consistent improvement in
growth and feed efficiency [9-11]. A meta-analysis of 13
broiler studies involving the use of this commercial blend
showed that its inclusion in diets increased body weight
gain and decreased feed conversion ratio and mortality
[12].

The mechanism of action of phytochemicals is not
clearly understood but may depend upon the composi-
tion of the active ingredients in the product being used.
The beneficial effects of phytochemicals are attributed to
their antimicrobial and antioxidant properties. In addi-
tion, the inclusion of phytochemicals in the diets alters
and stabilizes the intestinal microbiota and reduces
microbial toxic metabolites in the gut, owing to their
direct antimicrobial properties on various pathogenic
bacteria, which results in relief from intestinal challenge
and immune stress, thus improving performance [13].
Another important beneficial effect of dietary inclusion
of phytochemicals is reduction in oxidative stress and
increase in antioxidant activity in various tissues, and
thus, improved health [14]. Phytochemicals also exert
their action through immunomodulatory effects such as
increased proliferation of immune cells, modulation of
cytokines, and increased antibody titers [5-8, 15-18]. In
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addition, phytochemicals in Allium hookeri improved gut
barrier function, as demonstrated by increased expres-
sion of gut tight junction proteins in the mucosa of
lipopolysaccharide (LPS)-treated young broiler chickens
[18].

3 Examples of phytochemical antibiotic

alternatives in poultry and livestock production
3.1 Dietary phytochemicals enhancing innate immunity

in poultry

A growing body of scientific evidence has demonstrated
that many of the health-promoting activities of phyto-
chemicals are mediated through their ability to enhance
host defense against microbial infections [4, 19]. The
immune-activating properties of medicinal plants such
as dandelion (Taraxacum officinale), mustard (Brassica
juncea) and safflower (Carthamus tinctorius) have been
evaluated in vitro using avian lymphocytes and mac-
rophages [9]. All three extracts inhibit tumor cell growth,
stimulate innate immunity and exert antioxidant effects
in poultry [9]. Beneficial effects of cinnamaldehyde ((2E)-
3-phenylprop-2-enal), a constituent of cinnamon (Cin-
namomum cassia), a widely used flavoring compound
that has been traditionally used to treat human diseases,
has been investigated. Cinnamaldehyde stimulated pri-
mary chicken spleen lymphocyte proliferation in vitro
and activated macrophages to produce high nitric oxide
(NO) [6, 9].

Because of increased regulation of AGPs in poultry
production, control of enteric diseases such as necrotic
enteritis (NE) and coccidiosis, which have been tradition-
ally controlled by in-feed antibiotics [2], needs antibiotic-
free disease control strategies. Although plant-derived
chemicals with potent medicinal properties are currently
in clinical trials for treatment of a variety of diseases in
humans, only limited research has documented the ben-
eficial effects of phytochemicals on avian diseases [4,
19]. Dietary supplementation of 1-day-old chickens with
cinnamaldehyde at 14.4 mg/kg showed up to 47-fold
greater levels of gene transcripts encoding interleukin
(IL)-1B, IL-6, IL-15 and interferon (IFN)-y in intestinal
lymphocytes, compared with chickens given a standard
diet [15, 19]. Cinnamaldehyde-fed chickens showed 17
and 42% increased body weight gains following Eimeria
acervulina and E. maxima infections, respectively, 40%
reduced E. acervulina oocyst shedding, and 2.2-fold
higher E. tenella-stimulated parasite antibody responses,
compared with the control. The most reliable genetic net-
work induced by dietary cinnamaldehyde treatment is
related to antigen presentation, humoral immunity, and
inflammatory disease. Chickens continuously fed 15 mg/
kg anethole from hatch and orally challenged with live E.
acervulina oocysts showed increased body weight gain,
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decreased fecal oocyst excretion, and greater anti-para-
site serum antibody responses, compared with the con-
trol group. Global gene expression analysis by microarray
hybridization in the intestinal lymphocytes of anethole-
fed birds showed that many genes related to the inflam-
matory response are altered [17]. The levels of transcripts
encoding IL-6, IL-8, IL-10 and TNF superfamily member
15 (TNESF15) in intestinal lymphocytes were increased
in parasite-infected chickens given the anethole-con-
taining diet, compared with the control chickens given a
standard diet.

Garlic metabolites also have been tested in poultry
using propyl thiosulfinate (PTS) and propyl thiosulfi-
nate oxide (PTSO) [16]. Supplementation of 10 mg/kg
PTS/PTSO increased body weight gain and serum anti-
body titers against profilin, an immunogenic protein of
Eimeria, and decreased fecal oocyst excretion in E. acer-
vulina-challenged chickens compared with chickens fed
a control diet [16]. The addition of PTS/PTSO in broil-
er’s diet altered many genes related to innate immunity,
including TLR3, TLR5 and NF-kB [16] and down-regu-
lated expression of IL-10 compared with the control diet.
In uninfected chickens, dietary supplementation with
PTS/PTSO increased the levels of transcripts encoding
IEN-y, IL-4, and an antioxidant enzyme, paraoxonase 2,
but decreased transcripts for peroxiredoxin-6 [16].

Combination of multiple phytochemicals exert syner-
gistic effects to reduce negative consequences of enteric
infections. Dietary supplementation of newly hatched
broiler chickens with a mixture of Curcuma longa, Cap-
sicum annuum (pepper), and Lentinus edodes improved
body weight gain and serum antibody titers against pro-
filin, and reduced fecal oocyst shedding in E. acervulina-
infected birds, compared with the birds fed the control
diet or a diet containing Capsicum plus Lentinus [5].
The effects of carvacrol, cinnamaldehyde and Capsicum
oleoresin on the regulation of expression of genes asso-
ciated with immunology, physiology, and metabolism
have been investigated in chickens using high-through-
put microarray analysis [15]. The levels of transcripts
for IL-1p, IL-6, IL-15 and IFN-y in gut lymphocytes
were also greater in the Curcuma/Capsicum/Lentinus-
fed birds, compared with those fed the standard, Cur-
cuma or Capsicum/Lentinus diet. In a follow-up study,
a combination of carvacrol, cinnamaldehyde and Cap-
sicum oleoresin, or a mixture of Capsicum and Cur-
cuma oleoresins increased protective immunity against
experimental E. tenella infection following immuni-
zation with profilin, compared with untreated and
immunized controls [10]. Immunized chickens fed the
carvacrol/cinnamaldehyde/Capsicum-supplemented
diet showed increased numbers of macrophages in the
intestine, while those given the Capsicum/Curcuma
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oleoresin-supplemented diet had increased numbers
of intestinal T cells, compared with untreated controls.
While numerous studies have shown disease preven-
tion or immune-enhancing effects of phytochemicals,
few have examined the underlying mechanisms that are
involved. Some phytochemicals inhibit innate immune
response by targeting pathogen pattern recognition
receptors or their downstream signaling molecules [20].

The Clostridium-related poultry disease such as NE
causes substantial economic losses on a global scale [21].
It has been suggested that dietary phytonutrients could
be used against NE. Supplementation of a mixture of
Capsicum and Curcuma longa oleoresins (XTRACT®)
from hatch increased body weight and reduced gut lesion
scores in NE-afflicted birds, compared with infected birds
given the non-supplemented diet [7]. The XTRACT®-fed
birds also had lower serum a-toxin levels and reduced
mRNA expression of IL-8, lipopolysaccharide-induced
TNF factor (LITAF), IL-17A and IL-17F in intestine,
but increased cytokine/chemokine levels in splenocytes,
compared with birds fed with the control diet. This
study documented the molecular and cellular immunity
changes following dietary supplementation with extracts
of Capsicum and turmeric that may be relevant to pro-
tective immunity against avian NE [7]. Future studies
are needed to define the molecular and cellular mode of
action of this phytochemical combination for the control
of NE in the field.

3.2 Dietary phytochemicals on weaning pig health
Phytochemicals have been used for human nutrition and
health improvement due to their potential biological
functions, such as, antiviral, antimicrobial, antioxidant
and anti-inflammatory effects [2, 5, 22]. Various phyto-
chemicals exhibit a wide spectrum of antibacterial activi-
ties against Gram-negative and Gram-positive bacteria
[23] with several different modes of action. First, phyto-
chemicals directly kill bacteria due to their hydropho-
bicity, which enables them to partition into the lipids of
the bacterial cell membrane and mitochondria, resulting
in leakage of critical intracellular materials [24]. Second,
phytochemicals contain a high percentage of phenolic
compounds, which possess strong antibacterial proper-
ties [25]. Third, the active components in phytochemicals
disturb the enzyme system of bacteria and block their
virulence [26]. Fourth, certain bioactive components in
phytochemicals may prevent the development of viru-
lence structures in bacteria, such as flagella, which criti-
cal for bacterial adhesion [27].

Phytochemicals are also proposed for use as antioxi-
dants in animal feed, which will protect animals from
oxidative damage caused by free radicals. The antioxi-
dative properties of extracts of oregano, thyme, clove,
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pepper, lavender and basil have been evaluated by many
studies in vitro [28, 29]. Our recent in vitro assays have
also revealed that EOs extracted from peppermint
and spearmint have cellular antioxidant activities by
increasing intracellular glutathione concentration in
H,O,-stimulated intestinal epithelial cells (unpublished
data). Franki¢ et al. [30] showed that supplementation of
phytochemicals to pigs reduced DNA damage in lympho-
cytes, which indicates their potentially beneficial effects
on the immune system under dietary-induced oxida-
tive stress. The antioxidant activity of phytochemicals is
highly correlated with their chemical composition [31].
Phenolic OH groups in thymol, carvacrol and other phy-
tochemicals act as hydrogen donors to the peroxy radi-
cals produced during the first step in lipid oxidation, thus
retarding H,O, formation [32].

The anti-inflammatory effects of phytochemicals have
been widely reported in in vitro cell culture models.
EOs from clove, tea, garlic, cinnamon and others have
potential anti-inflammatory activities and suppress the
production of TNF-a, IL-1f and NO from LPS-induced
mouse macrophages [33]. Our previous research in vitro
with porcine alveolar macrophages showed that carvac-
rol, Capsicum oleoresin, cinnamaldehyde, garlic, eugenol,
anethol, and turmeric oleoresin suppress the produc-
tion of proinflammatory cytokines (TNF-a and IL-1p)
from LPS-stimulated macrophages [22], which indicates
that all of these phytochemicals have anti-inflammatory
effects. The modes of action for the anti-inflammatory
activities of phytochemicals are not clear, but evidence
suggests that these effects are partially mediated by
blocking the nuclear factor (NF)-«B activation pathway
[34]. For example, curcumin can block cytokine-induced
NF-kB DNA binding activity, RelA nuclear translocation,
IxkBa degradation, IkB serine 32 phosphorylation, and
IxB kinase activity [34].

Weaning is one of the most challenging and critical
stages in swine production. Its effects are multifacto-
rial, including behavior, environment, disease, immunity
and nutrition. In this period, piglets are immediately
subjected to a combination of stressors that predispose
them to diarrhea, which can adversely affect survival at
an early and most vulnerable stage [35]. The beneficial
effects of phytochemicals on weaning pigs have been
reported by different research groups. Manzanilla et al.
[36] and Nofrarias et al. [37] have suggested that phyto-
chemicals improve gut health. They have reported that
a mixture of phytochemicals (XTRACT®) standard-
ized to 5% (w/w) carvacrol, 3% cinnamaldehyde, and
2% Capsicum oleoresin (oregano, cinnamon and Mexi-
can pepper) increases stomach contents, suggesting an
increased gastric retention time. In addition, XTRACT®
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decreases ileal total microbial mass and increases the
lactobacilli:enterobacteria ratio. Michiels et al. [38] have
also indicated that supplementing with 500 ppm car-
vacrol and thymol reduces the number of intraepithelial
lymphocytes and increases villus height/crypt depth in
the distal small intestine.

