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Introduction

By 2050, global infectious disease caused by antibiotic-resist-
ant bacteria is projected to be responsible for 10 million human 
deaths per year—1.8 million more than cancer. Antibiotic 
resistance is a natural phenomenon, but the anthropomorphic 
use of antimicrobials has created heightened selective pressure 
that has led to an increased presence of antibiotic-resistant bac-
teria in agriculture, aquaculture, and hospital environments. 
Concerns over the emergence of antibiotic-resistant bacteria 
that threaten human health has prompted the retail and fast 
food sector to promote meat and milk produced from livestock 
that are raised “without the use of antibiotics.”

Antibiotics have become an integral component of intensive 
livestock production and are used to treat (therapeutic use) and 
prevent (prophylactic, metaphylactic) infectious disease and 
promote growth (subtherapeutic). The growing restriction of 

antibiotic use in livestock production has promoted research 
into a plethora of potential alternatives.

Antibiotic Alternatives and One Health

Some alternatives to antibiotics, such as plant secondary com-
pounds (i.e., essential oils, tannins, saponins) and probiotics, have 
been used in human medicine for centuries, but have only recently 
been seriously considered for use in livestock and poultry. Over 
the last 70 yr, antibiotics largely replaced the use of these alter-
natives in most human societies and have been rapidly adopted 
for use in livestock and poultry production. Antibiotics are used 
to control bacterial infections in a range of environments and if  
resistance is to be reduced, antibiotic use must be curtailed and 
made more prudent throughout the “One Health” continuum. 
Such an outcome will require the integrative efforts of experts 
in human, livestock, and environmental health and the adoption 
of recommendations by stakeholders. Logically, studies on the 
ability of alternatives to reduce antibiotic resistance should also 
be structured from a “One Health” perspective using indicator 
bacteria, pathogens, and molecular techniques to document the 
extent to which they impact antibiotic resistance in humans, live-
stock, and the environment (Figure 1). Antimicrobial compounds 
in plants such as essential oils and condensed tannins (CT) as 
well as bacteriophages, vaccines, and probiotics are examples of 
a few of the alternatives that are being explored for use in live-
stock. However, antimicrobial activity of plant bioactives is often 
broad, inhibiting both commensal and pathogenic bacteria and 
reducing productivity. In contrast, the activity of bacteriophages 
is often too narrow, targeting only a subset of pathogenic bac-
teria. Compared with antibiotics, the mechanisms whereby these 
alternatives inhibit or kill bacteria are poorly defined, making 
therapeutic outcomes difficult to predict. Understanding the 
mode of actions of these alternatives is integral to using them in 
a manner that offsets the present reliance on the use of antibiotics 
to control infectious disease in livestock.

Essential Oils and Plant Bioactives

There are about 4,500-individual essential oils and numer-
ous other bioactives that have been extracted from various 

Implications

• Antibiotic resistance is among the top five threats to humanity, 
with infectious disease expected to surpass cancer as the lead-
ing cause of death by 2050.

• Antibiotic resistance is a “One Health” issue with any 
anthropomorphic use of antimicrobials potentially promoting 
resistance.

• There is an urgent need to identify alternatives to antibiot-
ics for use in livestock, before further restrictions in their use 
occur.

• Prudent use of existing antibiotics and emerging alternatives 
throughout the “One Health” continuum, coupled with dis-
ease prevention, are integral to sustaining human and animal 
health.
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plant components, including flowers, buds, seeds, leaves, twigs, 
bark, herbs, wood, fruits, and roots, with some sources used in 
human medicine since antiquity (Baby and George, 2009). The 
major constituents of essential oils include carvacrol, citronellol, 
geraniol, eugenol, and thymol (Perricone et al., 2015). Several 
essential oils have been shown to have antibacterial, antifungal, 
antiviral, and anti-inflammatory properties (Baby and George, 
2009; de Cássia da Silveira e Sá et  al., 2014; Chouhan et  al., 
2017). Constituents of essential oils seem to interact with bacter-
ial cell membrane lipids and cause cell lysis. For example, terpin-
en-4-ol, α-terpineol, 8-cineole in tea tree oil caused the autolysis 
of Staphylococcus aureus and the formation of mesosomes 
(Carson et  al., 2002), whereas cinnamaldehyde and carvacrol 
readily lysed Mycobacterium avium (Nowotarska et al., 2017).

In addition to controlling pathogens, essentials oils have 
been investigated for their potential to improve the growth per-
formance of livestock by increasing feed palatability. However, 
their antibacterial activity is often less pronounced in vivo than 
in vitro, possibly due to the inactivation by other feed ingredi-
ents and to their poor absorption (Si et al., 2006). Some have 
proposed that essential oils be protected from degradation in 
the upper digestive tract in order to promote their passage to 
the lower tract. Diets supplemented with encapsulated carvac-
rol or citral at either 250 or 650 μg/g reduced the prevalence 
and severity of necrotic enteritis associated with Clostridium 
perfringens in chickens (Liu et al., 2016; Yanga et al., 2016).

Adverse effects have also been observed when essential oils are 
included in poultry diets. For example, even though cinnamal-
dehyde and eugenol decreased colonization of the broiler gut by 
Salmonella enteritidis, birds exhibited reduced growth (Kollanoor-
Johny et al., 2012). Similarly, Patraa and Yu (2012) reported that 
essential oils from clove, eucalyptus, garlic, oregano, and pepper-
mint decreased methane and ammonia production as well as the 
abundance and diversity of archaea in ruminal laboratory batch 
cultures, but others found adverse effects on feed digestion and 
fermentation in cattle. In general, these additives have shown 
promise in laboratory studies, but have frequently failed to deliver 
similar responses when included in the diets of livestock.

Bioactives from Berries

American cranberry (Vaccinium macrocarpon), wild-blue-
berry (Vaccinium angustifolium), and highbush blueberry 
(Vaccinium corymbosum) are important commercial fruits 
in the United States and Canada (Figure  2). They are rich 
sources of bioactives including polyphenolics (Harrison et al., 
2013). The ability of polyphenolics to alter the diversity of the 
intestinal microbiome has been well documented (Cardona 
et  al., 2013). The commensal bacteria, Bifidobacterium and 
Lactobacillus have been shown to ferment cranberry xyloglu-
cans to produce formate which may aide these bacteria in col-
onizing the human gut (Özcan et al., 2017). Cranberry extracts 

Figure 1. Proposed approach to evaluating the impact of alternatives to antibiotics in livestock and poultry production on antibiotic resistance throughout the 
One Health Continuum. Indicator bacteria and samples for metagenomic analysis are collected from conventional and natural livestock and poultry production 
systems. Natural production systems limit the use of antibiotics and rely heavily on alternatives. Similar samples are collected from the surrounding environ-
ment, surface waters, sewage, hospital settings, and retail meat. Such a system should provide insight as to the degree that a reduction in the use of antibiotics in 
natural livestock production systems contributes to a reduction in antibiotic resistance throughout the One Health continuum.
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were found to be nearly as effective as trimethoprim, with less 
adverse effects when used to treat urinary tract infections in 
women (McMurdo et al., 2009).

Few studies have assessed the potential of these berry 
polyphenolics to serve as alternatives to antibiotics in livestock. 
Inclusion of a commercial cranberry juice powder in the feed 
of broilers did not improve feed intake or gain (Leusink et al., 
2010). Cranberry juice has been found to contain at least 19 
phenolic compounds, with quercetin, vanillic acid, and proto-
catechuic acid shown to enhance immune function in poultry 
(Islam et  al., 2017). Considering that the pomace remaining 
after juice extraction also contains these polyphenolics, the use 
of this by-product is likely a more economical alternative to 
antibiotics.

Berry pomaces can be a good source of nutrients and other 
functionally important molecules including vitamins, minerals, 
and polyphenolics (Ross et al., 2017). A polyphenol rich bio-
active fraction from cranberry pomace exhibited high antibac-
terial activity against a number of multidrug-resistant bacteria 
including methicillin resistant Staphylococcus aureus (Diarra 
et al., 2013).