Escherichia coli post-weaning diarrhea is a common
cause of death in weaned pigs. This diarrhea is respon-
sible for economic losses due to mortality, morbidity,
decreased growth performance, and cost of medication
[39]. Enterotoxigenic E. coli are the most dominant types
of pathogenic E. coli that cause diarrhea in both pre- and
post-weaning piglets [40]. Capsicum oleoresin, garlicon,
and turmeric oleoresin have been tested in an in vivo
pathogenic E. coli challenge study to determine the effects
of individual phytochemicals on diarrhea and gut health
of weaning pigs [41]. The pigs were weaned at 21 days of
age, transported to the experimental facility, and given
the experimental diets immediately. After a 5-day adap-
tation period, they were challenged with three consecu-
tive daily doses of 10'° colony forming units/3 mL of a
hemolytic E. coli with F18 fimbria. The experimental
diets were a control diet based on corn and soybean meal
and three additional diets containing 10 mg/kg of each
plant extract. The E. coli infection increased diarrhea
score, frequency of diarrhea, and reduced growth rate,
feed efficiency and villus height of the small intestine.
However, supplementation with individual phytochemi-
cals reduced overall frequency of diarrhea of pigs, indi-
cating that feeding phytochemicals may enhance disease
resistance in pigs. Supplementation with phytochemicals
also improved ileal villus height and upregulated mRNA
expression of the MUC-2 gene, which indicated that
the reduced diarrhea score was likely due to improved
gut barrier function and integrity. Pigs infected with E.
coli showed an increased number of white blood cells,
serum proinflammatory cytokine (TNF-a) and acute
phase protein (haptoglobin) and increased recruitment of
macrophages and neutrophils in the ileum. Dietary sup-
plementation with phytochemicals reduced white blood
cells, neutrophils, serum TNF-a and haptoglobin and the
numbers of macrophages and neutrophils in the ileum
compared with the control diet. These observations indi-
cate that feeding low doses of phytochemicals reduces
both systemic and local inflammation caused by E. coli
infection.

To decipher the underlying mechanism behind the
benefits of feeding phytochemicals, microarray analysis
has been conducted to characterize gene expression in
the ileal mucosa of pigs experimentally infected with E.
coli. Microarray results indicate that feeding phytochem-
icals enhances the integrity of membranes, especially
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several tight junction proteins. Supplementation of phy-
tochemicals downregulates expression of genes related to
antigen processing and presentation and other immune-
response-related pathways, indicating that these phyto-
chemicals attenuate the immune responses caused by E.
coli infection [42].

Another in vivo study on porcine reproductive and
respiratory syndrome virus (PRRSV) [43] showed that
feeding Capsicum oleoresin, garlicon, and turmeric ole-
oresin to weaning pigs enhances the immune responses
to PRRSV challenge and may help alleviate the nega-
tive impact of infection, as indicated by reduced viral
load and serum concentrations of inflammatory media-
tors, and shortened duration of fever. In summary, phy-
tochemicals are strong candidates to replace antibiotics
to improve growth performance and health of pigs. The
potential benefits of plant extracts may differ due to the
large variation in the composition of plant extracts. This
diversity prompts us to select optimal feed additives for
evaluating their possible roles as alternatives to antibiot-
ics in swine production.

3.3 Use of phytonutrients in ruminants

In ruminants, the host and rumen microorganisms
establish a symbiotic relationship by which the animal
provides nutrients and the proper fermentation condi-
tions, and microbes degrade fiber and synthesize micro-
bial protein as an energy and protein supply for the host,
respectively. Carbohydrates are fermented in the rumen
into pyruvate, resulting in the production of metabolic
hydrogen. Volatile fatty acids (VFAs) are natural hydro-
gen sinks that help maintain the equilibrium of hydro-
gen and the fermentation process active. Retention of
energy from glucose is the highest in propionate (109%),
intermediate in butyrate (78%) and the lowest in ace-
tate (62.5%). Although methane is effective in retaining
hydrogen, the energy retained is lost through eructation
and not available to the host. Manipulation of the rela-
tive proportions of these VFAs is key to the development
of targets to modify rumen microbial fermentation [44].
Protein degradation is also important for the supply of
nitrogen to rumen microbes for their growth, but excess
ammonia nitrogen is absorbed through the rumen wall,
transformed into urea in the liver, and excreted through
the urine. In most production systems, ammonia nitro-
gen in the rumen is produced in excess of the ability of
rumen microbes to use it, resulting in significant produc-
tion costs and an increase in the release of nitrogen into
the environment [45]. Therefore, controlling proteolysis,
petidelysis and deamination should also be considered
targets of interest in the modulation of rumen fermenta-
tion [44]. In fact, in a recent study, Van der Aar et al. [46]
indicated that improving the efficiency of the digestion
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processes in ruminants is still the most efficient strategy
to improve animal performance.

AGPs are efficient in shifting rumen fermentation
towards more efficient energy and nitrogen utilization
pathways [47], improving productivity in dairy and beef
diets [48, 49]. Therefore, industry is searching for alter-
native feeding strategies and/or additives that will allow
it to maintain the current level of production without
increasing the cost.

Phytonutrients are a group of small organic mole-
cules present in plants that modify the nutritional value
of feeds by either modulating the digestion of nutrients
in the digestive tract, or other systemic metabolic path-
ways. Some phytonutrients have a strong antimicrobial
activity [50]. However, these molecules are not suitable
for use in ruminants because the activity of rumen bac-
teria is essential for the proper function of the rumen.
Research on alternatives to antibiotics as feed supple-
ments in cattle should focus on molecules and doses
that are able to produce subtle changes in the microbial
metabolism and modify their rate of growth [51]. In the
context of the continuous flow in the rumen, a change
in growth rates results in changes in the proportion
of rumen bacteria populations, resulting in changes
in the fermentation profile. For example, Patra and Yu
[52] were able to prove how different phytonutrients
have different capacities in modifying the structure of
the microbial population of the rumen. These changes
are large in oregano (where thymol and carvacrol are
the main active components) and peppermint (where
menthol and menthone are the main active compo-
nents) oils, but smaller, and more adequate, in clove
bud (where eugenol is the major active component)
and garlic oils. Ferme et al. [53] also have demonstrated
that the reduction in protein degradation and ammo-
nia production is achieved through changes in the total
amount of Prevotella ssp. in the rumen; a major group
of bacteria involved in amino acid deamination. These
findings are important to set clear objectives in the
search for alternatives to AGPs, which should identify
phytonutrients that can modify the VFA proportions
and protein degradation in the rumen without affecting
nutrient degradation and the normal function of the
rumen.

Most phytonutrients of interest in animal feeding
are classified into three main groups: saponins, tannins
and EOs. Saponins and sarsaponins are the main active
components of several phytochemicals, including yucca,
quillaja, alfalfa and fenugreek. Saponins exhibit antibac-
terial [54] and antiprotozoal [54, 55] activity, resulting
in a reduction in ammonia nitrogen concentration. Tan-
nins are phenolic compounds found in almost every plant
part, and are divided into two groups, hydrolysable and
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condensed tannins. Condensed tannins have the abil-
ity to bind and precipitate proteins and may be useful in
the control of protein utilization by ruminants [56], but
at high levels may interfere with dry matter (DM) intake
and digestibility of nutrients [56], and may decrease
the incidence of bloating [55]. EOs are secondary plant
metabolites present in many plants and may have a wide
range of effects. In this section, we review recent research
on the use of EOs as feed additives in ruminants.

3.3.1 Essential oils as modifiers of rumen fermentation

The increased rumen fermentation is indicated by the
increase in propionate and decrease in methane, acetate
and ammonia nitrogen, without reducing total VFA [57]
in the in vitro fermentation system. When phytochemi-
cals are tested, a considerable variation in fermentation
with different extracts is observed due to the content of
active compounds in these extracts [58]. Therefore, it
is necessary to either report the concentration of these
active compounds in phytochemicals, or use the active
components to define activities, doses and mechanisms
of action in an unequivocal form.

For example, garlic oil reduces the proportions of ace-
tate and branched-chain VFAs, and increases the propor-
tions of propionate and butyrate in vitro [57, 59], and the
fermentation profile is consistent with changes observed
when methane inhibitors are supplied to ruminants.
The anti-methanogenic effect of garlic and its active
components is the result of direct inhibition of Archea
microorganisms in the rumen through the inhibition of
hydroxymethylglutaryl coenzyme A (HMG-CoA) reduc-
tase; a specific pathway essential for the membrane sta-
bility of Archea [57, 59]. This observation was supported
by Miller and Wolin [60], who reported similar effects
when using statins, known to inhibit HMG-CoA reduc-
tase. However, benefits are often inconsistent, and strong
inhibition of VFA production by garlic oil has been
reported in some cases [59, 61, 62]. The variable effects
of garlic oil on total VFA production is likely due to the
short margin of safety in the doses between adequate and
toxic levels.

Cinnamaldehyde and eugenol also reduce the molar
proportion of acetate, and increase the molar proportions
of propionate and butyrate [59, 61]. These observations
are consistent with improved energy retention by those
phytochemicals and potentially due to the inhibition
of methanogenesis [63]. Cinnamaldehyde also reduces
ammonia nitrogen and increases free amino acids, sug-
gesting that deamination of amino acids is inhibited
in the rumen [59, 61]. Ferme et al. [53] have reported
that cinnamaldehyde reduces Prevotella spp., bacteria
involved in deamination, in an in vitro rumen simula-
tion system. However, Eugenol inhibits the breakdown
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of large peptides to amino acids and small peptides [59].
The combination of eugenol and cinnamaldehyde may
work in synergy to inhibit peptidolysis and deamination,
and then improve the overall supply of amino acids and
small peptides to microorganisms and the host. There-
fore, a synergetic advantage could be expected by com-
bining specific phytonutrients that work at different
levels in the same metabolic pathway.

There are limited data reported about the effects of
phytochemicals on performance of ruminants. Feeding
cinnamaldehyde alone or in combination with eugenol
results in increased in milk production of 1.7-2.7% [64].
An even better response is reported when a combination
of cinnamaldehyde, eugenol and capsicum is fed to dairy
cattle, with increases in energy-corrected milk produc-
tion of 5.2% [65] and 3.2% [66]. However, no differences
have been observed in most of cases due to the small size
of the studies. Bravo et al. [67] have summarized a large
set of in vivo field trials using combinations of cinnama-
dehyde and eugenol through a meta-analysis, and have
reported an improvement in milk production of 3.0% for
dairy cattle.

3.3.2 Essential oils as modifiers of metabolic activities
Many phytonutrients have metabolic effects that are not
related to their activities in the rumen [68, 69]. Prelimi-
nary in vitro rumen fermentation studies in dairy cattle
have not identified capsicum as a potential modifier for
rumen function [61, 70]. Capsicum increases DM and
water intake in beef cattle from 9.2 to 14% [70-72], while
these effects are not observed in dairy cattle [73, 74]. The
benefits may be more significant when intake is compro-
mised, such as when the cattle arrive at feedlots or during
heat stress. The increase in DM intake patterns is prob-
ably also related to a more stable rumen pH [75].
Capsicum has been reported to modulate immune
function [42]. Oh et al. [76] have reported an improve-
ment in immunity indicators, with an increase in neu-
trophils and decrease in lymphocytes when cattle are fed
rumen-protected capsicum. Feeding rumen-protected
capsicum is reported to improve milk production. Stel-
wagen et al. [77] and Wall et al. [78] have reported
increases in milk production of 6.6 and 9.1% in pasture
and intensive production systems, respectively. Another
three studies have also reported that supplementation
of rumen-protected capsicum improved milk produc-
tion by 6.2% [76], 10% [79], and 4.4% [80], respectively.
The average increase in milk production in those studies
was higher than the effects attributed to the modulation
of rumen fermentation. Oh et al. [80] observed that sup-
plementation with rumen-protected capsicum resulted
in a lower insulin concentration after a glucose toler-
ance test. These results suggest that capsicum modifies
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glucose metabolism, redirecting glucose away from
peripheral tissues and towards the mammary gland to
increase milk production. In fact, Bovine somatotropin
(bST) increases milk production by an average of 13%,
redirecting glucose to the mammary gland, although the
mechanism of action is different. This is an exciting new
application of phytonutrients that presents an oppor-
tunity to improve production, not only by reducing the
use of antibiotics, but also by providing an alternative to
the use of some hormones. The average effect of rumen
modifiers like monensin, yeast or some phytonutrients,
commonly increase milk production by 2—4%, while cap-
sicum increases milk production by an average of 7%.