Feeding turkeys a diet containing 5% pomace from strawber-
ries resulted in no differences in the final body weights or meat 
yield as compared to birds fed a conventional diet (Juskiewicz 
et al., 2017). However, the strawberry pomace did increase the 
α-linolenic acid level in breast meat. Coddensa et  al. (2017) 
showed that spray-dried cranberry powder reduced the inten-
sity and duration of shedding in piglets challenged with F18+ 
E. coli. The potential and modes of action whereby berry prod-
ucts may modulate gut microbiota in food animals has recently 
been reviewed (Das et al., 2017). Key research gaps include the 
effects of processing on the stability and bioavailability of bio-
actives in these sources (Das et al., 2017). Despite the lack of 
information on the toxicity of these sources for livestock, cran-
berry extract powder has been approved for human use by the 
European Food Safety Authority (EFSA, 2017).

Condensed Tannins

Condensed tannin (CT) are naturally occurring plant sec-
ondary compounds that are oligomeric or polymeric flavo-
noids consisting of flavan-3-ol units that include catechin, 
epicatechin, gallocatechin, and epigallocatechin with molecu-
lar weights ranging from 1,000 to 20,000 Da (Figure 3). They 
protect the plant against invasion by pathogens and attack by 
insects and herbivory, mainly through their ability to form com-
plexes with proteins, polysaccharides, and minerals. CT possess 
anti-bacterial, anti-parasitic, anti-oxidant, and immunomodu-
lation activities and have been used as herbal medicines for cen-
turies. In the last few decades, researchers have demonstrated 
that CT could potentially be used as natural alternatives to 
in-feed antibiotics (Huang et al., 2017a). Generally, CT exhibit 
greater activity against gram positive than gram negative bac-
teria (Smith and Mackie, 2004). However, some CT also exhibit 
activity against gram negative bacteria such as Escherichia 
coli O157:H7 (Wang et  al., 2013). Inhibition of extracellular 

microbial enzymes, deprivation of nutrients, inhibition of oxi-
dative phosophorylation, sequestration of metal ions, and the 
formation of complexes with cell membrane proteins are a few 
of the mechanisms whereby CT inhibit or kill bacteria. These 
polyphenolics can also enhance the hosts’ antioxidant status 
and immunity. Observed effects of feeding CT-containing for-
ages or supplementing CT directly to livestock on gut health 
and productivity vary greatly and have been extensively 
reviewed (Mueller-Harvey, 2006; Wang et  al., 2015; Huang 
et al., 2017a). Inconsistencies in the effects of CT are related to 
their variation in chemical composition and concentration in 
various plants and plant tissues (Peng et al., 2017).

Currently CT are delivered in the diet either as CT-containing 
forages or browse or as semi-purified extracts such as quebra-
cho. Although feeding CT-containing forage is the easiest way 
to administer CT to livestock, variations in concentration and 
biological activity can influence their impact on microbial pop-
ulations. CT extracts have not only been assessed in ruminants, 
but also in swine and poultry. Responses to these extracts vary 
considerably, in part due to alteration in their biological activ-
ity during extraction, as well as interactions with other com-
ponents in the diet during storage and feeding (Huang et al., 
2017a). These complexities make it difficult to conduct system-
atic and comprehensive evaluations of the efficacy and safety 
of CT and their value as alternatives to antibiotics.

Probably the greatest challenge to using CT as antibiotic alter-
natives is the anti-nutritional properties that they confer through 
nonselective binding to dietary proteins, carbohydrates, minerals, 
and digestive enzymes. These interactions not only reduce the 
digestibility of nutrients (Mueller-Harvey, 2006; Redondo et al., 
2014), but also the antimicrobial activity of CT within the lower 
digestive tract (Huang et al., 2017b). These negative responses 
are even more accentuated in swine and poultry than ruminants. 
New technologies are needed to reduce the negative effects of 
CT on digestibility and to enable them to remain biologically 
active towards pathogens throughout the digestive tract.

Plant bioactives express their antimicrobial activity via sev-
eral mechanisms, making it difficult for bacteria to develop 
resistance to these complex compounds. In whole plants, sev-
eral different types of bioactives may act synergistically to 
inhibit or kill bacteria through multiple mechanisms. However, 
prolonged use of purified bioactives can promote resistance, 
most commonly through alterations in cell membrane perme-
ability or selection for members within the microbiome that 
are capable of catabolizing these compounds. For example, 
Qinghao (Artemisia annua L, Asteraceae) has been used as an 
effective anti-malarial herb in Chinese medicine for centuries, 
without evidence of any resistance to artemisinin, the active 
anti-malarial compound in Qinghao (Miller and Su, 2011). 
However, the use of purified artemisinin to control malaria 
resulted in the plasmodium parasite becoming resistant to this 
bioactive within a matter of decades. If  resistance to plant bio-
actives involves changes in bacterial cell membrane permeabil-
ity, the use of these additives can result in resistance to other 
antimicrobials, including antibiotics that rely on contact with 
intracellular components for bactericidal activity.
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Bacteriophages