4 Phytochemicals and the digestive microbiota

The mammalian gastrointestinal tract harbors a dense
and diverse microbial community, which is composed
primarily of bacteria but also includes fungi, Archaea
and viruses. Collectively, these are referred to as intesti-
nal microbiota. These microorganisms are environmen-
tally acquired, and their metabolic functions can shape
host physiology. Many vertebrates consume a diet rich
in complex nutrients that are indigestible by their own
intestinal enzymes, relying on the diverse biochemical
catabolic activities of the microbiota. Available evidence
strongly suggests that the gut microbiota plays important
roles in host energy harvest, storage and expenditure, as
well as overall nutritional status [81-84]. It must be high-
lighted that germ-free animals that lack any microbiota
weigh less and have less fat than conventional animals
[85], pointing out a key role of the microbiota in weight
gain. Gut microbiota may affect weight gain through reg-
ulating nutrient extraction, and modulating the immune
system and metabolic signaling pathways [82].

Many classes of substances with antibiotic activity that
are effective for animal growth promotion display multi-
ple modes of action and spectra of activity over the gas-
trointestinal microbiota. It has been difficult to predict
which microbial changes are responsible for increases in
weight gain, feed efficiency or health promotion. Culture-
independent approaches using next-generation DNA
sequencing have provided researchers with a revolu-
tionary tool to look into microbiomes that could not be
achieved before, and has begun to transform our view
of intestine-associated biodiversity of animal produc-
tion. Improving the understanding of microbiota and
host metabolism would help to develop better strategies
and products for animal production and welfare, food
safety and public health. The selection of microbes that
aid in nutrient extraction, regulating microbial carbohy-
drate, protein and lipid metabolism, and the prevention
of subclinical infections will help to promote productive
parameters [83].
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The intestinal microbiota plays a critical role in inflam-
matory gut diseases of humans and animals [86]. Recent
development and application of next-generation sequenc-
ing technologies using 16S rRNA gene have allowed
investigation of the significant roles of the microbiota in
gastrointestinal tract diseases, and have facilitated inves-
tigation of host—pathogen interaction in NE [86]. The
effect of dietary phytochemicals on gut microbiota was
studied in three major commercial broiler chickens fed
with Capsicum and C. longa oleoresins [13]. Among the
three chicken breeds, Cobb, Hubbard and Ross, oleoresin
supplementation was associated with altered intestinal
microbiota. The results suggested that dietary feeding of
Capsicum and C. longa oleoresins reduces the negative
consequences of NE, in part, through alteration of the
gut microbiome. Although these are preliminary charac-
terizations of the effects of dietary phytochemicals on gut
microbiota but document the role of dietary Capsicum
and C. longa oleoresins in regulating disease susceptibil-
ity to NE via altering the intestinal microbiota in com-
mercial broiler chickens.

A recent study [13] showed that Firmicutes was the
dominant phylum and Lactobacillus was the predomi-
nant genus identified in the ileum in all broiler breeds
and all treatment groups. These results are consistent
with previous studies that showed Lactobacillus as the
principal microorganism in the gastrointestinal tract of
uninfected conventional broilers [87]. Because Firmicutes
are fat-loving Gram-positive bacteria [88] this result sug-
gests an inter-relationship of these bacteria and genetic
selection for fast-growing characteristics of these broil-
ers by the industry. In a recent comparative study [13],
changes in the proportion of intestinal lactobacilli, as
well as the total number of operational taxonomic units
(OTU) between the three commercial broiler breeds
were observed. Candidatus Arthromitus is a group of
non-cultivable, spore-forming, Clostridium-related, com-
mensal segmented filamentous bacteria (SFBs) that col-
onizes in the digestive tracts of animal species, and has
been identified in three commercial broiler breeds [89].
As the core OTU, C. Arthromitus has been identified in
all three groups of the Cobb and Hubbard broilers [13].
The most intriguing feature of SFBs is their close inter-
action with epithelial cells in the terminal ileum and
their intimate cross talk with the host immune system.
C. Arthromitus belongs to gut-indigenous Clostridium
that induce immune regulatory T (Treg) cells. Intestinal
Treg cells express T cell receptors that recognize antigen
derived from gut microbiota [90]. SFBs send signals to
control the balance between IL-17-producing T helper
(Th17) cells that sustain mucosal immunity, and forkhead
box p3 in the intestine [90]. Our previous studies have
also reported that chicken IL-17A transcripts increase in
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the duodenum and jejunum of E. maxima-infected chick-
ens [13, 91] where early inflammatory response plays an
important role for development of protection against
Eimeria infection. Upon feeding a mixture of oleoresins
from Capsicum/C. longa, there is a different shift in the
bacterial community in all broiler breeds with NE. There-
fore, co-infection with E. maxima and C. perfringens may
influence the presence of C. Arthromitus and the host
immune system in Ross chickens. It will be important
to conduct further studies to investigate the functional
immune modulatory effects of dietary phytonutrients on
C. Arthromitus in genetically different broiler breeds. In
conclusion, dietary phytonutrients exert beneficial effects
on gut health to reduce the negative consequences of NE,
and nutratherapeutics mechanism may involve altering
gut microbial communities. Further studies on the effects
of dietary phytonutrients on gut microbiota in com-
mercial broiler breeds are needed to develop alternative
ways to reduce or replace antibiotics in poultry disease
control. Future studies on the role of the avian intestinal
microbiome in immune regulation and host—pathogen
interactions are expected to shed new light on the host
response to NE that will be beneficial for practical poul-
try husbandry.

In foregut fermenters, such as cattle and sheep, up
to 50% of their energy may be obtained from microbial
metabolites [92], including VFAs. In contrast, hindgut
fermenters (such as pigs and chickens), in which most
fermentation takes place in the cecum and large intestine,
receive only 5-10% of energy demands from microbial
fermentation products [93]. Although these differences
seem to be important from a functional point of view, in
ruminants or monogastrics, gastrointestinal microbiota
composition is similarly central to improved animal pro-
duction in both groups, and the impact of phytochemi-
cals on these microbiota might be responsible for most of
the positive effects observed.

Many beneficial properties of plants are derived from
their specific bioactive components, which are also
synthesized as chemical protectants against microbial
infection. The most important useful phytochemicals
with antimicrobial activities can be divided into several
categories, such as phenolics/polyphenols, terpenoids/
essential oils, alkaloids, and lectins/polypeptides [94].
Some compounds among these categories are known to
be important for improving animal production, as well
as inducing an extensive number of health-promoting
effects. Tannins and EOs are fed commercially to several
domestic animal species and, as growth promoters, they
modify the gut microbiota in different ways.

Tannins are a complex group of polyphenolic com-
pounds found in many plants species, functionally
defined by their capacity to complex macromolecules
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(proteins and polysaccharides) and metal ions, which are
commonly included in ruminant diets such as forage and
sorghum. Tannins are chemically classified as hydrolys-
able or condensed based on their chemical structure, and
are widely used to improve several aspects of animal hus-
bandry. Some tannins are potent antimicrobials, acting,
for example, by iron deprivation or interactions with vital
proteins such as enzymes [95] or bacterial cell wall pro-
teins [96], displaying either bactericidal or bacteriostatic
activities [97]. Gram-positive bacteria are particularly
sensitive to tannins [98].

In ruminants, tannins modify the digestive processes
not only by binding dietary protein (rumen bypass),
but also through modulation of rumen microbiota and
improvement of the growth of certain bacterial popula-
tions [99]. The effects of tannins on rumen microbiota
may vary depending on the molecular nature of these
polyphenols [99, 100]. The understanding of in vivo inter-
actions between rumen bacteria and sources of plant tan-
nins are limited.

Approximately 90% of total microbiota in the bovine
rumen is composed by Firmicutes and Bacteroidetes,
with large inter-individual variance in their relative abun-
dance, with a strong inverse correlation between abun-
dance of both phyla [101]. In steers fed with a high-starch
diet, bacterial populations belonging to the Bacteroidetes
were the most abundant in all animals (almost 50%)
while Firmicutes accounted for ~40% of the total micro-
biota. However, this predominance was inverted when a
blend of tannins were added to the feed, with a signifi-
cantly higher percentage of Firmicutes and a reduction
in Bacteroidetes. Accordingly, steers supplemented with
tannins have a higher Firmicutes to Bacteroidetes (F/B)
ratio in comparison with the control group [101]. Many
studies have reported that F/B ratio increases when body
mass index is increased, and F/B ratio is higher in obese
than in lean animals [102—104]. The rational basis for the
apparent relation between F/B ratio and increase in body
weight is that Firmicutes are not as effective as Bacteroi-
detes at gathering energy from digesta for themselves,
leaving more energy to be absorbed by the host.

Diversity of rumen microbiota is one of the key features
in ruminant animals, which confers upon cattle the abil-
ity to adapt to a wide range of dietary conditions [105].
Dietary quebracho and chestnut tannins diminish rumen
richness but do not significantly affect the complexity of
the bacterial communities (i.e. balance between the rela-
tive abundances of bacterial taxa). There is an increase
in rumen microbiota richness but no change in Shan-
non’s diversity index after supplementation with a blend
of polyphenols and EOs in dairy heifers fed a high-grain
diet, supporting the idea that polyphenols can modu-
late bacterial richness without disrupting the overall
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structure of the rumen microbiota population. Similarly,
[B-diversity analysis of rumen samples of steers fed with
chestnut and quebracho showed no significant changes
in bacterial diversity compared with the control group
[101]. Low microbial richness in the rumen is closely
linked to a higher feed efficiency in dairy cows [106]. The
authors have suggested that lower richness in the rumen
of efficient animals results in a simpler metabolic net-
work, which leads to higher concentrations of specific
metabolic components that are used to support the host’s
energy requirements. Diversity analysis indicate that bac-
terial richness is lowered by tannins, but the overall bac-
terial complexity of the rumen is not significantly affected
by chestnut and quebracho tannins supplementation.

Several studies have found an increase of rumen pH,
decrease of ammonia concentration, and lower meth-
ane emissions after feed supplementation with several
tannins including chestnut and quebracho, resulting
in a reduction of protein degradation and therefore
an improvement in nitrogen utilization in the rumen
[107]. Tannins are considered as alternative agents to
antibiotics, they improve animal health and produc-
tive performance while suppressing methanogenesis.
These observations could be explained by changes in
the microbiota in the rumen. Significant changes in the
abundance of certain taxa have been detected in tannin-
treated steers. Among Bacteroidetes, Prevotella was the
most abundant genus, accounting for >40% of this phy-
lum. The abundance of Prevotella was lower in tannin-
supplemented animals than in the control group. In
contrast, Clostridia was the predominant class, which
accounted for >90% of total Firmicutes, and it was sig-
nificantly enhanced in tannin-treated animals. Among
Clostridia, Ruminococcaceae was the most abundant
family and showed a significantly higher abundance in
tannin-supplemented animals. Within the Ruminococ-
caceae, most of the sequences obtained in untreated ani-
mals belonged to unclassified members and the genus
Ruminococcus, and both taxa were enhanced in tannin-
treated steers. Other non-clostridial bacteria within the
phylum Firmicutes were significantly altered by tannins,
including members of class Erysipelotrichi. Members of
class Bacilli (Streptococcus and Lactobacillus) showed
moderate increases in their abundance in tannin-treated
animals. Genus Fibrobacter was significantly affected by
tannins, accounting for 0.10% of total microbiota in the
control animals and only 0.005% in tannin-treated ani-
mals. Other minor fibrolytic bacteria were more abun-
dant in tannin-treated steers, including the genus Blautia
and member of the Eubacteriaceae genus Anaerofustis.
Tannins remodel the bacterial ecosystem of the rumen,
particularly the niche of fiber and starch degradation, and
the methanogenic bacteria [108].
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Treponema is also reduced by tannins. Among Veil-
lonellaceae members, Succiniclasticum, which specializes
in fermenting succinate to propionate, doubles its levels
in tannin-treated animals. Lipolytic genus Amnaerovi-
brio is significantly enhanced by tannins. Selenomonas is
also increased in tannin-supplemented animals. Among
ureolytic bacteria, Butyrivibrio is the most abundant and
it is negatively affected by tannin treatment, as well as
Treponema and Succinivibrio. Methanogens belonging to
the phylum Euryarchaeota are less abundant in tannin-
supplemented steers and their levels are inversely corre-
lated with rumen pH. Methanosphaera is also reduced by
tannins. Current literature indicates that tannins can be
supplemented to improve the sustainability of both dairy
and beef cattle by reducing methane emissions and nitro-
gen excretion, and enhancing animal performance.

In monogastrics, that is, broiler chickens, tannins
obtained from several sources seem to improve growth
performance and reduce the detrimental effects of path-
ogenic bacterial species such as C. perfringens [101].
The establishment of a stable microbiota is a complex
process that is influenced by various factors, including
genetic lineage, age, diet, use of growth promoter anti-
biotics, probiotics, litter composition, stress and disease
[86, 109-111]. Therefore, any alteration in the intestinal
microbiota may have functional consequences to the
health of the host and, therefore, productivity.

The broiler chicken gastrointestinal tract is colonized
by a dense community of microorganisms that is inti-
mately connected to the global heath and development
of the host. The cecum houses the highest microbial cell
densities of the chicken gut and performs key process for
birds such as the fermentation of cellulose, starch and
other resistant polysaccharides [86]. A principal coordi-
nate analysis (PCoA) based on unweighted UniFrac dis-
tances was conducted to determine any differentiation
between sample clusters of tannin-treated versus anti-
biotic-growth-promoter-treated versus untreated birds.
PCoA plots revealed that the samples corresponding to
each dietary treatment shaped distinct series, suggesting
that tannins differentially modulate cecal microbiota.

High-throughput sequencing of 16S rRNA gene ampli-
cons has been used to identify functional diversity [112]
or variability [113] of the microbiome in the gut of
broiler chickens. In most studies related to tannins, cecal
microbiota in chickens was dominated by Firmicutes
and Bacteroidetes [114, 115], comprising >80% of the
microbiota. The most abundant Bacteroidetes detected
in cecal contents belonged to genus Bacteroides and an
unclassified genus of the family Barnesiellaceae. Among
the Firmicutes, order Clostridiales and family Rumino-
coccaceae were the most abundant taxa. The F/B ratio
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was significantly higher in tannin-fed animals than in the
control or antibiotic growth promoter groups.

Bacteroides is a Gram-negative genus that utilizes
plant glycans as its main energy sources. Bacteroides
is one of the main bacteria involved in producing
short-chain fatty acids (SCFAs) [116], and plays an
important role in breaking down complex molecules to
simpler compounds that are essential for host growth
[117]. SCFAs are absorbed by the host and used as an
energy source but also have a variety of distinct physi-
ological effects. SCFAs are saturated aliphatic organic
acids that consist of 1-6 carbons of which acetate, pro-
pionate and butyrate are the most abundant (>95%).
Although Bacteroides generates acetate and propi-
onate, its ability to produce butyrate has not been
reported. Order Clostridiales are generally known
as important contributors to short-chain fatty acid
(SCFA) metabolism [86] because it contains a variety
of bacterial families, among which Ruminococcaceae
and Lachnospiraceae are capable of fermenting various
substrates to butyrate. Feed tannin supplementation
of chickens decreases the abundance of Bacteroides,
which could reduce acetate and propionate produc-
tion. However, it would be compensated by an increase
in Clostridiales, particularly Ruminococcaceae, with
a possible increase in butyrate production [96]. Con-
cordantly, Masek et al. [118] have reported a global
increase in SCFA production in poultry treated with
tannic acid.

Lactic acid bacteria, which are usually associated
with enhanced gut health and productivity, are inter-
esting. It was reported that cecal microbiota contained
lower proportions of Lactobacillus in AGP-fed chick-
ens, compared with chickens in tannin and control
groups [119-121]. Lactic acid bacteria, especially Lac-
tobacillus strains, have been considered as probiotic
microorganisms because of their activities in reducing
enteric diseases and maintaining poultry health [122-
124]. The presence of Lactococcus spp. has been cor-
related with weight gain [125].

The inclusion of different AGPs in diet influences the
diversity of gastrointestinal microbiota. These changes
would probably be one of the most important driving
forces resulting in efficiency improvement of animal
production. Similarly, the existing information clearly
shows a significant alteration in the relative abun-
dance of specific bacterial populations by some phyto-
chemicals in the gut of domestic animals (13). These
phytochemicals added to feed are also connected with
higher productivity parameters. Therefore, these nat-
ural compounds are able not only to improve animal
health and welfare directly, but also to modulate gas-
trointestinal microbiota and increase the impact on
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health and production. We are just barely starting to
understand the dynamics between the highly complex
connection between environment, host and microbi-
ota. More information is necessary to clarify how we
can manipulate gastrointestinal microbiota to increase
animal productivity under diverse productive settings.

5 Examples of commercial phytochemicals

and their synergistic action with other feed

additives
5.1 Tannins in animal husbandry
Tannins are present in many feeds such as fodder leg-
umes, browse leaves and fruits. Although the structure
of tannins are chemically diverse, they have one unifying
property: tannins bind proteins. During the last 30 years,
tannins have been successfully used in animal production
to improve health and productivity, and several prod-
ucts based on blends of particular amounts of hydrolys-
able (predominantly chestnut) and condensed (mostly
quebracho) tannins were developed to take advantage of
the benefits of each tannin in livestock. These products
are being used in many countries to improve quality and
production of milk, meat and eggs. In poultry, a blend
of tannins can be added to feed at a final concentration
of 0.5-1 kg/tonne, both in pre-mix or directly into feed,
to obtain several benefits including reduction of mortal-
ity rate, improvement of feed efficiency, weight gain and
intestinal health, reduction of NE and foot-pad lesions,
and increased feces consistency and litter quality of com-
mercial settings. The selected blend of tannins added to
the diet stabilizes and increases feed intake according to
reduction of taste variation by changes in feed formula-
tion [126], and reduces feed stress by improving the fla-
voring characteristics. The distinctive antispasmodic
effects of tannins that modulate gut motility [127, 128],
with strong antibacterial effects on several pathogenic
bacterial species and viruses [97, 129], as well as their
toxins [97], are used to prevent and control enteric dis-
eases, including several diarrheal diseases [130] and NE
[96]. Reduction of enteric diseases, intestinal motility
and bacterial load, concurrently with an increase of feed
digestibility, produces a reduction of humidity in the lit-
ter, affecting directly animal health and welfare. It has
become obvious when foot-pad disorders are observed in
commercial farms, dietary tannins reduced up to 50% of
the animals with lesions, and up to 20% reduction of ani-
mals with the most severe lesions.

These blend of tannins are also being used effica-
ciously to reduce the incidence of sub-clinical NE, and a
slightly different blend is able to strongly reduce intesti-
nal lesions in chickens on farms with a history of severe
NE outbreaks. In experimental conditions, the tannin
blend is able to reduce the most severe lesions as well
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as the number of animals with lesions. This result is also
observed in commercial farms of different European,
American and Asian countries where NE is a problem
to different degrees. As an example, an integrated com-
pany in Brazil with a persistent history of sub-clinical NE
started using the tannin product in 2015 and reduced the
number of animals with lesions by 10%, improving pro-
ductivity by almost 3% (Dr Joao Battista Lancini, personal
communication).

A comparative analysis of AGPs versus tannin blend
use in feed was carried out in a commercial trial in
Argentina over a period of 13 months (5 cycles) in a poul-
try farm of ~200 000 animals. The farm was divided into
six barns under regular commercial feed; three were fed
with AGPs in feed and three with 0.1% blend of tannins in
feed but without AGPs. Greater improvements in intesti-
nal health, microbiological quality and humidity of litters,
mortality rate, undigested feed, foot-pad lesions, and
weight gain were observed in the animals treated with
tannins versus antibiotics. Analysis of the results showed
a positive difference of almost 10 points for the Produc-
tion Efficiency Factor for the blend of tannins against
AGPs in feed, showing the benefits of using these blend
of tannins during different weather conditions through-
out the year [131]. Tannins added in feed to improve pro-
ductivity in combination with other products, including
EOs, organic acids, probiotics and AGPs, have been used
frequently by different companies in several countries
with significant positive results (Dr Javier Quintar and Dr
Joao Battista Lancini, personal communication).

In cattle, historically low doses of quebracho and chest-
nut tannins have been used in feed by many producers
around the world to improve bypass protein from rumen
degradation. Rumen bypass protein is one of the strate-
gies to increase the amount of protein that enters abo-
masum and hence increases ruminant productivity. The
reduction in protein degradation in the rumen may occur
by the formation of a reversible tannin—protein complex
in the rumen pH and/or the modulation of rumen micro-
biota. The addition of such tannins to a diet reduces the
fermentability of protein nitrogen in the rumen [132].
Consequently, the flow of dietary amino acids into the
duodenum of ruminants could be increased, as well as
the total duodenal amino acid flow if ammonia nitrogen
requirements for microbes could be met by supplementa-
tion of urea or ammonia salts.

In addition, added tannins are also used to prevent aci-
dosis and bloating [133], modulate rumen microbiome
to improve feed utilization [130], and reduce methane
emissions [134] and nitrogen excretion [135]. A par-
ticular tannin mix added in feed was able to reduce liver
abscesses in beef cattle by >80% [136]. Supplementation
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of tannin also reduced fecal moisture, resulting in better
fecal consistency.

According to Rivera-Mendez et al. [137], the addition
of up to 0.2% of a blend of tannin to steers during the
feedlot finishing phase increased average daily gain by
6.5%. Body weight in young animals was improved up to
7% in commercial conditions before the breeding period
[107, 138]. Similarly, DM intake tended to increase with
level of tannin. Tannin supplementation increased gain
efficiency (5.5%) and dietary net energy (3.2%). These
results have been also observed in commercial feedlot
finishing settings. The analysis of 15 different trials in
North America between 2010 and 2013 using tannins at
0.25%, with or without antibiotics or ionophores in feed,
showed an average daily gain of 9.2% and gain efficiency
of 5.07% compared to non-tannin controls [139, 140].
Similar results have been observed in feedlots in other
parts of the world, including large beef producers in Bra-
zil [141, 142] and Argentina [136].

In conclusion, the addition of low-dose tannins to
ruminant diets in intensive fattening is an available
tool to increase nutrient use efficiency, improving daily
weight gain and feed conversion, through different met-
abolic mechanisms. The estimated level of animal feed
supplemented with tannins produced in the world in
2016 was 15 000 000 tonnes, reflecting the acceptance
of tannins as an important tool in animal husbandry.
The available scientific information about mechanism of
action, the observed animal response and the accumu-
lated experience in the use of tannins as feed additive
confirms that tannins are a valuable alternative to com-
plement or replace the use of AGPs in industrial livestock
production.

5.2 Synergistic action of phytochemicals with other
feed additive antibiotic alternatives for commercial
products
Designing an antibiotic alternative to address several
components of gut health may work better than using a
single approach to reduce negative consequences of gut
damage caused by complex etiologies such as those that
cause diseases such as NE. C. perfringens produces sev-
eral exotoxins, including a-toxin and NE toxin B (NetB),
that disrupt the intestinal epithelium, causing necrotizing
lesions that constitute the characteristic sign of NE [21,
143].