Bacteriophages (phages) are viral predators of bacteria 
and are estimated to destroy half  of the world’s population of 

bacteria every 48 h (Hendrix, 2002). Bacteriophages were first 
considered for use in human therapy as early as 1917, but with 
the advent of antibiotics in the 1940s, research into their ther-
apeutic value was largely sidelined. With the rise in antibiotic 

Figure 3. Condensed tannins (CT) are oligomeric or polymeric flavonoids consisting of flavan-3-ol units that include catechin, epicatechin, gallocatechin, and 
epigallocatechin. Purple prairie clover contains high levels of CT with unique biochemical structure and high antimicrobial activity. Photo taken by Dr. Alan 
Iwaasa.

Figure 2. (A) American cranberry (Vaccinium macrocarpon), (B) wild-blueberry (Vaccinium angustifolium), and (C) highbush blueberry (Vaccinium corymbosum) 
are all sources of bioactives with the potential to be used as alternatives to antibiotics. Photo taken by Dr. M. S. Diarra.
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resistance, phages are being re-evaluated for therapeutic use 
in human medicine and agriculture. Most known phages are 
able to interact only with bacteria expressing specific binding 
sites recognized by the tail fibers of the phages. This specificity 
is both an advantage and a challenge to the use of phages in 
therapy. On the plus side, phage specificity allows the specific 
targeting of pathogenic bacteria, leaving beneficial microflora 
untouched (Joerger, 2003). However, the specificity of phages 
to their hosts makes it unlikely that a single phage will have 
activity against multiple species of pathogenic bacteria or in 
some instances even all strains of a single pathogenic species. 
To increase host range and to guard against the development of 
bacterial resistance to phages, mixtures of multiple species of 
phages, termed cocktails, are generally used in phage therapy.

To be useful in phage therapy, phages should be strictly 
lytic, as temperate phages can integrate into the host DNA and 
increase the risk of transferring virulence factors including anti-
biotic resistance genes to targeted pathogens. However, find-
ing lytic phages that specifically target bacterial pathogens of 
interest to the livestock industry can be difficult. For example, 
despite an exhaustive search for lytic phages, only temperate 
phages have been isolated with activity against Mannheimia 
haemolytica, one of the principal agents of bovine respiratory 
disease (BRD; Hsu et al., 2013; Urban-Chmiel et al., 2015). To 
avoid possible transference of virulence elements within phages, 
an alternative is to expose pathogenic bacteria directly to the 
lytic enzymes produced by phage. Such an approach may be 
suitable for topical infections or those associated with mucous 
membranes, but is impractical for more complex environments 
such as the respiratory or digestive tract (Joerger, 2003).

Care must also be taken in selecting phages for use in ther-
apeutic cocktails. It is not possible to predict the efficacy of a 
cocktail against a targeted pathogen, solely on the activity of 
individual phages. We have found that the phage in our collec-
tion with the most virulent activity against E. coli O157:H7, the 
T5-like phage AKFV33 (Figure 4; Niu et al., 2012) exhibited 
reduced lytic capability when used in a cocktail with three other 
phages. The three other phages in the cocktail acted synergis-
tically as their overall lytic capacity was improved compared 
with when they were applied individually.

Phages lack flagella and only randomly contact host bac-
teria, a requirement to activate adherence mechanisms. 
Consequently, determining the appropriate dose for phage 
therapy is challenging. Too few phages and these random con-
tact events may fail to occur. Too many phages and they may 
show interference and reduced lytic capacity. Provided contact 
is made with the host, phages will replicate, with populations of 
phage rising and falling asynchronously with that of their host 
(Hallewell et al., 2014).