For complex disease like NE, it takes a multi-fac-
eted approach to decrease the effects of disease on gut
health. For example, a commercial product Varium® was
designed to improve barrier function by removing patho-
gens by agglutination, removing biotoxins via adsorption,
priming immune development, and providing energy to
the enterocytes [144]. Varium® has been tested in vitro
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for its ability to bind biotoxins of pathogenic bacteria (i.e.
C. perfringens and E. coli) such as «-toxin, NetB toxin,
lipopolysaccharide, heat-labile toxin and Shiga-like type
2 toxin. The binding of these toxins was dose dependent,
with the exception of NetB toxin, which was bound 100%
across the doses tested.

Two large broiler trials have been conducted to test the
hypothesis that CaMM, or its blends with other materi-
als (e.g. fermentable fibers, organic acids, and/or phy-
tonutrients) could improve gut health and decrease the
negative effects of avian NE. The two trials evaluated
CaMM-based dietary products on growth performance,
clinical signs, immunopathology, and cytokine responses
of young broilers using disease challenge models with
avian NE [144]. When tested in unchallenged birds,
Varium exerted an effect similar to an in-feed AGP on
body weight, feed intake, and FCR. Chickens fed a diet
supplemented with CaMM plus a fermentable fiber and
an organic acid showed increased body weight gain,
reduced gut lesions, and increased serum antibody levels
to C. perfringens a-toxin and NetB toxin compared with
chickens fed the basal diet alone. Levels of transcripts for
inflammatory cytokines such as IL-1pB, IL-6, inducible
NO synthase, and TNFSF15 were significantly altered in
the intestine and spleen of CaMM-supplemented chick-
ens compared with unsupplemented controls [144].
In Trial 2, Cobb/Cobb chickens were fed an unsupple-
mented diet or a diet supplemented with CaMM; each
with a fermentable fiber and an organic acid, and co-
infected with E. maxima and C. perfringens under sub-
clinical infection conditions to elicit NE. Compared with
unsupplemented controls, broilers fed with CaMM plus a
fermentable fiber and an organic acid showed increased
body weight gain, reduced FCR, mortality, and intestinal
lesions, compared with chickens fed an unsupplemented
diet.

Based on both broiler trials, it is recommended that
dietary supplementation of CaMM or CaMM plus a fer-
mentable fiber and an organic acid is useful to decrease
negative effects of avian NE in the field. Future studies
are needed to characterize further the CaMM-regulated
physiological and immunological mechanisms that are
activated in response to avian NE.

5.3 Antibiotic alternatives: industry perspective

In general, there is a lack of consensus on what is meant
by the phrase “antibiotic alternatives” AGP use is a com-
mon practice that has been around for >65 years in
modern livestock production that to this day has no con-
sensus about its mechanism of action. Yet, most of the
technologies discussed here have proposed or known
mechanisms of action that involve inhibition, alteration
or killing of one or more bacteria. In general, it appears
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that most people equate the phrase with something not
termed an antibiotic that can be substituted for low level
feeding of broad-spectrum antibiotics used to promote
growth in livestock. The reason there is a need for alter-
natives to AGP is the recognition that the practice can
lead to development of infective bacteria that are resist-
ant to many of the current antibiotics available to human
medicine. The rising incidence of superbugs globally and
the rising human deaths from multiple drug-resistant
bacteria have alerted WHO, CDC and UN to release
strict action plans on reducing the use of antibiotics in
animal production.

Regardless of which side of the argument over whether
AGP use in animals is contributing to the problem of
resistant bacteria in humans you are on, the sociopoliti-
cal momentum has created a marketing opportunity for
selling meat from animals claimed to have never received
antibiotics during production. This in turn creates a mar-
ket for products that can provide the benefit of AGPs but
not be antibiotics used in human medicine, or sometimes
any antibiotic at all. The alternative to antibiotics market
is growing rapidly and attracting interest from compa-
nies and organizations of all sizes and capabilities. This is
evident from the need for a meeting such as this and the
plethora of products marketed, with or without credible
data, to be alternatives to AGPs. Although the banning of
AGPs has accelerated over the last few years, the search
for alternatives started in earnest following the ban in the
EU of avoparcin in 1997.

The most important development in the search for
credible alternatives is the increasing understanding in
both human and veterinary medicine that the gastroin-
testinal tract is more than a nutrient-absorbing organ,
but in fact is fundamental to health and development of
humans and animals. The scientific advancement in our
understanding of the importance of the gut environ-
ment and its barrier function in health provide a way to
develop products that can deliver the benefits of AGPs
without causing an increase in the emergence of antibi-
otic-resistant bacteria. This can be accomplished by using
multiple technologies to maintain or strengthen gut bar-
rier function. Scientific principles should be applied to
the development of products such that they provide reli-
able positive benefits to the target animals.

In a recent survey, more than 70% of animal feed com-
panies showed interest in willingness to use somekind of
feed additive as antibiotic alternatives. However, there
are still many challenges remaining with the most con-
sistent concerns being consistency, safety and solid scien-
tific proof. This is not surprising when you consider most
of the popular alternative products marketed today mod-
ify the microbiota in some way to enrich beneficial bacte-
ria. We are just learning what the desirable microbiota is



Lillehoj et al. Vet Res (2018) 49:76

and how it works in given animal, and we have even less
knowledge of the variations between different animals
and the normal daily and lifetime changes in different
ecosystem. So, it is likely that a product that can deliver
consistent results will need to incorporate two or more
components that have complimentary and/or synergis-
tic mechanisms of action. In addition to the microbiota,
it will be necessary to understand clearly what impact
the product has on the gut barrier which comprises the
mucus layer, endothelial cells and attendant immunologi-
cal cells and structures associated with the gut wall.

This is a relatively new field of research and as time
goes on, the industry, through application of good sci-
ence, will learn more. This will be both in the basic
understanding of the gut environment, including the
microbiota and the dynamic function of the gut barrier,
and how to manipulate these structures in individuals,
but as part of a population. Because it is new and there
are many unknowns, regulation of these products poses a
challenge in different regions of the world. What consti-
tutes acceptable efficacy and what types of claims can be
supported are largely unknown. However, there is little
doubt that use of the FDA drug approval process is not
a viable option today. Perhaps as science defines ways to
measure and test efficacy in a consistent manner across
several mechanisms of action, a regulatory pathway can
be established. There will need to be tolerance and flex-
ibility in the approval process for these products or the
market will be flooded by products with no proof of effi-
cacy or safety. At a minimum, these products should have
scientific proof of efficacy in the target species for which
they are marketed. In vitro tests are insufficient to pro-
vide confidence that a product will work in an animal,
let alone provide consistent value across a population of
animals.

6 Conclusions and future directions

Increasing concerns about the increase of superbugs
and limited development of new drugs for livestock and
humans necessitates the timely development of alterna-
tives to AGPs. With increasing availability of many dif-
ferent categories of antibiotic alternatives in the market
for animal agriculture with various claims and efficacy,
the industry needs to understand the mode of action
associated with different types of antibiotic alterna-
tives and the kind of synergy that can be offered by the
combinations of different antibiotic alternatives, espe-
cially for prevention and treatment of complex diseases
such as necrotic enteritis. Furthermore, the definition
of the phrase antibiotic alternatives should be better
defined, although this terminology is now an accepted
term to refer to non-antibiotic substances that can be
substituted for low-level feeding of broad-spectrum
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antibiotics that promote growth in livestock. Antibiotic
alternatives will be mainly used to replace AGPs whose
primary function is to decrease microbial populations
and promote growth via many different modes of action
that may include alteration and/or inhibition of micro-
bial growth, decrease of inflammation, enhancement
of innate immunity, reduction of oxidative stress, and
improvement of gut integrity. Increasing marketing
opportunity for selling animal meat products claimed
to have never received an antibiotic (antibiotic-free,
ABF; no antibiotics ever, NAE) has created a mar-
ket for products that can provide the benefit of AGPs
without using antibiotics that are used therapeutically
in human medicine. The most important development
in the search for credible alternatives to AGPs is the
new understanding in both humans and veterinary
animals that animals including humans are “superor-
ganisms” that contain trillions of bacteria, with more
than thousands of species, and that the gastrointesti-
nal tract is an intelligent sensory organ that not only
absorbs nutrients, but also communicates with the larg-
est neuroendocrine system in the body. This new scien-
tific knowledge in our understanding of the importance
of the gut environment and barrier function in health
should guide finding a future solution to develop novel
products that can deliver the benefits of AGPs with-
out causing an increase in the emergence of resistance.
For example, when we consider using phytochemicals
as antibiotic alternatives, we need to consider: (1) dose
for immune versus bacteriostatic/cidal effect in target
animals; (2) variations in active compound in plants
and plant-derived products; (3) unexplored concurrent
effects of phytochemicals (antiviral and antineoplastic);
(4) target organs/tissues affected by phytochemicals; (5)
safety of phytochemical residues in humans; and (6) the
long-term effect of using phytochemicals in animals on
developing resistance. Since using phytochemicals as
antibiotic alternatives in agricultural animals is a rela-
tively new field of research, regulation of these prod-
ucts poses a challenge. There is a timely need to provide
increased public funding for mechanistic research for
phytochemicals that include standard measurements to
define the efficacy in a consistent manner across several
regulatory pathways, to prevent false claims and yet
have flexibility in the approval process for proof of effi-
cacy or safety for commercialization. Owing to the rise
in consumer demand for livestock products from ABF
production systems, scientists, regulatory agencies and
commercial partners need to work together to develop
effective antibiotic alternatives to improve performance
and maintain optimal health of food animals. Using
optimal combinations of various alternatives coupled
with good management and husbandry practices will
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be the key to maximizing performance and maintaining
animal productivity, while we move forward with the
ultimate goal of reducing antibiotic use in the animal
industry. Further research is needed regarding under-
standing their mechanism of action, identifying means
to standardize the effects, improving delivery methods
(e.g. microencapsulation) for site-targeted delivery, and
increasing their in vivo efficacy in farm settings.

Abbreviations

ABF: antibiotic-free; AGPs: antibiotic growth promoters; DM: dry matter; EOs:
essential oils; FDA: Food and Drug Administration; HMG-CoA: hydroxymeth-
ylglutaryl coenzyme A; IFAs: in-feed antibiotics; IFN: interferon; IL: interleukin;
LPS: lipopolysaccharide; NAE: no antibiotics ever; NE: necrotic enteritis; NO:
nitric oxide; OIE: World Organization for Animal Health; OUT: operational
taxonomic units; PTS: propy! thiosulfinate; PTSO: propy! thiosulfinate oxide;
SCFA: short-chain fatty acid; SFBs: segmented filamentous bacteria; TNFSF15:
TNF superfamily member 15; VFAs: volatile fatty acids; VFD: Veterinary Feed
Directive.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All the authors participate in drafting the article. All authors read and
approved the final manuscript.

Acknowledgements

The authors thank members of the ATA Symposium Scientific and Organizing
Committees, staff of the World Organization for Animal Health (OIE) and to the
Agricultural Research Service (ARS) of the USDA.

Author details

! Animal Biosciences and Biotechnology Laboratory, Agricultural Research
Service, US Department of Agriculture, Beltsville, MD 20705, USA. 2 University
of California, Davis, CA 95616, USA. > Animal Nutrition and Welfare Service, Uni-
versitat Autdonoma de Barcelona, 08193 Bellaterra, Spain. * Instituto de Patobi-
ologia, Centro Nacional de Investigaciones Agropecuarias, Instituto Nacional
de Tecnologia Agropecuaria, Calle Las Cabanas y Los Reseros s/n, Casilla de
Correo 25, Castelar, 1712 Buenos Aires, Argentina. > Amlan International,
Chicago, IL 60611, USA. ¢ National Program Staff-Animal Health, Agricultural
Research Service, US Department of Agriculture, Beltsville, MD 20705, USA.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 24 October 2017 Accepted: 2 January 2018
Published online: 31 July 2018

References

1. Castanon JIR (2007) History of the use of antibiotic as growth promot-
ers in European poultry feeds. Poult Sci 86:2466-2471

2. Gadde U, Kim WH, Oh ST, Lillehoj HS (2017) Alternatives to antibiotics
for maximizing growth performance and feed efficiency in poultry: a
review. Anim Health Res Rev 18:26-45

3. Food and Drug Administration (2013) Guidance for Industry #213 new
animal drugs and new animal drug combination products adminis-
tered in or on medicated feed or drinking water of food- producing
animals: recommendations for drug sponsors for voluntarily aligning
product use conditions with GFI #209

4. Lillehoj HS, Lee KW (2012) Immune modulation of innate immunity
as alternatives-to-antibiotics strategies to mitigate the use of drugs in
poultry production. Poult Sci 91:1286-1291

20.