Phages are relatively resilient and have been administered dir-
ectly into the blood stream, although they may be attacked by 
antibodies or removed from circulation by the reticuloendothe-
lial system. Oral dosing of phages to control gastrointestinal 
pathogens is probably the most common use of phage therapy 
in livestock and has been used in poultry against Salmonella 
spp., both pre- and post-processing (Atterbury et  al., 2007; 

Petsong and Vongkamjan, 2015). Phages chosen for phage 
therapy must also be easy to propagate in batch culture, and 
exhibit resilience during storage, even when absorbed to solid 
particles (Joerger, 2003). Bacteriophages do show promise as a 
method of pathogen control, particularly for those pathogens 
that already exhibit antibiotic resistance in livestock. However, 
finding phages appropriate for use in therapy for livestock is 
still in its infancy and additional studies are needed to verify 
efficacy of potential therapeutic cocktails.

Vaccines

Vaccines are widely used to prevent bacterial and viral infec-
tions in livestock, poultry, and humans and are, at present, the 
most promising alternative to antibiotics. Vaccines have the 
added benefit that unlike antibiotics they can also be used to 
prevent viral infections. Conventional vaccines rely on the use 
of heat-killed, live modified or purified components typically 
derived from cultured bacteria or viruses. Reverse vaccinology 
involves the use of comparative genomics to identify those 
proteins in pathogens that are most closely linked to causing 
disease (Figure  5). We have used this technique to identify 
candidate proteins that could be used to design a more effica-
cious vaccine against M. haemolytica (Klima et al., 2018). This 
technology could revolutionize vaccine development and has 
already been used to develop a vaccine against tuberculosis in 
humans.

However, vaccines also have their limitations in that the host 
needs to be in a suitable state to mount an immune response 
against the infectious agent. Consequently, vaccines need to 
be administered well in advance of clinical signs of disease. 

Figure 4. An electron micrograph of the T5-like phage, AKFV33, isolated 
from the environment of feedlot cattle. This phage exhibits the highest activity 
against E. coli O157:H7 within our collection (Niu et al., 2012).
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Identification of a suitable adjuvant that promotes immunity 
can also be challenging and multiple vaccinations are often 
required to elicit a suitable immune response. Development of 
vaccines against microbes that reside in the intestinal tract is 
also notoriously difficult and only a few vaccines have shown 
efficacy against pathogens in this environment. Vaccination of 
a sufficient number of individuals within a population is also 
necessary to achieve population immunity; otherwise, infec-
tious agents can continue to circulate within unvaccinated 
members of the population. From a One Health perspective, 
perhaps the greatest threat to the ability of vaccines to reduce 
the reliance on antibiotics arises from the anti-vaccine move-
ment. The use of vaccines in humans has had wide spread 
value, reducing mortalities by two to three million per year. An 
aversion to the use of vaccines would not only lead to more 
human mortalities, but also to an inadvertent increase in the 
use of antibiotics.

Probiotics

A joint panel by the Food and Agriculture Organization 
and the World Health Organization defined probiotics as “live 
microorganisms administered in adequate amounts that con-
fer a beneficial health effect on the host” (FAO/WHO, 2002). 
Though typically associated with functioning in the gastroin-
testinal tract (GIT) and delivery in food or feed, by definition, 
probiotics can also target microorganisms associated with the 
skin, respiratory and genitourinary tracts. The first concept of 
using live bacteria to maintain and improve human health was 
by Elie Metchnikoff, a comparative zoologist, who in the early 
19th century advocated consumption of lactobacilli in milk to 
prolong life (Gordon, 2008). Research and use of probiotics for 
livestock and poultry dates back decades, well before the ban 
of subtherapeutic antibiotics for growth promotion (Vanbelle 
et al., 1990). However, with legislation limiting growth promot-
ing claims of in-feed antibiotics, and increased consumer and 
scientific concerns over the use of antibiotics in livestock and 
poultry, probiotics have been increasingly seen as an alternative 

to antibiotics. However, inconsistent effects of probiotics in 
livestock and a lack of systematic design and testing have ham-
pered their widespread adoption. Addressing these issues is 
critical if  probiotics are to play a role in reducing antimicrobial 
use in agriculture.