21.

22.

23.

24.

25.

Page 150f 18

Lee SH, Lillehoj HS, Jang SI, Kim DK, lonescu C, Bravo D (2010) Effect of
dietary curcuma, capsicum, and lentinus on enhancing local immunity
against Eimeria acervulina infection. J Poult Sci 47:89-95

Lee SH, Lillehoj HS, Jang SI, Lee KW, Park MS, Bravo D, Lillehoj EP

(2011) Cinnamaldehyde enhances in vitro parameters of immunity
and reduces in vivo infection against avian coccidiosis. Br J Nutr
106:862-869

Lee SH, Lillehoj HS, Jang S, Lillehoj EP, Min W, Bravo DM (2013) Dietary
supplementation of young broiler chickens with Capsicum and
turmeric oleoresins increases resistance to necrotic enteritis. Br J Nutr
110:840-847

Kim DK, Lillehoj HS, Lee SH, Jang SI, Lillehoj EP, Bravo D (2013) Dietary
Curcuma longa enhances resistance against Eimeria maxima and
Eimeria tenella infections in chickens. Poult Sci 92:2635-2643

Lee SH, Lillehoj HS, Hong YH, Jang SI, Lillehoj EP, lonescu C, Mazura-
nok L, Bravo D (2010) In vitro effects of plant and mushroom extracts
on immunological function of chicken lymphocytes and mac-
rophages. Br Poult Sci 51:213-221

Lee SH, Lillehoj HS, Jang SI, Lee KW, Bravo D, Lillehoj EP (2011) Effects
of dietary supplementation with phytonutrients on vaccine-stimu-
lated immunity against infection with Eimeria tenella. Vet Parasitol
181:97-105

Bravo D, Pirgozliev V, Rose SP (2014) A mixture of carvacrol, cinna-
maldehyde, and capsicum oleoresin improves energy utilization and
growth performance of broiler chickens fed maize-based diet. J Anim
Sci92:1531-1536

Bravo D, lonescu C (2008) Meta-analysis of the effect of a mixture of
carvacrol, cinnamaldehyde and capsicum oleoresin in broilers. Poult
Sci 87:75

Kim JE, Lillehoj HS, Hong YH, Kim GB, Lee SH, Lillehoj EP, Bravo DM
(2015) Dietary Capsicum and Curcuma longa oleoresins increase
intestinal microbiome and necrotic enteritis in three commercial
broiler breeds. Res Vet Sci 102:150-158

Settle T, Leonard SS, Falkenstein E, Fix N, Van Dyke K, Klandorf H
(2014) Effects of a phytogenic feed additive versus an antibiotic feed
additive on oxidative stress in broiler chicks and a possible mecha-
nism determined by electron spin resonance. Int J Poult Sci 13:62
Kim DK, Lillehoj HS, Lee SH, Jang SI, Bravo D (2010) High-throughput
gene expression analysis of intestinal intraepithelial lymphocytes
after oral feeding of carvacrol, cinnamaldehyde, or Capsicum oleo-
resin. Poult Sci 89:68-81

Kim DK, Lillehoj HS, Lee SH, Lillehoj EP, Bravo D (2013) Improved
resistance to Eimeria acervulina infection in chickens due to dietary
supplementation with garlic metabolites. Br J Nutr 109:76-88

Kim DK, Lillehoj HS, Lee SH, Jang SI, Park MS, Min W, Lillehoj EP, Bravo
D (2013) Immune effects of dietary anethole on Eimeria acervulina
infection. Poult Sci 92:2625-2634

Lee Y, Lee SH, Gadde UD, Oh S, Lee SJ, Lillehoj HS (2017) Dietary
Allium hookeri reduces inflammatory response and increases expres-
sion of intestinal tight junction proteins in LPS-induced young broiler
chicken. Res Vet Sci 112:149-155

Lillehoj HS, Kim DK, Bravo DM, Lee SH (2011) Effects of dietary plant-
derived phytonutrients on the genome-wide profiles and coccidiosis
resistance in the broiler chickens. BMC Proc 5:534

Furness JB, Rivera LR, Cho H-J, Bravo DM, Callaghan B (2013) The gut
as a sensory organ. Nat Rev Gastroenterol Hepatol 10:729-740

Oh ST, Lillehoj HS (2016) The role of host genetic factors and host
immunity in necrotic enteritis. Avian Pathol 45:313-316

LiuY, Song M, Che TM, Bravo D, Pettigrew JE (2012) Anti-inflamma-
tory effects of several plant extracts on porcine alveolar mac-
rophages in vitro. J Anim Sci 90:2774-2783

Wong SYY, Grant IR, Friedman M, Elliott CT, Situ C (2008) Antibacterial
activities of naturally occurring compounds against Mycobacterium
avium subsp. paratuberculosis. Appl Environ Microbiol 74:5986-5990
Carson CF, Mee BJ, Riley TV (2002) Mechanism of action of Melaleuca
alternifolia (tea tree) oil on Staphylococcus aureus determined by
time-kill, lysis, leakage, and salt tolerance assays and electron micros-
copy. Antimicrob Agents Chemother 46:1914-1920

Lambert RJW, Skandamis PN, Coote PJ, Nychas G (2001) A study of
the minimum inhibitory concentration and mode of action of oreg-
ano essential oil, thymol and carvacrol. J Appl Microbiol 91:453-462



Lillehoj et al. Vet Res (2018) 49:76

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Ankri S, Mirelman D (1999) Antimicrobial properties of allicin from
garlic. Microbes Infect 1:125-129

Burt SA, van der Zee R, Koets AP, de Graaff AM, van Knapen F, Gaastra
W, Haagsman HP, Veldhuizen EJA (2007) Carvacrol induces heat
shock protein 60 and inhibits synthesis of flagellin in Escherichia coli
O157: H7. Appl Environ Microbiol 73:4484-4490

Gilgin 1, Sat IG, Beydemir S, Elmastas M, Kifrevioglu Of (2004) Com-
parison of antioxidant activity of clove (Eugenia caryophylata Thunb)
buds and lavender (Lavandula stoechas L.). Food Chem 87:393-400
Economou KD, Oreopoulou V, Thomopoulos CD (1991) Antioxidant
activity of some plant extracts of the family Labiatae. J Am Oil Chem
Soc 68:109-113

Franki¢ T, Levart A, Salobir J (2010) The effect of vitamin E and plant
extract mixture composed of carvacrol, cinnamaldehyde and capsaicin
on oxidative stress induced by high PUFA load in young pigs. Animal
4:572-578

Teissedre PL, Waterhouse AL (2000) Inhibition of oxidation of human
low-density lipoproteins by phenolic substances in different essential
oils varieties. J Agric Food Chem 48:3801-3805

Djeridane A, Yousfi M, Nadjemi B, Boutassouna D, Stocker P, Vidal N
(2006) Antioxidant activity of some Algerian medicinal plants extracts
containing phenolic compounds. Food Chem 97:654-660

Lee SH, Lee SY, Son DJ, Lee H, Yoo HS, Song S, Oh KW, Han DC, Kwon
BM, Hong JT (2005) Inhibitory effect of 2’-hydroxycinnamaldehyde on
nitric oxide production through inhibition of NF-kB activation in RAW
264.7 cells. Biochem Pharmacol 69:791-799

Jobin C, Bradham CA, Russo MP, Juma B, Narula AS, Brenner DA, Sartor
RB (1999) Curcumin blocks cytokine-mediated NF-kB activation and
proinflammatory gene expression by inhibiting inhibitory factor I-xB
kinase activity. J Immunol 163:3474-3483

Moeser AJ, Blikslager AT (2007) Mechanisms of porcine diarrheal dis-
ease. J Am Vet Med Assoc 231:56-67

Manzanilla EG, Perez JF, Martin M, Kamel C, Baucells F, Gasa J (2004)
Effect of plant extracts and formic acid on the intestinal equilibrium of
early-weaned pigs. J Anim Sci 82:3210-3218

Nofrarias M, Manzanilla EG, Pujols J, Gibert X, Majo N, Segalés J, Gasa
J(2006) Effects of spray-dried porcine plasma and plant extracts on
intestinal morphology and on leukocyte cell subsets of weaned pigs. J
Anim Sci 84:2735-2742

Michiels J, Missotten J, Van Hoorick A, Ovyn A, Fremaut D, De Smet

S, Dierick N (2010) Effects of dose and formulation of carvacrol and
thymol on bacteria and some functional traits of the gut in piglets after
weaning. Arch Anim Nutr 64:136-154

Fairbrother JM, Nadeau E, Gyles CL (2005) Escherichia coli in postwean-
ing diarrhea in pigs: an update on bacterial types, pathogenesis, and
prevention strategies. Anim Heal Res Rev 6:17-39

Nagy B, Fekete PZ (1999) Enterotoxigenic Escherichia coli (ETEC) in farm
animals. Vet Res 30:259-284

LiuY, Song M, Che TM, Almeida JAS, Lee JJ, Bravo D, Maddox CW,
Pettigrew JE (2013) Dietary plant extracts alleviate diarrhea and alter
immune responses of weaned pigs experimentally infected with a
pathogenic. J Anim Sci 91:5294-5306

LiuY, Song M, Che TM, Lee JJ, Bravo D, Maddox CW, Pettigrew JE
(2014) Dietary plant extracts modulate gene expression profiles in ileal
mucosa of weaned pigs after an infection. J Anim Sci 92:2050-2062
LiuY, Che TM, Song M, Lee JJ, Almeida JAS, Bravo D, Van Alstine WG,
Pettigrew JE (2013) Dietary plant extracts improve immune responses
and growth efficiency of pigs experimentally infected with porcine
reproductive and respiratory syndrome virus. J Anim Sci 91:5668-5679
Calsamiglia S, Castillejos L, Busquet M (2006) Alternatives to antimicro-
bial growth promoters in cattle. Recent Adv Anim Nutr 39:129
Tamminga S (1996) A review on environmental impacts of nutritional
strategies in ruminants. J Anim Sci 74:3112-3124

Van der Aar PJ, Molist F, van der Klis JD (2016) The central role of
intestinal health on the effect of feed additives on feed intake in swine
and poultry. Anim Feed Sci Technol. https://doi.org/10.1016/j.anifeedsci
.2016.07.019

Nagaraja TG, Newbold CJ, Van Nevel CJ, Demeyer DI (1997) Manipula-
tion of ruminal fermentation. In: The Rumen microbial ecosystem.
Springer, New York, p 523-632

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 16 of 18

Duffield TF, Rabiee AR, Lean IJ (2008) A meta-analysis of the impact of
monensin in lactating dairy cattle. Part 2. Production effects. J Dairy Sci
91:1347-1360

Duffield TF, Merrill JK, Bagg RN (2012) Meta-analysis of the effects of
monensin in beef cattle on feed efficiency, body weight gain, and dry
matter intake. J Anim Sci 90:4583-4592

Benchaar C, Petit HV, Berthiaume R, Ouellet DR, Chiquette J, Chouinard
PY (2007) Effects of essential oils on digestion, ruminal fermentation,
rumen microbial populations, milk production, and milk composition in
dairy cows fed alfalfa silage or corn silage. J Dairy Sci 90:886-897