Lactobacillus, Bifidobacterium, and Enterococcus are the 
most common genera that have been evaluated for their abil-
ity to replace the use of antibiotics for growth promotion. In 
order to serve as an alternative, probiotics should function in 
a similar capacity and achieve comparable results to antibiot-
ics in terms of disease prevention and control in livestock. For 
antibiotic growth promoters (AGP), the mechanisms whereby 
growth is improved is unclear and may include (i) modulat-
ing the gastrointestinal microbiome to enhance digestion and 
metabolism, or (ii) reducing intestinal mucosal inflammation 
through immunomodulation (Brown et  al., 2017). While the 
mechanisms may differ, typically probiotics have been shown to 
behave similarly to metaphylactic antibiotics and AGP in that 
they inhibit pathogens, alter the metabolism of the microbiome 
and modulate immunity.

Probiotics antagonize pathogens in several ways and in 
many cases through a combination of mechanisms. Certain 
probiotics produce bacteriocins, antimicrobial peptides which 
can have a broad or narrow spectrum of activity. They inhibit 
growth by altering the cell envelope of Gram-positive bacteria 
or interfering with DNA, RNA, and protein metabolism in 
Gram-negative bacteria (Cotter et al., 2013). Corr et al. (2007) 
compared the protective effects of a bacteriocin-producing 
Lactobacillus salivarius UCC118 strain or a genetically equiva-
lent mutant that could not produce bacteriocins against path-
ogenic Listeria monocytogenes in mice. The UCC118 strain 
prevented L.  monocytogenes infection, whereas the mutant 
strain did not. Probiotics can also produce other antimicrobials 
including organics acids which lower cellular pH and hydro-
gen peroxide which can cause oxidative damage, both of which 
inhibit pathogens (Nair et al., 2017). Competition for nutrients 
and reducing adhesion are other ways in which probiotics inter-
fere with pathogens. For example, the probiotic Escherichia 

Figure 5. Use of reverse vaccinology to identify appropriate protein candidates for inclusion in a vaccine against Mannheimia haemolytica. Comparative genom-
ics is undertaken to identify candidate antigens based on genomic differences between virulent and commensal strains. Cattle are challenged with different sero-
types of M. haemolytica. Proteins are expressed in a cell-free expression system and assessed for their immunoreactivity in a screening assay (Klima et al., 2018).
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coli strain Nissle 1917 assimilates iron through a mechanism 
similar to Salmonella enterica serovar Typhimurium. When 
administered together to mice, E.  coli Nissle 1917, out com-
peted S. enterica for iron, reducing its numbers (Deriu et al., 
2013). Adherence to the mucosa is a necessary step for both 
pathogens and probiotics to modulate the host immune sys-
tem (Collado et al., 2006; Wall, 2008). Probiotics can reduce 
pathogen adherence through competition for binding sites on 
epithelial cells, with strains that exhibit high affinity being more 
antagonistic (Guglielmetti et al., 2010).

Probiotics do not only affect pathogens and it is likely that 
commensal bacteria are also altered as a result of probiotic 
interactions with the microbiome. For example, using probi-
otics to modify the rumen microbiome to improve digestion 
has been a key focus in ruminant nutrition. A meta-analysis of 
the data from yeast studies showed that this additive increased 
milk and fat-corrected milk yields in dairy cattle (Poppy et al., 
2012). There is also data to show that yeast can improve feed 
efficiency and alter rumen metabolism (Alugongo et al., 2017). 
Although the mechanisms for these responses are unclear, one 
hypothesis proposes that yeast stimulates the growth and activ-
ity of fibre-digesting bacteria.

Alterations in the microbiome are not always directly asso-
ciated with the probiotic administered. For example, inoc-
ulation of weaned pigs with Enterococcus faecalis LAB31 
improved growth performance, reduced the incidence of diar-
rhea, and increased Lactobacillus in the feces (Hu et al., 2015). 
While many previous probiotic studies specifically analyzed 
Lactobacillus, Bifidobacterium, and coliforms using culturing 
or low-throughput DNA identification techniques, the advent 
of next generation sequencing has provided greater insight 
into how probiotics alter the host microbiome. Comparison 
of Enterococcus faecalis to a mixture of in-feed antimicrobials 
(bacitracin, chlortetracycline, and colistin) in pigs showed that 
the probiotic shifted the gut microbiome in a manner similar to 
the antimicrobial mixture (Li et al., 2017). If  this shift is linked 
to growth promotion, studying the impact of probiotics on the 
microbiome could be ideal for selecting viable antibiotic alter-
natives. In contrast, chickens inoculated with Lactobacillus 
plantarum possessed a fecal microbiome that differed from 
those fed a diet containing a mixture of chlortetracycline and 
salinomycin (Gao et al., 2017). The L. plantarum appeared to 
accelerate the maturation of the fecal microbiota, improving 
feed efficiency and eliciting a greater immune response than 
that observed in chickens receiving antibiotics. These studies 
show that while analyzing the effects of probiotics on the host 
microbiota can inform our understanding of these additives, 
the results can be highly variable depending on the animal and 
probiotic species, strain, and class of antibiotics studied.

Probiotics can affect animal health directly though interact-
ing with the GIT mucosa, where the lumen is in contact with 
commensal and potentially pathogenic bacteria. The mucosa 
serves as a barrier to pathogens and is in a constant state of 
controlled inflammation (Brown et  al., 2017). Disruption 
of the mucosal epithelial lining can lead to pathogenesis. 
Probiotics can enhance epithelial barrier function by inducing 

mucin-binding proteins that inhibit pathogen colonization 
and by modulating genes that control epithelial barrier func-
tion so as to reduce pathogen translocation (Nair et al., 2017). 
For example, administration of Pediococcus acidilactici and 
Saccharomyces cerevisiae boulardii to pigs reduced E. coli trans-
location to mesenteric lymph nodes as compared with those 
that did not receive probiotics (Lessard et al., 2009). Certain 
probiotic strains can also reduce intestinal inflammation by 
inducing anti-inflammatory cytokines (Vanderpool et  al., 
2008). This promotes intestinal barrier integrity, and as with 
AGP, may reduce the energetic costs associated with inflam-
mation. Anti-inflammatory responses to probiotics may not 
always need to arise as a result of their direct colonization of 
the GIT. Yin et al. (2017) showed that production of a bacteri-
ocin by L. plantarum elicited an anti-inflammatory response in 
mice, possibly through a shift in the GIT microbiome. Similarly, 
administration of Enterococcus durans caused an increase in 
Faecalibacterium prausnitzii in mice, a bacterium proposed to 
contribute to anti-inflammatory responses (Carasi et al., 2017).

The intestinal microbiota is critical to immune development 
as germ-free mice have a compromised immune system (Round 
and Mazmanian, 2009). Like host bacteria, probiotics are 
also capable of modulating innate (non-specific) and adaptive 
(acquired) immune responses through interactions with gut-as-
sociated lymphoid cells. For example, Lactobacillus strains were 
shown to influence regulatory T cells in mice (Petersen et al., 
2012). T-cells have a role in cell-mediated (acquired) immunity 
and regulator T-cells help suppress inflammation and main-
tain immune-tolerance. Administration of Lactobacillus fer-
mentum and Saccharomyces cerevisiae to chickens, stimulated 
T-cell immunity compared with controls and a group fed chlor-
tetracycline (Bai et  al., 2013), while daily gain and feed effi-
ciency between these groups were similar. Further evidence of 
immunomodulation by probiotics comes from studies that have 
measured their value as adjuvants. A recent review analyzing 
the effects of probiotics on vaccine responses in humans indi-
cated that they could enhance both the efficacy and the dur-
ation of the response to vaccination (Zimmermann and Curtis, 
2018). Similarly, administration of a probiotic in conjunction 
with a vaccine against coccidia provided greater protection 
against this parasite than the vaccine alone (Ritzi et al., 2016).

Meta-analysis and clinical studies have shown that probiot-
ics may counteract or prevent intestinal dysbioses (Patel and 
Dupont, 2015; Parker et al., 2018). Meta-analysis studies have 
also shown that probiotics can reduce the occurrence and dur-
ation of upper respiratory tract infections (URTI) in adults 
and children (King et  al., 2014; Hao et  al., 2015), lowering 
antibiotic use (Hao et al., 2015). It should be noted that most 
URTI are most commonly caused by viruses, but misdiagnosis 
can still cause an increase in antibiotic use (Lenoir-Wihnkoop 
et al., 2016).