Cox SD, Mann CM, Markham JL (2001) Interactions between com-
ponents of the essential oil of Melaleuca alternifolia. J Appl Microbiol
91:492-497

Patra AK, Yu Z (2012) Effects of essential oils on methane production
and fermentation by, and abundance and diversity of, rumen microbial
populations. Appl Environ Microbiol 78:4271-4280

Ferme D, Banjac M, Calsamiglia S, Busquet M, Kamel C, Avgustin G
(2004) The effects of plant extracts on microbial community structure
in a rumen-simulating continuous-culture system as revealed by
molecular profiling. Folia Microbiol (Praha) 49:151-155

Wallace RJ, Arthaud L, Newbold CJ (1994) Influence of Yucca shidigera
extract on ruminal ammonia concentrations and ruminal microorgan-
isms. Appl Environ Microbiol 60:1762-1767

Min BR, Hart SP, Miller D, Tomita GM, Loetz E, Sahlu T (2005) The effect
of grazing forage containing condensed tannins on gastro-intestinal
parasite infection and milk composition in Angora does. Vet Parasitol
130:105-113

Min BR, Barry TN, Attwood GT, McNabb WC (2003) The effect of
condensed tannins on the nutrition and health of ruminants fed fresh
temperate forages: a review. Anim Feed Sci Technol 106:3-19

Busquet M, Calsamiglia S, Ferret A, Kamel C (2006) Plant extracts affect
in vitro rumen microbial fermentation. J Dairy Sci 89:761-771
Sivropoulou A, Papanikolaou E, Nikolaou C, Kokkini S, Lanaras T,
Arsenakis M (1996) Antimicrobial and cytotoxic activities of Origanum
essential oils. J Agric Food Chem 44:1202-1205

Busquet M, Calsamiglia S, Ferret A, Cardozo PW, Kamel C (2005) Effects
of cinnamaldehyde and garlic oil on rumen microbial fermentation in a
dual flow continuous culture. J Dairy Sci 88:2508-2516

Miller TL, Wolin MJ (2001) Inhibition of growth of methane-producing
bacteria of the ruminant forestomach by hydroxymethylglu-

taryl ~ SCoA reductase inhibitors. J Dairy Sci 84:1445-1448

Cardozo PW, Calsamiglia S, Ferret A, Kamel C (2004) Effects of natural
plant extracts on ruminal protein degradation and fermentation pro-
files in continuous culture. J Anim Sci 82:3230-3236

Foskolos A, Siurana A, Rodriquez-Prado M, Ferret A, Bravo D, Calsamiglia
S (2015) The effects of a garlic oil chemical compound, propyl-propane
thiosulfonate, on ruminal fermentation and fatty acid outflow in a dual-
flow continuous culture system. J Dairy Sci 98:5482-5491

Hino T, Russell JB (1985) Effect of reducing-equivalent disposal and
NADH/NAD on deamination of amino acids by intact rumen microor-
ganisms and their cell extracts. Appl Environ Microbiol 50:1368-1374
Tekippe JA, Tacoma R, Hristov AN, Lee C, Oh J, Heyler KS, Cassidy TW,
Varga GA, Bravo D (2013) Effect of essential oils on ruminal fermenta-
tion and lactation performance of dairy cows. J Dairy Sci 96:7892-7903
Wall EH, Doane PH, Donkin SS, Bravo D (2014) The effects of sup-
plementation with a blend of cinnamaldehyde and eugenol on feed
intake and milk production of dairy cows. J Dairy Sci 97:5709-5717
Oguey C, Wall EH (2016) 1570 A blend of cinnamaldehyde, eugenol,
and capsicum oleoresin improves milking performance in lactating
dairy cows. J Anim Sci 94:763

Bravo D, Pyatt N, Doane PH, Cecava M (2009) Meta analysis of growing
ruminants fed a mixture of eugenol, cinnamaldehyde and capsicum
oleoresin. J Dairy Sci 92:374

Reddy L, Odhav B, Bhoola KD (2003) Natural products for cancer pre-
vention: a global perspective. Pharmacol Ther 99:1-13

Trouillas P, Calliste C-A, Allais D-P, Simon A, Marfak A, Delage C, Duroux
J-L (2003) Antioxidant, anti-inflammatory and antiproliferative proper-
ties of sixteen water plant extracts used in the Limousin countryside as
herbal teas. Food Chem 80:399-407

Cardozo PW, Calsamiglia S, Ferret A, Kamel C (2006) Effects of alfalfa
extract, anise, capsicum, and a mixture of cinnamaldehyde and


https://doi.org/10.1016/j.anifeedsci.2016.07.019
https://doi.org/10.1016/j.anifeedsci.2016.07.019

Lillehoj et al. Vet Res (2018) 49:76

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

eugenol on ruminal fermentation and protein degradation in beef heif-
ers fed a high-concentrate diet. J Anim Sci 84:2801-2808

Fandifio I, Calsamiglia S, Ferret A, Blanch M (2008) Anise and capsicum
as alternatives to monensin to modify rumen fermentation in beef heif-
ers fed a high concentrate diet. Anim Feed Sci Technol 145:409-417
Rodriguez-Prado M, Ferret A, Zwieten J, Gonzalez L, Bravo D, Calsamiglia
S (2012) Effects of dietary addition of capsicum extract on intake, water
consumption, and rumen fermentation of fattening heifers fed a high-
concentrate diet. J Anim Sci 90:1879-1884

Tager LR, Krause KM (2011) Effects of essential oils on rumen fermenta-
tion, milk production, and feeding behavior in lactating dairy cows. J
Dairy Sci 94:2455-2464

Oh J, Hristov AN, Lee C, Cassidy T, Heyler K, Varga GA, Pate J, Walusimbi
S, Brzezicka E, Toyokawa K, Werner J, Donkin SS, Elias R, Dowd S, Bravo D
(2013) Immune and production responses of dairy cows to postruminal
supplementation with phytonutrients. J Dairy Sci 96:7830-7843

French N, Kennelly JJ (1990) Effects of feeding frequency on ruminal
parameters, plasma insulin, milk yield, and milk composition in Holstein
cows. J Dairy Sci 73:1857-1863

Oh J, Giallongo F, Frederick T, Pate J, Walusimbi S, Elias RJ, Wall EH,

Bravo D, Hristov AN (2015) Effects of dietary Capsicum oleoresin on
productivity and immune responses in lactating dairy cows. J Dairy Sci
98:6327-6339

Stelwagen K, Wall EH, Bravo DM (2016) 1395 Effect of rumen-protected
capsicum on milk production in early lactating cows in a pasture-based
system. J Anim Sci 94:675

Wall EH, Bravo DM (2016) Supplementation with rumen-protected
capsicum oleoresin increases milk production and component yield in
lactating dairy cows. J Anim Sci 94:755

Oh J, Harper M, Giallongo F, Bravo DM, Wall EH, Hristov AN (2017)
Effects of rumen-protected Capsicum oleoresin on immune responses
in dairy cows intravenously challenged with lipopolysaccharide. J Dairy
Sci 100:1902-1913

Oh J, Harper M, Giallongo F, Bravo DM, Wall EH, Hristov AN (2017)
Effects of rumen-protected Capsicum oleoresin on productivity and
responses to a glucose tolerance test in lactating dairy cows. J Dairy Sci
100:1888-1901

Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, Petters-
son S (2012) Host—gut microbiota metabolic interactions. Science
336:1262-1267

Cox LM, Blaser MJ (2013) Pathways in microbe-induced obesity. Cell
Metab 17:883-894

Allen HK, Stanton TB (2014) Altered egos: antibiotic effects on food
animal microbiomes. Annu Rev Microbiol 68:297-315

Krishnan S, Alden N, Lee K (2015) Pathways and functions of gut micro-
biota metabolism impacting host physiology. Curr Opin Biotechnol
36:137-145

Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich
CF, Gordon JI (2004) The gut microbiota as an environmental factor that
regulates fat storage. Proc Natl Acad Sci U S A 101:15718-15723

Oakley BB, Lillehoj HS, Kogut MH, Kim WK, Maurer JJ, Pedroso A, Lee
MD, Collett SR, Johnson TJ, Cox NA (2014) The chicken gastrointestinal
microbiome. FEMS Microbiol Lett 360:100-112

Nakphaichit M, Thanomwongwattana S, Phraephaisarn C, Sakamoto

N, Keawsompong S, Nakayama J, Nitisinprasert S (2011) The effect of
including Lactobacillus reuteri KUB-ACS5 during post-hatch feeding

on the growth and ileum microbiota of broiler chickens. Poult Sci
90:2753-2765

Fukuda S, Ohno H (2014) Gut microbiome and metabolic diseases.
Semin Immunopathol 36:103-114

Snel J, Heinen PP, Blok HJ, Carman RJ, Duncan AJ, Allen PC, Collins MD
(1995) Comparison of 16S rRNA sequences of segmented filamentous
bacteria isolated from mice, rats, and chickens and proposal of “Candi-
datus Arthromitus” Int J Syst Bacteriol 45:780-782

Nagano Y, Itoh K, Honda K (2012) The induction of Treg cells by gut-
indigenous Clostridium. Curr Opin Immunol 24:392-397

Kim WH, Jeong J, Park AR, Yim D, Kim Y-H, Kim KD, Chang HH, Lillehoj
HS, Lee B-H, Min W (2012) Chicken IL-17F: identification and com-
parative expression analysis in Eimeria-infected chickens. Dev Comp
Immunol 38:401-409

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

110.

1.

12,

113.

114.

115.

Page 17 of 18

Callaway TR, Edrington TS, Rychlik JL, Genovese KJ, Poole TL, Jung YS,
Bischoff KM, Anderson RC, Nisbet DJ (2003) lonophores: their use as
ruminant growth promotants and impact on food safety. Curr Issues
Intest Microbiol 4:43-51

Bergman EN (1990) Energy contributions of volatile fatty acids from the
gastrointestinal tract in various species. Physiol Rev 70:567-590
Windisch W, Schedle K, Plitzner C, Kroismayr A (2008) Use of phyto-
genic products as feed additives for swine and poultry. J Anim Sci
86:E140-E148

Scalbert A, Morand C, Manach C, Rémésy C (2002) Absorption and
metabolism of polyphenols in the gut and impact on health. Biomed
Pharmacother 56:276-282

Redondo LM, Chacana PA, Dominguez JE, Miyakawa MEF (2014)
Perspectives in the use of tannins as alternative to antimicrobial growth
promoter factors in poultry. Front Microbiol 5:118

Elizondo AM, Mercado EC, Rabinovitz BC, Fernandez-Miyakawa ME
(2010) Effect of tannins on the in vitro growth of Clostridium perfringens.
Vet Microbiol 145:308-314

Redondo LM, Dominguez JE, Rabinovitz BC, Redondo EA, Miyakawa
MEF (2015) Hydrolyzable and condensed tannins resistance in
Clostridium perfringens. Anaerobe 34:139-145

Min YW, Rhee P-L (2015) The role of microbiota on the gut immunol-
ogy. Clin Ther 37:968-975

Vasta V, Makkar HPS, Mele M, Priolo A (2008) Ruminal biohydrogenation
as affected by tannins in vitro. Br J Nutr 102:82-92

Fernandez Miyakawa M (2016) Impact of dietary tannins on rumen
microbiota of bovines. In: 2" international symposium on alternatives
to antibiotics, OIE, Paris, 12-15 Dec 2016

Delzenne NM, Cani PD (2011) Interaction between obesity and the gut
microbiota: relevance in nutrition. Annu Rev Nutr 31:15-31
Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA, Hamady
M, Chen'Y, Knight R, Ahima RS, Bushman F, Wu GD (2009) High-fat diet
determines the composition of the murine gut microbiome indepen-
dently of obesity. Gastroenterology 137:1716-1724