Despite the variability in response of  livestock and poul-
try to probiotics, the fact that some studies have documented 
equivalent or even better responses than antibiotics (Zhang 
and Kim, 2014; Gao et al., 2017) highlights their potential as 
alternatives within some production systems. Most probiotic 
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strains were isolated from the gut or fermented foods and were 
selected for their ability to produce high yields and be resil-
ient during production, as opposed to confer health benefits 
(O’Toole et  al., 2017). Frequently, strains used for livestock 
were first used in humans and may not be suitably adapted 
for livestock or poultry. There are ongoing efforts to iden-
tify strains of  bacteria within the livestock host’s commensal 
microbiota that may be more suitable for use in various species 
of  livestock. Strains of  this nature differ from conventional 
probiotic genera such as Lactobacillus and Bifidobacterium and 
would be most likely used for therapeutic purposes. These have 
been coined “new-generation probiotics” (Patel and DuPont, 
2015), or biotherapeutics. For example, the relative abundance 
of  Akkermansia muciniphila has been inversely correlated with 
body weight and can reduce caloric uptake and weight gain in 
mice (Fabbiano et al., 2017). While this is a desirable response 
in humans, a strain that elicits the opposite response in live-
stock and poultry could improve production efficiency. This 
type of  research employs an informed approach to probiotic 
design. We have recently been identifying commensal bac-
teria within the respiratory tract that exhibit activity against, 
M.  haemolytica. Most feedlots in North America use meta-
phylactic administration of  antibiotics to mitigate BRD in 
arriving cattle. To identify potential new probiotics, we started 
by comparing the microbiota in the upper respiratory tract of 
cattle that remain healthy to those that developed BRD upon 
feedlot arrival (Holman et al., 2015). From this, we determined 
that healthy cattle had a greater abundance of  Bacillus and 
Lactobacillus than those that developed BRD. These bacteria 
were isolated and characterized for their ability to inhibit the 
adherence of  M. haemolytica to bovine respiratory (Figure 6) 
and immuno-modulate cell lines. We also assessed the anti-
biotic susceptibility of  the top six isolates as some of  the cur-
rently registered probiotics encode antibiotic resistance genes 
(Wong et al., 2015). The next step in development will be to 
test the efficacy of  intranasal application of  the probiotic to 
reduce M.  haemolytica colonization. Ultimately, probiotics 
developed in this fashion will need to be validated in clin-
ical trials or field testing and will also require greater regula-
tory scrutiny (e.g., virulence, antimicrobial resistance, mobile 
genetic elements) to receive approval for a disease prevention 
claim. Increased knowledge on how microbial ecosystems 
affect host health, digestion, and growth, will lead to oppor-
tunities for developing probiotics that specifically replace anti-
biotic use in livestock.

Conclusion

It is clear that there is no single alternative that can replace 
the current use of  antibiotics throughout the One Health con-
tinuum. Of the above approaches, disease prevention through 
proper nutrition, vaccination, adequate housing, and limit-
ing stressors that compromise immunity are likely the most 
effective means of  reducing antibiotic use. Bacteria are mas-
ters of  adaptation and can become resistant to plant bioac-
tives, phages, probiotics, and even develop mechanisms to 

combat the immune system. Although novel antibiotics could 
offset resistance in the short term, it is inevitable that bacter-
ial resistance to these new molecules will also arise. Genetic 
selection of  the host for disease resistance using emerging 
genomic tools is one strategy to reduce the present reliance 
on antibiotics to maintain livestock health. However, for pro-
gress to be made, the entire arsenal of  alternatives, in con-
junction with precision use of  antibiotics, is needed to combat 
disease in both humans and livestock. What is needed is a 
more surgical approach to the use of  antibiotics throughout 
the One Health continuum. This would include designa-
tion of  the most important antibiotics for exclusive use in 
humans, but still allow the use of  other antibiotics in live-
stock. A severe restriction of  the use of  all antibiotics could 
have serious negative consequences for the health and welfare 
of  livestock. A greater focus on health promotion and disease 
prevention in combination with some of  the above alterna-
tives throughout the One Health continuum is likely the most 
effective strategy to lower antibiotic use and the occurrence 
of  resistance.
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Figure 6. Adherence of the bovine respiratory pathogen Mannheimia haemo-
lytica (stained red with Alexa Fluor 488) and the probiotic Lactobacillus lactis 
(stained green with Alexa Fluor 594) to bovine turbinate cells (stained blue 
with DAPI). M. haemolytica and L. lactis were added to the turbinate cells in 
equal amounts. After 3 h, unbound bacteria were washed. 
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