Ley RE, Turnbaugh PJ, Klein S, Gordon JI (2006) Microbial ecology:
human gut microbes associated with obesity. Nature 444:1022-1023
McCann JC, Wickersham TA, Loor JJ (2014) High-throughput methods
redefine the rumen microbiome and its relationship with nutrition and
metabolism. Bioinform Biol Insights 8:109

Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg
Miller ME, White BA, Shterzer N, Mizrahi | (2016) Specific microbiome-
dependent mechanisms underlie the energy harvest efficiency of
ruminants. ISME J 10:2958-2972

Aguerre MJ, Capozzolo MC, Lencioni P, Cabral C, Wattiaux MA (2016)
Effect of quebracho-chestnut tannin extracts at 2 dietary crude protein
levels on performance, rumen fermentation, and nitrogen partitioning
in dairy cows. J Dairy Sci 99:4476-4486

Diaz Carrasco JM, Cabral C, Redondo LM, Pin Viso ND, Colombatto D,
Farber MD, Ferndndez Miyakawa ME (2017) Impact of chestnut and
quebracho tannins on rumen microbiota of bovines. Biomed Res Int
2017:9610810

Xu J, Bjursell MK, Himrod J, Deng S, Carmichael LK, Chiang HC, Hooper
LV, Gordon JI (2003) A genomic view of the human-Bacteroides thetaio-
taomicron symbiosis. Science 299:2074-2076

Patterson JA, Burkholder KM (2003) Application of prebiotics and probi-
otics in poultry production. Poult Sci 82:627-631

Neish AS (2009) Microbes in gastrointestinal health and disease. Gastro-
enterology 136:65-80

Sergeant MJ, Constantinidou C, Cogan TA, Bedford MR, Penn CW, Pal-
len MJ (2014) Extensive microbial and functional diversity within the
chicken cecal microbiome. PLoS One 9:291941

Stanley D, Geier MS, Hughes RJ, Denman SE, Moore RJ (2013) Highly
variable microbiota development in the chicken gastrointestinal tract.
PLoS One 8:284290

Torok VA, Allison GE, Percy NJ, Ophel-Keller K, Hughes RJ (2011) Influ-
ence of antimicrobial feed additives on broiler commensal posthatch
gut microbiota development and performance. Appl Environ Microbiol
77:3380-3390

Singh P, Karimi A, Devendra K, Waldroup PW, Cho KK, Kwon YM (2013)
Influence of penicillin on microbial diversity of the cecal microbiota in
broiler chickens. Poult Sci 92:272-276



Lillehoj et al. Vet Res (2018) 49:76

116.

17.

118.

119.

120.

122.

124.

125.

126.

127.

128.

129.

130.

Kaakoush NO, Sodhi N, Chenu JW, Cox JM, Riordan SM, Mitchell HM
(2014) The interplay between Campylobacter and Helicobacter species
and other gastrointestinal microbiota of commercial broiler chickens.
Gut Pathog 6:18

Lan PTN, Sakamoto M, Sakata S, Benno Y (2006) Bacteroides barnesiae sp.
nov., Bacteroides salanitronis sp. nov. and Bacteroides gallinarum sp. nov.,
isolated from chicken caecum. Int J Syst Evol Microbiol 56:2853-2859
Masek T, Star¢evié K, Filipovié N, Stojevié Z, Brozié D, Gottstein Z, Severin
K (2014) Tissue fatty acid composition and estimated A desaturase
activity after castration in chicken broilers fed with linseed or sunflower
oil. J Anim Physiol Anim Nutr (Berl) 98:384-392

Lin J, Hunkapiller AA, Layton AC, Chang Y-J, Robbins KR (2013) Response
of intestinal microbiota to antibiotic growth promoters in chickens.
Foodborne Pathog Dis 10:331-337

Danzeisen JL, Kim HB, Isaacson RE, Tu ZJ, Johnson TJ (2011) Modulations
of the chicken cecal microbiome and metagenome in response to
anticoccidial and growth promoter treatment. PLoS One 6:27949
Guban J, Korver DR, Allison GE, Tannock GW (2006) Relationship of
dietary antimicrobial drug administration with broiler performance,
decreased population levels of Lactobacillus salivarius, and reduced
bile salt deconjugation in the ileum of broiler chickens. Poult Sci
85:2186-2194

Noohi N, Ebrahimipour G, Rohani M, Talebi M, Pourshafie MR (2014)
Phenotypic characteristics and probiotic potentials of Lactobacillus spp.
isolated from poultry. Jundishapur J Microbiol 7:217824

Lan PTN, le Binh T, Benno Y (2003) Impact of two probiotic Lactobacillus
strains feeding on fecal lactobacilli and weight gains in chicken. J Gen
Appl Microbiol 49:29-36

Jin LZ, Ho YW, Abdullah N, Jalaludin S (1998) Growth performance,
intestinal microbial populations, and serum cholesterol of broilers fed
diets containing Lactobacillus cultures. Poult Sci 77:1259-1265

Han GG, Kim EB, Lee J, Lee J-Y, Jin G, Park J, Huh C-S, Kwon I-K, Kil DY,
Choi Y-J (2016) Relationship between the microbiota in different
sections of the gastrointestinal tract, and the body weight of broiler
chickens. Springerplus 5911

Schiavone A, Tassone S, Guo K, Perona G, Gasco L, Zoccarato | (2006)
Dietary administration of chestnut extract in chicken broilers. In; 12"
European Poultry Conference. World Poultry Science Association,
Verona, 10-14 Sept 2006, p 326

Budriesi R, loan P, Micucci M, Micucci E, LimongelliV, Chiarini A (2010)
Stop Fitan: antispasmodic effect of natural extract of chestnut wood

in guinea pig ileum and proximal colon smooth muscle. J Med Food
13:1104-1110

Redondo L, Redondo E, Diaz Carrasco J (2016) Selected polyphenols as
growth promoter. In: 2" international symposium on alternatives to
antibiotics, OIE, Paris, 12-15 Dec 2016

Costabile A, Sanghi S, Martin-Pelaez S, Mueller-Harvey |, Gibson GR,
Rastall RA, Klinder A (2011) Inhibition of Salmonella Typhimurium by
tannins in vitro. J Food Agric Environ 9:119-124

Diaz Carrasco JM, Redondo LM, Redondo EA, Dominguez JE, Chacana
AP, Fernandez Miyakawa ME (2016) Use of plant extracts as an effective
manner to control Clostridium perfringens induced necrotic enteritis in
poultry. Biomed Res Int 2016:3278359

131.

132.

133.

135.

136.

138.

140.

141.

142.

143.

Page 18 of 18

Leandro M, Redondo E, Diaz Carrasco J, Chacana P, Fernandez
Miyakawa M (2016) Selected polyphenols as growth promoters. In: 2"
international symposium on alternatives to antibiotics, OIE, Paris, 12-15
Dec 2016

Mathieu F, Jouany JP (1993) Effect of chestnut tannin on the ferment-
ability of soyabean meal nitrogen in the rumen. Ann Zootech 42:127
Vasconcelos JT, Galyean ML (2008) ASAS Centennial Paper: contribu-
tions in the to understanding cattle metabolic and digestive disorders.
J Anim Sci 86:1711-1721

Pifeiro-Vazquez A, Canul-Solis J, Alayon-Gamboa J, Chay-Canul A,
Ayala-Burgos A, Aguilar-Pérez C, Solorio-Sanchez F, Ku-Vera J (2015)
Potential of condensed tannins for the reduction of emissions of
enteric methane and their effect on ruminant productivity. Arch Med
Vet 47:263-272

Benchaar C, McAllister TA, Chouinard PY (2008) Digestion, ruminal
fermentation, ciliate protozoal populations, and milk production from
dairy cows fed cinnamaldehyde, quebracho condensed tannin, or
Yucca schidigera saponin extracts. J Dairy Sci 91:4765-4777

Cabral C, Da Lopez, Sliva A, Couderc JJ, Colombatto D, Barajas R (2016)
1573 influence of tannins extract and monensin supplementation on
performance of feedlot heifers in Argentina. J Anim Sci 94:764
Rivera-Méndez C, Plascencia A, Torrentera N, Zinn RA (2017) Effect of
level and source of supplemental tannin on growth performance of
steers during the late finishing phase. J Appl Anim Res 45:199-203
Powell JM, Aguerre MJ, Wattiaux MA (2011) Tannin extracts abate
ammonia emissions from simulated dairy barn floors. J Environ Qual
40:907-914

Barajas R, Cervantes BJ, Camacho A, Veldzquez EA, Espino MA, Juérez F,
Flores LR, Verdugo M (2010) Condensed tannins supplementation on
feedlot performance of growing bulls. J Dairy Sci 88:711

Barajas R, Cervantes BJ, Camacho A, Verdugo M, Espino MA, Flores

LR, Romo JA, Veldzquez EA, Lomeli JJ (2011) Influence of addition of
tannins-extract in low concentration of dietary dry matter on feedlot-
performance of bulls. J Anim Sci 89:615

Mezzomo R, Paulino PVR, Barbosa MM, da Silva Martins T, Paulino MF,
Alves KS, Gomes DI, dos Santos Monnerat JPI (2016) Performance and
carcass characteristics of young cattle fed with soybean meal treated
with tannins. Anim Sci J 87:775-782

Mezzomo R, Paulino PVR, Detmann E, Valadares Filho SC, Paulino MF,
Monnerat JPIS, Duarte MS, Silva LHP, Moura LS (2011) Influence of
condensed tannin on intake, digestibility, and efficiency of protein
utilization in beef steers fed high concentrate diet. Livest Sci 141:1-11
Lee KW, Lillehoj HS, Park MS, Jang S|, Ritter GD, Hong YH, Jeong W,
Jeoung HY, An DJ, Lillehoj EP (2012) Clostridium perfringens a-toxin
and NetB toxin antibodies and their possible role in protection against
necrotic enteritis and gangrenous dermatitis in broiler chickens. Avian
Dis 56:230-233

Lillehoj HS, Lee SH, Park SS, Jeong M, Lim Y, Mathis GF, Lumpkins B, Chi
F, Ching C, Cravens RL (2016) Calcium montmorillonite-based dietary
supplement attenuates necrotic enteritis induced by Eimeria maxima
and Clostridium perfringens in broilers. J Poult Sci 53:329-340

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	1 Introduction
	2 �Plant‑derived phytochemicals as antibiotic alternatives
	3 �Examples of phytochemical antibiotic alternatives in poultry and livestock production
	3.1 �Dietary phytochemicals enhancing innate immunity in poultry
	3.2 �Dietary phytochemicals on weaning pig health
	3.3 �Use of phytonutrients in ruminants
	3.3.1 �Essential oils as modifiers of rumen fermentation
	3.3.2 �Essential oils as modifiers of metabolic activities


	4 �Phytochemicals and the digestive microbiota
	5 �Examples of commercial phytochemicals and their synergistic action with other feed additives
	5.1 �Tannins in animal husbandry
	5.2 �Synergistic action of phytochemicals with other feed additive antibiotic alternatives for commercial products
	5.3 �Antibiotic alternatives: industry perspective

	6 �Conclusions and future directions
	References
	Phytochemicals as antibiotic alternatives to promote growth and enhance host health
	Abstract 
	1 Introduction
	2 Plant-derived phytochemicals as antibiotic alternatives
	3 Examples of phytochemical antibiotic alternatives in poultry and livestock production
	3.1 Dietary phytochemicals enhancing innate immunity in poultry
	3.2 Dietary phytochemicals on weaning pig health
	3.3 Use of phytonutrients in ruminants
	3.3.1 Essential oils as modifiers of rumen fermentation
	3.3.2 Essential oils as modifiers of metabolic activities


	4 Phytochemicals and the digestive microbiota
	5 Examples of commercial phytochemicals and their synergistic action with other feed additives
	5.1 Tannins in animal husbandry
	5.2 Synergistic action of phytochemicals with other feed additive antibiotic alternatives for commercial products
	5.3 Antibiotic alternatives: industry perspective

	6 Conclusions and future directions
	Competing interests
	References




